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Resumen

Las plagas de langosta son un mal que afecta a varias decenas de paises, in-
virtiéndose mucho dinero y recursos tanto en su control como en compensar
las pérdidas causadas por éstas. El fenémeno por el cual las langostas desarro-
llan una tendencia a agregarse y formar enjambres es un caso de polifenismo
denominado cambio de fase. Pese a que se tiene un amplio conocimiento so-
bre aspectos moleculares y no moleculares relacionados con este fenémeno en
varias especies de langosta, la regulacion genética del mismo atn no esta cla-
ramente dilucidada. Esta tesis trata de abordar las consecuencias genéticas
del cambio de fase en la langosta del desierto Schistocerca gregaria Forskal
comparando los patrones de expresién genética global que acontecen entre la
fase gregaria y la fase solitaria de esta especie. Para ello hemos desarrollado
métodos para cuantificar el grado de gregariedad que un individuo de langosta
puede presentar, hemos secuenciado, ensamblado, analizado y comparado los
transcritos expresados en el sistema nervioso central y el tubo digestivo de
adultos gregarios y solitarios. Los resultados se han validado tanto con qPCR
como mediante comparacién bibliografica de nuestros datos con los publicados
en otros trabajos tanto sobre S. gregaria como sobre la langosta migratoria
Locusta migratoria. Como caso de estudio, hemos analizado la familia de pro-
telnas quimiosensoras (chemosensory proteins, CSPs) entre cuyos integrantes
hay proteinas implicadas en la activaciéon del cambio de fase.

En el capitulo 1 de esta tesis desarrollamos una herramienta que permite
estimar el estado de gregariedad de un individuo de langosta basandonos en
modelos matematicos con datos extraidos del andlisis del comportamiento
y morfologia de las langostas. Para ello, realizamos grabaciones de cémo
respondian individuos criados a distintas densidades de poblacién (aisladas
y a 150 individuos por jaula) ante un grupo de langostas gregarias, ademaés



de tomar medidas morfoldgicas de los individuos experimentales. Con los
resultados de estos estudios, se calcularon diez variables de comportamiento y
tres de morfometria. Estudiamos el efecto del sexo, el tamafo y la especie sobre
las variables y tras atenuar el efecto del tamano, que se resolvié normalizando
las variables de comportamiento con la longitud del fémur de cada individuo,
confeccionamos varios modelos para cada especie, basados en formulas de
regresion multiple logistica que fueron validadas con grupos externos de
langostas criadas en densidades intermedias. Como resultado obtuvimos
cuatro ecuaciones de modelos validados con y sin variables morfométricas
para S. gregaria y para L. migratoria. Los modelos sin datos morfométricos
los confeccionamos para el estudio comparativo de las mismas langostas que
no hayan mudado antes y después de un tratamiento, y los modelos con datos
morfométricos fueron concebidos para la comparacién de distintas langostas
de la misma especie y/o de langostas que hayan mudado entre andlisis. Ambos
modelos de S. gregaria lograron caracterizar a las ninfas con precisién pero
solo el modelo sin morfometria logré caracterizar a los adultos con precision.
Los modelos de L. migratoria funcionaron para caracterizar ninfas pero no
lograron clasificar correctamente a los adultos. Para facilitar el uso de estas
herramientas, confeccionamos en un programa informatico escrito en R para
extraccion de datos de comportamiento a partir de las grabaciones en video y
otro para aplicar las formulas a los datos extraidos tanto de los videos como
de las medidas morfométricas.

El capitulo 2 de esta tesis se centra en el estudio del transcriptoma
del sistema nervioso central de las fases gregaria y solitaria de S. gregaria.
Mediante un ensamblaje sin referencia de dos librerias de secuencias de ARN
mensajero provenientes de tejido enriquecido en sistema nervioso central de
ambas fases gregaria y solitaria. Analizamos funcional y cuantitativamente
los genes encontrados en el mismo. La anotacién de las secuencias permitio
identificar 17.620 transcritos con resultado BLAST tnico, dejando 34.696
transcritos no redundantes sin anotacién conocida. Los andlisis de términos
funcionales de las bases de datos Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes e InterProScan nos muestran enriquecimiento de términos
relacionados con la neurotransmisién y la sinapsis, asi como otras funciones
relacionadas con el transporte de energia, la respuesta a estimulos y la
respuesta al estrés. El andlisis de expresion diferencial nos mostré que el
sistema mnervioso central de la fase gregaria presenta una mayor actividad
transcripcional presentando casi 10 veces mas transcritos sobre-expresados
con respecto a la fase solitaria. Los resultados de este capitulo no solamente
ofrecen una lista de candidatos a estudiar como secuencias que afecten al
cambio de fase, sino que también nos permite estudiar el proceso a nivel de
rutas metabodlicos y procesos de regulaciéon completos. También nos da una
idea de la magnitud y complejidad del cambio de fase a nivel de regulacién
neural, afectando a la expresién de casi el 50 % de los transcritos (anotados y
no anotados) estudiados.



En el capitulo 3 elaboramos un estudio del transcriptoma del tubo diges-
tivo con metodologia andloga al capitulo anterior pero con un enfoque lige-
ramente distinto. En este caso obtuvimos un transcirptoma de referencia con
secuencias de las fases gregaria y solitaria de todo el tubo digestivo, con 57.637
transcritos con unico resultado BLAST y 16.491 transcritos sin anotar. Este
alto numero de resultados BLAST fue debido a la secuenciacién de microor-
ganismos simbiontes y patogenos de la flora intestinal. Encontramos que 5.247
transcritos con resultado BLAST provenientes de organismos no pertenecien-
tes al reino animal, de los cuales 1.073 pueden derivar de un apicomplejo del
género Gregarina spp. Observamos un enriquecimiento de transcritos de regu-
lacién por ubiquitina y apoptosis, siendo la profundidad de lecturas alineadas
a estos transcritos significativamente mayor en la fase gregaria. Este estudio
también permitié descubrir la presencia de transcritos bacterianos (pertene-
cientes a los géneros Escherichia, Enterobacter y Bacteroides, entre otros) y
fingicos (sobre todo del género Fomitopsis). En cuanto a secuencias especi-
ficas de la langosta, encontramos que los procesos relacionados con la lisis
de proteinas (enzimas digestivos sobre todo), la detoxificacién (como las glu-
tation S-transferasas o los citocromos P450) o el estrés (como las proteinas
de choque térmico) son abundantes en general entre los transcritos anotados.
Entre los genes diferencialmente expresados encontramos transcritos del sis-
tema inmune, regulacion del calcio y apoptosis en la fase gregaria comparado
con transcritos de membrana peritréfica y estructuras musculares de la fase
solitaria, dando a entender un contraste entre un tubo digestivo gregaria bajo
infeccién y otro tubo digestivo solitario que invierte més en mantenimiento de
estructuras como el miisculo o la matriz epitelial.

El capitulo 4 es un estudio comparativo entre los dos transcriptomas
provenientes del tejido nervioso y digestivo, asi como entre varios trabajos
6micos que abordan el cambio de fase tanto en S. gregaria como en L.
migratoria. Comparando los resultados de la anotacion, encontramos que
casi 3.000 transcritos tnicos presentaban idéntico resultado BLAST entre
los dos transcriptomas, y que solamente 14 presentaron idénticos perfiles de
expresion. Entre los que presentaron un patrén comun de sobre-expresiéon
en gregarios, cabe destacar la pacifastina 4, el inhibidor de serina proteasa
3 v el gen black; los dos primeros relacionados con el sistema inmune y el
tercero relacionado con la melanizacion y las catecolaminas. Con respecto a
las secuencias no anotadas, al agrupar mediante alineamientos las secuencias
de nervioso y digestivo, descubrimos que un buen porcentaje de ellas
estdn presentes en ambos transcriptomas, pudiendo ser posibles secuencias
funcionales que no hayan sido caracterizadas aun. La validacién mediante
qPCR del transcriptoma del sistema nervioso fue un éxito, con 10 de 12
transcritos presentando un patrén de expresion significativo idéntico en los dos
estudios, aunque la tendencia se atenia, sin eliminarse, cuando se compara
con muestras de distintos tejidos, estadios de desarrollo o con otra especie.
Para concluir este capitulo, se llevd a cabo un estudio comparativo entre



los resultados de expresion de seis trabajos realizados por otros grupos de
investigacion con distintos objetivos, tecnologias, nimero de genes y especies,
obteniéndose diferentes niveles de concordancia y apuntando a secuencias
que posiblemente sean marcadoras o determinantes en el cambio de fase en
langostas. Los transcritos con congruencia absoluta resultaron ser dos: el de
la anexina IX y una proteina unkempt con un motivo RING finger, ambos
sobre-expresadas en fase gregaria y con un papel por determinar en el cambio
de fase.

El capitulo 5 abarca el estudio, como caso, de una familia de proteinas, las
CSP (Chemosensory proteins). Realizamos un estudio de secuencias gendmicas
y transcriptémicas de L. migratoria de acceso publico y de nuestros datos
de 5 transcriptomas de S. gregaria (los dos estudiados en esta tesis y tres
mas secuenciados por el grupo de investigacion: musculo toréacico, ovarios y
testiculo). Realizando un estudio inicial basado en busquedas BLAST sobre
el genoma de L. migratoria y alineamientos con fragmentos de secuencias
expresadas (ESTs), logramos caracterizar 57 loci que contienen CSPs en
esta especie, siendo confirmadas por su patréon de cuatro cisteinas y su
estructura tipica de dos exones. Andlogamente, se realizé otra busqueda
BLAST sobre nuestros transcriptomas de S. gregaria, y tras un filtrado de
secuencias redundantes basado en la identidad mostrada por las secuencias
de L. migratoria, asi como la busqueda de posibles transcritos quiméricos,
logramos identificar 42 loci de CSPs de S. gregaria. Mediante una filogenia
con CSPs de otros insectos, logramos identificar parejas de CSPs homologas
entre las dos especies de langosta S. gregaria y L. migratoria. Ademas,
caracterizamos los patrones de expresion de las CSPs de S. gregaria y L.
migratoria mediante andlisis de expresion diferencial de datos émicos. En total,
siete parejas de homologos compartian un patrén de expresion significativo
hacia la fase gregaria, una de las cuales (LmigCSP3) estd relacionada con la
deteccién de feromonas que propician la agregacion, lo que puede indicar que
su homélogo (SgreCSP37) pueda tener una implicacién en el cambio de fase
también. Todos los homoélogos (tanto intra-especificos como inter-especificos)
presentaron indicios de estar bajo seleccién purificadora. El ntimero de
pardlogos de CSPs de ambas especies es el mayor conocido entre las CSPs
estudiadas hasta el momento.

En conclusién, esta tesis presenta datos y herramientas para el estudio
genético y funcional del cambio de fase en S. gregaria. Los modelos desarrolla-
dos en esta tesis serviran para realizar estudios funcionales sobre cémo afectan
tratamientos experimentales el grado de agregaciéon. Nuestros transcriptomas
nos han permitido identificar una amplia lista de secuencias que pueden estar
implicadas en el cambio de fase, ademéas de otras que podrian servir como
dianas para insecticidas. Ademads, nos indican que las rutas genéticas estan
maés afectadas en el sistema nervioso central de la fase gregaria. Basados sobre
los datos transcriptémicos, elaboramos asi una interpretacion integral de los
cambios globales que acompanan el paso al estado gregario. También nos ha
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supuesto descubrir un potencial nuevo agente de control biolégico: una grega-
rina. Toda esta informacién ha servido incluso para centrarnos en un caso de
estudio, por el cual logramos identificar copias tnicas de CSPs en dos especies
de langosta, asi como sus relaciones filogenéticas y sus perfiles de expresion, lo
que es un indicio de la conservacién de la funcién de algunas parejas de CSPs
homoélogas.






Summary

Locust outbreaks affect near two thirds of the Earth’s dry surface, which
requires a great investment in their control and repair of the damage they
cause. The transformation of isolated and passive locusts into swarming and
active locusts is regulated by a striking case of polyphenism called phase
change. Despite the knowledge on some potential modulators of the locust
phase change, its integrative genetic regulation is not yet understood. This
dissertation studies the transcriptional consecuences of phase change in the
desert locust Schistocerca gregaria Forskal by comparing the overall gene
expression profile differences between the gregarious and solitarious phases.
For this purpose, we first develope mathematical models in order to quantify
the degree of locust gregariousness. Following that, we sequence, assemble,
analyze and compare the transcripts and their expression profiles from two
adult tissues (central nervous system and digestive tube) between the two
phases, gregarious and solitarious. We validated the results using qPCR
and by comparisons with the data from scientific publications on the phase
change both in S. gregaria and in the migratory locust, Locusta migratoria.
In addition, as case study, we characterize the copy number of chemosensory
proteins (CSPs) in both species, and we found some of them to be linked to
the phase change in one or both species.

In chapter 1 we develope mathematical models based on behavioural
and morphological data in order to calculate a locust’s probability of being
gregarious. To fulfill this task, we recorded videos of locusts reared in isolation
and in crowding conditions. For that we used an arena with a stimulus group
of gregarious locusts. We also measured various morphological traits of the
locusts. After assessing the association between gregariousness and several
colorimetric, morphometric and behavioural variables, and checking for the
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effect of sex, size and species on these variables, we mitigated the effect of
the animal’s size on its movement-related variables by normalization by the
hind femur length (sex had no effect). We then built multivariate logistic
regression-based models both for S. gregaria and L. migratoria and validated
them using independent samples of locusts reared in a gradient of intermediate
population densities. In total we used thirteen variables for model building,
ten behavioural and three morphological. For each of these species, we selected
two validated models, one with and one without morphometrical variables. S.
gregaria models succesfully quantified the gregariousness of nymphs, but only
the one without morphometric variables managed to quantify gregariousness
in adults. L. migratoria models however were noisy for nymphs and could not
perform accurately for adults. The models were implemented in an R script
that we make available to the locust research comunity.

In chapter 2 we establish and compare the gregarious and solitarious
S. gregaria central nervous system (CNS) transcriptome. We performed a
de novo assembly from RNA high throughput sequencing reads obtained
from adult gregarious and solitarious CNS-enriched samples, followed by a
quantitative analysis. We retrieved 17,620 unique BLAST results from the
assembled transcripts. 34,696 non redundant sequences had no annotation
result. After mapping against Gene Ontology, Kyoto Encyclopedia of Genes
and Genomes and InterProScan term databases we found neurotransmission
and synapsis-related term enrichement, together with other functions such as
energy transport, response to stimuli and stress response. Differential gene
expression analysis shows that the number of gregarious CNS up-regulated
transcripts is ten-fold higher than in solitarious phase. With these results,
we do not only build a complete set of CNS locust sequences, but we also
highlight sequences as well as whole genetic pathways as affected by the phase
change. We also reveal the complex nature of the phase change at the gene
expression level, with almost fifty percent of the transcript sequences being
up-regulated in the gregarious CNS.

In chapter 3 we perform the transcriptomic study of the digestive tube
(DT) in an analogous way as we did for the CNS. The refference transcriptome
for that tissue contained 57,637 single BLAST results, and 16,491 sequences
without annotation. We can explain the high number of unique BLAST
results due to the presence of sequences from commensalist and pathogenic
microbes from the gut flora. We found near 5,247 transcripts with a BLAST
result belonging to non-animal species, with 1,073 of them belonging to the
apicomplexa Gregarina spp., with enriched representation of ubiquitylation
and apoptosis processes, and a higher overall sequencing depth in the
gregarious phase. This study also revealed the presence of bacterial (typical
enteric bacteria such as Escherichia, Enterobacter and Bacteroides) and fungal
(Fomitopsis spp.) transcripts. Regarding locust transcripts, we found those
for protein lysis (mostly thanks to digestive proteases), detoxification (with
glutathione S-transferase and cytochrome P450 variants) and stress (such
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as heat shock protein variants) to be abundant. Among the differentially
expressed genes we found those related to immune response, calcium regulation
and apoptosis to be over-expressed in the gregarious phase, while transcripts
related to the peritrophic matrix and muscle structure were over-expressed
in the solitarious phase. The gregarious gene expression pattern in the
locusts” DT is therefore modulated by the phase sensu stricto and by the
higher presence of pathogens. The solitarious locust DT, in contrast, shows a
predominantly housekeeping and maintenance gene expression profile.

In chapter 4 we compare S. gregaria’s CNS and DT transcriptomes be-
tween each other and to the data in several published works on locust phase
change. Comparing the unique BLAST results from both transcriptomes we
found 2,772 shared results, but only 14 of them show congruent significant
differential expression. Among the gregariously up-regulated congruent tran-
scripts were black, involved in melanization and catecholamine metabolism,
and pacifastin 4 and serin protease inhibitor 3, both related to insect immune
response regulation. We clustered by the sequences that had no BLAST re-
sult from both transcriptomes and discovered that a good percentage of them
are homologous, indicating that they are transcribed in both transcriptomes
and that they are genuine unknown transcripts. We succesfully validated the
expression pattern of 10 out of 12 genes from the CNS transcriptome using
qPCR. Further comparisons support our in silico data, although, the trends
expectedly dissipated when comparing samples from different tissues, develp-
mental states and even with L. migratoria. We also compared our data to the
data from six peer reviewed published works, obtaining different agreement
rates and the confirmation of some phase-related genes. Only two transcripts
consistently showed the same expression profile in all these works. These were
Anexin IX and a RING finger containing protein unkempt, both up-regulated
in gregarious phase on several tisues from both S. gregaria and L. migratoria.

Chapter 5 consisted on the case study of the chemosensory protein
(CSP) family. For that we used all the genomic and transcriptomic sequences
available for L. migratoria and S. gregaria (including the raw sequencing data
that our research group has on other transcriptomes from toracic muscle,
ovaries and testicles). An initial BLAST search for CSPs in the L. migratoria
genome scaffolds and EST database followed by alignment with known CSPs
let us to identify 57 CSP-containing loci. They all showed the CSP-specific
cystein pattern and its two exon genomic structure. Similarly, another BLAST
search using the several S. gregaria transcriptomics data of our research group
identified 42 CSP transcripts probalby belonging to different CSP loci. These
numbers of CSP paralogs in both locust species is the highest value reported
in insects with known CSP number. It is to highlight that the identified
sets of locust CSP transcripts were filtered for redundancy and potential
chimeric sequences. Phylogenetical analysis using the aminoacid sequences
of the identified locusts’ CSPs and those other insects, downloaded from the
NCBI database, allowed us to group several CSP homologous pairs from both



locust species. All homologous pairs (both intra- and inter-specific) present
evidence of being under purifying selection. After comparison of the expression
patterns of all the locusts’ CSPs between the solitarious and gregarious phase,
we found that seven inter-specific homologous pairs shared the same expression
pattern. These are therefore associated with the phase change and, one of
them, LmigCSP3, is known to be involved in the detection of L. migratoria’s
agregation pheromones. The homologous sequence that we report here for S.
gregaria, SgreCSP37, might thus very likely be involved in detection of this
species aggregating pheromones too.

In summary, this thesis updates the study of phase change in S. gregaria
with a behavioural tool and high amounts of genetic data. The behavioural
models developed will facilitate and standarize the functional study of the
effect of an experimental treatment in phase change. Our transcriptomes
contribute with a wide set of interesting sequences probably involved in phase
change and other set of interesting sequences that might be explorable for
targeting locusts. In addition, we find that the gregarious CNS presents the
highest number of pathways affected or involved in the phase change. We also
identified transcripts from a potential biological control agent: a gregarine.
The case study presented here offers an example on how to identify putative
genes, their copy number, phylogenetic relationships and expression profiles
in the gregarious and solitarious phases, which ultimately leads to revealing
the potential association of the concrete transcripts with the phase change.

10



Introduccién

La relevancia de las plagas de langostas

El ser humano lleva estableciendo cultivos para su sustento desde hace
méas de 10.000 anos. Inevitablemente, estas grandes extensiones de vegetales
comestibles también atraen a un buen niimero de especies que, al igual que el
ser humano, le sirven para alimentarse de manera eficiente. Por conveniencia
llamamos plagas a estas especies, las cuales han obligado a la humanidad
a desarrollar métodos para evitar el dafno que infligen simultaneamente al
desarrollo de la agricultura. De entre todas las plagas, una de las mas sufridas
por la especie humana es sin duda la plaga de langostas. Ya en la antigiiedad
aparecen nutridas referencias a este fendmeno: son mencionadas en informes
de la antigua China, en el Antiguo Egipto y civilizaciones de la América
precolombina las representa en murales y esculturas, incluso aparecen en textos
religiosos tales como la Biblia o el Coran.

En la actualidad, las langostas siguen suponiendo un grave problema para
los agricultores, que ven sus cultivos diezmados por los enjambres cuando
las poblaciones de langostas experimentan explosiones demograficas. Ademas,
la mayoria de zonas afectadas pertenecen a paises en desarrollo, llegando a
provocar hambrunas durante las plagas mas graves. No es de extranar que
la Organizacién de Alimentos y Agricultura de las Naciones Unidas (Food
and Agriculture Organization, FAO) dedique muchos esfuerzos al control y
erradicaciéon de plagas de langostas. En su péagina web, la seccién Locust
watch [FAO, 2009] se encarga de monitorizar el estado de los enjambres cada
mes, ademds de recopilar informacién sobre brotes en el pasado y presentar
modelos predictivos de formacién, localizacion y desplazamiento de enjambres
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de langosta. Pese a los perjuicios que las plagas de langostas provocan,
aparecen entre la lista de insectos que la misma FAO recomienda consumir
como alternativa a otros alimentos [FAO, 2003a], y muchos trabajos actuales
sobre langostas se centran en estudiar su valor nutricional para inculcar su
consumo en otras culturas [Cerritos, 2009, Xiaoming et al., 2010, Oonincx
and Van der Poel, 2011, Cheseto et al., 2015, Mohamed, 2016].

Podemos definir langosta como un grupo filogenéticamente heterogéneo de
ortopteros pertenecientes a la familia Acrididae, cuya caracteristica comuin
es la capacidad de formar enjambres bajo condiciones de alta densidad de
poblaciéon. Con respecto a su ecologia, las especies de langosta mas comunes
viven en llanuras aluviales de areas desérticas o pobres en nutrientes para
las plantas, donde las escasas plantas distribuidas de manera esparcida les
permiten vivir aisladas, bajo la proteccién de su coloraciéon criptica. Durante
la época de lluvias, se forman parches de vegetacién que atraen a las langostas
circundantes, lo que hace que las langostas concentren sus efectivos. Ademés,
el suelo himedo y consolidado por las raices de las plantas permite a las
puestas de huevos tener mayor probabilidad de supervivencia, lo que produce
un incremento considerable en el nimero de efectivos en un area relativamente
pequena. Algo similar ocurre con otras especies de langostas que, al vivir
en praderas y debido a los cambios tanto de usos de suelo como de calidad
nutricional de las plantas que crecen alli, se ven también concentradas
en parches de vegetacién preferida por las langostas [Latchininsky, 2013,
Cease et al.,, 2015]. En cualquiera de estos dos escenarios aumenta la
densidad de poblacién de langostas, produciéndose cambios drésticos en su
comportamiento y su morfologia: tanto las ninfas (llamadas también saltones)
como los adultos tienden a agregarse activamente en enjambres que pueden
llegar hasta los veinte kilémetros de extensién [Simpson and Sword, 2008], su
voracidad aumenta de tal modo que pueden llegar a comer su propio peso en
un solo dia [Davey, 1954], su capacidad de dispersién mejora llegando a cubrir
en vuelo distancias de hasta 1.000 kilémetros al dia [COPR, 1982] y sus colores
cambian de cenicientos y cripticos a motivos mucho més llamativos como el
negro, el amarillo o el rojo [Stower, 1959, Ellis, 1964]. Es en ese momento
cuando se forma el enjambre, siendo el cambio de fase un proceso dependiente
de la densidad de poblacién mediante el cual se llega a pasar de una fase
solitaria a una fase gregaria. Cuando el enjambre entra en declive por la escasez
de recursos (proceso que ocurre tras unos meses o incluso durante varios afios,
dependiendo del tamaiio del enjambre y de la especie), los individuos empiezan
a morir y la poblacién revierte poco a poco a su estado inicial de individuos
aislados, lo que hace al cambio de fase un proceso reversible. Este proceso
se suele repetir en ciclos de entre 7 y 15 anos, dependiendo de la especie,
coincidiendo con periodos de bonanza climdtica para los cultivos [Simpson
and Sword, 2008, Latchininsky, 2013].

Sin duda, una de las especies de langosta que méas perjuicios origina
(presentando los enjambres mas grandes documentados) es la langosta del
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desierto, Schistocerca gregaria. Su rango de distribucion abarca la mitad norte
del Continente Africano, Oriente Préximo, Oriente Medio y la India (figura
1). A pesar de no ser la especie de langosta con mayor rango geografico de
distribucién (titulo ostentado por la langosta migratoria, Locusta migratoria),
esta especie es altamente polifaga (el nimero de plantas de las que se alimenta
supera las 500 especies [COPR, 1982], presenta los mayores enjambres
documentados (llegando a cubrir unos 800 Km?, con un ntimero de individuos
méximo estimado de 40 mil millones, [Simpson and Sword, 2008]) asi como
la mayor distancia recorrida por cualquier especie de langosta (ni mas ni
menos que un vuelo transatldntico de 5.000 Km, [Simpson and Sword, 2008]).
Curiosamente es la tnica especie del género Schistocerca presente en el Viejo
Mundo, estando el resto de sus representantes en el Continente Americano.
Aunque se han documentado llegadas puntuales de enjambres de esta especie
en el Algarve y las Islas Canarias, su rango de distribucién no alcanza a
Europa, quedandose entre el norte de Africa y el Sahel, Arabia Saudi y gran
parte de Oriente medio (figura 1). Como se ha mencionado antes, hay casos
documentados (aunque excepcionales) de migracién transatlantica, en los que
algunos enjambres de esta especie lograron alcanzar las costas norteamericanas
desde Africa, posiblemente usando barcos y balsas de individuos muertos como
plataforma de descanso ocasional [Simpson and Sword, 2008]. Este hecho
explicaria la presencia de representantes del género tanto en el continente
africano como en el americano.

La plaga de langosta del desierto mas reciente ocurrié durante 2004, devas-
tando las cosechas en el Noroeste Africano a lo largo del afio. Actualmente el
control de esta especie se basa en la fumigacion de grandes superficies afecta-
das con una mezcla de insecticidas con fenilacetonitrilo (phenylacetonitrile en
inglés, PAN), un compuesto quimico que las propias langostas secretan como
feromona de la agregacién [Torto et al., 1994, Njagi et al., 1996] e inhibicién
del cortejo [Ferenz and Seidelmann, 2003], que en altas dosis es téxico para
los estadios juveniles [Kane, 2012, Bal and Sidati, 2013]. También el uso de
microorganismos se estd utilizando para combatir la plaga: una cepa del mi-
crosporidio Metarhizium anisopliae var. acridum (comercializada como Green
Muscle) ataca especificamente a los acrididos y su uso en combinacién con el
PAN parece aumentar sensiblemente la mortalidad en la langosta del desierto
[FAO, 2003b]. Ciertas cepas de otro microsporidio, Paranosema locustae, pare-
cen prevenir la formacién de enjambres en la langosta migratoria L. migratoria
[Shi et al., 2014, Feng et al., 2015], pero su efecto en la langosta del desierto
aun no ha sido estudiado y tampoco estd comercializado. El problema de estos
métodos de lucha anti-acridiana es su inespecificidad, lo que podria afectar a
otras comunidades de insectos si se abusa de su uso, por no decir que podria
llegar a afectar a los seres humanos (en este caso debido a los insecticidas
utilizados en combinacién con el PAN y Metarhizium). La tele-prediccién de
formacion de enjambres también ayuda a combatir la plaga: con los métodos
de analisis de imagen via satélite, se puede inferir posibles focos de formacién
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Figura 1: Distribucién de la langosta del desierto, Schistocerca gregaria. A: La
superficie rayada representa el drea de invasién de S. gregaria (alli donde se
ha documentado por lo menos alguna vez). B: Areas de cria de S. gregaria.
El 4rea de distribucién estd delimitada por una linea continua negra, donde
se muestran las dreas de cria de invierno (amarillo) y verano (gris oscuro),
con sus respectivos flujos migratorios (flechas del color correspondiente a cada
area de origen). Tomado de Latchininsky [2013].

de enjambres comparando valores de pluviometria e incrementos de verdor en
areas especificas, facilitando coordenadas donde brigadas anti-acridianas pue-
dan utilizar preventivamente estos compuestos para prevenir la formacion de
plagas [Latchininsky, 2013].
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Plasticidad fenotipica, polifenismo y cambio de
fase

Aligual que las langostas, muchas especies que presentan un fenotipo especifico
para un caracter si se han desarrollado en unas condiciones ambientales
concretas, pueden presentar otro fenotipo distinto para ese caracter de haberse
desarrollado en condiciones ambientales distintas. Este fenémeno, llamado
plasticidad fenotipica, implica que a partir de un Unico genotipo se puedan
generar distintos fenotipos mediante mecanismos genéticos modulados por
el ambiente durante el desarrollo del organismo, sin que esto necesite la
apariciéon de mutaciones en su genoma. Los fenotipos resultantes para un
cardcter se pueden presentar como un gradiente (en cuyo caso hablaremos de
norma de reaccién) o bien como dos fenotipos extremos, cada uno adaptado
a condiciones ambientales distintas (en cuyo caso hablaremos de polifenismo).
Aunque el polifenismo se podria considerar una norma de reacciéon donde a
pesar de la clara separacién de los fenotipos extremos se pueden dar fenotipos
intermedios, al encontrarse éstos a una frecuencia extremadamente baja en
las poblaciones naturales se recurre a diferenciar entre norma de reaccién y
polifenismo.

Hay que puntualizar que la epigenética no es un fenémeno Lamarckista
(el ambiente hace la funcién), aunque varios trabajos la enmarcan como un
complemento a la teoria de la heredabilidad enmarcada en el neo-Darwinismo
bajo el término neo-Lamarckismo, donde habria una componente “fuerte” (a
nivel de genoma) y otra “débil” (a nivel de marca epigenética) en la herencia
[Jablonka and Lamb, 1999, Jablonka and Raz, 2009]. Para comprender mejor
esta vision podemos utilizar este ejemplo: imaginemos una poblacién de un
organismo que presenta plasticidad fenotipica en la que hay cinco individuos
(genotipos) distintos. Esta poblacién puede ser sometida a dos ambientes
distintos, A y B, (figura 2), donde los mismos cinco individuos pueden variar
su fenotipo dependiendo si se han desarrollado bajo las condiciones A o B. De
esta manera, observaremos que hay una varianza intra-poblacional regida por
la varianza genética, hay una varianza inter-poblacional regida por la varianza
ambiental, y hay distintas capacidades de respuesta en cada individuo, regidas
por la interaccién genética-ambiente. Asi pues, existe variabilidad en la
capacidad de respuesta (epigenética), con la posibilidad de estar asociada a
adaptaciones que aportardn més o menos a la eficacia biolégica (fitness) de
cada individuo, todo ello definido por unidades heredables (genes), lo que nos
ofrece todos los requisitos para que haya seleccién natural. Por lo tanto, en
cuanto a la evolucién de la plasticidad fenotipica, podemos afirmar que se
seleccionan caracteres con la capacidad de cambiar el fenotipo del individuo
dependiendo del ambiente, no siendo el ambiente el que genere el fenotipo en
si.

En insectos, la plasticidad fenotipica estd presente en muchas especies y
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Valor del rasgo

a AW

Figura 2: Gréfico explicativo de un caso hipotético de plasticidad fenotipica. En
el eje X se muestran los dos ambientes a los que se ha sometido a las dos
poblaciones, A y B. En el eje Y se presentan los valores fenotipicos que toma
el rasgo para los individuos del 1 al 5. Los tridngulos son los valores medios
del rasgo en cada ambiente y las lineas indican la varianza del rasgo entre
ambientes para cada individuo. Modificado de Whitman and Agrawal [2009].

ademas aparece modulada por distintos factores ambientales. Un ejemplo ilus-
trativo es el del escarabajo Onthophagus taurus, que dependiendo de la calidad
del alimento que hayan tomado las larvas de machos, desarrollaran cuernos de
mayor o menor longitud que determinardn su estrategia reproductiva [Moczek,
1998]. Los exitosos insectos eusociales, como las hormigas, las abejas y las ter-
mitas, también presentan plasticidad fenotipica, que determina su sistema de
castas de manera méds o menos estricta segin la especie [Evans and Wheeler,
1999]. Muchas especies plaga también presentan plasticidad fenotipica, lo que
en muchos casos les otorga ventajas con respecto a otras especies. Un claro
ejemplo son los dfidos como Aphis phabae, que alternan varias generaciones de
hembras partenogenéticas apteras con otra de machos y hembras con alas en
condiciones de sobrepoblacién [Johnson, 1966, Shaw, 1970]. En la polilla afri-
cana Spodoptera exempta, también es la densidad de poblacién la que modula
su polifenismo: cuando se crian en condiciones de hacinamiento, las orugas
se vuelven mas voraces, arrasando grandes areas de cultivo de cereales y des-
plazdndose en busca de otras dreas por la noche [Faure, 1943, Simmonds and
Blaney, 1986].

Las langostas nos ofrecen un claro ejemplo de polifenismo: presentan un
morfotipo plaga llamado fase gregaria y un morfotipo aislado llamado fase
solitaria. Los cambios producidos por el polifenismo afectan a muchos aspectos
de la biologia de estos organismos. Las diferencias entre fases pueden ser tan
acentuadas que incluso individuos de la misma especie pero distinta fase han
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sido descritas en el pasado como dos especies totalmente distintas. De hecho,
no fue hasta principios del siglo XX cuando el cientifico ruso Boris Uvarov
identific6 como una sola especie a las distintas fases de la langosta migratoria
L. migratoria [Uvarov, 1921]. En sus trabajos iniciales sobre esta langosta,
Uvarov describié los cambios més trascendentes entre la fase gregaria, la
fase solitaria y las fases transitorias, pero mediante analisis morfométricos
posteriores el nimero de fases reconocidas en la langosta migratoria se
establecieron finalmente como dos: gregaria y solitaria [Stower et al., 1960].
Teniendo en cuenta toda la informacion mostrada en este epigrafe, podemos
definir el cambio de fase en langostas como el proceso por el cual individuos
pertenecientes a una fase sufren una serie de cambios regidos por el ambiente
(normalmente mediante cambios dependientes de la densidad de poblacién)
que provocan que desarrollen los caracteres fenotipicos de la otra fase.

La diferencia mas llamativa entre las dos fases es sin duda el color de
las ninfas: mientras que las ninfas solitarias presentan tonos cripticos y de
patrones claros (verde, marrén claro o gris dependiendo de la especie), las
ninfas gregarias presentan un patrén negro, muchas veces acompanado de
tonos rojos o amarillos (figura 3). El color de las ninfas solitarias depende
de la dieta o incluso del sustrato donde la langosta se esté criando [Pener
and Simpson, 2009], pero en el caso de la fase gregaria parece ser una sefial
aposematica que avisa a los depredadores sobre su toxicidad o mal sabor
[Sword et al., 2000]. Se podria considerar también la posibilidad de que
este cambio de color sea una consecuencia metabdlica del cambio de fase
(como se discutird més adelante) que pese a su vistosidad no supone una
desventaja para los individuos debido a que viven en forma de enjambre
y as{ minimizan individualmente las posibilidades de ser depredados. Los
adultos también pueden presentar diferencias de color: en L. migratoria los
adultos solitarios suelen presentar vetas de color verde en cabeza y térax,
los adultos gregarios presentan un homogéneo color marrén; mientras que
en S. gregaria los adultos solitarios presentan colores marrones y cenicientos
v los adultos gregarios inmaduros presentan un color rosado mas o menos
intenso, cambiando a amarillo en machos y a marrén en hembras conforme
van alcanzando la madurez sexual (figura 4).

Las dos fases también presentan diferencias en peso y tamafio, siendo
los individuos gregarios en promedio més ligeros y méas pequenos que
los individuos solitarios. Ademés, existen diferencias en las proporciones
morfométricas: los individuos solitarios presentan fémures traseros y alas
relativamente mas cortas que los individuos gregarios, lo que ha permitido
la realizaciéon de indices morfométricos que pueden discriminar poblaciones
solitarias de poblaciones gregarias basandose en los valores de las relaciones
entre la longitud del ala (E), la anchura de la cabeza (C) y la longitud del fémur
trasero (F). Concretamente, el indice E/F es mayor y el indice F/C es menor
en individuos gregarios de varias especies de langostas [Stower et al., 1960,
Ellis, 1963, Uvarov, 1977]. Se han documentado también diferencias tanto
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Figura 3: Ninfas de quinto estadio de la langosta del desierto Schistocerca gregaria.
En estas fotos se observa que existe variabilidad incluso dentro de la misma
fase. A: Ninfa solitaria verde. B: Ninfa solitaria palida (cuarto estadio). C:
Ninfa gregaria criada en aislamiento. D: Ninfa gregaria. E: Ninfa gregaria con
ojos claros. F: Ninfa gregaria con alto grado de melanismo.

en el nimero como en los tipos de sensilas (6rganos sensoriales que aparecen
como prolongaciones cuticulares parecidas a pelos en insectos) entre individuos
de fase solitaria y gregaria, siendo mayor el nimero de sensilas olfativas en
antenas de individuos solitarios que en gregarios [Tawfik, 2012]. También esta
comprobado que los individuos solitarios tienen mejor percepciéon auditiva
que los gregarios [Gordon et al., 2012], lo que apoyarfa la hipdtesis de que los
individuos solitarios podrian ser mas receptivos a estimulos del medio para
poder detectar a posibles depredadores o incluso a otros individuos de su
misma especie, al contrario que los individuos gregarios, con menor capacidad
de deteccion pero protegidos por los nimeros que ofrece el enjambre. Tanto los
cambios morfométricos como los cambios en la densidad de sensilas s6lo pueden
ocurrir entre muda y muda, ya que estas estructuras se remodelan cuando se
forma la nueva cuticula del individuo, y a veces se detectan gradualmente
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Figura 4: Adultos de la langosta del desierto Schistocerca gregaria. A: Adulto
solitario. B: Adulto gregario inmaduro. C: Adulto gregario que ha alcanzado
la madurez sexual.

(como el cambio de color) o a més largo plazo (en el caso de la variacién de los
indices morfométricos). Cabe destacar también las diferencias de longevidad
entre fases, siendo los individuos solitarios més longevos que los individuos
gregarios [Boerjan et al., 2011].

Otro bloque importante son los cambios en el comportamiento. Los
individuos gregarios presentan una clara tendencia a la atraccién hacia otros
individuos y a llevar un modo de vida en agregacion, cualidad que le da
nombre a la fase. Por el contrario los individuos solitarios viven esparcidos,
evitando activamente a otros individuos salvo durante su madurez sexual,
cuando buscan méas activamente miembros del sexo opuesto para aparearse.
Hay también diferencias en la rapidez de la toma de decisiones: los individuos
gregarios toman decisiones con mayor rapidez, pudiéndose decir que tienen
més claro lo que quieren (acercarse a otros individuos o a fuentes de alimento),
mientras que los individuos solitarios son mas lentos a la hora de tomar una
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decision, y cuando la toman suele implicar alejarse a un grupo de individuos
o acercarse a una fuente de alimento [Behmer et al., 2005, Lancet and Dukas,
2012, Simoes et al., 2013]. También las capacidades motoras cambian: los
individuos gregarios muestran mayor grado de actividad que los solitarios, lo
que permite que enjambres de millones de individuos se desplacen rapidamente
a través de largas distancias. Hay trabajos que justifican la movilidad del
enjambre como adaptacion a la evitacién del canibalismo, suceso bastante
frecuente entre los acrididos [Lockwood, 1988, Bazazi et al., 2008], y que la
movilidad de los enjambres podria ser una adaptacién para evitar estar cerca
de individuos potencialmente canibales, por lo menos en estadios juveniles
[Bazazi et al., 2008, Guttal et al., 2012]. El conjunto de estos cambios
enumerados més arriba son utilizados para determinar el estado de fase de
un individuo, pudiéndose utilizar en su conjunto para elaborar una estima de
fase, como veremos en el primer capitulo de esta tesis.

Para que se dé el cambio de fase deben ocurrir principalmente dos aconte-
cimientos: presencia (o ausencia) continuada de un estimulo “gregarizante” y
una respuesta hormonal acoplada que desencadene el proceso de dicho cambio.
Como se ha nombrado anteriormente, los enjambres de S. gregaria se forman
cuando aparecen islas de vegetacion muy localizadas que atraen a individuos
de toda el drea circundante. El cambio de fase se puede interpretar evolutiva-
mente como una adaptacion a la futura falta de alimento cuando el niimero de
langostas aumenta desmesuradamente de manera local, activindose mediante
la densidad de poblacién como estimulo desencadenante, no con la abundan-
cia de alimentos [Ellis, 1963]. Si las langostas utilizaran la falta de recursos en
lugar que la densidad de poblacion, los recursos ya esquilmados no podrian
sustentar al enjambre. Lo més eficiente seria detectar un estimulo anticipado
a la falta de recursos en lugar de activarse directamente ante la escasez. Por
eso la densidad de poblacién actia como variable desencadenante del cambio
de fase: cuando las langostas detectan una concentraciéon de individuos mayor
a la que estan acostumbrada, empiezan a experimentar el cambio en anticipa-
cién a un aumento de la competencia, lo que le confiere ventaja a la hora de
competir con otras especies. Cabe mencionar que el cambio de fase es rever-
sible: un individuo gregario (o su descendencia) puede volverse solitario si se
dan las condiciones, y viceversa [Nolte, 1963]. No obstante, la reversibilidad
no es igual de rapida en los dos sentidos: mientras que un individuo solitario
de S. gregaria sometido de una a cuatro horas a estimulos gregarizantes pue-
de presentar signos de gregarizacién, conseguir el efecto contrario es mucho
mas costoso en tiempo y a veces es necesario que pase una o varias generacio-
nes para conseguir un grado de solitarizacién completo [Simpson et al., 1999].
También es verdad que dependiendo de la especie, la tendencia de la velocidad
del cambio puede invertirse: mientras que la langosta australiana Chortoicetes
terminifera también presenta una rapida gregarizacién y una lenta solitariza-
cién [Gray et al., 2009], pero L. migratoria presenta una lenta gregarizacion y
una rapida solitarizacién [Guo et al., 2011].
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A pesar de que tanto los desencadenantes externos como el valor adaptativo
del cambio de fase estan claros, su origen evolutivo en los acrididos no esta
claro del todo. Dentro de la filogenia de los acrididos, podemos observar que
no hay un clado que agrupe a las especies de langostas que forman plagas,
sino que se sitian dispersas entre distintas subfamilias. Esto conlleva que
especies que forman plagas puedan estar mas relacionadas evolutivamente
con otras especies que no forman plagas, incluso dentro del mismo género
o subfamilia [Song, 2005, Song and Wenzel, 2008]. Tampoco la localizacién
geografica de las langostas es restringida: varias especies del género Melanoplus
o del género Schistocerca se ubican en el Continente Americano, mientras que
otras especies como S. gregaria, L. migratoria, la langosta roja Nomadacris
septemfasciata, la langosta italiana Calliptamus italicus o la langosta marroqui
Dociostaurus maroccanus se distribuyen en regiones mas o menos amplias
del viejo mundo, sin contar la presencia de C. terminifera en Australia
[Song, 2010]. Este hecho da lugar a dos posibles hip6tesis evolutivas: o bien
el cambio de fase (la adaptacién para formar enjambres) puede haberse
originado de manera independiente en varios taxones (homoplasia), o bien
que este caracter estuviera presente en el antecesor comun de todas las
langostas y se haya perdido o mantenido dependiendo del taxén. En el caso
de Schistocerca, los resultados de estudios recientes entre distintas especies
de este género apoyan la segunda opcién, ya que al someter a especies de
este género que no forman enjambres a estimulos gregarizantes se observo la
apariciéon de caracteres tipicos de fase gregaria, pudiendo ser reminiscencias
evolutivas del cambio de fase como cardcter ancestral [Gotham and Song,
2013]. Curiosamente, a pesar de haber una mayor diversidad de especies del
género en el Continente Americano, recientes estudios moleculares basados en
marcadores mitocondriales ponen de manifiesto que la direccién de migracion
ancestral fue desde Africa (cuyo tnico representante del género es S. gregaria)
hacia Sudamérica, prosiguiendo una diversificaciéon del género en el Nuevo
Mundo [Lovejoy et al., 2006], lo que explicaria por qué muchas especies del
género Schistocerca que no forman plaga puedan presentar estas reminiscencias
del cambio de fase.

Base fisiolégica del cambio de fase

Se ha comprobado que varios estimulos estdn implicados en la induccién
del cambio de fase, todos ellos obviamente relacionados con la densidad de
poblacién. Sin ir més lejos, tras ejercer friccion sobre las patas traseras de
ninfas solitarias se manifiestan comportamientos similares a los de fase gregaria
en un intervalo relativamente corto de tiempo, entre una y cuatro horas
[Simpson et al., 2001], lo que demuestra que el mismo contacto fisico entre
individuos provoca el cambio de fase. No obstante, la parte del cuerpo que
desencadena el estimulo al ser frotada depende de la especie, siendo el fémur
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trasero en S. gregaria [Rogers et al., 2003] o las antenas en C. terminifera
[Gray et al., 2009] las zonas mds sensibles a desencadenar el cambio de fase
por friccién. El estar en contacto con individuos gregarios también hace que
saltones solitarios se comporten como gregarios en relativamente poco tiempo
[Simpson et al., 1999]. Para la langosta del desierto S. gregaria, se ha llegado a
estimar un umbral de densidad de poblacién critica de 2,45 saltones por metro
cuadrado, siendo cualquier valor superior susceptible de indicar el inicio de la
formacion de un enjambre [Cisse et al., 2015].

Como otros insectos, las langostas secretan una gran cantidad de com-
puestos quimicos al medio, entre los cuales también se encuentran agentes
iniciadores del cambio de fase. En exudados de machos adultos gregarios se
ha encontrado principalmente PAN, el cual parece presentar un papel activo
en la agregacién [Torto et al., 1994, Deng et al., 1996] y en la inhibicién del
cortejo [Ferenz and Seidelmann, 2003], aunque no parece que acttie solo, sino
acompanado de otras sustancias. Otra sustancia que encontramos en exuda-
dos es el guaiacol [Nolte, 1963, Torto et al., 1994], feromona de atraccién cuya
sintesis parece depender de la enterobacteria Pantoea agglomerans, alojada en
el intestino medio o en el recto de las langostas [Dillon et al., 2000, Dillon and
Charnley, 2002]. El estimulo visual parece tener un efecto gregarizante tam-
bién, pero comparado con los estimulos mecanicos, apenas tiene relevancia en
el cambio de fase [Simpson et al., 1999, Tanaka and Nishide, 2013, Rogers
et al., 2014]. También se ha comprobado si otro disparador del cambio de fase
podria encontrarse en la calidad nutritiva de la fuente de alimento, pero aun-
que si es verdad que el alimento tomado influye en la coloracién de la langosta,
no parece afectar a su estado de fase [Simpson et al., 1999, 2002].

Una vez el estimulo gregarizante haya alcanzado al individuo, el sistema
nervioso de la langosta lo interpreta elaborando una serie de respuestas que
generaran los varios cambios descritos mas arriba. Las hormonas y los neuro-
transmisores son los encargados de comunicar al resto de tejidos los cambios
fisiol6gicos que determinan cambios biolégicos como el comportamiento o el
desarrollo. La secrecién de ambas sustancias estd regulada de primera mano
por estimulos neurales. En el cambio de fase hay descritas varias de estas molé-
culas como activadoras del proceso. Como ocurre en otros casos de plasticidad
fenotipica en insectos, parece haber una relacién entre el cambio de fase y
los ciclos de hormona juvenil y ecdisteroides. Estas dos hormonas especificas
de artrépodos se expresan durante todo el ciclo de vida de forma antagénica:
durante los periodos entre mudas la hormona juvenil mantiene un nivel de ex-
presién alto y constante hasta que los ecdisteroides aumentan su concentracion
en la hemolinfa, momento en el que se produce la muda o ecdisis, tras la cual
los niveles de ecdisteriodes en linfa bajan y aumentan los de hormona juvenil.
Hay multiples trabajos en los que se acoplan los cambios en polifenismo con
picos de hormona juvenil, y no solamente en langostas [Roussel, 1993, Wiesel
et al., 1996, Tawfik and Sehnal, 2003], también en insectos eusociales, lepid6p-
teros gregarios y otros [Corona et al., 2007, 2013, Libbrecht et al., 2013, Sen
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et al., 2013]. No obstante, que se solape el cambio de fase con la muda puede
ser debido a que en insectos sélo se pueden generar ciertos cambios (sobre todo
morfoldgicos) tras mudar, por lo que esta relaciéon con el polifenismo puede
ser mas bien una coincidencia inevitable mas que una causa.

Como se ha mencionado antes, el cambio de fase se regula no sélo a través
de hormonas, también a través de neurotransmisores. Concretamente dos de
ellos desencadenan respuestas tipicas del cambio de fase al ser inyectados en
las langostas: la corazonina y la serotonina o 5-hidroxitriptamina (5HT). La
corazonina, descrita por primera vez en la cucaracha Periplaneta americana,
es un cardiopéptido especifico de artropodos cuya principal funcién esta
aumentar el ritmo cardiaco, como sugiere su propio nombre [Veenstra, 1989].
En la langosta del desierto se identific6 como una sustancia relacionada con
el cambio de fase que se producia en los cuerpos cardiacos (corpora cardiaca)
de su sistema nervioso [Tawfik et al., 1999]. Al inyectar corazonina en ninfas
solitarias de langosta del desierto y de langosta migratoria se consiguié que
aparecieran patrones negros en la cuticula y que los indices morfométricos
utilizados para asesorar el cambio de fase [Stower et al., 1960] presentasen
valores méas parecidos a los de individuos gregarios, proponiéndose asi como
desencadenante del cambio de fase [Tawfik et al., 1999, Maeno et al., 2004,
Sugahara et al., 2015]. Sin embargo, no parecen haberse encontrado diferencias
de comportamiento en la langosta del desierto tras las inyecciones, a pesar
de que las ninfas inyectadas, al igual que en L. migratoria, emergieron como
adultos con proporciones morfométricas més parecidas a las de la fase gregaria
[Hoste et al., 2002]. En un estudio més reciente se ha logrado identificar que
el albinismo en estas dos especies estd ligado a mutaciones a componentes
de la regulaciéon de de la corazonina. Por ejemplo, un caso de albinismo en
L. migratoria parecia producirse por una delecién de diez nucledtidos en la
secuencia de la corazonina [Sugahara et al., 2017]. Otro caso, documentado
en S. gregariaen el mismo trabajo, fue asociado a una mutacién sin sentido
(aparicién de un codén de terminacién prematuro) en la secuencia codificante
de un receptor de corazonina.

Con respecto a la serotonina, al inyectar tanto 5HT como andlogos de la
misma en ninfas solitarias se consigui6é hacer que el comportamiento de ninfas
solitarias se tornara més parecido al de ninfas gregarias [Anstey et al., 2009,
Rogers et al., 2014]. Adem4s, inyectando antagonistas o inhibidores de sintesis
de la 5HT en ninfas gregarias se revirtié el comportamiento gregario de la plaga
a un estado mas parecido al de fase solitaria [Anstey et al., 2009]. No obstante,
no parece generar diferencias en el color tras el aumento de la concentracion
de serotonina en la hemolinfa, por lo que parece que active un cambio en el
comportamiento a corto plazo. Es més, en el estudio de [Tanaka and Nishide,
2013] no se obtiene cambio de color ni cambio en la tendencia de agregacién
en S. gregaria tras la inyeccién de serotonina, mientras que [Guo et al., 2013]
ocurre lo contrario en L. migratoria, promoviendo la aparicién de caracteres
solitarios. Podemos concluir que tanto los efectos de la corazonina como los
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de la serotonina, a pesar de los resultados tan contundentes obtenidos tras
su inyeccién, parecen mas bien una respuesta aguas abajo que un disparador
del estimulo gregarizante, aunque esta claro que ambos neuropéptidos estan
implicados en la modulacién del cambio de fase.

Continuando con la serotonina, se sabe que este neurotransmisor interac-
ciona con receptores acoplados a proteinas G o GPCRs [Wang et al., 2013,
McCorvy and Roth, 2015], y una de las varias funciones de estos receptores
es la sintesis de AMPc (adenosinmonofosfato ciclico) gracias a la activacién
de la adenilato ciclasa mediante proteinas G [Pierce et al., 2002]. Esta mo-
lécula activa proteinas kinasa dependientes de AMPc (PKA), que a su vez
fosforilan otras proteinas. Entre las proteinas activadas por las PKA aparecen
los factores de transcripcién CREB (cAMP-response-element-binding), que,
entre otras funciones, activan genes relacionados con la remodelacién sinapti-
ca en neuronas sensoriales, lo que puede llevar a modular el comportamiento
del animal [Hegde et al., 1993]. Siguiendo la 16gica de que la serotonina esta
implicada en el cambio de fase y que las PKA se activan como respuesta a la
recepcion de serotonina, Ott y colaboradores realizaron un experimento que
demuestra el papel de las PKA en el cambio de fase: bloqueando estos recepto-
res con compuestos antagonistas de la PKA se consiguié inhibir el cambio de
fase durante la gregarizacién de individuos solitarios, lo cual también se con-
siguié mediante ARN interferente (RNAi) de la PKA [Ott et al., 2012]. Sin
embargo, al realizar el mismo experimento con el gen foraging (una proteina
kinasa dependiente de GMPc¢ implicada en comportamiento alimenticio social
en Drosophila melanogaster y en Apis melifera [Pereira and Sokolowski, 1993,
Ben-Shahar et al., 2003] no se obtuvo ningun resultado tras gregarizar indivi-
duos solitarios [Ott et al., 2012]. Sobre el gen foraging, se sabe que en la mosca
del vinagre presenta un alelo que aumenta su movilidad mientras se alimenta
[Pereira and Sokolowski, 1993], y que en la abeja de la miel estd implicado en
cambio de comportamiento dependiente de la edad en las obreras [Ben-Shahar
et al., 2003]. De hecho, en S. gregaria, se ha visto que este gen se sobre-expresa
en cerebros de ninfas gregarias comparado con ninfas solitarias, y que ademas
presenta actividad diferencial siguiendo el mismo patrén [Lucas et al., 2010],
pero el resultado del estudio de [Ott et al., 2012] pone de manifiesto que este
gen no parece implicado en el cambio de fase después de todo.

También se han detectado marcadores moleculares de fase en distintos
trabajos. En [Rahman et al., 2002] se menciona la deteccién de un péptido sin
funcién conocida en adultos criados en alta densidad de poblacién, ademaés
de un inhibidor de serina proteasas (SGPI-2). A nivel de transcritos, se
encontraron dos secuencias marcadoras, SSG (para individuos solitarios) y
GSG (para individuos gregarios), de las cuales solamente la segunda se
identificé como una secuencia similar a la metaloproteasa SPARC [Rahman
et al., 2003]. Las neuroparsinas, péptidos antagonistas de la hormona juvenil
y de la hormona diurética, también presentan un patréon de expresién
relacionado con el cambio de fase en S. gregaria, donde dos de ellas (SGNPP3
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vy SGNPP4) presentaban picos de expresién diferentes entre adultos gregarios
y solitarios, y curiosamente también entre machos y hembras [Claeys et al.,
2006]. Aunque hay desarrollados microsatélites para esta especie, no se ha
encontrado ninguno relacionado con el cambio de fase, resultado esperable
teniendo en cuenta la naturaleza del polifenismo [Ibrahim et al., 2000, Kaatz
et al., 2007]. Otras proteinas analizadas son las pacifastinas, inhibidores de
serina proteasas relacionados con la respuesta inmune en insectos [Liang et al.,
1997], que presentan diferencias de expresién tanto a nivel de sexo como de
fase en S. gregaria [Simonet et al., 2005]. En [Loof et al., 2006] se presenta una
buena sintesis de todos los potenciales marcadores de fase, donde se detallan
no solo los descritos, sino que otros marcadores llamativos, como es la proteina
amarilla responsable del color amarillo de los machos gregarios sexualmente
maduros de S. gregaria [Wybrandt and Andersen, 2001].

Estudios “6micos” en langostas

Pese a todos los estudios presentes, y atin habiéndose detectado algunas de las
moléculas que desencadenan la respuesta fisiolégica y metabdlica del cambio de
fase, atin no se puede afirmar con claridad que conozcamos toda la cadena de
regulacién que disparan el cambio. Para desentrafiarlo se necesitaria hacer un
andlisis de los patrones de expresion de genes que estén expresandose durante
el cambio de fase, lo que implicaria el seguimiento de miles de genes. Esta tarea
serfa una gran inversién en tiempo y costes si no fuera porque a lo largo de la
década del 2000 aparecen técnicas de secuenciacién masiva de acidos nucleicos
(Next Generation Sequencing, NGS), siendo posible obtener tanto secuencias
gendmicas casi completas como miles de secuencias de RNA mensajero (si se
secuencia ADN complementario) sin el coste en dinero y tiempo que requeriria
hacerlo con métodos anteriores (secuenciacién tipo Sanger). Desde entonces,
gran cantidad de estudios de genomas y transcriptomas han aflorado a lo
largo de la bibliografia cientifica a un ritmo casi exponencial [Schuster, 2007,
Metzker, 2010, Mardis, 2013]. Entramos pues en una etapa donde los datos
“6micos” (término referido a estudios con ingentes cantidades de datos, como
gendmica, transcriptémica y protedémica) se estdn convirtiendo en algo usual
y que cada vez se explota mas y mejor. Como en muchos otros casos, estas
técnicas se han aplicado al estudio del cambio de fase de langostas, pudiéndose
obtener una vista de pédjaro de todo (o por lo menos casi todo) lo que
estd ocurriendo durante el cambio de fase a nivel de genoma, transcritos o
metabolitos [Bakkali, 2013]. De esta forma, se pueden rastrear mejor las rutas
genéticas y metabdlicas implicadas en el cambio de fase en langostas, y asi
conseguir més evidencias para poder construir un modelo genético completo
de este fenémeno.

Un estudio pionero en abordar el cambio de fase con secuenciacién
Sanger fue llevado a cabo por el laboratorio del profesor Le Kang en
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Pekin, consistiendo en la confecciéon de una biblioteca genética de ESTs
(Expressed Sequence Tags) a partir de ARN mensajero de las fases gregaria
y solitaria de la langosta migratoria L. migratoria [Kang et al., 2004]. Uno
de los resultados que se destacan en este trabajo, que aborda secuencias
de cuerpo, cabeza, intestino medio y fémur trasero, es que varias proteinas
pertenecientes a la familia JHPH (Juvenile hormone binding protein -
Hexamerin - Prophenoloxydase - Hemocyanin) aparecen sobre-expresadas con
patrones caracteristicos, presentando transcritos especificos de fase y tejido
en muchos casos. Las proteinas de unién a la hormona juvenil (Juvenile
hormone binding protein, JHBPs) sirven para regular la concentracién de
hormona juvenil en la hemolinfa promoviendo su degradacion, aunque también
es posible que algunas de estas proteinas sirvan como transportadoras de
hormona juvenil o intervengan en procesos regulados por esta molécula
[Trowell, 1992, De Kort and Granger, 1996]. La hormona juvenil ya fue
nombrada en el apartado de la regulacién hormonal del cambio de fase como
factor de mantenimiento no sélo de estadios entre mudas sino de fase solitaria.
Las hexamerinas transportan hormonas y otras proteinas [Burmester, 1999] y
de hecho presentan un dominio de unién a la hormona juvenil que hace pensar
que no sélo intervengan en su transporte sino también en su regulacién [Zhou
et al., 2007, Martins et al., 2010], por lo que también podrian tener un papel
en el cambio de fase de estar implicada la hormona juvenil. La profenoloxidasa
estd implicada tanto en la respuesta inmune como en la melanizacién de la
cuticula [Leonard et al., 1985, S6derhéll and Cerenius, 1998]. Ademés, parece
que su produccién se asocia también a una respuesta dependiente de fase
en otros insectos como en el escarabajo Tenebrio molitor [Barnes and Siva-
Jothy, 2000] y en polillas de distintas especies plaga [Wilson et al., 2001],
siendo parte de su regulacién también regida la hormona juvenil [Curtis et al.,
1984, Hiruma and Riddiford, 2009]. La hemocianina es la molécula encargada
del transporte e intercambio gaseoso en la hemolinfa de los insectos [Sanchez
et al., 1998]. Que una familia de proteinas con funciones tan diversas presente
patrones especificos de unién a la hormona juvenil y que ademéas presenten
expresion diferencial regida por la fase desde luego la pone en el punto de
mira en el estudio del cambio de fase. En un estudio posterior, se identificaron
varias JHBPs en la langosta del desierto, detectdndose variabilidad en la
concentracién en hemolinfa y algunas propiedades enziméticas més (unién
a JH III, actividad lipoforina), pero sin profundizar en su caracterizacién
funcional [Tawfik et al., 2006]. Los ESTs obtenidos en el trabajo de Kang
y colaboradores de 2004 se muestran en LocustDB [Ma et al., 2006], una
base de datos que incluye los resultados de anotacion correspondientes a
esas secuencias, como su funcién, dominios de proteinas, rutas metabdlicas
y homologia con otras especies.

Varios anos después, el mismo grupo secuencié transcriptomas de varios
estadios ninfales de las dos fases de L. migratoria, esta vez con la tecnologia de
NGS Tllumina [Chen et al., 2010]. Aqui, ademéds de obtener un mayor nimero
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de secuencias con niveles de expresién mas precisos, se ve que los estadios con
mayor numero de transcritos diferencialmente expresados entre fases son el
cuarto (pentltimo) y el quinto (Altimo) estadio ninfal, proponiendo el cuarto
estadio como critico en cuanto a oportunidad de modulacién de la fase en esta
especie. Esta asignacion estd basada también en las diferencias globales de
expresion entre fases en los distintos estadios de desarrollo, siendo el cuarto
estadio ninfal el que mayores diferencias en el patrén de expresiéon presentd
entre fases. Ese trabajo también puso de manifiesto que una extensa lista
de neurotransmisores y sus receptores presentan sobre-expresion en la fase
gregaria, entre los que encontramos enzimas como la tirosina-hidroxalasa o la
glutamato descarboxilasa, receptores para neurotransmisores como la 5-HT, la
DOPA y la octopamina y transportadores relacionados a vesiculas sinapticas.

También en L. migratoria se realizO un experimento de microarrays
donde se cuantific6 ADNc de varios individuos solitarios gregarizados y de
individuos gregarios aislados en distintos puntos de una linea temporal, para
poder comprobar si existen genes cuyo patréon de expresién a lo largo del
tiempo sea gradual [Guo et al., 2011]. En este caso se ponen de manifiesto
genes relacionados con la recepcién, como las proteinas quimiosensoras
(Chemosensory Proteins, CSPs), demostrando mediante silenciamiento de
expresion via RNAi que una de las CSPs es responsable de recibir estimulos
de atraccién a otros individuos, por lo que puede estar relacionada con la
respuesta a corto plazo del cambio de fase. Otro gen llamado Takeout parece
tener el efecto contrario: al ser silenciado en individuos solitarios aumenté su
tendencia a agregarse con otros individuos, lo que lo convierte en un gen que
puede prevenir el cambio de fase.

En otro experimento de microarrays distinto, los genes relacionados con
la ruta de las catecolaminas, que incluyen a genes clasicos relacionados
con el color (como ebony, tan o pale) como genes relacionados con el
metabolismo de la tirosina y sus subproductos (henna, DOPA-decarboxilasa
o Dde, fenoloxidasa o PO) aparecieron como el proceso metabélico con més
diferencias de expresiéon entre ninfas de cuarto estadio gregarias y solitarias
[Wu et al., 2012], lo que confirma parte de las conclusiones del trabajo
sobre el transcriptoma de L. migratoria de Chen et al. [2010]. Los productos
mas interesantes que origina esta ruta metabdlica incluyen la dopamina y
sus derivados, la melanina (implicada en respuesta inmune y color de la
cuticula) y la protefna yellow (implicada principalmente en el color de la
cuticula). Lo més impactante en este estudio fue que los niveles de expresién
de ebony y henna aumentaban tras ocho horas de gregarizacion de solitarios,
y tras silenciar mediante RNAi estos genes en ninfas gregarias se produjo
una reversiéon del comportamiento gregario. A nivel metabolémico también
se aprecian diferencias entre las dos fases, sobre todo los relacionados con
el metabolismo lipidico [Ma et al., 2011]. Moléculas como el diacilglicerol o
las fosfatidiletanolaminas aparecen sobrerrepresentadas en la hemolinfa de
individuos gregarios, asi como la carnitina y sus derivados, relacionados con

27



la movilidad y degradacion de lipidos para obtener energia.

Uno de los hitos que abrirdn muchas puertas a la hora de describir la
base molecular del cambio de fase ha sido sin duda la secuenciaciéon del
genoma de L. migratoria [Wang et al., 2014b]. En principio, no es tarea
facil secuenciar genomas tan grandes con la tecnologia actual: aumenta la
proporcién de errores de secuenciacién, se necesitard un mayor nimero de
secuenciaciones para obtener una cobertura aceptable, y al aumentar la
proporcién de secuencias repetidas en genomas mas grandes existiran mas
problemas de ensamblaje. Los saltamontes, donde se incluyen las langostas,
se encuentran entre las especies que mayor tamano genémico presentan, como
es el caso de las langostas migratoria (6,3 Gb) [Wang et al., 2014b] y del
desierto (8,6 Gb) [Camacho et al., 2015]. En el trabajo de Wang et al.
[2014Db] se consiguieron ensamblar 11 grupos de ligamiento, con un grupo extra
donde se quedan los contigs sin ensamblar, 1o que no representa la dotacién
cromosémica de L. migratoria (n = 11 + X) y que seguramente ha sido
causa de la esperada proporcién de ADN repetido y la dificultad anadida al
ensamblaje de este tipo de secuencias. En efecto, de la particién estudiada cabe
destacar que alrededor del 60 % del genoma secuenciado consiste efectivamente
en secuencias repetidas, hecho congruente con la hipétesis de que a mayor
tamafio gendémico mayor proporcién de elementos repetidos [Flavell et al.,
1974, Gregory, 2005]. Los intrones parecen también inusualmente grandes en
este genoma, unas diez veces de mayor longitud que en otros insectos, con un
tamafo medio cercano a las 11.000 pares de bases [Wang et al., 2014b).

Gracias a la obtencién de una secuencia gendémica de referencia se pudieron
estimar diferencias en los patrones de metilacién en el cerebro de L. migratoria
de fase gregaria y solitaria mediante una secuenciacion por bisulfito de
representacién reducida [Wang et al., 2014b]. Los resultados de ese estudio
indicaron que de las cerca de 9,5 millones de islas CpG encontradas, incluyendo
las secuencias de cerca de 12.000 genes, la mayor proporcién de posiciones
metiladas se observé en intrones, seguida por secuencias codificantes enteras
(incluyendo regiones no traducidas e intrones) y secuencias repetidas, siendo
estas posiciones mucho menos representadas en secuencias intergénicas. En
cuanto a genes diferencialmente metilados entre fases, se encontraron 90
candidatos, la mayoria de ellos estrechamente relacionados con la plasticidad
sindptica. Tras estudiar también los patrones de corte y empalme alternativo
(splicing) del ARN mensajero y comparar los resultados con los transcriptomas
ya existentes [Wang et al., 2014b], hay un alto grado de congruencia entre estas
tres particiones de datos, acotando incluso méas los mecanismos moleculares
responsables en tultima instancia del cambio de fase. Parece ser que los
genes implicados en plasticidad sindptica, como genes del citoesqueleto, de
transporte de vesiculas y de transduccién de senales, pueden jugar un papel
muy importante en la modulacién del cambio de fase en la langosta migratoria.

Durante el desarrollo de las “6micas”, casi simultdneamente se han estado
describiendo varios elementos de regulaciéon genética conocidos como ARNs no
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codificante (ncRNAs). La estructura secundaria de estos ARNs interacciona
con otras moléculas, y su potencial homologia con otras secuencias de
ARN les permite formar apareamientos tanto con ADN como con ARN
[Mattick and Makunin, 2006]. Entre estas secuencias podemos encontrar
micro-ARNs (miRNAs), ARNs de interferencia pequenos (siRNAs), ARNs
que interaccionan con proteinas Piwi (piRNAs), ARNs largos no codificantes
(IncRNAs) y ARNs circulares (circRNAs). Asi pues, gracias a la progresiva
caracterizacién de ncRNAs se abre un nuevo camino a la hora de estudiar el
cambio de fase, ya que seguramente estan implicados en la expresién diferencial
mediante eliminacién de mRNAs. Hay estudios que abarcan el estudio de
miRNAs en L. migratoria, siendo el pionero el articulo de [Wei et al., 2009],
donde se describe una lista de miRNAs y siRNAs, con perfiles de expresion
diferencial entre fase gregaria y solitaria. Esta informacion ha sido actualizada
con andlisis més refinados que tienen en cuenta la informacién gendémica
disponible para L. migratoria. Como resultado, se ha logrado confeccionar una
extensa base de datos de los miRNA expresados en este organismo [Wang et al.,
2015], en la cual podemos ver que hay muchos de estos elementos especificos y
otros conservados en otros ordenes de insectos. El estudio de patrones de
expresion generales de miRNAs también sirvié para encontrar candidatos
en cuanto a la modulaciéon del cambio de fase. Un ejemplo interesante es
el articulo de [Yang et al., 2014], donde se demuestra cémo miRNA-133
regula tanto la expresion de henmna como de pale, dos genes implicados en
la ruta de las catecolaminas. Este miRNA presenta homologia con la regién
3’ no traducida de henna y con la secuencia codificante de pale, y cuando se
inyectaron andlogos de miRNA-133 a individuos gregarios de L. migratoria se
logro revertirlos a la fase solitaria.

Paralelamente, en la langosta del desierto S. gregaria se han estado
llevando a cabo estudios de expresién génica similares a los planteados con L.
migratoria. El grupo de Jozef Vanden Broek confecciond, mediante tecnologia
de secuenciacién Sanger, una biblioteca de ESTs del sistema nervioso central
de esta especie gracias a la cual se pudo hacer una lista extensiva de
transcritos codificantes para multitud de receptores sindpticos y enzimas
sintetizadoras de neuropéptidos, neurotransmisores y hormonas [Badisco et al.,
2011a]. Entre los neuropéptidos mencionados en ese trabajo se encuentran
tanto la Ddc como la triptéfano-hidroxilasa (TH), enzimas que sintetizan
la dopamina y la serotonina respectivamente. En cuanto a receptores cabe
destacar la identificacién de receptores de membrana acoplados a proteinas G
(GPCRs) como Methuselah 2 (mth2, implicado en modulacién de longevidad
en Drosophila [Cvejic et al., 2004]), el receptor para el neuropéptido corto
F (short NeuroPeptide F Receptor, sNPFR, interacciona con el neuropéptido
corto F, implicado en la inhibicién del apetito en S. gregaria [Dillen et al.,
2014] a pesar de tener el efecto contrario en otras especies [Lee et al., 2004,
Ament et al., 2011)), receptores de serotonina y receptores de opsina. Por
ultimo, presentan una lista de neuropéptidos putativos, que pueden abrir
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mas puertas en el estudio de la fisiologia de esta especie. El mismo grupo de
investigacion también realizé un estudio de microarray comparando adultos
gregarios y solitarios [Badisco et al., 2011b]. En ese trabajo se encontraron
214 genes diferencialmente expresados entre las dos fases. Con respecto a la
funcién de recepcion, la opsina y varias CSPs aparecen sobre-expresadas en
individuos gregarios, al igual que los genes relacionados con la respuesta al
estrés, como la taumatina o proteinas de choque térmico (Heat Shock Protein,
HSP). Aparecen también sobre-expresados en fase gregaria citocromos P450,
relacionados con detoxificacion. También se detectaron niveles mas altos de
ADN metil transferasa 2 (Dnmit2) en la fase solitaria, siendo otra evidencia
mas de como la epigenética estd implicada en el cambio de fase. Toda la
informacion referente a ESTs producida para la langosta del desierto esta
siendo recopilada en una pdgina de la universidad de Illinois [Broeck et al.,
2005], que pretende ser un referente como base de datos de secuencias de varias
especies de langosta.

A nivel de epigenética, lo cierto es que en S. gregaria hay varios trabajos que
tratan de cubrir los patrones de metilacién de ADN, seguramente promovidos
por el resultado obtenido en Badisco et al. [2011b] sobre la expresién diferencial
entre fases del gen Dnmt2. En Boerjan et al. [2011] se realiza un estudio
basandose en estos valores de expresiéon de Dnmt2, encontrando que hay
expresion diferencial de este gen en diferentes tejidos, y también demostrando
cémo la fase en la que los progenitores se encontraban influye en la longevidad
de su progenie mediante impronta genética. En Falckenhayn et al. [2013]
se demuestra que la proporcién de metilacién del genoma de S. gregaria es
mayor en las regiones exénicas al igual que ocurre con otros invertebrados.
No obstante, el grado de metilacién si resulté ser mas acentuado que en
otros genomas. Relacionado con la epigenética, mediante un analisis de
polimorfismos de longitud de fragmentos amplificados sensibles a la metilacién
(MS-AFLP) en S. gregaria, Amarasinghe et al. [2015] encontraron que la fase
gregaria presentaba mayor proporcion de loci no metilados con respecto a la
fase solitaria. Ese resultado concuerda con los resultados obtenidos para L.
migratoria en Wang et al. [2014b]. No obstante, para otros aspectos de la
regulacién de la expresién génica, parece que apenas hay avances en lo que
respecta a los mencionados ncRNAs, ni a nivel de identificaciéon ni a nivel de
caracterizacién, lo que deja un importante campo de trabajo atin por explotar.

i, Por qué realizar mas trabajos en langostas?

A pesar de que en la langosta del desierto y la langosta migratoria presentan
genes con patrones de expresion compartidos, también encontramos muchos
genes que a pesar de ser descritos como posiblemente implicados en el cambio
de fase presentan patrones de expresion distintos. El estudio conjunto de los
patrones de expresiéon en estas dos especies podria acotar incluso més la
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base genética del cambio de fase si realmente éste estuviera evolutivamente
conservado en las dos especies. No obstante, si comparamos la informacién
basada en estudios de secuenciacién masiva disponible para la langosta del
desierto con la que disponemos para la langosta migratoria, da la impresién
de que el estudio de esta dltima va un paso mds adelante (cuadro 1). El
genoma de S. gregaria contiene 8,6 Gb, lo que lo convierte en uno de los
genomas animales mas grandes conocidos. Normalmente secuenciar un genoma
de este tamafio conlleva dificultades tanto econdémicas como técnicas. Las
dificultades econémicas pueden disiparse a lo largo del tiempo, cuando los
precios de técnicas NGS bajen. En cuanto a las dificultades técnicas se incluye
la dificultad de ensamblar genomas ricos en secuencias repetidas, como ocurrié
con el genoma de L. migratoria (con un 60 % de secuencias repetidas) y puesto
que a mayor tamafio de genoma mayor proporcién de secuencias repetidas
se espera, ensamblar el genoma de esta especie no serd una tarea facil.
Como paso inicial, se han obtenido varias secuencias de ADN satélite de S.
gregaria mediante NGS, ademads de obtener valores de expresién y localizacién
cromosomica, datos que pueden contribuir en un futuro a mejorar la calidad
de ensamblaje del genoma de esta especie [Camacho et al., 2015]. Una vez
sorteado el problema del ensamblaje del genoma, el siguiente paso de estudio
serd indudablemente el estudio epigenético del cambio de fase, acompanado de
la determinacién de los ncRNAs. Entre todas las evidencias obtenidas tanto
para esta especie y con toda la informacion disponible de L. migratoria se
podré entonces llegar a un modelo de regulacion genética y epigenética mucho
més detallado que el que tenemos presente actualmente [Bakkali, 2013].

Ademés de los estudios sobre la caracterizacién in vivo del grado de
gregariedad, el establecimiento y comparaciones cuantitativas y cualitativas
in silico de transcriptomas, y el andlisis in vitro de la expresion génica, esta
memoria de tesis también compila los datos obtenidos de varios trabajos que
comprenden el estudio de genes y de la base genética del cambio de fase en
la langosta del desierto S. gregaria. Como se ha mencionado antes, a nivel de
secuencias genéticas, L. migratoria estd mejor cubierta y S. gregaria todavia
necesita ponerse al mismo nivel de informacién disponible. Es més, la posible
distancia evolutiva que hay entre las dos especies y la posibilidad de una
evolucién independiente de cambios de fase entre linajes de acrididos con
polifenismo de fase puede significar que lo que funcione en una especie no
funcione en la otra (o al menos no al 100 %). Ademads, esta tesis forma parte
de un proyecto cuyo objetivo es asentar un nuevo grupo de investigacién
con la intencién de establecer el estudio de la genética y base molecular
de las adaptaciones de especies plaga como nueva linea de investigacion en
Espaiia. De hecho, entre los datos que hemos generado, revelamos hechos tanto
esperables como sorprendentes o interesantes, y ofrecemos herramientas de
trabajo que hagan que los datos predictivos sean comparables entre trabajos
y entre grupos de investigacién. Nuestros resultados permiten comprender
mejor los cambios de expresién genética entre fases. De hecho, somos pioneros
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en ofrecer una sintesis de la dindmica global que acompana al cambio de fase
basdndonos en una interpretaciéon experta de los datos sobre los cambios en
la expresion de los genes que secuenciamos.

Locusta migratoria Schistocerca gregaria
Hormona juvenil Maés expresada en solitarios Mis expresada en solitarios
[Roussel, 1993, Wiesel et al., 1996] [Roussel, 1993, Wiesel et al., 1996]
Corazonina Induce cambios de color y forma Induce cambios de color y forma
[Tawfik et al., 1999, Maeno et al., 2004] [Tawfik et al., 1999, Maeno et al., 2004]
Serotonina Solitarizacion [Guo et al., 2013] Gregarizacion

[Anstey et al., 2009, Rogers et al., 2014]
Sin cambios en comportamiento
[Tanaka and Nishide, 2013]

Transcriptoma Varios estadios ninfales y Sistema nervioso de
adultos [Kang et al., 2004, Chen et al., 2010] ninfas y adultos [Badisco et al., 2011a]
Sistema nervioso
[Zhang et al., 2012, Wang et al., 2014b]

Microarray Cuerpo entero [Guo et al., 2011, Wu et al., 2012]  Adultos [Badisco et al., 2011b]
Sistema digestivo [Spit et al., 2016]

Genoma Draft [Wang et al., 2014b] Secuenciacién parcial
[Camacho et al., 2015]

Epigenética Menor metilacién en Dnmt2 sobre-expresada
gregarios [Wang et al., 2014b] en solitarios [Boerjan et al., 2011]

Metilacién diferencial en solitarios
[Amarasinghe et al., 2015]

miRNAs miRNA 133 regula

catecolaminas [Yang et al., 2014]
Base de datos [Wang et al., 2015]

Cuadro 1: Resultados mas destacables sobre la base fisiolégica y molecular del
cambio de fase en S. gregaria y en L. migratoria.
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Objetivos

Estando encuadrada en el marco de una beca predoctoral para la Formacién
de Personal Investigador (referencia BES-2011-043627) asociada al proyecto
“The genetic basis of the gregarious phase associated with outbreaks of the
swarming locust Schistocerca gregaria” financiado por el Ministerio de Ciencia
e Innovacion espaiiol (codigo BFU2010-16438), los objetivos a cumplir en esta
tesis son comunes a los de dicho proyecto. El objetivo general a resolver consiste
en detectar cambios de expresién genética a gran y pequena escala asociados al
cambio de fase en esta especie de langosta. Para ello nos valdremos de técnicas
moleculares, bioinformaticas y basadas en el estudio del comportamiento,
tratando de resolver los siguientes objetivos especificos:

1. Construir un modelo basado en regresion miltiple logistica, a partir
de datos de comportamiento y morfolégicos de individuos gregarious y
solitarios de S. gregaria, que cuantifique el estado de agregacién de las
langostas estudiadas.

2. Comprobar la potencial asociacién entre posibles diferencias en el cambio
de fase y factores aparentemente intrinsecos al cambio de fase, como las
intensidades colorimétricas del individuo o su tamafio, y extrinsecos,
como el sexo o la especie.

3. Obtener transcriptomas de referencia para el sistema nervioso central y
del tubo digestivo de adultos gregarios y solitarios de S. gregaria.

4. Detectar las diferencias de expresién entre las fases gregaria y solitaria
en el sistema nervioso central y en el tubo digestivo de S. gregaria para
cada transcrito ensamblado.
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10.

11.

Validar los datos transcriptémicos mediante qPCR.

. Comparar nuestros resultados con los presentados en los trabajos de

otros grupos de investigacion mediante comparacién bibliogréfica.

Comprobar si hay diferencias de diversidad y de expresion genética entre
la flora intestinal de individuos solitarios y gregarios.

. Comparar la informacién obtenida de los transcriptomas del sistema

nervioso central y del tubo digestivo.

. Dar el primer paso hacia el dibujo de la imagen global, a completar

por estudios posteriores, de la asociacién entre eventos moleculares y
aspectos no moleculares que acompanan al cambio de fase.

Como paso previo al estudio comparativo de su expresiéon como caso
particular, determinar el ntimero de copias que la familia de proteinas
quimiosensoras (CSP) presentan en L. migratoria y S. gregaria y
establecer sus relaciones evolutivas mediante andlisis de secuencias y
filogenias.

Analizar los patrones de expresién de las CSPs para determinar su
relacién con el cambio de fase, tanto al nivel especifico como general
para langostas.
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Metodologia general

Cria de langostas

Tanto las ninfas como adultos de la langosta del desierto S. gregaria utilizados
para los experimentos que forman parte de esta tesis doctoral se criaron
en la Facultad de Ciencias de Granada. El cultivo fue establecido por el
Profesor Mohammed Bakkali a partir de cuatro puestas gregarias que le fueron
cedidas en junio 2009 por el Profesor Jozef Vanden Broek (Universidad de
Leuven, Bélgica). La alta consanguineidad del cultivo, incrementada por las
varias generaciones endogamicas, proporciond langostas solitarias y gregarias
genéticamente homogéneas. Tanto langostas solitarias como gregarias se
mantuvieron en una habitacién con la temperatura controlada para que
estuviera a 30°C, con ventilacién, y con un ciclo de luz y oscuridad de 14
h : 10 h. La dieta era basada en col ecoldgica bien lavada y pienso de cereales.

Los individuos gregarios se criaron en cajas de madera de 60 cm x 60 cm x
60 cm con una ventana de cristal y una puerta de madera de 10 cm x 10 cm en
uno de los costados para facilitar el acceso al interior de la caja cuando fuera
necesario (figura 5). Estas cajas contuvieron alrededor de 300 individuos para
mantener las condiciones de alta densidad poblacional. Cuando fue necesario
realizar un experimento de gradiente de densidad de poblacion, se mantuvieron
cajas con 10, 20, 80, 150 y 300 individuos. Se utilizaron bombillas de 60 W para
iluminar el interior y, al mismo tiempo, generar un gradiente de temperatura
dentro de la caja. De esta manera las langostas se iban situando dentro de
la jaula en funcién de sus necesidades de temperatura corporal. La parte
frontal inferior de cada caja albergaba cuatro botes de plastico incrustados
en la madera mediante un cierre de rosca, conectando asi el suelo de la jaula
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con el interior de cada bote. Los botes estaban normalmente llenos de agua
y tapados con una esponja para garantizar cierto grado de humedad dentro
de la caja, pero cuando se presenciaban copulas se reemplazaba del agua y
la esponja por vermiculita himeda para que las hembras gravidas pudieran
poner sus huevos. Las aperturas para botes también servian para recogida de
los deshechos generadas por las langostas, que se barrian dentro de la caja con
una brocha y se dirigian hacia una de las aperturas con bote para recogida
de deshechos. Ademsds, las cajas contenian una o dos ramas secas de unos 70
cm de longitud y cartones de huevo para ofrecer puntos de sujeciéon durante
la muda y refugio. Tanto la col cortada como el pienso se situaron en varias
placas de Petri abiertas para evitar que se generase moho en el conglomerado
a causa de la humedad de la col lavada asi como para facilitar su retirada de
la caja.

A diferencia de los individuos gregarios, los individuos solitarios fueron
criados individualmente en cajas de madera de 30 cm x 15 cm x 15 cm. Estas
cajas contaban con la presencia de sélo dos botes en su parte frontal inferior,
pero se destinaban también para humidificar, proporcionar vermiculita para
puestas y recogida de deshechos. Para su iluminacién interna se usaron
bombillas de bajo consumo. También se anadié un sistema de renovacién de
aire en cada caja para evitar que las feromonas desprendidas por la langosta o
sus heces tuvieran un efecto gregarizante sobre los individuos. Cuando los
individuos solitarios maduraban sexualmente, se colocaban por parejas en
estas mismas cajas hasta que la copula tenia lugar, para asi perpetuar la
linea solitaria (figura 5).

Las puestas de huevos se recogieron en los botes con vermiculita humede-
cida antes mencionados llenos de vermiculita humedecida. Una vez sustraidas,
se llevaron a una placa de Petri limpia, donde se cubrian con vermiculita y se
humedecian con agua, retirando el exceso para evitar infecciones producidas
por hongos. Tras esto, las placas con puestas se colocaron en una incubadora
a 28 °C, donde tras un periodo de 10-12 dias los huevos eclosionaban. Los sal-
tones recién nacidos se colocaron en cajas grandes con saltones de su misma
edad para producir animales gregarios o bien se aislaron en cajas pequefas
para producir animales solitarios.

Cuando fue necesario también se criaron ninfas y adultos de la langosta
migratoria L. migratoria (figura 6). Se mantuvo un cultivo inicial de 50
individuos de L. migratoria en ausencia de S. gregaria, pero tras criarlas
durante dos generaciones en nuestro insectario su numero se redujo a
14 especimenes a los que consideramos como criados a baja densidad de
poblaciéon. Cada vez que se fuera a realizar un experimento que necesitara
de individuos gregarios de esta especie, se compraron tandas de 100 ninfas
gregarias y se manipularon después de una semana de aclimatacién a sus
nuevas condiciones de vida. Las condiciones de cria fueron las mismas para
ambas especies y tanto el diseno, construccién y montaje de cajas para cria,
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Figura 5: Terrarios de cria. Arriba se muestra una jaula para individuos gregarios.
Abajo a la izquierda se muestra la estanteria con las jaulas pequenas
conectadas a un sistema de ventilacién. Abajo a la derecha se muestra en
detalle una jaula pequefia para aislar langostas para producir individuos
solitarios. El diseno, construccién y montaje de cajas para cria, estanterias y
del sistema de ventilacién, asi como el establecimiento de protocolos para cria
y mantenimiento de langostas, fueron obra del Profesor Mohammed Bakkali.

estanterias, sistema de ventilaciéon y condiciones de la habitacién de cria, asi
como el establecimiento de protocolos para cria y mantenimiento de langostas,
fueron obra del Profesor Mohammed Bakkali. En los experimentos de qPCR.
de los capitulos 4 y 5 de esta tesis, los individuos de L. migratoria utilizados
pertenecieron al cultivo del laboratorio del profesor Le Kang (Instituto de
Zoologia, Pekin, China), por lo que su cria se llevé a cabo siguiendo el
procedimiento descrito en Kang et al. [2004].
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Figura 6: Muestra de individuos de L. migratoria utilizados en los experimentos. A:
ninfa criada en alta densidad de poblacién. B: ninfa criada en baja densidad
de poblacién. C: ninfa solitaria, capturada del campo. D: adulto gregario. E:
adulto solitario capturado del campo.

Estudio de comportamiento y morfometria

Se realizaron grabaciones de 189 y 103 individuos de S. gregaria y L. migratoria
criados a distintas densidades de poblacion. Para ello utilizamos una arena
de observaciéon de comportamiento disenada y construida por el Profesor
Mohammed Bakkali. El grupo estimulo de langostas de la misma especie en
fase gregaria situadas en uno de los lados de la arena de observacion. Para
cada langosta estudiada se extrajeron datos basados en el comportamiento
para calcular 10 variables relacionadas con el cambio de fase. Ademds se
tomaron medidas morfologicas y colorimétricas de toda langosta estudiada,
calculdndose tres indices morfométricos y otros tres colorimétricos asociados
con el cambio de fase. Con los datos obtenidos a partir de las langostas
criadas a densidades de poblacién 1 y 150 (para S. gregaria) y de baja
y alta densidad (para L. migratoria) se confeccionaron modelos con y sin
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datos morfol6gicos basados en regresién multiple logistica (Multiple Logistic
Regression, MLR) para determinar un valor que cuantificase el estado de fase
(nivel de gregariedad) de los individuos estudiados. Los detalles referentes a la
confeccion, resultados y validacion de dichos modelos de prediccién de estado
de fase estan descritos de manera mas detallada en el capitulo 1 de esta tesis.

Extraccion de ARN

Para la extraccién de ARN total se utilizé el reactivo RNAzol RT (Sigma-
Aldrich) tomando las precauciones pertinentes para evitar la degradacién del
ARN (entre otras, mantener las muestras en hielo y trabajar con material libre
de nucleasas). Primero se diseccionaron los tejidos pertinentes o se utilizaron
individuos enteros, segin requiriera el experimento, adormilando con frio a
los animales. Por cada 100 mg de muestra se afiadié 1 mL de RNAzol en
un tubo de 50 mL o de 15 mL (segin el volumen de RNAzol utilizado), e
inmediatamente se procedié a la homogeneizacién mecanica de la muestra
para asegurar que el ARN quedara en contacto con el RNAzol. Una vez
que no quedaron restos visibles de tejido sin homogenizar, se trasvasé 1 mL
de la mezcla a tubos Eppendorf de 1,5 mL de capacidad que contenian 0,4
mL de agua ultra-pura libre de nucleasas (se utilizaron tantos tubos como
permiti6 el volumen de homogenizado), agitdndola durante 15 segundos. Dada
la capacidad de carga de tubos de la centrifuga utilizada, y dependiendo del
volumen total del homogeneizado, se usaron hasta un maximo de 18 tubos por
muestra de tejido y fase. Tras la agitacion, se centrifugaron los tubos a 12.000
RCF durante 15 minutos a 4°C. Una vez centrifugados, se trasvas6 el 80 %
del sobrenadante (donde la mayoria del ARN se encontraba) de cada tubo con
la mezcla (cerca de 1 mL) a tubos Eppendorf nuevos, quedando en los tubos
usados un precipitado de proteinas, carbohidratos, lipidos y parte de ADN
genémico. A estos sobrenadantes se le anadieron 0,4 mL de etanol 75% frio
para iniciar la precipitaciéon del ARN. Se dejaron 5 minutos a —20°C y tras
esto se centrifugaron a 12.000 RCF durante 10 minutos a 4°C. Al acabar, se
trasvasaron los sobrenadantes (con ARNs pequenios como miRNA y siRNA) en
tubos nuevos y se almacenaron a —80 °C, mientras que a los precipitados (que
contienen el ARN total) se les afiadi6 1 mL de etanol 70 % frio para limpiarlo
de restos de reactivos. Se centrifugaron a 8.000 RCF durante 5 minutos, se
descart6 el sobrenadante, se volvid a anadir 1 mL de etanol 70 % frio a todos los
tubos y de nuevo se centrifugaron a 8.000 RCF durante 5 minutos, descartando
el sobrenadante de cada tubo otra vez y finalmente dejando secar durante unos
minutos el precipitado para evitar que restos de alcohol puedan interferir en
reacciones posteriores. Resuspendimos el ARN total en 200 ul. de agua ultra-
pura para su posterior manejo.

Para eliminar restos de ADN genémico que pudieran quedar en la muestra,
se utilizé la nucleasa DNAsa I (Thermo Scientific). Se afiadieron 25 pL de
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tampon de DNAsa Iy 25 pl. de DNAsa I a los 200 pL, se agité suavemente la
mezcla y se incubé a 37 °C durante 30 minutos. A continuacién se afiadieron
otros 25 nL. de EDTA del kit a la reaccién, se agité suavemente y se incubé a
65 °C durante 10 minutos para parar la reaccién. Para limpiar restos de DNAsa
Iy sales, se afiadieron 275 uL de fenol-cloroformo 4cido (mezcla de fenol 4cido,
cloroformo e isoamil-alcohol en la proporcién 25:24:1) a la reaccién, se agitd
suavemente hasta que la mezcla se volvié blanca y se centrifugé a 12.000 RCF
durante 5 minutos. Se recuper6 la fase acuosa superior con cuidado de que no
se mezclara con la interfase y se trasvasé a un tubo Eppendorf limpio con dos
volimenes de cloroformo, tras lo cual se agité y se centrifugd a 12.000 RCF
durante 5 minutos. Se volvié a recuperar la fase acuosa superior y se trasvasé
a un tubo Eppendorf limpio con 250 pL. de isopropanol frio, se agité y se
enfri6 la mezcla durante 5 minutos a —20 °C para seguidamente centrifugarla
a 12.000 RCF durante 25 minutos a 4 °C. Se afiadié 1 mL de etanol 70 % frio
y se centrifugd a 8.000 RCF durante 5 minutos, se descart el sobrenadante,
se anadid otra vez 1 mL de etanol 70% frio y de nuevo se centrifugé a 8.000
RCF durante 5 minutos, se descart6 el sobrenadante otra vez y se dejo secar
durante unos minutos el precipitado para que se evaporen los restos de alcohol.
Se resuspendié el ARN total ya limpio en 250 pl. de tampon citrato a pH
6,4. La calidad del ARN se valor6 mediante electroforesis, con 2 pL de la
muestra en un gel de agarosa al 2% de peso por volumen, cerciordndonos
de que la banda de ARN ribosémico se visualizaba y que el rastro de ARN
fuese continuo a lo largo de todo el gel. La cantidad de ARN se midié con
un nano-espectrofotémetro Quawell Q5000, comprobando que habia cantidad
suficiente para continuar con el siguiente paso (mas de 500 ng/pL de ARN
total por tubo), y que los valores de absorbancia fueran correctos (cocientes
de absorbancia 260/280 y 260/230 préximos a 2).

Para obtener la mayor proporcién de ARN mensajero posible en nuestras
muestras, se utilizé el kit de GenFElute mRNA Purification Miniprep Kit
(Sigma-Aldrich). Tras asegurar que tanto la calidad como la cantidad de
ARN total eran suficientes, se anadieron a los 250 nL de la extraccién otros
250 pL del binding buffer solution del kit y se mezclaron. A continuacién se
anadié a la mezcla 30 pL. de la solucion de microesferas con oligémeros de
desoxitimina, llamados oligo(dT), y se agité muy suavemente hasta que toda
la reaccién quedase uniformemente de color blanco. Los oligo(dT) hibridan
con las colas poliadeniladas de los ARN mensajeros y los anclan a las esferas,
proceso que optimizamos en nuestro laboratorio mediante un primer paso de
desnaturalizacién a 70 °C durante 3 minutos y luego un paso de incubacién
a 55°C durante 20 minutos, donde ocurre la hibridacién entre el ARN
poliadenilado y los oligo(dT). Acto seguido se centrifugd la mezcla a 12.000
RCF durante 2 minutos y se descarto el sobrenadante. Se lavé el precipitado
anadiendo 500 pL. de washing solution a 55 °C para mantener la temperatura
de hibridacion y se trasvasé la mezcla a la columna del kit, colocada sobre
un tubo de coleccién vacio. Se centrifugd la columna con la mezcla a 12.000
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RCF durante 2 minutos, descartando la fase acuosa del tubo de coleccién. Se
anadieron otros 500 pL. de washing solution a 55°C, se centrifugé a 12.000
RCF durante 2 minutos y se descarté la fase acuosa del tubo de coleccién
otra vez. Se centrifugd la columna sobre el tubo de coleccién vacio a 12.000
RCF durante 1 minuto para eliminar los restos de alcohol de la columna. Tras
esto, se traslado la columna a un tubo Eppendorf limpio y se anadieron 50
pL de elution buffer solution a 70 °C, se incubé durante 5 minutos a 70°C y
se centrifugé a 12.000 RCF durante 1 minuto. Se afiadieron otros 50 pL de
elution buffer solution a 70°C, se incubd 5 minutos a 70°C y se centrifugd
a 12.000 RCF durante 1 minuto otra vez. La cantidad de ARN se midi6 de
nuevo en el espectrofotémetro Quawell Q5000. Para almacenar o enviar a
secuenciar el ARN mensajero aislado, a los 100 pL resultantes de dilucion
se le anadieron 10 pL de acetato sédico 3 molar a pH 7 y 220 puLL de etanol
absoluto, almacenandolo a —80°C.

Secuenciacion y control de calidad

Para obtener las librerias con lecturas de cada tejido de las fases gregaria y
solitaria se utilizé la tecnologia de secuenciacién masiva Illumina (Solexa).
Esta tecnologia, a pesar de presentar una menor longitud de las lecturas
secuenciadas, ofrece la posibilidad de secuenciar el extremo 5’ y el extremo 3’
de un solo fragmento de ADN complementario originado del ARN mensajero
(tecnologia pair-end). La profundidad de secuenciaciéon (nimero de veces
estimado que se secuencia un mismo nucledtido) es del orden de uno o dos
6rdenes de magnitud mayor que la tecnologia de Roche 454 (a pesar de la
mayor longitud de lectura ofrecida, entre 400-500 nucleétidos en promedio),
por lo que no solo ofrece un mejor respaldo del ensamblaje sino que ademas
compensa la corta longitud de lectura y permite que las estimas de expresién
diferencial de transcritos sea mas precisa, pudiéndose ensamblar y detectar la
expresion de secuencias con muy pocos transcritos presentes en la muestra. Asi
pues, el ARN mensajero obtenido de las muestras fue enviado a la sede coreana
de Macrogen, donde tras superar un control de calidad tras ser comprobado
mediante un bioanalizador, fue secuenciado con un secuenciador modelo 2000
Hiseq. En Metzker [2010] se pueden ver con detalle las principales diferencias
entre ambas tecnologias de secuenciacion masiva.

Cada muestra originé dos ficheros de secuencias con lecturas emparejadas
(uno correspondiente a las del extremo 5’ y otro al extremo 3’ del fragmento
de ADN complementario secuenciado a partir del ARN mensajero) gracias
a la tecnologia pair-end. Aunque en la mayoria de las veces se conocen de
cada fragmento sélo las secuencias de sus extremos, gracias a la profundidad
de secuenciacién se puede reconstruir mas facilmente un transcrito con esta
opcién. Para asegurarnos de la calidad de la secuenciacion, analizamos los
ficheros de lecturas en formato “fastq” con el software FastQC [Andrews,
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Figura 7: Esquema del disefio experimental de la secuenciaciéon y del control de
calidad de las librerias.

2010]. Este programa genera varios resultados, como los porcentajes de
cada nucleétido presentes en la librerfa, nimero de lecturas con la misma
secuencia repetida y probabilidad de que un nucleétido haya sido erréneamente
secuenciado por posicién dentro de la lectura. Utilizamos este tltimo andlisis
para asesorar la calidad de la secuenciacién, basandose en los valores medios
de “Phred” por posicién (logaritmo negativo en base 10 del porcentaje de
error de secuenciacién para un nucle6tido) como estimadores de calidad
de secuenciaciéon. También se compararon los porcentajes de guanina y
citosina (% GC) para confirmar la ausencia de diferencias significativas en
la proporciéon de nucleétidos entre las librerias gregaria y solitaria de cada
tejido. El diseno experimental de la secuenciacion y el control de calidad estan
esquematizados en la figura 7.
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Ensamblaje, anotacion y expresion diferencial

Una vez comprobada la calidad de las lecturas, realizamos un ensamblaje
de novo (sin referencia) de los transcriptomas secuenciados. En este caso
nos valimos de dos algoritmos diferentes para realizar los ensamblajes de
referencia: los grafos de De Bruijn y el consenso por patrén de solapamiento
(overlap layout consensus). Los grafos de De Bruijn se construyen mediante
la fragmentacién in silico de la lectura en k-meros (subunidades de longitud k
menor a la longitud total de la lectura) seguido de su solapamiento sistemético
entre ellas para finalmente generar una secuencia consenso. El primer paso
consiste en colocar los k-meros de forma consecutiva en funciéon de los
solapamientos de secuencia que presenten, formando nodos de longitud k —
1. Los nodos son relacionados mediante sus respectivos k-meros a modo de
aristas del grafo. No obstante, puede haber varios caminos posibles para una
misma secuencia, formando lo que se llaman burbujas en el grafo. El siguiente
paso consiste en colapsar estas burbujas (es decir, se elige la posibilidad de
ensamblaje mas adecuada) para lograr una o varias opciones de secuencia
contigua (contig), que se validardn gracias a la profundidad de secuenciacién
obtenida. Este algoritmo es particularmente 1til para la secuenciacién de ARN
mensajero, ya que al ensamblar varias alternativas de un mismo transcrito
se pueden estimar isoformas y ademds se puede utilizar la profundidad de
lectura del grafo resultante como soporte, lo que le da ventaja con respecto
al algoritmo de ensamblaje de consenso por patrén de solapamiento, como se
ilustra en [Martin and Wang, 2011]. No obstante, este tltimo algoritmo, basado
en solapar sistemdticamente las lecturas mediante bisqueda de patrones de
longitud k y ensamblarlas cuando superan un umbral de identidad, puede
ser util para rescatar fragmentos de transcritos que han sido parcialmente
ensamblados por el otro algoritmo.

La estrategia de ensamblaje consistié en realizar un primer ensamblaje
con el programa basado en grafos de De Bruijn ABySS v.3.3.1 [Birol et al.,
2009, Simpson et al., 2009] con valores de pardmetros que permitiesen el
ensamblaje de la mayoria de secuencias contiguas posibles. Los pardmetros
utilizados en ABySS fueron: abyss-pe OVERLAP_OPTIONS = ’no-scaffold’
SIMPLEGRAPH _OPTIONS = ’no-scaffold’ MERGEPATHS OPTIONS =
‘greedy’ np = 6k =Xn=1c=1e=0v=-vin =INPUT _PATH -o
OUTPUT _PATH name = OUTPUT , donde “X” es el tamano de k-mero
utilizado, “INPUT_PATH” es la situacién de los ficheros de las lecturas,
“OUTPUT_PATH?” la situacion del fichero de salida y “OUTPUT” el nombre
del fichero con los resultados del ensamblaje de ABySS. Este comando
fue integrado en un pequeno programa para ser ejecutado recursivamente,
tomando valores impares de longitud de k-mero (pardmetro k) comprendidos
entre 19 y 95. El resto de pardmetros se ajustaron bajo las recomendaciones
presentadas en el manual en linea de ABySS para ensamblar transcritos y
no genomas. Tras un profundo estudio del modo de accién del algoritmo,
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modificamos las opciones del ensamblaje a n = 1 (s6lo necesitamos 1 pareja
de k-meros solapados para unirlos en una sola secuencia contigua o contig), ¢
=1 (eliminamos contigs con una covertura media menor a 1) y e = 0 (recortar
nucledtidos del extremo de un contig cuando su cobertura es 0); de esta
manera logramos aumentar la probabilidad de obtener todas las secuencias
presentes en el cDNA. El siguiente paso consistié en refinar el ensamblaje con
la extensiéon de ABySS especializada en ensamblar transcritos: Trans-ABySS
v.3.3.1 [Robertson et al., 2010], que utilizard las llamadas burbujas de los
grafos de De Bruijn para establecer isoformas. El comando de Trans-ABySS
utilizado fue trans-abyss.sh -i OUTPUT -0 , siendo “OUTPUT?” la salida de
ABySS y “-0” el modo de re-ensamblaje de transcritos.
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Figura 8: Esquema del proceso de ensamblaje del transcriptoma.

Para eliminar secuencias redundantes se utilizé primero UCLUST [Edgar,
2010], que agrupa las secuencias mediante un umbral de identidad consideran-
do toda la secuencia, o CD-HIT [Li and Godzik, 2006], que agrupa los contigs
mediante una ventana deslizante de un tamafio concreto en una agrupacion
de secuencias (cluster), usando como umbral de identidad el 95 % en ambos
casos. El comando de UCLUST es el siguiente: wuclust —sort OUTPUT.fasta
—output OUTPUT.sorted.fasta €€ uclust —input OUTPUT.sorted.fasta —uc
OUTPUT.uc —id 0.95 —mazlen value —rev &€& uclust —uc2fasta OUTPUT.uc
—input OUTPUT.fasta —output OUTPUT.uc.fasta —types S , donde “value”
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debe representar la maxima longitud de secuencia. Para CD-HIT utiliza-
mos el siguiente comando: cd-hit-est -i OUTPUT.uc.fasta -¢ 0.95 -0 OUT-
PUT.uc.c095.fasta . Una vez obtenidos los clusters de contigs, se utilizé el
programa de ensamblaje basado en consenso de solapamiento CAP3 [Huang
and Madan, 1999] para rescatar contigs ensamblados parcialmente. El coman-
do de CAP3 utilizado fue cap3 -0 16 -p 95 -k 0 , usdndose recursivamente
hasta que no generase nuevos contigs. Como paso final, desechamos cualquier
secuencia de longitud menor a 75 nucledtidos y alineamos las lecturas de am-
bas librerias (gregaria y solitaria) a los contigs mediante el protocolo detallado
mas adelante, desechando toda secuencia con menos de cuatro fragmentos ali-
neados, considerando los contigs que han pasado el filtro como transcritos.
Todo el proceso del ensamblaje de nmovo y el refinamiento de secuencias para
obtener un transcriptoma de referencia esté esquematizado en la figura 8. Para
el transcriptoma del tubo digestivo (en el capitulo 3), optamos por eliminar
secuencias menores de 100 nucleétidos.

Una vez obtenidas las secuencias de referencia, procedimos a la anotacién
de las mismas. Para ello se utiliz6 BLASTx [Altschul et al., 1990, 1997] de
manera local para alinear los transcritos ensamblados contra varias bases de
datos de secuencias de proteinas o nucleétidos de manera secuencial. Cada
transcriptoma se lanz6 contra una secuencia de bases de datos BLAST,
selecciondndose siempre el mejor resultado BLAST, todos ellos con una
resolucién de valor E méximo de 1079, y lanzando el resto de secuencias sin
resultado BLAST aceptable contra otra base de datos BLAST, repitiendo
el procedimiento hasta agotar todas las posibles bases de datos. Obtenidos
los resultados de anotacién por BLASTX, se utilizé el programa BLAST2GO
v.2.8 [Conesa et al., 2005, Conesa and Gotz, 2008] para realizar una busqueda
de términos asociados a identificadores BLAST en las bases de datos de Gene
Ontology (GO), de Inter Pro Scan (IPS) y de la Kyoto Encyclopaedia of Genes
and Genomes (KEGG). Una vez etiquetadas las secuencias con estos términos
se elaboraron graficos de barras o sectores con la abundancia de términos GO
para las tres categorias principales de GO: proceso biolégico, funcién molecular
y componente celular. También se utilizaron los resultados de BLASTx para
categorizar qué especies presentaban homologia con las secuencias obtenidas
en el transcriptoma, asi como para calcular la abundancia de transcritos
pertenecientes a cada especie.

Completada la anotacion de la referencia, utilizamos las lecturas de cada
libreria para ser “mapeadas” (alineadas en las secuencias contiguas) y asi
obtener una estima cuantitativa de los niveles de expresién genética en cada
muestra. Para ello utilizamos el programa Burrows- Wheeler Transform Aligner
(BWA) [Li and Durbin, 2009] para alinear cada conjunto de lecturas a sus
secuencias de referencia correspondientes. La linea de comandos utilizada
fue: bwa index -a is REF.fa 66 bwa aln REF.fa readsl.fastq >lib1.sai &
bwa aln REF.fa reads2.fastq >libB1.sai €6 bwa sampe -s REF.fa lib1.sai
lib2.sai readsl.fastq reads2.fastq >lib.sam . Una vez alineadas, utilizamos

45



el programa “xa2multi.pl” (incluido como programa adicional en BWA)
para desdoblar registros de lecturas alineadas en posiciones multiples en
registros independientes de lecturas alineadas en una sola posicién y el
porgrama “SAMtools” [Li and Durbin, 2009] para comprimir los ficheros de
salida de BWA a formato “bam”. La linea de comandos utilizada fue: cat
lib.sam [./za2multi.pl - >lib.xa.sam &€ awk ’1/\t| *\t0\t0\ ¢\ *\t| *|t0\t0\t/’
<lib.xa.sam >lib.clean.sam €€ samtools view -bSh lib.clean.sam >lib.bam
&€ samtools sort -n lib.bam lib.sorted . Tras esto, extrajimos los conteos de
lecturas alineadas a cada secuencia con el programa “HTSeq-count” [Anders,
2010, Anders et al., 2014], obteniéndose un fichero con los identificadores
de los contigs y sus lecturas alineadas en cada muestra. La linea de
comandos utilizada fue: samtools view lib.sorted.bam [htseq-count -q -s no -m
intersection*-nonempty - lib.gff >lib.htseq . La ejecucién secuencial de todos
estos pasos ha sido automatizada en un programa escrito en bash. Una vez
obtenidos los conteos, se realizé una prueba y? con correccién de Yates [1934]
seguida de una prueba de descubrimiento de falsos positivos (False Discovery
Rate, FDR [Benjamini and Hochberg, 1995]) para detectar diferencias de
expresion significativas entre muestras a la par que se corrige el valor P
resultante para reducir la presencia de falsos positivos dado el gran nimero de
comprobaciones a realizar. Al obtener la lista de transcritos diferencialmente
expresados, extrajimos los términos GO, los términos KEGG y los de la especie
con la que mas homologia presentaban estos transcritos, y mediante pruebas
exactas de Fisher (Fisher’s Exact Test, FET [Fisher, 1935]) comprobamos si
habia enriquecimiento en la proporcién de algunos términos GO, términos
KEGG y de especies con homologia entre los transcritos sobre-expresados en
las fases gregaria y solitaria.

Para realizar las graficas de expresion diferencial se calcularon cuatro
variables derivadas de los datos obtenidos: los fragmentos alineados por
kilobase del gen de referencia y por millén de fragmentos totales alineados
a la referencia (Fragments mapped Per Kilobase of referente sequence and
Million of total mapped fragments, FPKM), el logaritmo en base dos de la
razén entre el valor FPKM solitario y el valor FPKM gregario (LogoFC o
M), el logaritmo en base dos de la media aritmética de los valores FPKM
solitario y gregario (A) y el logaritmo en base 10 del valor P corregido por
FDR (LogioPval). El FPKM es una medida extendida derivada del RPKM
(calculado de igual forma pero con lecturas, reads, en vez de con fragmentos)
para normalizar los conteos a la hora de representarlos o compararlos con el
resto del transcriptoma [Mortazavi et al., 2008]. Para tener un valor préctico
de patrén de expresién se utiliza el llamado fold change (FC), consistente
en la division de FPKMs de dos tratamientos experimentales distintos para
un mismo gen, y que segin sea mayor o menor a 1, indicarad si el gen esta
sobre-expresado més en la libreria del numerador (si es mayor a 1) o en
la librerfa del denominador (si es menor a 1). Al tomar logaritmos, esta
razén puede ser mayor o menor a cero respectivamente para cada caso y
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se comporta de manera simétrica, pudiéndose comparar mas facilmente los
valores tanto positivos como negativos para distintos genes, aunque es una
medida meramente orientativa de la intensidad de sobre-expresién. Con la
intensidad media por gen lo que hacemos es calcular la media de FPKM
por gen en todos los tratamientos estudiados, lo que facilita la deteccién
de posibles sesgos de cobertura entre tratamientos. Para poder comparar la
significacién con estas variables en graficas, usamos el logaritmo del P-valor
corregido por FDR. El proceso de anotacién y andlisis de expresién se muestra
esquematizado en la figura 9.
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Figura 9: Esquema del proceso de anotacién (izquierda) y del andlisis de expresion-
diferencial de transcritos (derecha) del transcriptoma.

Sintesis de ADN complementario

Para sintetizar ADN complementario se utilizamos el kit First Strand cDNA
Synthesis (Thermo Scientific). Se utilizaron hasta 5 pg de ARN total por cada
20 nL. de reaccién. El protocolo de este kit consta de dos reacciones. En la
primera reaccién se hibrida el cebador oligo(dT) con el ARN, para lo cual
se mezclaron 1 pL de oligo(dT), 1 pL de desoxirribonucleétidos (ANTPs) y
ARN diluido en agua ultra-pura hasta los 15 pL; tras mezclar la reaccién
se incubd a 65°C durante 5 minutos y luego se colocd en hielo durante 1
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minuto. En la segunda reaccién es donde ocurre la retrotranscripcién del ARN
sintetizdndose ADN complementario, para lo cual se anadieron 4 pL de tampén
para la retrotranscriptasa y 1 puL de retrotranscriptasa del kit (obteniéndose
un volumen final de 20 pL); tras mezclar la reaccién se incubé en cuatro ciclos
de 48 °C durante 5 minutos y 60 °C durante 15 minutos (para alineamiento y
extension de la retrotranscriptasa), seguidos de una incubacién final de 85 °C
durante 5 minutos para parar la reaccion. Comprobamos la integridad del
ADN resultante mediante electroforesis en gel de agarosa.

Reaccién en cadena de la polimerasa (Polyme-
rase Chain Reaction, PCR)

Para realizar reacciones en cadena de la polimerasa (PCR) utilizamos el kit de
PCR de Biotools. La reaccion se prepar6 conforme al protocolo, normalmente
en un volumen final de 50 pL, usdndose 5 pL de tampén del kit, 5 pL de
cebador forward y 5 pL de cebador reverse (concentracién a 0,01 nmol pL.=1),
5 pL de dNTPs (concentrados a 0,002 nmoluL.~! cada dNTP por separado,
0,008 nmol pL.~! los cuatro en total), entre 1 y 5 pL. de ADN diluido en agua
(dependiendo de la concentracién), 2:5 uL de la polimerasa termoestable de
Thermus aquaticus (Tag-polimerasa) y enrasando con agua hasta los 50 pL.
Una vez mezclada y distribuida en un tubo de 200 nL, la reaccién se introdujo
en un termociclador modelo Techne (Techgene) bajo un programa de ciclos
de temperatura basado en lo siguiente: tras precalentar la placa superior a
104 °C, se procedié a iniciar el programa con 1 ciclo de 2 minutos a 94 °C,
entre 35 y 45 ciclos de 30 segundos a 94 °C, 30 segundos a la temperatura
optima de los primers y 1 minuto a 72 °C, seguidos de un ultimo ciclo de 72 °C
durante 5 minutos, tras lo cual se dejo la reaccién durante tiempo indefinido a
4 °C. Utilizamos electroforesis en gel de agarosa para comprobar la integridad
del producto resultante.

Electroforesis mediante gel de agarosa

Preparamos los geles de agarosa en funcion del material a visualizar. Para eso
usamos cantidades de agarosa comprendidas entre porcentajes en peso de 1,5 %
(para ADN complementario total y productos de PCR mayores a 400 pares
de bases) y 2% (para ARN total y productos de PCR de menos de 400 pares
de bases de longitud) en 50 o 100 mL de tampén Tris-borato-EDTA (TBE),
dependiendo del tamano deseado del gel. La agarosa y el TBE se mezclaron
bien en un matraz de 330 mL y se calentaron durante 1 o 2 minutos en el
microondas hasta que la agarosa se disolvié en el TBE, tras lo cual se dejé
enfriar unos minutos antes de anadirle entre 1 y 2 nl. de SYBR, se agité
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y se vertié en un molde previamente sellado y con un peine colocado para
dejar espacio a los pocillos de carga, dejandolo reposar unos minutos hasta
la solidificacién. Las muestras (normalmente 1 o 2 pL de ADN o ARN) se
mezclaron con 2 nL. de tampén de carga y agua hasta los 20 nL, y tras recoger
cada muestra en la micropipeta se cargd en el pocillo del gel previamente
colocado en la cubeta de electroforesis con tampén TBE. Incubamos las
muestras de ARN total antes de ser cargadas en el gel durante 2 minutos
a 65°C para linearizar las bandas de ARN ribosémico, y tras cargarlas en el
gel se sometié a un campo electroforético de 100 V durante 15 o 20 minutos
para minimizar la degradacion del ARN. Las muestras de ADN simplemente se
cargaron en el gel y se sometieron a un campo electroforético de 100 V durante
30 o 45 minutos, dependiendo de la velocidad de migraciéon de la banda o el
rastro en el caso del ADN complementario total. En cada gel cargamos también
10 uL. de marcador molecular (ladder) con distintas longitudes y cantidades
de bandas de ADN para tener una estima de la cantidad y longitud de las
bandas cargadas en ese gel.

PCR cuantitativa (quantitative PCR, qPCR)

Para cuantificar los niveles de expresion de algunos genes in vitro se utilizé la
técnica de la PCR cuantitativa (QPCR). Los ADNs complementarios se dilu-
yeron 1:50 en agua destilada libre de ARNasas y a continuacion se utilizaron
para las reacciones mezclando el kit SensiMiz SYBR (Bioline), realizdndose
tres réplicas técnicas por gen y por muestra de cDNA comprobada. En cada
reaccién se mezclaron 5 pnl del kit de SensiMiz SYBR, 5 nL. de ADN com-
plementario diluido (correspondiendo a 5 ng de ARN usado como molde de
la sintesis de este ADN), 1 pL de cada cebador (10 pmol) y 3 nL de agua
destilada libre de ARNasas. Los ciclos de la qPCR consistieron en un primer
paso de 95 °C durante 10 minutos, seguido de 40 ciclos con el programa 94 °C
durante 15 segundos, 60 °C durante 15 segundos y 72 °C durante 15 segundos
cada uno, con una lectura de fluorescencia después de cada fase de extensién
(en este caso el paso de 72 °C). Para comprobar que solo un producto de PCR
se amplificé en cada reacciéon sometimos a las reacciones a una rampa de tem-
peraturas desde 72 hasta 95 °C y realizamos una lectura de fluorescencia por
cada incremento de 1°C para obtener las curvas de fusion. Las reacciones tu-
vieron lugar en un termociclador modelo DNA Engine Peltier Thermal Cycler
acoplado a un detector continuo de fluorescencia modelo Chromo 4 System
CFB-3240 (BIO-RAD).

Antes de realizar los experimentos con genes de interés necesitamos
comprobar genes de referencia que se expresen de manera estable entre los
ADNs complementarios que vayamos a estudiar. Hicimos diluciones seriadas
para los ADNs complementarios con concentraciones de 25, 5, 1, 0,2 y 0,04
ng/puL. A continuacién realizamos varias qPCRs para cada cDNA y para cada
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Gen

. . Secuencia Longitud Tm GC%
(orientacién)

CSP12 (+) CGCGCTACGACAACATCAAC 20 60,5 55
CSP12 (-) TCCGCTTGTAGATGCCAGTG 20 60,11 55
Mth2 (+) GGCCGAAGAAGTAGGACCAG 20 59,82 60
Mth2 (-) AGCTCACCAGCCACGTTATC 20 60,11 55
TAT (+) CCCTACGACATTCGGCAACC 20 62,5 60
TAT (-) TCGACGCCAATAGACTCAGC 20 59,9 55
PEPCK (+) ACACAAGAGGGACACCCTGAG 21 61,38 57,14
PEPCK (-) GTTGCTGCCACTAATGATGGAG 22 62,1 50
Yellow H (+) ACCGGAAGTTGAACGAGTCC 20 59,97 55
Yellow H (-) CACCGCACTACGGAGGATAC 20 59,97 60
NA202 (+) TTGAAGACTACGACGCCGAC 20 59,42 55
NA202 (-) CAGCAGTCACTCGTTGTGTG 20 60,11 55
PPI (+) ATGTTTCTTCTGCAACTAGTGTTTC 25 60,9 36
PPI (-) TTTGTCATGGTCCTCTAGCATG 22 60,1 45
Peroxiredoxin (+) CTTGACTCCTCGCTTCTGG 19 59,5 58
Peroxiredoxin (-) ATCGTACCAAACTTCACGGC 20 58,4 50
ASNS (+) TCACTGCTTTGCTTGCAACTTTG 23 60,9 43
ASNS (-) ACATAGTCTGCCACACATTTGC 22 60,1 45
HSP20 (+) ACGTAGTCGACTGAGAACACC 21 61,2 52
HSP20 (-) GTGTTGCACGAATAGCGCAG 20 60,5 55
GMF (+) ACAAACCTTGGCTGATGGCT 20 60,2 50
GMF (-) GGCGCTGAAAGCATTTCGTT 20 60,3 50
LCP9 (+) ACTGGCGTAGGATTGTTCCG 20 59,8 55
LCP9 (-) ACCATCAGCGTCAGGTACAC 20 60,3 55
RNA helicase (+) TCATCGTCTCTTCCTGGTGC 20 59,5 55
RNA helicase (-) GGAAAGACATATTCGCGGCA 20 58,7 50
Troponin-C (+) CCTGTTTTCAAGGCAGTTGGG 21 59,9 524
Troponin-C (-) ACCACAGTCCTCCCAAGAGA 20 59,8 55
Tubulin Al (4) TGACAATGAGGCCATCTATG 20 56,4 45
Tubulin Al (-) CGCAAAGATGCTGTGATTGA 20 56,4 45

Cuadro 2: Cebadores utilizados para validar mediante qPCR los resultados del
transcriptoma del sistema nervioso central de S. gregaria

dilucién paralos seis genes de referencia utilizados por Van Hiel et al. [2009],
siendo estos genes la actina, Armadillo, la GADPH, el factor de elongacién
1, la proteina ribosomal 49 y la tubulina 1. Mediante el programa geNorm
[Vandesompele et al., 2002] se seleccionaron los genes tubulina y actina como
genes con niveles de expresién mas estables entre los cDNAs comprobados,
usandolos como genes de referencia en las posteriores qPCRs. Para estimar
los niveles de expresiéon relativa de transcritos utilizamos la férmula del
AC; descrita en Livak and Schmittgen [2001] y Pfaffl [2001]. Los cebadores
utilizados para las reacciones y sus caracteristicas estan detallados en las tablas
2y 3.
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Gen

. ., Secuencia Longitud Tm GC%
(orientacién)
LmigCSPI-1 (+) CCTGCCTACTCTCATCTCTG 20 60,5 55
LmigCSPI-1 (-) GACAATACAGGTAGTTACAGGAG 23 60,9 43
LmigCSPI-2 (+) CTGCAGGCTCCGCTCTAC 18 60,8 67
LmigCSPI-2 (-) CACCAGAGTGGCCTTCATGT 20 60,5 55
LmigCSP3 (+) GAGGTCCACTGTGATAGCTC 20 60,5 55
LmigCSP3 (-) GCTTGCTCGCTTAACAATAATTTAC 25 60,9 36
LmigCSP4 (+) ACTCCTGACGTCTACCAGAC 20 60,5 55
LmigCSP/ (-) GATATCCCGTGCAAACAACGG 21 61,2 52
LmigCSP24 (+) CGTCTGGGCCAGTCGCAG 18 62,9 72
LmigCSP2/ (-) AAGGTGCTTATCACAGTCGGGT 22 62,1 50
LmigCSP33 (+) AGGCGGGCGCTGACAGCT 18 62,9 72
LmigCSP33 (-) TGGCAACTCAACAATGGTCACTG 23 62,9 48
RP49 (+) CGCTACAAGAAGCTTAAGAGGTCAT 25 64,1 44
RP49 (-) CCTACGGCGCACTCTGTTG 19 61,6 63

Cuadro 3: Cebadores utilizados para confirmar mediante qPCR el patrén de
expresién de seis CSPs de L. migratoria
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Chapter 1: Standardized multivariate regression models
for estimation of gregariousness in the main pest locusts

1.1 Introduction

With the availability of transcriptomics [Badisco et al., 2011a,b, Chen et al.,
2010, Guo et al., 2011, Zhang et al., 2012] and even genomics [Wang et al.,
2014b] data, research on the molecular basis of locust gregariousness is entering
a function-testing phase. In addition, RNAi has been succesfully applied on
different Orthoptera species (e.g., Boerjan et al. [2011], Cabrero et al. [2013],
Ruiz-Estévez et al. [2014], Dong and Friedrich [2005], He et al. [2006]), which
is resulting a key technique for checking how genes detected by transcriptomic
analysis affects phase change. Such works need tools for quantifying the
degree of locust gregariousness in order to quantitatively compare its levels
before and after the experimental alteration. There is no qualitative, let alone
quantitative, molecular marker for the locust phase and, thus far, a custom
behavioural model has to be built for each experiment. Yet, the interest in
locust gregariousness is as high as ever, with a clear increase and foreseen
intensification of the research on the topic (see Bakkali [2013]). It would
therefore be very useful and time saving to build an accessible, ready to use
and standardized tool for evaluating locust gregariousness.

Several methods have been developed in order to characterize the phase
state of the locusts. The initial ones, based on morphometry [Stower
et al., 1960, Symmons, 1969], are useful for discriminating between solitarious
and gregarious adults. But their indices are extracted from adults and
not applicable to nymphs —given the significant morphometric differences
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between nymphs and adults and between nymphs at different developmental
stages. In addition, the morphometric indices are not of much use for
testing the same animals before and after a treatment. A solution to that
is to use different traits. One way is based on the analysis of the spatial
distribution of groups of locusts [Cisse et al., 2015]. Resembling cluster
analysis approaches such as Taylor’s power law [Taylor, 1961] and Iwao’s
patchiness regression [Iwao, 1968], this recent actualization and improvement
of an untested method initially used by Ellis [1963] seems a valid and even
promising method, as it uses the tendency to aggregate as criterion and relays
on the statistical significance for testing various individuals at once. However,
locust gregariousness is not only about aggregating. It also involves changes
in a plethora of aspects including morphology and degree of activity. Hence,
the most used method is based on multivariate logistic regressions (MLR,
Roessingh et al. [1993]). It relies on extracting several behavioural variables
from individuals of the two extremes of the polymorphism and establishing
MLR formulae that allow estimating the probability of being gregarious.

Every work that uses the MLR approach has to include video tracking of
the experimental locusts before and after the experimental treatment, extrac-
tion of the behavioural parameters from the video tracks, and application of
the MLR formula in order to assess the levels of gregariousness and detect
any potential effect of the treatment. Prior to that, the researchers also have
to build the MLR formula (e.g., Guo et al. [2011], Ma et al. [2011], Roessingh
et al. [1993], Simpson et al. [1999]), thus adding steps to the ones needed for the
research sensu stricto. Researchers have to undergo the hassles of video track-
ing several solitarious and gregarious locusts, extracting several behavioural
parameters from the video tracks, choosing which parameters to use, and per-
forming regression analyses in order to get the MLR formula that will then be
applied to test the effect of the molecule or gene being investigated. They risk
using sample-specific models if they build them using locusts that are not the
experimental ones and use them with no prior testing on independent samples.
There is also the risk of habituation of the experimental locusts if these were
the ones used for model building as well as for the experiment itself.

Surprisingly, the formulae used for the different works were always different
from each other and never tested on different locust populations (see references
above), thus increasing the risks of heterogeneity in work standards and
criteria. We thus aim at establishing accessible formulae that work for
different locusts’ populations (samples) so that they can be reliably used by
researchers to save time and effort. We foresee that the use of these formulae
would standardize criteria between experiments and research groups to the
benefit of the homogeneity and validity of the results. We chose the desert
locust Schistocerca gregaria and the migratory locust L. migratoria as study
organisms, since they are the most widely used species for research on locusts
and gregariousness. We evaluated the usefulness of several morphometric and
behavioural parameters and we facilitate a script that makes their extraction
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1.2. MATERIAL AND METHODS

from the video tracks easy and accessible. We also test the effect of sex,
size and developmental stage on the behavioural variables and we establish
formulae based on the MLR approach. We offer two formulae for the
researcher to use on the main pest locust, S. gregaria. The formula that
includes morphometric variables works on locust nymphs, and is intended
for comparative works between different locust samples or between different
developmental stages of the same sample (after molts), whereas the formula
that does not include morphometric variables is intended for comparative
works on the same locust sample before and after a treatment, be it nymphs
or adults. Both models (formulae) were tested and found to work both
for nymphs and, at a lesser level (at least the one without morphometric
variables), for adults. They also work for different populations and seem to
be quantitative. They could therefore be used for works that need quantifying
locust gregariousness.

1.2 Material and Methods

1.2.1 Locust rearing

Gregarious S. gregaria locusts were collectively reared in the large wooden
cages described in the methodology section, then they were redistributed
in other large wooden cages containing 10, 10, 16, 20, 22, 80, 150, or 300
individuals each. Solitarious locusts were individually reared, also for over
three generations, in small wooden cages. We bought 50 L. migratoria
specimens from a pet store and, after two generations of rearing at low
densities in our insectarium, only 14 individuals remained. As gregarious
L. migratoria, we bought two more sets of 100 nymphs, some of which we
used for behavioural model building. The rearing conditions for S. gregaria
and L. migratoria are discribed in detail in the general methodology section.

1.2.2 Video tracking and photography

Observation of the behaviour was carried out in a 60 cm x 60 cm x 60 cm
arena (same size as the large rearing cages). Two of the arena’s opposite sides
were open so that at one of them the glass side of an empty large rearing cage
was placed whereas, at the opposite side, was the glass side of a large rearing
cage containing the stimulus (100 gregarious locusts). The needle end of a 30
ml plastic syringe was cut and the syringe was placed at a bottom whole at
the middle of one of the observation arena’s wooden sides. The experimental
animals were introduced into the observation arena through that syringe and
a PowerShot G6 digital camera (Canon) was placed at the exact middle of
the observation arena’s top side for behaviour recording. Figure 1.10 shows a
schematic representation of this experimental setting.
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Figure 1.10: Schematic representation of the observation arena where the
behavioural observation and video recording of the individual experimental
locusts were conducted. The crossed circle in the central top region of the
rear side of each lateral box represents a light bulb. The various locusts kept
at one side of the arena were the stimulus group.

Videos were recorded for 180 seconds (three minutes) or until the
experimental animal reached the stimulus or blank side of the arena —if it
did in less than three minutes. The recording was stopped if the experimental
animal climbed the arena’s wall and went out of the camera’s range for 9
seconds (5 % of the 180 seconds recording cut-off). Videos were taken for
adults and late nymphs of both sexes and phases. Nymphs smaller than
1.5 c¢m in length were not used to avoid possible interference from excessive
handling and mechanical damage to such fragile specimens. Biotrack software
(https://github.com/biotracking/biotrack) was used to get the X and
Y coordinates of the experimental animal in the observation arena every 67
milliseconds time frame of the total duration of the recording. Behavioural
parameters were extracted from the Biotrack outputs using the custom built R
script btf analyzer.R available at http://www.ugr.es/~mbakkali/mlr_sup.
zip.

For collection of morphometric and colourimetric data, photographs of the
dorsal and lateral sides of each experimental animal were taken using the same
digital camera as above and in constant conditions of space and light (same
white surface, place, lamp and light incidence angle). A scale was placed near
the specimen in order to obtain standardized leg, thorax and head measures
from the pictures using the TPSDig v1.40 software [Rohlf, 2004]. The RGB
colour channel values were extracted from the specimen’s pronotum area of
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1.2. MATERIAL AND METHODS

the picture using GIMP software —the colour values of the specimen-less
background of the picture were used for normalization.

Each experimental animal was photographed and video recorded. We
therefore recorded video trackings and took dorsal and lateral photographs for
189 S. gregaria individuals distributed as follows: 28 solitarious (15 nymphs
and 13 adults) and 161 gregarious individuals corresponding to 8 individuals
from two 10 individuals density cages, 32 individuals from one 16, two 20,
and one 22 individuals density cages (the animals of these four cages were
treated as if coming from a single ~20 density cage), 40 individuals from
a 80 individuals density cage, 51 individuals from a 150 individuals density
cage and 30 individuals from a 300 individuals density cage. In addition, we
similarly photographed and took videos of 14 solitarious and 30 gregarious L.
migratoria nymphs, as well as 40 more gregarious nymphs (30 crowd-reared
and 10 reared at low density for 1 week), 4 solitarious adults and 15 gregarious
adults of the same species.

1.2.3 Behavioural, morphometric and colourimetric data
collection

Ten behavioural variables were calculated from the video trackings:

1. Elapsed time (ET, total time of the recording)

2. Total distance (TD, total distance traveled by the experimental animal
during the recording time)

3. Average speed (AS, average of dividing the distance increments by the
time increments at each time frame)

4. Average acceleration (AA, average of dividing the speed increments by
the time increments at each time frame)

5. Stop ratio (SR, number of 67 milliseconds time frames with no distance
increment divided by the total number of time frames of the recording)

6. Choice (CH, a binary variable describing the side of the arena where the
experimental animal was positioned at the end of the recording, with 0
being the blank side and 1 being the stimulus side)

7. Last coordinate (LC, value of the observation arena’s X-axis coordinate
where the animal was positioned at the end of the recording, this ranged
between -150, at the blank side and 4150, at the stimulus side)

8. Choice/time (CT, last coordinate divided by the elapsed time)
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9. Turn ratio (TR, number of time frames when the animal turned divided
by total number of time frames of the recording. A deviation from the
path is considered as turn if the angle increment between two consecutive
time frames exceeds 9 degrees —5% of a full, 180 degrees, turn)

10. Erratic movement (EM, the sum of the product of the turn angle by the
distance at each time frame).

Six morphometric (meassured as in figure 1.11) and three colourimetric
variables were obtained from the pictures of each experimental animal:

1. Hind femur length (the length of the left hind femur)

2. Pronotum dorsal length (the length of the largest sagital section of the
antero-dorsal pronotum)

3. Head width (the length of the widest transverse head section)

4. Pronotum-femur index (PF, pronotum dorsal length divided by hind
femur length)

5. Pronotum-head index (PH, pronotum dorsal length divided by head
width)

6. Femur-head index (FH, hind femur length divided by head width)

7. Corrected R value (red value from RGB channel normalized by blank
—blank being the red value of the entire picture excepting the animal
itself)

8. Corrected G value (green value from RGB channel normalized by blank
—blank being the green value of the entire picture excepting the animal
itself)

9. Corrected B value (blue value from RGB channel normalized by blank
—blank being the blue value of the entire picture excepting the animal
itself)

The sex, phase, density of the rearing cage and stage (nymph or adult)
were also recorded for each experimental animal.

1.2.4 Confirmative testing of the phase state of the
locusts

To further ensure that the animals that we are using for model building
are the right ones, morphometric, colourimetric and molecular comparisons
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Figure 1.11: Detail of the taken morphometric meassures. Both pictures show a
gregarious adult male of S. gregaria. A: Dorsal view picture with the Pronotum
length and Head width meassures. B: Sagital view picture with the Femur
length meassure.

were carried out between some solitarious and gregarious S. gregaria locusts.
Kruskal-Wallis test with the animals’ phases as factor and their respective
femur, pronotum, hind leg lengths, and the values given by the red, green, and
blue colour channels as variables was carried out in order to confirm the effect
of our lab animals’ phase on their morphology. In addition, qPCR estimation
of the relative expression levels of the three genes chemosensory protein 12,
phosphoenolpyruvate carboxykinase and yellow-h was carried out on ¢cDNAs
from 4 solitarious and 4 gregarious S. gregaria locusts with the tubulin gene as
housekeeping, as described in the general methodology section of this thesis.

1.2.5 Exploration and normalization of the variables

Linear regressions were carried out and Pearson’s correlation coefficients were
obtained in order to check for effect of the morphometric variables on the
behavioural variables of animals belonging to the same phase, cage, stage
and sex. The behavioural variables elapsed time, distance, average speed,
average acceleration, choice/time and erratic movement were then normalized
by the length of the hind leg femur in order to reduce the effect of the
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animals’ size on the speed-related behavioural variables within the same phase
group. Barttlet’s test was then carried out between non-normalized and
normalized variables to confirm that the variance of the normalized values
of the behavioural variables of the animals belonging to the same phase
was significantly lower than the variance of the non-normalized variables.
All statistical analyses were performed in R environment version 2.15.1
[Gentleman et al., 1997].

Only extreme solitarious and gregarious individuals (density 1 and 150 or
more animals per cage) were used for exploring the variables that might be
useful for building the behavioural model. Principal Components Analysis
(PCA) was thus carried out to explore the relationships between all the
morphometric, colourimetric, behavioural, sex, stage and phase variables.
Pearson’s correlation coefficient was calculated for all the possible pairs of
variables in order to detect the highly correlated ones that might bias the
behavioural models. To decide whether separate multivariate models have
to be built for each sex, the effect of the animal’s sex on the variables was
assessed using Kruskal-Wallis tests.

1.2.6 Building of the multivariate model for inferring the
locusts phase

Three steps were taken in order to build the most inclusive and accurate
multivariate model using the lowest possible number of morphometric and
behavioural variables. We made sure that we are using animals that show
extreme behaviours. For that, we built our first models using all the variables
(except the colourimetric ones) and all the extreme solitarious and gregarious
locusts and, when applicable, we removed the gregarious locusts that show
less than 0.8 probability of being gregarious. A first approach was building
an extended model using extreme solitarious and fully gregarious locusts and
all the 13 variables. A second approach was leaving only one representative of
each set of highly correlated variables (the one that has the highest sum of the
absolute values of its 13 PCs loadings), then building a low redundancy model
and comparing its performance to that of the extended one (using pairwise
t-test). As third and last approach, a series of successive models were built by
successive elimination of the weakest variable (the one with the lowest sum of
the absolute values of its 13 PCs loadings) until obtaining a minimal working
model.

The best models were selected and applied to independent animal samples
to test their reproducibility. To improve the sensitivity of the models and
quantitative nature the formulae for calculating their P-values were corrected
using adequate correction factors c (see below). After further testing of the
best model on adults, we generated a simplified version of it that does not
include morphometric variables. We also built, corrected and tested models for
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L. migratoria, for which the S. gregaria models didn’t work. In supplementary
figure 1.12 we show a flow-diagram with the specified steps of model selection

criteria.
Input
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Figure 1.12: Workflow diagram of model validation.

The models were based on MLR formulae. We first calculated n =
Bo + B1Vi + BoVo + ... + Br Vi, where (g is the intercept constant, Sy the
regression coefficients of the variable k and Vj, is the value of the variable k
of the same individual. A locust’s probability of being gregarious was then
calculated as Pyrey = /(1 + €“7), with e being Euler’s number (2.718), n
the result of the regression, and ¢ a correction factor (¢ = 1 / xk, where
x is a real number and k is the number of variables in the MLR). Akaike’s
information criterion, AIC [Akaike, 1974], was calculated for each MLR to
help us decide which model to suggest when the results of different models
were not significantly different from each other .
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1.2.7 Model performance testing

To test our models on other locusts (independent cages) and assess their
performance on adults as well as their abilities to discriminate between locusts
colonies of different densities (gregariousness), we applied them to locusts
from six additional and independent nymph and adult locust cages of different
densities. We used animals from seven cages that contained one solitarious
adult each, two cages that contained 10 nymphs each, four cages that contained
16, 20, 20 and 22 nymphs (considered as ~20), a cage of 80 nymphs and a
cage of 300 adults. We also tested the usefulness of our S. gregaria model
for other pest Orthoptera by applying it to solitarious and gregarious L.
migratoria. Species-specific models were then built for that species, using
18 solitarious and 30 gregarious nymphs, as we did for S. gregaria. The L.
migratoria models were also improved and tested on two independent samples
of 30 and 10 gregarious nymphs, as well as on a 14 gregarious adults sample.

1.3 Results

1.3.1 Adequacy of the material

After several generations of rearing in individual isolation or at high densities
the solitarious and gregarious S. gregaria locusts of our lab colony showed clear
differences both at the colourimetric (table 1.4, figure 1.13A), morphometric
(table 1.4) and gene expression (figure 1.13B) levels. In terms of colours, and in
agreement with the known dissemblance between solitarious and gregarious S.
gregaria, the differences were especially pronounced in nymphal stages with the
solitarious nymphs being greenish whilst the gregarious ones having a mixed
pattern of yellow and black. Solitarious and gregarious nymphs also showed
significant differences for all the measured morphometric traits whereas only
the head width showed significant differences between adults of the two phases.

The clear non-behavioural differences between solitarious and gregarious
S. gregaria in our lab colony extend to the molecular level. Based on
transcriptomics data, we earlier found both the chemosensory protein 12
(esp12), phosphoenolpyruvate carboxykinase (pck) and yellow h (y-h) genes
to have consistently higher expression levels in gregarious S. gregaria locusts
compared to solitarious ones. A similar result was reported for a L. migratoria
CSP [Guo et al., 2011]. qPCR testing of our S. gregaria locusts using those
three genes, and tubulin A1 as reference gene, confirmed the RNAseq data and
showed higher expression levels in our gregarious S. gregaria than in solitarious
ones (figure 1.13B) —0.8 fold increase for cspl2 and pck and 0.5 for y-h.
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Nymphs Adults
Chi-square p-value Chi-square p-value
Pronotum Pronotum 13.288 0.0003 0.556

Femur Femur 12.6 0.0004 2.83
Head width Head width  14.718 0.0001 7.315
R channel R channel 7.536 0.0061 0.96

G channel G channel 6.664 0.0098 0.879
B channel B channel 7.616 0.0058 0.0005

Table 1.4: Comparison of the morphometric and colourimetric variables between
our laboratory-reared solitarious and gregarious S. gregaric nymphs and
adults. The table shows the values of Kruskal-Wallis test with 1 degree of
freedom and its p-value.
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Figure 1.13: (A) Colour differences between the gregarious (up) and solitarious
(down) locust nymphs from our laboratory colonies. (B) Comparative qPCR
estimation of the expression levels of three gregariousness potential marker
genes in individuals from our gregarious (black bars) and solitarious (white
bars) S. gregaria colonies. Both the chemosensory protein 12 (csp12), the
phosphoenolpyruvate carboxykinase (pck), and the yellow-h (y-h) genes were
reported elsewhere and confirmed in our RNA-Seq based work (in preparation)
to be over-expressed in gregarious locusts. Accordingly individuals from our
gregarious S. gregaria colony showed less expression levels than individuals
from our solitarious colony of the same species. On average gregarious locusts
show about 0.8 fold increases in csp12 and pck expression and about 0.5
increase for y-h expression.

1.3.2 Data exploration and processing

Noticeably, regression analyses using S. gregaria animals of the same cage
(phase), sex and stage showed that the morphometric variables significantly
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correlate only with the elapsed time variable (table 1.5). Division by the
hind femur length for normalization of the speed-related behavioural variables
attenuated such effect (table 1.5). Accordingly, the normalized behavioural
variables showed significantly smaller variances between animals of the same
cage, sex, and stage than did the non normalized ones (table 1.6). It should
be noted that, when the animals are of similar sizes (the solitarious sample
used for this analysis), the normalization has a significant but clearly weaker
effect (table 1.6).

Femur Pronotum Head width
Raw  Normalized Raw  Normalized Raw  Normalized
Elapsed time 0.363 0.116 0.332 0.149 0.387 0.178
Total distance 0.091 0.083 0.141 0.135 0.169 0.164
Average speed 0.076 0.047 0.122 0.094 0.147 0.121
Average Acceleration -0.088 -0.360 -0.129 -0.399 -0.169 -0.415
Choice by time 0.027 -0.087 -0.052 -0.144 -0.032 -0.127
Erratic Movement 0.215 -0.262 0.187 -0.228 0.228 -0.103

Table 1.5: Pearson’s correlation coefficients between the morphometric and
behavioural variables of the S. gregaria locusts before and after normalization
of the behavioural variables of each animal by its hind femur length. We used
106 animals and all the significant correlations, in bold, had p values lower

than 0.001.

All Nymphs Adults Gregarious Solitarious Males Females
FElapsed time 39.487 7.999 21.444 33.323 8.416 23.943  14.086
Total distance 49.844  5.227 18.328 37.792 13.371 27.807 18.031
Average speed 49.930  17.103  18.317 37.965 9.938 26.029  18.080
Average Acceleration 39.573  12.545  16.813 40.688 7.182 25.076 8.670
Choice by time 28.314  17.044  16.386 27.299 4.594 19.433  7.958
Erratic Movement 51.857 7.116 19.399 36.549 16.533 28.589  19.464

Table 1.6: Homogenization of the behavioural variables after their normalization
by the length of the animal’s hind femur. The table shows the Bartlett’s K-
squared statistic values, all of them with p values ranging between 2.224 1072
and 1.158 10~ '2.

Initial exploration of the data using the Kruskal-Wallis test showed signif-
icant differences between locusts’ phases for the femur/head, pronotum /head,
elapsed time and total distance variables (table 1.7). However, a principal
components analysis did not reveal any clear clustering of the variables, nor
did it detect any variable as allowing unambiguous separation between groups
of individuals (figure 1.14, table 1.9). None of the absolute values from princi-
pal components (PCs) loadings per variable was equal or over 0.7 (table 1.9)
so the first three PCs were needed in order to explain more than 70% of the
cumulative variance (table 1.9). Accordingly, and in the absence of a single
marker, multivariate models need to be built in order to estimate locusts’
probability of being gregarious (Pyyeg).
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Chi-squared p-value

Pronotum-Femur index 2.047 0.153
Pronotum-Head index 9.412 0.002
Femur-Head index 11.178 0.001
Elapsed time 7.048 0.008
Total distance 4.173 0.041
Average speed 0.774 0.379
Average Acceleration 0.774 0.379
Stop Ratio 0.886 0.347
Last Coordinate 0.991 0.319
Choice by time 0.312 0.576
Turn Ratio 8.319 0.004
Eratic Movement 2.606 0.107
Choice 2.764 0.096

Table 1.7: Comparison of the values of 13 morphometric and behavioural variables
between solitarious and gregarious locusts. The table shows the values of
Kruskal-Wallis test with 1 degree of freedom and its p-value.

To detect highly correlated variables that might reinforce or bias the model
towards a particular trait, we carried out pairwise correlations between all the
morphometric, colourimetric and normalized behavioural variables. Several
of these correlations showed Pearson’s correlation coefficient whose absolute
value was of at least 0.7 (table 1.10). These were average speed vs. average
acceleration (r = 1), vs. stop ratio (r = -0.705) and vs. choice by time (r
= 0.704), choice vs. last coordinate (r = 0.933), pronotum-femur index vs.
femur-head index (r = -0.849), stop ratio vs. turn ratio (r = -0.814) and vs.
average acceleration (r = -0.703), total distance vs. erratic movement (r =
0.829), and vs. elapsed time (r = 0.828), and choice by time vs. average
acceleration (r = 0.704). Of each of these pairs, we eliminated the variable
that had lower sum of the absolute values of the 13 PC loadings (table
1.9). The femur-head index, choice, total distance and turn ratio variables
were therefore retained. These four variables, together with the remaining
less correlated variable (pronotum-head index) were selected for building a
Sq_low-redundancy multivariate behavioural model for estimating S. gregaria
locusts probability of being gregarious (see bellow). None of the 13 variables
were significantly affected by the sex of the animal, neither before nor after
adulthood, meaning that no separate models need to be built for males and
females (table 1.11).

1.3.3 Model building

A first Sg_extended model (AIC = 28) was built using all the 13 variables
extracted from 15 solitarious and 51 gregarious S. gregaria nymphs. The

65



o~
CS_ = umn
—
2
o
S - o
-
~N 5 -
SEE
°
P St
S -
™
3 -
° LS
< o | !
3 -

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2

PC1

Figure 1.14: Biplot of the principal components (PCs) 1 and 2. It shows how the
variables are related to both PCs and to the extreme S. gregaria nymphs used
in the study (gregarious in red and solitarious in blue). PF = Pronotum-Femur
index, PH = Pronotum-Head index, FH = Femur-Head index, ET = Elapsed
time, TD = Total distance, AS = Average speed, AA = Average acceleration,
SR = Stop ratio, CH = Choice, LC = Last coordinate, CT = Choice by
time, TR = Turn ratio, EM = Erratic movement. An “_f” indicates that the
variable has benn normalized by femur length.

resulting formula is described in table 1.8 and the Py, detected all the 51
gregarious nymphs as gregarious with 100% probabilities and attributed 0%
gregariousness probability to all our 15 solitarious nymphs (figure 1.15A).
Obtaining the three morphometric indexes used as variables here is as easy as
measuring the length of the hind leg femur, the dorsal length of the pronotum
and the dorsal width of the head. In addition, we provide a script that
automates the extraction from video tracks of the ten behavioural variables
used for this work (script at http://www.ugr.es/~mbakkali/mlr_sup.zip).
Consequently, applying the Sg_extended model should be accessible and
straightforward. Still, we also tried less complex models after elimination
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Figure 1.15: Performance of the tested models for S. gregaria. X-axes represent
the tested population (density 1 for solitarious locusts; 10, 20, 80 and 150 for
crowd-reared gregarious locusts). Y-axes are the percentage of individuals of
a sample (A-D) or the average P,.., value of the entire sample (E, F). We
divided the Pyr.q4 values into five intervals represented from white to black as
follows: 0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1. (A) Sg_extended model (B)
Sq__extended__corrected model (C) Sg_low-redundancy model (D) Sg_non-
morphometric model. (A) Sg_extended model (B) Sg_extended corrected
model (C) Sg_low-redundancy model (D) Sg_non-morphometric model. (E,
F) Average Pgreq values with the associated standard error for each model
in S. gregaria nymph (E) and adult samples (F). Sg_ext. = Sg_extended;
Sg_ext_cor. = Sq_extended__corrected; Sg_low-red. = Sq_ low-redundancy;
Sg_no-mor. = Sg_non-morphometric.
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of some of the variables based on two logics.

The first logic relies on reducing redundancy based on elimination of one
of each two highly correlated variables. In this case, the resulting Sg_low-
redundancy model was built using the five less-correlated variables (see above).
Its formula (AIC = 39.413) is as described in table 1.12 and, as figure 1.15C
shows, the resulting distribution of the P,.., values of our solitarious and
gregarious S. gregaria locusts were not as clear-cut and different compared
to the results of the Sq extended model — 0.104 + 0.066 and 0.819 =+
0.041 being the average Py, that this Sg low-redundancy model gave to 15
solitarious and 51 gregarious locusts, respectively (figure 1.15C). As mentioned
above, the Sg_low-redundancy model seems not as accurate in predicting
gregarious locusts as the Sg_extended model, with both models giving similar
results for the solitarious sample (t = -1.581, p = 0.136) but significantly
different results for the gregarious sample (t = 4.347, p < 0.001). The second
logic relies on reducing the number of variables used for model building by
stepwise elimination of the weakest variables until the step previous to the
first significant alteration of the model’s performance. Variables’ weakness
was decided based on the sum of the absolute values of their PC loadings (see
table 1.9). This attempt at building a Sg_minimal model led to no way as the
model’s results became significantly different after removal of the first variable
(the pronotum-head width index).

1.3.4 Model testing and improvement

The two models (Sg_extended and Sg_low-redundancy) were applied to
additional independent samples of 30, 32 and 8 locusts grown at densities
of 80, ~20 and 10 individuals per cage, respectively. The Sg_extended model
showed almost no differences in average Py,.., between locusts rared at 80 and
20 densities and lower values for locusts grown at 10 individuals density (0.798
+ 0.073, 0.813 £ 0.070 and 0.500 £ 0.189, respectively). A similar tendency
was given by the Sg low-redundancy model, with 0.861 + 0.050, 0.909 + 0.031
and 0.567 £ 0.132 as average Py, values for the locusts of the 80, ~20 and 10
individuals per cage, respectively (figure 1.15E). Overall, our two S. gregaria
behavioural models not only seem to work for independent samples, but also
appear to be quantitative. However, when looking beyond the means and into
individual values, Sg_extended model seems to behave in an almost binary
way (figure 1.15A,E). The very high positive and very low negative regression
results (1) inevitably make the P, values tend to either 1 or 0 for gregarious
and solitarious locusts, respectively. The range of values of an MLR result
might depend on the number of variables of its regression formula. In fact, the
Sq_low-redundancy model contains less variables than the Sg_extended one
and gives less extreme results. We thus conducted a series of homogeneous
corrections in order to increase the sensitivity of our models in the near 0 and
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near 1 Py, areas (i.e., in case of very high and very low regression results).
We tested dividing the results of the model’s MLR formula by multiples of the
number of its variables. We carried out simulations and considered a corrected
model to be altered beyond our thresholds if it gave average FPy..q above 0.2
(20%) for solitarious locusts, or below 0.8 (80%) for gregarious ones. As figure
1.16 shows the Sg_extended model loses power, both for the solitarious and
gregarious samples, after division of the regression results by more than 8 times
(x) the number of its variables (k). Division of the result of the Sq_extended
model regression by 104 therefore results in a significantly more sensitive
Sg__extended__corrected model (figure 1.15B) both for the solitarious sample
(t =-3.561, p < 0.001) and for the gregarious one (t = 5.616, p < 0.001) —the
average FPy.., values were 0.194 £ 0.055 and 0.852 % 0.026, respectively. The
simulations suggest that the Sq__low-redundancy model tolerates no correction
as it gave average Pgrey values that surpass the thresholds after the first
correction step (i.e., after dividing by the number of variables in the MLR
formula). The Sg_extended corrected model, however, performed in a non-
binary and significantly different way from the Sq _extended model for the
extreme phase samples (t = -3.561, p = 0.003 for the solitarious sample and
t = 5.616, p < 0.001 for the gregarious sample). It produced more adjusted
values for the intermediate density samples, with the average Py, values of
locusts reared at 80, 20 and 10 individuals per cage being 0.728 4+ 0.058, 0.721
4+ 0.051 and 0.533 + 0.112, respectively. Earlier we explained that we did
not use colourimetric data for simplicity and because nymphs and adults of
the same phase have significantly different colours. The latter reason aimed
at building a single model for both stages. However, in addition to colour,
nymphs and adults are different in other aspects that even the normalization
by the hind leg femur length that we adopted for our model building might
not attenuate (table 1.6). To test whether our Sg_extended corrected model
also works for adults, we applied it to 30 individuals randomly taken from a
cage of 300 gregarious adults and 8 solitarious adults. The model classified
the tested gregarious adult locusts as gregarious with about 72 % probability
(0.723 + 0.073), but the average P, values of the 8 solitarious adults was of
0.740 + 0.103 (figure 1.15F). Worse was the Sg_low-redundancy model, as it
failed to properly predict both the gregarious (0.590 £ 0.066) and solitarious
adults (0.724 £+ 0.075).

The Sg_extended_corrected model thus differentiates between solitarious
and gregarious S. gregaria nymphs and seems even to be quantitative (figure
1.15E). However, its morphometric variables are not needed and might even
introduce unnecessary noise when testing the same animals unmolted (for
instance before and after a treatment). They might be the reason why the
Sq__extended__corrected model did not perform well on adults. For that, we
built a new Sg_non-morphometric model (AIC = 54.306) in a similar way
as before using the 10 non-morphometric variables and the solitarious and
extreme gregarious nymphs. The resulting formula is in table 1.8 and, the
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Figure 1.16: Identification of the models’ correction factors by assessment of
the changesof the average Pyreq of extreme solitarious (bottom charts) and
gregarious (upper charts) S. gregaria and L. migratoria nymphs that the
models gave after application of different correction factors. X-axis shows
the correction factor applied to the multivariateregression results before
calculating the Pjyrey, where k is the number of variables of the MLR
of the corresponding behavioural model. The Y-axis shows the Pgreg.
Ouracceptance thresholds for the corrected models’ on solitarious (Pgreq= 0.2)
and gregarioussamples (Pyreq= 0.8) are marked by a horizontal dashed line.
Sg_ext_cor. = Sg_extended_ corrected; Sg_ low-red. = Sq_ low-redundancy;
Sg_no-mor. = Sg_non-morphometric.

model classified the solitarious and gregarious locusts as such, with average
Pyreg of 0.324 £ 0.076 and 0.905 £ 0.024, respectively. This model does not
tolerate correction as its results were not binary and the average P, values
it gave to locusts reared at intermediate densities were intermediate: 0.776 +
0.119 for the density 10, 0.919 + 0.033 for the density 20 and 0.895 + 0.044
for the density 80 (figure 1.15D,E). Interestingly, the Sq_non-morphometric
model properly classified the adult samples attributing average Py.q values
of 0.724 £ 0.067 to the sample of 30 gregarious S. gregaria adults and 0.259
=+ 0.109 to the 8 solitarious adults (figure 1.15F).

1.3.5 Modeling for Locusta migratoria
We tested our working S. gregaria models (Sg_extended corrected and
Sg_non-morphometric) using solitarious and gregarious L. migratoria. None

of them seems to work for that species as they gave average solitarious
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1.3. RESULTS

Sq__extended__corrected™*

Sg__non-morphometric*

C 1/104 1

Intercept (Bo) -2.83 107 1.12 10%
Pronotum-Femur index 5.11 107 —

Pronotum-Head index -1.69 107 —

Femur-Head index 9.39 109 —

Choice 1.03 108 8.45 103
Elapsed Time -3.53 5.30 103
Total Distance -6.68 102 -2.13 10*
Average Speed 7.91 103 -3.41 10°
Average Acceleration -2.53 10° -1.47 10%
Last Coordinate -3.68 103 -1.83 10*
Choice by time 1.90 107 -6.46 10*
Stop Ratio -9.04 10° -7.53 103
Turn Ratio -5.33 1019 2.04 107
Erratic Movement 2.91 10! 4.35 101

Table 1.8: Intercepts (8o) and variable regression coefficients (Byqriabie) for each
of the two valid models suggested for estimating locusts probability of being
gregarious. Each model’s formula is: 7 = o + Bp/r x P/F + fp/g x P/H

BErratic move X Erratic move, and the probability of being gregarious is
Pyreg= €"°/(14e"°), e being Euler’s number 2.718 and c the correction factor
(c =1 / xk, where x is a real number and k is the number of variables in the
MLR formula). The corrected models (e.g., Sg_extended corrected) had the
same coefficients as their non corrected counterparts (e.g., Sg_extended). *:
recommended for testing the same nymphs if they do not molt in between and
**. recommended for testing adults and different locust samples (including
different nymphs, the same nymphs after molting and adults).

and gregarious Pyr.y values of 0.530 + 0.118 and 0.314 £ 0.073 for the
Sg__extended__corrected model, and 0.651 £ 0.101 and 0.627 + 0.071 for the
Sg__non-morphometric model, respectively. We therefore decided to check for
potential differences and species-specific trends of each of the 13 variables used
for the model. As figure 1.17 shows, S. gregaria has consistently higher average
values for the variables pronotum-head index, femur-head index, average speed
and average acceleration, whereas L. migratoria shows consistently higher
values for pronotum-femur index and elapsed time. Total distance, stop ratio,
last coordinate, choice, choice by time, turn ratio and erratic movement,
however, do not seem to have species-specific tendencies between L. migratoria
and S. gregaria.

Given the apparent species-specific requirements of the behavioural mod-
els, and in an attempt to further enrich this work, we decided to build and
provide useful behavioural models for L. migratoria too. We used 14 soli-
tarious L. migratoria nymphs and 30 gregarious ones to build an initial L.
migratoria behavioural model based on MLR using the 13 variables used ear-
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Figure 1.17: Standarized average values of different morphometric and behavioural
traits of solitarious (A) and gregarious (B) S. gregaria (black bars) and L.
migratoria (white bars) nymphs. Asterisks indicate the degree of significance
of the Kruskal-Wallis test. The values of the different variables were scaled so
to fit in a single graph. PF = Pronotum-Femur index, PH = Pronotum-Head
index, FH = Femur-Head index, ET = Elapsed time, TD = Total distance,
AS = Average speed, AA = Average acceleration, SR = Stop ratio, CH =
Choice, LC = Last coordinate, CT = Choice by time, TR = Turn ratio, EM
= Erratic movement.

lier for S. gregaria. The resulting Lm__extended model (formula in table 1.12)
separated the two phases but mis-categorized some of the solitarious as well as
some of the gregarious locusts. To improve this first model we eliminated the
gregarious L. migratoria specimens that, for being probably sick/old/altered,
showed gregariousness probabilities below 80 % (no solitarious locust was elim-
inated) and recalculated the regression coefficients for each of the 13 variables
to get an Lm__extended_ filtered__sample model (formula in table 1.12, AIC
= 28). The new model successfully categorized all the 19 gregarious L. mi-
gratoria locusts as gregarious at a 100% probability and all the 14 solitarious
ones as such at an almost 0% probability. Following the logic used for S.
gregaria, a series of divisions of the regression result by multiples of 13 (the
number of variables in the regression formula) allowed us to identify ¢ =
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1/39 as the model correction factor (figure 1.18C). However, in contrast to S.
gregaria models, the Lm_ extended_filtered sample_corrected model, which
kept identifying the solitarious and gregarious L. migratoria as such (0.168
+ 0.040 and 0.809 £ 0.033 average Py,.g4, respectively), did not perform well
when tested on two independent samples. While it correctly identified one
of these samples (it gave an average Py, of 0.956 £ 0.027 for a sample of
10 gregarious L. migratoria nymphs), it seemed to underestimate the gregar-
iousness level of a second sample of 30 gregarious L. migratoria nymphs, for
which it gave an average Pgyreq of 0.558 £ 0.073 (figure 1.18A,D). Removing
the morphometric variables and building an Lm_ non-morphometric model
(AIC = 22), as we did for S. gregaria, gave average Py.., values of 0 and
1 for the solitarious and gregarious L. migratoria samples used to build the
model, respectively. Application of a correction factor ¢ = 1/40 enhanced the
model’s sensibility (with average Py values of 0.126 + 0.046 and 0.804 +
0.048 for the solitarious and gregarious samples, respectively) but the new,
Lm_ non-morphometric_ corrected, model failed to correctly classify the two
independent L. migratoria samples of gregarious nymphs used earlier (average
Pyreq of 0.244 £+ 0.068 and 0.412 £ 0.155) (figure 1.18B,D).

Furthermore, none of the L. migratoria models succeeded in correctly clas-
sifying two samples of 4 solitarious and 14 gregarious L. migratoria adults from
the same solitarious breed and gregarious cage whose individuals were used
to build the model. Both models, and in both cases, gave average Pg.q val-
ues of rather solitarious ranges (the Lm__extended_ filtrered _sample__corrected
model gave average Fy.., values of 0.250 £ 0.250 and 0.292 £ 0.099
for the solitarious and the gregarious samples, respectively, and the
Lm__non_morphometric_ corrected model gave average P, values of 0.204
+ 0.204 and 0.310 £ 0.094 for the same samples).

1.4 Discussion

Pest locust outbreaks, as mentioned in the introduction, are one of the most
serious threats not only to human agriculture but also to livestock resources
and to the equilibrium of the ecosystems of the affected areas. Their infamous
importance is further enhanced by the large geographical areas that they affect
(see Waloff [1966], Pedgley and David [1981]). The vertiginous developments
in genetics and molecular biology mean that the locust problem can currently
be approached in a more systematic way and at greater details [Bakkali,
2013]. The research on this topic has therefore shifted from a predominantly
entomological [Ellis, 1963, Uvarov, 1921, Gillett, 1973], physiological [Anstey
et al., 2009, Tawfik et al., 1999, Wiesel et al., 1996, Gillett, 1975] and
cytogenetic level [Fox, 1973, Nolte, 1969] to the transcriptome [Badisco et al.,
2011a, Chen et al., 2010, Kang et al., 2004, Zhang et al., 2012], metabolome
[Ma et al., 2011] and even genome [Wang et al., 2014a] levels. The wealth of
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Figure 1.18: Performance of the L. migratoria behavioural models on different lo-
cust samples of this species. (A) Lm extended filtered sample corrected model.
(B) Lm non-morphometric filtered sample corrected model. (C) Identification
of the correction factor for each L. migratoria model. (D) Average Pgreg
values of each sample as given by the corrected models. Lm_ ext_fil_cor.
= Lm extended filtered sample corrected; Lm_ no-mor_fil_cor. = Lm non-
morphometric filtered sample corrected.

data that the current research is generating set the ground for the upcoming
era of functional testing. Experimental testing of the effect of several genetic
or molecular alterations on the locusts’ propensity to outbreak and swarm
means testing locusts’ outbreak/swarming-related phenotypes both before
and after the treatment. The question here is what could we consider as
outbreak /swarming-related phenotype?

Locust population outbreaks and swarming are density dependent [Ellis,
1963, Gillett, 1975, Uvarov, 1921], meaning that the first outbreak/swarming-
related phenotype that one can possibly think of is the population density
parameter. The population density is of course a very valid indicator of
the possible state of the population and might even be useful for field-
based cause-consequence studies (a field-oriented researcher wouldn’t need
more than a glance at the locust population density to tell its state).
However, population density is of no good use for low scale testing of the
effects of experimental molecular manipulation on the locusts’ propensity to
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outbreak and swarm. Indeed, any change in locust population density is
more related to reproductive success and survival than to any other locust
condition. Furthermore, most works on the topic are lab-based and test the
locust sample prior to and after a treatment, without changes in population
density. For such studies, the phenotype to consider as indicator of the
increase or decrease of the outbreak and swarming propensity should not
be inter-generational (must be able to show differences within a generation).
Furthermore, being itself just an indicator and not the research question,
and in order for it to be quantifier, the outbreak /swarming-related phenotype
to use should also be easily measurable. Being a phenomenon that affects
almost every aspect of the locusts’ biology, locust population outbreaks and
swarming offer a plethora of potential indicators of the state of the population.
Apart from their developmental, survival, reproductive, immunological and
physiological differences, the locusts of the non-outbreak (solitarious) and
outbreak (gregarious) phases also differ in their morphology (both colour and
shape) and behaviour. The behavioural differences between the two phases
have to do with the tendency to aggregate and with the degree of activity (both
of which pronounced in the gregarious phase). Both traits lead to a higher
propensity to swarm and migrate and allow a more efficient search for new
resources as well as reducing the chaos and ‘negative’ locust-locust interactions
in the enormously dense gregarious population (e.g., Bazazi et al. [2012, 2008],
Buhl et al. [2006]). The morphological and colourimetric differences between
phases, however, have to respectively do with differences in the need for
camouflage/warning and the effect of stress and low food resources on the
animal’s development and resulting size.

We therefore chose to look for potential outbreak/swarming-related phe-
notype indicators among the traits related to morphology and behaviour. In
fact, some of these phenotypes were used as comparative testers of the state
of our locust colonies. It is well known that solitarious S. gregaria nymphs
are greenish whereas the gregarious ones are black and yellow. So were our
solitarious and gregarious S. gregaria nymphs. The morphometric differences
between our solitarious and gregarious locusts further confirmed their states.
Still, we went down to the molecular level and found differences in the expres-
sion levels of three genes between our solitarious and gregarious S. gregaria
colonies. The data thus definitely confirm the solitarious and gregarious states
of our locusts, which we can therefore use for our work as such with complete
confidence —working with the right material is essential to the reliability of
the results.

It should be noted that our results also mean that the expression levels of
the genes chemosensory protein 12, phosphoenolpyruvate carboxykinase and
yellow-h could be used as comparative indicators, not markers, of the phase
state; since they consistently appear more expressed in the gregarious locusts
both in our transcriptome data (Chapters 2 and 3) and in the qPCRs of
the present work. However, we based our work neither on colour nor on the
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expression levels of the three genes tested here since none of these indicators
is proven to be quantitative (a necessary quality to expect from any trait
that should differentiate between the states of a locust before and after a
treatment) and are not easy to measure (a quality to expect from a trait to
use as research tool). Furthermore, the colourimetric differences are specific
to S. gregaria and, more precisely, to its nymphal states (it can’t be used as
a general indicator —not even for nymphs and adults of the same species).
That being said, our work shows that of two sets of S. gregaria locusts, the one
that shows greater levels of expression of the genes chemosensory protein 12,
phosphoenolpyruvate carboxykinase and yellow-h is the one that is more likely
to be more gregarious. A fact that makes sense as these genes respectively
have chemosensory, high metabolism and behaviour-related functions —all of
which expected to be enhanced in the gregarious locusts.

Once the phase state of our S. gregaria locusts colonies has been confirmed,
the search for valid outbreak /swarming-related phenotypes to use as indicators
of the degree of gregariousness started by measuring 13 traits relating to shape,
degree of activity and tendency to aggregate. These and other traits are
usually used for building models for testing locust gregariousness [Guo et al.,
2011, Ma et al., 2011, Roessingh et al., 1993, Rogers et al., 2014, Simpson
et al., 1999]. However, separate models with different combinations of traits
are usually built and no single ready-to-use model is hitherto available to
the research community. That increases the risks of heterogeneity in the
work criteria and even possible lab- and experiment-specificity of the results.
A possible case of this could be the controversy around the involvement of
serotonin; which was reported as S. gregaria gregarizer [Anstey et al., 2009],
as L. migratoria solitarizer [Guo et al., 2013], with no gregarizing effect on
S. gregaria [Tanaka and Nishide, 2013] and, again, re-defended as S. gregaria
gregarizer [Rogers et al., 2014, Rogers and Ott, 2015]. Furthermore, building
a model and applying it to the same locusts increases the risks of alteration
of the result due to habituation of the animals to the observation arena. On
the other hand, building a model using a sample of locusts and applying it to
another sample without thoroughly testing it on several independent samples
increases the risks of error, due to possible sample-specificity of the model.
Our goal is therefore to build, test and provide valid models for the research
to come —which should homogenize methods, tools and criteria, with the
consequent increase of the validity of the research results and interpretations
across the research groups.

The significant correlation between the morphometric variables and the
speed-related behavioural ones means that some kind of normalization is
needed in order to build models that might work for locusts of different
stages and sizes. To our knowledge, that kind of normalization has thus
far never been applied in any of the published research that used locust
behavioural modeling and testing —meaning that the behavioural models used
might have in occasions been sample-specific and could possibly benefit from
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normalization if used for larger or smaller locusts. The obvious morphological
trait that relates to speed is the length of a leg (for instance the abdomen of
the same animal has varying lengths, depending on its relaxation and food
intake states, and the thorax or head are not directly related to movement).
To minimize uncertainties we choose the length of the hind leg femur as
normalizer, since the femur is the usually less deformed and damaged part
of the longest locust leg (the tibia often gets damaged at the molting time and
the uncertainties from length measurements of small legs would be higher).
Normalization of the speed-related variables by the hind leg femur length
seems thus to work as it had a homogenizing effect on the data from animals of
the same size, stage and cage, and since the magnitude of the homogenization
depended on the degree of the initial heterogeneity of the data (locust sizes).
There are well known size, physiological and behavioural differences between
male and female locusts, so one should not simply discard the possibility of
significant sex-related differences in the gregarious behaviours between locusts
of the same species, stages and rearing densities. However, our data suggest
that, after normalization by size, the sex of the locusts did not significantly
affect any of the 13 variables. Hence, no normalization by sex, inclusion of
the sex as variable, or building of separate sex-specific models are needed.

The fact that four of the 13 traits that we used showed significant
differences between locust phases would in principle mean that we might be
able to use these single or combined traits as quantifiers of the degree of
gregariousness. However, PCA analysis suggested that at least three PCs
are needed in order to reach the conventionally used 70% of the cumulative
variance (e.g., Viscosi and Cardini [2011]). So, just as we cannot completely
trust any single molecular trait as marker, a combination of indicators is
needed for morphology and behaviour-based quantification of the degree of
gregariousness. With the multivariate approach confirmed as the way to
quantify locusts gregariousness, the issues become which of the variables and
what animals to use. As to the second question, it is clear that using clearly
solitarious and clearly gregarious animals is the response. Yet, while the slow
(lazy or shy) solitarious animals are inherently unable to surpass a threshold
of activity (due to their constitutive muscle excitation and activity capacities),
the gregarious animals can show misleading poor activity —due to sickness,
for instance. In other words, a solitarious locust cannot suddenly become as
active as a gregarious one and, if sick, it will only look as ‘too solitarious’,
whereas a sick or old gregarious animal might show similar degree of activity
to solitarious locusts. For that, exploration of the animals was carried out by
building an initial model then applying its formula to the data from the same
animals in order to decide whether to discard some gregarious locusts or not.
The results of the Sg_ extended model showed that all our S. gregaria locusts
were properly classified so there was no need for eliminating any gregarious
animal. Our gregarious S. gregaria nymphs were not only yellow and black
and with increased expression of the three tested genes, they also showed
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Pyreg values of 1 —meaning that they were vigorous, fully gregarious and
valid for model building. The solitarious nymphs were also adequate as they
were greenish, with less expression of the three genes and showed P4 values
of 0.

As to the variables themselves, the more variables we use for model building
the closer we are to the reality of the animal. However, our aim is to provide
a tool for other researchers to use, the model should therefore be as simple as
possible. In addition, we cannot use all the possible variables and we need to
avoid bias towards a group of highly correlated traits. We thus removed the
weakest among each pair of highly correlated variables and built an Sg_low-
redundancy model. It performed as good as the Sg_extended model, probably
because reinforcement was not an issue for our 13 variables, but its AIC
value was higher than that of the Sg_extended model —meaning that the
latter is better. Although we provide a script for data extraction from the
video trackings, we tried to reduce complexity by stepwise removal of the
less important variable up to a minimal model. This strategy led to no good
outcome as the prediction power of the potential Sq_minimal model worsened
significantly, compared to the Sq_extended model, after removal of the first
variable.

The difficulty of maintaining solitarious locusts —they need to be kept
and cared for in isolation and in individual cages —is a limiting factor that
forced us to initially use the same animals both for model building and
initial testing of the model’s performance. Consequently, we incurred the
risks of being circular and of having models that only work for the specific
sample that we used. Furthermore, using extremes (fully solitarious and
fully gregarious) meant that we could not be sure of whether our models
are quantitative. To deal with that, we tested our models using independent
samples of different developmental stages and rearing densities. On average,
both the Sq extended and the Sg_ low-redundancy models performed well on
the different sets of independent nymph samples. We attribute this to the
accuracy of the MLR formulae and correcting effect of the normalization
of the speed-related variables by the size of the animal. Our models seem
quantitative and gave results in accordance with the locusts states —with low
values for the solitarious, high values for the fully gregarious, somewhat low
values for the somewhat solitarious (density 10 individuals in a big cage), and
intermediate values for the locusts reared at intermediate densities (20 and 80
individuals per 60 x 60 x 60 cm cage, although distinguishing between locusts
at these intermediate densities falls beyond the models’ sensitivity).

The Sq_extended and Sq_low-redundancy models therefore discriminate
between solitarious, gregarious and low density-reared nymphs, and between
these and the locusts reared at intermediate densities. However, the results
seemed only applicable at the population (whole sample) level. In fact, when
looking at the data for each individual locust from the intermediate samples,
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the results contained a noticeably high mixture of close-to-zero and close-
to-one values rather than being all intermediate values. In principle this is
no issue, since building models based on logistic regressions and limited-size
samples means that their individual results might have tendency to be binary-
like (close to 0 or close to 1). nvolve statistically testable samples (populations)
of various individuals Furthermore, experiments on locusts involve statistically
testable samples (populations) of various individuals. Still, a homogeneous
scale-tuning could be applied to adjust the models’ sensitivity. If we want
Pyreq to serve as quantifier, it has to discriminate between locusts of the same
phase —this way we can detect changes in the degree of gregariousness before
and after an experimental testing and not only the shifts from the solitarious
to the gregarious states and vice versa. One can never ensure that all the
individuals from a population of gregarious locusts are absolutely gregarious,
neither can we state that individuals from a solitarious locust population are
absolutely solitarious. The tendency to 0 or 1 of our models’ results is due to
the way the Py,..q value is calculated from the MLR result, which makes the
too low regression results give near-zeros and the too high regression results
give near-ones —a -oo regression result will give 0 as Py,q and a +oo will
give 1. We thus needed to homogeneously soften the extreme results of the
MLR of our models (bring the MLR values down in a parallel way). We opted
for a correction strategy based on the equation that calculates Py,.q from the
value given by the MLR formula. In that equation, eta (n) is assumed to be
multiplied by 1 in both terms of the fraction. We therefore changed the value
of this constant by the inverse of a series of whole-number (x) multiples of the
number of variables in the equation (k). Based on that series of simulations we
choose the constant, correction factor (¢ = 1/xk), that moved the solitarious
average Py,., values from 0 and the gregarious ones from 1 without crossing
the thresholds of 20% and 80%, respectively. Our models were hence corrected
and their quantitative nature improved. To keep just one model we discard the
Sq__extended model (for being binary) as well as the Sg_ low-redundancy model
(for having a higher AIC), and we suggest using the Sg_extended corrected
model.

The Sq_extended_corrected is a good tool that works quantitatively for
estimating the gregariousness level of S. gregaria locusts —nymphs and adults.
However, that model includes morphometric data and might be better used for
testing different samples or the same locusts if they molt between testings. The
morphometric data would be unnecessary and might even introduce noise if
one tests the same, morphologically unchanged, locusts at different time points
(i.e., if they do not molt between tests). To deal with that and provide a model
that better fits testing the same locusts before and after a treatment, we built
a new non-morphometric model. The resulting Sg_non-morphometric model
needed no correction, worked both for solitarious and gregarious nymphs, and
gave quantitative results. We therefore recommend it for testing the same
nymphs between different time points —if they do not molt in between. We
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hoped that the normalization of the morphometric data by size (see above)
would be enough to attenuate the clear size differences between S. gregaria
adults and nymphs and in such a way that our models would work both for
nymphs and adults. However, only the Sg non-morphometric model was
able to accurately estimate the phase state of solitarious and gregarious adult
samples. We attribute that to differences between nymphs and adults that
even the normalization by femur length cannot remove. These might include
potential attenuation of the morphometric differences between solitarious and
gregarious adults compared to nymphs, which might make the morphometric
data unnecessary for adults, as well as physiological differences between adults
and nymphs which might make the normalization by size insufficient for
correcting speed-related variables.

The locusts outbreak problem is not exclusive to S. gregaria, neither is
the research on the phenomenon. Given that gregariousness have similar
characteristics between locusts (morphological changes, increased activity and
tendency to aggregate), that our models use morphology, speed-related and
tendency to aggregate parameters, and that the variables used for the MLRs
are normalized by the size of the animal, we dared to test whether our S.
gregaria models can also be useful for other pest locusts. The answer was
a clear ‘no’. The reason seems to lay on the fact that both species have
such different relative shape proportions, velocity and walking patterns (stops,
turns) so that the MLR coefficients had to be recalculated. Accordingly, we
built, corrected and tested behavioural models for L. migratoria in a similar
way as we did for S. gregaria. We built two models for that species, one with
the morphometric variables and the other without. Both models worked well
on the animals that we used for building them. However, they did not perform
satisfactorily when tested on two independent samples. One might think that
this could be due to the use of “wrong” (sick, old or altered) individuals for
building the models. For that we filtered the sample by removing all the
gregarious locusts whose Py,..q was bellow 80% and rebuilt the models. Still,
this was ineffective. We do not usually rear L. migratoria and the samples
that we used were only for the purpose of this work. That means that we
do not know the history nor do we have the same confidence in the degree of
gregariousness of any of the L. migratoria samples as we do in the case of S.
gregaria (a species on which we do work). We know that the L. migratoria
solitarious sample that we used for model building is for sure less gregarious
than the gregarious one but we cannot confirm, as we did with S. gregaria, that
it is extreme solitarious, neither can we ensure that the gregarious sample was
extreme gregarious. This is why we consider the models that we built for L.
migratoria as invalid. The reason why we are discussing them here is because
we want to highlight and alert about the fact that using fully characterized
solitarious and gregarious samples for model building is a must if the model
is to be valid. Equally important is testing the model on known independent
samples, that are different from the ones that were used for building it, before
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assuming its validity —in fact the models that we built for L. migratoria do
work for the samples on which they were built but not for the independent
ones. In the case of S. gregaria, we knew the history of the samples, we had
morphological and colorimetric indicators of their state and we confirmed our
data by comparing the relative expression of three genes. The models that we
built thus performed well when we tested them on several independent samples
and are thus to be trusted. The case of our attempt at model building with L.
migratoria, if anything, provides a strong support to the reason of being of the
current work. We unrecommend building a model and using it straightaway,
as one might have misleading results as we had for the independent (test) L.
migratoria samples, a species for which valid models are still to be provided
by the experts.

To conclude, here we provide two working and tested quantitative
behavioural models to use in experimentation with both adults and nymphs
of S. gregaria —one of the two main pest locusts and paradigm species for
most the locust-related research. We suggest using the Sq extended_ corrected
model (that includes morphometric variables) for comparing different S.
gregaria nymph samples. Whereas, for testing adults or the same nymphs
at different time points (if they do no molt), we suggest using the Sg_non-
morphometric model (that does not include morphometric variables). We also
encourage the experts to build similar models for L. migratoria, a species on
which we do not normally work and, consequently, our attempt at building
models for it failed. Tested on a total of 189 S. gregaria individuals, the models
that we provide here are thus useful for comparing different populations as well
as for testing the effects of drugs and gene and other manipulations on the
tendency of S. gregaria locusts to be gregarious. We offer them with the
hope that they would save time and effort, and that they will provide a much
needed opportunity for standardizing and homogenizing methodologies and
tools for the S. gregaria locust research community, to the benefit of less lab-
or experiment-specificity and higher universality and reliability of the research
results.

1.5 Supplementary material
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Loadings pCc1 PC2 PC3 PC4 PC5 PC6 PCT7T PC8 PCY9 PC10 PC1l1 PC12 PC13 Abs. sum

Pronotum-Femur index -0,159 -0,280 -0,281 0,591 -0,041 0,107 -0,017 0,064 -0,062 -0,073 0,032 0,665 0,007 2,368
Pronotum-Head index  -0,055 0,206 0,077 0,539 -0,636 -0,342 0,046 0,031 -0,032 -0,028 -0,004 -0,364 -0,003 2,361
Femur-Head index 0,000 0373 0331 -0,324 -0,280 -0,356 0,026 0,128 0,054 -0,109 0,071 0,627 0,004 2,786
Choice 0,337 -0,313 -0,103 -0,067 -0,088 -0,140 0,680 0,274 0,096 0,224 -0,386 0,024 0,001 2,733
Elapsed Time 0,221 -0423 -0,164 -0,205 -0,267 -0,051 0,163 -0,188 0,063 -0,440 0,604 -0,070 0,003 2,863
Total Distance 0,429 -0,168 -0,094 -0,144 0,019 -0,371 0,053 -0,306 0,061 0,081 -0,116 0,018 0,707 2,567
Average Speed 0,429 -0,169 -0,095 -0,140 0,018 -0,369 0,057 -0,307 0,077 0,088 -0,104 0,031 -0,707 2,592
Average Acceleration 0,410 -0,094 0,136 0242 0,169 -0,214 -0258 -0254 0,666 0293 0,099 0,042 0,010 2,886
Last Coordinate 0,100 -0,262 0567 0044 -0,123 0,202 0,158 -0,166 -0,303 0,539 0,322 0,066 0,003 2,854
Choice by time 0,068 -0,305 0545 0044 -0,112 0,239 -0,052 -0,157 0,187 -0,498 -0,472 -0,003 -0,004 2,687
Stop Ratio 0,346 -0,247 0234 0028 0212 -0209 -0,072 0721 0244 -0,063 0259 -0,137 0,002 2,776
Turn Ratio 0,33 0,178 -0,172 -0,169 -0,391 0,511 0,139 0,043 0,568 0,186 0,070 0,026 0,009 2,798

Erratic Movement 0,131 -0,379 -0,169 -0,278 -0,427 -0,016 -0,619 0,205 -0,135 0247 -0,216 0,014 -0,004 2,840
Cumulative variance 0325 0571 0,729 0,832 0,906 0,943 0,966 0,982 0,992 0,96 0,999 1,000 1,000 =

Table 1.9: Principal Components Analysis result. Cumulative variances per principal component are shown in the last row and
variable loadings for each principal component are shown in rows below. Note that the cumulative variance reaches 0.7 at
the 3rd principal component. Abs. sum is the sum of the absolute values of the 13 principal components’ loadings for each
variable.
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Nymphs Adults

Gregarious Solitarious Gregarious Solitarious
Chi-squared p-value Chi-squared p-value Chi-squared p-value Chi-squared p-value
Pronotum-Femur index 0.999 0.318 0.000 1.000 1.119 0.290 0.098 0.754
Pronotum-Head index 1.189 0.276 0.121 0.729 0.035 0.852 3.153 0.076
Femur-Head index 1.239 0.266 0.214 0.643 0.413 0.520 1.844 0.175
Elapsed time 0.052 0.820 0.482 0.488 0.527 0.468 0.011 0.917
Total distance 0.025 0.874 0.054 0.817 0.124 0.724 0.098 0.754
Average speed 0.019 0.892 0.054 0.817 0.155 0.694 1.320 0.251
Average Acceleration 0.013 0.910 0.054 0.817 0.035 0.852 0.011 0.917
Stop Ratio 0.785 0.376 0.121 0.729 0.073 0.788 0.273 0.602
Last Coordinate 0.766 0.381 0.165 0.685 0.007 0.934 1.098 0.295
Choice by time 1.859 0.173 0.013 0.908 0.028 0.863 1.844 0.175
Turn Ratio 0.706 0.401 0.086 0.770 0.052 0.820 1.484 0.223
Eratic Movement 1.092 0.296 1.736 0.188 0.527 0.468 0.798 0.372
Choice* 1.201 0.273 0.184 0.668 0.041 0.830 0.024 0.876

Table 1.11: Comparison of 13 morphometric and behavioural variables between male and female solitarious and gregarious S.
gregaria adults and nymphs. The table shows the results of Kruskal-Wallis test with 1 degree of freedom and its p-value. No
significant sex-dependent differences were found for any of these variables.
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Sg_low-red Sg_min Lm_ext_fil cor Lm_no-mor_ fil cor

Intercept (o) -2.448 101 -3.446 10* 1.666 107 -2.210 10°
Pronotum-Femur index — 3.763 10* -3.069 107 —
Pronotum-Head index 1.494 10! — 1.082 107 —
Femur-Head index 2.765 9.527 103 -5.993 10° —
Choice 2.465 4.833 10° -7.541 10* -7.931 10°
Elapsed time - -1.919 102 -2.369 -4.261
Total distance -6.287 1073 -1.222 10! 1.018 10° 1.527 10°
Average speed — 1.407 10° 8.380 107 -1.014 108
Stop ratio -5.307 -1.434 10* 5.054 10° 2.874 108
Last coordinate — -9.450 2.140 10? 3.209 10°
Choice/time — 4.192 10* -2.213 108 -6.448 109
Turn ratio — -9.096 103 2.127 10° 2.655 106
Average acceleration — -9.966 107 -5.358 10° 7.193 10°
Erratic movement — 3.179 1071 -2.600 10! -3.353 10!

Table 1.12: Formulae from the discarded models. The first column shows the vari-
able names whereas the following columns show wether the variable was not
included in the current pointed in as column title (in which case is marked with
three dashes) or wether it was included (in which case the variable’s regres-
sion coefficient value is shown). Sg_low-red = Sg__low-redundancy; Sg_min =
Sg_minimum; Lm_ext_fil cor = Lm_ extended_ filtered sample_corrected;
Lm_no-mor_fil cor = Lm_ non-morphometric_ filtered__sample__corrected.
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Chapter 2: S. gregaria’s central nervous shows an
association between gregarious phase and gene expression

2.1 Introduction

While the search for key molecules for the development of the gregarious
phase is on its way—and the current work pretends to be part of it, another
aspect relating to the molecular basis of the phase change is to establish
the dynamics of gene interactions and ultimately the cascade of molecular
events that accompany the shift from solitarious to gregarious. Obtaining
the large amount of necessary data for inferring such a big picture is now
possible thanks to the available high-troughput technologies (e.g., Schuster
[2007], Metzker [2010], Mardis [2013]). Since locust phase polyphenism occurs
due to changes in gene expression rather than mutations, RNA-seq is one way
to analyze it [Bakkali, 2013]. As by the date of the present work, Illumina
seems the best choice due to its price-quality-quantity. In fact, [llumina-based
RNA-Seq analysis of locust transcriptomes has already been carried out for
L. migratoria [Kang et al., 2004, Chen et al., 2010, Zhang et al., 2012, Wang
et al., 2014b]. Surprisingly, for the main pest locust species, S. gregaria, the
only available transcriptomics work to date [Badisco et al., 2011a] is Sanger-
sequencing based. No doubt, that was a gigantesque work (see the comparative
section of the current manuscript’s results) and, as such, provided a good
wealth of sequencing data. Still, it hardly provided quantitative information
on differential gene expression between phases. One might think that such
information could be inferred from the works on L. migratoria, but phase
change might present species specific differneces. However, apart from a non-
quantitative study [Zhang et al., 2012], there is only one RNAseq report on L.
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migratoria’s CNS [Wang et al., 2014b]. In addition, the molecular aspects of
the phase change seem to show differences between species (see the examples
above). We give such importance to the analysis of gene expression in the
CNS due to its obvious importance for a phenomenon so tightly linked to
perception of the environment and changes in behaviour.

The works carried out on the molecular basis of locusts’ phase change
have no doubt highlighted an extensive list of genes involved in functions
such as neurotransmition, hormone reception, ion channels, neuronal structure
and development and circadian rythm. Here we present the first RNA-Seq
work on the main pest locust. We assemble, annotate and quantitatively
compare the transcriptomes of CNS-enriched libraries from solitarious and
gregarious locusts. After validation, via qPCRs, we compare our data to those
obtained in previous works on locusts in general. We thus not only produce
sequences, both annotated and with no known annotation, but also lists of
genes whose expression is significantly different between phases and, based on
our comparisons, we highlight those that seem important for the phenomenon.
Based on our data and knowledge on both gene functions and the locust phase
change phenomenon, we infer a “big picture” of the association between the
cascade of events that accompany the phase change and the observed changes
in gene expression.

2.2 DMaterial and methods

The locust rearing, RNA isolation, RNA sequencing and RNA assembly
protocols were performed as described in the general methodology section
of this thesis. We downloaded, assembled using CAP3 and its defaults
options, and annotated the sequences obtained by Badisco et al. [2011a]
(Accession numbers: JG662739.1 to JG697409.1). In order to comparatively
assess the efficiency of our transcriptome assembly, local BLAST databases
were separately built using our reference transcriptome and the sequences
assembled from Badisco et al. [2011a]’s ESTs. Reciprocal local BLASTn
searches were then carried out in order to compare the completeness of each of
these sequence sets. A local database was built using the available amino acids
sequences of Acyrthosiphon pisum, Anopheles gambiae, Apis mellifera, Bombyzx
mori, Drosophila melanogaster, Nasonia vitripennis, Pediulus humanus and
Tribolium castaneum. Local BLASTx searches against that amino-acids
database allowed an initial annotation of our reference transcriptome contigs.
BLAST2GO [Conesa et al., 2005, Conesa and Gotz, 2008] was then used
to further BLAST the sequences that gave no BLAST results against the
NCBI nr database. After that, we carried out BLASTn searches against
the NCBI nt database, using BLAST2GO and the sequences that had no
BLAST result or were homologous to prokaryotic, fungi or plant proteins.
Sequences homologous to non-animal proteins or non-arthropodan nucleotides
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were considered as contaminants. 10~% was the E-value cut-off in all BLAST
searches. Similar BLAST searches were carried out to annotate the assembled
sequences from Badisco et al. [2011a]’s ESTs —which are not annotated in
the NCBI database. BLAST2GO was also used for functional annotation
against the KEGG database and establishment of the GO terms and enzymatic
maps. We compared our results on individual genes to those reported in
Kang et al. [2004], Badisco et al. [2011b], Guo et al. [2011] and, as further
tests, we used qPCRs to validate the RNAseq results. 14 genes were chosen
for qPCR testing, eight of them (troponin C, larval cuticle protein 9 and
asparagine synthetase from Kang et al. [2004], heat shock protein 20 and
peptidyl-prolyl cis-trans isomerase from Guo et al. [2011] and RNA helicase,
glia maturation factor and peroxiredoxrin from Badisco et al. [2011b]) were
selected because our RNAseq results on them did not agree with the published
results. The remaining set of six genes were selected from our reference
transcriptome based on the differential expression they showed in our RNAseq
data and their potential relevance, but regardless of their level of expression
or magnitude of the differential expression. These were chemosensory
protein 12, G-protein coupled receptor Mth2-like, tyrosine aminotransferase-
like, phosphoenolpyruvate carboxykinase, yellow-h and Sg_ CNS__NA202—the
latter being a sequence with no known annotation. Primer sequences of these
genes are detailed in table 2 from the general methodology section of this
thesis. qPCRs were carried out both on the same RNA samples as well as on
samples from other locusts that also were at different developmental stages
(four gregarious and four solitarious 4th instar S. gregaria nymphs). The
primers of the sequences troponin C and RNA helicase from our transcriptome
didn’t work. We used the actin and tubulin sequences from Van Hiel et al.
[2009] as reference for calculating relative quantities in the qPCR experiment.
c¢DNA preparation and qPCR testing were as described in Cabrero et al. [2013].
This way, our RNAseq data were compared to the literature and tested using
qPCR on the same and on different materials.

Literature-check of the data on the function of the differentially expressed
genes allowed us to classify them and interpret their reason of being over-
expressed in the gregarious locusts. Merging all the interpretation results
allowed us to suggest a big picture on the cascade of events that accompany
gregariousness and their interrelations with the differentially expressed genes.
We also compared our results to those reported on differences in gene
expression between locust phases in six peer-reviewed scientific articles [Kang
et al., 2004, Chen et al., 2010, Badisco et al., 2011a,b, Guo et al., 2011, Wang
et al., 2014b]. We thus gathered a list of genes that we grouped based on the
consistency of their differential expression between works.
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Figure 2.19: Distribution of the mean sequencing quality values along the 101
positions of the Illumina Hiseq2000 Paired End forward (a and c¢) and reverse
(b and d) sequencing reads of the CNS-enriched tissue from solitarious (a and
b) and gregarious (c and d) S. gregaria locusts. The positions of the sequencing
reads are in the x-axis and the y-axis shows the quality values. The Q30 value
is defined as less than 1 in 1,000 probability of error.

2.3 Results

2.3.1 The sequencing

From table 2.13 we can see how the sequencing library of the CNS-enriched
tissues from solitarious locusts (henceforth solitarious library) yielded around
25% more sequencing reads than those obtained for the library of the CNS-
enriched tissues from the gregarious locusts (henceforth gregarious library).
It is to note that both libraries showed similar GC contents and that about
90% of their nucleotides do satisfy the Q30 quality threshold. Furthermore,
the positional distribution of the nucleotide quality scores looks homogeneous
along the 101 positions of the sequencing reads (figure 2.19), especially the first
75 positions. In accordance with these good sequencing results, the percentage
of unidentified nucleotides (N) was less than 0.005%.
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Library Total bases  Total reads %GC  %Q30 %N
Solitarious  9,621,251,112 95,259,912 42.98 89.52 < 0.005
Gregarious 7,701,076,684 76,248,284 41.92 90.06 < 0.005

Table 2.13: Depth and quality of the Illumina Hiseq 2000 Paired Ends sequencing
results obtained for our CNS-enriched sequencing libraries from solitarious and
gregarious S. gregaria locusts.

2.3.2 The assembly and annotation

After assembly, we prudentially considered all the contigs that were shorter
than 75 bp and/or were assembled from less than 4 sequencing reads as
potential sequencing or assembly artifacts. Their removal, as first filter, left
117,309 contigs (table 2.14). Around 51% of these had significant BLAST
hits to protein sequences in our local insect protein database, around 5%
had significant BLAST hits to sequences in the NCBI nr database, around
9% to sequences of the NCBI nt database, and around 30% corresponded to
contigs that had no significant BLAST hit to any sequence in any of these
databases. The remaining 5% of the assembled contigs were prudentially
considered as potential contaminants as they corresponded to sequences that
had significant BLAST hits to sequences of either non-animal proteins (168
contigs) or non-arthropodan nucleotides (6,049 contigs). The 76,396 contigs
of our assembly that had significant and acceptable BLAST hit to sequences
in any of the three databases used here corresponded to a total of 17,620
unigenes. The remaining 34,696 contigs had no significant BLAST hit to
sequences in any of the databases used. The assembled-, size-, coverage- and
BLAST-filtered contigs that we retained as reference CNS transcriptome for
our work on S. gregaria CNS comparative transcriptomics can be found in
the supplementary file Sg_ CNS__NGS.fasta. Of the Acyrthosiphon pisum,
Anopheles gambiae, Apis mellifera, Bombyz mori, Drosophila melanogaster,
Nasonia vitripennis, Pediculus humanus and Tribolium castaneum proteins
that formed our local insect BLAST protein database, the contigs of the
reference S. gregaria CNS transcriptome showed higher similarity to the beetle
Tribolium castaneum proteins (figure 2.20A). The remaining contigs that had
acceptable BLAST results against the NCBI nr database highlighted similarity
to the ant Harpegnathos saltator (figure 2.20B) and, naturally, the sequences
of the locusts S. gregaria (2,215) and L. migratoria (590) were notorious
among the results of the BLAST searches against the NCBI nt database.
As figure 2.21A, B and more extensively table S4 show, categorization of
the annotated contigs by GO process showed that we covered a deep portion
of the processes (1,043 processes distributed among 16 GO levels), with the
usual predominance of ribosome biogenesis, homeostatic, synthesis, metabolic
(including nucleotide, DNA, RNA and protein synthesis and modification),
energy, structure-related, cell differentiation and cell organization processes.
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Local database NCEBI nr NCBI nt No BLAST Total (with

of Insect proteins result BLAST result)
Contigs Unigens Contigs Unigens Contigs Unigens N/A Contigs  Unigens
59,513 14,700 6,243 1,794 10,313 1,126 34,696 76,396 17,620

Table 2.14: Number of contigs and unigens that had significant BLAST hits to
sequences in the three databases used in the current work.

Relevant to this work, however, we had a notorious presence of processes
related to:

e biological regulation (877 sequences at level 2, including 526 sequences
for gene expression at level 5)

e signaling and cell communication (777 sequences at levels 2 and 4,
including 749 sequences for signal transduction at level 5, 14 of them
classified as belonging to the G-protein coupled receptor signaling
pathway at level 7)

e response to stress (218 sequences at level 3)

e response to stimuli (943 sequences at level 2, including response to
cellular, biotic, aboitic, endogenous and external stimuli at higher GO
levels)

e 99 vesicle-mediated transport sequences at level 5
e 372 trans-membrane transport sequences at level 6, and

e 36 neurological system process sequences at level.

2.3.3 Comparative analysis

To test the quality and depth of our NGS sequencing and assembly, we
compared our results to the S. gregaria 34,672 Sanger sequenced ESTs
obtained by Badisco et al. [2011a] from S. gregaria CNS (accession numbers
JG662739.1-JG697409.1).  Our assembly of these raw ESTs gave 13,079
sequences of between 200 and 4,954 bases corresponding to 4,714 contigs
and 8,365 singlets (a conservative assembly result but similar to the 4,785
unigenes and 7,924 singlets reported in Badisco et al. [201la]). Both
assemblies of our NGS-obtained reference transcriptome (see supplementary
file Sg CNS_NGS.fasta) and the sequences we assembled from the ESTs
by Badisco et al. [2011a] (see supplementary file Sg_ CNS_EST.fasta) show
similar GC content (39.53% and 40.31% respectively). With N50 values
of 1,296 vs. 827, our assembly of the NGS transcriptome (75 and 35,064
as minimum and maximum contig sizes, respectively) seems to have given
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Figure 2.20: Distribution of the species against which the sequences of pooled non-
redundant reference transcriptome of the solitarious and gregarious S. gregaria
CNS-enriched tissues gave a significant top BLASTx result when annotated
using our local insect proteins database (a) then using the NCBI nr database

(b).

results at least as good in contig size as the Sanger-based sequences—with the
differences in homogeneity of the sequence lengths that one would expect from
the differences between the raw results of the two sequencing technologies in
question.
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Figure 2.21: Distribution of the number of sequences in each of the GO terms
in the functionally annotated part of the reference transcriptome of the
CNS-enriched tissues of the gregarious (a) and solitarious (b) S. gregaria
adults (see also table 2.16 and supplementary table S4). Online link in

https://drive.google.com/open?id=0B5K51Iajv0_jX180WXAzc1JINaDg.

7,977 of the assembled Sanger ESTs from Badisco et al. [2011a] had
significant BLAST results, while 5,102 had no significant hit neither to
sequences of the NCBI nr nor to sequences of the NCBI nt databases (see
supplementary file Sg_ CNS__EST.fasta and table S5). 29,666 contigs of the
NGS assembled transcriptome (see supplementary file Sg_ CNS_NGS.fasta)
matched 7,719 sequences assembled from the Sanger-obtained ESTs from
Badisco et al. [2011a], 5,780 of which had significant BLAST hits while
the remaining 1,939 had not (table S6). As a whole, 23,497 of the 29,666
NGS assembled contigs that matched assembled Sanger ESTs had significant
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BLAST hits to sequences either in the NCBI nr or in the NCBI nt databases
while the remaining 6,169 contigs had no significant BLAST hit (table S7).
The remaining 81,098 contigs of our NGS assembled transcriptome were not
present in the assembled Sanger ESTs from Badisco et al. [2011a]. 52,572
of these had significant BLAST hits to 13,057 unigenes either in the NCBI
nr or in the NCBI nt databases while the remaining 28,526 contigs had no
acceptable BLAST hit to sequences of any of those two databases (table S8).
Of the 5,360 assembled Sanger ESTs from Badisco et al. [2011a] that our
NGS sequencing project missed, about half (2,556) had significant BLAST
hits to sequences either in the NCBI nr or in the NCBI nt databases and
the remaining 2,804 had no BLAST hit (table S9). Among the 51,448 entries
(unigenes and non-annotated contigs) that have at least 4 reads in our NGS-
based reference transcriptome of the S. gregaria CNS, some 48% (24,770) were
significantly over-expressed in one locust phase or the other. About 10% of
these (2,537) were significantly over-expressed in the solitarious sample (table
S10) while about 90% (22,233) of the unigenes and non-annotated contigs
were significantly over-expressed in the gregarious sample (table S11)—the
remaining 26,678 entries had no significant differences in expression level
between solitarious and gregarious locusts (table S12).

As a first overall assessment of these results, we looked for genes from our
NGS assembled transcriptome that were specifically tested or mentioned in
the literature as significantly over-expressed either in solitarious or gregarious
locusts, we used either qPCR, microarrays, or NGS-based works that were
published up to the year 2014 both on S. gregaria or L. migratoria. Of the 86
genes analyzed, 28 had significant over-expression in the opposite phase in our
results compared to the literature, 22 had no significant differential expression
in our data, compared to the significant difference reported elsewhere (9 of
them showing over-expression in the same phase and 13 in the opposite one),
and 36 genes were confirmed by our results as significantly over-expressed
either in the solitarious (4 genes) or gregarious (32 genes) phase. Our data
therefore support the published results in 42% of the cases, could not do
so in 26% of the cases and oppose them in 32% of the cases (being 56% of
the cases in agreement with the data reported in the examined literature,
if we do not consider the significance of the over-expression) (table S13).
Interestingly, our data show a similar agreement rate with the data published
on L. migratoria (29 agreements vs. 22 opposed, 56 % agreement) and the data
published on S. gregaria (7 agreements vs. 6 opposed, 53 % agreement). As
table S13 shows we have noticeably higher agreement with Chen et al. [2010],
who used Illumina-based RNAseq technology for detecting differences in gene
expression between solitarious and gregarious whole L. migratoria nymph and
adult bodies. Unfortunately the lack of overlap between the genes highlighted
in the different works impeded us from cross-testing the agreement between
these works (details in table 2.17). The genes whose significantly different
expression levels between solitarious and gregarious locusts we confirm here
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are in table 2.17. A further test of our results consisted on qPCR testing of
14 genes. Six of them were chosen from our reference transcriptome based
on their potential (they had to have significant differential expression but
did not have necessarily to be among the most differentially expressed—we
avoided genes with the highest differences). The remaining eight genes were
chosen among those genes whose published data are either unsupported or
contradicted by our RNAseq data, and for which working qPCR primers were
available. We first used the same mRNA samples that we previously used for
the RNAseq. The primers for two genes, troponin C and RNA helicase (see
table 2.15), did not work. As figure 2.22 and table 2.15 show, the tendencies
of the qPCR results were in agreement with those of our RNAseq results
in 11 out of the 12 cases (the peroziredozin case being the only exception,
while HSP20 shows clearly lower expression differences by qPCR than by
RNAseq). As additional test we also used RNAs from animals that were
different from the ones that we used for RNAseq (nymphs this time). In
this case the qPCRs of eight of the 12 tested genes showed over-expression in
the same phase as revealed by the RNAseq data (figure 2.22 and table 2.15)
and the remaining four genes (peroziredoxin, G-protein coupled receptor Mth2-
like, tyrosine aminotransferase-like and peptidyl-prolyl cis-trans isomerase)
showed opposing direction of over-expression between these qPCRs and the
RNAseq. The qPCRs on the sequenced cDNA show that the results for five
out of the six genes that we chose from the literature were, as it can be
seen in figure 2.22, were in agreement with our RNAseq data and not with
the expression differences reported elsewhere. Only one of these five genes
shows opposite result to our RNAseq data when the qPCRs were carried
out on other cDNAs. Overall, eight of the 12 tested genes showed consistent
direction of over-expression both in our RNAseq data as well as in our two sets
of qPCR data on the same cDNAs and on ¢cDNAs from other locusts. These
were: chemosensory protein 12, yellow-h, larval cuticle protein 9, asparagine
synthetase, heat shock protein 20, phosphoenolpyruvate carboxykinase, glia
maturation factor and Sg_ CNS__NA202. Table 2.17 lists the genes that we
so far confirm are associated with the locusts phase change. It is interesting
to note that the in silico gene expression results were concordant between the
solitarious and gregarious libraries and show similar sets of most expressed
genes in each of these libraries. In numbers, near 90% (4,618) of the 10%
most expressed genes in each of the two libraries (5,145) were the same. The
remaining 10% (527 genes) of the 10% most expressed genes in each library
are either absent from or do not belong to the 10% most expressed genes in
the other library (table S15). Even more, as a whole, the expression levels
of these 90% shared genes among the 10% most expressed genes in both the
solitarious and the gregarious libraries were statistically similar (t = 1.882, p
= 0.06). However, when it comes to the least expressed genes, only less than
7% (349) of the 10% least expressed genes (5145) were shared between both
libraries (table S15). Even more, the expression levels of these 349 shared

96



2.3. RESULTS

Conting in our assembly BLAST Description Accession Reported in ID in gPCR

88095 chemosensory protein 12 ABHS88185 Our work CSP12
PREDICTED: G-protein

102208 wonalledl sceation DRI XP_ 003250433 Our work Mth2

47160 tyrosine aminotransferase-like XP_001603572 Our work TAT

34202 el NP_ 725802 Our work PEPCK
carboxykinase, isoform B

49891 yellow-h ABB81847 Our work Yellow H

Sg CNS_NA4Plus202  — — Our work NA202
lep9_ drome ame: full=larval

29324 cuticle protein 9 ame: full=larval P82384 Kang et al. [2004] LCP9
cuticle protein ix flags: precursor

85647 asparagine synthetase, putative EEB18196 Kang et al. [2004] ASNS
locusta migratoria heat shock

Sg CNS__NA4Plus277 protein 20.6 mRNA, DQ355964 Guo et al. [2011] HSP20
complete cds

33921 peptidyl-prolyl cis-trans XP_001602615  Guo et al. [2011] PPI
isomerase-like

103230 glia maturation factor EEB15105 Badisco et al. [2011b] GMF

81383 PREDICTED: similar to XP_968419  Badisco et al. [2011b]  Peroxiredoxin

peroxiredoxin
PREDICTED: Nasonia
vitripennis troponin C
(TpnC), mRNA Nasonia
vitripennis troponin ¢ mrna
PREDICTED: ATP-
86113 dependent RNA XP_ 001604593 Guo et al. [2011] RNA helicase*
helicase p62-like

Sg CNS_NA4Plus4221 XM_ 003424121 Kang et al. [2004] Troponin C*

Table 2.15: List of genes from S. gregaria CNS transcriptome for gPCR validation.
Primers from genes marked with an asterisk did not work.

genes among the 10% least expressed genes in each library were significantly
different (t = 8.971, p < 0.0001). Even when we consider only those sequences
that have at least 10 reads in one or other library (40,573 cases), the number
of shared genes among the least expressed 10% (4,057) of the total was barely
above 15% (618) and the expression levels of these genes were significantly
different between libraries too (t = -8.184, p < 0.0001). Accordingly, figure
2.23 shows how the correspondence between the rankings of the genes based
on their expression levels in each library weakens as the expression level goes
down.

When looking at the distribution of the GO processes where the differ-
entially expressed sequences fall, figure 2.21 shows how the set of annotated
contigs that were over-expressed in the solitarious sample is dominated by
translation, catabolism and metabolic processes. Whereas, in addition to
these processes, the set of annotated contigs which expression was signifi-
cantly higher in the gregarious sample shows a notorious presence of processes
relating to protein modification, ion transport, energy as well as behaviour
and the response to the different stimuli and to stress (a full list of genes
and their relative expression values is in table S10 and S11). A further anal-
ysis shows how 26 of the 114 GO terms have significantly different number
of sequences in the set of sequences over-expressed either in the solitarious
or in the gregarious locusts. Of these 26 GO terms, 14 were significantly
over-represented in the set of genes that were significantly over-expressed in
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Figure 2.22: Direction and magnitude of the differential expression for the 12 genes
tested by RNAseq (black bars), qPCRs on the cDNA used for RNAseq (grey
bars) and gPCRs on cDNAs from other S. gregaria locusts of different nature
(heads only) and developmental stage (nymphs). The y-axis shows the tested
genes (LCPY: larval cuticular protein 9, HSP20: heat shock protein 20, ASNS:
asparagine synthase, GMF': glia maturation factor, PPI: cis-trans peptidyl-
prolyl isomerase, Mth2: methuselah 2-like, PEPCK: phosphoenolpyruvate
carboxykinase, TAT: tyrosine aminotransferase-like, NA202: a transcript
with no known annotation, CSP12: Chemosensory protein 12). The x-
axis shows the 2-based logarithm of the ratio between the expression level
in gregarious and the expression level in solitarious (positive values thus
reflect over-expression in the gregarious cDNA and negative values are due
to over-expression in the solitarious one). Primers are described in the general
methodology section (table 2)

the solitarious locusts. They mainly corresponded to growth, metabolism and
biosynthesis processes (table 2.16). From their part, the remaining 12 GO
terms that were significantly over-represented in the set of genes that were
significantly over-expressed in the gregarious locusts corresponded mainly to
molecule modification, response to stimuli and cell communication and sig-

98



2.3. RESULTS

naling (table 2.16). The shared genes among the 10% most expressed genes
in each library corresponded mainly to ribosome biogenesis processes (fig-
ure 2.24A). Whereas, the small set of genes that belong to the set of the
10% most expressed genes in each library but were not shared to both li-
braries, showed noticeable presence of transmembrane transport, translation
and carbohydrate metabolic processes in the gregarious phase (figure 2.24C)
and ribosome biogenesis and cellular aminoacid metabolic processes in the
solitarious library (figure 2.24E). On the other hand, the small set of shared
genes among the 10% least expressed genes in each library that had at least
10 reads in one or other library, showed noticeable presence of biosynthetic
processes (figure 2.24B). The ones that, being among the 10% least expressed
genes in each library, that had at least 10 reads in a library and are absent
from the other library included noticeable presence of proteolysis, cell differen-
tiation cell adhesion and signal transduction in the gregarious sample (figure
2.24D) and transmembrane transport, translation and nucleobase-containing
compound catabolic processes in the solitarious sample (figure 2.24F). High-
lighting all the differentially expressed genes is not possible given the so many
genes that seem differentially expressed as by a 5% statistical significance
cutoff. Furthermore, the comparatively reduced set of sequences with signif-
icant over-expression in the solitarious phase contained sequences with little
information, as inferred from their annotations. Accordingly, in addition to
the sequences with no known annotation, among the sequences over-expressed
in the solitarious phase we can highlight the several protease genes as well
as those encoding for vitellogenin, vitellogenin receptor, yellow-y, yellow-12,
hexamerin, and hemocyanin. As to the set of sequences that show the most
pronounced significant increase of expression in the gregarious sample, and
in addition to the sequences that have no known annotation, the huge and
complex amount of annotated sequences means that the general picture is
rather complex. To have a glimpse of it, we opted for a meticulous search for
the functions and implications reported in the literature for each of the thou-
sands of annotated genes that are significantly over-expressed in the gregarious
phase. We then selected a resumed sample of relevant genes for highlighting
based on a classification by functional implication. Table S17 thus classifies
some of the most significant genes among the ones significantly over-expressed
in the gregarious phase into functional categories (each sheet of the file) and
subcategories (different columns in each sheet), and, when necessary, clarifies
the reason why we consider such gene important for the phenomenon that we
are studying here.

Based on that, we can see how among the annotated genes that are
significantly over-expressed in the gregarious phase we had:

I. Genes whose differential expression is very likely proper to other tissues
and not to the CNS tissue per se, these include:

a. Gene related to muscle, such as those encoding for different troponins,
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GO level GO tag GO term Total counts Gregarious Solitarious Log(FC) P-value
Biological process
Gregarious

2 GO:0050896  response to stimulus 943 581 9 1,462 0,002

6 GO:0006464  Cllular protein 560 373 4 1,993 0,004
modification process

5 CO:0036211  Protein modification 560 373 4 1,993 0,004
process

5 GO:0043419  Mmacromolecule 573 373 4 1,993 0,004
modification

4 GO:0007154  cell communication T 477 7 1,540 0,004

2 GO0:0023052  signaling T 464 7 1,501 0,006

3 GO:0044700  SInele organism 77 464 7 1,501 0,006
signaling

2 G0O:0065007  biological regulation 877 774 17 0,959 0,007

5 GO:0007165  signal transduction 749 455 7 1,472 0,007

4 GO:0050794  eglation of cellular 808 455 7 1472 0,007
process

3 CO:0051716  ellular response 787 455 7 1472 0,007
to stimulus

3 GO:005078y  Megulation of 812 762 17 0,936 0,008
biological process

Solitarious

3l GO:0016049  cell growth 51 5 4 -4,228 0,000

[§ GO:0006412  translation 392 204 24 -1,463 0,000

5 GO:0000059  Mmacromolecule 473 204 2 1,463 0,000
biosynthetic process

5 CO:0034645  Ccllular macromolecule 473 204 2 21,463 0,000
biosynthetic process

4 GO0042a9 Collular biosynthetic 523 204 24 1463 0,000
process

4 CO:1901576  Creanic substance 525 204 2 21,463 0,000
biosynthetic process

5 GO:0010467  gene expression 526 210 24 -1,421 0,000

3 GO:0009058  biosynthetic process 1287 596 49 -0,946 0,000

2 GO:0008152 metabolic process 3216 2143 116 -0,343 0,012

2 GO:0040007  growth 51 22 4 -2,091 0,016

4 GO:0006091  Beneration of precursor 226 93 9 21,181 0,030
metabolites and energy

4 GO0:0019538  protein metabolic process 1071 801 47 -0,459 0,039

4 QO:0043170  Mmacromolecule 1470 986 56 0412 0,042

metabolic process

Table 2.16: GO terms over-represented in gregarious and solitarious phase CNS.
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Gregarious Log(FPKM)

T T T T T T T d
0 1 2 3 4 of 6 7 8

Solitarious Log(FPKM)

Figure 2.23: Correlation of the rankings by expression of each sequence in the
solitarious and gregarious transcriptomes of the CNS-enriched S. gregaria
tissues. The rankings were calculated as the positions of the sequence in each
library after sorting the sequences by expression level in each library (the least
expressed being first and the most expressed last). The two rankings of each
sequence (one for each library) were log-transformed for better representation
in the figure. The narrower is the cloud of dots around the 45 degree axis
the more similar are the rankings of each of a set of sequences are in the two
libraries.

tropomyosin, myophilin, myosins, zintin, twitching, wings-up, zeelin
and colmedin—the latter being involved in maintaining a structural
microenvironment that allows efficient neuromuscular signaling at the
synapses.

b. Genes related to the cuticle, such as those coding for different cuticle
proteins, chitinase and laccase—the latter being involved in cuticle
tanning.

c. Genes related to the haemolymph, such as the one coding for
hemolymph lipopolysaccharide-binding protein.

d. Genes related to the Malpighi tubes, such as the one coding for
inverted formin.
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e.

Genes related to the fatty tissue, such as those coding for acyl-CoA ox-
idase, sterol carrier protein x, lipases, apolipoproteins, apolipophorins
and adipokinetic hormone—the latter being reported as associated
with gregariousness [Ayali and Pener, 1992].

II. Genes related to general and metabolic processes of active cells including
neural ones:

a.

Genes related to sugar metabolism, including glucose transporters,
glucolysis (such as triosephosphate isomerase and enolase), gluconeo-
genesis (phosphoenolpyruvate carboxykinase and serine dehydratase),
glucose homeostasis (GSK-3-binding protein) and metabolism (such
as D-arabinose 1-dehydrogenase).

Genes related to mitochondrial function, such as mitochondrial ribo-
somal proteins, NADH dehydrogenase, Thioredoxin-dependent perox-
idase, cytochrome c oxidase, succinyl-coa synthetase, peroxiredoxin-6,
lipoyltransferase 1 and adenine nucleotide translocase.

Genes related to different metabolic processes, such as ATP synthase
and adenylate cyclase (general), and to lipid (e.g., very long-chain-
fatty-acid—CoA ligase bubblegum and serine palmitoyltransferase),
sugar (e.g., N-acetylglucosamine-6-phosphate deacetylase), transport
(e.g., aquaporin, Abc transporter), CNS-related processes (e.g.,
glutamate synthase and acetylcholinesterase).

Genes related to detoxification, including a large list of cytochrom
P450 isoforms as well as other genes implicated in detoxification
processes such as: carboxylesterase-6, glutathione s-transferase M2,
multidrug resistance-associated protein 4 and microsomal glutathione
S-transferase-like.

Genes related to cell death, including autophagy proteins as well as
genes such as croquemort, apoptosis-inducing factor 3, caspase-8, Bax
inhibitor-1 and alsin—the last two being involved in protection against
ER stress-induced apoptosis and in motor neuron degeneration,
respectively [Otomo et al., 2003, Bultynck et al., 2012].

Genes related to defense and immunity, including different pacifastins,
serine protease inhibitors, toll-related and melanization-related pro-
teins, proteins related to pathogen recognition (e.g., peptidoglycan
recognition protein) and genes that link the immune response to other
processes such as endotoxin tolerance, response to stress, cytokins and
free radicals (e.g., immune responsive gene 1 (IRG1) and nuclear fac-
tor related to kappa-B-binding protein).

Genes related to other processes known to be affected by the change
of phase, such as those related to genome instability (including
recombination and transposition).
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III. Genes related to processes at the interface between the environment and
the intra-cellular molecular responses, such as those involved in:

a. Sensorial functions, such as Odorant binding and chemosensory pro-
teins, proteins related to mechanosensation (e.g., no-mechanoreceptor
potential A, hemicentin, serine proteinase stubble and groucho) and
genes related to the visual system (e.g., class A rhodopsin-like G-
protein coupled receptor GPRnnal4, opsin blue sensitive, eye-specific
protein kinase C, unc119 and rhodopsin-specific isozyme).

b. Signaling functions, such as G-protein coupled receptor Mth2, ger-
anylgeranyl transferase, GTPase-Activating Proteins, G protein and
G-protein signaling modulator.

c. Hormone-related functions, such as the prothoracicostatic peptide,
juvenile hormone-inducible protein and steroid receptor seven-up.

d. Response to stress, such as heat shock proteins 60, 70 and 75,
apolipoprotein D and Methuselah.

IV. Genes that are more directly related to the neural cells and their
functioning including:

a. Genes which alteration relates to neural-related conditions in humans,
such as Down syndrome cell adhesion molecule-like protein CG42256-
like, AMME syndrome candidate gene 1 protein, fragile X mental
retardation syndrome-related protein 1 and huntingtin-interacting
protein 1.

b. Genes related to ventralization and neural development and/or main-
tenance, such as hunchback, dorsal, enhancer of split, spaetzle, vrille,
saxophone protein, survival motor neuron protein, spindle F and short
gastrulation SOG.

c. Genes related to neuronal function, such as synaptic vesicular amine
transporter, nicotinic acetylcholine receptor, sodium-potassium-chloride
cotransporter, scribble and roadblock.

d. Genes related to the regulation of the neuronal function, such as
macoilin-1, septin 4, nose resistant to fluoxetine and neuropeptide
receptor A27,

e. Genes related to neuronal plasticity, such as slit, fasciclins 1, 2 and 3,
small bristles, longitudinal lacking, semaphorin, as well as microtubule
and actin proteins.

V. Genes directly related to behaviour, including ebony, yellow, fruitless,
genes of the circadian rhythm (e.g., timeless, period and pigment
dispersing factor), and genes related to memory, activity and social
behaviour (e.g., visgun, protein takeout, HERC2 and major royal jelly
protein).
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VI. A large list of genes related to all the steps of gene expression including
genes involved in nucleotide synthesis, tRNA synthesis, transcription,
cytoplasm-nucleus traffic, RNA editing, aminoacids synthesis, ribosome
synthesis, translation, protein editing and vesicle traffic.

To establish the potential link between all these genes that we found
significantly over-expressed in the gregarious locusts and between them and
what we already know about the biology of gregariousness in general, we
drew figure 2.25. In that figure we interpret why and how a subset of genes is
associated with gregariousness and we offer an integrative view on the cascade
of events that lead to the gregarious phase and how these events affect or are
affected by the genes that belong to different biological processes and functions
whose levels of transcription we found significantly altered in the library of
CNS-enriched tissues from gregarious S. gregaria adults. As to the sequences
that have no known annotation, all what we can say is that at least some
of them must be genuine (due to the large amount of sequencing reads that
align to them) and that some must be very significantly linked either to the
solitarious or to the gregarious phase. To cite just one example for each phase,
a sequence of 608 bases aligned to 133 reads in the solitarious library and to
14,079 reads in the gregarious library. Furthermore, our qPCRs confirmed
its presence and differential expression. From the other side, a sequence
of 1,849 bases, with no known annotation, aligned to 175,987 and 3,181
reads in the solitarious and gregarious libraries, respectively. In total, of the
34,696 sequences with no known annotation that assembled in our reference
transcriptome, 2,059 were significantly over-expressed in the solitarious phase
(380 of them have over 10 reads and are absent from the gregarious library,
1,380 had over 10 reads and over 1 fold increase of expression in that phase,
and the remaining 299 have either less than 10 reads in the solitarious phase
or show less than 1 fold increase of expression in that phase). From the
gregarious side, 11,061 of the 34,696 sequences with no known annotation
were significantly over-expressed in that phase (only 28 of them have over 10
reads and are absent from the solitarious library, 5,940 have over 10 reads in
the gregarious library and over 1 fold increase of expression in that phase, and
the remaining 5,093 have either less than 10 reads in the gregarious phase or
less than 1 fold increase of expression in the same phase).

2.4 Discussion

In the present work we quantitatively determine, for the first time, the global
changes in gene expression levels that differentiate between solitarious and
gregarious S. gregaria locusts. For that, both the use of adequate material
and its adequate handling are crucial. To reach our objective it was suitable
to use individuals of both extremes of such polyphenism (i.e., fully solitarious
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Figure 2.24: Distribution of the number of sequences in each of the GO
terms in the functionally annotated part of the several fractions of the
reference transcriptome of the CNS-enriched tissues (sequencing libraries)
of the gregarious and solitarious S. gregaria adults. A: Fraction of the
transcriptome containing the shared part of the 10% most expressed genes
in each library, B: Fraction of the transcriptome containing the shared
part of the 10% least expressed genes in each library, C: Fraction of the
transcriptome containing the part of genes present only in the 10% most
expressed genes in the gregarious library, D: Fraction of the transcriptome
containing the part genes present only in the 10% least expressed genes in
the gregarious library, E: Fraction of the transcriptome containing the part
of genes present only in the 10% most expressed genes in the solitarious
library, F: Fraction of the transcriptome containing the part genes present
only in the 10% least expressed genes in the solitarious library. Online link in
https://drive.google.com/open?id=0B5K51Iajv0_jQ2Rke jdOR1NUbXc.
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and fully gregarious). So were the locusts that we used here, as they comply
with the following criteria: (i) the solitarious locusts were reared in individual
cages in complete mechanical, visual and olfactive isolation from other locusts,
and the gregarious locusts were reared in crowded conditions. (ii) The
solitarious and gregarious locusts were kept separated, at their respective
rearing conditions, for three generations in order to erase any homogenizing
maternal effect. (iii) The solitarious and gregarious locusts used showed
the typical overall differences including nymph color differences (see figure
3 in the Introduction from this thesis), adult size and activity differences—as
evidenced by the multivariate logistic regression modeling results in Chapter
1. Furthermore, since we are not interested in the inter-population differences
in the genetic control of the locust polyphenism, both our fully solitarious
and fully gregarious colonies came from the same locust stock. Neither are we
interested in the inter-individual (intra-population) differences in the genetic
control of the locust polyphenism and, for that reason, we used a pool of five
individuals for each locust phase. There should be sex-dependent differences in
the genetic control of the locust polyphenism [Wybrandt and Andersen, 2001,
Rahman et al., 2008, De Loof et al., 2010], which are not the subject of the
current work, for that the pooled sample contained 3 males and 2 females (the
size of adult females are about double that of the adult males—see Chapter
1). Using nymphs implies having to make sure that all the animals are of
the same developmental stage and deciding whether to use one of the six
solitarious instars or five gregarious instars stages or a carefully proportioned
pool of shared instars. To avoid uncertainties from such possible comparisons
we used sexually mature adults (i.e., no developmental differences between
samples). With these precautions taken, the differences that we should detect
would be mainly due to general differences between solitarious and gregarious
locusts.

However, the results might still be altered due to inadequate handling
of the material. Solitarious locusts should, especially, be handled with the
utmost gentleness and speed in order to minimize stressing them. Of course the
gregarious animals should be treated the same exact way as their solitarious
counterparts. The anesthesia method is relevant here, so we opted for cold
anesthesiation in order to avoid the effect on the CNS of synthetic chemical
volatiles. Even more, when it comes to the tissue itself, we opted for quick
slashing of the central part of the ventral side and the head of each anesthetized
locust followed by immediate immersion in liquid nitrogen in order to avoid
altering the tissues and the gene expression of their cells by direct and lengthy
mechanical handling and extraction of the CNS ganglia and their immersion in
buffered solutions—as it was the standard way in previous works. We therefore
recon that we used calculated procedures to get one of the most unaltered
materials from appropriately proportioned samples of the right locusts. We
also performed a standard RNA extraction in ten replicates for each sample
(to minimize errors from the RNA extraction step) before pooling the resulting
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RNAs for sequencing at a high-depth at one of the world-leading sequencing
companies (at Macrogen Inc. Korea). The results should therefore represent
the reality. Accordingly, the over 75 million Illumina Hiseq2000 Paired End
100-base reads that we obtained for each library not only showed good quality
indicators (about 90% of their nucleotides have less than 10~3 probability of
being erroneous and a fraction of them lesser than 5 10~° being undetermined),
but also contained similar G+C content in the solitarious and gregarious
libraries—implying little contamination too (the 1% difference in the G+C
content between the solitarious and gregarious libraries could be expected
from libraries of the same species that contain different proportions of the
different transcripts). Wang et al. [2011] estimated that 30 million 75-base
sequencing reads (2.25 10° bases) are enough for detecting all the annotated
genes in a transcriptome. It is thus worth highlighting that our sequencing
produced over 3 times that number of bases for each transcriptome (over 7
times in total). Thus, the sequencing step also went well both in terms of
coverage, quality and lack of evidence of differential contaminants between
libraries. Another issue, this time relating to the handling of the RNAseq
reads, is how to assemble the reads into contigs. We chose ABySS and
its complementing software TransABySS as they are both well established
[Birol et al., 2009, Simpson et al., 2009, Martin and Wang, 2011] and require
affordable computer processing and memory power. As to the k-mer lengths,
instead of arbitrarily choosing one or using the median length of the assembled
sequences as a less subjective criterion, we opted for a complete multi-K-mer
strategy. We thus assembled, merged and filtered the 33 assemblies of the
odd number k-mers from the lax 19 to the very strict 95 bases. Being this a
transcriptome assembly, we used only odd numbered k-mers in order to avoid
reverse complement matches and the possibility of inverting a de Bruijn graph
in case of palindromic k-mers [Zerbino and Birney, 2008, Miller et al., 2010].
As to the k-mer-range itself it had as a maximum the largest odd number k-mer
that a 64-bit-based computer processor can handle (95) and the smallest odd
number k-mer that would not produce excessive mis-assembly (the probability
of having a particular sequence of 19 bases in a set of equi-base sequences is
of 3.638 10™!2 so, given one particular 19 base sequence, the probability of it
happening again by chance in the set of 8.2 10° sliding 19-base windows and
their reverse complements from a 100 million reads library is of less than 6%).

Illumina sequencing reads typically start losing quality by the 75% of their
length [Dohm et al., 2008], so any contig that is shorter than 75 bases is most
likely produced by less than one full length read. We therefore eliminated
those contigs from the assembly. As to the remaining contigs, they were
kept if they had significant BLAST hits (E-value 107°) in the NCBI nr or nt
databases or were produced by the assembly of at least 4 sequencing reads
(i.e., they come from at least 2 sequenced molecules). In terms of sizes, the
N50 indicator of our transcriptome assembly was even higher than that of
the Sanger-sequenced transcriptome in Badisco et al. [2011a] even thought we
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included in our reference transcriptome sequences as short as 75 bases long
(which lower the N50 and increase the deviation from the mean).

We could confirm the expression of most of the sequences contained in
Badisco et al. [2011a)’s Sanger-sequenced transcriptome and we provide a
good wealth of additional sequences. Furthermore, the fact that only few
sequences of our transcriptome had significant BLAST results against non-
animal proteins or non-arthropodan nucleotides means that our libraries
were not significantly contaminated (as also suggested by the similar G+C
content of the sequencing libraries). The distribution of the BLAST results
further confirmed that our libraries mainly contained arthropodan RNAs (as
evidenced by the higher proportion of insect BLAST-positive sequences).
Furthermore, the fact that the annotated sequences showed a noticeable
presence of CNS-linked molecules implies that indeed our sequencing libraries
were enriched in CNS tissue. We therefore have a well assembled, large and
valid transcriptome from good quality Illumina Hiseq 2000 Paired End reads
obtained by sequencing uncontaminated RNA libraries from CNS-enriched
tissues that were extracted in an as less altering as possible way from confirmed
fully solitarious and fully gregarious non-sex-biased and low-inter-population
and inter-individual noise pooled samples of locusts. Accordingly, 12 of the
14 qPCR attempts were successful, meaning that at most only two of the 14
tested sequences (less than 15%) might be misassembled, the remaining 12
(over 85%) were indeed genuine and correctly assembled and annotated (at
least in the part between the primers).

In addition to the fact that the assembled contigs included sequences as
short as 75 bases and as little expressed as those having only four mapped
reads, the fact that our filtered reference transcriptome contained over 111
thousands contigs implies that, as it is always the case in RNAseq assemblies,
it contains partial sequences and isoforms of the same genes. Further proof
of that are the same BLAST hits that different contigs have (the 76 thousand
BLAST positive sequences correspond to 17,620 unigenes) and the BLAST
similarities of different sequences to different isoforms of the same gene. It
is interesting to note that about a third of the assembled sequences had no
known BLAST-similar sequences in the NCBI’s nr or nt databases as by 2013.
We cannot discard that some of these sequences might be sequencing artifacts
(especially those with few mapped reads) neither can we discard that others
might be genuine (especially those with high number of mapped reads with
and without differential expression between locust phases). Some of these
sequences probably belong to the realm of IncRNAs that confer diversity and
dynamism to the transcriptomes (e.g., see Brown et al. [2014]).

Another interesting result is the large number of unigenes and contigs
with no known annotation that appear differentially expressed between locust
phases (58% of the total). The fact that 11 out of 12 qPCR testings showed the
same expression tendency as the one shown by the RNAseq when tested on the
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same cDNAs means that, not only the assembly and annotation were correctly
done, but also that the sequencing did not alter the molecular proportions
of the cDNA and that the in silico determination of the expression levels
was correct. Further confirmation of that is the fact that the qPCRs gave
similar tendencies for eight out of the 12 tested genes even when the cDNAs
were from other individuals that moreover belonged to different developmental
stages (nymphs) and tissue composition (heads only). Even more interesting
is the fact that the qPCRs both on the same ¢cDNA and on different cDNAs
confirmed the expression tendencies suggested by our RNAseq data for four
out of six genes whose expression tendencies were not congruent between our
RNAseq data and the data reported elsewhere. Certainly, we did not test our
RNAseq data on clear-cut cases but we rather included the “risky” cases of
genes whose data do not support the data published elsewhere. With RNAseq
and two qPCR experiments “from our part”, the fact that our data do not
support the published data for four genes does not necessarily mean error
in other peoples’ work. The source of variation might be at any level from
species-specificity (some of these genes were tested in other species) to inter-
individual variation.

The datum on the number of differentially expressed unigenes and contigs
with no known annotation is therefore trustable. It is indeed surprising but
not unexpectable; given the fact that the differences between solitarious and
gregarious locusts affect almost every aspect of the locust biology: external
morphometry [Stower et al., 1960, Symmons, 1969, Maeno et al., 2004,
Hamouda et al., 2011], size of internal organs [Ott and Rogers, 2010], color
[Stower, 1959, Ellis, 1964, Sword and Simpson, 2000, Lester et al., 2005],
behaviour [Gillett, 1973, Roessingh et al., 1993, Bouaichi et al., 1995, Heifetz
et al., 1996, Roessingh et al., 1998, Simpson et al., 1999], diet [Sword and
Simpson, 2000, Simpson et al., 2002, Lester et al., 2005], metabolism [Ma
et al., 2011, Wu et al., 2012], physiology [Injeyan and Tobe, 1981, Ayali and
Pener, 1992, Wiesel et al., 1996, Tanaka and Yagi, 1997, Anstey et al., 2009],
reproduction [Islam et al., 1994, Simpson et al., 1999, Ferenz and Seidelmann,
2003] or development [Islam et al., 1994, McCaffery et al., 1998, Hégele et al.,
2000]. Of course, being the phase change of the locusts not due to changes
in the genome per se, all these differences must be due to differences in
gene expression. Not surprising neither is the fact that about 90% of the
differentially expressed unigenes and sequences with no known annotation
have increased expression in the gregarious phase. Gregarious locusts are
more active and exposed to a more stimulating and challenging environment
than the lethargic solitarious locusts that live in a less difficult environment.

As a whole, the reference transcriptome that we assembled is enriched
in processes that are tightly linked to CNS functions and that should be of
interest to the current work. In fact, the over 1,950 sequences that belong to
the signaling and cell communication, response to stress, response to stimuli
and neurological system processes should contain important sequences to the
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phenomenon analyzed here. As to the differentially expressed unigenes that
have functional annotation, we had a clear bias towards metabolic, catabolic
and translation processes among the ones over-expressed in the solitarious
locusts and a noticeable presence of processes relating to the response to
different stimuli, stress and behavior among the sequences over-expressed in
the gregarious locusts. What’s more, the processes that are significantly
over-represented in the set of sequences that are over-expressed in the
solitarious phase mainly correspond to growth, metabolism and biosynthesis
processes—processes expected to be overrepresented in organisms that live
in not so challenging conditions (availability of food, little competition,
little infections...). On the other hand, the processes that are significantly
over-represented among the set of sequences that are over-expressed in the
gregarious locusts mainly correspond to molecule modification, response to
stimuli and cell communication and signaling—processes expected to be over-
represented in organisms facing infections, high levels of interactions and
competition, and crucial need for processing the increased and amplified inputs
that originate from such conditions. The data therefore reflect the fact that
gregarious locusts are more exposed to stimuli, live in stressful conditions and
have altered behaviours compared the solitarious locusts.

Another interesting yet not surprising datum is that most of the most
expressed genes are shared between libraries and their expression levels are
largely similar between the solitarious and gregarious locusts, whereas most
of the least expressed genes are not. It is indeed expected that the set of
most expressed genes should be enriched with constitutive and housekeeping
functions and, as such, would be mainly common and similarly expressed
between phases, whereas the set of least expressed genes could be enriched
by state-specific functions. Accordingly, the set of the 10% most expressed
genes is enriched with ribosome biogenesis processes whereas the disperse set
of least expressed genes had a noticeable presence of the vaguely described
biosynthetic processes.

The main aim of the current work was not only to identify and list the set
of genes that are differentially expressed between solitarious and gregarious
locusts, but to reach a more a global understanding of the overall differences at
the molecular level between these two phases of the locusts. The large number
of sequences that our analyses revealed as differentially expressed between
locust phases (42%) appears at first surprising if not potentially exaggerated.
Yet, the phenomenon analyzed here is not a simple explosion in the population
size of a living being. We are dealing with deeply rooted adaptations to
recurrent drastic changes in the living conditions. Indeed the locust has
to adapt to changes that potentially affect to every aspect of its biology.
Be it for warning or camouflage the color of the locust changes between
phases. Crowdedness does not only result in higher chemical, mechanical
and visual stimuli, it also leads to more stress, infections, competition and
movement. The differences in the availability of resources lead to differences
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at the metabolic, physiological, fat content, and body size levels, among other
aspects. Facing the unavoidable exhaustion of the food sources lays behind
the changes at the developmental and structural levels in order to develop
wings and muscles earlier and, thus, be able to move and migrate in search of
new resources when needed. Even the increased perception of stimuli requires
restructuring of the nervous ramifications and termini as part of larger changes
in the CNS (such as the relatively larger brain size of gregarious locusts [Ott
and Rogers, 2010]). All these changes require adaptations and changes in
form of differences in the expression of the genes involved in a plethora of
functions—including those involved in the regulation of the metabolism and
in gene expression itself. The result in terms of number of genes that we found
as differentially expressed is therefore logical. In fact, there are even more
pronounced cases; such as the over 85% of the 5,500 genes found by Whitfield
et al. to be differentially expressed between nurse and forager honey bees
[Whitfield et al., 2006]. Another striking aspect is the biased balance between
the number of genes that are differentially expressed in one state or the other.
Is it logical to expect more genes to be differentially expressed in the gregarious
phase than in the solitarious one? Yes, the gregarious locusts are expected to
have higher levels of sensorial functions, metabolism, detoxification, DNA and
cell damage and apoptosis, neuronal activity and remodeling, active immune
system, even gene expression. The remaining striking datum is the large
number of sequences that have no known annotations. Given the state of
the art and the number of assembled sequences, some of these are no doubt
sequencing or assembly artifacts. However, the number of sequences with no
known annotation in our assembled transcriptome appears reasonable when
we take into account that the transcriptome of an organism with a genome as
small as D. melanogaster’s (less than 2% the size of S. gregaria’s) has recently
been discovered to produce a diverse number of transcript splice variants
[Brown et al., 2014] and to contain thousands of unannotated transcripts
[Graveley et al., 2011, Hoskins et al., 2011]—one of these works reported
111,195 new elements of the D. melanogaster’s developmental transcriptome.

The question now is how to fit all these gene expression differences
within the framework of what we know about the events and changes that
differentially affect the environment and the locust itself between phases.
Figure 2.25 summarizes how we fit the differentially expressed genes, that we
already categorized in table S17, into the different steps that form the cascade
of events initially triggered by the increase in the population density due to
the environmental changes that ultimately lead to outbreaks. Unusual survival
of the locust eggs and hoppers, due to favourable environmental conditions,
unavoidably leads to increased population size. The resulting crowdedness
leads to increased visual, olfactive and mechanical stimulation of the locusts
which, in turn, leads not only to increased activity of the genes related to
those functions, but also affects the genes involved in remodeling the neural
structures (genes for pathfinding, fasciclines, actins...) in order to support
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and enhance pereception of the stimuli. The increased population density also
results in increased contagion rate and, thus, increased expression of immune
response genes. The depletion of resources and the inter- and intra-specific
competition induce stress and even more changes in the neuronal structures
and activities (remodeling, signalling, hormone production. .. ), which affect
the expression of behavior-related genes. The latter would mean more activity
and, thus, changes in the muscles, the fat-bodies and the metabolism which,
in turn, increases the toxic metabolites inside the cells and, thus, activity of
the detoxification, repair of DNA damage and cell death genes. Both the
hormonal, immune and detoxification functions promote the production of
melanin, which changes the animal’s color. All these processes would not only
need changes in every step of the gene expression regulation but also increased
expression of the genes involved in these steps too—so genes related to gene
expression are affected too. The genes whose expression is increased in the
gregarious locusts could thus easily be categorized and fitted into a coherent
and logical cascade of events that is highly concordant with the changes that
we know locusts undergo when they shift from solitarious to gregarious. While
the increase in the expression of some of these genes is already known (e.g.,
JH [Injeyan and Tobe, 1981, Wiesel et al., 1996, Tawfik et al., 20006], circadian
genes [Gaten et al., 2012], chemosensory genes (Guo et al. [2011] and Chapter
5 of this thesis), the increase in the expression of some categories of genes
might seem surprising. Still, even the over-expression of genes related to
the cytoskeleton and cell structure (actins for instance) is well understood
within the context of neural remodeling in response to increased stimulation.
Remodeling of the CNS would also explain the increase in the expression of the
developmental genes (most of them involved in ventralization). We also think
that the increase in the expression of the DNA repair and recombination genes
is well understood in a high intracellular toxicity context (due to the increased
metabolism) and is in accordance with the observation that gregarious locusts
show more recombination than the solitarious ones [Fox, 1973]. All in all, our
work reveals for the first time the parallelism between increased behavioural
activity and the increment of gene expression. It shows how the gregarious
phase affects every aspect of the biology of S. gregaria through significant
changes of the expression levels of a large number of genes involved in every
aspect of the normal functioning and reactions of the cells of a living being.
Whether such magnitude of changes is an adaptation that is specific to
locusts, due to their recurrent exposure to the episodic selective pressures that
crowdedness cause, or it is rather a generalized characteristic, at least in part,
that differentiates crowded from non-crowded populations of living beings is
an interesting question for future research. The fact that stress, for instance,
affects the expression of many genes in humans (e.g., see [Dusek et al., 2008,
Nayak et al., 2014]) would suggest that the psychological effects of the level of
crowdedness, stimuli and other social interactions might generally affect the
expression of as many genes as the ones we show affected in gregarious locusts.
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2.5 Supplementary material

Given their large extension, Sg_ CNS_ NGS.fasta file and supplementary tables S1, S2, S3, S4, S5, S6, S7, S8, S9, S10, S11,
S12 and S13 are uploaded in this link: https://drive.google.com/open?id=0B5K51Iajv0_jNVR5dGtwM2FaSzg.

Table 2.17: Genes with confirmed association with locusts phase change. Accession: a sample accession number of a homologous
sequence; Phase: the locust phase where the gene is over-expressed; Confirmation: the methods and laboratories that report
similar results on the gene; Contig: code of the contig in our transcriptome that correspond to the respective gene.
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Chapter 3: Pathogens, detoxification and immune
response predominate in S. gregaria's gregarius digestive
tube

3.1 Introduction

Phase change is tightly linked to locust outbreaks: when the conditions
are good for mating, feeding and reproduction, the locust population grows
and the solitarious individuals become gregarious members of a plague that
consumes all the vegetation in the affected area before swarming to another.
This aggregation state has disadvantages not only for the affected area but
for the gregarious locusts as well. Gregarious locusts have indeed increased
stress responses (see Chapter 2). The high levels of catecholamines in the
hemolymph of the migratory locust Locusta migratoria [Ma et al., 2011], the
involvement of the cardiopeptide corazonin in both L. migratoria and the
desert locust Schistocerca gregaria phase change [Tanaka and Yagi, 1997] and
the link with the neurotransmitter serotonin in S. gregaria [Anstey et al.,
2009], are more evidences that further support the coupling between stress
and the gregarious phase of the locusts. Omne of the reasons behind the
increased stress in the gregarious locust population is the increased intra-
specific competition. In addition, it is not only difficult to access resources
in an extremely dense population, it is also very hard to maintain one’s self
healthy. Contagion rate rises due to high population density in locust swarms,
making the crowd-reared locusts more susceptible to contract diseases, and in
consequence they have enhanced immune system activity [Wang et al., 2013,
Adamo, 2016]. Moreover, when the resources decline, gregarious locusts not
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only turn on each other and recur to cannibalism [Bazazi et al., 2008, Guttal
et al., 2012], which further enhances contagion, they also have to consume
toxic plants that they otherwise wouldn’t consume and, thus, have to deal
with increased toxicity.

The digestive tube (DT), besides being the gateway for nutrient assim-
ilation, is also subjected and reacts to the general stress that the individ-
ual is subjected to and acts as the first zone of interaction with food-bourne
pathogens and toxins. It must thus be a barrier against free-entry of pathogens
and toxins into the spaces and tissues between the endoderm and ectoderm-
borne limits. For this purpose, the DT provides proper defense mechanisms to
the individual, such as physical isolation of the food bolus [Barbehenn, 2001,
Terra, 2001], enzymatic digestion and pattern recognition proteins inside the
digestive tube [Kim et al., 2000, Dziarski, 2004]. In addition, pathogens in-
duce a constitutive immune response in the DT [Engel and Moran, 2013,
Adamo, 2016]. Among the actions on which this response relays is the release
of reactive oxygen species (ROS) to the intestinal lumen, which helps fight
the pathogen, but can damage the host tissues if the exposition to them is
prolonged and not countered [Engel and Moran, 2013].

In addition to the immune function, the DT has a detoxification one; as
some plants, as well as some microorganisms, produce/contain toxins that
have to be processed by the insect in order to avoid poisoning [Bernays, 1982,
Bernays and Chapman, 2000, Glendinning, 2002]. Reports on the gregarious
S. gregaria feeding on a different, more toxic, diet include [COPR, 1982,
Bernays and Lewis, 1986]. As a counter measure, S. gregaria has developed
tolerance to a series of substances used by plants as chemical defenses, such
as thioglycosides [Mainguet et al., 2000], glucosinolates [Falk and Gershenzon,
2007] or tannins [Bernays and Chamberlain, 1980]. Even compared to the
other important locust species, Locusta migratoria, the detoxification ability
of S. gregaria has a wider range so that the locusts suffer less harmful effects
when toxic substances derived from plants were injected in its haemolymph
[Cottee et al., 1988]. Furthermore, Sword et al. [2000] show that the ingestion
of toxic plants might make locusts more unpallatable to predators, probably
due to the very same toxic substances in the DT.

Of course, the presence of bacteria, fungi and protozoa in the DT represents
an advantage or a disadvantage depending on the proportions and taxa.
Besides pathogens, insects, as the rest of metazoans, also have a symbiotic
DT microbiota. Some of these DT microorganisms were studied in the desert
locust S. gregaria, and an idea on the diversity of the bacterial community
that settles in the locust DT was formed [Dillon and Charnley, 2002]. Among
the several advantages that a healthy DT microbiota confers are the several
anti-fungal substances that prevent the establishment of fungi such as the
microsporidium Metarhizium anisopliae, an important entomopathogen used
in anti-acridian pest control [Dillon and Charnley, 1986, Wilson et al., 2002].
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A healthy DT microbiota might also facilitate digestion or even detoxification
by degrading molecules that otherwise would not be processed by the locust’s
digestive machinery alone.

Even more, there are evidences that some DT molecules and bacteria are
also involved in the locust phase change. For instance, Klebsiella pneumoniae,
Enterobacter casseliflavus and Pantoea agglomerans produce guaiacol from
the breakdown of plants material, that the locust uses as precursor to
metabolize its aggregation pheromones [Dillon et al., 2000]. By contrast,
other microorganisms, such as the microsporidium Paranosema locustae, are
reported to prevent gregarization in the migratory locust L. migratoria [Shi
et al., 2014].

All these DT-level changes in response to stress, pathogens and toxins are
predicted to be diverse in S. gregaria, because it is a polyphagous grasshopper
that faces a wider range of toxic agents in the wide variety of plants that
this species consumes, compared to other oligophagous species [COPR, 1982,
Bernays and Lewis, 1986]. Furthermore, there must be clear and deep gene
expression differences between the DT of the solitarious and gregarious locusts.
These changes are expected to be due to the differences in content and also to
the differences in the proper DT tissue due to the differences in the actions,
responses and interactions to which the solitarious and gregarious locusts’ DT
are subjected.

In the present NGS-based comparative work, we provide a large set of
de novo assembled transcript sequences from solitarious and gregarious desert
locust’s DT. The obtained transcripts were characterized, including functional
annotation, and their expression levels were estimated and compared between
the gregarious and solitarious phases. Thanks to these analyses, we do not only
contribute with a large amount of locust transcripts, many of them putative
and newly described, but also with lists of several differentially represented
transcripts and biological processes between gregarious and solitarious locusts.
The work thus produces and highlights gene sequences that can be used
for functional studies or explored as target sequences for fighting locust
outbreaks. Interpretation of the data, taking into account the annotations
of the locust transcripts and the differences in their expression levels allows
us to draw a larger picture on the changes that differentiate the gregarious
locusts from the solitarious ones. In addition to the locust data, we provide
many bacterial, fungi and protozoan annotated sequences as well as qualitative
and quantitative comparative data on the microbial diversity of the locust DT
(both solitarious and gregarious).

3.2 Materials and Methods

The locust rearing, RNA isolation, RNA sequencing and RNA assembly
protocols were performed as described in the general methodology section
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of this thesis. The assembled transcriptome was analyzed using BLASTx
against the Drosophila melanogaster amino acid sequence database. The
sequences that did not present a BLAST result were further analyzed using
BLASTXx against the non redundant (nr) amino acid sequence database, and
the sequences that still did not present a BLAST result were analyzed using
BLASTn against the non redundant nucleotide sequence (nt) database. The
BLAST results were considered as valid at an E-value threeshold of 1076.
Unlike the procedure in Chapter 2, we used a D. melanogaster sequence
database first in order to avoid the loss of BLAST homologies between contigs,
since they could be masked by the same BLAST results from different species.
Once we annotated the insect-specific transcripts, we had to use databases
of sequences from all kind of species, in order to detect sequences from the
DT flora. Term annotation and differential expression analysis were also
performed as described in the general methodology section of this thesis.

As mentioned above, we did not empty the contents of the DT in order
to avoid excessive manipulation of the tissue, which would alter the gene
expression and produce noise in the RNA-seq downstream analyses. As a
consequence, we expected the presence of transcripts from symbiotic microbial
species in the DT, and we thus could infer their diversity, annotations and
transcriptional activity. For that, we counted all the unigenes of the assembled
DT transcriptome that had a BLAST result belonging to protist, fungi,
bacteria and plants. We did the same with both lists of gregarious and
solitarious differentially expressed transcripts, and we elaborated contingency
tables for each taxon with the abundance values in the whole transcriptome,
the gregarious set of diffferentially expressed transcripts (DETs), and the
solitarious set of DETs. Using a x? contingecy test corrected by FDR, we
checked for signifficant differences in the representation of each taxonomical
group between the gregarious and solitarious phases. We also retrieved all
the transcripts and their expression profiles of every non-animal genus that
presented more than three DETs. We then compared the mean FPKM
values for these transcripts between gregarious and solitarious phases using
Student’s t test in order to check for significant differences between phases
at the transcriptional level. Despite this study being not as accurate for
determining the microbial diversity as a metagenomic-focused experiment
(i.e. 16S ribosomal amplicon sequencing), it allowed us estimating the
transcriptional activity and its potential differences between phases for the
main groups of bacterial, protist and fungal species in the locust’s DT.

3.3 Results

3.3.1 Sequencing and assembly statistics

RNA sequencing and quality check results are detailed in table 3.18 and figure
3.26. We obtained 32,404,835 101-base reads in the gregarious library and
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41,225,365 101-base reads in the solitarious library. The quality of these
sequencing reads proved to be high, with the average Phred score per position
being higher than 30 in most of the read, with the exception of the 25 last
positions, which presented a gradual decline in the phred value. Such decline is
expected in the case of Illumina GA output sequences [Dohm et al., 2008]. The
percentage of guanine and cytosine was almost identical between libraries, and
the proportion of undetermined nucleotidic bases was lower than 1072 %. The
combined de novo assembly of the two libraries resulted in 695,585 contigs.
After filtering redundant contigs we obtained 16,491 clusters of non-annotated
transcript and 57,637 clusters of sequences with a single BLASTx result,
hereafter referred to as unigenes. Table 3.19 details the assembly statistics that
show N50 values surpassing 1,000 base pairs and a similar guanine-cytosine
percentage in the solitarious as well as the gregarious libraries—as was the
case with the CNS sequencing (see Chapter 2). It is also remarkable that, in
the whole transcriptome, 5,247 BLAST results belong to non animal species,
probably because they correspond to sequences from microorganisms of the
intestinal flora.

Figure 3.26: Distribution of the sequencing quality values across the 101 positions
of the reads in each RNA-seq library. A, B: gregarious library pairs one and
two, respectively. C, D: solitarious library pairs one and two, respectively.
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Figure 3.27: Sequence length distribution. X axis shows the length categories
in intervals of 100 bases length. Y axis shows the number of contigs (A) or
unigenes (B) belonging to each length interval, the first interval being 100 to
200 bases. Red bar in each distribution shows the N50 value.

Library Total bases  Total reads % GC % Q30 % N
Solitarious DT 4,163,761,865 41,225,365 46.617 84.447 > 0.001
Gregarious DT  3,272,888,335 32,404,835 44.397 87.649 > 0.001

Table 3.18: Statistics of the read-pairs obtained for the RNA-seq libraries of the
solitarious and gregarious S. gregaria DT.

3.3.2 Functional annotation and estimated diversity

Gene Ontology (GO) term counts from the biological process, molecular func-
tion and cellular component categories to which the annotated unigenes of the
transcriptome belong are represented in figure 3.28A, and their total counts
are shown in supplementary table 3.20. Metabolism of proteins, nitrogen
and aromatic compounds (G0:0019538, GO:0006807 and GO:0006725, re-
spectively) represent the highest amount of term counts in the transcriptome
(2,433, 2,944 and 2,378, respectively), possibly due to the digestive functions
and the primary metabolization of recently endocyted molecules in intestinal
epithelial cells. Transport also gets a high term count (GO:0006810; 2,251
counts), probably because it contains down-stream terms that are involved
in both lumen-to-cell and cell-to-lumen vesicle transport, indicating that not
only import to the cells but also export to the intestinal lumen is highly active
in the digestive tube. Cell component terms themselves show that the vast
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Feature Value
Assembled contigs 695,585
BLAST positive contigs 472,163
Unigene sequence clusters 74,128
Unique BLAST results 57,637
Unique sequences without BLAST result 16,491
N 50 1,028
Mean sequence length 601.44
Median sequence length 367
Maximum sequence length 18,753
Minimum sequence length 100
Guanine-Cytosine percentage 43.22

Table 3.19: Statistics of the de mowvo assembled transcriptome for S. gregaria
digestive tube.

majority of the counts belong to the intracellular localization (GO:0005622,
5,845 counts), and that a high portion belong to membrane-bound organelle
(GO:0043227, 3,259 counts). As to the molecular function terms, we found
that the vast majority are included in the catalytic activity (GO:0003824;
5,875 counts) and binding terms (GO:0005488; 5,418 counts), with the hydro-
lase activity also presenting a high term count (GO:0016787, 2,213 counts).
The GO term enrichement analysis casts 533 over-represented terms in one
or the other phase, (288 in gregarious phase, 238 in solitarious phase and 7
in both phases). They were distributed as follows: 371 in biological process
category (215 in gregarious phase, 156 in solitarious phase and none in both),
68 in cellular component category (36 in gregarious phase and 61 in solitarious
phase and 1 in both) and 94 in molecular function category (37 in gregarious
phase, 51 in solitarious phase and 7 in both). Suplementary table S2 lists the
strongly over-represented terms (Fisher’s exact test P-value < 0.001), of which
50 (Fisher’s exact test P-value < 0.0001) are represented in figure 3.28B.
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Whole DT Gregarious  Solitarious Present in Total from
transcriptome  DET set DET set  both DET sets both DET sets
Biological process 45772 215 156 0 371
Cellular component 18935 36 31 1 68
Molecular function 14769 37 51 6 94
All 79476 288 238 7 533

Table 3.20: Statistics from the functional annotation of the differentially expressed
transcripts. GO term counts for the three highest level categories are
represented.

Regarding KEGG pathways, 1,893 unigenes were tagged by a total of
472 different enzyme codes that belong to 123 KEGG pathway categories
containing a total of 4,336 KEGG category counts. KEGG term enrichment
analysis threw a total of 25 unigens tagged by 26 enzyme codes from five
pathways. 14 of these unigens were tagged by 18 enzyme codes belonging to
four pathways exclusive to the solitarious phase and the remaining 11 unigens
were tagged by eight enzyme codes from a single pathway exclusive to the
gregarious phase (details in supplementary table 3.25). InterProScan terms
were associated to 7,442 unigenes, 398 of which over-expressed, 223 in the
gregarious phase and 175 in the solitarious one.

The distribution of the E-values (figure 3.29A) ranged from 10~ (the
maximum we set) to 10799 for almost all BLAST results (near 85 % of
the sequences). The species distribution of the BLAST hits shows mainly
species belonging to the phylum arthropoda, with the exception of the protist
Gregarina niphandrodes, whose 1,073 BLAST hits ranked it as the 10th
most represented species (figure 3.29B). Among the most represented species,
besides G. niphandrodes, there were two chelicerates (the subsocial spider
Stegodiphus mimosarum and the mite Ixodes scapularis) and one crustacean
(the water flea Daphnia pulezr), the remaining were all part of the hexapoda.
Among hexapoda, and ignoring Drosophila melanogaster (whose sequences
were used as first BLAST database for annotation) the most represented
species was the termite Zootermopsis nevadensis. Neither S. gregaria nor
L. migratoria were among the top ten species in rank because of the scarcity
of their aminoacids sequences in the nr database of the NCBI. Comparaison
of the species distribution among the BLAST results of the over-expressed
unigens revealed that G. mniphandrodes infections are almost proper to the
gregarious locusts (figures 3.29C and 3.29D) and that these show more
microbial sequences than solitarious locusts do (see figures 3.31A and 3.31B).

3.3.3 Analysis of the transcript’s differential expression
analysis

The analysis of expression revealed a total of 4,412 differentially expressed
transcripts (DETs), 2,019 over-expressed in solitarious phase and 2,393 over-
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Figure 3.29: Distribution of the annotation metadata. A: E-value distributions,
shown as the negative base 10 logarithm (-logio). B: Species distribution for all
the transcriptome. C: Species distribution for the over-expressed transcripts in
the gregarious phase. D: Species distribution for the over-expressed transcripts
in the solitarious phase.

expressed in gregarious one. Accordingly, a volcano plot comparing the fold-
change values and the FDR-~corrected p-values for all the tested transcripts
(Supplementary figure 3.30A) shows that the tendency of the expression
is practically symmetrical. The MA plot shown in supplementary figure
3.30B indicates that a low number of transcripts have a low coverage despite
presenting rather high fold change values, but the number of this low-coverage
transcripts is clearly surpassed by the numbers of transcripts that had high
absolute fold change values and significantly different coverage between phases.
Of the differentially expressed transcripts, about two thirds (2,924) had
significant BLAST hits (1,321 in the solitarious phase and 1,603 in gregarious
one). The remaining third (1,488) were sequences with unknown annotation.
297 of the gregarious DETs and 35 of the solitarious ones had BLAST hits
against sequences belonging to non-animal species.

We also estimated and compared the diversity of microorganisms in
the solitarious and gregarious locust DT, at the kingdom level, based on
the number of species to which the BLAST results of the DETs belonged
(ilustrated in figures 3.31A and 3.31B). In our study, transcripts from species of
the bacteria, fungi and protozoa kingdoms were significantly over-represented
in the gregarious phase, whilst transcripts from the plants kingdom were
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Figure 3.30: Overall results of the differential expression analysis between the
solitarious and gregarious RNA-seq libraries. A: Volcano plot. X axis shows
the base 2 logarithm of the fold change for each transcript. Y axis shows the
negative base 10 logarithm of the FDR-corrected p-value for each transcript.
B: MA plot. X axis shows the average coverage for each transcript (calculated
from the base 2 logarithm of its solitarious and gregarious FPKMs). Y axis
shows the base 2 logarithm of the fold change for each transcript. Transcripts
with an absolute logarithm of fold change value higher than 1.5 and with an
FDR value higher than 0.05 are colored in orange, the rest are in blue.

significantly over-represented in solitarious phase (x? test p-values = 0.004
for bacteria, < 0.001 for fungi, < 0.001 for protists, and 0.015 for plants).
Among the DETs with protist species assignation, 192 were homologous to
sequences of the apicomplexa G. niphandrodes, 189 of them over-expressed in
the gregarious phase. The most expressed transcripts from that species were
transmembrane channels, structural proteins, ubiquitylation related proteins
and several chitinase—all of them over-expressed in the gregarious phase.
The coverage shows that the mean FPKM for all the 1,073 G. niphandrodes
transcripts in gregarious phase doubles that mean in the solitarious phase
(mean FPKM in the solitarious phase = 8.063 + 1.311; mean FPKM in the
gregarious phase = 19.199 + 3.326; Student’s t = 5.389, d.f. = 1,072, p-
value < 0.001). We also detected differential coverage between phases for nine
protist, four bacteria and two fungi species that were represented by at least
three DETs, shown in figure 3.31C.

Fungi transcript count was significantly enriched in the gregarious phase
(figure 3.31B), with two main representative species (Fomitopsis and Phytoph-
thora). In fact, just one solitarious DET belongs to a fungus. However, al-
though Phytophthora transcripts showed a higher number of gregarious DETS,
there was no significant difference between their gregarious and solitarious
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Figure 3.31: A: Taxonomical composition of the BLAST results of the DETs
over-expressed in the solitarious phase. B: Taxonomical composition of the
BLAST results of the DETs over-expressed in the gregarious phase. The
signification of the enrichment is represented by asterisks in the legend. C:
Overall expression levels of non-animal taxa at genus level, that show more
than three DETs. X axis shows the genus and Y axis shows the mean FPKM
of all the transcripts from that genus in the gregarious (red) and solitarious
(blue) phase. The statistical significance for the paired Student’s t tests is
represented by asterisks (* = 0.05 > P > 0.01; ** = 0.01 > P > 0.001; *** =
P < 0.001).

FPKM means. In contrast, the FPKM mean for the transcripts from the
genus Fomitopsis did show significantly higher value for the gregarious DETs
compared to the solitarious ones (figure 3.31C). As to the nature of these
fungal DETs, we find putative chitinases, a ribosomal protein, several ABC
transporters, a calcineurin and ATP synthases, all of them over-expressed in
gregarious phase, although having relatively high coverage in the solitarious
phase.

Bacterial species were represented by 380 assembled transcripts, with the
genus Escherichia showing the highest number of transcripts (56). Escherichia
also presented the highest number of DETs: four in gregarious phase and
two in the solitarious one. The mean FPKM value for all the Escherichia
transcripts was higher in the gregarious phase, compared to the solitarious
one (figure 3.29C), but the difference was not significant. Other three
genera with at least three DETs (Bacteroides, Salmonella and Paenibacillus)
were represented by twelve, ten and seven transcripts, respectively. The
six DETs annotated as from FEscherichia were an IS1 transposase InsAB,
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two beta-lactamases and three hypothetical proteins with accession numbers
EEHS89633.1, EHN95545.1, ELC06673.1. The three DETs annotated as from
Bacteroides encode ATPases type AAA. The three DETs annotated as from
Salmonella were a hypothetical protein (accession number ESE59707.1) and
two beta-lactamases. The three DETs annotated as from Paenibacillus were
a subtilisin/peptidase S8, a thiol reductant ABC exporter subunit CydD and
a tryptophan-rich sensory protein. Significant BLAST hits against other
described enteric bacterial genera, such as FEnterobacter, Enterococcus or
Streptococcus, were also present but without enough differentially expressed
transcripts as to take them into account. In fact, most of the minority bacterial
transcripts belong to typical enteric bacterial genera, with Pseudomonas,
Enterobacter and Klebsiella being among the most represented ones, but
with no differences in expression between phases. We also had significant
BLAST hits against pathogenic genera, such as Streptomyces (35 transcripts)
and Bacillus (20 transcripts), again with low sequencing coverage.

Since the number of DETSs is quite extensive (Supplementary table 3.26),
we will focus on only those that show clear differential expression and who are
involved either in the most represented or relevant biological processes. The
following ten processes are to highlight:

1. Juvenile hormone regulation: we found four juvenile hormone metabolism
and signalling-related DETs all of them over-expressed in the solitari-
ous locusts, and 30 transcripts for the juvenile hormone-binding proteins
(JHBPs), six of them DETSs (four over-expressed in the solitarious phase
and two in the gregarious one).

2. Regulation of gene expression: we found two DETs for DNA helicases,
another four for genes related to transcription and seven related to
translation. All these transcripts were over-expressed in the gregarious
phase.

3. Peritrophic matrix: we found 139 transcripts for peritrophin (one of
them significantly over-expressed in the gregarious phase and five in
solitarious one) and several cuticular protein transcripts (all of them
over-expressed in the solitarious phase).

4. Immune response: among the 43 transcripts for putative peptidogly-
can recognition proteins (PGRP), which are involved in defence against
Gram-positive bacteria and fungi, only four were DETs (two over-
expressed in the gregarious phase and the remaining two in the solitar-
ious one). From a total of 14 transcripts annotated as members of the
Gram-negative bacteria binding proteins family, only one (GNPB1) was
over-expressed (in the gregarious phase). Two out of nine hemolymph
lipopolysaccharide-binding proteins (LBP) were over-expressed in the
gregarious phase. Different defensins transcripts were over-expressed in
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10.

both phases, with a locustin being over-expressed in the gregarious phase
and two defensins over-expressed in the solitarious one.

Oxidative stress and detoxification: among DETs belonging to these
processes, we found three transcripts related to thioredoxin and a
peroxiredoxin to be over-expressed in the gregarious phase. We
also detected a good amount of cytochrome P450 and glutathione S-
transferase transcripts to be over-expressed either in the gregarious or
the solitarious phase (discussed latter on).

. Apoptosis: as gregarious DETs belonging to this category, we detected

at least three from the p53 apoptosis pathway, one apoptosis inhibitor
(BAX inhibitor protein), one apoptosis promoter (FAM32b protein) and
two cytochrome C related proteins. The only obvious apoptosis related
DET detected in the solitarious phase is a protein that cleaves the pb3
protein, inhibiting apoptosis.

Ubiquitylation: there were at least 24 DETs that relate to this function,
almost all of them over-expressed in the gregarious phase. As gregarious
DETs that belong to this category, and had the highest FPKM, we
detected three ubiquitin ligase components (two E1 and one E3), one
ubiquitylation protein and, also, two deubiquitylation proteins. Only
one DET in this category, the Fbox only protein, which mediates protein
ubiquitylation, was over-expressed in the solitarious phase.

. Vesicle formation: the top DETs from this category were over-expressed

in the gregarious phase. Of these we can highlight four adenoribosy-
lation factors (ARF) and related transcripts and three SNARE related
proteins.

. Nervous system: we detected several transcripts belonging to this

category, probably originating from the nerves that surround the
digestive tube. Among the DETs belonging to this category we found
three axon guidance transcripts (ninjurin, slit and spondin 1) to be
over-expressed in the solitarious phase, whereas three receptors (GABA
receptor, NMRP and nischarin) were over-expressed in the gregarious
phase. Other nervous system-related DETs, such as those relating to
vesicle formation and neural structure, had mixed expression pattern;
with some being over-expressed in the gregarious locusts and others
being over-expressed in the solitarious ones.

Calcium regulation: a good part of the Wnt/calcium regulation tran-
scripts appear as over-expressed in the gregarious phase, including phos-
pholipase C, casein kinase II and other proteins related to the regula-
tion of intermediates (such as inositol 3 phosphate kinase) or to calcium
transport (such as calmodulin).
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To highlight is the extensive list of 468 proteases that we found in S. gre-
garia’s DT transcriptome. Serine-proteases are the most prevalent among
these proteases, followed by carboxypeptidases (C-peptidases) and aminopep-
tidases (N-peptidases). Other kinds of proteases, such as metalloproteases
or cysteine-proteases, had only a relatively minor representation (Supplemen-
tary figure 3.32A). Among the serine-proteases, trypsin-like proteases were
the most abundant and closely followed by chymotrypsin-like proteases (Sup-
plementary figure 3.32B). The number of DETs for serine-proteases (detailed
in supplementary figure 3.32C) was higher in the solitarious phase than in
the gregarious one (18 versus 12 DETs, respectively), and this tendency is
maintained for the trypsin and trypsin-like peptidases (including trypsin it-
self, with seven solitarious DETSs, chymotrypsin with one gregarious and two
solitarious DETs, and neurotrypsin with one gregarious DET). Aminopepti-
dases, however, showed a gregarious tendency, with four DETs in the gre-
garious phase and two in the solitarious one. Several other peptidases had
only one DET (such as a gregarious DET metalloprotease and a solitarious
DET carboxypeptidase, supplementary figure 3.32C). We also detected tran-
scripts for several putative digestive enzymes, including glycosyl hydrolases
(28), a-amylase (109) and lipases (152), although only four o -amylases and
four lipases were differentially expressed (two in each phase in both cases) and
no glycoside hydrolase transcript was differentially expressed.

Other transcripts worth mentioning are those related to cytochrome P450
(CYP), heat shock proteins (HSP) and glutathione S-transferases (GST)
protein families. A total of 289 CYP transcripts belonging to 25 different
subfamilies were assembled, being the family CYP6 the most represented
followed by the family CYP4 (Supplementary figure 3.33A). Twenty CYP
transcripts are differentially expressed: one in the gregarious phase and
the remaining 19 in the solitarious one (Supplementary figure 3.33B). We
also assembled a total of 181 HSP transcripts, with HSP70 being the most
represented family (figure 3.34A). We detected twelve HSP DETs, five of
them belonging to HSP70, the expression of three of them was higher in
the gregarious phase while the expression of the remaining two was higher
in the solitarious phase, although the differences were not significant in any of
these five cases (Supplementary figure 3.34B). Regarding GSTs, we assembled
a total of 879 sequences grouped in 135 unique BLAST results. Six classes of
GSTs were represented, being class sigma the most frequent one (figure 3.35A).
Among these GST transcripts, six were over-expressed in the gregarious phase
and seven in the solitarious one (figure 3.35B). The gregarious GSTs belong
to microsomal and sigma classes, whereas the solitarious ones belong to delta
and omega classes.

We compare our data on the expression of some transcripts with those
published for these transcripts elsewhere (table 3.21). A good portion (87) of
107 transcripts reported elsewhere as up or down regulated in the gregarious
phase show non-significant differences of expression in our transcriptome (20
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Figure 3.32: Proteases expressed in the digestive tube of S. gregaria. A: Relative
abundance of all the proteases. B: Relative abundance of the serine proteases.
C: Differentially expressed transcripts with homology to putative digestive
proteases. X axis shows the transcript and Y axis shows the FPKM in the
gregarious (red) and solitarious (green) libraries. FDR~corrected P-values for
Yate’s corrected chi-square test are represented with asterisks as follows: * =
0.05 > P > 0.01; ** = 0.01 > P > 0.001; *** = P < 0.001.

of them with zero as fold change value). Still, the proportion of transcripts
that show the same expression tendency both in our work and others (12
significant, 36 non significant) was higher than that of the transcripts with
higher expression in one phase in our work and in the other phase elsewhere
(8 significant, 31 non significant).

Of the transcripts whose data we compared (Supplementary table 3.27),
we found 12 DETs to show congruent differential expression both in our
transcriptome and in four scientific publications. Four of these transcripts
show over-expression towards the gregarious phase and eight towards the
solitarious phase (details in table 3.22). We also compared our results to those
of a microarray study, which compared brain against DT gene expression in
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Transcripts Significant Non significant

Same Opposite Same Opposite  Zero
Work direcction  direction direcction  direction FC
Kang et al. 9 3 1 1 2 2
2004
Chen et al. 15 1 1 2 6 5
2010
Guo et al. 20 6 0 9 2 3
2011
Badisco et al. 4 0 2 0 1 1
2011a
Badisco et al. 17 2 3 4 6 2
2011b
Wang et al. 42 0 1 20 14 7
2014
All 107 12 8 36 31 20

Table 3.21: Statistics of the comparative study between our digestive tube RNA-
seq results and the results reported in the bibliography. We compared
transcripts data from six scientific publications and we show the breakdown of
the comparison results into those significant in our data and elsewhere, with
over-expression both of the same or opposite direction, and those significant
elsewhere but not in our data, with higher expression level both in the same or
opposite direction (phase). The last column shows transcripts the number of
transcripts reported as differentially expressed elsewhere but with a logarithm
of FC equals to zero in our work. More details on this comparative study are
in supplementary table 3.27.

L. migratoria [Spit et al., 2016]. We compared the presence, absence and
abundance of transcripts studied in both works. The results are summarized
in supplementary table 3.23.

3.4 Discussion

3.4.1 An extensive record of new transcripts expressed
in the desert locust digestive tube

To date, transcriptome studies of S. gregaria were focused on the central
nervous system (including Badisco et al. [2011a] and our analysis from Chapter
2). Aimed at explaining the differences in hormonal and neuronal gene
expression differences between locust phases, these studies reported circa
20,000 annotated transcripts plus several thousands of transcripts that still
have no known annotation. With the present de movo assembly of the
transcriptome of the gregarious and solitarious S. gregaria digestive tube we
obtained 57,637 unigenes, a number that triplicates the number of unique
entries in other locust transcriptomes (see Chen et al. [2010], Badisco et al.
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Transcript Over- Accession Sequence  Solitarious Gregarious
name expression number length FPKM FPKM
phase
Kang et al. [2004]
Annexin IX Gregarious XP_ 008471197 681 3.231 15.159
Larval cuticle
protein precursor Solitarious  XP_ 001861377 1092 28.789 0.270
Troponin C Solitarious P47949 5297 4.451 1.615
Chen et al. [2010]
Tyrosine
hydroxalase Gregarious AAAG2877 7096 1.595 4.988
Guo et al. [2011]
Protein TU-36B Solitarious P19967 13242 0.641 0.178
Lethal 2 essential
for life protein Solitarious P82147 23547 1.789 0.927
Cytochrome p450
4g15 Solitarious ACA04895 495 25.404 1.788
Cytochrome
p450 6a2 Solitarious P33270 145270 1.026 0.422
Heat shock protein
Hsp20 Solitarious AEV89751 3166 6.454 0.373
Peptidyl-prolyl
cis-trans isomerase Solitarious AAX33414 29678 1.737 0.865

Badisco et al. [2011b]

Pacifastin-like

peptide precursor 4 Gregarious CAC82510 13210 5.164 12.995
Chromodomain helicase
DNA binding protein Gregarious XP_ 005234509 749 2.518 17.721

Table 3.22: Transcripts whose statistically significant differential expression is
congruent between our work and the data reported elsewhere. We also attach
the accession number of the best significant BLAST hit, the sequence length
and the solitarious and gregarious FPKMs for each of these transcripts as
assembled in our S. gregaria DT transcriptome.

[2011a], Zhang et al. [2012], Wang et al. [2014b]). This higher number of
assembled transcripts could be explained by the fact that RNA isolation and
sequencing from intestinal contents unavoidably results in higher number of
transcripts due to presence of genetic material from different species—the
digestive contains bacteria, fungi, protists and plants.

The study of GO terms abundance (shown in figure 3.28A) revealed
processes, functions and components expected to be present in the digestive
tube of any insect. This way, the most represented biological process terms
were those related to metabolism, development, transport and regulation, as
the digestive tube in a place for digestive enzymes export, import of digestion
products, regeneration of the intestinal epithelium and all the signalling
needed for regulating all these and the other processes that take place in the
digestive tube. In terms of molecular functions: the high number of hydrolase,
binding and catalytic activity terms counts might be derived from the fact that
the main activities that take place in the digestive tube are related to digestive
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L. migratoria  S. gregaria

DT DT
Proteases
Proteases 132 481
Serin proteases 102 232
Metalloproteases 23 20
Cystein proteases 4 13
Cytochrome P450
Cytochrome P450 17 289
CYP2 Reported 4
CYP3 Reported 3
CYP4 Not reported 59
CYP6 Not reported 134
Glutathions S-transferases
Glutathione S- transferases 5 135
Delta Reported 17
Epsilon Not reported 11
Microsomal Not reported 5
Mu Reported 0
Omega Not reported 8
Sigma Reported 31
Theta Not reported 6
Transporters

Major Facilitator Transporter 18 116
ABC transporter 7 32

Table 3.23: Sequence counts for several protein families from Spit et al. [2016]’s L.
migratoria study and our S. gregaria DT transcriptome.

enzymes and defense molecules. As to the cellular components, the categories
related to the membrane and cytoskeleton presented abundant term counts
since a many channels, transporters and vesicle related proteins are recruited
either for the secretion of enzymes or for transporting the products of the
digested food.

The GO enrichment analysis detected various different processes that
confirm the results from the central nervous system transcriptomics study.
For instance, RNA processing (G0:0006396) and its subordinate categories
are enriched in the gregarious phase, as a consequence of the enhanced
transcriptional activity present in the gregarious phase, as occurs in the
central nervous system of this species (see Chapter 2). One of these
processes, RNA splicing (GO:0008380), is directly involved in the genesis of
transcript diversity, with genes such as splicing factor 3a subunit 3 (required
for U2 snRNP spliceosome assembly [Legrain et al., 1993]), highlights the
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link between mRNA splicing and the regulation of the phase change. In
fact, several ribosomal protein related cell component tags (G0:0030529,
G0:0044391 and G0O:0015935) are also over-represented in gregarious phase,
which reinforces the evidence of an enhanced gene expression in this phase.
Term tags related to the proteasomal protein catabolic process (GO:0010498)
and to the response to DNA damage stimulus (GO:0006974) were also
over-represented in the gregarious phase, which might be reflection of the
stressed status of the tissue generated by the phase stimuli and by the
pathogen activity, which leads to apoptosis and oxidative stress, among other
consequences.

Cell cycle (GO:0007049) and mitosis (GO:0000278) process terms are
also over-represented in gregarious phase, indicating that cell proliferation
is taking place in the epithelium in order to regenerate damaged cells. Of
the transcripts belonging to this process we can cite scribbled (promotes
epithelial cell proliferation [Qin et al., 2005]), cyclin-dependent kinase 1
(key control of cell cycle by phosphorilation of at least 75 target proteins
[Enserink and Kolodner, 2010]) and fumble isoform F (panthotenate kinase
required for cell division [Afshar et al., 2001], among other functions).We
also found that the microtubule-based process (GO:0007017) and cell cycle
regulators related to spindle formation, such as the serine/theronine proteases
microtubule star (involved in the attachment of microtubules to the kinetocore
during cell division [Snaith et al., 1996], PAR-1 isoform S (PAR-1 regulates
the cell polarity through the microtubules of the cytoskeleton [Guo and
Kemphues, 1995] among other functions), and the acidic leucine-rich nuclear
phosphoprotein 32 family member (seems to act as a cell proliferation factor
[Chen et al., 1996]). Other microtubule-related proteins, such as actin-like
protein 87¢ (which seems to be part of the dynactin complex according to its
GO tag, GO:0005869), are related to intracellular transport.

From their part, GO terms that were over-represented in the solitarious
phase were related to muscle cell differentiation (G0:0042692), muscle cell
homeostasis (GO:0046716), calcium regulation (GO:0055074) and sodium reg-
ulation (GO:0015081), indicating an apparently higher inversion in the mus-
cular tissue rather than in other functions—probably due to the differences
in size between solitarious and gregarious phases (solitarious individuals are
usually bigger than gregarious ones, see Chapter 1) or a higher transcriptional
investment towards other functions in the gregarious phase. Curiously, car-
boxylic acid biosynthesis (GO:0046394) is over-represented in the solitarious
phase, with sequences such as the beta-alanine synthase (related to pyrimi-
dine metabolism [Andersen et al., 2008] and involved in several processes in-
cluding cuticle colouration and linking pyrimidine metabolism to beta-alanine
metabolism [Rawls, 2006]), the argininosuccinate synthase (involved in argi-
nine and urea metabolism [Haines et al., 2011]), and alkylglycerol monooxyge-
nase (involved in alkylglycerol ether lipids hidroxylation [Tietz et al., 1964]).
The over-expression of these transcripts might indicate an extra inversion in
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amino acid and lipid metabolism (more precisely, in anabolism) in the solitar-
ious phase, opposed to the proteasomal processes that we found enriched in
the gregarious phase—probably due to higher need for defense.

The KEGG pathway enrichment analysis indicates that pyrimidine
metabolism (KEGG:00240) is over-represented in the gregarious phase, with
sequences such as the ectonucleoside triphosphate diphosphohydrolase 5
(EC:3.6.1.6, involved in protein glycosilation and consumption of excessive
ATP via dephosphorilation of NDPs [Fang et al., 2010]), a thioredoxin
reductase-1 (EC:1.8.1.9, although it is related to oxidative stress regulation by
regenerating thioredoxin, which deoxidyzes ribose in pyrimidinic bases (UTP
and CTP) [Arnér and Holmgren, 2000], some isoforms can regulate differenti-
ation and adhesion of diverse cell types [Nalvarte et al., 2015]), an UMP-CMP
kinase (EC:2.7.4.14, with a key role in pyrimidine biosynthesis [Sugino et al.,
1966]), and an aspartate carbamoyltransferase (EC:2.1.3.2, directly related to
the first steps of pyrimidine synthesis [Simmer et al., 1990]). Several RNA
polymerase subunits (EC:2.7.7.6) were also over-expressed in the gregarious
phase. Gene expression takes an important portion of transcript abundance
in the gregarious phase, so the over-represented terms shown both by the GO
and KEGG analyses are in concordance with that.

All the four KEGG pathway terms that we found over-represented in the
solitarious phase were related to amino acid and fatty acid metabolism. In
accordance with the higher anabolism in the solitarious phase, we found sev-
eral fatty acid biosynthesis enzymes. These include: acetyl-CoA carboxylase,
isoform A (EC:6.4.1.2, biogenesis of long-chain fatty acids [Colbert et al.,
2010]), fatty acid synthase 1, isoform A (EC:3.1.2.14, synthesis of long-
chain fatty acids [Jayakumar et al., 1995]) and 4-Coumarate-CoA ligase 1
(EC:2.3.1.86 and EC:6.2.1.3, it is a fatty-acyl-CoA synthase homologous en-
zyme [de Azevedo Souza et al., 2009]). Regarding amino acid metabolism,
mainly three pathways were enriched. They included enzymes such as:
fumarylacetoacetase (EC:3.7.1.2, from tyrosine metabolism, hydrolyses 4-
fumarylacetoacetate into acetoacetate and fumarate [Phaneuf et al., 1991]),
mitochondrial trifunctional protein alpha subunit, isoform A (EC:4.2.1.17,
tangentially related with phenylalanine metabolism, with enoyl-CoA hy-
dratase activity used in the oxidation of long chained fatty acids [Uchida
et al., 1992]), peptidoglycan-recognition protein-lb isoform 2 (EC:3.5.1.4, also
from phenylalanine metabolism, with amidase activity and related to a pro-
tein family involved in immune response), and a set of alanine, aspartate
and glutamate metabolism pathway enzymes, such as serine pyruvate amino-
transferase (EC:2.6.1.44), argininosuccinate synthase (EC:6.3.4.5), protein N-
terminal asparagine amidohydrolase isoform X1 (EC:3.5.1.1) and glutamate
synthase 1 (EC:1.4.1.14, EC:1.4.1.13). Interestingly, among the different
amino acid metabolism tags, some enzymes have overlapping functions, such
as tyrosine aminotransferase (EC:2.6.1.5), succinate-semialdehyde dehydroge-
nase [NADP(+)] GabD (EC:1.2.1.24), tyrosine decarboxylase 2 (EC:4.1.1.28)
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and glutamate oxaloacetate transaminase 1, isoform B (EC:2.6.1.1).

3.4.2 The microbial enteric communities present differ-
ences between phases

The DT of insects are populated with a plethora of microorganisms, ranging
from mutualistic bacteria to pathogenic protists [Dillon and Charnley, 2002].
As the ¢cDNA libraries for the transcriptome analyzed here were synthesized
from an eukaryotic mRNA-enriched template and not exclusively from poly A+
RNAs, we took advantage of the presence of non-eukaryotic transcripts to
estimate how different the microbial communities of both phases were, based
on transcript BLAST homology. This approach does not allow us to elaborate
an accurate diversity study but, thanks to the presence of transcripts that have
significant BLAST homology with sequences from bacteria, protist and fungi,
we could perform a low resolution functional-based diversity analysis. This
way we found that the diversity and genetic activity from the DT’s microbes
is higher in the gregarious phase than in the solitarious phase.

Given that gregarious locusts suffer higher contagion rates, and that in
this study we did not stablished sterile colonies, we expected to find higher
representation of pathogen transcripts in this phase. Our data support that
expectation as the FPKMs of the microbial transcripts were higher in the
gregarious phase than in the solitarious one (figure 3.29). The apicomplexa
parasite Gregarina miphandrodes was the most represented non-arthropod
organism, and the fact that the expression level of its transcripts in the
gregarious phase almost doubles that of the solitarious phase proves that there
the infection is more prevalent in our gregarious colony. However it is the
parasite Gregarina garnhami, the one that is commonly found in locust and
grasshopper laboratory colonies [Canning, 1956, Dillon and Charnley, 2002],
while G. niphandrodes seems to parasitize other groups of insects, such as the
mealworm beetle Tenebrio molitor [Clopton et al., 1992]. The transcripts that
we found as homologous to G. niphandrodes (and even those homologous to
other protist species) might therefore belong to G. garnhami whose BLAST
data are not as complete and prevalent as those of other protist species.
In fact, the GenBank database shows that for G. niphandrodes are 9,302
nucleotide, 1,919 EST and 12,751 protein entries, whereas for G. garnhami
these entries are empty. Besides some transport, structural and signalling
related transcripts, chitinases are to highlight among the annotated DETs
from G. niphandrodes. They might be secreted by the pathogen in order to
perforate the peritrophic matrix (which contains cuticular proteins and chitin)
and gain access to the epithelial cells.

It is also remarkable that transcripts with BLAST annotations against
Fomitopsis and Phytophthora sequences show the highest FPKM means
among transcripts from non animal genera, meaning that fungi are at least
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transcriptionally active in the locusts’ DT. The species of both fungi genera
are plant parasites, which means that the fungal transcripts that we assembled
from the locusts DT surely belong to other unidentified species with small,
if any, representation in sequence databases. Although our study cannot
determine whether these locust DT fungi are beneficial or harmful, among the
fungal gregarious DETs there are several putative chitinases, that probably
have the same function as the ones secreted by the protozoan parasites.
There are also several fungi ABC transporters, which might import or export
metabolites with coupled ATP consumption [Goffeau et al., 2004]. It would be
interesting to identify the fungi species present in the locust DT, which might
clarify whether they are parasitic or not, and probably allow for exploration
of potential new pest control tools.

The S. gregaria DT microbial community is predominantly composed of
Enterobacteriaceae, from the phylum Proteobacteria [Dillon and Charnley,
2002]. Among these, sequences from Escherichia coli were the most abundant.
FE. coli is broadly found in the intestinal lumen of a many insect species,
both as a commensalist, mutualist or pathogen, depending of the strain
[Bentley and Meganathan, 1982, Hudault et al., 2001]. Since only six
out of 56 E. coli sequences were differentially expressed towards gregarious
phase, and two of these were genes involved in antibiotic resistance (beta-
lactamase homologs, [Abraham and Chain, 1940]), we can deduce that
these bacteria might be defending themselves against the enhanced immune
response that we saw taking place in the gregarious phase (see bellow),
or against antibiotic substances emited by other micro-organisms. The
differential presence between locust phases of sequences from other bacterial
genera, such as two beta-lactamases from Salmonella, seem to support
our interpretation. Although Pantoea agglomerans (formerly Enterobacter
agglomerans) is reported to produce aggregation pheromone precursors inside
the locust DT [Dillon et al., 2000, Dillon and Charnley, 2002], we did not detect
any sequence from this species. The reasons might be the low prevalence of
sequences from species other than eukaryotic in the poly A+ enriched RNA
sample that we used for sequencing. Another plausible cause for the absence
of P. agglomerans sequences might be the annotation of its sequences under
the old genus name, Enterobacter. In fact we had 12 sequences annotated
as from Enterobacter: a set of hypothetical proteins, a fimbrium component
and four beta-lactamases, although none of them shows differential expression
towards the gregarious phase.

In addition to E. coli and Salmonella (for which 10 sequences were assem-
bled), both enterobacteria, we found differential presence of sequences from
bacteria belonging to the phylum Firmicutes, such as Paenibacillus. The
Paenibacillus sequences that we found as more prevalent in the gregarious
phase also have defensive and stress-related functions. Indeed, we found a
subtilisin/peptidase S8 (belongs to a family of endopeptidases with several
functions [Siezen and Leunissen, 1997], including the cleavage of harmful pro-
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teins), a thiol reductant ABC exporter subunit CydD (transports glutathione
across the bacterial cytoplasmic membrane [Pittman et al., 2005], which con-
tributes to redox homeostasis) and a tryptophan-rich sensory protein (involved
in signal transduction coupled to stress response in some bacteria [Davey and
de Bruijn, 2000]). Bacteria from this genus appear in various ecosystems, from
soil to marine sediments and rizhosphere [McSpadden Gardener, 2004, Lal and
Tabacchioni, 2009], but not in intestinal lumen. The sequences that we as-
sembled might thus belong to another phylogenetically related, spore-forming,
bacteria. The other Firmicutes genus for which we found several sequences
as differentially present in the gregarious phase is Bacteroides. Its sequences
encode ATPases type AAA, which might be involved in multiple biological
functions, such as molecule transport and protein remodelling [Snider et al.,
2008]). Species of Bacteroides have been found in the DT of the termite Reti-
culitermes flavipes; they play a crucial role in recycling nitrogenous residues
via uricolysis [Potrikus and Breznak, 1981]. But, apart from our work, there
is no reported evidence of the presence of species from this genus in the locust
DT.

The fact that we found several sequences belonging to plant species is due
to not emptying the DT’s contents before RNA extraction and sequencing. In
fact, almost all of the BLAST results for these sequences are from the Brassica
genus—our locusts were fed on cabbage. The relatively more prevalent plant
transcripts in the solitarious phase, if not a false positive, might be due to
higher amounts of cabbage in the DT of the solitarious individuals compared to
that in the DT of the gregarious ones (probably because gregarious individuals
have to share the food with their cage mates).

3.4.3 Phase-specific transcripts of S. gregaria’s digestive
tube

The results of the transcripts’ differential expression analysis revealed a good
number of genes that are already known to be over-expressed either in the
gregarious or the solitarious phase, which speaks to the overall quality of
our work and its results. A good expample is the juvenile hormone (JH)
synthase and the up- and down-stream regulation genes of its well known
hormonal pathway. Mostly represented in solitarious phase, the JH is involved
in maintaining the inter-molt state of the insect. When the insect is about
to molt, JH levels decrease and ecdysteroid levels rise in the hemolymph,
promoting the ecdysis [Schneiderman and Gilbert, 1964]. It is well known
that JH concentration is higher in the solitarious phase hemolymph titre
[Wiesel et al., 1996]. Accordingly, we found the JH-related genes to be over-
expressed in the solitarious locusts. These include JH acid methyltransferase
(an enzyme involved in JH activation), a group of juvenile hormone binding
proteins (JHBP) with no specific function described, a 50KD midgut protein
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described as up-regulated by JH in termites [Sen et al., 2013], a methoprene
tolerant receptor activated by a JHBP [Jindra et al., 2013], an ecdysteroid
kinase homologue sequence probably related to inactivation of ecdysteroids
(the JH function-complementary hormones involved in molt regulation [Ito
and Sonobe, 2009]), and the lipid transport and storage protein vitellogenin
(regulated by JH in insects [Chen et al., 1979]). Other works on JH in S.
gregaria also support its over-expression in the solitarious phase, suggesting
that solitarious females have higher JH titers, probably to facilitate the
mobilization of vitellogenin or to induce solitarious specific responses [Injeyan
and Tobe, 1981, Wiesel et al., 1996]. The fact that our study is based on
adult tissues discards the option that the differential expression of these genes
is due to their involvement in maintaining the inter-molt state. The higher
expression of JH-related genes might be linked to an enhanced lipid transport
or the extended life span in the larger solitarious locusts that also live longer
than the gregarious ones. In agreement with the differential expression of the
JH, the number of reads mapped to JHBPs was higher in the solitarious phase,
although the proportion of JHBPs that were over-expressed in the solitarious
phase is not significantly different from that of the over-expressed JHBPs in
the gregarious phase (four out of 20 in the solitarious phase compared to two
out of 20 in gregarious phase, see supplementary table 3.26). A more extensive
study of the differentially expressed JHBPs might reveal its implication in JH
down-stream response in each phase.

We found that RNA synthesis is a prominent biological process in
the gregarious phase. For instance, among the top DETs were the 60S
ribosomal protein and nucleolin (ribosomal metabolism), elongation factor
Elfl (regulator of transcription) and tRNA synthases and tRNA maturation
enzymes (translation). It is also to note that several helicases, involved in
several processes related to gene expression regulation, are over-expressed
in the gregarious phase. For example, CHD-1 and DDX17 act as RNA
polymerase II-dependent transcription regulators, although there are several
alternative functions described for these helicases (such as chromatin structure
maintenance for CHD-1 [Delmas et al., 1993] and RNA processing for DDX17
[Fuller-Pace and Ali, 2008]). Coupled to the expression of these helicases,
we find that components of the holoenzyme RNA polymerase II are also
over-expressed in the gregarious phase. At the translational level, we can
also count the eukaryotic translation initiation factor 4 proteins (needed for
initiating almost every translation event in the cell). A transcript for vigilin
was over-expressed in the gregarious phase; it has functions as diverse as
tRNA transport from the nucleus to the cytoplasm [Kruse et al., 1998], RNA
metabolism or vitellogenin regulation [Dodson and Shapiro, 1997]. The higher
expression of transcripts related to the gene expression machinery in the
gregarious phase is concordant with the results that we report for this category
of genes in the solitarious and gregarious transcriptomes of S. gregaria’s central
nervous system (in Chapter 2).
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In brief, the transcriptional machinery, from chromatin structure regula-
tion to RNA editing, seems highly active in the gregarious digestive tube,
as happens in the gregarious central nervous system, where we find these
processes to be over-represented. Both the phase change and the immune
challenges that the gregarious individuals face might contribute to the higher
activity of the genes involved in gene expression in order to produce a higher
yield of proteins related to the regulation of both processes. However, while in
central nervous system the amount of DETs is asymmetrically biased towards
the gregarious phase, the proportion of DETs from the two phases is more
balanced in the DT, which indicates that the differences in gene expression
affects the expression levels rather than the transcript diversity (number of
genes expressed).

3.4.4 Digestion and detoxification-related transcripts of
the locust DT

One of the specific characteristics of the insect digestive tube is the peritrophic
matrix. It is composed by cuticular proteins assembled by peritrophin, a
mucin derivated protein [Terra, 2001]. During digestion, the peritrophic
matrix separates from the epithelium and surrounds the food bolus, thus
optimizing the action of the digestive enzymes. In the locusts S. gregaria
and L. migratoria, the peritrophic membrane covers the midgut epithelium
and caeca [Bernays, 1981]. The fact that the transcription of genes related
to the peritrophic membrane is increased in the solitarious phase might be
understood in two ways: I) the body size of the solitarious individuals is
larger than that of the gregarious ones, so the expression of peritrophic matrix
component transcripts is higher in the former phase—the same logic as for
the case of the genes involved in structural components, such as muscular
fibers; or IT) the higher stress level to which the gregarious locusts are exposed
makes them invest more in other functions, such as innate immune response
and phase change related genes. Both hypotheses seem to be supported by
our data, since we report higher abundance of transcripts related to the
maintennance of tissue and cell structures in the solitarious phase (which
supports the first hypothesis), but we also report over-expression of several
stress response-related transcripts in the gregarious phase (supporting the
second hypothesis).

The principal process in digestion is the breaking of big molecules
into smaller ones in order to facilitate their absorption by the intestinal
epithelium cells. After scrutinising all the probable digestive enzymes from our
transcriptome, we found that the most abundant lytic enzymes were proteases.
Serine proteases, which are involved in diverse functions [Krem and Di Cera,
2001], were the most abundant type. Belonging to this family are trypsin and
chymotrypsin, digestive enzymes that are conserved among animals. Other
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members of the same protease family include the gregarious phase DET
neurotrypsin (which cleaves agrin, a proteoglycan involved in neuromuscular
junction formation [Stephan et al., 2008]) and several trypsin-like proteins that
are potentially involved in many insect processes (see Lazarevi¢ and Jankovié-
Tomanié¢ [2015] for a list of functions). A good portion of the proteases that we
assembled in S. gregaria’s DT transcriptome (almost 40 % of the total) were
N- and C-peptidases, which contain digestive enzymes. Most of the proteasess
were not differentially expressed, probably because of their phase-independent
digestive functions. The same might be said about lipases and glycosidases:
none of them was prevalent, compared to proteases, and only four lipases
were differentially expressed between locust phases, which might be due to
the constitutive/housekeeping functions of these enzymes.

Ingestion of plants involves dealing with toxic substances such as glucosyn-
olates or tannins. This requires a detoxification response to get rid of these
substances along with their metabolites. One of the most represented families
of such detoxification-related proteins that we assembled is the cytochrome
P450 (CYP) family. Its monooxygenase function is involved in a wide range
of processes [Feyereisen, 1999]. CYP transcripts are involved in detoxification
of insecticides and xenobiotics, and take part of a good number of metabolic
pathways in insects. The only gregarious over-expressed CYP is homologous
to CYP6K1, a member of CYP6 family, linked to resistance to insecticides in
several insects [Daborn et al., 2007, Ding et al., 2013, Yang et al., 2016]. The
nineteen solitarious over-expressed CYP transcripts mostly belong to subfam-
ilies 4, 6 and 9, and on average are expressed four folds higher that in the
gregarious phase. As explained for the CNS transcriptome (Chapter 2), the
higher metabolism of the gregarious locusts might be what drives the increase
in the expression of these detoxifying molecules. The over-expression of some
CYPs in the solitarious phase can be explained by the high number of possible
functions in which these molecules are involved.

3.4.5 Innate defense: from the intestinal epithelium to
the hemolymph.

Due to their life style, gregarious locusts compete for resources and space with
the rest of the swarm, fly very long distances to find new food resources, once
they have devastated the area where they were, have to even actively escape
from the reach of their own kind in order to avoid cannibalism and, logically,
recure to cannibalism if they can. These life conditions lead to stress response
activation, modifying a high portion of the locust physiology. They also
increase the probability of getting infected by parasites and pathogens, thus
enhancing the activity of the constitutive immune response in order to control
the pathogenic microorganisms to which the gregarious locust is exposed. This
way, the gregarious locusts have to face a double-cost immune response: one
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Log10(FPKM)

Figure 3.33: Cytocrome P450 (CYP) transcripts expressed in the digestive tube
of S. gregaria. A: Relative abundance. B: Expression levels, in FPKM, of the
transcripts (X axis) between solitarious (blue) and gregarious (red) libraries.
FDR-corrected P-values for Yate’s corrected chi-square test are represented
with asterisks as follows: * = 0.05 > P > 0.01; ** = 0.01 > P > 0.001; *** =
P < 0.001.

induced by the stress produced by the crowd conditions and other induced
by the higher pathogenic load (see Adamo [2016]). We therefore expect to
find the key genes that activate both immune responses (stress driven and
constitutive) among the over-expressed contigs in the gregarious phase.

As part of the insect innate immune response, peptidoglycan recognition
proteins (PGRPs, Dziarski [2004]) and Gram-negative bacteria binding
proteins (GNBPs, [Kim et al., 2000]) are constitutively expressed in the
intestinal epithelial cells, and exported to the intestinal lumen [Engel and
Moran, 2013]. Once there, they bind to peptidoglycan and other bacterial
cell wall components. If the enteric bacteria population exceeds certain
threshold, these proteins trigger a primary immune response that leads to
the excretion of antimicrobial peptides, such as defensins [Zasloff, 2002], that
inhibit pathogens, and of dual oxidases that induce an oxidant environment
inside the intestinal lumen. In addition to PGRPs and GNBPs, there
are haemolymph lipopolysaccharide-binding proteins which recognize Gram-
negative bacteria such as E. coli [Schumann et al., 1990].

The balance of antibacterial expressed genes was inclined towards the
gregarious phase, which clearly indicates the active status of the antimicrobial
response during that phase. The defense response in the solitarious phase,
although present, was not as strong as that of the gregarious phase. More
evidences reinforcing our interpretation are the gregarious over-expression of
up-stream immune response genes, such as the Spaetzle-processing enzyme,
that cleaves the Toll-signalling antimicrobial response precursor of the protein
Spaetzle into an active form [Levashina et al., 1999]. Spaetzle regulates the
immune response against Gram-positive bacteria and fungi by activating a
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series of proteins that eventually promote the release of antimicrobial peptides
[Ligoxygakis et al., 2002, Hoffmann, 2003].

Another group of proteins with important roles in the immune response
are the serin protease inhibitors (also known as serpins). We found serpin
3 to be over-expressed in the gregarious digestive transcriptome. Serpin 3
negatively regulates the phenoloxidase activation proteinase PAP-3 in the
tobacco worm Manduca sexta [Zhu et al., 2003], thus inhibiting the immune
response mediated by melanin. Two transcripts belonging to another serpin
family, pacifastin, were also differentially expressed between locust phases.
One (a partial sequence homologous to pacifastin-related precursor 4t) was
over-expressed in the gregarious phase, which is concordant both with our
study of the S. gregaria CNS (Chapter 2) and with the results in Simonet et al.
[2005], Badisco et al. [2011b]. Some pacifastins are involved in the inhibition of
digestive serin proteases, such as trypsin and trypsin-like proteases, but others
also inhibit enzymes involved in other biological functions. Interestingly,
it seems that a pacifastin also inhibits PAP-3 in the crayfish Pacifastacus
leniusculus [Aspéan et al., 1990, Liang et al., 1997], thus having the same role
as the insects’ serpin 3. PAP-3 activates prophenoloxidase and converts it into
functional phenoloxidase, an enzyme that produces melanin and can inhibit
pathogens via melanization. The fact that both pacifastin 4 and serpin 3
are over-expressed in the gregarious DT might indicate control of the immune
response, probably via a negative feedback, in order to avoid excess of melanine
production, which might be harmful to the insect itself.

The involvement in the immune response of some of transcripts that we
found over-expressed in the gregarious phase rather part of their pleiotropic
effects. A good example of these is apolipophorin III. It is a lipoprotein
that can unbind its lipidic part, normally used for lipid transport, to then
recognize bacterial cell wall elements and induce the immune response [Ogoyi
et al., 1995, Malik and Amir, 2011]. When the locust faces an immune
challenge, apolipophorin III works as a pathogen recognition protein [Chung
and Ourth, 2002, Zdybicka-Barabas et al., 2013]. However, under other
stressfull conditions (such as intense flight) its function shifts towards lipid
transport in order to optimize resource usage. This results in a trade-off
between metabolic and stress response and immunological investment in a
similar way as it was described for the cricket Gryllus texenis [Adamo et al.,
2008]. The ganglioside GM2 activator also accomplishes both a lipid transport
and immune response functions. It does not only transports ganglioside
glycerolipids, but it was also found to activate beta-hexosaminidase (a
facultative peptidoglycan hydrolase) in mammals [Koo et al., 2008]. However,
there is no evidence of beta-hexosaminidase differential expression in our
transcriptome (despite its presence among the assembled transcripts) and
no hexosamidase activation function of the ganglioside GM2 activator has
been reported in insects yet. Other proteins that were over-expressed in
the solitarious phase, such as elongation of very long chain fatty acids 7-
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like protein, are specific to lipid transport and metabolism. Their differential
expression could be a consequence of the tendency to accumulate fat by the
well fed and less active solitarious locusts.

Several of the assembled transcripts contain domains that might indicate
their involvement in the immune response. For example, several transcripts
contain an immunoglobulin-like domain but, due to the multiple functions
of this domain, we cannot confirm the involvement of the transcripts that
contain it in the immune functions. The same could be said of lectins,
whose ability to bind to saccharides is sometimes used for structural purposes,
but also in antigen recognition (C-type lectins, for instance, are involved in
hemaglutination of hemocytes [Weis et al., 1998] and in innate immunity as
pattern recognition proteins [Robinson et al., 2006]). Another protein group
also abundant in the transcriptome are the leucine-rich repeat-containing
proteins, some of them being ribonuclease inhibitors (related to RNA lifespan
regulation, [Kobe and Deisenhofer, 1993]), Toll-like receptors (related to Toll
signalling, [Bell et al., 2003]) or more specific proteins as the tropomyosin
regulator tropomodulin (regulates actin filament length in muscle, [Matsuzaka
et al., 2004]). Despite the presence of the leucine-rich repeat-containing
protein 40 among the top over-expressed transcripts in the gregarious phase
(which might indicate its importance in phase change), the lack of specific
information about this sequence makes difficult its assignation to some of the
above cited functions.

Among the most prominent protein families that are associated with stress
response is the heat shock protein (HSP) family. The main function of HSPs
is to maintain the folding pattern of proteins under several stress conditions
[Lindquist and Craig, 1988]. However, some HSPs are also involved in
antigen recognition and binding, thus working as facultative immune response
agents [Thériault et al., 2005, Nishikawa et al., 2008]. Besides, HSPs do
not only come in different functional and expression (constitutive versus
inducible) variants, they also vary in terms of cellular localization (cytosolic
versus mitochondrial). Several transcripts of this protein family seem to
be differentially expressed towards gregarious phase in L. migratoria, which
might relate them to phase change [Wang et al., 2007, Chen et al., 2015].
Regarding S. gregaria, HSP70 is the most abundant family of HSPs in our
transcriptome (figure 3.34A), presenting several members with a plethora of
functions, including protection against protein aggregation and acting as an
endoplasmatic reticulum transporter protein [Tavaria et al., 1996, Daugaard
et al., 2007]. This presence of multiple copies and the multiple functions are
probably the reason why we found HSP70 DETs both in the gregarious (three
transcripts) and solitarious (two transcripts) phases (see figure 3.34B). One
HSP20 transcript, related with heat tolerance [Groenen et al., 1994], is over-
expressed in the solitarious phase (figure 3.34B). It is also worth highlighting
that two mitochondrial variants (HSP10 and HSP60) were over-expressed in
the gregarious phase, while other HSPs are differentially expressed in one
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phase or the other. Given the data, this protein family seems to contain
different transcripts that are associated with one phase or the other but, unlike
the case of L. migratoria [Wang et al., 2007], the HSP family shows no clear
patterns of association with any of the two S. gregaria phases. The reason
for this difference might be the fact that only six different HSP transcripts
were studied in L. migratoria, whereas we had a high number of HSP in the
S. gregaria transcriptome that we assembled—which might indicate that a
good number of L. migratoria HSP variants might present different expresion
patterns. Whatever the case, more studies are needed in order to determine
the exact functions of these HSP transcripts and their relation to the locusts’
phase change.
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Figure 3.34: Heat shock protein (HSP) transcripts expressed in the digestive tube
of S. gregaria. A: Relative abundance. B: Expression levels, in FPKM, of the
transcripts (X axis) between solitarious (blue) and gregarious (red) libraries.
FDR-corrected P-values for Yate’s corrected chi-square test are represented
with asterisks as follows: * = 0.05 > P > 0.01; ** = 0.01 > P > 0.001; *** =
P < 0.001.

3.4.6 Oxidative stress and the differential expression
between phases

Recognition of pathogens in the digestive tube drives a response involving
redox reactions that increase the concentration of reactive oxygen species
(ROS) inside the intestinal lumen and set a hostile environment for pathogens
(see Engel and Moran [2013]). The increase in pathogen-driven and oxidative
stress levels is harmful for the organism and requires counter-measures.
Because of the higher microbial activity in the gregarious phase, we expect
an increment of ROS levels in that phase. The resulting increase in molecular
and organelle damage would eventually lead to cell apoptosis.

Accordingly, several redox homeostasis transcripts are over-expressed in
the gregarious phase. Examples include prostaglandin synthase, thioredoxin
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and peroxiredoxin. These three transcripts are involved in the redox
reactions, where they reduce hydrogen peroxide to water by peroxidation
of the active cysteine of the peroxiredoxin, then coupling the reduction
of the inactive peroxidized peroxiredoxin to the oxidation of thioredoxin
[Rhee et al., 2005]. Thioredoxin reductase 1, the enzyme that reduces
peroxidized thioredoxin with NADPH, is also over-expressed in the gregarious
phase, closing so the regeneration pathway of peroxiredoxin. Sharing this
expression pattern is also the ATP-dependent NAD(P)HX dehydratase, an
enzyme that repairs the hydrated form of NADPH (NADPHX), which
is a dehydrogenase inhibitor [Regueiro et al., 1970]. A thioredoxin-like
prostaglandin synthase, prostamide/prostaglandin F2 alpha synthase, is also
over-expressed in the gregarious phase. This enzyme reduces prostaglandin H2
(PGHZ2) to prostaglandin F2 alpha (PGF2a), which contributes to the coupled
oxidation of other thioredoxin, thus potentially increasing the amount of ROS
[Moriuchi et al., 2008]. In addition to their hormonal functions, prostaglandins
are also eicosanoids involved in the immune response against bacteria [Tunaz
et al., 2001, Stanley et al., 2009], so their production might be linked to the
enhanced immune response of the locust.

On the other hand, other transcripts involved in redox processes are clearly
over-expressed in the solitarious individuals. An example is the enzyme
gamma-glutamyl cyclotransferase which competes with glutathione synthase
for gamma-glutamil-cysteine [Richman and Meister, 1975], thus potentially
lowering the regeneration of glutathione. It is also related to amino acid
transport [Thompson and Meister, 1975], which might be the main reason for
its increase in the solitarious locusts. Linked to detoxification, we also find that
vanin is over-expressed in the solitarious phase. It is an enzyme that breaks
pantetheine into vitamin B5 and cysteamine [Maras et al., 1999, Boersma
et al., 2014]—the latter being related to redox regulation because it raises the
levels of glutathione and thioredoxin inside the cells [Khomenko et al., 2003,
Wilmer et al., 2011]. Transcripts for redox regulation are over-expressed in
solitarious phase while oxidative stress is increased in the gregarious phase,
meaning that the expression of redox regulators in the solitarious phase might
be more related to redox-based signalling rather than to oxidative stress
palliation.

One of the most representative families of proteins involved in detoxifica-
tion by redox reactions are the glutathione S-transferases (GSTs, EC: 2.5.1.18).
They utilize glutathione as substrate for detoxification of xenobiotic molecules
by addition of a glutathione radical to the target molecule [Sheehan et al.,
2001]. Higher glutathione synthase levels indicate a more efficient, if not
forced, oxidative status of the organism. Besides, GSTs are involved in sev-
eral other steps of the detoxification of xenobiotic substances (KEGG pathway
00980)—where CYPs are also involved. This way, GSTs are involved in detox-
ification of several insecticides and peroxidized products. For instance, delta
class GSTs have been reported to process substrates such as the insecticide
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DDT [Udomsinprasert et al., 2005], omega class GSTs are involved in detoxifi-
cation of heavy metals [Laliberte et al., 2003, De Chaudhuri et al., 2008], and
microsomal and sigma classes interacts with peroxidized lipids in the endo-
plasmatic reticulum or cytoplasm [Agianian et al., 2003]. GSTs are probably
related more to signalling and xenobiotic detoxification in the solitarious phase
(delta and omega classes) and to oxidative stress palliation in the gregarious
one (microsomal and sigma classes), as we suggest in the former paragraph.
Overall, all the GST classes are involved in avoiding cell damage.
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Figure 3.35: Glutathione S-transferase (GST) transcripts expressed in the digestive
tube of S. gregaria. A: Relative abundance. B: Expression levels, in FPKM,
of the transcripts (X axis) between solitarious (blue) and gregarious (red)
libraries. FDR-corrected P-values for Yate’s corrected chi-square test are
represented with asterisks as follows: * = 0.05 > P > 0.01; ** = 0.01 >
P > 0.001; *** = P < 0.001.

As stated above, excess of ROS can damage molecules, organelles and
cells and activates molecule-modification pathways. One of these pathways
is the polyubiquitylation signalling, which mainly regulates the addition of
various ubiquitin peptides to the proteins that are destined to degradation
by the proteasome. Congruently, most of the transcripts that relate to
polyubiquitylation are over-expressed in the gregarious phase, as an expected
consequence of the cummulation of pathogen-induced damage and ROS.
Overall, E3 ubiquitin ligases are notorious in the gregarious phase: E3
ubiquitin-protein ligase RNF181 is directly involved in the ubiquitylation of
target poteins [Lee et al., 2014], while E1 ubiquitin-activating protein AOS1 is
related to the the activation of that ubiquitin [Johnson et al., 1997]. Some of
the genes involved in the polyubiquitylation pathway are also involved in other
regulation pathways (such as the microbial DNA-induced immune response
thanks to E3 ubiquitin-protein ligase AMFR-like, and mitosis regultaion
by Apcll anaphase-promoting complex subunit). In addition, we found
several genes that show homology with protein domains related to ubiquitin
ligases (such as WWE domains [Gmachl et al., 2000, Aravind, 2001, Wang
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et al., 2014a]) to be over-expressed in gregarious phase. Not only strict
ubiquitylation is over-represented in the gregarious phase, several proteins
involved in ubiquitin-like signalling (such as the ubiquitin-like protein 5) share
this expression pattern. It is also remarkable that ubiquityl-protein hydrolases
and other deubiquitylation enzymes (such as UBX domain-containing protein
6-like [Madsen et al., 2011] or protein FAM152b) also are over-expressed in the
gregarious phase. Not surprisingly, an F-box containing transcript (involved
in ubiquitilation mediating [Bai et al., 1996]) is the only transcript related to
ubiquitylation among those over-expressed in the solitarious phase.

Polyubiquitylation signalling, together with the presence of excessive
ROS and pathogen agents, also activates apoptosis pathways, such as p53
and caspase. Some ubiquitin-related modifiers are also related to the p53
apoptosis pathway and are over-expressed in the gregarious phase. For
example, ubiquitin-like modifier-activating enzyme ATG7 regulates vacuole
formation in autophagy and p53/caspase-8 apoptosis processes [Lee et al.,
2012]. The CDC14A protein regulates p53 apoptosis [Li et al., 2000], among
other functions (such as stopping mitosis to begin DNA replication and DNA
repair [Mocciaro and Schiebel, 2010]). Since leak of Cytochrome C from
mitochondria to cytoplasm is part of the apoptosis signal [Kadenbach et al.,
2004], the over-expression of components of the cytochrome C oxidase complex
in the gregarious phase could also be caused by higher levels of apoptosis. The
Fam32A protein, a promoter of apoptosis in humans, is also over-expressed
in the gregarious phase, but little is known about this protein in insects. In
contrast, the solitarious locusts show over-expression of the Tp53rk-binding
protein, a protein kinase that phosphorylates the tumour suppressor p53
protein, thus activating it and leading to apoptosis inhibition [Huh et al., 2007].
Unexpectedly, some apoptosis inhibitors and antagonists are over-expressed in
the gregarious phase. This might be due to possible pleiotropic effects. For
instance, BAX inhibitor 1 is an apoptosis inhibitor [Krajewska et al., 2011]
but also as a regulator of calcium inside the endoplasmatic reticulum, leaking
Ca?T to the cytoplasm [Bultynck et al., 2012]. Death-associated inhibitor
of apoptosis 2 (DIHA) is an apoptosis inhibitor dependent of PGRPs that
polyubiquitylates the caspase DREDD [Meinander et al., 2012], but it has
been reported that its expression is needed for the immune response against
Gram negative bacteria [Huh et al., 2007].

The presence of residues in cytoplasm, as well as the presence of
apoptosomes and autophagosomes, promote the formation and traffic of
vesicles, whose related DETs belong to several protein families of which ADP
ribosylation factors (ARFs) and SNARE proteins were notorious. ARFs
belong to the RAS protein family, consisting of G proteins that induce
vesicle formation, actin modulation, and some of their members are also
involved in apoptosis. While there are over-expressed transcripts of the
RAS family in both phases, ARFs appear specifically over-expressed in the
gregarious phase. Overall, the lack of phase specificity of the RAS DETs
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might be explained because, besides formation and trafficking of apoptosomes
and autophagosomes, the intestinal epitellium cells are constantly secreting
(exporting) enzymes and immune response peptides, as well as absorbing
(importing) nutrients to the cell cytoplasm—none of these normally occurring
processes is affected by the phase of the locust. SNARE proteins, which
are involved in the fusion of vesicles (such as fusion of lysosomes and
peroxisomes, to promote cellular digestion) or other biological membranes
(such as the cis and trans-Golgi networks and the plasmatic membrane, to
promote secretion), are also specifically over-expressed in the gregarious phase.
More transcriptional evidences in support of an enhanced secretory activity
in the gregarious phase include, among others: the signal peptide receptor
(SSR) beta subunit, involved in the inclusion of proteins from the ribosomes
into endoplasmatic reticulum [Gérlich et al., 1990], and tetraspanin CD63, a
molecular facilitator that is present in late endosomes and interacts with the
plasmatic membrane to form an exosome [Pols and Klumperman, 2009]—in
addition its potential indirectly involvement in the immune response [Levy
and Shoham, 2005].

3.4.7 Transcriptional evidence of the digestive tube stim-
ulation by the nervous system in the gregarious
phase.

The digestive tube is covered by part of the peripheral nervous system, refered
as enteric nervous system, which function is to establish DT-CNS and CNS-
DT crosstalk and regulate peristaltism and intestinal secretion. We therefore
expect our RNA-seq study of the solitarious and gregarious digestive tubes
of S. gregaria to show differences in the expression levels of genes related to
the nervous system. Accordingly, we found that several of these transcripts
were differentially expressed towards the same phase both in the CNS and DT
transcriptome. For example, the GABA-receptor associated protein (GRAP)
is over-expressed in the gregarious phase both in the digestive tube and
CNS. This protein is involved in the cytoplasmic transport of the GABA
receptor to the plasmatic membrane [Kittler et al., 2001], meaning that
the reception of GABA is promoted in the digestive tube of the gregarious
locusts. In insects, GABA is mainly an inhibitory neuropeptide, although
it can be excitatory, depending on the type of GABA-ergic neuron that
receives the stimulus, affecting to physiology and behaviour [Pitman, 1971,
Ffrench-Constant et al., 1993]. In addition, GRAP is also related to apoptosis
signalling and autophagy promotion, so a pleiotropic effect might occur in
the digestive system, both promoting muscle stimulation and autophagy in
the gregarious locusts [Kabeya et al., 2004]. Also over-expressed in gregarious
phase is the receptor white, which is an ABC transporter for tryptohpan.
This receptor is more known for being involved in transport of pigment
precursors, such as tryptophan or guanine, to the compound eyes during
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insect developement [Mackenzie et al., 1999]. However, tryptophan is also
the precursor for the neurotransmitter serotonin [Borycz et al., 2008], which
has been reported to be involved in phase change [Anstey et al., 2009, Guo
et al., 2013, Tanaka and Nishide, 2013, Rogers et al., 2014, among other
functions. So white might be involved in tryptophan import to the CNS for
production of serotonin.

The receptor no mechanoreceptor potential C protein (NMRP-C), involved
in positive peristaltism regulation, is also over-expressed in the gregarious
phase and, interestingly, works as a mechanorreceptor involved in aggregation
behaviour in Drosophila [Cheng et al., 2010]. A calmodulin dependent nitric
oxide (NO) synthase is over-expressed in the gregarious phase, producing
NO, which is involved in many biological aspects, including intestinal mucosa
integrity [Whittle et al., 1990] and immune response in mammalian DT
[McCafferty et al., 1997] by interacting with neuropeptides. However, NO
synthases can contribute to peroxide formation in some conditions, so they
might contribute to the ROS formation [Xia et al., 1998]. It is known that
stressful conditions can activate the peristaltism in other organisms, so if we
consider the fact that the stress response is stronger in gregarious phase,
we should expect over-expression of the transcripts that relate to increased
peristaltism in the gregarious locusts. Curiously, we found Ly6/neurotoxin 2
(Lynx2), a protein homologous to Lynx1 [Dessaud et al., 2006], to be over-
expressed in the solitarious locusts with high FPKM values (Supplementary
table 3.26). The Lynx proteins interact with nitrosamine and acetylcholine
receptors, maintaining the cholinergic pathway [Tsetlin, 2015] and, depending
on the variant, they modulate the expression of specific nitrosamine and
acetylcholine receptors [Wang et al., 2015]. In the same sense, we also found a
nicotinic acetylcholine receptor to be over-expressed in the solitarious phase.

Over-expression of the potassium voltage-gated channel protein Shal in the
gregarious phase might be an indicator of the need for rapid repolarization of
neurons in the digestive tube. This channel is involved in the recovery of
the electric potential difference of the membrane by transporting K+ ions
to the needed compartment. A transcriptional increment of this protein
might thus be used for the recuperation of the nervous impulse [Ping and
Tsunoda, 2012]. Complexin, a nervous system-specific protein that interacts
with SNARE proteins during vesicle fusion [Trimbuch and Rosenmund, 2016],
is also over-expressed in the gregarious phase. As stated in the oxidative stress
section, vesicle formation and transport seem to be enhanced in the gregarious
locusts. That increase is therefore not only for importing defensive products
and exosomes to the intestinal lumen, but also for releasing neurotransmitters
in the synapsis and neural plates. Following the same tendency, clavesin-1, a
molecule expressed in neurons, where it associates with phosphatidilinosytol-
3,5-biphosphate (PIP2), interacts with clatrin and is present in the vesicles
whose destiny are endosomes and lysosomes [Katoh et al., 2009]. The actin-
like protein 87¢ (commented in the GO analysis section), synonymous of the
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actin-related protein 1, is also over-expressed in the gregarious phase. It is
part of the dynactin complex and it is involved in synapse retraction [Eaton
et al., 2002]. Overall, the transport of ions, organelles and vesicles (all of them
related to neurons) seems to be enhanced in our gregarious RNA-seq libraries,
both of the CNS and the digestive tube.

3.4.8 Calcium regulation: roles in immune response,
neuronal signalling and muscle contraction in the
digestive tube

The expression of several enzymes from the Wnt/calcium signalling pathway
is increased in the gregarious phase. On case of these is phospholipase
C, that metabolizes the membrane lipid phosphatidylinositol 2-phosphate
(PIP2) to inosytol trisphosphate (I3P) and diacylglycerol (DAG) [Kiihl et al.,
2000]. While DAG remains in the plasmatic membrane, I3P is released to
the cytoplasm and interacts with endoplasmatic reticulum (ER) calcium-
associated channels that release calcium. Among the proteins whose genes are
over-expressed in the gregarious locusts is a protein that contains a domain
similar to an I3P receptor (activates ER calcium release), the preprotachykinin
(precursor of a vasodilator and peristaltism regulation neuropeptide whose
receptor is a GPCR that activates phospholipase C [Torrens et al., 1989]), and
the I3P kinase (enzyme that sequentially phosphorilates I3P to I6P for gene
expression regulation [Odom et al., 2000]). Cytosolic calcium transporters,
such as calmodulin and calmodulin-related proteins, are also over-expressed
in the gregarious locusts. These transporters interact with other proteins
contributing to calcium signalling. DAG works also as a precursor that can
be processed by prostaglandin synthase, enzyme commented in the oxidative
stress section among those over-expressed in the gregarious phase.

Wnt regulation presents several pathways with complementary activa-
tion. For example, Wnt/calcium pathway elements can down-regulate the
Wnt /beta-catenin pathway [Sugimura and Li, 2010]. This might explain why
we do find inhibitors or antagonists of the Wnt/beta-catenin pathway (such as
trophoblast glycoprotein [Zhao et al., 2014] and nucleoredoxin [Funato et al.,
2006]) over-expressed in the gregarious phase. Calcium is a very important
and ubiquitous secondary messenger involved in the regulation of multiple bi-
ological processes, including neuronal transmission, cytoskelleton regulation,
enzyme activation and immune system response, among others. Calcium is
also involved in muscle contraction, both in synaptic regulation and myosin
contraction. Contraction of the intestinal muscle is regulated at a higher
level by hormones such as prostaglandin and NO, as mentioned above. How-
ever, the transcripts coding for structural components of the muscles, such as
myosin, tropomyosin and actin filaments related to muscles are clearly over-
expressed in solitarious phase. This can be explained by de differences in size
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between solitarious and gregarious individuals, being the former smaller and
thus might invest less in expression of genes related to muscle structure and
maintenance. Another explanation might be the differences in investment in
other processes: whilst gregarious locusts face stressful conditions that require
higher expression of stress and immune response genes, solitarious locusts in-
vest in housekeeping functions such as muscular fibre maintenance.

A study on commensalist bacterial communities in the mammalian DT
revealed that Bacteroides thetaiotaomicron packs an inositol hexaphosphate
phosphatase in vesicles that are then endocyted by the epithelial cells of the
DT [Stentz et al., 2014]. By doing so, these bacteria can induce calcium
signalling in the host cells, by cleaving inositol hexaphosphate into inositol
polyphosphates and rising levels of I3P. It therefore looks as if the symbiotic
bacteria were “warning” the host about the presence of pathogens in the
intestinal lumen, thus, being a sort of accessory pathway to the stimulation of
immune response. Interestingly, one of the bacteria with both more transcript
counts and more than three DETs towards the gregarious phase belongs
to the genus Bacteroides. The fact that the expression of I3P signalling
transcripts is up-regulated in the gregarious phase, as do several immune
response transcripts, might indicate that this inter-kingdom communication
could be happening also in the desert locusts’ DT.

3.4.9 Comparison with the published data:

The transcriptome that we assembled for the digestive tube of S. gregaria
contains only a few transcripts whose significant differential expression was
previously reported elsewhere (Supplementary table 3.27). The number is
expectedly higher when we do not consider the statistical significance and
take into account only the tendency of the difference in expression level. Since
the analysis of differential expression applies the statistics test to thousands
of cases, and despite correcting for type I errors (false positives) with post-
hoc statistics (like the FDR), some cases will be false positives and others
false negatives—the correction for type I error is not absolute. By taking
into account the non-significant cases where the tendency of the difference
in expression is the same as the significant over-expression reported in the
bibliography, we do not intend to claim the confirmation of these transcripts.
We rather pinpoint these results as to keep in mind. It is to highlight also
that the published scientific works that we used for the comparaisons are on
differences tissues and even species, and use different methodologies. All of
these are reasons for the low number of genes that share the same expression
pattern between works (see supplementary table 3.27 in chapter 4 for the
specific information on each of scientific works used for the comparison).

Only two transcripts were comparable between our results and those
published for S. gregaria. Both, pacifastin-like peptide precursor 4 and a
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chromodomain helicase DNA binding protein (CHD) homologous sequence,
were congruently over-expressed in the gregarious locusts in both sources.
Being a protease inhibitor linked to immune response [Liang et al., 1997] and
with several studies marking it as typically up-regulated in the gregarious
phase [Simonet et al., 2005, Badisco et al., 2011b], pacifastin-like peptide
precursor 4 may thus be considered as a solid marker sequence for the
gregarious phase. Chromodomain helicase DNA binding protein (CHD) is
usually involved in chromatin structure modification, and our data contain
several CHDs, such as CHD-1 and CHD-3 (related to histone deacetylation
[Tong et al., 1998]), all of them congruently over-expressed in the gregarious
phase.

The most relevant coincidence when comparing to the data on L. migra-
toria is the tyrosine hydroxalase, the enzyme that synthetises L-DOPA. It is
reported both in our transcriptome and in Chen et al. [2010] as up-regulated
in the gregarious phase, thus confirming the role of catecholamines in the reg-
ulation of phase change [Ma et al., 2011]. Other gene families also present the
same over-expression pattern in both sources. Examples are the CYPs and the
HSP20, both of them over-expressed in the solitarious phase in our transcrip-
tome and in [Guo et al., 2011]. Also up-regulated in our solitarious S. gregaria
and L. migratoria from Guo et al. [2011] are cuticle proteins (present in insect
DT because their role as part of the peritrofic matrix) and a peptidyl-prolyl
cis-trans isomerase (involved in protein folding [Takahashi et al., 1989, Liu
et al., 1990] and sometimes in the promotion of viral propagation [Anderson
et al., 2011]). The latter two protein groups were also validated in S. gregaria
CNS transcriptome both via ¢qPCR and RNA-seq (Chapter 2). The remain-
ing transcripts that we found up-regulated in the solitarious phase both in the
bibliography and our DT transcriptome are components of muscular tissues.
These include lethal 2 essential for life (HSP homologous sequence involved in
lifespan increase [Vos et al., 2015] and muscle development [Wéjtowicz et al.,
2015]), protein TU-36B (a muscle specific cytochrome B5 with unknown func-
tion, [Levin et al., 1989]) and troponin C (component of cytoskelletal fila-
ments from muscle cells, it binds to calcium and regulates muscle contraction
[Herzberg et al., 1986]). These last results add to the evidences gathered in
our GO enrichment and differential expression analysis, where muscle-related
transcripts appear up-regulated in the solitarious phase.

No transcriptomics or gene expression data are available for L. migratoria’s
digestive tube— work from Spit et al. [2016] compared the expression of crowd-
reared L. migratoria digestive tube against the brain. Furthermore, Spit et al.
[2016]’s work is based on microarray technology, thus sequence information is
determined a priori from L. migratoria and S. gregaria known sequences, which
limits the number of sequences studied compared to an NGS de novo assembled
transcriptome. Still, we could mine that work and retrieve information about
the presence, absence and diversity of transcripts (Supplementary table 3.23).
We coincide in several aspects. For instance, the diversity of proteases is
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similar, with the most abundant ones being serine proteases, followed by
metalloproteases then cysteine proteases. Two of the most abundant GSTs
in our transcriptome (types delta and sigma) are reported in the work from
Spit et al. [2016]. We both report a sequence homologous to the major allergen
protein Bla G1, probably involved in digestion in hemimetabolous insects
[Gore and Schal, 2004], thus highlighting the presence of allergenic proteins
and their association with the phase in both species of locusts. As to CYPs,
however, the most represented classes were CYP4 and CYP6 in our work, and
CYP2 and CYP3 in Spit et al. [2016]’s work.

3.5 Conclusions

In summary, this work offers a complete record of transcripts from the
DT of Schistocerca gregaria, with thousands of transcripts identified by
BLAST search and other thousands with no BLAST identity. We also
infer how the phase change affects gene transcription in the locust DT.
Immune response, RNA metabolism and vesicle formation related transcripts
are more represented in the gregarious phase due to the action of the
two drivers of stress (population density and pathogens). On the other
hand, more constitutive functions are more represented in the solitarious
phase. We also see how GABA and catecholamine signalling over-expression
is concordant between the digestive tube and the CNS, and that calcium
signalling and ubiquitilation are also abundantly represented in the gregarious
phase. We report significant taxonomical differences in transcript abundance
and coverage between both phases, with bacteria, fungi and protozoa having
higher presence in the DT of the gregarious locusts. In fact, this last result may
also be understood as differences both at gene expression level and the taxon
diversity. Among these microbes, the most differentially represented genus
was the apicomplexa pathogen Gregarina spp, which might be considered for
locust control (although we have to determine if the species is G. niphandrodes
or G. garnhami). The higher density of pathogens in the gregarious phase
may lead innate immune responses driven, some calcium-regulated and some
lead to increased ROS levels in intestinal lumen, which in turn triggers ROS
buffering and detoxification processes as well as cell damage, apoptosis and
autophagy. It is to highlight that most of the DETs might have pleiotropic
functions, not necessarily linked to phase change. What is clear is that the
differences between phases in the digestive tube are modulated at two levels:
host’s phase and microbial abundance, which rises the question of whether the
microbial community is what affect the host’s phase or viceversa.
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3.6 Supplementary material

Table 3.24: Over-represented GO terms in the gregarious and solitarious phase. We show the GO terms belonging to the specified
principal category and hierarchical level, showing both the P-value for the Fisher’s exact test derived from the enrichment
analysis and the logarithm of fold change between phases.

GO GO tag GO term Total Gregarious Solitarious FET Log(FC)
level counts pvalue

Gregarious phase

Biological process

3 G0O:0016043 cellular component organization 2519 158 85 1,783E-04 -0,894
4 GO:0007049 cell cycle 898 104 20 1,656E-15 -2,379
4 GO0O:0007017 microtubule-based process 570 73 10 3,450E-13 -2,868
4 G0O:0043933 macromolecular complex subunit organization 737 71 22 5,077E-08 -1,690
4 GO0O:0006996 organelle organization 1554 115 48 2,670E-06 -1,261
5 G0O:0000278 mitotic cell cycle 558 84 10 1,210E-18 -3,070
5 G0O:0022402 cell cycle process 745 97 18 1,704E-17 -2,430
5 GO:0071822 protein complex subunit organization 673 68 22 1,726E-08 -1,628
5 GO:0007010 cytoskeleton organization 915 81 30 1,546E-07 -1,433
5 GO:0009057 macromolecule catabolic process 255 26 4 3,535E-04 -2,700
6 G0O:0000226 microtubule cytoskeleton organization 472 68 T 2,258E-15 -3,280
6 GO0:0010564 regulation of cell cycle process 175 23 2 1,407E-05 -3,524
6 GO0:0044265 cellular macromolecule catabolic process 201 24 2) 3,810E-05 -3,585
6 GO:0007346 regulation of mitotic cell cycle 185 22 2 8,283E-05 -3,459
6 GO:0000075 cell cycle checkpoint 98 15 1 9,346E-05 -3,907
6 GO:0006974 response to DNA damage stimulus 272 27 4 2,242E-04 -2,755
6 G0O:0044770 cell cycle phase transition 149 18 4 2,960E-04 -2,170
7 GO:0007051 spindle organization 254 55 6 1,185E-18 -3,196
7 G0:0031023 microtubule organizing center organization 140 25 3 7,927E-08 -3,059
7 GO:0031570 DNA integrity checkpoint 85 15 0 3,380E-05 -20,517
7 G0O:0044772 mitotic cell cycle phase transition 141 18 2 2,5629E-04 -3,170
7 GO:1901987 regulation of cell cycle phase transition 128 16 2 6,684E-04 -3,000
7 G0:0048568 embryonic organ development 60 10 3 0,000988331 -1,737
8 GO:0007052 mitotic spindle organization 197 49 4 5,989E-19 -3,615
8 GO0:0051231 spindle elongation 98 34 1 3,730E-17 -5,087
8 G0O:0051297 centrosome organization 140 25 3 7,602E-08 -3,059
8 GO0O:0007112 male meiosis cytokinesis 18 7 1 7,757TE-05 -2,807
8 GO:0000077 DNA damage checkpoint 80 13 0 2,258E-04 -20,310
8 G0O:0006396 RNA processing 406 36 7 3,551E-04 -2,363
8 GO:0016071 mRNA metabolic process 336 31 4 4,809E-04 -2,954
8 G0:1901990 regulation of mitotic cell cycle phase transition 127 16 2 6,100E-04 -3,000
9 GO:0000022 mitotic spindle elongation 97 34 1 1,562E-18 -5,087
© GO:0007098 centrosome cycle 109 23 1 2,959E-09 -4,524
9 GO:0008380 RNA splicing 264 27 3 5,396E-05 -3,170
9 G0O:0006397 mRNA processing 314 30 3 6,745E-05 -3,322
9 GO0O:0010498 proteasomal protein catabolic process 61 11 1 1,363E-04 -3,459
9 GO0:0031572 G2 DNA damage checkpoint 76 12 0 2,088E-04 -20,195
9 GO:0031123 RNA 3’-end processing 56 10 2 2,917E-04 -2,322
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GO GO tag GO term Total Gregarious Solitarious FET Log(FQC)
level counts pvalue
10 GO0:0051298 centrosome duplication 86 22 1 1,651E-10 -4,459
10 GO:0000375 RNA splicing, via transesterification reactions 252 25 3 9,744E-05 -3,059
10 G0:0007093 mitotic cell cycle checkpoint 87 12 1 4,867E-04 -3,585
10 GO0O:0031124 mRNA 3’-end processing 44 8 0 8,732E-04 -19,610
11 GO:0000377 RNA splicing, via transesterification reactions 252 25 3 9,065E-05 -3,059
with bulged adenosine as nucleophile
11 GO0O:0044774 mitotic DNA integrity checkpoint 78 12 0 1,949E-04 -20,195
11 G0:0043161 proteasomal ubiquitin-dependent protein catabolic process 58 10 1 2,944E-04 -3,322
12 G0O:0000398 mRNA splicing, via spliceosome 252 25 3 1,435E-04 -3,059
12 GO:0044773 mitotic DNA damage checkpoint 77 12 0 2,413E-04 -20,195
13 G0O:0007095 mitotic G2 DNA damage checkpoint 76 12 0 1,062E-04 -20,195
Molecular function
2 G0:0005198 structural molecule activity 765 54 20 4,439E-08 -1,433
3 GO:0003735 structural constituent of ribosome 575 45 6 3,254E-07 -2,907
5 GO0:0016779 nucleotidyltransferase activity 101 12 1 2,738E-04 -3,585
6 G0:0034062 RNA polymerase activity 25 6 0 5,310E-04 -19,195
7 G0O:0003899 DNA-directed RNA polymerase activity 25 6 0 4,991E-04 -19,195
Cellular component
3 GO:0044422 organelle part 2658 183 79 1,45E-04 -1,212
4 GO:0005622 intracellular 5845 315 150 1,35E-06 -1,070
5 G0O:0044424 intracellular part 5724 313 150 4,77TE-06 -1,061
6 G0O:0030529 ribonucleoprotein complex 1204 89 13 0,001 -2,775
8 G0O:0005829 cytosol 293 53 9 1,03E-10 -2,558
8 GO:0005811 lipid particle 260 32 21 0,000532396 -0,608
9 G0:0044445 cytosolic part 174 40 6 4,54E-10 -2,737
9 G0:0044391 ribosomal subunit 202 37 6 3,70E-07 -2,624
10 G0:0022626 cytosolic ribosome £ 33 3 2,85E-11 -3,459
10 GO:0015935 small ribosomal subunit 98 20 4 0,000133454 -2,322
11 G0:0022627 cytosolic small ribosomal subunit 56 19 5] 3,63E-07 -2,663
11 G0:0022625 cytosolic large ribosomal subunit 44 15 0 6,25E-06 -20,517
11 GO:0005730 nucleolus 101 19 3 4,41E-04 -2,663
11 GO:0071013 catalytic step 2 spliceosome 140 23 2 0,00062322 -3,524
Solitarious phase
Biological process
5 GO:0070925 organelle assembly 229 8 20 4,803E-05 1,322
5 G0:0048878 chemical homeostasis 170 5 15 3,644E-04 1,585
5 G0O:0048646 anatomical structure formation involved in morphogenesis 599 24 34 5,5613E-04 0,503
6 GO0:0010927 cellular component assembly involved in morphogenesis 218 5 20 3,254E-05 2,000
6 G0O:0042692 muscle cell differentiation 405 3 29 5,033E-05 3,273
6 G0:0046716 muscle cell cellular homeostasis 62 2 9 2,447E-04 2,170
6 GO:0055082 cellular chemical homeostasis 99 3 11 4,345E-04 1,874
6 GO0O:0050801 ion homeostasis 118 4 12 5,066E-04 1,585
6 GO0O:0016053 organic acid biosynthetic process 256 8 19 6,221E-04 1,248
7 G0:0031032 actomyosin structure organization 171 3 17 7,273E-05 2,502
7 G0O:0051146 striated muscle cell differentiation 394 2 28 1,267E-04 3,807
7 G0:0055001 muscle cell development 374 2 27 1,306E-04 3,755
7 GO:0006873 cellular ion homeostasis 98 3 11 5,219E-04 1,874
8 G0:0055002 striated muscle cell development 374 2 27 8,182E-05 3,755
8 GO:0032787 monocarboxylic acid metabolic process 211 6 17 5,207E-04 1,502
8 GO:0055065 metal ion homeostasis 87 0 10 6,332E-04 19,932
8 G0O:0046394 carboxylic acid biosynthetic process 256 8 19 6,455E-04 1,248
8 GO0:0030003 cellular cation homeostasis 89 3 10 7,438E-04 1,737
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GO GO tag GO term Total Gregarious Solitarious FET Log(FC)
level counts pvalue

8 GO:0072507 divalent inorganic cation homeostasis 59 0 8 8,266E-04 19,610
9 G0:0030239 myofibril assembly 138 1 17 4,611E-06 4,087
9 GO:0006875 cellular metal ion homeostasis 79 0 10 3,416 E-04 19,932
9 GO:0055074 calcium ion homeostasis 53 0 8 4,654E-04 19,610
9 GO:0072503 cellular divalent inorganic cation homeostasis 54 0 8 5,205E-04 19,610
10 GO:0045214 sarcomere organization 103 0 13 4,235E-05 20,310
10 G0O:0006874 cellular calcium ion homeostasis 53 0 8 4,342E-04 19,610

Molecular function
4 G0:0022804 active transmembrane transporter activity 277 15 19 1,368E-04 0,341
4 G0O:0005214 structural constituent of chitin-based cuticle 26 1 5 8,686E-04 2,322
5 GO0:0005523 tropomyosin binding 27 0 6 1,573E-04 19,195
5 G0:0015291 secondary active transmembrane transporter activity 94 3 10 3,042E-04 1,737
6 GO0:0015293 symporter activity 52 1 8 1,788E-04 3,000
7 GO0O:0015294 solute:cation symporter activity 50 1 8 7,455E-05 3,000
8 GO:0046873 metal ion transmembrane transporter activity 165 3 14 4,377E-04 2,222
9 GO0:0015081 sodium ion transmembrane transporter activity 72 1 11 2,885E-06 3,459
10 G0O:0015370 solute:sodium symporter activity 34 0 8 3,146E-05 19,610
Collular component

2 GO:0005576 extracellular region 392 18 28 1,001E-05 0,637
8 G0:0043292 contractile fiber 185 4 19 4,689E-06 2,248
8 GO:0005811 lipid particle 260 32 21 4,416E-05 -0,608
9 G0O:0030016 myofibril 182 4 18 7,290E-05 2,170
9 GO:0044449 contractile fiber part 184 4 18 8,301E-05 2,170
10 GO:0030017 sarcomere 181 4 18 1,383E-05 2,170
10 GO:0036379 myofilament 86 1 10 4,107E-04 3,322
11 GO:0005865 striated muscle thin filament 55 1 9 1,674E-04 3,170
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Pathways Sequence  BLAST result Enzyme codes Function
Gregarious
Pyrimidine metabolism Dm138808 UMP-CMP kinase EC:2.7.4.14 kinase
Dm15751  DNA polymerase delta catalytic subunit EC:2.7.7.7 DNA polymerase
Dm1760 Thioredoxin reductase-1 EC:1.8.1.9 reductase
Dm99307  Ectonucleoside triphosphate diphosphohydrolase 5 EC:3.6.1.6 diphosphate phosphatase
Dm109353 DNA-directed RNA polymerases I, II and IIT subunit RPABC2  EC:2.7.7.6 RNA polymerase
Dm123977 DNA-directed RNA polymerase III subunit RPC1 EC:2.7.7.6 RNA polymerase
Dm?2879 DNA-directed RNA polymerases I, IT and III subunit RPABC5  EC:2.7.7.6 RNA polymerase
Dm42941  DNA-directed RNA polymerases I, II, and IIT subunit RPABC3 EC:2.7.7.6 RNA polymerase
Dm160182 RNA polimerase hdc06513 EC:2.7.7.6 RNA polymerase
Dm171332  Ubiquitin-like protein 5 EC:2.7.7.6 RNA polymerase
Dm16114  Carbamoyl-phosphate:L-aspartate carbamoyltransferase EC:2.1.3.2 carbamoyltransferase
EC:3.5.2.3 carbamoylaspartic dehydrase
EC:6.3.5.5 synthase (glutamine-hydrolysing)
Solitarious
Alanine, aspartate and glutamate metabolism Dm150142  Serine pyruvate aminotransferase EC:2.6.1.44 transaminase
Dm184823 Argininosuccinate synthase EC:6.3.4.5 synthase
Dm197294  Protein N-terminal asparagine amidohydrolase isoform X1 EC:3.5.1.1 asparaginase I1
Dm36642  Succinate-semialdehyde dehydrogenase [NADP(+)] GabD EC:1.2.1.24 dehydrogenase (NAD+)
EC:1.2.1.16 dehydrogenase [NAD(P)+]
Dm44811 Glutamate oxaloacetate transaminase 1, isoform B EC:2.6.1.1 transaminase
Dm155754  Glutamate synthase 1 [NADH] EC:1.4.1.14 synthase (NADH)
EC:1.4.1.13 synthase (NADPH)
Fatty acid biosynthesis Dm116127  Acetyl-CoA carboxylase, isoform A EC:6.4.1.2 carboxylase
Dm69106  Fatty acid synthase 1, isoform A EC:3.1.2.14 hydrolase
Dm85720  4-coumarate-CoA ligase 1 EC:2.3.1.86 synthase
EC:6.2.1.3 ligase
Phenylalanine metabolism Dm117575 Mitochondrial trifunctional protein alpha subunit, isoform A EC:4.2.1.17 hydratase
Dm953 Peptidoglycan-recognition protein-1b isoform 2 EC:3.5.1.4 acylamidase
Dm96945  tyrosine decarboxylase 2 EC:4.1.1.28 decarboxylase
Dm44811 Glutamate oxaloacetate transaminase 1, isoform B EC:2.6.1.1 transaminase
Dm116199 Tyrosine aminotransferase EC:2.6.1.5 transaminase
Tyrosine metabolism Dm49965  Fumarylacetoacetase EC:3.7.1.2 beta-diketonase
Dm96945  tyrosine decarboxylase 2 EC:4.1.1.28 decarboxylase
EC:4.1.1.25 decarboxylase
Dm36642  Succinate-semialdehyde dehydrogenase [NADP(+)] GabD EC:1.2.1.16 dehydrogenase [NAD(P)+]
Dm44811 Glutamate oxaloacetate transaminase 1, isoform B EC:2.6.1.1 transaminase
Dm116199 Tyrosine aminotransferase EC:2.6.1.5 transaminase
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Table 3.25: KEGG pathways where the differentially expressed transcripts are included. The fields of each column represent the
sequence name, simplified BLAST result, enzyme code, KEGG pathways where the enzyme is involved, main function of the
enzyme and the phase during which it is over-expressed.
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Table 3.26: Sets of differentially expressed transcripts with common functions in S. gregaria DT transcriptome. Differential
expression was considered at FDR < 0.05.

Name Accesssion Sequence Solitarious Gregarious
number length FPKM FPKM
Juvenile hormone regulation and metabolism
JHBP EFN75367 EFN75367 994 0,298 9,460
50MGP AGT15837 9785 9,799 0,482
JH acid methyltransferase BAC98836 11841 14,098 11,508
JHBP AAL48609 AATL48609 29714 2,719 0,715
JHBP AAM29553 AAM29553 6528 8,669 0,090
JHBP AAY55827 AAY55827 4010 3,058 0,074
JHBP ABL75751 ABL75751 8671 0,375 1,627
JHBP XP_ 004928501 XP_ 004928501 1555 75,410 37,936
Methoprene-tolerant receptor AHA44478 11207 9,930 7,053
Vitellogenin AFW97644 324469 0,069 0,003
Gene expression regulation
Chromodomain-helicase-dna-binding protein 1 Q7KU24 5723 1,034 5,586
ATP-dependent rna helicase ddx17 KDR17555 12282 67,503 90,469
Eukaryotic translation initiation factor 4 XP_ 002411156 1902 0,000 2,802
Eukaryotic initiation factor 4e-2 BAG30778 3675 3,380 10,832
Gly-tRNA ligase XP__ 003700775 1678 1,586 8,219
Lsm12 XP_ 003702748 664 0,000 15,105
Nucleolin XP_ 003395590 748 0,000 11,314
RNA polimerase hdc06513 DAA02521 4426 1,337 6,940
tRNA methyltransferase (h) EFX87167 6824 2,861 8,497
tRNA-pseudouridin synthase ABV82369 13875 0,128 1,130
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Name Accesssion Sequence Solitarious Gregarious
number length FPKM FPKM
Ubiquitin-like protein 5 QIVI998 13544 16,073 22,795
Vigilin AAD34767 39570 5,158 9,141
Peritrophic matrix components
Cuticular protein 49aa NP_ 001097285 11381 17,872 11,610
Cuticular protein 49ag NP_ 610776 6789 18,106 4,040
Cuticular protein Dm172325 AAV36951 913 11,019 0,323
Cuticular protein Dm21177 AAKT77312 3344 9,965 1,940
Larval cuticle protein 352 XP_ 001861377 1092 28,789 0,270
Peritrophin 2936 XP_ 003702718 17059 23,091 6,069
Peritrophin 90825 ETN65702 3423 30,033 2,844
Peritrophin Dm106757 NP_ 728732 9841 3,929 1,618
Peritrophin Dm135168 CBA35308 993 1,489 21,148
Peritrophin Dm26312 AAK93496 1650 2,667 0,179
Peritrophin-1 KDR14645 715 7,035 0,000
Immune response
Apolipophorin 1T AAMA48468 2519 2,466 11,572
C-type lectin AAS93748 3394 7,410 0,087
C-type lectin 8 EHJ72392 1721 0,000 3,278
Defensin ATL24687 753 115,648 57,188
Defensin 1 AGE89781 5728 191,472 103,422
Ganglioside gm2 activator KDR17702 689 0,000 23,201
GNBP1 CAJ18915 7379 0,000 1,657
IbpA EFXT75568 4523 75,067 62,146
Ig-like 143507 KDR22486 12254 14,341 9,941
Ig-like Dm22995 AAK92995 26275 10,706 16,331
Lectin 33A NP_ 001097145 1848 16,672 3,192
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Name Accesssion Sequence Solitarious Gregarious
number length FPKM FPKM
Lectin-related protein BAA18916 1643 13,394 0,180
Locustin P83428 6778 81,778 199,587
LPS-binding protein KDR16864 KDR16864 4376 1,149 4,298
LPS-binding protein XP_ 003708137 XP_ 003708137 1273 0,000 15,512
Leucine-rich repeat-containing protein 70 KDR13390 7499 25,699 20,689
Pacifastin-related CAD24808 8742 4,783 0,101
Pacifastin-related 4t CACS82510 13210 4,859 13,809
PGRP sb2 CAD89142 5974 2,315 5,233
PGRP scla QI9V3B7 3575 6,068 9,900
PGRPsclb CADS&9167 3419 3,770 1,208
PGRP-1b AAG23732 11151 5,977 2,830
Serpin 3 046163 6907 9,892 19,559
Spaetzel-processing enzyme AAK93062 8176 0,036 6,709
Vesicular mannose-binding lectin DAA34055 1905 8,229 18,592
Oxidative stress
ATP-dependent -NAD(H)-hydrate dehydratase QIVVWS 11510 1,902 3,867
Gamma-glutamyl cyclotransferase AAM50196 9053 4,063 1,824
Peroxiredoxin-2-like XP_ 008482365 394 45,043 116,943
Thioredoxin EFA07249 1393 1,486 9,675
Thioredoxin like protein/Prostaglandin synthase ETE68771 634 0,000 15,326
Thioredoxin reductase-1 AAG25639 29291 1,151 2,814
Vanin-like XP_ 002428166 10746 15,827 10,595
Ubiquitylation
Apcll anaphase-promoting complex subunit CAB63945 13943 7,446 21,019
E1 ubiquitin-activating protein AOS1 CAL26275 2218 2,934 11,305
E3 ubiquitin-protein ligase AMFR-like XP_ 003707525 484 121,612 251,917
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Name number length FPKM FPKM
E3 ubiquitin-protein ligase RNF181 homolog QIVEG1 45020 3,298 4,644
FAM152b EFN65714 7845 4,901 11,067
F-box only protein AAM27519 5170 17,330 8,672
Ubx domain-containing protein 6-like XP_ 003397465 1099 8,881 58,752
WWE domain containing protein AAZ41787 3355 0,000 2,149
Apoptosis
Ubiquitin-like modifier-activating enzyme ATG7 EZA62304 8212 0,072 0,992
BAX inhibitor 1 Q9VSH3 38430 12,561 17,568
dual specificity protein phosphatase CDC14A EFNT73005 4269 2,702 6,608
cytochrome c¢ oxidase subunit partial AFC37464 16022 0,646 2,387
cytochrome c oxidase assembly factor 6 NP_ 001138136 4855 11,880 28,729
FAM32A AGM32593 1643 2,160 12,591
TP53RK-binding protein KDR16589 3652 5,682 1,858
Vesicle formation and mobility
ADP-ribosylation factor-like protein 2 XP__394559 2855 4,455 15,590
Betl XP__ 004535540 1665 6,395 18,825
Complexin XP_ 001628076 1911 1,857 8,037
Coatomer subunit protein beta P45437 59156 0,420 1,208
GTPase activating protein for ARF AAM11391 12605 3,754 9,797
Secl AAM51046 25616 2,921 6,253
SSR-beta AAD46863 9115 0,195 1,891
Tetraspanin CD63 XP__ 008180318 3358 0,000 3,454
Vacuolar protein sorting isoform a NP_ 611651 30015 0,118 0,449
Vacuolar protein sorting-associated protein 35 AAL28782 19384 0,687 1,682

Nervous system related transcripts

Actin-like protein 87¢ P45889 33168 2,622 4,838
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Name Accesssion Sequence Solitarious Gregarious
number length FPKM FPKM
Calmodulin dependent NO synthase 2122379A 14386 3,290 5,687
Clavesin-1 AAL29003 2869 0,309 10,707
Early growth response 2 AHB17950 6529 40,543 30,042
Fasciclin NP__ 001138065 21264 3,430 1,900
FRP domain containing protein ABCS86248 39172 3,483 2,417
GABA receptor associated protein GRAP AAM52664 27282 19,244 27,838
Ly-6/neurotoxin 2 XP_ 002430283 7108 41,442 33,362
Ninjurin NP_ 001138042 8428 6,229 3,745
Nischarin XP__ 001945341 2644 1,007 4,386
NMRP ACOT2861 4533 0,522 3,181
Protocadherin beta-15-like XP_ 008216384 5255 6,754 12,406
Potassium voltage-gated channel protein SHAL P17971 14174 1,607 5,307
Slit AAD26567 2289 14,970 8,247
Spondin-1 KDR20370 6853 4,266 1,722
Tetraspanin-1 XP_ 967238 3120 25,594 3,498
Calcium regulation
Calmodulin ACO12252 3312 7,234 20,158
Calmodulin-related protein 2021248D 303 0,000 24,827
Casein kinase II subunit alpha P08181 27703 1,110 1,788
Casein kinase II subunit beta P08182 14912 3,213 7,483
I3P kinase XP_ 001952324 6671 13,523 30,775
MIR domain containing AAM50667 15740 2,631 6,352
Nucleoredoxin XP_ 002425676 6504 38,428 86,022
Phospholipase C XP_ 308977 28796 0,555 1,657
Phospholipase C domain containing KFM70036 12907 12,558 34,411
Preprotachykinin AAX11212 5091 2,033 5,849
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N Accesssion Sequence Solitarious Gregarious
ame number length FPKM FPKM
Trophoblast glycoprotein KDR23388 3651 0,000 2,747
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Table 3.27: List of transcripts from the comparative study between our RNA-seq data on the S. gregaria digestive tube and other
works on locust phase change. Transcripts with congruent expression pattern between the cited work and ours are highlighted
in bold.

291

Expression pattern

DT transcriptome data

Transcript name Scientific S.g. DT S. g. DT RNA-seq Accession Sequence Solitarious Gregarious
Script na publication RNA-seq sequence 1D number length FPKM FPKM
Kang ot al. [2004]
similar to brain Gregarious N. S. 159478 XP_008560532 361 0,001 0,001
adenylate cyclase 1
annexin IX Gregarious Gregarious 150444 XP_ 008471197 681 3,231 15,159
similar to asparagine Solitarious N. S. 149268 CDO39383 870 0,001 0,001
synthetase
CIDEIREID @ Gregarious N. S. Dm156703 ACI28586 8405 1,571 1,158
oxidase chain 3
larval cuticle Solitarious  Solitarious 352 XP_ 001861377 1092 28,789 0,270
protein precursor
NADclpoe Gregarious N. S. 77893 AGC84405 2674 0,705 0,110
malic enzyme
troponin C Solitarious Solitarious Dm19668 P47949 5297 4,451 1,615
beta-N-acetyl- . a a
oy P Gregarious Solitarious Dm80034 AAM48390 8138 1,893 1,051
hexosaminidase activity
putative fatty acid elongase Gregarious N. S. Dm175109 CAI40769 6193 0,406 0,524
Chen et al. [2010]
serotonin receptor Gregarious N. S Dm3176 P20905 821 0,001 0,001
allatostatin receptor Gregarious N. S Dm179570 AAF05299 146 0,001 0,001
blot Gregarious N. S 92395 AHH29252 351 0,001 0,001
cask Gregarious N. S Dm35315 NP_ 001097863 10588 0,356 0,306
fmrl Gregarious N. s Dm191726 QIVF8T 18488 0,085 0,064
diuretic hormone receptor Gregarious N. S 58789 EGI58221 901 0,000 0,655
GABA receptor Gregarious N. S Dm136186 Q08832 601 7,323 2,454
glutamate receptor Gregarious N. S 15004 XP_ 001655465 336 0,001 0,001
malvolio Gregarious N. S Dm153651 NP_ 996251 2862 8,568 9,584
neurotransmitter transporter Gregarious N. S Dm78496 CAA69649 3952 0,318 0,299
octopamine receptor Gregarious N. S 16956 XP_001869400 545 2,307 0,001
CREREE TEHE 2 Crempriens N. S. 134872 KDR17464 276 0,001 0,001
related protein
synaptic vesicle protein Gregarious Solitarious 226 XP__ 001658023 1742 50,531 24,890
synaptobrevin Solitarious N. S 68583 EHJ77205 285 0,000 1,035
tyrosine hydroxylase Gregarious  Gregarious Dm176256 AAAG2877 7096 1,595 1,988
Guo et al. [2011]
alcohol dehydrogenase Gregarious N. S. 81868 BAN21280 307 1,024 10,568
Alpha crystallin Solitarious N. S. 151152 XP_ 008475973 372 0,845 2,379
Peptidase M2, )
. . . Gregarious N. S. 169762 k43_f 13402665 EAW94320 1260 0,001 0,001
peptidyl-dipeptidase A
f‘.ry'p‘m“’.‘ MEETEHn= Solitarious N. S. 4419 AAX14951 5765 0,055 0,000
ike protein 2
ATP-citrate synthase Gregarious N. S. 65031 XP__ 003425261 326 0,001 5,429
ﬁgi'i?l’iecr:::“;e? Solitarious N. S. 135204 KDR17554 1511 0,208 0,000
cellular retinaldehyde- Solitarious N. S. Dm60670 NP_ 523939 623 4,037 0,000

binding protein
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Expression pattern

DT transcriptome data

Transeript name Scientific S. g DT S g. DT RNA-seq Accession Sequence  Solitarious  Gregarious
publication RNA-seq sequence ID number length FPKM FPKM
protein TU-36B Solitarious Solitarious Dm186680 P19967 13242 0,641 0,178
cystathionine Gregarious N. S. 67754 EHJ71352 585 0,000 0,504
gamma-lyase
Fatty acid desaturase Solitarious N. S. Dm11263 BAB21537 2699 1,165 0,984
lethal 2 essential Solitarious  Solitarious Dm15247 P82147 23547 1,789 0,927
for life protein
Lambda'“y“a“‘" Crezanious N. S. 199 XP_ 001601340 966 0,001 0,001
omolog
takeout 1 Solitarious N. S. 6593 KDR17338 932 13,155 8,228
purine mnelEesck Solitarious N. S. 73655 BAM18213 401 0,001 0,001
phosphorylase
GTP-binding protein Solitarious N. S. Dm204957 QOVNDS 18065 0,157 0,278
Rheb homolog
Zztlc';hmme p450 Solitarious  Solitarious 15798 ACA04895 495 25,404 1,788
gztzocmome paso Solitarious Solitarious Dm12701 P33270 145270 1,026 0,422
ErEEb eptorimen XL Solitarious N. S. Dm4355 QIVMS9 3197 0,197 0,000
g:z;;h“k protein Solitarious Solitarious 2738 AEV89751 3166 6,454 0,373
peptidyl-prolyl Solitarious Solitarious Dm177758 AAX33414 20678 1,737 0,865
cis-trans isomerase
Badisco et al. [2011a]
slit homologue Gregarious Solitarious Dm164661 AAD26567 2289 14,970 8,247
RNA helicase ddx1 Solitarious N. S. Dm112949 QIVNV3 26703 0,094 0,133
fasciclin-like precursor Gregarious Solitarious Dm91568 NP__ 001138065 21264 3,430 1,900
sparc Gregarious N. S. 90139 AAV88596 2188 0,001 0,001
Badisco et al. [2011D]

Pasilla Gregarious N. S. Dmb5593 AAG36788 11802 1,678 1,849
arrestin Gregarious N. S. Dm187172 AAF32365 13268 4,715 3,624
Cullin-3 Gregarious N. S. 151333 XP__008477011 385 0,001 0,001
Glia Maturation Factor Solitarious N. S. 24945 XP_ 002427843 302 0,001 0,001
Slowpoke homologue Solitarious N. S. Dm179850 NP_ 001014656 3074 1,227 0,864
mitochondrial ATP-
synthase coupling Solitarious N. S. 90614 ETN60559 796 0,000 0,371
factor 6
Pacifastin-like R .

R Gregarious Gregarious 90431 CAC82510 13210 5,164 12,995
peptide precursor 4
5-oxoprolinase Solitarious N. S. 70450 XP__003699466 125 0,001 0,001
ribophorin Solitarious N. S. 275 XP__001647637 147 0,001 0,001
transaldolase homologue Solitarious N. S. Dm173384 QIW1G0 34011 0,092 0,217
thaumatin-like protein Gregarious Solitarious 3321 AAS83110 6035 0,365 2,346
R e o5 Gregazions N. S. 139128 KDR19828 706 3,562 1,253
potential-like
Osa Gregarious N. S. 160487 XP__008551463 582 2,161 4,561
Musashi Gregarious N. S. Dm196699 QIVVES5 21855 1,280 0,850
chromodomain
helicase DNA Gregarious  Gregarious 488622 313405 XP__ 005234509 749 2,518 17,721
binding protein
mnieresemall Gl e Seliprems Cremprens 90269 AHC08054 10276 4,742 7,578

S-transferase
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Expression pattern DT transcriptome data

Transcript name Scientific S. g. DT S. g. DT RNA-seq Accession Sequence Solitarious Gregarious
publication RNA-seq sequence 1D number length FPKM FPKM
peroxiredoxin Solitarious Gregarious 152968 XP__ 008482365 394 47,875 110,045
Wang et al. [2014b]
Aladin Solitarious N. S. 137865 KDR19153 1136 1,384 0,779

Basement membrane-
specific heparan sulfate Gregarious N. S. 114214 XP_008193278 984 0,000 0,300
proteoglycan core protein

Brefeldin A-inhibited
guanine nucleotide- Solitarious N. S. 144811 KDR23060 912 0,345 0,000
exchange protein 3

Early endosome

. Solitarious N. S. 120298 KDRO08560 1018 0,000 0,579
antigen 1

Eukaryotic translation

PN Solitarious N. s. 145099 KDR23229 5329 14,512 14,944
initiation factor 4B

HEAT repea

L . Gregarious N. S. 150384 XP_008470740 1047 1,501 1,409
containing protein 5B

Kinesin-associated

protein 3 Solitarious N. S. 160159 XP_ 008547973 888 0,354 0,000

Sterile alpha and TIR
motif-containing Solitarious N. S. 70083 XP__ 003698758 113 0,001 0,001
protein 1-like

Niemann-Pick C1

protein Gregarious N. S. 148171 KDR24042 850 0,740 0,000

Phosphatidylinositol-4,
5-bisphosphate 3-kinase Solitarious N. S. 140899 KDR21011 692 0,909 1,279
catalytic subunit delta isoform

TVIHHLVIN AVILNHNHTddNS

Phosphatidylinositol-4-
phosphate 5-kinase
type-1 alpha

Gregarious N. s. 48449 EFN84793 622 0,000 1,897

Polyphosphoinos Gregarious N. S. 128825 KDR14022 1368 0,230 0,000

phosphatase
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Expression pattern DT transcriptome data
Scientific S. g. DT S. g. DT RNA-seq Accession Sequence Solitarious Gregarious
publication RNA-seq sequence ID number length FPKM FPKM

Transcript name

¢ 1ydey)

PR domain zinc
finger protein 4

Solitarious N. S. 135233 KDR17559 2676 1,645 1,433

Probable phospholipid-

transporting ATPase IA Solitarious N. s. 75839 XP_003744036 1394 1,353 1,693

protein FAN Gregarious N. S. 26467 XP_002432451 299 0,000 4,932

RING finger protein

Solitarious Gregarious 21075 ACO12796 61194 2,959 5,659
unkempt

SAP domain-containing

N N Solitarious . S. 149444 XP_008475226 2410 1,044 0,612
ribonucleoprotein

Serine—pyruvate
aminotransferase, Solitarious N. S. 81320 XP_ 004533730 4151 0,227 0,071
mitochondrial

Telomerase-binding

protein EST1A Solitarious N. S. 5608 KDRO09736 1423 0,000 0,207

Ubiquitin-protein

ligase E3B Gregarious N. s. 116753 XP_001602271 1133 0,000 0,260

Unc-112-related

protein Gregarious N. s. Dm159460 Q9IVZI3 13308 0,001 0,001
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Figure 3.36: Simplified representation of our inferred summary of the differences highlighted by our RNA-seq analysis of the
transcriptome from solitarious and gregarious S. gregaria’s digestive tube. A. Digestive tube of the locust during the solitarious
phase, with regular activities, such as secretion of digestive enzymes (e.g., trypsin) and peritrophic matrix components (e.g.,
peritrophin and cuticular proteins) taking place. B. Digestive tube of the locust during the solitarious phase.
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Chapter 4: Comparatiev study between CNS and DT
transcriptomes from S. gregaria

4.1 Introduction

In order to search for candidate genes and validate our transcriptomical
results, in this chapter we compare the central nervous system (CNS) and
digestive tube (DT) expression profiles in gregarious and solitarious phase
from S. gregaria. We first focus on the comparison of unique BLAST results
between tissues and their associated expression profiles to find transcripts
that share their expression pattern between transcriptomes. We also clustered
the assembled transcripts without BLAST result from both transcriptomes in
order to obtain a set of homologous unknown transcripts. To compare the
results of our study with other related studies, we compile expression data
from other publications regarding locust transcriptomics from S. gregaria and
L. migratoria, and stablish a list of transcripts with akin expression patterns,
as well as transcripts with different results.

4.2 Material and Methods

We extracted all the accession numbers from the BLAST annotations of the
sequences of our de novo assembled CNS and DT reference transcriptomes
and gathered a non-redundant list of unique entries for each of them. We
compared the two lists using the ‘fgrep’ unix command (‘fgrep —w —f CNS__list
DT list’) in order to extract the list of shared accession numbers between
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both transcriptomes. We also used the commands ‘fgrep —w —v —f CNS__list
DT list’ and ‘fgrep —w —v —f DT list CNS list’ in order to extract the
accession numbers that only appear in one of the two reference transcriptomes.
We then calculated the solitarious and gregarious CNS and DT Fragments
Per contig Kilobase and Million mapped fragments in the sequencing library
(FPKM) values for the annotated sequences in the shared list of BLAST
accession numbers. After calculating the fold change (FC) as the 2-based
logarithm of the ratio between the FPKM of the solitarious and gregarious
libraries of each tissue, we could check whether the differential expression
of the shared genes between solitarious and gregarious states was congruent
in both transcriptomes. Four groups of accession numbers with significant
over-expression pattern were thus established: congruent (significant over-
expression in the same sense in both transcriptomes), incongruent (significant
over-expression in opposite senses in the two transcriptomes), inconsistent
(significant over-expression in one transcriptome but not in the other), and
non-significant (no sign of statistically significant over-expression in any of the
two transcriptomes).

Both transcriptomes contain a high number of sequences with no known
annotation (henceforth unknown sequences). To deal with the challenge
of comparing them, we started by building local BLAST databases of
the annotated sequences in each transcriptome and carried out a pairwise
reciprocal BLASTn analysis of the sequences that have the same BLAST
annotation in both transcriptomes. We then extracted the BLAST identity
values between query and database sequences and calculated the mean and
the minimum identity values between sequences that previously were found
to have the same annotation in both transcriptomes. We then used the mean
identity value as threshold for the algorithm used to cluster groups of unknown
sequences—here we assume that the annotated sequences have an overall
similar degree of conservation as the unknown sequences. For such clustering,
we used CD-HIT [Li and Godzik, 2006] on a fasta-formatted file containing the
unknown sequences of both CNS and DT reference transcriptomes and applied
the mean identity between sequences of the same annotation as minimum
identity threshold for grouping unknown sequences in a cluster (the command
was ‘cd-hit-est —i input.fasta —c 0.98 —d 50 —o output.fasta’— -c 0.98 indicates
the identity threshold and -d 50 indicates the number of characters to place
in the output from fasta headers (to avoid incomplete fasta header names
that would affect downstream sequence analyses). This way we obtained
clusters and singlets (sequences which do not belong to any cluster under the
identity threshold used). The clusters of CNS and DT unknown sequences
(designated as shared clusters) identified the unknown sequences that were
shared between both transcriptomes, while the singlets were specific to one
or the other transcriptome. To obtain data on the differential expression
of the sequences of each cluster between solitarious and gregarious states
in each transcriptome we wrote several Unix-based command lines (using
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4.3. RESULTS

combinations of ‘split’, ‘cut’, ‘sed’, ‘grep’ and ‘awk’ commands) in order to
retrieve the counts of NGS reads that mapped to each sequence. The fragment
counts were summed for each group of sequences that belong to the same
cluster, state and tissue, which resulted in four groups of fragment counts per
cluster: solitarious CNS counts, gregarious CNS counts, solitarious DT counts
and gregarious DT counts. We also calculated the FC between the solitarious
and gregarious libraries of each tissue as before. We then grouped the clusters
of unknown sequences based on the congruency of their over-expression as we
did with the annotated sequences. Since sequence grouping based on identity
might be sensitive to sequence length, we repeated the same analysis excluding
all the unknown sequences that are shorter than 500 bases in order to detect
any possible bias that might emanate from such effect.

In order to compare our data with other studies on locusts’ phase change,
we gathered information and elaborated lists of genes that were reported
in eight published works [Kang et al., 2004, Chen et al., 2010, Badisco
et al., 2011a,b, Guo et al., 2011, Zhang et al., 2012, Wang et al., 2014b,
Spit et al., 2016]. The published data on the presence, absence, abundance
and/or expression pattern of these genes were compared against our CNS
and DT transcriptomic data, depending on the scope of the published
study. In this chapter, we will focus on the comparison between the
three components (bibliography and CNS and DT transcriptomes), since the
comparioson between CNS and DT transcriptomes against bibliography is
already included in former chapters. The methodology is analogous to that
used in Chapters 2 and 3, but comparing three data sets instead of two. To
compare the expression of validated genes between species, qPCR validated
genes in S. gregaria adults and nymphs were also checked via qPCR in L.
migratoria adults and nymphs following the protocol described in the general
methodology chapter of this memory.

4.3 Results

We extracted 16,749 and 57,637 unique accession numbers from the BLAST
results of the de movo assembled sequences of the S. gregaria CNS and
DT transcriptomes, respectively. 2,772 BLAST accession numbers where
shared between the two transcriptomes whereas 13,977 (CNS) and 54,865
(DT) were not. The sequences with shared BLAST accession numbers show
very different expression profiles between transcriptomes (table 4.28). In the
CNS transcriptome we detected 1,789 sequences with significant differential
expression between solitarious and gregarious locusts and 983 sequences with
no significant expression difference between the two locust states. In the
DT transcriptome, however, the results seemed the other way around as we
detected only 240 sequences with significant differential expression while the
sequences with no significant differential expression were 2,532.
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About a third (987) of the sequences with shared BLAST result also shared
the same pattern of expression levels between transcriptomes, although 922
of them are not significantly over-expressed in any locust phase. Only 43
and 22 accession numbers show congruent gregarious and solitarious over-
expression, respectively (tables 4.29, 4.36 and 4.37). 110 shared BLAST
accession numbers show significant over-expression of opposite solitarious vs.
gregarious direction in both tissues (tables 4.38 and 4.39). It is therefore
worth highlighting that the overall expression pattern of the shared annotated
genes differs between tissues, with nearly 90 % of the shared annotated genes
that show significant differential expression between locust phases in the
CNS transcriptome being over-expressed in the gregarious phase, whereas
over-expression in the solitarious phase is the predominating tendency in
the DT transcriptome (table 4.28 and figure 4.37). Accordingly, when
we use congruency of the expression pattern between tissues in order to
classify the annotated transcripts whose BLAST accession numbers appear
both in the CNS and DT transcriptomes (shared) and whose differential
expression between solitarious and gregarious locusts is significant in both
transcriptomes, we observe that most of these genes —about two thirds— are
over-expressed in the gregarious phase in the CNS and in the solitarious phase
in the DT.

Number of Solitarious Gregarious Not

sequences DET DET Significant
CNS DETs 1,789 128 1,661 983
DT DETs 240 168 72 2,532

Table 4.28: Distribution of the shared genes between CNS and DT reference
transcriptomes based on their differential expression between solitarious and
gregarious locusts.

CNS CNS CNS
Solitarious Gregarious Non-Significant
DT Solitarious 22 101 45
DT Gregarious 9 43 20
DT Non-Significant 97 1,517 918

Table 4.29: Congruency of the shared differentially expressed transcripts between
locust phases and tissues.

The pairwise BLASTn-based comparative study between sequences that
had the same BLAST annotation in both transcriptomes gave a mean sequence
identity value of 97.557 % (maximum value of 100 %, minimum value of 72.7
%). We merged the fasta files of the 34,696 and 16,491 sequences that had no
known BLAST annotation in the CNS and DT transcriptomes, respectively
(see chapters 2 and 3), and used that identity value as cut-off sequence identity
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Figure 4.37: Volcano plots of the gregarious and solitarious expression levels of
the transcripts that share BLAST accession number between the S. gregaria
CNS and DT transcriptomes. The X axis represents the 2-based logarithm
of the fold change in expression level between gregarious and solitarious
transcriptomes and the Y axis represents the negative 10-based logarithm
of the False Discovery Rates (FDR) associated with the fold change in gene
expression level. A: S. gregaria adult CNS transcriptome. B: S. gregaria adult
DT transcriptome.

threshold for building clusters of unknown sequences in both transcriptomes
(since CD-HIT allows only two decimals we used 0.98 as threshold). The
resulting 44,440 clusters were composed of 38,974 ‘single sequence clusters’
(singlets) and 5,466 multi-sequence clusters (table 4.30). Almost all the
clusters (5,435) contained both CNS and DT transcripts. Barely 31 clusters
were composed of only CNS sequences and none had only DT sequences.
2,374 multi-tissue clusters showed congruent direction of differential expression
between locust phases in the two transcriptomes, 1,202 over-expressed in the
solitarious phase and 1,172 in the gregarious (table 4.31). When the clustering
analysis was restricted to sequences that are larger than 500 bases it casted
a total of 21,015 clusters, 18,114 of them containing singlets and 2,901 multi-
sequence. 2,872 multi-sequence clusters were also multi-tissue and 29 clusters
had CNS sequences only. The number of multi-tissue clusters that show
congruent direction of significant over-expression between tissues was 1,411,
630 over-expressed in the solitarious phase and 781 in the gregarious one (table
4.32). The mean number of sequences in a cluster of anonymous sequences
was 2.234 for sequences equal or larger than 100 bases and 2.105 for sequences
equal or larger 500 bases, respectively. The ratio between the number of
clustered and singlet anonymous sequences was 31.34 % for sequences >
100 bases and 33.71 % for sequences > 500 bases. For its part, the ratio
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between the number of clusters of anonymous sequences and the total number
of anonymous sequences was 10.68 % for sequences > 100 bases and 11.98
% for sequences > 500 bases. 23.86 % and 25.21 % were the percentages of
anonymous sequences that grouped into clusters for > 100 and > 500 bases,
respectively.

Larger than 100 bases Total Singlets Clusters

Number of clusters 44,440 - 5,466
Sequences involved 51,187 38,974 12,213
Larger than 500 bases Total Singlets Clusters
Number of clusters 21,015 — 2,901
Sequences involved 24,220 18,114 6,106
Table 4.30: Clusters generated from the unknown sequences in the CNS and DT
transcriptomes.
Solitarious  Gregarious DETs Total
CNS DETs Multi-tissue 2,449 2,909 5,358 5,435
Specific 13 18 31 31
All 2,462 2,927 5,389 5,466
DT DETs Multi-tissue 708 1,987 2,695 5,435
Specific 0 0 0 0
All 708 1,987 2,695 5,466
CNS vs. DT Congruent 1,202 1,172 2,374 5,435

Table 4.31: Distribution of the clusters of unknown sequences in the CNS and DT
reference transcriptomes that are larger than 100 bases. DEGs: Significant
differential expression between locust phases.

Solitarious  Gregarious DETs Total

CNS DETs Multi-tissue 1,126 1,718 2,844 2,872
Specific 12 17 29 29
All 1,138 1,735 2,873 2,901

DT DETs Multi-tissue 1,438 1,184 2,622 2872
Specific 0 0 0 0
All 1,438 1,184 2,622 2,901

CNS vs. DT Congruent 630 781 1,411 2,872

Table 4.32: Distribution of the clusters of unknown sequences in the CNS and DT
reference transcriptomes that are larger than 500 bases. DEGs: Significant
differential expression between locust phases.

MA plots using the clusters of anonymous sequences confirmed that the
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clustering of sequences did not bias the tendency of the expression profiles
compared to the overall CNS and DT transcriptomes. In all cases (CNS and
DT clusters of sequences > 100 or > 500 bases, as well as the unclustered
anonymous sequences), the comparison between the mean intensity and the
fold change shows a near to 0 slope (figure 4.38). The correlations between
the logarithm of the CNS fold change and that of the DT fold change show all
the possible expression pattern states for the shared annotated sequences (the
nine possible combinations between gregarious, solitarious and non significant
differential expression categories between the levels in the CNS and DT),
whereas the same correlations for the anonymous sequences show a biased
tendency towards solitarious CNS (figure 4.39).
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Figure 4.38: MA plots from the expression data. The X axis represents the
logarithm of mean intensity (A) and the Y axis represents the logarithm of fold
change (M). A, C, E: S. gregaria adult CNS transcriptome. B, D, F: S. gregaria
adult DT transcriptome. A-B: Anonymous sequences before clustering. C-D:
Clusters of anonymous sequences longer than 100 nucleotides. E-F: Clusters
of anonymous sequences longer than 500 nucleotides.
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Figure 4.39: Correlation plots between the phase-related changes in the levels of
gene expression in the CNS and DT. X axis represents the 2-base logarithm
of the fold change in the gene expression levels between the gregarious and
solitarious S. gregaria adult CNS transcriptomes and Y axis represents the
2-base logarithm of the fold change in the gene expression levels between
the gregarious and solitarious S. gregaria adult DT transcriptomes. A:
Transcripts sharing BLAST accession number between the two transcriptomes.
B: Clusters of shared sequences with no known annotation that are larger than
100 nucleotides. C: Values from the clusters of shared sequences with no known
annotation that are larger than 500 nucleotides.

Earlier we recompiled data on the expression tendencies reported for 124
genes in the literature on the phase change in S. gregaria and L. migratoria. 87
and 109 of these were present in our S. gregaria CNS and DT transcriptomes,
respectively (table 4.40). We found that only 72 out of these 124 genes
were present in the two transcriptomes, while 15 were present only in CNS
and 37 transcripts were present only in DT. Only three transcripts (annexin
IX and two pacifastin transcripts) were differentially expressed towards the
gregarious phase in both our transcriptomes and in the bibliography, whereas
none was differentially expressed in the solitarious phase in all the data sources.
We also detected 10 transcripts which expression pattern was congruent. 7
showed higher expression in the gregarious phase and 3 in the solitarious
one—although none of the differences was statistically significant in our
transcripts (table 4.41). When comparing the list of shared accession numbers
between transcriptomes with the accession numbers from the bibliographical
data, we find that pacifastin (CAC82510.3) is the only gene present in both
lists—it is over-expressed in the gregarious phase no matter the source of the
data. This comparison of the expression tendencies, with regards to the locust
phases, between our transcriptomics data and the data reported elsewhere
for those genes (see table 2.17 in Chapter 2 and table 3.27 in Chapter 3)
allowed us to further confirm the genes in table 9 as either (7) consistently
over-expressed in the gregarious phase regardless of the tissue, species and
work, (i) consistently over-expressed in the solitarious phase regardless of the
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tissue, species and work, (74) tissue-specific and consistently over-expressed in
the gregarious phase regardless of the species and work, (iv) tissue-specific and
consistently over-expressed in the solitarious phase regardless of the species
and work and (v) tissue-specific with changing expression tendency depending
on the work and/or species.

= 2
T 2 g2 = 3
& 8 8§ 8 S
£ g 8 g T % 5 g
= ow® g o 9§ 0§
5 & = 2 2 &
2 O 9 % % E
m M
Transcripts analyzed 9 19 27 5 19 45 124
Present in both transcriptomes 6 12 13 4 10 27 72
Congruently Significant 1 0 1 0 1 0 3
gregarious
Non-significant o 2 1 0 0 4 7
Congruently Significant o o0 o0 o0 0 O 0
solitarious
Non-significant o 0 3 0 0 O 3
Only CNS and Gregarious 2 10 4 3 3 8 30
bibliography
Solitarious 1 0 1 0 2 0 4
Only DT and Gregarious 1 2 2 0 3 3 11
bibliography
Solitarious 2 1 9 0 1 13 26
Incongruent in Solitarious in o o0 o 1 3 6 10
bibliography bibliography
Gregarious in 0O 0 o0 o0 0 1 1
bibliography
Absent In CNS 3 4 8 0 7 15 37
In DT 0 3 6 1 2 3 15
Other inconsistent results 2 4 6 1 6 10 29

Table 4.33: Comparative analysis of the numbers of shared transcripts between
our CNS and DT transcriptomes and those reported in the literature.

Of the 12 genes whose RN Aseqg-inferred expression tendency we confirmed
earlier by qPCR, 2 (3 without taking into account S. gregaria nymph qPCRs)
show similar results no matter the tissue whereas, and 8 (without including
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contig NA202 since it was a CNS specific sequence; without a DT homolog)
seem to have tissue-specific tendencies in their differential expression between
solitarious and gregarious locusts (figure 4.40A). The congruent genes were
the phosphoenolpyruvate carboxykinase (PEPCK) and a yellow-h homolog
protein. However, qPCRs using L. migratoria adults and nymphs did not
show a completely congruent expression in any case. Still, some similarities
could be discerned in the expression patterns of some of those genes. In fact,
tyrosin aminotransferase (TAT) shows a gregarious expression pattern both
in S. gregaria and L. migratoria adults, while both TAT, peroxiredoxin and
peptidyl-prolyl cis-trans isomerase (PPI) show solitarious expression pattern
in nymphs of both species (figure 4.40B).
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Figure 4.40: Comparison of the expression pattern of qPCR-tested genes between
S. gregaria tissues and methodologies used (A) and species and developmental
stages (B). The fold change values were calculated from the ratio between
solitarious by gregarious FPKMs (for RNA-seq data) or relative quantity (for
qPCR data).

Another set of genes from L. migratoria CNS [Zhang et al., 2012] and
DT [Spit et al., 2016] transcriptomes were also used, although the first work
contained no differential expression analysis and the comparison in the second
is between gut and brain. The L. migratoria CNS transcriptome in Zhang
et al. [2012] contained a total of 41,179 unigenes (compared to the 115,262
in our S. gregaria CNS transcriptome) that include 15,895 sequences with
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unique BLAST results (a similar number to the one in our S. gregaria CNS
transcriptome, 16,749, but far from the 57,637 sequences of our S. gregaria DT
transcriptome). 56 sequences were highlighted in that work, of which 25 and
16 had homologs in our S. gregaria CNS and DT transcriptomes, respectively
(table 4.34 and table 4.42). However, since this work has no gene expression
profiles, we only checked the presence of the described transcripts in both
transcriptomes. It is to mention that several sequences described in that
work belonged to protein families or genes represented by several variantsin
our S. gregaria transcriptomes. For its part, the L. migratoria transcriptome
analysis in Spit et al. [2016] is based on a microarray analysis that used 48,302
sequences (42,861 from L. migratoria and 5,941 from S. gregaria), focusing on
a set of 2,756 transcripts that were over-expressed in the gut compared to the
brain (table 4.35).

Genes in ~ Homologs in Over-expression of the homologs in
Zhang et our S. gregaria our S. gregaria transcriptomes
al. 2012  transcriptomes Gregarious Solitarious Non-significant
CNS 10 51%* 19 0 32
15 15%* 9 0 6
DT 8 46%* 2 1 43
9 gk 0 2 7

Table 4.34: Presence in our S. gregaria CNS transcriptome of the sequences
highlighted in Zhang et al. [2012] work on L. migratoria’s CNS transcriptome.
*: Genes from Zhang et al. [2012] that are represented with more than one
sequence in our transcriptome. **: Genes from Zhang et al. [2012] that are
represented with one sequence in our transcriptome.

4.4 Discussion

4.4.1 Transcript diversity between tissues

The first striking difference between the CNS and DT transcriptomes is the
amount of single BLAST accession numbers they present. The annotated
sequences from the DT transcriptome correspond to almost three times the
number of unique accession numbers from the CNS transcriptome annotation
against the same BLAST databases and using the same cutoffs. The reason
for such difference is not the activity of more genes in the DT than in the
CNS but it is the different nature of both tissues. The CNS is formed by
locust-only material whereas the DT includes a mixture of locust material
and materials from the high number of species corresponding to the guts
content and microflora (bacteria, protozoa and fungi, both symbiotic and
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L. migratoria DT S. gregaria DT  S. gregaria CNS

Proteases
Proteases 132 481 180
Serin proteases 102 232 32
Metalloproteases 23 20 43
Cystein proteases 4 13 1
Glutathione S-transferase
Glutathione S- transferases 5 135 16
Delta Reported 17 4
Epsilon Not reported 11 0
Microsomal Not reported 5 1
Mu Reported 0 0
Omega Not reported 8 1
Sigma Reported 31 1
Theta Not reported 6 1
Cytocrhome P450
Cytochrome P450 17 289 65
CYP2 Reported 4 0
CYP3 Reported 3 1
CYP4 Not reported 59 4
CYP6 Not reported 134 11
Transporters
Major Facilitator Transporter 18 116 9
ABC transporter 7 32 30

Table 4.35: Comparison of the sequence counts for several protein families between
Spit et al. [2016] L. migratoria study and our S. gregaria DT and CNS
transcriptomes.

parasites). In fact, the heterogeneity of the DT material, compared to the
CNS one, is what explains the differences in G+C content (40.3 % and 43.22
% for CNS and DT, respectively) and N50 value (1,261 and 1,028) between
the transcriptomes that we assembled de novo based on a similar amount of
Tllumina Hiseq 2000 Paired End reads obtained by sequencing cDNAs from the
CNS and DT tissues of the same S. gregaria individuals. In contrast, the CNS
transcriptome contains more sequences with unknown annotation (34,696)
than the DT does (16,491), which might be due to the different proportion of
RNAs from other species present in both transcriptomes—which would in the
DT increase the number of annotated sequences from fully sequenced microbial
model organisms while reducing the chances for the S. gregaria sequences
that have no known annotation (explained further in this chapter). Still,
the CNS and DT transcriptomes that we compare here came, as mentioned
above, from the same species (even from the same individuals), so one would
expect most of the BLAST accession numbers from the annotation of the
CNS transcripts to be present among the BLAST accession numbers from
the annotation of the DT transcripts. However, only 17 % of the unique
CNS BLAST accession numbers were present among the accession numbers
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from the BLAST annotation of the DT transcriptome, corresponding to just
5 % of the DT unique BLAST accession numbers that belong to insect
species. The first obvious reason for that small number is the heterogeneity
of the DT transcriptome that contains sequences from other species at the
expense of S. gregaria sequences—many of the least expressed genes in the
DT were therefore missed. Besides, bacterial and other microorganisms
genomes usually present a more complete annotation and are abundant in the
databases, which makes sequences from these group of species have a higher
chance to present a BLAST result, hence elevating the number of annotated
genes in the DT. Furthermore, these sequences competed with S. gregaria’s
RNAs during the sequencing, thus shifting the proportion of sequences towards
the annotated sequences in the DT compared to the CNS. Another reason
would be the expression of different, tissue-specific, variants of the same gene
in each transcriptome (which leads to different BLAST accession numbers for
the different transcripts of the same gene in the different transcriptomes).
The difference between the CNS and DT transcriptomes in the number of
sequences that show significant differential expression between locust phases
is also striking. In fact, the number of differentially expressed sequences in
the DT transcriptome (1,036 unigenes and 3,399 sequences without known
annotation) is just about 20.12 % the number of sequences with significant
differential expression between locust phases in the CNS transcriptone (10,238
unigenes and 11,804 sequences without known annotation)—see Chapters 2
and 3. Such result does not only confirm that locust phase change is principally
CNS-linked, but is also yet another indicator of the genuine and accurate
nature of our RNAseq assembly, annotation and expression analyses of both
the CNS and DT transcriptomes.

Congruent with the higher number of differentially expressed genes
between locust phases in the CNS than in the DT transcriptomes, the number
of shared annotated transcripts that show significant differential expression
between phases is also asymmetric, with almost two thirds of the total (1,579)
showing significant over-expression between phases in the CNS transcriptome,
and only 240 transcripts showing over-expression between phases in the DT
transcriptome (tables 1 and 2). 175 of these genes show significant differential
expression between locust phases in both tissues, although not always in a
congruent way (65 congruent vs. 110 incongruent transcripts). The relatively
lower number of annotated genes that show the same direction of over-
expression in both tissues compared to those that show an opposite (tissue-
specific) one—about half—seems to suggest that gregariousness affects gene
expression in a largely tissue-specific manner. This is also in agreement with
the fact that most of the differentially expressed transcripts of the CNS
are over-expressed during the gregarious phase (about 90%), whereas the
differentially expressed transcripts of the DT are more evenly distributed
between phases (45 % towards solitarious and 55 % towards gregarious
phase)—see Chapters 2 and 3.
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The anonymous sequences, however, present a different pattern in CNS:
while the mean intensity values are in a similar range, the expression pattern
seems biased towards solitarious phase in the CNS (figure 4.38A), although
this effect is due to the presence of extreme positive (solitarious) FC values
(figure 4.38B). Curiously, this bias becomes more conspicuous when analyzing
sequences equal or longer than 500 nucleotides, where the most extreme FC
negative (gregarious) values dissipate (figure 4.38C), with the anonymous
clustered DT sequences showing evenly distributed FC values between the
solitarious and gregarious phases (figure 4.38D). Hence, the anonymous
sequences show divergent expression patterns in both transcriptomes, which
can be understood as profound differences in gene expression between both
tissues. We have to take into account that the DT also shows a high
number of sequences belonging to different microorganism, thus contributing
to the differences in sequence expression levels. Consistent with the above-
exposed interpretations is the fact that the number of differentially expressed
transcripts in the CNS, especially those with over-expression in the gregarious
phase, is about ten times the number of genes that are differentially expressed
in the DT (although, in the latter case, most of the over-expressed genes
appear in the solitarious phase). Gregariousness implies living in an over-
charged environment of increased stimuli, movement, competition, infections,
little resources and challenging conditions, whereas the solitarious phase
is associated with attenuated locust-locust interactions and abundance of
resources. It is therefore reasonable to expect, at least in a speculative
way, a convulsed gregarious CNS that regulates all the responses and
pathways related to the response to the increased locust-locust interactions
and challenging conditions, and an active solitarious DT with increased
constitutive processes that deal with digestion of the easily available resources.

4.4.2 Congruency of the over-expression between phases
and tissues

Thanks to the current comparative analysis we can confirm the genuine
nature of the association between the locust phase change and the transcripts
whose presence is shared and whose differential expression between locust
phases is congruent between two transcriptomes. Among the annotated
transcripts that are congruently over-expressed in the gregarious phase (table
4.36) we highlight the presence of several transcripts related to the immune
response, metabolism and energy production, transcription and translation.
For instance, among the transcripts associated with immunity, and in
addition to the genes that we already discussed in former chapters (such
as black arginine carboxylase, pacifastin precursor 4 and serine protease
inhibitor 3), we can highlight two transcripts that are homologous to
lysozymes (accession numbers AAY85086.1 and NP_648151.2). The over-
expression of genes related to the immune system reflects, as discussed in
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previous chapters, the fact that gregarious individuals do not only face stress
from intra-specific competition but also have to deal with the increased
infections that a gregarious lifestyle propitiates. To highlight are also
two transcripts encoding the enzyme phosphoenolpyruvate carboxykinase
(PEPCK, AAM11205.1 and P20007.2), related to the Krebs cycle and
gluconeogenesis, that were also confirmed in our CNS by qPCR, as shown
in figure 2.17 from Chapter 2 and figure 4.40A of this chapter. The increase
in the activity of genes related to energy and metabolism directly relates to
the increased activity of the locusts during the gregarious phase. In fact, in
mice, PEPCK over-expression leads to increase of the animals’ activity and
aggressiveness [Hakimi et al., 2007, Hanson and Hakimi, 2008], a strikingly
similar outcome to the locusts’ behaviour during the gregarious phase. The
phase change is about a change of gene expression and not the genes themselves
[Bakkali, 2013]. Accordingly, it is reasonable for transcripts related to
transcription and translation to be up-regulated in the gregarious phase.
Examples include ribosomal proteins (P15357.2, P18101.2, Q9VTP4.2), tRNA
transferases (Q9VSZ6.1, QIVKS9.1), elongation factor (AFH89818.1), and
RNA polymerases (Q9VC49.1, NP_001153714.1). Interestingly, and in
relation with gene transcription and translation, epigenetics and protein
processing are also among the processes with over-expressed transcripts. We
have, for instance, transcription adapter 2A (AAK92962.1), which is part
of an histone acetylation complex that has chromatin remodelling functions
[Guelman et al., 2009], and E3 ubiquitin ligase RNF 126-B (AAK93431.1),
which might be a sign of enhanced ubiquitin signalling regulation and protein
degradation activity.

Despite the fact that we are comparing CNS and DT transcriptomes, we
find a noticeable number of clearly CNS-related transcripts to be shared and
consistently over-expressed in the gregarious phase in both tissues. Their
shared presence is very likely due to the unavoidable presence of neuronal
termini in the DT tissue, and their congruent expression trend confirms
their genuine association with the gregarious phase. Examples include sniffer
(AAMA49926.1), a protein which at low levels promote neurodegeneration
[Botella et al., 2004]. Zinc/iron regulated transporter-related protein 1
(CAC14873.1) also seems to be linked with neurodegeneration promotion,
lifespan shortening and cognitive failures in D. melanogaster [Lang et al.,
2012]. NimA-like kinase (NP_651293.1) regulates mitosis in CNS [Sepp et al.,
2008]). Myospheroid (EFA10689.1) has a number of CNS-related functions,
including axon guidance, central nervous system development, and sensory
perception of smell [De La Pompa et al., 1989, Goddeeris et al., 2003, Sepp
et al., 2008, Delon and Brown, 2009]. Genes related to neuronal plasticity have
been described to be up-regulated in the gregarious phase in S. gregaria and L.
migratoria [Badisco et al., 2011a,b, Wang et al., 2014b], and our data confirm
that a number of CNS development genes do have a role in the triggering or
maintenance of the gregarious phase very likely via their involvement in neural
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plasticity.

Among the genes that have shared over-expression during the gregarious
phase both in the CNS and DT, and whose annotation is directly related
to neurotransmition, we can highlight annexin IX (AAN71504.1) and CutA
(AAM50725.1). The first, despite being part of a phospholipid binding
protein family sometimes related to vesicle formation [Benz and Hofmann,
1996, Goebeler et al., 2003], presents a low reception affinity for acetylcholine
and is also involved in autoimmunity [Nguyen et al., 2000]. The expression
of the second, which anchors acetylcholinesterase (an enzyme that degrades
acetylcholine) to biological membranes, may be induced in order to export this
enzyme from vesicles to synaptic membranes for inactivating acetylcholine and
inhibiting its response.

Regarding the annotated genes that were shared between the CNS and DT
transcriptomes and that show consistent over-expression during the solitarious
phase, we found 22 transcripts with general functions such as energy and
metabolism, and functions that seem proper to either the CNS or the DT
(shown in table 4.37). We detected energy transport and storage related
genes, such as vitellogenin (XP_971398.1), which stores and transports lipids,
a fatty acid binding protein (AAN71654.1), which transport lipids, and a
methionin-rich hexamerin (AAX14950.1), which stores and transports amino
acids [Wheeler et al., 2000, Pan and Telfer, 2001]. bent/twitchin homologue
(ABX00765.1) is involved in muscle development [Schnorrer et al., 2010] and
contraction [Greene et al., 2008]; its congruent expression might be due to the
function of the smooth muscle of the DT and the presence of muscle tissue in
the CNS-enriched library (see the Chapter 2). Among the neurotransmission-
related genes we found an alpha-11 nicotinic acetylcholine receptor homologous
sequence (EFN71375.1), which encodes a protein that modulates the opening
of transmembrane ion channels when bound to acetylcholine, and among
the immune response function genes we found the A3 subunit of the
phenoloxidase (Q9V521.1), related to immune response and melanization via
cathecholamines pathway. The presence of genes congruently over-expressed
during the solitarious phase although the functions that they belong to also
contain genes that are over-expressed during the gregarious phase is not, as it
might appear, incongruent. The fact that solitarious locusts show increased
activity of certain housekeeping processes (e.g. digestion) and that they also
face certain of the challenges that the gregarious locusts fase, although at
lower intensity (e.g., exposition to pathogens), means that some transcripts
related to those functions should be expected to be over-expressed during the
solitarious phase too. While the functional categories that a living organism
uses are the same, the type of genes of each of these categories changes
according to the demands. Surprisingly, six out of the 22 sequences that were
congruently over-expressed between tissues during the solitarious phase were
homologous to probable transposable elements (AAM11674.1, BAC82628.1,
EFA11647.1, EFA11995.1, EFA13106.1 and XP__003741356.1), compared to
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just a single transposon sequence (AAL89932.1) that was congruently over-
expressed between tissues during the gregarious phase. Genome instability
is proper to the gregarious phase [Nolte, 1969, Fox, 1973]. Accordingly, our
separate tissue RNAseq data show over-expression of transposons and DNA
recombination and repair genes during the gregarious phase (see the Chapters
2 and 3). We would therefore expect more intersection between tissues in
the gregarious phase rather than in the solitarious one and, short of valid
explanation, our best guess is that the difference in the number of congruently
over-expressed transposons between tissues might be just a stochastic result
(a sort of type I error).

As to the sequences that show opposite expression pattern between tissues,
they surely are not phase markers but, despite showing opposite patterns of
over-expression between phases and tissues, the significant alteration of their
expression levels between locust phases highlights the tissue-specific nature of
some of the alterations in biological processes between phases. From table
4.38, we can see how the shared annotated genes that are over-expressed
in the gregarious CNS and in the solitarious DT relate to processes like
glycoside, amino acid and lipid transport and degradation, protease inhibition,
ion transport and detoxification. Whereas, from table 4.39, we can see how
the shared annotated genes that are over-expressed in the solitarious CNS and
gregarious DT transcripts relate to protease activity, translation and cell cycle
regulation. Such result is expectable, given the nature of the tissues compared
here and the nature and degrees of challenges and activities of both phases,
and is congruent with the data on each tissue.

Another issue are some of the annotations that show incongruent pattern
of over-expression between tissues and phases and that, at the same time,
are variants, have similar (or like) annotations, or belong to the same gene
family of functional category as genes that are congruently over-expressed
between tissues and phases. Examples of incongruently expressed transcripts
that are similar to congruently expressed ones are a histone-lysine N-
methyltransferase SETMAR-like protein (EFN89173.1), a bent homologous
sequence (AAK77295.1), a zinc/iron regulated transporter-related protein 71B
(AB0O52850.1), and an alpha-11 nicotinic acetylcholine receptor (EFN65035.1).
In the absence of deeper individual sequence analyses and/or functional
testing of these sequences we cannot confirm them as genuine variants that
have tissue-specific differential expression between locust phases, nor can we
discard them as sequences whose differential expression might potentially
be type I errors that the application of the false discovery rate could not
correct. Pleiotropy could also be a reason for such apparent incongruence;
for instance, a hexamerin like protein 1 homologous sequence (ACU78068.1)
is over-expressed the in gregarious CNS and solitarious DT, despite other
hexamerin transcripts being congruently over-expressed during the solitarious
phase in both tissues. Hexamerins can be used as amino acid storage
proteins, in favourable conditions, but also as anti-bacterial proteins, in
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immune challenging conditions [Burmester, 1999, Wang et al., 2007], which
might explain their over-expression both during the solitarious and gregarious
phases—the former phase allows storing amino acids whereas the latter shows
enhanced immune response and energy mobilization.

Worth highlighting among the genes that belong to a protein family that
shows incongruent over-expression pattern between phases and tissues are the
odorant binding proteins (OBPs), ACR39391.1 and AEX33167.1, and several
cytochrome P450 (CYP) variants (a CYP 4gl5 (Q9VYY4.1), a CYP 4c3
(QIVA27.1), a CYP 6d5 (QIVFP1.1) and a CYP 304al (QIVG17.2)). Like
the chemosensory proteins (see Chapter 5 of this thesis), OBPs have a plethora
of target ligands and tissue-dependent expression patterns [Pelosi and Maida,
1995, Pelosi et al., 2005]. The direction of their over-expression pattern thus
depends on the tissue, the conditions and the chemicals that the animal has
to deal with. When facing the same chemicals at similar intensities, the same
tissues and physiological conditions are expected to show congruent expression
of the OBPs that deal with those chemicals, otherwise the expression pattern
would be tissue and/or condition-specific and, thus, apparently incongruent.
Similarly, CYP is an essential and multi-faceted protein family with functions
ranging from signalling to detoxification [Feyereisen, 1999]. The signalling
cascades are expected to have both common and phase and tissue-specific
components, and the same applies for detoxification that has to specifically
deal both with common as well as tissue and phase specific conditions of
toxicity.

Similar interpretation as the one that applies to the incongruently over-
expressed genes that belong to the same family is valid for incongruently over-
expressed genes that belong to the same functional category. For instance,
within genes that have immune system-related function, serine protease
inhibitor 3 (SERPIN 3) and pacifastin SgPI-4 are consistently over-expressed
during the gregarious phase both in the CNS and DT, while alpha trypsin
inhibitor heavy chain 3 (XP_001943110.2), SERPIN SgPI-1 (046162.1) and
SERPIN B6 (XP_968005.1) are over-expressed in gregarious CNS and in
solitarious DT.

What applies to the shared genes whose over-expression is in the gregarious
CNS and solitarious DT also applies to the ones whose incongruent over-
expression is between the solitarious CNS and the gregarious DT. These
include two Jonah 65Aiv trypsin like protease homologs (AAL49280.1 and
AAL29107.1), two ribosomal proteins (ACS78170.1 and AAMS50819.1), a
checkpoint-like protein (ABK29471.1, involved in DNA repair and cell cycle
regulation [McNeely et al., 2014]), a transitional endoplasmic reticulum
ATPase TER94 (XP_001605497.2, involved in maintenance of endoplasmatic
reticulum [Thomson et al., 2008]) and a transposable element (EFX62991.1).

190



4.4. DISCUSSION

4.4.3 At least not all the sequences that have no BLAST
annotation are potential sequencing or assembly
artifacts

The sequences that have no known BLAST annotation represent 30.102 %
and 22.247 % of the assembled S. gregaria CNS and DT transcriptomes,
respectively (see Chapters 2 and 3). Both proportions are not too different
from each other and, although they seem high, the fact is that the number of
non annotated transcripts in other insect CNS and DT transcriptomes is also
high. It ranges from 50 % to 66 % in other locust CNS transcriptomes [Chen
et al., 2010, Badisco et al., 2011a, Zhang et al., 2012] and from 40 % to 50
% in DT transcriptomes from other insects [Pedra et al., 2003, Hughes and
Vogler, 2006, Coates et al., 2008]. These sequences may be either sequencing
and/or assembly artifacts, non-conserved parts of known mRNAs, mRNAs
from unknown coding sequences, or non-coding RNAs (ncRNAs).

Sequencing and assembly artifacts are unavoidable in every NGS and de
novo assembly (in the absence of reference genome or transcriptome, the
assembly algorithms join the sequencing reads based on small windows, k-
mers, and in all the possible manners, with no guarantee that all the resulting
contigs represent real transcripts). Besides, we cannot control the RNA edition
status, thus adding complexity to the assembly; since different isoforms and
a variable degree of mRNA maturation are present in the sample. Similarly,
contig assembly from short sequencing reads unavoidably produces partial
sequences of genuine known transcripts, some of which might be variable
enough as to not produce significant BLAST match to the corresponding
aminoacids and nucleotide homologs. We cannot even discard that some
transcripts might correspond to highly diverging known genes that would not
pass the BLAST homology thresholds (i.e., higher than threshold E-value or
lower than threshold HSP). The NCBI database is huge and contains ever
increasing scores of aminoacids and nucleotide sequences of all the known
genes. Yet, not all the existing genes are sequenced, known and deposited in
that database. Thus, a number of the sequences that gave no significant
BLAST result might in fact correspond to coding sequences that are not
described yet. The last possibility includes ncRNAs. These are sequences that
are currently at the cutting edge of the RNA and gene expression regulation
research. Even the compact genome of D. melanogaster has recently been
found to contain scores of such sequences [Brown et al., 2014]. The problem
with these sequences is their low degree of sequence conservation, which
does not allow their identification via BLAST. Nevertheless, ncRNA specific
databases and ncRNA prediction software have now been developed [Griffiths-
Jones et al., 2005, Kong et al., 2007, Xie et al., 2014], so one of the potential
future research on our data would be identifying locust ncRNAs. With the
sequences that have no known annotation being most likely a mixture of the
above mentioned types, the question is how can we trust them as genuine
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transcripts, partial or not, known or unknown, coding or not? Already in
the CNS and DT transcriptome chapters we highlighted that being artifacts
is not likely at least for the sequences that are formed from a high number
of sequencing reads (we even amplified and analyzed by qPCR one of these
sequences—see Chapter 2). Furthermore, the fact that 12,213 (23.86 %)
of these sequences appear both in the CNS (corresponding to 35.20 % its
unknown sequences) and DT transcriptomes (corresponding to 74.06 % of its
unknown sequences) is a tangible proof of their mostly genuine nature.

Another problem that one faces when studying de novo assembled
transcripts that lack a BLAST result is how to discriminate between variants
of the same gene and different genes. In fact, the high number of sequences
with no known annotation is no doubt partly due to the presence of several
variants of the same genes. We opted for an objective, threshold-based,
strategy. We calculated the mean nucleotide sequence identity from pairwise
comparisons between all the sequences that have the same BLAST annotation
in both tissues, and we applied that mean value as sequence identity threshold
for grouping the sequences that have no known annotations into cluster of
sequences that potentially belong to the same gene. The prior to this logic is
the assumption that the degree of conservation between sequences from the
different transcriptomes of the same species is the same for every sequence.
A potential shortcoming could be the possibly higher conservation of the
annotated sequences compared to the ones that have no known annotation.
We therefore risk having false positives (sequences that do not cluster together
although they belong to the same gene, because their variability may be
higher). Still, we have to remember that our transcriptomes come from the
same animals, so even for highly variable sequences the chances of generating
false positives are just as high as the differences between ten haplotypes can
get (we used pooled ¢cDNAs from five locusts—see the general methodology
section).

We are also aware that the minimum sequence length for our transcrip-
tomes is 100 nucleotides, a value that might induce to think that some of the
generated clusters of sequences without annotation are produced in a spurious
way. However, performing the same analyses after excluding sequences shorter
than 500 nucleotides indicated that the tendencies were conserved: both the
mean number of sequences per cluster, the cluster sequence number by sin-
glet sequence number ratio, and the number of clusters by total number of
sequences were very similar. Thus, the abundance of sequences shorter than
500 nucleotides is not mainly due to assembly artifacts or a fragmented as-
sembly (since they would contribute to clusters) and thus, eliminating these
might lead to a potential loss of information.

After clustering, the number of sequences with no known annotation in
the CNS and DT transcriptomes is reduced to 27,949 (19.45 % reduction)
and 9,744 (42.51 % reduction), respectively. As to their patterns of
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over-expression, we have the same expected mixture of situation as with
the annotated sequences (congruent, incongruent and tissue-specific over-
expression). The lack of annotation makes discussing the case of these
sequences pointless, until we determine their most likely interesting functional
implications.

4.4.4 Comparison with the data obtained elsewhere

The importance of data validation in the ‘omics’ field of research is crucial.
We previously validated some of our RNAseq data by the use of other
methodology (qPCR), we then compared with the data published elsewhere
and, here, we compared and looked for consistency between different materials
(tissues). In a further step, in this part we compare the results of our
comparison between tissues to those published in the literature on locust
phase change. It is however worth highlighting that we gathered a set of 124
genes about which other works specifically provided differential expression
data between solitarious and gregarious locusts. Still, this is obviously no
complete validation of the hundreds of thousands of sequences reported by
us and elsewhere—individual validation would still be needed for most of the
individual genes that might be of interest to the researchers and that were not
fully validated here. As expected, our data sometimes agree with the published
ones and sometimes do not. Of course, if a gene is truly associated with a
biological phenomenon one has naively to expect 100% agreement between the
data no matter the laboratory from which they come. However, several types
of differences between the experimental settings (different species, populations,
individuals, developmental stages, tissues, and techniques used) end up
constituting several sources of variation that might result in differences in the
results of some genes between experiments and laboratories. Of course one can
no doubt apply the expert knowledge and assess the possibility of inclining the
balance towards one of the discordant results based on consideration of the
type of material (for instance, same species versus different species) and the
reliability and accuracy of the experimental design and technology (RNAseq
versus microarrays, for instance). We can therefore in no way discard the
association of a gene with the phase change based on the disagreement between
experiments that have different settings. In case of coincidence of the results,
however, we can definitely confirm the association of the gene in question with
the biological phenomenon.

A striking case of apparently discordant results is the one of the tyrosine
hydroxylase (TH, the enzyme that synthesizes L-DOPA). The expression of
the gene for this enzyme was up-regulated towards the solitarious phase
in our CNS transcriptome (11.154 FPKM in solitarious phase vs 10.372
FPKM in gregarious phase, accession number ABQ95974), while being up-
regulated towards the gregarious phase in our DT transcriptome (1.595 FPKM
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in solitarious phase vs 4.988 FPKM in gregarious phase, accession number
AAAG2877), although with less coverage than in CNS. As it happened, Chen
et al. [2010] show TH over-expression in gregarious L. migratoria whole
nymphs and Ma et al. [2011] found that downstream catecholamine pathway
enzymes, such as DOPA decarboxylase (Ddc), pale, henna or ebony are
also over-expressed in gregarious L. migratoria nymphs. In fact, dopamine
injection induces gregarious behaviour on isolated reared nymphs, as well as
pale gene silencing induces a colour change towards black [Ma et al., 2011].
Regarding S. gregaria, Miller et al. [2008] report a probable L-DOPA analogous
molecule in gregarious egg pod foam but, apart from that work, there is no
other study on the effect of DOPA on phase change in this species. Given the
species- and /or stage-specific differences between the cited works and ours, the
differences in the expression of DOPA-related genes that we report here might
be expected. Accordingly, one would infer that either our CNS datum for that
gene is erroneous or that the gene has a tissue-specific pattern of solitarious
versus gregarious expression (we cannot include potential inter-individual,
inter-population or inter-species variation here as we used the same animals
both for CNS and DT sequencing). In fact, apparent incongruence between
different works and materials is no stranger to the literature, for instance:
Anstey et al. [2009] report serotonin as a solid trigger of the gregarious phase
in S. gregaria. However, Guo et al. [2013] reported that serotonin enhances
solitariousness in L. migratoria, and its role in S. gregaria was even criticized
in Tanaka and Nishide [2013] —Rogers et al. [2014] latter published a work
in support of the previous work by their research laboratory that suggested
serotonin as the trigger of gregariousness in locusts [Anstey et al., 2009]. The
saga of serotonin might thus be just due to the possibility that this peptide
might have varying association types with the phase depending on the locust,
tissue or condition —not to mention the possible errors from the behavioural
modelling that we discuss in Chapter 1.

Exceptions apart, comparison of our data with those of other published
works that use high throughput data not only confirms the quantitative
aspects of the assembly (number of annotated sequences and number of
sequences with no known annotation), but also shows an agreement in the
general tendencies of the alterations in biological functions that are associated
with locust phase change, and allow even pinpointing concrete genes as no
doubt associated with the phase change both in S. gregaria and in locusts as
a whole. For instance, the work on the CNS of the migratory locust by Zhang
et al. [2012] provides a list of highlighted transcripts, all of them present
in our CNS transcriptome, with an elevated proportion of gregarious over-
expressed transcripts and no solitarious over-expressed transcripts (table 8).
While most ion channels or peptide transporters reported in that work are
not significantly over-expressed in S. gregaria (table 4.42), we observe that
enzymes that relate to structures from synapsis, catecholamines and circadian
clock are over-expressed mainly in S. gregaria’s CNS during the gregarious
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phase. Similarly, the work from Spit et al. [2016], where they compare the
transcript expression between the gut and the brain of the migratory locust, is
also concordant with ours. They, for instance, report similar protease diversity,
being the serine-proteases (more precisely the trypsin-like type) the most
abundant proteases in the gut, and the most abundant type of glutathione
S-transferases happens to be the sigma subfamily (table 4.35). The results
from our CNS transcriptome also point to the same abundance trends as
stated in both Spit et al. [2016] and our DT transcriptome works, with some
minor differences (such as the abundance of cystein proteases being higher
than serin proteases or the absence of the major allergen protein in CNS).
However, since work the work from Spit et al. [2016] is based on a microarray
study, the novelties are limited by the sequences used as probes.

As to the specific genes, of the 12 that show congruent over-expression
pattern between our CNS and DT data, only one (pacifastin 4) was reported
in the literature on S. gregaria as also showing concordant tendency of over-
expression. These are therefore genes with confirmed association with the
phase change in S. gregaria. One on them, pacifastin 4 is, as already mentioned
in Chapter 3, a serine protease inhibitor related to the immune response
in arthropods [Aspdn et al., 1990, Liang et al., 1997] and has been already
reported as over-expressed in gregarious desert locusts [Simonet et al., 2005].
Even more, a good number of genes that were reported in Kang et al. [2004],
Chen et al. [2010], Guo et al. [2011], Wang et al. [2014b] to be significantly
associated with the phase change in L. migratoria, also show significant
association with that phase change in our data on S. gregaria CNS and DT.
In fact, 12 of the genes that show congruent over-expression in both CNS and
DT transcriptomes of S. gregaria were reported to have the same expression
tendency in L. migratoria. These are genes that we can confirm as associated
with the phase change in locusts in general, or at least the two main locust
pest species, thus pointing towards the presence of conserved locust phase-
associated pathways. The most remarkable among these genes were the ones
related to neurotransmition and its reception and signalling. Almost all of
them show over-expression during the gregarious phase, and their list includes
the adipokinetic hormone receptor, CASK protein, diuretic hormone receptor,
GABA receptor, glutamate receptor, Malvolio protein, octopamine receptor
and a synaptic vesicle protein. Other functions and genes worth highlighting
among the ones that show similar over-expression patterns between species are
ubiquitylation (with E3 ubiquitin-protein ligase hyd), chemoreception (with
several chemosensory proteins) and translation (Glycyl-tRNA synthase), all
of which up-regulated during the gregarious phase. Annexin IX and pacifastin
inhibitor are also reported as up-regulated during the gregarious phase in all
the bibliographical sources, thus highlighting the increased exocytosis and
immune activities during that phase in locusts in general. Interestingly,
hexamerin was also found to show similar expression pattern between our CNS
transciptome and the bibliography. Some variants of this protein family seem
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to modulate juvenile hormone titers in termites and modulate caste-related
phenotypic plasticity [Zhou et al., 2007], thus highlighting the association of
both molecules with crowd (social) behaviours in insects in general.
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4.5 Supplementary material

Table 4.36:

results are limited to the sequences that share BLAST accession number between CNS and DT transcriptomes.

Transcripts that show over-expression during the gregarious phase both in the CNS and DT transcriptomes. The

Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR
AAD55415.1 AR TETGRI_TSEDIN (G O kT 78365 -1,045 5,913E-11 Dm175703 41,618 9,5T1E-05
[Drosophila melanogaster]
AAK92962.1 GH19029p [Drosophila melanogaster] 52979 -1,051 1,649E-17 Dm22685 -1,5675 2,214E-03
AAK93014.1 GH23453p [Drosophila melanogaster] 53013 -1,504 1,156E-07 Dm23086 -0,718 7,503E-05
AAK93431.1 LD47007p [Drosophila melanogaster] 53845 -1,504 4,885E-107 Dm51678 0,518 1,187E-04
AAL13472.1 GHO01077p [Drosophila melanogaster] 52833 -0,562 1,284E-20 Dm35839 -0,762 6,345E-05
AAL39897.1 LP11089p [Drosophila melanogaster] 53917 -1,380 3,088E-02 Dm54017 -2,586 2,514E-07
AAL89932.1 RHO07106p [Drosophila melanogaster] 82606 ,668 6,994E-30 Dm65874 -0,994 3,889E-16
AAM11132.1 LD10758p [Drosophila melanogaster] 53599 -0,605 8,290E-06 Dm72278 -0,658 2,167E-02
AAM11205.1 RE12569p [Drosophila melanogaster] 82324 -4,567 2,757E-40 Dm72584 -4,230 5,068E-03
AAM49926.1 LD36273p [Drosophila melanogaster] 53728 -0,579 4,833E-65 Dm81257 -0,449 1,179E-02
AAM50253.1 LD20420p [Drosophila melanogaster] 53639 -0,947 6,521E-31 Dm82296 -0,861 7,438E-04
AAM50725.1 GM24986p [Drosophila melanogaster] 53072 -0,962 3,966E-32 Dm83373 -0,801 9,771E-05
AAMT75077.1 RE61939p [Drosophila melanogaster] 82558 -0,621 1,056E-05 Dm88253 -2,300 3,668E-04
AANT1504.1 RHO01338p [Drosophila melanogaster] 82594 41,174 5,133E-179 Dm111945 -1,868 1,616E-32
AAX33543.1 LD14383p [Drosophila melanogaster] 53613 -1,307 6,147E-114 Dm178564 0,590 2,210E-05
AAY85086.1 IP04203p [Drosophila melanogaster] 53158 -1,658 0,000E+00 Dm186094 -0,804 1,426E-05
AFH89818.1 FI120117p1 [Drosophila melanogaster] 52791 -1,081 3,282E-65 Dm151520 -0,963 1,199E-06
zinc/iron regulated transporter-related
CAC14873.1 protein 1, DZIP1 protein [Drosophila 51120 -0,697 1,079E-26 Dm2798 -0,766 4,541E-08
melanogaster]
CAC82510.3 maECIC! ey 4 Sg_CNS_NA4Plus3143 -2,897 0,000E+00 90431 -1,331 1,003E-30
[Schistocerca gregaria]
pacifastin-related serine protease
CAD11970.1 inhibitor precursor [Locusta 77531 4,457 2,408E-61 17113 -3,815 7,457E-07
migratoria migratorioides]
hypothetical protein
BEFA06655.1 TcasGA2_TC009580 17020 -1,822 1,878E-36 29531 -0,188 6,094E-07
[Tribolium castaneum)]
EFA10689.1 myospheroid [Tribolium castaneum] 32284 -0,901 6,120E-05 30747 -0,394 2,612E-08
EFN71403.1 et preicin |BAC_MIRLE 72207 -1,348 7,410B-04 42871 41,001 4,266E-00
[Camponotus floridanus]
NP_001153714.1 poly-(ADP-ribose) polymerase 35503 -0,596 2,977E-30 21363 -0,733 9,895E-05
[Tribolium castaneum]
NP__648151.2 CG8492 [Drosophila melanogaster] 52482 -2,611 3,981E-10 Dm155448 -1,511 6,212E-05
NP_651293.1 nimA-like kinase [Drosophila 32808 -1,846 5,160E-03 Dm104577 -0,403 2,640E-02
melanogaster]
046163.1 Sarine preicnse inhibie: 9 Sg_ CNS_NA4Plus23248 -1,280 0,000E+00 3883 -0,808 3,879E-10
[Schistocerca gregaria]
P15357.2 Ubiquitin-40S ribosomal protein 41681 -1,324 3,114E-48 Dm135382 -1,618 8,631E-15
S27a [Drosophila melanogaster] ’ ’
P18101.2 Ubiquitin-608 ribosomal protein 41312 -0,881 4,031E-60 Dm135266 -1,057  4,745E-18

L40 [Drosophila melanogaster]

R 4
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Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR

Phosphoenolpyruvate carboxykinase
P20007.2 [GTP] [Drosophila melanogaster] 33809 -5,218 2,116E-272 Dm12575 -1,817 5,782E-11

¥ 1oydey)

DNA-directed RNA polymerases
I, II, and III subunit RPABC5
[Drosophila melanogaster]

QIVC49.1 41583 -0,616 3,230B-22 Dm2879 -1,364 7,224B-21

Nicotinate pho.sphorlbosyltransferase -1,207 5,436E-55 Dm192707 -0,466 2,478E-02
[Drosophila melanogaster]

QIVQX4.2

60S ribosomal protein L10a-2

[Drosophila melanogaster] -0,692 2,140E-04 Dm170707 -1,345 9,895E-07

QIVTP4.2

PREDICTED: N-(5-amino-5-

carboxype.ntanoyl)-L-cy.stemyl- 29512 11,066 4,193E-32 57806 -1,418 3,395E-05
D-valine synthase-like

[Acyrthosiphon pisum)]

XP_001942617.2

hypothetical protein
XP_002588454.1 BRAFLDRAFT__ 197365 -2,151 0,000E+00 1164591 k93_f 741953 -4,078 1,314E-05
[Branchiostoma floridae]

PREDICTED: mannitol
dehydrogenase-like, partial
[Acyrthosiphon pisum)]

48042 -6,590 1,325E-40 2310 -1,493 1,094E-03

XP_003248559.1
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Table 4.37: Transcripts that show over-expression during the solitarious phase both in the CNS and DT transcriptomes. The

results are limited to the sequences that share BLAST accession number between CNS and DT transcriptomes.

Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR
AAG33250.1 trypsin-lambda 46984 6,211 6,132E-16 Dm2974 0,597 2,527E-04
[Drosophila melanogaster]
AAL48992.1 RE40129p [Drosophila melanogaster] 82484 2,661 1,092E-121 Dm59061 2,294 4,313E-05
AAM11674.1 [ﬁi‘:gi;?ifiif;n‘;g’;:t‘:r] 84339 3,350 4,721E-02 Dm71266 0,471 2,941E-02
AAN71654.1 [Dmssgplfﬁzﬁrz;g?;;lsmr] 82995 0,771 9,130E-43 Dm112549 1,639 4,547E-182
AARS82792.1 LDO07466p [Drosophila melanogaster] 53579 0,471 2,090E-66 Dm157319 1,396 2,914B-07
AAX14950.1 methionine-rich hexamerin-like protein Sg_ CNS_NA4Plus995 1,664 0,000E+00 4410 34,328 7,979E-14
1 [Romalea micropteral
ABK57073.1 IP02555p [Drosophila melanogaster] 53134 33,624 4,346E-05 Dm7802 0,601 9,100E-08
ABX00765.1 LP08376p [Drosophila melanogaster] 53897 0,341 7,222E-13 Dm33489 1,414 2,973BE-03
ACH48223.1 e eiitroniElly CRIPROREE pRetei Sg_ CNS_ NA4Plus6238 1,007 5,230E-163 2870 0,675 4,867E-24
[Haplopelma schmidti]
BAC82628.1 pol-like protein [Anopheles gambiae] 35438 0,230 1,785E-05 2531 0,577 2,096E-04
BAM20251.1 unknown protein, partial [Papilio xuthus] Sg_CNS_NA4Plus9696 1,949 0,000E+00 3056 2,048 0,000E+00
EFA11647.1 hypothetical protein TeasGA2_TC010626 19625 1,142 0,000E+00 2848 1,281 0,000E+00
[Tribolium castaneum]
EFA11995.1 hyp“he“?;iiﬂ?l:;’ ;F:S“;i:‘fr;]TCOOM‘LE’ 11452 0,231 2,190E-61 31297 0,469 4,679E-04
EFA13106.1 l‘yp"“‘e“‘[";lﬁig‘i:j:: 3;;22:5;;0016329 27228 2,137 6,556E-09 33445 34,652 1,618B-02
EFA13558.1 hypo“he“ff;}ri‘gg‘i;i: 3;;2%2?;;0002334 6436 1,400 0,000E+00 35128 1,160 6,848E-05
EFN71375.1 hypothetical protein EAG_03557 19496 0,346 2,418E-170 42776 1,723 0,000E+00
[Camponotus Aoridanus]
hypothetical protein
ELU14262.1 CAPTEDRAFT 151631, Sg_ CNS_NA4Plus8183 1,823 0,000E+00 2892340 370090 1,694 4,793E-78
partial [Capitella teleta]
QoV521.1 E;TO“:;I:;“]’{?::J:sg‘;a‘zt‘:j 37829 2,374 0,000E+00 Dm176353 1,230 9,350E-21
hypothetical protein
XP__001653948.1 AaeL_AAEL001772 Sg_CNS_NA4Plus2407_2 0,808 2,207E-210 241 1,230 4,254E-16
[Aedes aegypti]
XP_001852002.1 GLP_T748 1200211 Sg_ ONS_NA4Plus27093 1,393 0,000E+00 3854 0,538 1,623E-11
[Culex quinquefasciatus]
PREDICTED: uncharacterized
XP__003741356.1 protein LOC100901629 Sg_CNS__NA4Plus29302 0,743 9,484E-03 75042 0,479 9,461E-03
[Metaseiulus occidentalis]
XP_971398.1 PREDICTED: vitellogenin 81680 1,524 0,000E+00 256543 32,867 3,559E-03

[Tribolium castaneum)]
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Table 4.38: Transcripts that show over-expression during the gregarious phase in the CNS transcriptome and during the solitarious
phase in the DT transcriptome. The results are limited to the sequences that share BLAST accession number between CNS
and DT transcriptomes.

00¢

Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR

1101404B 1101404BORF 2 78446 -0,714 8,393E-03 Dm93244 0,606 2,786E-03
FACR1_DROMERecName:

A1ZAI5.1 Full=Putative fatty acyl-CoA 101782 -3,779 3,023E-07 Dm97965 0,742 1,088E-06

reductase CG5065
BTB-IV protein domain, partial

AAA50836.1 ! 86655 -0,932 7,356E-12 Dm173421 1,054 8,211E-03
[Drosophila melanogaster]
AAAT0221.1 TEEIEN O |IDRsers M 37993 -0,726 1,719E-107 Dm203761 0,529 4,658E-07
melanogaster]
AAAT0222.2 p“tat“;;e?;gza[s?;‘r’f”ph‘la 38109 -0,806 1,690E-20 Dm170955 0,674 1,712E-14
AAA92147.1 reverse transcriptase [Bombyx mori] 39370 -0,551 1,085E-63 78274 2,025 5,657E-45
glutathione S-transferase D24,
AAB26515.1 DmGST24 {EC 2,5,1,18} 103519 -0,685 4,432E-74 Dm12007 1,124 8,040E-04
[Drosophila melanogaster, Peptide,
215 aa]
AAD00903.1 sorbitol deﬁ?xﬁz;z:zr]mmsoph‘la 43241 -0,678 1,675E-08 Dm159299 1,521 6,411E-19
AAK77295.1 GHO07636p [Drosophila melanogaster] 52900 -1,461 6,122E-24 Dm21057 0,866 5,099E-34
AAK93413.1 LD45641p [Drosophila melanogaster] 53825 41,071 5,478E-259 Dm25717 1,399 1,017E-02
AAK93560.1 SD09370p [Drosophila melanogaster] 82982 -1,272 2,436 E-99 Dm26758 0,348 2,359E-02
AAL13528.1 GHO06241p [Drosophila melanogaster] 52882 -0,667 1,099E-03 Dm37567 1,172 9,813E-08
AAL13704.1 GH27944p [Drosophila melanogaster] 53034 -0,654 4,188E-10 Dm36742 1,350 2,973E-06
AAL25321.1 GH12380p [Drosophila melanogaster] 52935 -1,396 7,050E-06 Dm40562 0,803 4,882E-05
AAL25334.1 GH13775p [Drosophila melanogaster] 52945 -1,064 5,306E-18 Dm40675 1,114 8,965E-03
AAL29063.1 LD46766p [Drosophila melanogaster] 53844 -1,596 1,063E-153 Dm45977 2,314 4,910E-13
AAL39892.1 LP08646p [Drosophila melanogaster] 53898 -1,155 1,080E-19 Dm53962 2,628 1,342E-03
AAL40415.1 tr:r‘}:ff’;2%2;;{‘;?;::;2‘:;?2?‘;‘;er‘“izeae] Sg CNS_ NA4Plus6841 -0,929 0,000E4+00 187594 k45_f 12718349 0,428 6,458E-04
AALA48714.1 RE15779p [Drosophila melanogaster] 82341 -0,477 1,200E-08 Dm57571 0,729 1,914E-28
AAM11327.1 GHO01626p [Drosophila melanogaster] 52840 -0,551 4,758E-18 Dm73191 1,282 1,218E-04
AAM27504.1 LD12605p [Drosophila melanogaster] 53603 -1,187 3,533E-28 Dm75953 4,950 1,842E-17
AAM48347.1 HL01080p [Drosophila melanogaster] 53093 -1,557 1,755E-02 Dm79871 5,179 1,344E-49
AAM49882.1 LD14179p [Drosophila melanogaster] 53608 -0,578 3,976E-16 Dm&81029 0,915 4,374E-02
AAMS50797.1 LD24679p [Drosophila melanogaster] 53665 -2,879 2,773E-02 Dm83624 0,451 4,132E-04
AAM51136.1 SD26211p [Drosophila melanogaster] 83030 -1,385 7,682E-89 Dm85241 0,512 3,895E-02
AANT71572.1 RH39779p [Drosophila melanogaster] 82655 -1,996 2,960E-246 Dm112242 1,577 7,133E-03
AAO39460.1 RH34107p [Drosophila melanogaster] 82649 -0,746 1,015E-90 Dm125964 0,935 7,163E-04
AAQ22426.1 RH23644p [Drosophila melanogaster] 82629 -0,941 9,426E-166 Dm144063 2,144 7,698E-53
AARS6939.1 reverse tr‘“mr‘cslzr;ggzssice])msoph‘l‘l 39140 -0,479 2,007E-32 Dm157946 0,387 1,412E-08
AAS15657.1 RH44796p [Drosophila melanogaster] 82663 -2,557 9,849E-19 Dm161107 1,547 1,162E-42
AAT27274.1 RE22403p [Drosophila melanogaster] 82375 -0,651 1,604E-263 Dm166339 0,854 2,253E-05
AAX28844.1 reverse ":‘:{:;g;iie[ﬁr"s"f’h‘la 39667 -0,518 3,692E-02 Dm177022 0,359 9,647E-03
AAX33500.1 LP18549p [Drosophila melanogaster] 53931 -1,249 4,341E-13 Dm178075 1,057 2,408E-06
ABB36428.1 RE74917p [Drosophila melanogaster] 82592 -1,107 6,150E-12 Dm199001 1,956 2,143E-146

ABO52850.1 IP18018p [Drosophila melanogaster] 53455 -1,126 1,845E-213 Dm16837 1,498 2,103E-03

7 1eydey)
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Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR

ACH92236.1 F103751p [Drosophila melanogaster] 52751 -2,016 2,541E-03 Dm69754 1,185 5,5670E-06

ACI62137.1 polyprotein [Drosophila melanogaster] 35711 -0,551 4,981E-05 Dm75566 0,760 1,355E-08

MIP12805p [Drosophila

ACT67257.1
melanogaster]

-1,109 3,488E-72 Dm113667 1,627 1,868E-17

ACX61601.1 RE23506p [Drosophila melanogaster] 82384 -1,051 1,452E-34 Dm118604 0,591 1,565E-35

MIP21321p [Drosophila

ADI44149.1
melanogaster]

54047 -1,919 6,217E-14 Dm133887 3,274 4,695E-19

putative RNA-binding protein

ADY39495.1 [Hottentotta judaicus]

Sg_ CNS_NA4Plus37603 -1,354 0,000E+00 0,420 2,157E-02

lectin-related protein [Periplaneta

BAA18916.1 .
americana]

Sg_ CNS_NA4Plus29828 -1,075 0,000E+00 17699 6,221 8,558E-15

-
S
=]
=
(=]
w
w
N}

CAA16814.1 EG 52712 4,644 6 Dm127410

putative organic cation transporter
[Drosophila melanogaster]

CAAT3031.1 33523 -1,017 1,923E-26 Dm64711 1,197 2,692E-03

hypothetical protein
EEZ99133.1 TcasGA2_TC012914 [Tribolium 23244 -0,836 2,690E-140 1026 0,255 3,770E-02
castaneum)]

hypothetical protein
EFA00566.1 TcasGA2_TC003436 [Tribolium 7549 -1,494 0,000E4-00 28910 1,002 3,633E-02

castaneum]

hypothetical protein
TcasGA2__TC000010 [Tribolium
castaneum]

EFA11632.1 368 -0,439 8,085E-95 30819 0,429 4,321E-03

hypothetical protein
EFA12688.1 TcasGA2_TC001995 [Tribolium 3832 -0,826 0,000E+4-00 32768 1,938 6,518E-37
castaneum]

TVIHHLVIN AVILNHNHTddNS
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Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR
hypothetical protein
EFA13284.1 TcasGA2_TC010304 [Tribolium 19261 -0,847 0,000E4-00 1220 0,145 1,077E-03

castaneum)]

¥ 1oydey)

hypothetical protein EAG__ 14155

EFNT2056.1 [Camponotus floridanus]

-0,434 6,055E-05 1668 0,797 1,500E-08

CG14394, isoform F [Drosophila
melanogaster]

NP_001138042.1 -1,315 1,339E-20 Dm91538 0,734 1,566E-03

ORF MSV196 ALI motif gene family
NP__048267.1 protein [Melanoplus sanguinipes Sg_ CNS_NA4Plus483 -0,647 5,159E-75 176110, 330022 0,677 2,619E-02
entomopoxvirus]

NP_610270.1 CG1707 [Drosophila melanogaster] 52413 -0,293 1,594E-13 Dm70934 2,092 6,960E-13

NP_650519.1 i 52377 0 6,622 0 Dm103586 1,310

Retrovirus-related Pol polyprotein
P16423.1 from type-2 retrotransposable element -1,473 2,911E-33 Dm14801 0,267 5,194E-04
R2DM [Drosophila melanogaster]

P52905.1 Trypsin iota [Drosophila melanogaster] -1,758 5,764E-03 Dm47872 1,703 2,534E-18

Sodium /potassium-transporting
Q24048.2 ATPase subunit beta-2 [Drosophila 2,575E-51 Dm11621 2,916 2,400E-12
melanogaster]

ADP,ATP carrier protein [Drosophila

Q26365.4 melanogaster]

84025 -1,255 2,433E-64 Dm204585 1,153 3,118E-55

Facilitated trehalose transporter Tretl-

2 homolog [Drosophila melanogaster] -1,228

Dm195811 1,067E-13

1,536E-121 0,696

Q8MKK4.1

Serine protease HTRA2,
QO9VFJ3.1 mitochondrial [Drosophila 108506 -1,200 2,003E-54 Dm191752 1,314 3,299E-02
melanogaster]

Probable cytochrome P450 304al

QIVGLT.2 [Drosophila melanogaster]

-0,800 0,000E+-00 Dm4306 0,842 5,572E-31
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Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR

2-methoxy-6-polyprenyl-1,4-
QIVYFS8.1 benzoquinol methylase, mitochondrial 90499 -0,270 9,372E-14 Dm86614 1,926 1,656E-15
[Drosophila melanogaster]

Ejaculatory bulb-specific protein 3

QIW1C9.2 [Drosophila melanogaster]

33842 -0,954 0,000E+00 Dm131614 1,463 1,131E-179

PREDICTED: inter-alpha-trypsin
XP_001943110.2 inhibitor heavy chain H3 isoform X2 28047 -0,794 0,000E+00 57737 0,724 2,941E-02
[Acyrthosiphon pisum]

PREDICTED: RNA-directed DNA
polymerase from mobile element
jockey-like [Strongylocentrotus

purpuratus]

XP_003729088.1 Sg_ CNS_NA4Plus937 -0,573 7,551E-47 250850 k25_f 25558396 0,709 1,109E-02

R4

PREDICTED: uncharacterized protein
XP_003730218.1 LOC100889850 [Strongylocentrotus Sg_ CNS_NA4Plus7876 -0,806 5,313E-220 52710, 87945 0,277 5,730E-03
purpuratus

PREDICTED: protein GTLF3B-like

XP_003742976.1 [Metaseiulus occidentalis]

Sg_ CNS_NA4Plus1341 -0,287 6,291E-06 75703 3,899 3,253E-02

TVIHHLVIN AVILNHNHTddNS

PREDICTED: alkylglycerol
XP_969001.1 monooxygenase [Tribolium 46164 -1,550 5,387E-20 11757 1,355 3,586E-06
castaneum]
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Table 4.39: Transcripts that show over-expression during the solitarious phase in the CNS transcriptome and during the gregarious
phase in the DT transcriptome. The results are limited to the sequences that share BLAST accession number between CNS
and DT transcriptomes.

Accession number BLAST Description CNS Refference CNS FC CNS FDR DT Refference DT FC DT FDR
AAL29107.1 LP10918p 53916 4,441 4,279E-96 Dm46370 -2,311 4,661E-31
[Drosophila melanogaster]
AAL49280.1 BESASEND 82586 4,397 1,828E-08 Dm60320 -2,508 5,921E-11
[Drosophila melanogaster]
AAM50819.1 LD37859p 53753 0,044 2,651E-03 Dm84012 -1,296 3,758E-23
[Drosophila melanogaster]
AAS15661.1 AT 82609 0,738 6,368E-106 Dm161150 -0,850 1,211E-03
[Drosophila melanogaster]
CHK1 checkpoint-
ABK29471.1 like protein Sg_CNS__NA4Plus4828 0,731 0,000E+00 39 -1,838 2,850E-06
[Helicoverpa armigeral
ACS68170.1 TA01007p 83083 1,128 0,000B+00 Dm98624 11,420 1,234B-08
[Drosophila melanogaster]
hypothetical protein
CAM36311.1 [Thermobia domestical Sg_CNS_NA4Plus15493 1,003 0,000E+00 13109 -1,272 0,000E+00
hypothetical protein
EFX62991.1 DAPPUDRAFT_ 67491 Sg_CNS_NA4Plus7868 0,528 0,000E+00 2022 41,525 0,000E+00
[Daphnia pulex]
PREDICTED: transitional
XP__001605497.2 endoplasmic reticulum 45922 1,469 0,000E+00 65050 -1,036 8,013E-08

ATPase TER94
[Nasonia vitripennis]
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Table 4.40: List of transcripts cited in the bibliography and comparison of their expression pattern between bibliography and CNS
and DT transcriptomes. The transcripts are sorted considering the bibliographical reference that cites them. NS indicates the
lack of statistical significance.

Transcript name Bibliography =~ CNS RNA-seq DT RNA-seq

S0¢

Kang et al. [2004]

annexin IX Gregarious Gregarious Gregarious
beta-N-acetylhexosaminidase activity Gregarious Absent Solitarious
cytochrome c oxidase chain 3 Gregarious Absent Solitarious NS
larval cuticle protein precursor Solitarious Gregarious Solitarious
NADP-dependent malic enzyme Gregarious  Gregarious NS Solitarious NS
putative fatty acid elongase Gregarious Absent Gregarious NS
similar to asparagine synthetase Solitarious  Solitarious NS  No differences
similar to brain adenylate cyclase 1 Gregarious Gregarious No differences
troponin C Solitarious Gregarious Solitarious
Chen et al. [2010]

adipokinetic hormone receptor Gregarious Gregarious Absent
allatostatin receptor Gregarious Absent No differences
blot Gregarious Absent No differences
cask Gregarious Gregarious Solitarious NS
corazonin receptor Gregarious  Gregarious NS Absent
diuretic hormone receptor Gregarious Gregarious Gregarious NS
fmrl Gregarious Absent Solitarious NS
GABA receptor Gregarious Gregarious Solitarious NS
glutamate receptor Gregarious Gregarious No differences
malvolio Gregarious Gregarious Gregarious NS
neurotransmitter transporter Gregarious  Gregarious NS  Solitarious NS

TVIHHLVIN AHVLNIINATddNS "$'F



90¢

Transcript name Bibliography ~CNS RNA-seq DT RNA-seq
octopamine receptor Gregarious Gregarious Solitarious NS
serotonin receptor Gregarious  Gregarious NS No differences
synapsin Gregarious  Gregarious NS Absent
synaptic vesicle 2-related protein Gregarious Absent No differences
synaptic vesicle protein Gregarious Gregarious No differences
synaptobrevin Solitarious Gregarious Solitarious
tyrosine hydroxylase Gregarious Solitarious Gregarious NS
vesamicol binding protein Gregarious  Solitarious NS Gregarious
Guo et al. [2011]

alcohol dehydrogenase Gregarious Solitarious Gregarious NS
Alpha crystallin Solitarious Absent Gregarious NS
arylphorin hexamerin-like protein 2 Solitarious  Solitarious NS  Solitarious NS
ATP-citrate synthase Gregarious Gregarious Gregarious NS
ATP-dependent RNA helicase p62 Solitarious Gregarious Solitarious NS
cellular retinaldehyde-binding protein Solitarious  Solitarious NS  Solitarious NS
chemosensory protein 1 Gregarious  Solitarious NS Absent
chemosensory protein 2 Gregarious Gregarious Absent
chemosensory protein 3 Gregarious Gregarious Absent
chemosensory protein 4 Gregarious Gregarious Absent
csp precursor (various) Gregarious Gregarious Absent
cystathionine gamma-lyase Gregarious Absent Gregarious NS
cytochrome p450 4g15 Solitarious Gregarious Solitarious
cytochrome p450 6a2 Solitarious ~ Gregarious NS Solitarious
Fatty acid desaturase Solitarious Absent Solitarious NS
GTP-binding protein Rheb homolog Solitarious Absent Gregarious NS
Heat shock protein Hsp20 Solitarious  Gregarious NS Solitarious
hexamerin precursor Solitarious Solitarious Absent
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Transcript name Bibliography =~ CNS RNA-seq DT RNA-seq
lambda-crystallin homolog Gregarious Solitarious No differences
lethal 2 essential for life protein Solitarious Absent Solitarious
Pacifastin inhibitor Gregarious Gregarious Gregarious
Peptidase M2, peptidyl-dipeptidase A Gregarious Absent No differences
peptidyl-prolyl cis-trans isomerase Solitarious Gregarious Solitarious
probable cytochrome p450 4acl Solitarious Absent Solitarious NS
protein TU-36B Solitarious Absent Solitarious
purine nucleoside phosphorylase Solitarious  Gregarious NS No differences
takeout 1 Solitarious Solitarious Solitarious NS
Badisco et al. [2011a]
fasciclin-like precursor Gregarious Gregarious Solitarious
probable cytochrome p450 Gregarious Gregarious Absent
RNA helicase ddx1 Solitarious Gregarious Gregarious NS
slit homologue Gregarious Gregarious Solitarious
sparc Gregarious Solitarious No differences
Badisco et al. [2011b]

5-oxoprolinase Solitarious Gregarious No differences
arrestin Gregarious  Gregarious NS Solitarious NS
arylphorin-like Solitarious Solitarious Absent
chromodomain helicase DNA binding protein Gregarious Absent Gregarious
Cullin-3 Gregarious Absent No differences
Glia Maturation Factor Solitarious Gregarious No differences
heat-shock proteins Gregarious Gregarious Absent
microsomal glutathione-S-transferase Solitarious Solitarious Gregarious
mitochondrial ATP-synthase coupling factor 6  Solitarious Gregarious Gregarious NS
Musashi Gregarious Gregarious Solitarious NS
Osa Gregarious Absent Gregarious NS
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Transcript name Bibliography ~CNS RNA-seq DT RNA-seq
Pacifastin-like peptide precursor 4 Gregarious Gregarious Gregarious
Pasilla Gregarious Absent Gregarious NS
peroxiredoxin Solitarious Gregarious Gregarious
ribophorin Solitarious Absent No differences
Slowpoke homologue Solitarious ~ Gregarious NS Solitarious NS
thaumatin-like protein Gregarious Absent Solitarious
transaldolase homologue Solitarious ~ Gregarious NS Gregarious NS
transient receptor potential-like Gregarious Absent Solitarious NS
Wang et al. [2014b]
Aladin Solitarious Gregarious Solitarious NS
Ankyrin-2 Solitarious Gregarious Solitarious NS
gi?{;gdgfnfs:e;te sub- Gregarious  Gregarious NS Absent
Basement membrane-
specific heparan sulfate Gregarious Gregarious Gregarious NS
proteoglycan core protein
Brefeld%n A-inhibited guarting Solitarious Gregarious Solitarious NS
nucleotide-exchange protein 3
Dynein heavy chain, cytoplasmic Gregarious Gregarious Gregarious NS
E3 ubiquitin-protein ligase hyd Gregarious Gregarious Gregarious NS
Early endosome antigen 1 Solitarious Absent Gregarious NS
Endophilin-B1 Solitarious Gregarious Gregarious NS
i?éigggl(fjag;?siglon Solitarious Absent Gregarious NS
Glycyl-tRNA synthetase Gregarious Gregarious No differences
GRIP and coiled-coil Solitarious Absent Gregarious NS

domain-containing protein 1
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Transcript name

Bibliography =~ CNS RNA-seq

DT RNA-seq

HEAT repeat-containing protein 5B
Kinesin-associated protein 3
mitogen-activated protein-binding
protein-interacting protein
Niemann-Pick C1 protein

NUAK family SNF1-like kinase 1
Phosphatidylinositol glycan anchor
biosynthesis class U protein
Phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit delta isoform
Phosphatidylinositol-4-phosphate
5-kinase type-1 alpha
Polyhomeotic-like protein 1
Polyphosphoinositide phosphatase
PR domain zinc finger protein 4
Probable phospholipid-
transporting ATPase TA

Probable protein-cystein
N-palmitoyltransferase porcupine
Probable uridine-cytidine kinase
Protein Daple

protein FAN

Protein son of sevenless

Rho GTPase-

activating protein 190

Ribosome biogenesis

protein BOP1 homolog

Gregarious
Solitarious

Gregarious

Gregarious
Solitarious

Gregarious
Solitarious

Gregarious

Gregarious
Gregarious
Solitarious

Solitarious

Gregarious

Solitarious
Solitarious
Gregarious
Solitarious

Solitarious

Solitarious

Solitarious NS
Gregarious

Gregarious

Gregarious
Absent

Absent
Gregarious

Absent

Absent
Gregarious
Absent

Gregarious

Absent

Gregarious NS
Absent
Gregarious NS
Absent

Gregarious

Absent

Solitarious NS
Solitarious NS

No differences

Solitarious NS
Gregarious NS

Gregarious NS
Gregarious NS

Gregarious NS

No differences
Solitarious NS
Solitarious NS

Gregarious NS

Solitarious NS

Gregarious NS
Gregarious NS
Gregarious NS
Solitarious NS

Solitarious NS

Solitarious NS

TVIHHLVIN AHVLNIINATddNS "$'F



01¢

Transcript name Bibliography ~CNS RNA-seq DT RNA-seq
RING finger protein unkempt Solitarious Gregarious Gregarious
RNA exonuclease 1 homolog Solitarious Gregarious Solitarious NS
S.AP domam—co.ntalnmg Solitarious Absent Solitarious NS
ribonucleoprotein

Serine/threonine-protein . . .

kinase mTOR Gregarious Gregarious No differences
Ser.lnefpyruvate . . Solitarious ~ Gregarious NS Solitarious NS
aminotransferase, mitochondrial

Ster11§ %Llpha anc% TIR. s Solitarious Gregarious No differences
containing protein 1-like

Switch-associated protein 70 Gregarious Gregarious Absent
Telomerase-binding o . .
protein EST1A Solitarious Gregarious Gregarious NS
Tubulin glycylase 3B Gregarious Absent No differences
Ubiquitin-protein ligase E3B Gregarious Absent Gregarious NS
Unc-112-related protein Gregarious Gregarious No differences
Uncharacterized o . o
protein KIAAQ467 Solitarious  Gregarious NS  Solitarious NS
Vacuolar protein sorting- . .

associated protein 16 homolog Gregarious Gregarious Absent
Zinc finger protein 91 Solitarious Gregarious Solitarious NS
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Expresion pattern CONS transcriptome DT transcriptome
Transcript o . DT Sequence Accession Solitarious  Gregarious Sequence Accession Solitarious ~ Gregarious
name Cited in Bibliography  CNS RNA-seq gy o D number FPKM rpxy 08(FO) number FPKM FPKM

Log(FC)

]
5
o)
g

uo et
peptide ;‘;{ﬁgclj’et o Gregarious Gregarions  Gregarions 77531 CAC82510.3 0,325 7,136 4,457 90431 CAC82510.3 5,164 12,995 1,331
precursor 4 2011b

ATP-citrate Guo et al. Gregarious Gregarious  Non- 85903 XP_003425261 17,466 29,555 -0,759 65031 XP_ 003425261 0,001 5,420 12,406
synthase 2011 significant

Cellular
retinaldehyde-  Guo et al. Solitaroius  Nom-significant . O 87267 XP_ 392138 0,435 0,046 3,251 Dm60670 NP 523939 4,037 0,001 11,979
binding 2011 significant

protein

Dynein heavy
chain,
cytoplasmic

‘Wang et al. Non-

Gregarious Gregarious - 93074 XP_ 001951535 22,682 48,572 -1,099 75468 XP_ 003742362 0,001 4,928 -12,267
2014 significant,

Chen et al.
2010

Non-
significant

Malvolio Gregarious Gregarious 37276 XP_ 003424930 2,140 5,091 -1,250 Dm153651 NP_ 996251 8,568 9,584 -0,162

TVIHHLVIN AVILNHNHTddNS

Takeout 1 Guo et al. Solitarious Solitarious . N.o 37604 XP_ 001950683 49,137 38,401 0,356 6593 KDR17338 13,155 8,228 0,677
2011 significant

Table 4.41: Details about the transcripts that show the same expression pattern in the bibliography, our CNS transcriptome and
our DT transcriptome. In addition to expression pattern in these three sources, the tables shows the reference number, the
accession number, the FPKM values, and the fold-change value in each transcriptome.
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Table 4.42: Details of the sequences highlighted in Zhang et al. [2012] study of L. migratoria’s CNS that were present in our S.
gregaria CNS transcriptome. The search was based on best BLAST result’s name.

Described in Expression in our S. gregaria CNS Expression in our S. gregaria DT
Zhang ot al. [2012] CNS transcriptome Refference Log(FC) FDR DT transcriptome Refference Log(FC) FDR
Acetylcholine receptor Gregarious 83493 -0,562 6,659E-05 — — — —
protein subunit delta
Acetylcholinesterase No significant 83498 -1,972 2,152E-01 No significant 100116 -16,610 2,855E4-00
Calcineurin subunit B No significant 86773 -0,557 1,004E-01 No significant Dm153915 -0,138 2,995E4-00
g:‘;f;‘:ec?gﬁ‘(‘;el Gregarious 88275 -1,410 3,211E-10 — — — —
S;Z:Z?.:aglacrlﬁgn Ererpriens Sg_ CNS_ NA4Plus29518 2,437 7,725E-70 Solitarious 58 0,858 1,062E-07
g;;i:?;:a”}jli/l[%cﬁlass Gregarious 45485 -1,220 7,900E-08 No significant 2240 -0,918 1,686E+00
No significant 45487 0,443 1,958E+00 — — — —
Gregarious 88404 -0,972 4,335B-02 — — — —
Oysteine rich Gregarious 91101 -1,257 5,039E-223 No significant 6240 16,610  2,855E+00
motor neuron
Dopamine beta- Gregarious 92790 0,784 3,304E-02 — — — —
hydroxylase precursor
Dopamine transporter No significant 92794 -1,557 9,848E-01 No significant Dm46943 -18,610 1,326E400
No significant 92795 0,028 1,562E+00 No significant Dm201431 0,000 2,394E+00
Foraging No significant 102055 -0,034 1,126E+400 Solitarious Dm95032 1,663 5,462E-03
GABA neuro-
transmitter Gregarious 102262 -0,219 2,598E-02 — — — —
transporter-1A
Glutamate receptor 1 No significant 103417 0,166 1,776 E+00 — — — —
No significant 103424 -0,345 1,342E4-00 — — — —
Neuroglian precursor Gregarious 79769 -1,763 9,104E-04 No significant 25596 0,000 2,394E4-00
Nicotinic acetylcholine Gregarious 32783 -0,500 1,246E-28 No significant 92562 0,263 3,013E-400
receptor alpha 9
Nitric oxide synthase Gregarious 32828 -1,021 2,032E-02 No significant 60180 0,000 2,394E+400
Gregarious 32838 -0,313 3,662E-19 No significant 141610 0,000 2,394E+4-00
Gregarious 86983 -3,142 7,16 7E-03 No significant Dm64407 -0,755 2,403E-01
NMDA-type No significant 32855 -0,631 6,543E-01 — — — —
glutamate receptor 1
Preprotachykinin No significant 44075 -0,195 5,029E-02 Gregarious 255993 -1,044 1,529E-13
— — Gregarious 4380 -1,441 7,035B-05
Slowpoke protein No significant 86816 -1,142 1,562E+00 No significant Dm179849 0,000 2,394E4-00
No significant Dm179850 0,415 2,445E4-00
— — — — No significant Dm179855 18,932 7,412E-01
— —_ No significant Dm179856 0,415 2,999E+00
— — No significant Dm179860 1,000 2,933E4-00
— — No significant Dm179861 -16,610 2,855E400
— — No significant Dm104561 17,610 2,454E+00
— — — No significant Dm163860 -16,610 2,855E4-00
Sodium channel No significant 23321 21,375 7,265E-01 No significant 102792 0,000 2,394E4-00
Gregarious 33717 -1,189 2,187E-02 No significant 121386 0,585 2,975E4-00
No significant 33719 0,443 1,958E+400 No significant 139717 0,000 2,394E+400
No significant 43008 1,559 4,109E-01 — — — —
No significant 43020 1,443 1,514E+400 — — — —

No significant 43023 -2,142 9,852E-01
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Expression in our S. gregaria DT
DT transcriptome Refference

Described in Expression in our S. gregaria CNS
Zhang et al. [2012] CNS transcriptome Refference

Log(FC) FDR Log(FC) FDR

No significant 49526 -0,557 1,939E+00

Synaptic

glycoprotein SC2 Gregarious 43962 -0,489 8,116E-78 No significant 0,000 2,394E400

No significant 1 No significant 0,000 2,394E4-00

No significant 0,000 2,394E4-00

No significant 0,000 2,394E400

No significant 0,000 2,394E4-00

No significant 0,000 2,394E+00

2
o

M
ot
M
@
IS
o
o
o
o
©
'S
o]
o
o

significant 2,3 -+

Gregarious 49489 -1,096 2,067E-06

R4

Voltage-activated

. Gregarious 49473 -2,142 4,430E-02 — — — —
ion channel

Potassium channel No significant 86816 -1,024 1,562E4-00 No significant 121585 0,000 2,394E+00

No significant 35737 -2,761 2,862E-01 No significant Dm167333 0,000 2,394E+400

No significant 47135 -0,024 1,788E+00 No significant 127118 -0,241 2,839E4-00

No significant 35736 -2,761 2,862E-01 No significant Dm61598 -0,302 2,387E400

No significant 86132 -1,277 7,834E-10 No significant 91955 1,379 8,299E-01

TVIHHLVIN AVILNHNHTddNS

Gregarious 35738 -0,599 7,276E-55 No significant 113619 0,000 2,394E+00

Gregarious 86811 -1,302 3,914E-20 — — — —

No significant 103413 -15,684 1,981E-01 No significant 15004 0,000 2,394E4-00

No significant 103415 -1,608 2,348E-01 No significant 86098 0,000 2,394E4-00

No significant 103410 -0,801 1,402E-01 — — — —

Gregarious 103399 -1,547 1,478E-07 — — — —

Gregarious 103396 -0,869 4,417E-248 — — — —
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Chapter 5: Diversity, evolution and expression of
chemosensory proteins (CSP family) of the main pest
locust

5.1 Introduction

Olfactory protein families such as the chemosensory proteins (CSPs) are
among the molecules in charge of the perception of environmental stimuli
that have a high probability to be involved in the locust phase change. In
fact, over-expression of a CSP gene, namely LmigCSP3, has already been
reported in gregarious L. migratoria [Guo et al., 2011]. The same work further
showed that knocking down LmigCSP3 expression in gregarious L. migratoria
nymphs led to a decreased ability to detect volatiles and to agregate with other
conspecifics. CSPs seem therefore to be part of the initial set of switches for
turning the phase change on.

CSPs are a conserved family of soluble proteins involved, as their name
suggests, in chemoreception. They have been found in different numbers
(variants) in all Arthropoda orders. They are related to another family of
chemoreceptors called odorant binding proteins (OBPs) [Pikielny et al., 1994].
Contrary to OBPs, CSPs seem specific to the phylum Arthropoda and have no
known homology to any known mammalian protein sequence [McKenna et al.,
1994, Vieira and Rozas, 2011]. These proteins share a conserved amino acids
pattern consisting of a predicted N-terminal signal peptide region, a conserved
pattern composed of a cysteine followed by 6-8 residuals, another cysteine, 18
residuals, another cysteine, 2 residuals then a fourth cysteine (Cys-Xg_g-Cys-
X15-Cys-Xo-Cys) [Angeli et al., 1999]. CSPs are also characterized by the
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presence of six a-helices. The signal peptide might act as a transmembrane
protein interactor, and the CSP can be included in the endoplasmic reticulum
for its later secretion via vesicles. Although the four cysteines pattern allows
the formation of disulfide bridges between cysteines 1 and 2 and between
cysteines 3 and 4, it is confirmed that the secondary structure of a CSP,
in form of a globular protein with a ligand interacting cavity, depends on
the position of its a-helices [Campanacci et al., 2003]. CSPs are eminently
present in the haemolymph of the insect sensilla [Pelosi, 1996]. They bind to
olfaction-related ligands [Ban et al., 2002] and interact with GPCRs of the
olfactory neurons in order to activate a phosphorilation cascade [Mombaerts,
1999]. Some CSP homologous sequences have been found to be expressed in
the ejaculatory bulb of Drosophila melanogaster [Bohbot et al., 1998], in the
legs of the cockroach Periplaneta americana [Kitabayashi et al., 1998] and
in embryonic states of the honey bee Apis mellifera [Maleszka et al., 2007].
These have likely conserved the capacity of ligand-binding and interaction
with GPCRs but seem to have acquired novel biological functions, including
in reproduction [Bohbot et al., 1998], regeneration [Kitabayashi et al., 1998]
and embryonic development [Maleszka et al., 2007], respectively.

Although their phylogenetic origin remains unsolved, CSPs come in several
and different copies and numbers in different arthropods. They very likely
have followed a birth and death evolutionary dynamic [Vieira and Rozas,
2011]. The known number of CSPs in insects ranges from three to twenty-two
[Vieira and Rozas, 2011]. Some groups, like Drosophila genus, have a reduced
number [Sanchez-Gracia et al., 2009], whereas others (such ants or butterflies)
seem to have undergone an increase in the copy number of their genomic
CSPs [Gong et al., 2007, Kulmuni and Havukainen, 2013, Li et al., 2015]. In
addition to the five CSPs reported for S. gregaria in [Angeli et al., 1999] and
the other five reported for L. migratoria in [Picimbon et al., 2000], a search
into the GenBank databases reported another 15 putative CSPs in the latter
species [Ban et al., 2003]. Both sets of sequences were obtained by sequencing
cloned cDNAs, meaning that they come from genuine expressed genes. Still,
intra-specific comparison of the five S. gregaria and five L. migratoria CSP
sequences casts high identity values [Angeli et al., 1999, Picimbon et al., 2000,
meaning that some might be alleles of the same gene or gene copies with a
very recent phylogenetic origin. Estimating the number of all or almost all the
CSP sequences of L. migratoria is now feasible thanks to the availability of
transcriptomics data [Kang et al., 2004, Chen et al., 2010] and a draft genome
[Wang et al., 2014a]. For S. gregaria, however, the definitive determination
of the total number of genomic CSP copies will have to wait until a genome
assembly is available and, for now, CSP detection in that species has to be
based on the available trancriptomics data from [Badisco et al., 2011a] and
from our own laboratory (as seen in Chapters 2 and 3).

Being of such potential importance for the development of the locust
gregarious phase, the determination of which of the detected locust CSPs
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5.1. INTRODUCTION

might be involved in locust gregariousness is of obvious relevance and can
be achieved in at least two ways. One is a functional genomics approach,
direct but laborious if not preceded by preliminary data on what CSP to
use and how, where, and when to observe. That approach is based on
knockdown of each CSP gene in different individuals, stages and phases
followed by in-depth examination of the knockdown phenotypes. A second
approach, indirect and preliminary but less laborious and its data might guide
the subsequent functional genomics works, could be based on a comparative
sequence and expression phylogenetic study of the CSPs of different locusts.
Microarrays revealed changes in the expression of some CSPs between
solitarious and gregarious states in L. migratoria, and a functional study
(RNAI) of one of them, LmigCSP3, showed that it is involved in the detection
of conspecifics and gregarization. Still, L. migratoria genome might provide
more CSP sequences than the reported ones and more data on the number
and classification of S. gregaria CSPs are needed in order to identify and
characterize all of these locusts CSPs and infer more CSPs with potential
involvement in locust phase change. Here we carry out a phylogenetic
comparative analysis of the locust CSPs sequence and expression patterns.
We compare the CSPs obtained from the published works and databases and
by high throughput sequencing on the two most important locust species: S.
gregaria (transcriptomic data) and L. migratoria (transcriptomic and genome
sequencing data). Our first objective is to present an accurate number of
CSP paralogs in L. migratoria based on homology searches of the contigs of
its draft genome as available in 2016. We also identified all the transcribed
CSPs from solitarious and gregarious transcriptomes of different S. gregaria
tissues and compared the L. migratoria data with those of S. gregaria in order
to characterize homology between the CSPs of both species. A more global
phylogenetic reconstruction using the S. gregaria and L. migratoria as well as
several confirmed CSPs from other arthropod species allowed us to identify
and differentiate the different CSP lineages and detect possible genomic
duplication events in the studied locusts. Once the two locust CSP sequences
were characterized, we checked wether there is a relationship between their
phylogenetic and solitarious versus gregarious expression patterns in the two
species. CSP phylogenies were thus coupled with differential expression
analysis between the two phases of both L. migratoria and S. gregaria. The
work thus allowed us to characterise the CSPs of the two most destructive
locust species and to identify homologs as well as CSPs with similar differential
expression patterns between solitarious and gregarious locusts, thus inferring
ancestry, specificity and importance for the development of the gregarious
phase in locusts. The work also highlights specific CSPs for posterior
functional testing.
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5.2 Materials and Methods

5.2.1 Locust rearing

S. gregaria specimens for qPCR were reared in an insectarium at the Faculty of
Sciences of the University of Granada, as described in the general methodology
section. L. migratoria specimens for qPCR were reared at the Institute of
Zoology of Chinese Academy of Sciences facilities as described in Kang et al.
[2004].

5.2.2 Putative CSP retrieval, characterization, filtering
and assignment

Locust CSP sequences were identified following three approaches: (i) based on
published works on locust CSPs, (ii) by scanning the confirmed genomic se-
quences from L. migratoria and S. gregaria for the conserved CSP aminoacids
pattern as well as other sequence attributes (presence of two exons and their
relative orientation) and (iii) by BLAST searches [Altschul et al., 1997] on the
Sanger sequenced EST databases of solitarious and gregarious (a) L. migra-
toria head, midgut and hind leg tissues [Kang et al., 2004] (EST accession
numbers: CO819675 to CO832059 and C0O832067 to CO865130) and (b) S.
gregaria central nervous system [Badisco et al., 2011a], as well as on five II-
lumina sequenced de novo transcriptome assemblies from the central nervous
system, toracic muscle, digestive tube, ovaries and testicles from both phases
of S. gregaria.

We retrieved the known CSP sequences, in both nucleotide and protein
formats, from the works of Picimbon et al. [2000] and Ban et al. [2003] for
L. migratoria and Angeli et al. [1999] for S. gregaria. For locating CSPs
on the L. migratoria genome we began by a BLASTx exploration of the
available gene set from the L. migratoria genomic assembly version 2.4.1
as query [Wang et al., 2014a] (contigs accession number: AVCP000000000,
and http://159.226.67.243/ for downloading the assembly) and a local
BLAST database of all the available arthropod CSP protein sequences from
the NCBI. The translated protein sequences of the genes that had positive
BLASTX hits against arthropod CSP proteins (E-value threshold of 10710)
were used for pattern-based searches. These searches consisted of an initial
extraction of the sequences that contain part of the conserved CSP pattern
(the three cysteines C-X;5-C-X5-C) followed by confirmation of the presence
of the first cysteine 6 or 8 residues upstream the second cysteine. Only those
sequences that presented a CSP conserved pattern with exactly four cysteines
and the configuration C-Xg-C-X15-C-X5-C or C-Xg-C-X15-C-X3o-C were kept
for further analyses, the remaining sequences were discarded as non-CSPs even
though they showed positive BLAST hits against arthropod CSP proteins.
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tBLASTn searches using L. migratoria genomic assembly version 2.4.1
as query and the above mentioned local arthropod CSP protein database
allowed us to identify the available L. migratoria genomic scaffolds that
potentially contain CSPs. This allowed us to further filter our results based
on the presence and orientation of the two CSP exons. We thus checked the
highlighted genomic scaffolds for the presence of the typical CSP exons 1 and
2 structure considering all the six possible reading frames. We checked for the
presence of the first pair of cysteines separated by six or eight residues in exon
1, the presence of the remaining pair of cysteines separated by two residues
in exon 2, and we verified whether both exons of the potential CSP in the
same genomic scaffold had coherent locations and the same orientation (i.e.,
exon 1 located upstream of exon 2 and congruent orientation of both exons,
taking into account the strand of the genomic scaffold). For that, we took as
reference the structure of the genomic CSP sequences reported in species such
as the honey bee A. mellifera [Forét et al., 2007] and the silkworm B. mori
[Gong et al., 2007]. This way we confirmed a first set of putative CSP genes in
the available L. migratoria genomic scaffolds. We also retained orphan exons
1 and 2 (exons 1 and 2 in loci where there is no exon 2 and 1, respectively)
for downstream analysis in order to cheque whether they might be part of
partially sequenced genes. tBLASTn also allowed us to determine the exonic
coordinates of the putative CSP genes in each L. migratoria genomic scaffold.

BLASTx searches with the L. migratoria ESTs from Kang et al. [2004]
as queries against our local CSP protein database allowed us to detect CSP
transcripts from that species. The L. migratoria ESTs that gave positive
BLAST results (E-value lower than 1071%) were further analysed using
TransDecoder [Haas et al., 2013] in order to obtain their translated amino
acid sequences and check for the conserved four cysteines CSP pattern, as we
did for the genomic loci. We then used the CD-HIT-EST command from CD-
HIT [Li and Godzik, 2006] in order to remove redundancies by eliminating
identical ESTs. We assigned ESTs to genomic loci by reciprocal BLASTn
searches. Searching a database of the ESTs that we characterized from Kang
et al. [2004], together with the transcripts reported as L. migratoria CSPs
in the literature, for significant hits against sequence queries from the L.
migratoria genomic loci with full CSP gene sequence or orphan exons that
we characterized earlier allowed us to determine the loci that have prove of
transcription. The assignation of genomic loci to ESTs was straightforward
when a locus gives a best significant BLAST hit against an EST that does not
appear as best hit against any other genomic locus. These cases allowed us
to establish a minimum BLAST identity threshold that an EST and a locus
had to reach in order to be assigned one to the other. We determined that
value for the whole sequence as well as for exon 1 and for exon 2 separately.
This way, when various loci give best BLAST hit against the same EST, we
assigned the EST to the loci that gave above threshold identity with that
EST, both as a full sequence as well as in their exon 1 and exon 2 parts (these
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loci are thus considered as potential gene duplicates). When the “conflict” is
between two full CSP sequence loci, the EST is assigned to the locus whose
BLAST results are equal or above the thresholds both for the whole sequence
as well as its exon 1 and exon 2 parts. When the conflict is between a full
CSP sequence locus and an orphan exon, the orphan exon had to reach the
threshold established for that exon or the full length CSP sequence locus had
to reach the threshold for both its full length, its exon 1 and its exon 2 in order
to be assigned. The remaining loci and ESTs, the ones that had no BLAST
hit or did not reach the three BLAST identity thresholds, were considered
as with no evidence of transcription. Reciprocally, searching the database of
genomic loci (both complete sequences and orphan exons) using the ESTs as
queries allowed us to determine the ESTs that seem alleles of the same gene.
These were all the ESTs that give above thresholds identity against the same
locus or against a group of loci previously identified as gene duplicates. When
the best BLAST hit of an orphan exon was against an unasigned EST and the
reciprocal best BLAST hit of that EST was against the same orphan exon,
we assigned the whole EST sequence to that locus. The ESTs that gave no
acceptable hit against any genomic locus were considered as transcripts of CSP
genes whose genomic loci are still unsequenced. This reciprocal BLAST step
also allowed us to identify the exon junctions in L. migratoria CSP genes and
to detect the presence of new L. migratoria CSPs —the ESTs, homologous
to an arthropod CSP protein, that did not align against any L. migratoria
genomic locus.

For S. gregaria, and in the absence of a draft genome, we initially performed
a tBLASTn search using our local arthropod CSP protein database and the
assembled contigs from our partial S. gregaria genomic DNA library [Camacho
et al., 2015] as query. The downstream analyses were as described for L.
migratoria. As to the ESTs, we used the wealth of data from the Sanger
sequenced solitarious and gregarious CNS ESTs from [Badisco et al., 2011a]
as well as our ten NGS (Illumina HiSeq2000 paired end) de novo assembled
solitarious and gregarious EST libraries from the CNS, digestive tube, toracic
and hind leg muscles, ovaries and testicles (over 500 Gb of data). The S.
gregaria ESTs that had significant BLASTx hits against our local CSP protein
database (at an E-value threshold of 1071%) were scanned using Transdecoder
[Haas et al., 2013] to detect complete or partial CSP open reading frames
(ORFs) then translated into amino acids sequences. Only nucleotide sequences
whose translated amino acid sequence contained the complete conserved four
cysteines CSP pattern were retained for further analyses. We then removed
redundancies using the CD-HIT-EST command from CD-HIT [Li and Godzik,
2006], as we did for L. migratoria.

Before we went further in the analysis of the locust CSPs (phylogeny and
expression), we analysed the relationships between the inferred putative L.
migratoria and S. gregaria CSPs in order to detect and remove any remaining
redundancy in the S. gregaria CSP transcripts that we identified. We built
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a L. migratoria phylogeny using the full genomic loci and EST nucleotide
sequences, and identified the different clades of putative L. migratoria CSP
loci and their respective alleles based on the tree as well as the BLAST results.
We then calculated the minimum within-clade sequence identity value and
used it as threshold above which nucleotide sequences of the same species
could be considered as alleles of the same CSP gene. We only took into
account the clades that did not contain gene duplicates when calculating the
identity values, since we could not assign propperly the alleles to each gene
duplicate inside the clades that contain gene duplicates and their transcripts.
We then calculated the pairwise sequence identities for the S. gregaria ESTs
and removed redundancy (we removed S. gregaria ESTs expressed by potential
alleles of the same CSP gene) based on the above mentioned threshold.

For the former analysis, we obtained the sequence alignments using the
MAFFT-LINSI option of MAFFT v7 [Katoh and Standley, 2013]. We used
MAFFT-LINSI because it focuses on aligning a conserved core region and
gives less importance to the unconserved flanking regions —so we considered
it suitable for aligning CSPs given that their sequences have a conserved core.
We built maximum likelyhood trees using PhyML v3.1 [Guindon et al., 2010],
with 1000 bootstrap iterations, and edited tree graphics from the PhyML
Newick output format using the online version of the interactive Tree of Life
tool iTOL [Letunic and Bork, 2011]. We used the CD-HIT-EST command
from CD-HIT with the lowest identity possible (80% ) in order to analyse the
L. migratoria CSP clades for obtaining sequence identity matrices from the
genomic and EST sequences of the different L. migratoria CSPs. This way we
identified the minimum identity threshold between different CSPs of the same
species and clade. We then used the CD-HIT-EST command from CD-HIT to
calculate pairwaise sequence identities and remove all but one of each putative
set of S. gregaria ESTs that show higher identity than the threshold identified
from the L. migratoria sequences (putative alleles of the same gene).

We had to deal with two additional issues in the case of S. gregaria, where
no genomic scaffolds are available. Detecting the exon junctions is not as
straightforward as in the case of L. migratoria, and the assembled ESTs from
the NGS libraries may have assembly artifacts in form of chimeric sequences.
For the first issue we used the L. migratoria exonic sequences from the genomic
and transcriptomic sequences to trace the exon juntions on the S. gregaria de
novo assembled transcripts. Still, this method did not allow us to detect such
junctions for most of the S. gregaria ESTs. Consequently, we built BLAST
databases using exon 1 and exon 2 of the S. gregaria ESTs whose junctions
were identified by comparison with the L. migratoria putative CSP sequences
and then carried out BLASTn analyses using the S. gregaria ESTs whose
exon junctions were not previously located. We updated both exon BLAST
databases by adding the newly identified exon junctions of the S. gregaria ESTs
and we performed another BLAST search for exon junctions of the S. gregaria
ESTs whose exon junctions were not located yet. We repeated this process
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—database update and BLAST search for exon junctions in ESTs— until we
cessed to obtain new significant BLAST results. We then built consensus
sequences from the well identified exon 1 and exon 2 alignments and aligned
them to each S. gregaria EST that still had no located exon junction. This
way we successfully characterised the exon junctions for all the S. gregaria
transcripts.

As to the potential chimeric S. gregaria sequences that might have resulted
as de novo NGS assembly artifact, we used the MAFFT-LINSI command of
MAFFT v7 [Katoh and Standley, 2013] to separately align all the exon 1 and
all exon 2 nucleotide sequences from all the different putative L. migratoria
CSPs (including the genomic loci, orphan exons, and the ESTs with no
available genomic sequences) and all the putative CSP transcripts from S.
gregaria. This way we generated an alignment for all exon 1 sequences and
another for all exon 2 sequences. We then generated trees from these exon
1 and exon 2 alignments using PhyML v3.1 [Guindon et al., 2010] with 1000
bootstrap iterations. We proceeded by calculating the identity values between
the S. gregaria exon sequences that were incongruently placed in exon 1 and
exon 2 trees and their nearest neighbour sequences in the corresponding trees.
To assign an incongruent S. gregaria EST to a clade or discard it as potentially
chimeric we had to deal with three possible options: 1) when the identity
values between the exons of the incongruent S. gregaria EST and their nearest
sequence in the tree both were below-threshold (see below), 2) when the
identity value between one of the two exons of the incongruent S. gregaria EST
and its nearest sequence in the tree was below or within-threshold, whereas
the identity value between the other exon of the incongruent S. gregaria EST
and its nearest sequence in the tree was above or within-threshold, and 3)
when the two exons of the incongruent S. gregaria EST showed above or
within-threshold identities to their respective nearest neighbour sequences in
the trees. We considered the putative S. gregaria ESTs that fit the first two
cases as not chimeric and assigned them to a clade according to the location of
their full length sequences (exons 1 and 2) in the tree of the full length locust
CSP sequences (see below). We considered a potential putative S. gregaria
EST as chimeric and discarded it from further analyses if it fit the third case.
For this purpose, we firstly extracted the identity matrices between exon 1
sequences of the L. migratoria CSP loci, ESTs with no available genomic
scaffold and orphan exon 1 and, in a similar way, between the exon 2 sequences
of the putative CSPs of the same species. We then respectively identified
the highest identity values between L. migratoria CSP sequences for both
exon 1 and exon 2 matrices (excluding the identity values of the potentially
duplicated loci, located in the same scaffold) and used them as respective exon
sequence identity thresholds for attributing exons to CSP variants and, thus,
identifying potentially chimeric S. gregaria ESTs that might have resulted as
de novo assembly artefact. To avoid false negatives, we used the threshold
values from the identities between the L. migratoria exons that belonged to
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different phylogenetic clades (i.e., the low distance values between recently
duplicated CSP copies might mask the detection of S. gregaria exons with
marginally higher distances). By including the L. migratoria orphan exons in
the analysis we could characterise their similarity to other CSPs.

5.2.3 Locust CSP evolution

For the evolutionary relationships between the different L. migratoria and
S. gregaria CSPs that we identified earlier we built maximum likelyhood
phylogenies based on full length sequences (exons 1 and 2) of each CSP.
The software and bootstrap iterations were as described earlier. In addition,
we translated the nucleotide sequences to amino acid sequences and aligned
them using the MAFFT-LINSI command before running the online version of
ProtTest 2.4 [Abascal et al., 2005] to obtain the fittest amino acid substitution
model which we used for maximum likelyhood phylogenetic analysis using
PhyML and 1000 bootstrap iterations. The reason of building both nucleotides
and amino acids trees was to help us confirm the place of the CSPs whose
individual exons earlier gave incongruent placements in the nucleotides trees,
and to check whether the functional products (amino acid sequences) followed
a similar evolutionary path as their nucleotide counterparts. To have a wider
idea on the evolution of locust CSPs we built an amino acids phylogeny
including locust and non-locust CSPs. We retrieved from the NCBI protein
database all the available CSP amino acid sequences of insect species with
confirmed genomic CSP copy number. We thus had CSPs from the fruit
fly Drosophila melanogaster, the mosquito Anopheles gambiae, the red flour
beetle Tribolium castaneum, the silkworm Bombyx mori, the honey bee Apis
mellifera, the pea aphid Acyrthosiphon pisum and the head louse Pediculus
humanus (the sequences were selected based on the work of Vieira and
Rozas [2011], excluding the CSP copies marked as pseudogenes or incomplete
sequences).

The workflow described above for locust CSPs was also followed for the
multispecies phylogenetic analysis of the CSPs. The very nature of the
multiple copies sequences and sequences from gene families makes rooting the
trees with a single external sequence from a related species ineffective (i.e., a
single outgroup sequence for a multispecies phylogeny of such sequences does
not guarantee shared ancestry between all the analyzed sequences and the
outgroup sequence in question). One way to deal with that and clarify the
phylogenetic relationships of the different lineages of the multiple copies or
gene family sequences is to use as outgroups all the sequences of the same
multiple copy or gene family from a related species. We used all the CSPs
from the water flea Daphnia pulex (crustacean) as outgroup sequences in the
multispecies phylogeny. This way we could also locate the locusts’ last CSP
ancestry point by outgrouping at the Arthropoda phylum level.
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Once we had the multispecies phylogeny, we proceeded to revising (without
renaming) the names that were already attributed to the locust CSPs reported
elsewhere and to naming the CSPs that the present work reports as new. We
based this nomenclature standardization step on the phylogenetic proximity
of the subject locust CSP to the well established insect CSP that should give it
a name. We named all the new L. migratoria CSPs first and then we followed
with the new S. gregaria ones. We did not change the name of any CSP that
is already reported elsewhere, even when we considered it pertinent, in order
to avoid introducing more noise and/or confusion.

We analyzed the nucleotide diversity and non-synonymous to synonymous
substitution rates for the CSP sequences of all the phylogenetic clades (both
those with sequences of a single species and the ones with sequences of both
species). For this, we separately aligned the CSP sequences’ coding region
belonging to each clade using MAFFT, as described above, and we used
DNAsp v.5 [Librado and Rozas, 2009] to calculate the = and 6 nucleotide
diversity estimators, with their respective standard errors, and the number of
synonymous and non-synonymous mutations (in order to calculate the non-
synonymous to synonymous mutation rate; K, /Ky) for each sequence pair or
sequence group. The mean value of the pairwise K, /K, ratios were calculated
for each of the clades that contained more than two CSP sequences.

5.2.4 Differential gene expression analysis

For testing differential expression of the CSPs between gregarious and
solitarious locusts, we mapped the L. migratoria and S. gregaria RNA-
seq reads to their respective transcriptomes and obtained the data for the
CSP sequences. We used the reads obtained by Chen et al. [2010] from
gregarious and solitarious whole adult L. migratoria bodies (SRA accessions
SRR058455 and SRR058449, respectively) and the solitarious and gregarious
Illumina Hiseq2000 Paired End reads that are currently being analyzed in our
laboratory for comparative transcriptomics works on adult S. gregaria tissues
(central nervous system, digestive tube, muscles, ovaries and testicles). As L.
migratoria reference transcriptome, we used the published gene set derived
from predicted transcripts in the L. migratoria genome home page (http:
//159.226.67.243/download.htm) and the new putative CSP sequences
identified in the present work. For S. gregaria, we separately used de novo
assemblies form our five NGS libraries. Each S. gregaria assembly was
complemented with the CSPs that we identified only in the other S. gregaria
assemblies. We mapped the reads to their respective refference transcriptome
and summarized the read counts as described in the General Methodology
chapter of this thesis. Read counts were normalized by the total number
of mapped reads for the corresponding library and 2-based logarithm of
the fold change of the normalized read counts (comparing the solitarious
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against gregarious phase for each species) was used to generate heatmaps and
their corresponding dendrograms with the default command using R v2.15.0
environment [Gentleman et al., 1997].

To obtain an overall expression profile for S. gregaria gregarious and
solitarious adults, we summed al the read counts from all the S. gregaria
gregarious tissues and all the read counts from all the S. gregaria solitarious
tissues to obtain total read counts from the whole solitarious and gregarious
adults. The total counts were then normalized by the combined numbers of
mapped reads in each tissue libraries in a similar way as described before. We
did not include the solitarious and gregarious S. gregaria digestive libraries
in this overall expression analysis because the L. migratoria adult whole
body sequencing reads were obtained by Chen et al. [2010] from ¢cDNAs of
adults after dissection of the digestive tube —this way the results on both
species would be comparable. Since NGS reads from different developmental
stages were also available from Chen’s work [Chen et al., 2010], we followed
the same steps as above in order to obtain normalized read counts from
the NGS libraries of gregarious and solitarious L. migratoria eggs (NCBI
accession numbers SRR058432 and SRR058451 for gregarious and solitarious
phases respectively), 1st and 2nd nymphal instars combined (SRR058446 and
SRR058452 for gregarious and solitarious phases respectively), 3rd nymphal
instar (SRR058447 and SRR058453 for gregarious and solitarious phases
respectively), 4th nymphal instar (SRR058492 and SRR058457 for gregarious
and solitarious phases respectively) and 5th nymphal instar (SRR058448 and
SRR058454 for gregarious and solitarious phases respectively).

One of the CSPs was notoriously expressed in the testis library (see Re-
sults). To check whether it is a locust homolog of the ejaculatory bulb spe-
cific protein IIT (EBP3, GenBank Accession No U08281) —a protein that
seems to be homologous to CSPs [Bohbot et al., 1998, Angeli et al., 1999,
Picimbon et al., 2000]— we carried out an amino acid sequence phylogenetic
analysis adding the EBP3 sequences from the pea aphid (ApisEBPS3, acces-
sion number NP_001156287.1), the red floor beetle (TcasEBPS, accession
number XP__008196341.1) and the fruit fly (DmelEBPS3, accession number
NP_ 524966.1), using the same methodology and software as detailed earlier.

Quantitative polymerase chain reactions (qPCRs) were carried out to com-
plement and double-check the results obtained based on RNA-seq data. Be-
cause CSP nucleotide sequences sometimes present high degrees of conserva-
tion, we designed primers from the non-conserved regions of these genes in
order to avoid non-specific amplification and the consequent quantification
error. We initially focused the primer design on the signal peptide region
and, whe