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Featured Application: This work presents a helpful tool when dealing with the biodiversity of
monumental fountains and other wet lithotype surfaces in the sector of stone conservation.

Abstract: All fountains are inhabited by phototrophic microorganisms, especially if they are func-
tional and located outdoors. This fact, along with the regular presence of water and the intrinsic
bioreceptivity of stone material, easily favors the biological development. Many of these organisms
are responsible for the biodeterioration phenomena and recognizing them could help to define the
best strategies for the conservation and maintenance of monumental fountains. The presence of
biological growth involves different activities for the conservation of artistic fountains. This paper is
a review of the phototrophic biodiversity reported in 46 fountains and gives a whole vision on coping
with biodeteriogens of fountains, being an elementary guide for professionals in the field of stone
conservation. It is focused on recognizing the main phototrophs by using simplified dichotomous
keys for cyanobacteria, green algae and diatoms. Some basic issues related to the handling of the
samples and with the control of these types of microalgae are also briefly described, in order to assist
interested professionals when dealing with the biodiversity of monumental fountains.

Keywords: green algae; diatoms; cyanobacteria; microalgae; stone conservation; diagnosis tool;
preservation strategies; biodeterioration

1. Introduction

Fountains are structures with a functional, decorative or recreation purpose that have
been built since ancient times [1]. Monumental and artistic fountains are often impressive
constructions built all over the world, belonging to the public and garden art, such as
‘La Joute’ Fountain from Montreal (Canada), Fountain of Giant Wild Goose Pagoda from
Xi’an (China), Flora Fountain from Mumbai (India), Keller Fountain from Portland, Oregon
(USA), etc. They are mainly made of stone (structure, basin and decorations) and metallic
alloys (hydraulic system and decorations). Stones with a local origin are preferred, but
valuable stones are also used for the significant decorative elements (e.g., marble). However,
other types of materials have been employed in the recent century, such as concrete material
(e.g., Villancourt Fountain, San Francisco, CA, USA) or other modern materials such resins
(Stravinsky Fountain, Paris, France, or Charybdis’ Vortex Fountain, Sunderland, UK).

The roughness of the stone substrate is one of the main factors that influences the
phototrophic colonization by epilithic, chasmolithic or endolithic microorganisms [2]. The
last ones include the criptoendolithic microorganisms (which develop in layers, parallel
with respect to the surface) and euendolithic microorganisms (which are the most aggres-
sive, as they actively penetrate inside the stone). The epilithic communities are the most
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frequent. They mainly induce esthetical damage, but often corrosion phenomena can be
observed (like little holes in the stones, corresponding to the phototrophic settlement). The
chasmolithic development induces damage such as detachments or stone flakes formation
and lifting. The biodeterioration phenomena were investigated in different studies [3–7].

The main types of phototrophic communities form pellicles, pustules, mats or layered
sedimentary formations [6]. Often, the biological presence of phototrophic microorganisms
can be considered a patina [8] or a phototrophic biofilm (due to its mucilaginous aspect).

Artistic fountains are not only heritage items but sociocultural artefacts as well, with
a significant importance for the identity of certain places or periods [9,10]. They are part
of the community and human treasures and raise preservation demands for transmitting
their values to the further generations. Applying monitoring activity with a professional
maintenance plan is essential for good and effective preservation of these structures. The
preservation strategies should include different activities such as cleaning, repairs and
consolidation, application or replacement of protective coatings, controlling of the water
quality; all these interventions are related with the degradation problems induced by
physical, chemical or biological agents. Coping with the phototrophic colonizers of artistic
fountains and other wet surfaces means mainly cleaning and monitoring activity. The
morphological identification of the phototrophic presence is usually enough for the docu-
mentation before and after the restoration. A detailed mapping of all types of deterioration
phenomena present on a certain case study helps to decide the best strategies for both treat-
ment and monitoring plans. Although the control treatments are often common for all the
phototrophic groups, it worth mentioning that the principle of minimal intervention should
always be kept in mind, being therefore ready to undertake, when necessary, selective
treatments on the same stone artefact. This is due especially to two main reasons: (i) the
phototrophic growth on the fountains is rarely formed by a singular group of phototrophs,
and (ii) the cleaning treatments (chemical, physical or mechanical) are not so selective.
However, in particular cases (e.g., the presence of phototrophic endolithic growth) it is pos-
sible to improve the cleaning procedures by making changes to the applications time, the
concentration used, or to combine different types of cleaning treatments (e.g., mechanical
and chemical; mechanical and physical). Moreover, the molecular identification could be
necessary despite increasing procedure costs. These types of analysis need a small amount
of sample and are definitely more precise than the morphological analysis. They are very
useful to control the regrowth of dangerous species after a certain treatment.

An easy to use guide containing identification keys for the main phototrophs growing
on monumental fountains and other wet stone surfaces is presented in this work. These
new keys resulted after revising and simplifying other different identification keys [11–21]
and they were tailored as a new tool for professionals in the field of stone conservation,
that are interested in making their first steps in phototrophs identification. It is based
on both macroscopic and microscopic characteristics for the main genera belonging to
cyanobacteria, green algae and diatoms, the main three phototrophic groups found on the
ornamental fountains. Moreover, some basic issues related to the handling of the samples
and the control methodologies were also briefly described.

2. Materials and Methods
2.1. Morphological Identification

Phototrophic samples (about 265) were collected from various ornamental fountains
and identified by the authors of this paper in precedent works [21–26] as indicated in
Tables 1–4. The most frequent genera found by other authors [3,5,7,24,25,27–32] are also
inserted in these identification keys.
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Table 1. Artistic fountains investigated for the main phototrophic microorganisms.

Location Fountains List
A = San Agustín-Huila, Colombia [5] 1 = Fountain of Lavapatas (green area, made of volcanic rock)

B = Lamezia Terme, Italy [3] 2 = New Fountain

C = Florence, Italy [23]
3 = Tacca’s Fountain (urban area, made of marble (pedestal and border of basins) and
pietra Serena sandstone (basins))
4 = Second Fountain of Villa la Pietra (green area, made of concrete)

D = Palermo, Italy [7] 5 = Pretoria Fountain (urban area, made of marble (decorative elements and border of the
basin), red granite and limestone (all the rest))

E = Pompei, Italy [27]
6 = Vestibulum, Tepidarium and Swimming pool of the Herculaneum Suburban Baths
(green area, sampled from plaster (Vestibulum), marble (Tepidarium) and mortar
(swimming pool))

F = Rome, Italy [28,31]
7 = Trevi Fountain (urban area, marble and travertine); the presented genera in the tables
were observed on the same type of stone samples immersed in the fountain basin
8 = Fuga’s Fountain from the Botanical Garden of Rome (green area)

G = Gujarat, India [32] 9 = Fountain Reservoir of Seth Sarabhai’s Garden (green area)

H = Bratislava, Slovakia [30]

10 = Planet of Peace Fountain (urban area)
11 = Hviezdoslav’s Fountain (urban area)
12 = Ganymede’s Fountain (urban area)
13 = Friendship Fountain (urban area)
14 = Veil Fountain (urban area)

I = Granada, Spain [21,23–26]

15 = Patio Sultana (Alhambra Complex) (green area, made of Sierra Elvira stone)
16 = Lindaraja Fountain (Alhambra Complex) (green area, made of marble (pedestal) and
Sierra Elvira stone (basin))
17 = Patio Naranjos (Alhambra Complex) (green area)
18 = Patio Reja (Alhambra Complex) (green area)
19 = Lions Fountain (Alhambra Complex) (green area)
20 = Mexuar Fountain (Alhambra Complex) (green area)
21 = North “guitar” Fountain of the Court of the Myrtles (Alhambra Complex) (green
area)
22 = South “guitar” fountain of the Court of the Myrtles (Alhambra Complex) (green area)
23 = East channel of the Court of the Myrtles (Alhambra Complex) (green area)
24 = “Guitar” Fountain of the Ladies Tower (Alhambra Complex) (green area)
25 = Jardín de los Adarves east basin (Alhambra Complex) (green area)
26 = Mirador del Partal basin (Alhambra Complex) (green area)
27 = Glorieta del Secano Fountain (Alhambra Complex) (green area)
28 = Jardines Bajos South Fountain (Alhambra Complex) (green area)
29 = Escalera del Agua handrail (Alhambra Complex) (green area)
30 = Fuente del Tomate (Alhambra Complex) (green area)
31 = Ángel Ganivet pool Fountain (Alhambra Complex) (green area)
32 = Carlos V basin (Alhambra Complex) (green area)
33 = Washington Irving basin (Alhambra Complex) (green area)
34 = Puerta de las Granadas basin (Alhambra Complex) (green area)
35 = Right fountain of the 2nd terrace of the Carmen de Bellavista (Alhambra Complex)
(green area)
36 = Bibatauín Fountain (urban area)

J = Seville, Spain [25] 37 = Reales Alcázares Fountains (unspecified fountains) (green area)

K = Washington, DC, USA [22]

38 = The outside pool of the National Museum of African American History and Culture,
Smithsonian Institution
39 = The pool in the plaza of the Hirshhorn Museum, Smithsonian Institution
40 = Large Acanthus Fountain, Smithsonian Institution
41 = Keith Fountain, Smithsonian Institution
42 = The pool in front of the National Museum of American History, Smithsonian Institution
43 = The fountain on the northwest corner of the National Museum of the American Indian,
Smithsonian Institution
44 = The fountain outside the National Gallery, which flows into the cafeteria
45 = The fountain located in front of the west façade of the West Building of the National Gallery
46 = Girl Water Lilies Fountain of the National Gallery



Appl. Sci. 2021, 11, 8787 4 of 22

Table 2. Cyanobacteria observed in different artistic fountains (see Table 2 for details of the location), where CO = Columbia, IT = Italy, ES = Spain and USA = United States.

Location Cyanobacteria in the Worldwide Fountains
Country CO IT ES USA

City (A–K) A B C D E F I J K
Fountain (1–46)
Microorganisms 1 2 3 4 5 6 7 8 15 16 18 19 21 22 23 24 26 27 28 29 30 31 32 34 35 36 37 38 39 40 41 43 44 46

Aphanocapsa x x x
Aphanothece x x

Borzia x
Calothrix x x x x x x x x x x x x

Chamaesiphon x x x x x x x x x
Chlorogloea x x x x

Chroococcidiopsis x x x x x
Chroococcopsis x x x

Chroococcus x x x x x x x
Cyanosarcina x x

Dichothrix x
Gloeobacter x
Gloeocapsa x x x x x x x

Gloeocapsopsis x
Gloeothece x x

Leptolyngbya x x x x x x x x x x x x x x x x x x x
Lyngbya x x x x

Microcoleus x
Microcystis x x

Myxosarcina x x x
Nostoc x x x x

Oscillatoria x x x x x
Phormidium x x x x x x x x x x x x x x x x
Plectonema x
Pleurocapsa x x x x x x

Pseudanabaena x x x x
Pseudophormidium x x x x

Rivularia x
Schizothrix x
Scytonema x
Stanieria x
Symploca x x x

Synechococcus x
Synechocystis x
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Table 3. Green algae observed in different artistic fountains (see Table 3 for details of the location), where CO = Columbia, IT = Italy, IN = India, SK = Slovakia, ES = Spain and USA =
United States.

Location Green Algae in the Worldwide Fountains
Country CO IT IN SK ES USA

City (A–K) A B C D E F G H I J K
Fountain (1–46)
Microorganisms 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 29 30 31 32 33 34 36 37 38 39 40 41 42 43 44 45 46

Apatococcus x x x x x x x x x
Bracteacoccus x x x x x x x x x x x

Chlamydomonas x x x x x x x
Chlorella x x x x x x x x x x x x x x x x

Chlorococcum x x x x x x x
Chlorosarcina x x x x

Chlorosarcinopsis x x x x x x x x x x x x
Choricystis x x x x x x
Coccomyxa x x x x x
Cosmarium x x x x x x x x x
Dilabifilum x

Euglena x
Gloeocystis x
Gongrosira x

Haematococcus x x x
Klebsormidium x x x x

Leptosira x
Microthamnion x
Monoraphidium x x x x

Muriella x x x
Oocystella x x x x x
Oocystis x x
Palmella x

Pediastrum x x x x x x
Planophila x x

Pleurastrum x x
Pseudochlorella x x x

Pseudopleurococcus x
Selenastrum x x
Scenedesmus x x x x x x x x x x x x x x x x

Spirogyra x x x x
Stichococcus x x x x x x x x x x
Tetracystis x
Trebouxia x x
Ulothrix x x x x x
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Table 4. Diatoms observed in different artistic fountains (see Table 1 for details of the location), where CO = Columbia,
IT = Italy, IN = India, ES = Spain and USA = United States.

Location Diatoms in the Worldwide Fountains
Country CO IT IN ES USA

City (A–K) A B C D F G I J K
Fountain (1–46)
Microorganisms 1 2 3 4 5 7 8 9 15 16 18 19 20 21 22 23 26 28 36 37 38 43

Achnanthes x x x x x x x x
Amphora x x
Cymbella x x x x x
Diatoma x x

Epithemia x x x
Frustulia x x

Gomphonema x x x
Melosira x x
Navicula x x x x x x x x x x x x x x x x x x
Nitzschia x x x x x x x x x x

Pinnularia x x x x
Surirella x x
Synedra x x x x x

Tabellaria x x

The collection of the phototrophic biomass is usually made by using sterile scalpels
and tubes of different sizes. When possible, in the case of chasmolithic or endolithic
developments, small pieces of stone substrata containing microorganisms can be sampled
as well. A fixation with formalin (2%, final concentration) is recommended in order to
preserve the morphology of the phototrophs [23]. The Lugol’s iodine solution (1% v/v) is
also used for preventing contamination [5], being also a useful test under the microscope,
as it gives a dark purple/brown/blue black stain to the cells containing starch (green
algae and diatoms), favoring the sedimentation of the cells and their easier observation as
well [33].

The microscopic observations of the samples can be made in transmission light, and
good quality images can be obtained by using DIC (differential interference contrast)
microscopy. The fresh samples will often contain more than one genus. The sample
preparation for the microscopic analysis can be summarized as following: (i) first of all,
place a drop of water on the center of a clean slide; (ii) take a very small part of the sample
(e.g., with the help of a needle or tweezers) and place it inside the drop of water; if the
sample is solid or too thick (e.g., a dense mat or a crust) it must be crushed and scattered
in the water drop in order to be able distinguish individual cells by the light passing
through the sample; it is important to not mechanically break the clusters before the slide
preparation, as confusion may occur with the non-colonial genera; (iii) once the sample
is uniformly distributed, place slowly the cover on top by firstly putting in contact its
outer edge with the water drop. If the water overflows, gently remove the excess with a
paper towel. When diatoms are present, a cleaning procedure of the frustules can be used
before preparing the slides [34,35]. This procedure involves a careful use of some acids
(nitric acid, hydrogen peroxide), able to remove the organic matter and carbonates from
the sample, and therefore to highlight the morphological characteristics of the diatoms.
Once prepared, the slides can be observed under different magnification levels (10×, 20×,
40×, 50× or 100×) in order to distinguish many of the morphological features of the cells.
Some of the main features that would be observed are related to the shape of the cells, the
presence or absence of the sheaths, the division type, the end cells morphology in the case
of the filamentous cyanobacteria, the presence of motility phenomena, the plastids position
and their shape in the case of green algae. It is possible to make deeper investigations by
evaluating the ratio within the main phototrophic groups, as Popović et al. [36] describe a
detailed procedure for the mixed phototrophic biofilms.
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2.2. Identification Keys

The keys derive from the specific literature survey on the taxonomy of cyanobac-
teria [11–19], green algae [11,13] and diatoms [11,13,21] and from the authors’ collected
material. The keys are dichotomous. Each number describes a couple of contrasting and
distinctive characteristics. The reader makes a choice between the two options and follows
the indications for the next couplet and so on. The dichotomous chain finishes with find-
ing the genus. It should be specified that many species of cyanobacteria exhibit variable
morphology, and their identification till the species level may need specific ultrastructural
and molecular features, a fact that it was not considered necessary for the aim of this work
and therefore they were not used in this key.

Five plates containing the illustrations of the main common genera were realized in
watercolor technique (Arches cotton paper 300 g/m3, Sennelier and Mijello water colors)
by F. Bolívar-Galiano, according mainly to our microscopic observations.

3. Results
3.1. First Screening

The first screening can be undertaken by naked eye or by using a portable microscope
with about 20× magnification which can help to choose the sampling area and to make a
rough morphological discrimination, through the inspection of the color and morphological
aspects of the biological colonization (mat aspect with visible filaments, patina aspect with
uniform color, spots like growth, etc.). A good camera with a macro objective can also be
very useful.

In this step, it is difficult to assign the sample to a single phototrophic group, as on
monumental fountains and other wet stone surfaces there are developing communities of
microorganisms, which are a mix of different cyanobacteria and/or green algae and/or
diatoms, as can be seen in some fresh samples observed under the microscope (Supplemen-
tary Materials S1–S5). Diatoms prefer high levels of humidity and are more often associated
with green algae, and less only with cyanobacteria, but they can be found beside algae
and cyanobacteria as well. Often, the color gives an idea about the possible phototrophic
presence, but it is never conclusive [37].

1a visible vivid green, light green, green or brownish phototrophic growth.......................2
1b visible dark green, deep brown, deep grey or black phototrophic growth....................3
2a with a mucilaginous, wet or powdering aspect, it seems not well adhered to the stone

surface.......................................................................................................................................4
2b with an aspect of patina, pellicle or mat, that seems adhered to the stone surface..........5
3a dark green, dark grey or dark brown wet formations, with filamentous or spherical

aspect....................................see 3.2. Cyanobacteria (blue-green algae) and 3.3. Green Algae
3b dark patina with intergranular growth on dry surfaces..................see 3.2. Cyanobacteria
4a vivid and light green color.....................................................................see 3.3. Green Algae
4b green, yellow-green or light brown color, sometimes with aspect of

pustule.......................................................................see 3.3. Green Algae and 3.4. Diatoms
5a pellicles more or less gelatinous......................see 3.2. Cyanobacteria and 3.3. Green Algae
5b aspect of mats and patina, with different thicknesses, dark green or dark blue-green

color with many filaments...........................................................see mainly 3.2. Cyanobacteria

3.2. Cyanobacteria (Blue-Green Algae)

They are prokaryotic phototrophic microorganisms, without chloroplasts (plastids),
with an immense morphological variability, from free and isolated cells to very hard and
consistent assemblages. Moreover, the Lugol solution used for sample preservation, does
not stain the cells blue/black. Cyanobacteria have a characteristic blue-green color, hence
their common name of blue-green algae. They can be divided in two main groups: I. simple
cyanobacteria and II. filamentous cyanobacteria.

I. simple cyanobacteria (unicellular, mucilaginous groups, strong adherent group of
cells) (Figures 1 and S6 and [23,38])
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Figure 1. Some simple cyanobacteria (blue-green algae): (A) Gloeothece (4a), (B) Gloeocapsa (5a), (C) Chroococcus (5b),
(D) Microcystis (7a), (E) Aphanocapsa (7b), (F) Aphanothece (8a), (G) Chlorogloea (9a), (H) Chroococcidiopsis (9b), (I) Cyanosarcina
(12a), (J) Myxosarcina (12b). Scale bar 10 µm. The number in the brackets corresponds to the one indicated in the identification key.
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1a mucilaginous or compact groups of cells...........................................................................2
1b cells lacking mucilage..........................................................................................................10
2a irregular agglomerations of cells embedded in mucilage....................................................3
2b agglomerations of cells with a regular packet-like arrangement .....................................13
3a concentrically layered gelatinous sheaths around the cells (with distinct or indistinct

lamellation)...............................................................................................................................4
3b sheaths without clearly concentric lamellation.....................................................................6
4a ovoid to rod shaped cells, well delimitated and lamelled sheaths......................Gloeothece
4b spherical to hemispherical cell shape, with colorless or light yellow-brown sheaths....5
5a sheaths wide and vesiculous................................................................................Gloeocapsa
5b sheaths thin and usually colorless, usually small colonies (2–16 cells, with the shape of

a half or a quarter of sphere after division)......................................................Chroococcus
6a irregular colonies forming amorphous masses ....................................................................7
6b irregular colonies with their cells distributed in the mucilage............................................8
7a spherical cells............................................................................................................Microcystis
7b spherical or slightly elongated cells (oval, ovoid).............................................Aphanocapsa
8a ellipsoidal cells with homogeneous sheaths.......................................................Aphanothece
8b spherical cells.............................................................................................................................9
9a cells with an irregular-rounded to polygonal-rounded outline, and with the margin of

the colony in a more or less radial row..................................................................Chlorogloea
9b cells more or less uniform in size in the colony...........................................Chroococcidiopsis
10a cells ovate to oblong, single or in small colonies.............................................................11
10b spherical and solitary cells...............................................................................Synechocystis
11a cells with a dimension of (1.5)3–15(40) × 0.4–3(6) µm ..............................Synechococcus
11b very small cells, up to 1.5 × 3 µm........................................................................Gloeobacter
12a agglomerations of cells with a more regular arrangement (cubical)..........Cyanosarcina
12b agglomerations of cells with a less regular arrangement ............................Myxosarcina

II. Filamentous cyanobacteria (linear groups of cells called trichomes, with one or
more rows, surrounded or not by sheaths) (Figures 2, S7 and S8 and [23,38])
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Figure 2. Some filamentous cyanobacteria (blue-green algae): (A) Chamaesiphon (2a), (B) Pleurocapsa (2b), (C) Oscillatoria
(5a), (D) Nostoc (6a), (E) Calothrix (9a), (F) Tolypothrix (10b), (G) Symploca (13b), (H) Schizothrix (14a), (I) Phormidium (16a),
(J) Microcoleus (17a). Scale bar 10 µm. The number in the brackets corresponds to the one indicated in the identification key.
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1a trichomes not clearly developed, compact groups of cells.................................................2
1b trichomes clearly developed, isolated or forming mats or pellicles...............................3
2a short apical row of cells easily damaged, basal cells with colored sheath, forming

macroscopic brown spots...................................................................................Chamaesiphon
2b irregular groups of rows—pseudofilaments—built by polygonal cells...........Pleurocapsa
3a trichomes without sheath or with a very diffluent sheath.................................................4
3b trichomes with a visible sheath............................................................................................6
4a trichomes very short, up to 8 cells (rarely 16)................................................................Borzia
4b trichomes with a higher number of cells ..............................................................................5
5a trichomes with very short cells, coin shaped and close together, visible moving fila-

ments under the microscope...............................................................................Oscillatoria
5b trichomes with long cells more distant from one to another........................Pseudanabaena
6a trichomes forming firm colonies with mucilage .........................................................Nostoc
6b trichomes forming compact clusters with a covering character .........................................7
7a presence of differentiated cells (heterocytes) in addition to the rest of the cells .............8
7b all cells with the same morphology, sometimes apical cells are differentiated...............11
8a heterocytes present at the base of polar filaments, filaments narrow into the shape of a

hair............................................................................................................................................9
8b heterocytes intercalated along the filaments, filaments not narrow.................................10
9a filaments with thin sheaths, no branching............................................................Calothrix
9b filaments with wide sheaths, false-branching ....................................................Dichothrix
10a filament usually with rounded cells, no branching...................................................Nostoc
10b filaments with rectangular or squared cells and false branching,

usually prostrated...................................................................................................Tolypothrix
11a one trichome within each sheath ......................................................................................12
11b several trichomes within each sheath ..............................................................................17
12a consistent sheaths with apical cells not differentiated, filaments can form mats.......13
12b mucilaginous sheaths with apical cells usually differentiated.....................................15
13a mats formed exclusively by prostrated filaments...........................................................14
13b mats formed by a base of prostrated filaments that form peripheral erect bundles with

a conical shape, cells lack the calypra....................................................................Symploca
14a strongly intertwined filaments with false branching and wide sheaths, and sometimes

more than one trichoma..........................................................................................Schizothrix
14b very intertwined filaments forming less consistent mats, usually between mineral con-

cretions.........................................................................................................................Lyngbya
15a squared or slightly rectangular cells..................................................................................16
15b cylindrical cells longer than wide, less than 3 µm in width, unbranched or with false

branching............................................................................................................Leptolyngbya
16a filaments with no branching, sheath sometimes difficult to see..................Phormidium
16b filaments with false branching...............................................................Pseudophormidium
17a numerous trichomes within each sheath..........................................................Microcoleus
17b one or few trichomes within each sheath.........................................................................18
18a few-celled and short trichomes, constricted at cross walls, with a more or less cylin-

drical shape.....................................................................................................Pseudanabaena
18b trichomes in vegetative state always within distinct sheaths, filaments with typical

“scytonematoid” (double and single) false branching, forming slimy mats.....Plectonema

3.3. Green Algae (Chlorophyta)

This division contains very different organisms regarding the morphological, dimen-
sional and reproductive aspects. They have a typical vivid light green color, but the cells
with starch will stain dark purple/brown/blue black in Lugol’s iodine solution (if used for
preserving the sample). They contain chloroplasts (plastids) and can be divided into two
main groups: I. simple green algae (and green flagellate) and II. filamentous green algae.

I. Simple green algae (and green flagellate Euglena) (Figures 3 and S9 and [21,23,38])
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1a solitary cells...............................................................................................................................2
1b cells forming colonies.............................................................................................................14
2a motile cells ................................................................................................................................3
2b non-motile cells.........................................................................................................................5
3a cells with two flagella and with a rigid cellular surface......................................................4
3b cells with flagella but with elastic (deformable) cellular surface.............................Euglena
4a solitary cells with an oval or globular shape.................................................Chlamydomonas
4b cells with a more or less globular shape, with a red spot or totally red-colored in ad-

verse conditions................................................................................................Haematococcus
5a cells not closely grouped, more or less spherical or globular.............................................6
5b cells closely and continuously grouped...............................................................................14
6a elliptical, egg-shaped cells.....................................................................................................7
6b spherical cells, isolated or arranged in unstructured groups...........................................9
7a cells clearly elongated, fusiform...................................................................Monoraphidium
7b cells are ellipsoidal or globular................................................................................................8
8a cells clearly elliptic, sometimes lemon-shaped, colonies delimitated by a parental

wall..................................................................................................................................Oocystis
8b ovoid cells, almost globular, solitary or in irregular mucilaginous colonies...Coccomyxa
9a many parietal plastids inside the cell, without pyrenoids................................................10
9b few plastids inside the cell, usually with pyrenoids..........................................................11
10a solitary multinucleated large cells, maximum 85 µm in diameter..............Bracteococcus
10b spherical cells with a diameter of 5–18 µm............................................................Muriella
11a spherical cells with a dimension of 2–25 µm, with a huge star-shaped plastid, usually

as a lichen symbiont...................................................................................................Trebouxia
11b ellipsoidal, globular or sub-spherical cells......................................................................12
12a cells with a median constriction dividing them into two semi-cells.............Cosmarium
12b cells without constriction.......................................................................................................13
13a cells with a cup- or plated-like plastid, maximum diameter of 20 µm..............Chlorella
13b spherical, sometimes ellipsoidal cells with a variable diameter inside the same popu-

lation (from 10–15 to 100 µm), with the plastid filling the cell...................Chlorococcum
14a groups of cells that are close together................................................................................15
14b groups of usually separated cells forming mucilaginous structures...........................20
15a small and bidimensional groups of cells..........................................................................16
15b large groups of cells, not bidimensional ..........................................................................18
16a cells are arranged on a single layer, with a two-dimensional structure .....................17
16b cells are arranged in groups of four (sometimes in a clear gelatinous matrix) or isolated,

with strip- or plated-like plastids....................................................................Pseudochlorella
17a cells are globular .....................................................................................................Planophila
17b cells are elliptical, spindle-shaped or pear-shaped, forming groups of 4–8 cells (or mul-

tiples of four), arranged linearly or in zig-zag ................................................Scenedesmus
18a cubical shape of the colony................................................................................Chlorosarcina
18b non-cubic colonies.................................................................................................................19
19a cells are very compacted, forming angular-shaped colonies.................Chlorosarcinopsis
19b globular shape of the colony, with its cells isolated or in small groups (two or four cells)

usually tetrahedron-like shaped.............................................................................Tetracystis
20a globular or amorphous colonies, cells with a diameter of 10–15 µm.................Palmella
20b globular, tetrahedron-like or irregular shape of the colony, with a consistent gelatinous

matrix and with every cell enclosed by a visible membrane, the diameter varies
between 3 and 23 µm ...........................................................................................Gloeocystis

II. Filamentous green algae (Figures 4 and S9 and [21,23,38])
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1a filaments not branched...........................................................................................................2
1b filaments branched, sometimes forming very compact structures ....................................5
2a plastids with the shape of a spiral.............................................................................Spirogyra
2b plastids with another shape ..................................................................................................3
3a presence of polar rings and intercalary widened cells (oogonia) ..................Oedogonium
3b all cells with similar morphology and without polar rings..............................................4
4a long filaments fixed at their base, with a stable structure, annular plastids.....Ulothrix
4b filaments that disarticulate easily, usually short, annular or elliptic plastids, usually

aerophytic..........................................................................................................Klebshormidium
5a short filaments forming packet-like colonies, sometimes cubical in the first stages, cells

globular or elongated..............................................................................................Apatococcus
5b filaments clearly uniseriate, linear or branched....................................................................6
6a long filaments made of long cylindrical cells with laminated wall and reticulate plas-

tids with numerous pyrenoids..............................................................................Cladophora
6b short filaments or small groups of cells usually with a prostrate base and a small erect

part, parietal plastids with few or no pyrenoids...................................................................7
7a cylindrical or club-shaped cells with a blunt apex, usually tangled filaments, built crus-

tose lime impregnated ...........................................................................................Gongrosira
7b globular or cylindrical cells forming compact groups, sometimes without a clear fila-

ment structure............................................................................................................................8
8a globular cells, parietal plastids without pyrenoids, short filaments without branches

or with short branches of 1–2 cells...........................................................................Leptosira
8b cylindrical or globular cells, with pyrenoids, from irregular groups to small filaments.9
9a cylindrical-elongated cells with short branches ..............................................Dilabifilum
9b cylindrical or subglobular cells, forming both irregular and dense groups and branched

filaments ..............................................................................................................Pleurastrum

3.4. Diatoms (Bacillariophyta)

They are unicellular reddish brown or golden algae (Figures 5 and S10 and [23,38]).
The specific characteristic of this group is the presence of an external layer (the cell wall)
made of silica that is called frustule. They are common on permanent wetted surfaces, and
on monumental fountains the most encountered diatoms are those with bisymmetrical or
monosymmetrical valves, one overlapping the other. The diatoms with radial symmetry
are less common.
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1a cells with a colonial organization, united in filament-like structures, numerous dis-
coidal plastids............................................................................................................................2

1b solitary cells, sometimes forming colonies, with valves of different shapes (elliptic,
lanceolate, oblong, etc.), but never circular and with no radial symmetry, two lateral
plastids.......................................................................................................................................3

2a short cells, the filaments are easily separated in small groups of cells, valves symmetric
both on the frontal and lateral faces, septa are lacking in the frustules.................Diatoma

2b long cells, valves with a circular shape (only visible in valvar view of isolated cells), the
cells form filaments often found inside the shady fountains..................................Melosira

3a both valves with a raphe (structure composed by two slits or fissures), usually with a
striation from the raphe to marginal part..............................................................................4

3b both valves without a raphe..................................................................................................14
4a the raphe is located in the middle of both valves.................................................................5
4b the raphe is located in a different part.................................................................................12
5a the raphe is located on both valves.........................................................................................6
5b the raphe is located along the margin of the valves...........................................................11
6a bi-symmetric valves, central raphe........................................................................................7
6b mono-symmetric valve, central or lateral raphe..................................................................9
7a striation narrow or not very wide that is not visible............................................................8
7b very wide striations, the raphe bent at both ends..................................................Pinnularia
8a thin striation, visible in dead cells, valve elliptical to boat-shaped.......................Navicula
8b very thin striations (horizontal and vertical), difficult to see even in dead cells....Frustulia
9a the valves are longitudinally asymmetric, raphe marginal...............................................10
9b the valves are transversely asymmetric, with the upper part broader than the lower

one, with a trapezoidal girdle view...................................................................Gomphonema
10a the valve margins are different, one convex and the other straight or slightly curved,

raphe parallel to the straight margin and striations do not strongly radiate in the center
....................................................................................................................................Cymbella

10b elliptic or oblong valves vision, intercalary bands and striations are impercepti-
ble................................................................................................................................Amphora

11b the raphe is present on two sides of each valve, with thick striation and a big central
channel..........................................................................................................................Surirella

11a the raphe is present on one side of each valve....................................................................13
12a hyaline valves, usually linear with lateral refractory dots (fibulae)....................Nitzschia
12b the raphe forms a peak in the ventral part of the valve.....................................Epithemia
13a linear-elliptic valve, with a bent girdle view...........................................................Achnantes
13b elliptic and almost circular valve, straight girdle view..........................................Cocconeis
14a needle-shaped valves with parallel and thin striations, lacking septa (a silica internal

sheet, occluding a portion of the frustula)..............................................Synedra (Ulnaria)
14b the frustules present septa, observed in girdle view, forming filaments..........Tabellaria

4. Discussion
4.1. Fountains’ Phototrophic Biodiversity

Fountains are ideal environments for the rapid development of microorganisms,
which induce the occurrence of biodeterioration processes and algal blooms that should
be controlled in the case of artistic structures. Besides the bioreceptivity of the material
and the characteristics of the environmental factors, the water origin is another element
that highly influences the biodiversity of the colonizers on monumental fountains. The
water source used for their alimentation can be driven from a public water line (e.g.,
mainly in the city centers) or can be directly supplied from a nearby river (e.g., in some
gardens) [4,7,8,21,23,24,27]. The latter type of water source induces a greater biodeteriora-
tion risk for the monumental fountains.

A review of the main phototrophic microorganisms detected by various authors
on this kind of artefact (Table 1) is presented in the Tables 2–4. Table 1 contains the
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legend of Tables 1–3. The microorganisms are divided in the following three groups:
cyanobacteria (Table 2), green algae (Table 3) and diatoms (Table 4) and most of them
are included in the identification keys. Very few studies have been undertaken on the
molecular identification of the phototrophs dwelling on cultural fountain structures [23,27].
The identification to the species level needs axenic cultures of the isolated organisms,
increasing the complexity of these types of analyses. Moreover, many of these phototrophs
(mainly cyanobacteria) have a slow growth and their isolation is very time consuming.
Thanks to the recent developments in the molecular biology domain, new techniques
such as NGS (next-generation sequencing, called also high throughput sequencing—HTS)
and metagenomics approaches give now valid and cost-effective solutions in the cultural
heritage field [39,40]. The latter technique, called also community genomics, contributes
with new insights for a better understanding of both the role and the structure of the
microbial communities colonizing stone artefacts. However, these studies [23,27] confirmed
the presence of various cosmopolitan phototrophic microorganisms with wide tolerance
ranges concerning, for example, pH and temperatures. Many of these common genera
(such as Calothrix, Phormidium, Oscillatoria, Cosmarium, Scenedesmus, Ulothrix, Navicula,
Nitzchia, etc.) can be easily identified by their morphological characteristics by using fresh
samples, a transmission microscope and an easy to use identification key. It should be
noted that some genera can be easily confounded in between [41,42] and therefore it is
important to pay attention to the minimal morphological differences (e.g., Gloeocapsa with
Aphanocapsa, when the Gloeocapsa individual sheath cannot be distinguished in a colony;
Aphanocapsa with Microcystis, as Aphanocapsa can be round-shaped as well; Cyanosarcina
with Myxossarcina as the shapes of the single colonies in the agglomeration of cells are not
always very clear; some small sized diatoms can be confused with Navicula or Nitzschia).

The phototrophic microorganisms form different types of biocenosis (biotic commu-
nities) and it can be stated that, almost always, the phototrophic growth will be a mix of
different genera as can be usually observed when analyzing fresh samples (Figures S1–S5
Supplementary Materials), containing even other types of organisms such as bacteria or
fungi. The stone support induces a certain bioreceptivity for the phototrophic colonization.
Stone materials with higher porosity (travertine—fountain no. 7; sandstones—fountain
no.3; cementitious materials—fountains no.4 and no.6; volcanic rocks—fountain no.1, see
Table 1) are easily colonized by the phototrophic organisms with respect to the more
compact stone materials (granite—fountain no. 5; marble—fountains no.5, no. 6, no.7
and no.15). The limestones and sandstones are more sensitive to biodeterioration with
respect to granitic stones [43]. The common genera observed in fountains worldwide
can have an epilithic growth forming mucous (Apatococcus, Phormidium) or fibrous mats
(Cladophora, Gongrosira, Melosira, Pleurastrum). The existing fissures and cracks are col-
onized by chasmo-endoliths (mainly simple cyanobacteria and green algae) while the
internal pores are colonized by cryptoendoliths (Chroococcidiopsis). Some genera (Chroococ-
cidiopsis, Chroococcus, Gloeocapsa, Klebsormidium, Schizothrix, Synechococcus) can have an
endolithic growth, actively penetrating inside the material, being therefore more harmful
for the stone support [44,45].

Green algae and cyanobacteria present a greater diversity compared to diatoms when
the number of most frequent genera in the three groups is analyzed (Tables 2–4). On
the studied fountains, Navicula spp. and Nitzschia spp. are the most prevalent. Among
cyanobacteria, the filamentous type, such as Calothrix spp., Leptolyngbya spp. and Phormid-
ium spp., is the most common. These blue-green algae are able to form mats on their own
or to be part of more diverse communities. The most common genera of green algae seem
to vary more between countries than other groups of algae. Nevertheless, they are also
cosmopolitan. Apatococcus, Chlorella, Chlorosarcinopsis, Stichococcus and Scenedesmus are the
most frequent genera among all the countries. However, putting some differences in the
distribution of the genera aside, it is apparent that the same types of microalgae colonize
fountains all around the world. Therefore, a key that allows to identify them could be used
internationally by restorers from any country.
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Knowing the main types of phototrophic groups present on the monumental fountains
helps to better understand the risk related to the biologically induced biodeterioration
phenomena.

4.2. Phototrophic Control on the Fountains

Fountains need regular maintenance and restoration work [46] due both to material
alterations and to the rapid colonization by phototrophic microorganisms that affects their
esthetic value and induces biodeterioration processes.

Parameters such as the pH (an alkaline pH accelerates the algal growth, while an
acidic one dissolves carbonatic stones and induces copper staining on stone), the calcium
hardness (induces crust formations), the dissolved solids (organic and inorganic, favor
biological growth and the clogging of pipes) and the temperature (air and water) are key
elements in promoting or not the biodeterioration phenomena. Often, the water is recycled
and chemically treated to avoid biological growth [47], but this only helps to postpone the
biological development.

Different other strategies [48] can be used in controlling the biological development
in the monumental fountains. One is related with the use of antifouling agents aiming
to deter the biofilm formation [49–51]. They should be applied on cleaned surfaces in
order to postpone biological colonization. These methods are still under investigations
for defining practical effectiveness. Another strategy is related to the elimination of the
biological growth with the help of biocides [52,53] and other chemical cleaners, such as
chlorine. A new trend in controlling the unwanted phototrophic growth is the use of
viruses [54]. However, the implementation of a management/maintenance plan (regular
checks, periodic tests of water quality, protection from freeze–thaw damage, use of inert
control treatments) is preferred, while knowing the phototrophic biodiversity (identified to
the genera level by using these keys) helps in monitoring changes in the quality of water
and in programming the interventions.

5. Conclusions

These identification keys could be a useful instrument for a better understanding
of the phototrophic biodeteriogens present on the artistic fountains and other wet stone
surfaces. These keys are indicative, and it is highly recommended to not assign a genera
name to the observed microorganisms if the specific features are not observed, keeping the
identification to the upper level (e.g., filamentous cyanobacteria with no clearly developed
trichomes).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11188787/s1, Figure S1: Microscopic observations of different samples taken from Sultana
Fountain and North “Guitar” Fountain of the Court of the Myrtles, both in the Alhambra complex,
Spain, Figure S2: Microscopic observations of different samples taken from Sultana Fountain and the
Lions Fountain in the Alhambra complex, Spain, and from Villa la Pietra Fountain from Florence, Italy,
Figure S3: Microscopic observations of different samples taken from Villa la Pietra Fountain from
Florence and from different fountains from the Alhambra complex, Spain, Figure S4: Microscopic
observations of different samples taken from Tacca Fountain from Florence, Italy, and from two
fountains from the Alhambra complex in Spain, Figure S5: Microscopic observations of different
samples taken from different fountains from the Alhambra complex, Spain, Figure S6: Microscopic
observations of some isolated cyanobacteria from monumental fountains: Aphanocapsa (a), Aphanoth-
ece (b), Synechococcus (c), Gloeobacter (d), Chroococcus (e), and Gloeocapsa (f). Figure S7: Microscopic
observations of some isolated cyanobacteria from monumental fountains: Leptolyngbya, that is thinner
than Oscillatoria, presents sheath and lacks motility (a,b), Pseudoanabaena (c), Pseudophormidium (d),
Calothrix (e,f). Figure S8: Microscopic observations of some isolated cyanobacteria from monumental
fountains: Nostoc (a,b), Pleurocapsa (c), Rivularia (d). Figure S9: Microscopic observations of some
isolated cyanobacteria from monumental fountains: Chlorella (a,b), Scenedesmus (c), Bracteococcus (d),
Monoraphidium (e), Dilabifilum (f). Figure S10: Microscopic observations of some isolated cyanobacteria
from monumental fountains: Diatoma (a), Nitzchia (b), Achnantes (c), Surirella (d).
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