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Abstract

Humic substances (HS) are commonly employed as plant biostimulants to enhance

crop yields. However, the HS mechanisms of action, as well as the differences

between radicular and foliar modes of application, remain unclear. Here, we explored

the changes in phytohormonal balance as possible mechanism of HS to enhance let-

tuce (Lactuca sativa L.) growth, and the difference between both modes of applica-

tion. For this purpose, BLACKJAK®, a HS-based product was applied as radicular

(R) and foliar (F) at the concentrations (mL/L): 0.20 (R1), 0.40 (R2), 0.60 (R3), 0.80

(R4), 5.00 (F1), 7.50 (F2), 10.00 (F3), and 12.50 (F4). The experiment was performed

in pots filled with vermiculite:perlite (3:1) and HS were applied three times with a

periodicity of 10 days. Shoot and root growth parameters were measured. In addi-

tion, the phythormones indole-3-acetic acid (IAA), gibberellins (GAs), trans-zeatine

(tZ), isopentenyl adenine (iP), 1-aminocyclopropane-1-carboxylic acid (ACC), abscisic

acid (ABA), jasmonic acid (JA), and salicylic acid (SA), were analysed by U-HPLC-MS.

BLACKJAK® application resulted in higher shoot growth at doses R1, R2, R3, F2, and

F3, whereas root biomass was increased at R2, R3, F2, F3, and F4, showing radicular

better plant growth than foliar applications. Furthermore, HS changed phytohormo-

nal balance in shoots and roots. However, it was with radicular applications, espe-

cially at R2, where phytohormonal profile was best associated with plant growth due

to the increases observed in IAA, GAs, JA, SA, tZ, and decreased ABA. However, fur-

ther research is needed to clarify the involvement of hormones in the growth-

promoting action of HS.
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1 | INTRODUCTION

Humic substances (HS), a macroconstituent of soil organic matter

coming from “humification” process, have been employed as plant

biostimulant and as a complexer of mineral nutrients (Souri &

Hatamian, 2019) to enhance crop productivity and stress tolerance

(Tiwari et al., 2023). HS include humic acid (HA) and fulvic acid (FA),

and chemically are comprised by functional groups (hydroxyl, car-

boxyl, carbonyl, amines, amides, and sulfhydryl), forming small mole-

cules that are associated through van der Waals forces to create
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supramolecular structures (Nardi et al., 2021). The majority of com-

mercial HS are extracted from different carbon deposits, including

compost, peat, coal, or leonardite (Yang et al., 2021). These HS may

be applied to crops together with solution of nutrients (“root” or

“radicular” HS) or directly sprayed to leaves (“foliar” HS) (De Hita

et al., 2020).

The influence of HS in stimulating plant growth has been related

to the enhancement of nutrients availability and uptake, as well as pri-

mary and secondary metabolism (Canellas et al., 2015; Nardi

et al., 2021). In this way, Billard et al. (2014) observed that the applica-

tion of HA increased Brassica napus L. growth by improving iron

(Fe) and zinc (Zn) uptake and translocation to shoot. Similarly, Ertani

et al. (2011) found that HS enhanced nitrogen (N) assimilation and

crop yield in maize, whereas Man-Hong et al. (2020) showed an

improvement in photosynthesis capacity in potato plants after HA

application, both leading to improved plant growth. In addition, appli-

cation of HA has been shown that significantly and positively influ-

ence the plant tolerance to salinity and drought stress (Amiri

Forotaghe et al., 2022; Ebrahimi et al., 2021; Serri et al., 2021). The

role of HS in enhancing plant growth under both optimal and stress

conditions has also been attributed to changes in phytohormone

levels induced by HS applications (Chen et al., 2022; De Hita

et al., 2020).

Phytohormones are defined as small signalling molecules pro-

duced in low concentrations that perform their physiological functions

in cells different from where they were produced (Mukherjee

et al., 2022). Some hormones, such as auxins, including indole-3-acetic

acid (IAA), cytokinins (CKs), that is, trans-zeatine (tZ) and isopentenyl

adenine (iP), and gibberellins (GAs), regulate developmental processes

as seed germination, cell division and proliferation, root elongation,

and nutrient acquisition (Navarro-León et al., 2016). Other molecules

such as abscisic acid (ABA), ethylene which is synthesized from

1-aminocyclopropane-1-carboxylic acid (ACC), salicylic (SA), and jas-

monic (JA) acids are known as related stress phytohormones (de la

Torre-González et al., 2017).

Phytohormonal like activity has been attributed to HS as conse-

quence of hormones such as IAA or GAs may be found embedded in

their molecular structure. Nevertheless, it is less probable to find hor-

mones in HS purified and extracted from, for example, leonardite

(Mora, Baigorri, Bacaicoa, Zamarreño, & García-Mina, 2012; Nardi

et al., 2018). Changes in phytohormone concentrations induced after

HS application is reported in different studies as physiological mecha-

nism of HS to enhance plant growth (Chen et al., 2022; De Hita

et al., 2020; Wang et al., 2023). However, there is limited information

about the differences of radicular and foliar applications, in terms of

hormones concentration. For this reason, the objective of the present

study is to test phytohormones accumulation changes as physiological

mechanism of HS to promote plant growth, as well as compare

between radicular and foliar modes of application. For this aim, HS

extracted from leonardite were applied to lettuce (Lactuca sativa L.),

and related growth parameters and hormone concentrations in plant

tissues were analysed.

2 | MATERIALS AND METHODS

2.1 | Plant growth conditions

L. sativa L. cv. Capitata seeds were germinated and grown for 45 days

in an experimental greenhouse located in Semillero Saliplant

S.L. (Motril, Granada, Spain). The 45-day-old lettuce plants were trans-

planted to a controlled environmental conditions growth chamber of

the Department of Plant Physiology (University of Granada, Spain)

and potted in pots filled with vermiculite:perlite (3:1). The photope-

riod was adjusted at 16/8 h with a photosynthetic flux density (PPFD)

of 350 μmol m�2 s�1 (measured with a 190 SB quantum sensor,

LI-COR Inc., Lincoln, NE, USA). Besides, relative humidity and temper-

ature were programmed at 60%–80% and 25/15�C (day/night),

respectively. During the study, plants received a nutritive solution

composed of: 3 mM Ca(NO3)2•4H2O, 4 mM KNO3, 1 mM KH2PO4,

1 mM NaH2PO4•2H2O, 2 mM MgSO4•7H2O, 0.25 μM

CuSO4•5H2O, 2 μM MnCl2•4H2O, 0.1 μM Na2MoO4•2H2O, 10 μM

H3BO3, and 5 μM Fe-chelate (Sequestrene; 138FeG100). This solu-

tion was renewed every 3 days and the pH adjusted at 5.5–6.

2.2 | Treatments and experimental design

Treatments started 7 days after transplantation and were maintained

for 30 days. As source of HS, we employed BLACKJAK®, provided by

Sofbey S.A. (Mendrisio, Switzerland). This biostimulant contains

around 30% of organic matter and an acidic pH. A total of three appli-

cations were conducted, with a periodicity of 10 days, by the two

modes of application, radicular (R) and foliar (F), at doses: R1

(0.20 mL/L), R2 (0.40 mL/L), R3 (0.60 mL/L), R4 (0.80 mL/L), F1

(5 mL/L), F2 (7.50 mL/L), F3 (10.00 mL/L), and F4 (12 mL/L). R-HS

applications were made by diluting BLACKJAK® in the nutritive solu-

tion (pH = 4.5), and irrigating lettuce directly with 100 mL per pot in

each application. For its part, F-HS applications were conducted by

spraying BLACKJAK® diluted in distilled water onto leaves (12.5 mL

per plant), 2 h after the beginning of the photoperiod. The selection of

the HS doses used in this study was carried out following commercial

ranges and according to a previous screening in our research group

using BLACKJAK® in lettuce cultivated in the same conditions of the

present experiment. Lettuces from the control treatment only

received nutritional solution without HS. Hence, a total of nine treat-

ments were employed in the present study, with eight plants per

treatment and three replications each.

2.3 | Plant sampling

Lettuce plants from each treatment were divided into shoots and

roots, washed, dried, and weighed to obtain fresh weight (FW).

Half of shoots and roots were lyophilized for phytohormone analy-

sis. Furthermore, leaf area and root surface area were measured
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using a LI-COR optical reader (LI-3000A, LI-COR Inc., Nebraska,

USA), whilst root length was estimated using a ruler. In addition,

shoots and roots were sampled before starting application (initial

time, Ti) and weighed (initial FW, FWi). Using FWi and FW at the

end of the experiment (final FW, FWf), RGR of shoots and roots

was estimated as: RGR = (ln FWf – ln FWi)/(Tf – Ti) (Navarro-León

et al., 2023).

2.4 | Phytohormone extraction and analysis

Phythormones were extracted and measured as described in Ghanem

et al. (2008) through U-HPLC-MS system (ThermoFisher Scientific,

Waltham, MA, USA) coupled to an Exactive mass spectrometer

(ThermoFisher Scientific, Waltham, MA, USA) by the use of a heated

electrospray ionization (HESI) interface.

2.5 | Statistical procedures

Using Statgraphics Centurion 16.1.03, data obtained were sub-

jected to a simple ANOVA at 95% of confidence. Means were com-

pared by Fisher's least significant difference (LSD). The significance

levels were expressed as *p < .05, **p < .1, ***p < .001, NS (not

significant).

3 | RESULTS AND DISCUSSION

3.1 | Shoot and root growth

The obtained results showed that HS significantly enhanced shoot

FW at doses R1, R2, R3, F1, F2, and F3, with increases of 16%, 17%,

23%, 13%, and 13%, respectively, compared to control treatment

(Figure 1a). Similarly, same doses increased shoot relative growth rate

(RGR) (6%, 7%, 8%, 5%, and 7%) and leaf area (11%, 10%, 11%, 10%,

and 10%), with respect to control plants (Figure 1b,c). The use of plant

biostimulants has been described as an environmentally friendly

approach to improve plant growth through different mechanisms

including the enhancement of nutrients bioavailability and uptake,

nutrient use efficiency, and quality traits. In this way, different com-

pounds are included in biostimulant definition: seaweed and plant

extracts, HS, protein hydrosylates, as well as beneficial bacteria and

fungi (du Jardin, 2015). The positive effect of HS on plants growth has

been demonstrated in various research studies, yielding similar results

to those of our experiment. In this way, Maji et al. (2017) found an

increase in shoot FW in Pisum sativum L. plants subjected to soil HA-

rich vermicompost. Wheat (Triticum aestivum L.) grain production and

spike weight was enhanced through HA (Khan et al., 2018) and fulvic

acid (FA) (Kumar Sootahar et al., 2020) application. Similarly, De Hita

et al. (2020) found that foliar and radicular HA enhanced Cucumis sati-

vus L. shoot growth, whereas Kazemi et al. (2023) observed that foliar

HA increased shoot FW in Physalis alkekengi L. Hence, our data

suggest the potential of the HS employed in this study as an environ-

mentally friendly approach to enhance yields of horticultural crops,

particularly showing better results with radicular applications, espe-

cially at R3. These results pave the way for future studies using the

optimal HS doses, including other vegetable species.

Concerning root growth, HS enhanced root FW at doses R2

(32%), R3 (33%), F2 (15%), F3 (16%), and F4 (21%), compared to con-

trol (Figure 2a). Likewise, root RGR was also enhanced by HS addition

at the same doses (Figure 2b). As described previously, apparently

root growth is more affected by HS than shoot growth (Fahramand

et al., 2014; Nardi et al., 2002), which is in line with our results, espe-

cially at radicular doses (Figures 1a,c and 2a,b). Different studies also

found that HS enhance root biomass production in maize (Nunes

et al., 2019), cucumber (De Hita et al., 2020), rice (van Tol de Castro

et al., 2021), and spinach (Turan et al., 2022). Besides, as previously

demonstrated, HS may increase root plasma membrane (PM)-H+-

ATPase activity, resulting in an apoplastic pH decrease, and promoting

root length (Nardi et al., 2021; Zhao & Naeth, 2022). Thereby, HS

application significantly improved root length at doses R2 (28%), R4

(23%), and F3 (23%), with respect to control plants (Figure 2c). Simi-

larly, Zhang et al. (2021) observed an increase in root length after

foliar lignocellulosic-FA application to tomato, whereas same effect

on root growth was found by Zhao and Naeth (2022) in alfalfa sub-

jected to lignite-HS.

Comparing both methods of application, a largest increase in

shoot and root growth was observed in lettuce plants subjected to

radicular-HS. Although there are few studies that compare radicular

and foliar applications, HS directly added to roots could favour the

activation of root PM-H+-ATPase, with subsequent increase in root

length, nutrients uptake, and total plant growth (Canellas et al., 2015;

De Hita et al., 2020; Olaetxea et al., 2018). This fact could explain that

HS applied as radicular offered better plant biomass production than

foliar. Different physiological mechanisms could explain the potential

use of BLACKJAK® as bioestimulant. Thereby, in the present experi-

ment we focused on phytohormonal profile changes and its correla-

tion with plant growth.

3.2 | Changes in phytohormonal profile

As discussed above, the phytohormones IAA, GAs, and CKs regulate

various developmental processes. In this way, increases in these phy-

toregulators are correlated with a promotion of root and shoot growth

(Castro-Camba et al., 2022; Li et al., 2023; Prasad, 2022). It is well

known that HS may show auxin, cytokinin, and gibberellin-like activi-

ties, emulating the physiological effects of these hormones (Jindo

et al., 2020; Souza et al., 2022). In addition, and as commented previ-

ously, HS could contribute to modify hormones concentrations,

affecting plant growth and development (De Hita et al., 2020;

Elmongy et al., 2017; Olaetxea et al., 2019).

Compared to control treatment, HS significantly enhanced IAA

concentration in shoot after radicular application at R1 and R2 doses.

In addition, at root level, only F2 significantly enhanced IAA (Table 1).
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The involvement of IAA in plant growth has been well documented

and explained through “the acid growth theory”, where PM-H+-

ATPase is the final target of IAA. Its induction results in an acidifica-

tion of cell walls, increasing their plasticity and contributing to cell

growth (Canellas & Olivares, 2014). In our experiment, HS doses that

significantly enhanced IAA concentration in shoot or root (Table 1)

also enhanced shoot or root biomass production (Figures 1 and 2a,b).

Nevertheless, F2 dose, which increased root IAA accumulation did not

affect root length (Figure 2c). Similarly, some doses that enhanced

plant growth, such as R3 (Figures 1 and 2), did not change IAA con-

centration (Table 1). Our data align with other studies where HS

applied at determined doses enhance IAA concentration. Thus, Mora,

Baigorri, Bacaicoa, Zamarreño, and García-Mina (2012) also found a

significant accumulation of IAA at root level in cucumber plants trea-

ted with root purified HA, although this increase did not explain the

morphological changes of roots. Besides, Elmongy et al. (2017) found

F IGURE 1 Effect of HS application on
shoot FW (a), shoot RGR (b), and leaf area
(c). Values are means ± standard errors
(n = 8). Columns marked with the same
letters were not significantly different based
on LSD test (p < .05).
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that HA added to culture medium increased IAA levels in microshoots

of evergreen azalea, whereas De Hita et al. (2020) showed that foliar

HA application enhanced shoot and root IAA concentration in cucum-

ber after 48 h of the treatment.

Although most of the studies have focused on IAA, the capacity

of HS in the up-regulation of genes involved in GAs and CKs biosyn-

thesis have also been reported (Jannin et al., 2012). In this way, the

application of FA and HA increased GAs concentration in faba bean

(Ali, 2015), whereas similar results were found in evergreen azalea

(Elmongy et al., 2017). In our study, shoot GAs were increased at

doses R1, R2, and R4, whereas HS did not affect root GAs concentra-

tion (Table 1). These results are like those obtained for IAA, where

radicular doses that enhanced shoot growth also enhanced shoot CKs

accumulation, except R3 (Figure 1 and Table 1). With respect to CKs,

all HS doses employed enhanced significantly tZ concentration at

shoot level, showing R2 and R3 the highest values (Table 1), which is

F IGURE 2 Effect of HS application on
root FW (a), root RGR (b), and root length
(c). Values are means ± standard errors
(n = 8). Columns marked with the same
letters were not significantly different
based on LSD test (p < .05).
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in line with shoot growth (Figure 1). A reduction of tZ was observed

in roots at all doses except for R1, which enhanced it, and F4, which

did not show significant differences with respect to control. Concern-

ing shoot iP concentration, R1, R2, and F1 increased it (Table 1). The

relationship between HS application and CKs concentration has been

previously described as a root to shoot distribution of these hor-

mones. Thus, Mora et al. (2010), using radicular-HA extracted from

leonardite, observed a promotion of shoot growth associated with an

increase in shoot CKs concentration and a decrease in roots. Similar

results were subsequently showed by Olaetxea et al. (2019) who

reported that shoot CKs accumulation is crucial for the shoot-growth

promoting action of sedimentary HA. In our experiment, both root

and foliar HS application also caused a root to shoot distribution of tZ,

in most of the doses employed (Table 1), which could contribute to

plant growth, as observed for R1, R2, R3, F2, and F3 doses (Figure 1).

Our data show, taken together, that IAA, CKs, and GAs accumula-

tion was more prolonged in lettuce plants subjected to radicular-HS,

compared to foliar doses, especially at R2 (Table 1). These results align

with plant growth, where root HS doses showed the most shoot-

growth promotion action (Figure 1). The possible further induction of

root-PM-ATPase activity, which also influences phytohormones con-

centration and action (Mora et al., 2010; Olaetxea et al., 2019),

through radicular HS could contribute to better plant growth. Hence,

our data suggest that increases in IAA, GAs, and CKs, may contribute

to plant growth, although further research is needed.

ACC is the direct ethylene precursor. Thus, a correlation between

ACC and ethylene is often observed in plant cells, so that an increase

in ACC is accompanied by a rise in ethylene levels (Navarro-León

et al., 2016). Different aspects of plant growth and development are

regulated by ethylene, including senescence, abscission, fruit ripening,

and response to different biotic and abiotic stress (Li et al., 2022;

Navarro-León et al., 2020). In the present study, HS application at

doses F2 and F4 induced an increase of ACC concentration at shoot

level, whereas R4 decreased it. Besides, all HS doses (except R1) pro-

duced a significant increase of ACC levels in lettuce roots (Table 1).

To our knowledge, there are no studies that evaluate the effect

of foliar HS application on ACC accumulation. As commented, under

stress conditions, a rise of ACC concentration is a typical response

with negative impact on cell cycle and shoot growth (Dubois

et al., 2018). It has been postulated that foliar application of HS may

be perceived by plants as a stressful agent (De Hita et al., 2020). This

could explain the increase of ACC levels in shoot after HS application

at F2 and F4 doses (Table 2). However, these ACC increases did not

negatively affect plant growth, showing F2 an increase in shoot

growth (Figure 1). The main studies of HS application and ethylene

accumulation are focused on root ACC levels. In this sense, Mora, Bai-

gorri, Bacaicoa, Zamarreño, and García-Mina (2012) showed that a

purified HA applied to nutritive solution significantly enhanced ethyl-

ene concentration in cucumber roots, which is exerted in an IAA-

dependent pathway, as it was subsequently described (Mora

et al., 2014). This result is in line with our study where most of the

doses employed enhanced ACC (Table 2). However, Mora, Baigorri,

Bacaicoa, Zamarreño, and García-Mina (2012) reported that thisT
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ethylene increase did not play an essential role to explain the main

root morphological changes observed. Similarly, to test the implication

of root ACC rise after HS application on lettuce growth, more

research is needed, using specific hormonal inhibitors and analysing

the expression levels of different enzymes involved in phytoregulators

biosynthesis.

Moreover, ABA plays different roles in plant physiology depend-

ing on its levels. Thus, at basal levels, ABA contributes to plant growth

regulating cell cycle, tissues development, chloroplast biogenesis,

xylem differentiation and, ultimately, plant metabolism (Kishor

et al., 2022). Additionally, it is well known that ABA is crucial in plant

responses to different stresses due to the stomata closure induction

(Singh & Roychoudhury, 2023). In our experiment, we observed a sig-

nificant increase in ABA levels in lettuce shoots after HS application

at R1 and F4 doses. Furthermore, R2, F1, F2, and F3 decreased shoot

ABA, showing R2 the lowest values. At root level, all HS doses

decreased ABA concentration (except F4) (Table 2).

In contrast to ethylene, there are more studies reflecting the

effect of HS application on ABA concentration in plant tissues. Thus,

Mora et al. (2010) found that radicular HA application increased ABA

accumulation in leaves, stem, and roots. Subsequently, Mora et al.

(2014) also showed an increase in ABA concentration in roots by a

nitric oxide (NO)-IAA-pathway, after HA application in cucumber.

These authors suggest that the enhanced root ABA could contribute

to promote shoot growth through an increase in water and nutrient

uptake due to higher root hydraulic conductivity (Lpr) and root aqua-

porins activation. Similar results were also found by Olaetxea et al.

(2015). Likewise, it has been suggested that increased root ABA after

HS application plays a crucial role in root growth through an enhanced

Lpr (Olaetxea et al., 2019). However, our results are contrary to those

TABLE 2 Effect of HS application on
ACC and ABA concentration in shoot
and root.

ACC ABA

Shoot Root Shoot Root

Control 1.73 ± 0.73cd 0.25 ± 0.01e 6.66 ± 1.41c 11.17 ± 0.43a

R1 2.10 ± 0.50c 0.61 ± 0.08de 9.54 ± 0.01a 8.37 ± 0.62b

R2 0.88 ± 0.01de 0.87 ± 0.01cd 2.51 ± 0.52e 7.68 ± 0.88b

R3 1.47 ± 0.06cd 1.23 ± 0.14c 7.23 ± 0.48bc 6.64 ± 1.06bc

R4 0.31 ± 0.04e 1.37 ± 0.16bc 7.24 ± 1.04bc 4.29 ± 0.18de

F1 1.74 ± 0.46cd 1.84 ± 0.17ab 4.12 ± 0.61de 3.77 ± 0.27de

F2 4.33 ± 0.04a 2.13 ± 0.07a 3.38 ± 0.14de 5.25 ± 0.52cd

F3 1.34 ± 0.13cd 1.82 ± 0.01ab 4.54 ± 0.04d 3.12 ± 0.01e

F4 3.11 ± 0.51b 2.18 ± 0.49a 9.08 ± 0.45ab 10.98 ± 1.11a

p-Value *** *** *** ***

LSD0.05 0.91 0.56 2.02 1.99

Note: ABA is expressed as ng g�1 DW. ACC is expressed as μg g�1 DW. Values are means ± standard

error (n = 6). The level of significance was represented as *** (p < .001). Values with different letters

indicate significant differences.

TABLE 3 Effect of HS application on
JA and SA concentration in shoot
and root.

JA SA

Shoot Root Shoot Root

Control 1.88 ± 0.01bc 0.063 ± 0.002cd 3.51 ± 1.32bc 4.10 ± 0.95

R1 1.84 ± 0.67bc 0.179 ± 0.001ab 5.45 ± 1.17ab 2.52 ± 0.19

R2 2.98 ± 1.01ab 0.054 ± 0.029 cd 6.50 ± 0.86a 3.21 ± 0.41

R3 4.38 ± 0.57a 0.021 ± 0.007d 5.66 ± 0.42ab 2.37 ± 0.28

R4 0.04 ± 0.01d 0.051 ± 0.019cd 4.77 ± 1.50abc 3.33 ± 0.12

F1 1.02 ± 0.47cd 0.045 ± 0.023cd 2.71 ± 0.62c 2.75 ± 0.01

F2 0.23 ± 0.07d 0.106 ± 0.023bcd 2.55 ± 0.42c 4.00 ± 0.50

F3 0.05 ± 0.02d 0.138 ± 0.001abc 3.11 ± 0.06bc 3.66 ± 1.47

F4 0.35 ± 0.05d 0.227 ± 0.10a 2.18 ± 0.31c 3.91 ± 0.28

p-Value *** ** * NS

LSD0.05 1.41 0.11 2.62 1.90

Note: JA and SA are expressed as ng g�1 DW. Values are means ± standard error (n = 6). The level of

significance was represented as * (p < .05), ** (p < .01), *** (p < .001), and NS (not significant). Values

with different letters indicate significant differences.
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described in these studies as both root and foliar HS application, in

general, decreased root ABA concentration (Table 2). Nevertheless,

De Hita et al. (2020) observed that foliar HA application decreased

ABA accumulation in both roots and shoots, despite the increase of

plant growth. These authors suggest that decreasing ABA levels could

contribute to increased growth through HA, as this hormone is associ-

ated with a decrease in plant growth when its concentration rises

(Vysotskaya et al., 2017). In our study, R2 and F2 doses, which

enhanced shoot growth (Figure 1) were the HS doses that most

decreased shoot ABA (Table 2). Similarly, doses that decreased root

ABA levels (Table 2), significantly enhanced root growth and length

except F4 dose (Figure 2). Thus, and according to De Hita et al.

(2020), the decrease in ABA could contribute to better plant growth

after HS application, especially for R2 and F2 doses (Table 2). Never-

theless, future research is needed.

JA and SA are phytohormones involved in plant immunity

responses to diseases caused by pathogens (Hou & Tsuda, 2022).

Besides, both hormones participate in different types of abiotic stres-

ses, as well as secondary metabolism modulation, being crucial as sig-

nal compounds for plant development (Lv et al., 2021; Navarro-León

et al., 2016). HS application increased shoot JA accumulation at R3

dose, whereas R4, F2, F3, and F4 decreased it. Furthermore, only R1

and F4 enhanced JA at root level. Concerning SA, only R2 increased it

in shoot (Table 3).

A negative crosstalk between JA and SA has been reported in

several studies, as it influences plant development and immunity

(Lv et al., 2021). JA regulates the response to herbivores and necro-

trophic pathogens, whereas SA is involved in response to

biotrophic and hemi-biotrophic pathogens (Macioszek et al., 2023;

Peng et al., 2021). Our results indicate that HS could contribute to

increase lettuce tolerance to pathogen attacks at doses R2 and R3,

as these doses enhanced SA and JA in shoots, respectively

(Table 3). Similarly, De Hita et al. (2020) also suggested the possible

implications of HA in cucumber tolerance to pathogens attacks,

due to the enhanced JA in shoots after foliar HA applications.

Besides, different studies have reported the potential involvement

of JA in plant growth promoting action of HS (De Hita et al., 2020;

Olaetxea et al., 2019; Silva et al., 2023). This fact could explain the

possible relationship between JA and lettuce growth at R3 dose

application (Table 3 and Figure 1). Likewise, future studies would

be necessary to understand the physiological implications of JA and

SA in shoot-growth promoting action of HS at doses R2 and R3, as

well as their positive influence under eventual pathogens attacks.

In addition, and concerning foliar applications, our data showed

that all HS foliar doses (except F1) decreased shoot JA, which is

contrary to those obtained by De Hita et al. (2020). A possible

explanation of these differences is that, as it is well known, the

physiological effects of HS depend on different aspects, including

type of HS, source, dose, mode of application, and plant species

(Canellas et al., 2015).

4 | CONCLUSIONS

According to our results, root and foliar applications of BLACKJAK®

changed the phytohormonal concentrations in roots and shoots of

F IGURE 3 Heat map showing a
summary of the changes in phytohormone
profile induced by HS application in shoot
and root of lettuce plants. Colour scale
refers to the logarithmic transformation
(log10) of measured values (higher values
are shown in red, lower values in blue, and
intermediate values in white colours), and it
is compared to control treatment.
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lettuce plants, showing for radicular and foliar doses higher increases

in shoots and roots, respectively (Figure 3). In general, the relationship

between plant growth promotion and hormones accumulation was

more consistent with radicular HS application, due to the observed

increase in IAA, GAs, tZ, JA, and SA, and decrease in shoot ABA, espe-

cially at R2 dose. However, although changes in phytohormonal pro-

file could contribute to lettuce growth, it is possible that other

physiological features such as nutrient uptake and photosynthesis

performance may be behind the plant growth promotion of BLACK-

JAK®. Likewise, future in-depth studies are needed to test the impli-

cations of hormones on the stimulatory effects of BLACKJAK®.
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