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Abstract: Plant biostimulants are substances or microorganisms aimed at promoting plant growth by
increasing the mineral nutrition efficiency, tolerance to environmental stress, and crop quality traits.
This new category of crop inputs has been capturing the interest of both researchers and agriculture
takeholders in light of the promising effects they could have on crop productivity and sustainability.
This study investigated a variety of biostimulants for their effect on germination rates, plant health,
chlorophyll fluorescence parameters, SPAD index, and growth of baby leaf lettuce and Batavia lettuce
submitted to biotic (absence/presence of Pythium ultimum in the growing medium) or abiotic (0, 40,
80, and 120 mM NaCl L~! concentrations and —0.5, —2, —4, and —6 kPa water potentials) stresses
when grown in a greenhouse under conventional and organic cultivation. The results obtained show
that lettuce response to biostimulants was influenced by the type or level of stress applied and the
growing system used. The effects of the tested biostimulants varied from strongly detrimental to
strongly beneficial.

Keywords: biostimulants; lettuce; Pythium ultimum; salinity stress; water stress; organic horticulture

1. Introduction

Plant biostimulants are substances or microorganisms that aim to promote plant
growth by increasing nutrition efficiency, tolerance to environmental stress, and crop qual-
ity traits [1-3]. Biostimulants support plant growth by different mechanisms of action
regardless of their specific content in nutrients and irrespective of their direct action against
pests [4]. In that regard, “biostimulants offer a potentially novel approach for the regu-
lation/modification of physiological processes in plants to stimulate growth, to mitigate
stress-induced limitations, and to increase yield” and may contribute to reducing the use
of chemical fertilizers and pesticides [5]. For several years now, this new category of crop
inputs has been capturing the interest of both researchers and agriculture stakeholders in
light of the promising effects they could have on crops.

Biostimulant classification is currently based on the composition of the product. The
main classes of plant biostimulants are humic substances, protein hydrolysates, seaweed
extracts, plant extracts, chitosan, inorganic compounds, and beneficial microorganisms [4,5].
Humic substances, which comprise humic and fulvic acids, stimulate plant cells and induce
plasma membrane H*-ATPase activity, which then cascades into root growth promotion,
secondary ion transport, and many other metabolic changes [6]. Protein hydrolysates
usually contain a mixture of peptides and amino acids that elicit auxin- and gibberellin-like
activities in plants [7], while hydrolysate enriched in glycine was shown to increase the
expression levels of PR1 and PR8, two defense-related genes [8]. The use of seaweed
extracts in agriculture, particularly extracts from the intertidal brown algae Ascophyllum
nodosum, has been extensively studied in the last decades. A. nodosum extracts were shown
to improve growth in a wide variety of crops grown under stressful and non-stressful
conditions [9-11]. Plant extracts are based on naturally occurring plant compounds that
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can modulate physiological, biochemical, and molecular processes on other plants when
applied exogenously. Plant extracts such as moringa (Moringa oleifera) leaf extract; garlic
(Allium sativum) extract; and molecules such as triacontanol, melatonin, and salicylic acid
are particularly gaining attention as biostimulants derived from plants [12-14]. Chitosan is
a deacetylated form of chitin, a natural polymer found in insect exoskeletons, fungal cell
walls, and crustacean shells. Although chitosan has been primarily used for its antimicrobial
properties, evidence of its action as a plant-elicitor and plant growth-promoter has been
growing [15-17]. Inorganic compounds, particularly phosphite and silicon, were shown to
improve plant response to abiotic stress [18-20]. Moreover, silicon has long been recognized
as an effective biotic stress alleviator by increasing plant resistance to diseases caused by
the oomycete Pythium ultimum and several fungal species [21,22]. Finally, numerous
microorganisms have been proven to be beneficial for plants in many regards. The use
of plant growth-promoting rhizobacteria (Bacillus spp., Pseudomonas spp., Azospirillum
spp., etc.) and fungi (Trichoderma spp.) as biostimulants has repeatedly shown beneficial
effects on plant nutrition, growth, abiotic stress tolerance, and induction of systemic
resistance [23-26]. Although most of the biostimulants currently on the market fall into
one of these previous classes, other emerging products are also gaining momentum (e.g.,
pyroligneous acid or wood vinegar) [27].

Plants are subjected to a wide range of environmental stresses that limit the productiv-
ity of agricultural crops. Environmental stresses can be categorized into two types: biotic
and abiotic stresses [28]. Biotic stresses are caused by living organisms such as insects,
fungi, oomycetes, and bacteria. The oomycete P. ultimum causes pre- and post-emergence
damping-off of seedlings and Pythium root rot in a variety of crops, including lettuce and
other leafy vegetables [29,30]. Baby leaf vegetables are particularly vulnerable to P. ultimum,
because they are grown under very high crop density [31]. Abiotic stresses are caused by
non-living factors such as drought and salinity, which pose important threats to vegetable
production because of their dramatic effects on plant growth, yield, and quality [32,33].

Several studies document the positive impacts of biostimulants on plants subjected to
abiotic or biotic stress [7,10-12,14,16,20,24,34,35]. While studies dealing with biostimulants
have generally focused on the effects of the latter on plants exposed to different levels of a
specific stress in one particular growing system, the present study tested ten biostimulants
under two different growing systems (conventional and organic growing systems) for their
effect on two lettuce (Lactuca sativa) cultivars (baby leaf and Batavia lettuce) submitted to
varying levels of abiotic or biotic stress.

2. Materials and Methods
2.1. Pythium ultimum

P. ultimum was isolated from chard microgreen in a growth chamber (Conviron, Win-
nipeg, MB, Canada) at Université Laval (Québec, QC, Canada) and was identified by partial
genome sequencing (PCR) at the Laboratoire d’expertise et de diagnostic en phytoprotec-
tion (MAPAQ; Québec, QC, Canada). The organism was preserved on potato dextrose agar
(PDA; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) at 4 °C. P. ultimum was
grown at 24 °C on PDA in petri dishes for six days. PDA plates covered with actively grow-
ing P. ultimum were then rinsed with 32 mL of sterile physiological water (0.5% NaCl L~1)
to collect mycelium. The mycelium suspension obtained was placed at 4 °C for 45 min to
induce zoospore production [36]. The concentration of zoospores in the suspension was
determined using a hemacytometer and adjusted to 5 x 107 zoospores mL~!.

2.2. Plant Material and Growth Conditions

Baby leaf lettuce (cv. Garrison) and Batavia lettuce (cv. Salanova® Red Batavia) organic
seeds were obtained from Johnny’s Selected Seeds (Winslow, ME, USA). Plants were grown
either in an organic or a conventional growing system. In the organic growing system,
seeds were sown in sphagnum peat moss organic growing substrate (PRO-MIX PG Organik;
Premier Tech, Riviere-du-Loup, QC, Canada) supplemented with 10% (w/w) compost (peat



Agronomy 2023, 13, 879

30f17

and shrimp compost 1.1-0.6-0.5; Fafard et Freres Ltée, Saint-Bonaventure, QC, Canada).
Solid organic fertilizers (Table 1) were added to the growing substrate before sowing (baby
leaf and Batavia lettuce) and 23 days after sowing (mid-growth; Batavia lettuce). In the
conventional growing system, seeds were sown in conventional growing substrate (PRO-
MIX BX, Premier Tech, QC, Canada), and synthetic fertilization was provided through
irrigation (fertigation solution adjusted to pH 5.8). Nutrient concentrations are presented
in Table 2.

Table 1. Organic fertilizers used for the organic growing system trials.

Organic Fertilizer [Manufacturer] Rate for Baby Leaf Lettuce Rate for Batavia Lettuce
(g L1 of Substrate) (g L1 of Substrate)
Pure hen manure pellets 5-3-2 48 6.8
(Acti-Sol inc., Notre-Dame-du-Bon-Conseil, QC, Canada) ’ ’
Feather meal 13-0-0 25 13
(Les Engrais Naturels McInnes, Stanstead, QC, Canada) ’ ’
Potassium sulfate
(Tessenderlo Group N.V., 0.7 0.9
Troonstraat, Belgium)
Epsom salt 03 01

(EPSO Top®, K + S, Kassel, Germany)

Table 2. Nutrient concentrations of the fertigation solution used for the conventional growing
system trials.

Concentration for Baby Leaf Lettuce =~ Concentration for Batavia Lettuce

Nutrient (mg L-1) (mgL-1)
N-NO; 200 255.6
N-NHy4 10 14.8

p 50 80.6
K 400 437.7
Ca 200 208.6
Mg 55.4 40.8
S 135.1 179.5
Fe 6 0.8
Mn 1 0.5
Zn 0.5 0.1
B 0.5 0.2
Cu 0.1 0.2
Mo 0.1 0.03

All experiments were carried out in a greenhouse located at Université Laval (Lat.
46°78' N; Long. 71°28’ W). The day and night temperatures of the greenhouse were set at
21 °C and 18 °C with a relative humidity of 50% and 60%, respectively. Plants were grown
under natural light with supplemental lighting of 180 pmol m~2 s~! provided by 600 W
HPS lamps during 16 h.

2.3. Biostimulants

Biostimulants tested along with the concentrations used are listed in Table 3. Concen-
trations used for each mode of application (drench or seed priming) were based on the
manufacturer recommendations or on previous work for Bacillus subtilis PTB185, Bacillus
pumilus PTB180 [37], and wollastonite [38].
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Table 3. Compounds/microorganisms tested for biostimulating activity, and concentrations tested
for drench application and seed priming.

Product Name Concentration for Concentration for
. . Manufacturer Drench Application Seed Primin,
(Active Ingredient) 8
(per L of Water) (per L of Water)
ACTIV 0-0-5 OrganicOcean Inc.
(Ascophyllum nodosum extract) [Rimouski, QC, Canada] 0.6 mL 0.03 mL
Organic BamBoo Power BBP No. 11 Seek Bio-Technology 1.95 mL )
(bamboo vinegar) [Shanghai, China] ’
EZ-Gro Chitosan EZ-Gro Inc.
(4% chitosan) [Kingston, ON, Canada] 20 mL 0.007 mL
Fulvic Acid 0-0-3
(70% fulvic acid) EZ-Gro Inc. 0144 g 50¢g
Humic Acid 0-0-5
(80% humic acid) EZ-Gro Inc. 024 ¢ 50¢g
PTB180 Premier Tech 10 a 10
(Bacillus pumilus PTB180) [Riviére-du-Loup, QC, Canadal 1> 107 CFU 1 X107 CFU
PTB185 . 10 10
(Bacillus subtilis PTB185) Premier Tech 1 x 10*Y CFU 1 x 10*Y CFU
RootShield® BioWorks® 7 3
(Trichoderma harzianum T-22) [Victor, NY, USA] 1107 CFU 1> 10° CFU
Nutri-Stim Triacontanol™ Nutri-Tech Solutions®
(2.5% triacontanol) [Yandina, Australia] 0.004 mL 0.004 mL
Wollastonite Canadian Wollastonite 4 4
(calcium silicate; 55% SiO,) [Seeleys Bay, ON, Canada] & &

2 Colony-forming unit.

2.4. Effect of Biostimulants on Baby Leaf Lettuce Grown in a Substrate Colonized with P. ultimum

The growing substrate was placed in plastic nursery pots (6 cm x 8 cm). The substrate
was then drenched with the zoospore suspension at a rate of 40 mL L~! of substrate, homog-
enized, covered with opaque humidity domes and watered as necessary for 7 days at room
temperature in the greenhouse to promote P. ultimum colonization. The non-inoculated
control was drenched with sterile water. Biostimulants were applied to the substrate by
drenching (10 mL/pot) at the concentrations for drench application listed in Table 3, and
baby leaf lettuce seeds were sown directly at the surface of the substrate. Control seeds
were sown in a substrate that was drenched with sterile water instead of a biostimulant
(non-inoculated and inoculated control). After sowing, seeds were covered with vermiculite
and grown (under plastic domes until germination) for 21 days in a greenhouse under
organic or conventional management. This trial was a factorial experiment conducted
in a split-plot design with 8 replicates. The main plots consisted of the growing systems
(organic or conventional), and the subplots consisted of the biostimulant treatments. The
experimental unit consisted of 30 baby leaf lettuce seeds sown in a plastic nursery pot.

2.4.1. Germination Rate and Percentage of Healthy Plants

The germination rate was measured 7 days after sowing to determine the impact of pre-
emergence damping-off. For each experimental unit, the germination rate was determined
as follows: [number of germinated seeds/total number of seeds sown (30)] x 100. Seeds
were considered germinated when the radicle protruded more than 2 mm. At harvest, the
number of plants showing no visual symptoms of Pythium root rot such as wilt, shriveled,
brown, or dead tissues was counted and divided by the total number of plants (germinated
seeds) to determine the percentage of healthy plants for each experimental unit.

2.4.2. Chlorophyll Content (SPAD Index)

One day before harvest (20 days after sowing), three plantlets (germinated seeds)
per experimental unit were randomly selected to measure the chlorophyll content. The
chlorophyll content was evaluated using a chlorophyll meter (SPAD-502Plus Chlorophyll
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Meter, Konica Minolta Co., Ltd., Tokyo, Japan) by taking three measurements on the
leaves of each plantlet. The mean plant chlorophyll content per experimental unit was
then determined.

2.4.3. Shoot Dry Biomass

Eight randomly selected plantlets per experimental unit were cut aboveground with a
utility knife 21 days after sowing. The plantlets were then placed in paper bags and dried
at 60 °C until constant weight was reached. Mean plant dry biomass per experimental unit
was then determined.

2.5. Effect of Biostimulants on Baby Leaf Lettuce Grown under Salinity Stress

Biostimulants were applied to baby leaf lettuce seeds by seed priming. Seeds (20 g)
were placed in the solution/suspension (1 L) of biostimulants at concentrations indicated
in Table 3 and incubated for 1 h under agitation at room temperature. Control seeds were
placed in sterile water. Seeds were then sown in the substrate as previously described.
Drench applications of triacontanol (0.004 mL L~!) and wollastonite (4 g L~1) were also
tested; the substrate was drenched 5 min prior to sowing. After sowing, seeds were covered
with vermiculite and grown (under plastic domes until germination) for 21 days in a
greenhouse under organic or conventional management. NaCl was added to irrigation
water (0, 40, 80, or 120 mM NaCl L~1) before each irrigation to induce salinity stress. Plants
were watered with the same level of salinity for the entire experiment. This trial was a
factorial experiment conducted in a split-split-plot design with 4 replicates. The main
plots consisted of the growing systems (organic or conventional), the subplots consisted
of the salinity levels, and the sub-subplots consisted of the biostimulant treatments. The
experimental unit consisted of 30 baby leaf lettuce seeds sown in a plastic nursery pot.

The germination rate was determined as previously described. One day before harvest,
chlorophyll fluorescence was measured using a chlorophyll fluorimeter (Handy PEA+,
Hansatech Instruments LTD, King’s Lynn, UK). Light-exclusion leaf clips were attached
on the leaves of three randomly selected plantlets per experimental unit, avoiding the
central vein of the leaves. The leaf clips were left on the leaves for 20 min to allow for dark
adaptation of plant tissue. The maximum Fv/Fm ratio (variable fluorescence/maximum
fluorescence; maximum quantum efficiency of photosystem II) and the performance index
(PI; indicator of sample vitality) were measured for one second with 3000 umol m~2 s~!
PPFD (photosynthetic photon flux density). Fluorescence parameters were calculated
according to the equations described by Strasser et al. [39]. At harvest, four randomly
selected plantlets per experimental unit were cut aboveground with a utility knife, placed
in paper bags, and dried at 60 °C until constant weight was reached. The mean plant dry
biomass per experimental unit was then determined.

2.6. Effect of Biostimulants on Lettuce Grown under Water Stress

Batavia lettuce seeds were sown directly in 15 cm pots and were fully irrigated for the
first 14 days under organic or conventional management in a greenhouse, as previously
described. Fourteen days after sowing, water stress started to be applied to the plants. The
targeted water content of the substrate corresponding to each water potential (—0.5, —2, —4,
and —6 kPa) was determined by using the water retention curve of each growing substrate
(data provided by Premier Tech adjusted to fit the van Genuchten model). Tensiometers
were placed in pots of control plants (no biostimulant application) of each growing sys-
tem and each water potential. Before each irrigation, the water potential was measured
using the tensiometers to determine the current water content of the substrate using the
water retention curve, and water was added to reach the targeted water potential. Each
plant received three applications of biostimulant (at concentrations indicated in Table 3)
by drenching (10 mL/pot) at 14-day intervals throughout the experiment: (1) 7 days af-
ter sowing (before water stress), (2) 21 days after sowing, and (3) 35 days after sowing.
Control plants received a sterile water application. This trial was a factorial experiment
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conducted in a split-split-plot design with 4 replicates. The main plots consisted of the
growing systems (organic or conventional), the subplots consisted of the water stress
levels and the sub-subplots consisted of the biostimulant treatments. The experimental
unit consisted of one lettuce plant. One day before harvest, the mean chlorophyll content
(SPAD index) of each experimental unit was determined as previously described (three
measurements/plant). Plants were harvested after 49 days. Dry biomass of the plants was
determined as previously described.

2.7. Statistical Analysis

All data were analyzed using a two- or three-way model of the analysis of variance
(ANOVA) with the MIXED procedure in SAS software (version 9.4, SAS Institute Inc., Cary,
NC, USA) at a significance level of p < 0.05. Data normality was verified using the Shapiro—
Wilk statistic, and homogeneity of the variance was assessed visually by examining the
graphic distribution of residuals. The GROUP statement was used when necessary to
achieve data homogeneity. Pairwise comparisons were made using protected Fisher’s
protected LSD test.

3. Results
3.1. Effect of Biostimulants on Baby Leaf Lettuce Grown in a Substrate Colonized with P. ultimum

The presence of P. ultimum in the substrate caused a significant decrease in the germi-
nation rate of seeds under both organic and conventional management systems (Figure 1).
The germination rate in the substrate inoculated with P. ultimum (Control+) was 25% and
21% lower compared to the germination rate in the non-inoculated substrate (Control—)
in the organic (Figure 1a) and the conventional (Figure 1b) system, respectively. None
of the biostimulants tested significantly improved the germination rate of seeds sown
in the substrate inoculated with P. ultimum compared to the inoculated control in either
growing system.

bed bed cd cd

8 od «d bed 20 abc  abc ab a a

60

40

Germination rate (%)
Germination rate (%)

20 20

N N
Treatment © C Treatment

() (b)

Figure 1. Effect of biostimulants on the germination rate of baby leaf lettuce seeds sown in a
substrate inoculated with Pythium ultimum under organic (a) and conventional (b) management.
Substrate was drenched with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic acid (HA),
bamboo vinegar (BBOO), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185
(PTB185), Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), or wollastonite (WOL). Control
seeds were sown in a substrate that was drenched with water (no biostimulants) and inoculated with
P. ultimum (CONTROL+) or non-inoculated with P. ultimum (CONTROL—). Each value represents
the mean of 8 replicates & standard error. Means sharing a same letter are not significantly different
according to Fisher’s protected LSD test (p < 0.05).

The percentage of healthy plants at harvest was not significantly different between
the non-inoculated control and the inoculated control in both growing systems (Figure 2).
No significant beneficial effect of biostimulants was observed on the percentage of healthy
baby leaf lettuce plants grown in P. ultimum inoculated substrate in either growing system.
On the other hand, the chlorophyll content (SPAD index) was significantly impacted by the
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presence of P. ultimum in the substrate. The SPAD index was decreased by 22% and 15% in
the inoculated control compared to the non-inoculated control in the organic (Figure 3a)
and the conventional (Figure 3b) system, respectively. In both growing systems, humic acid
allowed to significantly increase the SPAD index of baby leaf lettuce grown in P. ultimum-
inoculated substrate. Plants grown in a substrate drenched with humic acid showed a 13%
and 10% higher SPAD index compared to the inoculated control in the organic (Figure 3a)
and the conventional (Figure 3b) systems, respectively. Under organic management, none
of the biostimulants significantly increased the shoot dry biomass of baby leaf lettuce plants
compared to the controls (Figure 4a), while plants grown in a substrate drenched with
humic acid under conventional management showed a significant increase (+19.5%) in
shoot dry biomass compared to the inoculated control (Figure 4b).

100

100

ab

80 ab a

60

40

Percentage of healthy plants (%)
Percentage of healthy plants (%)

20

x Py L O TY
SIS S\ LU R g O &N O
&Qp &Q_o © & & Q&‘b Q&e & < &
&0 5 &
Treatment o C Treatment

Figure 2. Effect of biostimulants on the percentage of healthy baby leaf lettuce plants grown in a
substrate inoculated with Pythium ultimum under organic (a) and conventional (b) management.
Substrate was drenched with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic acid (HA),
bamboo vinegar (BBOO), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185
(PTB185), Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), or wollastonite (WOL). Control
seeds were sown in a substrate that was drenched with water (no biostimulants) and inoculated with
P. ultimum (CONTROL+) or non-inoculated with P. ultimum (CONTROL—). Each value represents the
mean of 8 replicates + standard error. The means sharing a same letter are not significantly different
according to Fisher’s protected LSD test (p < 0.05).
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Figure 3. Effect of biostimulants on the chlorophyll content (SPAD index) of baby leaf lettuce grown
in a substrate inoculated with Pythium ultimum under organic (a) and conventional (b) management.
The substrate was drenched with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic
acid (HA), bamboo vinegar (BBOO), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus
subtilis PTB185 (PTB185), Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), or wollastonite
(WOL). Control seeds were sown in a substrate that was drenched with water (no biostimulants) and
inoculated with P. ultimum (CONTROL+) or non-inoculated with P. ultimum (CONTROL—). Each
value represents the mean of 8 replicates + standard error. The means sharing a same letter are not
significantly different according to Fisher’s protected LSD test (p < 0.05).
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Figure 4. Effect of biostimulants on the shoot dry biomass of baby leaf lettuce plants grown in a
substrate inoculated with Pythium ultimum under organic (a) and conventional (b) management. The
substrate was drenched with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic acid (HA),
bamboo vinegar (BBOO), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185
(PTB185), Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), or wollastonite (WOL). Control
seeds were sown in a substrate that was drenched with water (no biostimulants) and inoculated with
P. ultimum (CONTROL+) or non-inoculated with P. ultimum (CONTROL—). Each value represents the
mean of 8 replicates + standard error. The means sharing a same letter are not significantly different
according to Fisher’s protected LSD test (p < 0.05).

3.2. Effect of Biostimulants on Baby Leaf Lettuce Grown under Salinity Stress

Under organic management, Trichoderma harzianum T-22 seed treatment (+1.41 to
2.59 times), triacontanol (+1.37 to 4.40 times), and wollastonite (+1.41 to 4.17 times) drench
treatments significantly increased the germination rate of baby leaf lettuce seeds compared
with the control at 80 and 120 mM NaCl L~!, while humic acid seed treatment significantly
increased the germination rate at 120 mM NaCl L-! by 2.93 times (Table 4). Under con-
ventional management, a significant germination rate increase was observed at all four
salinity levels with the triacontanol (+1.55 to 40.6 times) and the wollastonite (+1.68 to
53.1 times) drench treatments and at 40 mM NaCl L~! with the T. harzianum T-22 seed
treatment (+2.44 times) (Table 5).

Table 4. Effect of biostimulants and salinity levels on the germination rate of baby leaf lettuce seeds
under organic management.

Germination Rate (%)

0mM NaClL-1 40mM NaClL-1 80mM NaCIL-1 120 mM NaClI L1

CONTROL 75.8 2 77.5ab 54,3 ab 16.8 ab
ACTIV 80.02 67.3 b 50.0 @b 20.0 ab
FA 8424 74.3 ab 63.3bc 20.0 ab
HA 8234 843P 62.5 abc 493¢
CHITO 76.82 6332 47.5ab 22.5ab
PTB180 81.82 60.82 4332 752
PTB185 80.82 76.8 ab 51.0ab 15.3ab
ROOT 79.32 83.5Pb 76.8 435¢
TRIA 80.8 2 67.0 b 62.8 abe 31.0 be
TRIA * 68.32 85.0P 743 ¢ 74,049
WOL 78.32 67.32b 66.8 be 34.3be
woL * 85.02 843b 76.8 ¢ 70.04

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). t Treatment
applied by substrate drenching.
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Table 5. Effect of biostimulants and salinity levels on the germination rate of baby leaf lettuce seeds

under conventional management.

Germination Rate (%)
0mM NaCIL-1 40 mM NaCIL-1 80mM NaClL-1 120 mM NaCl L1

CONTROL 51.0ab 21.8abc 752 082
ACTIV 63.5 abe 29.3 abe 252 152
FA 4502 11.82 6.82 002
HA 64.5 abc 39.3d 14.02 0.82
CHITO 60.0 abc 29.3 abe 482 432
PTB180 55.02b 17.5ab 332 0.02
PTB185 67.5 bed 29.0 abe 732 082
ROOT 60.5 abe 53.3 de 16.02 002
TRIA 54.8 ab 33.3 abc 1152 15.0 ab
TRIA 1 79.0 <d 65.8¢ 53.3b 32.5be
WOL 62.5 abc 36.8 bed 832 332
woOLt 85.8d 67.5¢ 59.3b 425¢

Within the same column, means (n = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). * Treatment
applied by substrate drenching.

Under organic management, seeds treated with T. harzianum T-22 or A. nodosum extract
resulted in plants with a significantly higher shoot dry biomass of 39.5 mg (+36%) and
42.1 mg (+45%), respectively, compared with the control (29.0 mg) when subjected to a
salinity level of 40 mM NaCl L~!. None of the biostimulants significantly increased the
plant dry biomass when seeds were subjected to a salinity level of 0 or 80 mM NaCl L~!
(Table 6). Under conventional management, neither of the biostimulants allowed to signifi-
cantly increase the shoot dry biomass of baby leaf lettuce plants regardless of the salinity
level (Table 7). Under both growing systems and for all stress levels (0, 40, and 80 mM
NaCl L’l), none of the tested biostimulants significantly affected Fv/Fm or PI as compared
to the controls (Tables 8 and 9). The salinity stress at 120 mM NaCl L~! was particularly
detrimental in both systems, causing the death of most baby leaf lettuce plants before the
end of the growing period (data not shown).

Table 6. Effect of biostimulants and salinity levels on the shoot dry biomass of baby leaf lettuce plants
under organic management.

Shoot Dry Biomass (mg/Plant)

0mM NaClL-! 40 mM NaCl L1 80 mM NaCl L-!
CONTROL 40.8 ¢ 29.0 be 33.2°¢
ACTIV 39.1be 421°¢ 22.04b
FA 404c¢ 30.0 bed 26.4 be
HA 42.0¢ 37.2 cde 31.8 be
CHITO 36.3 be 35.9 cde 31.5bc
PTB180 38.6bc 35.0 <de 28.7 be
PTB185 06 36.6 cde 29.2 be
ROOT 34.0 be 39.5 de 30.7 be
TRIA 440¢ 35.8 cde 28.7 be
TRIA t 892 22.9ab 12.12
WOL 441¢ 37.4 cde 28.3 be
woLt 28.8b 1842 21.82b

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). * Treatment
applied by substrate drenching.
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Table 7. Effect of biostimulants and salinity levels on the shoot dry biomass of baby leaf lettuce plants
under conventional management.

Shoot Dry Biomass (mg/Plant)

0mM NaCl L1 40 mM NaCl L1 80 mM NaCl L1
CONTROL 38.43b 4432 4320
ACTIV 3412 4222 32.24b
FA 49.6° 4452 2412
HA 3492 40.82 2054
CHITO 34.02 39.92 15.72
PTB180 39.5ab 40.82 44.0P
PTB185 3292 3932 4200b
ROOT 40.02b 31.32 25.62
TRIA 40.6 3P 36.82 25.12
TRIA * 33.02 3512 30.02b
WOL 36.02b 407 30.02b
woLt 31.62 35.72 31.24b

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). * Treatment
applied by substrate drenching.

Table 8. Effect of biostimulants and salinity levels on the chlorophyll fluorescence parameters
(variable fluorescence/maximum fluorescence (Fv/Fm) and performance index (PI)) of baby leaf
lettuce plants under organic management.

0mM NaClL-? 40 mM NaCl L1 80 mM NaCl L1
Fv/Fm PI Fv/Fm PI Fv/Fm PI
CONTROL  0.84452 4514ab 0.8392 abc 3522 0.8440 2 5.22 abe
ACTIV 0.8405 2 3.752b 0.8210 @b 2462 0.8287 2 4,03 abe
FA 0.8430 2 2924 0.8652 ¢ 4372 0.8344 2 6.08 ¢
HA 0.8397 2 3.56 ab 0.8275 ab 2642 0.8277 2 3.84 abc
CHITO 0.84322 3.84 b 0.8405 be 3482 0.8357 2 4.78 abc
PTB180 0.81102 2.97ab 0.8297 abc 3.552 0.83622 4.86 abe
PTB185 0.81372 2482 0.8142 b 25742 0.83302 4.15 abe
ROOT 0.84322 3.4672b 0.8177 b 3.16 2 0.8337 2 3.322b
TRIA 0.82222 2.892 0.8260 2P 4502 0.8320 2 4,09 abe
TRIA 0.84302 2772 0.8300 ab¢ 2512 0.8150 @ 2922
WOL 0.8455 2 5.58 P 0.8320 abc 3212 0.8447 2 5.92 be
wWOL * 0.8539 2 4.00 b 0.7952 2 1.742 0.8067 2 4.12 abe

Within the same column, means (n = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). * Treatment
applied by substrate drenching.

Table 9. Effect of biostimulants and salinity levels on the chlorophyll fluorescence parameters
(variable fluorescence/maximum fluorescence (Fv/Fm) and performance index (PI)) of baby leaf
lettuce plants under conventional management.

0 mM NaCl L1 40 mM NaCl L-1? 80 mM NaCl L1

Fv/Fm PI Fv/Fm PI Fv/Fm PI
CONTROL  0.8247ab 3572 0.8402 2 4032 0.8396 @b 4742
ACTIV 0.8200 2 1.724 0.83522 4142 0.8317 ab 3502
FA 0.8370 P 2902 0.83902 3.242 0.8250 ab 3.734
HA 0.8235 ab 1.872 0.82952 3.564 0.8410" 4272

CHITO 0.8337b 3104 0.8352 2 3.442 0.83722b 4.80°
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Table 9. Cont.

0mM NaCl L1 40 mM NaCl L1 80 mM NaCl L1

Fv/Fm PI Fv/Fm PI Fv/Fm PI
PTB180 0.7975 2 1.56 2 0.81372 3502 0.8335 ab 3842
PTB185 0.81372 2312 0.83652 3.174 0.8357 ab 3942
ROOT 0.8242 b 2.762 0.8292 3.874 0.8395 ab 4302
TRIA 0.8342P 2.782 0.83402 2952 0.8375ab 4652
TRIA * 0.8190 ab 2.782 0.8222 3244 0.7985 2 4182
WOL 0.8245 ab 2352 0.83122 3434 0.8438 b 3.812
woL * 0.8279 ab 3.002 0.81402 3252 0.8377 ab 5082

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). Seeds were treated with Ascophyllum nodosum extract (ACTIV), fulvic acid
(FA), humic acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185),
Trichoderma harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). * Treatment
applied by substrate drenching.

3.3. Effect of Biostimulants on Batavia Lettuce Grown under Water Stress

At a water stress level of —2 kPa, A. nodosum extract, fulvic acid, humic acid, B. pumilus
PTB180, B. subtilis PTB185, and T. harzianum T-22 allowed, under organic management, to
significantly increase the shoot dry biomass compared with the control plants (Table 10). Un-
der conventional management, none of the biostimulants allowed to significantly increase
the shoot dry biomass at —0.5 kPa, —2 kPa, and —4 kPa, while humic acid significantly
increased the dry biomass of the plants grown at a water stress level of —6 kPa compared
with the control (Table 11). The effect of biostimulants on the relative chlorophyll content
(SPAD index) of the plants was not significantly impacted by the growing system or the
water stress level. Under both growing systems (organic and conventional) and at all stress
levels (—0.5 kPa, —2 kPa, —4 kPa, and —6 kPa), biostimulants did not significantly affect the
SPAD index. Considering the absence of a significant interaction between factors, the main
effect of each biostimulant on the SPAD index of Batavia lettuce is presented in Figure 5.

Table 10. Effect of biostimulants and substrate water potentials on the shoot dry biomass of Batavia
lettuce under organic management.

Shoot Dry Biomass (mg/Plant)

—0.5 kPa —2 kPa —4 kPa —6 kPa
CONTROL 6934 abc 4858 49312 5453 2
ACTIV 6284 ab 63100 43992 52202
FA 6163 2 6343 b 43032 5584 2
HA 5677 2 6607 b 48402 51312
CHITO 7401 be 6026 2P 4065 2 5390 2
PTB180 6221 @b 6709 P 4598 2 51932
PTB185 7780 © 7064 P 4397 2 5539 a
ROOT 7224 be 6546 © 41702 5519 2
TRIA 6310 abe 5959 ab 46552 5504 2
WOL 6559 abe 5628 ab 46732 5477 2

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). The substrate was drenched (7 days after sowing (before water stress),
21 days after sowing, and 35 days after sowing) with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic
acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185), Trichoderma
harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL).
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Table 11. Effect of biostimulants and substrate water potentials on the shoot dry biomass of Batavia

lettuce under conventional management.

Shoot Dry Biomass (mg/Plant)

—0.5 kPa —2kPa —4 kPa —6 kPa
CONTROL 82312 75524 49194 27554
ACTIV 8682 2 71302 51022 31482
FA 92722 7650 @ 5291 @ 27452
HA 8149 @ 75154 49422 4550 P
CHITO 8568 @ 7080 @ 4948 2 28022
PTB180 8296 2 7276 2 47354 2762 2
PTB185 9149 2 7778 @ 5079 @ 30142
ROOT 8807 @ 75294 51512 22142
TRIA 92652 7616 2 51182 1929 2
WOL 8524 2 7737 2 5026 @ 2626 2

Within the same column, means (1 = 4) followed by a same letter are not significantly different, according to
Fisher’s protected LSD test (p < 0.05). The substrate was drenched (7 days after sowing (before water stress),
21 days after sowing, and 35 days after sowing) with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic
acid (HA), chitosan (CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185), Trichoderma
harzianum T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL).

40 -
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Figure 5. Effect of biostimulants on the chlorophyll content (SPAD index) of Batavia lettuce. Substrate
was drenched (7 days after sowing (before water stress), 21 days after sowing, and 35 days after
sowing) with Ascophyllum nodosum extract (ACTIV), fulvic acid (FA), humic acid (HA), chitosan
(CHITO), Bacillus pumilus PTB180 (PTB180), Bacillus subtilis PTB185 (PTB185), Trichoderma harzianum
T-22 (ROOT), triacontanol (TRIA), wollastonite (WOL), or water (CONTROL). The means (1 = 32;
+standard error) are not significantly different (p < 0.05).

4. Discussion

This study investigated a variety of biostimulants for their effect on baby leaf (cv.
Garrison) and Batavia (cv. Salanova® Red Batavia) lettuce submitted to abiotic or biotic
stress conditions when grown in an organic or conventional management system.

Biostimulants were first tested for their effect on the germination rate of baby leaf let-
tuce seeds sown in a substrate inoculated with P. ultimum. The presence of P. ultimum in the
substrate was shown to cause a significant reduction (in the range of 20-25%) of the germi-
nation rate of baby leaf lettuce seeds. Biostimulants formulated with beneficial organisms
known for biocontrol activity (T. harzianum T-22, B. pumilus PTB180, and B. subtilis PTB185),
as well as the other biostimulants tested, did not significantly increase the germination
rate of baby leaf lettuce seeds in both organic and conventional management systems. No
significant effect of biostimulants was observed either on the percentage of healthy baby
leaf lettuce plants. It is interesting to note, however, that soil drench application of humic
acid allowed a slight increase in the nitrogen and chlorophyll content expressed by the
SPAD index (in both growing systems) and in shoot dry biomass (in conventional growing



Agronomy 2023, 13, 879

13 of 17

system only) of baby leaf lettuce grown in the substrate colonized with P. ultimum. A recent
work reported the beneficial effects of a compost extract (mixture of humic substances)
in the nutrient solution on fresh biomass and root length of hydroponic baby leaf lettuce
inoculated with Pythium irregulare [40]. Seed treatment with humic acid increased the
germination rate of baby leaf lettuce seeds at a salinity level of 120 mM NaCl L~! under an
organic growing system. Humic acid or fulvic acid were beneficial for Batavia lettuce plants
submitted to a mild (—2 kPa) or severe (—6 kPa) water stress in organic and conventional
management, respectively. Forotaghe et al. [41] recently reported the beneficial effects
of humic acid soil application on the growth and quality traits of onions (Allium cepa)
cultivated under water-deficit conditions. Beneficial effects of seed priming with humic
acid on coriander (Coriandrum sativum) growth under salinized (150 mM NaCl L~ 1)and
non-salinized conditions were also recently reported [42]. Foliar application of humic acid-
and fulvic acid-based biostimulants have previously been shown to produce significant
increases in root dry weight, shoot dry weight, and SPAD index of spinach (Spinacia oler-
acea) [43]. When applied directly to a half-strength nutrient solution for hydroponic lettuce,
fulvic acid was shown to be beneficial for root and shoot development of two different
cultivars [44].

Triacontanol, a naturally occurring plant growth regulator particularly abundant in
Fabaceae plants such as alfalfa (Medicago sativa), was shown to be particularly useful at
mitigating the negative effect of salt stress in plants through the elicitation of a secondary
messenger (TRIM), which triggers the opening of ion channels in the plasma membrane
and the regulation of stress mitigating genes [14]. Triacontanol applied by drenching was
shown herein to increase the germination rate of baby leaf lettuce seeds for all salinity levels
tested under conventional growing system or for higher salinity levels (80 and 120 mM
NaCl L) under organic management.

Silica is a beneficial element for plants that has been used for a long time as a dis-
ease management tool against biotic and abiotic stresses [22,45]. Wollastonite, a mineral
containing mostly calcium silicate, was shown to alleviate the negative impacts of water
stress on sugarcane (Saccharum officinarum) by promoting root and shoot development [46].
Hassanein et al. recently reported beneficial effects of potassium silicate (K;SiO3) on co-
riander growth under salinized (150 mM NaCl L~1) and non-salinized conditions [42]. In
the present study, wollastonite applied by drenching increased the germination rate of
baby leaf lettuce seeds for all the salinity levels tested (conventional growing system) or
for higher salinity levels (organic growing system) but showed no beneficial effect on the
shoot growth of both baby leaf and Batavia lettuce plants. Chaski and Petropoulos tested
the effect of calcium silicate on two lettuce cultivars (Romaine and Batavia) submitted to
three irrigation regimes [47]. Under severe deficit irrigation, they observed an increase in
plant biomass of Romaine lettuce from calcium silicate application but no such effect on
Batavia lettuce, which was more severely impacted by the water deficit.

Fungi of the genus Trichoderma are commonly used in horticulture, originally as
biocontrol agents but more recently as microbial biostimulants [25,48,49]. Bacillus spp. are
among the most widely used plant growth-promoting rhizobacteria, with B. subtilis and
B. pumilus being among the ten most common species of bacteria registered as microbial
plant biostimulants in several countries, including Canada [49]. In the present study,
T. harzianum T-22 seed treatment increased the germination rate of baby leaf lettuce seeds
at salinity levels of 40, 80, and 120 mM NaCl L~! under organic or conventional growing
systems and improved the shoot growth of baby leaf lettuce plants submitted to a salinity
stress of 40 mM NaCl L~! under organic management. In addition, T. harzianum T-22,
B. pumilus PTB180, and B. subtilis PTB185 improved the shoot growth of Batavia lettuce
plants submitted to a mild water stress under organic management.

In the present study, A. nodosum extract seed treatment/drench application was shown
to improve the growth of baby leaf lettuce plants exposed to a salinity stress of 40 mM
NaCl L~! and the growth of Batavia lettuce plants exposed to a mild water stress under
organic management. In line with our results, Xu and Leskovar observed a significant
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increase in dry biomass of spinach treated with A. nodosum extract when grown under
drought stress [50].

For both organic and conventional growing systems, beneficial effects of A. nodosum
extract, fulvic acid, and humic acid were observed on lettuce submitted to abiotic or biotic
stress, while no effect was observed on lettuce under non-stressful conditions. Similarly,
A. nodosum-based biostimulants were shown to increase yields of lettuce plants and dry
biomass of spinach plants when plants were grown under stressful conditions, while no
yield or dry biomass increases were observed when plants were grown under non-stressful
conditions [50,51]. A meta-analysis of the plant growth response to humic substances
conducted by Rose et al. revealed that plants are more likely to respond positively to
applications of humic substances when they are submitted to high or moderate stressful
conditions [52]. Moreover, for nine biostimulants derived from humic substances, amino
acids, hydrolyzed proteins, or seaweed extracts, Gomez and Gomez reported no beneficial
effect on the growth, yield, or quality of treated lettuce plants grown hydroponically where
stressors were minimal or non-existent, and one biostimulant even generated a slightly
negative effect on growth [53]. In the present study, detrimental effects of biostimulants
were also observed. The drench application of triacontanol or wollastonite and A. nodosum
extract seed treatment caused a strong reduction in the shoot biomass of baby leaf lettuce
grown at salinity levels of 0, 40, or 80 mM NaCl L~! under the organic growing system,
while seed treatments with fulvic acid, humic acid, chitosan, T. harzianum T-22, and tri-
acontanol caused a strong reduction in the shoot biomass of baby leaf lettuce at 80 mM
NaCl L~! under conventional management.

5. Conclusions

In this study, ten products commercially available as biostimulants or reported in the
literature for their biostimulating properties were tested for their effects on baby leaf lettuce
and Batavia lettuce. The effects of the biostimulants varied from strongly detrimental
to strongly beneficial. Beneficial effects were observed on lettuce submitted to abiotic or
biotic stress with the exception of drench applications of triacontanol/wollastonite, which
increased the germination rate of baby leaf lettuce seeds under non-saline conditions in the
conventional growing system. It is interesting to note that not only the stress and the level
of stress influenced the lettuce plant response to biostimulants but also the growing system
used, plants grown under organic and conventional growing systems having different
responses to biostimulants. While this study focused mainly on growth parameters, it
would be interesting in future works to evaluate the effect of biostimulants, under organic
and conventional growing systems, on other parameters, such as the contents in chlorophyll
a, chlorophyll b, carotenoids, anthocyanins, bioactive secondary metabolites, minerals,
and antioxidants.
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