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AssTtrACT. Hydroponics is widely used in greenhouse and vertical farming
production because these facilities can precisely control environmental conditions
such as lighting, temperature, and vapor pressure deficit. However, the fertilizer
solutions have a short life span, and they often do not have adequate microbial
populations to enhance plant growth. Previous studies have shown the potential of
beneficial microbes to promote plant production and alleviate abiotic and biotic
stressors in the field, and studies on their use in controlled environments such as
greenhouses and vertical farms are limited in the literature. In this study, we
selected several plant growth promoting microbes (PGPMs) and tested their
effects on alleviating salinity stress in ‘Rex’ lettuce (Lactuca sativa) and ‘Red Pac’
pak choi (Brassica chinensis) grown in deep water culture hydroponics. Our goal
was to use one stressor, salinity, that induces profound symptoms in plant
morphology. A three-cycle study was conducted using five PGPMs [ Bacillus,
Glomus, Lactobacillus, Trichoderma, and Bacillus/Pseudomonas/Trichoderma (B/P/
T) mix] and two salinity levels [no salinity and salinity treatment, with 120 mM,
40 mM, and 80 mM sodium chloride (NaCl) solution used for the first, second,
and third cycles, respectively]. We measured the effects of PGPMs and salinity on
plant growth and quality and the solution pH and electrical conductivity (EC).
Salinity stress decreased lettuce and pak choi leaf area and shoot fresh weight and
increased plant leaf chlorophyll and anthocyanin contents with increased solution EC.
Under high-salinity stress (120 mM NaCl), the addition of Trichoderma reduced pak
choi leaf area and fresh weight but increased solution pH, whereas under low salinity
stress (40 mM NaCl), Trichoderma increased pak choi leaf chlorophyll content. Under
moderate-salinity stress (80 mM NaCl) condition, the addition of Glomus sp.
increased lettuce fresh weight and leaf area, and B /P /T mix increased pak choi leaf
area. In conclusion, using the selected PGPMs in low to moderate-salinity stress could
increase lettuce and pak choi growth and quality parameters. These results have some

practical applications in the future when more saline water is used for production.

icrobes play an important
role in the health and life-
cycle of plants by improving
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nutrient availability and uptake, sup-
pressing pests and diseases, and stimulat-
ing/stabilizing plant hormone levels
(Berg 2009). Having a diverse array of
beneficial microbes present in the grow-
ing environment or within plant tissues
or cells (such as rhizobacteria or mycor-
rhizal fungi) can help increase plant
growth and enhance plant responses to
environmental stress, which can also in-
directly affect resistance to pathogens
(Berg 2009). The strong evolutionary
relationships between plants and mi-
crobes have been established by several
researchers (Liu et al. 2020), and al-
though beneficial microbes have been
shown to assist in plant stress responses,
the exact mechanisms behind plant/
microbe interactions and their potential
use in hydroponics systems are still not
clearly understood and require further

investigation. With the development
of beneficial microbes as biostimulant
products, such as fertilizers, supple-
ments, and pest and disease control,
research is needed to identify benefi-
cial microbes to optimize their use in
controlled environment agriculture.

Due to climate change/increased
droughts, sea level rise, and anthropo-
genic activities, soil and water saliniza-
tion has reduced plant growth in many
production areas worldwide (Ullah et al.
2021). Salinity stress, reflected by an in-
creased electrical conductivity (EC) of
the soil or hydroponic solution, de-
creases plant photosynthesis, yield, and
nutritional quality of plant tissues be-
cause of the accumulation of toxic ions
such as sodium (Na™) and chloride
(CI7). In the past few years, salinity
stress has caused as much as 20% re-
duction in global agricultural produc-
tion (Schrader 2017; Shin et al. 2020;
Svyantek et al. 2021). Even though
water can be treated to remedy high
salt concentrations, it is extremely
expensive. Lack of proper soil man-
agement combined with other envi-
ronmental concerns has resulted in
issues like salinity negatively affecting
populations of beneficial microbes in
both conventional and organic agroe-
cosystems (Lakhdar et al. 2023). Fur-
thermore, the presence of strong
microbial communities in symbiosis
with plants can be enough to help each
persist under stressful conditions. Many
salt-tolerant microorganisms can help
plants under high-salinity stress in sev-
eral ways, such as inducing systemic re-
sistance, activating antioxidant systems,
or changing plant growth hormone
levels (Gupta et al. 2021).

PGPMs in the genera Lactobacillus,
Bacillus, Pseudomonas, Trichoderma, and
Glomus showed significant roles in pro-
moting plant growth in either natural or
hydroponic systems (Berg 2009). Lacto-
bacillus play a crucial role in controlling
the growth of pathogenic or harmful mi-
croorganisms by producing lactic acid,
hydrogen peroxide, and other metabo-
lites that suppress the growth of patho-
gens and contribute to nutrient cycling,
enhancing plant nutrient availability /up-
take. Bacillus and Pseudomonas are bene-
ficial bacteria that help alleviate stress
related to high salinity by facilitating nu-
trient cycling and promoting plant root
growth by producing/synthesizing ben-
eficial organic molecules such as abscisic
acid or salicylic acid (Kim et al. 2017,
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Yasmin et al. 2020). Bacillus species
have shown the ability to alleviate salt
stress in cucumber (Cucumis sativus)
and maize (Zea mays) seedlings (Kaloter-
akis et al. 2021; Song et al. 2023), Bacil-
lus has also been shown to improve
plant responses to drought stress in sug-
arcane (Saccharum officinavum) (Fon-
seca et al. 2022), and enhanced growth
in hydroponic lettuce (Lactuca sativa)
under normal conditions and high EC
(Moncada et al. 2020). Trichoderma is
a beneficial fungus with a symbiotic re-
lationship with plants by enhancing re-
sistance to root pathogens through the
enzymatic breakdown of the pathogen’s
cell walls (Guzman-Guzmain et al.
2023). In other studies, for example,
Trichoderma harzianum was effective
at improving tomato (Selanum lyco-
persicum) seedling growth and root
development in nutrient-limiting soil
and hydroponic solutions due to the
function of mineral solubilization (via
acidification, redox, chelation, and hy-
drolysis) (Li et al. 2015). Trichoderma
has also been specifically studied and
cited as a possible alternative to chemi-
cal fungicides that are currently being
widely used around the world for agri-
cultural production, contributing to
soil and water contamination and rais-
ing concerns for human and animal
health (Tyskiewicz et al. 2022). A salt-
tolerant strain of Trichoderma was also
found to be effective in alleviating salt
stress by decreasing the concentration
of toxic ions in the soil (Liu et al.
2023). Lastly, Glomus is a type of my-
corrhizal fungi cited as beneficial for
plant root nutrient uptake (particularly
phosphorus) and improves plant stress
tolerance. Glomus could reduce the
negative effects of salinity stress by
regulating the redox state and ion ho-
meostasis (Afrangan et al. 2023).
Using PGPMs in a hydroponic
system can improve plant health, in-
crease yield, and create a more resil-
ient system (Liu et al. 2020). However,
it is essential to maintain an optimal bal-
ance of microbial population, and test-
ing the application of different PGPMs
in hydroponic systems in which the en-
vironment is highly controlled becomes
important. Furthermore, investigating
the effects of PGPMs on different abi-
otic stresses in hydroponics will advance
our understanding of plant-microbe in-
teractions during stress conditions and
explore the possibilities of integrating
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PGPMs into commercial hydroponic
systems.

The objective of this study was to
evaluate the effects of different types
of PGPMs including rhizobacteria,
mycorrhizal fungi, and products con-
taining mixtures of other bacterial and
fungal strains on salinity stress in let-
tuce and pak choi using deep water
culture (DWC) hydroponics. The ef-
fects of the inoculants in a standard,
nonstressed DWC system were also
evaluated. The goal was to evaluate
the microbes against various salinity
stress levels, ranging from high, mod-
erate, and low amounts of added salt.

Materials and methods

STUDY LOCATION AND ENVIRON-
MENTAL CONDITIONS. This study was
conducted in a greenhouse at the
University of Georgia (College of
Agricultural and Environmental Sci-
ences, Department of Horticulture,
Controlled Environment Agriculture
Laboratory) in Athens, GA, USA
(lat. 33°55'55.10” N, long. 83°21'
50.51” W, altitude 198 m) for three
cycles (5 Mar 2022 to 29 Mar 2022,
5 May 2022 to 1 Jun 2022, and 26
Oct 2022 to 22 Nov 2022). Environ-
mental parameters inside the greenhouse
were measured using a temperature and
humidity sensor (HMP60; Vaisala,
Vantaa, Finland) and a light extended
photosynthetic active radiation (ePAR)
sensor (SQ-610; Apogee Instruments,
Logan, UT, USA) connected to a da-
talogger (CR1000X; Campbell Scien-
tific, Logan, UT, USA). Daily light
integral (DLI) and vapor pressure defi-
cit (VPD) were calculated automati-
cally using DLI = photosynthetic
photon flux density x light hours per
day x (3600,/1,000,000), and VPD
was calculated from the saturated and
actual air vapor pressure using the air
temperature and relative humidity data.
Average temperature, relative humid-
ity, VPD, and DLI for the first cycle
plant growth period were 22.4°C,
56.1%, 1.26 kPa, 22.31 mol-m 2.d "},
respectively. Second cyde they were 23.8°C,
77.5%, 0.68 kPa, 34.15 mol-m >.d~!,
respectively. Third cycle they were 21.0°C,
65.0%, 0.89 kPa, 12.74 mol-m~2.d~ !,
respectively.

PLANT MATERIAL AND CULTIVATION
SYSTEM. Two leafy greens, ‘Rex’ let-
tuce (Johnny’s Selected Seeds, Wins-
low, ME, USA) and ‘Red Pac’ pak
choi (Brassica chinensis, Johnny’s

Selected Seeds) seeds were sowed on
1.0 x 1.0 x 1.5 inch?® rockwool plugs
(A0 36,/40; Grodan, Roermond, The
Netherlands) and placed inside a walk-
in growth chamber (25 °C, 800 mg-L "
carbon dioxide) watered daily by an au-
tomated ebb-and-flow subirrigation sys-
tem. After 2 weeks of growth, seedlings
were transplanted in 1.75 inches top di-
ameter x 1.75 inches bottom diameter
x 2.0 inches deep net cups (Orimerc
Garden, Seattle, WA, USA) and placed
in 10-gal (37.9 L) plastic containers (10
Gallon Stacker Tote; Sterilite, Town-
send, MA, USA) simulating a DWC sys-
tem with foam rafts on a 2 x 2 grid with
four places to hold net pots and anchor
the plants. The plastic containers were
filled with a 15N-2.2P-12.4K nutri-
ent solution (Jack’s Professional 1.X
15-5-15 Ca—Mg; JR Peters, Allen-
town, PA, USA) with 120 mg-L™" of
nitrogen and aerated with one 2-inch
air stone (Aquaneat, Madison, WI,
USA) connected to 0.2-inch tubing
and a 13.5 m®-h™!, 48 kPa, 0.5-inch
outlet aeration pump (EcoAir 7; Eco-
Plus, Vancouver, WA, USA).
MICROBES AND SALT TREATMENTS.
We tested two factors, PGPMs and
salt, in the form of sodium chloride
(NaCl). For PGPMs, six treatments
(including control with no added mi-
crobes) were mixed with the solution
before transplanting the plants into
the plastic containers using the recom-
mended rate from the manufacturers:
1) Bacillus (Hydroguard; Botanicare,
Vancouver, WA, USA) that contains
Bacillus amyloliquefaciens (0.038%
with at least 1 x 10* cfu/mL), ap-
plication rate was 0.528 g-L7';
2) Glomus (Micronized Endomycorrhizal
Inoculant; BioOrganics, New Hope,
PA, USA) that contains the mixture of
Glomus aggregatum, Glomus etunica-
tum, Glomus clarum, Glomus deserticoln,
Glomus intraradices, Glomus monosporus,
Glomus mosseae, Gigaspora marga-
rita, and Paraglomus brasilianum
(50 propagules/g), application rate was
0472 gL ™% 3) Lactobacillus (EM-1
Microbial Soil Amendment; Teraganix,
Rusk, TX, USA) that contains Lacto-
bacillus casei (1.0 x 10° cfu/mL?,
application rate was 7.488 g-L™~;
4) Trichoderma (RootShield Plus WP;
BioWorks, Victor, NY, USA) that
contains 1. harzianum strain T-22
(1.15% with at least 1.0 x 107 cfu/g)
and Trichoderma virens strain G-41
(0.61% with at least 5.3 x 10° cfu/g),
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i1 em? = 0.1550 inch?; 1 g = 0.0353 oz.

i Different letters within the column from the same factor indicate significant differences at a = 0.05, according to Tukey’s honestly significant difference test. NS, *, **_ *** indicate nonsignificant or significant at P < 0.05,

0.01, or 0.001, respectively.

application rate was 0.30 g-L™'; 5)
mixture of Bacillus/ Pseudomonas/
Trichoderma (B/P/T mix, Root Life;
Key to Life, Broomfield, CO, USA)
that contains Bacillus firmus, Bacillus
amyloligquefociens, Bacillus subtilis, Ba-
cillus licheniformis, Bacillus megaterium,
Bacillus pumilus, Bacillus azotoformans,
Bacillus coagulans, Paenibacillus poly-
myxa, Paenibacillus durum (1.0 x
108 cfu/g), and Pseudomonas aureofi-
ciens, Pseudomonas fluovescens, Strep-
tomyces lydicus, Steptomyces griseus,
Trichoderma reesei, T. harzianum
(2.0 x 107 cfu/g), application rate
was 0.264 g- L™,

For salt treatment, three salinity
levels were tested in three cycles by
adding NaCl (American Chemical So-
ciety reagent, =99.0%; Sigma-Aldrich,
St. Louis, MO, USA) to the solution
after transplanting. During the first cy-
cle, 120 mM NaCl solution was pre-
pared to represent high-salinity stress;
for the second cycle, 40 mM NaCl was
used to represent low salinity stress;
and for the third cycle, 80 mM NaCl
was created to represent moderate-salin-
ity stress. No salt added as control was
also included during each cycle.

MEASUREMENTS. After 4 weeks
of growth, plants were harvested and
shoot fresh weight was measured. Leaf
area was determined using an area me-
ter (LI-3100; LI-COR, Lincoln, NE,
USA). Leaf chlorophyll content (CCM-
200plus portable meter; Opti-Sciences,
Hudson, NH, USA), leaf anthocyanin
content (ACM-200plus portable me-
ter; Opti-Sciences), and solution pH
and EC (HI5522-01 bench meter;
Hanna instruments, Smithfield, RI,
USA) were measured accordingly.

EXPERIMENTAL DESIGN AND STATIS-
TICAL ANALYSIS. For each cycle (salt
added with 120 mM, 40 mM, and 80
mM NaCl for the first, second, and
third cycles, respectively), a completely
randomized design was used to ar-
range the full factorial design of six
organisms as PGPM treatments (con-
trol, Bacillus, Glomus, Lactobacillus,
Trichoderma, B/P/T mix) and two
salt treatment levels (no salt and added
salt). A total of 12 treatments (6 x 2)
were randomly assigned to 36 plastic
containers so that each treatment had
three replications. Two crops (lettuce
and pak choi) were randomly planted
into the plastic containers with two
plants per treatment replication. Results
regarding each crop plant growth and
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80 mM NaCl (third cycle)

40 mM NaCl (second cycle)

120 mM NaCl (first cycle)

Table 2. Effects of plant growth promoting microbes (PGPMs) and sodium chloride (NaCl) treatments on pak choi growth performances (n = 3) during three cycles.
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solution pH and EC were subjected to
ANOVA using a statistical software (R
version 4.2.2; R Foundation for Statistical
Computing, Vienna, Austria) (R Core
Team 2023) with package “agricolae,”
and the mean comparison was con-
ducted using Tukey’s honestly signifi-
cant difference test at 5% probability
(P=0.05).

Results

PLANT GROWTH PERFORMANCE.
The interaction effects between PGPM
and additional salt treatments did not
affect lettuce growth regardless of NaCl
concentration (P > 0.05) (Table 1).
Additional salt (40, 80, 120 mM NaCl)
significantly decreased lettuce leaf area
and shoot fresh weight and increased
leaf chlorophyll and anthocyanin con-
tent (Table 1). The decrease in yield
performances (leaf area and shoot fresh
weight) and increase in pigmentation
was more severe with high-salinity
stress (120 mM NaCl), compared with
low- (40 mM NaCl) and moderate-
salinity stress (80 mM NaCl). In the trial
with 80 mM NaCl, PGPM treatment
significantly increased lettuce leaf area
and shoot fresh weight, where Glomus
product increased plant leaf area by
59.3% and shoot fresh weight by 72.5%
compared with control (P < 0.01), Ba-
cillus-treated plants had higher leaf
chlorophyll content than other
PGPM products (P < 0.01), regard-
less of the presence of salt stress or not.

Unlike lettuce, significant interac-
tion effects were found between PGPM
and additional salt treatments on pak
choi growth when 120 mM NaCl was
imposed (Table 2)—plants grown un-
der Trichoderma-treated solution had
lower leaf area than Lactobacillus
treated plants and lower shoot fresh
weight than control, Glomus, and
B/P /T mix-treated plants when no ad-
ditional salt was added (Fig. 1A and B).
Adding NaCl in the solution signifi-
cantly reduced the pak choi leaf area
and shoot fresh weight compared with
control in all salinity stress treatments
(Table 2). Although the additional
120 mM NaCl decreased leaf chlorophyll
and anthocyanin contents, Bacillus,
Glomus, Lactobacillus, and Trichoderma
reversed this reduction (Fig. 1C). Leaf
anthocyanin content did not change
when adding 40 mM NaCl, and leaf
chlorophyll content increased when
moderate-salinity stress was implemented
(80 mM NaCl). Under low salinity stress
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Fig. 1. Pak choi leaf area (A, per plant), shoot fresh weight (B, per plant), and leaf
anthocyanin content (C, unit as anthocyanin content index, ACI) as affected by
plant growth promoting microbes and sodium chloride (NaCl) treatments during
the first cycle when high NaCl concentration (120 mM) was imposed. B/P /T mix =
Bacillus/ Pseudomonas/ Trichoderma mix. Data present the mean = SE of three
replicates (n = 3), different letters above bars indicate significant differences

(P < 0.05) among treatments by Tukey’s honestly significant difference test.

1 em? = 0.1550 inch?, 1 g = 0.0353 oz.
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(40 mM NaCl), Trichoderma-treated
plants had higher chlorophyll content
than other PGPM products regardless
of salinity stress. In moderate-salin-
ity stress condition (80 mM NaCl),
addition of Glomus sp. increased lettuce
fresh weight and leaf area (Table 1),
and B/P/T-treated pak choi plants
had the highest leaf area (Table 2).

Sorution PH AnD EC CHANGES.
Solution treated with T7ichoderma and
B/P/T mix had significantly higher
pH than high salt treatment (120 mM
NaCl) with no salt (Table 3, Fig. 2).
Also, low salt stress with 40 mM NaCl
had no effect on the solution pH, while
80 mM NaCl significantly reduced the
pH (P < 0.001). Adding NaCl in-
creased solution EC, and the increased
level was the highest when adding
120 mM Nad(l, followed by 80 mM and
40 mM NaCl. PGPM treatment signifi-
cantly affected solution environments
during the third cycle, in which solutions
mixed with Glomus and Trichoderma
had higher pH than Bacillus regard-
less of salinity stress (Table 3).

Discussion

Additional salinity had the pre-
dominant effect on decreasing solu-
tion osmotic potential, leading to a
higher solution EC, which led to sig-
nificantly reduced lettuce and pak choi
growth and biomass accumulation, even
with a low salinity level (40 mM NaCl).
Growth reduction was more severe in
pak choi than in lettuce, especially under
high-salinity stress (120 mM). Crop-
specific tolerance is an important factor
in overcoming the adverse effects of sa-
linity stress, for example, hydroponic-
grown lettuce can tolerate 20 mM NaCl,
but when salinity reaches 60 mM NaCl,
more than 50% reduction in biomass ac-
cumulation is observed (Bres et al
2022). Pot-grown pak choi showed a
significant yield reduction (40%) when
salinity reached 50 mM NaCl (Keling
and Zhujun 2010). Other leafy greens
also have specific ranges of salinity toler-
ance: pot-grown spinach (Spinacia olera-
cen) had a similar growth when the
salinity level reached 30 mM NaCl
compared with no salinity, but more
than 50% reduction in vyield was
reached when salinity was higher than
90 mM NaCl (El-Nakhel et al. 2022);
hydroponic-grown sweet basil ( Ocimum
basilicwm) had tolerance to 20 mM
NaCl but not beyond 40 mM NaCl
(Corrado et al. 2021); and pot-grown

349

/0 y7/PuU-ou-Aq/sasua9l|/610 suowwodaAeaId//:sdny (/0 /Pu-ou-Agq/sasual|/Bi0° suowwodaAleald//:sdiy) asual|
AN-DN-AgG DD 8y} Jepun pajnguisip ajoie ssaooe uado ue si siy] "ssao0y uadQ eIA §Z-1 L-GZ0gZ 1e /woo Alojoejqnd pold-awiid-yJewlayem-jpd-swiid//:sdny wouy papeojumoq



Table 3. Effects of plant growth promoting microbes (PGPMs) and sodium
chloride (NaCl) treatments on solution pH and electrical conductivity (EC)

changes (n = 3) during three cycles.

120 mM NaCl 40 mM NaCl 80 mM NaCl
(first cycle) (second cycle) (third cycle)
EC ) EC EC
Cycle pH (mmho/cm)' pH (mmho/cm) pH (mmho/cm)
PGPM None 6.0 8.90 7.3 4.60 55ab’  6.85
Bacillus 5.8 9.07 7.3 4.83 48 b 6.74
Glomus 6.0 9.00 7.3 4.66 6.5a 6.45
Lactobacillus 5.8 8.96 7.2 4.04 6.0 ab 6.66
Trithoderm@_ 6.1 9.38 7.7 4.66 6.3a 6.69
B/P/T mix" 6.0 9.04 6.7 4.53 5.9 ab 6.78
NaCl No NaCl 57b 1.16 b 7.5 0.36 b 6.5a 0.60 b
NaCl 6.3 a 16.96 a 7.1 8.75 a 52b 12.80 a
P value PGPM NS NS NS NS ok NS
PGPM x NaCl  * NS NS NS NS NS
"1 mmho-em™ = 1 dS'm™"

i Different letters within the column from the same factor indicate significant differences at a = 0.05, accord-

ing to Tukey’s honestly significant difference test. NS,

P < 0.05, 0.01, or 0.001, respectively.

i B /P/T mix = Bacillus/ Psendomonas/ Trichoderma mix.

perilla (Perilla frutescens) had reduced
growth when salinity level reached
10 mM NaCl, and 40 mM NaCl could
lead to 70% yield reduction (Rouphael
ctal. 2019).

Although salinity negatively af-
fected plant biomass accumulation,
moderate-salinity stress increased pig-
mentation in lettuce for chlorophyll and
anthocyanin contents. Similar trends
were also found in pak choi when

*) %k #%* indicate nonsignificant or significant at

mild salinity stress (80 mM NaCl) was
imposed, whereas the high-salinity stress
(120 mM NaCl) completely stopped
pak choi growth and development so
that pigments were not accumulated. Sa-
linity stress could also increase plant bio-
chemical compounds (e.g., ascorbic
acid, flavonoids, phenols, carotenoids)
and antioxidant capacities (Giordano
et al. 2021). These results support
the notion that low and moderate

8- | No NaCl
| | 120 mM NaCl
a ab
abc abC abC -
b bc, . be bc =
64 L@ C o ; c c
I T 1 1 B
I s = 2l
T
[«
c
=)
S 4
I=]
(%]
2 -
0
None Bacillus Glomus Lactobacillus Trichoderma B/P/T mix
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Fig. 2. Solution pH of deep water culture system affected by plant growth
promoting microbes and sodium chloride (NaCl) treatments during the first cycle
when high NaCl concentration (120 mM) was imposed. B/P /T mix = Bacillus/
Psendomonas/ Trichoderma mix. Data present the mean * SE of three replicates

(n = 3), different letters above bars indicate significant differences (P < 0.05)
among treatments by Tukey’s honestly significant difference test.
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(nonharmful) salinity stress can increase
pigmentation and stimulate the pro-
duction of secondary metabolites in
some leafy greens. That is important
because consumers tend to prefer red
cultivars because of the positive health
benefits of anthocyanins.

Beneficial microbes form mutualis-
tic, symbiotic, or commensal relation-
ships with plants, the application of
PGPM is often associated with im-
proved plant growth, resistance to bi-
otic and abiotic stress, and soil health
due to their released bioactive com-
pounds (e.g., vitamins, hormones, and
enzymes), secreted biocontrol agents,
enhanced resource availability (nu-
trients and water) and organic matter
contents (Naik et al. 2019). Existing
research on microbes in soil-based
production systems supported that
PGPMs alleviated salinity stress by
improving plant responses (e.g., im-
proved nutrient uptake, root develop-
ment, and shoot biomass accumulation)
rather than mitigating the salinity levels
in the soil environment (Egamberdieva
and Lugtenberg 2014). Mechanisms
behind those improvements in plant re-
sponses can be summarized as follows:
1) increased nutrient availability and up-
take due to extraradical hyphae; 2) in-
duced plant systematic resistance to
stress by promoting the production of
phytohormones (e.g., auxin) and os-
molytes (e.g., sugars, amino acids) to
overcome osmotic stress; and 3) acti-
vating antioxidant systems to scavenge
reactive oxygen species (ROS) (Egam-
berdieva and Lugtenberg 2014; Gupta
et al. 2021; Lakhdar et al. 2023). Our
results further extended the potential
use of PGPMs, particularly Glomus
mycorrhizal fungi, to improve lettuce
growth and B/P/T mix to increase
pak choi growth in hydroponics. How-
ever, unlike soil-based systems, addi-
tional PGPM in hydroponics also
caused an alteration of the solution
pH, mainly found under Glomusand
Trichoderma-treated solution. As a ge-
nus of arbuscular mycorrhizal fungi,
Glomus sp. affect water osmotic ho-
meostasis due to the improved plant
nutrient uptake (Lakhdar et al. 2023),
and increased solution pH from our
study could indicate Glomus promoted
plants absorbing more anions than cat-
ions. Trichoderma sp. is often used as a
biological control agent, and its use
typically leads to reduced environmen-
tal pH due to the production of organic
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acids (e.g., gluconic and citric acids)
(Tyskiewicz et al. 2022). The opposite
situation was observed in our study, in
which Trichoderma application in-
creased solution pH with negative ef-
fects on pak choi growth (leaf area and
biomass). Although T7ichoderma appli-
cation was often associated with benefi-
cial effects on plant growth under soil
application, another study (Li et al.
2015) showed using Trichoderma re-
sulted in negative outcomes due to po-
tential competition for phosphorus
(phytate) and zinc with plants by sup-
pressing root development, releasing
phytase and chelating minerals. The dif-
ferent effects between soil and hydro-
ponic cultivation and the potential
implementation for the use of Tricho-
derma needs further investigation, es-
pecially considering the interaction and
competition of available nutrients and
plant root growth due to T7ichoderma
application.

Bacillus used in this study was as-
sociated with improved lettuce chloro-
phyll and pak choi anthocyanin content
without sacrificing biomass accumula-
tion. Because anthocyanin can act as
an antioxidant protecting plants from
ROS, it can also increase the nutri-
tional potential for the leafy greens’
quality (Mattioli et al. 2020). These
results provided new insights into im-
proving plant quality using Bacillus
under salt stress conditions in addi-
tion to the drought stress, and their
application was reported to enhance
gas exchange parameters (Fonseca et al.
2022); however, we did measure pho-
tosynthetic parameters (photosynthetic
rates, stomatal conductance, transpira-
tion) during the first cycle, but no dif-
ferences were found among PGPMs
and salt treatments (data not shown).
Adjustment of the application of mi-
crobes in hydroponic systems relative to
their soil application rates, as well as us-
ing techniques to identify a population
of PGPMs in the solution, are impor-
tant considerations when implementing
the PGPMs into practical production.
In addition, recent findings (Akhound-
nejad and Baran 2023) indicated the
synergistic use of PGPMs (e.g., arbus-
cular mycorrhizal fungi) and phytohor-
mones (e.g., salicylic acid and jasmonic
acid) could be a potential technique to
alleviate abiotic stress. Because of the
different responses of PGPM applica-
tions in soil-based and hydroponic sys-
tems, more research is needed on the

Horllechnology * June 2024 34(3)

practical implementation of PGPMs
into hydroponic systems relative to the
type of growth systems, crops, and the
types of microbial inoculant (bacteria
or fungi). Nutritional analysis of
plant tissues also could be used to
study the impacts on nutrient uptake
in response to beneficial microbes or
applied stress.

Conclusions

This study investigated beneficial
microbes in a DWC system and
showed that mycorrhizal inoculants
Glomus and the mix of beneficial bac-
teria and fungi (B/P/T mix) were
able to improve lettuce and pak choi
leaf area and shoot fresh weight under
low to moderate salt stress conditions
(40-80 mM NaCl). Slight salt stress
(40 mM NaCl) could potentially be
used to increase plant secondary me-
tabolites such as pigments, and there
were potentials in using mycorrhizal
inoculants (Glomus) to optimize the
nutrient availability of hydroponic sys-
tems and using Bacillus to improve
leaf chlorophyll content further.
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