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Article

Salinity Mitigation in Tomato Using a Halophilic
Endophytic Consortium by Seed Priming: From
Germination to Production
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Rogelio Carrillo-Gonzalez and Yazmin Stefany Perea Vélez

Colegio de Postgraduados, Campus Montecillo, Texcoco, Mexico; carmeng@colpos.mx

Abstract

Salinity represents a critical agricultural threat that reduces the productivity of several crops. Tomato
(Solanum lycopersicum), recognized as the world’s second most significant horticultural commodity
globally, is salt-sensitive. This research evaluated seed priming treatments (hydro, halo, bacterio, and
halo-bacterio) at different phenological stages under two salinity conditions (0 and 16 mM NaCl) as
a biotechnological alternative to mitigate salt stress and increase production. Using physiological
variables and multivariate statistical analyses, this research demonstrated that priming treatments
modified the physiological, nutritional, and productive metabolism of tomato plants.
Bacteriopriming, using an endophytic and halophytic bacterial consortium isolated from halophytes,
enhanced germination variables and N, P, Ca and Zn absorption in seedlings. In the vegetative and
reproductive stage and under stress, halo-bacteriopriming consistently enhanced concentrations of
K, Mg, and Zn in leaves and fruits, but decreased Na absorption. This nutritional balance allowed
not only a higher concentration of chlorophyll but also a significant increase in yield and beta-
carotene concentration in tomato fruits. For the first time, this research demonstrated that the halo-
bacteriopriming with this kind of bacteria is a biotechnological strategy to mitigate saline stress,
optimizing not only tomato growth, but also its nutraceutical quality. It significantly outperformed
the plant response in all stages of development compared to those from control, hydro, and halo-
primed treatments.

Keywords: bacteriopriming; beta-carotene; biofortification; blossom-end rot; functional food;
halophytes; halopriming; plant-growth promoting bacteria; salt tolerance; Solanum lycopersicum

1. Introduction

Currently, 70% of freshwater extracted from aquifers, streams, and lakes is used for irrigated
agriculture [1], which supplies 60% of the food consumed globally [2]. Population growth demands
more food, and agricultural production must increase [3,4]; however, climate change exacerbates
freshwater scarcity due to aquifer overexploitation and salinization from seawater intrusion [5]. The
use of poor-quality or high-salt content water for crop irrigation induces saline stress in plants and
can reduce yields by 50%. Consequently, salinity and drought are the most damaging and
widespread abiotic factors globally limiting agricultural production [6,7] and threaten food security
and livelihoods [8].

Several strategies are analyzed to address the food security crisis and meet demand in
foreseeable scenarios, such as a growing population (10 billion people by 2050) and global climate
change, which induce salinity-plant stress [9,10]. Many agricultural species are glycophytes that
tolerate low salt concentrations, but salinity can be modified through agronomic management
practices and soil amendments such as biochar or gypsum [11,12]. Alternative genetic approaches
may also create salinity-resistant plants and increase the productivity of glycophyte crops through
traditional genetic breeding, genetic engineering (transgenesis), and molecular dissection (including
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gene editing, such as CRISPR/Cas9). However, all methods for enhancing salinity tolerance require
different implementation times; for example, cross-breeding between 8 and 12 years, transgenic
breeding of 6 - 10 years, and genome editing of 4 - 6 years [10,13-17]. Grafting, hybridization, and
protoplast fusion using halophytes are also under development [18]. Halophytes can thrive in high
salt concentrations, but they only comprise a small proportion (1% to 2%) of all terrestrial plants
[18,19].

There are studies with other effective strategies to enhance plant salt tolerance. In general,
priming of seeds or seedlings is a fast, practical, and economical strategy to enhance plant salt
tolerance [20-22]. However, some options may be expensive, vary in efficacy in crop species, and
have environmental impacts [15]. Zhou et al. [16] argued that seed priming is a sensitization of the
plant to impending stress conditions, with specific signals occurring to enhance plant physiological
and biochemical responses. Examples of primers (priming agents) include water, salts,
phytohormones, reactive agents, osmoprotectants, physical and physico-chemical primers,
nanoparticles, and even plant growth-promoting bacteria (PGPB), as summarized by some authors
[20,21,23-27]. The combined study of several seed-priming agents to improve salt tolerance is scarce
[26].

Microorganisms with plant growth-promoting traits are recognized as the second genome of
plants. They enhance plant growth and fitness in normal conditions. Remarkably, with a multifaceted
set of mechanisms, these beneficial microorganisms also mitigate the negative effects of salinity
stress. Therefore, these soil microorganisms may be highly valuable for agriculture under salt-
affected conditions and their concomitant impact on global food security [15]. In particular, PGPB are
a promising, sustainable, and environmentally friendly approach for enhancing plant tolerance to
salinity in glycophytes and even in halophytes [15,19,28-30]. The study of microorganisms isolated
from the rhizosphere of several glycophytes has received much attention, and next, from the root
endosphere. However, the cultivable root endophyte microorganisms inhabiting halophytes still are
limited [19,30-34]. Biopriming with endophytic microorganisms, which edge into the rhizosphere,
provides sufficient time for them to enter and colonize the seed [35]. This alternative may have broad
application prospects in agriculture [19,29], where irrigation water is mixed with brackish water, or
it is already saline. This practice occurs in many places due to insufficient rainfall/precipitation or
limited water supplies [36]. Some authors have reported that halophytes' adaptation to harsh salt
conditions is associated with highly specific salt-tolerant microorganisms colonizing their roots
[31,37]. On one hand, Barajas-Gonzalez et al. [31] and He et al. [19] isolated endophytic bacteria from
the roots of dominant halophytes. These authors agreed that the use of these bacteria, particularly
when applied as a consortium, holds promise for mitigating saline stress in glycophytes. Moreover,
He et al. [19] evaluated their effects on germination and wheat seedlings growth under salt stress (50
and 100 mM for germination, and 100 and 200 mM NaCl, respectively). These authors observed that
bacterial inoculation improved the rate and potential of seed germination. Moreover, alleviating salt
stress in wheat seedlings by reducing several enzyme activities linked to reactive oxygen species.

On the other hand, tomato (Solanum lycopersicum) is the second most important horticultural
crop worldwide [38]. Mexico is the world’s eighth-largest tomato producer and leads in its
exportation [39]. Moreover, 70% tomato production is under protected agriculture (greenhouses,
shade nets, macro-tunnels), which uses high-tech irrigation and is becoming the primary driver of
production. However, this crop is a glycophyte, meaning it is moderately sensitive to salinity, which
affects growth, physiology, yield, and even early plant death [40,41].

This research aimed to evaluate four priming treatments (hydro, halo, bacterio, and halo-
bacteriopriming) on tomato seeds and to analyze their performance at different plant stages,
including fruit production and quality under two salt conditions (0 and 16 mM NaCl). These
conditions are similar to those in commercial-scale greenhouse production using irrigation water (16
mM NaCl) in different semiarid regions. Salinity is a key abiotic stressor that negatively affects plant
physiology differently at seed germination, growth, development, yield, and fruit quality [10,15].
Deanda-Tovar et al. [39] observed that the response to salt stress varied in the tomato plant
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developmental stages. For this reason, this study analyzed salt-stress mitigation in tomato from
germination through production to better understand seed priming treatments across different plant
development stages. Although seed priming has tested various alternatives, little research has
combined halo- and bacteriopriming, and there is limited use of bacterial consortia with
complementary outstanding biochemical properties, such as PGPB. The use of endophytic bacteria
isolated from halophytes, salt-tolerant (halophilic) with PGPB traits, has received less attention. In
this research, bacteriopriming refers to the use of specific bacteria, whereas biopriming, a more
generic term, may also involve fungi or other biological agents.

2. Materials and Methods

2.1. Seed priming and germination tests

Tomato seeds (Solanum lycopersicum var. Samantha) were used in this research. First, seeds were
superficially disinfested with 70% ethyl alcohol for 5 min, followed by three washes with sterile
distilled water. The excess of water was removed with sterile filter paper. Second, seeds received one
of the five priming treatments: 1) none (control), 2) hydropriming, 3) halopriming, 4) bacteriopriming,
and 5) halo-bacteriopriming. Hydropriming consisted of seed embedding in sterile distilled water.
Halopriming involved seed imbibition in a sterile 80 mM NaCl aqueous solution. Bacteriopriming
used a suspension of a selected bacterial consortium for imbibition, and halo-bacteriopriming
combined halo and bacteriopriming.

The bacterial consortium consisted of five endophytic root bacteria that tolerated more than 2.5
M NaCl and had plant-growth-promoting traits. More information on the bacteria's origin and their
outstanding properties can be reviewed [31]. The consortium was composed of Bacillus
paralicheniformis, B. velezensis, Halobacillus sp., Billgrantia sp. (previously named Halomonas), and
Bacillus sp.

Seeds were bacterioprimed with both bacteria was carried out according to what was described
by Singh et al. [42]. The bacteriopriming suspension was prepared as follows: Each bacterium was
separately grown for 48 h in LB broth at 28 °C and 120 rpm. Each bacterial culture was adjusted to
106 UFC (absorbance 0.5 at 600 nm). To obtain the consortium, 2 mL of each adjusted bacterial culture
was vortexed and centrifuged (10,000 rpm for 10 min). The bacterial pellet was suspended in 10 mL
of 10 mM phosphate buffer (pH=7). For the halo-bacteriopriming solution, instead of phosphate
buffer, an 80 mM NaCl solution was used to suspend the bacterial pellet prepared as already
mentioned.

For each of the priming treatments and for triplicate, 20 tomato superficially disinfested seeds
were placed into 50 mL Falcon tubes and embedded separately for 30 min at 30 rpm. The excess
solution in the seeds was removed with sterile filter paper, and the seeds were dried to constant
weight and conserved until germination and growth tests.

Seeds were germinated on sterile, moist filter paper in a UV-sterile, transparent plastic box.
Seedlings were watered every 3 d with sterile distilled water and incubated at 28 °C in the dark.
Germination was evaluated daily for 6 d [43]. When the radicle reached at least 2 mm, germination
was evaluated according to Kader, [44]. Moreover, average germination time (MGT), germination
rate index (GRI), and germination uniformity coefficient (CUG) were also evaluated.

According to Ellis and Roberts [45], MGT was calculated using the following formula:

_ T(nxd)
MGT = —~

N = number of seeds germinated each day; d = number of days since the start of the test and N
= total number of seeds germinated at the end of the experiment.

For GRI calculation ((% day™), the following formula was used Esechie [46]:

GRI= 2484 .. .8
1 2 n

G1 = germination percentage on the first day after sowing, G2 = germination percentage on the
second day after sowing... Gn = germination percentage on the n day after sowing.

The CUG was determined according to Bewley and Black [47] using this formula:
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_ G
CUG—MGT

Where GP is the germination percentage

2.2. Tomato Seedlings Evaluation

After seed germination (6 days after sown; das), the seedlings were transferred to 200-cavity
trays containing sterile peat moss:vermiculite (3:1 v/v). The seedlings were kept to 16/8 h
light/darkness photoperiod at 28 °C for 3 weeks. Every 3 days, the seedlings were watered with 50%
Steiner nutrient solution (NOs) = 6, (PO4)>=0.5, (SO4)> = 3.5, K*= 3.5, Ca?*= 4.5, and Mg?=1 (meq L)
and pH between 5.0 and 5.5 during the whole seedlings' growth. At 20 das, the vigor (V), fresh weight,
root length, and foliar nutrient concentration were evaluated in four seedlings randomly taken from
the trays.

V was calculated according to Vashisth and Nagarajan [48] by using the following formula:

V = Germination percentage x seedling length (root + shoot)

Four seedlings (22 das) of each treatment were washed with running water to eliminate adhering
substrate in the root system. Excess water was removed with a paper towel, and fresh weight (shoots
and roots) and root length were measured. For the nutrient concentration, leaves were dried for 72 h
at 60 °C, and then ground. 0.5 g was digested with a mixture of de HClIO4 and H250s (1:4) in an open
system. Foliar concentrations of macro (N, P, K, Ca, Mg) and micronutrients (Zn, Cu, Mn and Fe)
were quantified. Concentration of Ca, Mg, Zn, Cu, Mn, and Fe were analyzed in an absorption atomic
spectrometer [49]. K was analyzed by flame photometry [50]. The concentration of P was determined
using the ammonium molybdate blue method [51]. N was analyzed by Kjeldahl method [52].

2.3. Tomato Evaluation at Vegetative State

Two simultaneous experiments were performed to evaluate the effect of seed priming
treatments in adult tomato plants (at vegetative and reproductive stages). These two experiments
corresponded to the analysis of tomato plant behavior under normal (0 mEq NaCl) and salt-stress
conditions (16 mM NaCl), respectively. The experiments were performed under similar commercial
production conditions in a greenhouse with relative humidity (70% to 75%) and temperature between
30 °C and 35 °C [53].

Seedlings (28 das) from seeds treated with seed priming were used in these two experiments.
Seedlings were selected by uniform shoot height (15 cm). Each plant was transplanted into a plastic
bag (35 cm x 35 cm x 35 cm) containing 9 kg of a mixture of red tezontle sand (volcanic rock) with a
grain size of 1 to 7 mm, and coconut fiber in 3:1 proportion [54].

In the experiment 1, tomato seedlings were irrigated with 100% Steiner nutrient solution
modified [55], with the following composition (mEq L7): 12 (NOs);, 1 (HsPOs);, 3.5 (SO4)2, 7 (K)*, 4.5
(Ca)*y 2 (Mg)* y microelements (mg L): Fez (1.5), Mn? (0.6), Zn?>* (0.2), B (0.5), Cu?* (0.15) y Mo*
(0.05), pH 6.1 and electrical conductivity (EC) 2.5 dS m. It is relevant to mention that this normal
nutrient solution has an EC close to the threshold for yield reduction [56]. These authors emphasized
that yield losses are expected even with a small salt addition in the nutrient solution. In experiment
2, plants were irrigated with the same nutrient solution but supplemented with 16 mEq NaCl (16
mM) and EC of 3.5 2.5 dS m™. Both experiments were established under a completely randomized
factorial design with eight replicates. All treatments received fertigation (150 mL of nutrient solution)
eight times per day for 1.3 min each one.

50 days after transplanting (dat), the following variables were analyzed: height, stem diameter,
internode length [57], photosynthetic pigments [58], proline [59], foliar nutrients (K, Na, Ca, Mg, P,
Fe, Mn, Cu, and Zn), and emergence of the first flower bud [60]. All analyses were performed in the
most recently mature leaves in each treatment [61].

For photosynthetic pigments analysis, five foliar discs (5 mm diameter) from each plant were
randomly taken from fresh leaves, placed in amber-colored vials containing 5 mL of acetone (80%).
Vials were refrigerated for 15 d until the leaf segments discolored. Chlorophyll a, b, and carotenoids
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concentration was calculated by scoring absorbance at 663.2 nm, 646.8 nm, and 470 nm, respectively
[58], and using the following equations:

Chlorophyll a: 12.254663.2— 2.79 646

Chlorophyll b: 21.5054646 — 5.10663

Total carotenoids: (10004470 -1.82 chiorophylla — 85.02 Chiorophylib) / 198

Photosynthetic pigment concentration was expressed in pg cm?2.

Proline concentration was quantified in 50 mg of fresh foliar tissue placed in glass tubes
containing 2 mL of a mixture ethanol:distilled water (40:60). Tubes were kept at 4 °C during the night,
then the tissue was macerated and centrifuged at 4000 rpm for 10 min. 10 uL of this extract was mixed
with 1 mL of 1% ninhydrin diluted in 60% acetic acid. The mixture was vortexed and incubated in a
water bath at 95 °C for 20 min. After cooling, the chromogen was extracted with 3 mL of toluene.
After separating the two phases, the absorbance of the organic phase was read at 520 nm, and the
concentration was quantified by interpolation using a calibration curve with known proline
concentrations [59]. Foliar nutrient concentrations were quantified as referred to before.

2.4. Flowering and Fruit Production

The reproduction stage in tomato occurs when the first flower bunch opens, and flowers are
receptive to pollination. Fruit maturation and harvest are included within the reproduction stage. At
the 70 dat, the first flowering occurred, and the physiological traits evaluated in leaves were
photosynthetic pigments and proline. The chemical analysis measured the foliar macronutrient
concentration, such as P, Na, K, Ca and Mg, and micronutrients (Fe, Mn, Cu, and Zn). Physiological
and chemical analyses were performed as mentioned before.

The harvest of the first cluster of fruits was made at 120 dat and lasted up to 190 dat. During this
time, 10 fruit clusters were harvested. The number, percentage with blossom end rot, equatorial and
polar diameter in fruits was quantified. In tomato fruits, total soluble solids (°Brix), nutrient
concentration and beta-carotene were also analyzed. Total soluble solids were determined using a
portable refractometer (Extech Instruments Corporation, Waltham, MA, EUA) with a precision of +
2 °Brix. Fruit nutrient concentrations were quantified as mentioned before. Beta-carotene was
extracted from tomato fruits. The samples were placed in amber glass flasks to minimize photo-
oxidative degradation of beta-carotene. For this, 0.5 g of dehydrated tissue was lyophilized and
macerated for 7 d with 5 mL 80% methanol grade HPLC. The samples were centrifuged at 8000 rpm
for 10 min and the supernatant was filtered using a 0.22 um acrodisc. Then, the samples were
vortexed for 1 min and then sonicated for 15 min. The analysis was performed by HPLC using a C18
reversed-phase column (250 x 4.6 mm, 5 um particle size). Phase separation was carried out using a
mobile phase of acetonitrile:methanol:water (85:10:5 v/v/v). The flow was maintained at 1 mL min-,
with a column temperature of 25 °C [62]. Yield was calculated for each fruit cluster harvest, and the
cumulative yield considered 10 harvests. All fruits in each cluster were harvested when they reached
physiological maturity.

2.5. Statistical Analyses

Normality and variance homogeneity were confirmed using the Shapiro-Wilk and Bartlett tests
for all variables (a=0.05). All variables had a normal distribution; therefore, no data transformation
was performed. Data were analyzed by ANOVA using repeated measures and the Tukey test to
compare means; both at p < 0.05 (statistical software R version 4.0.5. To integral evaluation of seed
priming treatments in tomato development stages, principal component analyses were performed in
three phenological stages: germination (22 das), vegetative (70 dat), and reproductive stages (120 dat)
under two salinity conditions (0 and 16 mM NaCl) with R Factoextra version 4.5.2 [63].
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3. Results
3.1. Germination and Seedling Performance

MGT was lower in all seed priming treatments than in the control (Figure 1a). On the other hand,
GRI and CUG were significantly higher in seeds treated with both bacteriopriming and halo-
bacteriopriming than in control seeds or those with hydro or halopriming (Figure 1b, c).
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'
o
o

f a a a
304 T I P N1v b B L
= a 2 a 2 30 b b © 40 r

Q9 20 ma= & 20 o 30
o O 20
1.0 10 10
0.0 — 0 0

b =] [=] =] (=} = [=] [=] (=] (=] = =] (=] =] =]

[=] = — o o [=] = — o 1 [=] = — o ot

£ B &£ 3 @ £ 3 8 3 3 £ 8 = 3 B

> e £ g £ g &

- - s £ ¢ 3 5 £ & % %

o R o o R 2 S m 8

o =) =)

C] - =

T T e

Priming treatments Priming treatments Priming treatments

Figure 1. Germination of tomato seed under four seed priming treatments. a) mean germination time (MGT), b)
germination rate index (GRI), and c) germination uniformity coefficient (CUG). Values correspond to average +

standard deviation, n=80. Different letters show a statistical difference between treatments (Tukey, a=0.05).

Seedling vigor decreased in the following order: bacteriopriming = halo-bacteriopriming >
hydropriming = halopriming > control (Figure 2). Priming increased the vigor of seedlings of all
treatments. Seedlings from the treatments with the bacterial consortium, alone or in combination with
halopriming, presented the highest vigor.
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Halo-bacterio

Priming treatments

Figure 2. Vigor of tomato seedlings influenced by four seed priming treatments. Values correspond to average
+ standard deviation, n=4. Statistical differences between treatments are observed with different letters (Tukey,
a=0.05).

Similar to GRI, CUG, and vigor, all seedlings from priming treatments had higher fresh weight
and root length than those of the control treatment (Table S1). These were in the decreasing order
bacterio = halo-bacteriopriming > hydropriming = halopriming > control for these two variables.

A higher foliar concentration of N, P, Ca, and Zn was observed only in seedlings that came from
seed treated with bacteriopriming and halo-bacteriopriming than those from the control treatment
(Table S2). In seedlings, the foliar N content was between 0.2% and 1.8%. Seedlings from
bacteriopriming and halo-bacteriopriming had three times more foliar N concentration than those
from hydropriming, twice in comparison with those from halopriming, and eight to nine times with
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respect to the control ones. The range of foliar Ca concentration in tomato seedlings was between 8.6
and 20.4 g kg DW. The foliar Ca concentration was 111% and 131% higher in seedlings from the
bacterial seed priming treatments. Seedlings from halopriming had the highest Fe and Cu
concentrations. The range of foliar Zn concentration in seedlings was from 15.5 to 23.1 g kg'' DW,
corresponding to the highest in seedlings from bacterio and halo-bacteriopriming. In contrast, no
difference in the foliar concentration of K, Mg, and Mn was observed in seedlings that had the
priming treatments.

3.2. Vegetative Tomato Plants’ Behavior Due to Seed Priming

At 0 mM NaCl, the height was higher for plants treated with hydro-, bacterio-, and halo-
bacteriopriming (64 to 67 cm) than for halopriming and control plants. Salinity conditions decreased
plants' height. At 16 mM, plants from halo and halo-bacteriopriming had the highest height (48 and
50 cm) compared to those from hydro (40 cm) and bacteriopriming (43 c¢cm), and the control, the
smallest 32 cm (data not shown).

Stem diameter was higher in plants from halo-bacteriopriming (7.8 mm) than that from the other
treatments (7.4 mm on average) at 0 mM NaCl. On the other hand, at 16 mM, the higher diameter (8.3
mm on average) was for plants from halo, bacterio, and their combination (data not shown).

Salinity conditions did not affect the emergence of the first flower bud; however, treatments
influenced emergence (data not shown). In plants from control and hydropriming treatments, the
first flower bud appeared between 35 and 37 d; those from halo and bacteriopriming appeared
between 32 and 34 d, and 30 and 31 d, respectively. Plants from halo-bacteriopriming had the shortest
emergence time, 28 and 30 d. On the other hand, no difference in internode length was observed
among treatments or salinity conditions (data not shown).

Photosynthetic pigments are presented in Figure S1. At 0 mM NaCl, the highest chlorophyll a
concentration was observed in plants from halo-bacteriopriming (15.6 pg cm2) compared to the other
treatments (6.6 to 8.3 pg cm?). At 16 mM NaCl, the increasing concentration was: control =

hydropriming = halopriming > bacteriopriming > halo-bacteriopriming. When comparing
chlorophyll a concentration between NaCl conditions within the same treatment, no difference was
observed (Figure Sla).

The highest chlorophyll b concentration was observed in plants from the halo-bacteriopriming
treatment at 0 mM NaCl (11.7 ug cm?) and at 16 mM (10.5 ug cm2). Plants from control, hydro, and
halopriming treatments had the lowest concentrations (1.9 to 3.4 pug cm?) at both NaCl conditions
(Figure S1b). Even plants from bacteriopriming had low chlorophyll b concentrations at both NaCl
concentrations tested (4 ug cm2).

At 0 mM NaCl, plants from bacteriopriming had the highest carotenoid concentration (4.6 ug
cm?) compared with those from the other priming treatments, which ranged from 1.6 to 3.8 ug cm?
(Figure Slc). However, at 16 mM NaCl, no difference in carotenoid concentration among priming
treatments was observed, but it was higher than in the absence of NaCl (6 to 7 ug cm).

Proline foliar concentration ranged from 141 to 164 pg g'! DW in plants established in the
absence of NaCl, while with NaCl it was from 147 to 187 ug g' DW (Figure S2a). At 16 mM NaCl,
bacteriopriming had the highest proline concentration (187 pug g DW) among the other treatments.

The foliar concentration of Na, K, Ca, and Mg is shown in Figure 3. The foliar Na concentration
within the same treatment significantly differed between the two salt conditions (Figure 3a). At 0 mM
NacCl, the foliar Na and K concentrations were similar among treatments (around 6 g kg DW and 15
g kg? DW, respectively). In contrast, at 16 mM NaCl, the range was from 9.5 to 16.4 g Na kg DW,
and 9.1 to 13.9 g K kg'' DW, respectively. Outstanding, halo-, bacterio-, and halo-bacteriopriming
resulted in lower foliar Na concentration (Figure 3a), but higher K concentration than in plants from
control and hydropriming treatment (Figure 3b). The foliar K concentration differed between control
and hydropriming plants comparing the two NaCl conditions; in contrast, K concentrations were
similar in the other priming treatments.

At 0 mM Na(], all seed priming treatments significantly enhanced the foliar Ca concentration
(between 9.7 and 15.5 g kgt DW) when compared to that of control plants (2.7 g kg-1 DW (Figure 3c).
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At 16 mM NaCl, hydropriming-treated plants had the lowest foliar Ca concentration (10.8 g kg'' DW)
compared to control plants (13.1 g kg DW). Plants from bacterio and halo-bacteriopriming absorbed
the highest foliar Ca concentrations (more than 16 g kg' DW). When comparing the two saline
conditions, the Ca concentration was different only in plants from the control and bacteriopriming
treatments.

The foliar Mg concentration was significantly different among treatments at 0 mM NaCl, but no
difference was observed at 16 mM NaCl (Figure 3d). Plants from halo (25.6 g kg' DW) and
bacteriopriming (25.9 g kg DW) had the highest Mg concentration. Plants from hydro and halo-
bacteriopriming had similar foliar Ca concentrations. Control plants had the lowest Ca concentration
in leaves. When comparing Ca concentrations across different NaCl conditions within the same
treatment, only those from the control and halopriming treatments differed.
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Figure 3. Foliar concentration of Na and osmoprotective elements in tomato plants at the vegetative stage
under two salinity conditions (0 and 16 mM NaCl) in four seed priming treatments. a) Na, b) K, c) Ca, and d)
Mg. Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant
difference in nutrient concentration at 0 mM NaCl. Identical uppercase letters do not show a statistically
significant difference at 16 mM NaCl. Asterisk shows a difference when comparing the same treatment under

the two saline conditions. In all cases with Tukey (a=0.05).

The foliar P concentration in plants at 0 mM NaCl was between 0.14 and 0.58 g kg'' DW, and at
16 mM NaCl was 0.38 and 0.69 g kg (Table 1). The lowest concentration was found in control plants
in both conditions. At 0 mM NaCl, plants from bacteriopriming had the highest foliar P concentration
(0.58 g kg DW). On the other hand, at 16 mM, it corresponded to plants from bacterio and halo-
bacteriopriming (0.65 and 0.69 g kg? DW, respectively). When comparing salinity conditions, control
plants had different P concentrations. In contrast, it was similar in the other seed priming treatments.

Table 1. Foliar nutrient concentration of tomato plants at the vegetative stage under two salinity conditions (0

and 16 mM NaCl) that came from seed priming treatments.

0 meq NaCl
Seed priming P Zn Cu Mn Fe
treatment (g kg-' DW) (mg kg' DW)
Control 0.48 +0.12a* 46 + 5a 12+2a 22+3b 140 + 25a
Hydro 0.60 + 0.16a* 51+7a 9+2a 30 +4a 143 + 15a
Halo 0.38 +0.10a 46 +2a 10 £ 2a 21+3b 148 + 15a
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Bacterio 0.51+0.11a 50 +2a 13 +2a 28 +3a 144 + 19a
Halo-bacterio 054 +0.11a 51+7a 11+2a 27 + 4ab 161 +17a
16 meq NaCl
P Zn Cu Mn Fe
(g kg’ DW) (mg kg DW)

Control 0.17 +0.05B 48 + 5B 8+ 1B 35+ 3B* 215 + 4B*
Hydro 0.19 £ 0.04B 46 + 2B 9+1B 40 + 4AB* 220 + 16B*
Halo 0.24 + 0.06B 51+ 2B 9+1B 33 + 4B* 219 + 12B*
Bacterio 0.84 + 0.06A* 59 + 2A* 14 + 3A 43 + 2A* 292 + 25A*
Halo-bacterio  0.75 + 0.09A* 59 +4A 16 £ 2A 42 + 2A* 234 + 6A*

Means and standard deviation, n=8. Identical lowercase letters do not a statistically significant difference in
nutrient concentration at 0 mM NaCl. Identical uppercase letters do not show a statistically significant difference
at 16 mM NaCl. An asterisk indicates a difference between the same treatment under the two saline conditions.
All cases with Tukey (a=0.05).

At 0 mM NaCl, the foliar Zn concentration was similar across treatments, except
bacteriopriming (6% higher) and halopriming (10% lower), compared to control plants (Table 1). At
16 mM NaCl, all plants had similar Zn concentration. The foliar Cu concentrations were similar
among plants and treatments (17 to 32 mg kg DW), except that control plants grown at 16 mM had
the lowest concentration (21 mg kg DW).

Seed priming treatments with bacteria influenced Mn absorption in tomato plants (Table 1).
Plants from halo-bacteriopriming had 1.5 times higher foliar concentration (129 mg kg' DW) than
that of control plants (80 mg kg-' DW) when grown at 0 mM NaCl. However, at 16 mM NaCl, plants
from bacterio (119 mg kg' DW) and halo-bacteriopriming (123 mg kg DW) had approx. 24% higher
foliar Mn concentration than control plants (96 mg kg! DW).

The single and combined seed priming treatment positively influenced Fe absorption in tomato
plants (Table 1). In both NaCl conditions, plants from halo-bacteriopriming had the highest foliar Fe
concentration (23.4 g kg DW at 0 mM and 30.6 g kg DW at 16 mM NacCl), while control plants had
the lowest values (5.7 and 7.7 mg kg DW, respectively).

3.3. Responses in the Flowering and Fructification Stages of Tomato Plants to Seed Priming Treatments
3.3.1. Flowering Stage

At 0 mM NaCl, the highest chlorophyll a concentration (Figure S1d) corresponded to plants
from halo-bacteriopriming (15.7 pg cm2) while the lowest to those from hydropriming (5.4 pg cm?2).
Plants from halo, bacteriopriming, and control treatments had similar concentrations (7.6-9.2 ug cm-
2). At 16 mM NaCl, plants from halo-bacteropriming had the highest chlorophyll a concentration (14.0
ug cm?), followed by those from bacteropriming (9.2 g cm?2), and the lowest were those from halo,
hydro, and control plants (7.7 to 8.7 ug cm?).

On the other hand, plants subjected to halo-bacteriopriming had the highest chlorophyll b
concentration at 0 and 16 mM NaCl (Figure Sle), at 12 ug cm?and 24 pg cm?, respectively. The
average chlorophyll b concentration for the other treatments was 2.8 ug cm? in both salinity
conditions.

At 0mM NaCl, the highest carotenoid concentration (3.8 pg cm2) was observed in control plants
(Figure S1f). In contrast, plants that came from hydro, halo, and bacteriopriming had similar
concentrations (average 2.9 ug cm?), and those from halo-bacteriopriming had the lowest (1.6 pg cm-
2). On the other hand, at 16 mM, the highest carotenoid concentration was in plants from halopriming
(3.7 pg cm?) and the lowest was in those from halo-bacteriopriming (1.4 pg cm).

The range of foliar proline concentration was between 140 and 167 ug kg' DW, and from 147 to
180 pg kg DW at 0 and 16 mM NaCl, respectively. In the first saline condition, proline concentration
was not different among treatments. On the other hand, at 16 mM, plants from bacterio and halo-
bacteriopriming had the highest proline concentration (average 179 pug cm?2) compared to the other
treatments, which had similar values (Figure S2).
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The foliar Na vigor (V concentration at 0 mM was similar among treatments (10 g kg' DW);
however, at 16 mM, a higher Na concentration was quantified (Figure 4) in plants from control,
hydro, and halopriming (on average 25.8 g kg DW). In contrast, those from bacterio- and halo-
bacteriopriming had less Na concentration (average 18.4 g kg DW).
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Figure 4. Foliar concentration of Na and osmoprotective elements in tomato plants at flowering stage under
two salinity conditions (0 and 16 mM NaCl) in four seedpriming treatments. a) Na, b) K, c) Ca, and d) Mg.
Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant difference
in nutrient concentration at 0 mM NaCl. Identical uppercase letters do not show a statistically significant
difference at 16 mM NaCl. Asterisk shows a difference when comparing the same treatment under the two

saline conditions. In all cases with Tukey (a=0.05).

No difference was observed in the foliar K and Mg concentration among the seed priming
treatments at 0 mM NaCl. It ranged from 22.3 to 28.9 g kg DW for K, and 24.4 to 26.4 g kgt DW for
Mg (Figure 4). At 0 mM, the foliar Ca concentration ranged from 14.6 to 18.1 g kg? DW for Ca,
bacterio-, and halo-bacteriopriming were the best treatments. In contrast, at 16 mM NaCl, plants from
bacterio- had the highest K concentration (32.9 g kg DW), but those plants from hydropriming and
control treatments had the lowest (7.2 g kg DW).

Plants from bacterio- and halo-bacterio-priming had higher foliar concentration of Ca and Mg
(13.8 and 25.1 kg! DW, respectively) compared to those from hydro, halopriming, and control
treatments (11.1 and 14.2 g kg! DW, respectively).

The foliar P concentration at 0 mM NaCl was higher in plants from priming treatments (average
of 1.2 g kg DW) than in the control plants (0.47 g kg DW). Salinity significantly decreased foliar P
concentration in plants from the control, hydro, and halopriming treatments; however, it did not in
those from bacterio- or halo-bacteriopriming (Table 2).

At 0 mM NadCl, foliar Zn concentration was similar among treatments. At 16 mM, plants from
bacterio and halo-bacteriopriming treatments had the highest concentration (average 1045 g kg
DW). Foliar Cu concentration was similar among priming treatments at the two salinity conditions.
Plants from bacterio- and halo-bacterio-priming treatments had the highest foliar Mn concentration
at 0 mM NaCl; however, at 16 mM, no difference was observed. The foliar Fe concentration
significantly enhanced in plants from halo-bacteriopriming treatment under both salt conditions. Fe
concentration was three times higher in plants from this treatment than in control plants (Table 2).

Table 2. Foliar nutrient concentration of tomato plants at the flowering stage under two salinity conditions (0
and 16 mM NaCl) that came from seed priming treatments.
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0 meq NaCl
Seed priming P Zn Cu Mn Fe
treatment (g kg-' DW) (mg kg' DW)
Control 0.47 £ 0.11b* 981 + 152a 32+3a 209 + 3b 887 + 61b*
Hydro 1.28 +0.10a* 988 +40a 32+3a 207 +3b 1004 + 43b*
Halo 1.00 £0.15a* 957 + 42a 31+2a 204 +3b 1034 + 23b*
Bacterio 1.29 +0.15a 1060 + 35a 35+2a 242 + 8a* 1030 + 33b
Halo-bacterio 1.24+0.12a 1030 + 593a 33+4a 240 + 8a* 3098 + 67a*
16 meq NaCl
P Zn Cu Mn Fe
(g kg’ DW) (mg kg DW)
Control 0.20 £ 0.07C 800 + 134B 30+3A 216 +3A 663 +53C
Hydro 0.52+0.18B 910 + 39B 32+2A 215 +4A 659 +39C
Halo 0.56 + 0.14B 924 + 139AB 33+2A 214 +7A 677 +40C
Bacterio 142 £0.12A 1071 + 140A 35+3A 214+2A 1116 +25B
Halo-bacterio 1.12 £ 0.10A 1030 + 26A 36+ 4A 218 +4A 2099 + 68A

Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant difference

in nutrient concentration at 0 mM NaCl. Identical uppercase letters do not show a statistically significant

difference at 16 mM NaCl. Asterisk shows a difference when comparing the same treatment at the two saline

conditions. All cases with Tukey (a=0.05).

3.3.2. Fruit Production

At 0 mM, priming treatments had fewer fruits per plant than the control (Table 3). Fruits from

control and hydropriming treatments had a higher equatorial diameter; however, fruits from
bacterio- and halo-bacteriopriming had the highest fruit polar diameter. Blossom-end rot did not

occur in any of the tomato fruits.

Table 3. Fruit traits influenced by priming treatments in two salt conditions.

0 meq NaCl
Seed Number of % Fruits with Equatorial diameter =~ Polar diameter
priming fruits blossom end rot (mm) (mm)
treatment harvested
Control 47 + 1a* 0 47 + 3ab* 47 £ 2b*
Hydro 36 + 2bc 0 47 + 0.46a* 46 + 2b*
Halo 32+2c 0 40+0.8¢c 41 +0.6¢
Bacterio 37 +0.8b 0 45+ 0.4b 54 +0.5a
Halo- 37 + 3b* 0 42 + 2bc* 51 +0.5a
bacterio
16 meq NaCl
Number of % Fruits with Equatorial diameter  Polar diameter
fruits blossom end rot (mm) (mm)
harvested
Control 30+2b 15 +4a 33 +0.8¢c 38 +0.9b
Hydro 30+2b 8+4b 35+0.5b 39+0.6b
Halo 31+2b 0 36 + 0.3b* 39+1.0b
Bacterio 34+1a 0 42 +1.0a* 51 +0.6a
Halo- 34+1a 0 33+0.9¢c 50 +0.6a
bacterio

Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant difference

in fruits traits at 0 mM NaCl. Identical uppercase letters do not show a statistically significant difference at 16
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mM NaCl. Asterisk shows a difference when comparing the same treatment at the two saline conditions. All
cases with Tukey (a=0.05).

At 16 mM NaC], fruits from bacterio- and halo-bacteriopriming had the highest number of fruits,
polar diameter, but the higher equatorial diameter was observed only in fruits from the
bacteriopriming treatment. Blossom-end rot occurred only in fruits from the control and
hydropriming treatments.

Figure 5 presents the tomato fruit yield across 10 harvests under two salt conditions. A
significantly lower yield was observed at 16 mM than at 0 mM. Notably, plants from bacteriopriming
exhibited the highest yield starting from the second cluster. The yield per cluster for the other seed
priming treatments was similar; however, haloprimed plants produced the lowest yield beginning
from the fourth cluster (Figure 5a). At 16 mM, all primed plants yielded more than the control
treatment from the sixth cluster onwards, except of the hydropriming treatment (Figure 5b).
Consistently, from the fifth cluster onward, the highest yield per cluster was observed in plants from
bacteriopriming, while plants from the control and hydropriming treatments had the lowest yields.
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Figure 5. Tomato yield per cluster harvest from plants that received seed priming. a) 0 mM NaCl, b) 16 mM
NaCl. Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant
difference in the tomato yield at 0 mM NaCl. Identical uppercase letters do not show a statistically significant
difference at 16 mM NaCl. In all cases with Tukey (a=0.05).

Regardless of the treatments used, the average cumulative yield over ten harvests declined
under salinity conditions (Figure 6). At 0 mM salinity, the average cumulative yield was 2,508 g per
plant; however, it decreased to 2,007 g per plant at 16 mM. In the absence of salinity, the cumulative
yield was ranked as follows: halo < hydro = control = halo-bacteriopriming < bacteriopriming, with
yields ranging from 2,205 to 2,989 grams per plant. Outstandingly, bacteriopriming increased tomato
yield in 16% compared to the control treatment. At 16 mM, the yield ranking changed to control =
hydro < halo < bacterio = halo-bacteriopriming, with cumulative yields ranging from 1,570 to 2,481
grams per plant.
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Figure 6. Tomato cumulative yield (10 harvests) in plants from seed priming treatments under the influence of

two salinity conditions. Means and standard deviation, n=8. Identical lowercase or uppercase letters do not
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show a statistically significant difference at 0 mM and 16 mM NaCl, respectively. Asterisk shows a difference

when comparing the same treatment at the two saline conditions. In all cases with Tukey (a=0.05).

Figure 7 and Table 4 show the nutrient concentration in tomato fruits. At 0 mM NaCl, all tomato
fruits, independently of treatment, had similar average Na and K concentrations (1.8 and 32.3 g kg1
DW, respectively). However, at 16 mM, the fruit Na concentration ranged from 6 to 10 g kg DW.
Fruits from plants primed with bacteria and the combination halo-bacteriopriming (Figure 7a)
absorbed less Na (6.4 g kg' DW) compared to those from the other priming treatments (average 9.7
g kg1 DW). Fruits from bacteriopriming (Figure 7b) had the highest K concentration (36.3 g kg-' DW)
compared to those from the control and hydropriming (19.6 g kg' DW). At 0 mM NaCl, fruits from
plants that came from control, hydro, and halopriming had similar Ca and Mg concentrations (in
both cases, average 1.6 g kg DW) that were lower than those observed in fruits from bacterio and
halo-bacteriopriming with average concentration of 4.2 g kg DW in both cases (Figure 7c, d).
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Figure 7. Nutrient concentration in tomato fruits under two salinity conditions (0 and 16 mM NaCl) influenced
by seed priming treatments. a) Na, b) K, ¢) Ca, and d) Mg. Means and standard deviation, n=8. Identical
lowercase letters do not show a statistically significant difference in nutrient concentration at 0 mM NaCl.
Identical uppercase letters do not show a statistically significant difference at 16 mM NaCl. Asterisk shows a
significant difference when comparing the same treatment in the two saline conditions. In all cases with Tukey
(«=0.05).

When comparing the same treatment in both NaCl conditions, there were differences in fruit
nutrient concentrations; except for Mg. All fruits had higher Na concentration at 16 mM than without
salt-stress. Fruits from control and hydropriming treatments had higher K concentration at 0 mM
than at 16 mM NaCl. For Ca, it only occurred in fruits form the control treatment.

At 0 mM NaCl, similar fruit concentrations of P, Zn, Cu, and Fe were observed in all treatments
(Table 4). However, at 16 mM, fruits from bacterio and halo-bacteriopriming treatments had the
highest P concentration (average 0.80 g kg' DW), Zn (average 59.1 g kg'' DW), and Cu (average 15.0
g kg' DW) compared to 0.2, 48.2, 8.8 g kg! DW, respectively. The highest Fe concentration was
observed in fruits from bacteriopriming treatment (292 g kg' DW) compared to the other treatments
(221.9 g kgt DW).
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Table 4. Fruit nutrient concentration of tomato plants under two salinity conditions that received seed priming

treatments.
0 meq NaCl
Seed priming P Zn Cu Mn Fe °Brix
treatment (g kg-' DW) (mg kg DW)
Control 0.48 +0.12a* 46 +5a 12 +2a 22 +3b 140 + 24a 1.9+0.1¢*
Hydro 0.60 £ 0.16a* 51+7a 8 +2a 30+ 3a 143 + 15a 2.2+0.1c*
Halo 0.38 £0.10a 46 +2a 9+2a 21+3b 148 + 15a 2.6 £0.2b
Bacterio 0.51+0.11a 50 + 2a 13+2a 28 +2a 144 +19a 3.8+0.1a
Halo-bacterio 054 +0.11a 51+7a 11+2a 27 +4ab 161 + 16a 4.3 +0.3a*
16 meq NaCl
P Zn Cu Mn Fe °Brix
(g kg' DW) (mg kg' DW)
Control 0.17 £ 0.05B 48 + 5B 8+1B 35 + 3B* 215 + 4B* 1.0+0.1c
Hydro 0.19 £ 0.04B 46 + 2B 9+1B 40 +4AB*¥ 219 + 16B* 1.7+0.2¢c
Halo 0.24 + 0.06B 51 +2B 9+ 1B 33 +4B* 219 + 12B* 2.9+0.3b
Bacterio 0.84 + 0.06A* 59 + 2A* 14 +2A 43 +2A* 292 + 25A* 3.7+0.2a

Halo-bacterio  0.75+0.09A* 59 + 4A 16 +2A 42 +2A* 234 £ 6A* 3.8+0.3a

Means and standard deviation, n=8. Identical lowercase letters do not show a statistically significant difference

in nutrient concentration at 0 mM NaCl. Identical uppercase letters do not show a statistically significant
difference at 16 mM NaCl. Asterisk shows a difference when comparing the same treatment on the two saline

conditions. In all cases with Tukey (a=0.05).

At 0 mM, control and halopriming treatments (21.2 g kg' DW) had the lowest fruit Mn
concentration (Table 4) compared with the other treatments (28.3 g kg' DW). There were significant
differences in the nutrient fruit concentration, within the same treatment, except for Cu in both salt
conditions. At 16 mM NaCl, Mn, and Fe concentrations were higher in fruits produced than at 0 mM.
Zn concentration increased only in fruits from bacteriopriming under NaCl conditions, but not at 0
mM.

At both salt conditions, the lowest total soluble solids (°Brix) were observed in fruits from the
control and hydropriming. In contrast, fruits from bacterio and halo-bacteriopriming had the highest
value (Table 4). Salt conditions significantly decreased total soluble solids in the control and
hydropriming treatments.

Concentration of beta-carotene in fruits, at 0 mM NaCl, varied among treatments (Figure 8), with
halopriming as the best treatment (1.4 ug kg' DW), after bacteriopriming and halo-bacteriopriming
(0.99 ug kg1 DW), and finally with similar values hydropriming and control treatments (0.54 and 0.47
ug kgt DW, respectively). At 16 mM, fruits from bacteriopriming and halo-bacteriopriming had a
higher concentration (2.6 pg kg' DW) than those from the other treatments (1.1 ug kg DW).
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Figure 8. Beta-carotene concentration in fruits of plants established at two salinity conditions that received

several seed priming treatments. Means and standard deviation, n=8. Identical lowercase letters do not show a
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statistically significant difference in nutrient concentration at 0 mM NaCl. Identical uppercase letters do not
show a statistically significant difference at 16 mM NaCl. Asterisk shows a difference when comparing the

same treatment at the two saline conditions. In all cases with Tukey (a=0.05).

3.4. Principal Component Analysis and Correlations at Different Tomato Growth Stages

Figures S3, 9, and 10 illustrate the ACPs at various stages of tomato growth. During the initial
stages, germination and seedling growth, the first two components account for 59.2% of the total
accumulated variance of the 15 variables analyzed (see Figure S3). Table S3 resumes the eigenvalues.
PC1 alone explains 38.9% of the accumulated variance; moreover, it highlights GRI, CUG, vigor, fresh
weight, root length, and foliar concentration of Ca, Zn, and N as the most significant variables
reflecting the primary effects of seed priming. PC2 added variance (20.3%) and identifies MGT along
with foliar concentrations of P, K, Mn, Cu, and Fe as key variables. A separation of seed priming
effects is evident, with bacteriopriming primarily affecting GRI, CUG, vigor, and foliar concentrations
of N and Ca in the seedlings. Notably, the control treatment impacted foliar concentrations of P, Mg,
and Cu. It is noteworthy that seedling vigor demonstrates a strong correlation with foliar N content
(r=0.94) and with foliar Ca concentration (r = 0.82). Conversely, halo-bacteriopriming predominantly
influenced fresh weight, root length, and foliar Zn concentration in the seedlings.
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Figure 9. Principal component analysis of treatments on the vegetative stage of tomato seedlings. Blue arrows
variables related to photosynthetic pigments; yellow arrows: variables related to foliar nutrients concentration;
black arrows related to foliar proline concentration; green arrows variables related to physiological traits, black

arrows related to foliar proline concentration. Nutrients concentration=chemical symbols with foliar.

Figure 9 shows PCA analysis under the two salinity conditions in the vegetative stage of tomato
plants from four seed priming treatments. The first two PC explained 75% of the variance at 0 mM
(Figure 9a) and 80% at 16 mM NaCl (Figure 9b).

Of the 30 variables, 16 had high eigenvalues, demonstrating the strong influence of the priming
treatments (Table S3). In both analyses, treatment responses clearly separate from each other, except
that control and halopriming are closer together than the other treatments. At this plant stage, when
salinity is not a stressing factor, several variables are grouped and relate to a specific treatment
(Figure 9a). However, at 16 mM, many variables (morphological, physiological, and nutrimental) are
bacteriopriming-related (Figure 9b).

In fruit production, PCAs at 0 mM NaCl (Figure 10a) and at 16 mM NaCl (Figure 10b) are shown.
At 0 mM, the first two components explained 71.6% of the variance, while at 16 mM NaCl, they
explained 92.3% of the variance from 23 variables. Table S3 resumes the eigenvalues in this tomato
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stage. Under the two saline conditions, there is a clear separation of seed priming effects. Bacterio
and halo-bacteriopriming were the most influential treatments, especially at 16 mM NaCl.
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Figure 10. Principal component analysis of seed priming treatments on tomato plants at the reproduction stage
in two salinity conditions. a) 0 mM and b) 16 mM NacCl. Blue arrows: variables related to photosynthetic
pigments; yellow arrows: variables related to foliar nutrient concentration; black arrows: variables related to
foliar proline concentration; green arrows: variables related to nutrients in tomato fruits; orange arrows:
variables related to accumulative tomato yield; red arrows: variables related to beta-carotene concentration in

tomato fruits. Foliar and fruit nutrients concentration=chemical symbols with foliar or fruit, respectively.

4. Discussion
4.1. Bacterio and Halo-Bacteriopriming Improved Germination and Tomato Seedling Fitness

Tomato seeds treated with bacterio and halo-bacteriopriming exhibited a lower MGT, but higher
GRI and CUG compared to the control (Figure 1). The findings showed the effectiveness of seed
priming in reducing germination time, enhancing uniformity, and synchronizing emergence in
tomato. Other authors observed similar results when using various priming agents [64], zinc
application [65], or auxin-producing PGPB [66]. Additionally, both bacterio and halo-bacteriopriming
improved seedling vigor, fresh weight, and root length (Figure 2), which agrees with observations of
seedlings developing stronger rooting systems, higher biomass, and better structural development
early on [65,67,68]. Furthermore, the nutritional status (N, P, Ca, and Zn) significantly improved in
tomato seedlings (Table S1), particularly due to the bacterial treatments. The bacteria used in the
present research showed several beneficial traits, including the production of indole-acetic acid (IAA),
biological nitrogen fixation, and solubilization of P and Zn [31].

4.2. Halo-Bacteriopriming Increased Photosynthetic Pigments in Tomato Stages, Especially Under Salt
Conditions

Chlorophyll a is the main pigment for photosynthesis. In both salt conditions, chlorophyll a
concentrations were generally similar in seedlings and plants in the vegetative stage (Figure S1)
across hydro, halopriming, and control treatments (between 5 and 7 ug cm?). In contrast, a
significantly higher concentration was observed for those from bacteriopriming (around 8 pug cm?),
but exceptionally higher than those from halo-bacteriopriming (approx. 18 pg cm®?). This early
synthesis stimulation maximizes energy capture for plant development. During the flowering stage,
in plants derived from halo-bacteriopriming, the concentration of chlorophyll a decreased at 16 mM
(14 ug cm?) compared to 0 mM (16 pg cm?). Nevertheless, these values remained notably higher than
those observed in the other treatments, which ranged from 6 to 9 pg cm?).
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PGPB improve photosynthesis by increasing chlorophyll a. Moreover, these bacteria stimulate
auxin production, which retard leaves senescence and stimulates chloroplast division. Bacillus sp., a
component of the consortia tested in this research, was the largest producer of IAA, a common auxin
produced by PGPB [31]. The increment of chlorophyll a concentration is relevant under salt stress, as
these halotolerant bacteria protect the photosynthetic apparatus of plants exposed to salt stress [69,70].
The result may be due to oxidative damage mitigation [71,72], alleviation of photorespiration [69], or
expression of genes CHLH and POR, which are involved in chlorophyll biosynthesis [73]. This effect
occurs when plants were alerted with previous osmotic stress, such as halopriming [73].

Chlorophyll b is an antenna pigment that expands the light absorption spectrum. Chlorophyll b
had a notably lower concentration than chlorophyll a (Figure S1). The chlorophyll b concentration in
the control, hydro, and halopriming treatments was from 2 to 4 ug cm? during the early and
vegetative tomato stages under both salt conditions. However, in the halo-bacterio priming, it
reached 10-12 ug cm?2. In the flowering stage, halo-bacteriopriming induced a significantly higher
chlorophyll b concentration at 0 (12 pg cm?) and 16 mM NaCl (24 ug cm?) than in previous plant
stages (10-12 pug cm2). This maximum concentration of chlorophyll b suggests an expansion in light
absorption to compensate for salinity stress and ensure energy for the fructification stage, which
demands high energy. This is an adaptive response by tomato plants to maximize energy capture
needed for the high metabolic cost of reproduction under salt stress [74].

Carotenoids have a photo-protective and light recycling function. In the present research, at
early and vegetative stages (Figure S1), carotenoid concentration was almost constant, but it
increased under salt conditions (2 ug cm? at 0 mM and 7 ug cm? at 16 mM NaCl). Contrary to
chlorophyll pigments, carotenoid concentration decreased as plants maturate. At the flowering stage,
carotenoid concentration was as low, from 1 to 4 ug cm?2. It is possible that during flowering, plants
allocate resources, to flower development or protection, which are stable [75]. Halo-bacteriopriming
showed the lowest carotenoid concentration; which may indicate little need for photo-protection due
to high chlorophyll efficiency or possible redistribution of resources to reproductive organs.

4.3. Bacterio and Halo-Bacteriopriming Prevent Salt Stress by Osmoregulation Effect in Tomato at Different
Growth Stages

Proline acts as an osmoprotector of cellular membranes and enzymes involved in oxidative
stress. It helps mitigate the damaging effects of reactive oxygen species produced under salt stress
[76]. In the present research, at the vegetative stage with 16 mM, plants from bacteriopriming had the
highest proline concentration (187 uM g' DW), while bacteriopriming and halo-bacteriopriming had
the highest proline concentration (179 uM g-1) at the flowering stage (Figure S2). This result agrees
with several studies that showed that PGPB increase the proline production under salt stress [77].
The Na ions accumulated under salt conditions are balanced osmotically by proline and myoinositol,
consequently protecting enzymes [56]. In this study, endophytic halophilic bacteria reinforced tomato
metabolism on a critical growth stage related to plant productivity. The result is relevant, as proline
maintains osmotic stability during flowering, positively influencing fruit production, the most
sensitive stage in tomato under salt stress. During flowering and fruiting, tomato has the highest
energy demand enzymes [56]. According to several authors, higher proline production protects
cellular turgor, antioxidant enzyme activity, and the ultrastructure of leaves, which are factors
negatively affected by salt stress [41,78]. Mitigation of salt stress has been observed with exogenous
proline application in tomato and other crops when grown under salinity stress [78-80].

Higher production of osmoprotectants, such as proline, is facilitated by halophile PGPB that
produce exopolysaccharides, another mechanism that helps plant cells under salt stress [29,34,77].
The consortia used in this study contained two bacteria that produce exopolysaccharides (Halobacillus
sp. and Bacillus velezensis) as reported by Barajas-Gonzalez et al. [31]. Although diverse in
composition, bacterial exopolysaccharides have high sugar concentrations and functional chelating
groups, such as phosphate, hydroxyl, and carboxyl, with affinity for Na*. It results in a reduction of
free Na* concentration and osmotic pressure on membranes, leading to increased water retention.
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Consequently, the osmotic gradient decreases, promoting proline production [34]. Additionally,
Exopolysaccharides aid in nutrient uptake by forming biofilms that protect against drying [81,82].

Foliar Na concentration increased as plants mature (Figures 3a and 4a). At 0 mM, the foliar Na
concentration was approximately 6 g kg? DW at the vegetative stage and 10 g kg’ DW at the
flowering stage. No differences among treatments were not observed. At 16 mM, halo, bacterio, and
halo-bacteriopriming in the vegetative stage, and bacterio, and halo-bacteriopriming in the
reproductive stage significantly modulated foliar Na concentration (10 and 18 g kg? DW, respectively)
compared to this in the other treatments 15 and 25 g kg DW in vegetative and reproductive stages,
respectively). These priming treatments activated efficient ionic transport mechanisms to remove Na
from the xylem before it excessively translocated to leaves or flowers [83]. Upper inflorescences are
highly sensitive to salt [56]. This observation agrees with the role of PGPB in helping plants to
decrease Na uptake. They modulate the plant’s transport system to exclude excess Na at the root
level, compartmentalize it within vacuoles, and regulate its transport to shoots. This process enhances
the K*/Na* ratio, which is crucial for maintaining cellular homeostasis, among other mechanisms
[75,84,85].

The Na translocation control to reproductive organs is crucial because it induces osmotic stress.
Figure 7a showed the Na concentration in fruits. Fruits from the control treatment had an average of
10 g kg DW, whereas those from bacteriopriming and halo-bacteriopriming exhibited lower Na (on
average 6 g kg' DW). It is well recognized that growing tomato under salt stress increases Na
concentration while decreasing K, Ca, and Mg [56]. However, in the present research, bacterio and
halo-bacteriopriming activated the physiological memory in tomatoes, decreasing Na uptake. This
reduction was observed not only in foliar tissues but also in the fruits during salt stress. There was a
significant increase in K and Ca concentrations of various tomato growth, as well as in fruits. At 16
mM, tomato seedlings from hydropriming and control treatment (Figure 3b) showed the lowest foliar
K concentrations (approx. 9 g kg? DW), compared to those in bacterio and halo-bacteriopriming
(average 14 g kg DW). Similar results during the flowering and fruit production were also observed
(Figures 4b and 7b, respectively). Control plants had the lowest K concentration (<7 g kg' DW). In
contrast, plants treated with bacteriopriming had around 33 g kg! DW. The high foliar K
concentration influenced by endophytic and halophilic bacterial inoculation is a significant finding.
K plays a vital role in osmoregulation and is essential for stomata opening. It acts as the primary
solute driving turgor-driven cell expansion. Under salt stress, K helps maintain homeostasis and
regulates the osmotic balance within the plant [86,87].

In fruits (Figure 7b) from bacterio (35 g kg DW) and halo-bacteriopriming (40 g kg'' DW), an
increment in K concentration was observed compared to that in fruits from control plants (20 g kg
DW). In the fructification stage, K is highly demanded by tomato plants for the transport of
photosynthetates, influencing yield and fruit quality (diameter, weight, total soluble solids, dry
matter, turgor, firmness, lycopene synthesis, taste, and shelf life among some variables) as referred
by Woldemariam et al. [88]. The higher K concentration mitigated salt stress in tomato plants and
fruits, especially when bacteria were involved in the seed priming treatments, which may give higher
commercial value.

Bacterio and halo-bacteriopriming consistently improved Ca concentration across all growth
stages compared with those from the control and other more conventional seed priming treatments.
In the vegetative stage (Figure 3c), at 0 mM, control plants had the lowest foliar Ca concentration (2.7
g kg! DW) compared to those from bacterio and halo-bacteriopriming (15.5 g kg! DW). Under
salinity, plants from these same priming treatments maintained the highest concentration (16.7 g kg-
1 DW) while those from hydropriming had the lowest (10.8 g kgt DW). At the flowering stage, under
both salt conditions, plants from bacterio and halo-bacteriopriming treatments consistently had
higher Ca foliar concentrations (17.8 and 13.8 at 0 and 16 mM, respectively) compared to those from
control, hydro, and halopriming (14.9 and 11.4 g kg DW, respectively).

Fruits from bacterio and halo-bacteriopriming had higher Ca (average 4.1 g kg'' DW) compared
with those from control, hydro, and halopriming treatments (average 2.4 g kg'' DW). Like in K, these
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results consistently showed that endophytic/halophilic PGPB improved Ca absorption in different
tomato stages. These results are relevant as Ca is an essential plant nutrient and vital for cell wall and
membrane structure [89]. It is also relevant because Ca deficiency induces blossom-end rot incidence
[90]. The higher Ca in fruits, due to bacteria used in this research, is a relevant benefit that explains
the absence of blossom-end rot in tomato fruits when used in seed priming treatments. There is scarce
information showing that Ca has a beneficial effect due to PGPB and is less related to fruits. For
example, high Ca concentration in roots and shoots of Cyperus esculentus L. var. sativus seedling was
observed after multiple inoculations (every 5 days for a total of 5 times) with the endophytic
halophilic Franconibacter sp. YSD YN2 [91]. Moreover, the expression of nutrient transporter and
stress—responsive genes in tomato seedlings, inoculated with single or PGPB consortia was reported
[92]. These genes were related to phosphate mobilization (PT1), improved nitrogen uptake (AMT1
and NRT2), and stress tolerance and reactive oxygen species scavenging (GR and DRE). Optimization
of Ca translocation to the blossom-end pericarp and enhancing the ascorbic acid-glutathione
antioxidant system may be key aspects to the reduction in incidence of this disorder [93]. Therefore,
PGPB in this research may be influencing the crucial factors; however, this deserves deeper
investigation.

Bacterio and halo-bacteriopriming generally improved Mg concentration in leaves (flowering)
and fruits (Figure 4 and 7, respectively). In the flowering stage, significant differences in Mg
concentration were observed at 16 mM with these two priming treatments (25.1 g kgt DW) compared
to other treatments (average 14.2 g kg DW). No difference was observed at 0 mM. Similarly, in fruits
from both priming treatments, higher Mg concentration was observed (4.2 g kg DW) than in the
other treatments (1.6 g kg' DW).

Salt stress greatly reduces foliar Ca and K concentrations. Plants with higher foliar K and Ca
concentrations, under salt conditions, will have low Na/K and Na/Ca ratios and a nutrient
equilibrium [56]. In the present research, both bacterio and halo-bacteriopriming lower Na/K ratio,
suggesting reduced salt stress. This is in accordance with recent studies with Pseudomonas aeruginosa
HG28-5, a rhizobacterium with PGP traits in tomato [94]. During the vegetative stage at a
concentration of 16 mM, control plants had an Na/K ratio greater than 1.7. While plants from
bacteriopriming showed a ratio of 0.35, representing nearly a fivefold reduction compared to the
control treatment. During the flowering stage, high Na can compromise flower viability. In control
plants, the Na/K ratio was 4, while in plants from bacteriopriming, it was 0.35. This reduced ratio
suggests the protection of reproductive organs. Moreover, fruit quality is more closely associated
with Na/K ratio than with Na plant concentration. The Na/K ratio was 0.5 in control plants, while
with bacteriopriming, it was 0.15.

In all cases, low ratios observed in bacterio and halopriming treatments demonstrate the
effective exclusion of Na, probably due to regulation of HKT transporters, and osmotic homeostasis.
Na is toxic at high concentrations, while K is an essential nutrient for osmotic equilibrium and
enzymatic activation. This ratio is also associated with higher soluble solids (Brix) due to bacterio and
halo-bacteriopriming as mentioned later. Khawula et al. [95] argued that PGPB isolated from the
rhizosphere regulate the K/Na ratio by increasing the expression of the high-affinity potassium
transporter HKT1 gene. Then, keeps homeostasis in plants and reduces Na toxicity. The expression
of this transporter was not identified by Barajas-Gonzalez et al. [31] in the endophyte and halophilic
bacteria conforming the consortia tested in the present research; however, future studies should
confirm this. Bacterial priming regulates the expression of transporters in root stela cells, effectively
moving Na* from xylem before it reaches leaves and subsequently to the fruits. When Na/K is low,
compatible solutes and K regulate osmotic potential. This avoids energetic expenditure for vacuolar
Na compartmentalization [83].

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202604.1779.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 April 2026 d0i:10.20944/preprints202604.1779.v1

20 of 31

4.4. Priming Activated Tomato Physiological Memory at Different Development Stages, Allowing Better
Nutrient Uptake Under Salt Stress

Seedlings from different priming treatments had different P foliar concentration (Table S2). In
the vegetative tomato stage at 0 mM NaCl, P concentration increased 3.7 times in leaves of plants
from bacterio and halo-bacteriopriming. These same treatments had higher P (1.8 times) than in
control plants at 16 mM (Table 1). At the flowering state, when the plants are particularly vulnerable
to salinity, the observed pattern was more pronounced. The bacterio and halo-bacteriopriming
treatments increases the foliar P concentration (2.5 and 6.4 times, respectively) at 0 mM and 16 mM
NaCl (Table 2). In the tomato fruit, there was no difference in P concentration among treatments at 0
mM. In contrast, at 16 mM, high P concentration (4-fold) was observed in bacterio and halo-
bacteriopriming than in fruits from the rest of the treatments (Table 4). The results showed that
priming with bacteria, especially when combined with halopriming, improves P uptake during
critical tomato growth stages. Studies with halotolerant rhizobacteria, such as Arthrobacter and
Bacillus strains, showed the ability to solubilize phosphate under salt stress conditions. These bacteria
effectively mitigate the negative effects of salt by promoting plant growth and increasing P uptake,
particularly under salinity conditions [96]. All members of bacterial consortia used in the present
research demonstrated the capacity for P solubilization [31]. These are effective for nutrient
management, particularly P and K, which are essential to sustaining tomato growth, yield, and the
nutritional quality of the fruit [97].

Moreover, the foliar N and Zn concentrations in seedlings from bacterio and halo-
bacteriopriming were higher compared to those of other treatments (Table S2). Control seedlings had
the lowest N concentration (0.2%), while those of bacterio and halo-bacteriopriming had 8.5-fold
higher concentrations. Foliar Zn concentration in the vegetative tomato stage was 6% higher than
that of the control plants at 0 mM; however, there was no difference at 16 mM (Table 1). At the
flowering stage, Zn concentration was similar among treatments at 0 mM; however, at 16 mM,
bacterio and halo-bacteriopriming had approximately 1.3 times the Zn foliar concentration of control
plants (Table 2). Similar behavior was observed in tomato fruits (Table 4). These two seed priming
treatments had more Zn (1.2 times) than those from the control treatment. These results are relevant
because Zn is a key nutrient for membrane integrity, a cofactor for more than 300 enzymes, and auxin
synthesis. Adequate Zn concentration stabilizes membranes and reduces Na influx [98]. Na is an
antagonist of Zn. The proportion of assimilates to the aerial part is lower under salinity than in normal
conditions [56]. In the present research, the bacterial consortia tested influenced the small but
significant increment in Zn concentration, which was also selected, among other outstanding traits,
by their capacity to solubilize Zn [31]. Recent findings showed that high concentrations of Zn under
salt conditions improved growth, yield, and nutritional tomato value, and reduced salt stress [99].
Similarly, the use of Zn as a priming agent mitigated the toxic effects of salts in sorghum plants,
influencing nutrient homeostasis, chlorophyll synthesis, osmolytes accumulation, and maintaining
leaf water status [98].

At 0 mM NaCl, the foliar Min concentration was 1.5 times higher in plants in the vegetative stage
from halopriming and halo-bacteriopriming, and 1.1 times higher in plants at the flowering stage
from halo-bacteriopriming (Table 1). Bacteriopriming and halo-bacteriopriming also promoted
greater Mn uptake during the vegetative stage, showing increases of 1.2 and 1.3-fold, respectively)
than that in control plants at 16 mM. However, at the flowering stage at 16 mM, no differences in
foliar Mn concentration were found among treatments, but at 0 mM, bacteriopriming and halo-
bacteriopriming had 1.1 more Mn in leaves than in control plants (Table 2). During fructification at 0
mM, the highest Mn concentration was observed in fruits from hydro and bacteriopriming. At 16
mb, fruits from bacterio and halo-bacteriopriming had the highest Mn concentration. In both cases,
compared to fruits from the control (Table 4). Several authors have suggested that microorganisms
increase Mn bioavailability in plants through siderophores production, which, like Fe, also chelates
Mn, making it more available to plants [100,101]. Moreover, PGPB solubilize Mn by reduction of pH
and production of organic acids, under normal or salt conditions Barajas-Gonzalez et al. [31]. These
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authors observed that 11 endophytes and halophilic bacteria isolated from halophytes solubilize Mn;
Halobacillus sp. solubilized Mn at the highest concentration with 16 mM NaCl and 0 mM. This
bacterium is a member of the consortia used in the present research.

At 0 mM NaCl during the vegetative tomato stage, control plants had a fourfold lower foliar Fe
concentration than plants halo-bacterioprimed. Similarly, the control plants had a 3.9-fold lower Fe
concentration compared to the plants from halo-bacteriopriming at 16 mM (Table 1). At the flowering
tomato stage, plants from halo-bacteriopriming had 3.4 and 3.1-fold higher Fe concentrations, at 0
and 16 mM NaCl, respectively, compared to those in control plants (Table 2). Similar to Zn,
bacteriopriming improved Fe uptake (36%) in tomato fruits compared with that of the control
treatment at 16 mM of NaCl. However, there was no difference among treatments under 0 mM (Table
4). These results are crucial as salinity can limit Fe transport. Moreover, Fe is essential for enzymatic
systems and chlorophyll synthesis. The endophyte and halophilic PGPB, used as consortia in the
present research, also fortified plants and fruits with Fe. This result is a significant finding not only
relevant to agricultural yield, but also a key public health tool to combat hidden malnutrition in
cereals and major crops [102-105]. Some authors have suggested that rhizosphere bacteria can be a
useful alternative Zn and Fe biofortification in edible parts of crop plants [104]. Moreover, seed
priming and the use of Zn-solubilizer, along with siderophore-producing endophytic bacteria (as
Arthrobacter sulfonivorans DS-68, Enterococcus hirae DS-163), are promising strategies for enhancing
biofortification (endophytic biofortification) in various crops such as wheat [106,107]. This study
indicates that PGPB enhances nutrient uptake by mediation of siderophores, which improve Fe
absorption. Siderophores are compounds that chelate Fe, making it available for plants [95].
According to Barajas Gonzalez et al. [31], eleven endophytic halophilic isolates from halophytes
produced siderophores in normal and saline conditions. Notably, the most productive bacteria in the
present study were among those in the tested consortium. The order of siderophore production, from
highest to lowest, was Halomonas sp. (Billgrantia sp.) > Bacillus paranicheliformis > Halobacillus sp. > B.
velezensis >> Bacillus sp.

4.5. Superior Yield of Tomato Fruits With Higher Nutraceutical Quality Produced Through Halo-
Bacteriopriming

In relation to the number and fruit diameter (Table 3), the priming treatments expressed the best
response at 16 mM than at 0 mM. Bacterio and halo-bacteriopriming had the highest number of fruits
after 10 harvests (34), with a higher polar diameter (50 mm), while fruits from bacteriopriming had
the highest equatorial diameter (42 mm). Cuartero and Fernandez-Munoz [56] discussed that under
salt stress, tomato fruit size decreases during the first 4 weeks of harvest, but later, fruit number is
also less. These authors also observed a smaller tomato fruit diameter in plants exposed to salt stress
(35 mm) compared to normal conditions (55 mm). In the present research, the control treatment at 16
mM had 30 fruits, an equatorial diameter of 33 mm, and a polar diameter of 38 mm.

Control and hydropriming treatments produced fruits with blossom-end rot at 16 mM NaCl
(Table 3). This damage in fruits is a century-old major functional disorder in tomato responsible for
losses of up to 50% and less marketability [56,108]. As mentioned earlier, this tomato damage may be
due to alocalized Ca deficiency in the fruit [109]. Especially under salt stress, Ca moves with difficulty
from the roots to the aerial parts and to the fruits [56]. Reactive oxygen species are also critical factors
in this abnormal fruit development [108]. However, different factors (genetic, physiological, and
environmental) may contribute to its occurrence [110].

The results of the present research showed that all seed priming treatments, except the
hydropriming, mitigate this fruit disorder. Endophytic bacteria living within the plant tissue offer a
targeted approach to managing this disorder by strengthening plant health and nutrient uptake.
Several strategies have been studied [108], for example, spraying Ca directly onto young tomato fruits
[107]; homeopathic medicines such as Lapis Albus 200C and Borax 200C [111], or eggshells or snail
and seashell [112]. These outstanding bacterial priming treatments used in the present research may
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be part of innovative strategies for tomato and other plants production that suffer from this disorder
under salinity conditions.

These previous results are in accordance with the yield decrement observed in fruits from the
control in the present study (Figures 5 and 6). Salinity may reduce tomato yield [56]. These authors
mentioned that an increment of 1 dSm! may result in losses of around 10%. This value is higher than
that observed with halo and halo-bacteriopriming in the present research. Yield decreased across all
treatments by an average 20% under salt stress. Specifically, yield reductions were as follows: control
plants had a 39% decrease, plants from hydropriming had a 33% reduction, plants from
bacteriopriming had a 17% drop, and plants from halo and halo-bacteriopriming had the smallest
decrease of 8%. Zhai et al. [113] reported that under commercial management, tomato yield decreased
substantially with salinity after three consecutive years. The outstanding seed priming methods used
in the present research may increase tomato plant fitness, productivity, and yield, as demonstrated
at several growth stages. Future research should include the analysis of tomato production over a
longer time.

Total soluble solids are a critical quality parameter in the industrialization of tomato paste, as
they significantly influence the economic value of the raw material [56]. Several studies observed that
salinity increases total soluble solids (measured in °Brix) in tomato, primarily due to small fruit size
[114-116]. In the present research, this effect was not observed. At 16 mM NaCl], total soluble solids
decreased in tomato fruits from seeds treated by control, hydroprimed, or halo-bacterioprimed seeds
compared to those at 0 mM (Table 4). However, seeds primed with bacteria or the combination halo-
bacterio produced fruits with the highest values in both salt conditions (3.7 to 4.3 °Brix). In accordance
with observations of some authors, priming treatments influence the production of total soluble
solids [117,118]. The results obtained in the present research are significant as a higher content of total
soluble solids in tomato fruits positively influences their organoleptic quality [119]. Bacteria induce
the production of sugars and organic acids, which account for total soluble solids. Extracts of seaweed
Ascophyllum nodosum, with high concentrations of these compounds, used as biostimulants, also
increased the total soluble solids under salt stress conditions [120].

Beta-carotene is a provitamin A with antioxidant properties [121] and is beneficial for general
human health, also preventing illness [122]. It is known that salinity enhances carotenoid biosynthesis
in tomato [119]. In the present research, 16 mM NaCl increased the beta-carotene concentration,
except in fruits from halopriming, compared to 0 mM (Figure 8). Salt condition increased beta-
carotene production: in the control treatment, it was 3 times; in hydropriming, it was 1.8; in the halo-
bacteriopriming, it was 2.3, and in the bacteriopriming, it was 2.4 higher at 16 than at 0 mM. However,
fruits from bacterio and halo-bacteriopriming had the highest beta-carotene concentrations (2.8 and
2.3 pg g' DW, respectively) compared with the control treatment (1.4 pug g! DW). This result is
relevant because beta-carotene concentration improves the nutritional quality of tomato [119].

It is important to emphasize that there is extensive information on the effects of seed priming on
germination, seedling and plant-growth, and biochemical and physiological plant parameters. In
contrast, there are relatively few studies analyzing the nutraceutical quality of tomato fruits.
Apparently, this is the first evaluation of the use of bacterio and halo-bacteriopriming and their
influence on beta-carotene concentration in tomato fruits. This metabolite and other carotenoids, such
as lycopene, are high-value commodities [123]. Other halopriming treatments (KNOs and (NH4)250s)
in tomato were effective to improve germination, plant height, chlorophyll pigments, and
biochemical traits such as lycopene, total phenolic, and total flavonoid contents [118]. As bacterio and
halo-bacteriopriming were the most effective treatments in the present research, future studies
should incorporate metabolomics to analyze the influence of these seed priming treatments on a more
complete tomato fruit profile. This information may increase our understanding of the stability and
inherited transgenerational effects of these promising seed treatments.
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4.6. Priming, with an Endophytic and Halophilic Bacterial Consortium, Modified the Physiological,
Nutritional, Productive, and Nutraceutical Metabolism of Tomato Plants in All Development Stages

The present research demonstrated that endophytic and halophilic bacteria isolated from
halophytes, with several plant growth-promoting properties, used as consortia in seed priming,
represent a resource useful to increase salt tolerance at different growth stages in tomato (Figures 9
and 10). Li et al. [124] observed that the inoculation with endophytes (Streptomyces olivaceus EGI
P1B035 and Priestia filamentosa EGI P1B048) promoted the growth of tomato plants (45 days old)
under salt stress. Inoculations were performed first in one-wee-old seedlings, and the second 30 days
later. These authors observed that these bacteria influenced key enzymes and metabolites involved
in flavonoid biosynthesis, as well as auxin, cytokinin, and brassinolide signaling pathways. In the
present study, a single inoculation during the seed priming treatment produced several benefits for
tomato plants.

Seed priming is a promising biotechnological alternative that not only helps seedlings survive
immediate resilience in germination and early seedling growth but also influences physiological and
biochemical attributes in tomato [117]. The current study demonstrated that seed priming with
bacteria, in combination with halopriming, strengthens long-term salt tolerance in plants, persisting
through fruit production and quality assessment.

At 0 mM Na(l], total accumulated variance for germination and seedlings was 59.2% (Figure S3),
which increased and remained similar at vegetative and production stages (above 70%). Interestingly,
at 16 mM Na(l], it increased at 80% and 92.3% in the last 2 tomato stages (Figures 9 and 10). Hence,
seed priming with endophytic and halophilic bacteria in a consortia improved tomato performance
without salt stress. Under salt stress conditions, combining bacteriopriming with halopriming
yielded even greater benefits. This study, for the first time, highlights a consistent response to salt
stress in two priming treatments: bacteriopriming and halo-bacteriopriming. It examined a wide
range of variables related to growth, physiological, and biochemical processes, yield, and fruit quality
in tomato plants. In the PCA analysis, the seed priming treatments displayed significant importance
for certain variables, particularly at 16 mM NaCl. The longer the arrow, the greater the significance
and the closer the relationship with the treatment. Ultimately, this study examined the use of priming
in tomato production to alleviate salt stress, a significant constraint in tomato production. However,
further research should consider other emerging crops that are also affected by drought, salinity, and
soil degradation [125].

5. Conclusions

Seed priming treatments using bacterio and halo-bacteriopriming have proven to be an effective
biotechnological tool efficient for enhancing the resilience of tomato plants under salt stress. Both
short and long-term benefits were observed from germination to fruit production. Overcoming the
natural adaptive response of tomato plants, the endophyte and halophilic consortia, with outstanding
properties as PGPB, have potential to be used in commercial production by seed priming as synergic
bacterial inoculant in glycophyte crops, improving growth, fitness, as well as yield, and fruit quality
(nutritional, organoleptic and nutraceutical) under salt stress.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org., Figure S1: Photosynthetic pigments in tomato plants under two salinity
conditions (0 and 16 mM NaCl) in four seed priming treatments; Figure S2: Foliar proline concentration in two
salinity conditions and two tomato growth stages; Figure S3: Principal component analysis of treatments on
seedlings of tomato. Table S1: Fresh weight and root length of tomato seedlings with different seed priming
treatments; Table S2: Foliar concentration of nutrients in tomato seedlings exposed to four seed priming
treatments. Table S3: Eigen values of PCA in three tomato growth stages under different seed priming

treatments.
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Abbreviations

The following abbreviations are used in this manuscript:

CRISPR/Cas9 Clustered regularly interspaced short palindromic repeats-associated protein 9

PGPB Plant growth-promoting bacteria
UEC Units forming colonies

MGT Average germination time

GRI Germination rate index

CUG Germination uniformity coefficient
GP Germination percentage

\Y Vigor of seedlings

TIAA Indole-acetic acid
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