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Fusarium oxysporum is one of the most damaging plant pathogens causing Fusarium wilt
in many plants leading to serious economic loss. The fungus colonizes the xylem, which
leads to resistance in water flow in the plant thereby affecting the rate of photosynthesis.
The present study focuses on the selection of bacterial endophytes isolated from tomato
plants and evaluating their potential to antagonize Fusarium oxysporum in tomato in
vivo. The results obtained indicated that two endophytic isolates, namely Pseudomonas
fluorescens BUMDS5 and Bacillus velezensis BUMD9, could act as efficient biocontrol
agents (BCASs) as they inhibited the growth of pathogen by 67.2 and 69.1%, respectively,
in vitro. Both the isolates were found to produce hydrolytic enzymes chitinase and
protease. They also produced siderophore and hydrogen cyanide (HCN). The consortia
of both the isolates significantly reduced the infection percentage by about 67% and a
3-fold decrease in disease severity was observed as compared to pathogen control. The
treatment of infected plants with these potent isolates was also beneficial in improving the
overall photosynthetic performance index (Pl). Thus, plants treated with consortia of these
isolates exhibited better overall plant growth despite being infected by the pathogen.

Keywords: biological control, endophytes, photosynthetic apparatus, tomato plant, Fusarium wilt

INTRODUCTION

Fusarium oxysporum, an ascomycete, is a major disease-causing pathogen affecting plants in
agricultural settings (Fisher et al.,, 2012). It is listed among the topmost devastating pathogens
worldwide. Fusarium wilt is one of the major plant diseases caused by pathogenic Fusarium
oxysporum strains (Dean et al., 2012). The spores produced by the fungus are known to remain in
the soil for decades in a viable form thereby leading to the failure of crop rotation schemes (Nelson,
1981). The spores germinate after encountering plant root exudates and initiate the colonization of
the host plant, followed by an invasion of vascular bundles. The water uptake system of the plant
gets affected thereby causing severe wilting and sometimes death of the host plant (Altinok, 2005).

Tomato is also vulnerable to Fusarium wilt. The symptoms observed in infected plants include
stunted growth, wilting, yellowing of leaves and stems, defoliation, marginal leaf necrosis, and
vascular necrosis (Singh et al., 2017). The effect of a pathogen can be traced through the entire
plant including shoot tips and fruits. The xylem discoloration might be observed only on one side
initially but eventually leads to browning of the entire xylem (Cerkauskas, 2017). There are three
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protein complexes that are responsible for mediating the primary
reactions of photosynthesis in the thylakoid membranes of
chloroplasts. These include PSII, the cytochrome bsf complex
(Cytbef), and PSI, which are connected in series through the
photosynthetic electron transport chain. The light-harvesting
systems of PSII and PSI capture light energy and transfer it to
the reaction center chlorophylls to create a charge separation
across the membrane. This leads to the formation of a strong
oxidant on the donor side of PSII capable of splitting water
into molecular oxygen, protons, and electrons (Eberhard et al.,
2008). The obstruction in the water transport system affects
the rate of photosynthesis due to stomatal closure induced by
water deficit. It is also found to affect the metabolic pathways
of photosynthesis, Rubisco is one of the examples (Duniway and
Slatyer, 1971; Lorenzini et al., 1997; Saeed et al., 1999; Pedrosa et
al., 2011). Fusarium wilt is responsible for affecting three crucial
processes in photosynthesis- the thylakoid electron transport, the
carbon reduction cycle, and the stomatal control of the CO,
supply (Allen et al., 1997).

The present-day strategies used to control wilt include the
use of chemical fungicides, heat sterilization of soil, and the use
of resistant plant varieties; however, none of them proved to
be completely successful. Chemical control methods include the
application of some broad-spectrum biocides like carbendazim
before planting. These chemicals are preventive in nature but
cannot treat an infection. These are also found to be harmful
to other beneficial soil microbes and can also enter the food
chain thereby causing detrimental health (Lopez-Aranda et al.,
2016). The application of heat is non-selective and can affect the
quality of soil (Mahmood et al., 2014). Developing resistant plant
varieties is the most effective method but genetically encoded
resistance is not durable for a longer period of time and leads
to the emergence of new resistant strains (Takken and Rep, 2010;
De Sain and Rep, 2015).

In recent years, endophytic micro-organisms which colonize
host tissues internally without causing damage or eliciting disease
symptoms, have received increased attention (Sturz et al., 2000;
Chaturvedi et al, 2016). Endophytes have been considered
successful candidates to be used as BCAs because of their
ability to colonize a plant and have a more protective and
less competitive environment as compared to their rhizospheric
colleagues. The use of BCAs in an efficient manner is a self-
sustaining and long-term method to control plant diseases and
pests. Bacterial BCAs showing antagonistic actions against plant
pathogenic fungi that cause a wide spectrum of plant diseases
have been reported. Different mechanisms remain responsible for
the antagonism of biocontrol agents that include the production
of antifungal metabolites, competition for space and nutrients,
mycoparasitism, and induction of the defense responses in plants
(Glick, 1995; Howell, 2003; Chaturvedi and Prakash, 2020).

In the present study, we aimed to explore beneficial
endophytic bacteria as potent biocontrol agents against Fusarium
wilt of tomato. The isolates were selected on the basis of
their antagonistic potential against Fusarium oxysporum in
vitro. The selected isolates were tested for their capability of
producing hydrolytic enzymes like chitinase and protease and
plant growth promoting attributes like siderophore and HCN

production. Furthermore, this study aims to understand the
biocontrol effect of bacterial endophytes on Fusarium wilt in
tomato plants and therefore, the photosynthetic apparatus which
is affected during wilting. We also analyzed the amount of
chlorophyll a (Chl a), chlorophyll b (Chl b), and total chlorophyll
content (a+b) in plants treated with pathogen and biocontrol
agents. By measuring Chl fluorescence kinetics, the efficiency
of Photosystem II (PSII) photochemistry was measured. Energy
pipeline models of photosynthetic apparatus visualized the
alterations of PSII energy fluxes in response to the pathogen
and its recovery by biocontrol agents. In summary, the isolates
identified in the present study can be useful in controlling
Fusarium wilt of tomato, the consortia of them being even
more efficient.

MATERIALS AND METHODS

Plants, Bacteria, Fungi, and Growth
Conditions

The tomato wilt pathogen Fusarium oxysporum f. sp. lycopersici
(ITCC 6859) was collected from the Indian type culture collection
(ITCC), IARI, Delhi. The pathogen was maintained in Potato
Dextrose Agar (PDA) (Lopez-Martinez et al., 1999) at 4°C and
periodically sub-cultured in PDA.

The tomato plants were collected from the Bhopal region
(23.165964°N 77.328515°E) of Madhya Pradesh. Endophytic
bacteria were isolated from roots, stems, and leaves (five samples
each) of plants according to the method described by Hallmann
et al. (1997) and Sturz et al. (1998). All the isolates were
maintained in the nutrient agar slants at 4°C. The efficiency
of the surface sterilization process was checked according to
Hallmann et al. (1997) (detailed procedure and images in
Supplementary File 1).

Antifungal Activity of Isolated Strains

The isolated microbes were screened for their antagonistic
potential against Fusarium oxysporum by dual culture assay
(Shabanamol et al., 2017). About 2 mm of Fusarium mycelia plug
grown on PDA was placed at 2 cm from the edge of the agar plate
and challenged on the other end of the plate at 2cm from the
edge with a single streak of the bacterial isolates. Petri plates were
incubated at 28 & 2°C for 7 days and percent (%) inhibition was
calculated using the following formula:

~ (C—T) x 100
N C

I

where, I = % inhibition in mycelia growth; C = growth of
pathogen in control plates; T = growth of pathogen in dual
culture plates.

Identification of Selected Endophytes

Total two isolates showing maximum inhibition for the fungal
pathogen were selected and identified by molecular means using
16S rRNA sequencing. Twenty-four-hours old cultures of the
selected bacterial isolates were subjected to DNA extraction
using a bacterial genomic DNA isolation kit (HiMedia) following
the manufacturer’s instructions. The extracted DNA was used
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to amplify 16S genes. The polymerase chain reaction (PCR)
product was purified by using a PCR product purification
kit (HiMedia) and was sent for sequencing (Bio-innovations,
Mumbai, Maharashtra). The sequence obtained was analyzed
using BLAST and was deposited in NCBI GenBank. The
phylogenetic tree had been constructed using the MEGA7
software (Midhun et al., 2017).

Screening for Attributes Aiding to

Antagonism

Production of Hydrolytic Enzymes-Chitinase and
Protease

The ability of endophytic isolates to produce chitinase was
determined by inoculating on a minimal medium amended with
colloidal chitin as the sole carbon source (Renwick et al., 1991).
Plates were incubated at 28 £ 2°C and analyzed for the zone of
clearance for up to 10 days. Protease production was observed
according to Smibert et al. (1994). The development of a clear
zone around the bacterial colony inoculated in the skimmed milk
agar indicated a positive result.

Siderophore Production

The Chrome Azurol S (CAS) agar medium was prepared as
described by Schwyn and Neilands (1987) for the qualitative
detection of siderophore production. The strain was inoculated
in the Chromo Azurol S (CAS) (blue agar) plate and kept
for incubation at 37°C for 48h. The presence of a yellow to
light orange halo zone in the medium surrounding the colony
indicates the production of siderophore.

HCN Production

The production of HCN was observed according to Bakker and
Schippers (1987). The log phase culture (50 pl) of the bacterial
strain was spread on a nutrient medium containing glycine (4.5
gL™!). The change of color of the Filter paper (Whatman filter
paper 1) soaked in 0.5% picric acid in 1% sodium bicarbonate
placed in the upper lid of the Petri plate incubated at 28°C for
96 h from yellow to reddish brown was recorded as an index of
positive for cyanogenic activity.

Effect of Selected Isolates on Vigor Index

and Seed Germination

Surface sterilized tomato seeds were inoculated in bacteria broth
with a final concentration of ~10% CFU per seed and were
incubated for 24h at 28 + 2°C. Among them, 20 seeds were
randomly selected by discarding the broth. They were transferred
to the Petri plate containing sterile moistened blotting paper.
Seeds treated with sterile distilled water (SDW) served as control.
The Petri plates were incubated at 28 & 2°C for 7 days under
the dark condition for germination (Xia et al., 2015). The
germination percentage was calculated using the formula:

Number of Seeds Germinated

100
Total Number of Seeds x

Germination Percentage =

The seedling vigor index was

following formula:

calculated using the

Seedling Vigour = Seedling Length in cm

x Germination Percentage

Evaluation of Biocontrol Efficacy of

Selected Isolates in-vivo

Seed treatment was done as mentioned in section Effect of
Selected Isolates on Vigor Index and Seed Germination. For
treatment with the consortia of isolates, 10 ml of one culture was
combined with 10 ml of another. The confirmation of endophytic
colonization was done as mentioned in Supplementary File 2.
About three treatments and two controls were considered for
the experiment as mentioned in the table. The bacteria-treated
tomato seeds were sown in the paper cups. After attaining the
two true leaf stage the seedlings were transferred to the individual
pots (12.5 x 14.5 cm) containing autoclaved soil. The treatments
included in the study are as follows: T1- Plant uninoculated
(Healthy Control), T2- Plant inoculated with pathogen, T3-
Plant treated with BUMD?5 and Fusarium, T4- Plant treated with
BUMD9 and Fusarium, and T5- Plant treated with consortia
and Fusarium.

Pathogen Inoculation

The Fusarium oxysporum spore suspension of inoculum was
prepared by pouring 20 ml of SDW in each culture plate of 5-
7 days old fungal mycelium and then gently scraped using the
spore harvester. The concentration of conidia was adjusted to 107
conidia ml~!. Then, about 5 ml of prepared spore suspension was
used to inoculate each seedling in all five treatments using the
soil drenching method (Patil et al., 2011). In the soil drenching
method, 5 ml of fungal suspension (i.e., water containing conidia
of the pathogen) was inoculated to each of the seedlings by
drenching the soil around the root zone with the help of a pipette.
Before inoculation, the roots were slightly severed (wounded) by
inserting a needle, 1 cm away from the stem. Root severing was
done to ensure pathogen penetration through roots.

Symptom severity of the shoot system of the plants was
assessed (6 weeks after pathogen inoculation) using the following
scales: 0- no symptoms,1-yellowing 1-25% of the leaves near the
stem base, 2-Yellowing, and wilt 26-50% of leaves with a simple
brown discoloration in the xylem vessels, 3-Yellowing, and wilt
51-75% of the leaves with dark brown coloring in the xylem
vessels and 4-Wilt and die 76-100% of leaves (Souza et al., 2010).

The disease severity index and infection percentage were
calculated using the following formulae:

ni X si
x 100

Disease Severity Index (%) =

ni
Infection (%) = — x 100
n

where, ni: is the number of plants affected by each degree of
severity, si: the degree of severity of the attack (0-4), n: the total
number of plants used for each energy level applied.
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FIGURE 1 | In vitro antifungal activity against Fusarium oxysporum. The strains showing maximum percentage inhibition BUMD5 and BUMD9 were selected for
further studies.

Estimation of Chlorophyll Content
Sample preparation was done according to Pérez-Patricio

et al. (2018). Absorbance readings were performed
at wavelengths of 663 and 645nm. The control was
acetone/ethanol  (2:1 v/v). The obtained values were

substituted in the following formulas, for the estimation of
photosynthetic pigments:

Chlorophyll a (mg/g) = (12.7 x A663) — (2.59 x A645)
Chlorophyll b (mg/g) = (22.9 x A645) — (4.7 x A663)
Chlorophyll Total (mg/g) = (8.2 x A663) + (20.2 x A645)

Where, A663 and A645 are the absorbance measured from 663
and 645 nm, respectively.

Measurement of Fluorescence Induction Kinetics
Polyphasic chlorophyll a fluorescence transient called O-J-I-P
(JIP-test) was measured using a plant efficiency analyzer (PEA,
Hansatech, England) in tomato plants. In order to provide
a homogeneous illumination, excitation light of 650 nm was
focused on the surface of the leaf from an array of three
light-emitting diodes. The intensity of light reaching the leaf
was 3,000 pmol (photon) m~2 s~!, which was sufficient to
produce maximum fluorescence (Fm). Plants were adapted
to dark for 20min prior to measurements. The Biolyzer
HP 3 software (the chlorophyll fluorescence analysis program
of the Bioenergetics Laboratory, gifted by the University
of Geneva, Switzerland) was used to prepare the energy
pipeline model.

Statistical Analysis
The data were subjected to one-way ANOVA and Tukey’s HSD
test at the level of p < 0.05. All the statistical analyses were

performed using the SPSS version 16 statistical package (IBM
SPSS, USA).

RESULTS

Selection of Potent Strains to Be Used as

Biocontrol Agents Against Fusarium Wilt

A total of 36 isolates were collected from the different parts
of the plant, viz. roots (17), stem (11), and leaves (8). All
the isolates were tested for antifungal activity. A total of eight
isolates showed anti-fungal activity in the dual culture method
(Supplementary File 3) out of which two isolates, BUMD5
and BUMDSY, showing maximum inhibition percentage, i.e.,
67.2 and 69.1%, respectively, were chosen for further studies
(Figure 1). Both the isolates were found to produce hydrolytic
enzymes chitinase and protease (Figures 2A,B). Also, both the
strains were positive for siderophore and HCN production
(Figures 2C,D). The sequences were submitted in NCBI
GenBank and accession numbers MZ223450 and MZ223454
were obtained. The isolate MZ223450 was found to have
99.06% similarity to Pseudomonas fluorescens P21(FJ605510.1)
and MZ223454 was found to have 99.9% similarity to
Bacillus velezensis HFBPR51 (MT539153.1), respectively, using
sequencing and BLAST results. Figure 3 shows the phylogenetic
trees obtained using MEGA software.

Effect of Selected Isolates on Vigor Index

and Seed Germination

The isolates were assessed individually as well in combination
for seed germination potential. They showed an enhanced seed
germination percentage and vigor index when compared to the
uninoculated control after 7 days of incubation. It could be
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FIGURE 2 | The selected isolates were tested for production of the following.
(A) Chitinase- The zone of clearance shows hydrolysis of chitin by the isolate,
(B) Protease- The clear zone surrounding the colony shows the production of
protease enzyme by the isolate. (C) Siderophore- The orangish-yellow zone
around the colony shows the isolate is positive for siderophore production. (D)
HCN- The change of color of filter paper from yellow (control) to orangish
brown is indicative of the production of HCN by the isolate.

inferred that the seed germination and vigor index was influenced
by the seed treatment with the isolates (Table 1).

Evaluation of Biocontrol Efficacy of

Selected Isolates in vivo

Effect of Different Treatments on Plant Growth
Parameters

It was observed that during the study, treatment T5 significantly
reduced the infection by 67% when compared to control
followed by treatments T3 and T4, which reduced by 26.7 and
33.3%, respectively (Table 2). Although there was no significant
difference observed in the reduction in disease severity between
T3, T4, and T5, there is an almost 3-fold reduction in disease
severity when compared to the plant only inoculated with the
pathogen (T2).

The growth parameters were observed for the plants after
45 days of pathogen inoculation (Figure4). Maximum root
length and shoot length, i.e., 18.1 £ 0.11 cm and 39.7 & 0.5cm
(Figures 5A,B, respectively), were observed in T5, which is
almost equal to that observed in an uninoculated or healthy plant
(T1). However, a significant increase in fresh weight and dry
weight (Figures 5C,D) was clearly observed in plants under the
treatment T5 when compared to a healthy plant (T1).

Estimation of Chlorophyll Content

The effect of different treatments on leaves can be seen in
Figure 6. However, no significant difference in concentration of
chl a was observed among T1, T4, and T5 (20.05 % 0.65 pjpug/ml,
20.17 £ 1.99pg/ml, and 20.90 £ 0.19 pug/ml, respectively)
whereas the lowest concentration of the same was observed in the
pathogen induced T2 (13.92 & 1.57 ug/ml) as seen in Figure 7A.
In the case of chlorophyll b, maximum concentration was seen
in T4 and T5 (13.76 + 1.27 pg/ml and 13.78 £+ 1.07 pg/ml,
respectively) followed by T1 (12.55 £ 0.70 wg/ml) and lowest
concentration was observed in T2 (10.24 & 1.16 jLg/ml) as shown
in Figure 7B. Total chlorophyll content (a+b) was found to be
highest in T5 (34.69 & 0.25g/ml) followed by T4 (33.95 +
2.85Lg/ml) and the lowest concentrations were again observed
in T2 (21.91 & 1.33 pg/ml) as seen in Figure 7C.

Measurement of Fluorescence Induction Kinetics

The chlorophyll fluorescence transient curves are shown in
Figure 8 and the parameters derived from them are shown in
Table 3. A change in the shape of the curve and the fluorescence
intensity of the OJIP transient were observed in control and
treated plants. This was correlated with a change in the transport
of photosynthetic electrons in the tomato plants treated with a
pathogen and potent bacteria. As seen in Figure 8, in comparison
to T1 (Control), the quantum efficiency of PSII photochemistry
(as inferred from the Fv/Fm ratio) significantly decreased by
about 13% in T2. Infected plants receiving biocontrol treatment
decreased the damaging effect of the pathogen on plants and
were least damaged (T5). In T2 plants, the efficiency of the
water splitting complex (Fv/Fo) on the donor side of PSII was
decreased significantly by 38% in comparison to control plants
(T1). It is steadily recovered after the biocontrol treatments. In
this study, RC/ABS, which reflects the number of active reaction
centers decreased significantly in T2 by 21.5% as opposed to
T1 (Control). The efficiency by which an electron trapped can
pass further ahead of Qa- is equivalent to (1-Vj) or Yo (Tomar
and Jajoo, 2013). No significant variation in the value of a
1-Vj was observed for different treatments except a decrease
of around 13% in T2. The performance index (PI) sensitively
reflects the function and vitality of the photosynthetic apparatus
(Mathur et al,, 2018). PI tremendously decreased by 57.1% in
infected plants (T2) as compared to T1 (control) (Table 3).
However, the application of biocontrol agents improved the
PI and the effect was more pronounced in T5 where bacterial
consortia could protect photosynthetic apparatus in plants from
pathogenic effects.

Relevant activities, such as ABS/CS, TR/CS, ET/CS, and
DI/CS, indicating the efficiency of light absorption, trapping,
electron transport, and dissipation per cross section of PSII,
respectively, have been demonstrated in the form of energy
pipeline models for various treatments (Figure 9). This model
gives information about the efficiency of the flow of energy from
antennae to the electron transport chain components through the
RC of PSII. As compared to control (T1), T2 showed a decrease of
20% in ABS/CS, 27% in TRo/CS, and 29% in ETo/CS. However,
the application of biocontrol treatments (T3, T4, and T5) led to
improvement in the number of active reaction centers (indicated
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FIGURE 3 | The phylogenetic trees for (A) BUMD9 (MZ223454) and (B) BUMD5 (MZ223450). The tree was constructed using the Neighbor Joining method and

B BUMDS5 (MZ223450)
Pseudomonas fluorescens (FJ605510)
Pseudomonas chlororaphis (KR703653)
75
Pseudomonas protegens (NR_114749)
98 Pseudomonas poae (MZ223462)
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seudomonas libanensis (MZ223463)

63

— Pseudomonas stutzeri (NR_103934)

Pseudomonas aeruginosa (NR_026078)

Escherichia coli (NR_024570)

—_

0.020

by open circles) as well as better rates of electron transport
(indicated by the width of the blue line). T5 was found to be best
with regard to the performance of the photosynthetic parameters.

DISCUSSION

Fusarium wilt is among the most devastating diseases of tomato.
The xylem colonization by the pathogen is known to increase
water flow resistance in the plant, resulting in the leaf water
deficit that is responsible for reducing the leaf photosynthesis and
transpiration (Nogués et al., 2002). Therefore, it is necessary to
seek an effective prevention and control strategy to control the
Fusarium wilt disease during crop production. Using endophytes
as biological control agents for plant diseases is an efficient and
environmental-friendly approach.

In the present study, we have identified two potential
strains, Pseudomonas fluorescens BUMDD5 and Bacillus velezensis
BUMD?, which when used individually as well as in combination
can act as potent biocontrol agents for controlling the fusarium
wilt in tomato plants. Both the isolates have shown significant
antagonistic activity against Fusarium in vitro. They have also
been demonstrated to produce hydrolytic enzymes, which aid
the endophytes in the initial colonization process. The selected
strains also produced HCN and siderophores, which help
the endophytes in outcompeting the phytopathogens in the
ecological niche. Several studies have shown Bacillus velezensis as

TABLE 1 | Effect of seed bio-priming on seed germination and vigor indices.

Control BUMDS5 BUMD9 Consortia

Germination %age 43.3 4+ 1.67° 63.3+1.67° 71.7+3.33° 81.7+ 1672
1.63+0.12° 3.53+0.12° 3.83+0.176% 4.5+ 0.208°
705+3.97% 2304 11.5° 294+18.9° 374 + 10.12

Seedling length
Vigour index

Values are means + SEM, n = 3 per treatment group. Means in a row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.

TABLE 2 | Effect of isolates on infection percentage and disease severity index.

T T2 T3 T4 T5
Infection %age 0+0° 100+ 0% 73.3+6.67° 66.7 + 6.67° 33.3 +6.67°
DSI 0+0° 833+ 1.67% 33.3+1.67° 36.7+1.67° 25+5°

Values are means + SEM, n = 3 per treatment group. Means in a row without a common
superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY
HSD test.

a potential plant growth promoter and biocontrol agent. Bacillus
velezensis NKG-2 was found to secrete fungal cell wall degrading
enzymes, volatile organic compounds (VOCs), and indole-3-
acetic acid and siderophore and also helped in reducing the
disease severity of Fusarium oxysporum wilt disease on tomato
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Pathogen
(T2)

FIGURE 4 | Effect of different treatments on plant growth in a pot experiment. T1- Plant uninoculated (Healthy Control), T2- Plant inoculated with Fusarium, T3- Plant
treated with BUMDS and Fusarium, T4- Plant treated with BUMD9 and Fusarium, and T5- Plant treated with consortia and Fusarium.
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FIGURE 5 | Effect of various treatments on the root length (A), shoot length (B), fresh weight (C), and dry weight (D) of plants.

plants both under in vitro and in vivo conditions (Myo et al,
2019). The strains also improved the chlorophyll content of
plants as compared to diseased plants. Bacillus velezensis GF267
reduced the intensity of tomato bacterial spots and increased the
chlorophyll content in plants as reported by Mates et al. (2019).
Various strains of Pseudomonas fluorescens have also been shown
to be effective biocontrol agents against multiple plant diseases
(Yendyo et al,, 2017; Kulimushi et al., 2021; Mosahaneh et al.,

2021). As observed in the current study, the combination of these
two isolates was more effective in controlling wilt as compared to
the treatments containing these isolates alone. It has been evident
that mixed inoculants interact synergistically, with a different or
complementary mode of action and provide increased disease
resistance. Various combinations of microbes have been shown to
increase plant productivity and provide better disease resistance
to plants. As reported by Pacheco et al. (2021), the microbial
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FIGURE 6 | Yellowing of leaves as observed after various treatments.
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FIGURE 7 | Effect of different treatments on chlorophyll content of plants (A) Chlorophyll a. (B) Chlorophyll b. (C) Total chlorophyll content (a-+b).

consortium increased maize productivity, and at the same time
improved Phosphate use efficiency as compared to individual
strains. To the best of our knowledge, the use of a combination
of two selected isolates, Pseudomonas fluorescens and Bacillus
velezensis, has not been reported earlier.

Endophytes have also been studied extensively for plant
growth promotion. They have been considered better candidates

as compared to rhizospheric microbes because of their close
association with plants (Gupta et al., 2015). Many bacterial
species including Bacillus, Pseudomonas, etc., have been used
to improve plant productivity (Gupta et al,, 2019). We have
also obtained similar results in which better growth parameters
like root length, shoot length, fresh weight, and dry weight
have been observed in plants treated with BUMD5, BUMD9Y,
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and their consortia despite being treated with the pathogen
Fusarium oxysporum.

Improved growth parameters are generally related to the
better photosynthetic performance of the plant. To monitor
the efficiency of photosynthesis, we used a non-invasive
method of Chl a fluorescence kinetics. Chl a fluorescence
kinetics parameters have been recognized as ideal predictors of
photosynthetic performance and energy conversion efficiency of
Photosystem II (PSII) (Mathur et al., 2018). Figure 9 shows the
effect of treatments on the shape of chlorophyll a fluorescence
transient to analyze changes in electron transfer reactions
occurring at PSII (Papageorgiou, 2012). In the present study,
decreased Fv/Fm values indicate stress due to a pathogen that
damages the photosynthetic apparatus (Goltsev et al., 2016). To
localize the effects of treatments on the acceptor side of PSII,
the kinetics of relative variable fluorescence (Vj) were calculated.
The efficiency by which a trapped electron can move further
ahead of Qu- is equal to (1 - Vj) or Wo (Tomar and Jajoo,
2013). Not much variation in the values of (1 - Vj) were observed
in plants treated with or without bacteria except for a decline
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FIGURE 8 | The OJIP chlorophyll a fluorescence transient curves (log time
scale) after 45 days under different treatments.

of 13% in T2. It suggests that Qa- re-oxidation and electron
transport at the acceptor side of PSII was not much affected
(Tomar and Jajoo, 2013). The photosynthetic performance index
(PI) is an indicator of plant vitality. Pl is an overall parameter
that incorporates biophysical parameters, determined from the
JIP-test (Maliba et al., 2019). PI is the product of a dependent
parameter for an antenna, reaction center, and electron transport.
In the tomato plants under the pathogenic influence, biological
treatment has resulted in an improved overall performance index
(PI) (Figure9). It can also be observed in other plant growth
parameters and chlorophyll content.

Energy pipeline models of photosynthetic apparatus further
visualized the alterations of PSII energy fluxes in response to the
pathogen and its recovery by biocontrol agents (Figure 8). This
model gives information about the efficiency of the flow of energy
from antennae to the electron transport chain components
through the cross-section of PSII (Li et al., 2014). It has been
shown that ABS/CSm, ETo/CSm, TR,/CSm declined with T2
treatment. ETo/CSm decreased due to lower energy absorption
by antenna pigments (ABS/CSm), lower energy trapping by RCs
(TRo/CSm), and higher energy loss as heat (DIo/CSm). The
decrease in TRo/CSm is mainly due to the decrease in the density
of the active RCs and this is an indication that downregulation of
PSII is accomplished by the inactivation of the RCs. As a negative
effect of the pathogen, a decrease in the density of active reaction
centers (indicated as open circles) and a rise in the density
of closed reaction centers (indicated as full circles) have been
observed (T2). Biological treatments may retrieve the negative
effects of pathogens on the overall photochemistry. However,
bacterial consortia could protect tomato plants better from the
damaging effects of pathogens.

CONCLUSION

Fusarium wilt is a major disease affecting crops leading to severe
economic loss every year. The clogging of the xylem is responsible
for wilting leading to the death of the plant. Bacillus velezensis and
Pseudomonas fluorescens can be considered potent biocontrol
agents to control the disease. They have significantly reduced
the deleterious effect on the photosynthetic apparatus, thereby

TABLE 3 | Parameters obtained from fluorescence transient curves measured on day 45 under different treatments on tomato plant.

Treatments Fv/Fm RC/ABS Fv/Fo 1-vj Pl
T1 0.78 +0.012 0.56 + 0.032 3.56 +0.132 0.53 £ 0.012 1.07 £0.132
(100) (100) (100) (100) (100)
T2 0.68 + 0.02¢ 0.44 + 0.049 2.20 + 0.21° 0.46 + 0.019 0.46 + 0.09°
(87.1) (78.5) 61.7) (86.7) (42.9)
T3 0.71 +0.09 0.50 + 0.02¢ 2.52 +0.01° 0.48 + 0.02° 0.61 + 0.05¢
1) (89.2) (70.7) (90.5) (57)
T4 0.73 + 0.02° 0.49 4 0.04° 2.77 £ 0.37° 0.48 £ 0.01° 0.68 & 0.16°
(93.5) (87.5) (77.8) (90.5) (63.5)
T5 0.76 £ 0.01° 0.54 + 0.04° 3.20 + 0.152 0.50 + 0.02° 0.88 4+ 0.13°
(97.4) (96.4) (89.8) (94.3) (82.2)

Values are means + SEM, n = 3 per treatment group. Means in a row without a common superscript letter differ (P < 0.05) as analyzed by one-way ANOVA and the TUKEY HSD test.
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FIGURE 9 | Energy pipeline leaf model showing proportions of phenomenological energy flux parameters within a leaf, calculated per cross-section (CSm) in different
treatments. The width of the corresponding arrow denotes the activity of that parameter. Empty and filled black circles indicate the percentage of active and inactive
reaction centers of PSII, respectively. ABS/CSm, Absorption per cross section; TRo/CSm, Trapping per cross section; ETo/CSm, electron transport per cross section;
Dlo/CSm, Dissipation per cross section.
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improving plant growth. However, a better understanding of the
impact of these isolates on the genes regulating photosynthesis is
required for a more focused approach toward their development
as bio-control agents on large scale.
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