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ABSTRACT

With the limited availability of cultivable land, it is important that we improve the yield of the crops, but this can be
hindered by the attack of pests and pathogens. Even though chemical pesticides and herbicides are used for the
prevention and reduction of the attack of pests and pathogens, these chemicals are harmful to the environment as well
as to the consumers of the crop. It is also harmful to the soil microflora and soil health. Hence, it is important to adopt
environmentally friendly ways that can help in providing the plant with protection against pests and pathogens. One of
the most common, efficient, and environmentally friendly ways is the introduction of endophytes into the crop plant. In
the present study, the seedlings of Solanum lycopersicum were treated with six bacterial endophytes isolated from
Curcuma longa. They were further infected with two fungal pathogens Cercospora puniceae and Ceratocystis fimbriata.
The plant growth parameters were recorded after every 5 days for 45 days. The percentage of infection, disease
incidence, and biocontrol efficacy were calculated. The seedlings treated with endophytic bacterial consortium had an
ability to withstand the fungal pathogens and survive when compared to the seedlings grown in control.
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The use of agrochemicals in excess amounts, even
though help control pests and pathogens, has been a major
reason for environmental pollution. Most of them are
carcinogenic and are also harmful to non-target organisms. It is
important to control the pests and disease-causing organisms to
increase the yield of the plants. This has led to the use of
biological control as an alternative method to agrochemicals to
control pests and pathogens [1]. Biocontrol mostly involves the
use of living organisms or their metabolic by-products to
control pests and pathogens. The use of endophytes as a
biocontrol is more beneficial as the organism colonises the
same ecological niche as that of the plant pathogen, preventing
their growth [2-3]. The endophytes either act directly
(parasitism, antibiosis, competition) or indirectly (induction of
plant defense) on the plant pathogen, thus triggering biocontrol
effects [4].
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The endophytes have the ability to produce novel
secondary metabolites and a wide range of enzymes that act as
effective biocontrol agents against pests and pathogens, thus
having a potential application in agriculture [5]. The endophytic
microbes protect their host plant from the attack of pests and
pathogens, usually by the mechanism of antagonism [6-7]. They
also have the ability to produce secondary metabolites which
have antimicrobial activities [8]. Endophytes have the ability to
act as biocontrol of phytopathogens and also produce enzymes
that can help in the sustainability of the agro-industry. This
ability of endophytes to produce a wide range of secondary
metabolites, (majorly VOCs) characterized by remarkable
pesticidal, bactericidal, fungicidal, antinematicidal, herbicidal,
and algicidal properties can be exploited to use for the
production of biocontrol agents to minimize the use of chemical
pesticides and can act as an integral part of IPM [9]. The
property of the endophytes to enhance growth in host plants and
to increase resistance against pests and pathogens allows them
to be termed biocontrol agents and can be used in agriculture in
place of chemicals. In the present study, the endophytes isolated
from the rhizomes and leaves of Curcuma longa were
introduced into tomato (Solanum lycopersicum) seedlings, and
their ability to improve plant growth and resistance against two
selected plant fungal pathogens were tested. The presence of
endophytes inside the plant tissue was identified using confocal
microscopy.
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MATERIALS AND METHODS

Biocontrol efficacy of endophytic bacterial isolates on the
seedlings of S. lycopersicum
Seedling treatment under greenhouse conditions

Healthy seedlings from the nursery were treated with the
endophytic ~ bacterial ~ consortium  (Kocuria  rocea,
Brevibacterium casei, Bacillus amyloliquefaciens, Bacillus
subtilis, Bacillus velezensis, Actinobacterium JS14 strain mixed
in PBS) by dipping the seedlings in 48 h cultures
(approximately 3.5 9 X10%° CFU/ mL) for 20 min. The treated
seedlings were planted in a standard pot mixture and were again
inoculated with 48-h culture (10 mL/plant) of respective
bacterial endophytic isolates. A week after transplanting, the
seedlings were challenge-inoculated with 5 ml of Cercospora
punicae and Ceratocystis fimbriata (approximately 1.2 9X10°
CFU /mL) around the root zone. Two sets (3 replicates with 5
plants each and 3 replicates with 10 plants each) were
maintained for each fungal pathogen [10].

Plant growth parameters

The values for root length, shoot length, total height,
fresh weight, the total number of leaves, and infected leaves
were recorded for 45 days. The data were analyzed statistically
using ANOVA.

The treated plants were monitored for disease
development for 45 days and the disease index was rated using
the following scale: DI 0: no wilting; DI 1. 1-25% wilt
symptom; DI 2: 26-50% wilt symptom; DI 3: 51-75% wilt
symptom; DI 4: 76-100% wilt symptom or dead [11]. The
disease incidence and biocontrol efficacy were estimated
accordingly [12].

Disease index x Number of diseased

Disease L
incidence plants in this mdex _ % 100
(%) = Total numbgr of pla_nts mv_estlgated X
The highest disease index
DI of control — DI of antagonist-treated
Biocontrol group x 100
efficacy (%) = Disease incidence of control

Confocal imaging of the roots of the crop plant

The roots of tomato (Solanum lycopersicum) and
seedlings were collected after the 30™ day of observation,
surface sterilised with 4% (w/v) sodium hypochlorite solution
for 1 minute, and washed twice with distilled water. Thin
sections were cut and were transferred to trichloroacetic acid
(0.15% (wt/vol) trichloroacetic acid in 4:1 (vol/vol)
ethanol/chloroform) fixation solution. The sections were
stained using Ethidium bromide (5 pl, EtBr 1.25 mg/mL),
incubated at room temperature for 10 minutes, and transferred
to a glass slide to be examined using an Advanced Spectral
Confocal Microscope [13].

RESULTS AND DISCUSSION

Plant growth parameters of the crop plants infected with the
fungal pathogens and bacterial consortium

The seedlings were grown in accordance with the
procedure mentioned above, and the plant growth parameters
indicating the growth of the plant were observed. The shoot
length, root length, total height, and weight were calculated for
day 0O, day 5, day 10, day 15, day 20, day 25, day 30 and day
45. The infection with Cercospora punicae were seen mostly

the leaves and Ceratocystis fimbriata infected the stems causing
stem lesions and the infected leaves developed black spots. The
leaves of the infected plants developed light brown spots, and
the stems developed dark elliptic spots on them. The stems of
Ceratocystis fimbriata and infected plants in control started to
become flat, thin, and depressed after the 15" day. The plants
in control wilted and died by the 25" day whereas, the seedlings
in the test had the ability to survive and showed a lesser
percentage of infection compared to control.

Table 1 Average shoot length of the tomato seedlings
infected with Cercospora punicae
Average shoot height

Day Control ((mm) Test (mm)
0 1.73+0.77 1.88+0.05
5 1.67+0.76 2.06+0.55
10 1.72+0.69 2.05+0.52
15 1.72+0.60 2.10+0.86
20 1.7240.72 2.20+0.48
25 1.7740.62 2.35+0.50
30 1.7740.45 2.40+0.96
45 1.774£0.50 3.37+1.12

Fig 1 Infected leaf and stem of the tomato seedlings

Table 2 Average shoot length of tomato seedling infected
with Ceratocystis fimbriata
Average shoot height

Day Control ((mm) Test (mm)
0 1.80+0.50 1.65+0.61
5 1.80+0.50 1.75+0.61
10 1.80+0.50 1.85+0.69
15 1.75+0.60 1.90£0.70
20 1.60£0.45 2.00+0.75
25 1.60£0.45 2.05+0.78
30 1.60+0.40 2.20+0.78
45 1.60+0.40 2.840.87

The shoot length was recorded after every 5-day interval
till the 45 days. It was observed that the shoot length of the
plants treated with the bacterial endophytes were more
compared to that of the control. There was a significant
difference in the height of the plant. The plants in control started
to wilt, reducing the height of the plant. The average shoot
length of seedlings infected with Cercospora punicae was
1.73+0.77 mm in control and 1.88+0.05mm in Test on the 0"
day and 1.77+0.50mm in control and 3.37+£1.12mm in Test on
the 45™ day. In seedlings infected with Ceratocystis fimbriata,
the mean shoot height was 1.80+0.50mm in control and
1.65+0.61mm in Test in tomato, and 1.60£0.40mm in control,
and 2.8+0.87mm in Test in tomato; on the 45" day. The root
length was recorded by uprooting the plants carefully after
every 5 days. The root length of seedlings infected with C.
punicae was 6.13+0.27mm in control 5.86+0.17mm in test
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tomato seedlings and 5.68+0.27mm in control and 7.56+0.17
mm in test in tomato seedlings on the 45" day. The total height
was 5.26+0.38mm control and 2.27+£0.40mm Test in tomato
seedlings on the O™ day. 2.18+0.39mm in control and
2.98+0.18mm test in tomato seedling on the 45™ day. The fresh
weight of the seedlings infected with Cercospora punicae were
0.17£0.40mg in control 0.22+0.12 mg in test in tomato
seedlings on 0™ day and 0.25+0.41mg in control 0.56+0.12mg
test from tomato seedlings on 45™ day. In seedlings infected
with Ceratocystis fimbriata, the root length was 1.23+0.07 mm
in control 0.80+0.07 mm in test in tomato seedling on the 0"
day and 0.92+0.08 mm in control 0.87+0.17 mm in test in
tomato seedling on the 45" day. The total height was 2.21+0.09
mm in control 2.27+0.05 mm in test in tomato seedlings on the
0™ day;1.88+0.11 mm in control 2.95+0.07 mm in test in tomato
seedlings on the 45" day. The fresh weight was 0.15+0.07mg in
control 0.21+0.08mg test in tomato seedlings on the 0™ day and
0.17+0.17 mg in control 0.52+0.17 mg in test in tomato
seedlings on the 45" day. The height, dry weight, the number
of leaves per plant, and levels of phytochrome increased in
beets inoculated with endophytic bacteria when compared to the
uninoculated control [14]. In an experiment conducted to study
the effect of bacterial endophyte in enhancing the growth and

4
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Fig 2 Average shoot length of the tomato seedlings infected with
Cercospora punicae

Table 3 Average root length, total heigh and fresh weight of
tomato seedlings infected with Cercospora punicae

Control Test
Day 0 Day 45 Day 0 Day45
Root length  6.13+0.27 5.68+0.27 5.86+0.17 7.56+0.17
Total height 5.26+0.38 2.18+0.39 2.27+0.40 2.98+0.18

Fresh weight 0.17+0.40 0.25+0.41 0.2240.12 0.56+0.12

Table 4 Average root length, total heigh and fresh weight of
tomato seedlings infected with Ceratocystis fimbriata

Control Test
Day 0 Day 45 Day 0 Day45
Root length  1.23+0.07 0.92+0.08 0.80+0.07 0.87+0.17
Total height 2.21+0.09 1.88+0.11 2.27+0.05 2.95+0.07

Fresh weight 0.15+0.07 0.17+0.17 0.21+0.08 0.52+0.17

The percentage of infection in seedlings infected with
Cercospora punicae were 1.24+0.07% in control, 0.91+0.01%
in Test on 0" day; 96.06+3.22% in control, 26.58+2.59% in
Test on the 45" day in tomato seedlings, in seedlings infected
with Ceratocystis fimbriata the percentage infection was
1.32+0.04% in control and 0.37+0.10% in test on 0" day
96.54+3.01% in control, 27.55+2.12% in Test on the 45" day in
tomato seedlings. While assessing the ability of 11 endophytic
bacteria isolated from the tissues of potatoes to act as a
biological control against bacterial wilt disease, all 11

nitrogen fixation in corn plants where the corn seedlings were
inoculated with strains of endophytic bacteria Paenibacillus
polymyxa strain P2b-2R and P2b-2Rgfp, it was recorded that
the length and the biomass of the inoculated corn seedlings were
enhanced by 68% and 67% respectively and were also able to
fix more nitrogen. The results stated that the long-term
association of the endophytes with the corn seedlings helps
enhance the growth of the plant when compared to the
uninoculated seedlings [15]. The application of live bacterial
biofertilizers (endophytic Pseudomonas fluorescens and
bacterial consortium) enhanced the drop yield and growth. An
increase in the crop height, stem, leaf and pod biomass of
Brassica napus was recorded both in greenhouse and field
conditions [16]. Endospore forming endophytic bacteria
isolated from Amaranthus spp. was assessed for their plant
growth promoting activities, the inoculation of the plants with
Bacillus amyloliquefaciens improved the fresh shoot weight of
the plant to up t0 35% [17]. The endophytic bacteria isolated
from the maize plants showed plant growth promoting activities
and antagonistic bacterial activities against phytopathogen. The
seedling inoculated with the endophytic bacteria showed
increased growth, and increased shoot and root formation when
compared to uninoculated seedlings [18].
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Fig 3 Average shoot length of tomato seedling infected with
Ceratocystis fimbriata

endophytic strains were able to reduce the percentage of
infection from 73% to 45% and also helped in increasing the
plant growth [19]. The ability of the endophytic bacterium
Bacillus amyloliquefaciens to develop resistance against the
pathogen Streptomyces griseoplanus (Streptacidiphilus
griseoplanus) which causes potato scab was assessed. The
inoculation of the plants with the bacterial strain was seen to
reduce the percentage of infection for up to 61.1% when
compared to chemical bactericides and uninoculated plants
[20].

ANOVA test: was conducted to understand the
relationship between the presence of the endophytic bacterial
inside the plant and the difference in rate of infection in plants.

Null hypothesis: There is no effect of the endophytic
bacterial isolates on the rate of infection in plants.

Alternate hypothesis: The rate of infection is less when
endophytic bacterial isolates are inoculated in to the crop plant.

It was noted that the F value of the samples were higher
than the F crit value, and the p value was lesser than the alpha.

The F value for tomato seedlings infected with C.
punicae was 11.5 which was higher than the F crit value 2.17
and the P value (5.81E-09) was far lesser than the value of alpha
(0.05).
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11.52>2.17 (F>Fcrit) and the P value (7.55E-14) was far lesser than the value of alpha
0.0001<0.05(P<a) (0.05)

For tomato infected with C. fimbriata the F value  21.7>2.17 (F>Fcrit)
obtained was 21.7 which was higher than the F crit value 2.17  0.00001<0.05(P<a)

Table 5 Percentage infection in tomato seedlings

Day Percentage (%) Percentage (%) Percentage (%) Percentage (%)
0 1.24+0.07 0.91+0.01 1.32+0.04 0.24+0.02
5 25.46+1.42 7.70+0.04 23.55+0.13 6.53+0.26
10 40.27+1.86 14.23+0.09 40.90£0.95 15.12+0.95
15 50.60+2.75 16.17+0.09 51.58+1.56 17.25+0.95
20 62.31+3.03 18.65+1.62 66.18+1.86 19.42+0.95
25 69.83+3.51 20.51+1.83 72.97+2.11 20.03+1.58
30 79.04+3.83 21.34+2.09 80.64+2.96 24.44+2.12
45 96.06+3.22 26.58+2.59 96.54+3.01 27.55+2.12
120 120
. Control Test . Control Test
& 100 X 100
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5 80 'g 80
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Fig 4 Percentage infection in tomato seedlings infected with Fig 5 Percentage infection in tomato seedlings infected with
Cercospora punicae Ceratocystis fimbriata
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Fig 6 Biocontrol efficacy of endophytic bacteria in tomato Fig 7 Biocontrol efficacy of endophytic bacteria in tomato
seedlings infected with Cercospora punicae seedlings infected with Ceratocystis fimbriata
Table 6 Percentage disease incidence and biocontrol disease incidence and the biocontrol efficacy of control and test
efficacy in tomato seedling infected with Cercospora varied from day 0 to day 45. There was an increase in the
punicae disease incidence in both sets, the seedlings in the test showed
D Disease incidence (%) Biocontrol little disease incidence when compared to control and they
ay Control Test efficacy (%) wilted and died by the 45" day. The incidence of disease in
0 0.31+0.05 0.22+0.03 6.65+1.21 seedlings infected with C. punicae was 0.3+0.05% in control
5 10.45+1.55 2.13+0.31 77.25+1.26 and 0.2+0.03% in test in on the 0™ day and 95.7+14.27% in
10 22.79+3.38 4.05+0.59 68.31+1.35 control and 10.7+1.59% in test in on the 45" day. In seedlings
15 31.21+4.65 4.61+0.69 76.63+1.43 infected with C. fimbriata, the incidence of disease was
20 46.34+6.90 2.12+0.31 78.35+1.56 5.35+0.87% in control and 0.00+0.0% in test on the 0 day and
25 56.73+8.45 6.15+0.91 79.32+1.76 97.75+2.30% in control and 13.45+0.99% in test in on the 45
30 71.04+10.59 8.48+1.26 79.94+1.82 day. Endophytic bacteria isolated from wild pistachio trees
45 95.72+14.27 10.71+1.59 83.25+2.01 were able to inhibit and reduce the incidence of diseases of the

plant pathogens Pseudomonas syringae pv. syringae Pss20

The disease incidence helps in understanding the  and Pseudomonas tolaasii under in vitro conditions. An
percentage of diseased plants or the percentage of diseased parts  endophytic bacterium showed maximum inhibition against both
(leaves, stems, leaves) in a population under consideration. The  the pathogens [21]. While assessing the antagonistic activity of
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the endophytic bacteria isolated from peanut seeds, in pot
studies, the inoculation of two different strains of the same
endophytic bacteria was able to reduce the disease incidence
and severity of stem rot (P < 0.05) in the inoculated plants when
compared to uninoculated plants. The filtrate was also able to
inhibit the formation of the sclerotia and reduced its
germination [22]. The biocontrol efficacy of the endophytic
bacterial consortium against Cercospora punicae was
6.65+1.21% on the 0™ day and 83.25+2.01% on the 45" day and
against Ceratocystis fimbriata the biocontrol efficacy was
6.65+0.99 on the 0'" day and 88.45+2.61% on the 45" day. The
plants in test were able to survive the attack of the fungal plant
pathogen and grow when compared to that of the plants in
control. While understanding the ability of endophytic bacteria
isolated from Amaranthus sp. to reduce the incidence of blight
disease, the Bacillus sp. isolated from the leaf blight resistant
wild species Amaranthus viridis, were able to supress the leaf
blight disease to 41% in susceptible red variety Arun when
compared to uninoculated plants. The inoculation of
endophytes was more effective to the leaf blight disease when
compared to fungicide [23]. Bacillus velezensis isolated from

Fraxinus hupehensis were assessed for its ability to supress the
growth of rice sheath blight pathogen, Rhizoctonia solani. The
inoculation of the plants with the endophytic bacterial strain
showed a biocontrol efficacy of about 61.5% and 74.6% in
green house and field studies. The length of the lesion was
reduced up to 71% detached inoculated leaf assay [24].

Table 7 Percentage disease incidence and biocontrol
efficacy in tomato seedling infected with Ceratocystis

fimbriata

Day Disease incidence (%) Biocontrol
Control Test efficacy (%)

0 5.35+0.87 0.00£0.00 6.65+0.99
5 14.7240.99 2.55+0.06 76.34+0.99
10 38.33+0.98 6.55+0.09 74.45+1.02
15 50.15+1.15 8.56+0.14 81.55+1.02
20 82.85+1.36 10.35+0.16 86.25+1.23
25 88.95+1.74 11.02+0.27 87.32+1.52
30 91.73+1.95 12.03+0.56 87.13+1.86
45 97.75+2.30 13.45+0.99 88.45+2.61

Control
Fig 7 Biocontrol efficacy of endophytic bacteria in tomato seedlings infected with Ceratocystis fimbriata

Test

Fig 8 Confocal images of the roots of tomato seedlings

Confocal imaging of the leaves of the crop plant

The leaves of the tomato and finger millet were analyzed
by confocal microscopy. The plant samples collected from test
which were inoculated with the bacterial endophytes showed
internal colonization of the endophytic bacteria in between the

plant cells. The dye used; EtBr coloured the cells red. The plant
samples from control did not show any internal colonization of
the endophytic bacteria. While analyzing the ability to use the
endophytic bacteria isolated from Curcuma longa as a
biocontrol agent against rhizome rot and leaf blight diseases,
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two bacterial isolates Bacillus cereus RBacDOB-S24 and
Pseudomonas aeruginosa Bac-DOB-E19 showed biocontrol
activities against the pathogens and were imaged using confocal
microscope. They were seen to colonize the internal tissue of
the plant [25]. Two endophytic bacteria, Pseudomonas
protegens and Serratia plymuthica isolated from the root
nodules were analyzed for their ability to inhibit the growth of
Meloidogyne spp., causing root knot disease. The endophytes
inoculated in to the tomato plants colonized the internal tissues
of the plants and were imaged using a confocal microscope.
Both the endophytes were seen to colonise the roots and stem
of tomato plants for a long period of time [26]. The inoculation
of two bacterial endophytes Azospirillum baldaniorum (Sp245)
and Gluconacetobacter diazotrophicus (LP343) inside two
elephant grass genotypes were analyzed. Confocal microscopy
showed the colonization of the two bacteria inside the plant

and Phaseolus vulgaris L., the presence of the endophytes
colonizing the peripheral cells of the root cap and internal plant
tissue was imaged using a confocal microscope [28].

CONCLUSION

The use of endophytes as biocontrol can act as a
successful alternative in replacing the use of chemicals to
prevent the attack of pests and pathogens. The seedlings treated
with the endophytic consortium had an ability to withstand the
disease-causing fungal pathogen and survive whereas the
untreated seedlings showed all the symptoms of the disease and
they wilted and died. In the confocal imaging, the treated
seedlings were seen to have the endophytes inside their cells
whereas the control did not have any endophytes in them, thus

the presence of endophytes inside the internal tissues of the
tomato seedlings helped the plant to survive the pathogen
attack.

tissue [27]. While examining the interaction of the green
fluorescent  protein-labelled  bacterium  Herbaspirillum
lusitanum, strain  P6-12, with  Triticum aestivum L.
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