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HIGHLIGHTS

¢ Trichoderma inoculation increased the total biomass, seedling height, root length, root area, root
diameter, number of root tips, and number growth potential of seedlings.

¢ Trichoderma inoculation increases the resistance of bean plant to Rhizoctonia pathogen.

¢ Among improved isolates of Trichoderma, the ChBD13 and ChBD15 showed better performance in

terms of plant growth.

Abstract: Different species of Trichoderma harzianum have been used mainly as an antagonist against a
number of plant diseases. There is a direct relationship between the biocontrol potential of these fungi and
the rate of enzymatic degradation of the cell walls of pathogens. Following the successful production of
chimeric chit 42 via protein engineering in the previous work of authors, the resulting recombinant protein
was transferred to T. harzianum. In this study presence and stability of chimeric Chitinase (Chit42-ChBD)
was verified then growth stimulating and biocontrol potential of the six improved isolates were evaluated on
bean plants under laboratory and greenhouse conditions compared to the wild type. Among engineered
isolates, Chit42-ChBD3 with 53.83% growth inhibition on Rhizoctonia showed the highest growth rate and
sporulation compared to the wild type in the dual culture test. The results showed that ChBD15 and ChBD13
had better performance in terms of increasing nutrient uptake and root growth thereby enhancing the growth
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rate and yield performance of the whole plant compared to the plants treated with wild type and non-T.
harzianum treated plants.

Keywords: Chimeric chitinase; Trichoderma; Biocontrol; Growth stimulator; Rhizoctonia sp.

INTRODUCTION

The increasing need of the current society for agricultural products and the quality of products has led to
an increase in the use of fertilizers and chemical pesticides, which results in serious environmental pollution.
The use of biocontrol agents against plant pathogens is one of the ways to reduce these destructive effects
[1].The use of biological agents such as antagonistic microorganisms is one of the prominent and
nonchemical ways to control plant diseases. In this regard, Trichoderma species are able to parasitize
phytopathogenic fungi [2]. Rhizoctonia root rot of bean is the most common soil-borne disease known
throughout the world, and the severity of its damage has been reported as high as 15% [3]. It is also difficult
to control because it is caused by soil-borne pathogens that are difficult to manage. The efficacy of biocontrol
agents is related to their compatibility, fortifying the plants with improved nutrient uptake and disease control
[4].

Trichoderma strains can colonize plant roots through mechanisms similar to mycorrhizal fungi. They
stimulate plant growth by producing compounds as well as improving plant defense mechanisms [5]. Some
of Trichoderma characteristics, including capacity to altering the Rhizosphere, potent aggressiveness against
phytopathogenic fungi, survival under unfavorable conditions and the promotion of plant growth as well as
defense mechanisms can contribute to successful control of plant diseases. These advantages have made
Trichoderma an omnipresent genus that is able to survive in any habitat and at high population densities [6].
Rhizosphere infestation of Trichoderma helps the plant to thoroughly increase nutrient/fertilizer availability [7]
and seed germination [8]. As major hydrolytic enzymes, chitinases play an essential role in the cell wall
hydrolysis of fungi and the biological control procedure [9,10]. Among different chitinases, chit42 is crucial
for biocontrol function against phytopathogenic fungi. The Chitinase-binding domain, which is absent in
chitinase 42 of T. harzianum, seems to enhance the binding of enzyme to substrate and allows for binding to
an insoluble substrate. Kowsari and coauthors (2014) attempted to enhance the activity of this the enzyme
through purification of ChBD enzyme chitinase of 18-10 T.atroviride and adding them by a linker to the amino-
terminal sequence of Chitinase 42 just after peptide signal site using protein engineering by SOEing PCR,
after which the chimera protein-producing gene was transferred to T. harzianum [11]. Lim6n and coauthors
(2001) produced hybrid chitinases with more affinity to chitin by fusing the catalytic domain from T. harzianum
Chit42 fungal Chitinase to a fungal cellulose-binding domain [12]. In this study, the performance of six
engineered strains of Trichoderma and a wild type strain was assessed in bean plants in terms of promoting
common bean growth plants and decreasing the incidence of Rhizoctonia root rot under both in vitro and
greenhouse conditions.

MATERIAL AND METHODS

Fungal Strains and Culture Conditions

In the current study, seven isolates of T. harzianum were used. Genetically modified strains of T.
harzianum (Chit42- ChBD3, Chit42- ChBD6, Chit42- ChBD7, Chit42- ChBD11, Chit42- ChBD13, Chit42-
ChBD15) as well as the wild type [T. harzianum (T8-7) and R. solani (AG-4)] were provided by Agricultural
Biotechnology Research Institute of Iran (ABRII) type culture collection and National Institute for Genetic
Engineering and Biotechnology (NIGEB). The fungi isolates were cultured on Potato Dextrose Agar (Sigma
Aldrich, USA) and were incubated at 27+ 3 °C for 5-7 days. After successive transplanting emerged colonies
in the sterile dishes containing PDA medium, they were purified using Bastakoti and coauthors (2017) method

[2].
Plant Material

Bush bean (Phaseolus vulgaris L.) seeds were obtained from Khomeyn Agricultural Research Center
(Iran).
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Construction of Chimeric Chitinase

The chimeric chitinase was constructed via Splicing by Overlap Extension (SOEing) PCR. For this
reason, the chimeric gene containing ChBD+linker at the N-terminal end of Chit42 cDNA from T. atroviride
(DQ022674), i.e. the fragment containing Chit42 cDNA was amplified using specific PCR primers [11].

Confirmation of the Presence and Stability of the Chimera Chitinase Gene

To confirm the presence of the 237 bp fragment in the engineered isolates (a previous work by the
present authors), polymerase chain reaction (peQlab, United States) was carried out, followed by DNA
extraction of fungal hyphae [13].

The thermal cycling conditions by primers [(PF1-R3xbal) and (PF1-R3chit42)] were as follows: one cycle
at 94 °C for 15 min, forty cycles of amplification were performed, each cycle consisting of 1 min at 94 °C, 1
min at 62 °C, and 1 min at 72 °C, followed by an additional cycle of 10 min at 72 ‘C (Table 1).

Table 1. The sequence of primers used to confirm the chimera chitinase 42 gene

Primers Sequence 5t03 5 poly cloning site & Tail
PF1 GCTCTAGAATGTTGGGTTTCCTCGGAAAG Xbal
R3xbal GCTCTAGACTAGTTGAGACCGCTTCGG Xbal
R3chit42 CGCCTCCGTTGATATAAGCC

In vitro Biocontrol Activity

The antagonistic activity of Trichoderma species against R. solani was evaluated in a dual culture assay
using the PDA medium. Each treatment was carried out with three plates per replication for 72 hours.
Periodical observations on the growth of Trichoderma species and their ability to colonize the pathogen were
made, and the percentage inhibition of pathogen mycelial growth was calculated using the following formula
[14].

Inhibition of growth (%) = (x-g) x100 (1)

Where X = mycelia growth of the pathogen in the absence of Trichoderma (control) and Y = mycelia
growth of the pathogen in the presence of transformants [11].

Greenhouse Assays

Greenhouse experiments were performed in 2015 at the experimental greenhouse of the Agricultural
Biotechnology Research Institute of Iran (ABRII), Karaj, Iran.

Bean seeds (10 seeds per pot) were sown in pots (10 x 10 x 12 cm) containing sterile soil- The
experimental design consisted of the following four treatments in a randomized complete block design with
five replications: TOPO (without application of Trichoderma and without pathogen), TOP1 (without application
of Trichoderma and with pathogen inoculation), TLPO (with Trichoderma and without pathogen inoculation),
and T1P1 (with Trichoderma and with pathogen inoculation).

Seed treatment: P. vulgaris seeds were initially surface sterilized with 1% hypochlorite solution for 1 min
and thenrinsed in sterile distilled water. The seeds were then treated-with a spore suspension of T. harzianum
and shaken for half an hour in the prepared suspension (10° CFU.mL™?).

Preparation of inoculum: The inoculums were prepared according to Pugliese [15]. The Trichoderma
isolates were propagated on sterilized wheat and wheat bran medium (1%w/w), and the pathogen was
propagated on a sterilized wheat medium (1%w/w) and incubated at 30 °C for 10-15 days. The inoculum of
Trichoderma isolates was added into potting soil 4 days before sowing. We added the inoculum of R. solani
to the pots, 4 days after sowing.

In Vivo Biocontrol Activity of Trichoderma Species against R. Solani

Germination was completed about five days after sowing, and root rot symptoms were evaluated in two
leaf stages, a month after planting, at the early reproductive growth stage, and at harvest according to
protocol reported by Kim and coauthors [16]. After uprooting the plants, they were washed with tap water.
The roots were categorized using a 0-5 scale where 0 = healthy plant (no infection), 1 = 20% infected root,
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2 = 40% infected root, 3 = 60% infected root, 4 = 80% infected root, 5 = 100% infected or completely dead

plants depending on the appearance of elongated, red-brown lesions on roots (Figure 1).
0 1 2 3 5

Figure 1. Investigation of Root rot Severity of beans (%) under greenhouse condition at Germination stages. 0 = healthy
plant (no infection), 1 = 20% infected root, 2 = 40% infected root, 3 = 60% infected root, 4 = 80% infected root, 5 = 100%
infected or completely dead.

4

Growth Analysis of Bean in Greenhouse

Morphological traits such as dry and fresh weights of the root, fresh weights of leaves and stems. The
number of pods per plant and the number of seeds per pod of the impregnated pots were determined at the
harvesting stage. Five replicates were made for the measurements.

To analyze the rate of photosynthesis, Chlorophyll was extracted using the Arnon (1956) method as
follows [17].

Chlorophyll Extraction

To compare the chlorophyll content in the leaves of inoculated pots with engineered Trichoderma fungi
and wild isolates, 0.25 g fresh leave (the first adult leaf from the stem tip) was chopped with scissors in
triplicate, 5 mL water was added to it, was homogenized in a mortar, and the mixture reached 25 mL volume
in a volumetric flask using distilled water. 0.5 mL of the sample was mixed with 4.5 mL of 80% acetone and
centrifuged (High-Speed Universal Centrifuge, PIT320, Iran) for 15 minutes at 3000 rpm. Rhizoctonia and
Trichoderma plants without inoculation were used as control. The supernatant was isolated and its
absorbance was read at 645 and 663 nm using a spectrophotometer (AquaLabo, Iran). The chlorophyll
content was measured using the following formula [17].

Total Chl (g.Lit-1) = (0.0202) x (OD 645) + (0.00802) x (OD 663) @)

Statistical Analysis

Data were analyzed by one-way ANOVA using SAS 9.1.3 statistical software packages. Treatment
means were separated by Duncan’s multiple range test at the 5% level of significance.
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RESULTS

Confirmation of the Presence and Stability of the Chimera Chitinase Gene

The presence and stability of chimeric chitinase in Trichoderma strains were confirmed using PCR
analysis. Within 2 years, the fungi containing chimeric genes were sub-cultured on the PDA medium. Then,
using specific primers [(PF1-R3xbal) and (PF1-R3chit42)], the presence of the domain, a fragment of
approximately 237 bp, was confirmed by PCR technique (Figure 2 a, b).

Two bands of 1512, 1275 bp, and a single band of 1275 bp were obtained in transgenic and wild type
strains with (PF1-R3xbal) primers, respectively (Figure 3).

In addition, the bands of 1081 bp were amplified with (FP1-R3chit42) primers from chimeric gene in the
transgenic strains while smaller fragments were amplified from the wild chit42 allele, both in the wild type and
in the transgenic strains. The presence of ChBD fragment in the chitinase gene of optimized isolates was
confirmed by PCR results.

Pl R3 chita E l r \ Chit 42

Ly N

Ppom S | p ChéD | (hitQ (oh2term
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Figure 2. AT. atroviride Chitinase 18-10 fused to N-terminal end of Chit 42 just after signal peptide domain, B Schematic
of chimeric Chitinase 42 gene with primer (PF1 / R3chit 42) and (PF1 / R3xbal).

1 2 3 4 S 6 wt ¢ ¢ M 1 23 & 5 6 w C

1512
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Figure 3. PCR Analysis of chimeric Chitinase gene stability in Trichoderma isolates with primers (PF1/R3xbal) and
(PF1 / R3chit 42). C-: sample without DNA, M: Ladder mix 100bp, 1: Chit42- ChBD3, 2: Chit42- ChBD®6, 3: Chit42-
ChBD7, 4: Chit42- ChBD11, 5: Chit42- ChBD13, 6: Chit42- ChBD15, Wt: T. harzianum (T8-7), C+: PEJT plasmid.

In Vitro Biocontrol Activity

The dual culture of the fungal pathogen with engineered strains of Trichoderma cause to a reduction in
radial growth of pathogen after 72 hours. This can prove biocontrol effect of these strains. The engineered
strain Chit42-ChBD3 with a maximum inhabitation of 80% in growth followed by Chit42-ChBD6, Chit42-
ChBD11, and wild type were considered as the best biological agents. All Trichoderma isolates had
overgrown the colony of R. solani in different degrees (Figure 4).
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Figure 4. Macroscopic evaluation (observation) of in vitro dual culture of Trichoderma and Rhizoctonia strains. At 72
hours of culture. Control petri dishes inoculated with Rhizoctonia. Each value is mean of three replicates + SE.
Statistically significant differences (Duncan’s Multiple Range test at p. value < 0.05).

In Vivo Biocontrol Activity

The results of root rot percentage affected by R. solani in the presence of Trichoderma isolates indicated
that the pots treated with Chit42- ChBD3, Chit42- ChBD7, and Chit42- ChBD15 isolates at different times of
growth had minimum disease symptoms while, on average, the wild type isolate had maximum disease
symptoms in bean root, especially at the time of harvest (Table 2).

Table 2. Root rot Severity of beans (%) under greenhouse condition at various stages of growth. Each value is mean of
five replicates + SE. statistically significant differences (Duncan’s Multiple Range test at p<0.05).
Harvest Early reproductive A month after

. Two leaves Trichodermaisolates
growth planting

35-40¢ 25¢d 35 bed 4Qbc Chit42- ChBD3
35-40¢ 30Qbe < 30d 45-50° Chit42- ChBD6
35-40¢ 20 <30¢ 4Qpe Chit42- ChBD7
60-70° 30pe 38bc 45-50P Chit42- ChBD11
35-40¢ 4(Qp 4Qv 4(Qbc Chit42- ChBD13
35-40¢ 25¢d 30cd 45-50° Chit42- ChBD15
60-70b 25¢d 30cd 4(Qbc T. harzianum (T8-7)
0d 0e 0e 0 Control (plant)
1002 1002 1002 1002 Control (with pathogen)

Growth Analysis of Bean in Greenhouse

The results showed that the growth of bean roots in pots treated with Trichoderma isolates were
significantly promoted in terms of weight and volume (Figure 5 and Table 3). The fresh weight of roots in pots
treated with Trichoderma isolates was significantly increased compared to those grown in pots without
treatment (Table 3).

The isolates Chit42- ChBD3, Chit42- ChBD7 and Chit42- ChBD13, and Chit42- ChBD15 showed an
average 67% increase of fresh weight compared to the control, but the difference in weight was not
statistically significant. In the experiments with a pathogen, root fresh weight in the treated pots with
engineered isolates was approximately 60% higher than those of wild and control isolates. The highest root
dry weight was obtained in optimized isolates of Chit42- ChBD13 and Chit42- ChBD15 with 70% increase
compared to control, which were chosen as the best isolates of engineered Trichoderma in root growth (Table
4).

Results of fresh stem weights at early stages of bean growth showed that the optimized isolates of
Chit42- ChBD11 and Chit42- ChBD15 in the absence of pathogens and the isolate Chit42- ChBD13 in the
presence of pathogen had the highest growth rates compared to wild isolates (Figure 2, 3). In the study of
changes in total chlorophyll content and fresh weights of leaves in optimized isolates compared to controls
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and wild isolates, the results showed that in the presence and absence of pathogens, the isolate Chit42-
ChBD15 and Chit42- ChBD13, Chit42- ChBD15, and Chit42- ChBD7 had the highest number of leaves with
an increase of 34% compared to control, respectively. Also, isolate Chit42 ChBD13 had the highest total
chlorophyll content (Figure. 2, 3). Comparison of the crop yield between plants treated with optimized and
wild Trichoderma isolates revealed that the plant with isolate Chit42- ChBD15 had the highest number of
pods per plant and the highest number of seeds in both non-pathogenic and pathogenic conditions. The plant
treated with optimized isolate in the presence of the pathogen, indicate an increase of nearly 49% in the
number of bean pods per plant. Isolates Chit42- ChBD6 and Chit42- ChBD11 also had an acceptable yield
in the presence of the pathogen (Figure 2, 3).

Table 3. The results of morphological characteristics analysis of bean plant inoculated with Trichoderma strains. Pots
(1 to 6) containing seeds treated with engineered Trichoderma strains. Pots (7) containing seeds treated with wild type
Trichoderma strains Pots (8) containing non-treated seeds. Each value is mean of five replicates + SE. statistically
significant differences (Duncan’s Multiple Range test at p<0.05).

Dry Fresh Number

root (g) @) ) leaf (g) plant per pod

1 Chit42- ChBD3 428 6.75°¢ 10.120 9.25¢ 0.0015052% 9ab 3.42bc

2 Chit42- ChBD6 17.53¢ 6.7¢ 9.85hc 12.38%¢  0.001305° 780 3.3¢

3 Chit42- ChBD7 35.64° 6.97¢ 8.67 12.33¢d 0.001295b Bbe 4.472

4 Chit42- ChBD11 33.15¢ 8.82b 10.332 18.87b¢ 0.00145820 8.5abe 3.72akc
5 Chit42- ChBD13 27.82¢ 102 8.924 17.51P¢d  0.0014223 8bc 3.8abc

6 Chit42- ChBD15 33.52¢ 11.79% 10.362 25.762 0.0014292 122 4.02

7 T. harzianum (T8-7) 11.85f 5d 9.65¢ 18.43bcd  0.0015322 5¢ 3.84abc
8 Control (plant) 11.62f 2.98¢ 9.748¢ 24.08ab 0.001426% 11.662b 3.63bc

Isolates identified with same letters in each column indicate no significant difference at p<0.05.

Table 4. The results of morphological characteristics analysis of bean plant inoculated with Trichoderma strains and
Rhizoctonia. Pots (9 to 14) containing seeds treated with engineered Trichoderma strains and Rhizoctonia. Pots (15)
containing seeds treated with wild type Trichoderma and Rhizoctonia. Pots (16) inoculated with Rhizoctonia. Each value
is mean of five replicates + SE. statistically significant differences (Duncan’s Multiple Range test at p<0.05).

Fresh Dry Fresh Fresh Number Number
Pots Trichoderma isolates . weight weight weight Chlorophyll of

weight of seed/

root (g) root stem leaf g/L pods/per per pod

(9) (9) (9) plant

9 Chit42- ChBD3+R 27.98%  6.444 8.61a0 18.99>  0.001612bc  10.8° 3.53ab
10 Chit42- ChBD6+R 31.53&  7.39¢ 8.9462> 18.11° 0.001472¢ 19.2a 3.362
11 Chit42- ChBD7+R 31.32 7.25¢ 9.3643 28.772  0.001745° 100 2.35¢
12 Chit42- ChBD11+R 23.3a¢  9.15b 9.5462>  6.99¢ 0.001596¢  11.42 3.58ab
13 Chit42- ChBD13+R 38.998  10.912 12.032 28.362 0.0019492 gpb 3.942
14 Chit42- ChBD15+R 39.772 11.192  9.572ab 2472 0.00155¢b¢ 19. 752 3.7020
15 T. harzianum (T8-7)+R 12.53¢  4e 9.36%»  12.09¢ 0.001613Pc  7.2b 2.84ab
16 Control (with pathogen) 11.5¢ 2.8f 5.398° 17.35° 0.001501¢ 100 3.6%°

Isolates identified with same letters in each column indicate no significant difference at p<0.05.
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Figure 5. Comparison roots inoculated with engineered Trichoderma with control. Left to right: Chit42- ChBD3, Chit42-
ChBD6, Chit42- ChBD7, Chit42- ChBD11, Chit42- ChBD13, Chit42- ChBD15, control.

DISCUSSION

In vitro and in vivo investigation of antagonistic effects of Trichoderma, i.e., the genetically modified
Trichoderma demonstrated promoted growth compared to the wild type and that the antagonism of
Trichoderma strains typically correlated with the secretion of enzymes degrading fungal cell wall, including
chitinase type Trichoderma. Hashimoto and coauthors (2000) reported that the chitinase containing the ChBD
domain can efficiently degrade chitin compared to chitinase lacking the ChBD domain [18]. Contreras-
Cornejo, and coauthors (2009) evaluated the role of auxin in modulating the growth of Arabidopsis seedlings
treated with Trichoderma. They reported that treating plants with Trichoderma improves biomass production
and incites the growth of lateral roots [19]. We evaluate the biocontrol potential of genetically modified
Trichoderma based on morphological traits, including the fresh weight of root, shoot, and leaf, the number of
pod per plant and seed per pod. In this study, genetically modified Trichoderma was able to promote plant
growth and increase tolerance against R. solani as a soil-borne pathogen better than the wild type
Trichoderma isolate. The plants were treated with wild type and the improved Trichoderma (Chit42- ChBD13,
Chit42- ChBD15) showed on average about 1.7 and 3.7 fold rises in root dry weight compared to untreated
plant, respectively. In the same way, in the presence of R. solani, wild type and improved Trichoderma
(Chit42- ChBD13, Chit42- ChBD 15) were able to increase root dry weight on average 1.4 and 3.8 fold
compared to control plants infected with the fungal pathogen, respectively. Colonization of bean root by
Trichoderma caused the activation of different developmental and defense responses. A plant exposed to
Trichoderma can efficiently uptake nutrients and utilize fertilizer, which subsequently leads to increased root
growth [20]. Also, different studies have proved that the activation of jasmonic acid, auxin, and other pathways
can lead to the induction of systemic resistance in plants [20]. Mayo and coauthors, showed that the root dry
weight of uninfected bean plants treated with Trichoderma increases 1.02 fold compared to untreated plants.
While in conditions of fungal infection with R. solani, the dry weight of treated plants increases 1.05 fold
compared to untreated plants [3].

In the presence and absence of the pathogen, a plant treated with improved Trichoderma showed higher
performance in terms of increasing fresh weight of plant shoot relative to a plant treated with the wild type
Trichoderma. Interestingly, when there was no pathogen, the plants treated with improved Trichoderma
(Chit42- ChBD11, Chit42- ChBD15) showed 1.06-fold rise in fresh weight of shoot compared to the untreated
plant. Nevertheless, this rise in shoot fresh weight of an infected plant was 1.7 fold compared to an infected
control plant, which is a function of improved growth of the plant encountered with a pathogen. The results
obtained from analyzing leaf fresh weight indicated that the infected bean plant treated with Trichoderma had
a higher weight than the Trichoderma untreated plant inoculated with the pathogen. Increased fresh weight
can improve photosynthesis efficiency, plant growth and its tolerance against diseases. Infected plants
exposed to Trichoderma showed a higher chlorophyll content compared to the plants untreated with
Trichoderma. Lee and coauthors (2016) demonstrated 71 and 82.1% elevated chlorophyll content in tomato
and bean, respectively [21]. Alexandru and coauthors (2013) reported increased content of chlorophyll in
infected tomato plant treated with Trichoderma [22]. Trichoderma can decrease the damage arising from the
accumulation of reactive oxygen species in stressed plants, subsequently leading to increased
photosynthesis efficiency and improved biotic stresses [23]. To understand the effects of Trichoderma
treatment biocontrol on bean yield and its components, the number of pods per plant as well as the number
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of seeds per pod were recorded from plants and pods at the harvest stage. The application of improved
Trichoderma significantly increased the number of pods per plant. Abd El-Khair and coauthors (2010)
reported 1.7 fold rise in the number of pods for infected plants treated with Trichoderma compared with a
control infected plant [24].

CONCLUSION

1. Trichoderma inoculation increased the total biomass, seedling height, root length, root area, root
diameter, number of root tips, and number growth potential of seedlings.
2. Trichoderma inoculation increases the resistance of bean plants to Rhizoctonia pathogen.
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