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Abstract

In view of the harmful effect of chemical pesticides, alternative approaches like host resistance and biocontrol were evalu-
ated to develop an operative and sustainable option for the management of root-rot disease of tobacco incited by Pythium
aphanidermatum. For host resistance, three tobacco cultivars viz., RK-10 P3, RK-18 P8 and RK-12 P3 were evaluated under
pot conditions for their relative susceptibility to P. aphanidermatum. The effects of host reaction on total phenol (TP) and
salicylic acid (SA) synthesis, as well as their impact on disease aetiology, were investigated. The increase in TP and SA
showed negative correlations with the root-rot index. The highest increase in the TP (31%) and SA (20%) contents of the leaf
was noted in cv. RK-12 P3, whereas the lowest increase was recorded in cultivar RK-10 P3 (6% TP and 7% SA). Further, the
effects of two multi-facial biocontrol agents, Trichoderma harzianum AMUTH-1 and Pseudomonas fluorescens AMUPF-1
against P. aphanidermatum were investigated on all three tobacco cultivars. Soil application of these two biocontrol agents
was also compared with the fungicide, carbendazim. Inoculation of P. aphanidermatum caused severe root-rot in cv. RK-10
P3 and cv. RK-18 P8 with a 7-15% decrease in plant growth and 15-20% in chlorophyll and carotenoid contents. How-
ever, soil application of BCA and fungicides significantly improved the plant growth variables, chlorophyll and carotenoid
contents, and reduced the disease severity. The highest reduction in the root-rot index was recorded with 7. harzianum and
carbendazim over control. The most significant improvement in the plant growth and biomass production of tobacco was
seen in cv. RK-10 P3 with T. harzianum (11-16%), followed by carbendazim (9-14%). The study found that cv. RK-12 P3
expressed resistant reaction to P. aphanidermatum and may be cultivated in the disease prone areas, and 7. harzianum may
be used in place of fungicide in root-rot-infested fields to increase the tobacco yield.
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Introduction

Tobacco (Nicotiana tabacum L.) is one of the most exten-
sively cultivated non-food crops throughout the world,
including India (Rao et al. 2015). India ranks third after
China and USA in the production and cultivation of tobacco
(Khan and Haque 2013). The crop is highly susceptible to
the root-rot pathogen, Pythium aphanidermatum which
causes massive damage to the crop (Khan et al. 2012). P.
aphanidermatum attacks tobacco plants at different stages,
such as pre-and post-emergence damping-off in nursery beds
(Subhashini and Padmaja 2009) and root-rot in the main
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fields (Devaki et al. 2008). The root-rot infection causes sig-
nificant reduction in the plant growth, and leaves turn fade
to light yellow with premature drooping (Khan and Haque
2013).

Given the magnitude of crop losses caused by the root-
rot pathogen in tobacco, it is essential to limit crop damage
by implementing environmentally friendly and long-term
effective management techniques. Generally, Indian farm-
ers widely use chemical pesticides to control the root-rot
problem in tobacco because they are highly effective and
effortlessly available in the market. However, the application
of pesticides does not always prove helpful and economic in
diseases management and it also causes a hazardous impact
on the ecosystem, environment and human beings (Naher
et al. 2014). In this situation, host resistance is one of the
best alternatives for chemical pesticides/fungicides. Phenolic
chemicals are amongst the most convincing and extensively
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dispersed secondary products in the plant system, and they
operate in the host resistance in a completely different way
(Hunt and Ryals 1996). Generally, the phenolic compounds
are present in a very small amount in the plant tissue. How-
ever, the systemic acquired resistance (SAR) pathway is
initiated following infection, resulting in a significant rise
in phenol concentrations and salicylic acid in infected plant
tissue (Neuenschwander et al. 1996). This causes a signifi-
cant increase in phenolic chemicals throughout the plant,
resulting in broad-spectrum systemic resistance in plants
(Dempsey et al. 1999; Sharma and Sain 2005).

Biological control is another eco-friendly and safe dis-
ease management approach that is free from residual toxic
effects of chemicals. Numerous microbial antagonists are
known to antagonize P. aphanidermatum, and their applica-
tion results in a significant decrease in pathogen suppression
(Rao et al. 2015). The microbial antagonists such as Tricho-
derma spp. (Muthukumar et al. 2011) and Pseudomonas
fluorescens (Prabhukarthikeyan and Raguchander 2016;
Subhashini and Padmaja 2009) are two of the most often
employed biocontrol agents against P. aphanidermatum.
Competition for space and resources, release of chitinolytic
enzymes, mycoparasitism, and the production of inhibitory
chemicals are some of the mechanisms responsible for their
biocontrol action (Leelavathi et al. 2014). Trichoderma
spp. can suppress the target pathogens through antibiosis
by producing fungitoxic metabolites (trichodermin, glio-
toxin, viridin etc.), secretes cell wall degrading enzymes
(glucanase, cellulase, proteinase and chitinase) and induce
host resistance (Howell 2003; Qualhato et al. 2013). Many
volatiles and non-volatiles, secondary toxic metabolites are
also produced by Trichoderma spp. (Vinale and Sivasitham-
param 2020) and these secondary metabolites are commonly
related to biocontrol action, plant and root development
stimulation, and plant pathogenic fungal suppression (Rao
et al. 2015; Saba et al. 2012).

In cultivable soils, Pseudomonas spp. are an essential
component of the microbial community and plays a vital
role in solubilizing and mobilising essential nutrients for
absorption by plant roots (Arora et al. 2013; Verma et al.
2019). Apart from mineral solubilization, these rhizobac-
teria may colonise the roots of host plants and generate a
variety of antimicrobial compounds, which are inhibitory
to phytopathogens including P. aphanidermatum (Khan
et al. 2020; Weller et al. 2007). The secondary metabolites
produced by P. fluorescens viz., 1-carboxylic acid, 2, 4 dia-
cetylphloroglucinol, hydrogen cyanide, kanosamine, pyolu-
teorin, phenazine, pyocyanin, pyrrolnitrin and viscosinamide
are also known to antagonise many soil-borne plant patho-
gens (Prabhukarthikeyan and Raguchander 2016; Vizcaino
et al. 2005).

Since P. aphanidermatum is a serious menace in tobacco
cultivation worldwide, independent and special research
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efforts are essential to devise an ecofriendly and sustainable
management option for this problem. With this background,
the present study was undertaken to screen three tobacco
cultivars viz., RK-10 P3, RK-18 P8 and RK-12 P3 for host
resistance against P. aphanidermatum. Further, the effects
of two established multi-facial biocontrol agents viz., Tricho-
derma harzianum AMUTH-1 and Pseudomonas fluorescens
AMUPF-1 (Haque and Khan 2021) were investigated against
P. aphanidermatum on all three tobacco cultivars. The root-
rot index, plant growth, and biochemical characters viz., total
phenol (TP), salicylic acid (SA), and leaf pigments (chloro-
phylls and carotenoids) of tobacco cultivars were assayed
to understand tobacco cultivars' response to the biocontrol
agents and fungicide (carbendazim).

Materials and methods
Germplasm of tobacco

Ten tobacco cultivars were received from the Central
Tobacco Research Institute, Rajamundri, Andhra Pradesh,
India to check their relative susceptibility against major dis-
eases and nematode problems of tobacco. Based on their
primary screening, three cvs. viz., RK-10 P3, RK-18 P8, and
RK-12 P3 were selected for this study.

Inoculum of root-rot pathogen, Pythium
aphanidermatum

A pure culture of Pythium aphanidermatum (Edson) Fitzp.
was procured from the Indian Type Culture Collection,
Division of Plant Pathology, Indian Agricultural Research
Institute, New Delhi. The culture was maintained on potato
dextrose agar (PDA) in culture tubes and stored in a refrig-
erator at 5 °C. The pathogen was mass cultured on sorghum
seeds. The seeds were soaked overnight in 5% sucrose and
0.03% chloramphenicol solution. The seeds were transferred
to conical flasks (500 mL) and autoclaved at 15 kg/cm? pres-
sure at 121 °C for 15-20 min. Thereafter, the flasks were
inoculated with the pure culture of P. aphanidermatum and
incubated for 10-15 days in a BOD incubator at 27+2 °C.
During incubation, the flasks were shaken manually on daily
basis for a few minutes to promote uniform colonization on
seeds. To prepare inoculum, a known weight of Pythium-
colonized sorghum seeds was mixed with double distilled
water (DDW) and ground in an electric grinder. The colony-
forming units (CFU) load was calculated and standardised
to 2.0 x 10° CFU/g by adding DDW to the ground sterile
mixture. The inoculum of 2 g per pot was used in the present
study.
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Mass culture of biocontrol agents

Soil samples were collected from agricultural fields near
Aligarh (28° 0’ N 79° 06’ E), Uttar Pradesh, India and more
than 30 microbial isolates were initially isolated by serial
dilution plate method (Ben-David and Davidson 2014).
Finally, two indigenous isolates, P. fluorescens Threvesan
and Migula (isolate AMUPF-1) and Trichoderma harzianum
Rifai (isolate AMUTH-1), were chosen for this investiga-
tion based on their legitimate identification and established
multi-facial biocontrol potentiality (Haque and Khan 2021).
The partial gene sequencings of the 16S rRNA fragment
for P. fluorescens AMUPF-1 and the 18S rRNA-ITS1 and
ITS4 region for T. harzianum AMUTH-1 were carried out
and submitted to NCBI Gene Bank with accession codes
KY072889 and KM435269, respectively.

The mass culture of P. fluorescens AMUPF-1 was pre-
pared in nutrient broth (NB). The number of CFU was cal-
culated using the serial dilution plate technique (Huong et al.
2009). The final bacterial suspension was 3.0 x 10° CFU
mL~!. . harzianum AMUTH-1 was mass cultured in coni-
cal flasks of 250 mL on potato dextrose broth (PDB). The
mycelial mats were collected from the flasks and treated
separately with 1 L DDW in an electric-grinder to make
mycelial suspension. The suspension was then filtered via
a 0.15 mm mesh sieve to remove the hyphae (Huong et al.
2009). A haemocytometer was used to count the spores
under the microscope and DDW was used to adjust the spore
suspension 2.0 x 10° CFU mL~".

Fungicides

Carbendazim (Bavistin™, 50 WP, Tata Holset, India) were
used to compare the effectiveness of biocontrol agents and
applied in the soil at 1.6 mg a.i. per pot before the planting
of seedlings but after P. aphanidermatum inoculation. The
fungicide dose was calculated using the recommended fun-
gicide dose (8 kg a.i. ha-!).

Plant treatments and cultures

Nursery of all three cultivars' of tobacco was raised inde-
pendently in 25 cm diameter clay pots filled with autoclaved
soil. Earthen pots (15 cm diameter) were used for pot experi-
ments and filled with 1 kg autoclaved soil and compost (3:1).
Following five treatments were maintained for each cultivar.

T1 = Plant + Non — Infested soil (Un - inoculated control)
T2 = Plant + Infested soil (Inoculated control)

T3 = Plant + Infested soil + T. harzianum

T4 = Plant + Infested soil + P.fluorescens

T5 = Plant + Infested soil + Carbendazim

Before transplanting tobacco seedlings, P. aphaniderma-
tum (2 g mixed in 10 mL water) was added to pot's topsoil.
Three to four leaf stage seedlings (4 weeks old) of tobacco
cultivars were placed in the pots (one seedling per pot) on
the next day. For each treatment, ten replicates were kept;
plants from five replicate pots were removed at 15 days
after inoculation for biochemical analysis, and plant growth
characteristics were measured at harvest (4 months later).
Un-inoculated and inoculated control was maintained. The
pots were placed in a completely random pattern. To avert
the loss of microbes from the pots, water (200 mL/pot) was
cautiously delivered shortly after transplanting without over-
flooding. Watering was done at 48 h breaks and continued
till harvest. Plants were checked regularly for any evident
symptoms of the pathogen. Plant length, fresh and dry
weight, soil population of root-rot pathogen and biocontrol
agents, total phenol, salicylic acid, and leaf pigments were
determined. The disease severity in terms of root-rot index
was determined at harvest on 0-5 scale as proposed by Ohh
et al. (1978). 0 = healthy plants, no infection visible; 1 =
slight browning of secondary roots; 2 = severe browning of
secondary roots; 3 = firm tap root, secondary roots rotted; 4
= soft tap root, secondary roots completely rotted; 5 = plants
dead (decay of roots and cotyledons).

Assay for total phenol, salicylic acid, chlorophyll
and carotenoids

The total phenol (Sharma and Sain 2005), salicylic acid
(Shane and Kowblansky 1968), Chlorophyll a, chlorophyll
b, total chlorophylls, and carotenoid contents of leaves
(Arnon 1949; Maclachlan and Zalik 1963) were assayed as
per standard protocols.

Soil population of Pythium aphanidermatum
and biocontrol agents

The final soil population of P. aphanidermatum and biocon-
trol agents (7. harzianum and P. fluorescens) were estimated
from each inoculated pot near the root zone. The soil sample
(1 g) was taken with 10 mL distilled water in a test tube and
processed by serial dilution methods. The final soil suspen-
sion (1 mL) was taken and spread with a sterilized pipette
on solidified potato dextrose agar (for 7. harzianum and P.
aphanidermatum) or nutrient agar medium (P. fluorescens)
in Petri plates and incubated in a BOD at 27 +2 °C for 24 h.
After incubation for 24 h, the CFU load were determined
under a colony counter.

Statistical analysis

The experiment was carried out for 2 years in a row. Because
the differences in the data collected across the 2 years of
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research were not significant (P <0.05), the data were pooled
and subjected to analysis of variance (ANOVA) using SPSS
11.0 for Windows-10. At three probability levels, P <0.05,
0.01, and 0.001, the least significant differences (LSD),
degree of freedom and F-values were determined. The root-
rot index values were transformed and single-factor ANOVA
was used to examine them. To establish the correlation
between the variables, the root-rot index and dry weight of
shoots were regressed against data on SA, TP, total chloro-
phyll and carotenoid contents.

Results

Disease severity and symptoms of Pythium
aphanidermatum

Tobacco plant inoculated with 2 g pure culture of P. aphani-
dermatum showed arrested growth and mild chlorosis in all
cultivars except RK-12 P3. The yellowing gradually became
pronounced with plant age advancement; at 3 months of age,
the entire foliage of plants became discernibly yellowish
in cvs. RK-10 P3 and RK-18 P8. The symptoms were con-
siderably more significant in cv. RK-10 P3. When plants
were harvested, the roots showed decaying (Supplementary
Fig. 1) being highest on cultivar RK-10 P3 (2.66 at 0-5
scale), followed by RK-18 P8 (2.33) and RK-12 P3 (0.33).
The cultivar RK-12 P3 exhibit the lowest root-rot index and
did not develop any significant root-decaying (P <0.05; Sup-
plementary Fig. 1).

Soil application of biocontrol agents (BCAs) and fun-
gicides controlled the root-rot caused by P. aphanider-
matum. The BCAs significantly suppressed the disease
severity of root-rot disease as compared to the inoculated
control (Fig. 1). The maximum decrease was observed with
the treatment of 7. harzianum on cv. RK-18 P8 (57%) and
RK-10 P3 (45%) in comparison to the inoculated control
(Fig. 1). Next in effectiveness, was carbendazim and it also
significantly reduced the disease severity of cv. RK-18 P8
(42%) trailed by RK-10 P3 (28%), over inoculated control.
Treatment with P. fluorescens was found least effective
in decreasing the disease severity (27%) on cv. RK-18 P8
followed by RK-10 P3 (18%) over inoculated control. On
cultivar RK-12 P3, BCAs and pesticides' perceptible effect
was not recorded as the cultivar was found resistant to the
fungus (Fig. 1).

Plant growth and biomass
P. aphanidermatum, the root-rot pathogen, caused a consid-
erable loss in plant length (8—10%), fresh weight (6-14%),

and dry weight (6-9%) of shoot and root of tobacco cv.
RK-10 P3 when compared to control (Table 1). All plant
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Fig. 1 Effects of biocontrol agents and fungicides on root-rot index
on tobacco cultivars inoculated with P. aphanidermatum. Bars show
standard error

growth and biomass metrics, such as plant length (8-10%),
fresh weight (7-14%), and dry weight (10~13%) of shoot and
root, were significantly reduced in the cv. RK-18 P8 com-
pared to the inoculated control. Over the infected control,
the cv. RK-12 P3 did not show any significant reduction in
plant growth or biomass (1-5%) variables. In cv. RK-10 P3
and RK-18 P8, the percent decrease in the variables evalu-
ated was 7-15% and 6-14%, respectively, over inoculated
control (Table 1).

Treatments with biocontrol and fungicides resulted in sig-
nificant increase in the plant growth and biomass of tobacco
cultivars' inoculated with P. aphanidermatum over control
(Table 1). Application of T. harzianum and carbendazim
resulted in significant enhancement in the plant growth
and biomass variable of tobacco ranging from 11-16 and
7-14%, respectively on cv. RK-10 P3 trailed by 5-11 and
4-9%, respectively on cv. RK-18 P8, over inoculated con-
trol (Table 1). Treatment with P. fluorescens, a significant
increase in plant growth variable in the cv. RK-10 P3 was
observed over inoculated control (P <0.05; Table 1).

Chlorophyll and carotenoid contents of leaf

The total chlorophyll content of leaves decreased by 23%
(RK-10 P3), 18% (RK-18 P8), and 10% (RK-12 P3) after
being inoculated with P. aphanidermatum (Table 2).
In tobacco cultivars, reductions in chlorophylls a and b
ranged from 13-16 and 6-29%, respectively. For all cul-
tivars, a drop in carotenoid concentration was substantial
(P <£0.05) with the highest decrease in cv. RK-10 P3 com-
pare to the uninoculated control (Table 2). Treatment with
BCA and fungicides repressed the negative effect of the
root-rot pathogen on leaf pigments, resulting in a signifi-
cant increase in leaf contents (P <0.05; Table 2). Among
the two BCAs, a greater increase in the chlorophyll and
carotenoids was observed with 7. harzianum in cvs. RK-10
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Table 1 Effects of biocontrol agents and fungicides on plant growth parameters of tobacco cultivars inoculated with Pythium aphanidermatum

(2 g/kg soil)
Cultivars Treatment Plant length (cm) Fresh weight (g) Dry weight (g)
Shoot Root Shoot Root Shoot Root
RK-10 P3 Control (Un-inocu-  55.3% 18.1¢ 52.3bcd 15% 10°de 3.1¢d¢
lated)
Control (Inoculated) 50.6% (=8.5)  16.4° (- 9.4) 447 (- 145)  141%(=6.0) 9.1' (- 9.0) 2.9%f (— 6.5)
T. harzianum 5254 (3.8)  18.6°(13.4) 48.781 (8.9) 15.2°(7.8) 9.89 (7.7) 2.95%¢f (1.7)
P. fluorescens 51.7% (2.2) 17.2% (4.9) 482" (7.8) 1532°(8.7) 9.6 (5.5) 2.9%f (0.0
Bavistin 532°4(5.1)  18.9%(15.2) 51.6%4 (15.4) 15.0% (6.4)  10.0° (9.9) 3.1°% (6.9)
RK-18 P8 Control (Un-inocu-  60.83% 20,022 57.53 16.61% 11.113 3.528
lated)
Control (Inoculated) 55.55% (— 8.7) 17.93¢¢ (= 10.4) 49.06%" (— 14.7) 15.4°(=7.3) 9.9d°(— 10.9) 3.08°% (- 12.5)
T. harzianum 57.75 (4.0) 20.46% (14.1) 53.57°(9.2) 16.72* (8.6)  10.78"(8.9)  3.24% (5.2)
P. fluorescens 56.87° (2.4) 18.92% (5.5) 53.02% (8.1) 16.52*(7.3)  10.56™¢(6.7)  3.19°¢ (3.6)
Bavistin 58.52°(5.3)  20.79*(16.0) 56.76" (15.7) 16.50* (7.1)  11.00°(11.1)  3.41®(10.7)
RK-12 P3 Control (Un-inocu-  48.30°® 16.40° 49.80°¢ 13.20% 10.30°¢ 2.80°f
lated)
Control (Inoculated) 46.66% (—3.4) 16.10°(— 1.8)  49.008" (- 1.6)  13.00° (= 1.5) 10.20°% (— 1.0) 2.65; (- 5.4)
T. harzianum 48.12'8 (3.1)  16.28°(1.1) 51.30% (4.7) 13.06°(0.5) 10254 (0.5)  2.66' (00.4)
P. fluorescens 4779 (2.4)  16.40°(1.9) 50.90%(3.9)  13.08°(0.6)  10.28"¢(0.8)  2.69'(1.5)
Carbendazim 49.80%f (6.7) 16.30°(1.2) 49.60%" (1.2)  13.10°(0.8)  10.30*¢(1.0)  2.707(1.9)
ANOVA
Treatment (T) Df 4 4 4 4 4 4
Sum Sq 109.7 20.67 174.30 4.42 3.178 0.4259
Mean Sq 274 5.17 43.57 1.10 0.795 0.1065
F value 19.50 32.302 174.30 12.271 19.863 10.65
Pr(>F) 5.34e—08""  1.77e—10""" <2e—16"" 5e—06 """ 440e—08 ™ 1.72e— 05"
Cultivar (C) Df 2 2 2 2 2 2
Sum Sq 787.1 83.21 199.47 80.23 7.122 2.5932
Mean Sq 392.1 41.61 99.74 40.11 3.561 1.2966
F value 278.94 260.034 398.94 445.695 89.030 129.66
Pr(>F) <2e—-16"" <2e-16"" <2e-16"" <2e—16""  242e-13""  1.72e-15""
Interaction (T: C) Df 8 8 8 8 8 8
Sum Sq 39.0 9.01 83.92 1.89 1.282 0.1144
Mean Sq 49 1.13 10.49 0.24 0.160 0.0143
F value 347 7.035 41.96 2.628 4.006 1.43
Pr(>F) 0.00602 ™ 3.29¢—05 " 3.29e—14 " 0.261" 0.00248 ™ 0.225
Residuals Df 30 30 30 30 30 30
Sum Sq 422 4.80 7.50 2.70 1.200 0.3000
Mean Sq 1.4 0.16 0.25 0.09 0.040 0.0100
LSD (P<0.05)
Treatment 1.14 0.37 0.48 0.28 0.19 0.09
Cultivar 0.88 0.29 0.37 0.22 0.14 0.07
Interaction (T: C) 1.97 0.66 0.83 0.50 0.33 0.16

Each value is the average of 10 replicates (5 each year). The percentage decrease (—ve) or increase (4ve) with respective control is indicated in
parenthesis. Values followed by distinct alphabets within a column are statistically different at P <0.05 according to the Tukey test

P3 (12-37%), RK-18 P8 (11-23%) and RK-12 P3 (9-13%)
over inoculated control. An increase of 6-37% in the leaf
pigments was also noticed with carbendazim treatments
in tobacco cultivars over inoculated control (Table 2). The

correlation analysis between the root-rot index and leaf
pigments (chlorophyll and carotenoid contents) indicated
that the decrease in leaf contents was inversely propor-
tional to the root-rot index (Fig. 2). Similarly, a positive
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Table 2 Effects of biocontrol agents and fungicides on leaf pigments of tobacco cultivars inoculated with Pythium aphanidermatum (2 g/kg soil)

Cultivars Treatment Chlorophyll a (mg/g Chlorophyll b (mg/g Chlorophyll ab (mg/g Carotenoid (mg/g
fresh weight of leaf fresh weight of leaf fresh weight of leaf fresh weight of leaf
tissue) tissue) tissue) tissue)

RK-10 P3 Control (Un-inoculated) 1.028% 0.999* 2.027* 0.134%

Control (Inoculated) 0.869 & (— 15.5) 0.800% (— 19.9) 1.669° (- 17.7) 0.125% (- 6.7)

T. harzianum 0.896°" (3.1) 0.865% (8.1) 1796 (7.6) 0.131° (- 2.2)

P. fluorescens 0.895° (3.0) 0.897° (12.1) 1.792° (7.4) 0.132% (- 1.4)

Bavistin 0.967°¢ (11.3) 0.849%4 (6.1) 1.816° (8.8) 0.129" (- 3.7)
RK-18 P8 Control (Un-inoculated) 1.041a 0.554f 1.5954 0.123%

Control (Inoculated) 0.8342 (- 19.9) 0.3932 (- 29.1) 1.2278 (- 23.1) 0.119 (- 3.2)

T. harzianum 0.913%f (9.5) 0.537% (36.6) 1.450" (18.2) 0.1229 (- 0.81)

P. fluorescens 0.937°% (12.4) 0.539 (37.2) 1.476" (20.3) 0.123% (0.0

Bavistin 0.972% (16.5) 0.540" (37.4) 1.512¢7(23.2) 0.121° (- 1.6)
RK-12 P3 Control (Un-inoculated) 0.888°' 0.822%4 1.710% 0.128°

Control (Inoculated) 0.774" (- 12.8) 0.774° (- 5.8) 1.548% (- 9.5) 0.1187 (- 7.8)

T. harzianum 0.862 (11.4) 0.869" (12.3) 1.731% (11.8) 0.123% (- 3.9)

P. fluorescens 0.874 (12.9) 0.878> (13.4) 1.752% (13.2) 0.125¢ (- 2.3)

Carbendazim 0.879 (13.6) 0.881 (13.8) 1.760% (13.7) 0.121° (- 5.4)
ANOVA
Treatment (T) Df 4 4 4 4

Sum Sq 0.12725 0.1001 2.508 0.1512

Mean Sq 0.03181 0.0250 0.6270 0.1356

F value 86.762 62.56 458.8 54.46

Pr(>F) 4.8e—16"" 4.00e—14 " <2e—16 " 44e— 15"
Cultivar (C) Df 2 2 2 2

Sum Sq 0.06421 1.2410 0.526 0.0216

Mean Sq 0.03210 0.6205 0.2631 0.0314

F value 87.559 1551.23 192.5 121.9

Pr(>F) 3.0e—13 " <2e—16"" <2e—16"" <2e—-16""
Interaction (T: C) Df 8 8 8 8

Sum Sq 0.01946 0.0457 4.542 0.00462

Mean Sq 0.00243 0.0057 0.5677 0.00453

F value 6.633 14.29 415.4 16.37

Pr(>F) 5.5e—05 """ 2.49e—08 " <2e—16"" 3.6e— 04 "
Residuals Df 30 30 30 30

Sum Sq 0.01100 0.0120 0.041 0.0045

Mean Sq 0.00037 0.0004 0.0014 0.0006

LSD (P<0.05)

Treatment 0.018 0.019 0.035 0.006

Cultivar 0.014 0.014 0.027 0.005

Interaction (T: C) 0.031 0.033 0.061 0.009

Each value is the average of 10 replicates (5 each year). The percentage decrease (—ve) or increase (4ve) with respective control is indicated in
parenthesis. Values followed by distinct alphabets within a column are statistically different at P <0.05 according to the Tukey test

correlation was established between the dry weight of

shoot and leaf pigments (Fig. 4).

Total phenol and salicylic acid contents of leaf

TP and SA concentration of leaves of P. aphaniderma-
tum inoculated plants (control, without treatment) were

@ Springer

amplified by 6 and 7% (cv. RK-10 P3), 17 and 15% (cv.
RK-18 P8), 31 and 20% (cv. RK-12 P3), respectively, over
un-inoculated control (Fig. 3). Application of BCAs and
fungicides induced a much better increase in the TP con-
centration in the tobacco cv. RK-12 P3 (42-49%), RK-18
P8 (30-44%) and RK-10 P3 (18-22%), over the un-inoc-
ulated control (Fig. 3). Treatments with T. harzianum, P.
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Fig. 3 Effects of biocontrol agents and fungicides on total phenol content and salicylic acid in tobacco cultivars inoculated with Pythium aphani-

dermatum. Bars show standard error
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fluorescens and carbendazim resulted in 14, 16 and 13%
increase in SA contents of tobacco cv. RK-12 P3; 8, 10 and
9% in cv. RK-18 P8, and 7, 8 and 11% in cv. RK-10 P3,
respectively over inoculated control (Fig. 3). A negative
correlation was found between the root-rot index and TP

or SA (Fig. 2), demonstrated that the increase in TP and
SA was considerably low in the cultivars that exhibited
higher root-rot. However, the correlation analysis between
the decrease in dry weight of shoot and TP or SA showed
a positive linear relationship (Fig. 4).

@ Springer
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Soil population of Pythium aphanidermatum

The final soil population of P. aphanidermatum was aug-
mented over time, and it was more significant in the cv.
RK-10 P3. The population was increased up to 900% (RK-
10 P3) over the initial population at harvest (Fig. 5). Overall.
the highest population was recorded in RK-10 P3, followed
by RK-18 P8 and RK-12 P3. Both the biocontrol and fun-
gicide treatments caused a significant reduction in the soil
population of P. aphanidermatum (Fig. 5; P <0.05). The
most significant decline was recorded with carbendazim
followed by T. harzianum and P. fluorescens in comparison
to inoculated control on cv. RK-10 P3 (93, 85 and 81%),
RK-18 P8 (94, 87 and 81%) and RK-12 P3 (100, 99 and 98%;
Fig. 5; P<0.05).

Soil population of biocontrol agents

The rhizosphere population of T. harzianum and P. fluores-
cens increased by 600-840% and 460-590%, respectively,
over the initial population on tobacco cultivars during the
experiment (Fig. 5). Among the three cultivars, the highest
populations were recorded on the rhizosphere of tobacco cv.
RK-10 P3 trailed by RK-18 P8 and RK-12 P3. In the pres-
ence of the pathogen, the population of biocontrol agents
further increased and was highest with 7. harzianum fol-
lowed by P. fluorescens (Fig. 5; P <0.05).

Discussion

Inoculation of tobacco plants with P. aphanidermatum
(2 g/pot) showed stunted growth and mild leaf yellowing
in tobacco cultivars except for cv. RK-12 P3. The leaf yel-
lowing became more prominent as the plants grew older;
by 3-months, the whole foliage of the plants had become
yellowish, notably in the cv. RK-10 P3. Roots of tobacco
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,
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! ]

cvs. RK-10 P3 and RK-18 P8, for instance, have developed
blackened discolourations as a result of P. aphaniderma-
tum infection, as have other tobacco cultivars (Khan and
Haque 2013). Root-rot was visible on the cvs. RK-10 P3
and RK-18 P8, indicate an increased vulnerability to the
disease (Khan et al. 2012). Soil application of biocontrol
agents (BCAs) and fungicide controlled the root-rot disease
and significantly reduced the disease severity, as observed
in the present study.

Inoculation of P. aphanidermatum caused a significant
reduction in the length of shoot and root, fresh and dry
weight of shoot and root of tobacco cv. RK-10 P3 and RK-18
P8 in comparison to uninoculated control. Due to the activ-
ity of pectolytic and cellulolytic enzymes produced by the
pathogen, the afflicted roots, parts, and/or tissues converted
to water-soaked, lose cohesiveness, and usually develop
wet rot within a few days of inoculation (Goyal and Mattoo
2014). The rotting of primary roots causes disintegration
of the interior tissue and affects the capacity of the roots
to absorb water and nutrients, resulting in a steady fall in
aerial development (Oluma and Oladiran 1993). As a result,
the plants growth and biomass are lowered, as found in the
present study. A positive linear relationship between disease
severity (root-rot index) and percent loss in leaf pigment has
also been discovered by the correlation analysis, suggesting
that a rise in root rot directly hindered important physiologi-
cal activities such as water, mineral absorption, and CO,
assimilation, resulting in a decline in dry mass production
as seen in the present research.

However, the application of T. harzianum or carbenda-
zim suppressed the pathogenic effect of P. aphanidermatum
leading to a significant increase (P <0.05) in plant growth
variables of all three cultivars. Numerous studies under pot
and field conditions have confirmed that the soil applica-
tion of 7. harzianum may induce significant enhancement in
plant growth and yield of plants infected with root-rot fungi
(Muthukumar et al. 2011; Saba et al. 2012). Trichoderma

mT. harzianum (Pi) ® T. harzianum (Pf) P. fluorescens (Pi) P. fluorescens (Pf)

Soil population of Bioconntrol agents

Inoculated
I

Un-inoculated

I i
i
| i f
\
-

1 o3

|

RK-12P3

&

18811188

RK-10P3

RK-18 P8 RK-18 P8 RK-12 P3

Fig.5 Effects of T. harzianum, P. fluorescens and fungicide on the soil population of biocontrol agents and root-rot fungus in tobacco cultivars

inoculated with P. aphanidermatum. Bars show standard error
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harzianum is a well-established mycoparasite of soil-borne
pathogens (Naher et al. 2014) and its application can effec-
tively control the root-rot disease. Similarly, P. fluorescens
is known to be an excellent suppressant of plant pathogenic
fungi (Weller et al. 2007). The bacterium may antagonize the
pathogen through antibiosis, siderophores production etc.
Carbendazim belongs to the benzimidazole group which
is highly effective against soil-borne fungi (Garcia et al.
2003) and its application provided satisfactory control of
the disease.

For chlorophylls and carotenoids, the overall effect of
pathogen inoculation and cultivars was substantial. Leaf
chlorophylls and carotenoids, are regarded as the fundamen-
tal unit for photosynthesis because these pigments absorb
light and transport it to cell organelles for CO, fixation.
(Khan and Haque 2013). In the present study, the whole
foliage of susceptible cultivars (RK-10 P3 and RK-18 P8)
became noticeably yellowish at 3—4 months of age, but
the foliage of resistant cultivars (RK-12 P3) remained
healthy. The findings show that the chlorophyll pigments
are extremely susceptible to P. aphanidermatum-induced
changes in host physiology. The water stress resulting due to
damage of roots and development of rotting by P. aphanider-
matum, chlorophyll and carotenoids molecules get denatured
consequently their leaf contents were reduced, subsequently,
photosynthetic action of the plant decreased which resulted
in lower biomass production (Khan and Haque 2013). Cor-
relation analysis has also shown a positive linear relationship
between pigments of leaf and dry weight of shoot where an
increase in the chlorophyll or carotenoid contents of leaves
resulted in a corresponding increase in dry biomass produc-
tion. The effect of the treatments used on the leaf pigments
was more or less similar to that observed on plant growth
parameters. Similarly, soil population and root-rot index
greatly decrease with 7. harzianum and carbendazim.

The total phenol content of leaves, inoculated with the P.
aphanidermatum, increased in all three cultivars, although
the rise was not uniform. The increase in the total phenol
was lowest in the cvs. RK-10 P3 and RK-18 P8 which were
found highly and moderately susceptible to P. aphanider-
matum, respectively whereas the increase was greatest
in cv. RK-12 P3 which expressed resistant reaction to P.
aphanidermatum. This is also discernable from the correla-
tion analysis done between disease (root-rot) and phenolic
contents. This suggests that phenolic chemicals help plants
to defend themselves against infection by phytopathogens
(Nicholson and Hammerschmidt 1992; Hammond-Kosack
and Jones 1996). These chemicals, which operate as phy-
toalexins, are found in extremely low amounts in healthy
plants. However, as observed in this study, when plants are
infected with the pathogen, their concentration rises drasti-
cally. Salicylic acid (SA) has also been linked to a crucial
component in the signal transduction pathway that leads to

disease resistance in plants (Ryals et al. 1996; Sharma and
Sain 2005). The highest SA concentration was found in cvs.
RK-12 P3, which did not demonstrate root-rot or reduced
plant growth, whereas the lowest SA rise was found in cvs.
RK-10 P3 and RK-18 P8, which were susceptible to P. apha-
nidermatum. The tolerance and susceptible reactions of
tobacco cultivars against root-rot pathogen were apparently
due to varied synthesis of SA as shown by a positive linear
relationship. It has been found that increased SA accumula-
tion in tobacco leaves leads to a considerable reduction in
disease symptoms produced by the fungus Cercospora nico-
tianae, Peronospora tabacina and Phytophthora parasitica
(Ryals et al. 1996). Salicylic acid had a substantially higher
F-value than total phenols, indicating that the former plays
a bigger role in disease tolerance.

The present study demonstrated that the tobacco culti-
vars viz., RK-10 P3, RK-18 P8 and RK-12 P3 screened for
host resistance against P. aphanidermatum showed a varying
degree of susceptibility. Based on the morphological (root-
rot index and plant growth parameters) and biochemical
host reactions (total phenol, salicylic acid, chlorophyll and
carotenoids), the cv. RK-12 P3 revealed resistance/tolerance
response and can be economically exploited for P. aphani-
dermatum resistance, while the cv. RK-10 P3 expressed a
highly susceptible reaction and should be avoided in disease-
prone fields. Further, the soil treatment of two multi-facial
biocontrol agents, T. harzianum AMUTH-1 and P. fluores-
cens AMUPF-1 adequately controlled P. aphanidermatum
and considerably enhanced the plant growth and biomass
production of all three tobacco cultivars. However, the rela-
tive effectiveness of T. harzianum AMUTH-1 was higher
than P. fluorescens AMUPF-1 and carbendazim. Hence, to
increase tobacco yield in root rot-infested fields, soil treat-
ment with 7. harzianum may prove better than a fungicide.
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