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Spot blotch caused by Bipolaris sorokiniana has spread
to more than 9 million ha of wheat in the warm, humid
areas of the Eastern Gangetic Plains (EGP) of South
Asia and is a disease of major concern in other similar
wheat growing regions worldwide. Differential lignin
content in resistant and susceptible genotypes and its
association with free radicals such as hydrogen perox-
ide (H,0,), superoxide (O, ) and hydroxyl radical (OH")
were studied after inoculation under field conditions for
two consecutive years. H,O, significantly influenced lig-
nin content in flag leaves, whereas there was a negative
correlation among lignin and H,0O, to the Area Under
Disease Progress Curve (AUDPC). The production of
H,0, was higher in the resistant genotypes than suscep-
tible ones. The O, and OH™ positively correlated with
AUDPC but negatively with lignin content. This study
illustrates that H,O, has a vital role in prompting ligni-
fication and thereby resistance to spot blotch in wheat.
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We used cluster analysis to separate the resistant and
susceptible genotypes by phenotypic and biochemical
traits. H,0, associated lignin production significantly
reduced the number of appressoria and penetration
pegs. We visualized the effect of lignin in disease resis-
tance using differential histochemical staining of tissue
from resistant and susceptible genotypes, which shows
the variable accumulation of hydrogen peroxide and
lignin around penetration sites.

Keywords : lignin, reactive oxygen species, resistance, spot
blotch
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Wheat is the first among the world’s three most impor-
tant staple crops — rice, wheat, and maize — being grown
on over 215 million ha annually with a harvest of around
727.9 million tons and contributing nearly US $50 billion
(FAO 2018/19) each year to global markets. Wheat crops
are exposed to various biotic and abiotic stresses and their
survival depends on proper management and/or genetic
defense mechanisms against these stresses. Spot blotch dis-
ease of wheat is caused by Cochliobolus sativus. Drechsler
ex Dastur (anamorph Bipolaris sorokiniana (Sacc.)
Shoem.), a hemibiotrophic fungus, and constitutes a signif-
icant constraint of the crop in warm, humid, tropical areas
of Bangladesh, Bolivia, Brazil, India, Nepal, and Paraguay
(Gupta et al., 2018; Gurung et al., 2013; Singh et al., 2015).
Spot blotch of wheat has been documented as causing yield
losses ranging between 16 to 20% annually (Dubin and van
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Ginkel, 1991) and as high as 100% in severe epidemics
(Mehta, 1998). Resistance to spot blotch is quantitative and
involves three genes (Sb/, Sb2, Sb3) working in an additive
manner (Gupta et al., 2018; Joshi et al., 2004). This type of
spot blotch resistance slows the progress of the disease as a
cumulative effect of the resistance genes (Eisa et al., 2013),
but little has been known regarding the biochemical com-
ponents involved (Yusuf et al., 2016).

Among the structural and biochemical resistance factors,
lignin is the most important (Boudet, 2000) and lignifica-
tion in cells plays a crucial role through programmed depo-
sition around the pathogen penetration sites by creating a
ring of lignified cells (Cafio-Delgado et al., 2003; Tronchet
et al., 2010). Being a primary defense molecules in plants
against pathogens (Nicholson and Hammerschmidt, 1992),
lignin makes the cell more rigid, resulting in resistant to
mechanical pressure and chemical reaction applied by
fungal pathogen during penetration (Bird and Ride 1981;
Southerton and Deverall, 1990). These lignin depositions
in wheat are not readily soluble and hence not digestible,
thus creating a physical barrier against several pathogens
(Bishop et al., 2002; Tronchet et al., 2010). Earlier studies
also found that lignification around the infection site re-
stricted the movement of water and nutrients to the fungus,
retarding its growth (Elad and Evensen, 1995). Wheat cells
use reactive oxygen species (ROS) as signal molecules
that activate the primary and secondary metabolic
pathways for lignin formation (Jacobo-Velazquez et al.,
2015).

Various studies have reported the role of lignin in host-
pathogen interactions (Bhuiyan et al., 2009; Bird and Ride,
1981; Miedes et al., 2014; Tronch et al., 2010), but few
exist concerning the role of lignin on pathogen fitness. For
this study we hypothesized that lignin affects pathogen fit-
ness parameters such as latent period, lesion expansion and
spore production, thereby slowing disease progress, and we
looked infection-induced lignin production and its effect on
pathogen fitness in association with free radicals produced
during infection, with the ultimate aim of using this infor-
mation to help characterize resistant genotypes.

Materials and Methods

Experimental design and wheat genotypes. The experi-
ment was conducted using 29 bread wheat (Triticum aesti-
vum L.) breeding lines (Table 1) developed by the Interna-
tional Maize and Wheat Improvement Center (CIMMYT)
and selected from an original population of 968 genotypes
known for resistance to spot blotch. To reduce confound-
ing effects from differing plant height and days to maturity

(Joshi et al., 2002), we chose lines with a maturity range of
6 days to heading and with a plant height range of 100-120
cm. The lines were sown in the second week of December
to match the post-anthesis stages with warm temperatures
during early February to early March, which are favorable
for spot blotch (Joshi and Chand, 2002).

The experiment was carried out at the Agricultural Re-
search Farm, Institute of Agricultural Sciences, Banaras
Hindu University, Varanasi, India (NEPZ, 25.2°N, and
83.0°E) over two seasons, 2014-15 and 2015-16 on a field
that had been used for rice-wheat cropping during the pre-
vious 10 years. Crop management comprised 120 kg N: 60
kg P,0s: 40 kg K,O per ha fertilization, using a full dose of
P,0sand K,O at sowing but Nitrogen as split, 1/2 at sowing
and 1/4 after first (21 days) and second (40 days) irriga-
tions, with a total of 5 irrigations.

We used a randomized block design with 2 rows of 1
m each for each genotype sown with a 25 cm spacing be-
tween rows and 15 plants per row.

Inoculation and disease assessment. Spores of the B.
sorokiniana strain HD 3069 (MCC 1572) were produced
by aseptic culturing on sorghum grain (Chand et al., 2013).
The spore suspension of 10* spores/ml of sterile water
aided with 100 pl Tween 20 was sprayed uniformly during
evening hours at the half panicle emergence stage (ZGS 55,
Zadoks et al., 1974) followed by light irrigation to maintain
high humidity and night dew deposition for pathogenesis
and disease development.

Ten plants of each line were randomly selected and
tagged and disease progress (area under the disease prog-
ress curve, incubation period, latent period, lesion number,
lesion size, spores/cm’ lesion) was recorded on the tagged
plants.

To measure pathogen fitness, incubation period was re-
corded upon observing the first visual symptom of disease
on more than 50% plants (Parlevliet, 1979), and data relat-
ed to latent period was collected and computed according
to Das et al. (1993):

Latent period =t, + [(F/2 —nt,) (t, — t,)/(nt, — nt,)]

Where F = final number of lesions, t, = day before 50%
lesions sporulated, t, = day after 50% lesions sporulated,
nt, = number of lesions sporulated at t;, nt, = number of le-
sions sporulated at t,.

The relative rate of resistance for the latent period, sporu-
lation, AUDPC, and fitness index of the pathogen was cal-
culated according to Willocquet et al. (2017):

Relative rate resistance for latent period (RRLP) =1 —
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Table 1. Pedigree and spot blotch response of 29 wheat genotypes used in the experiment

289

. Reac- Days. o Mat“‘f‘ty Biomass TKW P.l ot
No. Pedigree o heading  duration @ @ Yield
(days)  (days) (2
1 CROC _1/AE.SQUARROSA (205)//KAUZ/3/ENEIDA R 81.17 1055  313.72 3551 110
2 ASTREB/OAX93.10.1/SOKOLL R 78.17 1045 27754 3181 68.07
3 SURUTU-CIAT R 80.33 108.83  267.68 3422 115.65
4 CNDO/R143//ENTE/MEXI_2/3/AEGILOPS SQUARROSA (TAUS)/4/ R 75.5 108.17 211.22 303 101.31
WEAVER/5/PASTOR
5 MILAN/KAUZ/3/URES/JUN//KAUZ/4/CROC_1/AE.SQUARROSA R 82.67 104.83 276.69 3247 93.01
(224)//OPATA
6 TILHI/SOKOLL R 78.5 103.17 258.19 30.58 83.22
7 UP2338*2/4/SNI/TRAP#1/3/KAUZ*2/TRAP//KAUZ/5/MILAN/ R 79 105.17 2946  36.15 1489
KAUZ//CHIL/CHUM18/6/UP2338*2/4/SNI/TRAP#1/3/KAUZ*2/
TRAP//KAUZ
8 TILILA/TUKURU/4/SERI.1B*2/3/KAUZ*2/BOW//KAUZ S 79.5 1025 26393 31.99 89.05
9 PBW 343/PASTOR R 81 111.5 28846 3044 114.96
10 TILHI R 82.17 117 280.64 3147 111.81
11 NL 750 R 80.83 117.5 27021 32.11 105.73
12 ATTILA/3*BCN//BAV92/3/TILHI R 80 115.17 25574 30 92.56
13 ALTAR 84/AE.SQUARROSA (219)//OPATA/3/WBLLI1/FRET2// R 78.33 116 24031 3233 81.53
PASTOR
14 CIANOT 79 S 79.83 10133 197.73 22.66 54.17
15 ATTILA/3*BCN//BAV92/3/TILHI/4/SHA7/VEE#5//ARIV92 R 80.17 117.5 29049 2942 7751
16 VORB/4/D67.2/PARANA 66.270//AE.SQUARROSA (320)/3/ R 80.33 115.67 282.85 36.51 127.29
CUNNINGHAM
17 CMH79A.955/4/AGA/3/4*SN64/CNOG67//INIA66/5/NAC/6/RIALTO R 80.5 114 274.02 3452 124.96
18 MEX94.2.19 S 79.5 97 21493 2275 62.87
19 PBW343*2/KUKUNA//PBW343*2/TUKURU/3/PBW343 R 79.83 106.67 30545 34.63 106.57
20 YANGMAI-6 R 81.5 115 263.01 36.5 78.5
21 PBW343*2/KUKUNA//TECUE #1 R 84.67 107.17 24993 32.64 114.87
22 UP2338*2/KKTS*2//YANAC R 79.5 108.5  246.69 31.65 12831
23 MURGA/KRONSTAD F2004 R 77.33 104.17 26238 3149 1134
24 SAUAL/KIRITATI/SAUAL R 83.33 112 236.05 3197 118.36
25 BABAX/LR39//BABAX/3/VORB/4/SUNCO/2*PASTOR R 82.33 107.83 31042 3044 11558
26 WBLL1*2/KURUKU*2/5/REH/HARE//2*BCN/3/CROC_1/ S 78.5 101 251.74 30.02 81.29
AE.SQUARROSA (213)//PGO/4/HUITES
27 KACHU #1/4/CROC_1/AE.SQUARROSA (205)//KAUZ/3/SASIA/5/ R 80.67 112.17 302.54 3571 86.69
KACHU
28 OPATA//SORA/AE.SQUARROSA (323) R 80.83 109.5 29752 3733 1494
29 WBLL1*2/KUKUNA//AKURI #1 S 76.5 99.33 22544 2729 109.91
MSD (0.05) 3.53 491 58.65 554 3245

AUDPC: Area Under Disease Progress Curve; TKW: Thousand kernel weight R: Resistant; S: Susceptible

(LPS/LPX)

Where LPS and LPX are the latent periods for the genotype

The same formula was used to calculate the relative rate
of resistance to spore production, fitness index, and AUD-
PC, where LPS and LPX are the latent periods measured

for the genotype to be characterized by susceptible control
genotype CIANO T79.

To measure lesion size and number of lesions/cm?, 10
flag leaves per replication of tagged plants in each row
were photographed using a Nikon D5200 (Nikon, Tokyo,
Japan) digital camera and the images were examined in
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Adobe Photoshop using an analysis plug in to quantify le-
sion sizes and numbers on individual leaves.

The disease was scored visually when all lines showed
symptoms. AUDPC was calculated based on disease sever-
ity at GS63, GS69, and GS77 as outlined by Shaner and
Finney (1977):

c Yi + Yi+
AUDPC = X (—2 1) (tin — )
i=1

Where y; is an assessment of disease at the ith observa-
tion, t; is time (in days) at the ith observation, and n is the
total number of observations.

Assessment of lignin and reactive oxygen species
Raising of lines and sampling. All 29 genotypes evalu-
ated under field conditions were planted in pots under a
poly-house and inoculated using a mono-conidial isolate
of B. sorokiniana strain HD 3069 (MCC 1572). We main-
tained a temperature of 24 + 2°C and a relative humidity
> 80% using fogging. Flag leaves were collected before
and after inoculation of the pathogen at four different times
(0, 3, 7 and 14 DAI) from tagged plants. For ROS, flag
leaves were excised, immediately cooled in liquid nitrogen
and stored at —80°C for further assays. For lignin estima-
tion two flag leaves/genotypes were collected in paper en-
velops and were oven dried for overnight at 60°C.

Assay of reactive oxygen species and lignin. H,O, was
estimated according to Patterson et al. (1984). Leaf samples
(200 mg) were homogenized in a sodium-phosphate buf-
fer (5 mM, pH 6.5) and the extract centrifuged at 10,000 x
g for 15 min. The reaction was initiated by adding TiSO,
(HiMedia, India GRM2484) (1% in 20% H,SO,) to the
supernatant. The reaction mixture was again centrifuged
at 10,000 x g for 15 min and absorbance recorded at A 410
nm on Double Beam UV-VIS Spectrophotometers (ELICO,
Hyderabad, India SL196). The quantity of H,O, was ex-
pressed as uM per gram fresh weight using an extinction
coefficient of 53.5714.

Superoxide radicals (O,”) were estimated according to
Misra and Fridovich (1972). The reaction mixture con-
tained 20 pM of sodium-phosphate buffer (pH 7), 20 uM
NADH (AMRESCO, India, Product code: 0384), 100 uM
disodium EDTA and 1.2 mM epinephrine (Sigma, Mis-
souri, US E4642). Change in the absorbance was noted at
A 480 nm for 10 min.

The protocol of Halliwell et al. (1987) was used to mea-
sure hydroxyl radicals (OH"). 100 mg of fresh leaf sample
was homogenized into 2 ml of 50 mM sodium- phosphate
buffer (pH 7) and centrifuged at 22,000 x g for 15 minutes

at 4°C. The reaction mixture contained 1 ml of superna-
tant, 0.8 ml of 2.5 mM 2-deoxyribose and 200 pl of 2 mM
FeSO, incubated in the dark for one hour. TBA (0.25% in
10% of TCA) was added, reaction mixture boiled at 80°C
for 20 minutes and immediately cooled. The whole reac-
tion mixture was then centrifuged at 3,000 x g for 10 min,
and absorbance noted at A 352 nm.

Lignin was quantified as per Aldaeus (2011). A 100 mg
oven-dried sample was digested in 75% sulphuric acid
by incubation in a water bath at 35°C for 1 h, followed
by autoclaving at 121°C for 1 h. The solution was filtered
through pre-weighed Whatman’s filter paper (Grade 01).
The filtrate was used to measure soluble acid lignin (ALS),
and residue over filter paper was used for quantification of
insoluble acid residue.

The total lignin was calculated by following formulae:

a) Acid-insoluble residue (AIR) = (m/M) x 1,000 mg/g,
b) Acid soluble lignin (ASI) = ((A.D.V) / (a.b.M)) x 1,000
mg/g,

¢) Total lignin content = AIR + ASL
Where m = the residue after drying in g, M = Oven-dry
weight of sample before acid hydrolysis/suspension, in g,
A = Absorption at 205 nm, D = Dilution factor, V = Vol-
ume of the filtrate, in 1, a = Extinction coefficient of lignin,
in g/l cm (here: 110 g/l cm, according to TAPPI UM 250),
b = cuvette path length, in cm (here: 1 cm), M = Weight of
sample (as 100% dry matter) before acid hydrolysis/sus-
pension, in g

Histo-pathological assay and histochemical staining.
Staining for lignin deposition was done using a phloroglu-
cinol-HCI1 (Wiesner) test (Beardmore et al., 1983). Flag
leaves were taken from tagged plants. Infected leaves
and disease free leaf segments were soaked in a 10% w/v
phloroglucinol solution in 95% ethanol for 3 min, drained
and placed in a drop of 10 M HCI on a slide, covered with
a thin glass sheet, sealed with paraffin and observed for
a purple-red vein as an indicator of lignin. The localiza-
tion of H,O, generation in leaf samples was done using 3,
3’-diaminobenzidine (DAB, Sigma, Missouri, US) staining
(Thordal-Christensen et al., 1997). Three leaf segments of 1
cm’ from 5 tagged plants were collected and submerged in
a solution containing 5 ml of DAB stain (1,000 pl/ml). The
tubes were placed on a standard laboratory electrical shaker
for 7-8 h to allow the uptake of DAB and its reaction with
H,0, at 80-100 rpm. After leaves were stained, DAB was
replaced by a bleaching solution (ethanol: acetic acid: glyc-
erol = 3:1:1) and the tubes placed carefully in boiling water
(90-95°C) for 15 min to bleach out the chlorophyll. After
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15 min of boiling, the bleaching solution was replaced by
a fresh bleaching solution and allowed to stand for 30 min.
DAB and lignin stained infected tissues were examined and
photographed of using a Nikon Eclipse E200 microscope
(Nikon, Tokyo, Japan). The development of appressoria
and the colonization of host tissue by the pathogen were as-
sessed by sampling inoculated leaves at 24, 48, 72, 96 hpi.
The number of appressoria, number of penetrating pegs
and distortion of appressoria if any were noted under the
microscope, using the methodology of Sillero and Rubiales
(2002).

>

Cluster Analysis

]

Statistical analysis. Statistical analyses were performed
using SAS (version 9.2; SAS Institute Cary, NC, USA).
Data were first tested using the Shapiro and Wilkes (1965)
test for normality and the homogeneity of variance among
the groups determined by using the Levene test (Levene,
1960). Pooled data of two years were subjected for vari-
ance analysis in a general linear model using the PROC
GLM procedure. Correlation, clustering, and principal
component analysis were done using the PROC CORR,
PROC CLUSTER and PROC VARCLUS procedures of
SAS 9.2 (SAS Institute, Cary, NC). Bonferroni’s adjust-
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Fig. 1. Cluster analysis of 29 wheat genotypes on the basis their response to B. sorokiniana over two years in terms of (A) free radical
production and lignin accumulation and, (B) various phenotypic traits such as AUDPC, LN, LS, DH, DM, PY, BM, and TKW. Clades
highlighted with red lines are indicating clustering of susceptible genotypes whereas those of blue are resistant. (C) Plants from a resis-
tant group; genotype Yangmai 6. (D) Plants showing typical symptoms of spot blotch seven days after inoculation on susceptible geno-

type Ciano T79.
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ments at P = (0.05 were used to compare pairs of treatment
means.

Results

Phenotypic variation and response of genotypes to B.
sorokiniana. Cluster analysis of 29 genotypes based on 12
phenotypic parameters, lignin content and free radical pro-
duction in response to B. sorokiniana infection separated
them into two groups (Fig. 1A and B). Five susceptible
genotypes (8, 14, 18, 26 and 29) formed a single clade (Fig.
1A) while the remaining (20) resistant genotypes formed
another clade (Fig. 1B) and clustered into the second
group. The typical resistant and susceptible responses to B.
sorokiniana are depicted in Fig. 1C and D. The combined
ANOVA (Supplementary Table 1) indicated significant

differences in phenotypic traits for the year, genotype and
year X genotype.

The mean phenotypic character values for two indepen-
dent experiments are presented in Table 2. In susceptible
genotypes, AUDPC and other disease components such
as lesion area, spores/cm’, spore germination percentage,
number of appressoria, percent penetrating appressoria
were the highest, whereas yield components (biomass, plot
yield, and thousand kernel weight) were lowest (Table 1).

The relative rate resistance for the latent period, sporu-
lation, AUDPC, and fitness index of pathogen. The rela-
tive rate of resistance measures the ability of a genotype to
counter pathogen infection cycles. In our study, the lignin
accumulation directly affected the pathogen latent period
and spore production, implying reduced fitness and slower

Relative Rate of Resistance
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Relative Rate
0.474
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=) [}
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| '
Latent Period

Sporulation
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S
s
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-0.019
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Traits

Fig. 2. Relative rates of resistance for the latent period, sporulation, fitness index, and AUDPC in resistant and susceptible genotypes.
The relative rate of resistance in 29 wheat genotypes studied is calculated over the susceptible check Ciano T79.

Table 3. Pearson’s correlation coefficients for disease, fitness parameters and relative rate of resistance for B. sorokiniana

Lesion Lesion Incubation Latent Fitness Ligni

AUDPC number area Spore/em* period period  index coil::t RRLP" RRSp ~ RRFI
AUDPC 1
Lesion Number -0.474% 1
Lesion area 0.719*%  -0.454* 1
Spore/cm’ 0.761*  -0.430%  0.897* 1
Incubation period -0.073 0.126 -0.086*  -0.059 1
Latent period -0.643* 0.359*  -0.705* -0.691* -0.079 1
Fitness index 0.697 -0.450* 0.902* 0.821* -0.171 -0.718* 1
Lignin content -0.536* 0.321*  -0.590* -0.661%* -0.091 0.497* -0.545* 1
RRLP -0.764* 0.430*%  -0.794*  -0.747* 0.054 0910* -0.838* 0.533* 1
RRSp -0.763* 0.432*  -0.897*  -0.999* 0.060 0.689* -0.822* 0.663* (.748* 1
RRFI -0.696* 0.450*  -0.901*  -0.820%* 0.169 0.720* -0.999* 0.544* 0.839* 0.821* 1

AUDPC = Area Under Disease Progress Curve; RRLP: Relative rate of resistance for latent period; RRSp: relative rate of resistance for spores/
cm?; RRFI: relative rate of resistance for fitness index; RR_ AUDPC: Relative rate of resistance for AUDPC. *Indicates positive correlation at P

<0.0001
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Cluster Analysis
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Fig. 3. Clustering of the correlated and non-correlated variables using the VARCLUS method in SAS v9.2 (A) Clustering of phenotypic
traits and lignin content at three days. The components of the disease clustered together, indicating that enhanced resistance correlated to
higher yield. (B) Clustering of biochemical traits indicating H,O, is significantly affecting lignin production.

disease progress. The relative rate of resistance for sporula-
tion, latent period, and AUDPC and the host fitness index
were higher in resistant genotypes than susceptible ones.
(Table 2, Fig. 2). These results were confirmed in the histo-
pathological analysis, wherein ROS associated lignin pro-
duction significantly reduced the number of aspersoria and
of direct penetration pegs in resistant genotypes (Table 2).

Correlations between fitness parameters and disease
associated traits. The estimates of linear correlation coef-

ficients (Table 3) showed that AUDPC was positively and
significantly correlated with lesion area and sporulating le-
sions whereas significantly and negatively correlated with
lesion number, latent period, maturity duration, biomass,
thousand kernel weight (TKW), plot yield, and lignin
content. Lesion number was positively and significantly
associated with the latent period and lignin content, but
negatively with lesion area and sporulating lesions. These
and other correlations appear in Table 3.

All traits separated into two clusters (Fig. 3A); cluster 1
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Fig. 4. Accumulation of various reactive oxygen species and lignin at different time points in resistant and susceptible wheat genotypes
in response to B. sorokiniana infection. (A) Accumulation of superoxide radicals (O,"). The plot is based on mean O,  accumulation in
resistant and susceptible genotypes. LSD (0.05) for genotype = 0.0064 and for time = 0.0024. (B) Hydroxyl radical (OH") production.
The plot is based on mean OH™ accumulation in resistant and susceptible genotypes. LSD (0.05) for genotype = 19.626 and for time =
7.2889. (C) Hydrogen peroxide (H,0,) production. The plot is based on mean H,O, accumulation in resistant and susceptible genotypes.
LSD (0.05) for genotype = 0.3143 and for time = 0.1167. (D) Lignin accumulation. The plot is based on mean H,0, accumulation in re-
sistant and susceptible genotypes. LSD (0.05) for genotype = 18.479 and for time = 6.8629. Data from two independent experiments are
combined. ANOVA calculates the significant difference in the general linear model (GLM). Asterisks (*) show the significant difference

as compared to time 0 DAL

includes AUDPC, days to heading, lesion area, lesion num-
ber, spores per cn’, latent period, maturity duration and lig-
nin content that explains maximum variation (Supplemen-
tary Table 2). The yield components plot yield, test weight
and biomass clustered in another separate cluster indicating
the adverse effect of the disease on yield components.

Biochemical studies. The combined ANOVA (Supple-
mentary Table 1) showed a significant difference for year,
treatment, time and interaction for different biochemical
components. We found significant variation for biochemi-
cal factors in wheat genotypes. The interactions year x
time, time X genotype year X genotype were also signifi-
cant for all biochemical components and LIG. The interac-
tion year X time X genotypes was significant only for H,O,,
OH,and O, .

The mean values of all the biochemical traits (O, , OH",

H,0,, and LIG) at different times for 29 wheat genotypes
in response to flag leaf infection with B. sorokiniana are
shown in Supplementary Table 4-7 and in Supplementary
Fig. 1-4. Higher O, and OH", lower H,0, and LIG were
observed in genotypes 8, 14, 18, 26 and 31; likewise, lower
O, and OH", higher H,0, and lignin appeared in the re-
maining lines. At 0 DAI (before inoculation), there was
no significant difference in biochemical content between
resistant and susceptible genotypes. The activity of O, (Fig.
4A) was elevated at 3 DAI and continuously increased to
7 and 14 DALI in susceptible genotypes. In resistant geno-
types, O, had increased slightly by 3 DAI and reached a
maximum at 14 DAI. The continuous increase in OH™ (Fig.
4B) was also observed in susceptible genotypes at all times
but was elevated at 3 DAI, reduced at 7 DAI and reached
a maximum at 14 DAI, in resistant genotypes. Likewise,
H,0, increased at 3 DAI, decreased in 7 DAI, and became
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Fig. 5. (A) Symptoms of B. sorokiniana on flag leaves over time; (B) Differential accumulation of H,O, in response to B. sorokiniana
visualized by DAB staining in flag leaves under time scan 0 to 14 days after infection (DAI). (C) Lignin deposition in flag leaves in re-
sponse to B. sorokiniana as visualized by phloroglucinol-HCI staining in a longitudinal section of leaves from 0 to 14 DAI (D) Lignin
deposition in flag leaves in response to B. sorokiniana as visualized by phloroglucinol-HCl staining in the transverse section of leaves
from 0 to 14 DAL The upper panel represents resistant (R) genotype (Cv. Yangmai6) and the lower panel the susceptible (S) genotype (Cv.
Ciano T79). Penetration points are marked by yellow arrowheads. Red line shown in the picture indicates size bar.

elevated at 14 DALI in resistant genotypes (Fig. 4C). In genotypes but fold change was significantly higher in resis-
susceptible genotypes, H,0O, continuously decreased up to tant genotypes.

7 DAI and began increasing at 14 DAL Lignin (Fig. 4D) DAB and phloroglucinol-HCI staining of resistant and
continuously increased in both susceptible and resistant susceptible genotypes for H,O, and lignin are shown in
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Table 4. Correlations among H,O,, OH", O, and lignin at different time period before and after inoculation of spot blotch pathogen

H,0, OH 0,
ODAI 3DAI 7DAI 14DAI ODAI 3DAI 7DAI 14DAI ODAI 3DAI 7DAI 14DAI
OH" 0.058 -0.007 -043"" -027"
0, -0.169  -034™  -0.697 -052"  -026" 024" 0587 062
Lignin 0.096  046™ 032  0.05 0.12  -022  -053" -0277  -0024 -034" -042" -039™

*** = Significant at P < 0.0001, ** = P < 0.001 H,0,= hydrogen peroxide, OH = hydroxyl ion, O, = superoxide ions, DAI = Days After In-

oculation

Fig. 5B and C. There was no significant difference in lignin
deposition between susceptible and resistant genotypes at 0
DAL, but after infection lignin deposition increased rapidly
in resistant genotypes. Susceptible genotypes also showed
less lignification around penetration points, whereas higher
lignification around the penetration points, restricting the
pathogen, was observed in remaining genotypes. Coalesc-
ing lesions appeared in susceptible genotypes, while re-
stricted spots were observed in resistant ones.

Correlation among the free radicals and lignin associ-
ated with resistance and susceptibility to B. sorokiniana.
Estimates of the correlation coefficients among the three
free radicals (O, , OH", and H,0,) and lignin at different
time points are shown in Table 4. No significant correlation
between free radicals and lignin was observed before in-
oculation (0 DAI) except for OH™ which was significantly
and negatively correlated with O, in three measurements
(3 DAL 7 DAI, and 14 DAI). There was a significant
positive correlation between O™ and O, . Likewise, OH™
was significantly and negatively correlated with H,O, and
lignin at 7 DAI and 14 DAI. On the other hand, H,O, was
significantly and positively correlated with lignin at 3DAI
and 7 DAI but negatively with OH™ at 7DAI and 14 DAI
and with O, at 3DAI, 7DAI, and 14 DAI. Likewise, O,
was significantly and negatively correlated with lignin at 3,
7 and 14 DAL

Results of the variable cluster analysis indicate the posi-
tive regulation of hydrogen peroxide on lignin content,
clustering them together (Fig. 3B), whereas the hydroxyl
and superoxide radicals appear in a different cluster, that
explains maximum of variation (Supplementary Table 3
and 4). From this clustering, it is evident that hydrogen
peroxide level is positively correlated with lignin formation
but not with superoxide or hydroxyl radicals.

Discussion

We observed that susceptible genotypes showed lower
expression of H,0O, ROS,; resulting in lower lignification at

the site of infection, probably leading to higher expressions
of lesion area, AUDPC and the number of spores cm ™ le-
sion but lower lesion numbers and shorter latent periods.
These also associated with the variable growth and devel-
opment of the pathogen (Yusuf et al., 2016). Fast pathogen
growth and reproduction accelerated its spread, fostering
quick coverage of green area, with significantly reduced
biomass and grain yield.

On the contrary, resistant lines recorded higher H,O, ac-
tivity and lignification at penetration and colonization sites,
restricting individual lesions and with no or delayed co-
alesce, resulting in low AUDPCs and more extended latent
periods. The pathogen reproduces only after attaining the
critical biomass, which is possible only after colonization
of sizable amounts of tissue. Higher lignin production at
the site of colonization of host tissue interferes with patho-
gen development, keeping it below critical levels, so most
small lesions had no spores, in our study. Lignification-
based protection resulted in higher biomass and grain yield,
as the AUDPC directly depends on the spread of disease in
leaves (Bashyal et al., 2011), reducing green leaf area and
grain filling (Bingham et al., 2009).

The rapid development of disease in a crop largely de-
pends on the amount of secondary inoculum that often
appears with a short latent period and increased infection
efficiency in the pathogen (Tomerlin et al., 1983). Milus
and Line (1980) established a negative correlation of latent
period with uredia/cm’ of the leaf surface, for Puccinia
recondita in wheat. We found similar results, wherein
genotypes with a shorter latent period showed a larger le-
sion area, a higher number of spores/lesion, and higher
AUDPC. These components were retarded in resistant
genotypes. Thus, these traits can be considered predictors
of resistance. However, there was no significant difference
for incubation period between susceptible and resistant
genotypes, indicating that resistance is expressed at the post
penetration stage of the pathogen.

Relative resistance is another component of resistance,
represented by the efficiencies of monocyclic infections in
host-plant genotypes with respect to susceptible controls.
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Quantitative resistance involves many important pheno-
typic and biochemical factors, including lignification in
wheat - B. sorokiniana interactions, which play vital roles
in the elucidation of defense responses (Joshi et al., 2004;
Sharma et al., 2018). The relative rate of resistance predicts
the efficiency of a genotype to sustain the polycyclic form
of the disease. For air-dispersed fungi, components of dis-
ease such as infection efficiency, latent period, sporulation
intensity, lesion expansion, and infectious period has high-
est impact on epidemics and may be considered as a prior-
ity in phenotyping for resistant genotypes. We observed
that resistant genotypes significantly reduce the sporulation
fitness index, latent period and AUDPC, indicating their
ability to sustain grain production under infections involv-
ing multiple reproductive cycles of the pathogen.

Lignification as a defence response was seen to be three
times greater in resistant wheat genotypes than in suscep-
tible ones, under Karnal bunt infections (Purwar et al.,
2012). Eisa et al. (2013) observed a similar role for higher
lignification as a barrier to penetration, in spot blotch resis-
tant lines. The concentration of lignin in this study reduced
disease expression, resulting in smaller, restricted, non-
sporulating lesions, in resistant genotypes. These visual
quantitative traits will help wheat breeders to select for
resistance in the field experiments.

Significant variation in lignin content among resistant
genotypes and its production at the site of infection in our
study indicates the scope for selection for higher lignin
content in advanced breeding lines. The biosynthesis of lig-
nin begins with the formation of glycosylated monolignols
from the L-phenylalanine through general phenylpropanoid
and monolignol-specific pathways (Boerjan et al., 2003).
Whereas, L-Phenylalanine is derived from the shikimate
biosynthetic pathway in the plastid (Dixon et al., 2001) and
needs various signals to induce lignification. Among
the signaling molecules ROS is reported (Denness et
al., 2011). In this study there was no significant difference
in O, , OH", and H,0, before inoculation in resistant and
susceptible genotypes, indicating a balanced production,
utilization, and scavenging of ROS, under unstressed con-
ditions. After inoculation with B. sorokiniana, O,” and OH"
levels increased gradually in susceptible genotypes but not
resistant ones, in which it eventually started decreasing
as the genotypes appeared to balance the oxidative stress
by the production of antioxidants such as superoxide dis-
mutase and catalases involved in scavenging free radicals
(Lightfoot et al., 2017). This finding supports the idea that
resistant genotypes are more successful at detoxifying O,
into less harmful substances such as H,0,, as part of the re-
sistance response. The increasing ROS in both susceptible

and resistant genotypes at 14 DAI might reflect senescence
leading to an oxidative burst that produces the superoxide
radical and hydrogen peroxide and results in accumulation
of the hydroxyl radical (Apel and Hirt, 2004; Hakmaoui et
al., 2012).

The role of H,0, in wheat defense against Septoria tritici
infection has been demonstrated by infection being ac-
companied by a massive and early H,O, accumulation dur-
ing incompatible interactions, which did not occur during
compatible interactions, where there was very little H,O,
accumulation and hyphae were able to grow in the host
apoplast after stomatal penetration. Our results also showed
a positive correlation between H,O, production and lignin
content after inoculation. In resistant genotypes, the amount
of lignin and H,O, production was higher while the oppo-
site happened in the susceptible. In transgenic potato H,0O,,
mediated lignification of the cell wall enhanced disease
resistance (Wu et al., 1997). The higher H,O, produced in
resistant genotypes might have been used to synthesize the
lignin polymer, with a small amount remaining available
to repair cell damage. H,0, has been shown to be neces-
sary for the polymerization of cinnamyl alcohols, an es-
sential enzyme in lignin biosynthesis (Ros Barceld, 2005).
Virulence in the hemibiotrophic pathogen is directly cor-
related to H,O, production and other ROS and evidenced
in Colletotrichum gloeosporioides, Magnaporthe oryzae
and Botrytis cinerea where positive correlations occur be-
tween sensitivity to H,O,, peroxidase activity, and fungal
pathogenicity and virulence are affected as components
of ROS-producing enzymes are lacking. Apart from this,
regulation of infection pegs and appressoria regulated by
massive accumulation of H,O, and O, is also evidenced
by Marschall and Tudzynski (2016). The local generation
of H,0, is closely associated with effective penetration
resistance (Schifer et al., 2004; Shetty et al., 2007) since
H,0, produces necrosis in cells around the pathogen to
localize its attack and acts to prevent the fungal penetra-
tion to epidermal cells (Kumar et al., 2002; Mellersh et
al., 2002) and was evident in present study also. Recently,
Sharma et al. (2018) has demonstrated that H,O, is one of
the vital defense signaling molecules that trigger resistance
to B. sorokiniana in wheat. The differential clustering of
the genotypes based on phenotyping, free radical produc-
tion and lignin accumulation in response to B. sorokiniana
infection suggested the role of these factors in resistance to
spot blotch in wheat. This was confirmed by histochemical
staining, which provided insights concerning the restric-
tion of the pathogen at penetration sites. This study hence
makes it easy to understand the role of H,O, and lignin in
resistance to B. sorokiniana and suggests host plant lignin
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content as a possible biochemical marker for spot blotch
resistance in wheat.
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