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Abstract Plants defend from herbivores by acti-
vating a plethora of genetic and biochemical mecha-
nisms aimed at reducing insect survival and plant
damage. In this study, we analyzed constitutive and
insect damage induced macromolecules, antioxidant
enzymes and corresponding antioxidants in order to
identify strength of resistance in maize in response
to attack by Sesamia inferens. There were significant
differences among the maize genotypes for all the test
biochemicals. Further, the S. inferens damage resulted
in significant increase in total proteins, total sugars,
catalase, phenyl ammonia lyase, tyrosine ammonia
lyase, total antioxidants, total phenol, tannins and
Ferric ion reducing antioxidant power, but there was
also a significant variation in increase in these bio-
chemicals with respect to genotypes. The integra-
tive analysis of these macromolecules, antioxidant
enzymes and antioxidants revealed that the S. inferens
damage in maize is characterized by higher secondary
metabolite production and a strong redox response in
resistant maize genotypes, mainly mediated by tan-
nins and phenols as anti-nutritive compounds. Fur-
thermore, the maize genotypes viz., CPM 2, CPM
9, CPM 13, CPM 15 and CML 345 were found with
greater constitutive and/or pink stem borer induced
defense phytochemicals like enzymatic activity and
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nonenzymatic antioxidant defense biochemicals, thus
could be used to develop S. inferens resistant varieties
of maize.
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Introduction

Maize (Zea mays L.) is one of the important cereal
crops occupying third rank globally in area and pro-
duction next to rice and wheat (Kumar et al., 2014).
It is subjected to attack by about 130 insect pests
during different growth phases but only a dozen are
quite serious (Siddiqui & Marwaha, 1993; Dhillon
et al., 2014). Stem tunneling by maize stem borers
is an important constraint to achieve the potential
yield of maize varieties across the world (Rodriguez
et al. 2021). Among the stalk feeding insects, pink
stem borer, Sesamia inferens (Walker) pose a great
challenge to increase productivity of maize in India
(Dhillon et al., 2014; Soujanya et al., 2020). Several
management strategies including crop rotation, field
sanitation, biological control agents and synthetic
pesticides have been recommended for the control
of S. inferens, but none of these have been found
effective particularly when the larvae enter inside
the stalks. Host plant resistance could be one of the
most effective component for managing this pest.
Resistance occurs when plant structural or chemical
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traits deter herbivore feeding and thus minimize the
amount of herbivore damage experienced by the plant
(Mitchell et al., 2016).

The biochemical constituents in host plant have
a great influence on growth, development, survival
and reproduction of insects (Kumar, 1997). Plant
resistance to insect attack includes both constitutive
and induced biochemical defense. There is adequate
information on contribution of some of the constitu-
tional biochemical compounds in host plant defense
against Chilo partellus (Swinhoe) in maize and
sorghum (Dhillon & Chaudhary, 2015; Dhillon &
Kumar, 2017; Yele et al., 2021). However, evidence
indicates that induced defenses evolved because
they have lower resource allocation than constitutive
resistance traits (Howe & Jander, 2008), and growth
penalties could be reduced if the plant synthesizes
defense compounds only in response to insect attack
(Cao et al., 2019). Different kinds of stimuli like
mechanical wounding, herbivore attack, applica-
tion of insect regurgitation etc. results in a change in
the biochemical constituents of plants and induces
defense against herbivores (Soujanya et al., 2021).
Biotic stress induced by herbivory can lead to the
overproduction of reactive oxygen species (ROS)
which are highly reactive and toxic, and cause dam-
age to proteins, lipids, carbohydrates and DNA which
ultimately results in oxidative stress. Different geno-
types of plants have been categorized (resistance and
susceptible) based on their response to herbivory as
how much they manage to maintain ROS level within
right range (Huang et al., 2019).

Plants possess very efficient enzymatic and non-
enzymatic antioxidant defense systems which work in
concert to control the cascades of uncontrolled oxi-
dation and protect plant cells from oxidative damage
by scavenging of ROS (Gill & Tuteja, 2010). Several
antioxidant/enzymes are induced in plants in response
to insect herbivory like phenyl ammonia lyase, tyros-
ine ammonia lyase and catalase, etc. (Zhao et al.,
2009; Scott et al., 2010). The increase in activity of
these enzymes could be involved in plant resistance
by decreasing the nutritive value of host plants (Chen
et al., 2009). The catalase enzymes have the poten-
tial to directly dismutase H,O, into H,O and O, and
indispensable for ROS detoxification during stressed
conditions. Oxidative state of plants is an important
tactic that enables plants to defend against stresses
and regulated by various antioxidant enzymes.
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However, plants regulate the levels of ROS in such a
way that increase in H,0O, is sensitive to the patho-
gen but not to the host plant (Trivedi, 2021). Any
kind of biotic or abiotic stress leads to the generation
of a large amount of ROS including O°~, HO*", and
H,0, in plant cells. These ROS are further processed
by different antioxidant enzymes to counter the effect
of damage (Marta et al.,, 2016). An efficient anti-
oxidant system could be useful to protect the maize
plants against oxidative stress caused by S. inferens,
however, no concerted efforts have been made in this
direction in the past. Therefore, present studies were
carried out to decipher the extent of constitutive and
induced biochemical defense in selected maize geno-
types against pink stem borer, S. inferens for sustain-
able maize production.

Materials and methods
Mass rearing of Sesamia inferens

The S. inferens larvae were collected from maize crop
in the experimental fields of ICAR- Indian Agricul-
tural Research Institute (ICAR-IARI), New Delhi,
and reared on maize stalk cuttings in plastic jars
having lids fitted with wire-mesh (12 cm height and
8 cm diameter) under laboratory conditions at 27 +2
C, 80+5% RH and 12 L:12D. The larval food was
changed after every 2 days till pupation. The pupae
thus obtained were collected and kept on butter paper
in separate jars. On emergence, 5—7 pairs of adult
moths were transferred to oviposition cages (16 cm
height and 8 cm diameter) provided with butter paper
at the bottom for egg laying and kept at 27+2 C,
80+5% RH and 12 L:12D conditions. The eggs were
collected and butter papers changed daily. The col-
lected eggs were kept in plastic jars with wire-mesh
fitted lids (16 cm height and 4 cm diameter) having
butter paper at the bottom, beneath which moisten
blotting paper was kept to protect the eggs from des-
iccation. The color of S. inferens eggs turn to yel-
lowish before hatching. At this stage a moist cotton
swab was kept on the wire-meshed lid of egg jars to
increase humidity for uniform egg hatching. These
newly hatched larvae again transferred to maize
stem cuttings (50 neonates per jar) with the help of
camel hair brush to maintain the S. inferens culture.



Phytoparasitica (2022) 50:1043-1058

1045

The neonate larvae of S. inferens obtained from this
nucleus culture were used for further studies.

Plant sample collection for analysis

The experimental material consisted of ten maize
genotypes including resistant and susceptible checks
viz., CPM 2, CPM 4, CPM 8, CPM 9, CPM 13, CPM
15, CPM 18, CPM 19, CML 345 (resistant check),
and Basi Local (susceptible check). The information
on biological performance and host selection by Ses-
amia inferens on these genotypes have already been
reported by Sau & Dhillon (2022). Each test maize
genotype was sown in the plastic pots (10 L capac-
ity) using standard crop growing practices under
net-house conditions during 2018-19. There were
four pots of each test maize genotype accommodat-
ing five plants each, out of which two pots were kept
for S. inferens larval inoculation as infested treatment
and two were kept uninoculated as healthy control.
The plants in infested treatment designated pots of
test genotypes were inoculated each with two 3rd
instar S. inferens larvae (10 days old) in the central
whorl of 20 days old plants. After 24 h of exposure,
healthy and S. inferens infested maize seedlings were
collected separately and processed immediately for
estimation of different biochemical parameters. The
damaged and counterpart healthy portion of each
test plant of the maize genotypes weighing 2 g were
separated, and crushed with liquid nitrogen. In each
crushed sample 10 ml of 50 mM phosphate buffer
of pH 7.8 was added and again macerated in pes-
tle and mortar. The slurry was filtered by passing in
muslin cloth and filtrate was collected in Micro-cen-
trifuge tube. Transferred filtrate was centrifuged at
12,000 rpm for 20 min at 4 °C. The clear supernatant
was collected and stored at -20 °C in deep freezer for
further analysis. All the biochemical estimations were
done in three replications in a completely randomized
design.

Estimation of soluble protein, sugar, starch and lipids

Total soluble protein content was estimated through
Bradford’s method (Bradford, 1976). From the pro-
cessed plant samples, test buffer extract and water
were taken in equal volume (1:1). In these samples 3
ml of Bradford dye was added and reaction mix was
allowed to incubate at 28 °C for 30 min under dark.

Absorbance was recorded against blank at 595 nm
wavelength. The amount of total soluble protein was
calculated with the help of BSA standard and amount
expressed as mg/g of dry weight. Total sugar content
was estimated through modified concentrate sulphu-
ric acid (H,SO,) method (Dubois et al., 1956). In
diluted plant extract 0.5 ml of 5% phenol (freshly
prepared) was added followed by 2.5 ml of concen-
trate H,SO, under dark. Absorbance was measured at
490 nm wavelength. Total sugar content was calcu-
lated against glucose standard and expressed as mg/g
of dry weight. Starch in plant samples was estimated
by Perchloric acid digestion method (Clegg, 1956).
Test plant samples weighing 250 mg were crushed
separately in liquid nitrogen and then 80% ethanol
was added for elimination of soluble sugars. Etha-
nol extract was centrifuged for 15 min at 10,000 rpm
and the residue was retained. The residue was again
washed with 80% ethanol, till the discoloration of
supernatant with anthrone reagent. Then 0.5 ml dis-
tilled water and 0.65 mL cold 52% Perchloric acid
were added to residue. Test samples were kept for
digestion at 0 °C for 20 min, and then centrifuged at
10,000 rpm for 15 min to get the supernatant. The
digestion step was repeated one more time and the
supernatant was mixed together and made up to
100 ml in a volumetric flask. From prepared sam-
ple, 200 ul was made up to 1 ml by addition of dis-
tilled water and 4 ml freshly prepared anthrone rea-
gent (200 pl anthrone reagent powder 5 N mixed in
100 ml of concentrated sulphuric acid) was added.
This reaction mixture was kept for 8 min in boiling
water bath, and cooled rapidly to room temperature
by keeping in cold water. Absorbance was recorded
at 620 nm wavelength against blank. These values
thus obtained for various test samples were com-
puted using glucose standard for total starch con-
tent and expressed as mg/g of dry weight. The lipid
content of the test samples was estimated through
standard protocol given by Bligh & Dyer (1959)
with slight modifications. The healthy and S. infer-
ens infested maize seedlings (2 g of each) taken in
a mortar and pestle and crushed with liquid nitro-
gen. To the crushed samples, chloroform, methanol
and water were added in the ratio of 1:2:1 to the
final volume of 20 ml. Then entire solution was fil-
tered through vacuum filtration system (Milllipore).
A portion of solution containing liquid was evapo-
rated to dryness in a vacuum desiccator to determine
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the weight of lipid residue. The total lipid con-
tent was estimated using the formula: Lipid (mg/g)

= Weight of lipid in aliquot X Volume of chloroform layer/Volume of aliquot

Catalase, phenyl-ammonia lyase (PAL) and
tyrosine-ammonia lyase (TAL) assays

The catalase activity was determined through the
method given by Aebi (1984). Reaction was initi-
ated by mixing 800 pl potassium phosphate buft-
ers (pH 7.0) and 100 pl of enzyme extract with 100
mM H,0, to the 1.0 mL reaction mixture. Decrease
in absorbance was measured at 240 nm for 3 min.
The catalase activity was expressed as the change in
absorbance per min/mg of soluble protein in sam-
ple. The PAL activity was tested through the method
given by Fritz et al., (1976). The 1.0 ml of reaction
mixture containing 0.1 mM Tris-acetate buffer at
pH 8.5, 0.833 mM of L-Phenyl-ammonia lyase was
added with 50 pl enzyme extract to initiate the reac-
tion. The decrease in absorbance was measured at
290 nm and monitored for 5 min. The TAL activity
was measured through the method given by Thorpe
& Beaudoin-Eagan (1985). The 1.0 ml of reaction
mixture containing 0.1 mM tris-acetate buffer at pH
8.5, 0.833 mM of Tyrosine-ammonia lyase was added
with 50 pl enzyme extract to initiate the reaction. The
decrease in absorbance was measured at 290 nm and
monitored for 5 min. The PAL and TAL activities
were expressed as change in absorbance per min/mg
of soluble protein in sample.

Quantification of total phenol, total antioxidant,
tannins and ferric ion reducing antioxidant power
(FRAP)

Total phenol was determined by Folin-Ciocalteau
reagent (FCR) method given by Singleton and Rossi
(1965). A 200 pl of buffer extract and 300 ul of water
were taken in individual 2 ml test tubes for each sam-
ple. To these test tubes, 0.1 ml of FCR reagent were
added under dark condition and mixed properly, incu-
bated in room temperature for 15 min. Thereafter,
2.5 ml of saturated sodium carbonate was added and
incubated for 30 min at room temperature. From these
prepared solutions, 200 ul of each test sample were
loaded in 96 well microtiter plate, and absorbance
was recorded at 760 nm wavelength in ELISA Reader.
The values thus obtained for each test sample were
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computed for total phenol content using gallic acid
standard curve, and expressed as mg/g of plant tissue.
Total antioxidant content in the test samples was esti-
mated through total antioxidant reagent method using
ascorbic acid as standard (Prieto et al., 1999). Plant
extract and reagent was added in 1:2 ratio followed
by 3 ml of freshly prepared total antioxidant reagent
(0.6 M sulphuric acid, 28 mM sodium phosphate and
4 mM of ammonium molybdate) under dark. Reac-
tion mixtures were kept in hot water bath at 95 °C for
90 min. Absorbance was recorded at 695 nm wave-
length. Total antioxidant activity was calculated
for each test sample with the help of ascorbic acid
standard and expressed as mg/g of plant tissue. Total
tannins in the test samples were estimated by Folin-
Ciocalteu method given by Amorim et al. (2008).
500 mg test tissues were transferred individually to
50 ml flask and 25 ml of 80% ethanol was added.
After 30 min of incubation, the contents were filtered
and final volume was made up by adding 80% etha-
nol. Then, 200 ul of ethanol extracts were loaded in
96 well microtiter plate, and absorbance was recorded
at 760 nm wavelength in ELISA Reader. These val-
ues thus obtained for the test samples were computed
for total tannin content using gallic acid standard
curve, and expressed as mg/g of plant tissue. The
FRAP content in the test samples were estimated by
FRAP reagent method using ascorbic acid as stand-
ard (Benzie & Strain, 1999). A 100 pl of test samples
were taken in individual 2 ml test tubes and 1.9 ml of
FRAP reagent were added under dark conditions and
mixed properly, incubated at room temperature for
30 min. From these reaction mixtures, 200 ul of each
test sample were loaded in 96 well microtiter plate,
and absorbance was recorded at 593 nm wavelength
in ELISA Reader. The values thus obtained for each
test samples were computed for FRAP content using
ascorbic acid standard curve, and expressed as mg/g
of plant tissue.

Statistical analysis

The data on various biochemical constituents in the
seedlings of test maize genotypes under healthy and
S. inferens damaged conditions and genotype X treat-
ment interactions were subjected to analysis of vari-
ance using factorial design. The significance of differ-
ences were tested by F-test, and the treatment means
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and their interactions were compared by least signifi-
cant differences (LSD) at P=0.05 using statistical
software SAS® version 9.2.

Results
Total protein

Total protein content in the healthy and S. infer-
ens damaged seedlings of different maize genotypes
varied from 0.90 to 4.0 mg/g and 1.60 to 7.85 mg/g,
respectively (Table 1). There was significant variation
in amount of total protein in the seedlings of different
maize genotypes (F=7.85; df=9,18; P<0.001) both
under healthy and S. inferens damaged (F=75.78;
df=1,18; P<0.001) conditions. Across genotypes,
total protein content increased significantly under
S. inferens damaged conditions (Table 1). Among
the test maize genotypes, it was significantly higher
in CPM 2, CPM 8, CPM 9 and CPM 13 under dam-
aged condition. The genotype X treatment interaction
for total protein content also varied significantly in
the seedlings of different maize genotypes (F=7.18;
df=9,18; P<0.001). Moreover, the total protein con-
tent was significantly higher in healthy seedlings of
resistant maize genotypes which further increased at
a greater rate in response to damage by S. inferens as
compared to susceptible maize genotypes including
susceptible check, Basi Local (Fig. 1A).

Total sugars

The total sugar content varied from 1.51 to
16.62 mg/g in healthy and 4.65 to 19.09 mg/g in S.
inferens damaged seedlings of different maize geno-
types (Table 1). There were significant differences
in total sugar content in the seedlings of different
maize genotypes (F=34.14; df=9,18; P<0.001])
under healthy and S. inferens damaged (F=0.28;
df=1,18; P<0.00I) conditions. The genotype X
treatment interactions were also significant for total
sugar content in the seedlings of different maize gen-
otypes (F=39.68; df=9,18; P<0.001). Across maize
genotypes, the total sugar content was significantly
lower in the healthy (6.46 mg/g) than in S. inferens
damaged (12.86 mg/g) maize seedlings. The total
sugar content under S. inferens damaged conditions

significantly increased over the healthy counterparts
(0.91 to 14.84 mg/g) (Fig. 1B).

Starch

The starch content varied from 2.36 to 9.93 mg/g in
healthy and 7.53 to 16.66 mg/g in the S. inferens dam-
aged maize seedlings (Table 1). There were no sig-
nificant differences in starch content in the seedlings
of different maize genotypes (F=0.88; df=9,18;
P =0.56) both under healthy and S. inferens damaged
(F=0.14, df=1,18 P=0.71) conditions, and geno-
type X treatment interactions (F=1.38; df=9,18;
P=0.23). The starch content under S. inferens dam-
aged conditions was increased in all genotypes (0.80
to 10.83 mg/g). Among the test maize genotypes, it
was comparatively higher in CPM 15, CPM 9 and
CML 345 under damaged conditions than other
test genotypes, but differences were non-significant
(Fig. 10).

Total lipids

The total lipid content varied from 1.67 to 6.00 mg/g
in the healthy and 0.47 to 3.93 mg/g in S. infer-
ens damaged seedling of different maize genotypes
(Table 1). There were significant differences in total
lipid content in the seedlings of different maize
genotypes (F=13.28; df=918 P<0.00l) both
under healthy and S. inferens damaged (F=107.94;
df=1,18; P<0.001) conditions. The genotype X
treatment interactions were also significant for total
lipid content in the seedlings of different maize geno-
types (F=33.66; df=9,18; P<0.001). The total lipid
content in the test maize genotypes under S. inferens
damaged conditions decreased in range of -0.13 to
-4.72 mg/g. Among the test genotypes, the total lipid
content decreased significantly in the infested seed-
lings of test maize genotypes, except CPM 13 as com-
pared to their healthy counterparts (Fig. 1D).

Catalase

The catalase activity varied from 1.5 to 16.8 U/ml
of protein in healthy and 3.0 to 19.0 U/ml of protein
in the Sesamia inferens damaged seedlings of differ-
ent maize genotypes (Table 2). There were signifi-
cant differences in catalase activity in the seedlings
of different maize genotypes (F=59.6, df=9,18;

@ Springer



Phytoparasitica (2022) 50:1043-1058

1048

QATINITISUOD JOAO 95URYD) = )0 "PAONPUL =] "dANMNSUOD =) Juaueal] = I, ‘adf1ouen =0

88°0 600 S0 Teee 43! 0’81 9°¢ 0C'l SI'e 86°0 0s0 0 as
10000> 1000> 1000> €20 960 IL0 1000> 1000> 100°0> 100°0>  100°0> 100°0>  °nea-d
Surred
LXD L D LXD L D LXD L D LXD L D -wod 104
8201
88°0- [R3 (%4 160 99°L SL9 w8 €6'6 16°1 650 we €LT Iseq
Sve
£6°0- ¢8'C 8¢'¢ £€8°01 8I°¢l 9¢'C 14941 80°C1 ¥6'C 10°1 'y St'e TAD
0c'l- LY0 L9'1 080 SI'ol SE6 ¥9°¢ L89 €Ce ¢8'c Iy 9T'1 61 INdD
6l'¢- LET LSy Tl L8'8 9L 1T°L SLSI ¢e'8 0¢€0 091 0¢'l 8T INdD
6LC LTT 90°S 0¢'8 9991 9¢'8 80 S A 7991 €9'1 6T 6C'T SIINdD
€ro- £€6'¢ LOY 06'C Iv'6 159 79°¢ 06°¢cl 901 80°C 809 007 €I INdD
LO¢E- 0T LTS or'y (2R 4! £6'6 9001 L9°81 19°8 76'v €€'9 6l  6NdD
09°C- 08T (IS LT LT°6 Sv'9 78¥1 6061 124 §6'9 e8’L 060 8INdO
Ly 8C'1 009 [A8Y €S’L ev'e 160 9y eL'e 161 LO'E 9¢'l ¥ INdD
0y 00l 0g's 601 9L €69 vy 118 L6'¢ L6'S 89°L LT TINGD
20D 1 o) 20D 1 o) 20D 1 0] 20D I o) sodf)
(8/3w) spid Te107, (3/3w) yorersg (8/3w) sxe3ns [e10], (3/3wr) urooad er07, -ouan)

sad£10ua8 ozrewr JUSIQIP JO SSUIIPISS AY) UT SJUSMITISUOD [ESTWAYDO0I] [EUONLIINU SNOLIEA JO S[OAS] Y} U0 dTeWep Sua.Laful viuupsag Jo 1995H | dqeL

pringer

A's



Phytoparasitica (2022) 50:1043-1058

1049

Fig. 1 Amount of total

9
protein (A), total sugars 8
(B), starch (C) and (D) total 57
lipids in healthy and S. infe- g6
rens damaged seedlings of £9
different maize genotypes 54
S 3
g 2
1
0
CPM4 CPM8
A
25
=20
o
o
E s
4
© b
% 10
g5
°
0
CPM2 CPM4
B
18
16
14

12
10

Starch (mg/g)
ON MO O®

(g}

Total lipids (mg/g)

o =2 N W A O N

CPM 2 CPM 4

P <0.001) both under healthy and S. Inferens dam-
aged (F=28.02, df=1,18; P<0.00l) conditions.
Furthermore, the genotype X treatment interaction
for catalase activity also significantly varied in the
test maize seedlings (F=9.13; df=9,18; P<0.001).
Across genotypes, the catalase activity was signifi-
cantly higher in S. Inferens damaged (8.4 U/ml) than
in healthy (5.6 U/ml) maize seedlings (Table 2). Over
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all catalase activity was found lowest in Basi Local
(Fig. 2A). Among test maize genotypes, the catalase
activity was significantly higher in CPM 8 and CPM
13, CPM 19 and CPM 2, while it recorded highest in
CML 345 under both healthy and S. inferens damaged
conditions (Fig. 2A).
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The PAL activity varied from 54.0 to 915.3 U/ml of
protein in healthy and 524.7 to 1473.3 U/ml of pro-
tein in the S. inferens damaged seedlings of different
maize genotypes (Table 2). There was significant var-
iation in activity of PAL in the seedlings of different
maize genotypes (F=44.58, df=9,18, P<0.00I) both
under healthy and S. inferens damaged (F=1248.7,
df=1,18, P<0.001) conditions. The PAL activity was
significantly higher in CPM 2, CPM 4, CPM §, CPM

CPM9 CPM13 CPM15 CPM18
Genotypes

| & Constitutive Binduced |

CPM9 CPM13 CPM15 CPM18 CPM19 CML 345 BasiLocal

Genotypes

| B Constitutive Ellnduced|

9, CPM 13, CPM 15, and CPM 19 than in suscepti-
ble check, Basi Local, while lower than in resistant
check, CML 345, under S. inferens damaged condi-
tions (Table 2). The genotype X treatment interactions
were also significant for PAL activity in the seed-
lings of test maize genotypes (F=41.09; df=9,18;
P<0.001). Across maize genotypes, the PAL activ-
ity was significantly higher in S. inferens damaged
(42.7 to 1042.0 U/ml) than in healthy maize seedlings
(Fig. 2B).
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Tyrosine ammonia lyase (TAL)

The TAL activity varied from 91.9 to 1017.0 U/
ml of protein in healthy and 419.3 to 2370.4 /ml of
protein in the S. inferens damaged seedlings of dif-
ferent maize genotypes (Table 2). There were sig-
nificant differences in TAL activity in the seedlings
of different maize genotypes (F=195.29; df=9,18;
P <0.001), both under healthy and S. inferens dam-
aged conditions (F=1.46; df=1,18;, P<0.001), and
for genotype X treatment interactions (F=88.81;
df=9,18; P<0.001). Across genotypes, TAL activ-
ity was significantly higher in test genotypes than in
susceptible check, Basi Local, while lower than in
resistant check, CML 345 under S. inferens damaged
conditions (Table 2). Among test maize genotypes,
the PAL activity was significantly higher in CPM 13,
CPM 9, CPM 8, CPM 15, CPM 2 and CPM 19 under
S. inferens damaged conditions. The TAL activity
was significantly high in resistant check, CML 345
both under healthy and S. inferens damaged condi-
tions (Fig. 2C).

Total phenol

There was significant variation in amount of total
phenol in the seedlings of different maize geno-
types (F=10.36; df=9,18; P<0.001) both under
healthy and S. inferens damaged (F=218; df=1,18;
P <0.001) conditions. The total phenol content var-
ied from 0.78 to 1.46 mg/g in healthy and 1.72 to
349 mg/g in the S. inferens damaged seedlings
(Table 3). Across maize genotypes, the total phe-
nol content was significantly lower in healthy as
compared to S. inferens damaged maize seedlings
(Table 3). Furthermore, the genotype X treatment
interaction was also found significant for total phe-
nol content in the seedlings of test maize genotypes
(F=15.05; df=9,18; P<0.001). The total phenol
content in test maize genotypes were recorded high-
est in CPM 13 under S. inferens damaged conditions.
Overall CPM 13, CPM 9, CPM 18, CPM 15, CPM
2 and CML 345 had significantly higher total phenol
than the susceptible check, Basi Local in the S. infer-
ens damaged seedlings (Fig. 3A).

@ Springer

Total antioxidant

The total antioxidant content varied from to 0.14
to 2.57 mg/g in healthy and 1.49 to 3.49 mg/g in
S. inferens damaged seedlings of different maize
genotypes (Table 3). There were significant differ-
ences in amount of total antioxidant in the seedlings
of different maize genotypes (F=16.67, df=9,18,
P <0.001) both under healthy and S. inferens dam-
aged (F=151.65, df=1,18 P<0.001) conditions,
and for genotype X treatment interactions (F = 10.76;
df=9,18; P<0.001). Across genotypes, average total
antioxidant content was significantly higher in S. infe-
rens damaged (2.38 mg/g) than in healthy (1.02 mg/g)
maize seedlings (Table 3). Among test maize geno-
types, total antioxidant content was higher in resist-
ant check, CML 345, CPM 2, CPM 13 and CPM 19
under S. inferens damaged conditions as compared to
other maize genotypes (Fig. 3B).

Tannins

There was significant variation in amounts of tan-
nins in the seedlings of different maize genotypes
(F=10.81; df=9,18; P<0.001) both under healthy
and S. inferens damaged conditions (F=326.10;
df=1,18; P<0.001), and for genotype X treatment
interaction (F=18.01; df=9,18; P<0.001). The tan-
nins content varied from 0.24 to 1.02 mg/g in healthy
and 0.81 to 2.38 mg/g in the S. inferens damaged
seedlings (Table 3). Across genotypes, total tannins
content increased significantly under S. inferens dam-
aged conditions (0.06 to 1.94 mg/g) The tannin con-
tent in test maize genotypes CPM 13, CPM 9, CPM 2,
CPM 8, CPM 15 and resistant check, CML 345 was
significantly higher than Basi Local under S. inferens
damaged conditions (Fig. 3C).

Ferric ion reducing antioxidant power (FRAP)

The FRAP content varied from to 0.17 to 0.48 mg/g
in healthy and 0.51 to 1.28 mg/g in S. inferens dam-
aged seedlings of different maize genotypes (Table 3).
There were significant differences in FRAP content in
the seedlings of different maize genotypes (F=3.86,
df=9,18; P=0.002) both under healthy and S. infer-
ens damaged conditions (F=82, df=1,18; P<0.001),
and for genotype X treatment interactions (F=9.37;
df=9,18; P<0.001). Across genotypes, the FRAP
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content was significantly higher in S. inferens dam-
aged (0.66 mg/g) than in healthy (0.35 mg/g) maize
seedlings (Table 3). Among test maize genotypes,
FRAP content was significantly higher in CPM 2 CPM
4, CPM 8, CPM 9, CPM 13, CPM 19 and CML 345
under S. inferens damaged conditions than susceptible
check, Basi Local (Table 3). The highest increase in
amount of FRAP in response to damage by S. inferens
was recorded in CPM 2, CPM 9 CPM 13 and CML 345

@ Springer

as compared to other test maize genotypes including
susceptible check, Basi Local (Fig. 3D).

Discussion

The constitutive nutritional components of the host
plants determine the preference and performance of
the herbivorous insects (Caroline & Simon, 2002).
However, the host plants in response to damage by



Phytoparasitica (2022) 50:1043-1058

1055

insect pests activate the plant biochemical defense
system that interfere with feeding, digestion and
absorption of essential nutrients (Howe & Jander,
2008; Wu & Baldwin, 2010; Smith & Clement,
2012), and decode the level of resistance against the
insect pests. Present studies found that the total starch
and soluble sugar contents increased in all the test
maize genotypes in response to damage by S. infer-
ens, but the comparative increase was greater in CPM
8, CPM 9 and resistant check, CML 345. Earlier stud-
ies also reported impact of plant primary metabolism,
and Ostrinia nubilalis (Hubner) (Dafoe et al., 2013)
and Chilo partellus (Swinhoe) (Bhoi et al., 2021)
damage induced increase in nutritional components
of maize genotypes. Higher protein content was also
observed in all test maize genotypes after infestation
by S. inferens which is corresponding to increase in
activity of antioxidant enzymes could be resulting in
defense activation. Based on these findings it can be
hypothesized that the increase in primary metabolites
of carbohydrates and proteins would render resistant
plant tissues less nutritious while the susceptible ones
more nutritious for the insects. As the primary metab-
olism is reorganized to reallocate these resources to
defensive metabolic pathways or play direct role in
signalling and defense in response to herbivore attack
(Schwachtje & Baldwin, 2008; Rodriguez et al.,
2018).

The phenyl ammonia lyase is the entry-point
enzyme into the phenylpropanoid pathway respon-
sible for the synthesis of plant phenolics and poly-
phenols, many of which play crucial role in plant
defense under stress conditions (Asada, 1992). The
phenyl ammonia lyase catalyzes conversion of phe-
nolics to quinone through shikimic acid pathway and
enhance production of quinones which cause toxic-
ity to herbivores. Furthermore, induction of antioxi-
dant enzymes such as catalase is preliminary reaction
induced with respect to infection, followed by rest
of antioxidant enzymes like tyrosine ammonia lyase
(Huang et al., 2019). Present study revealed that all
the genotypes under S. inferens damage conditions
had stimulatory effects on catalase, phenyl ammonia
lyase and tyrosine ammonia lyase activities, but there
was significant variation in increase in the enzymatic
activities with respect to genotypes. These findings
suggest that the differential expression of enzymatic
activities in the host plants in response to insect her-
bivory ultimately determine their level of resistance

to biotic stress. The pink stem borer damage induced
greater increase in phenyl ammonia lyase activity in
the test maize genotypes including resistant check
(CML 345) in comparison to susceptible check (Basi
Local), is an indication of strong biochemical defense
in these genotypes against S. inferens. Earlier studies
also suggested that the increase in catalase activity in
response to biotic stress act as local signal to activate
defense genes and involve in increasing the cell wall
resistance (Chen et al., 2009; Garcia-Lara & Bergvin-
son, 2014) reported a significant association between
insect resistance and antioxidant activity, and over-
all concentration of these antioxidants decide the
strength of resistance and susceptibility in a particu-
lar maize genotype. Furthermore, Rodriguez et al.,
(2021) found up-regulation of ROS scavenging mech-
anism for long-term defensive response to damage by
S. nonagrioides. A meta-analysis has also shown pos-
itive correlation between plant genetic resistances and
multiple herbivores in cases where both the compared
species are generalist herbivores or both are specialist
herbivores, however the comparison between insects
of different feeding guilds showed the lowest genetic
correlation for the multiple resistance (Leimu &
Koricheva, 2006).

The phenols and tannins are plant secondary metab-
olites which reduce the nutritional value for herbivores
as the digestive enzymes decrease the ability to digest
plant tissues and induce plant resistance against biotic
stresses (Sdnchez & Contreras, 2017). Though phe-
nols and tannins are constitutively produced in plants,
induction in their concentration upon insect infestation
has also been well documented for various crops and
insect pests (Grayer et al., 1992; Barbehenn & Consta-
bel, 2011; War et al., 2013; Taggar et al., 2014). Pre-
sent studies found significant variation in tannin content
among the test genotypes both under healthy and insect
damaged conditions. Further, the phenol content was
although significantly higher in all the test maize geno-
types under S. inferens damage conditions, but it was
highest in CPM 13 and the resistant check, CML 345
as compared to other genotypes. Earlier studies have
also reported that the phenolic compounds play a role
in determining resistance against S. inferens (Santiago
et al., 2017; Soujanya et al., 2020), Sesamia nonagri-
oides (Lefebvre) (Gesteiro et al., 2021), and C. partel-
lus (Bhoi et al., 2021) in maize. Furthermore, the FRAP
activity significantly increased in response to damage
by S. inferens in all the test maize genotypes, however
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the genotypes CPM 13, CPM 9 and CML 345 (resistant
check) were recorded with higher increase as compared
to other genotypes including susceptible check, Basi
Local. Bhoi et al. (2021) also reported significantly
higher FRAP activity in response to damage by C. par-
tellus in resistant maize genotypes. This insect-induced
differential increase in FRAP activity in resistant and
susceptible genotypes could be due to varying capac-
ity to acclimate and induce antioxidant enzymes in the
form of secondary defense metabolites.

Present studies found that both primary and sec-
ondary biochemical compounds through activation of
enzymatic antioxidants determine the level of resist-
ance against S. inferens in maize. In a natural system
most plant—insect interactions reach a ‘stand-oft” dur-
ing herbivory where both involve a metabolic cost,
wherein the balance between constitutive and induced
defenses can be altered by both genotype and the envi-
ronment (Gatehouse, 2002). These findings suggest that
the maize genotypes having either constitutive or her-
bivory induced or both types of defensive biochemicals
although could be useful for the development of pink
stem borer resistant varieties, but it need to be ensured
that it does not penalize the quality and yield potential
of the host plants. Biological studies earlier found that
the maize genotypes CPM 2, CPM 4, CPM 8, CPM 15
and CML 345 have greater detrimental effects on the
development, survival and fecundity of S. inferens (Sau
& Dhillon, 2022). However, in present studies the gen-
otypes CPM 2, CPM 9, CPM 13, CPM 15 and CML
345 were found with greater constitutive and/or pink
stem borer damage induced defense phytochemicals
like enzymatic activity and nonenzymatic antioxidant
defense biochemicals, thus could be used to develop S.
inferens resistant varieties of maize. This information
could also be useful for further studies on metabolic
pathways and the enzymes involved in synthesis of
defense compounds, and their gene regulation system
as an advanced approach in plant defense against her-
bivorous insects.
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