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ABSTRACT

Herbivory damage leads to induction of rapid signals and responses in plants such as oxidative burst,
accumulation of secondary metabolites and defensive proteins. Response of various defensive
enzymes and secondary metabolites in flag leaf samples of six bread wheat varieties against aphid
feeding was investigated. Six bread wheat varieties, namely PBW 621 and HD 2967 (timely sown
irrigated), PBW 590 and PBW 658 (late sown irrigated), and PBW 644 and PBW 660 (timely sown
rainfed) were grown under the aphid infested and uninfested conditions and were sampled at a
regular interval to analyze the biochemical changes caused by aphid feeding. A tremendous
increase in the overall activity of various enzymes namely superoxide dismutase, glutathione
reductase, phenylalanine ammonia lyase and polyphenol oxidase was observed, all of which play
an important role in plants defense towards aphid feeding. Each wheat genotype showed an
overall difference in their defensive activity towards aphid feeding. However, certain genotypes
under different conditions showed significantly less susceptibility towards aphid damage.
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Introduction

The aggregate area under wheat production in the world is
about 225.62 million ha with an overall production of 685.6
million tons (National... 2015). India’s partake in world
wheat area is about 12.40%, whereas it occupies 11.77% par-
take in the total world wheat production (Ajai et al. 2016).
The world’s population is continuously increasing and is pro-
jected to be more than 9 billion by 2050. This population
growth is co-happening with other elements such as a dietary
shift in developing countries, environmental change, increas-
ing pest population, which is compromising wheat yields due
to abiotic factors, and the constant pressures of biotic hassles
(Hawkesford et al. 2013). Among the biotic factors that limit
wheat production, aphid complex is considered as a major
threat, which significantly reduces grain yields if not con-
trolled. Aphids are serious pests worldwide, able to bring
about severe damage in cereal crops, especially wheat, Triti-
cum aestivum, by direct feeding and by transmitting plant
pathogenic viruses (Thackray et al. 2009). In India, wheat
(T. aestivum) is attacked by more than 11 aphid species,
out of which four species namely Sitobion avenae (Fabricius),
Sitobion miscanthi, Rhopalosiphum padi and Rhopalosiphum
maidis are reported to be most predominant (Jarosik et al.
2003) and a combined population of these four is designated
as wheat aphid complex (Aslam et al. 2004).

Plants are sessile organisms and, with their inability to
move, they have created a wide range of barriers against
assault by pathogens and insects alike. A quick and transient
generation of reactive oxygen species (ROS) is a typical
phenomenon in plants on account of oxidative stress because

of biotic and abiotic factors (Maffei et al. 2007; Torres 2010).
Superoxide dismutase (SOD) has been proposed to be essen-
tial in plant stress resistance and provides the first line of
defense against the harmful effects of elevated levels of
ROS. Glutathione reductase (GR) and glutathione (GSH)
play a crucial part in determining the resistance of a plant
under different stresses. The enzyme phenylalanine ammonia
lyase (PAL) catalyzes deaminating reaction of the amino acid
phenylalanine from the primary metabolism into the impor-
tant secondary phenylpropanoid metabolism in plants (Hahl-
brock and Scheel 1989). Phenylpropanoid compounds not
only satisfy various key functions during plant development
but also act as critical protectants against various biotic and
abiotic environmental stresses. Among the secondary metab-
olites, plant phenols constitute a standout among the most
common and widespread group of defensive compounds,
which play an important role in host plant resistance
(HPR) against herbivores, including insects (Sharma and
Garg 2009; Usha Rani et al. 2010). Qualitative and quantitat-
ive modifications in phenols and elevation in activities of oxi-
dative enzyme in response to insect attack is a general
phenomenon (War et al. 2012). Oxidation of phenols cata-
lyzed by polyphenol oxidase (PPO) and peroxidase (POD)
is a potential defense mechanism in plants against herbivor-
ous insects.

Keeping in view the importance of the disease, the pre-
sent study was carried out with the objective to evaluate
the various biochemical changes caused by the infestation
of aphids in bread wheat varieties during the crop
development.
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Materials and methods
Experimental design and plant material

This field experiments were conducted under irrigated con-
ditions at Plant Breeding Research Farm, Punjab Agricultural
University, Ludhiana, India (30° 55" N 75° 54’ E and 250 m
above sea level) during 2014-2015. Six bread wheat varieties
PBW 621 and HD 2967 (timely sown irrigated), PBW 590
and PBW 658 (late sown irrigated), and PBW 644 and PBW
660 (timely sown rainfed) were sown in factorial randomized
complete block design under insecticide-protected and unpro-
tected conditions. Insecticide protection and genotypes were
the two factors and each treatment was replicated thrice in
experimentation. Imidacloprid (Confidor 17.8 SL) was
sprayed to control aphids in insecticide-protected conditions
and kept as control, whereas another plot was not sprayed to
observe the biochemical changes caused by the attack of
aphid complex under the natural conditions. The crop was
raised by the following recommended standard package of
practices except for the usage of pesticides (Package... 2014).
The sample of growing flag leaves was collected randomly
from uninfested and infested plants from 90 days after sowing
with an interval of 7 days for the biochemical assays.

Extraction and assay of SOD, GR, PAL and PPO

For the extraction of antioxidative enzyme, 100 mg of sample
tissue was homogenized in 2 ml of ice-cold potassium phos-
phate buffer (0.1 M, pH 7.5) containing 10 mM mercap-
toethanol, 1% PVP and 1 mM EDTA. The homogenate was
centrifuged at 10,000x g for 20 min at 4°C. The supernatant
obtained was used for the assay of antioxidative enzymes,
as described below.

SOD activity was determined by following the procedure of
Marklund and Marklund (1974). SOD activity was expressed
as units min~' g~ fresh weight. GR activity was determined
as per the procedure given by Esterbauer and Grill (1978).
GR activity was expressed as nmoles of NADP" formed
min~"' g fresh weight. PAL activity was measured following
the method of Burrell and Rees (1974) and was expressed as
mg of t-cinnamic acid formed h™" g

For the extraction of oxidative enzyme, 100 mg of the
sample tissue was homogenized in 2 ml of ice-cold sodium
phosphate buffer (0.1 M, pH 7) at 4°C. The homogenate was
centrifuged at 10,000 x g for 20 min at 4°C. The supernatant
obtained was used for the assay of oxidative enzymes. Polyphe-
noloxidase activity was determined as per the procedure of
Archana et al. (2011). The enzyme activity expressed as change
in absorbance at 495 nm min~' g~" fresh weight of tissue.

Total phenol content

The dried tissue sample (400 mg) was refluxed with 5 ml of
80% aqueous methanol for 1 h. The refluxed material was
then filtered and diluted with hot 80% methanol to a volume
of 10 ml. The extract obtained was used for the estimation of
total phenols by the method of Swain and Hillis (1959).

Proline content

Approximately 100 mg of the sample was homogenized with
4 ml of 3% aqueous sulfosalicylic acid and the homogenate
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was filtered through Whatman filter paper and the filtrate
was used for proline estimation by the procedure of Bates
et al. (1973).

Tannin content

The tissue (50 mg) was refluxed with 7.5 ml of H,O at 100°C
for 30 min. The content was then cooled and centrifuged at
10,000 x ¢ for 20 min. The supernatant thus obtained was
used for the estimation of tannins by the method of Sadasi-
vam and Manickam (1992) after dilution with water to obtain
a final volume of 10 ml.

Statistical analysis

The results are expressed as mean + SD. Data were analyzed
by two-way ANOVA to determine the difference between
the treatments as well as genotypes (SPSS 16.0).

Mean values of timely sown irrigated, late sown irri-
gated and timely sown rainfed genotypes for different par-
ameters were calculated and fold increase/decrease of
infested plants was determined from their respective unin-
fested plants.

Results
SOD activity

Developing flag leaves of all the test genotypes showed an
increase in SOD activity following aphid infestation
(Table 1). A 1.1-fold increase in SOD activity was observed
in the infested flag leaf samples when compared to unin-
fested flag leaf samples of all the test genotypes. Maximum
SOD activity was observed in infested leaves of PBW 658 at
28 days after emergence (DAE). This might be due to less
susceptibility of this particular genotype against feeding
effect of aphids. Overall, maximum activity of SOD in all
the genotypes was observed at 28 DAE and this could be
the higher incidence of aphids at this particular stage.
Timely sown rainfed genotypes were found to show better
results followed by timely sown irrigated and late sown irri-
gated genotypes. PBW 644, a timely sown rainfed genotype,
exhibited the highest increase in SOD activity as compared
to all other genotypes under infested condition irrespective
of time intervals.

GR activity

Aphid infestation increases the activity of GR in developing
flag leaves of all the test genotypes (Table 2). A 1.3-fold
increase in GR activity was observed in the infested flag leaf
samples than the uninfested flag leaf samples of all the test
genotypes. Timely sown rainfed genotypes were again
recorded to show significantly increasing results than timely
sown irrigated and late sown irrigated genotypes. Irrespective
of genotypes, maximum overall GR activity was observed at
28 DAE which may indicate higher aphid incidence at this
particular stage. Average maximum GR activity throughout
the growth period was observed in infested flag leaves of
PBW 644 and was found minimum in infested flag leaves
of PBW 590. Thus, PBW 644 could be considered less suscep-
tible than the other genotypes.



Table 1. SOD activity in developing flag leaves of six test genotypes under infested and uninfested conditions at different growth stages (units min~' g~ FW).

7 DAE 14 DAE 21 DAE 28 DAE 35 DAE 42 DAE
Genotypes Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested
PBW 621 17.16 + 1.999 5660+ 1639  91.94+484°  110.15+2.12° 10269 +0.76°®  104.56 + 2.44° 85.71+0.86" 99.02 + 1.78f 57.55 +1.539 75.28 +0.96 66.53 % 0.56° 70.80 + 0.78"
(12.08 +0.24) (25.06 % 0.15) (30.71 £ 0.56) (39.46 + 0.18) (4529 +0.07) (48.01+0.19) (50.12 + 0.06) (5623+0.09)  (30.52+0.09) (3544+0.04) (3041 0.03) (23.13+0.03)
HD 2967 5742+ 4649 65.15 +3.44 96.13+3.08% 10591 +4.00°  101.36 +0.87°%F  10421+2.09¢  10724+162% 12336+ 150 96.61+1.03°  105.52+0.86° 62.47 +0.61¢ 7245 +1.22°
(14.97 + 0.40) (26.82 +0.25) (32.21+0.33) (40.18 £ 0.31) (39.80+0.10) (46.28 +0.17) (52.02+0.15) (56.43+0.08)  (37.20+0.08) (4496 +0.04)  (33.24+0.03) (36.13 + 0.05)
PBW 590 30.23 £1.70° 57.86 + 3.07°% 4547 £2.67 77.72 +3.019 97.26 + 1.15 9951 +0.51%F 11111 £064¢ 12649+ 1.70®  79.43 +0.78° 86.59 + 1.26¢ 68.61+0.87°¢ 7158+ 1.25
(13.19+0.18) (25.35 +0.28) (21.77 £ 0.28) (26.74 + 0.26) (30.60 +0.13) (31.83 £ 0.04) (46.61 + 0.06) (49.69+0.13)  (35.08+0.05) (4046 +0.06) (3349 +0.04) (34.07 + 0.05)
PBW 658 30.97 + 4.41° 6238 +2.83°¢ 6665+ 0.56" 83.28 +3.67' 92.29 +1.099 9855+ 143"  10548+340°  129.81 +0.99° 87.09+197%  89.11+1.59<¢  71.70+0.81° 79.30 + 0.80°
(12.77 £039) (18.13£0.23) (26.99 + 0.06) (30.38 + 0.28) (28.91+0.11) (36.49 + 0.09) (47.41£0.24) (58.17+£0.06)  (4552+0.12) (53.97+007)  (33.28+0.04) (43.47 £ 0.04)
PBW 644 4958 +2.91¢ 67.54+2.85%  10096+0.11  12528+1.08  110.76 +0.54° 118.97 £ 1.62° 105.61+£0.70°  113.85+2.40° 80.46 + 0.88° 90.32 +0.81° 72.85+206™  7431+091%°
(1524 +031) (27.05 £ 0.30) (2244 +0.01) (31.70 £ 0.10) (31.48 + 0.06) (38.87 £ 0.12) (46.28 +0.04) (5559+0.12)  (44.41+0.05) (54.13+0.04)  (33.35+0.09) (43.02 +0.04)
PBW 660 54,60 + 2.26% 75.60 + 3.03 77.56 +0.919 89.89 + 1.96%F 84.78 +3.31" 11438 £1.42%° 91.29+0.78%  100.10 + 1.08" 72.24 +1.08 80.52 +1.19° 71.25 + 6.76° 73.38 £ 1.87%
(16.09 +0.25) (30.43 + 0.42) (23.91+0.10) (27.64+0.17) (28.58 +0.34) (39.09+0.11) (36214 0.05) (5453+005)  (34.48+0.07) (4358005  (33.36+0.32) (43.15 +0.08)

Notes: Values are mean + SD of three replicates. Values within parentheses are specific activity expressed as units min~' g™ proteins for SOD. Values with same letter(s) at a particular day are not significantly different at P < .05 (Tukey’s post hoc test)

(DAE- days after emergence of flag leaf).

Table 2. GR activity in developing flag leaves of six test genotypes under infested and uninfested conditions at different growth stages (nmoles of NADP* formed/min/g FW).

7 DAE 14 DAE 21 DAE 28 DAE 35 DAE 42 DAE
Genotypes Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested
PBW 621 10.65 +0.91° 1417 £146°  13.84+324°  2126+1.02°  4483+175®°  7150+054%  48.15+2.64° 6570+ 0.50° 15.58 +2.19° 18.77 £ 1519 11.78 + 0.409 17.55 + 1.325%
(529 +0.11) (7.27 £0.13) (6.44 +0.67) (856+0.54)  (1505+0.16)  (2848+272)  (23.44+0.19) (2647 +0.03)  (10.95+0.13) (18.86 + 0.07) (9.60 + 0.02) (14.78 + 0.06)
HD 2967 11.71 £0.14" 13.17+052°  21.40+0.84%  2480+1.69°  3945+642°  4865+230°  4835+053¢  61.34+094° 2457 +093°% 3093 +138™ 20.85 + 0.65% 27.89 + 0.607
(6.01 +0.01) (7.97 £ 0.04) (16.83+0.70)  (1859+050)  (2459+075)  (33.86+0.18)  (34.52+0.05) (43204005  (17.83+0.07) (21.45 + 0.06) (15.08 + 0.03) (19.20 + 0.03)
PBW 590 19.42 +2.26%° 24.81+0.62° 2137+056°  27.19+0.58° 32.17 £0.85° 4449 +1.06°®  37.66+2.11 4560+ 1.16%  27.72+0.85° 2531+1.22°9  16.45+0.16/ 22.37 + 1.21bcdef
(12.05 + 0.24) (15.29 + 0.06) (1884+0.76)  (1991+0.82)  (2351+0.09)  (23.50+0.08)  (33.60+0.20) (3649 0.09)  (21.77 £0.05) (1930 + 0.68) (10.84+0.01) (15.96 + 0.05)
PBW 658 1857 +1.56°¢  23.73+829° 19.81+£093  2516+0.11°°  40.18+1.20°  4883+189%  4539+038%  51.72+032°  2676+1.06°%  43.11+134° 23.98 +2.40%% 2917 +321%
(10.66 + 0.14) (14.95 + 0.68) (10.73+069)  (1809+095  (23.88+0.12)  (2822+0.12)  (31.19+0.03) (3826+0.02)  (18.70 £0.07) (21.92 + 0.06) (11.10£0.11) (1228 +0.14)
PBW 644 14.20 + 3.58" 20.01 + 1.47% 18.93+3.68°  43.84+2.20° 37.75+1.17° 47.60+138%°  48.08+1.76°  5335+207° 2419+ 1.22°9¢ 3323+ 1.95%¢ 25.13 + 2,892« 30.60 + 0.42°
(1050 +0.38) (12.09+0.15) (1083+043)  (31.12+1.89)  (2391+0.12)  (39.55+0.10)  (32.86+0.10) (42.62+0.10)  (11.33+0.07) (2152 +0.09) (12.15+0.13) (1824 +0.02)
PBW 660 10.65 + 0.92° 1826+172°%¢  2441+257°°  27.08+2.80°  37.10+124°  4754+069%  43.41+2.15° 5544+238°  22.07+1.69“¢ 3558 +1.51% 19.36 % 0.95%f 21.50 + 5.89<f
(6.19 +0.10) (10.52 + 0.24) (1226 +£1.22)  (1525+1.06)  (2375+0.13)  (27.78+005)  (25.95+0.15) (4251+0.11)  (11.37£0.10) (1458 + 0.07) (9.91 +0.04) (10.92 +0.25)

Notes: Values are mean + SD of three replicates. Values within parentheses are specific activity expressed as nmoles of NADP* formed/min/g protein for GR. Values with same letter(s) at a particular day are not significantly different at P < .05 (Tukey’s
post hoc test) (DAE- days after emergence of flag leaf).
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PAL activity

Infested wheat genotypes showed a significant increase in
PAL activity as compared to the uninfested genotypes
(Table 3). A 1.4-fold increase in PAL activity was observed
in the infested developing flag leaf samples as compared to
the uninfested flag leaf samples of all the genotypes. Maxi-
mum SOD activity was observed in infested leaves of PBW
658 at 28 DAE. Increase in PAL activity was observed to be
maximum in late sown irrigated genotypes followed by timely
sown rainfed and timely sown irrigated genotypes. PBW 658,
a late sown irrigated genotype, showed overall higher PAL
activity throughout the growth period as compared to other

genotypes.

PPO activity

Infested wheat plants showed a significant increase in PPO
activity (1.4-fold) as compared to the respective uninfested
plants of all the genotypes (Table 4). Average increase in
PPO activity was seen to be maximum at 28 DAE and
was observed to be maximum in HD 2967 and minimum
in PBW 658. Considering three conditions, mean PPO
activity was observed significantly higher in timely sown
irrigated and timely sown rainfed genotypes. Overall an
average increase in PPO activity was seen maximum in
infested flag leaves of HD 2967 throughout the growth
period.

Total phenols

Aphid infestation resulted in a significant increase in the
content of total phenols in the developing flag leaves of
all the test genotypes (Figure 1). A 1.4-fold increase in
total phenols was recorded in infested flag leaves as com-
pared to uninfested flag leaves of all the wheat genotypes.
Maximum increase in total phenols was observed at 28
DAE and was observed to be maximum in PBW 658.
This increase in phenol content at 28 DAE may be due
to higher aphid feeding at this particular stage. Average
total phenols were observed to be maximum in late sown
irrigated wheat genotypes followed by timely sown rainfed
and timely sown irrigated genotypes. Comprehensively, an
increase in total phenols was observed to be maximum in
PBW 658 as compared to other genotypes throughout the
growth period.

Proline

Infested flag leaves of all the test genotypes showed a mod-
erate increase in proline content as compared to the unin-
fested flag leaves (Figure 2). A 1.2-fold increase in proline
content was observed in all the flag leaves infested by
aphids as compared to the uninfested flag leaves. Maximum
proline content was observed at 28 DAE of the flag leaves,
with maximum content recorded in PBW 660 and mini-
mum in HD 296. Overall, higher proline content was
observed in infested leaves of PBW 660 as compared to
all other genotypes irrespective of growth stages. Timely
sown rainfed genotypes showed significantly better results
followed by late sown irrigated and timely sown irrigated

genotypes.
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Tannins

The content of tannins increased after the aphid infestation.
A 1.2-fold increase in tannin content was recorded in the
flag leaves infested by aphids as compared to the uninfested
flag leaves of all the genotypes (Figure 3). This increase in tan-
nin content after aphid infestation indicates their protective
role in plants. Maximum average increase in tannins was
observed in PBW 658 throughout the growth period. Late
sown irrigated genotypes showed significantly higher results
than timely sown irrigated and timely sown rainfed
genotypes.

Discussion

Herbivory damage leads to induction of rapid signals and
responses in plants such as oxidative burst, accumulation of
secondary metabolites and defensive proteins (Gill et al.
2010). Rapid and brief generation of ROS is a typical
phenomenon in plants on account of oxidative stress because
of biotic and abiotic factors (Maffei et al. 2007; Torres 2010).
NADPH oxidase generates superoxide anion at the plasma
membrane or in the apoplast extracellularly, which is then
converted to H,O, by SOD (Maffei et al. 2007; Torres
2010). Other important antioxidative enzymes include PAL,
GR, etc. In the present study, an increase in SOD, GR and
PAL activity was observed after the aphid infestation which
indicates their defensive role during herbivory attack; how-
ever, the strength in induction of enzymatic activities varied
among genotypes. This might be due to differences in sensi-
tive upregulation response of genotypes against insect pest
(War et al. 2012).

A significant difference was observed in SOD activity of
infested and uninfested flag leaf samples of all the genotypes.
Flag leaf samples obtained from infested wheat plants showed
an increase in SOD activity. Feeding activity by aphids might
have resulted in upregulation of SOD activity. Simova-Stoi-
lova et al. (2009) studied the antioxidative activities of
wheat subjected to field drought and reported well-expressed
SOD and CAT activity in the stresses plants, showing that the
antioxidative defense is an indispensable part of the basic
metabolism, empowering the plant to cope instantaneously
with rapid environmental stresses. SOD activity has been
reported to increase in plants exposed to various environ-
mental stresses (Sharma and Dubey 2005; Mishra et al.
2011). Overproduction of SOD was reported to result in
enhanced oxidative stress tolerance in plants (Gupta et al.
1993). Kaur et al. (2014) reported an increase in SOD activity
was observed in the test genotypes of pigeon pea in response
to Helicoverpa armigera feeding.

Another important component of the oxygen scavenging
system is GR that catalyzes the reduction of glutathione dis-
ulfide to the sulthydryl form GSH, which is a critical molecule
in resisting oxidative stress and maintaining the reducing
environment of the cell (Deponte 2013). After the infestation
of aphids, an increase in GR activity was observed in the
infested flag leaf samples of all the test genotypes. The
increase in GR activity under stress condition was also sup-
ported by Desingh and Kanagaraj (2007), who showed a sig-
nificantly increased activity of SOD and GR in cotton plants
under salt stress when compared to control plants.

Studies have shown that PAL activity responds to various
stresses, such as wounding, drought, salinity, heavy metals



Table 3. PAL activity in developing flag leaves of six test genotypes under infested and uninfested conditions at different growth stages (ug g=' FW).

7 DAE 14 DAE 21 DAE 28 DAE 35 DAE 42 DAE
Genotypes Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested
PBW 621 64.18 £3530°  15030+43.00° 254.73 +48.01° 303.57 £ 45569 443.45+57.479  475.01+83249 42889+38.16®° 586.74+3320° 530.32+50.52*  703.97 £60.89° 132554573 277.48 +52.02°
(7.79 + 4.29) (13.44 +3.84) (29.66 + 5.59) (26.06 + 3.91) (40.10 + 5.20) (3637+637)  (30.63+2.73) (30.98+1.75)  (32.43+3.78) (32.17 £ 3.41) (6.79+234)  (12.28+2.30)
HD 2967  144.18+49.60°® 15567 +39.58° 23451 +46.50' 32324 +67.0099 5838137727  756.40+4672° 464.14+£5245%° 72453+6573°  4540+37.89%°C 547.21+37.50° 357.89+1096° 577.53 +35.53
(12.48 + 4.29) (11.52+2.93) (24.92 + 4.94) (24.98 + 5.18) (67.98 + 4.39) (60.09+3.71)  (43.35+4.90) (37.78 £343)  (33.85+3.46) (2570+2.16)  (1855+0.57)  (24.92+1.53)
PBW 590  18525+20.19°° 190.70 £92.82° 239.54 +42.59f 295.80 +29.40%F  341.80+4835° 631.95+5825° 500.79+53.76° 77236 +32.80° 46747 +£47.19%° 71227 £7403° 366.81+4825° 636.95 + 59.98°
(19.58 +2.13) (17.63 + 8.58) (25.14 + 4.47) (25.66 + 2.55) (37.25+5.27) (49.74+458)  (48.69+5.13) (59.14+251)  (29.88+3.69) (36.69+467)  (1867+246)  (27.34+2.57)
PBW 658  158.96+50.09°° 214.33+£9047° 33802 +7237°°%F  55224+61.92%  43772+53.11%  779.15+2223" 485714429 911.03+68.37° 399.05+ 1046°  906.67 +52.967 274.87 +37.40° 403.01 + 50.87°
(14.21 + 4.48) (17.62 + 7.44) (35.47 + 7.59) (42.29 + 4.74) (42.28 +5.13) (51.34+146)  (34.12+3.11) (57.36+4.30)  (25.31+0.81) (4035+2389)  (12.56+1.71)  (17.66+2.23)
PBW 644  116.18 £24.97%° 386.35+9451° 42443 +5832°°9  48481+4246®  511.48+9862° 55943 +47.91° 396.11+43.66° 40526+53.79% 34562+ 10.46°  407.80+46.74% 26624+ 16.54° 302.28 + 16.08°
(12.28 + 2.64) (40.30 + 9.86) (52.28 +7.18) (45.28 +3.97) (53.02+1022)  (41.71+357)  (23.54+2.60) (19.91+2.64)  (18.95+0.70) (1864+262)  (1223+076)  (12.29+0.65)
PBW 660  246.95+44.81°  336.07+£55.13%°  403.65 +49.19?°% 46833 +63.31%  504.21+72.29° 789.16+38.42% 493.03+11.68%° 752.83+39.05° 489.37+36.03% 532.57+4805° 356.18+11.73% 439.28 + 14.04°
(27.53 + 4.99) (46.35 + 7.60) (46.37 + 5.65) (39.81 + 5.38) (51.02+7.31) (6269 +3.05)  (33.53+0.79) (3404+1.77)  (30.36+2.74) (2370+262)  (1682+0.55)  (18.86+0.60)

Notes: Values are mean = SD of three replicates. Values within parentheses are specific activity expressed as ug g~ protein. Values with same letter(s) at a particular day are not significantly different at P < .05 (Tukey’s post hoc test) (DAE- days after
emergence of flag leaf).

Table 4. PPO activity in developing flag leaves of six test genotypes under infested and uninfested conditions at different growth stages (units min~' mg™" proteins).

7 DAE 14 DAE 21 DAE 28 DAE 35 DAE 42 DAE
Genotypes Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested Uninfested Infested
PBW 621 1.71+0.74a 2.78 +0.80a 10.50 + 1.54%° 12.34+0.21° 14.82 + 1.41%° 18.37 +£3.97%° 1521 +£3.33% 19.93+443%® 2240+ 1.78%® 24.33 +2.99° 8.88 +3.26° 11.70 + 3.62°¢
(0.21 £ 0.09) (0.24 +0.07) (12240.18) (1.06 +0.18) (134£0.12) (1.40 + 0.30) (1.38+0.28) (1.45 +0.23) (1.47 £0.10) (1.61+0.13) (4.55 +0.16) (5.18 £ 0.16)
HD 2967 1.53+051a 1.84+0.55a 8.75+0.23° 1552 +3.63° 11784208  2004+4.13®°  1891+477®°  2391+363° 1498 +2.83%°  1945+334°®  12.02+3.14% 14.40 + 2.81°%¢
(0.13 £ 0.04) (0.13 £ 0.04) (9.30 £ 0.02) (1.19+0.28) (137 £0.24) (1.59+0.32) (1.76 + 0.44) (1.64 +0.18) (1.11£0.21) (9.13£0.15) (6.23 £ 0.16) (6.24 £0.12)
PBW 590 1.74+0.58a 231+074a 8.57.21+ 2.04° 12.87 +£2.75% 10.12 + 3.66%° 16.67 + 3.65%° 12.34+2.84° 20.72 £3.33% 12,65 + 2.90° 18.78 +4.71%° 11.91 £ 3.41%¢ 17.12 £ 4.15%¢
(0.18 £ 0.06) (0.21 + 0.06) (8.99 +0.21) (11.16 £ 0.23) (1.10 £ 0.39) (131+0.28) (117 £0.27) (1.58 +0.25) (0.80 +0.18) (0.96 + 0.23) (0.60 +0.17) (7.35 £0.17)
PBW 658 1.58 +0.59a 2.08 +0.96a 6.83 + 1.70° 10.17 + 1.48%° 9.60 +3.37° 1265+236®°  11.18+236° 1571+455®°  1539+361°°  23.63+4.26° 11.25 +2.16 20.27 +2.96™
(0.14 £ 0.05) (0.17 £ 0.07) (717 £0.17) (7.79£0.14) (9.29+0.32) (839+0.15) (0.79 £ 0.16) (9.89 +0.28) (1.97 £0.29) (1.05 +0.19) (5.14 £ 0.09) (8.88 +0.13)
PBW 644 1.50 + 0.54a 1.80 +0.70a 922 +1.73% 1030+ 1.77®  12.04+334° 1525+558°°  1499+393®  2020+4.01%®  1569+274®  23.88+3.01° 9.29 +2.14° 10.25 + 3.46°
(0.15 £ 0.05) (0.18 +0.07) (136 £ 0.21) (9.62 +0.16) (124 £0.34) (1.13£041) (1.89+0.23) (9.92 £0.17) (1.96 £ 0.15) (1.09+0.18) (4.27 +0.09) (4.17 £0.14)
PBW 660 1.89+0.63a 2.32+1.06a 10.44 + 1.59% 1259+2.07°  1279+234® 14144227  1567+341°®  2004+406°®  1660+357°®  2329+381° 1332+176a"  20.68+3.54°
(0.21 £0.07) (0.32£0.14) (1.19+ 1.83) (10.72£0.17) (1.29 £ 0.29) (1.12+£0.18) (1.86 +0.23) (1.90 +0.18) (193 £0.22) (2.03+0.17) (6.29 + 0.08) (8.88 +0.15)

Notes: Values are mean =+ SD of three replicates. Values within parenthesis are specific activity expressed as units min~" mg ™" proteins. Values with same letter(s) at a particular day are not significantly different at P < .05 (Tukey’s post hoc test) (DAE-
days after emergence of flag leaf).
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Figure 1. Change in phenol content in uninfested and infested developing flag leaves of wheat genotypes at different growth stages. Error bars denote +SD of three
replicates, bars with same letter(s) at particular day are not significantly different at P <.05 (CD at 5% between ABC = 0.33; A: timely sown irrigated; B: late sown

irrigated; C: timely sown rainfed).
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Figure 2. Change in proline content in uninfested and infested developing flag leaves of wheat genotypes at different growth stages. Error bars denote £SD of three
replicates, bars with same letter(s) at particular day are not significantly different at P <.05 (CD at 5% between ABC=0.61; A: timely sown irrigated; B: late sown

irrigated; C: timely sown rainfed).
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Figure 3. Change in tannin content in uninfested and infested developing flag leaves of wheat genotypes at different growth stages. Error bars denote +5D of three
replicates, bars with same letter(s) at particular day are not significantly different at P <.05 (CD at 5% between ABC = 0.58; A: timely sown irrigated; B: late sown

irrigated; C: timely sown rainfed).

and infection by viruses, bacteria or fungi; therefore, PAL is
involved in the defense response of plant cells (MacDonald
and D’Cunha 2007; Gao et al. 2008). A significant increase
in PAL activity was observed in the infested flag leaves of
all the test genotypes during the current study. A higher
level of PAL activity was also observed in pea seedling leaves

infested by pea aphids when compared with the control
plants, and the alteration in PAL activity was proportional
to the population sizes of pea aphid and the duration of infes-
tation (Mai et al. 2014). The biosynthesis of PAL and aggre-
gation of phenylpropanoid structures have been reported up
on pathogenic attack including viruses, tissue wounding, UV
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irradiation, low temperatures, low levels of nitrogen, phos-
phate and iron (Dixon and Paiva 1995; Gholizadeh et al.
2004; Ritter and Schulz 2004). Thus, incline in PAL activity
after the infestation of aphids could be linked to defense
response of the plant against the pathogen feeding activity.
Since PAL enzyme is involved in phenylpropanoid biosyn-
thesis, a positive correlation could be observed in the activity
of PAL and total phenols, suggesting increased content of
total phenols due to upregulation of PAL.

PPO is known to catalyze the oxidation of phenols to qui-
nones, which are toxic to pathogens. An increase in PPO
activity was observed after the infestation of aphids. A signifi-
cant increase in PPO activity was observed in the infested flag
leaves as compared to the uninfested flag leaves of all the test
genotypes. A similar increasing trend was observed by Sarwar
et al. (2006) during their studies on chickpea. Studies describ-
ing correlations of high PPO levels in cultivars or lines with
high pathogen resistance also provide support for a pathogen
defense role of PPO (Raj et al. 2006). PPOs can function in
the following ways: (a) PPO-generated quinines may alkylate
essential amino acids, decreasing plant nutritional quality, (b)
quinones may produce oxidative stress in the gut lumen
through redox cycling and (c) quinones and ROS produced
by phenolic oxidation may be absorbed and have toxic effects
on herbivores (Helmi and Mohamed 2016).

Phenolic acids are known to contribute significantly to the
total antioxidant activity of wheat (Baublis et al. 2000; Yu
et al. 2003). Current studies revealed an increase in phenol
content after the infestation of aphids in different wheat gen-
otypes. The elevation of phenols could be explained as a
mechanism of defense that acts as a barrier to insect feeding.
These phenolic compounds are known to inhibit the larval
development and growth by acting as feeding deterrents. Phe-
nolic compounds induced in plants are either directly toxic to
insects or mediate the signaling of various transduction path-
ways, which in turn produce toxic secondary metabolites and
activate defensive enzymes (Helmi and Mohamed 2016).
Quinones formed by oxidation of phenols bind covalently
to leaf proteins and inhibit protein digestion in herbivores
(Bhonwong et al. 2009).

An increase in the amount of total tannins after aphid
feeding indicated that tannins might play a role as feeding
deterrents. Tannins have the capacity to interact with pro-
teins suggesting that tannins affected insect herbivores
by inactivating insect enzymes as well as dietary proteins
(Robbins et al. 1987). It has been reported that condensed
tannins reduce the growth and survival of many pests (Grayer
et al. 1992; Bernards and Bastrup-Spohr 2008; Sharma and
Garg 2009) as they precipitate proteins nonspecifically by
hydrogen bonding or covalent bonding with proteins, thereby
reducing nitrogen mineralization and/or digestion in the her-
bivore midgut (Bernards and Bastrup-Spohr 2008).

A large body of data suggests a positive correlation
between proline accumulation and plant stress (Hayat et al.
2012). Numerous studies have reported proline as an antiox-
idant suggesting its role as ROS scavenger and singlet oxygen
quencher (Smirnoff and Cumbes 1989; Matysik et al. 2002).
An increased production of proline in infested flag leaves of
all the test wheat genotypes is in agreement with the findings
of many authors. Considering genotypes, overall mixed
results were obtained in terms of resistance towards aphid
feeding; however, PBW 658, PBW 644 and HD 2967 gave sig-
nificantly better results under infested conditions

Table 5. Meteorological data for different days of flag leaf sampling.

Air Relative
temperature humidity Evaporation
DAE (°Q) (%) (mm)
7 (24/02/2015) 20.0 89.5 2.6
14 (10/03/2015) 158 74 3.0
21 (16/03/2015) 17.3 93 24
28 (24/03/2015) 237 73 46
35 (31/03/2015) 22.6 Al 4.0
42 (06/04/2015) 324 335 8.0

Table 6. Response of tested genotypes against aphid complex.

Genotypes Aphid Damage Aphid scale Category

PBW 621 14.6 v Susceptible
HD 2967 14.62 v Susceptible
PBW 590 17.29 v Susceptible
PBW 658 17.10 \% Susceptible
PBW 644 17.46 v Susceptible
PBW 660 17.24 v Susceptible

Note: Aphid scale: 0: immune; 1-5: resistant; 6-10: moderately resistant; 11-20:
susceptible; 21 and above: highly susceptible.

Thus, in conclusion, we could say that infestation by
aphids alters the biochemical system of the plants. An
increase in all the defense enzymes, phenols and proline
was observed during the current studies. Interestingly, most
of these biochemicals were observed to increase at 28 DAE
in all the test genotypes (Table 5). Muhammad et al. (2013)
also observed maximum aphid population during the mid-
weeks of March. He reported that this increase in aphid popu-
lation might be due to favorable temperature for aphid repro-
duction during this period. Temperature ranging from 7.7°C
to 25.2°C is favorable for aphid growth (Chander 1996), while
the optimum temperature for aphid growth is 23.44°C (Miller
and Smith 1998). The amount with which these biochemicals
elevated varied in different genotypes. This may be due to the
difference in the duration and effectiveness of defense
responses against aphid feeding in each genotype. However,
the genotypes PBW 658 (late sown irrigated), HD 2967
(timely sown irrigated) and PBW 644 (timely sown rainfed)
showed significantly better results than the other genotypes,
and thus could be considered to have better defense response
than the other genotypes. Since so far all the released wheat
varieties are susceptible against aphids (Table 6), therefore
these varieties under different sowing conditions could be uti-
lized for further research to generate wheat varieties resistant
against aphids. Considering the above results aphid seems to
be an important pest, which could cause considerable harm to
the wheat plant. Thus, further work is required either
to develop more resistant wheat genotypes or to develop a
method to control the continuously increasing aphid attacks
so as to protect the quality and yield of the wheat plants.
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