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Abstract Alternaria leaf blight is major fungal disease of
summer groundnut, causes significant loss of haulm and
pod yield. Aims of this study were to understand the role of
metabolites and phenylpropanoid related enzymes in Al-
ternaria leaf blight resistance and to find out metabolic
marker for disease resistance. Alternaria leaf blight resis-
tant (GPBD4 and CS186) and susceptible genotypes (GG2
and TPG41) of groundnut were grown in pots during rabi-
summer 2015. Groundnut plants were infected with Al-
ternaria alternata (Fr.) Keissler at 40 days after sowing.
5 days after infection, upper second leaves were collected
from both control and infected plants for analysis. A total
of 67 metabolites comprising sugars, sugar alcohols, amino
acids, organic acids, fatty acids, sterols and phenolic were
identified using gas chromatography—mass spectrometry
(non-targeted metabolomics). Constitutive levels of alpha-
D-galactoside, p-mannitol, p-erythropentitol, glycine, and
hexadecanoic acid were observed higher in resistant
genotypes compared to susceptible genotypes. Moreover,
arabinofuranose, cinnamic acid, 2-butendioic acid, and
linoleic acid were observed only in resistant genotypes at
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both control and infected stage. In susceptible genotypes
myo-inositol, glucose and fructose content was increased
after infection with pathogen while decreased in resistant
genotypes. Resistant genotypes had higher constitutive
level of cinnamic and salicylic acid compared to suscep-
tible genotypes. Non-infected leaves of resistant genotypes
also had higher activities of phenylalanine ammonia lyase
and tyrosine ammonia lyase activities. Our results suggest
that metabolites specifically present in resistant genotypes
impart defense mechanism against Alternaria pathogen and
can be used as bio-marker for screening of germplasm.

Keywords Groundnut - Alternaria alternate - Metabolite
profile - GC-MS - Ion-chromatography

Introduction

Alternaria leaf blight is becoming a major fungal disease of
summer groundnut. Outbreak of this minor disease was
observed in farmer’s fields in summer groundnut during
2009 in Saurashtra and Kuchchh regions of Gujarat, India.
The main effect of the disease is defoliation of plants,
thereby causing reduction in pod yield from 13 to 22% and
the reduction in haulm yield from 24 to 63% (Kumar et al.
2012). Groundnut crop residues are widely used for feeding
dairy animals. Leaf diseases are likely to affect the quantity
and nutritive value of the crop residues, resulting in
reductions in milk production. Furthermore, residues fetch
low prices in the fodder markets. Being considered a minor
disease, very less studies are reported.

Physiological and biochemical disease resistance is
governed by various metabolic processes in plants. Various
chemical detection platforms are required for targeted and
non-targeted metabolites involved in plant defense
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(Heuberger et al. 2014). To elucidate the resistance
mechanisms of genetic sources, metabolomics studies are
important for plant systems. Carbohydrates, organic acids,
amines/amino acids, and lipids are primary metabolites
which are involved in plant defense mechanism (Rojas
et al. 2014). Alteration in energy metabolism, nitrogen
metabolism particularly involving amino acids (Scharte
et al. 2005; Tavernier et al. 2007), and cellular homeostasis
such as pH and redox status i.e. malate, ascorbate, toco-
pherol takes place in plants after pathogen attack (Heu-
berger et al. 2014). A diverse group of secondary
metabolites i.e. terpenoids, phenolics, indoles, alkaloids,
and glucosinolates are also responsible for mediating plant
defense. These secondary metabolites are categorized into
phytoanticipins (pre-infection) and phytoalexins (induced)
that have a direct toxic effect on pathogens (Dixon 2001).

Metabolic profiling has contributed to better under-
standing of plant defense mechanism and to discriminate
genotypes varying in their quantitative resistance against
various pathogens i.e. resistance of wheat varieties to
fusarium head blight (Hamzehzarghani et al. 2008); resis-
tance of potato leaves against Phytophthora infestans
(Abu-Nada et al. 2010; Hamzehzarghani et al. 2016);
resistance of pearl millet to Sclerospora graminicola
(Mahatma et al. 2009); resistance of barley to Fusarium
graminearum (Kumaraswamy et al. 2011, 2012); resistance
of soybean germplasm to Fusarium tucumaniae (Scandiani
et al. 2015). Peroxidases (PODs) are associated with
suberization and lignifications of host plant cells and in the
oxidation of phenolic compounds in cell wall during the
defense reaction against pathogenic agents (Welinder
1992). Other important enzymes which link primary
metabolism to phenylpropanoid metabolism include
phenylalanine ammonia lyase (PAL) and tyrosine ammonia
lyase (TAL). PAL enzyme catalyzes a reaction using L-
phenylalanine as a substrate, synthesizes trans-cinnamic
acid and ammonia. Cinnamic acid is a precursor of
phenylpropanoids which plays important functions in plant
defense against pathogens and predators. Salicylic acid, an
essential signal involved in plant systemic resistance, is
also synthesized by PAL mediated reactions (Kim and
Hwang 2014).

Thus, detecting the interactions among these metabolites
and enzymes may significantly contribute to the under-
standing of the mechanism of host-resistance/susceptibil-
ity. However, there is lack of studies that relied on targeted/
non-targeted metabolomics workflows of groundnut-
pathogens interaction. Therefore, present study aimed to
understand the role of non-targeted and targeted metabo-
lites along with some defense related enzymes in ground-
nut showing Alterneria leaf blight disease.
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Materials and methods

The seeds of groundnut genotypes CS186 and GPBD4
(Alterneria resistant), GG2 and TPG41 (Susceptible) were
procured from Plant Breeding Section, ICAR-Directorate
of Groundnut Research, Junagadh, Gujarat, India. These
genotypes were selected based on previous report of Kumar
et al. (2012). All the genotypes were raised in earthen pots
under PII glass house to maintain uniform temperature and
humidity during summer 2015. A potting mixture (Vertisol,
sand and farm yard manure in a 2:1:1 ratio) with
diammonium phosphate at 1 g kg~" of soil was used. Each
genotype was grown in six pots; three pots were kept for
control and three for inoculation of Alterneria pathogen
(i.e. two sets). Four plants were kept in each pot (20 kg soil
capacity). The pathogen, Alternaria alternata (Fr.) Keissler
isolated from field grown infected leaves of TPG41.
Pathogen was cultured on potato dextrose agar (PDA) as a
pure culture. The inoculum was sprayed on leaves in
evening at 40 DAS. Leaf samples were taken 5 days after
infection (dai) because conidial germination and successful
infection of A. alternate occurs at 48—72 h after inoculation
of spores and development of disease symptoms starts
5 days after inoculation (Pandey et al. 2003). The upper
second leaves were taken from each plant for all the
analysis. Three replications for each analysis were taken.

Non-targeted metabolite profiling using gas
chromatography-mass spectrometry (GC-MS)

Alterneria infected and control leaves were taken at 5 dai
for metabolite extraction. Metabolites were extracted and
derivatized following the method described by Lisec et al.
(2006) with some modifications. Upper second leaves were
collected from control and infected plants and immediately
immersed into liquid N for quenching of metabolism. The
samples were stored at — 80 °C until further analysis.
Groundnut leaves (200 mg) were homogenized in pestle
and mortar with 2.8 ml of 100% methanol to inactivate
enzymes. Samples were transferred in glass test tube, 60 pl
of Ribitol (0.2 mg ml~! stock in dH,0O) was added as an
internal quantitative standard and mixed by vortex for 10 s.
Samples were kept for 10 min at 70 °C in a water bath.
Samples were centrifuged for 10 min at 11,000g and
supernatant was transferred to a glass vial. 1.5 ml of
chloroform (— 20 °C) and 3.0 ml dH,O (4 °C) was added
in each glass vial and vortexed for 10 s. These samples
were centrifuged for 15 min at 5000g. Upper polar phase
and lower non-polar phase were transferred into a separate
glass tubes. Polar and non-polar phase were dried under
nitrogen stream at 42 °C.
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For derivatization, 100 pl methoxylamine hydrochloride
solutions (20 mg ml~" in pyridine) was added and kept in
incubator shaker at 30 °C for 120 min. Carbonyl moieties of
metabolites are protected by methoximation. Subsequently,
100 pl MSTFA (N-methyl-N-trimethylsilyl trifluoroac-
etamide) was added for derivatization of acidic protons and
incubated at 37 °C for 90 min with gentle shaking
(200 rpm). As a control, one derivatization reaction using an
empty reaction tube was also prepared. One-microliter of
derivatized samples were injected into a DB-17 MS capillary
column (50%-phenyl)-methylpolysiloxane (30 m length,
0.25 mm L.D., 0.25 micron film thickness; Agilent Tech-
nologies Inc.) equipped in Shimadzu GC-2010 coupled with
MS-QP2010 Plus. The temperature for the ion source was set
to 230 °C, for the transfer line to 280 °C, and for the injector
to 280 °C. The oven temperature was initially kept at 100 °C
for 5 min, followed by increasing 5 °C min~" to 290 °C for
1 min. Carrier gas (Helium) was used at a constant flow rate
of 1 ml min~". Instrument was calibrated daily using the
default automatic calibration mode as recommended by the
manufacturer. Chromatogram acquisition, peak deconvolu-
tion, and MS library searches were performed using GCMS
Solution version 2.71, Shimadzu Corporation-Japan.
Reagent peaks and peaks corresponding to column bleeding
were excluded from further analyses. Metabolites were
putatively identified by matching their mass spectra to
spectra in NIST 147 library (National Institute of Standards
and Technology, Gaithersburg, MD, USA). Baseline cor-
rection, alignment, peak picking, and integration were per-
formed using the ACD/Spec Manager v.12.00 (Advanced
Chemistry Development, Inc., ACD/Labs, Toronto,
Canada). Data were exported as ““.txt’’ files to MS Excel for
the creation of data matrices and CSV comma delimited files
were created for data analysis (Mahatma et al. 2018).

Sugar profiles of groundnut leaves using ion
chromatography

Oligosaccharides from leaves (500 mg) of groundnut
genotypes were extracted in 80% ethanol as described by
Swami et al. (2015). Extracted sugar samples were filtered
using membrane-filter, 25 pl of filtered sample was injected
in the injection port of ion chromatograph (Dionex, ICS
3000). Sugars were separated using CarboPac PA10 ana-
lytical column which was supported by amino trap column
and CarboPac PA10 guard column to remove other impu-
rities. An isocratic mobile phase of 150 mM NaOH with a
flow rate of 1 ml min~' was used for elution. Different
standard sugars i.e. glucose, fructose, myo-inositol, man-
nitol, trehalose, sucrose, lactose, raffinose, stachyose, and
verbascose were purchased from Sigma-Aldrich for iden-
tification. An internal standard of lactose was used during
the analysis. Different concentrations of these sugars were

mixed in a standard mixture to resolve distinct peak of each
sugar in chromatogram (Supplementary Fig S1). Chrome-
leon software supplied with the equipment was used for
data integration (Mahatma et al. 2016).

Phenol profiling using Ion chromatograph (IC)
Extraction of phenolics from leaves

One gram of leaves were immersed into 80% HPLC grade
methanol in screw cap glass tubes and stored in refrigerator
at 4 °C for 48 h. Leaf phenolics were extracted and
homogenized using pestle and mortar. Extracted samples
were centrifuged at 10,000 rpm for 10 min. This extraction
procedure was repeated four times on the same pellet. The
supernatant from every centrifugation was collected in
volumetric flask and made up to 25 ml with 80% methanol.
The supernatants were evaporated to dryness under vacuum
dryer at 50 °C and residue was dissolved in 1 ml mobile
phase (Mahatma et al. 2011).

Extracted phenolics (25 pl) were filtered using nylon filter
(25 mm x 0.45 pm) and injected by syringe in injection port
of ion chromatograph. Phenolics were separated on Acclaim
120 C18 reverse phase column (5 pm, 4.6 x 250 mm).
Gradient mobile phase of acetonitrile and acetic acid (2% v/v)
was used with a flow rate of 0.5 ml~' min (Supplementary
Table S1). Column temperature was adjusted at 30 °C to get
reproducible chromatogram. Separated phenolics were
detected by UV detector at 280 nm. Standard phenolics i.e.
catechol, chlorogenic acid, caffeic acid, cinnamic acid, cou-
maric acid, ferulic acid, gallic acid, resveratrol, salicylic acid
and syringic acid were purchased from Sigma-Aldrich. These
standards were used for identification of the phenolic com-
pounds in groundnut leaves based on their retention time and
confirmed by adding internal standards into the samples
(Czerniewicz et al. 2008). Chromatogram of standard phe-
nolics is given in Supplementary Fig S2. Concentration of the
identified phenolics within plant material was expressed as
mean values of three replications.

Peroxidase (POX), phenylalanine ammonia lyase
(PAL), and tyrosine ammonia lyase (TAL) enzyme
assay

Extraction of enzymes

Enzymes were extracted in pre-chilled mortar and pestle
with specific buffer. Peroxidase (POX; EC 1.11.1.7)
enzyme from groundnut leaves was extracted in 50 mM
sodium phosphate buffer (pH 7.4) following the method
described by Mahatma et al. (2011). PAL (EC 4.3.1.5) and
TAL (EC 4.3.1) enzymes were extracted in 50 mM borate—
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HCI buffer (pH 8.5) following the method described by
Swami et al. (2015).

Enzyme assay

POX activity was assayed spectrophotometrically at 470 nm
by measuring the increase in absorption due to the formation
of tetraguaiacol. Assay reaction mixture contained 50 mM
sodium phosphate buffer pH 7.0, 0.1 mM EDTA, 0.05 ml
enzyme extract, 10 mM guaiacol, and 10 mM H,0,. Enzyme
activity was expressed as mM guaiacol oxidised min~' g~!
protein (Mahatma et al. 2011). PAL and TAL were assayed
spectrophotometrically by measuring the amount of trans-
cinnamic acid at 290 nm for PAL and the amount of p-cou-
marate at 333 nm for TAL using double beam UV-Vis
spectrophotometer. The 3 ml reaction mixture consisted of
either 6 pumol of L-phenylalanine (for PAL) or 5.5 pmol of L-
tyrosine (for TAL), 500 pmol of Tris-HCI buffer (pH 8.0), and
100 pl of enzyme. Reaction mixtures were incubated for
90 min at 37 °C and reaction was stopped by the addition of
0.05 ml5 N HCI (Beaudoin-Eagan and Thorpe 1985). Protein
content of each enzyme extract was estimated by the method
of Lowry et al. (1951). Standard curve of cinnamic acid and
coumaric acid was prepared to express enzyme activity as uM
cinnamic acid h™' g! protein and pM coumaric acid h™" -
g~ ! protein for PAL and TAL activity, respectively.

Data processing and statistical analysis

MetaboAnalyst 3.0, an online statistical package was used for
statistical and fold Change analysis (Xia et al. 2015). Peak
areas of metabolites were taken into consideration for statis-
tical analyses. Data were normalized with respect to the
internal standards (adonitol) and pareto scaling. Chromatog-
raphy peaks were considered significant where the signal to
noise (S/N) ratio was > 50, the fold change (FC) was > 2.0
and p values were 0.05. A Partial Least Square-Discriminant
Analysis (PLS-DA) was used to identify important metabolite
and the outliers at each stage (Karpe et al. 2015). A heat map
and dendrogram analysis employed to differentiate the rela-
tive levels and relationships of metabolites.

Triplicate data related to assay of enzymes, phenol and
sugar profiles were analysed by two-way ANOVA and
mean differences were compared by critical differences
(LSD, genotype x treatment) at p < 0.05 for significance.

Results and discussion
Disease rating of groundnut genotypes

Disease symptoms appeared at 7 days after inoculation
(Fig. 1a) and severity was determined by estimating the
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percent necrotic area on leaves. Disease rating (1-9) was
given based on percent disease severity (Fig. 1b). Percent
disease severity for CS186 and GBBD4 (resistant), GG2
and TPG41 (susceptible) was observed 10 and 4%, 35 and
50% respectively. Based on disease severity, disease rating
3.0,2.0, 6.0 and 7.0 was given to CS186, GPBD4, GG2 and
TPG41 respectively.

Non-targeted metabolic profiles using GC-MS

Non-targeted metabolic profiles using GC-MS revealed a
total of 67 metabolites including amino acids, fatty acids,
organic acids, sugars, sugar alcohols, sterols and phenolic
compounds. Different metabolic response was observed in
control and pathogen inoculated genotypes (Fig. 2). The
partial least squares-discriminant analysis (PLS-DA) using
variable importance in projection (VIP) measure was used
to identify metabolites that are significant in discriminating
the non-infected (control) and infected conditions. Control
plants had higher levels of p-ribofuranose, p-mannose,
malic acid, hexadecanoic acid, p-turanose, succinic acid,
inositol and p-mannitol, whereas pD-glucose, 2-butanedioic
acid, 2,3,4- trihydroxybutyric acid, p-fructose, lauric acid,
gulonic acid and xylitol level were found to be higher in
leaves of infected plants (Supplementary Fig S3).

A heatmap analysis provides a powerful global visual-
ization of alteration of metabolite levels due to infection.
Heatmap analysis clearly distinguished metabolite levels in
resistant and susceptible genotypes (Fig. 1). Constitutive
levels of alpha-p-galactoside, p-mannitol, p-erythropenti-
tol, glycine, and hexadecanoic acid were observed higher
in resistant genotypes than that of susceptible genotypes.
While higher levels of p-galactose, p-fructose and p-tura-
nose were observed in susceptible genotypes. Interestingly,
only resistant genotypes had arabinofuranose, 2-butendioic
acid, and linoleic acid at both control and infected stage,
but levels of these metabolites were further increased after
infection. Benzoic acid and 2,3,4-trihydroxybutyric acid
was detected only in resistant genotypes after infection. p-
glucuronic acid, gulonic acid and 2-keto-l-gluconic acid
were not observed in infected leaves of susceptible geno-
types. These molecules are precursor of ascorbic acid, an
antioxidant molecule (Isherwood et al. 1953; Saito et al.
1984). Similarly, a non-targeted GCMS study revealed 128
and 249 compounds including several sugars, organic
acids, and amino acids in Arabidopsis after 9 and 24 h of
infection with Alternaria brassicicola (Botanga et al.
2012). Significantly higher levels of trihydroxybutyrate, p-
mannitol, linoleic acid, benzoic acid and propanoate were
also reported in Phytophthora infestans inoculated leaves
of resistant potato variety (Hamzehzarghani et al. 2016).
Thus, implication of 2,3,4-trihydroxybutyric acid in resis-
tant reaction can confer it a defense related metabolite.
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Fig. 1 a Disease symptoms on
the leaves of groundnut
genotypes (Alternaria leaf spot
resistant: CS186 and GPBD4;
susceptible: GG2 and TPG41).
b Disease rating (1-9) based on
disease severity (%); where
rating 1 is for < 1% disease
severity, 2 for 1-5%, 3 for
6-10%, 4 for 11-20%, 5 for
21-30%, 6 for 31-40%, 7 for
41-60%, 8 for 61-80% and 9
for 81-100% disease severity

Cinnamic acid, a key compound of phenylpropanoid
pathway plays an important role in defense against plant
pathogens and abiotic stresses (Kim and Hwang 2014;
Shinde et al. 2017). Benzoic and salicylic acids are active
in signaling pathways and involved in plant defense as
antifungal compounds (Mustafa and Verpoorte 2005).
After infection, increased amount of linoleic acid in
resistant genotypes triggers up-regulation of jasmonate
signaling pathways and subsequent defense response
against P. infestans (Hamzehzarghani et al. 2016). As a
substrate of lipoxygenase (LOX) enzyme, linoleic acid also
involves in generation of jasmonic acid, methyl jasmonic
acid/or lipid peroxides, which act as signal molecules and
co-ordinately amplify specific responses (Mhaske et al.
2013). In present study, arabinofuranose that is essential for
biosynthesis of pectic polysaccharides (Hsieh et al. 2015)
was observed to be higher in resistant genotypes. Being an

integral part of plant cell walls, pectic substances deter-
mine the strength and flexibility of plant tissues (Chisholm
et al. 2006). Moreover, they also impart defense mecha-
nisms against plant pathogens and wounding (Voragen
et al. 2009).

Metabolite data were further analysed for cluster for-
mation. Based on metabolite pattern of genotypes, 2 clus-
ters were formed in which susceptible genotypes shared the
cluster-I and resistant genotypes occupied on cluster-1I
(Fig. 3). Non-infected leaves of susceptible genotypes
TPG41 had quite different metabolites than that of infected
leaves of TPG41 and GG2, thus shared different sub-
cluster on cluster-I. Similarly, non-infected leaves of
resistant genotypes GPBD4 had different metabolic pattern
than infected leaves of GPBD4 and CS186 and non-in-
fected leaves of CS186. Clustering pattern indicated that
genotype CS186 had almost similar pattern of metabolites

@ Springer
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Fig. 2 Abundance of metabolites (log2) in Alternaria leaf spot
resistant groundnut genotypes (CS186 and GPBD4) and susceptible
genotypes (GG2 and TPG41) in control (non-infected) and infected

during infected and non-infected condition and thus shared
same sub-cluster on cluster-1I. Hence, these results imply
that induced metabolic responses are less in CS 186.
Metabolomics data were further analyzed using random
forest to identify potential outliers (genotypes) in control
and infected conditions. Resistant genotypes CS186 and
GPBD4 were identified as positive outlier in control con-
dition, however, CS186 had higher outlying measure than
GPBD4. In infected condition, only genotype CS186
showed positive outlying measure (Fig. 4). Thus, these
results suggest that genotype CS186 is distinct among other
genotypes during control and infected condition.
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condition shown by Heatmap analysis. C: control and I: infected (5
dai). On the log scale bar brick red colour indicates increased
metabolite levels, and sky blue represents decreased levels

Targeted metabolites
Sugars

After infection, glucose, fructose and inositol contents
were significantly reduced in resistant genotypes while
induced in susceptible genotypes. Sucrose content
increased in all genotypes after infection but pronounced
increase was observed in susceptible genotypes (Table 1).
Substantial changes in the carbohydrate content of
cucumber plants have been observed during powdery
mildew infection which may favour fungal development
(Abood and Losel 2003). Increased rate of soluble sugars in
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susceptible genotypes after infection suggests an increasing
demand of sugars for spreading of the fungus and might
regulate gene expression of the pathogen.

Similarly, higher glucose and sucrose content in
apoplasmic fluids from Botrytis cinerea infected cotyle-
dons of tomato was observed compared to 0 h control (Asai
et al. 2015). These results indicated plant sugars are re-
quired for fungal growth at the early stage of infection,
especially sucrose, to the plant-fungus interface. Pathogen
induced invertase activity cleaves sucrose into glucose and
fructose and is linked to enhanced sugar content in apo-
plast (Berger et al. 2007).

Phenols

Resistant genotypes of groundnut had higher content of
cinnamic acid and salicylic acid in both non-infected and
infected leaves. About 4 to fivefold higher content of cin-
namic acid was observed in resistant genotypes at both
control and infected stage. Interestingly, salicylic acid was

not observed in non-infected leaves of both susceptible
genotypes; however it was induced in GG2 after infection.
Moreover, infected leaves of resistant genotypes also had 3
to fourfold higher levels of caffeic acid and coumaric acid.
Ferulic acid was found to be higher in susceptible geno-
types than that of resistant genotypes (Table 2).

Higher content of phenolic acids (cinnamic, coumaric,
caffeic and salicylic acid) in Alternaria resistant groundnut
genotypes further suggested that disease resistant plants
may consist inherently higher amount of phenolics
(Sztejnberg et al. 1983; Jadhav et al. 2013. Phenolics bind
to fungal cell walls, make them more rigid and imperme-
able thus, hindering further growth or uptake of water and
nutrients (Lattanzio et al. 2006). Furthermore, phenolics
are the precursors of lignin, which acts as a general barrier
for pathogen advancement (Bollin et al. 2010). Ponts et al.
(2011) tested effect of coumaric, caffeic, ferulic, 4-hy-
droxybenzoic and syringic acids on toxin production by
Fusarium graminearum. They observed that 4-hydroxy-
benzoic decreased toxin production while coumaric and
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Fig. 4 Identification of Cs186_|
potential outliers groundnut
genotypes (Alternaria leaf spot
resistant: CS186 and GPBD4; ™ -
susceptible: GG2 and TPG41) at
control (non-infected) and
infected condition. C: control |
and I: infected (5 dai) Cp186_C
(7] N
Q
S
[72]
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Table 1 Changes in sugar 1 1 R 1 1
profile of groundnut genotypes Genotype/treatment  Glucose (mg g~ ') Fructose (mg g~ ) Inositol (mg g~')  Sucrose (ug g~ )
during Alternaria-groundnut Control Infected Control Infected Control Infected Control Infected
interaction
CS186 240°  1.54° 2.40 1.51° 290 270  256.33°  291.33¢
GPBD4 1.42°¢ 1.33° 1.56° 1.35¢ 3.09% 2.29¢ 231.67°  343.67°
GG2 .63 71.7° 2.80°  10.63* 220 314>  512.67° 93333°
TPG41 4.89* 7.09* 5.95% 9.25° 3.18* 5.40° 978.33* 1393.00*

All values are mean of three replications. Mean values with different letters (a, b, ¢ and d) within the same
column are statistically different according to Duncan’s multiple range test (p value < 0.05)

Table 2 Changes in phenolic profile of groundnut genotypes during Alternaria-groundnut interaction

Genotype/treatment Cinnamic acid Caffeic acid (ug™' g) Coumaric acid Ferulic acid (ug™' g)  Salicylic acid
(ng™'9 (ng™' 9 (ng'e
Control Infected Control Infected Control Infected Control  Infected  Control Infected
CS186 10.00? 12.70° 2.30° 6.17° 2.20° 8.30° 8.90° 5.30° 16.77° 20.50°
GPBD4 11.30° 11.20° 3.10° 8.20° 3.40° 13.00% 3.53¢ 3.70° 15.87° 21.13°
GG2 2.20° 3.50° 1.13¢ 2.20° 1.40° 1.20¢ 9.77° 9.63° ND° 12.1°
TPG41 2.50° 3.50¢ 2.50* ND¢ 4,93 4.37° 23.40*°  39.00* ND° ND¢

All values are mean of three replications. Mean values with different letters (a, b, ¢ and d) within the same column are statistically different

according to Duncan’s multiple range test (p value < 0.05)

ferulic acid increased it. Salicylic acid has been recognized
a major immune-related signal in the plant. Salicylic acid
potentiates the oxidative burst by leading to the production
of reactive oxygen species which is ultimately required for

@ Springer

systemic resistance (Borsani et al. 2001; Delaney et al.
1994). Absence of salicylic acid in non-infected leaves of
susceptible genotypes imply role of salicylic acid in
Alternaria resistance.
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Table 3 Changes in defense related enzymes activities of groundnut genotypes during Alternaria-groundnut interaction

Genotype/treatment PAL activity (UM cinnamic acid TAL activity (UM coumaric acid POX activity (mM guaiacol
h™" g™' protein) h™! ¢! protein) min~"' g~ protein)
Control Infected Control Infected Control Infected
CS186 8.71 9.11* 23.38° 56.61° 11.35¢ 25.14%
GPBD4 6.33° 8.37* 45.72* 85.00* 15.90° 24.02°
GG2 3.27° 2.90° 19.02° 10.5¢ 13.13¢ 17.60°
TPG41 1.89¢ 1.62b 18.07° 29.38° 14.68° 17.56°

All values are mean of three replications. Mean values with different letters (a, b, c and d) within the same column are statistically different

according to Duncan’s multiple range test (p value < 0.05)

Enzymes

Both constitutive and induced levels of phenylalanine
ammonia-lyase activities were observed to be significantly
higher in resistant genotypes than that of susceptible
genotypes. PAL activity was increased in resistant geno-
types while decreased in susceptible genotypes after
infection. Resistant genotypes had two to threefold higher
PAL activities at constitutive level and 3 to fourfold higher
at induced level compared to susceptible genotypes
(Table 3). Non-infected leaves of resistant genotypes also
had appreciably higher activities of TAL, that further
induced about twofold in infected leaves (Table 3). A
distinct trend of POX was not observed in resistant and
susceptible genotypes at control but susceptible genotypes
had significantly lower POX activity than that of resistant
genotypes. Though, POX enzyme was induced in all
genotypes after infection but more prominent induction
was observed in resistant genotypes.

In the first step of phenylpropanoid pathway, pheny-
lalanine ammonia-lyase (PAL) catalyzes a reaction on L-
phenylalanine which undergoes deamination to yield trans-
cinnamate and ammonia. PAL activity is key point for the
biosynthesis of lignin, suberin, phytoalexins, stilbenes,
coumarins and other flavonoids (Zhang et al. 2017).
Induction of PAL activity is also essential, if pre-formed
antifungal phenolics are inadequate to retard the develop-
ment of the infectious process (Shiraishi et al. 1995;
Yedidia et al. 2003). Thus, higher activities of PAL and
TAL in resistant genotypes trigger the phenylpropanoid
pathway for higher accumulation of phenolics. Our results
inferred that increased levels of phenolics provide an
adequate substrate to oxidative reactions catalyzed by
polyphenol oxidase and/or peroxidase. These enzymes
utilize oxygen and produce toxic quinones which make the
host unfavourable for the further infectious process of
pathogens (Lattanzio et al. 2006).

Conclusions

Metabolomics study comprising non-targeted and targeted
metabolite profiles clearly distinguished Alternaria leaf
spot resistant and susceptible groundnut genotypes
and thus can be used as a tool to discriminate Alterneria
resistant and susceptible genotypes. Arabinofuranose,
2-butendioic acid, and linoleic acid were exclusively
observed in resistant genotypes that can be used as bio-
marker. Benzoic acid and 2,3,4-trihydroxybutyric acid was
detected only in resistant genotypes after infection that may
restrict pathogen development in resistant genotypes.
Constitutive higher levels of cinnamic and salicylic acid
may also act as pre-formed resistant molecules. These
phenolics were further induced after infection with con-
comitant increase of PAL and TAL enzymes. Our result
suggests that resistant genotypes had higher levels of cell
wall synthesis and rigidity related compound (Arabinofu-
ranose) along with phenylropanoids (cinnamic, coumaric
caffeic and salicylicacid) that may restrict pathogen entry.
Higher activities of POX in resistant genotypes may oxi-
dize these phenolics into toxic substances for the extra-
cellular enzymes produced by the pathogen. Overall, this
study delineate the basic mechanism of Alternaria leaf spot
resistance in groundnut, however further studies are needed
for understanding of detail mechanism using expression
profiles of specific pathways related genes.
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