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ABSTRACT

Phytoplasmas are pathogens of important annual crops as well as perennial cultures, causing different
symptoms that ranges from yellowing to death of infected plants. The aim of the present work was to
analyze the changes in the activity of metabolic and antioxidant enzymes, as well as in the content of total
soluble sugars, tocopherols, and total phenolic compounds in field-grown pepper plants (Capsicum annuum
L.) under the influence of phytoplasma infection. The activities of benzidine peroxidase (BPO) and guaiacol
peroxidase (GPO) were observed to increase in infected pepper leaves in comparison with the healthy
control. According to the native polyacrylamide gel electrophoresis (PAGE), the levels of studied antioxidant
enzyme isoforms were enhanced under pathogenesis. Activities of aspartate aminotransferase (AsAT) and
alanine aminotransferase (ALAT) were also increased in the infected plants compared with healthy plants.
The amount of tocopherols, soluble sugars, and total phenols was significantly higher in leaves due to the
phytoplasma infection. In conclusion, all of the observed alterations could be considered to be the response
and the adaptation ability of pepper plants against pathogen infection.
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INTRODUCTION

Phytoplasmas are associated with diseases in several
hundreds of important plant species. These pathogens
multiply within the phloem cells of the host plant and are
transmitted from plant to plant by phloem-feeding insects
and by vegetative multiplication of infected plant material
(Weintraub and Beanland, 2006). Phytoplasmas spread
through the plants by insect vectors during feeding
activity and survive and multiply in the plant phloem and
insect hemolymph (Bertaccini et al., 2014). In Azerbaijan,
'‘Candidatus Phytoplasma solani' is the most common
phytoplasma, which has a wider range of host plants
(Balakishiyeva et al., 2010). ‘Ca. P. solani’, is widespread

in all European and Mediterranean areas, and it can
seriously affect quality and quantity of production
(Quaglino et al., 2013). This phytoplasma induces stolbur
disease and infected plants show leaf discoloration,
stunting and especially flower malformations, such as
virescence and phyllody, leading to sterility (Bertaccini
and Duduk, 2009). All these morphological changes
affecting phenotypical expression closely related to
biochemical alterations in infected plants. One of the
earliest cellular responses of plants to pathogen
infections is the intensification of the synthesis of reactive
oxygen species (ROS). This is one of the major host



defenses against pathogenic bacteria. One of the main
reasons for the formation of ROS, including hydrogen
peroxide (H,O,) was found to be increasing intensity of
photorespiration during pathogenesis. H,O, is the most
stable compound among ROS and it plays a signaling
role in plant responses to stress (Van Breusegem et al.,
2008). During the pathogen attack certain defense
mechanisms in plants, such as alterations in antioxidant
substances and enzyme synthesis, were induced (An et
al., 2010). One of the pivotal enzymes providing plant
defense against pathogens is peroxidase. Peroxidases
(EC, 1.11.1.7) perform various functions in living
organisms. They fulfii H,O, detoxification along with
catalase (EC 1.11.1.6) (Huseynova et al., 2015).
Peroxidases, defending plants against oxidative stress,
also control plant growth, differentiation and development
and participate in the lignification of cell walls (Blee et al.,
2003). Therefore, peroxidases can be considered as
stress markers of the organism.

Soluble  compounds (including  sucrose) are
accumulated in plants during pathogenic disease and
participate in plant protection against stress (Rolland et
al., 2006). Tocopherols and total phenolic compounds are
low molecular weight antioxidants protecting plants
against oxidative stress (Shalaby and Horwitz, 2015).
Phenolic compounds may contribute to enhance the
mechanical strength of host cell walls by the synthesis of
lignin and suberin that are involved in the formation of
physical barriers that can block the spread of pathogens.
It is known that the presence of phenolic compounds in
plants and their synthesis in response to infection is
associated with resistance (Jayaraj et al., 2010).

The aim of the present work was to investigate the
biochemical alterations in metabolic and antioxidant
enzyme activities in field-grown pepper plants (Capsicum
annuum L.) infected with 'Candidatus Phytoplasma
solani'.

MATERIALS AND METHODS
Plant materials

The pepper (Capsicum annuum L.) leaves used in this study were
collected from field-grown plants with symptoms reminiscent of
phytoplasma infection located in experimental field of the Institute of
Botany, Baku, Azerbaijan. Symptomless plant leaves were also
used as control.

Phytoplasma detection and identification

Total DNAs were extracted from 1 g fresh leaf midribs of infected
and healthy plants (as control) following CTAB extraction protocol
(Maixner et al, 1995). Extracted DNA concentrations were
determined by nanodrop reading. DNA samples were tested by
16S-rDNA nested PCR with the universal primers for phytoplasmas
R16mF2/ R16mR1 and R16F2n / R16R2 (Gundersen and Lee,
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1996). Polymerase chain reaction (PCR) was performed in mixtures
(50 ul total volume) containing 100 ng of nucleic acid, PCR Buffer
1X, 2 mM MgCl,, 1 uM of each primer, 200 pL of dNTP mix, and 2
units of Taq polymerase. Following conditions were used:
denaturation at 94°C for 1 min (94°C for 2 min for the first cycle),
annealing (hybridation) at 60°C during 2 min (55°C for second
amplification in Nested PCR), and primer extension (elongation) at
72°C for 3 min and 10 min in the final cycle. 7 pl of Nested PCR
products were analyzed by agarose gel electrophoresis.

Identification was performed by enzymatic restriction fragment
polymorphism (RFLP). The obtained Nested PCR products (1.25
kbp) were digested with Alul (Promega), and Rsal (Promega)
restriction endonucleases according to the manufacturer's
protocol.

Estimation of total phenolic compounds

The amount of total phenol compounds in the plant tissue was estimated
using the method proposed by Mallick and Singh (1980). Phenols react
with phosphomolybdic acid in Folin-Ciocalteau reagent to produce a
blue-coloured complex in alkaline medium, which can be estimated
spectrophotometrically at 650 nm. Standard gallic acid solution (0.2 to
1.0 ml) corresponding to 2.0 to 10 pg concentrations were also treated
as above. The concentration of total phenolic compounds is expressed
as mg/g dry weight.

Estimation of soluble sugars

The amount of the soluble sugars in the plant tissue was determined
using the anthrone method (Kochetkov et al., 1976). An aliquot of the
extract was hydrolyzed in 5 ml of 0.4% anthrone solution (4 g anthrone
in 1000 ml 95% H,SOy) in boiling waterbath for 15 min. After cooling, the
sugar concentration was determined spectrophotometrically at 620 nm.
Sucrose was used as standard. The concentration of soluble sugars is
expressed as mg/g dry weight.

Estimation of tocopherol

Tocopherol was estimated in the plant samples by the Emmerie-Engel
reaction as reported by Rosenberg (1992). The Emmerie-Engel reaction
is based on the reduction of ferric to ferrous ions by tocopherols, which,
with 2,2'-dipyridyl, forms a red colour. Tocopherols and carotenes are
first extracted with xylene and read at 460 nm to measure carotenes. A
correction is made for this after adding ferric chloride and read at 520
nm. Tocopherol was used as a standard. The concentration of
tocopherol in the sample was calculated using the formula:

Tocopherols (ug/mg fresh weight) =
((Sample Aszo-Auso)/Standard Aszo) x 0.29 x 0.15

Extractions and determination of the activity of aminotransferases

The plant material frozen in liquid nitrogen was thawed, and 200 mg
of it was subjected to quickly extraction using a chilled mortar and
pestle with 1 ml of medium containing 100 mM Tris-HCI (pH 7.8), 10
mM MgCl;, 1 mM EDTA, 10 mM 2-Mercaptoethanol, 2 mM
phenylmethylsulphony! fluoride (PMSF) and 2% (w/v) insoluble
polyvinylpyrrolidone (PVP). The homogenate was centrifuged at
12000 g for 5 min. Supernatant was used for the enzyme activity
assays. Enzymatic activities of transferases were determined
spectrophotometrically (Ultrospec 3300 pro, Amersham, USA).



Measurements were taken at 340 nm for 1 min and the obtained
results were expressed as U/mg protein min.

Alanine aminotransferase activity (ALAT)

The ALAT (EC 2.6.1.2) enzyme activity was determined at 25°C in
a continuous assay by coupling the reaction of lactate
dehydrogenase (LDH) to nicotinamide adenine dinucleotide
(NADH) oxidation (Horder and Rej, 1983). The reaction mixture
contained 70 mM alanine, 10 mM 2-oxoglutarate, 5 uM pyridoxal 5-
phosphate, 0.2 mM NADH, 2mM EDTA, 25 mM Tris-HCI (pH 8.5)
and 3 units of LDH. Results were expressed as U/mg protein min.

Aspartate aminotransferase (ASAT) activity

ASAT (EC 2.6.1.1) activity was measured in 1 ml volume at 25 mM
Tris-HCI (pH 8.5), containing 2mM EDTA, 2.5 mM 2-oxoglutarate, 5
pg/ml pyridoxal 5-phosphate, 10 mM DTT, 12 U/ml malate
dehydrogenase, 0.1 mM NADH (Alfonso and Briggemann, 2012).
Results were expressed as U/mg protein min.

Extraction and determination of the activity of peroxidases

To obtain total cell extract, pepper leaves were homogenized in a
medium containing 1 mM EDTA, 2 mM PMSF, 1% PVP, 100 mM
Na-phosphate buffer (pH 7.8), 0.1% Triton X-100, then filtered and
centrifuged for 20 min at 15,000 g. The resulting supernatant was
used for analysis of peroxidase enzymes. The activities of the
studied enzymes in leaves of pepper were assessed
spectrophotometrically at a linear reaction and results were
expressed as pmol/mg protein min.

Guaiacol-type peroxidase activity (GPO)

Guaiacol-type peroxidase activity (EC 1.11.1.7) was determined by
the change in optical density of the reaction mixture for 3 min at 470
nm (Mahalingam et al, 2005). GPO activity was calculated
according to the quantity of oxidized guaiacol umol / (mg protein
min) considering the extinction coefficient, € = 26.6 mM*cm™.

Activity of the benzidine-type peroxidase (BPO)

Benzidine-type peroxidase (EC 1.11.1.7) activity was measured by
the increase in optical density of the reaction mixture for 1 min at
590 nm (Gechev et. al., 2002). The activity was calculated from the
amount of expended benzidine in pmol / (mg protein min)
considering extinction coefficient, € = 39 mM™cm™.

Determination of the isoenzyme content of peroxidase
enzymes

Qualitative changes in the enzyme activities were determined using
a vertical native 7% PAGE according to the method of Davis (Davis,
1964). Electrophoresis was carried out for 3 h at 4°C with a steady
current of 30 mA, using the device SE 250 (Amersham Biosciences,
USA). Staining of guaiacol peroxidase lines was performed by the
method of Radotic et al. (2000) and benzidine peroxidase by the
method of Cuypers et al. (2002).
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Statistical analysis

The significance of differences between control and experimental
groups was analyzed using the unequal variance two-tailed
Student’s t —test. Data with P < 0.05 were considered statistically
significant. Three different samples for each treatment were taken
and analysed twice.

RESULTS
Phytoplasma detection and identification

The infected pepper plants have shown typical
symptoms, including sterility of the flowers, leaf yellowing
and leaf rolling. The presence of the phytoplasmas was
confirmed by 16S-rDNA nested PCR with the universal
primers R16mF2 / R16mR1 and R16F2n / R16R2 (Figure
1). While healthy control gave no amplification, an
expected 1250 bp fragments were obtained from all
symptomatic pepper plant DNA samples (Figure 1).

Taxonomic characterization was performed by RFLP
analysis of 16 S Nested PCR products with Alul and Rsal
restriction enzymes. Results of RFLP analysis indicated
that all the pepper samples were infected by ‘Candidatus
Phytoplasma solani'.

The changes in the activity of metabolic and antioxidant
enzymes, as well as in the content of total soluble sugars,
tocopherols, and total phenolic compounds in field-grown
pepper plants (Capsicum annuum L.) were analyzed
under the influence of 'Ca. P. solani’ infection.

Figure 1. Nested PCR amplification of phytoplasma 16S rDNA with
the universal primer pairs R16mF2 / R16mR1 and R16F2n /
R16R2. Lane M - 1Kb DNA ladder (Invitrogen), lanes 1, 2 and 3 are
infected pepper samples, lane 4- positive control, lane 5- negative
control.



Aminotransferase activity

Aspartate aminotransferase (ASAT) plays an important
role in the primary nitrogen assimilation, in the transport
of reducing equivalents and also in the exchange of
carbon (C) and nitrogen (N) among subcellular
compartments of the cell. The activity of ASAT was
higher in leaves of infected plants compared with healthy
plant samples and the highest activity was observed in
infected samples N3. The activity of ASAT increased 1.7,
1.3 and 2.6 times in infected leaf samples N1, N2 and
N3, respectively (Figure 2).

As an index of metabolic alterations caused by
phytoplasma infection in pepper plants, alanine
aminotransferase activity was also studied comparatively
in infected and healthy plant leaves. ALAT activity was
found to increase 3.8, 2.2 and 8.4 times in phytoplasma
infected samples N1, N2 and N3, respectively in
comparison with the healthy control samples (Figure 3).
The rate of the general metabolic processes was higher
in infected sample N3.

Total soluble sugars, tocopherols and total phenolic
compounds

Synthesis of polysaccharides which takes an active part
in the stabilization of biomembranes was intensified
under stress. An increase in the sucrose amount was
observed in all the infected pepper samples. So,
compared with the healthy leaves in the first, second and
third samples, 21.7, 8.7 and 30.9% increases in sucrose
amounts were observed, respectively (Table 1).

Phenolic compounds were considered as a major
group of compounds that contributed to the antioxidant
activity. Significant amounts of total phenolic compounds
(TPC) were detected in all pepper samples infected by
'‘Candidatus Phytoplasma solani'. The content of TPC of
the different pepper leaf samples ranged from 55.19 to
200.11 mg GA g'l DW (Table 1). Higher amount of TPC
was detected in the infected sample N3 (~4 times more),
and significantly lower content in N2 compared with the
healthy sample.

Tocopherols are a group of powerful antioxidants
having additional roles in signaling and gene expression.
In our investigations, tocopherols content (vitamin E) in
the infected pepper leaves ranged from 0.673 to 1.287
pg/mg fresh weight (Table 1).

Peroxidase activity

In the present work, two types of substrates were used to
determine the activities of peroxidases: anionic
peroxidases express higher specificity to benzidine, while
cationic peroxidases are more specific to guaiacol.
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Figure 2. Changes of aspartate aminotransferase activity in healthy
and phytoplasma infected pepper leaves.
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Figure 3. Changes of alanine aminotransferase activity in healthy
and phytoplasma infected pepper leaves.

Peroxidase activity was observed to change in the
infected pepper leaves compared with control (healthy)
ones. Peroxidase activity increase occurred in the
infected leaves of all studied plants and was dependent
on the degree of leaf damage. Guaiacol peroxidase
activity increased 4, 1.5 and 3 times in the variants N3,
N1 and N2, respectively (Table 2). The sharp
enhancement of the guaiacol peroxidase activity during
stress may be related to the increased content of
phenolic compounds.

Pathogen infection causes rapid activation of
peroxidases, which is often accompanied by the
emergence of multiple new forms and disappearance of
other forms of the enzyme. Native gel electrophoresis
was performed to determine isoenzyme content of
peroxidase in phytoplasma-infected pepper leaves
(Figure 4). According to the electrophoregram, the
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Table 1. Changes of total phenolic compounds, tocopherols and sucrose contents in healthy and phytoplasma infected pepper

leaves.

Total phenolic compounds

Plant samples (malg dry weight)

Tocopherols (ug/mg fresh weight)

Sucrose (mg/g dry weight)

Control (health) 43.75+2.18

Infected N1 75.21+3.76

Infected N2 55.19 + 2.50

Infected N3 200.11 £ 10.00

P values

Control/N1 rxk *x
Control/N2 *x *
Control/N3 rxk rxk
N1/N2 ** *
Nl/N3 *k*k *k*k
N2/N3 *kk *k*k

0.59+0.03 15.01+0.75
0.80+0.04 18.27 £ 0.91
0.67 £ 0.03 16.32+0.81
1.29£0.06 19.65+0.98

**

ns
*k

ns
ns

Note: *** — p<0.001; ** — p<0,01; * — p<0.05; ns — no significance;
Means + SD of three replicates.

Table 2. Changes of guaiacol and benzidine peroxidase activities in healthy and phytoplasma infected

pepper leaves.

Plant samples

GPO (umol/mg protein min)

BPO (umol/mg protein min)

Control (healthy) 0.013 £ 0.001 0.943 £ 0.090
Infected N1 0.020 + 0.002 2.357 +£0.230
Infected N2 0.039 + 0.004 1.836 +£0.180
Infected N3 0.053 + 0.005 1.422 +0.140
P values

Control/N1 *x ool

Control/N2 ool *x

Control/N3 ool *x

N1/N2 ** *

Nl/N3 *k*k *%

N2/N3 * *

Note: *** —p < 0.001; ** — p <0.01; * - p < 0.05; ns — no significance;

Means + SD of three replicates
GPO - guaiacol peroxidase
BPO - benzidine peroxidase.

phytoplasma infection in pepper plants did not cause the
emergence of new forms of guaiacol peroxidase (Figure
4a). Intensification of stained bands testified an
enhancement of GPO activity in these plants upon
pathogen infection. Apparently, peroxidase activation
occurred due to the activation of isoperoxidase existing
already in the cell. The increase in enzyme activity with
the increasing degree of leaf damage may have occurred
due to peroxidase synthesized by the pathogen itself.
The electrophoregram of benzidine peroxidase showed

an increase in the amounts of isoforms (Figure 4b). The
emergence of three new forms of benzidine peroxidase
(BPO3, BPO4 and BPO5) with high electrophoretic
mobility was detected in all infected samples and one
more high-molecular form (BPO1) in sample N1.
Apparently, peroxidase activation occurs due to de novo
synthesis of peroxidases. This suggests that those
isoenzymes are most likely involved in defense
mechanism in relation to pathogenesis of 'Candidatus
Phytoplasma solani' in pepper plants.
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Figure 4. Native gel analysis for GPO (a) and BPO (b) activity in
healthy and phytoplasma infected pepper leaves. Lane C — control,
healthy pepper sample; lanes 1-, 2-, 3- phytoplasma infected
pepper samples, respectively. Arrowheads indicate a novel
isoenzymes induced by phytoplasma infection.

DISCUSSION

Phytoplasmas cause many different diseases, damaging
the physiological and biochemical processes in plants.
However, several recent studies have improved the
knowledge on the effect of phytoplasma infection on host
metabolism (Lepka et al., 1999; Musetti et al., 2000;
Abdollahi et al., 2012; Margaria et al., 2013).
Physiological and biochemical aspects of phytoplasma-
plant interaction are still required to be investigated.
Studies of biochemical alterations in plants induced by
phytoplasma infection are important contribution to
clarifying plant-pathogen interaction and understanding
how plants react to phytoplasma infections. In our
investigations, the effect of ‘Ca. P. solani’ infection on the
activity of metabolic and antioxidant enzymes, content of
total soluble sugars, tocopherols, and total phenolic
compounds in field-grown pepper plants was studied.
Phytoplasma infections adversely affect amino acid
transport in host plants. An increase in the amounts of
amino acids was detected in leaves of C. roseus and
tobacco plants infected with the phytoplasma species
“Ash yellows” and “Ca. P. mali”, respectively (Lepka et
al., 1999). Phytoplasma infection causes limitations in
amino acid transport in phloem tubes of plant leaves,
resulting in their accumulation (Carginale et al., 2004).
Significant increase in aminotransferases activities have
been observed in this study. Subbaiah and Sachs (2003)
have also reported the occurrence of alterations in
alanine aminotransferase activity in maize plants under
the influence of pathogens. Alanine aminotransferase
(ALAT, EC 2.6.1.2) catalyzes the conversion of alanine
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and 2-oxoglutarate into pyruvate and glutamate. This
peroxidase-dependent enzyme plays a pivotal role in
plant metabolism, especially in primary carbon
metabolism and amino acid synthesis (Kendziorek et al.,
2012; Mello, 2015). ALAT also plays an important role in
the formation of the plant response to various
pathogenes  (Kim et al, 2005). Aspartate
aminotransferase (ASAT, EC 2.6.1.1) plays a major role
in the primary nitrogen assimilation, transport of reducing
equivalents and exchange of carbon and nitrogen
supplies among cellular subcompartments (Torre et al.,
2014; Gaufichon et al., 2015). The evaluation of the role
of ASAT and ALAT in plant responses to adverse
environmental conditions and biotic stress is considered
as the most urgent issue.

The result showed that the content of total soluble
sugars increased in infected pepper leaf samples in
comparison with healthy control plants. An increase in the
sucrose amount can be explained by its anti denaturating
effect on protein-lipid components exposed to
denaturation under biotic stress. This is consistent with
the results obtained by Lepka and co-authors (Lepka et
al.,, 1999). The authors showed that phytoplasma
infection resulted in an increase in the soluble
carbohydrate and starch in source leaves of tobacco and
periwinkle plants. In sweet orange (Citrus sinensis)
leaves infected with ‘Candidatus liberibacter asiaticus’,
sucrose and glucose remained at high levels compared
to healthy leaves, whilst no accumulation of fructose was
observed; in contrast, the maltose content decreased
(Fan et al., 2010).

In our investigations, content of total phenolic
compounds and tocopherols in infected pepper leaves
was increased in comparison with healthy control. Plant
phenolic compounds are known to protect plants against
tissue injuries, high levels of oxygen, free radicals and
reactive oxygen species (Shalaby and Horwitz, 2015).
Having high activity due to the aromatic rings and free
hydroxyl groups in their composition, these compounds
easily react with free radicals and scavenge ROS formed
during stress. This function of phenolic compounds is
more important for leaves compared with other organs of
plants during pathogen infection, as chloroplasts where
the formation of H,O, and other ROS occur are located in
the leaves (Foyer and Noctor, 2003). Tocopherols
prevent the oxidation of unsaturated fatty acids in cell
membrane, thus maintaining their structure (Mohamed et
al., 2012). Phenolic compounds have different rates of
accumulation depending on whether plant-pathogen
interaction is compatible or incompatible. The results of
this study were similar to those reported by Zhao et al.
(2008). Results of other studies point to an involvement
of phenolic compounds in the defensive reactions of
banana plants against various pathogens (Ewané et al.,
2012). The defense response of the tomato tissue was



seen in an increase in soluble phenol, and/or the deposit
of lignin (Zhu and Yao, 2004). Therefore, it seems
reasonable to speculate that the increment in tocopherol
levels in infected pepper leaf tissues may enhance
resistance to ‘'Candidatus Phytoplasma solani® by
protecting cell membrane from oxidative damage
associated with infection. Thus, an increase in the
guantity of low molecular weight antioxidants in the
studied samples under stress is considered to be the
adaptation ability of pepper plants against phytoplasma
infection.

Results also showed that the peroxidase activities were
significantly higher in infected pepper leaves than in
healthy control. These results have shown increase of
peroxidase activity under phytoplasma infection is in
compliance with Agrios (2005). According to the
literature, peroxidase activation is an index of early plant
response to pathogen exposure and plant tolerance
(Kuvalekara et al., 2011). Peroxidase is highly sensitive
to environmental factors and biotic and abiotic stresses
cause the alterations in enzyme activity. Therefore,
peroxidase actively participating in self-regulation of plant
metabolism under infection is considered to be one of the
most important catalytic systems among biochemical
factors of plant protection against pathogen
microorganisms. Our investigations also showed that new
molecular forms of the peroxidases are synthesized
under the influence of phytoplasma infection. It can be
concluded that the phytoplasma infection is accompanied
by changes in peroxidase activity and, quantitative and
gualitative alterations of its multiple molecular forms. The
determination of peroxidase activity allows the
assessment of plant tolerance against pathogen at early
stages of plant development and hence, it is possible to
purposefully speed up selection work by the exclusion of
sensitive varieties.

CONCLUSION

In summary, the activities of nitrogen metabolism
enzymes and antioxidant defence enzymes, content of
soluble sugars, low molecular weight antioxidants were
found to increase in diseased pepper plants compared
with healthy ones under the influence of phytoplasma
infection. Alterations in the activities of metabolic
enzymes, which provide the response to various abiotic
and biotic stresses, are considered to be the plant
response to the phytoplasma infection. The increase in
the quantity of low molecular weight antioxidants such as
flavonoids, phenolic acid and tocopherols exerts
protective effects against oxidative stress. So, it could be
considered to be the adaptation ability of pepper plants
against pathogen infection. Further research should aim
to investigate the antioxidant defence enzymes in the
most productive pepper cultivars in comparison with the
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susceptible and resistant genotypes.
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