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Pea aphid infestation induces changes in flavonoids,
antioxidative defence, soluble sugars and sugar
transporter expression in leaves of pea seedlings
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Abstract The perception of aphid infestation induces highly
coordinated and sequential defensive reactions in plants at the
cellular and molecular levels. The aim of the study was to
explore kinetics of induced antioxidative defence responses
in leaf cells of Pisum sativum L.cv. Cysterski upon infestation
of the pea aphid Acyrthosiphon pisum at varying population
sizes, including accumulation of flavonoids, changes of
carbon metabolism, and expression of nuclear genes in-
volved in sugar transport. Within the first 96 h, after
A. pisum infestation, flavonoid accumulation and in-
creased peroxidase activity were observed in leaves. The
level of pisatin increased after 48 h of infestation and reached
a maximum at 96 h. At this time point, a higher concentration
of flavonols was observed in the infested tissue than in the
control. Additionally, strong post-infestation accumulation of

chalcone synthase (CHS) and isoflavone synthase (IFS) tran-
scription products was also found. The levels of sucrose and
fructose in 24-h leaves infested by 10, 20, and 30 aphids were
significantly lower than in the control. Moreover, in leaves
infested by 30 aphids, the reduced sucrose level observed
up to 48 h was accompanied by a considerable increase
in the expression level of the PsSUT1 gene encoding
the sucrose transporter. In conclusion, A. pisum infestation
on pea leads to stimulation of metabolic pathways associated
with defence.
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Abbreviations
ABTS+ The 2,2'-azino-bis-

(3-ethylbenzthiazoline-6-sulphonic
acid) cation

CHS Chalcone synthase
DPBA Diphenylboric acid 2-aminoethyl

ester
G Gram
Hpi Hours post infestation
IFS Isoflavone synthase
LC/UV/ESI/MS/MS Liquid chromatography/ultraviolet

detection/electrospray/mass spec-
trometry (tandem mass spectrometry)

POX Peroxidase
ROS Reactive oxygen species
SUT1 Sucrose transporter
SUF1, SUF4 Sucrose facilitators
SWEETs Sugar efflux carriers
TAC Total antioxidant capacity
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Introduction

Among secondary metabolites, flavonoids are responsible for
many key functions, which are critical for plant survival
(Gould and Lister 2006). Flavonoids, like other phenolics,
play an important role in the defence against insect herbivores,
such as aphids (Simmonds 2003). Studies on insect–plant
interactions have revealed important contributions of
isoflavonoids (Simmonds and Stevenson 2001), likewise
flavones, flavonols, and anthocyanins are equally important
(Gould and Lister 2006; Lev-Yadun and Gould 2009). The
accumulation of these secondary metabolites observed in re-
sponse to aphid attacks (Lattanzio et al. 2000) resembles cel-
lular action against other stress factors of both biotic
(Morkunas et al. 2007, 2011a, b, 2013) and abiotic origin
(Harborne and Williams 2000; Pourcel et al. 2007). These
metabolites are extremely important not only for plant defence
reactions, including against oxidative stress, but also due to
their function as intracellular signaling molecules (Peer and
Murphy 2006). Therefore, flavonoids may affect transcrip-
tion, translation, enzyme activity, signal transduction,
and enhance cell–cell communication in plants. The
present study highlights the important role of flavonoids
in pea, particularly pisatin (an isoflavonoid derivative
belonging to the pterocarpan family) as phytoalexin
(Jeandet et al. 2013, 2014) involved in the defence strategy
against the pea aphids, and the significance of the allocation of
carbon in the stimulation of secondary metabolism, including
the phenylpropanoid pathway. Simultaneously, we emphasize
the essential role of sugar transporters for the distribution of
carbohydrates inside plant cells during plant–aphids interac-
tion. This is the first report revealing the kinetics of induced
antioxidative defence, including post-infestation changes of
soluble sugars, expression of nuclear genes engaged in su-
crose transport and subcellular location of flavonoids, and
total antioxidant capacity in plant response to aphid attack.
Only very few studies have demonstrated a significant role
of the free flavonoids aglycones in the mechanism of plant
resistance to aphid feeding (Lattanzio et al. 2000; Ateyyat
et al. 2012). Recent research on plant defense response to
other biotic stress factors than insects revealed that flavonoids’
biosynthesis requires an effective flow of carbon to the
phenylpropanoid pathway. A significantly stimulatory role
of sugars in the secondary metabolism was mainly demon-
strated in in vitro studies (Morkunas et al. 2005; Solfanelli
et al. 2006; Formela et al. 2014). It has been reported that
soluble sugars such as sucrose, glucose, and fructose can be
donors of the carbon skeletons for secondary metabolism and
signaling molecules regulating the expression of genes
encoding flavonoid biosynthesis enzymes (Morkunas et al.
2007, 2011a). However, sucrose has a central position in plant
metabolism as the first free sugar formed during photosynthe-
sis (Koch 2004; Van den Ende 2013) and the major form of

translocated sugars in the phloem (Shiratake 2007; Van Bel
and Hess 2008). Besides, sucrose creates the driving force for
long-distance translocation of all other compounds in the
phloem (Chen et al. 2015). Sucrose partitioning from the site
of synthesis to different sites of storage, conversion into other
storage compounds or metabolic degradation, involves vari-
ous steps of cell-to-cell movement and transport. Sucrose
translocation and accumulation are regulated by the sucrose/
proton symporter proteins (SUTs) (Sauer 2007; Kühn and
Grof 2010; Kühn 2010). SUTs play an important role in
apoplastic phloem loading in higher plants (Sauer 2007;
Reinders et al. 2012). Sucrose enters the phloem for long-
distance transport either symplastically via plasmodesmata
or apoplastically via SWEET-mediated export from phloem
parenchyma cells, followed by SUT-mediated uptake into
phloem companion cells (Chen et al 2012; Berthier et al.
2009). As reported by Kühn and Grof (2010), the phloem-
specific expression of high affinity group II plasma membrane
SUTs is consistent with a role in apoplastic phloem loading
and subsequent recovery of sucrose that escapes during phlo-
em transport. Electron microscopic localisation of the SUT1
protein and mRNA revealed sieve element-specific
localisation of the protein, while mRNA was found in both
the companion cells and sieve elements and was most abun-
dant in the vicinity of pore plasmodesmata units (PPU)
connecting both cell types (Kühn et al. 2003). In pea, plants
sucrose transporters have been identified that exhibit pH- and
energy-independent sucrose transport in a bi-directional man-
ner (Zhou et al. 2007). These transport properties, together
with counter transport, are consistent with a sucrose facilitator
(SUF) function. The cellular and subcellular localisation of
PsSUT1, PsSUF1, and PsSUF4, cloned from pea, was carried
out to determine their potential contribution to phloem loading
and unloading of sucrose in planta (Dibley 2012).
Immunolocalisation studies in seed coat tissues revealed that
PsSUF1 and PsSUF4 are present in the inner layers of parenchy-
ma, the putative site of sucrose release in developing seed coats.
In pea, phloem loading of leaf minor veins follows an apoplastic
pathway (Wimmers and Turgeon 1991). As such, two transport
events—efflux from the symplasm and subsequent uptake by
accumulation in the sieve elements phloem—occur in series.
Thus, the minor veins of source leaves were investigated as an-
other region of symplasmic discontinuity and hence as a site of
sucrose efflux. SUFs were not located in putative efflux cells
(bundle sheath or phloem parenchyma cells), but were present,
along with PsSUT1, on the plasma membranes of elements
(Dibley 2012). It has been also demonstrated that all three trans-
porters of pea are detectable at the plasma membrane. The likely
physiological role for PsSUT1 involves the uptake of sucrose
into cells against the prevailing gradient, while for the facilitators
a role appears likely in equilibrating sucrose between the cyto-
plasm and apoplasm. Furthermore, GFP-fusion studies have
shown that sucrose transporters can localise in vivo to different

1064 I. Morkunas et al.



cellular membranes—the plasma membrane (Sivitz et al.
2007; Chincinska et al. 2008) or the tonoplast (Weschke et al.
2000; Endler et al. 2006; Reinders et al. 2008. Payyavula et al.
2011).

The multiple roles of plant sucrose transporters and espe-
cially the central role of sucrose loading into the phloem sug-
gest sucrose transport to be strongly regulated by many envi-
ronmental factors, including biotic stresses (Sauer 2007; Wahl
et al. 2010; Lemoine et al. 2013). For example, the distribution
of sucrose in plant cells may be crucial for the induction of
plant defence against biotic stresses such as fungal pathogens
(Doidy et al. 2012). Recent studies demonstrated the crucial
role of cell wall invertases, which after sucrose release into the
apoplast by sucrose transporters cleave sucrose into the hex-
oses glucose and fructose which can subsequently be taken up
via hexose transporters (Proels and Huckelhoven 2014).
Thereby, cell wall invertases are not only involved in meta-
bolic reprogramming during plant-pathogen interactions like
recently shown in Nicotiana attenuata (Ferrieri et al. 2015)
but also play a crucial role in symbiotic interactions between
host plants and arbuscular mycorrhizal fungi (Schaarschmidt
et al. 2006). Thus, the expression of sucrose transporters
seems to be tightly regulated in accordance with cell wall
invertases in response to many environmental factors includ-
ing biotic stresses (Bitterlich et al. 2014; Ferrieri et al. 2015).

Sucrose taken by aphid is present in plant phloem sap at
high concentrations, often in the range of 0.5–1 M and is
responsible for high osmotic pressure, often up to five times
that of the feeding Hemipteran body fluids (Douglas 2006).
We focused on the sucrose and sucrose transporter and sucrose
facilitator expression during the infestation of the pea aphid of
Pisum sativumL. leaves because sucrose is themost important
donor of carbon skeleton for the phenylpropanoid pathway via
which pisatin is synthesized and a signaling molecule and the
determination of expression of sucrose transporters may be
essential in the context of pea defence response to feeding
by aphid Acyrthosiphon pisum. Besides, aphids absorb su-
crose from the phloem sap and excrete from body as honey-
dew. Aphids success likely results from their ability to simul-
taneously suppress plant defense responses and manipulate
phloem flow and composition (Voelckel et al. 2004).

Plant defense response to aphid feeding is the result of
injury and effectors in saliva (Smith and Chuang 2014).
Aphids using fine stylets penetrate tissues intercellularly, mak-
ing punctures, and wait a few seconds to analyze the physico-
chemical properties of the microenvironment around the style
tip (Tjallingi 2006). Aphid effectors are most likely expressed
in salivary glands and secreted into saliva, which is delivered
inside the host during feeding and probing. Aphid effectors
are able to promote aphid virulence upon transient and/or
transgenic over expression. For example, the effector C002,
which was first identified in A. pisum, is an abundant salivary
protein that is essential for aphid feeding (Mutti et al. 2008).

Little is known about the time-dependent aspect of induced
defensive reactions at the cellular and molecular levels
(Kuśnierczyk et al. 2008). Unique differences in responses
associated with the generation of signaling molecules by
P. sativum L. to A. pisum infestation were revealed previously
(Mai et al. 2013, 2014).

We started our studies with the aim to verify synthesis and
accumulation of secondary metabolites, such as flavonoids, in
particularly pisatin, in response to the infestation of the pea
aphid of P. sativum L. leaves. Apart from these investigations,
transcript levels of genes encoding important enzymes en-
gaged in the biosynthesis of flavonoids, such as chalcone syn-
thase (CHS) and isoflavone synthase (IFS) were analyzed.
The second goal was to determine the total antioxidant capac-
ity (TAC), and peroxidase (POX) activity toward the phenolic
substrate syringaldazine was examined. The third goal of the
study was to determine the level of soluble sugars (sucrose,
glucose, and fructose) and the expression of genes encoding
the sucrose transporter (SUT1) and facilitators (SUF1 and
SUF4).

Materials and methods

Material

Experiments were conducted on leaves of edible pea seedlings
(P. sativum L. cv. Cysterski). Pea seeds were obtained from the
Plant Breeding Company at Tulce near Poznan in Poland.
Surface-sterilization seeds and seeds imbibition were per-
formed exactly, as described byMai et al. (2014). The imbibed
seeds were sown in 20-cm-diameter pots containing sterilized
perlite. Pea seedlings were kept in a growth chamber at 22–
23 °C, 65 % relative humidity, and light intensity of 130–
150 μM photons m−2 s−1 with the 14/10 h (light/dark)
photoperiod.

Aphids and infestation experiment

A. pisum (Harris) originally cultured and supplied by the
Department of Entomology Poznań University of Life
Sciences, Poland was reared on P. sativum L. in a growth
chamber under conditions as mentioned above. On the 10th
day of culture, pea seedlings were infested with 10, 20, or 30
apterous adult females of A. pisum (Mai et al. 2013). The
aphid populations were monitored throughout all experi-
ments. The control plants were pea seedlings with no pea
aphids.

Cytochemical localization and accumulation of flavonoids

Flavonoids were detected in cells by staining pea leaves with
diphenylboric acid 2-aminoethyl ester (DPBA; Merck), as
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described by Morkunas et al. (2011a). Leaves were collected
at 0, 24, 48, 72, and 96 hpi and analysed by confocal laser
scanning microscopy. Fluorescence was visualized under
Zeiss LSM 510 laser scanning confocal microscope (argon
laser excitation 488 nm, emission band pass 505–550 nm,
long distance-LD 63 objective lens). Fluorescence was ob-
served in the epidermal and cortical cells of leaves without
and after pea aphid infestation. Confocal microscopy experi-
ments were repeated three times with similar results.

Analysis of pisatin and flavonols

Isolation of phenolic compounds

Plant material, which was frozen at −80 °C, was homogenized
in 80 % methanol (20 ml g−1 FW) and sonicated for 3 min
using VirTis VirSonic 60 sonicator (Morkunas et al. 2013).
The suspension was filtered through a Büchner funnel and
concentrated under vacuum at 40 °C. Samples of plant ex-
tracts for LC analyses were prepared from 0.5 g FW pea tis-
sue. The samples were purified and concentrated by solid-
phase extraction on cartridges containing a cation exchanger
and RP C-18 silica gel (Alltech, Carnforth, England) used in
tandem, according to the method of Stobiecki et al. (1997).

Liquid chromatography–mass spectrometry
(LC/UV/ESI/MS/MS)

Analyses of plant extract samples were performedwith aWaters
UPLC Acquity system connected to a micrOToF-Q mass spec-
trometer produced by Bruker Daltonics (Bremen, Germany).
An Agilent Poroshell RP-C18 column (100×2.1 mm; 2.7 um)
was used. During LC analyses, elution was carried out with two
solvent mixtures: A (95 %H2O, 4.5 % acetonitrile, 0.5 % acetic
acid; v/v/v) and B (95 % acetonitrile, 4.5 % H2O, 0.5 % acetic
acid; v/v/v). Elution steps were as follows: 0–5 min 10–30 % B,
5–12 min isocratic at 30 % B, 12–13 min linear gradient up to
95 % of B, and 13–15 min isocratic at 95 % of B. Pisatin and
flavonols were identified by comparing their retention times and
mass spectra with the data obtained from respective standards.
The micrOToF-Qmass spectrometer consisted of an ESI source
operating at a voltage of ±4.5 kV, nebulization with nitrogen at
1.2 bar, and dry gas flow of 8.0 l/min at a temperature of 220 °C.
The instrument was operated using the micrOTOF Control pro-
gram version 2.3, and data were analyzed using the Bruker Data
Analysis ver. 4 package. Targeted MS/MS experiments were
performed using a collision energy ranging from 10 to 25 eV,
depending on the molecular masses of compounds. The instru-
ment operated at a resolution higher than 15,000 full widths at
half maximum.

For quantitative analysis, the LC-UV trace from a DAD
detector (Waters) was used, with peaks plotted at 259 and
350 nm. p-hydroxybenzoic acid was added to each analyzed

sample as an internal standard at a final concentration of
125 mM (LC retention time and UV spectral data did not
interfere with those of the studied compounds).

Total RNA extraction and reverse transcription–polymerase
chain reaction (RT-PCR) analysis

Pea seedling leaves (0.50 g) were frozen in liquid nitrogen and
ground with a mortar and pestle in the presence of liquid
nitrogen. For RT-PCR analyses of a target gene, total RNA
was isolated from 45 mg tissue using the SV Total RNA
Isolation System (Promega) according to the recommenda-
tions of the manufacturer (Morkunas et al. 2010; Mai et al.
2014). The PCR products were then analyzed on agarose gel.
The sequences of the specific primers for CHS and IFS were
used for PCR reactions, such as

the forward primer for CHS: TATAGCCTTG
ACTGCAGCC
the reverse primer for CHS: TCCACATAGTGATGGAGC
the forward primer for IFS: GGACCTTACTGGA
AGTTCAT
the reverse primer for IFS: CACAACAAGACCCTTGATT

The following actin primers were used as positive controls:

the forward primer for actin: GTATTGTTGGC
CGACCTCG
the reverse primer for actin: TGGGCTTCATC
ACCTACATAG

Carbohydrate analysis

Leaves of pea seedlings (150 mg) were ground in liquid nitro-
gen using a 30Hz laboratory ball mill (1min, two balls per 2ml
Eppendorf tube) and floodedwith 1.4ml 80% cooledmethanol
(MeOH, HPLC). The samples were supplemented with 25 μl
ribitol (1 mg/1 ml) and then derivatization was performed, as
described by Formela et al. (2014). Endogenous carbohydrate
levels were determined by gas chromatography coupled with
mass spectrometry (GC-MS) (a 6890 N gas chromatograph by
Agilent with a GCT Premier mass spectrometer by Waters)
using a DB-5MS column (30 m×0.25 mm×0.25 μm J&W
Scientific). Carbohydrate content was expressed in microgram
per 1 mg fresh weight.

Quantification of mRNAs encoding sugar transporters

RNA extraction

Total RNA from pea seedling leaves was isolated with the
Trizol RNA isolation kit (Invitrogen, CA, USA) according
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to the manufacturer’s protocol. Approximately 100 mg fresh
weight of P. sativum seedlings with or without aphid infesta-
tion were sampled and processed as described. In addition to
the manufacturer’s protocol, RNA pellets were washed three
times with 1.5 ml 75% (v/v) EtOH to reliably remove traces of
phenol or chaotropic salts. The RNA pellet was resuspended
in 30–50 μl ultrapure RNase free water (Milli-Q water,
autoclaved) and incubated for 10 min at 55 °C to completely
dissolve the pellet. For storage, RNAwas kept at −80 °C, and
all work was conducted on ice with sterile RNase- and DNase-
free filter tips.

qPCR

Quantitative real time PCR analyses were performed with the
C1000 Thermocycler coupled with the CFX96 Real time
System (Bio-Rad). Reactions of 10 μl were set up with the
SensiMix SYBR No-ROX One-Step Kit (Bioline) on flat 96-
well PCR plates (VWR) covered with MicroAmp optical ad-
hesive films (Applied Biosystems). The amount of cDNA
template was based on the total RNA used for cDNA synthe-
sis. Standard cycle conditions were used for all reactions with
40 cycles and 61 °C annealing temperature. The relative tran-
scription level was calculated using the 2-ΔΔCT method as
described by Livak and Schmittgen (2001).

Primers used for qPCR

Relative quantification of transcript amounts was always cal-
culated in relation to the respective standard transcript level
and given in arbitrary units. Primers were designed to obtain a
50–100 bp amplicon using Primer3 software (http://frodo.wi.
mit.edu/cgi-bin/primer3/primer3_www.cgi). Primer
sequences used for real time PCR analysis: ß-tubulin fw:
GCT CCC AGC AGT ACA GGA CTC T; ß-tubulin rev:
TGG CAT CCC ACA TTT GTT GA; PsSUT1 fw: GCT
TGT CCA GCC TGT AGT CG; PsSUT1 rev: CGA TAG
CTA CGG CGA TTG AG; PsSUF1 f. CGG TCG CAG
TCT TTC TCA TC; PsSUF1 a rev AGC GAC GTC GAG
TAT CCA GA; PsSUF4 a fw: CGG ATT TGG GAT GGA
AGT TT; PsSUF4 a rev: CAA AAC CCG AAC ACG AAA
AA; PsPPA2 a rev: GAG CCC AGA ACA GGA GCTAAC
A; PsPPA2 a fw: CCACAT TACCTG TAT CGGATGACA.
Real time PCR data were corrected individually by calculation
of PCR efficiency using the LinReg PCR software.

Extraction and assay of peroxidase activity

Frozen pea seedling leaves (400 mg) were homogenized at
4 °C with a mortar and pestle in 1.8 mL of 100 mM potassium
phosphate buffer (pH 7.0) containing 1 mM EDTA and 10 %
(w/v) polyvinylopyrrolidone (PVP). The slurry was centri-
fuged at 15,000 g for 30 min at 4 °C, and the supernatants

were used for enzyme assays. The protein concentration in the
samples was estimated according to Bradford (1976) using bo-
vine serum albumin as a standard. Peroxidase (EC 1.11.1.7)
activity was measured spectrophotometrically using the pheno-
lic substrate syringaldazine, as described by Morkunas and
Gmerek (2007). The activity of the enzyme was expressed as
enzyme unit per 1 mg protein (U mg−1 protein).

Total antioxidant capacity

Total antioxidant capacity was measured using the ability of
antioxidants contained in the extract to reduce the cation
ABTS+, as described by Morkunas et al. (2013). Typical an-
tioxidants such as ascorbate and glutathione react very rapidly
with ABTS+, thereby the decrease in absorbance of the solu-
tion containing the extract after 10 s is a measure of their
contents in the sample. In turn, residues of tyrosine and tryp-
tophan in proteins react more slowly; therefore, the decrease
in absorbance of the solution containing the extract after
30 min is a measure of their contents. The calibration curve
was plotted by adding 5 μl portions of 1 mM Trolox to the
diluted ABTS+ and measuring the gradual decrease in absor-
bance. The final result of TAC was expressed as micromolar
Trolox per gram of fresh weight.

Statistical analysis

All determinations were performed in three independent ex-
periments, i.e., on plant material obtained from independent
cultures. Analysis of variance (ANOVA) was applied to verify
whether means from independent experiments within a given
experimental variant were significant. Data shown in the fig-
ures are means of triplicates for each variant and standard
errors of mean (SE). In individual figures significant differ-
ences are shown using asterisks.

Results

The effect of Acyrthosiphon pisum infestation
on cytochemical localization and accumulation
of flavonoids

A post-infestation increase in the accumulation of flavonoids
was observed in epidermal cells of the leaves of pea seedling
(Fig. 1). An intensive emission of green fluorescence was
observed in the period from 48 to 96 h after infestation. Avery
high content of these metabolites was observed 72 h after
infestation, particularly in leaves infested by 30 aphids. A
strong accumulation of flavonoids was mainly detected in
the cells, while in 48-h infested leaf cells a high content was
recorded in the cell wall. In turn, at 96 h infestation, the inten-
sity of green fluorescence was weaker than at 72 h infestation.
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Fig. 1 The effect of Acyrthosiphon pisum infestation on cytochemical
localization and accumulation of flavonoids in seedling leaves of Pisum
sativum L.cv. Cysterski. Green fluorescence came from diphenylboric

acid 2-aminoethyl ester (DPBA), which is observed by a Zeiss LSM
510 confocal microscope, scale bar 20 μm
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The effect of Acyrthosiphon pisum infestation on the level
of pisatin

During 24 h of cultivation, the pisatin level decreased in con-
trol and infested seedlings (Fig. 2) with the exception of a slow
increase in the level of this phytoalexin recorded in leaves of
pea seedlings which were infested by 10 aphids. Starting from
48 h in leaves infested by 20 and 30 aphids, the concentration
of pisatin increased markedly with time. This increase was
proportional to population sizes of aphids colonizing pea
seedlings. The highest concentration of pisatin was recorded
in leaves infested by 30 aphids at 72 and 96 h; its concentra-
tion was 1.5 and 3.5 times, respectively, higher than in the
control samples.

The effect of Acyrthosiphon pisum infestation on the level
of flavonols

The LC-UV(DAD) chromatogram identified the following
flavonols in the samples applied: kaempferol-diglucosides,
kaempferol-triglucoside, kaempferol, quercetin-O-glucoside,
and quercetin-3-O-glucoside. Leaves of pea seedlings infested
by aphids were found to contain lower levels of kaempferol-
diglucosides than the control at 24 and 48 h infestation
(Fig. 3). In the leaves infested by 10 aphids levels of
kaempferol-diglucosides were approximately 2 and 1.7 times
lower at these timepoints in comparison to the control, where-
as in the leaves infested by 20 and 30 aphids the levels were
approximately 1.3 times lower than in the control. Between 72
and 96 h after infestation, a marked increase was observed in
the concentrations of these metabolites (Fig. 3a, b, c). A 2.5- to
4.5-fold higher level of these compounds was recorded in
leaves after 96 h A. pisum infestation in relation to the control.

The highest concentration of kaempferol-diglucosides was
observed in leaves infested by 30 aphids at this time point.
The level of the flavonol kaempferol was lower at 24 h of
feeding than in the control only (Fig. 3e), while at the succes-
sive time points of feeding, the concentration of this free agly-
con in leaves of pea seedlings was generally higher than in the
control. However, the level of kaempferol did not correlate
with the number of aphids colonizing pea seedlings. The
highest level of this metabolite was recorded at 96 h of feeding
in leaves colonized by 10 aphids.

In analogy to kaempferol-diglucosides (Fig. 3a,b,c), the
kinetics of the levels of quercetin-O-glucoside were similar
in leaves of the control and infested seedlings (Fig. 3f). At
24 and 48 h infestation by A. pisum, the level of quercetin-
O-glucoside was lower than in the control, while at 96 h
of feeding by A. pisum the level of this compound was
many times higher than in the control and the content
correlated with the number of infesting aphids (Fig. 3f).
The levels of quercetin-3-O-glucoside (Fig. 3g) and
kaempferol-triglucoside (Fig. 3d) dropped drastically be-
tween 0 and 24 h culture in all the experimental variants,
while this decrease was moderately at the successive time
points.

The mRNA level in flavonoid biosynthetic pathway genes

The relative transcript levels of the flavonoid biosynthetic
genes, i.e., chalcone synthase (CHS) and isoflavone synthase
(IFS), in both the control and in aphid-infested leaves, were
analyzed using semi-quantitative RT-PCR (Fig. 4). A strong
post-infestation accumulation of the CHS transcription
products after 48 h of infestation was found. In turn,
already from 24 h after infestation, a considerable accu-
mulation of the IFS transcription products was recorded
in leaves infested by aphids, which was significantly higher
at all time points than in the controls. The highest accumula-
tion of the CHS and IFS transcription products was ob-
served in the 48- and 96-h leaves infested by 30 aphids,
respectively.

The effect of Acyrthosiphon pisum infestation on total
antioxidant capacity

Infestation by A. pisum induced an increase in TAC (Fig. 5).
The increase of TAC varied in time depending on the pool of
slow- (residues of tyrosine and tryptophan in proteins)
(Fig. 5a) and fast-acting (ascorbic acid or glutathione) antiox-
idants (Fig. 5b). Between 0 and 48 h feeding by A. pisum, a
very strong increase was found in TAC, which was due
to the accumulation of slow-acting antioxidants in leaves
of pea seedlings infested by 20 and 30 aphids (Fig. 5a).
Additionally, high content of slow-acting antioxidants was
noted at 96 h of feeding in leaves colonized by 10, 20, and

Fig. 2 The effect of Acyrthosiphon pisum infestation on the level of
pterocarpan pisatin in seedling leaves of Pisum sativum L.cv. Cysterski.
Significance between the control and aphid infestations was determined
by ANOVA and is represented by * (P<0.05)
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30 aphids. These levels in TAC were significantly higher than
in the control samples, but they did not correlate with the
population size of feeding aphids. Strong increase in TAC
dependent on the pool of fast antioxidants was also noted in
pea response to A. pisum. The highest level was recorded at
48 h in pea seedling leaves infested by 10 aphids (Fig. 5b).
Thus, the increase of aforementioned defensive antioxidants
just like the flavonoid accumulation enhances the antioxidant
capacity of pea leaf cells.

The effect on Acyrthosiphon pisum on peroxidase activity

Analyses of peroxidase activity toward syringaldazine (POX)
in leaves of pea seedlings showed a markedly higher activity
of this enzyme in tissues infested by A. pisum than in the
control (Fig. 6). The highest enzyme activity was observed
in leaves of pea seedlings infested by 20 and 30 aphids, except

for 48 h feeding. In these tissues, the first increase in POX
activity was found during 0 to 24 h after A. pisum feeding,
followed by the next increase starting from 48 h. The highest
enzyme activity was recorded in leaves of pea seedlings ex-
posed to feeding by 30 aphids at 96 h. In leaves subjected to
feeding by 10 aphids, POX activity was found to increase in
the period from 0 to 48 h feeding only. POX activity correlated
with population sizes of pea aphids infesting leaves at 72 h.
Also, it was highest in 96-h leaves infested by 30 aphids, but
the difference between 10 and 20 aphids of feeding was
minimal.

The effect of Acyrthosiphon pisum infestation on soluble
sugar content

At 72 and 96 h infestation by A. pisum, lower total sugar
content was observed in pea seedling leaves in comparison

Fig. 3 The effect of Acyrthosiphon pisum infestation on the level of
flavonols, i.e., kaempferol-diglucosides (a,b,c), kaempferol-
triglucosides (d) kaempferol (e), quercetin-3-O-glucoside (f), and

quercetin-3-O-glucoside (g), in seedling leaves of Pisum sativum L. cv.
Cysterski. Significance between the control and aphid infestations was
determined by ANOVA and is represented by * (P<0.05)
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to control plants (Fig. 7a). The levels of sucrose and fructose
already at 24 h infestation were significant lower than in the
control, while the value at 48 h after infestation significantly
increased (Figs. 7b, c). From 48 h, a decrease in the glucose

content of pea seedling leaves infested by pea aphids was also
noted (Fig. 7d). In parallel post-infestation reduction of solu-
ble carbohydrates was accompanied by an increase in the level
of flavonoids.

Fig. 3 (continued)

Fig. 4 RT-PCR products
amplified from the CHS (a) and
IFS (b) genes derived from pea
seedling leaves of the control and
infested by A. pisum, constitutive
expression of actin (c) and a ratio
of intensity of CHS/intensity of
actin (d), and a ratio of intensity
of IFS/intensity of actin (e)
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The effect of Acyrthosiphon pisum infestation on the level
of expression of genes encoding sugar transporters

Quantitative RT-PCR analysis indicates a two times higher
sucrose transporter SUT1 transcript level upon infestation by
30 aphids in comparison to control samples and other samples
in the period from 0 to 48 h (Fig. 8a). ANOVA results showed
that SUT1 transcript levels significantly differ between the
aphid-infested and the control plants (e.g., P=1.83×10−6 at
infestation by 30 aphids at 48 hpi). Starting from 72 h after
feeding on pea seedling leaves, a lower SUT1 expression level
was recorded in comparison to the control. These data show
correlation with the number of feeding aphids. Moreover, a
considerable post-infestation decrease within 24 to 72 h was

observed in SUF4 transcript levels in comparison with the
control plants. The lowest SUF4 transcript level was found
in 72 h leaves of pea seedlings infested by 30 aphids
(Fig. 8b). In turn, the SUF1 transcript level strongly fluctuated
during feeding (Fig. 8c) and did not correlate with the number
of aphids subjected to the seedlings. A considerable increase
in SUF1 levels was observed between 24 and 72 h of feeding
on leaves of pea seedlings infested by 10 aphids and between
48 and 72 h of feeding by 20 aphids. Moreover, decrease
within 24 to 96 h in the transcript level encoding SUF1 in
leaves of pea seedlings infested by 30 aphids was recorded
in comparison with the control plants (Fig. 8c). At 96 h of
feeding, the expression level of the SUF1 and SUT1 genes
was significantly lower than in the control plants.

Discussion

The results of this study for the first time show post-infestation
accumulation of pisatin and the subcellular localization of
flavonoids, in association with the changes in carbon metab-
olism and the expression of nuclear encoded sucrose trans-
porter genes in the plant response to aphid infestation. Very
high accumulation of flavonoids was particularly observed in
leaf cells of pea seedlings at 72 h of infestation with 30 aphids
(Fig. 1). Among the flavonoids, phytoalexin pisatin was ob-
served to accumulate to high amounts in leaf cells after 48 h of
colonization by aphids. Moreover, this increase correlated
with the number of aphids colonizing pea seedlings
(Fig. 2). The highest concentration of pisatin was observed
in 72- and 96-h leaves infested by 30 aphids. Also, a consid-
erable post-infestation accumulation was observed using
semi-quantitative RT-PCR for transcripts of chalcone synthase

Fig. 5 The effect of Acyrthosiphon pisum infestation on total antioxidant
capacity dependent on the pool of slow- (tyrosine and tryptophan) (a) and
fast-acting (ascorbic acid or glutathione) (b) antioxidants in seedling

leaves of Pisum sativum L. cv. Cysterski. Significance between the
control and aphid infestations was determined by ANOVA and is
represented by * (P<0.05)

Fig. 6 The effect of Acyrthosiphon pisum on peroxidase activity towards
syringaldazine in seedling leaves of Pisum sativum L.cv. Cysterski.
Significance between the control and aphid infestations was determined
by ANOVA and is represented by * (P<0.05)
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(CHS) and isoflavone synthase (IFS). Results of research pre-
sented earlier revealed that activity of PAL and the expression
of the gene encoding this enzyme in P. sativum seedling leaves
were induced after A. pisum infestation (Mai et al. 2014).
Additionally, this study also demonstrated that the levels of
flavonols, such as kaempferol and flavonol glycosides, i.e.,
kaempferol-diglucosides, kaempferol-triglucosides, quercetin
O-glucoside increased between 72 and 96 h after infestation.
With the exception of kaempferol, the highest increase was
observed in the leaves infested by 30 aphids (Fig. 3a–e). The
level of flavonoid aglycons, such as kaempferol in pea seed-
ling leaves colonized by aphids decreased from 48 h after
infestation, but still was higher than in the control (Fig. 3e).
Thereby, it is suggested that pisatin plays an important role in
the defence responses of P. sativum toward A. pisum infesta-
tion. During their life cycle, plants respond actively to stress

by producing phytoalexins and other stress metabolites
(Dao et al. 2011; Jeandet et al. 2013). The accumulation
of flavonoid aglycons such as quercetin, kaempferol, and
isorhamnetin was observed in cultivated lines of cowpea
(Vigna unguiculata L. Walp.) in response to Aphis fabae
(Lattanzio et al. 2000). Additionally, quercetin and
isorhamnetin have an inhibitory effect on aphid repro-
duction, as was demonstrated in in vitro bioassays. It
was previously proven that flavonoids play a key role
in plant responses to stress (Ateyyat et al. 2012).

At present, many studies on the function of flavonoids as
natural insecticides focus mainly on chewing insects.
Flavonoids from leaves of Annona squamosa (Kotkar et al.
2002) and Ricinus communis (Upasani et al. 2003) were found
to arrest the population growth of the adzuki bean weevil,
Callosobruchus chinensis, in mung bean (Vigna radiata L.).

Fig. 7 The effect of Acyrthosiphon pisum infestation on soluble sugar
contents, i.e., total sugar (a), sucrose (b), fructose (c), and glucose (d), in
seedling leaves of Pisum sativum L.cv. Cysterski. Significance between

the control and aphid infestations was determined by ANOVA and is
represented by * (P<0.05)
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Flavonoids showed an ovicidal effect on bruchid eggs, while
they also affect the number and weight of emerging adults
(Salunke et al. 2005). Also, it has been reported that flavo-
noids can act as potential grain protectants through oviposition
deterrence and ovicidal action. Moreover, these metabolites
can modulate the feeding behavior of insects (Van Loon
et al. 2002).

In this paper, we provide evidence using confocal micros-
copy for the subcellular accumulation of flavonoids in defence
response to aphid infestation (Fig. 1). Therefore, an intense
emission of green fluorescence was observed in infested leaf
cells. Kinetics after infestation revealed that flavonoids are
found both in the cell wall and in the cytoplasm of cells
infested for 72 h by A. pisum, while they are mainly found
in the cell wall at 48 h of infestation (Fig. 1). The accumula-
tion of flavonoids in the cell wall as well as in the cytoplasm of

cells is associated with the defence response of pea to
A. pisum. Considering the fact that flavonoids may modify
membrane fluidity/rigidity (Scheidt et al. 2004), it can be sug-
gested that the accumulation of these metabolites in the cell
wall and in the cytoplasm of cells of pea seedling leaves may
hinder A. pisum puncturing of symplast and penetration of
apoplast pathway. Moreover, flavonoids have been suggested
to act as antioxidants, protecting plants from oxidative stress
(Hernández et al. 2009). In addition, elevated levels of these
metabolites in plant cells can act as a possible deterrent against
pea aphid infestation, due to their cytotoxic properties.

It has also been demonstrated that a considerable increase
in TAC was dependent on the pool of slow- and fast-acting
antioxidants (Fig. 5) in the post-infestation stage of leaves in
comparison to the control plants. A very high level of slow-
acting antioxidants was found in leaves infested byA. pisum at

Fig. 8 The effect of Acyrthosiphon pisum infestation on the level of
expression of genes encoding sugar transporters, i.e., the sucrose
transporter SUT1 (a) and sucrose facilitators (SUF4 and SUF1) (b, c).

Significance between the control and aphid infestations was determined
by ANOVA and is represented by * (P<0.05)
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48 and 96 h. (Fig. 5b). The increased level of slow-acting
antioxidants correlates with the increased pisatin content and
the level of flavonols in aphid-infested leaves after 72 h post-
infestation. Increased TAC levels revealed upon A. pisum in-
festation suggest an important protective role of the above-
mentioned antioxidants in pea seedling leaves from oxidative
stress. It may be related to free radical scavenging, acting as a
defense against injury or antimicrobial activity. A phenol-
containing amino acid such as tyrosine (Akerström et al.
2007) and tryptophan (Bourdon and Blache 2001) have been
suggested to contribute to antioxidant functions. Increased
TCA levels were previously reported only in plant response
to pathogenic fungi ( Floryszak-Wieczorek et al. 2007;
Morkunas et al. 2013).

An increased activity of POX, enzyme involved in many
physiological processes in plants, including defence re-
sponses, was also measured in A. pisum infested leaves
(Fig. 6). POX activity toward syringaldazine in leaves of
P. sativum seedlings infested by A. pisum was markedly
higher than in the control (Fig. 6). Several reports have shown
that peroxidases present in tissues undergoing lignification
display in vitro activity toward syringaldazine (Christensen
et al. 1998; Quiroga et al. 2000). In our study, POX activity
closely correlates with population sizes of A. pisum in leaves
at 72 h after infestation. Also, at 96 hpi, the highest activity of
these enzymes was in leaves infested by 30 aphids. It is pro-
posed that these activities contribute to the oxidation of phe-
nolic compounds, which are likely to be more toxic to aphids
and/or engaged in the process of tissue lignifications.
Peroxidases are involved mainly in detoxification of reactive
oxygen species, but also have other functions in plant cells
including the increase of the number of dehydrodiferulic brid-
ges (greater cross-linking of saccharide chains in the cell wall)
and the formation of suberins required in healing of wounds
caused by injury (Quiroga et al. 2000; Morkunas and Gmerek
2007). They also provide downstream signaling molecules for
other transduction pathways (Allison and Schultz 2004).
Therefore, an increase in POX activity may be one of the
crucial components of the pea defence strategy in response
to aphid herbivory.

An increase in the total pool of flavonoids (Fig. 1) and the
synthesis of pisatin (Fig. 2) in leaf cells of P. sativum after 48 h
of A. pisum infestation were preceded (0–24 h) by a consider-
able reduction in the levels of sucrose (Fig. 7b) and fructose
(Fig. 7c) in comparison to the control. At the same time, in
leaves colonized by 30 aphids, a considerable increase in the
expression level of the sucrose transporter 1 (SUT1) gene
(Fig. 8a) was accompanied by the decrease in sucrose level
up to 48 h (Fig. 7b). In parallel, reduction in the levels of
sucrose and fructose in leaves colonized by 30 aphids between
0 and 48 hpi was accompanied by high level of glucose in
these tissues. In turn, reduced glucose contents were observed
in successive time points after feeding, i.e., between 48 and

96 h in comparison to the control (Fig. 7d). It is proposed that
sucrose and the hexoses (glucose and fructose) may be
redirected to the secondary metabolism in pea leaves resulting
most likely in the increased content of flavonoids. The
expression level of the SUF1 gene in pea leaves infested for
48 h by 10 aphids and for 72 h by 10 and 20 aphids (Fig. 8c)
was approximately 1.5–2 times higher than in the control,
whereas after 72 to 96 hpi the level of flavonols increased
(Fig. 3a–c and e–f). These results may indirectly indicate to
engage these transporters in redirecting to the secondary me-
tabolism. Sugar transporters, mediating the transfer of sugars,
can play an important role not only in the plant defence mech-
anism providing the carbon skeletons for the synthesis of sec-
ondary metabolites, but also indirectly in the carbon nutrition
and osmoregulation of aphids. Novelty of this research is to
determine the potential role of sugar transporters in defense
strategy of P. sativum L.cv. Cysterski on A. pisum infestation.

Additionally, invertases are considered to be important in
the defense mechanism of pea against A. pisum. These en-
zymes can operate both in the symplastic and/or apoplastic
environment. As reported by Ferrieri et al. (2015), it seems
that apoplastic cell wall invertase inhibitor (NaCWII) was
strongly up-regulated in a jasmonate (JA)-dependent manner
following a simulated attack by the specialist herbivore
Manduca sexta. This observation indicates a key role in sec-
ondary metabolite synthesis. Additionally, it is well-known
that some cell-wall invertases fulfilling important roles in car-
bohydrate partitioning (Lammens et al. 2008) collaborate with
hexose transporters during the growth and development of
plants (Sherson et al. 2003) and under biotic stresses
(Fotopoulos et al. 2003). In Arabidopsis,M. persicae feeding
induced the expression of STP4, a monosaccharide symporter
that interacts with invertases to increase carbohydrate import
and metabolism and contributes to the creation of nutrient
sinks at aphid-feeding sites (Moran and Thompson 2001;
Moran et al. 2002). Thus, some cell wall invertases collaborate
with hexose importers under biotic stresses. At present, there
is only very little information available on the activation of
hexose transporters in plants in response to aphid attack. On
the other hand, these transporters were well characterized in
the same aphid A. pisum (Price and Gatehouse 2014).

Genes encoding sucrose transporter are induced after graz-
ing by herbivores in rice seedlings, followed by suppression in
the later stage (Chen et al. 2009). Kempema et al. (2007)
reported the up-regulation of SUC1 in Arabidopsis thaliana
after attack of silverleaf whitefly nymphs. During infestation,
a general down-regulation of photosynthesis genes was ob-
served, but transport genes, including SUC1, were up-regulat-
ed. A recent study on the expression pattern of sucrose trans-
porters in A. thaliana during aphid (Myzus persicae) infesta-
tion showed a significant enhancement in the expression pat-
tern for six out of nine sucrose transporters in response to
aphid infestation (Dubey et al. 2013). In the first hours after
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infestation, the expressions of sucrose transporters genes were
enhanced probably to compensate for the energy requirements
of the damaged cell. The defence response is closely linked to
the up-regulation of sucrose sink metabolism to satisfy the
energy requirements and the activation of the cascade of de-
fence reactions (Dubey et al. 2013). Moreover, Hodge et al.
(2013) revealed that in response of Arabidopsis toM. persicae
accumulation of trehalose dependent on a density of aphids
was noted and this accumulation was systemic.

Thus, sucrose and stress-related signal transduction path-
ways are suggested to be integrated into the control of defence
reactions (Rolland et al. 2006; Bolouri-Moghaddam et al.
2010). On the other hand, as reported earlier (Morkunas and
Ratajczak 2014), sugar transporters are key elements, neces-
sary for the formation of the secondary sink at the site of
fungal pathogen invasion.

Moreover, 72 h after A. pisum infestation, a markedly lower
SUT1 expression was observed in comparison to the control,
which correlated with the number of feeding aphids (10, 20,
and 30 aphids per plant) (Fig. 8a). A preceding decreased
SUF1 expression within 24 to 72 h of infestation was deter-
mined (Fig. 8c). A significantly lower level of expression of
the SUF4 gene was also observed compared to the control at
48 and 72 h in leaves infested by A. pisum at a varying pop-
ulation size (Fig. 8b).

The suppression of sucrose transporter and sucrose facili-
tator genes in the late response may be a defence strategy of
the plant to repel aphids because at this stage of infestation
aphids become a secondary sink (Dubey et al. 2013). It is

proposed that the early stage of infestation is still characterized
by efficient transportation of sucrose to energize the cells, but
later with aphids acts as a secondary sink. Price and Gatehouse
(2014) reported that when sucrose is utilized as a main respi-
ratory substrate, the A. pisum can catabolizes 15–30 % of its
ingested sucrose in oxidative pathways. A larger proportion,
close to 50 % of the ingested sucrose, is incorporated into
aphid tissues. While sucrose is the main carbon source for
A. pisum, sucrose itself is not transported across the gut epi-
thelium. Instead, sucrose is hydrolyzed in the gut lumen by the
sucrase (an α-glucosidase, which is specific for the a-glucosyl
residue of sucrose) to its constituent monosaccharides, glu-
cose and fructose, and these hexose sugars are transported.

In response to pea aphid infestation, the levels of total sugar
(Fig. 7a) and glucose (Fig. 7d) in pea seedling leaves were
reduced with time, while those of sucrose (Fig. 7b) and fruc-
tose (Fig. 7c) increased 96 h after aphid infestation, although
their levels at 24 h feeding were markedly lower than in the
control. Moreover, Singh et al. (2011) reported that aphid
(Myzus persicae) infestation of Arabidopsis leaves leads to a
dramatic increase in sucrose and starch contents in source
tissues despite pest feeding. These changes suggest a block
of sugar export to the plant sinks. Infestation also induces an
increase in trehalose levels. This change in trehalose metabo-
lism promotes re-allocation of carbon into starch at the ex-
pense of sucrose, the primary energy source of the pest, and
plant defence via the induction of the PHYTOALEXIN-
DEFICIENT4 gene (Singh et al. 2011). Our research shows
strong increase in the level of sucrose in 72-h leaves of pea

Fig. 9 Pea aphid infestation induced defence responses, i.e., changes in flavonoids, antioxidative defence, soluble sugars, and sugar transporter activities
in leaves of pea seedlings
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seedlings infested by aphids and down-regulating the expres-
sion of SUT1 and SUF4 genes, which suggest the formation of
a secondary sink in pea leaves to repelling aphids.

In conclusion, in the presented study, we revealed that the
perception of A. pisum infestation by pea seedlings induces a
whole sequence of potential defensive reactions (Fig. 9). It is
proposed that the elevated expression of pea sucrose transport-
er genes at an early stage of A. pisum attack is most probably
connected with an increased allocation of carbon in order to
redirect carbon skeletons to secondary metabolism and the
accumulation of flavonoids, which are important components
of the defence system. Increased levels of flavonoids and
slow- or fast-acting antioxidants enhance the total antioxidant
capacity of leaf cells of pea. Additionally, an increase in the
activity of peroxidase is suggested to contribute to oxidation
of phenolic compounds which may be either more toxic to
aphids and/or intensify the process of tissue lignification.
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