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Abstract 
Phytohormones function as signal molecules that regulate physiological processes to pro-
tect plants from environmental stresses, including aphids’ attack. We studied the pattern 
within the defense mechanisms of soybean [Glycine max (L.) Merr. cv. “Nam Dan”] regard-
ing the signaling pathways of salicylic acid (SA), and jasmonic acid (JA) in response to 
cowpea aphid (Aphis craccivora Koch). With infestation by cowpea aphid, SA was the first 
to accumulate and reached high levels 24 hours post-infestation (hpi). An accumulation of 
SA in the early response of soybean probably triggers inducible specific defense reactions. 
Following SA, JA was later induced and continuously increased to high levels 96 hpi. An 
accumulation of JA in the later response may be a critical step in the signaling of the down-
stream defense cascade. In addition, phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) and 
benzoic acid 2-hydroylase (BA2H), enzymes involved in the biosynthesis of SA, and lipoxy-
genase (LOX, EC 1.13.11.12), an important enzyme in the JA biosynthesis pathway, were 
also induced by cowpea aphid. The changes in the enzymatic activity of PAL, BA2H and 
LOX, and expression of gene encoding PAL were closely associated with the accumulation 
of endogenous SA and JA, respectively. The variations in the levels of these defense-related 
compounds were strongly connected with density and the duration of cowpea aphid infes-
tation. Different accumulations of SA- and JA-signaling pathways may contribute to a co-
ordinated regulation leading to the formation of resistant lines in the defense mechanisms 
of G. max cv. “Nam Dan” against A. craccivora.
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Introduction

Phytohormones are bioactive endogenous molecules 
that are important in regulating developmental proc-
esses and signaling networks involved in plant defense 
mechanisms. The most well-known class of phytohor-
monal signals in plant defense response to insects is 
jasmonic acid (JA). The enhancement of JA and its 
derivatives such as methyl jasmonate (MeJA), 12-oxo- 
-phytodienoic acid (OPDA) are known to trigger 

defense mechanisms against aphids in various crops, 
e.g., Arabidopsis, tobacco, wheat, Barrel clover, tomato, 
sorghum, etc., with different expression levels (Morku-
nas et al. 2011). Jasmonic acid is also known as a sig-
nal molecule in defense mechanisms to protect plants 
from wounding, in which activation of JA-mediated 
defense often contributes to limited tissue damage 
from feeding activities (Halitschke and Baldwin 2005). 
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Lipoxygenase (LOX), the key enzyme in the JA biosyn-
thesis pathway, is also induced in host plants, and func-
tions as an important component of the plant response 
system to insect attack (Moran and Thompson 2001; 
Mai et al. 2014). Microarray analyses provided evidence 
of the induced defensive role for JA signaling for wounds 
and JA inducible defense genes in some plant-aphid in-
teractions (Martinez de Ilarduya et al. 2003). 

Salicylic acid (SA) is mainly known to be involved 
in both locally expressed basal resistance and systemic 
acquired resistance (SAR) in plants to pathogens. The 
role of SA in response to aphids has been observed in 
some plant species, in which, induction of SA involved 
the resistance of plants against aphids (Mohase and van 
der Westhuizen 2002). Markers of resistance response 
(antioxidant enzymes such as catalase, peroxidase, etc.) 
in the resistant variety were seen by higher expression 
than in susceptible plants. At the transcriptional level, 
a number of SA-defense-related genes participated in the 
plant defense mechanisms against aphids. For example, 
expression of gene encoding phenylalanine ammonia-
lyase (PAL – an enzyme involved in the bio  synthesis of 
SA) and pathogenesis-related protein (PRs) such as PR5, 
and PR10 were activated by infestation by the bluegreen 
aphid in barrel clover plant (Gao et al. 2007). 

The SA- and JA-signaling pathways have been 
known to act in the antagonistic cross-talk, in which 
the induction of the less efficient SA signaling-based 
responses is able to suppress effective JA defenses, and 
vice versa. This could be a decoy strategy, rerouting 
plant response towards an inefficient defense against 
feeding aphids. In the light of cross-talk between the SA 
and JA-signaling pathways, Kuśnierczyk et al. (2008) 
elucidated that aphids can manipulate plant-induced 
resistance and are able to suppress effective JA defens-
es by the induction of the less efficient SA signaling-
based responses. Moreover, plant defense mechanisms 
regarding SA and JA are closely associated with density 
and/or duration of aphid infestation (Donovan et al. 
2013; Kroes et al. 2015; Stewart et al. 2016).

Cowpea aphid (Aphis craccivora Koch) is one of 
the most destructive aphid species of the “Nam Dan” 
soybean [Glycine max (L.) Merr.] cultivar which is 
a valuable crop in the agricultural production in Nghe 
An province (Vietnam). Information in the available 
literature regarding the interaction between G. max cv. 
“Nam Dan” and A. craccivora is still limited (Mai et al. 
2016). The first aim of this study was to determine the 
effect of various numbers of aphids on the accumu-
lation of endogenous SA and JA in G. max cv. “Nam 
Dan”. Also the effect of different time intervals was ob-
served. The second aim was to determine the changes 
in the activity of the following enzymes: phenylalanine 
ammonia-lyase (PAL, EC 4.3.1.24) and benzoic acid 
2-hydroxylase (BA2H) in the SA biosynthetic pathway, 
and lipoxygenase (LOX, EC 1.13.11.12), an important 

enzyme in the biosynthesis of JA under aphid infesta-
tion. Furthermore, changes in expression of gene en-
coding PAL and the isoenzymatic spectrum of LOX 
were also investigated. 

Materials and Methods

Plant 

The plant used in this study was the cultivar “Nam Dan” 
of soybean (G. max). Soybean seeds were obtained from 
the Nghe An seed center (Vietnam). The surface-ster-
ilized seeds were imbibed in the incubator at 23°C for 
48 h, then cultured in plastic pots 20 cm in diameter 
containing Hoagland medium and placed in a phytotron 
at 23±2°C, 70–75% relative humidity, light intensity of 
110–130 μM · m–2 · s–1 and 14 light : 10 dark hours. Soy-
bean at the V3 stage (with the first two trifoliate leaves 
fully developed, and the third trifoliate leaf unrolled) 
were used as materials for aphid-infested treatment.

Aphid 

The aphid species used in the infestation experiments 
was cowpea aphid (A. craccivora), which was supplied 
by the Department of Applied Entomology (Vietnam 
Academy of Science and Technology). Virus free indi-
viduals were cultured on their host, G. max, in a phy-
to tron at 23±2°C, 70–75% relative humidity, light in-
tensity of 110–130 μM · m–2 · s–1 and 14 light : 10 dark 
hours (Mai et al. 2016).

Infestation experiment

Each soybean plant was treated separately with 10, 
20 or 30 wingless adults of A. craccivora. The wing-
less cowpea aphid adults were selected and transferred 
carefully to soybean leaves with a fine paintbrush. The 
newly produced nymphs were daily removed to pre-
vent density-dependent effects on aphid performance; 
therefore, the number of wingless adults of A. cracciv-
ora was constant in each infestation experiment. The 
control group included soybean plants without aphid 
treating. The control and aphid-infested variants were 
separately put in glass boxes (50 × 50 × 50 cm), covered 
by nylon gauze and placed in a phytotron where tem-
perature, relative humidity, light intensity and period 
were controlled. The experiment was repeated at three 
different time points under the same conditions.

The analytical materials

Fresh leaves in control and aphid-infested plants were 
carefully collected at 0, 24, 48, 72 and 96 hours post- 
-infestation (hpi). All aphid individuals were removed; 
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leaves were accurately weighed, and immediately fro-
zen in liquid nitrogen for subsequent analyses.

Salicylate measurement

Free salicylic acid (SA) was extracted and quantified 
following the high-performance liquid chromatogra-
phy (HPLC) method described by Yalpani et al. (1993) 
with minor modifications. 0.50 g frozen leaves were 
ground in liquid nitrogen to a fine powder, then ex-
tracted twice with 90% methanol, stirred vigorously 
and centrifuged again at 12,000 × g for 10 min at 4°C. 
After centrifugation, the supernatant was evaporated 
to dryness under a stream of nitrogen, then extracted 
three times with the extractive mixtures of ethyl ac-
etate : cyclopentane : isopropanol (100 : 99 : 1, v/v/v). 

After evaporating the solvent, the dry residue was 
dissolved in a mobile phase (0.2 M acetate buffer, 
 pH 5.0 and 0.5 mM EDTA) and analysed in the HPLC 
system with a WATERS Company chromatograph (Mil-
ford, Ma, USA) composed of 2699 Separation Mod-
ule Alliance and 2475 Multi-λ Fluorescence Detector. 
Chromatographic separation was on a Spherisorb ODS2 
WATERS Company column (3 μm, 4.6 × 10 mm). De-
tection parameters were at 295 nm for excitation and 
405 nm for emission. The SA content was calculated fol-
lowing the SA standard (Sigma-Aldrich, USA) and ex-
pressed as nanograms per gram of fresh weight material 
(ng · g–1 FW). 

Jasmonates measurement

The analyses of jasmonic acid (JA) and its methyl es-
ter (MeJA) were carried out following the GC-MS 
methods (Fan et al. 1998) with modifications. Soy-
bean leaves were shock-frozen in liquid nitrogen and 
stored at –80°C. One g of each sample was ground to 
a fine powder and extracted three times with a total 
of 60 ml 80% (v/v) methanol. The internal standards 
including 200 ng deuterium-labeled jasmonic-d5 acid 
(d5-JA, Clearsynth, USA) and 200 ng deuterium-la-
beled methyl-d2-jasmonate (d2-MeJA, Sigma-Aldrich, 
USA) were added to the homogenized mixture. The 
homogenate was filtered, centrifuged at 10,000 × g at 
4°C for 10 min, then acidified to pH 2.0 with 7 M HCl 
and centrifuged again. After being partitioned three 
times against chloroform the supernatant was dried. 
The residue was dissolved in 3 ml n-hexane and ap-
plied to a silica gel solid-phase extraction column 
(Backer-bound SPE silica gel, 500 mg, 3 ml; J.T. Backer, 
Philipsburg, NJ, USA). The column was washed with 
5 ml n-hexane and then eluted with 6 ml mixture of 
n-hexane : diethyl ether (2 : 1, v/v) with 0.5% (v/v) ace-
tic acid. The eluate was evaporated and dissolved in 
100 µl of 20% methanol and chromatographed for 
20 min, flow rate 1.0 ml · min–1, at 22°C. The fractions 

were collected at the retention times of 12.50–13.80 min 
for JA and 18.50–19.60 min for MeJA, and then fully 
evaporated and methylated with diazomethane, then 
dissolved in 50 µl of methanol prior to an analysis by 
GC-MS-SIM (Auto-System XL coupled to a Turbo Mass, 
Perkin Elmer) using a DB-5 column (30 m × 0.25 mm, 
0.25 µm phase thickness, Agilent Technologies). The 
GC temperature program was 80°C for 1 min, 80–160°C 
at 10°C · min–1, 160–230°C at 5°C · min–1, flow rate 
1 ml · min–1, injection port 250°C, electron potential  
70 eV. GC/MS-selected ion monitoring was performed 
by monitoring m/z 156, 161, 193, 198, 224, 226 and 229. 
The dwell time for all ions was 100 ms. The levels of 
JA and MeJA in the extract were determined from the 
ratio of peak area, calculated following JA and MeJA 
standards, and expressed as nanograms per gram of 
fresh weight material (ng · g–1 FW).

Phenylalanine ammonia-lyase assay

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) ac-
tivity was determined using the spectrophotometric 
method (Cahill and McComb 1992). 0.50 g of frozen 
leaves were homogenized at 4°C in 4 ml of 100 mM 
Tris-HCl buffer (pH 8.9), 5 mM β-mercaptoethanol  
nd 0.050 g polyvinyl pyrrolidone (PVP). The homoge-
nate was then centrifuged at 12,000 × g for 20 min at 
4oC to get the supernatant used for enzyme analysis. 
1.5 ml of the reaction mixtures contained 0.50 ml of 
borate buffer 20 mM, pH 8.9, 0.50 ml of L-phenyla-
lanine 10 mM, and 0.50 ml enzyme extract. A sample 
without L-phenyla lani ne was used as a blank. After in-
cubation at 30°C for 24 h, the substrate was added and 
the reaction was stopped with 1.5 ml of 2 N HCl. The ac-
tivity of PAL was measured by the change of absorbance 
at 290 nm using the UV-Vis CARY 60 spectrophotom-
eter (Agilent, USA) system. Data were analyzed by using 
the UV-Win 5.0 application software. The activity of 
PAL was expressed as micromol trans-cinnamic acid  
per mg protein per hour (µM trans-cinnamic acid · 
·  mg–1protein · h–1).

Benzoic acid 2-hydroxylase assay

Benzoic acid 2-hydroxylase (BA2H) was measured by 
using the HPLC method according to León et al. (1995) 
with minor modifications. 0.50 g of frozen leaves was 
ground, and the resulting fine powder was suspend-
ed in 2 ml of extractive buffer [20 mM HEPES buffer,  
pH 7.0, containing 12.5 mM 2-mercaptoethanol,10 mM 
sorbitol, 1% PVP, and 0.1 mM phenylmethylsulfonyl 
fluoride (PMSF)]. The suspension was vortexed and 
then centrifuged at 12,000 × g for 15 min at 4oC. All 
extraction procedures were carried out at 4oC. The su-
pernatant was used for enzyme assays. 

A final volume of 0.50 ml reaction mixture contained 
20 mM of HEPES buffer (pH 7.0), 1 µM of benzoic acid 
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(BA), 1 µM of NAD(P)H, extractive buffer and enzyme 
extract. The reaction mixture was incubated at 30°C in 
a water bath for 30 min, and thereafter, 250 µl of 15% 
trichloroacetic acid (TCA) was added to stop the reac-
tion. After vortex and centrifuging at 12,000 × g for 
10 min at 4°C, the supernatant was partitioned three 
times with 0.50 ml of the extractive organic mixtures 
of ethyl acetate : cyclopentane : isopropanol (100 : 99 : 1, 
v/v/v). The extract was transferred to a 2-ml glass and 
evaporated to dryness under a stream of nitrogen. 
The sample was dissolved in 250 µl mobile phase im-
mediately before use. Whole was thoroughly mixed, 
then transferred to Eppendorf tubes and centrifuged 
at 15,000 × g for 2 min. 200 µl extract of each sam-
ple was placed in a glass vial fitted with a rubberized 
Teflon-sept and placed in the chamber of an auto 
sampler chamber. The injection volume was constant 
(10 µl). The SA concentration was analyzed by the HPLC 
method (as described above). The activity of BA2H was 
expressed as nanograms of SA obtained as a reaction’s 
product during one hour for the enzyme extracted from 
1 mg of protein (ng SA · h–1 · mg–1protein).

Semi-quantitative reverse transcription- 
-polymerase chain reaction 
(semiquantitative RT-PCR) of PAL gene

Total RNA was extracted and isolated from soybean 
leaves by trizol/chloroform extraction. 0.25 g of frozen 
sample were ground in a chilled mortar and the result-
ing fine powder then transferred to 1.5 ml Eppendorf 
tubes. Firstly, 1 ml trizol (Invitrogen) solution was add-
ed to each tube and kept at an ambient temperature for 
3 min, then 0.2 ml chloroform and vigorously shaken 
for 15 s. After 15 min at 37°C, the mixture was centri-
fuged at 8,000 × g for 15 min at 4°C. 500 µl supernatant 
and 0.5 ml isopropanol were added and incubated at 
–20°C for 30 min, then centrifuged at 14,000 × g for 
10 min at 4°C to select residue was then immersed in 
70% v/v diethyl pyrocarbonate (DEPC), centrifuged 
again at 14,000 × g for 5 min at 4°C, and subsequently 
dried at 37°C for 72–96 h. The residue was dissolved 
in 30 µl DEPC to obtain the RNA extracted solution. 
A final volume of 1 µl extraction was used in quantita-
tive analysis of total RNA in NanoDrop Lite Spectro-
photometer (Thermo Scientific).

DNA biosynthesis was carried out in a final volume 
of 12 μl containing 1 μl RNA extract, 1 μl primer (hex-
am) and deionized water and was started by mixing at 
65°C for 5 min. After that, 4 μl of 5×RT buffer (250 mM 
Tris‐HCl, pH 8.3, 250 mM KCl, 2.5 mM spermidine, 
50 mM MgCl2, 50 mM DTT), 4 μl of 10 μM of deoxynu-
cleotides (dNTPs), 1 μl of 20 units of RNase inhibitor 
(Boehringer Mannheim), and 1 μl of 200 units of Moloney 
Murine Leukemia Virus (M‐MLV) reverse transcriptase 

(Promega) was added. Incubation was prolonged at 
4°C for 1 h and 2 μl of the single strand cDNA was 
used for PCR amplification. Polymerase chain reac-
tion reaction was performed in a volume of 20 μl using 
10 µl Master mix 2x (Promega), 0.5 µl specific prim-
ers (10 pmol), 2 µl cDNA and the deionized water. 
The applied program for cDNA biosynthesis applied 
in the PCR PTC-100 thermal cycler (MJ Research) 
was operated at 25°C for 5 min followed by 42°C  
for 60 min and ended at 70°C for 5 min. Genomic 
DNA Sample Preparation Kit from Revert Aid (Ther-
mo Scientific) was used. 

Primers for amplification were designed on the ba-
sis of the cDNA sequences encoding gene of PAL from 
soybean leaves such as: 
  – the forward primer for PAL: 
 5’-CGGTTCATTTTGCTTGTCCAC-3’;
  – the reverse primer for PAL: 
   5’-CTGAGCGATGGTGAGAGTC-3’.

The amplicon was 166 base pairs (bp).
The following actin primers were used as positive 

controls:
  – the forward primer for actin:
 5’-CGCTGGTCGTGATC TAACTG-3’;
  – the reverse primer for actin: 
 5’-GCTCATGGCTTTTCTCAACTG -3’.

The amplicon was 185 bp.
The thermal cycling conditions were 94°C for 4 min 

followed by 25 cycles (95°C for 1 min, 48°C for 3 min, 
and 72°C for 30 s), and 72°C for 7 min, then kept at 4°C.

The RNA was electrophoresed in 2% agarose gels 
and blotted onto Hybond N membranes following 
standard procedures. Hybridization with the specific 
probes was carried out at 42°C in an Ethidium bro-
mide solution. 

Lipoxygenase assay

The activity of lipoxygenase (LOX, EC 1.13.11.12) was 
determined following the spectrophotometric method 
(Sekhar and Reddy 1982). 0.50 g frozen leaves were 
ground with 3 ml 100 mM phosphate buffer (pH 7.0). 
The homogenate was then centrifuged at 12,000 × g for 
30 min at 4°C. The supernatant was used as enzymatic 
extract for LOX activity assay. A linoleic acid solu-
tion was prepared at a concentration of 10 mM. The 
substrate solution consisted of 100 mM borate buffer 
(pH 10.0), Tween 20, and 10 mM linoleic acid. The re-
action mixture consisted of 2.9 ml borate buffer, 50 μl 
substrate, and 50 μl enzymatic extract. The activity of 
LOX was determined from the increase in optical den-
sity values at 234 nm wavelength in the UV-Vis CARY 
60 spectrophotometer (Agilent, USA) system. The re-
sults were expressed as nanokatal of LOX activity per 
mg protein per minute (nkat · mg–1 protein · min–1). 
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Determination of lipoxygenase isoenzymes

0.50 g frozen leaves were homogenized and extracted 
in 5 ml of 0.2 M borate buffer (pH 7.0) and centri-
fuged at 12,000 × g for 15 min at 4°C. The solution of 
proteins isolated with the extracted borate buffer was 
electrophoresed in 7% polyacrylamide gel containing 
ampholytes (pH 3.5–10.0). Lipoxygenase isoenzyme 
was visualized by staining with 1% N,N-dimethyl-p- 
-phenylene diamine (Rucińska and Gwóźdź 2005). 

Determination of protein 

In all the enzyme preparations, the protein in soybean 
seedlings’ leaves was determined following the method 
of Bradford (1976) using bovine serum albumin (Sig-
ma-Aldrich) as a standard.

Statistical analysis

All determinations were performed in three independ-
ent experiments. Analysis of variance (ANOVA) was 
applied to determine if means from the independent 
experiments within a given variant were significant at 
the level p < 0.05. Data shown in the figures are means 
of each variant and standard errors (SE), using aster-
isks to present significant differences. 

Results 

Accumulation of salicylates in soybean 
leaves after aphid infestation

Infestation by A. craccivora induced an accumulation 
of free SA in G. max cv. “Nam Dan” leaves. Salicylic 
acid was accumulated early, 24 hpi, and maintained 

high levels until 48 hpi and then strongly dropped 
within 72–96 hpi. This phytohormone in the control 
plants maintained consistently lower levels (Fig. 1). The 
highest content of SA obtained 151.38 ng · g–1 FW was in 
30-aphids infested leaves at 24 hpi. It was 4.62-fold high-
er than at the beginning (32.76 ng · g–1 FW) and 3.14-fold 
higher than in control plants (48.08 ng · g–1 FW). There 
was a close correlation between the content of accumu-
lated SA with the density of cowpea aphid infestation. 
ANOVA results showed that significant differences be-
tween the concentration of SA in aphid-infested leaves 
and control were recorded within 24–72 hpi.

Accumulation of jasmonates in soybean 
leaves after aphid infestation

The gas chromatography-mass spectrometry (GC-MS) 
analytical results showed that levels of MeJA were very 
low (intensity of investigated ions was very small) in 
leaves of G. max cv. “Nam Dan” plants. This crop mainly 
contained JA, so we assessed the total jasmonate con-
tent (JA and MeJA) in all samples and the symbol JA 
was used. This phytohormone in the aphid-infested 
variants increased from the beginning up to 96 hpi 
(Fig. 2). The highest concentration of JA (493.68 ng · g–1 
FW) was recorded in leaves infested by 30 aphids at 
72 hpi, and was 2.92-fold higher than the control 
(234.73 ng · g–1 FW). The content of JA in aphid-infested 
leaves was always significantly different than in the con-
trol plants (p < 0.05). Furthermore, the JA content was 
proportional with the numbers of cowpea aphid attack-
ing within 48–96 hpi; a higher number of cowpea aphid 
attacking caused a greater increase in JA content, and 
vice versa. This correlation suggested that the accumu-
lated content of JA in soybean leaves was closely related 
to duration and density of cowpea aphid infestation.

Fig. 1. Effect of Aphis craccivora infestation on salicylate con-
tent in leaves of Glycine max cv. “Nam Dan”. Values are means 
± SE of three independent experiments. (*) in figure shown the 
significant difference between the experimental variants and 
control at level p < 0.05

Fig. 2. Effect of Aphis craccivora infestation on jasmonates con-
tent in leaves of Glycine max cv. “Nam Dan”. Values are means 
± SE of three independent experiments. (*) in figure shown the 
significant difference between the experimental variants and 
control at level p < 0.05
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Activity of PAL and expression of PAL gene 
in soybean leaves after aphid infestation

The activity of enzyme phenylalanine ammonia-lyase 
(PAL, EC 4.3.1.24) was strongly induced in G. max 
leaves after infestation by different numbers of A. crac-
civora (Fig. 3). The activity of PAL in 20- and 30-aphids 
infested leaves increased at the beginning, reached to 
the highest values at 48 hpi, then gradually fell within 
48–96 hpi. However, PAL activity in the infested vari-
ants was always statistically higher than in the control 
(p < 0.05), in which this enzyme remained at low levels 
and underwent minor changes throughout the experi-
ments. 

Cowpea aphid induced not only enzyme activ-
ity, but also expression of gene encoding PAL (PAL). 
Semiquantitative RT-PCR analysis indicated that 
PAL began to express in A. craccivora-infested leaves 
24 hpi, and maintained strong expression until 96 hpi 
(Fig. 4A). The ratio intensity of PAL and actin in the 

Fig. 3. Effect of Aphis craccivora infestation on activity of PAL 
in leaves of Glycine max cv. “Nam Dan”. Values are means ± SE 
of three independent experiments. (*) in figure shown the 
significant difference between the experimental variants and 
control at level p < 0.05

Fig. 4. Relative expression of PAL gene in leaves of Glycine max cv. “Nam Dan” control and plants infested by Aphis 
craccivora (A), the constitutive expression actin (B) and a ratio intensity of PAL/intensity of actin (C). (*) in figure shown the 
significant difference between the experimental variants and control at level p < 0.05. C − control, A − aphids

infested leaves was always stronger than that in the 
control (Fig. 4C).

A

B

                                 C
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Fig. 5. Effect of Aphis craccivora infestation on activity of BA2H 
in leaves of Glycine max cv. “Nam Dan”. Values are means ± SE 
of three independent experiments. (*) in figure shown the 
significant difference between the experimental variants and 
control at level p < 0.05

Fig. 6. Effect of Aphis craccivora infestation on activity of LOX 
in leaves of Glycine max cv. “Nam Dan”. Values are means ± SE 
of three independent experiments. (*) in figure shown the 
significant difference between the experimental variants and 
control at level p < 0.05

leaves increased from the beginning to 96 hpi, and was 
higher than that observed in the control 48 hpi (Fig. 6). 
The significant differences between the infested vari-
ants and the control were recorded within 48–96 hpi 
(p < 0.05). The variation of LOX activity was recorded 
with respect to aphid density and duration of infesta-
tion. Results from electrophoresis analyses record-
ed the presence of a LOX isoform in soybean leaves 
(Fig. 7). Interestingly, the intensity of that isoform in-
creased throughout the experiment, which was similar 
to the change in LOX activity. 

Discussion

The SA signaling pathway in plant response 
to aphids

Previous studies on various plant-aphid interactions 
have shown that endogenous SA was strongly accu-
mulated to higher levels in response of resistant culti-
vars to aphids (Mohase and van der Westhuizen 2002; 

Activity of BA2H in soybean leaves 
after aphid infestation

BA2H activity in “Nam Dan” soybean leaves strong-
ly accumulated 24 hpi in all aphid-infested variants 
(Fig. 5). The highest value of BA2H activity (18.37 ng 
SA · h–1 · mg–1 protein) was detected in leaves infested 
by 30 aphids at 24 hpi. It was 3.44 -fold higher than that 
at the beginning, and 2.63-fold higher than the control 
plants. Benzoic acid 2-hydroxylase activity in aphid-
infested leaves tended to decrease as the experimental 
time progressed, whereas this enzyme in the control 
changed little at low levels. The differences in BA2H ac-
tivity between the aphid-infested plants and the control 
were recorded at all investigated time points (p < 0.05). 

Activity of LOX in soybean leaves  
after aphid infestation

Infestation by A. craccivora caused an enhancement 
in LOX activity and expression of LOX isoform in 
soybean. Lipoxygenase activity in the aphid-infested 

Fig. 7. Native gels staining for LOX isoenzymes in leaves of Glycine max cv. “Nam Dan” control and seedlings infested by Aphis 
craccivora. C − control, A − aphids
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accumulated increase in activity of BA2H in “Nam 
Dan” soybean leaves infested by of cowpea (Fig. 5). 
Similar to PAL, the inducible change in BA2H activity 
was especially appropriated with the alteration of SA 
content, therefore, BA2H probably participated in the 
SA-signaling pathway.

A proportional correlation between the activities of 
PAL and BA2H and the SA content in the aphid-infest-
ed leaves indicated that the enhancement of those en-
zymes is strongly associated with the accumulation of 
phytohormone SA in the SA-related defense pathway 
induced upon aphid infestation. It should be stressed 
that the change in SA content and PAL and BA2H activ-
ity were recorded with respect to the density of aphid 
infestation. A high-density of aphid attack (e.g., 20 or 
30 cowpea aphid individuals per soybean plant) caused 
strong induction of the SA level and activity of PAL and 
BA2H in the infested leaves of “Nam Dan” soybean.

The JA signaling pathway in plant  
responses to aphids

Jasmonic acid exerts its protective functions by regu-
lating the expression of both direct and indirect de-
fenses against herbivores (War et al. 2011). In the 
direct defense, via the basic helix-loop-helix transcrip-
tion factor MYC2, JA enhances flavonoid biosynthesis, 
leading to a synthesis of defense compounds such as 
indole glucosinolates which serve as general poison 
and deterrent for herbivores (Fujita et al. 2009). The 
expression of MYC2 was significantly higher in plants 
simultaneously attacked by a high density of aphids 
(Kroes et al. 2015). Jasmonic acid also affects calcium-
dependent protein kinase (CDPK) transcripts, which 
play an important role in plant defense against vari-
ous stresses through signal transduction (Ulloa et al. 
2002). In soybean plants, almost all GmCDPKs regu-
lated plant wound- and herbivore-elicited defense 
responses were independent of JA signaling (Hetten-
hausen et al. 2016). In addition, JA played a role in 
indirect defense against insect pests through the in-
duction of oxidative enzymes, proteinase inhibitors, 
alkaloids, and volatile compounds (War et al. 2011). 
Because of their potential roles in the synthesis of 
defense compounds and/or in oxidative stress toler-
ance, JA and related compounds are being implicated 
in plant resistance against insect herbivory. Jasmonic 
acid is also known to send important signals in the 
wounding response of plants. During feeding, aphid 
stylets penetrate plant tissues and result in cell dam-
age such as disturbance of cell walls or disruption of 
plasma membranes (Tjallingii 2006). Jasmonic acid 
and its derivates directly promote the formation of 
COI1-JAZ complexes – the specific components of 
the “signal signature” that evoke a specific response to 
wounding (Katsir et al. 2008). 

Stewart et al. 2016) and the SA concentration increased 
following the time of aphid attack (Mohase and van 
der Westhuizen 2002). Our present study agreed with 
these reports as infestation by cowpea aphid induced 
dramatic increases of SA in the infested G. max cv. 
“Nam Dan” leaves (Fig. 2). The accumulated genera-
tion of SA is often associated with a build-up of re-
active oxygen species that cause significant changes in 
cellular redox levels. These redox changes are sensed 
in the cytosol by the key defense gene NPR1 (NON-
EXPRESSOR OF PR1) – a vital component of SA sign-
aling pathway (Monaghan et al. 2009). NPR1 involved 
in systemic acquired resistance (SAR), could influence 
plant defense against aphids via triggering expression 
of pathogenesis-related (PR) genes responses (Moran 
and Thompson 2001). Significantly more PRs were 
induced within 12–24 h after aphid attack, suggest-
ing that an early time period is required to develop the 
SA-related responses. In addition, a wide range of 
plant defenses against aphids depending on SA-signal-
ing was involved in the induction of the transcription 
factors of the WRKY family (Kuśnierczyk et al. 2008). 
The simultaneous feeding of only a few aphids could 
induce the expression of gene WRKY70 (Kroes et al. 
2015). These results supplied an important link be-
tween SA-signaling and different defense mechanisms 
in plants. Because early infestation of aphids invoked 
SA-defense genes, the strong accumulation of phyto-
hormone SA may be a critical step in the signaling of 
downstream responses of plants to aphids.

Phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) is 
the first enzyme in the SA biosynthesis pathway. An in-
crease in PAL activity markedly affected the synthesis 
of the secondary metabolites, which led to biosynthe-
sis of SA, flavonoids, isoflavonoid, and other antioxi-
dants. Those compounds with deterrent, toxic and an-
ti-nutritional properties were the aphid repellents that 
may prevent aphids from feeding or settling on hosts 
(Moran and Thompson 2001; Martinez de Ilarduya 
et al. 2003; Voelckel et al. 2004; Zhu-Salzman et al. 
2004; Gao et al. 2007). In “Nam Dan” soybean plants, 
cowpea aphid induced not only enzyme activity, but 
also expression of gene PAL. This gene began to express 
in A. craccivora-infested leaves 24 hpi, and maintained 
strong expression until 96 hpi (Fig. 4a). The feeding of 
a large number of cowpea aphids enhanced a high ex-
pression of enzyme and gene PAL in G. max cv. “Nam 
Dan” leaves.

Benzoic acid 2-hydroxylase (BA2H), whose major 
biochemical function is catalyzing the conversion of 
benzoic acid to SA, is directly related to SA signaling. 
To date, there is little information available about the 
involvement of BA2H in plant response to herbivores. 
We previously observed an accumulation of BA2H in 
the defense response of Pisum sativum to pea aphid 
(Mai et al. 2014). The present study revealed a strongly 
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As the key enzyme in the JA biosynthesis pathway, 
the participation of LOX in plant defense mechanisms 
against herbivorous insects has been demonstrated. 
First, LOXs are involved in the inducible herbivore re-
sistance, which has been implicated in the direct plant 
defense via accumulation of oxidative enzymes and 
protease inhibitors (PIs, Bruinsma et al. 2010). Pro-
tease inhibitors inhibit the protease activity of the di-
gestive enzymes in insects’ guts; therefore, the insects 
become weak with stunted growth and ultimately die. 
Moreover, LOXs can catalyze the hydroperoxidation 
of linoleic and linolenic acids and form free radicals 
(e.g., superoxide anion, hydroxyl radicals), which may 
directly damage insect tissues, indirectly impair insect 
growth through damage to essential nutrients, and/or 
act as feeding repellents (Chamulitrat et al. 1991). Sec-
ond, LOXs are involved in the indirect plant defense by 
release of herbivore-induced plant volatiles (HIPVs). 
The major signal transduction regarding HIPVs un-
derlying insect-induced plant defenses is the octadeca-
noid pathway, from which, JA, MeJA, and OPDA can 
travel by air to nearby plants and attract the natural 
enemies of insect pests or affect herbivore behavior 
(Bruinsma et al. 2010). 

In the “Nam Dan” soybean-cowpea aphid inter-
action, the content of phytohormone JA and the activ-
ity of enzyme LOX in the aphid-infested variants con-
tinuously increased according to the feeding duration. 
A large cowpea aphid attack induced a high expression 
of JA and LOX. It can be suggested that the JA-signaling 
pathway is important for the naturally derived aphid 
resistance trait of soybean “Nam Dan”; the change in 
expression of the defense-related compounds JA and 
LOX was strongly correlated with density and chal-
lenge duration of A. craccivora. 

Relationship between SA-  
and JA-signaling pathways

In soybean leaves infested by cowpea aphid, the inter-
action between SA and JA was variously expressed at 
different intervals. In the early response, the SA-sig-
naling pathway was strongly induced up-regulation, 
and probably dominated the expression of JA-signals. 
Salicylic acid and enzymes such as PAL and BA2H 
were enzyme LOX was kept in low expression within 
24–48 hpi. In contrast, in the later responses (within 
72–96 hpi), the high accumulated levels of JA and LOX 
in the JA-signaling pathway seem to depress the ex-
pression of elements in the SA biosynthetic pathway. 
The different enhancement of the SA- and JA-signaling 
pathways may contribute to a coordinated regulation 
leading to the specific defense responses, which im-
proved the soybean resistance to cowpea aphid.

Conclusions

Infestation by cowpea aphid elicited the SA- and JA-
signaling pathways in soybean leaves. An early induc-
tion of SA probably triggers the inducible specific de-
fense reactions in the early response of soybean. An 
accumulation of JA in the later response may be a criti-
cal step in the signaling of down-stream defense in soy-
bean “Nam Dan” to cowpea aphid. Being also induced 
by aphid infestation, enzymes PAL and BA2H in the 
SA biosynthetic pathway, enzymes LOX involved the 
biosynthesis of JA may strengthen the phytohormonal 
defense barriers in soybean “Nam Dan” during cowpea 
aphid attack process. The increases in the accumulated 
content of SA, JA and their biosynthetic enzymes are 
associated with G. max cv. “Nam Dan” resistance, and 
closely connected with density and infestation dura-
tion by cowpea aphid. 
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