
Frontiers in Plant Science | www.frontiersin.org 1 November 2020 | Volume 11 | Article 580155

ORIGINAL RESEARCH
published: 27 November 2020

doi: 10.3389/fpls.2020.580155

Edited by: 
Sanushka Naidoo,  

University of Pretoria, South Africa

Reviewed by: 
Yoshihito Suzuki,  

Ibaraki University, Japan
Makoto Tokuda,  

Saga University, Japan

*Correspondence: 
Shihong Luo  

luoshihong@syau.edu.cn

Specialty section: 
This article was submitted to  
Plant Pathogen Interactions,  

a section of the journal  
Frontiers in Plant Science

Received: 28 July 2020
Accepted: 09 November 2020
Published: 27 November 2020

Citation:
Jia M, Li Q, Hua J, Liu J, Zhou W, 

Qu B and Luo S (2020) 
Phytohormones Regulate Both “Fish 

Scale” Galls and Cones on  
Picea koraiensis.

Front. Plant Sci. 11:580155.
doi: 10.3389/fpls.2020.580155

Phytohormones Regulate Both “Fish 
Scale” Galls and Cones on Picea 
koraiensis
Mingyue Jia 1, Qilong Li 1, Juan Hua 1, Jiayi Liu 1, Wei Zhou 1, Bo Qu 1,2 and Shihong Luo 1,2*

1College of Bioscience and Biotechnology, Shenyang Agricultural University, Shenyang, China, 2Key Laboratory of Biological 
Invasions and Global Changes, Shenyang Agricultural University, Shenyang, China

The larch adelgid Adelges laricis laricis Vallot is a specialist insect parasite of Picea 
koraiensis (Korean spruce) and forms fish scale-like galls that damage the growth of the 
host plants. Our investigation reveals that both these galls and the fruits (cones) of  
P. koraiensis display lower concentrations of phytosynthetic pigments and accumulate 
anthocyanin cyanidin-3-O-glucoside and soluble sugars in the mature stages. Interestingly, 
high concentrations of 6-benzylaminopurine (BAP) both in the cauline gall tissues and in 
the larch adelgids themselves (4064.61 ± 167.83 and 3655.42 ± 210.29 ng/g FW, 
respectively), suggested that this vital phytohormone may be synthesized by the insects 
to control the development of gall tissues. These results indicate that the galls and cones 
are sink organs, and the development of gall tissues is possibly regulated by phytohormones 
in a way similar to that of the growth of cones. The concentrations of phytohormones 
related to growth [indole-3-acetic acid (IAA), cytokinins (CTK), and gibberellins (GAs)] and 
defense [salicylic acid (SA)], as well as SA-related phenolics [benzoic acid (BA) and 
p-hydroxybenzoic acid (pHBA)] in gall tissues were positively correlated with those in 
cones during the development stage. The levels of 1-aminocyclopropane-1-carboxylic 
acid (ACC) in the developmental stage of the cones correlates negatively with their 
concentrations in the gall tissues (R = −0.92, p < 0.001), suggesting that downregulation 
of ACC might be the reason why galls are not abscised after a year. Our results provide 
a new perspective on the potential mechanism of the development of cauline galls on  
P. koraiensis, which are regulated by phytohormones.

Keywords: plant-insect interactions, phytohormones, larch adelgid, sink organs, cauline gall

INTRODUCTION

Herbivorous insects and plants are hugely important components of terrestrial communities 
and have coevolved over millions of years (Stahl et  al., 2018). Damage caused by insect feeding 
on plants makes an important contribution to yield reductions across agricultural areas globally 
and is therefore responsible for considerable economic losses (Hilker and Fatouros, 2016). 
Insects are mobile and have evolved sophisticated and effective strategies to enable them to 
live on their host plants. Several different feeding habits are known and insects have evolved 
mouthparts that enable them to specialize in chewing, snipping, or sucking and have developed 
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chemical-molecular crosstalk to cope with plant defenses  
(Howe and Jander, 2008). An example of a strategy evolved 
by an insect to counter plant host defenses is that the salivary 
secretions of certain herbivorous insect caterpillars contain the 
enzyme glucose oxidase, which counteract the production of 
defensive metabolites induced by the caterpillar feeding on 
the plant (Musser et  al., 2002). Furthermore, the digestive 
proteases in the guts of phytophagous insects are able to counter 
plant defense proteins (Zhu-Salzman and Zeng, 2015). The 
complex chemical networks involved in the interactions between 
plants and insects resulting from thousands of years of evolution 
remain a hot topic in research.

One fascinating research area in the field of plant-insect 
interactions is the interaction between galling insects and plants. 
Insect galls are tumor-like organs on plant tissues, which are 
stimulated by the feeding of galling insects that can induce 
accelerated division of the host cells (Hirano et  al., 2020). 
Galls can function as shelters and feeding sites for the insects 
inside and can develop in almost every plant organ, including 
roots, stems, leaves, flowers, fruits, and seeds. Galls have a 
negative impact on their host plants, slow plant growth, and 
can reduce plant height, leaf area, and production of inflorescences 
(Fay et  al., 1996). However, these organs represent a close and 
sophisticated association between the galling insects and their 
host plants (Kutsukake et  al., 2019). It is well-known that 
plant defenses against herbivory are triggered by insect-specific 
elicitors (Howe and Jander, 2008). Meanwhile, the insects counter 
these strategies by triggering multiple effective defense pathways, 
which can counter the plant defenses (Zhu-Salzman and Zeng, 
2015). Certain insects secrete effectors, which are injected 
physically into host cells to control the plant defenses (Cambier 
et  al., 2019). It is possible that these effectors potentially act 
as mediators responsible for the formation of arthropod-induced 
plant galls (Oliveira et al., 2016). Moreover, gall-inducing insects 
can manipulate host plant cells and tissues and control the 
formation of galls accompany chemicals. Therefore, understanding 
the mechanisms by which these insects can offset plant defenses 
and manipulate plants in other ways is a key to explain the 
complicated relationships between plants and galling insects.

Gall formation occurs when plant cell growth is accelerated 
following a stimulus caused by the feeding of galling insects 
(Stone and Schonrogge, 2003). Gall tissues usually absorb the 
photoassimilates and can manipulate the source-sink relationships 
in plants, allowing the formation and growth of galls resemblance 
to plant other organs (Dorchin et  al., 2006; Oliveira et  al., 
2017). An example of insect alteration of plant source-sink 
relationships is found in the galling aphid, Pemphigus betae. 
Galls induced by these aphids use plant sources to maintain 
their own growth and development in the same way as other 
organs of plants do, including increasing size through cell 
hypertrophy and tissue hyperplasia (Larson and Whitham, 
1997). A favorable microenvironment for the development of 
their galls is ensured by gall-inducing wasps, Trichilogaster 
signiventris, which can alter the photosynthetic capacity of the 
gall tissues to induce a resource sink (Castro et  al., 2012). 
However, although the changes in source-sink relationships 
can lead to striking resemblances between the gall organs and 

other plant organs in the processes of growth and development, 
there are few studies focusing on this phenomenon and the 
mechanisms remain unclear.

Phytohormones are considered to be  the pivotal regulators 
in the manipulation of plant tissues to enable the formation 
and growth of galls (Li et  al., 2017; Body et  al., 2019). These 
hormones may be secreted by the gall-inducing insects themselves 
or by the host plants (Straka et  al., 2010; Tooker and Helms, 
2014). In certain cases, galling insects have the ability to regulate 
plant hormones. Cytokinins (CTK, in most cases iP and tZ) 
secreted by gall-inducing insects and cause the galls to become 
strong photosynthate sinks, meaning that the insects inside 
are continually supplied with nutrients (Naseem et  al., 2014; 
Takei et  al., 2015). Gibberellins (GAs) and abscisic acid (ABA) 
play key roles in the regulation of gall formation and in insect-
induced defensive responses (Li et  al., 2017). Meanwhile, 
jasmonates (JAs) and salicylic acid (SA) are the key defensive 
phytohormones that mediate plant responses to galling herbivores 
during gall initiation and development (Eitle et  al., 2019). The 
regulation of phytohormones is therefore of crucial importance 
in the formation and development of galls.

The larch adelgid Adelges laricis laricis Vallot (Hemiptera, 
superfamily Phylloxeroidea, family Adelgidae) is polymorphic, 
commonly with a 2-year life cycle that involves different host 
plants (Yu et  al., 1998). From field observations in Liaoning 
Province, China, Picea koraiensis (Korean spruce) was identified 
as a primary host plant for this adelgid. In the same area, 
the Japanese larch, Larix kaempferi, acts as a secondary host 
(Figure  1; Liu et  al., 2011). Larch adelgids cause significant 
damage to young trees of P. koraiensis, affect the growth of 
stems and branches, and cause the formation of “fish scale” 
galls. On L. kaempferi, the larch adelgids suck the sap from 
the needles and shoots to produce large quantities of a white 
waxy secretion, resulting in dried and mildewed branches and 
seriously affecting tree growth (Figure  1; Yu et  al., 1998; Liu 
et  al., 2011). However, mechanism underlying gall formation 
in P. koraiensis is still poorly understood. In this study, we focus 
on exploring the dynamics of endogenous phytohormones in 
both galls and cones of P. koraiensis at different stages and 
investigate the roles of these hormones in the formation of 
galls. Our research contributes to a better understanding of 
the formation of gall tissues and supplies new insights into 
the potential mechanisms by which gall-inducing insects 
induce galls.

MATERIALS AND METHODS

Plant Materials and Galling Insects
Galls and normal branches without galls were collected in 
July 2019 from Picea koraiensis trees and were growing in 
Wan dianzi town (E: 125°13', N: 41°96'), Fushun city, Liaoning 
province. Plants were identified by Professor Bo Qu, and voucher 
specimens (SYNUBL013060–SYNUBL013065) were deposited 
at the College of Bioscience and Biotechnology, Shenyang 
Agricultural University. Based on morphology, the development 
of these cauline galls can be divided into five stages (Figure 1). 

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Jia et al. Phytohormones Regulate Galls and Cones

Frontiers in Plant Science | www.frontiersin.org 3 November 2020 | Volume 11 | Article 580155

Galls at stage G1 were defined as those having gall tissues 
with white-green coloration. Stage G2 galls had deeper green 
coloration. Stages G1 and G2 together were defined as the 
“young” stage. The “mature” galls were divided into three stages 
of development, G3–G5, which are described by a gradual 
deepening of color from pale green to purple-black. The 
coloration of galls at stage G3 was turning from green to red. 
G4 galls were defined as completely red, and G5 galls were 
purple-black. The adelgid insects were almost totally absent 
from galls at stage G5. Cones were divided on the basis of 
morphology into three stages. Tender stage galls (green color, 
F1) were collected on July 1, 2019, mature stage galls (red, 
F2) were collected on September 1, 2019, and senescent stage 
galls (brown, F3) were collected on November 1, 2019.

Galls and cones were collected from five Korean spruce 
plants which were about 6  years old. Fifteen repeated gall and 
five repeated cones for each stage were collected. Galls were 
dissected in the laboratory to separate insects and gall tissues. 
Based on both morphological characters and molecular 
identification, the insects were identified as Adelges laricis laricis 
Vallot (larch adelgid) by Dr. Shouhui Sun, and voucher specimens 

(SYNUBC00045–SYNUBC00050) were deposited at the College 
of Bioscience and Biotechnology, Shenyang Agricultural 
University. Galls, adelgids, stems without galls, and cones were 
stored at −80°C for further analysis.

Quantification of Phytohormones
A total of 26 SA-related phenolics and phytohormones  
were assessed, including 6-benzylaminopurine (BAP), 6-(γ,γ- 
dimethylallylamino) purine (iP), trans-zeatin (tZ), gibberellins 
(GAs, GA1, GA3, GA4, GA7, GA9, GA12, GA19, GA24, and GA53), 
indole-3-acetic acid (IAA), 3-indolepropionic acid (IPA), 
1-aminocyclopropane-1-carboxylic acid (ACC), ABA, jasmonic 
acid (JA), salicylic acid (SA), methyl salicylate (MeSA), benzoic 
acid (BA), p-hydroxybenzoic acid (pHBA), m-hydroxybenzoic 
acid (mHBA), p-hydroxycinnamic acid (pHCA), o-hydroxycinnamic 
acid (oHCA), m-hydroxycinnamic acid (mHCA), and trans-
cinnamic acid (tCA). The deuterated isotope-labeled compounds 
d2-GA1, d2-GA4, and d6-ABA were used as internal standards, 
which were purchased from Tokyo Chemical Industry Co., Ltd. 
(TCI, Tokyo, Japan). The concentrations of phytohormones and 
SA-related phenolics were quantified by external standard 
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FIGURE 1 | Field and microscope observations of the larch adelges Adelges laricis laricis Vallot and the cones of Picea koraiensis. Cauline galls induced by  
A. laricis laricis Vallot on P. koraiensis. (A) Field habit of Larix kaempferi, a secondary host of A. laricis laricis. (B) Field habit of P. koraiensis, a first host of A. laricis 
laricis. (C) Morphological characteristics of cauline galls caused by A. laricis laricis on P. koraiensis at different developmental stages of G1–G5. (D–G) A. laricis laricis 
Vallot isolated from the gall tissues of P. koraiensis. (H–J) P. koraiensis cones at different developmental stages of F1–F3. Scale bars = 2 cm for (C) and (H–J); 
0.25 mm for (D) and (E); 0.4 mm for (F); 0.35 mm for (G).
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method. Phytohormones and SA-related phenolics were purchased 
from Tokyo Chemical Industry Co., Ltd. HPLC-grade solvents 
methanol (MeOH), formic acid, and acetonitrile were purchased 
from Merck. HLB and MCX solid-phase extraction cartridges 
were from Thermo (WondaSep HLB, MCX 60  mg/3  ml, 
50EA/PKG).

The phytohormones with five biological replicates were 
extracted by following the previous descriptions with some 
slight modifications (Kojima et al., 2009). After removing larch 
adelgids from each gall chamber with a brush, the gall chambers 
(gall tissues) of each gall were prepared for a single sample. 
The cone and branches were chopped. After that, 500 mg fresh 
sample (gall tissues, branches, cones, or insects collected from 
the galls at stage G3) was homogenized using a precooled 
mortar pestle, and then ultrasonic-assisted extraction was 
conducted in 4 ml of extraction solution (methanol:water:formic 
acid  =  15:4:1) for 45  min. After centrifugation at 12,000  rpm 
for 10  min, the supernatant was collected, the residue was 
ultrasonically reextracted and centrifuged by following the above 
method, and the extraction supernatants from both steps were 
combined. Samples and solutions were kept at 4°C throughout 
the extractions. HLB and MCX columns were preactivated 
with 2  ml methanol and 2  ml of 1  M formic acid. Every 
2  ml of the supernatants loaded onto an HLB column and 
successively washed with 1  ml of the extraction solution. The 
eluates and washing solution were collected together and 
concentrated at 40°C under a rotary evaporator to get about 
1 ml solution. This solution was passed through a MCX column 
eluting with 0.5  ml of 1  M formic acid and 2  ml methanol. 
And the methanol fraction was concentrated and redissolved 
in 0.2  ml of methanol. Then, the redissolved solutions were 
filtered through a 0.22 μm filter and transferred to 2 ml LC-MS 
glass bottles for UPLC-MS/MS analysis. The concentrations of 
GAs, IAA, IPA, ABA, JA, SA, MeSA, BA, pHBA, mHBA, pHCA, 
oHCA, mHCA, and tCA were analyzed. For analyses of BAP, 
iP, and tZ, the MCX column was sequentially eluted with 
500  ml 0.35  M ammonia and 2  ml 0.35  M ammonia in 60% 
(v/v) methanol. The 0.35  M ammonia in 60% (v/v) methanol 
fraction was concentrated and redissolved in 0.2 ml of methanol 
for analysis of BAP, iP, and tZ using UPLC-MS/MS.

UPLC-MS/MS analyses were conducted using an UPLC-MS/
MS system (Shimadzu LCMS-8050) with a Shim-pack GIST 
C18 (2  μm, 2.1  ×  100  mm). The mobile phase consisted of 
0.1% formic acid (A) and acetonitrile (B). The gradient elution 
was programed as follows: 0–2  min, 20–30% B; 2–8  min, 30% 
B; 8–12  min, 30–95% B; 12–14  min, 95% B; and 14–16  min, 
95–20% B. A flow rate of 0.4  ml/min was used, and the 
injection volume was 10  μl. The column temperature was 
maintained at 40°C. The operating conditions of the electrospray 
ionization source (ESI) were as follows: gas flow 3  L/min; 
heating gas 10  L/min; dry gas flow 10  L/min; interface 
temperature, 300°C; and heating block temperature, 450°C. 
All the compounds were monitored using the multi reaction 
monitoring (MRM) mode, and the specific MRM parameters 
for each compound are given in Supplementary Table S1.

ACC was extracted as described previously (Ziegler et al., 2014). 
In short, the extract solutions and loading onto HLB columns 

were consistent with the methods of other phytohormones 
without MCX columns. The eluates of HLB column were 
evaporated to dryness at 37°C in a rotary evaporator. A total 
of 40  μl reaction buffer (anhydrous ethanol:water: 
triethylamine:PITC = 2:1:1:1) was added to the rotary evaporator 
bottle. After redissolving, the samples were left at room 
temperature for 20  min to react and were then evaporated 
to dryness as before. A further 50  μl 40% acetic acid was 
added and allowed to react at 90°C for 1 h. Then the reaction 
solution was evaporated and the residue redissolved in 500 μl 
methanol. The ACC was quantitatively analyzed using an 
UPLC-MS/MS system (Shimadzu LCMS-8050) with a Shim-
pack GIST C18 (2  μm, 2.1  ×  100  mm). The mobile phases 
were 0.1% formic acid (A) and acetonitrile (B). The gradient 
elution was conducted as follows: 0–13  min, 5–95% B. The 
flow rate was 0.4  ml/min and the volume of injection was 
10  μl. The column temperature was maintained at 35°C. The 
electrospray ionization source (ESI) with multi reaction 
monitoring (MRM) mode was applied in MS detection 
(Supplementary Table S2).

Qualitative Analysis of Anthocyanins in 
Gall Tissues and Cones Using HPLC-DAD
After the insects inside the galls were removed, about 500  mg 
of the gall tissues (G3) or cones (F2) was ground into powder 
in liquid nitrogen and then suspended with 5 ml 80% methanol/
water (v/v) with 2‰ formic acid in an ultrasonic bath for 
45  min. The suspension was then centrifuged at 12,000  rpm 
for 5 min. After centrifugation, the supernatant was concentrated 
and evaporated to dryness. The supernatant was then suspended 
in 1  ml methanol and then analyzed using UPLC-MS/MS 
(UPLC-MS/MS 8050, Shimadzu Scientific Instruments, Inc., 
Tokyo, Japan) and HPLC-DAD (Agilent 1260). Samples were 
injected using an autosampler (SIL-30 AC; Shimadzu) into a 
mobile phase comprising acetonitrile (B) and 2% formic acid 
in water (D; 0–10  min: isocratic 15% B; 10–13  min, linear 
15–95% B, 13–14  min, isocratic 95% B). The flow rate was 
0.2  ml/min with injection volume of 10  μl. Cyanidin-3-O-
glucoside was dissolved in methanol at 100  μg/ml and then 
analyzed by HPLC-DAD. At a flow rate of 1  ml/min, 10  μl 
of the sample was then injected into an Eclipse XDB-C18 column 
(5 μm, 4.6 × 250 mm), with the column temperature maintained 
at 30°C. The eluent was monitored at 200–600  nm. Mobile 
phases comprising (B) methanol and (D) 2% formic acid were 
used (0–30  min: linear 5–95% of B, 30–40  min, isocratic 
95% of B).

Determination of the Concentrations of 
Photosynthetic Pigments in Gall Tissues 
and Cones
Pigments were extracted from fresh control branches, gall 
tissues (G1–G5), and cones (F1–F3) tissues. Each sample was 
treated with five biological replicates. After removing the 
galling insects, the fresh gall tissue or cone (200 mg) samples 
were suspended in 5  ml 80% acetone/water (v/v) and then 
ground with a pestle and mortar until all the tissues with 
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visible pigmentation had disappeared. A 3  ml aliquot of the 
extract was transferred to a cuvette for the determination of 
chlorophyll absorption using a spectrophotometer at 470, 646, 
and 663 nm. Absorption measurements were used to quantify 
the concentrations of chlorophylls a, and b, and of total 
carotenoids, based on the equations reported in previous 
publications (Wellburn, 1994).

Determination of the Concentrations of 
Soluble Sugars in Gall Tissues and Cones
Samples were prepared with five biological replicates as 
described above for the analyses of glucose, fructose, and 
sucrose (Guimarães et  al., 2009). Briefly, 1  g of fresh gall 
tissues or cones were weighed and dried to a constant weight 
(105°C, 5  min and 80°C, 30  min). Dry gall tissues and 
cones were homogenized using a mortar pestle and transferred 
to the test tube. Then, samples were extracted in 80% aqueous 
ethanol for 40 min in the water bath at 80°C. The supernatant 
was collected, and the residue was reextracted two times 
under the same conditions. The supernatants from previous 
steps were combined. Samples with extraction solutions were 
shaken every 10 min throughout extractions. A total of 20 mg 
activated carbon was added and decolorized by shaking at 
80°C for 30  min (shaking per 5  min). Further filtration 
with a funnel to rotary evaporator bottle was conducted 
and concentrated at 40°C under a reduced pressure and 
redissolved in 1  ml ultrapure water. Then, the redissolved 
solutions were filtered through a 0.22  μm filter for further 
HPLC (Agilent 1260) coupled to a refraction index detector 
(RID) analysis. The mobile phase consisted of the following 
linear gradients (flow rate, 1 ml/min; injection volume, 10 μl): 
0–30  min, 20% A, 80% C (A was ultrapure water and C 
was acetonitrile). The column was Innovation NH2 (Chrom-ma 
Trix Bio-Technology; 5  μm, 4.6  ×  250  mm) and column 
temperature maintained at 35°C. Standard solutions of glucose, 
fructose, and sucrose were prepared in the range of 
0.625–10  mg/ml. Furthermore, the calibration curves of 
glucose, fructose, and sucrose were y  =  1E-05x−0.065 (tR, 
9.7  min; R2  =  0.999), y  =  1E-05x−0.027 (tR, 8.4  min; 
R2 = 0.996), and y = 2E-05x−0.017 (tR, 13.8 min; R2 = 0.991), 
respectively.

Statistical Analysis
The statistical analysis and graphics were conducted using 
ggstatplot (v 0.1.4). If the data followed a normal distribution, 
an independent-samples’ t-test was used for comparison 
between the two groups, and the comparison among three 
or more groups was performed using one-way ANOVA with 
Tukey’s test. If results of the t-test were significant and with 
the data were not normally distributed, a Mann-Whitney 
nonparametric test was used to compare two groups of data. 
Differences were considered to be  statistically significant if 
p ≤ 0.05. Corrplot and corrgram were used for the calculation 
of the correlation coefficient and for visualization. The R 
program (www.r-project.org) was used for statistical analysis 
and calculations.

RESULTS

Galls and Cones on Picea koraiensis Are 
Sink Organs
Based on morphological characters and DNA sequence analysis 
of DNA barcodes (COI), the gall insects in the stems of Picea 
koraiensis (Korean spruce) were identified as Adelges laricis 
laricis Vallot (Yu et  al., 1998; Žurovcová et  al., 2010).

Cones of Korean spruce are about 70–90  mm long and 
have a scaly surface. Each scale protects a seed. We  split the 
development of the cones roughly into three stages: tender 
(F1), mature (F2), and senescent (F3). Galls caused by larch 
adelgids on P. koraiensis are about 15–20  mm both in length 
and width and also have a fish-scale like surface with strawberry 
shaped. The surface of the galls has a regular arrangement of 
cone-scale-like protuberances. Each protuberance has a split 
line and bundles of needles of varying lengths. The line of 
dehiscence appears white, orange-red, and finally pink before 
splitting. Each protuberance is in fact a highly organized and 
differentiated gall chamber, inhabited by the A. laricis laricis 
Vallot insects. Gall chambers are independent of each other 
and are irregularly arranged. Thus, from morphology, the larch 
adelgid galls resemble the cones of P. koraiensis (Figure  1).

Concentrations of glucose, fructose, and sucrose in fresh 
gall tissues and cones analyzed using HPLC-RID. The 
concentrations of these sugars increased throughout gall 
development. The higher concentrations of glucose, fructose, 
and sucrose in mature stage of gall tissues were observed than 
those of normal branches. Similarly, the higher concentrations 
of glucose and fructose exhibited in fresh mature cones (F2), 
with values of 1.56 ± 0.02 and 3.31 ± 0.22 mg/g FW, respectively 
(Supplementary Figure S1).

Concentrations of chlorophylls a and b and carotenoids 
were higher in normal branches than those in fresh gall tissues 
and cones, but there were no significant differences in the 
concentrations of these photosynthetic pigments between gall 
tissues and cones (Figure  2). The red coloration of the galls 
and cones of P. koraiensis is mainly due to the accumulation 
of anthocyanin pigments using HPLC-DAD analysis. Through 
the comparison with the standard, the main coloration in 
mature stage of gall tissues and cones was identified as cyanidin-
3-O-glucoside (Figure  3). Thus, galls and cones are therefore 
both sink organs on the aerial parts of Korean spruce plants.

Growth Related Phytohormones in the Gall 
Tissues and Cones Throughout the 
Developmental Stages
The concentration of 6-benzylaminopurine (BAP) increased with 
the development of the gall tissues, reaching the value of 
4064.61  ±  167.83  ng/g FW in the last stage. Furthermore,  
the concentration of BAP in the larch adelgids was 
3655.42  ±  210.29  ng/g FW, which is four times higher than 
BAP concentrations in either normal branches or gall tissues 
at the related stage (G3, Figures  4A,B). Another cytokinin, 
6-(γ,γ-dimethylallylamino) purine (iP), was found in the larch 
adelgids, but its concentration did not appear to be  correlated 
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with the development of gall tissues or the cones in Korean 
spruce (Figures  4C,D). The concentrations of auxins (IAA and 
IPA) and gibberellins (GA1, GA3, and GA4) were low in all 
treatments, except that there were higher concentrations of GA1 
in the normal branches of P. koraiensis, with concentrations of 
223.03  ±  18.68  ng/g FW. Concentrations of GA4 in gall tissues 
increased throughout development (Figures  4E–N). Thus, it is 
possible that the abnormal growth of the gall tissues might 
be  stimulated by BAP synthesized by the larch adelgid insects.

Correlation analysis suggested that the concentrations of BAP 
were significantly and positively related to concentrations of iP 
(R  =  0.71, p  <  0.01), GA1 (R  =  0.71, p  <  0.01), and GA4 

(R  =  0.74, p  <  0.01) in gall tissues, and furthermore that 
concentrations of iP were significantly and positively correlated 
with concentrations of GA4 (R  =  0.95, p  <  0.001) in gall tissues. 
Moreover, there was a positive correlation between concentrations 
of GA1 and GA4 in gall tissues (R = 0.52, p < 0.05). In addition, 
there were negative correlations between concentrations of GA3 
and the other four growth related phytohormones in gall tissues, 
among which there was a significant negative correlation of 
GA3 with GA4 (R  =  −0.66, p  <  0.01). There were negative 
correlations between concentrations of BAP and the other four 
growth related phytohormones during cone development. 
Concentrations of iP and GA4 (R  =  0.82, p  <  0.001) were 

FIGURE 2 | Variations in concentration of photosynthetic pigments in galls tissues and the cones of Picea koraiensis. CK = normal branches. Data are presented in 
milligrams per gram of fresh weight (mg/g FW). G1–G5 represent the different developmental stages of gall tissues and F1–F3 represent different developmental 
stages of cones. G: gall tissues; F: cones. Mean differences were compared using one-way ANOVA with Tukey’s test. The different small letters (a, b, c, and d) 
represent significant difference at 0.05 level. These results shown represent the average ± SD.

A

B

C D

FIGURE 3 | Qualitative analyses of fresh gall tissues at stage G4 and cones of Picea koraiensis at stage F2 using HPLC-DAD at 520 nm. (A) HPLC analysis of gall 
tissues at stage G4; (B) HPLC analysis of cones of Picea koraiensis at stage F2; (C) HPLC analysis of cyanidin-3-O-glucoside (100 μg/ml); and (D) Chemical 
structures of cyanidin-3-O-rutinoside.
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significantly and positively correlated. Concentrations of GA1 
were positively correlated with GA3 (R  =  0.93, p  <  0.001) in 
cones. Furthermore, there was a positive, although not significant, 
correlation between GA3 and GA4 (Figure  5).

Defense Related Phytohormones in the 
Gall Tissues and Cones During the 
Developmental Stages
The concentrations of ABA and JA were affected by the 
developmental stage in both the gall tissues (ABA: F6, 12.13 = 27.82, 
P  =  <0.001; JA: F6, 11.64  =  145.24, P  =  <0.001) and Korean 
spruce cones. Similar expression patterns of ABA and JA in the 
developmental stages of the gall tissues were observed, in which 
the concentrations decreased throughout stages G2 and G3 and 
then increased again in stages G4 and G5 compared to stage 
G1 (Figures  6A,C). The normal gall-free branches of Korean 

spruce and cones at stage F1 showed the highest ABA concentrations, 
with values of 4967.60  ±  505.83 and 1574.46  ±  164.34  ng/g FW, 
respectively (Figures  6A,B). Concentrations of JA and ACC 
increased throughout cone development (Figures 6D,F). However, 
concentrations of ACC decreased throughout the developmental 
stages of the galls (Figure  6E).

The correlation analyses suggested that the concentrations 
of JA were positively correlated with those of ACC and ABA 
in gall tissues. During cone development, the concentrations 
of JA were significantly and negatively correlated with the 
ABA concentrations (R = -0.56, p < 0.05), and the concentrations 
of ABA were significantly and negatively correlated with those 
of ACC (R  =  −0.90, p  <  0.001). In addition, there was a 
significant positive correlation between concentrations of JA 
and ACC (R  =  0.83, p  <  0.01). The concentrations of ACC 
and JA in the cones were negatively correlated with the 

A B C D
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M N

FIGURE 4 | Quantitative analysis of growth related phytohormones in the larch adelgids, gall tissues, and cones (fruits) of P. koraiensis. Quantitative analysis of 
6-benzylaminopurine (BAP) in larch adelgids, gall tissues, normal branches (A), and cones (B). The level of 6-(γ,γ-dimethylallylamino) purine (iP) in gall tissues and 
normal branches (C) and cones (D). The level of GA1 in larch adelgids, gall tissues, and normal branches (E) and cones (F). Quantitative analyses of GA3 and GA4 in 
larch adelgids, gall tissues, and normal branches (G and I), and cones (H and J), respectively. The Levels of IPA and IAA in larch adelgids, gall tissues, and normal 
branches (K and M), and cones (L and N), respectively. CK = normal branches. Data are presented in nanograms per gram of fresh weight (ng/g FW), and boxplots 
display the minimum, first quartile, median, third quartile, and maximum for each stage in the given tissues. G1–G5 represent the different developmental stages of 
gall tissues and F1–F3 represent different developmental stages of cones. Red point = mean value. Horizontal black line inside the box = median value. The shape 
of the boxplot indicates the distribution of results. Mean differences were compared using t-tests. *Denotes that the value of p is less than 0.05. **Denotes that the 
value of p is less than 0.01. ***Denotes that the value of p is less than 0.001. These results shown represent the average ± SD and performed one-way ANOVA test 
among three or more groups. ωp2 = partial omega squared.
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corresponding phytohormones in the galls; however, only the 
concentrations of ACC showed a significant negative correlation 
between cones and galls (R  =  −0.92, p  <  0.001). These results 
suggest that ACC cooperates with JA and ABA in the development 
of both galls and cones. Moreover, galls that do not abscize 
and can account for the downregulated ACC result in any 
current year. Upregulated ACC might therefore be  triggered 
the abscission of the cones (Figure  7).

SA and SA-Related Phenolics in Gall 
Tissues and Cones Throughout the 
Developmental Stages
The concentrations of BA and pHBA were affected by 
developmental stage (gall tissues: BA: F6, 12.25  =  54.05, 
p  =  <0.001; pHBA: F6, 11.72  =  18.10, p  =  <0.001; cones: 
BA: F2, 6.24  =  19.13, p  =  0.002; pHBA: F2, 5.51  =  33.82, 
p  =  0.001). The BA in gall tissues exhibited the highest 
concentrations in the last stage of development, with a value 

of 9951.52  ±  1108.53  ng/g FW, which was four times that in 
the control branches and 13 times that in the mature cones 
(Figure 8). The highest concentrations of SA in the gall tissues 
were also observed in the last stage of gall development, with 
a value of 880.66  ±  98.05  ng/g FW, which was three times 
that in the control branches and 23 times that in mature 
cones. Interestingly, high concentrations of SA were also found 
in the larch adelgids, with values of 1195.92  ±  386.55  ng/g 
FW, indicating that the larch adelgids have the ability to store 
or transport SA. Compared with concentrations in gall tissues 
at other developmental stages, the upregulated concentrations 
of tCA and pHCA at stages G3 and G4 (Figure  8) were 
correlated with the concentration of anthocyanins at those 
stages, suggesting that tCA and pHCA are the key precursors 
in the biosynthesis of anthocyanins (Scheme 1). The 
concentrations of tCA, BA, and pHBA in the Korean spruce 
cones also increased with developmental stage.

The concentrations of BA in gall tissues were positively 
correlated with those of pHBA (R  =  0.96, p  <  0.001) and SA 

FIGURE 5 | Correlation of growth-related phytohormones between gall tissues and cones. The mean differences were compared using t-test (p < 0.05). BAP, iP, 
GA1, GA3, and GA4 represent phytohormone levels in gall tissues; F.BAP, F.iP, F.GA1, F.GA3, and F.GA4 represent phytohormone levels in cones. Red and blue 
squares represent positive and negative correlations, respectively.
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(R = 0.76, p < 0.01), and we also observed a significant positive 
correlation between the concentrations of pHBA and SA 
(R  =  0.66, p  <  0.05) in gall tissues. These results suggest that 
BA might be  the precursor of pHBA and SA (Scheme 1). In 
addition, concentrations of pHCA in gall tissues were significantly 
and positively correlated with those of tCA (R = 0.93, p < 0.001) 
throughout the developmental stages. Similarly, throughout cone 
development, concentrations of BA were significantly and 
positively correlated with those of pHBA (R = 0.98, p < 0.001), 
tCA (R  =  0.97, p  <  0.001) and were also positively correlated 
with SA concentrations, although this relationship was not 
significant. In addition, there was a significant positive correlation 
between pHBA and tCA (R  =  0.99, p  <  0.001) in cones. The 
correlative patterns of pHBA, BA, and SA in cones were 
consistent with those in insect-induced galls. However, 
concentrations of pHCA and tCA in gall tissues were strongly 
and negatively correlated with those in cones. With the exception 
of pHCA and tCA, our results demonstrate that changes in 
the concentrations of SA-related phenolics during gall 
development are consistent with those during cone development 
(Figure  9).

DISCUSSION

Both Galls and Cones Are Sink Organs
Together with flowers, buds, stems, and roots, fruits are 
important natural plant sink organs that absorb 
photoassimilates from adjacent tissues to maintain their own 
normal growth and development (Dorchin et al., 2006; Samsone 
et  al., 2011). The behavior of galls as assimilate sinks has 
been widely studied, and they compete with natural plant 
sink organs for the nutrient supply that supports their 
formation and growth (Yang et  al., 2007; Huang et  al., 2011, 
2015). Galls can affect the carbon partitioning mechanisms 
within their host plant because they can alter the resource 
balance between source and sink tissues (Dorchin et  al., 
2006). The high level of sugars in the gall tissues evidenced 
that they can be  sink organs on the stem of P. koraiensis. 
Consequently, galls have a negative impact on the growth 
and development of the host plant, leading to reductions in 
the production of flowers, fruits, seeds, or biomass (Oliveira 
et  al., 2017). There is therefore a competitive relationship 
between the gall and fruit sinks. Based on close source-sink 

A B

C D
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FIGURE 6 | Quantitative analysis of defense related phytohormones concentrations in larch adelgids, gall tissues, and cones of P. koraiensis. The abscisic acid 
(ABA), jasmonic acid (JA), and 1-aminocyclopropane-1-carboxylic acid (ACC) concentrations in gall tissues and normal branches (A,C,E) and cones (B,D,F), 
respectively. CK = normal branches without gall. Data are presented in nanograms per gram of fresh weight (ng/g FW), and boxplots display the minimum, first 
quartile, median, third quartile, and maximum for each stage in the given tissues. Red point = mean value and horizontal black line inside the box = median value. 
The shape of the boxplots indicates distribution of results. The mean differences were compared using t-tests. *Indicates that the value of p is less than 0.05. 
**Indicates that the value of p is less than 0.01. ***Indicates that the value of p is less than 0.001. These results shown are the average ± SD and performed one-way 
ANOVA test among three or more groups. ωp2 = partial omega squared.
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relationships, the developmental processes of galls and fruit 
are similar. However, the mechanisms of this phenomenon 
are not fully understood.

6-Benzylaminopurine Stimulates the 
Development of the Gall Tissues
Endogenous 6-benzylaminopurine (BAP) and its derivatives 
have been detected in several plant species. Furthermore, 
BAP has been detected in many different parts of both the 
coconut palm (Cocos nucifera L.) and the Baikal skullcap 
(Scutellaria baicalensis Georgi; Nandi et al., 1989; Sáenz et al., 
2003; Chernyad’ev, 2009). In our study, we  found that the 
concentrations of the cytokinin BAP in the gall-inducing 
larch adelgids were significantly higher than those in either 
normal branches without galls or gall tissues at stages G1–
G3. These results suggest that BAP is synthesized by the 
insects themselves to promote the formation of galls. Exogenous 
treatment with BAP will delay the leaf abscission of soybean 
(Kuang et  al., 1992) indicated high level of BAP in last 
stage of gall tissues related to anti-abscission of the gall 
after a year. However, only the concentrations of BAP showed 
a little negative correlation between cones and gall tissues 
(R  =  −0.38; Figure  5). Thus, the anti-abscission of the P. 
koraiensis cones may be unrelated to the higher concentrations 
of BAP. Moreover, higher concentrations of iP and tZ have been 
found in gall-inducing insects (Pontania sp., Eurosta solidaginis, 

Stenopsylla nigricornis, and others) than in plant tissues 
(Mapes and Davies, 2001; Yamaguchi et  al., 2012; Kai et  al., 
2017). It is therefore inferred that iP and tZ synthesized by 
the galling insects might manipulate host plants to facilitate 
the expansion of gall tissues (Mapes and Davies, 2001). 
However, in our experiments, the concentrations of iP and 
tZ in larch adelgids and in the gall tissues of P. koraiensis 
were relatively low, suggesting that they were not the key 
substances responsible for A. laricis laricis gall expansion 
on P. koraiensis.

The Accumulation of Anthocyanin Is 
Correlated to Sink Function of Gall 
Tissues
Anthocyanin acting as one of main coloring matters widely 
distributes in sink organs of plants (Wang et  al., 2020). The 
red color observed in insect gall tissues is mainly caused by 
the presence of anthocyanins in those tissues (Gerchman et al., 
2013). This has led to the possible connection between gall 
development and anthocyanins. Some researchers have found 
that this occur is due to the upregulation of the phenylpropanoid 
pathways by cytokinins in response to galler attack, which 
leads to anthocyanin accumulation in the galls (Connor et  al., 
2012). However, the upregulated phenylpropanoids may damage 
the photosynthetic system, which led to these tissues sensitive 
to UV radiation (Zhou et  al., 2020). In order to reduce the 

FIGURE 7 | Correlation of defense related phytohormones between gall tissues and cones. Mean differences were compared using t-tests (p < 0.05). Red and 
blue boxes represent positive and negative correlations, respectively.
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damage of UV radiation, plants accumulate anthocyanins in 
these tissues (Connor et  al., 2012). Moreover, the upregulation 
of anthocyanins may protect the galling aphids against UV 

radiation in peach species (Zhou et  al., 2020). Totally, the 
accumulation of anthocyanins in gall tissues is correlated to 
their sink function.
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FIGURE 8 | Quantitative analysis of concentrations of SA and SA-related phenolics in larch adelgids, gall tissues, and P. koraiensis cones. Quantitative analysis of 
salicylic acid (SA), benzoic acid (BA), p-hydroxybenzoic acid (pHBA), p-hydroxycinnamic acid (pHCA), and trans-cinnamic acid (tCA) in gall tissues and normal 
branches (A,C,E,G,I) and cones (B,D,F,H,J), respectively. CK = normal branches. Data are presented in nanograms per gram of fresh weight (ng/g FW), and 
boxplots display the minimum, first quartile, median, third quartile, and maximum for each stage in the given tissues. Red point = mean value and horizontal black 
line inside the box = median value. Shape of boxplots indicates distribution of results. The mean differences were compared using t-tests. *indicates that the value of 
p is less than 0.05. **Indicates that the value of p is less than 0.01. ***Indicates that the value of p is less than 0.001. The results shown are an average ± SD and 
performed one-way ANOVA test among three or more groups. ωp2 = partial omega squared.

SCHEME 1 | Plausible biosynthesis pathway of SA-related phenolics.
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The Lack of Abscission of Galls Is Related 
to the Concentrations of 
1-Aminocyclopropane-1-Carboxylic Acid
Fruit abscission is closely related to the regulation of plant 
hormones (Iqbal et  al., 2017). The endogenous hormone 
ethylene has a major role in the process of fruit abscission, 
in which there is also crosstalk with the other hormones 
ABA, GAs, auxins, and CTK (Iqbal et  al., 2017). The 
concentration of ACC is known to be  positively correlated 
with to the fruit development and abscission (Samsone 
et al., 2012; McAtee et al., 2013). However, our observations 
of ACC in the P. koraiensis galls suggest that the concentrations 
of this phytohormone decrease with gall developmental 
stage. Furthermore, the galls on the stem of P. koraiensis 
do not abscise the year they form and can remain on the 
tree for at least 2  years. Hence, the lack of abscission of 
the P. koraiensis galls may related to the low concentrations  
of ACC.

The Functions of SA and SA-Related Phenolic 
Acids in Galls and Cones of Korean Spruce
SA and SA-related phenolic acids are broadly distributed throughout 
plant tissues and are closely related to the growth of plant (Eitle 
et  al., 2019). The biosynthesis of these phenolic acids occurs via 
both the phenylalanine and the tyrosine pathway (Monica et  al., 
2016). In the phenylalanine pathway, phenylalanine is initially 
processed to tCA by phenylalanine ammonia lyase (PAL) and 
then to pHCA by cinnamate 4-hydroxylase (C4H), which leads 
on to the flavonoid pathway (Scheme 1). Different biosynthetic 
pathways are then employed to convert tCA to either pHBA or SA.

Phenolic acids are also important in plant responses to 
biotic and abiotic stresses, particularly against fungal infections 
(Firn, 1989). With the developmental stage of gall tissues, 
there is an increased risk of fungal infection with development 
of galls, because of the dehiscence (Amborabé et  al., 2002). 
Therefore, it is speculated the higher concentrations of the 
phenolics BA and pHBA observed in galls may be  related 

FIGURE 9 | Correlation of SA and SA-related phenolics between gall tissues and cones. The mean differences were compared using t-tests (p < 0.05). BA, pHBA, 
pHCA, tCA, and SA represent the levels of phytohormones in gall tissues; F.BA, F.pHBA, F.pHCA, F.tCA, and F.SA represent the phytohormone levels in cones.  
Red and blue boxes represent positive and negative correlations, respectively.
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to their role in defense against fungal attack. In addition, 
the phenolics tCA and pHCA are vital precursors of 
anthocyanin synthesis (Hilker and Fatouros, 2016). In  
P. koraiensis gall tissues, tCA and pHCA concentrations reached 
the highest levels at stages G4 and G3, respectively, where the 
gall tissues turn red, probably due to the accumulations of 
anthocyanins. This is similar to the accumulation of tCA 
throughout cone development, and the concentrations of pHCA 
in cone tissues were very high, which may also be  associated 
with accumulation of anthocyanins and changes in color. 
Therefore, the role of anthocyanins in P. koraiensis galls and 
cones may be  very similar.

CONCLUSION

All the present results suggest that phytohormones can act 
as the key regulators in the growth and development of both  
P. koraiensis galls and cones. This agrees with the results 
from the current study, which demonstrated that both galls 
and cones use a source-sink relationship for their own growth 
and development, resulting in similar appearance and 
morphology. In particular, BAP secreted by larch adelgids 
facilitates the formation of P. koraiensis galls. Our study 
provides further insights into gall formation and focuses on 
the potential mechanism by which the galling insects can 
induce gall tissues.
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