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Abstract

Galls are products of the hyperplasia of host plant structures induced by gall-inducing organ-
isms and have been considered as an extended phenotype of the inducers. There is little
evidence regarding the effect of host plants on gall morphology. We hypothesised that the
morphology and developmental pattern of galls are different because of the different loca-
tion of their stimulation, even though two kinds of inducers are close relatives. We observed
that horned galls and their leaflets of their host plant, Rhus chinensis required a longer rapid
growth stage than fusiform galls and Rhus potaniniileaflets. The distribution of trichomes
showed positional dependence. Molecular analysis showed that in the fusiform gall, the tar-
get genes that regulate the plastochron of leaflets and serration development were hardly
expressed, and CUP-SHAPED COTYLEDON-2 may be a key gene that regulates the for-
mation of the horns. In summary, horned and fusiform galls showed a developmental pattern
similar to those of their host plant leaflets. We suggest that the inducing site is important in
the morphology and development of galls.

Introduction

Galls are products of cell hyperplasia induced by galling organisms on host plants. More
than 15,000 species can induce gall formation, and the major inducers are mites, fungi, and
insects [1]. Insects produce diverse and complex galls [2]. Galls can be induced on leaves,
stems, branches, and roots, depending on the lifestyle of the inducers [3]. After settling in
the host plant, gall-inducing organisms can change plant development through complex
interactions with the host plant. A common change triggered by inducers is alterations in
the cell cycle of the host plant, leading to an increase in the volume and quantity of cells
(hyperplasia) [4-7]. There are some theories on how inducers control the host plant. For
example, 1) Davey found that gall development in Agrobacterium can be induced and con-
trolled by injecting bacterial DNA into the plant genome [8]. 2) Insects induce complex
galls by changing the phytohormones of the host plant. 3) Through high-throughput
sequencing, more interactive effectors were discovered, most of them were proteins, and
these effector proteins come from salivary or poison gland of the inducer [9, 10]. However,
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the function of effector proteins has not been further verified. So, the mechanism of the gall
formation remains unclear [11].

Galls induced by fungi and insects have similar biological functions. Galls provide a unique
habitat to protect parasites from natural enemies and protect larva against actual body contact
with rain, ice, snow, and sunlight [12, 13]. Some kinds of parasites feed on the inner wall of
galls and exchange nutrients with the host plant via the wall, thus the gall is also the feeding
place of these inducer [14, 15]. In a study in which Lantana camara L. (Verbenaceae) was fed
by Aceria lantanae (Acarina: Eriophyidae) and Schismatodiplosis lantanae (Diptera: Cecido-
myiidae), the resulting A. lantanae galls were uni- or multi-chambered and contained several
mites, caused by several leaf folds, and consisted of hyperplasic epidermis and parenchyma.
However, S. lantanae induced uni-chambered pouch galls inhabited by one larva or pupa, and
the galls consisted of predominantly hypertrophied spongy parenchyma [13]. Therefore, the
inducers play a key role in gall formation and control the galls to serve themselves, which is
why galls have been considered as an extended phenotype of parasites [16, 17]. Galls can also
be used as the basis for classifying inducers [5]. In summary, some reports suggest that the bio-
logical characteristics of galls are primarily determined by the inducers.

In other studies, gall formation was found to be affected by different vertical strata of the
tree canopy and variations in leaf traits [18, 19]. Gall abundance on Mangifera indica leaves
was found to be higher in the upper than the lower zone of the plant canopy, which on its turn
was higher than in the inner zone [20]. In a type of aphidic gall, the number/size of the gall is
different when a kind of aphid feeding on the different site of the same host [21]. In addition
to size and number, the host plant also affects the morphogenesis of galls. The concentration
of antioxidants in galls induced by Ditylenchus gallaeformans (Tylenchida: Anguinidae) on
Miconia ibaguensis (Myrtales: Melastomataceae) was determined by both the stimulation of
the inducer and the intrinsic physiological features of the host plant species [22]. “The insect
galls are in a sense new plant organs because it is the plant that produces the gall in response
to a specific stimulus provided by the invading insect” [23], so besides the inducer, the role of
plants in gall morphogenesis is worth to studying.

The seration on the leaves are regulated by the CUP-SHAPED COTYLEDON (CUC) family,
ERECTA, and SQUAMOSA promoter binding protein (SPB) [24, 25]. The CUC family of pro-
teins is involved in the establishment and maintenance of organ boundaries [26]. In the CUC
mutant of Arabidopsis thaliana, cotyledons were found to be fused along the edges of their
sides, resulting in a cup-shape [27]. The CUC family regulates leaf serration, as evidenced by
the fact that inactivation of CUC-3 leads to partial suppression of serrations on the leaves of A.
thaliana [28]. Furthermore, Kawamura et al. identified that CUC-2 promotes the outgrowth of
teeth in leaves through the regulation of auxin levels, and the level of auxin is higher in serrated
leaves than round leaves [29]. In addition to maintaining boundaries, the CUC family also
affects the initiation of the shoot apical meristem [30, 31]. ERECTA, a receptor-like kinase iso-
lated from Arabidopsis LA-0 (Landsberg), can cooperate with a variety of genes to control the
morphology of plant organs, including leaf morphology and stomatal development [32, 33].
Wild A. thaliana possesses oval leaves and long petioles, whereas the ERECTA-mutant pos-
sesses round leaves and a short petiole. This is because ERECTA regulates the quantity and
volume of cells by maintaining a negative correlation between the number of epidermal cells
and size of the cells and a positive correlation between the volume and number of rosette leaves
[34]. ERECTA can also influence leaf shape by regulating the transport of auxin during leaf
initiation; auxin accumulates in the L1 layer of the meristem and cannot flow into the hypo-
cotyl vasculature in ERECTA-deficient plants, resulting rounder leaves in the mutant A. thali-
ana than in the wild type [35]. The SPB family also plays a role in plant development by
regulating inflorescence, flowering time, juvenile-to-adult vegetative transition, and the
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vegetative-to-reproductive transition of the leaves (plastochron). The SPB family shows high
expression when the leaves have a long plastochron, which indirectly affects yield [36-38].
Additionally, the SPB family regulates the rosette leaves. When researchers overexpressed
microRNA (miR156) using a virus-based miRNA suppression system, miR156 repressed a
group of SPB transcription factors (lower expression level of SPB), resulting in the absence of
serration at the leaf edges [39].

Kaburagia rhusicola (Hemiptera: Pemphigidae) and Schlechtendalia chinensis (Hemiptera:
Pemphigidae) are obligatory parasites that produce fusiform and horned galls on Rhus potani-
nii and Rhus chinensis, respectively [40]. Horned and fusiform galls are called Chinese gallnuts
and are important commercial crops in forestry [41]. Fusiform and horned galls have certain
common traits, such as specific reticulate schizogenous ducts associated with the vascular bun-
dles, that fill the inner wall, and expanded xylem in the stalk that serves as a strong support
and facilitates the exchange of nutrients [42]. As mentioned above, some studies have shown
that the host plant can affect the anatomy and metabolism of galls [20-23]. In this study, we
tested two galls produced by two galling aphids, and hypothesized that the morphology and
developmental pattern differ because of their different stimulation sites.

Materials and methods
Developmental parameters

Leaflets of R. potaninii and R. chinensis, and fusiform and horned galls at different stages were
collected in Wufeng County, Hubei Province, China. We collected the two kinds of galls and
their host plant leaflets when they were 0.3 and 0.5 cm in length at the initial stage when they
stopped growing and bursting, respectively. The dates and definitions of these stages are pre-
sented in Table 1. Leaflets were collected once a week, and galls were collected every 10 days
because of their unique growth cycle. To analyse the developmental patterns efficiently, we
divided the life cycle of the samples into five stages based on fold changes of weight, volume,
length, width, wall thickness, and superficial area of leaflets, which were calculated based on
parameters of the last collection/ parameters of the previous collection (every parameter
underwent a fold change). When the fold change was more than double, the previous data
were regarded as the beginning of the rapid growth stage, and when the fold change was less
than twice, the later data were regarded as the end of the rapid growth stage. The first stage

Table 1. Sample collection date and definitions of developmental stages.

R. potaninii

o Date Stage |
21 May first
28 May
5Jun second
12 Jun third
19 Jun
26 Jun fourth
37Jul
10 Jul
16 Jul fifth

https://doi.org/10.1371/journal.pone.0283464.t001

R. chinensis Fusiform gall Horned gall
Date | Stage | Dae | Stage | Dae | Stage
21 May first 20 Apr first 26 May first
28 May 1 May 5 Jun
5Jun second 11 May 15 Jun second
12 Jun third 21 May second 25 Jun
19 Jun fourth 31 May third 57Jul
26 Jun 10 Jun 15 Jul
37Jul 20 Jun fourth 25 Jul
10 Jul 30 Jun 05 Aug third
16 Jul fifth 10 Jul 15 Aug
20 Jul 25 Aug fourth
30 Jul fifth 05 Sep
15 Sep fifth
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was the date we collected the first samples, the second stage was the beginning of fast growth,
the third stage was the middle of rapid growth, the fourth stage was the end of rapid growth,
and the fifth stage was the last time samples were collected (Table 1).

During collection, 30 R. pontaninii and 30 R. chinensis which had similar height, health,
and place of growth were chosen, one gall and one leaflet were collected from a tree each time,
and all 30 samples were used to test the developmental parameters (biological replicates). The
length and width of samples and thickness of the gall wall were measured using a Vernier cali-
per. The volume of all samples was measured using the displacement method (samples were
sunk in a measuring cylinder filled with water, and the increased volume was calculated), and
the superficial area of leaflets was measured using an intelligent leaf area measuring instrument
(LI-3000C, Palo Alto, CA, USA). The weight was measured using a microbalance (OLABO,
Shanghai, China).

Surface of samples and trichome count

Fresh samples were fixed in 4% glutaraldehyde for 2 hours, dehydrated using a series of ethyl
alcohol concentrations (30% for 1 hour, 50% for 1 hour, 70% for 40 min, 80% for 30 min, 90%
for 15 min, and 100% for 5 min). The dehydrated tissues were air-dried and sprayed with gold.
The treated samples were observed using a scanning electron microscope (Tabletop Micro-
scope 3000, Tokyo, Japan). The number of trichomes was simultaneously calculated.

Tissue anatomy

The tissues from the first, third, and fifth stages were fixed in FAA solution, cut into 2-3 mm
pieces, and dehydrated in an ethanol series (70% ethyl alcohol for 30 min, 80% for 20 min,
90% for 15 min, 95% for 10 min, and 100% for 5 min). Then the ethyl alcohol was replaced
with xylene and paraffin. The gall samples were embedded in paraftin, 5-um-thick sections
were prepared using a rotary microtome (Leica RM2126RT, Solms, Hesse-Darmstadt, Ger-
many), and the leaflets were cut into 4-pm-thick sections. The sections were de-paraffinized
and stained with safranin and Fast Green after parching. Then 20 sections of each tissue type
were measured for cell size and cell layer quantity.

Data analysis

Since our aim was to study the developmental pattern of the samples, we used the fold changes
of variable, instead of real parameters. Fold change were calculated by dividing the parameters
of the next collection by the parameters of the current collection. Significant differences and
regression analysis were analyzed by SPSS 20.00, significant differences were tested based on
compared means, with one-way ANOVA using L-SD and P < 0.05. Linear regression was
used for regression analysis and dependent variable was the number of the serration and the
horn, independent variable was the gene expression level, P < 0.05.

qRT-PCR

The sequences of the target genes were selected based on transcriptomes generated from previ-
ous studies (transcriptomes were submitted to the National Centre for Biotechnology Informa-
tion Sequence Read Archive database, and can be found at the following sites: https://www.
ncbi.nlm.nih.gov/bioproject/PRINA631065 and https://www.ncbi.nlm.nih.gov/bioproject/
PRINA662477) [43, 44]. Specific primers were designed using Primer-primer 6.0, and the rela-
tive quantification method was used, with the first stage leaf samples as the control and tubulin
as the reference gene. The primers used are listed in Table of the supporting information (S1

PLOS ONE | https://doi.org/10.1371/journal.pone.0283464 March 22, 2023 4/19


https://www.ncbi.nlm.nih.gov/bioproject/PRJNA631065
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA631065
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA662477
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA662477
https://doi.org/10.1371/journal.pone.0283464

PLOS ONE

The effect of host plants on gall morphogenesis

Table). The samples at different stages were submerged in liquid nitrogen for 10 min and
stored at -80°C for later use. Total RNA was extracted using the TaKaRa MiniBEST Plant
RNA Extraction Kit (TaKaRa, Dalian, China), according to the manufacturer’s instructions.
First-strand cDNA was generated using the PrimeScript™ RT Reagent Kit with gDNA Eraser
(Perfect Real Time) (TaKaRa, Dalian, China). A reaction mixture of 25 pL was prepared,
which contained 1 pL sense primer (0.5 uM), 1 pL anti-sense primer (0.5 uM), 1 uL template
(150 ng/pL), and 22 pL master mix in QuantStudio 7 Flex (Thermo Fisher, Waltham, MA,
USA). The reaction procedure consisted of 40 cycles of denaturation at 94°C for 1 min, anneal-
ing at 53°C for 1 min, and extension at 72°C for 30 s. Expression levels were calculated accord-
ing to CT values [34]. Three biological and three technical replicates were used. Regression
analysis was performed by SPSS 20.0, and the dependent variable was the number of horns on
horned galls or the number of serrations on R. chinensis leaflets. The expression level of each
gene was used as an independent variable; R* > 0.5.

No permit is needed in this study because of the host plant and the lab is public, and all soft-
ware for analysis is open source.

Results
Morphology of galls and their host plants

The morphology of the two kinds of leaflets used in this study was remarkably distinctive: The
R. potaninii leaflets were oval, had few serrations, and no newly formed serrations with leaf
growth, and the leaflets were slightly leathery at a later stage (Fig 1A-1C). We found many ser-
rations on R. chinensis leaflets, which could be observed from the initial to the later stages (Fig
1D-1F).

K. rhusicola and S. chinensis induce fusiform and horned galls on R. potaninii leaves and R.
chinensis rachis wings, respectively. At the initial developmental stage (first stage), the fusiform
and horned galls were round (Fig 1G and 1]), but their appearances started to show differences
with growth. At the middle stage (third stage) of gall development, the fusiform galls remained
oval in shape (Fig 1H), while extreme variation occurred in the horned galls. Some angular
bulges formed on the horned galls (Fig 1K), and these bulges enlarged with gall development,
which accounted for a third of the gall’s length (Fig 1N). Moreover, small horns occurred on
the large horns (Fig 1N). The morphology of the fusiform galls was not significantly different
from the initial to the late stages, except for an increase in volume (Fig 1G-1I). The morphol-
ogy of the aphids inside the galls also changed; wingless aphids (Fig 1M and 1P) changed to
winged aphids (Fig 1L and 10).

Developmental pattern of galls and their host plant leaflets

The weight, volume, length, width, thickness (gall wall), and superficial (leaf) area of fusiform
galls and leaflets of R. potaninii were calculated. The growth cycle was 102 days (20 April to 30
July) for fusiform galls and approximately 47 days for R. potaninii leaflets (31 May to 16 July).
The developmental period can be divided into three stages: initial, rapid growth, and slow
growth stages (late stage) (Fig 2). A period of marked growth was observed in both R. potaninii
leaflets and fusiform galls. Fusiform galls grew rapidly from 21 May to 20 June (30 days), and
R. potaninii leaflets grew rapidly from 5 to 19 June (14 days) (Fig 2A-2]). Thereafter, fusiform
galls and R. potaninii leaflets continued to grow, but at a much lower rate.

The fold changes (parameters of the next collection/ parameters of current collection)
clearly indicated the developmental pattern of fusiform galls and R. potaninii leaflets: they
grew slowly at the initial and later stages of development, and the fold change in these two peri-
ods was less than double. During the rapid growth period of fusiform galls, growth occurred
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Fig 1. Morphology of R. potaninii and R. chinensis leaflets, horned and fusiform galls at different stages. (A) R.
potaninii leaflets at initial stage. (B) The R. potaninii leaflets at third stage. (C) R. potaninii leaflets at fifth stage. (D) R.
chinensis leaflets at initial stage. (E) R. chinensis leaflets at third stage. (F) R. chinensis leaflets at fifth stage. (G) Fusiform
galls at initial stage. (H) Fusiform galls at third stage. (I) Fusiform galls at fifth stage. (J) Horned galls at initial stage. (K)
Horned galls at third stage. (L) S. chinensis within horned gall at third stage. (M) S. chinensis within horned gall at fifth
stage. (N) Horned galls at fifth stage. (O) K. rhusicola within fusiform gall at third stage. (P) K. rhusicola within
fusiform gall at fifth stage. (A-K, M-P) scale bars = 1 cm; (L) scale bar = 200 pm.

https://doi.org/10.1371/journal.pone.0283464.9001

fastest from 21 to 31 May, and the galls grew in weight and volume by eight times. A similar
growth rate was observed in R. potaninii leaflets, but on a larger scale. The developmental peak
occurred from 5 to 12 June, and the weight and volume increased by approximately 18 times
(Fig 2K and 2L). In general, during the rapid growth stage (21 May to 30 June for fusiform
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Fig 2. Developmental parameters of fusiform galls and R. potaninii leaflets. (A-E) Weight, volume, thickness,
length, and width of fusiform galls during developmental stage, respectively. (F-J) Weight, volume, superficial area,
length, and width of R. potaninii leaflets during developmental stage, respectively. (K-L) Fold change of developmental
parameters of fusiform galls and R. potaninii leaflets. Growth curves indicate that development could be divided into
initial, rapid growth, and slow growth stages. X axis of indicates the data of sample collection; red lines indicate rapid
growth periods.

https://doi.org/10.1371/journal.pone.0283464.9002

galls and 5 to 19 June for R. potaninii leaflets), the length and width of fusiform galls increased
by an average of five times, and the weight and volume increased by 39 and 43 times, respec-
tively. The length and width of R. potaninii leaflets increased by an average of nine times, and
the weight and volume increased by an average of 74 and 61 times, respectively.
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Fig 3. Developmental parameters of horned galls and R. chinensis leaflets. (A-E) Weight, volume, thickness, length,
and width of horned galls during whole developmental stage, respectively. (F-J) Weight, volume, superficial area,
length, and width of R. chinensis leaflets during whole developmental stage, respectively. (K-L) Fold change of
developmental parameters of horned galls and R. chinensis leaflets. Growth curves indicate that development could be
divided into initial, rapid growth, and slow growth stages. X axis indicates data of sample collection; red lines indicate
rapid growth periods.

https://doi.org/10.1371/journal.pone.0283464.9003

The growth cycle of horned galls was 112 days (26 May to 15 September), and for R. chinen-
sis leaflets was approximately 47 days (31 May to 16 July). The developmental period can also
be divided into initial, rapid growth, and slow growth (late) stage (Fig 3). The horned gall
weight and volume had a longer rapid growth stage from 15 June to 25 August (72 days) com-
pared to fusiform galls, and the length and width increased rapidly from 15 July to 25 August
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(45 days) (Fig 3A-3E). The rapid growth stage of R. chinensis lasted for 21 days (5 to 26 June).
(Fig 3F-3]).

The fold changes suggested that horned galls maintained a long rapid growth stage; how-
ever, the rate of increase was much lower than that of fusiform galls, with a peak of weight
growth from 5 to 15 August (2.7 times) and volume growth from 25 July to 5 August (3.3
times) (Fig 3K). The growth peak of R. chinensis leaflets was from 5 to 12 June, and the fold
change of the superficial area was 14.7 times in this period (Fig 3L).

Appendages of samples and correlation analysis

We did not observe horns on the fusiform galls but we found a certain number of horns
(11.69 £ 4.18) on the horned galls (Fig 4A). The R. chinensis leaflets had the most serrations
(33.38 £ 4.12) and the R. potaninii leaflets had only a few serrations (1.38 + 0.92) (Fig 4B).

The number of trichomes was also calculated at the different stages in the four samples: the
horned galls had the most tomentum during all stages, with more than 2,000 trichomes/mm?
from the first to second stage and more than 1,000 trichomes/mm? from the third to fifth stage.
This was followed by their host leaflets (R. chinensis leaflets), with 1,177.87 trichomes/ mm? at
the first stage and 500.87, 366.01, 172.83, and 101.2 trichomes/mm? at the second, third, fourth,
and fifth stages, respectively. The fusiform galls also possessed trichomes; but the amount of
tomentum was smaller than that in horned galls during the whole life cycle, with 824.04,
305.87, 182.07, 105.68, and 83.24 trichomes/mm? on the surface of fusiform galls at the first,
second, third, fourth, and fifth stages, respectively. The R. potaninii leaflets had the least tomen-
tum, with 222.28, 89.55, 13.83, and 0.08 trichomes/mm? on their surface at the first, second,
third, and fourth stages, respectively, and no tomentum at the fifth stage. The overall trend of
tomentum distribution among all samples were a gradual decrease with growth (Fig 4C).

The images reflect the distribution pattern more intuitively, showing horned galls and R.
chinensis leaflets (abaxial side) covered with dense tomentum at the initial stage (S1G and S1]
Fig), a significant decrease in trichomes on R. chinensis leaflets at the third stage, stomata and
glandular trichomes on the abaxial side, and less tomentum at the fifth stage (S1H and S11I
Fig). At the third stage of horned gall development, the surface was still covered with tomen-
tum, and stomata were observed until the fifth stage (S1K and S1L Fig). Fusiform galls and
leaflets of R. potaninii showed a different pattern, with fewer trichomes compared to R. chinen-
sis, and stomata and glandular trichomes were observed at the initial stage, which decreased
significantly from the third stage, with a clear surface presentation of R. potaninii leaflets and
fusiform galls (SIA-SIF Fig).

BR.potaninii leaf fH b

R.chincnsis leaf |

C 30004 b
s nd
homed gl vl (IR 2y o
omed gall == a m 3
. e ﬂﬁ - =
0 5 10 15 20 _§ 288
number of the horn g 400 b
2 300 Il| c a
g 28 d =b
a 2 E | ‘ ‘ ‘ I ‘ H I | H I
— Y — £ = I ﬂ 5
0 10 20 30 40 0 =dd
number of the serration horned gall ~ R.chincnsis leaf  fusiform gall ~R.potaninii leaf

Fig 4. The number of horn, serration and trichome. A: The horn number of fusiform galls and horned galls. B: The serration number of R. potaninii
leaflet and R. chinensis leaflet. C: The number of trichomes at different stages in the samples. P < 0.05.

https://doi.org/10.1371/journal.pone.0283464.g004
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Anatomical structure of galls and their host plant leaflets

Samples from the first, third, and fifth stage- were examined using paraffin section. The histo-
logical features of horned and fusiform gall were similar. The wall was full of parenchyma with
interspersed schizogenous ducts and vascular bundles. Epidermal cells were observed on the
surfaces of the galls (Fig 5A-5F). The leaflets of R. chinensis and R. potaninii showed similar

C

vb sc

sc vb le t

Fig 5. Histological profiles of galls and their host plant tissues. (A-C) Histological structure of horned gall at first, third, and fifth stage, respectively.
(D-F) Histological structure of fusiform gall at first, third, and fifth stage, respectively. (G-I) Histological structure of R. chinensis leaflets at first, third,
and fifth stage, respectively. (J-L) Histological structure of R. potaninii leaflets at first, third, and fifth stage, respectively. pa, parenchyma; sd,
schizogenous duct; vb, vascular bundle; t, tomentum; pc, palisade cell; sc, spongy cell; le, lower epidermal cell; ue, upper epidermal cell; v, vein; Scale

bars =200 pm.

https://doi.org/10.1371/journal.pone.0283464.9005
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Table 2. Number of cell layer among four kinds of tissue at different stages.

First stage

Fifth stage

Total
Outer wall/upper epidermal cells

Inner wall/lower epidermal cells

Outer wall/upper epidermal cells

Inner wall/lower epidermal cells

Outer wall/upper epidermal cells

Inner wall/lower epidermal cells

Outer wall/upper epidermal cells

Inner wall/lower epidermal cells

Outer wall/upper epidermal cells

Horned gall Fusiform gall R. chinensis leaflets R. potaninii leaflets
31.67 £ 4.12¢ 40.43 + 4.37c 7.00 £ 1.00a 6.50 * 0.50a
1.00 = 0.00 8.37 £ 3.96 1.00 + 0.00 1.00 = 0.00
________________________________________________________________________ 8032127 | 438%105 | 1002000 | 100x000
35.85 % 1.58¢ 48.25 + 5.54b 6.20 + 0.40a 6.75 + 0.83a
1.00 + 0.00 9.75+2.28 1.00 + 0.00 1.00 + 0.00
________________________________________________________________________ 7543095 | 525%148 | 100£000 | 100£000
46.25 + 2.86b 55.2 + 6.67b 6.25+0.43a 6.00 + 1.00a
1.00 + 0.00 4.33 +0.47 1.00 + 0.00 1.00 + 0.00
________________________________________________________________________ 746x148 | 2753043 | 100000 | 100000
50.50 + 3.20b 67.33 + 3.30a 6.20+ 0.40a 6.50 + 0.50a
1.00 £ 0.00 3.54+0.47 1.00 + 0.00 1.00 = 0.00
________________________________________________________________________ 467047 | 1502050 | 100%000 | 1002000
58.50 + 4.61a 68.2 + 5.64a 6.50 + 0.50a 6.00 £ 0.00a
1.00 = 0.00 1.33 +0.47 1.00 + 0.00 1.00 + 0.00
4.67 £0.47 3.20£0.75 1.00 + 0.00 1.00 = 0.00

Inner wall/lower epidermal cells

Cell layers of horned and fusiform gall were divided into total, inner wall, and outer wall. Cell layers of two kinds of leaflets were divided into total, upper epidermal

cells, and lower epidermal cells. P < 0.05. Lowercase letters indicate significant differences among five stages, with average values decreasing from a to ¢, and no

significant difference if they have the same letter.

https://doi.org/10.1371/journal.pone.0283464.t1002

features. At the first stage, cells were closely arranged and had no organizational differentia-
tion; palisade cells and upper epidermal cells appeared from the second stage onwards, and
spongy cells were loosely arranged at the fifth stage. The galls possessed vascular bundles
which also could be find in the leaflets (Fig 5G-5L).

Similar quantities of cell layer were found in R. chinensis and R. potaninii leaflet; they made
of a upper epidermal cell layer, a lower epidermal cell layer, a palisade cell layer and four to
five spongy cell layers. The quantity of each cell layer remained (Table 2), but the epidermal
cell area became larger with leaflets growth. The upper epidermal cell area on R. potaninii leaf-
let was always larger than on R. chinensis leaflet (Fig 6C and 6D).

Larger fusiform gall always possessed more cell layers, and there were 40.43 + 4.37 paren-
chymal cell layers at the first stage; the number of parenchymal cell layers showed no signifi-
cant differences from the second to third stage, and showed 67.33 + 3.30 at the fourth stage.
The cell layer number increased with fusiform gall growth except fourth to fifth stage
(Table 2). The cell layer quantity of horned galls showed a similar trend with fusiform galls; the
layers increased with horned gall growth; horned galls always showed fewer cell layers than
fusiform galls. An upper epidermal cell layer could be found throughout horned gall develop-
ment, and there were 8.03 £ 1.27 parenchymal cell layers on the inner wall, which always lower
than the middle layer at the first stage. The small parenchymal cell layers decreased with
horned gall growth. Differ from horned galls, small parenchymal cells could be found on both
the outer and inner wall of fusiform galls, and the small parenchymal cell layers decreased with
fusiform gall growth as well (Table 2).

Besides the cell layer quantity, the parenchymal cell area on the two kinds of gall also
showed large difference. The parenchymal cell area on the inner wall had no significant differ-
ence throughout the growth of horned and fusiform galls. In fusiform galls, the parenchymal
cell area on the outer wall increased with the gall development and the increase occurred
mainly at the first to second and fourth to fifth stage. The increased area on the middle layer
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Fig 6. Cell area of fusiform and horned galls, and R. potaninii and R. chinensis leaves. (A) Cell area of fusiform galls. (B) Cell area of horned galls.
(C) Cell area of R. potaninii leaves. (D) Cell area of R. chinensis leaves. P < 0.05. Lowercase letters indicate significant differences among five stages of
each kind of cell, with average values decreasing from a to ¢, and no significant difference if they have the same letter.

https://doi.org/10.1371/journal.pone.0283464.9006

showed a bigger scale, with the area of parenchymal cells was 5527.68 + 2387.72 um” at the
fifth stage (Fig 6A).

In horned galls, the parenchymal cell area on the outer wall increased slowly, but increased
significantly on the middle wall with gall development, except fourth to fifth stage (Fig 6B).
The parenchymal cell area on the middle layer of horned and fusiform galls differed slightly at
the first stage, but a larger difference occurred from the second stage, when the parenchymal
cell area of fusiform gall wall more than three times that of horned gall wall (Fig 6A and 6B).

Quantitative real-time PCR (qRT-PCR) of serration development-related
genes

CUC-2, CUC-3, two ERECTA genes (ERECTA-1 and ERECTA-2), SPB-13, and SPB-16 were
detected in the two types of galls and their host leaflets. Tubulin was used as the reference gene
for these two species.

In R. potaninii leaf tissues, the expression levels of CUC-2 and CUC-3 was higher at the ini-
tial stage than at the other stages; however, ERECTA-1, ERECTA-2, SPB-13, and SPB -16
showed expression peaks at the second stage. The expression levels decreased from the third
development stage, and we detected no gene expression during the fifth stage, except for CUC-
3.In t fusiform gall tissues, none of the genes were expressed during the life cycle, except in the
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Fig 7. qRT-PCR analysis of genes regulating serration development at different stages. (A-F) Relative expression levels of candidate genes in R.
potaninii leaflets and fusiform galls. (G-L) Relative expression levels of candidate genes in R. chinensis leaflets and horned galls. Gene expression levels
were high in R. potaninii and R. chinensis leaflets and low in fusiform galls that did not possess horns; gene expression levels in R. chinensis leaflets and
horned galls were high in first, second, and third stages. Lowercase letters indicate significant differences among five stages of each gene in gall and host

plant, with average values decreasing from a to g, and no significant difference if they have the same letter. P < 0.05.

https://doi.org/10.1371/journal.pone.0283464.9007

third stage (Fig 7A-7F). In horned gall and its host leaflets, CUC-2 showed a different expres-
sion pattern: high expression from the first to third stage, then decreasing significantly with
gall development (Fig 7G). Genes were highly expressed in leaf tissues, and their expression
decreased significantly from the fourth stage. In contrast to fusiform gall, all genes were
expressed in horned gall tissues from the first to third stage, with expression levels more than
one-half of those in leaflets at the first stage for most genes. No expression of CUC-2, CUC-3,
ERECTA-1, ERECTA-2, SPB-13 and SPB-16 could not be detected at the fourth and fifth stage
of horned gall development (Fig 7G-7L).
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Table 3. Influence of each gene on morphogenesis.

Standardized beta coefficients (horn) Standardized beta coefficients (serrations)
cuc-2 1.64 3.667
CUC-3 - -0.767
ERECTA-1 - 0.636
ERECTA-2 -2.901 -
SPB-13 - -
SPB-16 1.530 -1.938

Positive numbers indicate that the gene has a positive effect on horn or serration formation; negative numbers

indicate that the gene has a negative effect. Higher numbers indicate bigger impact. P < 0.05.

https://doi.org/10.1371/journal.pone.0283464.t1003

The regression analysis showed that CUC-2 played a key role in the formation of horns on
horned galls, followed by SPB-16. ERECTA-2 seemed to have the opposite effect. CUC-3,
ERECTA-1, and SPB-13 had no significant effect on the formation of horns. The regulatory
mechanism of serrations showed a similar pattern: ERECTA-2 and SPB-13 had no significant
effect on the formation of serrations, and CUC-2 played a key role, followed by ERECTA-1.
CUC-3 and SPB-16 had an antagonistic effect (Table 3).

Discussion

Galls are the outcomes of interaction between the galling organisms and their host plant, “the
galls are usually species-specific structures, and their anatomy and metabolism are strongly
related to the gall inducer species and to the host plant” [45]. Our study provides evidence on
how the host plant affects the morphogenesis of galls based on tests of two closely relative aphids
(Fig 8). We found that the number of horns on the galls was significantly positively correlated
with the serrations on the leaflets of the host plant. Fusiform galls (no horns) located on R. pota-
ninii leaflets had few serrations, and horned galls (11.69 + 4.18 horns) grown on R. chinensis had
the most serrations (33.38 + 4.12). Genes that regulate serration development provide strong
evidence. During the entire growth period of fusiform galls, we detected hardly any expression
of the target genes, except in the third stage. Low ERECTA expression level was detected in the
round fusiform gall, this trend is similar to the capsule of A. thaliana which became round
when the ERECTA was knocked out [34]. We suppose the morphology of fusiform galls may fall
under similar regulation to ERECTA. The CUC family also plays a role in leaf shape develop-
ment [27]. We suggest that low expression levels result in the fusion of serrations or horns;
therefore, leaflets and fusiform galls will show fewer serrations and horns, respectively. We sug-
gest that the target genes perform other unknown functions in rapidly growing fusiform galls
(third stage). In horned galls, all target genes were detected from the first to third stage; CUC-2
showed the highest expression level, and the genes were not expressed at the fourth and fifth
stage, that maybe because the shape of horned galls was formed during the rapid growth stage.
Regression analysis showed that CUC-2 made the greatest contribution to the formation of
horns and serrations. Notably, the target genes regulated serration development on leaflets, but
in galls, the serrations presented as irregular horns. In some studies, galls on leaves may also be
regarded as organs of host plants [45, 46], hence the effect of host plants on galls may be consid-
ered important. In this study, we found the horns on the horned gall under regulating of the
genes which regulate the serration development on the host plant leaflets.

The distribution of trichomes showed positional dependence, with the surface of R.
chinensis leaflets and horned galls completely covered with trichomes, while the surface of R.
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Rhus chinensis | a horned gall

Rhus potaninii a fusiform gall

Fig 8. A model of gall formation. A round fusiform gall develops on the round R. potaninii leaflet, a horned gall develops on the serrated R. potaninii
leaflet.

https://doi.org/10.1371/journal.pone.0283464.9008

potaninii leaflets and fusiform galls was only covered at the first stage. R. potaninii leaflets had
the least tomentum, and the fusiform galls located on them had significantly less tomentum
than horned galls. Horned galls and their host leaflets had more trichomes throughout their
life cycles than fusiform galls and their host leaflets. Interestingly, galls possess more trichomes
than their host; this may be due to the special ecological function of galls, which is to protect
themselves from herbivorous insects (small insects have difficulty walking on or biting gall
directly), thereby protecting the galling insects [47-49].

The developmental patterns of galls and their host plant leaflets showed similar traits. Even
though the life cycle of R. chinensis and R. potaninii leaflets was 47 days, the R. chinensis leaflets
required a longer rapid growth stage than the R. potaninii leaflets. This trend affected the galls
as the horned galls also had a long rapid growth period (42 days). Furthermore, regarding
changes based on volume, the maximum fold change of R. potaninii leaflets and fusiform
galls was 17.4 and 7.5 times, respectively; however, the maximum fold change of R. chinensis
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leaflets and horned galls was 10 and 3.2 times, respectively. Therefore, R. potaninii leaflets and
fusiform galls grew faster than R. chinensis leaflets and horned galls. SPB-13 and SPB-16 may
be involved in regulating the development period of galls and leaflets, as they had high expres-
sion levels in horned galls and R. chinensis leaflets.

Fusiform galls have a shorter growth time but are larger than horned galls, and this corre-
sponds to the cellular level, in terms of both the larger cell size and more parenchymal cells. In
fusiform galls, the quantity of the cell layer increased from the first to the fourth stage and the
area of cells increased throughout the developmental stage. This indicates that the enlargement
of fusiform galls is accomplished by an increase in both cell number and cell size from the first
to the fourth stage, but is associated with increased cell size from the fourth to the fifth stage. A
small difference was found in horned galls, in which the cell area showed a limited increase
from the fourth to the fifth stage, but the number of cell layers always increased throughout
development. Regardless of the developmental period, the quantity of cell layer was always
higher in fusiform galls than horned galls, and the cell size was always larger in fusiform galls
than horned galls. Notably, the size of upper epidermal cells was larger on R. potaninii leaflets
than on R. chinensis leaflets, thus it is likely that the cell size of galls is related to the cell size of
the host plant.

Galls are wonderful products of interactions between inducers and host plants, and their
formation involves a complex regulatory mechanism. It is commonly known that the galling
process is based on a very close relationship between the insect inducer activity and the plant
response, and the inducer is the trigger of gall formation. However, there is also a significant
role for the plants in gall formation, because the material and gene regulation of galls are
derived from plants.

Supporting information

S1 Fig. Surface of R. potaninii leaflets, fusiform galls, R. chinensis leaflets, and horned
galls. (A-C) Surface of R. potaninii leaflets in the first, third, and fifth stage, respectively. (D-F)
Surface of fusiform galls in first, third, and fifth stage, respectively. (G-I) Surface of R. chinensis
leaflets in first, third, and fifth stage, respectively. (J-L) Surface of horned galls in first, third,
and fifth stage respectively. Number of trichome decreased with development in all samples,
but fusiform galls and their host plant (R. potaninii leaflets) had relatively fewer trichomes.
(TIF)

S1 Table. The used primers in this study.
(PDF)
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