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It has been a long-standing question as to whether the interaction between gall-forming
insects and their host plants is merely parasitic or whether it may also benefit the host.
On its host Rhus chinensis, the aphid Schlechtendalia chinensis induces the formation of
closed galls, referred to as horned galls. Typically, mature aphid populations comprise
thousands of individuals, which is sufficient to cause the accumulation of high CO»
levels in galls (on average 8-fold higher and up to 16 times than atmospheric levels).
Large aphid populations also excrete significant amounts of honeydew, a waste product
high in sugars. Based on '3C isotope tracing and genomic analyses, we showed that
aphid-derived carbon found in CO» and honeydew was recycled in gall tissues via
photosynthesis and glycometabolism. These results indicated that the aphid-gall system
evolved in a manner that allowed nutrient recycling, where the gall provides nutrients to
the growing aphid population, and in turn, aphid-derived carbon metabolites provide a
resource for the growth of the gall. The metabolic efficiency of this self-circulating system
indicates that the input needed from the host plant to maintain aphid population growth
less than previously thought and possibly minimal. Aside from the recycling of nutrients,
we also found that gall metabolites were transported to other parts of the host plant and
is particularly beneficial for leaves growing adjacent to the gall. Taken together, galls in
the S. chinensis—Rhus chinensis system are highly specialized structures that serve as
a metabolic and nutrient exchange hub that benefits both the aphid and its host plant.
As such, host plants provide both shelter and nutrients to protect and sustain aphid
populations, and in return, aphid-derived metabolites are channeled back to the host
plant and thus provide a certain degree of “metabolic compensation” for their caloric
and structural needs.

Keywords: galling aphid, closed horned gall, CO, accumulation, honeydew, photosynthesis, glycometabolism,
nutrient exchange

INTRODUCTION

It has been long thought that gall-inducing insects reprogram the physiology of the host plant in
a way that primarily benefits the growing insect colony (Larson and Whitham, 1991; Danks, 2002;
Inbar et al., 2004; Koyama et al., 2004). The potential benefits of galls to galling insects include
providing shelters and nutrients for insect growth and development, protecting the insect colony
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from predators, and reducing environmental physical threats
such as sunlight, desiccation, or heavy rain (Price et al., 1987;
Fernandes and Price, 1992; Brown et al., 1995; Quintero et al.,
2014). Gall formation may have evolved as a mechanism to
sequester galling insects, thus protecting other parts of the
plant from potential damage (Price et al., 1987; Wool, 2004).
Very little is known about potential benefits that gall insects
may provide to the host plant. It is generally thought that
the impact of gall insects on plant growth is negative (Price
et al., 1987). However, some studies have shown that the
relationship between gall inducers and host plants is not merely
a simple parasitic/defensive relationship. Jasmonic acid (JA)
plays an important role in regulating plant defense responses to
phloem-feeding insects (Thompson and Goggin, 2006; Howe and
Jander, 2008; Morkunas et al., 2011). However, JA levels do not
increase significantly in horned galls when compared to control
leaf samples (Wang et al., 2016), suggesting that the relationship
between the gall and its host plant is benign. The gall-inducing
species Eurosta solidaginis and Gnorimoschema gallaesolidaginis
do not cause significant increases in defensive volatile emissions
from the host, Solidago altissima (Tooker et al, 2008). In
some cases, galled branches have more leaves than ungalled
branches and tend to have more biomass (Kurzfeld-Zexer et al.,
2010). Studies have shown that the overall metabolism of the
gall-bearing plants appears to remain unaffected, except for
stress-related changes at and near the locations where galls have
developed (Raman, 2011). These findings suggest a more complex
interaction between a gall-inducing insect and its host plant, as
opposed to a simple parasitic/defensive relationship.

Here we used the Schlechtendalia chinensis—Rhus chinensis
system to investigate potential benefits that may exist for either
of the interacting organisms. The aphid S. chinensis induces the
formation of Chinese horned gallnuts on the Chinese Ash shrub
R. chinensis. S. chinensis has a complex life cycle with cyclical
parthenogenesis where different generations reside on alternate
hosts between shrub and moss (Figure 1A). The horned galls
are enclosures that grow continuously from May to October and
accommodate a growing colony of aphids until they reach a
population size of several thousand individuals toward the end
of the season (Figures 1B-F). The large size of outgrowth gall
tissues and an insect population size up to 12,000 aphids (Shao
et al., 2013) would suggest a heavy burden that the insect puts
on its host plant. Interestingly, the volume of galls continually
grows as the aphid population increases in size, while the host
plant appears to have no drastic defensive response to aphids.
Instead, the host plant continues to provide minerals and other
nutrients for aphids and to protect them from natural enemy
rather than to curb aphid population growth by shrinking galls
or fallen leaves. This raises an interesting question as to why
the host plant tolerates these substantial energy and material
costs to support gall growth. Is there any potential benefit
from galling insects to the host plant as well? If so, what
could a large colony of aphids contribute to the host plant
as compensation?

During the process of gall formation and development,
aphids produce a range of metabolites as a result of feeding
and excretion. A large aphid population in a closed gall will

produce a high CO; concentration and excrete a substantial
amount of honeydew (Figure 1G). However, it is unclear
whether any of these metabolic aphid by-products will benefit
the host plant. Elevated levels of atmospheric CO, directly
affect plant physiology and have been shown to increase in
photosynthetic activity and carbohydrate yield (Cure and Acock,
1986; Masle, 2000; Smith and Al, 2000; Dijkstra et al., 2002;
Jablonski et al., 2002; Veteli et al., 2002; Will and Ceulemans,
2006). We wondered whether the high concentrations of CO;
would fuel metabolic processes of the host plant. Moreover,
aphids excrete substantial amounts of honeydew, which was
shown by Kutsukake et al. (2012) to be absorbed by the inner
gall surface. This raises the question as to whether honeydew
metabolites will be utilized by the host plant as an energy source
to promote growth.

To understand the response host plants mount to counter an
aphid attack and to examine whether there is nutrient exchange
between aphids and their host plants, we measured a range
of aphid by-products, including CO, and honeydew excreted
by aphids in galls, and analyzed the rates of photosynthesis
and glycometabolism in gall tissues and leaves. We also
monitored aphid-derived !*C-labeled metabolites and analyzed
genes involved in photosynthesis and glycometabolism. In this
report, we show that CO, and honeydew from aphids are in fact
beneficial for the host plant, and we present a complex nutrient
exchange model describing the metabolic recycling between the
gall insect and its host plant.

MATERIALS AND METHODS

Gall Cultivation

All experiments were carried out on fresh galls induced by
the aphid Schlechtendalia chinensis on R. chinensis cultivated
in the testing site (N 28° 06" E 104° 22’ H 820 m) located at
the gall cultivation area in Yanjin County, Yunnan Province,
Southwest China.

Measurement of CO, Concentrations in

Aphid Galls

We used a portable photosynthesis system (Li-6400 Li-COR,
United States) with a conifer chamber attachment to measure
CO; levels inside galls. Measurements were conducted with fresh
galls directly in the field. CO, concentrations were determined
individually. Specifically, a fresh gall collected from a branch of
a host tree was placed into the conifer chamber. The chamber
was closed to avoid any gas leakage. A dissecting needle was
pre-inserted into the chamber through the plastic cushion with
its sharp point near the gall wall. To measure CO, inside the
gall, the needle was carefully pressed to penetrate the gall wall
to release gases from the inside of the gall. When CO; reading
became steady in the chamber, the measurement of CO, was
recorded. Thirty-two individual galls were measured. At the same
time, CO; in the atmosphere was recorded at the same location
(n > 35). The CO; concentration in a gall was calculated using
the following formula:
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FIGURE 1 | Life cycle and anatomical features of horned galls. (A) Life cycle of Schlechtendalia chinensis. S. chinensis is a heteroecious species and requires two
host plant species, a moss species and the Chinese ash. After overwintering in moss, winged (alate) sexuparae fly to trunks of the primary host Chinese ash (Rhus
chinensis), where they deposit male and female sexuales on the branch surface. This is the only sexuparous stage in its life cycle. After mating, each female
produces a single apterous fundatrix, which initiates gall formation on the host tree. Within a gall, three generations of fundatrigenia are produced parthenogenetically
from the fundatrix. Late in the season, winged fundatrigenia fly away from dehisced galls to the winter host (moss), where the life cycle is completed by the formation
of parthenogenetically produced winged Sexuparae. (B) A fundatrix and its newly induced gall at the initial stage. (C-E) Gall development in different stages with (C)
in July, (D) in August, and (E) in September. (F) High density of aphids living inside a late-stage gall. (G) Aphid-excreted honeydews inside a gall. Black arrowheads
indicate honeydew droplets.
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CO; concentration in gall = (CO, reading in a gall — CO,
reading in the air) x Conifer Chamber volume (266.86 cm®)/gall
volume.

Gall Volume and Aphid Density

Determination

A small hole was introduced on the top of a gall. Individual
aphids were removed through the hole and counted. The emptied
gall was immersed into water, and the displaced water volume
was measured with a graduate cylinder. Average gall volume
was derived from 32 galls. Aphid density was calculated by the
following formula:

aphid density = total number of aphids in a gall/gall volume.

Photosynthetic Rate Measurements

Gall photosynthesis: Photosynthetic rates of galls and leaves were
measured by a Li-6400 plant photosynthesis System OPEN 6.3.2
(The Gene Co., Ltd., United States). Samples were put in the
external areatus chamber with the controllable light clusters
under the light intensity controlled in two conditions 500 pmol
m-2 s-1 and 0 pmol m-2 s-1, respectively.

The surface area of a gall was calculated based on
sunlight-irradiable area. At the height of the control light
source, a vertical photograph was taken for the gall. The
software AutoCAD 2010 (Autodesk Computer Aided Design,
United States) was used to measured and calculate the gall
projective area and the surface area of the leaf chamber in
the photograph. The gall surface area exposed to the light was
calculated by the following formula:

The gallnut surface area exposed to the light = surface area of
leaf chamber x gallnut projective area in photograph/surface
area of leaf chamber in photograph.

To determine the relationship between photosynthesis rates
and gall sizes, photosynthesis rates were measured for a total of
30 individual galls in different sizes.

Leaf photosynthesis: The surface area of a leaf for
photosynthesis was measured directly. To determine the
photosynthesis rates in galls at different developmental stages,
photosynthesis rates were measured from 25 galls and 16 leaves
in July, August, and September.

Selection and Measurement of Leaves
Near a Gall and Leaves in Trees Free of
Galls

The selection of trees with and without galls was carried out
randomly in the nursery of our experimental station site in
September. All trees in the nursery were at the same age and
under similar growth conditions. Branches of gall-bearing trees
and gall-free trees were chosen for leaf measurement. Each
sample contained more than 60 branches (a cluster of pinnately
compound leaves) and respectively 559 leaves with gall and 543
leaves without gall.

Honeydew Excretion Analysis and
Absorption

To analyze the composition of honeydew, honeydew droplets
were collected directly from different galls with a pipette. Sugar
compositions were analyzed using a High Performance Liquid
Chromatography instrument (Agilent 1200, United States, V6lkl
et al., 1999). A chromatographic column (5 pm, 250 x 4.6 mm,
Agilent Co., Ltd., United States) was used for ZORBAX
carbohydrate analysis. The mobile phase was 75 acetonitrile: 25
water (V/V). Solvents were filtered by 0.45 pm membrane before
use. Flow rate was 1.0 ml/min under 35°C. A refractive index
detector (RID) was used and equilibrated under 35°C as well.
For each analysis, 15 1 honeydew was subjected to separation
through the column. Individual sugar species, including fructose,
mannose, glucose, sucrose, trehalose, xylose, galactose, rhamnol,
and mannitol, were identified based on their retention times.
Each assay was repeated three times independently.

To analyze absorption of sugars in honeydew by gall tissues,
galls were collected together with their host branches and were
carried back to the laboratory. The branches were put into
containers with water. A hole was introduced on the top of each
gall. After removing aphids from galls, 0.5 ml of 2 or 5% of a
sugar solution containing fructose, glucose, and sucrose at a ratio
of 4:3:1 (based on their ratio in honeydew) was injected into each
gall, and the opening on the gall was sealed immediately with wax.
At 4, 6, 8, or 10 h after the injection, galls were opened and the
leftover sugar solution was observed. Complete absorption was
recorded if no leftover sugar solution was found inside a gall.
Absorption rates of gall tissues were calculated by the following
formula: Complete absorptive rate (%) = complete absorptive
samples/observed samples x 100%. Water was used as a control.
Each measurement was repeated 10 times.

Isotope Tracing Analyses

All isotope tracing experiments were done on trees in the field
directly. For '*CO, tracing in galls, 1*CO, gas (99% '*C) was
injected into galls growing on a tree using a 5-ml injector (inner
diameter 11.99 mm). A single injection of 2.0 ml *CO, gas was
carried out at 9:00 am each day, and the injection was continued
for 3 consecutive days. For 13CO, tracing in leaves, 1*CO, gas was
injected into a sealed bag (10 cm x 15 cm), which covered a leaf.
A single injection of 5.0 ml *CO, gas was made at 9:00 am each
day. The injection was continued for 5 consecutive days. For 1*C-
glucose tracing in galls, a micro-injector with the inner diameter
0.41 mm (G22) was used to inject 0.2 ml of 3C-glucose solution
(5% '3C) into a gall at 9:00 am each day. Injection was continued
for 3 consecutive days. All samples were collected and preserved
in liquid nitrogen until analysis.

To monitor isotope distribution, tissue samples were collected
at different times and were dried thoroughly at 70°C. The dried
samples were then ground into powder. Thirty milligrams of
the powder for each sample was subjected to isotope analysis.
Samples were individually burned at high temperature to
generate CO, by using a Flash 2000 EA-HT Elemental Analyzer
(Thermo Fisher Scientific, Inc., United States). The amounts
of 13C and !2C were measured using an Isotope Ratio Mass
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Spectrometer (DELTA V Advantage, Thermo Scientific Inc.,
United States). The ratios of 8!3C were calculated by comparing
with the international standard (Pee Dee Belemnite = PDB).
13C absolute abundance (3'3C) was calculated using the
following formula:

813C(%0) = (**C/*2C_sample/**C/**C_PDB — 1) x 1000

Measurement accuracy: 8'3C: & < 0.1%o
All measurements were repeated three times.

Transcriptomic Sequencing and

Analyses

Gall and leaf samples were randomly collected from host
trees in the field. Then, samples were immediately frozen in
liquid nitrogen and stored at —80°C. Total RNA was extracted
respectively by TaKaRa MiniBEST Plant RNA Extraction
Kit (TaKaRa, China). The concentration of total RNA was
determined by NanoDrop 2000 (Thermo Fisher Scientific,
United States). A total amount of 3 pg RNA per sample
was used for transcriptomic analysis. mRNA was purified
from total RNA using magnetic beads coated with oligo-dT
(Sangon Biotech, China). Fragmentation was carried out using
divalent cations under elevated temperature in NEBNext First
Strand Synthesis Reaction Buffer (5X). First-strand cDNA was
synthesized using a random hexamer primer and M-MuLV
Reverse Transcriptase (RNase H). Second-strand cDNA synthesis
was subsequently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends via
exonuclease/polymerase activities. After adenylation at 3’-ends of
DNA fragments, NEBNext Adaptor with hairpin loop structure
was ligated to prepare for hybridization. In order to select cDNA
fragments of preferentially 150-200 bp in length, the library
fragments were purified with AMPure XP system (Beckman
Coulter, Beverly, United States). Then, 3 ul USER Enzyme
(NEB, United States) was used with size-selected, adaptor-ligated
cDNA at 37°C for 15 min followed by 5 min at 95°C before
PCR. PCR was performed with Phusion High-Fidelity DNA
Polymerase, Universal PCR primers, and Index (X) Primer. At
last, PCR products were purified (AMPure XP system) and library
quality was assessed on the Illumina HiSeq 2000 platform (BGI,
Shenzhen, China). Nine transcriptomic libraries (three different
types of tissues with three repeats for each) were made in this
study. Libraries were generated using a NEBNext® Ultra™ RNA
Library Prep Kit from Illumina® (NEB, United States) following
the manufacturer’s protocol. Different barcodes were added to
different samples for later sorting.

After sequencing, clean reads were obtained by removing
reads containing adapter, reads with more than 5% N base, and
reads of low quality. At the same time, Q20, Q30, GC content,
and sequence duplication level of the clean data were calculated.
All the downstream analyses were based on clean data with high
quality. Transcriptome assembly was accomplished using Trinity
(Grabherr et al., 2011) with min_kmer_cov set to 2 by default and
all other parameters set default. Each transcriptomic analysis was
repeated three times independently.

Salicylic Acid (SA) Measurement During
Gall Growth and Aphid Population

Expansion

During gall development from April to October, SA in gall
and leaf tissues were measured along with gall size and aphid
population size within a gall every 10-20 days. Samples were
collected from host plants in the field and then immediately
frozen in liquid nitrogen and stored at —80°C. SA was extracted
according to the methods of Raskin et al. (1989) and Wang
et al. (2002). After centrifugation, the supernatant was passed
through a Sep-Pak C,g cartridge (Waters). For each sample, 300
wl exude solution was dried under N, steam at 40°C and then
was dissolved in 300 1 PBS for determination of SA using direct
competitive ELISA.

The extraction and purification of SA was carried out
according to the instruction of ELISA kits. SA in galls and
leaves were measured using ELISA kits (purchased from China
Agricultural University, Beijing, China, Wang et al., 2016). All
standards and samples were added in duplicate to the Microelisa
stripplate. Standard wells and testing sample wells were set, and
the 50-ul standard was added to the standard well. A 10-pl
sample was added, and 40 pl diluent was added to the testing
sample well. Nothing was added to the blank. 100 nl of HRP-
conjugate reagent was added to each well, covered with an
adhesive strip and incubated for 60 min at 37°C. Each well was
aspirated and washed, repeating the process four times for a
total of five washes. A squirt bottle was used to wash by filling
each well with a wash solution (400 pl). After the last wash, any
remaining wash solution was removed by aspirating or decanting.
The plate was inverted and blotted against clean paper towels. 50
pl chromogen solution and 50 pl of chromogen solution B were
added to each well, which were gently mixed and incubated for
15 min at 37°C without light. A 50-pl stop solution was added
to each well, and the color in the wells changed from blue to
yellow. The optical density (O.D.) at 450 nm was checked using a
microtiter plate reader within 15 min. Each assay was replicated
independently for three times.

Statistical Analysis

Statistical analysis was conducted using the IBM SPSS Statistics
19 software. The least significant difference (LSD) test was
carried out for multiple comparisons among groups, and the
independent-samples T-test was conducted for comparisons
between two groups.

RESULTS

CO, Concentrations Are Highly Elevated

in the Gall Interior

Aphid populations in closed galls comprise thousands
of individuals, and consequently, aphid by-products are
bound to accumulate inside galls. When we measured CO;
concentrations inside and outside of galls, we found that CO,
concentrations in the gall interior were on average 8-fold
higher (3459.69 + 1655.65 ppm) and could reach levels as
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high as 16 times (6640.35) compared to atmospheric levels
(398.88 £ 8.08 ppm) (Figure 2A). We observed a negative linear
relationship between gall volume and CO; concentrations, with
CO2 concentrations declining as gall size increased (Figure 2B).

Aphid-Derived CO5> Molecules Are

Reused

Because the surface of a gall is green, it was possible that the
gall itself is photosynthetically active, in which case we would
expect that interior CO; could directly fuel photosynthesis in gall

tissues. When we measured photosynthesis rates in the gall, we
found that gall tissues had measurable levels of photosynthesis
even though photosynthesis per unit of gall tissues was lower
than that of leaves (Figures 2C,D). In addition, photosynthetic
activity in gall tissues declined slightly as gall size increased
(Figure 2C), consistent with CO, concentration change in galls,
suggesting that photosynthesis in gall tissues is closely related to
CO; concentrations inside a gall.

To further test whether aphid-derived CO, was reused
via photosynthesis, we injected *CO, directly into galls and,
then, tracked '3C accumulation in the gall tissues, aphids,
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and neighboring leaf tissues 3 days after the last 1*CO injection.
Accumulation of 1>C was detected in gall tissues, gall-residing
aphids, and leaves surrounding the gall. The highest *C
accumulation was found in aphids, but significant amounts of *C
were also detected in gall tissues, proximal leaf tissues, and distal
leaf tissues (Figure 2E). These results demonstrated that CO,
accumulated in galls could contribute to photosynthesis in gall
tissues and that gall-produced metabolites can be used by aphids
and transported to adjacent tissues. On the other hand, after
13CO, was absorbed by leaves for 3 days, we detected '3C in gall
tissues and aphids (Figure 2F), indicating that photosynthates
in leaves were transported to gall tissues and used by aphids.
These results have shown that photosynthates between gall and
leaf areinter-transportable.

Sugars in Honeydew Can Be Recycled in

Galls and Nearby Leaf Tissues

Like other aphids, S. chinensis secreted substantial amounts of
honeydew, which was composed of fructose (41.1 + 8.8%),
glucose (34.9 £ 7.5%), sucrose (9.1 & 0.1%), and five unknown
sugars (14.9%). Sugar concentrations in honeydew were 2-3%.
In our mimic absorption test, 2-5% sugar solutions could be
completely absorbed by the inner wall of galls within 10 h
(Figure 3A). When *C-labeled glucose was injected into galls,
13C-glucose was detected in gall tissues, gall-residing aphids, and
nearby leaf tissues (Figure 3B), suggesting that aphid-derived
sugars can be absorbed by gall tissues, reused by aphids, and
transported to other parts of the host plant.

Transcriptomic Profiling of Key Genes
Involved in Photosynthesis and Sugar
Metabolism

To identify important gene expression differences between gall
and leaf tissues, we reanalyzed transcriptomic data comparing
gall and leaf samples. From this analysis, we identified 166
transcripts associated with photosynthesis in gall tissues':*. The

'https://www.ncbi.nlm.nih.gov/sra/?term~=~PRJNA483267
Zhttps://www.ncbi.nlm.nih.gov/bioproject/PRINA482730

genes corresponding to these transcripts fell into nine categories,
including photosystem I, photosystem II, electron transport
chain, Rubisco components, light harvesting, chloroplast
organization, photorespiration (Figure 4A). Except for genes
linked to photorespiration, which reduce photosynthesis
efficiency, genes from the other eight categories are required
for photosynthesis. Interestingly, on average, genes from all
categories were expressed at significantly higher levels in gall
tissues than in control leaf tissues, except for genes in the
photorespiration category. The upregulation of photosynthesis
genes and the downregulation of photorespiration genes
suggested increased photosynthesis rates in gall tissues relative
to leaf tissues.

We also found that 199 genes related to sugar metabolism were
significantly upregulated in galls, including genes encoding key
enzymes, such as citrate synthase, isocitrate dehydrogenase, and
oxoglutarate dehydrogenase in tricarboxylic acid cycle (TCA),
hexokinase, pyruvate kinase, and 6-phosphofructokinase in the
Embden-Meyerhof-Parnas pathway (EMP), and encoding
glucokinase, invertase, and fructokinase in the pentose
photosphate pathway (PPP) (Figures 4B-D), suggesting
that the higher sugar metabolism that occurred in galls could be
used for more energy and necessary intermediates for the growth
and development of the galls.

Characterization of Physiological and
Growth Parameters of Galls and Leaves
During Gall Development

Host plants appeared to grow unperturbed in the presence of
gall growth. To understand how the host plant responds to gall
growth, we measured photosynthetic rates in leaves collected
from branches with and without galls. We found that there were
no differences in the early stages of gall formation. However,
there were significant differences in the middle (August) and
late stages (September), where the photosynthetic rates of leaves
surrounding galls were higher compared to leaves with no nearby
galls. In addition, we found that the average leaf size exceeded
that of leaves from gall-fee branches (p < 0.01; Figures 5A,B).
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From July to September, galls gradually increased in size and
the area of the gall surface area grew faster than the leaf surface
area in late August (p < 0.01) and exceeded 80 cm? in mature
galls (Figure 5C). This suggested that the larger gall area would
promote a higher photosynthetic rate to support gall growth.
During gall development, gall growth was relatively slow prior to
August, but salicylic acid (SA) concentrations were significantly
increased compared to leaf samples from gall-free branches
(p < 0.01, Figure 5D). This suggested that the observed increase
in SA represents the host plant defense response to the growing
aphid population. After the middle of August, despite aphid
populations reaching maximum levels, the SA levels in leaves
adjacent to galls showed only a mild increase, whereas SA in the
gall declined and showed no difference compared to leaves not
close to a gall (Figure 5D). Taken together, this showed that a
balance could be established between galls and aphid as the galls
and aphid populations matured.

DISCUSSION

We described here the first and the only known example of an
animal species that lives above ground at an elevated level of CO,
above 3000 ppm in its natural habitat. Tolerance to a high CO,
environment may be of adaptive significance to S. chinensis, as
high CO, levels have been shown to boost population size in

aphid species that have low nitrogen requirements (Bezemer and
Jones, 1998; Holopainen, 2002; Newman et al., 2003; Chen et al,,
2004; Peltonen et al., 2006). The fact that a large population of
aphids can thrive in closed galls under high CO; suggests that
the aphid species has adapted to an environment with elevated
levels of CO,.

Elevated levels of atmospheric CO, directly affect plant
physiology and have been shown to increase photosynthetic
activity and carbohydrate yields of some trees (Dijkstra et al.,
2002; Will and Ceulemans, 2006; Tissue et al., 2010; Grombone-
Guaratini et al., 2013). Our 3CO, isotopic tracing detected B¢
in gall, and transcriptomic data showed enhanced expression of
166 genes involved in photosynthesis. These results suggested
that high CO, may have actually fueled photosynthesis in gall
tissues. High level of CO; in galls could stimulate photosynthesis
in gall tissues, even though the rates of photosynthesis per unit of
gall tissues were lower than those of leaves. Lower photosynthesis
rates in gall tissues in comparison with leaves have been observed
in other systems and are likely due to alteration in chlorophyll
metabolism (Huang et al., 2014). However, the horned gall
system is unique because of the huge surface area of a gall. In
addition, a large fraction of the chlorophyll in the light harvesting
antennae is superfluous for driving the light reactions (Evans,
1989; Anderson et al., 1995; Martin et al., 2007). A combination
of high CO, concentrations and enlarged surficial areas of
galls could compensate the lack of photosynthetic pigments.
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Some studies suggested that photosynthetic rates were reduced in
leaves close to a gall (Florentine et al., 2005; Patankar et al., 2011;
Kar et al., 2013; Kmie¢ et al., 2018) while other reports showed
increased photosynthesis in gall-associated leaves (Fay et al.,
1993; Dorchin et al., 2006). The difference could be explained
by the diverse taxa that were used in these studies and represent
different microstructures of different gall types. In the horned gall
system, an aphid population measuring thousands of individuals
will produce high CO, concentrations and as such promote
photosynthesis in leaves of the host plant.

In a closed gall, except for high levels of CO,, aphids secrete
large amounts of honeydew. In open galls, aphids can push
honeydew droplets out from the galls (Aoki and Kurosu, 1988;
Benton and Foster, 1992; Pike et al., 2002). However, honeydew
cannot be removed from closed galls. Our observation here
along with a previous report (Kutsukake et al., 2012) indicated
that honeydew droplets were absorbed by the inner wall of
galls. Sugars present in honeydew are likely reused by gall
tissues via sugar metabolism. Consistent with this possibility,
our transcriptomic data showed that the genes encoding key
enzymes in TCA, EMP, and PPP were significantly upregulated
in gall tissues compared to control leaf tissues. Furthermore, our
isotope tracing of labeled glucose showed that 3C was detected
in gall tissues, suggesting that simple sugars in honeydew were
reused in galls.

In the S. chinensis—-Rhus chinensis system, both CO, and
honeydew from aphids can be recycled effectively within galls
and provided nutrition for aphids. As a result, a nutrient
recycling system evolved between gall tissues and aphids. The
high metabolic efficiency of galls means that minimum input
is needed from the host plant to maintain an aphid population
within a gall. In a traditional source (surrounding leaves)-sink
(galls) model (Larson and Whitham, 1997), the leaves nearby galls
would do poorly since significant amounts of photoassimilates
and other nutrients would be transported to the galls for gall
development and aphid consumption. Remarkably, we observed
the opposite phenomenon with S. chinensis-induced galls: the
leaves next to galls were not negatively affected at all. In fact,
the nearby leaves did better than leaves on trees without any
galls, with higher photosynthesis rates and bigger leaf sizes
(Figures 5A,B), Dorchin et al. (2006) observed more branches
on trees with galls compared with those on trees without any
galls. Kurzfeld-Zexer et al. (2010) reported that galled branches
have in fact more leaves and tend to gain more biomass than
ungalled branches.

Except for recycling of nutrients and metabolites, part of the
gall tissue nutrients were likely transported to adjacent leaves,
which is based on the *C isotope-tracing tests we conducted.
Specifically, these showed that *CO, and !*C-glucose in galls
were transported to leaves adjacent to galls. The host plant is
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connected to the gall via the inter-connective transport system
(Liu et al,, 2014), which states that the relationship between
source and sink is interchangeable at different stages. At early
developmental stages, individual galls may act mainly as a
nutrient sink initially because of aphid uptake. Photosynthetic
metabolites produced in leaves are transported to and accumulate
in galls, thus providing nutrition and structural support for
aphid development and gall growth. As growth continues,
galls increase in size, and at the end of the fast growth
stage (the end of August to the beginning of October), the
average total surface area of a gall exceeds that of a leaf
(Figure 5C). At this time, galls may serve as the main source
to provide nutrients to aphids. Our isotopic tracing experiments
indicated that part of the nutrients in a gall can inversely
flow to circumjacent leaves. This flotation could be driven by
the evaporation of the leaves because leaf rachis wings where
galls are attached provide important channels for water to be
conveyed to leaves (Lu et al.,, 2019). The inverse nutrient flow
from a gall to the surrounding leaf may be responsible for
the observed higher rates of photosynthesis and bigger sizes of
leaves nearby galls.

In the S. chinensis—R. chinensis system, galls represent highly
specialized structures that serve as a nutrient exchange hubs.
At the beginning of gall development, namely from April to
July, nutrients required for aphid population expansion and gall
growth are primarily produced in the surrounding leaves. During
this stage, salicylic acid (SA) increased significantly in galls and
nearby leaves (Figure 5D), but responses to jasmonic acid (JA) in
galls and nearby leaves were lower than in leaves not associated
with galls (Wang et al., 2016). To defend against an aphid attack,
high concentrations of tannin accumulate in galls (Chen et al.,
2018). Bernays and Woodhead (1982) and Bernays et al. (1983)
reported that tannin may serve as a nutrient for phytophagous
insects. In our transcriptomic S. chinensis data set, we found three
laccases, raising the possibility that these enzymes metabolize
tannin so that it can be utilized as a nutrient for aphids. After
July, galls grow rapidly and aphids in a gall reproduce rapidly as
well up to thousands (Figure 5D; Shao et al., 2013). This large
population produced high levels of CO, and substantial amounts
of honeydew. An enlarged gall surface takes in more sunlight
and high level of CO, appears to stimulate photosynthesis in gall
tissues. In addition, sugars found in honeydew appear to provide
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energy to promote gall growth. This intertwined interaction
between aphids and galls promotes the growth of both, resulting
in gall development and population increase. In the recycling
of nutrients, the aphid metabolites are reused in galls and may
compensate, at least in part, for the consumption metabolites
that were used for gall growth and aphid development. This
recycling effectively reduces the requirement of photosynthates
from surrounding leaves.

We found that SA abundance in galls declined drastically after
July and maintained low levels until galls matured (Figure 5D),
implying that a balance was reached between aphid’s attack and
the defense response from the host. Similarly, SA responses in
leaves tended to be mild (Figure 5D) but were slightly higher
likely due to the biotic stress caused by aphid feeding. Except for
nutrient recycling, photosynthates in galls were also transferred
to surrounding leaves, contributing to leaf growth. Although the
benefit of photosynthates from galls was difficult to quantify, we
have little doubt that these nutrients are beneficial to host plant
growth. In fact, comparing leaves from gall-free trees to leaves
close to a gall not only appeared to show no sign of negative
impact but even did better overall (Figures 1D,E; Kurzfeld-Zexer
et al., 2010; Raman, 2011).

Our study provided several lines of evidence for the complex
nutrient exchange between a galling insect and its host plant,
namely, the S. chinensis—R. chinensis system. In this system,
the host plant providing shelters (galls) and nutrients for
aphids (Larson and Whitham, 1991, 1997; Wool, 2004), and in
return metabolites from aphids, compensated the host plant via
photosynthesis and sugar metabolism (Figure 6). As such, this
feedback mechanism alleviated the metabolic damage to the host
by the aphids and reduced the impact of parasitic aphids on the
plant to a degree where there was no visible harm to the host
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