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Abstract

Galling insects gain food and shelter by inducing specialized anatomical structures in their plant hosts. Such galls 
often accumulate plant defensive metabolites protecting the inhabiting insects from predation. We previously found 
that, despite a marked natural chemopolymorphism in natural populations of Pistacia palaestina, the monoterpene 
content in Baizongia pistaciae-induced galls is substantially higher than in leaves of their hosts. Here we show a gen-
eral up-regulation of key structural genes in both the plastidial and cytosolic terpene biosynthetic pathways in galls as 
compared with non-colonized leaves. Novel prenyltransferases and terpene synthases were functionally expressed 
in Escherichia coli to reveal their biochemical function. Individual Pistacia trees exhibiting chemopolymorphism in 
terpene compositions displayed differential up-regulation of selected terpene synthase genes, and the metabolites 
generated by their gene products in vitro corresponded to the monoterpenes accumulated by each tree. Our results 
delineate molecular mechanisms responsible for the formation of enhanced monoterpene in galls and the observed 
intraspecific monoterpene chemodiversity displayed in P. palaestina. We demonstrate that gall-inhabiting aphids tran-
scriptionally reprogram their host terpene pathways by up-regulating tree-specific genes, boosting the accumulation 
of plant defensive compounds for the protection of colonizing insects.

Keywords:   Baizongia pistaciae, extended phenotype, gall-forming insects, monoterpene biosynthesis, Pistacia palaestina, 
plant defense compounds, prenyl transferases, terpene metabolism, terpene synthases.
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Introduction

Interactions between plants and their environments often 
result in profound remodeling of plant anatomy and me-
tabolism. A  prime example of the way insects manipulate 
their plant hosts for their own benefit is the gall-forming 
habit. Galls are modified plant organs that provide the gall-
inducing organisms with steady nutrient supplies and effi-
cient protection from abiotic factors and natural enemies 
(Price et  al., 1987). Insect-induced galls often accumulate 
plant defensive chemicals such as phenolics and terpenes, 
with their concentrations being substantially higher in 
galls as compared with intact non-colonized plant tissues 
(Caputo et  al., 1979; Cornell, 1983; Hartley, 1998; Nyman 
and Julkunen-Tiitto, 2000; Rostás et al., 2013; Rand et al., 
2014, 2017). Transcriptomic analysis revealed that gall-
forming insects reprogram plant gene expression and me-
tabolism, modifying plant host anatomy and physiology for 
their own benefit (Nabity et al., 2013, 2016; Schultz et al., 
2019). Nevertheless, little is known about how gall-inducing 
insects manipulate plant defense metabolism.

Several aphid species (Hemiptera, Fordini) induce galls 
on plants of the genus Pistacia (Anacardiaceae). Pistacia 
palaestina Boiss., a common deciduous tree in the Eastern 
Mediterranean basin, serves as an obligate host for at least 
six gall-forming aphid species (Inbar et  al., 2004). Each 
aphid species forms a unique visually distinguishable gall 
type, which is often referred to as the extended pheno-
type of the insect (Inbar et  al., 2004). Baizongia pistaciae is 
an aphid that induces large (≥25 cm long), banana-like galls 
on the terminal buds of P. palaestina branches (Wool, 2012). 
Each gall may support thousands of phloem-feeding aphids 
during the dry summer season (Wool, 2012). Plant-derived 
chemical constituents of the galls protect colonizing aphids 
from predation (Rostás et al., 2013). The monoterpene con-
centrations in galls are greatly enhanced as compared with 
leaves, and their compositions vary between individual trees 
and the gall tissues (Rand et al., 2014, 2017).

Terpenes constitute the most diverse class of plant 
specialized metabolites (Gershenzon and Croteau, 1992; 
Croteau et  al., 2000; Keeling and Bohlmann, 2006). They 
play broad biological and ecological roles, mediating direct 
and indirect plant defenses, serving as growth regulators, 
stabilizers of membrane structures, and pollinator attract-
ants (Kessler and Baldwin, 2001; Wittstock and Gershenzon, 
2002; Erbilgin et  al., 2006; Heil, 2014). To date, many of 
the terpenoid pathway structural genes have been iden-
tified in the plant kingdom (Martin et  al., 2004; Keeling 
and Bohlmann, 2006; Degenhardt et al., 2009; Chen et al., 
2011; Pazouki et al., 2015). The key enzymes responsible for 
monoterpene formation in plants are monoterpene synthases, 
members of the terpene synthase (TPS) family (Bohlmann 
et  al., 1998). They often produce several monoterpenes 
from a single substrate, mostly geranyl diphosphate (GPP) 

(Davidovich-Rikanati et al., 2007; Gutensohn et al., 2013). 
GPP is formed by the condensation of isopentenyl diphos-
phate (IPP) with dimethylallyl diphosphate (DMAPP), both 
of which are predominantly derived from the plastidial 
methylerythritol phosphate (MEP) pathway (Tholl, 2015). 
Geranyl diphosphate synthases (GPPSs), the enzymes 
generating GPP, are members of the prenyltransferase (PRT) 
family, which have different architectures depending on the 
plant species (Nagegowda, 2010). Gymnosperm and angio-
sperm species possess homomeric GPPSs (Bouvier et  al., 
2000; Schmidt and Gershenzon, 2007; Van Schie et al., 2007; 
Hsiao et  al., 2008; Schmidt et  al., 2010; Rai et  al., 2013), 
while heteromeric GPPSs have been functionally charac-
terized in some angiosperms including Mentha, Solanum, 
Antirrhinum, and Humulus (Burke et  al., 2004; Tholl et  al., 
2004; Orlova et  al., 2009; Wang and Dixon, 2009; Hivert 
et  al., 2020). Heteromeric GPPSs consist of a catalytically 
inactive small subunit that upon interaction with a large 
subunit, favors GPP formation at the expense of larger 
prenylated phosphates such as geranylgeranyl diphosphate. 
To date, however, limited information is available about the 
molecular and biochemical platforms supporting terpenoid 
biosynthesis in Pistacia or any other Anacardiaceae species.

Here, we investigated the molecular and biochemical 
mechanisms that allow galling aphids to manipulate host 
chemical defenses. We found that gall-inhabiting aphids 
up-regulate key genes of both the plastidial and cyto-
solic terpenoid pathways, enabling accumulation of high 
monoterpene concentrations in galls. This is also accom-
panied by a prominent up-regulation of PpPRT2, a gene 
encoding a PRT promoting GPP formation in the pres-
ence of a large GPPS subunit. Moreover, tree-specific 
monoterpene polymorphism observed in P.  palaestina is 
achieved by differential expression of different TPS genes 
in galls from distinct trees. Our results provide evidence 
that galling insects rely on specific plant metabolic capaci-
ties, which they transcriptionally manipulate for their own 
benefit.

Materials and methods

Plant material
Samples were collected from two naturally growing trees on Mount 
Carmel (further ‘Carmel’) and in the Misgav region at the lower 
Galilee (hear further ‘Shechania’) both in Northern Israel. Young galls 
in stage 1 (~4–6 weeks with size of 5–20 mm, inhabiting 1–5 aphids) 
were sampled in the spring of 2016 according to Rand et al. (2014, 
2017). The galls were cut open and the aphids were carefully removed 
with a fine brush and gently washed with acetone. The samples were 
fast frozen with liquid nitrogen and stored at –80  °C until analysis. 
Three independent biological replicates from each tree and tissue were 
transcriptomically and metabolomically examined. Each biological 
replicate consisted of 1–3 galls or leaves that were pooled together 
for each individual replicate and ground before RNA extraction and 
volatile analyses.
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Identification and quantification of volatile terpenes in galls and 
leaves using chiral GC-MS analyses
We ground 0.2 g of frozen leaf or gall tissues in the presence of liquid ni-
trogen, and extracted the powder by vigorous shaking overnight at room 
temperature with 2  ml of methyl tert-butyl ether (MTBE) containing 
25  ppm of ethyl myristate as an internal standard (Rand et  al., 2014, 
2017). The ethereal phase was separated, dried with anhydrous Na2SO4, 
and analyzed by GC-MS as follows. A 1 μl aliquot of the MTBE ex-
tract was injected into an Agilent GC-MS system (model 6890N/5973N, 
Agilent Technologies, Santa Clara, CA, USA) equipped with a Restek 
Rt™-bDEXsm Chiral column (30 m length 0.25 mm i.d., 0.25 µm film 
thickness, 2,3-di-O-methyl-6-O-tert-butyl dimethylsilyl β-cyclodextrin 
added into 14% cyanopropylphenyl/86% dimethyl polysiloxane). Helium 
(0.8 ml min–1) was used as a carrier gas with splitless injection. The in-
jector and detector temperatures were 230 °C. The following conditions 
were used: initial temperature 40 °C for 5 min, followed by a ramp of 
2 °C min–1 to 110 °C, and 5 °C min–1 up to 220 °C (10 min). A quadru-
pole mass detector with electron ionization at 70 eV was used to acquire 
the MS data in the range of 41–350 m/z. The identification of the volat-
iles was assigned by comparison of spectral data with authentic standards 
and with the W10N11 and HPCH2205 GC-MS libraries. The amount 
of each component in the sample was calculated as (peak area×internal 
standard response factor) divided by (response factor×internal standard 
peak area) as described in Rand et al. (2014, 2017).

RNA extraction, sequencing, and bioinformatic analyses
RNA samples were isolated using a Spectrum™ Plant Total RNA Kit 
(Sigma Aldrich, St. Louis, MO, USA), followed by treatment with DNase 
I  (Sigma Aldrich). cDNA libraries were constructed using the TruSeq 
RNA sample preparation kit (Illumina, San Diego, CA, USA) essentially 
as directed by the manufacturer, but with the following modifications. 
Fragmentation time in the eluted fragment prime step was reduced from 
8 min to 4 min, resulting in cDNA ranging in length from 100 bp to 
1000 bp. Subsequent AMPure purification was performed at a sample to 
AMPure ratio of 1.8:1 (v/v). The resulting libraries were composed of 
amplicons largely ranging in length from 200 bp to 1000 bp. The libraries 
were sequenced on an Illumina HiSeq2500 using SBS v3 reagents to pro-
duce 100 bp paired-end reads.

Assembly of reads was performed using Trinity software (Haas et al., 
2013). RNA sequence quality of one out of three samples of Shechania 
galls gave poor results and therefore they were not used for transcriptome 
analyses. Library construction generated a total of 428  824  968 reads 
(see Supplementary Table S1). These reads were subjected to quality and 
adaptor trimming, which removed 1 881 122 (0.4%) reads before final 
de novo assembly. The assembly resulted in a total of 42 150 and 43 852 
contigs (Supplementary Table S1) with an N50 of 2400 bp and 1990 bp 
(Supplementary Table S2) for the Carmel and Shechania trees, respect-
ively. These contigs were used for downstream bioinformatics analysis.

Additionally, a total of 401 million reads (94% of all clean reads) for 
Carmel trees, and 386 million reads (96% of all clean reads) for Shechania 
trees were perfectly mapped (mismatch=0) to the reference transcrip-
tome (each read to the transcriptome of its own tree) by RSEM, which 
showed that the quality of these mapped genes was sufficient to conduct 
the subsequent analysis.

The RSEM program was used to determine expression levels for all 
transcripts. To identify transcripts involved in terpenoid biosynthesis, the 
transcriptomes were annotated using diverse databases (Supplementary 
Table S3) and queried by BLASTX using previously characterized genes 
implicated in the terpenoid biosynthetic pathway.

Genes of the MEP (2-C-methyl-d-erythritol 4-phosphate) plastidial 
pathway, the mevalonate (MVA) cytosolic pathway, as well as genes 
encoding isopentenyl diphosphate isomerase (IDI), PRTs, and mono-, 
sesqui-, and diterpene synthases from Arabidopsis thaliana and other plant 

systems (such as mango and citrus) were used as baits to identify the cor-
responding genes in the transcriptomes of both galls and leaves.

The transcriptomic data have been deposited in NCBI under sub-
mission number 2464236. The accession numbers of all the genes in this 
study are indicated in Supplementary Table S3.

Cloning of candidate TPSs and their heterologous expression in 
E. coli
The assembled sequences generated by the preliminary Illumina method-
ology were aligned using the Blast algorithm against the NCBI (http://
www.ncbi.nlm.nih.gov) protein databases. This search allowed the iden-
tification of five full-length P. palaestina putative TPS sequences (PpTPS1, 
PpTPS4, PpTPS7, PpTPS11, and PpTPS12). TPS1 and PpTPS4 
sequences were members of the TPS-b subfamily comprising angio-
sperm monoterpene synthase-like genes and were cloned from Carmel 
gall cDNA. An additional TPS, PpTPS3, found in the new Shechania 
assembly was cloned from Shechania gall cDNA.

Specific primers were designed to clone the full length of the cor-
responding ORFs into a pGEX4T1 vector (GE Healthcare, Chicago, 
IL, USA) using suitable restriction sites. cDNA derived from gall tissue 
RNA was synthesized with 200 ng of RNA by reverse transcription–
PCR (RT–PCR) using the cDNA Verso Kit (Thermo Fisher Scientific, 
Waltham, MA, USA) and 25 pmol of oligo(dT) primer.

Specific primers corresponding to the P. palaestina TPSs and containing 
restriction enzyme sites were designed as follows: the PpTPS1 forward 
primer (5′-TCTGGATCCATGGCTTCTTGTATTGTATCA-3′) con-
taining a BamHI restriction site and the reverse primer (5′-GTTGTCGA
CTCATGGCTCTTTATTGTCAG-3′) containing a SalI restriction site; 
PpTPS3 was cloned from Shechania gall cDNA into pET28a with the 
PpTPs3 forward primer (5′-GTTGTCGACTCATGGCTCTTTATTG
TCAG-3′) containing a SalI restriction site and reverse primer (5′-GTT
GTCGACTCATGGCTCTTTATTGTCAG-3′) containing a NotI re-
striction site; the PpTPS4 forward primer (5′-TCTGGATCCATGGC
GTTCTGCATTG-3′) containing a BamHI restriction site and a reverse 
primer (5′-AGAGTCGACCTACAGTGGAATAGA-3′) containing a 
SalI restriction site.

The primers were synthesized by Hylabs Company, Israel. After 
obtaining the cDNA, high-fidelity RT–PCR was performed with the 
specific primers for each TPS sequence in order to amplify them. For 
this, Phusion DNA Polymerase (Thermo Fisher Scientific) was used 
according to the manufacturer’s instructions. For expression in E.  coli, 
amplicons obtained by RT–PCR were inserted into the expression vec-
tors as described above. PCR products and the plasmids were cleaved with 
FastDigest restriction enzymes (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. The amplification products were then li-
gated to the plasmid using the Rapid DNA Ligation Kit (Thermo Fisher 
Scientific). The recombinant plasmid was then sequenced for authentica-
tion and transformed into BL21 (DE3) pLys E. coli.

Heterologous expression of selected genes and functional 
analysis
For heterologous functional expression of TPSs, the plasmids containing 
the putative TPS sequences were transformed into E.  coli BL21(DE3)
pLysS competent cells. A  starter culture was incubated overnight at 
37 °C, diluted 1:50 (v/v) next day, and grown till an OD600 of 0.8, when 
0.1 mM isopropyl-β-d-thiogalactopyranoside (IPTG) was added for in-
duction of expression, and continued to grow at 18  °C and 250  rpm 
overnight. The cells were collected by centrifugation and disrupted by 
10×30 s treatments in an Ultrasonicator in the presence of suitable buf-
fers according to protein Tag properties [PpTPS1, PpTPS4. PpTPS7, 
PpTPS11, and PpTPS12 harbored a glutathione S-transferase (GST) tag 
derived from the pGEX4t-1 vector, while PpTPS3 had a His tag from the 
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pET28a vector]. GST ligation buffer contained 140 mM NaCl, 2.7 mM 
KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3) with 0.25 mg of 
lysozyme. Cell debris were removed by centrifugation at 12 000 rpm and 
the supernatant was collected and purified on a GST column (GSTrap 
FastFlow, GE Healthcare) with GST elution buffer (50 mM Tris–HCl, 
10  mM reduced glutathione, pH 8.0) following the manufacturer’s 
protocol. His-tagged protein purification was as described by Gonda 
et  al. (2018). Extracted proteins were desalted and concentrated using 
VivaSpin20 (Sartorius, Epsom, UK) then were measured by Bradford 
protein assay (Bradford, 1976).

To determine the potential TPS catalytic activities of the cloned genes, 
assays containing 200 µl of protein were incubated overnight at 30 °C 
with 10 µM GPP, farnesyl pyrophosphate (FPP), or geranylgeranyl pyro-
phosphate (GGPP​) in a final volume of 400 µl using a buffer containing 
50  mM Bis-Tris, pH 6.9, 1  mM DTT, 10% (v/v) glycerol, 0.1  mM 
MnCl2, and 10 mM MgCl2. As controls, we utilized reactions without 
the cofactors Mn2

+ and Mg2
+ or extracts using heat-inactivated enzyme 

(previously incubated at 100 °C for 5 min) or the short peptide product 
of an empty vector. The volatiles produced were extracted by solid-phase 
microextraction (SPME) according to the methodology described before 
using a chiral column for enantiomer separations. In breaf, pre-heated 
headspace (55 °C) samples were absorbed with an SPME fiber of 65 µm 
PDMS/DVB/CAR (polydimethylsiloxane/divinylbenzene, carboxene) 
Supelco (Bellefonte, PA, USA) for 15 min by an automatic HS-SPME 
MPS2 (Gerstel, Mülheim, Germany). Then, the SPME fiber was intro-
duced into the injector port of the GC-MS apparatus for 5 min (splitless) 
for desorption of the volatiles. GC-MS conditions were as described 
above except that the initial temperature was set to 40 °C for 5 min, fol-
lowed by a ramp of 5 °C min–1 to 230 °C (5 min).

For enzymatic di-terpene synthase assays, the samples were pre-heated 
to 60  °C, for 10 min and then adsorbed for 30 min by an automatic 
HS-SPME MPS2 system (Gerstel) by 65 µm PDMS/DVB/CAR fiber 
(Supelco) that was injected into the GC-MS (Agilent GC-MS 7890 
system) for 5 min, for desorption of the volatiles in splitless mode. The 
GC was equipped with a Rxi-5sil MS column (30 m length, 0.25 mm 
i.d., 0.25 µm film thickness, stationary phase 95% dimethyl–5% diphenyl 
polysiloxane). Helium (11.68 psi) was used as a carrier gas, the injector 
temperature was 250 °C, and the detector temperature was 280 °C. The 
following conditions were used: initial temperature 50 °C for 1 min, fol-
lowed by a ramp of 5 °C min–1 to 280 °C (10 min). A quadrupole mass 
detector with electron ionization at 70 eV was used to acquire the MS 
data in the range of 41–350 m/z. A mixture of straight-chain alkanes 
(C7–C23) was injected into the column under the above-mentioned 
conditions for determination of retention indices. The identification of 
the volatiles was assigned by comparison of their retention indices with 
those in the literature and by comparison of spectral data with a standard 
or with the W10N14 and QuadLib 2205 GC-MS libraries.

Functional expression of prenyltransferase genes
Two genes encoding putative PRTs, PpGGPPS24311 (resembling other 
plant GPPS.LSUs, later termed PpPRT1) and PpC_GPPS.SSU23269 
(resembling the GPPS.SSU, later termed PpPRT2), were synthesized 
by HyLabs (Israel), with codon adaptation for bacterial expression and 
without the signal peptide targeting the encoded protein to the plas-
tids. The genes were cloned into the pET30 (Novagen, Madison, WI, 
USA) expression vector fused to a His tag at the N-terminus and then 
transformed to E.  coli BL-21 DE3 pLYsS cells (Novagen) for protein 
expression. The recombinant proteins were purified from the cell lysate 
by nickel affinity chromatography as described by Gonda et al. (2018). 
Due to the high tendency of PpPRT2 to form inclusion bodies, a non-
nucleotide optimized version of PpPRT2 was also directly amplified 
from Baizongia gall cDNA derived from the Carmel tree omitting the 
signal peptide, and cloned into pMAL-c6T fusion protein vector (New 

England BioLabs, Ipswich, MA, USA) that enabled soluble recombinant 
protein fused with maltose-binding protein The latter fusion protein was 
isolated with maltose resin and later cleaved with TEV protease according 
to pMAL working protocols (New England BioLabs).

The enzymatic activity assays were performed in glass GC vials using 
25  mM Bis-Tris buffer with 10  mM MgCl2 and 2  mM DTT at pH 
7.4, containing 40 µM IPP and 40 µM DMAPP as substrates. The assay 
volume was 300 µl. The reaction was incubated overnight at 30 °C and 
terminated by adding 40 µl of 1 N HCl for 30 min at 30 °C to attain 
full acid hydrolysis of the prenylphosphate products and enable their de-
tection by GC-MS. The alcoholic products were determined by SPME 
analysis and separated on a Rtx-5 SIL MS (30 m×30.25 mm×30.25 μm) 
fused silica capillary column (Restek Co., Bellefonte, PA, USA) using a 
temperature gradient of 50 °C for 1 min, increasing to 180 °C at a rate 
of 5 °C min–1, then to 320 °C at 20 °C min–1. The detector tempera-
ture was set at 280 °C. Identification of the hydrolysis products was per-
formed as indicated above for SPME analyses (Orlova et al., 2009; Hivert 
et al., 2020). The distribution of the prenylated products was based on the 
abundance of their acid hydrolysis products as calibrated with authentic 
standards as described before (Hivert et al., 2020).

Quantitative real-time PCR
Quantitative PCR was performed using Absolute Blue qPCR SYBR 
Green ROX Mix (Thermo Fisher Scientific). The reactions were in a 
10 µl final volume containing 1 µl of reverse-transcribed cDNA as tem-
plate and specific primers as shown in Supplementary Table S4. The pri-
mers were synthesized by Hylabs Company, located in Israel.

Samples were run in triplicate in an optical 96-well plate. The fol-
lowing PCR conditions were applied for all reactions: denaturation at 
95 °C for 15 min, followed by 40 cycles of 15 s at 95 °C and 1 min at 
60 °C, and, finally, a dissociation curve with denaturation at 95 °C for 
15 s, cooling at 60 °C for 1 min, and a gradual increase of 0.6 °C until 
95  °C. The melting curves were obtained at the end of cycling from 
55 °C to 95 °C.

The fold increase in expression levels between leaves and galls was 
calculated based on the 2−ΔΔCT method (Livak and Schmittgen, 2001) 
using ubiquitin as a reference gene. The differences in fold induction 
values were evaluated by statistical significance using Student’s t-test with 
the software Assistat (Silva and Azevedo, 2016).

Results

Aphid-induced galls accumulate higher 
concentrations of monoterpenes as compared to 
non-colonized leaves

To better understand the mechanisms by which aphid-
induced galls accumulate higher monoterpene concen-
trations than non-colonized leaves, we first analyzed the 
volatile terpene profiles of two individual trees and their 
corresponding aphid-induced galls. We have previously re-
ported the mono- and sesquiterpene chemopolymorphism 
prevailing among P. palaestina individuals (Rand et al., 2017). 
Since the enantiomeric distribution and chirality of the 
monoterpene components of P.  palaestina tissues remained 
unknown, chiral chromatography was utilized to evaluate 
the extent of chemopolymorphism between the individual 
trees. The monoterpene concentrations in both trees were 
remarkably higher in galls relative to non-colonized leaves, 

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/2/555/6299196 by guest on 16 January 2022

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erab289#supplementary-data


Monoterpene up-regulation in insect-induced galls  |  559

and their composition strongly reflected the monoterpene 
repertoire present in leaves (Table 1). Total monoterpene 
concentrations in galls of both trees increased 4- to 6-fold 
relative to leaves, while concentrations of individual 
monoterpenes increased from 1.5- to 76-fold. While some 
monoterpenes were detected in both trees, others were tree 
specific. Indeed, (+)-limonene was present in leaves and galls 
of the Carmel tree, but absent in Shechania tissues, which ac-
cumulated (–)-limonene (Table 1). Limonene, (+)-α-pinene, 
and myrcene were the main monoterpenes present in intact 
leaves of Carmel trees and their concentrations significantly 

increased in galls of the same tree. In addition, Carmel galls 
contained moderate (>2 μg g FW−1) concentrations of (–)-α 
pinene, (+)-β-pinene, (–)-β-pinene, and (–)-limonene, the 
concentrations of which were significantly lower in leaves. 
In contrast, the monoterpene profile of Shechania leaves 
included substantial concentrations of β-ocimene, (–)-lim-
onene, myrcene, (+)-α-pinene, and (–)-sabinene with other 
minor components (<1 μg g FW−1).

In contrast to monoterpenes, sesquiterpenes were less 
abundant in both leaves and galls of both trees (Table 1). 
Sesquiterpenes were dominated by germacrene D and 

Table 1.  Distribution and content of volatile terpenes in leaves and Baizongia pistaciae-induced galls in two individual P. palaestina

 Compound name Carmel Shechania Product of 
geneLeaves Baizongia 

galls
Fold increase 
in gall

Leaves Baizongia 
galls

Fold in-
crease in 
gall

Monoterpenes (µg g–1 tissue)
(+)-Limonene 187±2 669±98 3.6 ND ND ND  PpTPS1
(–)-Limonene 1.5±0.1 7±0.8 4.8 50.4±6 471±88 9.4  

(+)-α-Pinene 35±0.5 297±26 8.5 9.4±1.6 611±96 69 PpTPS1/ PpTPS4

(–)-α-Pinene 0.5±0.3 2.1±0.7 4 0.9±0.4 20.2±0.5 17  PpTPS3

Myrcene 20.6±1 56.4±3.8 2.7 10.3±6 786±356 76  

β-Ocimene ND ND ND 320±53 480±50 1.5  

(–)-β-Pinene 1.8±0.5 9.7±2 6 0.4±0.2 33.4±7 76  PpTPS3

(+)-β-Pinene 1.7±0.3 5.4±0.2 1.5 0.2±0.1 7.7±0.3 45  

(–)-Sabinene 0.8±0.5 ND * 8.5±2.5 99±34 12  PpTPS3

α-Thujene (±) ND ND ND 0.9±0.7 12.6±2.1 12  PpTPS3

(–)-Camphene ND ND ND 0.3±0.3 4.7±1.7 18  

(+)-δ-3-Carene ND 0.8±0.8 * ND ND ND  

α-Phellandrene (±) ND 0.1±0.1 * ND 6±3.5 *  

δ-2-Carene ND 0.1±0.1 * 0.5±0.1 5±1.6 11  

γ-Terpinene ND ND ND 0.4±0.1 3.85±1.2 10  PpTPS3

Total monoterpenes 248.9 1077.6 4.3 402.2 2540.5 6.3  

Sesquiterpenes (µg g–1 tissue)
Germacrene D 103±1 13±5 0.12 16±11 9.3±3.4 0.6  PpTPS7

(–)-β-Caryophyllene 58±2 1.1±0.5 0.02 58±4 50±15 0.9  

(–)-α-Cubebene 0.5±0 0.03 0.06 2±2 10±4.6 5.0  

α-Humulene 3.5±0.1 0.08±0 0.02 7.3±2.7 7.4±1 1.0  

δ-Cadinene 2±0.09 0.3±0.09 0.15 2.7±0.9 5.4±1.3 2.0  PpTPS7

Uni sesq 119_49.1 0.3±0 ND * 1.3±1 6.8±2.7 5.1  
Uni sesq 161_42.1 1.3±0 0.2±0.05 0.13 1.1±0.9 5±2.6 4.6  

β-Ylangene 4.3±0.1 0.5±0.2 0.12 0.6±0.4 0.2±0.1 0.3  

Uni sesq 161_45.1 3±0.05 0.26±0.1 0.09 0.5±0.4 0.24±0.13 0.5  

γ-Cadinene 2±0.07 0.2±0.06 0.10 2.0±0.9 2.1±0.6 1.0  PpTPS7

Uni sesq 161_44.2 1.0±0 0.14±0 0.14 1.0±1 3.2±1.7 3.0  

α-Copaene 1.4±0 0.11±0.1 0.08 0.8±0.5 2.6±1 3.4  

β-Copaene 3.0±0 0.3±0.1 0.10 0.4±0.3 0.15±0.1 0.4  

Germacrene B 1.6±0.1 ND * ND ND ND  PpTPS11
Aromadendrene ND ND ND ND 1.6±0.9 *  
Total sesquiterpenes 182 16.2 0.09 93.7 104 1.1  

Values represent means ±SE of three biological replicates, each consisting of 1–3 galls or leaves from the same tree. MTBE-extracted tissues were 
analyzed by GC-MS.
Uni sesq, unidentified sesquiterpene_main ion_RT. 
* Fold increase not designated as concentrations in leaves were below detection limit. ND, not detected (limit of detection=0.01 µg g–1 tissue). 
Compounds and genes present in both trees are shown in white; compounds and genes unique to Carmel are shown in blue; and compounds and 
genes unique to Shechania are shown in pink.
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β-caryophyllene in both trees, but their concentrations were 
lower in galls of Carmel trees and did not significantly change 
in Shechania galls. In Shechania galls, (–)-cubebene, α-copaene, 
and δ-cadinene, as well as three out of four additional uniden-
tified sesquiterpenes (Table 1) displayed higher concentrations 
relative to leaves. In conclusion, although individual trees dis-
played differences in the terpenoid compositions and concen-
trations, with some overlapping compounds, the monoterpene 
concentrations were significantly increased in galls relative to 
intact leaves in both trees while sesquiterpene concentrations 
displayed a more variable trend (Table 1).

Transcriptomic analysis identifies putative genes 
involved in terpenoid biosynthesis in P. palaestina 
leaves and galls

To examine the molecular and biochemical mechanisms re-
sponsible for the enhanced monoterpene accumulation in galls 
formed by B.  pistaciae aphids, we generated transcriptomic 
datasets based on mRNA from leaves and galls of Carmel 
and Shechania trees and sequenced them on an Illumina 
Hiseq2000 platform using the paired-end approach with 
100 bp read length. The throughput and quality of the RNA-
seq data are shown in Supplementary Table S1. De novo tran-
scriptome assembly resulted in 42 150 (Carmel) and 43 852 
(Shechania) contigs representing genes expressed in gall and/
or leaf tissues (Supplementary Table S2). Contig annotation 
was performed using public databases, including the NCBI 
nucleotide sequences (NT), NCBI non-redundant protein 
sequences (NR), Swiss-Prot, and the protein family annota-
tion (PFAM). A high number of contigs (92.1% for Carmel 
and 90.8% for Shechania) were mapped to at least one of the 
databases. Supplementary Table S5 shows statistics of anno-
tated contigs for each tree in different databases, while detailed 
gene annotations based on an NCBI Blast search are presented 
in Supplementary Table S3. Contigs encoding proteins with 
amino acid homology >98% were considered as the same gene, 
otherwise they were named differently (Fig. 1; Supplementary 
Table S3). This analysis revealed that ~10% of the contigs rep-
resent genes unique to the tree species in this study.

Structural genes of the cytosolic and plastidial 
terpenoid pathways in P. palaestina

Searches of annotated genes for core genes in the plastidial 
MEP and cytosolic MVA pathways, as well as for isoprenoid 
diphosphate PRTs and TPSs resulted in at least one full-length 
or nearly full-length (>95%) transcript for most genes involved 
in terpenoid biosynthesis (Fig. 1; Supplementary Table S3). 
In both trees, most proteins encoded by the same core genes 
in both pathways shared 98–100% amino acid identity. The 
genes encoding all six enzymes involved in the cytosolic MVA 
pathway were identified, namely acetoacetyl-CoA thiolase 
(AACT), 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) 

synthase (HMGS), HMG-CoA reductase (HMGR), 
mevalonate kinase (MVK), phospho-mevalonate kinase 
(PMK), and diphosphomevalonate decarboxylase (MVD). 
Similar to Arabidopsis (Vranová et  al., 2013), transcriptomic 
analysis revealed two AACT genes encoding isoforms with 
82% amino acid identity. One HMGS transcript was found in 
both trees, although the Shechania contig appeared to be trun-
cated. Two HMGR gene homologs were detected in both trees 
with ~74% amino acid identity between the corresponding 
gene products. Single gene transcripts for MVK, PMK, and 
MVD were found in both trees, although the MVD contig in 
Carmel was truncated.

Similar to the MVA pathway, all seven genes of the 
plastidial MEP pathway were identified in the transcriptomic 
datasets (Fig. 1; Supplementary Table S3). They included 
1-deoxy-d-xylulose 6-phosphate (DOXP) synthase (DXS), 
DOXP reductoisomerase (DXR), 2-C-methyl-d-erythritol 
cytidyltransferase (MCT), the latter found in Carmel only, 
4-diphosphocytidyl-2-C-methyl-d-erythritol kinase (CMK), 
4-hydroxy-3-methyl-but-2-enyl diphosphate (HMB-PP) 
synthase (HDS), and HMB-PP reductase (HDR). Two dis-
tinct DXS genes were found (Supplementary Table S3; 
Supplementary Fig. S1) as well as two full-length IDI-like 
contigs (Supplementary Table S3; Supplementary Fig. S2).

Due to the unavailability of the Pistacia whole genome at 
the time, we performed de novo transcriptome assembly. Only 
recently, the genome of Pistacia vera L. was published (Zeng 
et al., 2019). Still, most of the identified contigs in this study 
are in agreement and display high similarities to those present 
in the P. vera genome (Supplementary Table S3). Interestingly, 
other than P. vera homologs, most of the P. palaestina genes ex-
hibited the highest similarity to citrus (Rutaceae) orthologs. 
Both Anacardiaceae and Rutaceae are in the order Sapindales.

Prenyltransferase genes

Our annotation analysis identified seven PRT-like genes in each 
individual tree, five of which (PpPRT1–PpPRT5) were similar 
to plant GPPSs/GGPPSs and two, PpPRT6 and PpPRT7, 
shared similarity with FPPSs (Fig. 2A; Supplementary Table 
S3). Most PRT homologs display 98% amino acid identity be-
tween the two trees and thus were considered to be encoded 
by the same gene. To better predict the roles of the Pistacia 
PRTs in prenyldiphosphate biosynthesis, a phylogenetic ana-
lysis was performed using short-chain PRTs with known 
functions from other plants and the Homo sapiens HsGGPPS1 
as a distant ortholog (Fig. 2A; Supplementary Fig. S3). This 
analysis revealed that PpPRT1 and PpPRT3 cluster with bona 
fide GGPPS/LSU, some of which function as large GPPS sub-
units, as was shown in snapdragon (AmGGPPS.LSU) and to-
mato (LeGGPPS2) (Tholl et al., 2004; Hivert et al., 2020). This 
clade also includes catalytically inactive GPPS.LSU from mint 
(MpGPPS.LSU) that forms an active GPPS upon interaction 
with a small subunit (Burke et  al., 2004). PpPRT2 appeared 
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to belong to the GPPS small subunit type I (SSUI) clade that 
contains catalytically inactive SSU of known heterodimeric 
GPPSs such as AmGPPS.SSU and MpGPPS.SSU, as well as 
Phalaenopsis bellina GPPS.SSU possessing autonomous GPPS 
activity (Burke et  al., 2004; Tholl et  al., 2004; Hsiao et  al., 
2008; Orlova et al., 2009). PpPRT4 clusters with small GPPS 

subunits from Arabidopsis and tomato, which together form a 
SSUII clade. Members of both clades were shown to function 
as ‘modifiers’ of the LSU products while the SSUII clade rep-
resentatives in addition serve as ‘accelerators’ promoting the 
GPPS activity of the LSU (Wang and Dixon, 2009). GPPS.
SSUs of the SSUI clade were predominantly identified in 

Fig. 1.  Up-regulation of the terpene pathway structural genes leading to biosynthesis of volatile terpenoids in aphid-induced galls of P. palaestina. The 
cytosolic MVA pathway (left) is generally involved in providing IPP and DMAPP for the biosynthesis of sesqui- and triterpenes. The plastidial MEP (right, 
often called DOXP) pathway provides substrates for mono-, di-, and tetraterpene biosynthesis. Putative genes identified in P. palaestina transcriptomes 
of two individual wild trees (S, Shechania, C, Carmel) and their relative expression (FPKM values) in leaves (green bars) and aphid-induced galls (orange 
bars) are depicted next to the genes encoding the relevant enzymatic steps. Bars represent the mean of three replicates, except for Shechania galls with 
two valid replicates. Numbers represent the different isomorphs of the genes: (i.e. C1, Carmel isoform 1; S1, Shechania isoform 1). AACT, acetoacetyl-
CoA thiolase; CDP-ME, 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol; CDP-ME2P, 4-(cytidine 5′-diphospho)-2-C-methyl-d-erythritol phosphate; CMK, 
CDP-ME kinase; DMAPP, dimethylallyl diphosphate; DOXP, 1-deoxy-d-xylulose 5-phosphate; DXR, DOXP reductoisomerase; DXS, DOXP synthase; 
HDR, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HMBPP, (E)-4-hydroxy-3-
methylbut-2-enyl diphosphate; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, HMG-CoA reductase; HMGS, HMG-CoA synthase; IDI, isopentenyl 
diphosphate isomerase; IPP, isopentenyl diphosphate; MCT, 2-C-methyl-d-erythritol 4-phosphate cytidylyltransferase; MDS, 2-C-methyl-d-erythritol 
2,4-cyclodiphosphate synthase; ME-2,4cPP, 2-C-methyl-d-erythritol 2,4-cyclodiphosphate; MEP, 2-C-methyl-d-erythritol 4-phosphate; MVD, mevalonate 
diphosphate decarboxylase; MVK, mevalonate kinase; PMK, phosphomevalonate kinase. Details of the represented genes, annotation, and expression in 
individual samples, mean values ±SD, are listed in Supplementary Table S3.
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monoterpene-producing plant species, in contrast to SSUII 
clade members which were less characterized but seem to 
have a wider expression (Wang and Dixon, 2009). PpPRT5 
clustered with homomeric GPPSs including the Arabidopsis 
GPPS and mango GPPS1 (Bouvier et al., 2000; Kulkarni et al., 
2013).

Interestingly, PpPRT6 was only found in the transcriptome 
of the Shechania tree, while PpPRT7 was detected only in 

the Carmel tree. Both genes belong to the FPPS clade and 
encode proteins with an amino acid similarity of 94% and 
59%, respectively, to the mango MiFPPS (Kulkarni et  al., 
2013). Clustal alignment of all PRTs found in the Pistacia 
transcriptome (Supplementary Fig. S3) revealed that, simi-
larly to other SSUI clade members, PpPRT2 lacks two 
conserved Asp-rich motifs DD(X)2–4D, important for prenyl-
substrate binding (Koyama et al., 1996; Wang and Ohnuma, 

Fig. 3.  Terpene synthases in P. palaestina. (A) Phylogenetic tree of putative terpene synthases identified by transcriptome analysis in two individual wild 
trees (Shechania and Carmel). Orange triangles mark genes up-regulated in gall tissues. (B) Relative expression values (FPKM) of PpTPSs in leaves (green 
bars) and galls (orange bars). Contigs sharing high similarity (98% amino acid identity) between the two trees were considered the same gene. Bars 
represent mean of three replicates ±SD except for two replicates for Schechania gall tissues.

Fig. 2.  Prenyltransferases in P. palaestina. (A) Phylogenetic tree of putative prenyltransferase genes identified in P. palaestina trees as compared 
with other known plant genes. The abbreviations of the protein sequences and their accession numbers are as follows: MpGPS.SSU (M. piperita, 
ABW86880), MpGPS.LSU (M. piperita, AF182828), AtGGPR (A. thaliana, AAG40013), AtGGPPS1 (A. thaliana, AEE86705), AtGPPS1 (A. thaliana, 
CAC16849), AmGPPS.SSU (A. majus, AAS82859), AmGPPS.LSU (A. majus, AY534687), LeGGPPS1 (S. lycopersicum, NM_001247158), LeGGPPS2 
(S. lycopersicum, NM_001247373), MiFPPS (M. indica, AFJ53077), MiGPPS1 (M. indica, AFJ52721), MiGPPS2 (M. indica, AFJ52722), PbGDPS 
(P. bellina, ABV71395.1), PaIDS1 (P. abies, ACZ57571.1), PaIDS5 (P. abies, ACA21461.1), OsGGPPS (O. sativa, Os07g39270), OsGPR (O. sativa, 
Os02g44780), HsGGPPS1 (H. sapiens, AAH05252, outgroup). (B) Expression levels of putative prenyltransferase genes identified in P. palaestina leaves 
and aphid-induced galls. Green bars correspond to expression in leaves; orange bars indicate expression in galls. Orange triangles in both panels mark 
genes up-regulated in gall tissues. Bars represent the mean of three replicates ±SD except for two replicates for Schechania gall tissues.
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2000). In addition, two conserved CxxxC motifs, proposed 
to be involved in heteromeric interaction (Wang and Dixon, 
2009), were identified in PpPRT1, PpPRT2, and PpPRT4, 
although in PpPRT2 the last cysteine was replaced by Ser, 
CxxxS, in the second Cys motif (Supplementary Fig. S3).

Terpene synthase (TPS) genes

A search for P. palaestina TPS genes resulted in a total of 12 
contigs annotated as putative TPS genes. Similar to PRT homo-
logs, TPS contigs encode proteins with 98% amino acid identity 
between the two trees. Phylogenetic analysis (Fig. 3A) and se-
quence alignment (Supplementary Fig. S4) reveal that all iden-
tified TPSs contain motifs typical for the TPS family members, 
including the conserved DDXXD motif involved in divalent 
cation binding (typically Mg2+ or Mn2+) and, with the excep-
tion of PpTPS6 and PpTPS10, the RRX8W motif commonly 
found in cyclizing monoterpene synthases (Davis and Croteau, 
2000). PpTPS1, PpTPS2, PpTPS3, PpTPS4, and PpTPS5 were 
annotated as monoterpene synthases (Supplementary Table S3) 
and predicted to contain a transit peptide (Supplementary Table 
S6). Like most angiosperm monoterpene synthases (Chen et al., 
2011) they belong to the TPS-b subfamily (Fig. 3A). PpTPS1 
exhibited 64% amino acid identity with the Zanthoxylum 
piperitum β-phellandrene synthase (BBD88590.1). PpTPS2 and 
PpTPS3 shared, respectively, 58% and 59% amino acid iden-
tity with the Camellia sinensis (–)-alpha-terpineol synthase-like 
isoform X1 (XP_028062770.1). PpTPS4 showed 62% amino 
acid similarity with the Citrus sinensis limonene synthase, while 
PpTPS5 exhibited 63% amino acid identity with the Quercus 
lobata tricyclene synthase-like protein.

PpTPS6, PpTPS7, PpTPS8, PpTPS9, PpTPS10, and 
PpTPS11, exhibited 61–73% amino acid identity to the Citrus 
sinensis germacrene D synthase and α-farnesene synthase-like 
proteins, had no predicted transit peptide, and were therefore 
annotated as sesquiterpene synthases (Supplementary Tables 
S4, S5). PpTPS12 shared 71% amino acid identity with the 
Ricinus communis casbene synthase, a diterpene synthase in-
duced upon fungal challenge, and contained an apparent 
plastidial transit peptide based on signal peptide predictor 
programs (Supplementary Table S6).

Three additional contigs corresponding to the oxidosqualene 
cyclase gene family (OSC1, OSC2, and OSC3), involved in 
the cyclization of triterpenes and sterol backbones such as 
cycloartenol and β-amyrin, were identified (Supplementary 
Table S3). These contigs were found in Carmel trees but were 
truncated in Shechania.

The galling habit leads to up-regulation of structural 
genes in both the plastidial and cytosolic terpenoid 
pathways in P. palaestina

The expression levels of key genes in both plastidial and cyto-
solic pathways were evaluated based on a number of counts 
corresponding to each contig (FPKM values) in galls and leaves 

of two trees (Fig. 1; Supplementary Table S3). Most of the MEP 
pathway genes leading to the formation of plastidial IPP and 
DMAPP for monoterpene biosynthesis were up-regulated in 
gall tissues relative to leaves (Fig. 1). The highest 240-fold in-
crease in transcript levels was found for one of the two DXS 
genes (Fig. 1). DXS catalyzes the entry point and the prob-
ably important rate-limiting step of the MEP pathway (Phillips 
et al., 2007; Vickers et al., 2014; Hu et al., 2017). In both trees, 
the expression of DXR, MCT, CMK, and HDS displayed a 
moderate 1.5- to 4-fold up-regulation in galls relative to leaves, 
while MCS and HDR expression remained unchanged (Fig. 1). 
In addition, IDI orthologs were 4- to 5-fold up-regulated in 
galls of both trees relative to leaves.

All genes of the MVA pathway, normally providing pre-
cursors for sesquiterpenes, triterpenes, and sterols, were also 
markedly up-regulated in galls, exhibiting a 2- to 44-fold in-
crease. Transcripts of HMGR, coding for the putative rate-
limiting enzyme of the MVA pathway (Chappell et al., 1995; 
Vickers et al., 2014), increased from 7- to 44-fold in galls. The 
expression of the gene encoding AACT, catalyzing the initial 
step of the MVA pathway, was also up-regulated 7-fold in galls 
relative to leaves.

Increases in expression of PpPRT genes were observed in 
galls of both trees, including PpPRT2, encoding a putative 
GPPS.SSU (see below) (Fig. 2B). In addition, expression of 
PpPRT6 annotated as FPPS was up-regulated 7-fold in galls 
relative to leaves, but was found only in Shechania (Fig. 2B).

The transcript levels of putative monoterpene synthases 
showed 2- to 150-fold up-regulation in gall tissues (Fig. 3B). 
While expression of PpTPS4 increased in galls of both trees, 
other TPSs displayed a tree-specific up-pregulation. PpTPS1 
and PpTPS2 were uniquely induced in Carmel galls, while 
PpTPS3 was only up-regulated in Shechania galls. Most putative 
sesquiterpene synthases displayed only minor transcript abun-
dances and often their expression was down-regulated in galls 
relative to the corresponding leaves (Fig. 3B; Supplementary 
Table S3). Interestingly, transcript levels of PpTPS12, anno-
tated as a putative diterpene synthase, were 123- to 650-fold 
up-regulated in galls. Significant increases in TPS transcripts 
were also verified by real-time PCR analysis performed on 
Carmel leaves and galls, which showed consistent results with 
RNA-seq (Supplementary Fig. S5).

Functional characterization of P. palaestina 
prenyltransferases

P. palaestina leaves and galls possess a GPPS.LSU-like 
enzyme not up-regulated in galls and generating GGPP 
in vitro
To better understand the biochemical platform acquired for 
enhanced monoterpene biosynthesis in galls (Table 1), we per-
formed the functional characterization of PRTs that catalyze 
the formation of GPP, the immediate monoterpene precursor. 
Transcriptomic analyses revealed that out of seven putative 
PRTs, PpPRT2 expression was increased by 5- to 12-fold 
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in galls relative to non-colonized leaves, as was expression of 
PpPRT6, which was found only in Shechania galls (Fig. 2B). 
PpPRT2 belongs to the GPPS.SSUI clade (Fig. 2A), thus we 
hypothesized that it may act as small subunit of GPPS, as it 
occurs in other plant heteromeric GPPSs. GPPS.SSUs are nor-
mally inactive by themselves and require interaction with a 
large subunit for their activity and GPP formation. From seven 
identified putative PRTs, two, PpPRT1 and PpPRT3, belong 
to the GGPPS/LSU clade (Fig. 2A) and only PpPRT1 is ex-
pressed in gall and leaf tissues of both trees (Fig. 2B), suggesting 
that PpPRT1 could serve as a large subunit of Pistacia GPPS.

To test this hypothesis, PpPRT1 was produced in E. coli and 
the catalytic potential of the recombinant protein was ana-
lyzed. Recombinant PpPRT1 mainly produced GGPP from 
IPP and DMAPP in vitro, as was evidenced by the presence of 
the diterpenes β-springene, α-springene, and geranyllinalool 
(Fig. 4A), the products of GGPP acid hydrolysis (Hivert et al., 

2020). Additional hydrolysis products included low concentra-
tions of limonene, (E)-β-ocimene, 3-carene, and terpineol, the 
acid hydrolysis products of GPP. Control assays with proteins 
from E. coli harboring an empty plasmid also revealed the pres-
ence of trace amounts of FPP and GPP probably as a result 
of minor endogenous PRT activities. Heat-inactivated protein 
and additional controls, including purified protein deprived of 
IPP and DMAPP, did not show any hydrolysis products.

To determine whether PpPRT1 can interact with known 
GPPS.SSUs and change its product specificity from GGPP 
to GPP, PpPRT1 assays were performed in the presence of 
Antirrhinum majus AmGPPS.SSU (Fig. 4B) (Tholl et al., 2004). 
Unlike PpPRT1 alone, a mixture of both proteins efficiently 
produced GPP as indicated by its hydrolysis products (Fig. 4B). 
Therefore, our functional analyses revealed that PpPRT1 is a 
bona fide GGPPS that provides GGPP for diterpene and ca-
rotenoid biosynthesis and it can modify its product specificity 
to favor GPP formation in the presence of a GPPS.SSU from a 
phylogenetically distant plant species. To test whether PpPRT2 
could serve as a GPPS.SSU, the recombinant protein was pro-
duced in E. coli and incubated with IPP and DMAPP, which 
did not result in GPP formation (Fig 4C). However, inclusion 
of PpPRT1 in the assay mixtures containing PpPRT2 mark-
edly favored GPP production (Fig. 4D) similar to assays har-
boring PpPRT1 and AmGPPS.SSU (Fig. 4B).

Tree-specific up-regulation of different TPS genes 
underlies the tree to tree differences in terpenoid volatile 
profiles
To investigate the molecular mechanisms leading to ter-
penoid polymorphism in trees (Table 1), we analyzed the 
biosynthetic capacity of the putative TPSs identified in the 
generated transcriptome datasets. TPS candidate genes were 
selected based on two criteria: (i) containing a complete 
ORF and (ii) expressed in both leaf and gall tissues, prefer-
ably with higher transcript abundance in galls. Therefore, we 
cloned the putative monoterpene synthase genes PpTPS1, 
PpTPS2, PpTPS3, and PpTPS4. We also aimed to charac-
terize PpTPS12 that was highly up-regulated in galls as well 
as two sesquiterpene synthases (PpTPS7 and PpTPS11). After 
expression in E. coli, purified recombinant proteins were as-
sayed using GPP, FPP, and GGPP as substrates to determine 
their potential mono-, sesqui-, and diterpene-forming ac-
tivity (Fig. 5).

While we were unable to obtain active PpTPS2 protein, 
PpTPS1, PpTPS3, and PpTPS4 accepted GPP as substrate, 
generating specific monoterpenes (Fig. 5A–C). No discern-
ible products were detected with either FPP or GGPP as sub-
strates in lieu of GPP. PpTPS1, a protein encoded by a gene 
exclusively expressed in Carmel, catalyzed the formation of 
(+)-limonene as a major product, with low concentrations of 
(+)-α-pinene and myrcene (Fig. 5A). The observation that 
these compounds are the main monoterpenes present in in-
tact leaves of Carmel trees, that drastically increased in galls, 

Fig. 4.  Functional expression of P. palaestina prenyltransferases. (A) 
PpPTR1 (GGPPS.LSU homolog) alone. (B) Combined assay of PpPTR1 
with A. majus GPPS.SSU (AmGPPS.SSU). (C) PpPTR2 (GGPPS.
SSU homolog) alone. (D) Combined assay of PpPTR1 with PpPTR2. 
(E) Negative control reaction with protein derived from the expressed 
empty vector (red line). (F) GPP, FPP, and GGPP hydrolyzed standards. 
Prenyltransferases were expressed in E. coli, purified, and tested for their 
ability to form GGPP, FPP, and GPP from IPP and DMAPP as substrates. 
The products of the enzymatic assays (A–D) or standards (F) were 
acid hydrolyzed and analyzed by GC-MS. This procedure causes the 
isomerization of the GPP to several monoterpenes such as myrcene (1), 
linalool (2), and α-terpineol (3), FPP to β-farnesene (4) and bisabolene (5), 
and GGPP to β-springene (6), α-springene (7), and geranyl linalool (8), as 
indicated in the diagram. The results shown are typical of at least three 
separate replicates.
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combined with PpTPS1 expression (Table 1; Fig. 3B), suggests 
that PpTPS1 is responsible for the monoterpene formation 
in this tree. PpTPS3, encoded by a gene found only in the 
Shechania transcriptome, formed an array of monoterpenes 
identified as α-thujene, (–)-α-pinene, (–)-sabinene, δ-2-carene, 
γ-terpinene, terpinolene, and myrcene (Fig. 5B). The same set 
of compounds was also identified in the metabolite profiles of 
Shechania leaves, with increased concentrations in galls (Table 
1). PpTPS4, encoded by a gene expressed in both trees, exhib-
ited monoterpene synthase activity generating (+)-α-pinene 
with traces of (+)-β-pinene (Fig. 5C). As both PpTPS1 and 
PpTPS4 form (+)-α-pinene, it is possible that PpTPS4 also 
contributes to (+)-α-pinene biosynthesis in Carmel tissues. If 
(+)-limonene, (+)-α-pinene, and myrcene are the products of 
only PpTPS1, then they would be increased in galls to the same 
degree. While (+)-limonene and myrcene amounts increased 
~3-fold in Carmel galls versus leaves, the (+)-α-pinene con-
centrations were 8.5-fold higher in galls (Table 1), suggesting 

that both PpTPS1 and PpTPS4 contribute to monoterpene 
accumulation in Carmel trees.

Recombinant PpTPS7 and PpTPS11 produced multiple 
sesquiterpenes when incubated with FPP, but did not possess 
monoterpene synthase activity in the presence of GPP (Fig. 
5D, E). PpTPS7 mainly generated germacrene D and lower 
concentrations of γ- and δ- cadinenes, that were also detected 
in leaves and in lower amounts in galls of both trees. PpTPS11 
generated selina-3,7(11)-diene, germacrene B, and elemene; 
however, those compounds were not detected in the tissues 
(Table 1).

PpTPS12, a putative diterpene synthase, was cloned from 
Carmel gall cDNA, and functionally evaluated. Upon incuba-
tion with GGPP, PpTPS12 generated two unidentified diter-
penes with retention times of 31.5 min and 32.6 min (Fig. 5G). 
PpTPS12 displayed no enzymatic activity with GPP as a sub-
strate, but it catalyzed the formation of β-elemene, α-selinene, 
and β-selinene in the presence of FPP (Fig. 5F).

Fig. 5.  Functional expression of PpTPS genes from P. palaestina leaves and galls. (A–F) SPME–GC separation of products synthesized from exogenously 
supplied geranyl diphosphate (top panels) or FPP (bottom panels) by purified proteins derived from E. coli cell lysates overexpressing the corresponding 
genes. (G) Mass spectra of two of the main diterpene products of PpTPS12 incubated with GGPP. Except for PpTPS12, no diterpene synthase activity 
was detected in any of the other assays. No enzymatic terpene products were detected in control assays either devoid of substrates, with empty vectors, 
or when heat-inactivated proteins were examined. Chromatogram abundance scales were adjusted to fit the figure.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/73/2/555/6299196 by guest on 16 January 2022



566  |  Davidovich-Rikanati et al.

Discussion

Aphids enhance their defense ability by 
transcriptionally inducing monoterpene accumulation 
in galls

Many insect-induced galls accumulate plant specialized de-
fense compounds that protect insects from biotic challenges 
without an apparent advantage to the host plant (Price et al., 
1987). Our results indicate that B.  pistaciae aphids manipu-
late their hosts to boost the content of defensive monoterpene 
compounds in the galls they inhabit (Table 1). Galls display a 
marked up-regulation of key genes in both the plastidial and 
cytosolic terpenoid pathways (Figs 1–3). These observations 
complement previous studies showing enhanced monoterpene 
synthase enzymatic activity in galls (Rand et  al., 2017), as 
well as accumulation of higher monoterpene concentra-
tions and changes in terpene compositions in galls relative to 
leaves (Rand et  al., 2014, 2017). Galls display an augmented 
monoterpene storage capacity in the form of specialized resin 
ducts that are absent in intact leaves (Martinez et  al., 2018). 
Aphids affect the host plant metabolism both locally within 
the gall tissues (Figs 1–3) and distally, by converting the galls 
into strong sinks for assimilates that are drawn to the galls from 
neighboring branches (Burstein et al., 1994).

The molecular mechanisms enabling enhanced 
monoterpene accumulation in galls

Most genes of the MEP pathway, providing precursors for 
monoterpene biosynthesis, were up-regulated, albeit to a dif-
ferent degree, in galls of both trees (Fig. 1), indicating that the 
overall terpene biosynthetic capacity was enhanced in gall 
tissues, reinforcing elevated monoterpene production. DXS 
was one of the most up-regulated (200-fold) genes in galls. 
DXS catalyzes the first committed step and plays the major 
role in controlling carbon flux through the MEP pathway in 
plants (Wright et  al., 2014). In plants, DXSs comprise three 
discernible functional classes: class I and III DXSs participate 
in the biosynthesis of essential terpenoids including photo-
synthetic pigments and phytohormones, while type II DXSs 
are involved in the biosynthesis of specialized terpenoids, 
monoterpenes, and diterpenes (Phillips et  al., 2007; Zulak 
and Bohlmann, 2010; Tong et  al., 2015). Pistacia DXS genes 
up-regulated in gall tissues encode proteins that belong to 
class II DXSs (Supplementary Fig. S1), indicating an additional 
role for class II DXSs in monoterpene formation in the galls. 
These results further corroborate the pivotal role of DXS in 
regulating monoterpene biosynthesis in other systems such as 
in scented lily flowers (Hu et al., 2017) and conifers (Zulak and 
Bohlmann, 2010). Other structural genes of the MEP pathway 
including DXR, MCT, CMK, and HDR were moderately 
up-regulated in galls displaying a 1.5- to 3-fold increase, while 
MCS and HDR expression remained unchanged as compared 
with leaves (Fig. 1).

IDI catalyzes the conversion of IPP to DMAPP and is one 
of the key enzymatic steps in the MEP pathway. Either one, 
two, or three molecules of IPP, the C5 non-allylic substrate 
for terpene biosynthesis, are condensed with one molecule of 
the allylic DMAPP substrate to generate the C10, C15, and C20 
prenylphosphate terpene precursors. While the molar ratio of 
DMAPP to IPP needed for monoterpene biosynthesis is 1:1, it 
decreases to 1:2 for sesqui- and triterpene biosynthesis, to 1:3 
for di- and tetraterpene biosynthesis, and is even lower for the 
formation of long-chain prenols. Thus, the need for DMAPP 
is higher for monoterpene biosynthesis in comparison with 
larger terpenes. Therefore, IDIs have important roles in regu-
lating the isomeric ratio of C5 diphosphates used for biosyn-
thesis of the major types of terpenes (Ramos-Valdivia et  al., 
1997; Berthelot et  al., 2012; Zhou et  al., 2013) and the IDI 
up-regulation is often correlated with induced monoterpenoid 
metabolism. In both trees, IDI homologs possessed a predicted 
plastidial transit peptide (Supplementary Table S6) and their 
transcripts showed a 4-fold increase in gall tissues (Fig. 1), fur-
ther supporting the role of IDI in enhanced terpenoid biosyn-
thesis in Pistacia galls.

Monoterpene biosynthesis normally occurs in plastids 
(Rohmer, 1999; Lange et al., 2000; Tholl, 2015) and relies on 
IPP and DMAPP derived from the plastidial MEP pathway. 
Therefore, the increase in expression of the structural genes 
in the MEP pathway in galls was consistent with elevated 
monoterpene concentrations in these structures (Table 1). 
However, a remarkable up-regulation of expression of genes 
of the cytosolic MVA pathway was also found in galls (Fig. 1). 
The MVA pathway generally provides precursors for sesqui- 
and triterpene biosynthesis in plants and other organisms. 
However, in contrast to monoterpenes, changes in sesquiter-
pene concentrations were found to be much less pronounced 
in aphid-induced galls as compared with leaves (Table 1; see 
also Rand et al., 2014). In line with this, there was no observed 
up-regulation of sesquiterpene synthase genes in galls (Fig. 
3B), suggesting that transcriptional up-regulation of the MVA 
pathway may provide additional precursors for monoterpene 
formation probably via IPP export from the cytosol to plas-
tids. Although trafficking of IPP, and to a lesser extent of 
DMAPP, in and out of the plastids has been documented in 
many plant species (Bick and Lange, 2003; Dudareva et  al., 
2005; Vranová et al., 2013), it is still unknown if this process 
occurs in Pistacia or in other Anacardiaceae. Alternatively, the 
up-regulation of the cytosolic MVA pathway in galls could 
increase cytosolic IPP production for triterpene and sterol 
biosynthesis. Indeed, expression of OSC1 and OSC3 iden-
tified in the transcriptome of Carmel trees showed a 4- and 
13-fold increase, respectively, in gall tissues (Supplementary 
Table S3), supporting this hypothesis. Although triterpene 
derivatives are prominent in P. palaestina (Caputo et al., 1979) 
and other Pistacia spp. (Giner-Larza et al., 2001), we do not 
have evidence indicating whether triterpene concentrations 
are elevated in gall tissues.
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Prenyltransferase activity is transcriptionally altered in 
favor of GPP formation by specific induction of PpRT2

PRTs function at branch points of isoprenoid metabolism, 
determining the length of the formed prenyl diphosphate 
chains and controlling precursor flux into the different ter-
penoid classes (Wang and Dixon, 2009). Our generated tran-
scriptome uncovered seven PpPRT genes that encode proteins 
belonging to each of the five distinct clades of trans-PRTs (Fig. 
2A). Among them, only PpPRT2 and PpPRT6 showed signifi-
cant up-regulation (5- to 12-fold) in galls relative to leaves, 
although the latter was found only in the Shechania tree (Fig. 
2B; Supplementary Table S3).

The fact that up-regulation of PpPRT2, but not of PpPRT1 
encoding a bona fide GGPPS, occurs concomitantly with in-
creased monoterpene content in galls versus leaves (Fig. 2B; 
Supplementary Table S3) suggests that PpPRT2 not only serves 
as a small subunit of heteromeric GPPS (Fig. 4D), but also 
plays a key regulatory role determining monoterpene concen-
trations by controlling GPP availability in galls. This is in ac-
cordance with other plant GPPS.SSUs and especially SSUI 
types (such as PpPRT2), which exhibit specific expression in 
monoterpene-rich tissues, such as the leaf glandular trichome 
of peppermint rich in menthol, and in snapdragon flowers rich 
in myrcene and ocimene (Burke et al., 1999; Tholl et al., 2004).

The molecular rationale for monoterpene 
chemodiversity in insect-induced galls

Our results show that gall-forming aphids induce the expression 
of many genes in the general upstream terpenoid biosynthetic 
pathways (Fig. 1) that provide precursors for monoterpene bio-
synthesis, and also induce PpPRT2 (Fig. 2B), a PRT directing 
precursor flux towards monoterpene formation. In addition, 
the galling habit results in the up-regulation of monoterpene 
synthases (Fig. 3B) responsible for the monoterpene diver-
sity observed in Pistacia trees. Transcript levels of three TPS 
genes, PpTPS1, PpTPS3, and PpTPS4, encoding members 
of the TPS-b subfamily that encompasses most angiosperm 
monoterpene synthases (Chen et al., 2011), were increased up 
to 130-fold in galls relative to non-colonized leaves, and their 
up-regulation, with the exception of PpTPS4, occurred in a 
tree-specific manner (Fig. 3B). PpTPS1 and PpTPS3 exhibit 
the formation of multiple products, while PpTPS4 produces 
only (+)-α-pinene (Fig. 5C). A positive correlation between 
expression of monoterpene synthases, the product specificities 
of the corresponding enzymes, and monoterpene accumula-
tion, both in galls and in leaves of individual trees (Table 1), 
suggests that transcriptional regulation of a limited number of 
TPS genes encoding multiproduct enzymes is responsible for 
the chemopolymorphism displayed by individual P. palaestina 
trees. The observation that galls of individual trees contain 
basically the same monoterpenes as non-galled leaves, albeit 
at higher concentrations and often augmented by additional 

components (Table 1; Rand et  al., 2017) indicates that the 
monoterpene composition in the galls is determined by the 
metabolic capacity of the specific host. Insect manipulation 
through the galling habit causes enhanced formation of plant 
defensive compounds by capturing available mechanisms of 
the plant hosts normally utilized for plant self-defense, and re-
cruiting them in turn for the insect’s own benefit.

Gall terpene phenotypes are pre-determined by the 
existing genetic potential of individual plant hosts

Gall formation is an outcome of intimate and intricate inter-
actions between a specific insect and its plant host. Gall mor-
phological traits are clearly controlled by the inducing insects 
(e.g. Kurzfeld-Zexer et  al., 2015) and can be visibly recog-
nized. The genetic variability within populations of B. pistaciae 
is limited (Ben-Shlomo and Inbar, 2012) and cannot be ac-
counted for by the chemomorphological changes noted in 
galls. Moreover, the general gall morphology is clearly insect 
species specific, and it is often assumed that the host plant 
metabolic machinery, hijacked by the invading insects, provides 
some control of gall traits (e.g. Weis et al., 1988; Giron et al., 
2016; Nabity, 2016; Schultz et  al., 2019). Our detailed com-
parison of gene expression patterns and monoterpene accu-
mulation in two individual trees provides a rare opportunity to 
understand the influence and constraints of both the plant and 
the insects on gall traits. In both trees, the initial steps of both 
cytosolic and plastidial terpene biosynthesis are dramatically 
up-regulated in galls (Fig. 1). Additionally, PpRT2, encoding a 
PRT favoring the formation of GPP, and specific sets of TPS 
genes are up-regulated (Figs 2, 3). However, the two trees ex-
hibit different expression of monoterpene synthase genes (Fig. 
3B), which correlates with the distinct monoterpene profiles 
displayed by the hosts (Table 1). Therefore, the monoterpene 
profiles in galls are an augmented version of those found in 
leaves (Table 1), suggesting that the aphids colonizing these 
trees are able to utilize and up-regulate specific sets of the ex-
isting individual host-specific plant genes. We suggest that tissue 
reprograming leading to gall development and maintenance is 
modified by the ability of the aphids to up- or down-regulate 
the specifically available genetic resources of an individual host 
plant. Such host individuality may be associated with other gall 
traits and the ability of the plant to resist gall formation.

The ecological importance of chemodiversity in galls

Intraspecific chemodiversity is maintained by multiple envir-
onmental selective forces that probably confer on the plant 
marked ecological advantages (Moore et al., 2014). The intra-
specific chemodiversity in terpene content in P.  palaestina is 
also manifested in the galls (Table 1; Fig. 3; Rand et al., 2014, 
2017), and it may also have an ecological benefit for the aphids. 
The divergent manipulation of host defense genes favors 
chemopolymorphism in the galls originating in different trees. 
This mechanism retains chemodiversity of the galls and may 
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further assist the aphids in coping with their own natural en-
emies. Our findings strongly support the ‘gall defense hypoth-
esis’ by which the aphids manipulate their hosts to improve 
aphid ecological fitness without an apparent advantage to the 
hosts (Stone and Schönrogge, 2003; Inbar et al., 2010; Rostás 
et al., 2013).
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Fig. S1. Phylogenetic tree of putative 1-deoxy-d-xylulose 

6-phosphate (DOXP) synthase (DXS) genes identified in two 
individual P. palaestina trees (S, Shechania; C, Carmel) as com-
pared with other known genes from plants.

Fig. S2. Alignments of P. palaestina isopentenyl diphosphate 
isomerase (IDI) amino acid sequences.

Fig. S3. Alignments of P.  palaestina isoprenyl diphosphate 
synthase (IDS) amino acid sequences with the homologous 
plant IDSs.

Fig. S4. Protein alignment of terpene synthase genes found 
in P. palaestina trees.

Fig. S5. Real-time PCR of selected terpene synthases from 
Carmel tree leaves and Baizongia-induced galls.

Table S1. Summary of RNA-seq data from six RNA libraries 
of galls and leaves of Pistacia palaestina trees from Carmel and 
Shechania.

Table S2. Length distribution of transcripts and unigenes.
Table S3. List of annotated genes in this study, their Blast 

annotation, and transcript abundance (FPKM) in all replicates.
Table S4. Primers used to amplify Pistacia palaestina PpTPS 

and the reference gene ‘ubiquitin-conjugating enzyme’ for 
RT–PCR analyses.
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Table S6. Chloroplast signal peptide (Chlp) prediction ac-
cording to amino acid sequences of characterized genes as pre-
dicted by three leading web tools.
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