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Terpenes are specialized metabolites ubiquitously produced by plants via the action of terpene synthases (TPSs). There are
enormous variations in the types and amounts of terpenes produced by individual species. To understand the mechanisms
responsible for such vast diversity, here we investigated the origin and evolution of a cluster of tandemly arrayed TPS genes in
Oryza. In the Oryza species analyzed, TPS genes occur as a three-TPS cluster, a two-TPS cluster, and a single TPS gene in five,
one, and one species, respectively. Phylogenetic analysis revealed the origins of the two-TPS and three-TPS clusters and the role
of species-specific losses of TPS genes. Within the three-TPS clusters, one orthologous group exhibited conserved catalytic
activities. The other two groups, both of which contained pseudogenes and/or nonfunctional genes, exhibited distinct
profiles of terpene products. Sequence and structural analyses combined with functional validation identified several amino
acids in the active site that are critical for catalytic activity divergence of the three orthologous groups. In the five Oryza species
containing the three-TPS cluster, their functional TPS genes showed both conserved and species-specific expression patterns in
insect-damaged and untreated plants. Emission patterns of volatile terpenes from each species were largely consistent with the
expression of their respective TPS genes and the catalytic activities of the encoded enzymes. This study indicates the importance
of combinatorial evolution of TPS genes in determining terpene variations among individual species, which includes gene
duplication, retention/loss/degradation of duplicated genes, varying selection pressure, retention/divergence in catalytic

activities, and divergence in expression regulation.

Due to their sessile nature, plants rely on chemicals
to interact with the environment. Terpenes are often
used by plants as their chemical languages in defenses
against biotic and abiotic stresses or in the attraction of
beneficial organisms (Gershenzon and Dudareva, 2007;
Tholl, 2015). Plant terpenes are enormously diverse
(Connolly and Hill, 1991). Critical for terpene structural
diversity are typical plant terpene synthase (TPS) genes.
Ubiquitous in land plants (Chen et al., 2011), TPS genes
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encode enzymes that catalyze the formation of mono-
terpenes, sesquiterpenes, and diterpenes using geranyl
diphosphate (Cy), farnesyl diphosphate (FPP; C;5), and
geranylgeranyl diphosphate (Cy) as substrate, respec-
tively. Many TPSs produce multiple products, a feature
mainly resulting from the carbocation-driven reaction
mechanism catalyzed by these enzymes (Gao et al.,
2012; Garms et al., 2012). Moreover, changes of a few
or even a single amino acid in the active site of TPSs
can have dramatic effects on catalytic activity and
product specificities (Chen et al., 2014). Adding these
features together, TPSs play an important role in the
generation of the vast variations of terpene chemistry
among land plants (Chen et al., 2003, 2004; Tholl et al.,
2005; Matsuba et al., 2013).

There are variations in the numbers of TPS genes that
different species of plants contain. For example, the
moss Physcomitrella patens contains a single TPS gene
(Chen et al., 2011). By contrast, most seed plants contain
a midsized TPS gene family with approximately 20 to
100 members (Chen et al., 2011). Local gene duplica-
tion, which often results in tandem repeats, has been
described as an important driver for the expansion of
TPS gene families in plants (Chen et al., 2011). How-
ever, the number of tandem repeats varies among plant
species. For example, none of the TPS genes in the
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genome of seagrass (Zostera marina; Olsen et al., 2016)
are localized in tandem repeats. By contrast, 13 of the 32
intact TPS genes in Arabidopsis (Arabidopsis thaliana)
are arranged in tandem arrays (Aubourg et al,
2002), indicating a substantial role of tandem duplica-
tion in the expansion of the TPS family in this plant.
The functions of some of these clustered TPS genes
have been studied. For example, Arabidopsis con-
tains a monoterpene synthase gene cluster formed by
At3g25810, At3g25820, and At3g25830 (Chen et al.,
2003, 2004). In this cluster, At3g25820 and At3g25830
are identical, indicating very recent gene duplica-
tion, Whereas At3g25820 and At3g25830, mainly
expressed in roots, encode a multifunctional monoter-
pene synthase that produces mainly 1,8-cineole, two of
the minor products of this enzyme, myrcene and
(E)-B-ocimene, are the major products of At3g25810,
which shows flower-specific expression (Chen et al.,
2003), thus indicating functional divergence of the du-
plicated members. In another example, tomato (Sola-
num lycopersicum) possesses a sesquiterpene synthase
gene cluster with six members (TPS30-TPS35; Falara
etal.,, 2011). TPS30 and TPS534 in the tomato TPS gene
cluster appear to be pseudogenes, whereas tomato
TPS31 and TPS32 have been biochemically charac-
terized to show divergent catalytic activities (Bleeker
et al., 2011; Falara et al., 2011). The above examples
illustrate that TPS genes in gene clusters undergo
dynamic evolution leading to divergent functions.
However, our understanding of the evolutionary
processes leading to such TPS gene clusters is still
limited (i.e. how such TPS gene clusters originated,
and what the mechanisms that determine the fates of
duplicated TPS genes are, including the divergence of
their catalytic activities and biological functions). To
gain insight into these questions, it is important to
investigate TPS gene clusters in plant species with
well-defined phylogeny.

In this study, we investigated the evolution of a TPS
gene cluster in the genus Oryza. This gene cluster in the
Asian rice Oryza sativa has three members: Os08g07080,
0s08¢07100, and Os08g07120. In our previous study,
0s08¢07100 was shown to be involved in defense
against insects (Yuan et al., 2008). When infested by the
larvae of the generalist herbivore Spodoptera frugiperda,
commonly known as fall armyworm, O. sativa plants
emitted elevated levels of volatiles dominated by ter-
penes, which were demonstrated to attract the parasi-
toid Cotesia marginiventris. Os08g07100 is one of the
major genes for synthesizing S. frugiperda-induced ter-
pene volatiles in O. sativa. The functions of Os08g07080
and Os08907120, however, have not been character-
ized. Besides O. sativa, the genus Oryza contains O.
glaberrima, known as African rice, and more than 20
wild relatives (Vaughan et al., 2003). Asian and African
rice and their wild relatives have diversified across a
broad range of ecological environments within the last
15 million years (Jacquemin et al., 2014), a relatively
short evolutionary time scale. The well-defined phy-
logeny of these species as well as the availability of
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genome sequences for several members of this genus
(Jacquemin et al., 2014; Stein et al., 2018) make Oryza an
exceptional model for studying the short-term evolu-
tionary dynamics of plants (Jacquemin et al., 2014).
Here, we used the Oryza system to investigate the origin
and evolution of the three-TPS gene cluster observed in
O. sativa. For comparative functional analysis, we ana-
lyzed the emission of their volatile terpene pro-
ducts from respective Oryza plants in the context of
plant-insect interactions. By uncovering the mecha-
nisms underlying the evolution of the Os08g07080-
0s08g07100-0Os08¢07120 gene cluster in Oryza, it is
also our hope that these mechanisms can be applicable
for explaining the vast diversity of terpene chemistry
among land plants.

RESULTS

Putative Orthologs of Os08207080, Os08¢07100, and
0508207120 in Other Oryza Species

To study the origin and evolution of the three-TPS
gene cluster initially observed in O. sativa, six additional
species of Oryza were selected for analysis. These in-
cluded the cultivated rice O. glaberrima (African rice)
and five wild rice species: O. rufipogon and O. nivara
(the wild relatives of O. sativa), O. barthii (the wild
relative of African rice), O. punctata, and O. brachyan-
tha. There were three justifications for this selection.
First, all these six species have sequenced nuclear ge-
nomes. Second, all six species are diploids, like
O. sativa. Third, the six species together with O. sativa
have well-defined phylogeny (Fig. 1). To identify pu-
tative orthologs of 0s08g07080, Os08¢07100, and
0508507120, the scaffolds containing the top hits to
0s508g07080-0s08g07100-0s08g07120 from the six
Oryza species were aligned and each collinear set of
matching genes was drawn as a contiguously colored
local collinear block. The alignment showed that the
surrounding regions of TPS gene(s) were collinear

0s080 0s100 Os120
O. sativa

0r080  0r100 Or120

0. rufipogon <KD/

3 0n080 On100 0On120
O. nivara

. 0g080 0g100 0g120
O. glaberrima

" 0ba080 Oba100 Oba120
O. barthii

0p100 0p120
O. punctata

0br080/100
O. brachyantha

Figure 1. A TPSgene cluster in seven species of Oryza. The phylogeny
of the seven Oryza species was adopted from Stein et al. (2018). The
blocks depict the arrangement of tandemly arrayed TPS genes and
their neighboring genes. Blocks of the same color represent apparent
orthologous genes.
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among all seven Oryza species (Fig. 1). Whereas five
species contain three TPS genes in this region, two TPS
genes were annotated for O. punctata and only one TPS
gene was identified in O. brachyantha (Fig. 1). For
simplicity, Os08g07080, Os08g07100, and Os08g07120
were renamed as Os080, Os100, and Os120, respec-
tively. The corresponding TPS genes in the other six
Oryza species were renamed based on their sequence
identities to Os080, Os100, and Os120 (Supplemental
Table S51). Genomic sequences from ATG to the stop
codon covering introns for each of the 18 TPS genes
were extracted and compared. Or080, On080, Og080,
and Oba080 share the highest sequence identities
with 0s080. Or100, On100, Og100, Oba100, and Op100
share the highest sequence identities with Os100,
whereas Or120, On120, Og120, Obal20, and Op120 are
most similar to Os120. Obr080/100 shares a similar

Figure 2. Evolutionary analysis of the TPS gene A
cluster. A, Phylogenetic tree of the Oryza TPSs
based on DNA sequences of complete coding
regions with ZmTPS10from maize as outgroup. B,

sequence identity with Os100 and Os080 (Supplemental
Table S1).

Phylogenetic Analysis of Oryza TPS Genes and a Model
for the Origin of the TPS Cluster

Phylogenetic analysis was performed for the 18 TPS
genes identified from the seven species of Oryza using
the maize (Zea mays) TPS10 (ZmTPS10; Schnee et al.,
2006) as outgroup. Phylogenetic reconstruction was
first made with the sequences of genomic DNAs in-
cluding introns. Two clades could be recognized: six
“120”TPSs forming one clade and the rest forming the
other clade (Fig. 2A). In the latter clade, six “100”TPSs
grouped together and five “080”TPSs grouped to-
gether, with Obr080/100 being basal to the two groups
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0ro8o B

0n080 05120
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0g080

Dot-plot analysis covering genomic DNAs for
Obr080/100 in O. brachyantha, Op100+Op120
in O. punctata, and Os080+ Os100+Os120in O.
sativa. C and D, Two inferred models for the
evolutionary trajectory of the TPS cluster in the
seven species of Oryza. The blocks depict TPS
genes. The same color indicates shared catalytic
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(Fig. 2A). Phylogenetic reconstruction was also made
with annotated complementary DNA (cDNA) se-
quences of the 18 TPS genes, and a phylogenetic tree
identical to the topology made with genomic DNA
sequences was obtained (Supplemental Fig. S1).

Phylogenetic analysis implies that the evolution of
the three-TPS cluster involved two rounds of local gene
duplication, with the first round of gene duplication
occurring before the divergence of the seven Oryza
species and the duplication that leads to ancestral
“100”TPS and “080”TPS occurring at a later time. Ad-
ditional evidence to support this order of events was
obtained from the block analysis of the genome se-
quences covering Obr080/100 in O. brachyantha, Op100
and Op120 in O. punctana, and Os080, Os100, and Os120
in O. sativa (Fig. 2B). Obr080/100 showed compara-
ble sequence similarity with Os080 and Os100 and a
slightly higher similarity with Op100. Op100 showed
much higher sequence similarity with Os080 and Os100
than with Obr080/100, and its similarity with Os080 and
Os100 was similar. Op120 and Os120 showed substan-
tial sequence similarity to each other but not to others.
These data support that “080”TPS and “100”TPS were
derived from the second duplication event.

Next, a model was proposed to explain the possi-
ble origination and evolution of this TPS cluster in
Oryza (Fig. 2C). In this model, the common ancestor of
the seven Oryza species contains a two-TPS cluster con-
sisting of the ancestral “080/100"TPS and “120”TPS
genes. After the divergence of O. brachyantha from the
common ancestor of the other six Oryza species, two
events happened: one being the loss of ancestral
“120”TPS in O. brachyantha and the other being the du-
plication of ancestral “080/100”TPS, giving rise to the
ancestral three-TPS cluster in the common ancestor of
the other six Oryza species. After the divergence of O.
punctata from the common ancestor of the five Oryza
species, ancestral “080”"TPS was lost in O. punctata
whereas the three-TPS clusters were retained in all
subsequently evolved species (Fig. 2C). At the protein
level, due to a premature stop codon, the cDNAs of
0s080 and Or080 are translated into proteins of 45 amino
acids, much shorter than functional TPSs. Similarly, the
identical open reading frames of Oba120 and Og120 from
the two African rice species possess three stop codons
(Supplemental Fig. S2), which lead to truncated proteins.
These four TPS genes were judged to be pseudogenes.

Since genes in different species may evolve at dif-
ferent rates (Wolf et al., 2009), a gene phylogeny may
not accurately reflect the evolutionary relationships. An
alternate model that did not involve gene loss may also
explain the evolution of the TPS cluster (Fig. 2D). In this
model, the common ancestor of the seven Oryza species
contained a single TPS gene in this region. After the
split from O. brachyantha, the ancestral TPS gene un-
derwent a duplication. Then, another duplication oc-
curred after the split from O. punctata in the common
ancestor of the five species leading to a three-TPS
cluster. The fact that no partial TPS genes were
found in the region of the TPS cluster in O. brachyantha
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and O. punctata provides additional evidence for this
alternate model.

Catalytic Activities of TPS Proteins

Full-length cDNAs for each of the 11 intact TPS genes
from the five Oryza species within a three-TPS gene
cluster were amplified from respective Oryza plants by
reverse transcription (RT)-PCR. For Op100 and Op120
from O. punctata and Obr080/100 from O. brachyantha,
full-length cDNAs were synthesized. The obtained
sequences were cloned into a protein expression
vector and heterologously expressed in Escherichia
coli. In our previous study, Os100 was demonstrated
to be a sesquiterpene synthase and had no activity with
geranylgeranyl diphosphate (Yuan et al., 2008). Phylo-
genetic analysis indicated that Os080 and Os120, like
0Os100, belong to the TPS-a subfamily (Supplemental Fig.
S3), which is mainly associated with sesquiterpene syn-
thases (Chen et al., 2011). At the protein sequence level,
Os080, Os100, Os120, and their respective orthologs
share high sequence similarity (Supplemental Fig. S4).
Based on this evidence, it is sensible to assign all these
TPSs as sesquiterpene synthases. As such, their re-
spective recombinant proteins were tested for sesqui-
terpene synthase activity using FPP as substrate. The
obtained data confirmed that all tested genes encode
active sesquiterpene synthases with multiple sesqui-
terpene products, including 7-epi-sesquithujene, (E)-
a-bergamotene, sesquisabinene A, (E)-B-farnesene,
zingiberene, B-bisabolene, B-sesquiphellandrene, and
(E)-y-bisabolene (Fig. 3). Among all “100” orthologs,
zingiberene was the most abundant product with the ex-
ceptions of On100, which produced 8-sesquiphellandrene
and zingiberene as codominant products, and Op100,
which produced mainly 8-bisabolene. Among the three
intact “080” orthologs, Og080 did not show any activity
with FPP. By contrast, On080 and Oba080 were able to
convert FPP to sesquiterpenes (Fig. 3). On080 pro-
duced (E)-B-farnesene as the dominant product and
B-bisabolene as a minor product. Oba080 produced
a similar set of sesquiterpenes like “100” enzymes
but with a clear distinction: (E)-B-farnesene, being a minor
product of “100” enzymes, was the most abundant pro-
duct of Oba080. All three intact “120”TPSs, Os120, Or120,
and Onl120, encoded active sesquiterpene synthases.
These all produced (E)-B-farnesene, B-bisabolene, and
B-sesquiphellandrene, with B-bisabolene (Os120, Or120,
and On120) or (E)-B-farnesene (Op120) being the major
products.

Activity Restoration of Og080 and Os080

Comparative sequence analysis showed that the in-
active enzyme Og080 possessed a unique Tyr at residue
527, whereas all active enzymes characterized in this
study and some known sesquiterpene synthases from
other species contained an Asp at the corresponding
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Figure 3. Catalytic activities of TPSs. 6
0s080 0s100 0s120
05080, Or080, Oba120, and Op120 5
are indicated as pseudogenes and were O. sativa pseudogene 78
not analyzed. NE indicates that the re- 234 6 4 7
. . . 1
spective gene is none(;(@ter;t. Alll'othedr iy o . A i
genes were expressed in E. coli, an 0or080 or100 s or120 6
partially purified recombinant proteins 0. rufipogon
were assayed with the substrate FPP. pseudogene
The produced terpenes were separated . ,
and analyzed by gas chromatography- A L
mass spectrometry (GC-MS). The traces ) On080 on120 6
of the MS detector are shown for the O. nivara
active enzymes. Products were identi-
fied as follows: 1, 7-epi-sesquithujene; 4 J 7
2, (B-a-bergamotene; 3, sesquisabinene A
A; 4, (B-B-farnesene; 5, zingiberene; 6, 0Oba080 Oba120
B-bisabolene; 7, B-sesquiphellandrene; 0. barthii
8, (B)-y-bisabolene; C, nonterpene pseudogene
contamination. 1
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O. glaberrima
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O. punctata
j\l“\ 7 56 7
NE Obr080/100 5 NE
O. brachyantham
6 7
4
18 19 21 18 19 20 21 18 19 20 21

Retention time (min)

position (Fig. 4A). To examine whether this amino acid
change is responsible for the activity loss of Og080, we
generated the mutant Og080-Y527D and subjected it to
enzyme assays. With FPP as substrate, Og080-Y527D
was active and produced a single product, (E)-B-far-
nesene (Fig. 4B).

By comparing the open reading frames of the two
pseudogenes Os080 and Or080 with the functional
“080”TPSs, it appeared that the premature translation
of Os080 and Or080 was due to a four-nucleotide TAGC
deletion (Fig. 4C). To verify this as the mechanism of
pseudogenization, we inserted TAGC into the open
reading frames of Os080 and Or080 by site-directed
mutagenesis. Os080-TAGC exhibited similar activity
to that of On080 and Og080-Y527D and produced (E)-
B-farnesene as a single product (Fig. 4D). However,
Or080-TAGC remained inactive, suggesting that addi-
tional mutations contribute to its activity loss.

Selection Pressure for the Lineages Derived from
Gene Duplications

Within the five three-TPS clusters, all “100”TPS
orthologs were functional genes with conserved

484

Retention time (min) Retention time (min)

catalytic activities (Fig. 3), whereas both “080”TPS and
“120”TPS orthologous groups contained pseudogenes.
This suggests that duplicated genes have under-
gone different selection pressures. We calculated the w
(dN/dS) values on the branch that leads to intact TPS
genes. The w value on the branch leading to “100”TPS
orthologs was 0.22 (Fig. 5). By contrast, the w values on
branches leading to “080”TPS and “120”TPS orthologs
were 0.46 and 0.25, respectively (Fig. 5). With
“080”TPSs derived from the recent duplication, this
suggests less selection pressure exerted on “080” genes,
consistent with the recent loss of function of Og080
(Fig. 4, A and B) and Os080 (Fig. 4, C and D).

Identification of the Sites Responsible for Enzyme
Functional Diversification

Although sharing a relatively high sequence simi-
larity of 91%, On080 and Oba080 possessed different
product specificities. Thus, they offered a useful system
to pinpoint the key amino acids responsible for such
functional divergence. Structure modeling of On080
and sequence comparisons showed that only four
amino acids in the active site cavity differed between
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Figure 4. Activity restoration of Og080 and Os080. A, Comparative
sequence analysis for residue 527 (referring to Ob080 and Og080)
among the active enzymes characterized in this study and some known
sesquiterpene TPS from other species. B, Activity of Og080-Y527D. C,
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the two enzymes (Fig. 6). The switches at these sites,
1294T, F375S, E406Q, and G519S (referring to On080),
may be responsible for the different product specific-
ities of On080 and Oba080.

To verify the functions of the four amino acids, On080
was selected as target for the creation of a set of mutants
by site-directed mutagenesis. A total of 16 mutants (2%)
covering all possible forms of conversion from On080 to
Oba080 in the four amino acids were produced and
subjected to sesquiterpene synthase enzyme assays.
As shown in Figure 7A, besides (E)-B-farnesene, the
single mutant On080-1294T also produced the minor
product B-sesquiphellandrene, a monocyclic product
of Ob080 and “100”TPSs, whereas the other three
single mutants did not, indicating that this switch is
important for the transition from acyclic (E)-B-farne-
sene to cyclic products. Excitingly, the triple mutant
On080-1294T+F3755+G519S started producing (E)-
a-bergamotene and sesquisabinene A, two bicyclic
products of Ob080 and “100”TPSs. The tetra mutant
On080-1294T +F3755+E406Q+G519S produced 7-epi-
sesquithujene, another bicyclic product of Ob080
and “100”TPSs, indicating that the remaining three
switches are important for the transition from mono-
cyclic to bicyclic products.

Sequence comparison revealed that divergence at
these positions also occurred among “100”TPSs,
“120”TPSs, and “080”TPSs (Supplemental Fig. S3). We
thus generated a series of Or100 mutants to attempt the
conversions from Or100 to “120”TPSs and “080”TPSs.
As shown in Figure 8A, the single mutant Or100-Q404E
dominantly produced B-bisabolene, mimicking Or120
with the exception of the production of zingiberene.
For the conversion from Or100 to “080”TPS, the pro-
portion of (E)-B-farnesene, the dominant product
of the “080”TPS, was increased in the products of ei-
ther Or100-T2921 or Or100-Y373F. The double mu-
tant Or100-T292I+Y373F highly mimicked On080
(Fig. 8A). When a clustering analysis based on the
proportion of each sesquiterpene was performed,
Or100-T292I+Y373F clustered with On080. Or100-
Q404E’, an artificial mutant derived from Or100-
Q404E with zingiberene removed from its product
profile, clustered with wild-type Or120 (Fig. 8B).

Expression Analysis of Functional TPS Genes in the
Three-TPS Cluster-Containing Species of Oryza with and
without Insect Herbivory

The existence of the three-TPS gene cluster in five
closely related Oryza species raised an interesting
question about the biological function for each of the
TPS genes. One general function of TPSs is for plant

Comparison of sequences of functional On080 and two nonfunctional
0Os080 and Or080 to indicate a deletion of TAGC in the two pseudo-
genes. D, Activity of Os080-TAGC.
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Figure 5. Analysis of selection pressure on three lineages leading to
“100”TPSs, “080”TPSs, and “120”TPSs. These TPSs are intact TPSs from
five Oryza species containing a three-TPS cluster.

defense against insects (Pichersky and Gershenzon,
2002; Dudareva et al., 2006). In our previous study
with O. sativa, Os100 was shown to be involved in
making insect-induced volatile terpenes for attracting
the natural enemies of the attacking insects (Yuan et al.,
2008). In this study, we analyzed the expression of the
TPS genes in the aboveground tissues of 2-week-old
seedlings of the five Oryza species in the context of
plant-insect interactions. The expression of each of the
functional TPS genes was compared in untreated plants
and plants damaged by S. frugiperda feeding using re-
verse transcription quantitative PCR (RT-qPCR). The
expression of “100”TPS genes in all analyzed species
was significantly up-regulated by insect feeding
(Fig. 9). The expression of “080”TPS was significantly
up-regulated in O. barthii but down-regulated in O.
nivara by insect feeding. In the three species in which

Figure 6. The active site cavity of On080. The model was created using
the crystal structure of 8-cadinene synthase (Protein Data Bank identi-
fier 3g4dA) from Gossypium arboreum (Gennadios et al., 2009). The
image shows a view from the opening (illustrated as a blue circle) to the
bottom of the active site cavity. Amino acids in the active site differing
between On080 and Oba080 are shown in red.
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the “120”TPS gene was analyzed, the expression of the
“120”TPS gene was significantly up-regulated in O.
rufipogon but remained unchanged in O. sativa and O.
nivara upon herbivory (Fig. 9).

Terpene Volatiles of Oryza Plants with and without
Insect Herbivory

In addition to gene expression analysis, we performed
chemical profiling of the five Oryza species for the emis-
sion of the eight sesquiterpenes as products of “080”TPS,
“100”TPS, and “120”TPS. Whereas 7-epi-sesquithujene
was not detected, all other seven sesquiterpenes, (E)-
a-bergamotene, sesquisabinene A, (E)-B-farnesene,
zingiberene, B-bisabolene, B-sesquiphellandrene, and
(E)-y-bisabolene, were detected from one or more spe-
cies (Table 1). There were two observations. The first
was that three species (O. sativa, O. rufipogon, and
O. glaberrima) did not emit any of the sesquiterpenes
without insect herbivory. The second was that
for all five species, the emission of the sesquiter-
penes was largely induced from insect-damaged
plants compared with that from plants without insect
herbivory.

DISCUSSION

The quality and quantity of terpenes that each species
of plants produce are often unique to that species. TPSs,
the pivotal enzymes of terpene biosynthesis, play a
central role in determining the species-specific profile of
terpenes. Apart from the ability of many TPSs to pro-
duce multiple products from a single substrate, con-
tinued TPS gene duplication followed by functional
divergence has been regarded as critical for generating
the chemical diversity of terpenes (Chen et al., 2011).
Despite this general conception, concrete examples of
the evolution of duplicated TPS genes across multiple
plant species are scarce. Here, we systematically in-
vestigated the origin and dynamic evolution of a TPS
gene cluster in seven Oryza species (Fig. 1). Our results
revealed combinatorial evolution of duplicated TPS
genes in a dynamic species/lineage-specific manner,
which was largely responsible for the vast chemical
diversity of terpenes among the Oryza plants in the
context of plant-insect interactions.

Gain Versus Loss of TPS Genes: Dynamic Process in a
Species/Lineage-Specific Manner

We proposed two models to explain the origin and
evolutionary trajectory of the TPS clusters in Oryza
(Fig. 2). One major difference between the two models
is the timing of the very first gene duplication that leads
to the two-TPS cluster. In one model, the two-TPS
cluster evolved in the common ancestor of the seven
Oryza species studied in this work (Fig. 2C). The sub-
sequent evolution involved both gene duplication (in
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the common ancestor of the six Oryza species after the
split with O. brachyantha) and multiple gene losses
(independent gene losses in O. brachyantha and O.
punctata). In the alternate model, the two-TPS cluster
evolved in the common ancestor of the six Oryza spe-
cies after divergence from O. brachyantha (Fig. 2D). In
a previous study (Zhuang et al., 2012), the Os080-
0s100-Os120 three-TPS cluster was inferred to have
evolved after the split of rice and sorghum (Sorghum
bicolor). Therefore, even if the first model reflects the
real evolutionary history, the first duplication to form a
two-TPS cluster must have occurred within Oryza.
Therefore, regardless of the real trajectory, dynamic
changes have occurred to the duplicated TPS genes in
these seven Oryza species as revealed in this study.
With or without physical gene losses, functional loss of
TPS genes (i.e. pseudogenization) is apparent in all five
species within a three-TPS cluster except in O. nivara.

Functional Diversification of the Duplicated TPS Genes: A
Perspective of Reaction Mechanisms

With the three members of the TPS gene cluster
demonstrated to encode enzymes with different cata-
lytic activities, it is interesting to ask what the catalytic
activity of the common ancestor of these three TPSs
was. In all Oryza species examined, the “100”TPS
orthologs encode functional enzymes (Fig. 3), and
this TPS lineage was under more stringent selection.
It is thus sensible to suggest that “100”TPSs carry the
ancestral, critical activities. With this proposal, it is
interesting to ask how the divergence in catalytic
activities of the three types of TPSs has been ach-
ieved. We may look at this question from the per-
spective of reaction mechanisms. The biosynthetic
pathways for the majority of the identified products
of the three TPSs in the cluster were schemed based
on the carbocationic mechanisms proposed for other
sesquiterpene synthases (Fig. 10; Kollner et al., 2004).
In a first step, the diphosphate moiety of FPP is
cleaved off and the resulting farnesyl cation can be
deprotonated to form acyclic (E)-B-farnesene, the
dominant product of “080”TPS orthologs. Alterna-
tively, the farnesyl cation can be isomerized via the
formation of nerolidyl diphosphate and a subse-
quent C2-C3 bond rotation. Intramolecular attack on
the proximal double bond then leads to the formation
of a new C-C bond between carbons 1 and 6 (num-
bered as for FPP) and a deprotonation of the resulting
bisabolyl cation yields B-bisabolene, the dominant
product of “120” orthologs. The bisabolyl cation
can also undergo a 4,7-hydride shift or a 1,7-hydride

mutants On080-1294T, On080-1294T+F3755+G519S, and On080-
1294T+F3755+E406Q+G519S. Peak numbers correspond to those in
Figure 3: 1, 7-epi-sesquithujene; 2, (F)-a-bergamotene; 3, sesquisabi-
nene A; 4, (E)-B-farnesene; 6, B-bisabolene; 7, B-sesquiphellandrene.
TIC, Total ion chromatogram; ND, not detected or 0%.

487

Downloaded from on January 6, 2020 - Published by www.plantphysiol.org
Copyright © 2020 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Chen et al.

A 6
4 Or100 Q404E

Or100 T292I

Relative Abundance (TIC x 10.000.000 ions)
N

Or100 Y373F
4
6 7
[ D 7 B
0Or100
5
7
6
4
0 AR RS T P
18 19 20 21 22
Retention time (min)
B 2
[
e]
[0} c
5 s
g og 2
c 0o 5 £
8 o 9 3
12 T g
QLD L2 9
—~ Cc Q (72}
Sy
Or100 T292I
Or100 Q404E
Or100
Or100 Y373F
Or100 T292I + Y373F
0On080
0Or120
Or100 Q404E’
- [T
ND —> 100%

Figure 8. Activity analysis of Or100 mutants. A, Product profiles of four
Or100 mutants (Or100-Y373F, Or100-T2921, Or100-T2921+Y373F,
and Or100-Q404E) together with Or100 wild-type enzyme. Peak num-
bers correspond to those in Figure 3: 4, (E)-B-farnesene; 5, zingiberene; 6,
B-bisabolene; 7, B-sesquiphellandrene. B, Clustering analysis of four
Or100 mutants together with On080, Or100, and Or120 wild-type en-
zymes and one artificial mutant Or100-Q404E’ based on the proportions
of their sesquiterpene products. Or100-Q404E’ was based on Or100-
Q404E with zingiberene removed from the product profile. TIC, Total
ion chromatogram; ND, not detected or 0%.
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shift that, after deprotonation of the respective car-
bocations, leads to the formation of zingiberene or
B-sesquiphellandrene, respectively. Both compounds
are monocyclic sesquiterpenes and dominant pro-
ducts of the majority of the “100” orthologs. Besides,
the bisabolyl cation can undergo other downstream
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Figure 9. Expression analysis of functional TPS genes of the three-TPS
cluster in the five species of Oryza. Genes that are underlined indicate
nonfunctional genes, and the expression for such genes was not mea-
sured. The expression of individual functional TPSgenes in each species
was quantified as fold change in insect-damaged plants versus un-
damaged control plants using RT-qPCR. Data are presented as means =
sb (n = 3). Asterisks indicate statistical significance at P < 0.05 (*) and
P=0.01 (**).
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Table 1. Sesquiterpene volatiles as products of “080/100/120”TPS emitted from the plants of the five Oryza species with or without insect herbivory

S1 to S5 are (F)-a-bergamotene, sesquisabinene A, (E)-B-farnesene, zingiberene, and B-bisabolene, respectively. S6/S7 represents two coeluted
compounds, B-sesquiphellandrene and (F)-y-bisabolene. ND, not detected

Sesquiterpenes?

Species Treatment

S1 S2 S3 S4 S5 S6/S7

O. sativa Control ND ND ND ND ND ND
Herbivory 44 = 1.0 47 = 2.5 13 1.7 123 = 3.5 52 =27 108 = 3.7

O. rufipogon Control ND ND ND ND ND ND
Herbivory 9.6 = 0.2 17.4 £ 0.7 6.6 = 0.1 155.6 £ 2.0 52.0 = 0.8 81.0 = 2.0
O. nivara Control ND ND 3.8 03 2.7 = 0.1 ND 1.2 = 0.1
Herbivory ND 2.2 = 0.15 5.6 =03 7.0 £0.2 6.2 = 0.1 5.5 * 0.1

O. glaberrima Control ND ND ND ND ND ND
Herbivory 1.2 £0.2 1.9 £ 0.1 ND 13.4 £ 0.5 4.0 = 0.1 4.0 = 0.1
O. barthii Control 140.8 = 4.0 15.2 = 0.2 377.0 £ 6.4 ND 22.0=* 2.0 89 + 0.5
Herbivory 211.8 = 0.9 36.7 1.6 689.3 £ 2.7 10.7 £ 0.2 549 = 1.1 253 1.7

“Emission rates were calculated from three replicates as ng h™' g~ fresh weight. Control and Herbivory indicate untreated plants

frugiperda-damaged plants, respectively.

and S.

modifications, including a C2-C7 ring closure, a 6,7-
hydride shift followed by a C2-C6 ring closure, and
related deprotonations, that result in the formation
of other minor products of the “100” orthologs.
Based on this reaction mechanism and the phylog-
eny shown in Figure 2, it is tempting to speculate
that the “100” ancestor was already able to cata-
lyze various downstream modifications of the bisa-
bolyl cation, whereas both the “120”TPS orthologs
and the “080”TPS orthologs lost this ability during
neofunctionalization. In addition, On080 even lost
its ability to catalyze the initial isomerization or
cyclization and thus produces only acyclic (E)-
B-farnesene. Guided by homology-based structural
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modeling (Fig. 6), our data from site-directed mu-
tagenesis (Figs. 7 and 8) indicate the importance of
key amino acids in the active site in determining the
functional divergence of the three TPS orthologous
groups (Fig. 3).

Expression Regulation and Biological Function of the
TPS Genes

At the level of gene expression, both conservation
and divergence were observed for the functional three-
TPS gene cluster in the five Oryza species. For the
“100”TPS orthologs, all transcript levels were signifi-
cantly induced by the feeding of fall armyworm (Fig. 9).

Figure 10. Scheme for the biochemi-
cal reaction mechanisms involving the
functional divergence of three orthologous
groups of TPSs (“080”TPSs, “100”TPSs,
and “120”TPSs). The four labeled num-
bers (#4, #5, #6, and #7) correspond to
the peak numbers in Figure 3.

“OPP

6, 1 closure

#6

B-bisabolene

dominant product
of “120”TPS orthologs
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In O. sativa, it has been demonstrated that the elevated
emission of volatiles, including the products of Os100,
after insect herbivory serves as a chemical signal for
attracting the natural enemies of the herbivores (Yuan
et al., 2008). This strongly suggests that the orthologs of
05100 have similar biological functions in the other four
Oryza species. The emission patterns of the major ses-
quiterpene products of “080,” “100,” and “120” ortho-
logs (Table 1) from each species were largely consistent
with the expression patterns of their respective TPS
genes (Fig. 9) and the catalytic activities of the encoded
enzymes (Fig. 3). Among the five Oryza species, how-
ever, there are large differences in the types and
amounts of sesquiterpenes emitted from control and
insect-damaged plants (Table 1).

Such differences may reflect adaptations to differ-
ent environments with varying herbivore pressures.
Among the five Oryza species, three are wild species
(O. rufipogon, O. nivara, and O. barthii). It is interesting
that the gene expression patterns and terpene emission
patterns of the Asian rice O. sativa were highly similar
to those of its wild relative O. rufipogon (Fig. 9; Table 1).
By contrast, the gene expression patterns and ter-
pene emission patterns of African rice O. glaberrima
were extremely different from those of its wild relative
O. barthii (Fig. 9). This may reflect the divergence of
terpene chemistry between O. glaberrima and O. barthii.
At the gene level, both O. sativa and O. rufipogon contain
“080” as a pseudogene. By contrast, both O. glaberrima
and O. barthii contain “120” as a pseudogene. These
observations are consistent with the proposition that O.
sativa was domesticated from O. rufipogon whereas O.
glaberrima was domesticated from O. barthii (Vaughan
et al., 2003). It is interesting that such variations in TPS
genes and terpene biosynthesis may have important
agricultural implications. For example, many North
American maize lines, unlike European lines, cannot
produce (E)-B-caryophyllene in roots when damaged
by western corn rootworm (Diabrotica virgifera virgifera).
Consequently, they lack the ability to attract beneficial
nematodes for the control of the western corn root-
worm (Rasmann et al., 2005). Therefore, from an ap-
plication perspective, the identification of diverse
functional TPS genes in Asian and African rice may
help guide breeding programs to develop new varieties
for improved resistance against insects, which is a
major constraint in rice production (Chen et al., 2012).

CONCLUSION

In summary, by linking the evolutionary trajectory of
the TPS gene cluster, TPS gene expression, and the
terpene chemistry of Oryza plants, it becomes evident
that the diverse terpene chemical phenotypes among
the five Oryza species examined in the context of plant-
insect interactions in this study are determined by
combinatorial evolution of TPS genes at multiple levels:
gene duplication, retention/loss/degradation of du-
plicated genes, varying selection pressure, retention/
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divergence in catalytic activities, and divergence in
gene expression regulation. In most sequenced land
plants, TPS genes exist as midsized gene families that
resulted from repeated gene duplications. The repeated
processes of combinatorial evolution for TPS genes as
revealed in this study can explain in large part the vast
chemical diversity of terpenes among land plants.

MATERIALS AND METHODS
Seed Sources, Plant Growth, and Insect Treatment

Seeds of Oryza sativa ‘Nipponbare’ were kindly provided by the Dale
Bumpers National Rice Research Center. Seeds of Oryza rufipogon (PI 590418),
Oryza nivara (P1590425), Oryza barthii (GSOR311687), and Oryza glaberrima (PI
450396) were obtained from the National Plant Germplasm System of the
United States. The seeds were dehulled, placed on germination paper, and kept
in an incubator at 28°C. After 3 d, seedlings were planted in 200-mL glass jars
filled with soil with eight plants per jar. Plants were grown in a growth chamber
at 28°C under a 14-h-light/10-h-dark cycle. For herbivory treatment, 2-week-
old seedlings of each Oryza species were subject to feeding by Spodoptera fru-
giperda. For each treatment, two second-instar larvae of S. frugiperda were
placed onto each seedling at 4 pm. After 18 h of feeding, the insects were re-
moved and the damaged seedlings were used for either volatile profiling
(whole plants in the jar) or gene expression analysis (aboveground tissues).
Undamaged seedlings were used as control plants. Each treatment was con-
ducted with three biological replicates.

Sequence Retrieval and Analysis

The sequences of the seven Oryza genomes analyzed in this study were
obtained from EmsenblGenomes (http://www.ensembl.org). The genomic
sequences of Os080, Os100, and Os120 were used as individual queries to search
against the genomic sequences of O. rufipogon, O. nivara, O. barthii, O. glaberrima,
Oryza punctata, and Oryza brachyantha using National Center for Biotechnology
Information BLAST+ (Camacho et al., 2009). After the identification of a top hit
for each query, the genomic sequences covering the putative TPS gene and its
neighboring genes were extracted for each species and subject to manual an-
notation and synteny analysis. For phylogenetic analysis, either full-length
cDNA or genomic sequences of TPS genes were used. Multiple sequence
alignments were performed using MAFFT (v7.450; Katoh and Standley, 2013)
in accurate strategy (L-INS-i) with 1,000 iterations of improvement. Phyloge-
netic trees were constructed using RAXML (Stamatakis, 2014) with 1,000
bootstrap replicates. For dot-blot analysis, genomic DNA sequences covering
the respective TPS gene or TPS gene cluster from O. brachyantha, O. punctata,
and O. sativa were extracted, combined as a single DNA fragment, and subject
to dot-blot analysis using TBtools_JRE1.6 with default settings (Chen et al.,
2018).

Gene Cloning and RT-qPCR

Total RNAs were isolated from appropriate plant tissues using the Plant
RNeasy Mini Kit (Qiagen). An on-column DNase (Qiagen) treatment was ap-
plied to remove DNA contamination. First-strand cDNAs were synthesized
from respective total RNAs using the High Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher) and used for gene cloning and RT-qPCR analysis.
A full-length cDNA for each TPS gene was amplified using RT-PCR, cloned into
the vector pEXP5-CT/TOPO (Invitrogen), and fully sequenced. The primers
used for cDNA cloning were 5'-ATGTCATCGACACCTGCAG-3' (forward)
and 5'-ATGATCAGCAGCCACCATCAC-3’ (reverse) for “100”TPS orthologs,
5'-ATGGATAGAATGGTAATCAAACC-3' (forward) and 5'-AATGCTCAG
AACTATATCGG-3' (reverse) for “120”TPS orthologs, and 5'-ATGTCGTCG
CCACCTGCAG-3' (forward) and 5-CCATGGAAACTTTCTAATGAGG-3'
(reverse) for “080”TPS orthologs.

For RT-qPCR, one pair of gene-specific primers was designed for each
orthologous group of TPS genes (Supplemental Table S2) and tested with full-
length cDNAs of three TPS genes of each species as template in PCR to verify
the target sequence and gene specificity of each pair of primers. qPCR was
performed on the QuantStudio6 Flex Real-Time PCR System (Thermo Fisher
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Scientific) on a Microamp Fast 96-Well Reaction Plate (Thermo Fisher Scientific)
using power SYBR Green PCR Master (Thermo Fisher Scientific). Relative levels
of gene expression were calculated using the 2~24CT method (Yuan et al., 2006).
The sequences of the primers for target TPS genes and the rice ubiquitin gene
OsUBQ5 as an internal control are listed in Supplemental Table S2. Three bio-
logical replicates were analyzed for each sample. Statistical analysis was con-
ducted using Student’s ¢ test in SPSS version 25.

Protein Expression in Escherichia coli and TPS Assay

AnE. coli BL21 Codon Plus strain (Invitrogen) was used for the expression of
recombinant TPS enzymes. Expression was induced by the addition of iso-
propyl-1-thio-p-galactopyranoside to a final concentration of 1 mm. After this,
cultures were grown for 17 h at 18°C. Cells were collected by centrifugation at
4,000¢ for 6 min and disrupted by a 4 X 30-s treatment with a sonicator in
chilled extraction buffer (50 mm MOPSO, pH 7, 5 mm MgCl,, 5 mm sodium
ascorbate, 0.5 mm phenylmethylsulfonyl fluoride, 5 mm dithiothreitol, and 10%
[v/v] glycerol). Cell fragments were removed by centrifugation at 14,000¢, and
the supernatant was desalted into assay buffer (10 mm MOPSO, pH 7, 1 mm
dithiothreitol, and 10% [v/v] glycerol) by passage through an Econopac 10DG
column (Bio-Rad). Enzyme assays were performed in a Teflon-sealed, screw-
capped 1-mL GC glass vial containing 50 uL of the bacterial extract and 50 uL of
assay buffer with 10 um (E,E)-FPP, 10 mm MgCly, 0.2 mm NaWOy, and 0.1 mm
NaF. A solid-phase microextraction fiber consisting of 100-um poly-
dimethylsiloxane (Supelco) was placed into the headspace of the vial for 60 min
of incubation at 30°C and then inserted into the injector of the gas chromato-
graph for analysis of the adsorbed reaction products. Terpenes were analyzed
using an Agilent 6890 series gas chromatograph (Agilent Technologies) coupled
to an Agilent 5973 quadrupole mass selective detector (interface temperature,
250°C; quadrupole temperature, 150°C; source temperature, 230°C; electron
energy, 70 eV). Separation was performed on a Restek SHR5XLB column (30 m
X 0.25 mm internal diameter X 0.25 um thickness; Shimadzu). Helium was
used as carrier gas (flow rate of 1 mL min~'), a splitless injection (injector
temperature, 250°C) was used, and a temperature gradient of 5°C min~! from
40°C (3-min hold) to 240°C was applied. Sesquiterpenes were identified by
comparing the retention times and mass spectra of those assay products with
authentic compounds obtained from Fluka, Sigma, and Dr. Wilfried A. Konig.

Homology-Based Structural Modeling

Protein structure modeling was performed with the SWISS-MODEL service
(https:/ /swissmodel.expasy.org/) using the crystal structure of 8-cadinene
synthase (Protein Data Bank identifier 3g4dA) from Gossypium arboreum
(Gennadios et al., 2009) as a modeling template. Models were visualized and
analyzed using the program PyMOL (Guindon et al., 2010).

Site-Directed Mutagenesis

The QuickChange site-directed mutagenesis kit (Agilent) was used to gen-
erate mutants of TPSs (for primer sequence information, see Supplemental
Table S2). All mutant TPS genes were verified by sequencing.

Molecular Evolutionary Analysis

To perform phylogeny reconstruction, multiple protein sequence alignment
was performed by using the ClustalX2 program (Larkin et al., 2007). The
phylogenetic tree based on the alignment was constructed using the neighbor-
joining method in MEGA?7 using default parameters (Kumar et al., 2016). Based
on the phylogenetic tree, Oryza TPSs were divided into three clades. To evaluate
variations in selective pressure between them, branch models of CODEML in
PAML (Yang, 2007) were used to estimate the ratio of nonsynonymous versus
synonymous substitutions (o = dN/dS) among the branches of three major
clades.

Plant Volatile Collection and Identification

Volatiles emitted from the insect-damaged plants and control plants were
collected using a headspace sampler device (Analytical Research Systems). A
glass jar with control or insect-damaged Oryza plants was placed in a collection
chamber, and volatiles were collected using a Super Q Volatile Collection Trap
(Analytical Research System) for 4 h. Volatiles were eluted using 100 uL of
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methylene chloride containing 0.003% (v/v) 1-octanol as an internal standard
for quantification. Plant volatiles were analyzed using a Shimadzu 17A gas
chromatograph coupled to a Shimadzu QP5050A quadrupole mass selective
detector under the conditions described above for GC-MS analysis of terpene
products of TPS enzymes.

Accession Numbers

Sequence data from this article can be found in the GenBank/National
Center for Biotechnology Information databases under the following accession
numbers: MN607010 to MN607027.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phylogenetic tree of TPSs based on cDNA
sequences.

Supplemental Figure S2. Obal120 and Og120 as pseudogenes.

Supplemental Figure S3. A phylogenetic tree of all TPS genes from O.
sativa and Arabidopsis.

Supplemental Figure S4. Multiple sequence alignment of Oryza TPSs.
Supplemental Table S1. Sequence identities of TPS genes.

Supplemental Table S2. Primers used for gene expression analysis by
RT-qPCR.
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