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Whole-genome duplication (WGD) plays important roles in plant
evolution and function, yet little is known about how WGD un-
derlies metabolic diversification of natural products that bear sig-
nificant medicinal properties, especially in nonmodel trees. Here,
we reveal how WGD laid the foundation for co-option and differ-
entiation of medicinally important ursane triterpene pathway du-
plicates, generating distinct chemotypes between species and
between developmental stages in the apple tribe. After generat-
ing chromosome-level assemblies of a widely cultivated loquat
variety and Gillenia trifoliata, we define differentially evolved, du-
plicated gene pathways and date the WGD in the apple tribe at
13.5 to 27.1 Mya, much more recent than previously thought. We
then functionally characterize contrasting metabolic pathways re-
sponsible for major triterpene biosynthesis in G. trifoliata and lo-
quat, which pre- and postdate the Maleae WGD, respectively. Our
work mechanistically details the metabolic diversity that arose
post-WGD and provides insights into the genomic basis of medic-
inal properties of loquat, which has been used in both traditional
and modern medicines.
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lants generate a vast array of specialized metabolites, which

differ by species and tissue. This astounding diversity has
long been thought to arise largely by gene duplications, followed
by differentiation of gene expression and function between du-
plicates (1-3). Whole-genome duplication (WGD) contributes to
the generation of single gene duplicates and has played impor-
tant roles in plant genome function and evolution (4-6). Ex-
amples for WGD-associated metabolic diversity are known for
the innovation of glucosinolates in the Brassicales and for oil
biosynthesis in wild olive trees (7-9). In addition to underlying
change in enzyme functions, WGD also plays a role in the evolution
of metabolic gene expression, which further impacts the biosynthesis
of specialized metabolites (3, 10, 11). However, tracing the evo-
lution of a particular metabolic pathway and characterizing func-
tional impacts of WGDs are still challenging, mainly due to the
ancient status of relevant WGDs and the formidable complexity of
metabolic pathways.

Within the apple tribe there exist medicinally important but
understudied species harboring metabolic innovations that we
hypothesized were based on the foundation laid by the tribe-
specific WGD. A native species from China, loquat (Eriobotrya
Jjaponica Lindl), has been cultivated as a fruit tree worldwide and
used in both traditional and modern medicines (12, 13). Uses in-
clude treatment of coughing, documented as early as 1590 CE in the
Chinese Encyclopedia of Botany and Medicines [Li Shi-Zhen, Ben
Cao Gang Mu (14)] and recent commercial herbal syrups treating
throat pain. Recent work showed that ursane-type triterpenes in
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loquat, that is, ursolic acid (UA) and corosolic acid (CA), are
a major class of bioactive compounds with anti-inflammatory,
antidiabetic, and anticancer activities (15-17). However, gene
pathways encoding the biosynthesis of these bioactive triterpenes
have not been identified and characterized in loquat. It has been
proposed that members in the apple tribe such as loquat, apple,
and pear have been derived from an ancient Rosaceae species
via WGD (autopolyploidization), although others have suggested
allopolyploidizations between sister species (18, 19). High-quality
genome assemblies for species within (apple and pear) (20-22)
and outside (strawberry and peach) (23, 24) the apple tribe have
been generated, yet genome sequences from the tribe’s closest
outgroup Gillenieae are still not available.

Here, we merge comparative genomics, transcriptomics, metab-
olomics, and functional assays to understand how WGD under-
pinned the diversification of biosynthetic pathways encoding major
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Author contributions: W.S., Y. Jing, Shoukai Lin, Z.Y., X.Y., Shunquan Lin, and Zhenhua
Liu designed research; W.S., Y. Jing, Shoukai Lin, Z.Y., and X.Y. performed research; Y.Y.,
T.L, L.Z, Y. Jiang, Zongli Liu, H.Z,, Y.G,, Y.L, H.L., H.W., and Zhenhua Liu contributed new
reagents/analytic tools; W.S., Y. Jing, Shoukai Lin, Z.Y., X.Y., J.X,, JW., Z.Z, R.X,, J.Z., N.A,,
H.C., Y.H., Shunquan Lin, and Zhenhua Liu analyzed data; and W.S., Y. Jing, L.Y., Shun-
quan Lin, and Zhenhua Liu wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

This open access article is distributed under Creative Commons Attribution-NonCommercial-
NoDerivatives License 4.0 (CC BY-NC-ND).

'W.S., Y. Jing, Shoukai Lin, Z.Y., and X.Y. contributed equally to this work.

2Present address: Fruit Research Institute, Fujian Academy of Agricultural Science, Fuzhou
350013, China.

3To whom correspondence may be addressed. Email: zhenhua.liu@sjtu.edu.cn or loquat@
scau.edu.cn.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2101767118/-/DCSupplemental.

Published May 13, 2021.

https://doi.org/10.1073/pnas.2101767118 | 1 of 11

>
(U4
=]
=
=}
)
=
=
<
-
o


https://orcid.org/0000-0002-8692-9659
https://orcid.org/0000-0003-0073-4875
https://orcid.org/0000-0001-6993-6067
https://orcid.org/0000-0001-5664-9288
https://orcid.org/0000-0002-4465-8424
https://orcid.org/0000-0001-8400-337X
https://orcid.org/0000-0002-9589-8735
https://orcid.org/0000-0002-6753-9022
https://orcid.org/0000-0003-3310-9152
https://orcid.org/0000-0003-3190-6158
https://orcid.org/0000-0002-1786-883X
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2101767118&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhenhua.liu@sjtu.edu.cn
mailto:loquat@scau.edu.cn
mailto:loquat@scau.edu.cn
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101767118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101767118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101767118
https://doi.org/10.1073/pnas.2101767118

triterpenes within and outside of the apple tribe. We first generate
chromosome-level assemblies of a widely cultivated loquat cul-
tivar E. japonica cultivar (cv.) Jiefangzhong (which produces high
levels of ursane-type triterpene) and Gillenia trifoliata. This
allowed us to first identify a single WGD marking the origin of the
apple tribe at 13.5 to 27.1 Mya, much more recent than previously
thought (18, 22). We then identified a well-conserved group of
enzymatic genes, which we functionally confirm to be responsible
for the biosynthesis of bioactive ursane-type triterpenes differen-
tially in species within (apple, pear, and loquat) and outside (G.
trifoliata and peach) the apple tribe. Our analysis shows how WGD
underlaid the diversification of metabolic pathways responsible for
major triterpene biosynthesis. In addition, WGD provided a basis
for the evolution of functionally critical gene expression differenti-
ation and co-option for biosynthesis of triterpenes. Taken together,
our results provide a clear example of the post-WGD diversification
of an important metabolic pathway and identify the genomic basis
for exceptionally high levels of bioactive triterpenes in loquat, which
has long been used in both traditional and modern medicines.

Results

Chromosome-Level Assembly of Loquat and G. trifoliata Genomes,
Which Are Separated by a WGD. To achieve a chromosome-level
assembly for loquat (cv. “Jiefangzhong”), we used a combination
of single molecule real-time (SMRT) sequencing by PacBio, Hi-C,
and Illumina short-read sequencing (S Appendix, Table S1). We
first generated 113x coverage (~91.4 Gb) of PacBio long reads for
a primary assembly. We then polished with 102x coverage (82.6
Gb) of Illumina short reads using Pilon (25). This resulted in an
assembly with a contig N50 of 3.98 Mb and a total length of 760.98
Mb. Next, we generated 97x coverage (78.27 Gb) of Hi-C data,
which allowed >96.93% of the contigs (737.64 Mb) to be anchored
onto 17 pseudomolecules with a scaffold N50 of 43.16 Mb (S/
Appendix, Fig. S14). The final genome assembly is ~761 Mb,
corresponding to 94.7% of genome size (803 Mb) estimated by
flow cytometry (SI Appendix, Tables S2 and S3). Our results
confirmed that loquat, along with other Maleae species, has a
basic chromosome number of y = 17 (22, 26). However, most of
the other Rosaceae have approximately half the base chromosome
number of Maleae, for example, species in Rosoideae (x = 7) (27),
Amygdaleae (y = 8) (24, 28), and Gillenia (y = 9) (29). It has been
suggested that ancestors of Maleae were derived from allopoly-
ploidization between species with basic chromosome numbers of
eight and nine, respectively (19). However, phylogenomic analysis
suggests that the extant Maleae species resulted from a within-
species WGD (autopolyploidy), based on intra- and intergenomic
synteny analysis across Maleae (i.e., apple and pear) and outgroup
species (22, 26). So far, comparative genomic analyses have not
included species with a basic chromosome number of ¥ = 9. We
thus sequenced and assembled the genome of a Gillenieae species,
G. trifoliata, using the same methods described above, generating
898x coverage (~287.5 Gb) of PacBio long reads, 130x coverage
(~41.4 Gb) of Illumina short reads, and 130x coverage (~37.4 Gb)
of Hi-C data (SI Appendix, Table S1). These resulted in an as-
sembly ~280.76 Mb with a contig N50 of 828 kb, corresponding to
87.7% of genome size (320 Mb) estimated by flow cytometry (SI
Appendix, Tables S2 and S3). The majority (96%) of the contigs
were anchored into nine pseudochromosomes with a scaffold N50
of 30.09 Mb according to Hi-C analysis (SI Appendix, Fig. S1B).
To assess the quality of the assembled genomes, we performed
Benchmarking Universal Single-Copy Orthologs (BUSCO) and
RNA transcripts mapping analysis (Materials and Methods). Over
97% of BUSCO complete genes can be detected in both genomes.
In addition, over 98% of RNA transcripts can be mapped onto both
genomes (SI Appendix, Table S3). The high quality of the two ge-
nome assemblies thus enabled high-confidence annotation of both
coding and noncoding genomic regions (SI Appendix, Table S4).
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To determine species groupings in relation to the Maleae WGD,
we used 661 single-copy orthologs from 10 related species for
phylogenetic analysis. This revealed loquat grouping with pear and
apple and separated from G. trifoliata, peach (Prunus persica), and
other Rosaceae species (Fig. 14). Molecular clock analysis indi-
cated that the apple tribe (Maleae) diverged from Gillenieae be-
tween 13.5 and 27.1 Mya (Fig. 14), suggesting that the emergence
of the apple tribe was much more recent than previously thought
(18, 22). Using intra- and intergenomic syntenic analysis, we ob-
served a 2:1 syntenic depth ratio when comparing loquat with the
species (G. trifoliata and P. Persica) that diverged before the split
with Maleae but showed a 1:1 syntenic depth ratio within Maleae
(apple versus loquat) (Fig. 1B). Furthermore, the spectrum of
synonymous substitutions per synonymous site (Ks) of these syn-
tenic blocks confirmed a single WGD peak (Ks around 0.16) for
the two Maleae species (loquat and apple) but not for G. trifoliata
and the outgroup species grape (Fig. 1C). In line with this, an-
cestral reconstruction analysis indicated that the genomes of ex-
tant apple tribe were duplicated from a common ancestor with
nine chromosomes, despite extensive genome reorganizations af-
ter the WGD (SI Appendix, Fig. S2). Altogether, our genome
assembly of loquat and G. trifoliata provided evidence for a WGD
in a common ancestor of the apple tribe, after separating from the
Gillenieae 13.5 to 27.1 Mya (Fig. 14).

Loquat Leaves Accumulate Exceptionally High Levels of Ursane-type
Triterpenes. As triterpenes have been suggested as major bioac-
tive compounds in loquat (13, 30), we next set out to investigate
the triterpene profiles in species evolved before and after the
emergence of the apple tribe and the associated WGD. Young
and old leaves from loquat and apple (within Maleae) and peach
and G. trifoliata (outgroup) were analyzed by gas chromatography
mass spectrometry (GC-MS). Pentacyclic triterpenes including
a-amyrin (AA), f-amyrin (BA), UA, oleanolic acid (OA), maslinic
acid (MA), and CA were identified as major triterpenes in leaves
(Fig. 24). Strikingly, loquat’s old leaves accumulated ~10-fold
higher triterpenes levels than any other species (Fig. 2B). Of
these, ursane-type triterpenes (derived from AA) were found
dominantly accumulated in loquat (about three times more highly
accumulated than oleanane-type triterpenes) (Fig. 2B and SI
Appendix, Fig. S34). To gain a higher-resolution triterpene profile
in loquat, we selected leaves from five developmental stages for
GC-MS. Our results showed that older leaves accumulated much
higher levels of a broader triterpene array. UA was constantly
detected since stage 2, whereas CA was largely appeared only in
stage 5 (mature old leaves) (Fig. 2 C and D and SI Appendix, Fig.
S3 B-D). Notably, leaves from stage 5 have been commonly used
in folk medicines (31).

Characterization of Genes Encoding the Biosynthesis of Major Triterpenes
in Loquat. The first committed step for biosynthesis of plant tri-
terpenes is catalyzed by oxidosqualene cyclases (OSCs), which
fold the linear substrate 2,3-oxidosqualene into >200 diversified
structures (32). To characterize candidate genes encoding the
biosynthesis of major triterpenes in loquat, we systematically
mined OSC genes in the available genomes from Maleae (loquat,
apple, and pear) and two outgroup species (peach and G. trifo-
liata) (Materials and Methods). These analyses identified 8, 6, 14,
16, and 13 OSC genes in peach, G. trifoliata, apple, pear, and
loquat, respectively (Fig. 34). To better understand triterpene
biosynthetic profiles before and after diversification of the Maleae,
we examined general gene expression profiles for OSCs in peach
(33), G. trifoliata (this study), apple (26), pear, and loquat (this
study). This analysis first revealed that gene expression for OSC
genes were unevenly distributed across phylogenetic clades, with a
subclade of triterpene-related OSC genes showing dramatically
higher gene expression levels relative to other OSC genes (hereafter,
referred to as main subclade) (Fig. 34). In this main subclade, two
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Comparative analysis including newly assembled genomes of loquat and G. trifoliata identified a single WGD at the base of Maleae ~13.5 to 27.1

Mya. (A) Phylogenetic relationships of loquat and other Rosaceae species. The ML phylogeny was inferred by 661 single-copy orthologs. Species split time
based on molecular clock analysis is indicated on each branching node. (B) Intergenomic syntenic analysis between peach, G. trifoliata, apple, and loquat.
Genomic regions in peach and G. trifoliata could be aligned with up to two regions in loquat and apple. Two examples in chromosomes 4 and 8 in G. trifoliata
are highlighted by colors. (C) Ks distributions for gene pairs from syntenic blocks of G. trifoliata, grape, apple, and loquat. The two predicted WGD events are

indicated by dashed lines. Ks around 1.5 indicates the gamma WGD occurred
specifically occurred in the apple tribe.

OSCs from apple have been previously characterized as AA or BA
synthase, which generate backbones for ursane-type and oleanane-
type triterpenes, respectively (34). Therefore, we hypothesized
that the two loquat OSC genes (Ej00015273 named as EjOSCI
and Ej00096061 named as EjOSC?2) identified from the main
subclade were likely responsible for the biosynthesis of major
triterpenes in loquat.

As major triterpenes detected in loquat leaves are chemical
derivatives of AA and BA, in order to identify downstream genes,
we next used a weighted gene coexpression network analysis
(WGCNA) to identify genes that were highly correlated to EjOSC1
and EjOSC2. A total of 29 modules were detected (Dataset S1).
The two highly expressed OSCs were both located in the same
module. To identify potential triterpene-modifying genes, we
ranked the genes according to correlation weights to EjOSCI and
EjOSC2, respectively. This analysis identified three and four tightly
associated enzymatic genes for EjOSCI and EjOSC2, respectively
(Fig. 3B and Dataset S2). Phylogenetic analysis of those genes
revealed that four CYP716 genes, which were previously identified
as pentacyclic triterpene-modifying P450 genes (34, 35), were
included in the correlation network (SI Appendix, Fig. S4 and
Dataset S2).

To test the enzymatic functions of those associated OSC and
CYP716 genes, we cloned all six unique genes from both top
correlated—enzymatic gene lists above and expressed them tran-
siently in Nicotiana benthamiana leaves. Expression of EjOSCI
resulted in a mixture of AA:BA (95:5) (Fig. 3C and SI Appendix,
Fig. S5A4). Further coexpression of EjCYP716A1 resulted in the
formation of a mixture of UA:OA (85:15) (Fig. 3C and SI Appendix,
Fig. S5B), suggesting that EJCYP716A1 was able to catalyze a three-
step oxidation reaction at C-28 on AA and BA to produce UA and
OA. Further expression of EjCYP716CI gave rise to a mixture of
CA:MA (81:19) (Fig. 3C and SI Appendix, Fig. S5C), suggesting that
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at the base of the eudicots. Ks around 0.16 indicates the more recent WGD

EjCYP716C1 was able to catalyze the C-2a hydroxylation of OA
and UA to produce MA and CA. The higher level of ursane-type
triterpenes (UA and CA) in these combinational assays was con-
sistent with metabolite profiles in loquat leaves examined (SI Ap-
pendix, Fig. S2 A and C). Moreover, MA and CA (produced by
CYP716C) were accumulated in later stages compared to UA and
OA (produced by CYP716A) (Fig. 2C), suggesting that in vivo
biosynthesis of major triterpenes in loquat is likely through the flux of
OSC-CYP716A-CYP716C (Fig. 3D). In parallel, we tested the sec-
ond set of correlated genes (EjOSC2-EjCYP716A2-EjCYP716C2)
in the N. benthamiana leaf system. A similar pattern for metabolite
production was observed (Fig. 3C and SI Appendix, Fig. S5),
suggesting that both of these two sets of enzymes are responsible
for the biosynthesis of major triterpenes in loquat. Genes encoding
for MA and CA production in loquat were also characterized in
distant orders of plant species (35-37), suggesting that the OSC-
CYP716A-CYP716C pathway for triterpene biosynthesis is wide-
spread in plants.

Evolution of Major Triterpene Biosynthesis before and after Emergence
of the Apple Tribe. To understand the evolution of these two key
functional modules, we first looked at OSCs, which catalyzed the
first committed step in the pathway. In the main subclade, a single
copy of OSC presented in the species evolved before the WGD
whereas two copies were found in all the Maleae species examined
(Fig. 34). We cloned the single-copy Gt00028126 from G. trifoliata
in the main subclade. Transient expression of Gt00028126 in
N. benthamiana gave a mixture of AA and BA at a ratio of 92:8
(SI Appendix, Fig. S6 A and B), similar to the functionally charac-
terized OSCs in loquat (this study) and apple (34), suggesting the
OSCs from the main subclade shared a common ancestor. Syntenic
analysis further revealed that the duplicated OSCs in the apple
tribe were derived from the WGD event (Fig. 44). Interestingly,
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Fig. 2.

Loquat leaves accumulate exceptionally high levels of ursane-type triterpenes. (A) GC chromatograms show major pentacyclic triterpenes in young

and mature leaves of loquat, apple, G. trifoliata, and peach. IS, internal standard (Coprostanol); BA, beta-amyrin; AA, alpha-amyrin; OA, oleanolic acid; UA,
ursolic acid; MA, maslinic acid; and CA, corosolic acid. (B) Triterpene content in mature leaves of loquat, apple, G. trifoliata, and peach. Error bars present
means + SE, with three biologically independent replicates; *** presents significant difference at P < 0.001 by two-sided Student’s t test. (C) GC chro-
matograms show major triterpene profiles in loquat leaf developmental stages. (D) Major triterpene content in mature loquat leaves (n = 3). Error bars

present means + SE with three biologically independent samples.

our syntenic analysis also identified a tandem OSC duplicate,
which was likely coevolved with the OSCs in the main subclade
(Fig. 44). Phylogenetic analysis (Fig. 34) also supported that
they shared a common ancestor. However, the tandem duplicate-
derived OSCs all showed a low level of gene expression (Fig. 34)
and are retained as a single copy after the WGD in the apple
tribe (Fig. 44).

Using similar approaches, we found that the functionally char-
acterized CYP716Cs (encoding C2-hydroxilase) were also derived
from a pair of ancestral tandem duplicated genes and retained as
four copies in apple and loquat after the WGD (Fig. 4B). How-
ever, this seems to not be the case for the functionally character-
ized CYP716As (encoding C28-oxidase). Synteny analysis showed
that EjCYP716A1 was likely evolved as early as in an ancestor
predating the emergence of peach. In line with this, functional
characterization of a syntenic ortholog (Gt00010673) in G. trifoliata
revealed the conserved enzymatic function of this gene to
EjCYP716A1 (SI Appendix, Fig. S6). However, syntenic evidence
supporting ancestral tandem duplication of CYP716A genes was
not found (Fig. 4B). In agreement with this, EjCYP71642 was
found located in a different chromosome and thus most likely
experienced relocation after the WGD (Fig. 4D). Interestingly,
although Ej00014855, the EjCYP716A1 WGD-associated dupli-
cate copy (Fig. 4C), did not show a concerted coexpression pattern
with EjOSCI and EjCYP716C1 (Fig. 3B), it showed similar enzy-
matic functions as EjJCYP716A1 when tested in N. benthamiana
(SI Appendix, Fig. S6C). We therefore interpreted that this gene
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might contribute to triterpene variations between developmental
stages in the leaf tissue (Fig. 2C).

To reconstruct the evolutionary status for biosynthesis of major
triterpenes before the WGD, we next applied WGCNA using
transcriptome data generated from nine developing tissues in G.
trifoliata. G. trifoliata OSC-CYP716A-CYP716C genes, for which
their orthologs have been functionally characterized in loquat,
appeared in a highly correlated expression network (Fig. 5 and
Dataset S3). However, their degrees of correlation (reflected by
ranking distance to OSC gene) were much lower in comparison to
relationships identified for genes in loquat using the same ap-
proach (Fig. 5 and Dataset S4). This indicates that the major
triterpene biosynthetic pathway genes gained concerted gene
expression following the WGD, contributing to especially high
levels of detected triterpenes in loquat (Fig. 5).

Discussion

Plants are remarkable chemists, estimated to synthesize approxi-
mately one million specialized metabolites (38), yet these differ
dramatically in terms of composition and quantity between
species, as well as across development. The genomic basis of this
astounding metabolic complexity has been long proposed to arise
via gene duplication, followed by subfunctionalization and neo-
functionalization (39-41). Recently, genomic reorganizations,
such as formation of diterpene and triterpene gene clusters, are
also found as new genomic features associated with metabolic
diversification in plants (42-45). There are a wealth of cases
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indicated by arrows.

tracing single gene duplication events to address the contribu-
tion of these local variants on diversification of metabolites (41,
46, 47). However, the impact of WGD-associated metabolic di-
versification is largely unknown, despite the obvious prevalence of
WGD throughout plant evolution.

To address this, we carried out functional and genomic analyses
of the evolution of a triterpene pathway before and after a single
WGD event at the base of the apple tribe. Our biochemical
analysis showed that major triterpenes in loquat and G. trifoliata
were synthesized by three promiscuous enzymes, OSC, CYP716A,
and CYP716C, with a dominant function catalyzing ursane-type
triterpenes (Fig. 2D). This suggests that the triterpene profile vari-
ation between species is mainly defined by the dynamic catalytic
activity of those enzymes. It also indicates that triterpene abundance
variation between G. trifoliata and loquat is likely due to the ex-
pansion of gene duplicates following WGD. Our systematic analysis
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of genomes, transcriptomes, and metabolites across species before
and after the apple tribe WGD allowed reconstruction of the
evolutionary history of major triterpenes biosynthesis and a view
into the evolutionary mechanism driving the differences between
these species. Before the WGD, genes for biosynthesis of major
triterpenes were indeed present and are likely functionally co-
opted via tandem (for OSC and CYP716C) or single gene dupli-
cations (for CYP716A4). This nascent functional module is present
in G. trifoliata, where low levels of triterpenes were detected.
Following WGD, the pathway was fully duplicated and additional
genes derived from ancestral tandem or general gene duplications
were retained in loquat. Consequently, genes for biosynthesis of
major triterpenes were markedly expanded. In addition, OSC
genes in loquat (EjOSCI and EjOSC?2) showed distinct association
with CYP716A4 and CYP716C genes in WGCNA analysis (Fig. 5),
suggesting that they are undergoing a process of differential gene
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expression pattern between the duplicated pathways. This inter-
pretation is further supported by the fact that the first set of genes
(EjOSCI-EjCYP716A1-EjCYP716CI) were highly expressed in old
leaves, whereas the second set of genes (EjOSC2-EjCYP716A2-
EjCYP716C2) showed the opposite trend (SI Appendix, Fig. S7).

Taken together, our results suggest that WGD laid the foun-
dation for expansion of metabolic pathways, then allowing natural
selection to drive the co-option and differentiation of triterpene
producing machineries in loquat. Our genomics-driven approach
thus provides an explicit example of WGD-associated metabolic
diversification. It also sheds insight into the genomic basis un-
derpinning medicinal properties of loquat that has been long used
in traditional medicines.

Materials and Methods

Plant Material and Growth Conditions. E. japonica cv. Jiefangzhong was used
for genomic and transcriptomic analysis. Loquat and peach trees were
grown in the Loquat Germplasm Resources Garden in South China Agricultural
University. Apple trees were grown in the Botanic Garden in Guangzhou
Academy of Agricultural Sciences (Guangzhou, China). Seeds of G. trifoliata
were provided by the Missouri Botanical Garden (United States). G. trifoliata
seeds were sterilized in 10% sodium hypochlorite for 8 min and rinsed
with sterile water three times. The seeds were then immersed in 0.02%
GA; to promote germination for 1 d. Germinated seeds were cultivated in
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propagation medium (MS with 1.5 mg - L='TDZ and 0.4 mg - L™' IBA) at
25°C for 28 d. N. benthamiana were planted under long-day conditions
(16 h light/8 h dark) at 22°C.

Genome Sequencing. Loquat young leaves (developmental stage 2) were used
for genomic DNA extraction as described (48). PacBio library (20 kb) was
constructed and sequenced using 10 SMRT cells on a PacBio Sequel. A total
of ~91 Gb SMRT reads with an average length of ~11 Kb were generated.
Eight size-selected Illumina genomic libraries ranging from 350 bp to 40 kb
were constructed and sequenced on an Illumina HiSeq2000 system. Hi-C li-
braries were prepared as previously described (49) and sequenced on BGI-
SEQ-500 system with PE 100. A total of ~78.27 Gb reads were generated. For
G. trifoliata, 10 g young leaves were collected and frozen in liquid nitrogen
before DNA extraction. One PacBio 20-kb library was constructed and
sequenced using 1 SMRT cells on a PacBio Sequel. A total of ~287.54 SMRT
reads with an average length of 23.56 Kb were generated. Two Illumina
genomic libraries (500bp and 5kb) were constructed and sequenced on an
Illumina HiSeq 2000 system, which generated 37.9 Gb (115x) and 3.5 Gb
(10.9x) data, respectively. Hi-C library (350 bp) was prepared as previously
described (49) and sequenced on Illumina HiSeq X with PE 150. Statistics
of sequencing data for the two genomes are listed in S/ Appendix,
Table S1.

Flow Cytometry Analysis. Chopped young leaf tissues were incubated in ice-
cold LBO1 lysis buffer (15 mM Tris, 2 mM EDTA, 20 mM NacCl, 80 mM Kdl,
0.5 mM spermine tetrahydrochloride, 1% p-mercaptoethanol, 0.5% Triton X-100,
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2% PVP-40, and 50 pg - ml~" RNase, pH 7.5) for 30 mins to release nuclei. Tomato
leaf tissue with known nuclei DNA content was used as size control. Isolated
nuclei were stained with 50 pg/mL propidium iodide (PI) and incubated for
30 min at 4 °C in the dark. Pl excitation was achieved at 488 nm and
emission was analyzed at 675 nm using Beckman-Coulter FC-500 and Becton
Dickinson FAC SMeldoy analyzers to determine DNA content as described
(50). Solanum lycopersicum cv. Stupicke (gifted by Professor Dolezel, Insti-
tute of Experimental Botany, Czech Republic) and human leukocytes were
used as internal reference standards for G. trifoliata and loquat, respec-
tively. Leukocyte and tomato were used as reference standards for having
reasonably larger genome size than loquat and G. trifoliata and could be
easily separated from the tested samples. The leukocyte samples were
deidentified prior to use in this study. Pl fluorescence was activated by laser
emitting at 532 nm on flow cytometry with four biological replicates. Sta-
tistics of flow cytometry analysis for the two genomes are shown in S/
Appendix, Table S2.

Genome Assembly.

Loquat. We assembled the loquat genome by integrating PacBio long-read
sequencing, lllumina paired-end, and Hi-C sequencing data. Briefly, the
PacBio raw reads were corrected by Canu (51) with the following parame-
ters: minReadLength >3,000 and minOverlapLength >500. The longest 50x
Canu corrected reads were then assembled by SMARTdenovo (52) with
k-mer (k) =17. lllumina short reads were preprocessed by removal of se-
quences from bacteria, adapters, low quality, and duplicate reads using
SOAPNuke (53) (version 1.6.5) with the following parameters: -n 0.01 -1 20 -q
0.1-i-Q2-G-M 2 -A 0.5 -d. The primary assembly was polished by Illumina
short reads using Pilon with default parameters (25). To process the Hi-C raw
data, Juicer pipeline (54) was used to align fastq reads to the genome, giving
rise to duplication-free data. The resultant sequences and scaffolds were
transferred to three-dimensional DNA (55). Briefly, scaffolds <15 Kb were
first discarded. To eliminate misjoins from the input scaffolds, two iterative
steps were performed. Each step started with a scaffolding algorithm to
order and orient the input scaffolds, followed by misjoin corrections to
detect errors in the scaffold pool. The edited scaffold pool was used as an
input for the next iteration of the misjoin correction algorithm. After the
iterations were completed, a single “megascaffold,” which concatenates
all the chromosomes, was retained for postprocessing. The postprocessing
included four steps: 1) a polishing algorithm, which was required for ge-
nomes in the Rabl configuration; 2) a chromosome splitting algorithm,
which was used to extract the chromosome-length scaffolds from the meg-
ascaffold; 3) a sealing algorithm, which was required to detect false positives
in the misjoin correction process and restore the erroneously removed se-
quence from the original scaffold; and 4) a merge algorithm, which was used
to correct misassembly errors due to undercollapsed heterozygosity in the
input scaffolds.

G. trifoliata. We assembled the G. trifoliata genome by integrating PacBio
long-read, Illumina paired-end, and Hi-C sequencing data. PacBio raw reads,
Illumina paired-end, and Hi-C sequencing data were corrected and assem-
bled into assembly using the same method as for loquat. Statistics of as-
sembly data for the two genomes are listed in S/ Appendix, Table S3.

Transcriptome Sequencing and Assembly. Total RNAs were isolated using
RNeasy Plant Mini Kit (QIAGEN). Briefly, ca. 100 mg tissue powder was
treated with 450 pL buffer RNA lysis buffer at 56 °C for 3 mins. The extracts
were then transferred to a QlAshredder spin column and centrifuged for
2 mins at 12,000 rpm. Ca. 400 plL supernatant were taken, mixed with
200 pL ethanol, and transferred to an RNeasy spin column for RNA bind-
ing. The column membrane was washed with 500 pL buffer RNA wash
buffer 1 and 700 pL buffer RNA purification ethanol. After drying the
column, 30 pL RNase-free water was used to elute the RNA. Complemen-
tary DNAs (cDNAs) were synthesized with the PrimeScript RT reagent Kit
(Takara). Total RNAs (700 ng) were treated by 1.0 pL genomic DNA Eraser
with 2.0 uL Eraser buffer at 42 °C for 5 min. For inverse transcription, 4 uL
5x PrimeScript buffer, 4 L RNase-free ddH,O, 1 pL PrimeScript RT Enzyme
MixI, and 1 pL Oligo dT Primer were added into the above RNA mix. The
mixture was incubated at 37 °C for 30 mins, then 85 °C for 1 min to syn-
thesize the first strain of cDNA. RNA sequencing (RNA-seq) libraries were
constructed from cDNAs (insert size of 200 to 350 bp) according to Illumina’s
protocols.

The cDNA libraries were sequenced on the Illumina’s HiSEq. (4000) system.
The raw reads were preprocessed by removal of contamination sequences
from bacterial, adapters, low quality, and duplicate reads using SOAPnuke
(version 1.6.5) with default parameters. De novo transcriptome assembly was
performed using trinity (56) with the following parameters: —group_pairs_distance
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280-no_version_check—full_cleanup-verbose-min_contig_length 150-CPU
8-min_kmer_cov 3-min_glue 3-bfly_opts -V 5-edge-thr = 0.1-stderr.

Genome Annotation for Loquat and G. Trifoliata.

Annotation of transposable elements. We combined de novo and homology-
based approaches to identify transposable elements (TEs). The de novo
prediction was carried out using RepeatModeler (57) to construct a repeat
library with default parameters. This library was used as a database for
RepeatMasker (57) to find and classify repeats. Homology prediction was
carried out using RepeatMasker or RepeatProteinMask by aligning the ge-
nome sequence to the Repbase version 21.12 database (58) to identify TEs.
All the repeat sequences identified by different methods were combined as
the final list for annotation. Tandem repeats were searched using Tandem
Repeats Finder (59).

Annotation of noncoding RNAs. The tRNAScan-SE (version 1.3.1) (60) algorithm
with default parameters was applied to predict transfer RNA (tRNA) genes
according to the structural characteristics of tRNA. BLAST (61) was used to
identify ribosomal RNA (rRNA) by aligning with rRNA template sequences
(Rfam database version 12) with an E-value of 1e-5. MicroRNA and small
nuclear RNA genes were predicted using INFERNAL (http:/infernal.janelia.
org/) with the Rfam database version 12 (62).

Annotation of genes. Gene structure prediction was conducted by MAKER
pipeline (63) integrating with ab initio gene predictions, transcript evidence
(de novo assembled transcripts), and protein homology evidence from
Arabidopsis thaliana, Malus domestica, Pyrus bretschneideri, P. persica, and
Rosa chinensis after transposons were masked from genome sequences (S/
Appendix, Table S4). De novo assembled transcripts were used as training
data in ab initio prediction software SNAP (64) and AUGUSTUS (65). The
MAKER pipeline was processed using trained hidden Markov model pro-
files. Low-confidence predictions (annotation edit distance <0.4) were
filtered, and 43,996 gene models were obtained. Gene function annota-
tions were performed by aligning the proteins of each gene to SwissProt,
Gene Ontology (GO), Translated sequence in the European Molecular Bi-
ology Laboratory (TrEMBL) database, Clusters of Orthologous Groups
(COG), Nonredundant Protein Sequence Database (Nr), and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) databases with Blast (E-value <
1e-5). The best hit was assigned to each gene. The motifs and domains in
protein sequences were annotated using InterProScan version 5.16-55.0
(66) via searching public databases. GO terms for each gene were assigned
using Blast2GO (67).

Assessment of Genome Quality. BUSCO (version 3.0.2) (68) with 1,375 single-
copy orthologs was used to assess the completeness of the genome assem-
bly. BLAT (69) was used to map the transcripts back to the final assembled
genome for loquat and G. trifoliata, respectively (S Appendix, Table S3).

Estimation of Gene Expression Level. The cleaned RNA-seq reads (taken from
above de novo transcriptome assembly) were aligned to the gene set by
Bowtie (70) (version 2.2.5), and gene expression levels were estimated by
RNA-seq by Expectation Maximization (RSEM) (71) (version 1.2.12). Expres-
sion level heatmap based on transcripts per million (TPM) values was drawn
using TBtools (72). For apple and peach, the transcriptome data of five tis-
sues (root, stem, leaf, flower, and fruit) and three tissues (leaf, root, and
fruit) were downloaded from National Center for Biotechnology Informa-
tion (https://www.ncbi.nIm.nih.gov/) (Accession numbers are listed in S/ Ap-
pendix, Table S5.)

Phylogenetic Analysis. Proteins from 10 species (E. japonica, G. trifoliata, M.
domestica, P. bretschneideri, P. persica, Prunus mume, Fragaria vesca, Vitis
vinifera, A. thaliana, and Oryza sativa) were first mined by BLASTP (61)
version 2.2.26 with default parameters to generate pairwise protein se-
quence with an E-value cutoff of 1e-5. OrthoMCL (73) version 1.4 was
used to assign orthologous gene clusters with the following parameters:
—-pv_cutoff 1-mode 3-abc -I 1.5. We found 661 single-copy orthologous
gene families in 10 species (Dataset S5). Those sequences were extracted
and aligned using muscle (version 3.8.31) (74). Poorly aligned positions and
divergent regions of the alignment were eliminated using trimAl (75).
Phylogenetic analysis was performed using a maximum likelihood (ML)
method implemented in RaxML (version 8.2.9) (76) with the GTRGAMMA
substitution model and 1,000 bootstrap replicates. O. sativa was used as
the outgroup.

Divergence Time Estimation. Species divergence time based on the above

mentioned 661 single-copy orthologous genes was estimated using Markov
chain Monte Carlo (MCMCQ) algorithm from PAML 4.9 (77). The divergence
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time of Maleae and prunus was set to ~30 to 61 Mya, the divergence time
of A. thaliana and O. sativa was set to ~148 to 173 Mya, and the diver-
gence time of A. thaliana and V. vinifera was set to ~106.0 to 119.3 Mya
(http://www.timetree.org/) (78). Overall substitution rate was assessed
using baseml in PAML 4.9 (77) by setting a REV substitution model. For
MCMC analysis, 20,000 iterations were simulated with a sampling fre-
quency of 5,000.

Synteny Analysis. The SynMap tool in the online Co-Ge Platform (https:/
genomevolution.org/CoGe/) was first used to capture the syntenic blocks
within and between genomes. A putative syntenic region included at least
four colinear genes. MCScan (python version) was also used to complement
the analysis (https:/github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version).

Ks Analysis. Intra- and intersyntenic gene pairs were used to calculate Ks
values in Fig. 1C. Protein sequences from the gene pairs were aligned using
MUSCLE (74). Alignments were then translated into coding nucleotide
sequences using an in-house Perl script. Ks values based on the alignments
of coding nucleotide sequences were calculated using yn00 in PAML
4.9 (77).

Ancestral Reconstruction of Maleae Gene Content. Syntenic blocks of Maleae
from the most recent WGD and species divergence were obtained according
to Ks value (Ks < 0.55 for intrasyntenic blocks in loquat, apple, and pear; Ks <
0.45 for intersyntenic blocks of loquat-apple, loquat-pear, and apple-pear;
Ks < 0.55 for intersyntenic blocks of loquat-G. trifoliata, apple-G. trifoliata
and pear-G. trifoliata). Gene pairs in the syntenic blocks were then pro-
cessed using the “OMG!"” program (79) with default parameters. A total of
18,764 nonredundant identified homologous gene sets were produced
according to the following conditions: minimum zero genes and maximum
two genes in apple, loquat, and pear; minimum zero genes and maximum
one gene in G. trifoliata; and each gene family contains at least two genes.
Each of these sets represented one “candidate gene” in the reconstructed
ancestral chromosomes. Based on the nonredundant homologous gene sets
from OMG, a program was written using the maximum weight algorithm to
construct the Maleae ancestral genome. First, we identified all the gene
adjacencies in loquat, apple, pear, and G. trifoliata by only considering genes
in the nonredundant homologous gene sets. Each adjacency was weighted
according to the numbers of homologous copies, producing an optimal set
of 1,284 contigs, containing 9,388 genes, with an average of 7.3 genes per
contig. Second, using the adjacencies of contigs in each genome as an input,
the program was rerun to obtain an optimal of 169 scaffolds containing
9,055 genes. Each scaffold has 53.6 genes. Finally, using scaffold’s adjacen-
cies in each genome as input, the program was rerun to obtain 30 super-
scaffolds, which contained 9,237 genes, with an average of 307.9 genes per
superscaffold. To minimize the number of crossing lines, the superscaffold
order in the chromosomes was rearranged to obtain nine ancestral chro-
mosomes, which contained 9,115 genes, with each chromosome containing
1,012.7 genes.

Genome Mining and Phylogenetic Analysis. HMMER 3 (80) was used to identify
0OSC homolog genes. PF13243 (targeting N terminal of OSC) and PF13249 (tar-
geting C terminal of OSC) were used to query for OSCs using the cut_tc (trusted
cutoff) option. CYP716 sequences were screened by BLASTP using Medicago
truncatula CYP716A12 (GenBank accession: DQ335781) (81) as query, with
an E-value cutoff at 1e-5, protein identity >40 and bit score >100. Ac-
cession numbers for characterized OSCs and cytochrome P450s are listed in
SI Appendix, Table S6. Phylogenetic analyses were performed using an ML
method with the GTRGAMMA substitution model implemented in RaxML
(76), and bootstrap values at the branch nodes were calculated from 1,000
replications.

Gene Correlation Analysis. WGCNA was used to identify associated gene
groups. For transcriptome analysis, 10 and 9 tissues for loquat and G. trifoliata
were used, respectively (Data Availability). We inferred a weighted undi-
rected coexpression network for different tissues of loquat and G. trifoliata
separately using the WGCNA (82) package in R with a soft thresholding
power of 16 and 18. Groups of closely correlated genes (form a module)
were identified by clustering genes based on the topological overlap matrix
and resulted dendrogram produced by cutreeDynamic method (parameters:
deepSplit = 2, pamRespectsDendro = FALSE, minModuleSize = 50). Non-
module genes were grouped as an artificial module (gray). Initial groups
with similar gene expression profiles (eigengene correlation >0.75) were
merged. We used exportNetworkToCytoscape in the WGCNA package to
create an edge file with weight value between two genes. The weight value
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referred to the connection strength between any two genes, with the higher
value referring to a stronger expression correlation.

Isolation of 0SCs and P450s for Triterpenes Biosynthesis. The cDNAs for tar-
geted genes were first cloned into pDNOR-207 entry vector by a BP reaction
(Gateway; Invitrogen). Constructs were verified by Sanger sequencing.
PEAQ-HT-DEST-1 was used as a destination vector for an attL-attR sites re-
combination (LR) reaction. The primers used in this study were listed in S/
Appendix, Table S7. Transient expression of OSCs and P450s in N. benthamiana
were performed as previously reported (45). Expression vectors were intro-
duced into Agrobacterium tumefaciens strain LBA4404. The strains harbor-
ing expression constructs were freshly grown on Lysogeny Broth medium
with antibiotic selection (50 pg - mL~" kanamycin, 50pg - mL~" rifamycin &
50 pg - mL~"' streptomycin) and incubated at 28 °C with 220 rpm until an
ODggo = 2 for about 16 h. LBA4404 cells were pelleted by centrifuging at
4,500 g for 20 min, and supernatants were discarded. The pellets were then
resuspended in freshly made MMA buffer (10 mM MgCI2, 10 mM MES/KOH
pH5.6, 150 pM acetosyringone) and diluted to ODggo = 0.2. For combinatorial
assay, strains harboring different constructs were mixed and infiltrated by a
syringe without a needle. Plants were grown to about six leaves stage.
Leaves were collected 6 d after infiltration.

Triterpene Analysis. Leaves were dried in a Frerzone 12L lyophilizer (Lab-
conco) before being ground into fine powder. For triterpene analysis, 5 mg
powder was taken and saponified by 500 uL saponification solution ethanol/
H,O/KOH pellets in 9:1:1 (volume[vollivol/iweight) at 70 °C for 1 h. The ethanol
was removed by evaporation for 1 h at 70 °C. The triterpenes were extracted
with 1 mL ethyl acetate/H,O in 1:1 (volivol). After centrifugation at 16,000 g
for 1 min, the supernatants were collected and dried under N, The extracts
were resuspended in 20 uL Methoxyamine hydrochloride-Pyridine mixture
(20 mg - mI™"; Sigma-Aldrich) and incubated at 37 °C for 2 h. A total of 30 puL
N-Methyl-N-(trimethylsilyl) trifluoroacetamide was added into the mixture and
incubated at 37 °C for another 30 min before GC-MS analysis. The triterpenes
were analyzed on an Agilent 7890A/5975C GC system equipped with an HP-5M
column (30 m x 0.25 mm x 0.25 pm). Helium at a flow rate of 1 mL - min~" was
used as carrier gas. We injected 1 pL of each extraction with a GC inlet at
250 °C. The oven temperature program began from 170 °C (held for 2 min) to
290 °C (held for 4 min) at a speed of 6 °C min™" and switched to 320 °C (held
15 min) at a rate of 20 °C min~". For metabolite identification, full mass spectra
were generated by scanning within the m/z range of 60 to 800. Triterpenes
were monitored by comparing both the retention time and mass spectra with
the authentic standards of BA (CAS no. 559-70-6), AA (CAS no. 508-04-3), OA
(CAS no. 508-02-1), UA (CAS no. 77-52-1), MA (CAS no. 4373-41-5), and CA (CAS
no. 4547-24-4). The internal standard (coprostanol, CAS no. 360-68-9) was
purchased from Sigma-Aldrich.

Quantification of Triterpenes. For triterpene quantifications of the Rosaceae
species, authentic standards at concentrations range from 5 pg - ml~' to
100 pg - ml~" (5, 10, 20, 30, 40, 50, 60, 70, and 100 pg - ml~") were used to
obtain calibration curves based on the peak area of each standard. Cali-
bration curves and coefficients of each standard are as follows: BA: y =
5.1338x + 4.7671, R = 0.9977; AA: y = 2.382x + 38.371, R? = 0.9972; OA: y=
3.1334x + 7.8062, R? = 0.9952; UA: y = 3.5107x + 8.8741, R* = 0.9969; MA: y =
5.7214x + 8.6611, R? = 0.9988; and CA: y = 5.6682x + 7.7736, R? = 0.9968. For
relative quantification of triterpenes in tobacco leaves, coprostanol at 5 pg -
ml~" was used as an internal standard. The ratios of products were calculated
as percentages of a peak area relative to the total identified peak areas.

Data Availability. The genome (loquat and G. trifoliata) and transcriptome
data have been deposited in the China National GeneBank DataBase (CNGB)
Nucleotide Sequence Archive (https:/db.cngb.org/cnsa) with accession number
CNP0001531. The cytochrome P450s that were functionally characterized in this
study were formally assigned as CYP716A125_Eriobotrya_japonica, CYP716AV6_
Eriobotrya_japonica, CYP716C17_Eriobotrya_japonica, CYP716C15_Eriobotrya
japonica, and CYP716A125_Gillenia trifoliata according to procedures of the
Cytochrome P450 homepage (83). All other study data are included in the article
and/or supporting information.
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