the plant journal

The Plant Journal (2022) 109, 891-908 doi: 10.1111/tpj.15600

Chromosome-level assembly of the Neolamarckia cadamba
genome provides insights into the evolution of cadambine
biosynthesis

Xiaolan Zhao'%" (79), Xiaodi Hu®" (), Kunxi OuYang'?", Jing Yang™**", Qingmin Que'?, Jianmei Long'?, Jianxia Zhang'?,
Tong Zhang'?, Xue Wang'?, Jiayu Gao'?, Xinquan Hu"?, Shugqi Yang'?, Lisu Zhang'?, Shufen Li®, Wujun Gao®, Benping Li®,
Wenkai Jiang®, Erik Nielsen"%, Xiaoyang Chen** and Changcao Peng'?*

"State Key Laboratory for Conservation and Utilization of Subtropical Agro-bioresources, South China Agricultural
University, Guangzhou 510642, China,

2Guangdong Key Laboratory for Innovative Development and Utilization of Forest Plant Germplasm, College of Forestry and
Landscape Architecture, South China Agricultural University, Guangzhou 510642, China,

3Novogene Bioinformatics Institute, Building 301, Zone A10 Jiuxiangiao North 13 Road, Chaoyang District, Beijing 100083,
China,

“4School of Chinese Medicinal Resource, Guangdong Pharmaceutical University, Guangzhou 510006, China,

5College of Life Sciences, Henan Normal University, Xinxiang 453007, China, and

Department of Molecular, Cellular, and Developmental Biology, University of Michigan, Ann Arbor, Michigan 48109, USA

Received 7 July 2021; revised 1 November 2021; accepted 18 November 2021; published online 22 November 2021.
*For correspondence (e-mails ccpeng@scau.edu.cn; xychen@scau.edu.cn).
"These authors contributed equally to this work.

SUMMARY

Neolamarckia cadamba (Roxb.), a close relative of Coffea canephora and Ophiorrhiza pumila, is an important
traditional medicine in Southeast Asia. Three major glycosidic monoterpenoid indole alkaloids (MIAs),
cadambine and its derivatives 3p-isodihydrocadambine and 3f-dihydrocadambine, accumulate in the bark
and leaves, and exhibit antimalarial, antiproliferative, antioxidant, anticancer and anti-inflammatory activi-
ties. Here, we report a chromosome-scale N. cadamba genome, with 744.5 Mb assembled into 22 pseudo-
chromosomes with contig N50 and scaffold N50 of 824.14 Kb and 29.20 Mb, respectively. Comparative
genomic analysis of N. cadamba with Co. canephora revealed that N. cadamba underwent a relatively
recent whole-genome duplication (WGD) event after diverging from Co. canephora, which contributed to
the evolution of the MIA biosynthetic pathway. We determined the key intermediates of the cadambine bio-
synthetic pathway and further showed that NcSTR1 catalyzed the synthesis of strictosidine in N. cadamba.
A new component, epoxystrictosidine (C27H34N2010, m/z 547.2285), was identified in the cadambine bio-
synthetic pathway. Combining genome-wide association study (GWAS), population analysis, multi-omics
analysis and metabolic gene cluster prediction, this study will shed light on the evolution of MIA biosyn-
thetic pathway genes. This N. cadamba reference sequence will accelerate the understanding of the evolu-
tionary history of specific metabolic pathways and facilitate the development of tools for enhancing
bioactive productivity by metabolic engineering in microbes or by molecular breeding in plants.

Keywords: genome, cadambine biosynthesis, strictosidine synthase, Neolamarckia cadamba, medicinal
plant, evolution.

INTRODUCTION . . .
is also noted for the production of important plant alka-

The evergreen tropical tree Neolamarckia cadamba (Roxb.)
Bosser (Rubiaceae), commonly known as Kadamba or
Kodom, belongs to the Rubiaceae family, which is the
fourth largest family of angiosperms, consisting of more
than 660 genera and 11 000 species (Razafimandimbison,
2002, Robbrecht and Manen, 2006). The Rubiaceae family

loids, which includes well-known plant species such as
Coffea canephora and Ophiorrhiza pumila (Kai et al., 2015;
De Luca et al., 2014; Rai et al., 2021; Sadre et al., 2016; Tran
et al., 2018). In 1972 N. cadamba was called a ‘miracle tree’
by the World Forestry Congress (WFC) for its considerable
economic potential as a fast-growing timber wood and
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traditional medicinal resource in tropical and subtropical
regions (Dwevedi et al., 2014; Pandey and Negi, 2016). The
stems, bark and leaves of N. cadamba have been widely
used to treat a number of diseases, such as diabetes, ane-
mia, stomatitis, leprosy, cancer and a variety of infectious
diseases in Southeast Asia (Pandey and Negi, 2016).
Although in-depth studies to clarify the active metabolites
responsible for the various pharmacological activities
attributed to N. cadamba are lacking, recent studies have
pinpointed that its three major glycosidic monoterpenoid
indole alkaloids (MIAs), cadambine and its derivatives 3p-
isodihydrocadambine and 3p-dihydrocadambine, exhibit
antimalarial, antiproliferative, antioxidant, anticancer and
anti-inflammatory activities (Chandel et al., 2014, 2017;
Dwevedi et al., 2014; Yuan et al., 2020).

Since its original discovery in N. cadamba (syn. Antho-
cephalus chinensis), cadambine was also found to accu-
mulate in Emmenopterys henryi, Haldina cordifolia and
Uncaria species in the Rubiaceae family (Chen et al., 2020;
Handa et al., 1983; Wang et al., 2019; Wu et al., 2013). The
structure of cadambine was first determined by Handa and
co-workers in 1983 and its biosynthesis was deduced to be
derived from strictosidine, in which C-18 is cyclized to N-4,
with an ether bridge linking C-3 and C-19 (Handa et al.,
1983). Most MIAs originate from the common precursor 3-
ol S)-strictosidine formed by stereospecific condensation of
the indole metabolite tryptamine and the end product
secologanin in the iridoid (also called secoiridoid) branch
(De Luca et al., 2014). However, it remains unknown
whether this seco-iridoid pathway exists in N. cadamba.
Therefore, determining the key intermediate strictosidine
and characterizing the functional strictosidine synthase
(STR) is required to elucidate the cadambine biosynthetic
pathway in N. cadamba.

Here we report a chromosome-level genome assembly of
N. cadamba (2n = 44 chromosomes) obtained through a
combination of lllumina and PacBio data platforms. We
used a high-throughput chromosome conformation capture
(Hi-C) map (Burton et al., 2013) to cluster the majority of
the assembled contigs onto 22 pseudochromosomes. The
N. cadamba genome was compared with Co. canephora
and 12 other available plant genomes to investigate whole-
genome duplication (WGD) events and the expansion/
contraction of gene families. We further determined the
key intermediate strictosidine, the known MIAs 3o-
dihydrocadambine and cadambine and a new component,
epoxystrictosidine, by mass spectrometry and NMR spec-
tra, and characterized the first ‘Pictet-Spenglerase’ NcSTR1
in N. cadamba. A total of 112 N. cadamba accessions col-
lected from Southeast Asia were sequenced to discover
more loci and candidate genes for cadambine biosynthesis
based on genome-wide association study (GWAS) and
population-level analysis. This study revealed the evolution
of cadambine biosynthesis in N. cadamba and is likely

to provide additional insight into plant specialized
metabolites.

RESULTS
Genome sequencing, assembly and annotation

The genome size of N. cadamba (2n = 2x= 44 chromo-
somes) was estimated to be approximately 754 Mb, with
0.69% heterozygosity and 54.29% repetition, based on the
k-mer distribution analysis (Figure S1; Table S1). We
obtained a total of 92.97 Gb subreads (123.25 x) generated
from the PacBio Sequel platform, plus another 52.30 Gb
reads (69.33 x) from the lllumina platform, 184.45 Gb
10X Genomics data (244.52 x) and 89.59Gb Hi-C data
(118.81 x) (Table S2). raLcon (Chin et al., 2016) was used
for the initial assembly of the PacBio reads, which were
then polished and error-corrected with both PacBio and
Illumina reads. 10X Genomics data was used to anchor
contigs into scaffolds. Finally, using LAcHEsIs, the assembled
scaffolds were anchored to 22 pseudochromosomes based
on Hi-C data (Figure 1a). A high-quality chromosome-level
genome assembly of N. cadamba was obtained with a
total length of 744.5 Mb, a contig N50 of 824.14 Kb and a
scaffold N50 of 29.20 Mb (Figure 1a; Table 1). The total
length of the assembly was 744.5 Mb, which represents
98.7% of the estimated genome size.

To evaluate the quality of the assembly, we first mapped
the lllumina reads back to the scaffolds, with a mapping
rate of 98.11% and a coverage rate of 94.43%, respectively
(Table S3). Second, we also evaluated the assembly using
1614 Benchmarking Universal Single Copy Orthologs
(BUSCO) genes from embryophyta (Simao et al., 2015) and
248 highly conserved core eukaryotic genes (CEGs) (Parra
et al., 2007), which showed that 1563 genes (96.8%) were
annotated and 243 genes (98.0%) were identified in our
assembly, respectively (Table S4). Third, the reads of RNA-
seq data from 24 samples were mapped to the genome
assembly using Hisat2 (Kim et al., 2015a, 2019). The align-
ment rate of 23 of these RNA samples was over 95%, with
the remaining sample aligning at 89.18% (Table S5). Taken
together, these results indicate that the assembly of
N. cadamba has high accuracy and completeness.

Using a combination of ab initio and evidence-based
methods, we predicted a total of 35 461 protein-coding
genes with an average gene length of 3489 base pairs and
an average of 4.7 exons per gene (Table 1). Approximately
96.4% of the genes with shared homology with known
genes in NR, Swiss-Prot, KEGG and InterPro databases
were functionally annotated (Table S6). In addition, we
performed homology searches and annotated non-coding
RNA (ncRNA) genes (Table S7), yielding 666 transfer RNA
(tRNA) genes, 1642 ribosomal RNA (rRNA, 5S, 5.8S, 18S,
28S) genes, 2701 small nuclear RNA (snRNA) genes and
1053 microRNA (miRNA) genes.
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Figure 1. High-throughput chromosome conformation capture (Hi-C) map and overview of the genomic features of the 22 Neolamarckia cadamba pseudochro-
mosomes and evolutionary analyses. (a) Hi-C map of the N. cadamba genome showing genome-wide all-by-all interactions. (b) Characteristics of the 22 chro-
mosomes of N. cadamba. From outermost to innermost layers: (i) circular representation of the 22 chromosomes; (ii-vi) densities of transposable element,
gene, GC, miRNA and tRNA; and (vii) densities of snRNA density and syntenic blocks (the densities were calculated in 100-Kb windows.) (c) Phylogenetic tree
with 402 single-copy orthologs from 14 species identified by OrthoMCL to show divergence times and expanded/contracted gene families. (d) Distribution of
4DTv distance of homologous genes from N. cadamba (Nca), Coffea canephora (Cca) and Solanum tuberosum (Stu). (e) Synteny blocks between N. cadamba,

Co. canephora and Ophiorrhiza pumila.

Repeat annotation revealed that 52.9% (394.1 Mb) of the
assembled N. cadamba genome comprises transposable
elements (TEs) (Figure 1b; Table S8). Retrotransposons
were found to be the dominant class of repeat elements
(48.2%), whereas DNA transposons account for 2.89% of
the genome.

Evolution of the N. cadamba genome and comparative
genomic analysis

To classify gene families in the N. cadamba genome,
orTHoMmcL (Li et al., 2003) was used to infer proteins from all
14 plant species (Table S9), generating a total of 32 185
orthologous gene families and 402 single-copy orthologous
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Table 1 Global statistics for Neolamarckia cadamba genome
assembly and annotation

Number Size

Genome assembly

Total contigs 2881 741.90 Mb

Contig N50 225 824.14 Kb

Contig N90 1023 136.8 Kb

Total scaffolds 807 744.45 Mb

Scaffold N50 1" 29.20 Mb

Scaffold N90 22 24.51 Mb

Pseudochromosomes 22 744.5 Mb
Genome annotation

Predicted protein-coding genes 35 461

Average gene length (bp) 3489.6 bp

Average CDS length (bp) 1151.7 bp

Average exons per gene 4.7
Average exon length (bp)
Average intron length (bp)

245.1 bp
632.0 bp

genes shared across 14 species. Phylogenetic analysis
revealed that N. cadamba diverged from Solanum tubero-
sum  (Solanaceae), O. pumila  (Rubiaceae) and
Co. canephora (Rubiaceae) at around 80.4, 41.7 and
31.0 mya, respectively (Figure 1c). Compared with
Co. canephora, 40 gene families underwent expansion in
N. cadamba (Figure 1c). Functional annotation of these
expanded genes demonstrated that 161 Gene Ontology
(GO) terms and 10 KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathways were significantly enriched (false-
discovery rate, FDR, cut-off of <0.05) and were involved in
defense and sugar metabolism. Among defense response
functions, there is a clear expansion of G protein binding
site resistance and defense response genes in the
N. cadamba genome. Another interesting expanded gene
family is the GH1 B-glucosidase (BGLU) family, members of
which are not only involved in starch and sucrose metabo-
lism, but also play a role in the biosynthesis of phenylpro-
panoid and secondary metabolites (Ketudat Cairns & Esen,
2010, Xia et al., 2012). These expanded gene families may
reflect the rapid growth, synchronized metabolite synthesis
and specific adaptations to tropical environments for
N. cadamba (Figure 1c).

Synteny analysis revealed that two peaks (4DTv distances
of approx. 0.17 and 0.51) were observed in the N. cadamba
genome (Figure 1d). All gene pairs showed a shallow peak
at 0.51, likely reflecting a gamma triplication event (whole-
genome triplication, WGT-y) that occurred approximately
70 mya in core eudicots (Paterson et al., 2004). The 4DTv
distribution also recovered the WGT-y in Co. canephora,
consistent with the previous findings (Denoeud et al., 2014;
Hu et al., 2019). Another peak at 0.17 indicated that
N. cadamba underwent a relatively recent WGD event after
diverging from Co. canephora (Figure 1d), which was fur-
ther supported by the distribution of the synonymous

substitution rate (K;) (Figure S2). Intergenomic colinearity
analysis demonstrated a 2:1 syntenic relationship between
N. cadamba and Co. canephora, and 186 syntenic blocks
were identified in N. cadamba by comparison with the
Co. canephoragenome (Figure 1e). KEGG pathway analysis
revealed that the duplicated genes from the recent WGD
were enriched with terms such as ‘glucose metabolism’ and
‘terpene synthase’ (Table S10).

In this study, we also conducted a positive selection
analysis using the genomic sequences of N. cadamba and
three close relatives. A total of 443 genes were found to
possibly be under positive selection (PSGs, P < 0.01,
FDR < 0.05) using the branch-site model of pamL (Yang,
2007). KEGG functional classification of the 443 PSGs
(Table S11) showed that the associated categories included
‘N-Glycan biosynthesis’, ‘Glycolysis/Gluconeogenesis’,
‘Starch and sucrose metabolism’ and ‘Plant-pathogen
interaction’.

Characterization of cadambine and the key intermediates

We first confirmed the structure of cadambine by quadru-
pole time-of-flight (Q-TOF) liquid chromatography with tan-
dem mass spectrometry (LC-MS/MS) (Figures 2a and S3)
(Chandel et al., 2012, 2017) and NMR spectra (Figure S3)
(Handa et al.,, 1983). The standard tryptamine, 3o-
dihydrocadambine (Takayama et al., 2003) and epoxystric-
tosidine were also analyzed by high-resolution mass spec-
trometry(Figures 2a and S3). Second, the extracts from the
leaves and bark of N. cadamba were analyzed, and this
analysis revealed that N. cadamba accumulated tryptamine
(Figure 2¢,f) in the leaves, and strictosidine (Figure 2c,g),
epoxystrictosidine  (Figure 2d,i),  3a-dihydrocadambine
(Figure 2d,h) and cadambine (Figure 2e,j) in the bark. Two
compounds were resolved with the same m/z values
(547.2285) (Figure 2h,i): one was matched with the peak
at 12.30 min, as standard for 3a-dihydrocadambine
(Cy7H34N2040), and another matched with the peak at
13.57 min, as standard for epoxystrictosidine (Cy7H34N204)
(Figure 2d). Notably, the key intermediate strictosidine was
detected. The MS/MS spectrum of the ion at m/z 531
(Figure 2g) displayed the same fragmentation pattern as
the molecules at: m/z 369 (Cy;H24N,0g) (m/z 531 — 369,
loss of glucose with 162 Da); m/z 514 (Cy7H3/NOg) (m/
7531 —» 514, loss of NH; with 17 Da); and m/z 352
(C21H21NOg) (m/z 531 — m/z 352, loss of glucose and NHs).
This identical fragmentation pattern is consistent with the
MIA strictosidine previously reported in Strychnos peckii
(Santos et al., 2020).

Screening of Neolamarckia strictosidine synthase gene
candidates and functional identification of NcSTR1

Previous orthogene-based analysis showed that the copy
number of the STR family expanded in two Rubiaceae spe-
cies (35 and 28 copies in N. cadamba and Co. canephora,
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Figure 2. Components characterized by Q-TOF LC-MS/MS in Neolamarckia cadamba. The leaf and bark extracts of N. cadamba were characterized by Q-TOF LC-
MS/MS (see Experimental procedures). (a, b) LC-MS chromatograms of the four authentic standards: tryptamine, cadambine, 30-dihydrocadambine and expoxy-
strictosidine, respectively. (c) Detection of tryptamine from the leaves and strictosidine from the bark of N. cadamba by LC-MS. (d, e) Expoxystrictosidine, 3a-
dihydrocadambine and cadambine were detected in the bark of N. cadamba by LC-MS. (f-j) MS/MS chromatograms indicated the substances represented by
the peaks in (c-e) as tryptamine (f, 3.62 min), strictosidine (g, 13.02 min), 3a-dihydrocadambine (h, 12.30 min), expoxystrictosidine (i, 13.57 min) and cadambine

(j, 12.33 min), respectively.

respectively), compared with Arabidopsis thaliana, Cathar-
anthus roseus, Theobroma cacao. Of the 35 putative
NcSTRs (Figure 3b), seven NcSTRs were grouped with a
conserved clade containing the characterized strictosidine
synthase gene CRO T006099 (Kellner et al., 2015)
(Figure S4), whereas only five NcSTRs (NcSTR1, 13, 14, 22
and 27) share over 45% aa identities with CrSTR. Sequence
alignment of these predicted NcSTRs with CrSTR1 (Press-
nitz et al., 2018), RsSTR1 (Ma et al., 2006) and OpSTR1
(Eger et al., 2020) demonstrated that most previously iden-
tified active site residues, such as Cys89/Asn91/Cys101 in
RsSTR1, Trp145/Tyr147 in OpSTR1 and the essential active
site glutamate residue (Glu309 in RsSTR1, Glu301 in
OpSTR1 and Glu315 in CrSTR1) were highly conserved in
NcSTR1, NcSTR13 and NcSTR14 (Figure 3a). Moreover,

NcSTR1 (evm.model.Contig69.90) physically clustered with
NcTDC2 (evm.model.Contig69.91) in the N. cadamba
genome and the predicted NcTDC2 protein shares 71 and
84% sequence identities with the functional tryptophan
decarboxylases of Ca. roseus (De Luca and Cutler, 1987)
and O. pumila (Yamazaki et al., 2003), respectively, and
thus we examined the catalytic activities of the expressed
NcSTR1 enzyme first.

The coding sequence of NcSTRT1 was expressed in
Escherichia coli and recombinant His-tagged proteins were
purified by affinity chromatography (Figure S5). The puri-
fied NcSTR1 was mixed with excess tryptamine and seco-
loganin (Figure 3c) and a reaction product of strictosidine
was produced and detected by HPLC-MS/MS. Two ion
pairs, 531.10 ->352.20 (blue curve) and 531.10 ->514.25
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Figure 3. Neolamarckia strictosidine synthase gene candidate selection and functional identification of NcSTR1. (a) Alignment of the active domains in strictosi-
dine synthases (STRs) from Ophiorrhiza pumila (Op), Catharanthus roseus (Cr), Rauvolfia serpentine (Rs) and the five Neolamarckia candidates homologous
with the highest similarity to CrSTR at amino acid level. Previously reported active site residues of OpSTR (Q94LW9; Eger et al., 2020), CrSTR (CAA43936.1;
Pressnitz et al., 2018) and RsSTR (P68175.1; Ma et al., 2006) were indicated in red letters under the aligned sequences. The essential active site glutamate residue
(Glu309 in RsSTR1) was highly conserved in NcSTR1, NcSTR13 and NcSTR14. (b) The expression profile of all of the predicted 35 Neolamarckia STRs in 16 tis-
sues. Bark (B), bud, cambium (C), young fruit (FR), old leaves (OL), phloem (P), root (R), young leaves (YL), xylem (primary xylem, PX; transitional xylem, TX;
secondary xylem, SX), cambium (transitional cambium, TCA; secondary, SCA) and phloem (primary phloem, PPH; transitional phloem, TPH; secondary phloem,
SPH) from the first, second and fourth internodes. The second internode of the 1-year-old seedling was identified as the transition from primary growth to sec-
ondary growth. (c) NcSTR1 catalyzed the Pictet-Spengler reaction of tryptamine with secologanin. In the in vitro catalytic reaction, tryptamine and secologanin
were used as substrates to synthesize strictosidine. The curves in blue and pink indicate the 531.10 ->352.20 and 531.10 ->514.25 ion pairs, respectively; the black
curve is the superimposed curve, combining the blue and pink curves. (i) The standard of strictosidine. (ii) The negative control without the enzyme NcSTR1
48 h after the reaction. (iii) The NcSTR1 catalyzed 24 h after the reaction. (iv) The NcSTR1 catalyzed 48 h after the reaction. (v) The Pictet-Spengler chemical

reaction catalyzed by NcSTR1.

(pink curve), were selected as parameters for multiple reac-
tion monitoring (MRM). With the catalyzation of NcSTR1,
the peak area of the resulting strictosidine increased after
48 h of reaction, compared with 24 h (Figure 3c). The con-
trol without NcSTR1 did not have the relative peak. These
results indicate that NcSTR1 could catalyze the synthesis
of strictosidine in N. cadamba.

Integrated transcriptome and metabolome analysis for
cadambine biosynthetic gene discovery

The detection of strictosidine in Neolamarckia bark indi-
cated that N. cadamba possesses the same upstream path-
way for the formation of strictosidine as that of Ca. roseus
(Figure 4a). The gene lists involved in the mevalonate
(MVA)/methylerythritol phosphate (MEP) and shikimate/
indole pathways in N. cadamba were obtained by the pre-
liminary screening (Table S12), and those with more than
75% aa identity to Catharanthus functional genes were
selected as candidate biosynthetic genes (Table S13). The
genes predicted to be involved in the seco-iridoid biosyn-
thesis pathway (GES, G8H, GOR, IS, 10, 7-DLGT, 7-DLH,
LAMT and SLS) in N. cadamba (Table S13) only contained
orthologs with more than 65% aa identity with functional
genes from Ca. roseus and O. pumila (Brown et al., 2015;
Kai et al., 2015; Kellner et al., 2015; Salim et al., 2013). We
found that most genes related to strictosidine synthesis
(i.e. GPPS, GES, DLGT, LAMT, SLS and TDC) underwent
the recent WGD event after diverging from Co. canephora
(Ks < 1in Table S14), indicating that the recent WGD event
was important to the evolution of cadambine biosynthesis.

As for the downstream pathway after strictosidine syn-
thesis in N. cadamba, the biogenesis of the dihydrocadam-
bines may involve the epoxidation of strictosidine followed
by the internal opening of the epoxide, closing the seven-
membered ring and producing 3a-dihydrocadambine. After
that, 3o-dihydrocadambine would be catalyzed by hydro-
lases to form cadambine (Figures 4a and S6). Consistent
with this prediction, we found that the epoxystrictosidine
(C27H34N2010, m/z 547.2285) accumulated in Neola-
marckia bark (Figure 2f). Therefore, the biosynthetic
enzymes with monooxygenase activity, hydrolase activi-
ties, acyltransferase activity and glucosidase activities,

such as cytochrome P450s (CYP), squalene epoxidases
(SQE), oxidosqualene cyclases (OSCs), zeaxanthin epoxi-
dase (ZEP), soluble epoxide hydrolase (SEH), violaxanthin
de-epoxidase (VDEs), BAHD and serine-carboxypeptidase-
like acyltransferases (ACT), strictosidine glucosidase (SG),
etc., are proposed to serve as possible organizers in the
cadambine synthetic pathway (Almeida et al., 2018; Car-
queijeiro et al., 2018a, 2018b; Leonelli et al., 2017; Ma et
al., 2005; Qu et al., 2018; Shang and Huang, 2020; Tatsis et
al., 2017; Xia et al., 2012; Zheng et al., 2019). In order to
identify more biosynthetic gene candidates, we further
conducted RNA-seq analysis, GWAS, population analysis
and gene cluster prediction.

RNA-seq analysis with 16 different tissues of N. cadamba
revealed that the putative seco-iridoid biosynthetic genes
had two distinctive co-expression patterns (Figure 4b). One
set included NcGES7T-NcIS1-NclO1-NeDLGT1/3, which
showed high expression in bark, bud and young leaves,
and another set, NcLAMT1/2 and NcSLS4, exhibited moder-
ate expression in most of the collected tissues except for
fruit, old leaves, roots and xylem. Moreover, NcLAMT1/2
and NcSLS4 co-expressed with NcTDC2 (Figures 4b and
S7), indicating that the synthesis of secoiridoid was coordi-
nated with the indole precursors needed for cadambine pro-
duction. In addition, NcSTR1/14/19/29/35 and NcSQE1/6
exhibited co-expression patterns similar to that of
NcLAMT1/2 and NcTDC2 (Figures 3b, 4b and S8).

To assess the regulatory processes that control the accu-
mulation of strictosidine, tryptamine and cadambine in dif-
ferent organs, five tissues (bark, bud, young leaves, old
leaves and fruits) from the individual tree sampled for
genome sequencing were used as the source of transcripts
and metabolites. The transcripts were quantified by RNA-
seq expression analysis (fragments per kilobase of tran-
script per million mapped reads, FPKM) and the metabolite
contents (ug) per gram fresh weight of five tissues were
determined using an LC-MS-based method. We calculated
the Pearson correlations among the contents of strictosi-
dine, tryptamine, cadambine and gene transcript levels,
respectively. The correlation analysis (using a coefficient of
>0.9 as the cut-off ) showed that the expression level of
NcSTR1 was strongly associated with strictosidine content,
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Figure 4. The predicted cadambine biosynthetic pathway and monoterpenoid indole alkaloids (MIA) biosynthetic gene candidates. (a) Proposed cadambine bio-
synthetic pathway in plants. Dotted lines indicate there are multiple steps between intermediates. (b) The expression profile of all Neolamarckia candidate bio-
synthetic genes for the seco-iridoid pathway in 16 tissues. Bark (B), bud, cambium (C), young fruit (FR), old leaves (OL), phloem (P), root (R), young leaves (YL),
xylem (primary xylem, PX; transitional xylem, TX; secondary xylem, SX), cambium (transitional cambium, TCA; secondary, SCA) and phloem (primary phloem,
PPH; transitional phloem, TPH; secondary phloem, SPH) from the first, second and fourth internodes. Enzymes in abbreviations are: 7-DLH, 7-deoxyloganic acid
hydroxylase (CYP72A224); 8-HGO, 8-hydroxy-geraniol oxidoreductase; AS, anthranilic acid synthetase; Cal00MT, Camptotheca acuminata 10-
hydroxycamptothecin O-methyltransferase; CPR, NADPH-cytochrome P450 reductase; DLGT, 7-deoxyloganetic acid UDP-glucosyltransferase; G10H, geraniol-10-
hydroxylase; GES, geraniol synthase; 10, iridoid oxidase (CYP76A26); IS, iridoid synthase; LAMT, loganic acid O-methyltransferase; SGD, strictosidine p-
glucosidase; SLS, secologanin synthetase; STR, strictosidine synthase; TDC, tryptophan decarboxylase; THAS, tetrahydroalstonine synthase (Kai et al., 2015; Wu

et al., 2018; Rai et al., 2021; Qu et al., 2018; Yang et al., 2019).

and that NcSTR14 (evm.model.Contig341.115) and NcSLS3
(evm.model.Contig60.399) were strongly associated with
cadambine content (Table S15). Two NcCYPs (evm.model.-
Contig208.74 and evm.model.Contig708.57) and NcOSC1
(evm.model.Contig207.232) were also identified to be
strongly associated with cadambine content in the net-
work. Both NcCYPs were assigned into the CYP72A sub-
family, which contained numerous essential components
in MIA-producing plants (Figure S9) (Urlacher and Girhard,
2019; Zheng et al., 2019). In addition, the expression level
of 12 transcription factors (TFs) were highly correlated with
the cadambine accumulation pattern. Of these, evm.mo-
del.Contig28.407 putatively encoded a basic helix-loop-
helix (bHLH) TF with 50 and 45% aa identity with CrBIS1
and CrBIS2, respectively (Van Moerkercke et al., 2015,
2016).

GWAS and population identification of genes potentially
related to cadambine biosynthesis

To gain further insights into the cadambine synthetic path-
way, we conducted a GWAS using 112 individuals col-
lected from 27 populations distributed widely in Southeast
Asia (Table S16). We identified 5 786 667 high-quality
single-nucleotide polymorphisms (SNPs) based on the ref-
erence genome. To establish the SNP-based identification

of genotype-phenotype associations, we examined the
contents of strictosidine, tryptamine and cadambine in the
extracts from the bark and young leaves of 112 Neola-
marckia accessions by high-resolution mass spectrometry.
The association between each SNP and the phenotype was
conducted in a mixed linear model using Gemma (Zhou and
Stephens, 2014). GWAS revealed that the candidate geno-
mic loci responsible for Neolamarckia strictosidine and
cadambine accumulation were associated with NcSTR3/4/
13, NcTDC2 and most of the putative genes in the seco-
iridoid biosynthesis pathway (Table S17). GWAS also
revealed new biosynthetic gene candidates, including
NcSQE7, NcSEH7, NcCPR1 and six NcCYPs, putatively
involved in the epoxidation and hydrolysis of epoxide
(Meijer et al., 1993; Zheng et al., 2019), that were associ-
ated with the significant loci responsible for cadambine
accumulation (Table S18).

In this study, we also conducted population-level analy-
sis of genetic variation of N. cadamba using 31 accessions
with high, medium or low cadambine levels. To observe
the divergence among the three groups at the genomic
level, we constructed a neighbor-joining phylogenetic tree
and performed principal component analysis (PCA) of
members of clade 3 (Figure 5a,b). We observed similar
results in phylogenetic tree and PCA analyses.
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Figure 5. Population analysis of Neolamarckia cadamba accessions based on cadambine content. (a) A neighbor-joining phylogenetic tree of the 31 accessions
based on their cadambine content. (b) Principal component analysis of the selected 31 accessions. (c) Decay of linkage disequilibrium (LD), measured by 7, in
the four groups. (d) Selective signals in the whole genome between different ecotypes. (e) Manhattan plot of 6n-based detection of selective sweeps identified
by comparison between two groups with high and low cadambine content. KEGG enrichment candidate genes associated with cadambine biosynthesis are
highlighted with red arrows.
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Figure 6. The structure and evolution of the predicted cadambine biosynthetic gene clusters and tandem duplications. (a) Schematic diagram of the predicted
gene clusters and tandem duplicates in Neolamarckia cadamba: NcSMASH35, TDC/STR1/CYPs; NcMCL22, CYP716/NcSTR14/BGLUs; NcMCL18, GES/NcSTR13/
CYPs; NcSMASH9, NcSMASH65 and NcMCL20, tandem duplicated NcSTRs; NcMCL7, tandem duplicated NcSLSs; NcMCL9, tandem duplicated NcTDCs. (b) Evo-
lution of two genomic regions encompassing gene clusters NcMCL10, NCMCL19, NcMCL23 and NcSMASH67 and the expression profile of the putative biosyn-
thetic genes in these clusters: NcMCL10, NcLAMT1/NcDL7H/CYPs; NcMCL19, NcLAMT2/Cytb5/CYP; NcMCL23 and NcSMASH67, tandem duplicated NcCYP72s.
(c) Evolution of the predicted gene cluster with NcSQE1/IS/ISY/CYP81. (d) Evolution of tandem duplicated basic helix-loop-helix (bHLH) transcription factors
(TFs) in NcMCL25 and NcMCL24. Enzyme abbreviations: ACT, acyltransferase; ATX, copper transport protein ATX family; BGLU, p-glucosidase; BHLH25, tran-
scription factor bHLH25; CHX, cation/H(+) antiporter; CPS, terpenoid cyclases; CYP, cytochrome P450s; ERF, ethylene-responsive transcription factor; GES, gera-
niol synthase; GRF, growth-regulating factor; IS, iridoid synthase; ISY, iridoid synthase paralog; MATE, multidrug and toxin extrusion protein; MCTS, malignant
T-cell-amplified sequence; MFS, major facilitator superfamily protein; NRAMP, metal transporter Nramp family; PRS, disease resistance protein; SEH, soluble
epoxide hydrolase; SLS, secologanin synthetase; SQE, squalene epoxidase; SWEET, bidirectional sugar transporter; TDC, tryptophan decarboxylase; TPS, terpe-
noid synthase.

We also analyzed the linkage disequilibrium (LD) decreased to half of its maximum value. The three groups

throughout the whole genome. LD (indicated by A
decreased with physical distance between SNPs in all
groups. The average distance of LD for each group was
measured as the chromosomal distance when LD

showed different extents of genome-wide LD decay, with
LD decaying fastest in populations with low cadambine
levels and slowest in populations with high cadambine
levels (Figure 5c¢). Then, we explored the genomic regions
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with high divergence to try to identify genes possibly
involved in cadambine metabolism and/or accumulation.
According to an empirical procedure described in a previ-
ous study (Li et al., 2013), the intersection regions with the
top low or high = ratios and the top high fixation index
(Fst) values between ecotype groups were identified as
selective sweeps.

We calculated the Fst values between subgroups, and
the genomic regions with Fst values in the top 5% were
considered highly differentiated (Weir and Cockerham,
1984). We estimated the population diversification parame-
ters, n and Oy, and found that the overall nucleotide diver-
sity in species with high cadambine level was higher than
that in species with low or medium cadambine levels
(high-cadambine level species, m = 0.0023440 and 6y =
0.0019451; low-cadambine level species, n = 0.0023134 and
Ow = 0.0018883) (Figure 5d). KEGG analysis (FDR < 0.05)
indicated the genes harbored in these selective sweeps
were involved in cadambine biosynthesis (e.g. sesquiterpe-
noid and triterpenoid biosynthesis, terpenoid backbone
biosynthesis and indole alkaloid biosynthesis; Figure 5e;
Table S19).

Prediction of biosynthetic gene clustering and tandem
duplication in N. cadamba

Biosynthetic gene clusters (BGCs) for a wide variety of natural
products have now been reported from diverse plant species
(Li et al., 2021). The definition of a metabolic gene cluster
requires that it should contain genes encoding at least three
different types of tailoring enzymes (Jacobowitz and Weng,
2020; Niutzmann et al., 2016; Schlapfer et al., 2017). We sys-
tematically mined the N. cadamba genome sequence to iden-
tify all the BGCs with the plantiSMASH algorithm (Kautsar et
al., 2017). This identified 67 possible gene clusters across the
22 pseudochromosomes (Table S20). Moreover, we identi-
fied additional BGCs that included at least one gene involved
in the seco-iridoid pathway, or NcTDC/NcSTR, with a physical
size of <600 kb (Table S21).

A notable 12-gene cluster (NcSMASH35) within a 340-kb
region in chromosome 11 was identified, which included
functionally characterized NcSTR1, NcTDC2 and five tan-
dem duplicated CYP71D subfamily members, a CYP76
member and four TPSs (Figure 6a). A predicted transporter
gene evm.model.Contig69.96 putatively encoding a major
facilitator superfamily protein with moderate expression in
all the tissues was present in this NcTDC2/NcSTR1 gene
cluster, similar to the previous reports in Rhazya stricta
(Sabir et al., 2016), Gelsemium sempervirens and
O. pumila (Rai et al., 2021). All the six NcCYPs in this clus-
ter were derived from the recent WGD event (K < 1), and
the closest match of the five NcCYP71D paralogs is the
Ca. roseus tabersonine 3-oxygenase gene (CrT30,
AEX07771) with 51-58% identity at the amino acid level
(Figure S9).

Chromosome-scale Neolamarckia cadamba genome 901

In N. cadamba, we identified two genes with 88% iden-
tity at the nucleotide level (evm.model.Contig267.36 and
evm.model.Contig625.59) putatively encoding loganic acid
O-methyltransferase (LAMT). The sequence alignment of
the predicted NcLAMT1/2 with CrLAMT (CRO_T028497)
revealed that all the identified active site residues of
CrLAMT (Y159, H162, W163, P227, A241, H245, Q273,
H275, P302, Q316, 1320 and D359) were conserved in
NcLAMT1/2 (Figure S10). Two genomic regions with
NcLAMT1/2 located on pseudochromosome 10 (25.31-
25.13 Mb) and pseudochromosome 22 (3.78-5.73 Mb)
were identified, and included the gene clusters NcMCL10,
NCMCL19, NcMCL23 and NcSMASH67 (Figure 6b). In
NcMCL10, the Neolamarckia-specific 7-DLH homolog
evm.model.Contig188.56 (86% aa identity with CrDL7H) is
located approximately 600 kb from NcLAMT1, and two
other NcCYP72As were closely adjacent to the predicted
NcDL7H. Interestingly, the two cadambine biosynthetic
candidates (evm.model.Contig208.74 and evm.model.Con-
tig708.57) identified in the gene-metabolite network were
also distributed in NcSMASH67 and NcMCL23, respec-
tively, implying a selection pressure favoring the cluster-
ing of genes associated with MIA production in
N. cadamba.

The gene cluster NcMCL15 located on pseudo-
chromosome 20 consists of NcIS1/2, NcSQE1 and two
NcCYP81s (Figure 6¢). A syntenic region with high sequence
similarity and gene localization on pseudochromosome 16
was identified in N. cadamba. Synteny analysis among
O. pumila, N. cadamba and Co. canephora further revealed
that N. cadamba had undergone a WGD. This is further sup-
ported by the low median K value (approx. 0.41) of gene
paralogs for most genes in NcMCL 15 after excluding the two
key genes NclS7and NclS2. NcSQE1is located approximately
300 kb from NclSTin cluster NcMCL15, and the co-expression
profiles of NcSQE1/6, NcLAMT1/2, NcTDC2 and NcSTR1/14
suggest that NcSQE 1/6 might be involved in the epoxidation
of strictosidine.

Another predicted cluster (NcSMASH17) in N. cadamba
is located on pseudochromosome 4 and consists of
NcSQE4, an MYB TF gene with high similarity to OpMYB1
(BAU61355.1, 83% aa identity) and a subtilisin-like protease
(SBT) gene associated with cadambine content in the
gene-metabolite network (Table S15). OpMYB1 is an R2R3-
MYB repressor that acts as a negative regulator of MIA
production, and its overexpression in hairy roots of
O. pumila resulted in the reduced production of camp-
tothecin and the reduced expression of OpTDC (Ma and
Constabel, 2019; Rosseleena et al., 2016).

Previous studies demonstrated that specialized meta-
bolic genes were more significantly enriched in local (tan-
dem) duplication events as compared with WGD events
(Chae et al., 2014). We noted that in the N. cadamba
genome the presence of multiple paralogs of several
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predicted MIA biosynthetic genes putatively encoding 7-
DLGT, IS, ISY, TDC, SLS, STR and CYPs were also signifi-
cantly enriched in local (tandem) duplication events
(Figures 6a,b and S11).

In addition, tandem duplication of TFs involved in spe-
cialized metabolite biosynthesis were also detected in a
wide range of eudicots (Colinas and Goossens, 2018). In
Ca. roseus, three bHLH iridoid synthesis gene (BIS) tandem
duplicates (CrBIS1/2/3) exclusively transactivated the
expression of the biosynthetic genes in the seco-iridoid
pathway (Van Moerkercke et al., 2015, 2016; Singh et al.,
2021). In the gene-metabolite network, we characterized
one homolog as CrBIS1 (evm.model.Contig28.407). Analy-
sis of the genome sequence of N. cadamba showed that
four additional bHLH TF genes clustered with evm.model.-
Contig28.407 in a tandem duplication within a 130-kb
region on pseudochromosome 4 (NcMCL24, Figure 6d).
Synteny analysis further detected another bHLH TF tandem
duplicate (NcMCL25) with close homology and gene locali-
zation with NcMCL24 on pseudochromosome 8, which
includes significant loci responsible for strictosidine accu-
mulation in GWAS (24.25-24.28 Mb). The co-expression
profile of some bHLH TFs in NcMCL24 and NcMCL25 sug-
gest co-regulation mechanisms in specialized metabolite
biosynthesis (Figure S12). In NcMCL26 (Figure S13), four
NcMYC TFs were clustered in tandem order within a 24-kb
region, and these loci were found to be responsible for
strictosidine accumulation in GWAS. Of the four MYC TFs,
evm.TU.Contig184.722 showed the highest similarity (77%
for the deduced amino acid sequence) with CrMYC2
(AF283507), the major activator of MeJA-responsive
ORCAZ2/3, which in turn regulated a subset of alkaloid bio-
synthesis genes in Ca. roseus (Zhang et al., 2011).

DISCUSSION

Historically (Mehra and Bawa, 1969), and in the Chromo-
some Counts Database (http:/ccdb.tau.ac.illhome), the
Anthocephalus cadamba (Roxb.) Miq (now accepted as
N. cadamba (Roxb.) Bosser) gametophytic chromosome
number n was 22. Neolamarckia cadamba was character-
ized as a tetraploid species in those relatively old refer-
ences (Bedi et al., 1981; Mehra and Bawa, 1969). As there
were confusing names for N. cadamba (Pandey and Negi,
2016), first we identified that the sequenced N. cadamba is
diploid, with 2n=2x= 44 chromosomes, with chromo-
some measurements and a pair of 455 rDNA probe signals
with fluorescent in situ hybridization (FISH) (Figure S1).
This provided a solid base for establishing high-quality
N. cadamba Hi-C libraries.

To date, three species in the genus Coffea (Coffea arabica,
Coffea canephora and Coffea eugenioides), O. pumila and
Gardenia jasminoides in the family Rubiaceae have been
sequenced. Neolamarckia cadamba is the first sequenced
tree species in this family. The genus Neolamarckia is a

ditypic genus that included only two tree species:
N. cadamba and Neolamarckia macrophyllus (endemic to
Sulawesi, Indonesia; Li et al., 2018). This genus features
densely globe-shaped flower clusters (from which the Chi-
nese name ‘TuanHua’ originates) with an orange scent (Kar-
eti and Subash, 2020). Another representative characteristic
of this genus is its rapid growth and remarkable canopy,
with a height of 45 m and a stem diameter of 100-160 cm.
Notably, N. cadamba is the only species reported so far that
accumulates a high content (approx. 0.1%) of bioactive 3-
dihydrocadambine and cadambine in the bark and leaves.
Given that we have established a highly efficient regenera-
tion system of N. cadamba (Li et al., 2019), the genomic
information presented here will greatly facilitate the elucida-
tion of the cadambine synthetic pathway and the develop-
ment of tools for enhancing bioactive productivity by
metabolic engineering in microbes or by molecular breed-
ing in plants.

Furthermore, comparative genomic analysis among
Co. canephora, N. cadamba and O. pumila will shed light
on the evolutionary history of specific metabolic pathways,
as they produce quite different major specialized metabo-
lites, including cadambine, caffeine (a purine alkaloid) and
camptothecin (anti-cancer MIAs). The emergence of STR
for strictosidine synthesis was generally considered an
important innovative step for the strictosidine-derived
MIA-producing plants (Rai et al., 2021). However, no candi-
dates homologous (aa identity cut-off value of >55%) with
the late seco-iridoid pathway genes NcLAMTI1/NcLAMTZ2
and NcSLS71-4 were identified in the Co. canephora
genome. In contrast to Coffea, the Ophiorrhiza homolo-
gous candidates OpLAMT (Opuchr05_g0056110) and
OpSLSs (Opuchr02_g0012990, Opuchr02_g0013060,
Opuchr02_g0013090 and Opuchr02_g0017930) share 84%
aa identity with NcLAMT1/NcLAMTZ2 and 67-85% aa iden-
tity with NcSLS71-4, respectively. Neolamarckia cadamba
diverged approximately 41.7 mya from O. pumila and
approximately 31.0 mya from Co. canephora (Figure 1a),
we therefore propose that the gene evolution of LAMT
involved a deletion following a duplication process, and
that the duplication of NcLAMT derived from a recent
WGD event was key for the evolution of cadambine bio-
synthesies in N. cadamba, as there is only one copy of the
LAMT gene in the well-known MIA-producing species
Ca. roseus and O. pumila (Figure S10). Moreover,
although camptothecin is found in O. pumila, OpLAMT,
OpSLS and OpSTR have the same functions as those of
Ca. roseus and similarly produce loganin, secologanin and
strictosidine. Rai et al. (2021) also observed that the three
key N-methyltransferases (NMTs), xanthosine methyltrans-
ferase (CcXMT), theobromine synthase (7-methylxanthine
methyltransferase, CcMXMT) and caffeine synthase (3,7-
dimethylxanthine methyltransferase, CcDXMT), essential
for caffeine biosynthesis are missing in the N. cadamba
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genome, as the key residues GIn161, le266, Ser316 and
Tyr356 for CcXMT1 (Mccarthy and Mccarthy, 2007) were
no longer conserved in the deduced amino acid sequences
of the Neolamarckia homologs, providing a reasonable
explanation for why N. cadamba lacks the first methylation
steps necessary to produce caffeine from xanthosine
(Figure S10).

Two O-p-p-glucosidases, strictosidine O-p-p-glucosidase
(SG, EC3.2.1.105) and raucaffricine O-B-b-glucosidase (RG,
EC3.2.1.125), act as major components in the MIA biosyn-
thesis pathway. In Ca. roseus and Rauvolfia, SG follows
strictosidine synthase in the production of the reactive
intermediate required for the diverse MIAs, whereas Rau-
volfia RG hydrolyzes the glucoalkaloid raucaffricine, form-
ing the aglycone vomilenine, an intermediate that appears
in the middle of the ajmaline pathway (Barleben et al.,
2007; Xia et al., 2012). From a biosynthetic point of view, it
is extremely rare for a glucoside such as the glucoalkaloid
strictosidine to act as a precursor at the beginning of the
biosynthetic pathway and for it to become activated by
deglucosylation (Barleben et al., 2007). We therefore
explored whether there are similar or identical enzymes to
SGs or RsRG in N. cadamba. Homology searching and pro-
tein sequence alignment showed that all Neolamarckia and
Ophiorrhiza homologs of CrSG (Rai et al., 2021) were
highly conserved in the essential active site residues
(Glu207, Glu416, His161 and Trp388) of RsSG (Barleben
et al., 2007), whereas they were not conserved at four criti-
cal active site residues (Thr189, His193, Tyr200 and Ser390)
of RsRG (Figure S14), suggesting that these Neolamarckia
genes are more likely assigned to plant SGs. This analysis
suggested that some members of strictosidine O-p-p-
glucosidases probably play a role in the production of the
reactive intermediate of the diverse MIAs in N. cadamba.

The knowledge about selective sweeps provides
insights and targets for the use of germplasm. Moreover,
new genetic variation is needed to increase the cadam-
bine content. In our study, we reported the genome varia-
tion mapping of 112 accessions and detected numerous
diverse selective sweeps among ecotype groups in asso-
ciation with environmental adaptability and cadambine-
related traits by analyzing genome structure diversifica-
tions between the three ecotype groups. The information
from selective sweeps associated with agriculturally
important markers will be helpful for molecular breeding
in N. cadamba.

EXPERIMENTAL PROCEDURES
Chromosome preparation and FISH analysis

For the improved characterization of the chromosomes, 45S rDNA
was labeled with Chroma Tide Alexa Fluor 488-5-dUTP (Invitro-
gen, now ThermoFisher Scientific, https:/www.thermofisher.com)
for FISH and the mitotic metaphase spreads were prepared from
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meristem root tip cells of N. cadamba following the procedures
described by Deng et al. (2012), with minor modifications.

Plant materials, DNA extraction and genome sequencing

Young tender leaves of N. cadamba collected from a 7-year-old
individual plant in South China Agricultural University (Guang-
zhou, China) were used for DNA extraction. A paired-end (PE)
library (insert size 350 bp) was constructed and sequenced on the
lllumina Xten platform (https://www.illumina.com).

SMRTBell libraries with an insert size of 20 kb were also con-
structed and sequenced on the PacBio Sequel platform (https://
www.pach.com). For 10X Genomics sequencing, DNA sample prep-
aration, indexing and barcoding were performed using the Gem-
Code Instrument (10X Genomics, https://www.10xgenomics.com).

Genome assembly and assessment

De novo assembly of the PacBio reads was performed using FAaLcON
(https://github.com/PacificBiosciences/FALCON) and FALCON-UNZIP.
With the phasing information from the raw reads, this generates a
subsequent set of primary contigs and these contig sequences were
polished using auiver (http://pbsmrtpipe.readthedocs.io/en/master/
getting_started.html). The 184.45-Gb 10X Genomics data were
aligned with the initial assembly using swa and the scaffolding
approach was performed with FraGscarr. After that, we used PBJELLY
to fill gaps with PacBio data, with the parameters: -minMatch 8 -
sdpTupleSize 8 -minPctldentity 75 -bestn 1 -nCandidates 10 -
maxScore -500 -nproc 13 -noSplitSubreads. Finally, the anchorage
of the genome assembly onto chromosomes was performed with
the LAcHEsIs pipeline.

To evaluate the completeness and quality of the assembly,
high-quality reads from short insert sizes were mapped to the
assembly using Bwa (Li and Durbin, 2009). Additionally, cEGmA (core
EUKARYOTIC GENES MAPPING APPROACH) defined a set of conserved pro-
tein families that occur in a wide range of eukaryotes and identi-
fied their exon-intron structures in genomic sequences. We also
used BUSCO (BENCHMARKING UNIVERSAL SINGLE-COPY ORTHOLOGS) tO assess
the completeness of the genome assembly.

Repetitive elements and genes annotation

Homology was used to search the de novo assembly for transpos-
able elements (TEs) in the N. cadamba genome. For this approach,
REPEATMODELER (http://www.repeatmasker.org/RepeatModeler/),
REPEATSCOUT, LTR-FINDER and TANDEM REPEATS FINDER (TRF) were used. For
homology prediction, REPEATMASKER 3.3.0 and REPEATPROTEINMASK were
used against the Repbase TE library (http:/www.girinst.org/
repbase) and the TE protein database, respectively.

Three independent approaches, including homology alignment,
de novo search and transcriptome prediction was applied to pre-
dict protein coding genes in the N. cadamba genome.

Homology-based gene prediction: homolog protein sequences
of Arabidopsis thaliana, Coffea canephora, Populus trichocarpa
and Solanum tuberosum were downloaded from Ensemble (http://
plants.ensembl.org/index.html) and NCBI (https://www.ncbi.nlm.
nih.gov) and then aligned with the N. cadamba genome assembly
using tblastn (E-value 1e75).

Ab initio  gene  prediction:  AugusTus 2.5.5,  Genscan 1.0,
GLUMMERHMM 3.0.1, GeNelD and sNAP were used to predict coding
regions in the repeat-masked genome.

Transcriptome-assisted gene prediction: TopHAT 2.0.8 (Kim et al.,
2013; Trapnell et al., 2009) was used to map clean RNA-seq reads
to the N. cadamba genome and currLinks 2.1.1 (http://cufflinks.
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cbch.umd.edu; Trapnell et al., 2012) was then used to assemble
the transcripts into gene models (Cufflinks-set).

Gene model evidence from homology, ab initio and cuFrLINKS
prediction were combined by EVIDENCEMODELER (EvMm, http:/
evidencemodeler.github.io) into a non-redundant set of gene
structures.

Functional annotation protein coding genes

The predicted protein sequences were searched against six pro-
tein/function databases: InterPro, Pfam, SwissProt, NR, GO and
KEGG. Searches of the InterPro and Pfam databases were per-
formed using INTERPROSCAN 4.8 and HMMER 3.1, respectively. For the
other databases, BLAST searches were performed with an E-value
cut-off of 1e7>.

Species phylogenetic analysis

orTHoMmcL (http://orthomcl.org/orthomcl) was used to cluster para-
logs and orthologs among 14 species (Actinidia chinensis,
A. thaliana, Co. canephora, Elaeis guineensis, Eucalyptus grandis,
Glycyrrhiza uralensis, Malus domestica, N. cadamba, O. pumila,
Oryza sativa, P. trichocarpa, S. tuberosum, Theobroma cacao and
Vitis vinifera). We obtained the similarity relationships between
protein sequences for all species through all-vs-all blastp with an E-
value of 167>, muscLe (http;//www.drive5.com/muscle/; Edgar, 2004)
was used to align all 402 single-copy gene protein sequences and
make a super alignment matrix. Then, raxmL (http:/sco.h-its.org/
exelixis/web/software/raxml/index.html; Stamatakis, 2014) was used
to construct the 14-species phylogenetic tree using the maximum-
likelihood method. Finally, mcmctree (http://abacus.gene.ucl.ac.uk/
software/paml.html; Puttick, 2019) was applied to infer the diver-
gence time based on the phylogenetic tree constructed. care 2.2 (De
Bie et al., 2006) was used to determine the expansion and contrac-
tions of orthologous gene families.

Whole-genome duplication (WGD)

To identity syntenic blocks, protein sequences from
Co. canephora, N. cadamba and S. tuberosum were searched
against themselves using blastp (E-value, <1e™®) (Scott and Mad-
den, 2004). Syntenic blocks were determined by mcscanx (Wang
et al., 2012) with the parameter of at least five genes per block.
We then calculated the 4DTv (fourfold degenerate synonymous
sites of the third codons) distances for syntenic segments from
the concatenated alignments, which were used to construct four-
fold degenerate sites of all gene pairs found in each segment and
the distribution of the 4DTv values was plotted. The synonymous
substitution rate (K;) was also calculated using the MYN algorithm
(Wang et al., 2009), based on the Tamura-Nei model to further
confirm the most recent WGD.

NMR and LC-MS/MS analyses

Fresh leaves and bark collected from the same tree for genome
sequencing were ground and extracted with 70% aqueous ethanol
(v/v) for 20 min. The extract was prepared for chromatograph
analysis. The NMR spectra of cadambine from Song’s Laboratory
(Xishuangbanna Tropical Botanical Garden, Chinese Academy of
Sciences) was characterized on a Bruker AV400 spectrometer
(https://www.bruker.com) using tetramethylsilane (TMS, & = 0) as
the internal reference. The spectra were consistent with the data
for the reference (Figure S3; Yuan et al., 2020).

All the intermediates were detected by UPLC-Q-TOF (UPLC1290-
6540B Q-TOF; Agilent, https://www.agilent.com). The mobile
phase comprised acetonitrile (A) and 0.2% formic acid + 10 mm

ammonium formate (B). The synthesized strictosidine in vitro cat-
alyzed by NcSTR1 was analyzed by HPLC-MS/MS (LCMS-8050;
Shimadzu, https://www.shimadzu.com). A binary gradient elution
with a flow rate of 0.3 ml min~" was performed as follows: 6 min,
25% methanol; 5 min, 90% methanol; 5.1 min, 10% methanol; and
7 min, 10% methanol. The temperature of the column oven is
40°C and the temperature of the sample tray is 4°C. The standard
substances included secologanin (19351-63-4; Absin, https://www.
absin-bio.com), tryptamine (61-54-1; Sigma-Aldrich, https://www.
sigmaaldrich.com), and 3a-dihydrocadambine and epoxystrictosi-
dine (54483-84-0; Nature Standard, http://www.naturestandard.
com).

The in vitro catalytic assay of the recombinant
strictosidine synthase NcSTR1

The coding sequence of evm.model.contig69.90 without the start
codon was amplified with a primer pair (forward primer, 5'-
CTCTTGGAAATCATGCCTCACA-3'; reverse primer, 5-TCAGA
CAGAAGAAACCACTCCATTC-3)) and cloned into the pEASY®-
Blunt E1 Expression Vector (TransGen Biotech, https:/www.
transgenbiotech.com), and further transformed in E. coli DH5o.
The recombinant plasmids were then introduced into E. coli BL21
Rosetta DE3 strains for NcSTR1 protein expression. The recombi-
nant NcSTR1 production and purification was obtained as the pro-
cedure described in the reference.

The procedure of in vitro catalytic assay was modified from
Pressnitz et al. (2018). Generally, the catalytic reaction solution
consisted of purified enzyme preparation (10 pg) dissolved in
PIPES buffer (50 mM, pH 6.1), 5 mM secologanin and 5 mM trypt-
amine, with a total volume of 1000 pl. The mixtures were incu-
bated on a shaker at 35°C for a given time (0, 24, 48 h). The
reaction was terminated by the addition of 10 M NaOH (100 pl).
Then, ethyl acetate (500 pl) was added to precipitate the PIPES.
The collected supernatant was dried by nitrogen gas and then dis-
solved in 100 pl 50% methanol and subjected to HPLC-MS/MS
analysis.

RNA-seq analysis

To capture diverse gene expression, we extracted RNA from 16
tissues of N. cadamba, namely bark (B), bud, cambium (C), young
fruit (FR), old leaves (OL), phloem (P), root (R), young leaves (YL),
xylem (primary xylem, PX; transitional xylem, TX; secondary
xylem, SX), cambium (transitional cambium, TCA; secondary,
SCA) and phloem (primary phloem, PPH; transitional phloem,
TPH; secondary phloem, SPH), from the first, second and fourth
internodes following the RNeasy Plant Mini Kit protocol (Qiagen,
https://www.qgiagen.com). Clean RNA-seq reads were mapped to
the N. cadamba reference genome using HisaT2, and then the
expression level for N. cadamba genes (FPKM, and expression
count data) was obtained using Hrsea (Kim et al., 2015b, 2019).

Identifying genomic regions responsible for cadambine
accumulation by GWAS

The strictosidine and cadambine contents of bark and leaves from
112 individuals were determined by UPLC-Q-TOF (UPLC1290-
6540B Q-TOF; Agilent), as described above (LC-MS/MS). GWAS
analyses were performed in the mixed linear model using
GEMMA 0.94.1 (Zhou and Stephens, 2012). The Bonferroni correc-
tion was used to reduce the probability of false positives, and
P=10"% was used as the genome-wide threshold to screen for
significantly associated sites. Candidate genes were obtained from
a 5000-bp region centered on the region of significant interest.
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Reads mapping and variant calling

The clean reads were mapped back to the assembled genome
using BwA-Mem 0.7.8-r455 (Li and Durbin, 2009), with modified
parameters: the minimum seed length was set to 32, the band-
width for banded alignment was set to 150 and the penalty for a
mismatch was set to 3. PCR duplicates were removed using the
rmdup function of samtooLs 0.1.19-44428cd (Li et al., 2009), with
default parameters. SNPs were detected using samtooLs 0.1.19-
44428cd (Li et al., 2009) and scrrooLs 1.3.1 (Narasimhan et al.,
2016). The SNPs obtained were further filtered when the mapped
reads were <4, the missing data was >0.3 or the minor allele fre-
quencies were <0.05.

Population structure and genetic diversity analysis

A total of 31 samples were used to analyze the population
structure of groups of N. cadamba with different levels of
cadambine content. The cadambine contents of the samples
were determined by UPLC-Q-TOF (UPLC1290-6540B Q-TOF; Agi-
lent), as described above (LC-MS/MS). All the filtered SNPs
were used to construct a neighbor-joining phylogenetic tree
using TReeBesT 1.9.2, with 1000 bootstraps and the other parame-
ters set to default values. The phylogenetic tree was visualized
using EvoLview 2 (https://www.evolgenius.info/evolview). In addi-
tion, the PCA was performed using the same SNPs set by
GCcTA 1.24.2 (Yang et al., 2011). The fixation index statistic (Fst)
and the nucleotide diversity (n) were calculated using a 40-kb
window in 20-kb steps for each population with vcrrooLs 0.1.14.
The selective regions were detected by the top 5% of the low
or high log, = ratio and the top 5% of the Fst values. The link-
age disequilibrium (LD) of each population was estimated by
calculating the squared correlation coefficient () values
between any two SNP sites in 500 kb using HapLoviEw 4.2 (Bar-
rett et al., 2005).
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Figure S1. A. 17 k-mer analysis for estimating the genome size of
Neolamarckia cadamba. B. Cytological analysis of N. cadamba
metaphase chromosomes by FISH using 45S rDNA as the probe.
45S rDNA was labeled with Chroma Tide Alexa Fluor 488 (green
signal), and the chromosomes were counterstained with DAPI
(blue). Bars = 10 um.

Figure S2. Estimation of synonymous substitutions per site (K;) in
the Neolamarckia cadamba genome.

Figure S3. Characterization of standard compounds by Q-TOF LC-
MS/MS and NMR. Tryptamine, expoxystrictosidine, 3a-dihydroca-
dambine and cadambine used as standards (see “Methods”) were
analyzed by Q-TOF LC-MS/MS. Cadambine was further tested by
NMR to verify its structural formula. NMR spectra were carried out
on a Bruker AV 400 spectrometer in CD30D using tetramethylsi-
lane (TMS, § = 0) as internal reference. TH NMR(CD30D, 400MHz)3
=759 (1H, s),8=7.48(1H, d), 3=7.34 (1H, d), 5 =7.12 (1H, 1),
=7.01(1H, 1), 5=5.85(1H, d), =4.96 (1H, d), 6 =4.81(1H, d),
8=3.90(1H, m), 6=3.53 (1H, m), =3.63 (3H, s), 5=3.56 (1H,
m), 6 =3.42 (1H, m), 8 =3.18 (1H, m), § = 3.03 (1H, m), 5 = 2.08
(2H, m), 3 =1.79 (1H, m). In accordance with the results of Handa
et al. (1983) and Xu et al. (2011), this compound is characterized
as cadambine. A-D MS/MS spectrum of tryptamine (A), cadambine
(B), 3a-dihydrocadambine (C) and expoxystrictosidine (D). E. NMR
spectrum of cadambine. F. The structural formula of cadambine.
Figure S4. Phylogenetic tree of STR genes from six plant species.
The genes from Arabidopsis thaliana (AT) , Catharanthus roseus
(CRO), Coffea canephora (Cc), Camptotheca acuminate (Cac), N.
cadamba (evm.model) and Theobroma cacao (EQY).

Figure S5. In vitro expressed fusion NcSTR1. Left, SDS-PAGE of
NcSTR1 expressed in E. coli and the strain STR1-2 successfully
expressed His-tagged NcSTR1; Middle, in vitro expressed fusion
NcSTR1 validated by immunoblotting; Right, SDS-PAGE of puri-
fied fusion NcSTR1 by His-trap.

Figure S6. Chemical structures of strictosidine, 3a-dihydrocadam-
bine cadambine and the predicted epoxystrictosidine.

Figure S7. The expression profiles of all predicted biosynthetic
genes in the shikimate pathway. Bark (B), bud, cambium (C),
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young fruit (FR), old leaves (OL), phloem (P), root (R), young
leaves (YL), xylem (primary xylem, PX; transitional xylem, TX; sec-
ondary xylem, SX), cambium (transitional cambium, TCA; second-
ary, SCA) and phloem (primary phloem, PPH; transitional phloem,
TPH; secondary phloem, SPH) from the first, second and fourth
internodes. The second internode of 1-year-old seedling was iden-
tified as the transition from primary growth to secondary growth.
AnPRT, anthranilate phosphoribosyltransferase; ASA/B, anthrani-
late synthase; IGPS, indole-3-glycerol phosphate synthase; PRAI,
N-(5-phospho-beta-D-ribosyl) anthranilate aldose-ketose-isomer-
ase; SHKA/B, 3-deoxy-7-phosphoheptulonate synthase; SKHC,3-
dehydroquinate synthase; SHKD, 3-dehydroquinate dehydratase;
SHKE, shikimate dehydrogenase; SHKF, shikimate kinase; SHKG,
3-phosphoshikimate 1-carboxyvinyltransferase; SHKH, chorismate
synthase; TDC, tryptophan decarboxylase; TSA-TSB,tryptophan
synthase.

Figure S8. The expression profile of all the predicted squalene
epoxidase genes (NcSQEs). Bark (B), bud, cambium (C), young
fruit (FR), old leaves (OL), phloem (P), root (R), young leaves (YL),
xylem (primary xylem, PX; transitional xylem, TX; secondary
xylem, SX), cambium (transitional cambium, TCA; secondary,
SCA) and phloem (primary phloem, PPH; transitional phloem,
TPH; secondary phloem, SPH) from the first, second and fourth
internodes.

Figure S9. Phylogenetic tree of NcCYPs in BGCs and 52 function-
ally characterized plant CYP family members involved in terpenoid
biosynthesis.

Figure $10. Protein alignment of CrLAMT, CcNMTs and their
respective Neolamarckia paralogs. The aligned sequences were
from Coffea arabica (Ca, C), Coffea canephora (Cc), Catharanthus
roseus (Cr), Clarkia breweri (Cb).

Figure S11. The structure of tandem duplicated NcDLGTs.

Figure S12. Heat Map of Expression Data of genes in NcMCL24
and NcMCL25. The sixteen tissues of N. cadamba were indicated
as those in the Figure S8.

Figure $13. Duplication of NcMYC TFs in tandem order.

Figure S14. Protein alignment of CrSGD, RsSGD, RvSGD, RsRG
and their respective Neolamarckia and Ophiorrhiza paralogs.
Accession numbers: CrSGD (AAF28800.1), RsSGD (CAC83098.1),
RsRG (AAF03675.1) and RvSGD (AFI71457). Previously reported
active-site residues of RsSGD and RsRG were framed or showed
with bright colors.

Table S1. Survey statistic results of Neolamarckia cadamba.

Table S2. Sequencing data statistics of Neolamarckia cadamba.
Table S3. Coverage statistics of the Neolamarckia cadamba
genome.

Table S4. Assessment of the gene coverage rate using CEGMA
and BUSCO.

Table S5. Assessment the genome assembly using RNA-seq.

Table S6. Statistical results for gene function annotation of the
Neolamarckia cadamba genome.

Table S7. Statistical results for the non-coding RNA of the Neola-
marckia cadamba genome.

Table S8. Summary of repeat contents in the Neolamarckia
cadamba genome.

Table S9. Genes used for gene family clustering in each species.

Table S$10. Enrichment analysis of duplicated genes from the
recent WGD.

Table S11. Genes under positive selection.
Table S12. Predicted biosynthetic genes in five plant species.

Table S13. Short lists of Neolamarckia cadamba candidate genes
involved in the MVA/MEP, shikimate/indole and iridoid biosynthe-
sis pathways and 35 putative NcSTRs.

Table S14. List of unique genes that underwent a recent WGD
event.

Table S15. List of genes in the gene-metabolite association
network.

Table S16. The sampling sites of 112 individuals in GWAS.

Table S17. Putative iridoid pathway genes in Neolamarckia
cadamba associated with loci responsible for MIA production in
GWAS.

Table S$18. The putative Neolamarckia cadamba cytochrome P450s
associated with MIA production in GWAS.

Table S$19. KEGG analysis of selected genes from population
analysis.

Table S20. The 67 biosynthetic gene clusters of Neolamarckia
cadamba predicted with the plantiSMASH algorithm.

Table S21. Detailed data for the predicted biosynthetic gene clus-
ters and tandem duplicates of Neolamarckia cadamba.
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