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[Correction added on 4 August 2022, after
first online publication: in Abstract section
“lambda” is replaced by “gamma”.]

1 | INTRODUCTION

The perennial tree crop moringa (Moringa oleifera Lam.)
is the most widely cultivated species from the 13 species
belonging to the genus, which collectively conform the mono-
generic taxonomic family Moringaceae (Olson, 2002). In
turn, Moringaceae forms a clade sister to the Caricaceae, the
family to which papaya (Carica papaya L.) belongs, within
the Brassicales order (Olson, 2003). Possibly indigenous to
sub-Himalayan hilly lowlands in northwestern India (Olson,
2017), moringa has been widely cultivated since ancient times
throughout warm and semi-arid tropical and subtropical areas
of the world, specifically in Africa, Asia, Latin America,
the U.S. state of Florida, the Caribbean, and the Pacific
Islands (Gandji et al., 2018). Moringa has been credited with
high morphological and biochemical plasticity, which allows
the crop to adapt to very different local environments and
to tolerate stressful conditions especially drought, heat, and
UVB radiation, stressors that are expected to aggravate under
global climate change (Araujo et al., 2016; Brunetti et al.,
2020; Brunetti et al., 2018). A successful strategy used by
moringa to cope with prolonged periods of drought involves
long-term investment of resources into multiple secondary
metabolites such as isoprenoids and flavonoids, thus limit-
ing severe photo-inhibitory processes and oxidative damages.
Furthermore, moringa has a deep root system and is an excep-
tionally fast-growing tree; it can reach 3 m high in just 3 mo
and up to 12-15 m in few years and is often used in agro-
forestry (Devkota & Bhusal, 2020; Y. Kumar et al., 2017).
Nowadays, its culture is spreading to other areas characterized
by low soil nutrients and water availability and high annual
low temperatures including the Mediterranean basin (Trigo
et al., 2020; Vaknin & Mishal, 2017).

Nicknamed the multipurpose tree, different parts of the
tree, including leaves, flowers, pods, and seeds, are edible and
used in human nutrition and livestock forage for their rich
nutritional content (Olson et al., 2016). The leaves contain
the greatest amount of nutrients compared with other parts
of the plant and are especially abundant in proteins, including

WGD shared by all core eudicots. Moringa duplicates retained following that ancient
gamma events are also enriched for functions commonly considered as dosage bal-
ance sensitive. Furthermore, tandem duplications seem to have played a prominent
role in the evolution of specific secondary metabolism pathways including those
involved in the biosynthesis of bioactive glucosinolate, flavonoid, and alkaloid com-
pounds as well as of defense response pathways and might, at least partially, explain
the outstanding phenotypic plasticity attributed to this species. This study provides
a genetic roadmap to guide future breeding programs in moringa, especially those

aimed at improving secondary metabolism related traits.

several essential amino acids, providing an alternative protein
source to meet the regular demand of malnourished people, as
well as vitamins A, B, C, D, and E and minerals such as Ca,
Fe, K, Se, Zn, or Mg, among others, satisfying the required
dietary amounts of these micronutrients required for proper
growth and development (Islam et al., 2021; Leone et al.,
2015; Trigo et al., 2020). The seeds yield a high-oleic oil used
in cooking, cosmetics, and as a machinery lubricant. After
oil extraction, the remaining seed cake can be used to clar-
ify turbid water or to increase protein in animal feed or crop
fertilizer. Other uses of leaves, seeds and, or other parts of
the moringa plant include but are not limited to biomass pro-
duction for biodiesel or biogas, domestic cleaning agent, blue
dye, fencing, gum, pulp, ornamental, biopesticide, and honey
and sugar cane juice clarifier (Gandji et al., 2018; Leone et al.,
2015).

Besides these uses, moringa and related species have been
used in traditional medicine for millennia as they are featured
by the production of a wide and diverse range of secondary
metabolites, including carotenoids, steroids and other iso-
prenoids, saponins, tannins, phenolic acids, chlorogenic acids,
and fatty acids, for which diverse pharmacological roles
as bioactive compounds are under study (Abd Rani et al.,
2018; Leone et al., 2015). Of these, flavonoids, alkaloids,
and glucosinolates are of special interest. Flavonoids, a class
of polyphenolic secondary metabolites, are present in large
amounts in moringa mostly in the flavanol and glycoside
form (Abd Rani et al., 2018; Leone et al., 2015). Rhamnetin,
apigenin, myricetin, quercetin, and kaempferol are the main
flavonoids found in moringa leaves and are responsible of
most of the antioxidant activity of the plant (Bennett et al.,
2003; Siddhuraju & Becker, 2003). Epidemiological studies
have consistently shown that high intake of flavonoids has
protective effects against many infectious diseases and against
cardiovascular, kidney and neurodegenerative diseases, can-
cers, and other age-related diseases (Kou et al., 2018; Leone
et al., 2015; Siddhuraju & Becker, 2003). The presence of
alkaloids, a family of cyclic organic secondary metabolic
compounds containing nitrogen, has also been confirmed in
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moringa leaves, notably marumoside A and marumoside B
together with pyrrolemarumine-4”-O-a-L-rhamnopyranoside
(Sahakitpichan et al., 2011), for which cardioprotective,
anti-inflammatory and antihypertensive effects have been
described (Dangi et al., 2002; Panda et al., 2013; Vudhgiri
et al., 2016). Finally, glucosinolates, a family of sulfur-
containing secondary metabolites synthesized from amino
acids in Brassicaceae species and related families from the
Brassicales order, are also produced in all parts of the
moringa plant, particularly in the form of aromatic glucosino-
lates derived from tryptophan and others from phenylalanine
(Bennett et al., 2003). Ongoing investigation is provid-
ing evidence of very diverse medicinal properties including
antioxidant, anti-inflammatory, antibiotic, neuroprotective,
cytoprotective, chemoprotective and cancer-suppressing for
glucosinolates, and, especially, their isothiocyanate counter-
parts derived from glucosinolate hydrolysis through the action
of specific myrosinase enzymes (Dinkova-Kostova & Kostov,
2012; Fahey et al., 2018; Jaafaru et al., 2019). The most abun-
dant glucosinolates produced by moringa are glucomoringin,
glucosoonjnain, and their acetylated derivatives. Given that
glucosoonjnain is apparently mostly responsible for the bitter
harsh taste of leaves and seeds, it is not surprising that glu-
cosoonjnain levels could have been selected against during
domestication of this species (Chodur et al., 2018), suggesting
the genetic toolkit involved in the biosynthesis of these com-
pounds could be a valuable target in future breeding programs
to alter their relative distribution according to the purpose of
the end product (food or source of pharmacologically active
ingredients).

The African Orphan Crop Consortium (AOCC) emerged to
promote the research and production of neglected or underuti-
lized (orphan) local plants but with great agronomic potential
and nutritional content (Jamnadass et al., 2020). For this
purpose, the consortium selected 101 orphan species from
indigenous crops of the African continent and other natural-
ized exotic species (e.g., moringa) to sequence their genome
and transcriptome. Moringa was one of the first species
selected by the AOCC, and a draft of its genome was pub-
lished in 2019 (Chang et al., 2019), herein called AOCC
v1, which came after the publication of the first actual draft
moringa genome by an independent group in 2015 (Tian
et al.,, 2015). However, the unambiguous identification of
genes of agronomic interest and associated molecular markers
and, ultimately, the development of genomics assisted plant
breeding programs in moringa requires genome assemblies
capturing the full complement and order of genes. To ful-
fill this demand, we present here a significantly improved,
chromosome-scale reference version of the moringa genome
based on Oxford Nanopore long reads (AOCC v2). We lever-
aged this novel version of the moringa genome to uncover
its whole-genome duplication (WGD) or polyploidy history,
decipher the genetic toolkit involved in diverse secondary

Core Ideas

* We present a chromosome-scale genome sequence
of moringa based on long reads.

* Only the gamma polyploidy event was detected in
the moringa genome.

* Whole-genome duplicates in moringa are enriched
for dosage balance functions.

* We characterized the genomic organization of
secondary metabolism genes in moringa.

* Tandem duplications may have contributed to
moringa’s phenotypic plasticity.

metabolism pathways relevant to the plant, and to investi-
gate the role of tandem duplications in promoting genomic
plasticity through the evolution of specific defense response,
secondary metabolism, and developmental pathways.

2 | MATERIAL AND METHODS

2.1 | Sample collection, library construction,
and sequencing

Genomic DNA was extracted from a moringa accession
Mtongwel, collected in Mtongwe, Kenya on 26 Aug.
2016 by Kenya Forestry Research Institute using OmniPrep
for Plant (https://www.gbiosciences.com/Molecular-Biology/
OmniPrep-for-Plant) and evaluated on pulse field gel
electrophoresis for quality. Oxford Nanopore long-read
genomic library was constructed as per manufacturer (Oxford
Nanopore Technologies, https://nanoporetech.com/products/
kits). One flow cell was run on Oxford Nanopore Promethion
at the University of California—Davis Genome and Biomed-
ical Sciences Facility. It generated 92 Gb sequence data
with raw read N50 of 24 Kb. Adapters were trimmed from
raw reads using Porechop v0.2.4 (https://github.com/rrwick/
Porechop). The longest reads with minimum length of 20 Kb
and minimum quality of 7 were kept using Filtlong v0.2.0
(https://github.com/rrwick/Filtlong).

2.2 | Genome assembly and completeness
evaluation

We used Shasta-Linux-0.1.0 on the filtered 60X reads to
assemble the genome (Shafin et al., 2020). The total of
7.4 Gb Illumina reads, corresponding to 63 million read
pairs 2 by 151 bp, generated by BGI-Shenzhen and China
National Gene Bank was used for polishing in RACON v1.4.3
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(Chang et al., 2019; Vaser et al., 2017). Then the Shasta-
assembled Illumina-polished assembly was scaffolded into
the Shasta-HiC version using Chicago and HiRise by Dove-
tailGenomics Omni-C proximity ligation. Estimated physical
coverage was 196.48x for short range (Chicago) and 197.77x
for long range (HiRise). The short-range assembly started
with our nanopore assembly, broke five, and joined 129 con-
tigs, and the long-range HiRise assembly started with the
short-range assembly and joined 110 contigs. The long-range
assembly was then analyzed for loop resolution using Juicer
and 3D Assembly software using default parameters to cre-
ate final Hi-C scaffolds (Dudchenko et al., 2017; Durand
et al., 2016). The final assembly was investigated for mis-
joins and splits and adjusted to create pseudomolecules in
JuiceBox (Durand et al., 2016). It was compared with the
long-read assembly recently published by Shyamli et al.
(2021) using MUMmer4 (Margais et al., 2018). Genome
assembly completeness was assessed with Benchmarking
Universal Single-Copy Orthologs (BUSCO) v4.1.4 (Manni
et al., 2021).

2.3 | Genome structural annotation

We adopted a combination of three strategies that
included homology-based predictions, ab initio predic-
tions, and transcriptome-assisted predictions to annotate
the protein-coding genes in our genome assembly. For
the homology-based predictions, the protein sequences of
moringa, Arabidopsis [Arabidopsis thaliana (L.) Heynh.],
black cottonwood (Populus trichocarpa Torr. & A. Gray ex
Hook.) and sorghum [Sorghum bicolor (L.) Moench] were
used as query sequences to search the reference genome
using TBLASTN (v2.6.0) with different e-value thresholds
(moringa with the e-value < 1 x 10719, Arabidopsis, black
cottonwood, and sorghum with the e-value < 1 X 1079) and
the regions mapped by these query sequences were subjected
to Exonerate (v2.4.0) (Slater & Birney, 2005) to predict gene
models. For ab initio predictions, BRAKER?2 (v2.1.2) (Bruna
et al., 2021) was used and model training was based on RNA
sequencing (RNA-seq) and isoform sequencing (Iso-seq)
data after the predicted repeats were soft masked within
the assembly. To achieve transcriptome-assisted predictions,
five libraries of RNA-seq data with accession numbers
SRX3011282 (stem), SRX3011281 (root), SRX3011280
(seed), SRX3011278 (leaf), and SRX3011259 (flower)
were downloaded from the NCBI Short-Read Sequence
Archive and aligned to the new assembly of the moringa
genome by Hisat2 (Supplemental Table S1) (Pasha et al.,
2020). The RNA-seq data was assembled into transcripts
using Trinity (Haas et al., 2013) and, together with isoforms
from Iso-seq, were subjected to the PASA pipeline (v2.4.1)
(Haas et al., 2003) to improve the gene structures. Open
reading frames were then predicted with TransDecoder

(https://github.com/TransDecoder/TransDecoder). The
number of reads resulting from Iso-seq was 144,327 with a
coverage of ~6X. A total of 142,951 transcripts were obtained,
of which 111,228 had predicted open reading frames thanks
to the high-coverage RNA-seq data (366-fold). To finalize
the gene set, EVidenceModeler (v1.1.1) (Haas et al., 2008)
was employed to combine all the predictions to produce the
nonredundant gene set. Specifically, a set of 1,000 incorrect
gene models identified by wgd software (Zwaenepoel & Van
de Peer, 2019) and was manually curated using the genome
browser GenomeView (http://genomeview.org/), and the
gene annotation results were evaluated by BUSCO hits.

Repeat families in our genome assembly were de novo
identified and classified using RepeatModeler (v2.0) (Flynn
et al., 2020). Subsequently, the output data from RepeatMod-
eler were used as a custom repeat library for RepeatMasker
(v4.1) (http://www.repeatmasker.org) to discover and classify
repeats in the assembly with the default parameters. Further-
more, transposable elements not classified by RepeatModeler
were analyzed using DeepTE (Yan et al., 2020). Transfer
RNAs were predicted by tRNAscan-SE (v1.31) (Lowe &
Eddy, 1997) with default parameters. The predictions of
noncoding RNA, such as microRNAs, small nuclear RNAs,
and ribosomal RNAs, were also performed by comparing
with known noncoding RNA libraries (Rfam v14.7) using
the cmscan program of Infernal (v1.1.2) (Nawrocki & Eddy,
2013).

24 | Genome functional annotation

The proteins encoded by the moringa genome were annotated
with Gene Ontology (GO) terms through BLAST2GO v6.0.1
(Conesa & Gotz, 2008). BLAST2GO performs a three-step
functional annotation: sequence similarity-based inferences
of homology with proteins from the NCBI nonredundant
database, mapping, and annotation with the GO terms iden-
tified in significant hits. BLAST2GO allows expanding the
GO terms with INTERPRO functional domains detected by
INTERPROSCAN and Enzyme Commission (EC) enzyme
codes represented in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) biochemical pathways. In this study, Dia-
mond v2.0.11 with an e-value threshold of 1 x 10710,
(Buchfink et al., 2015) and INTERPROSCAN v5.52-86.0
with default settings (Jones et al., 2014), were used to iden-
tify hits corresponding to putative homologous proteins and
protein functional domains, respectively.

Additionally, moringa proteins were annotated with KEGG
orthology (KO) functional orthology numbers through
BlastKOALA (https://www.kegg.jp/blastkoala/) (Kanehisa
et al., 2016). Only the best scoring KO number was assigned
to each gene, resulting in one KO term per gene except for
those annotated with two or more best KO numbers with
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identical score. The same KO can be involved; however, in
several KEGG pathways and can also be found annotating
more than one gene.

2.5 | Genome evolution

Analysis of the distribution of synonymous substitution rates
(Ks) per synonymous site for pairs of homologous genes
was performed using the wgd package and the paranome
(entire collection of duplicated genes) was obtained with
‘wgd mcl’ using all-against-all BlastP and MCL clustering
(Zwaenepoel & Van de Peer, 2019). The Ks distribution of
moringa was then constructed using ‘wgd ksd’ with default
settings using MAFFT (Katoh & Standley, 2013) for multiple
sequence alignment, codeml for maximum likelihood (ML)
estimation of Ks values (Yang, 2007), and FastTree for infer-
ring phylogenetic trees used in the node weighting procedure
(Price et al., 2009). Pairs of anchor paralog genes (duplicates
lying in collinear or syntenic regions of the genome) were
obtained using i-ADHoRe (Proost et al., 2012) employing the
default settings in ‘wgd syn’. Next, ‘wgd mix’ from the wgd
package (Zwaenepoel & Van de Peer, 2019) was used to fit
Gaussian mixture models using an expectation—maximization
algorithm implemented using the scikit-learn python library.
MCscan JCVI was then used to do the analysis of syntenic
depth ratio (i.e., the number of times a genomic region is syn-
tenic to a region in another genome) by providing the genome
protein-coding sequences and annotation file in gff3 format
(Tang et al., 2008).

We used the program Duplicate_gene_classifier from the
Multiple Collinearity Scan toolkit (MCScanx, https://github.
com/wypl125/MCScanX) (Wang et al., 2012) to classify
duplicates in the moringa genome per mechanism of dupli-
cation (WGD-segmental, dispersed, proximal and tandem).
Paralogous pairs of moringa proteins were first identified
using an all-to-all search in Diamond with an e-value cutoff
of 1 x 10719,

2.6 | Orthogroup and gene family definition

The sequences from the complete proteomes of moringa and
10 other plant species (Supplemental Table S2) were firstly
compared all-against-all using Diamond (Buchfink et al.,
2015) with a relaxed e-value threshold of 1 x 1072 in order
not to filter out very short sequences in these previous steps
and then classified into orthogroups using the clustering algo-
rithm implemented in OrthoFinder v2.5.2 under the default
settings (Emms & Kelly, 2019). We used the orthogroup clas-
sification method based on hierarchical orthogroups inferred
at each hierarchical level (i.e., at each node in the species tree)
by analyzing rooted gene trees, which is claimed to be far more

accurate than the gene similarity or graph-based approach
used by all other methods and used previously by OrthoFinder
(Emms & Kelly, 2019).

2.7 | Identification and characterization of
secondary metabolism gene clusters in the
moringa genome

We searched for potential biosynthetic gene clusters in the
moringa genome that are associated with secondary metabo-
lite biosynthesis using the online tool plantiSMASH v1.0
(http://plantismash.secondarymetabolites.org/) with default
parameters (Kautsar et al., 2017). The arbitrary definition of
a metabolic gene cluster requires that the cluster contains
genes for at least three biosynthetic genes of two different
types (and closely related duplicate genes are counted only
once). For selected genes found in biosynthetic gene clus-
ters, we further identified putative orthologous proteins in
10 other plant species by querying the orthogroups classifi-
cation generated through OrthoFinder. Phylogenetic analysis
of selected orthogroups were performed based on multi-
ple protein sequence alignments obtained using MUSCLE
(Edgar, 2004) through SeaView v4.6.4 (Gouy et al., 2010).
Next, ML phylogenetic trees were obtained using the online
v1.6.12 of the IQ-TREE software (http://iqtree.cibiv.univie.
ac.at/) (Trifinopoulos et al., 2016). Prior to the analysis, 1Q-
TREE performs the automated selection of the best fitting
substitution model under the Bayesian information criterion.
JTTDCMut + I + G4, JTT + G4 and JTT + F + 1 +
G4, with JTT referring to the Jones-Taylor-Thornton model
(Jones et al., 1992), I to proportion of invariant sites, F to
empirical amino acids frequencies and G4 to heterogeneity
in substitution rates modelled using a gamma-distribution
with four categories, were chosen as the best fitting amino
acid substitution models for HOG0001451, HOG0003249,
and HOGO0000748 orthogroups, respectively. Three indepen-
dent branch support analyses (ultrafast bootstrap analysis
with 1,000 replicates, SH-aLRT branch test, and approximate
Bayes test) were employed to assess the reliability of the
internal branches.

3 | RESULTS

3.1 | Genome assembly

Our novel moringa genome assembly (AOCC v2) was
236.4 Mb in length and consisted of 748 scaffolds with a
scaffold N50 of 15.0 Mb and L90 of 13 pseudochromosomes
(Table 1); 219.1 Mb (i.e., 92.7% of the genome assembly)
could be anchored and oriented into 14 pseudochromo-
somes after scaffolding with Dovetail Genomics Hi-C Omni

85U80|7 SUOWIWIOD BAIER.D 8|l |dde au Ag peusenob are Ssolle O 8sn JO 3| 10} Aeiqi8ul|uO /8|1 UO (SUONIPUOD-PUB-SWBYW0D A8 | 1M ATeIq 18U UO//:SANY) SUORIPUOD Pue SWe 18U} 89S *[220zZ/2T/ET] U0 AkeiqiTaulluo A8|IM ‘yosesssy [BOIPSIN UedU}Y YInos Aq 8e20z 26d1/200T 0T/I0p/woo A8 | im Aeiq 1 pul JU0'ssesde//Sdny Woly papeo|umoq ‘¢ ‘220z ‘ZLES0v6T


https://github.com/wyp1125/MCScanX
https://github.com/wyp1125/MCScanX
http://plantismash.secondarymetabolites.org/
http://iqtree.cibiv.univie.ac.at/
http://iqtree.cibiv.univie.ac.at/

6 of 20 The Plant Genome &

CHANG ET AL.

TABLE 1 Comparison of assembly statistics between the current moringa genome assembly using long reads (African Orphan Crops

Consortium [AOCC] v2), the previous AOCC v1, and Shyamli et al. (2021)

Parameters AOCCv1
Platform HiSeq 2000
Assembly size, bp 216,759,177
Number of scaffolds 22,329
Scaffold N50, bp 957,246
Scaffold L50 56

Scaffold N90, bp 57,837
Scaffold L90 366

Largest scaffold, bp 4,637,711
Shortest scaffold, bp 150

Mean scaffold length, bp 9,707.52
GC (%) 36.5

Total no. of N 3,014,085
N per 100 kb (%) 1.39

TABLE 2 Comparison of annotation statistics between the
current moringa genome assembly using long reads (African Orphan
Crops Consortium [AOCC] v2) and the previous AOCC v1

Genome annotation AOCC vl AOCC v2
Protein coding genes 18,451 22,714
Mean gene length, bp 3,308 3,340
Mean coding sequence length, bp 1,238 1,208
Mean exon per gene 5 5.5

Mean exon length, bp 232 220

Mean intron length, bp 478 476

C proximity ligation strategy (Supplemental Figure S1).
The combination of technologies created a chromosome-level
assembly with high accuracy for this diploid species 2n = 28.

3.2 | Genome structural annotation and
completeness

In terms of structural gene annotation, a combination of three
strategies (ab initio prediction, protein homology, and RNA-
seq-based evidence) and manual curation resulted in 22,714
protein-coding genes, 93.1% of which (21,143 genes) are sup-
ported by transcriptome data together with isoforms from
Iso-seq in this new moringa assembly (AOCC v2), a num-
ber substantially higher than that of the previous one (AOCC
v1), which represented approximately 77.9% of its estimated
genome size and was annotated with a total of 18,451 genes
(Chang et al., 2019; Ojeda-Lopez et al., 2020). On aver-
age, predicted protein-coding genes are 3,340 bp long and
contain 5.5 exons, values that are slightly higher than that
observed in the previous assembly of the moringa genome
(Chang et al., 2019; Ojeda-Lopez et al., 2020) (Table 2). Five

AOCC v2 Shyamli
Oxford Nanopore Pacbio sequel
236,366,566 281,946,330
748 915
14,962,574 4,719,167

7 17
13,210,789 225,696

13 115
30,079,500 13,807,473
13 1,056
315,998.1 308,103.9
35.7 37.82
346,401 700

0.1 0.0025

TABLE 3 Comparison of annotation statistics between the
current moringa genome assembly using long reads (African Orphan
Crops Consortium [AOCC] v2) and the previous AOCC v1

BUSCO assessment,
n = 1614 genes AOCCvl AOCCv2
%
Complete 83 99.8
Single 82.1 98.8
Duplicated 0.9 1.0
Fragmented 53 0.1
Missing 11.7 0.1

libraries of RNA-seq data from different moringa tissues were
downloaded from the NCBI Short Read Sequence Archive
(Supplemental Table S1) and aligned to the new moringa
genome assembly (Pasha et al., 2020). For all tissues exam-
ined, mapping rates were >95% (Supplemental Table S1).

The BUSCO v4.1.4 assessment of the moringa genome
assembly completeness was performed against the core
embryophyte genes databasel0. Of the 22,714 predicted
genes, 99.8% were found as complete BUSCO genes; 98.8%
of the BUSCO genes were single copy and 1% was found in
duplicate. Of the remaining 0.2% of the BUSCO genes, 0.1%
were found as fragmented and 0.1% were missing (Table 3;
Supplemental Figure S2). These figures represent a signifi-
cant improvement over the AOCC v1 of the moringa genome
(Chang et al., 2019), with only 88.8% complete BUSCO
genes, 1.6% of the BUSCO genes fragmented, and 8.3%
missing (Table 3; Supplemental Figure S2).

As an additional check of the quality of the structural
annotation, we also compared the lengths of the encoded
proteins predicted in the new version of the moringa
genome and the previous one using reciprocal best hits
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TABLE 4
African Orphan Crops Consortium v2

Repeat annotation in the moringa genome assembly

Percentage
Type Length of sequence
bp %
SINEs 451,948 0.19
LINEs
R2/R4/NeSL 215,884 0.09
L1/CIN4 4,165,443 1.76
LTR elements 7,759,076 3.28
Copia
Gypsy 19,033,928 8.05
Retroviral 31,213 0.01
DNA transposons 43,138,971 18.25
Rolling-circles 232,418 0.1
Unclassified 5,185,744 2.19
Small RNA 8,293,172 3.51
Simple repeats 2,756,682 1.17
Low complexity 829,129 0.35

Note. SINE, short-interspersed nuclear element; LINE, long-interspersed nuclear
element; LTR, long terminal repeat

(Supplemental Figure S3). The vast majority of the predicted
coding sequences were the same length in both versions of
the genome; however, a significant proportion had a longer
sequence in the newly sequenced moringa genome, further
supporting the current genome annotation reported here was
improved regarding the previous one.

In terms of repetitive sequences, these accounted for
~38.95% of the new genome assembly, 36.76% of which
corresponded to known families of transposable elements.
DNA transposons, the largest class of transposable elements
found in the moringa genome, represented 18.25% of the
total (Table 4; Supplemental Figure S4). Screening the new
moringa genome against the Rfam v14.7 database identified
a total of 5,434 noncoding RNAs including 1,922 ribosomal
RNAs, 1,583 transfer RNAs, 165 small nuclear RNAs, and
151 microRNAs (Supplemental Table S3).

3.3 | Genome functional annotation

Searches for putative homologous of moringa genes resulted
in 19,374 genes (85.30% of the total) with at least one
hit in Diamond searches against the NCBI nonredundant
protein database (Supplemental Table S4). Up to 17,736
encoded protein sequences showed at least one INTER-
PRO functional domain, including a total of 16,334 PFAM
domains (Supplemental Table S4). Furthermore, 10,306 EC
codes (totaling 1,139 unique EC codes) were assigned to
a total of 8,414 moringa enzyme-coding predicted genes
(Supplemental Figure S5).

We performed the functional annotation of the moringa
genome with GO terms using the BLAST2GO pipeline merg-
ing Diamond, INTERPRO, and EC annotations (Conesa &
Gotz, 2008) (Supplemental Figure S5). A substantial frac-
tion of the moringa genes, that is, 16,929 genes out of
22,714 (74.53%), were annotated with at least one GO term,
amounting to a total of 66,271 GO terms, which represents
an average of three GO terms per annotated gene. Simi-
larly, moringa genes were mapped to their corresponding KO
functional orthology groups in the KEGG database using
the BlastKOALA tool (Kanehisa et al.,, 2016). A total of
7,878 genes were mapped onto 3,821 KO functional orthology
groups (Supplemental Figure S5).

3.4 | The moringa genome shares the ancient
core eudicot hexaploidy

To uncover the history of WGD in the moringa genome, we
first identified all paralogs (a total of 8,735 were found, which
we referred to as the entire paranome) and paralogs retained
in collinear regions (a total of 4,445 were found in 284 syn-
tenic genomic regions, which we referred to as anchor or
syntenic paralogs). Next, Ks values were computed for every
pair of paralogs and syntenic paralogs and the resulting dis-
tributions modeled separately using fitted Gaussian mixture
models. The mixture model identified a single main peak in
both distributions centered around Ks = 1.65, likely corre-
sponding to an ancient WGD event (Supplemental Figure S6).
To infer when this ancient WGD event occurred relative to
the divergence with grapevine (Vitis vinifera L.), taxonomi-
cally located at the base of the Rosids clade of angiosperms
to which moringa belongs, we compared the distribution of
Ks values of the moringa syntenic paralogs to the distribu-
tion of Ks values of syntenic orthologs between moringa and
grapevine. The latter distribution showed a Ks peak around
0.98, located to the left of the main peak found for moringa
paralogs (Figure 1a), suggesting that the ancient WGD event
detected in the moringa genome occurred prior to the diver-
gence of moringa and grapevine and thus likely corresponds
to the Gamma event shared by all core eudicots (Jiao et al.,
2012).

In addition, we compared the syntenic depth ratio (that is,
the number of times a genomic region is syntenic to a region in
another genome) between moringa and Amborella trichopoda
Baill., the single extant species of a lineage sister to all
flowering plants that has not experienced any WGD since
the divergence of angiosperms (Amborella Genome Project,
2013). As expected, we observed an overall 3:1 syntenic
depth ratio between moringa and A. trichopoda (Figure 1b),
which means that a single A. trichopoda region generally
aligns to three moringa genomic segments, further support-
ing that moringa would have undergone the hexaploidy event
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WGD analysis of the moringa genome. (a) Density plots resulting from fitting Gaussian mixture models to synonymous

substitution rates per synonymous site (Ks) distributions for pairs of syntenic paralogues within the moringa and grapevine genomes as well as of

syntenic orthologues between moringa and grapevine. (b) Syntenic depth ratios between moringa and Amborella trichopoda, Coptis chinensis,

grapevine, and Arabidopsis genomes. (c) Dot plots of orthologues between moringa and Coptis chinensis genomes. The red circles highlight

examples of major duplication events suggestive of a 3:2 syntenic relationship

shared by all core eudicots. Furthermore, we also compared
moringa with Chinese goldthread (Coptis chinensis Franch.),
which belongs to an early diverging eudicot lineage in which a
single round of WGD was identified but lacking the gamma
triplication event (Y. Liu et al., 2021). Consistent with our
hypothesis of a single WGD in moringa, we found a 3:2 syn-
tenic depth ratio between moringa and Chinese goldthread
(Figure 1b,c). Further comparing moringa to grapevine and
Arabidopsis, we found a 1:1 synteny relationship between
moringa and grapevine (Figure 1b) and a 1:4 synteny rela-
tionship between moringa and Arabidopsis (Figure 1b), again
consistent with the grapevine and moringa genomes having
a hexaploid origin (The French-Italian Public Consortium
for Grapevine Genome Characterization, 2007), and Ara-
bidopsis experiencing two additional rounds of recent WGD
events, the so-called a and § WGD events (Blanc et al., 2003;
Bowers et al., 2003).

3.5 | Gene family evolution in moringa

To study gene family evolution in moringa, we first obtained
a classification of orthogroups in the moringa genome and
10 plant species representing the main angiosperm plant lin-

eages (Figure 2a; Supplemental Tables S2 and S5). These
included the Brassicales Arabidopsis and papaya, the legume
barrel clover (Medicago truncatula Gaertn.), the basal Rosid
grapevine, the Asterid tomato (Solanum lycopersicum L.),
the basal dicot sacred lotus (Nelumbo nucifera Gaertn.),
the monocots rice (Oryza sativa L. subsp. japonica Kato)
and maize (Zea mays L.), the magnoliid avocado (Persea
americana Mill.), and the early diverging angiosperm A. tri-
chopoda, which is sister to the rest of flowering plants. A
total of 349,936 protein sequences encoded by the genomes
of these species were compared with each other, and, based
on this comparison, 299,745 genes (i.e., 85.66% of the total)
could be classified into 28,161 orthogroups containing at least
two genes; 5,185 of these orthogroups were found across
all 11 species (Figure 2b; Supplemental Table SS5). The
remaining 50,191 genes, including 2,668 moringa genes, were
classified as unassigned to any orthogroup, likely correspond-
ing to singleton orphan sequences with no detected homologs
in any species (Supplemental Table S5). In the moringa
genome, 20,046 genes (nearly 88.25% of the total) were
assigned into 13,597 orthogroups (Figure 2b; Supplemen-
tal Table S5), of which 148 orthogroups, grouping together
941 genes, were found to be unique to moringa. Moringa
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FIGURE 2 Gene family and orthogroup classification in moringa and 10 other plant species representing the main flowering plants lineages.
(a) Ultrametric phylogenetic tree depicting the evolutionary relationships among moringa and 10 other plant species (left panel) and histogram
representing in percentages the gene distribution per species resulting from the gene family classification (right panel). Tree topology and divergence
times were taken from TimeTree (S. Kumar et al., 2017), except for the branching of the Magnoliid avocado, for which clustering as a sister clade to
the large clade formed by monocots plus dicots species was favored. Branches in the trees are proportional to evolutionary time, with the scale bar
representing 100 million yr. Species names abbreviations: Mol, Moringa oleifera; Ath, Arabidopsis thaliana; Cpa, Carica papaya; Mtr, Medicago
truncatula; Vvi, Vitis vinifera; Sly, Solanum lycopersicum; Nnu, Nelumbo nucifera; Osj, Oryza sativa (rice); Zma, Zea mays; Pah, Persea americana;
and Atr, Amborella trichopoda. (b) UpSet plot representing the number of families (bars) containing genes from a specific species or set of species
(dots). Only intersections spanning >60 families are displayed. The core orthogroups, that is, the orthogroups formed by members of all 11 species,
are shown with grey bars and dots, whereas the bars and dots corresponding to unique orthogroup clusters are colored according to the species color
scheme from the tree in panel (a). The histogram on the left represents the total number of gene families for each species
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represents the second species, only after lotus, with the small-
est percentage of genes found in species-specific orthogroups
(Supplemental Table S5).

Although only 108 genes out of the 941 genes cluster-
ing in moringa-specific orthogroups were annotated with
GO terms, functional enrichment tests identified specific
developmental processes including seedling development,
meristem growth, and male and female gamete generation,
and defense responses such as response to misfolded protein
enriched among them (Supplemental Table S6). Interestingly,
most of the genes annotated with both sets of GO terms
belong to the same orthogroup, HOG0020145, which is
composed of three moringa genes annotated as encoding a
specific subunit of the 26 proteosome complex (Supplemental
Table S6). Next, we investigated whether any mechanism
of duplication was prevalent in the expansion of moringa-
specific orthogroups. For this purpose, we obtained a
classification of gene duplicates in the moringa genome by
mechanism of duplication using the MCScanX software:
whole-genome or segmental duplications (collinear genes
in collinear blocks); different forms of small-scale duplica-
tions (SSDs), including tandem; duplications in consecutive
regions of the genome, proximal; duplications in nearby chro-
mosomal region but not adjacent or dispersed; duplications
of modes other than tandem, proximal, or WGD-segmental
(Supplemental Figure S7). Moringa-specific orthogroups
were strongly enriched for tandem (200 total genes; Fisher’s
exact test, P = 1.1 x 107*°) and proximal duplicates (145
total genes; Fisher’s exact test, P = 2 X 107*!), while neither
enriched nor impoverished for dispersed (271 genes; Fisher’s
exact test, P = 1) or WGD duplicates (106 genes; Fisher’s
exact test, P = 1). Therefore, tandem and proximal SSD
duplications appeared to be the prevalent mechanisms behind
the expansion of moringa-specific orthogroups.

Previous studies have reported notable differences in the
evolutionary and functional fate of duplicates depending on
the mechanism or mode of duplication. For example, genes
with certain biological functions (e.g., transcriptional reg-
ulation, signal transduction, protein transport, and protein
modification) are preferentially retained after WGDs, whereas
they are rarely retained after SSDs and vice versa (Maere
et al., 2005). The so-called dosage balance hypothesis is
claimed to predict such biased pattern of loss and reten-
tion between WGD and SSD duplicates (Freeling, 2009).
To check whether the predictions of the dosage balance
hypothesis applied to moringa, we performed GO functional
enrichment tests of duplicates categorized by mechanism of
duplication. The GO terms most significantly enriched among
WGD duplicates were related to transcriptional regulation fol-
lowed by different forms of protein modification, including
phosphorylation and kinase activities or protein dimerization,
functions commonly considered as dosage balance sensitive
(Figures 3a,b; Supplemental Table S7).

On the other hand, tandem duplicates have been commonly
observed to be retained in a lineage-specific fashion and
enriched in functional categories related to response to
stress or secondary metabolism (Carretero-Paulet & Fares,
2012; Chae et al., 2014; Denoeud et al., 2014). Indeed,
moringa tandem duplicates were enriched in GO terms
corresponding to specific secondary metabolism enzymes
such as isoprenoids (lanosterol synthase activity, beta-amyrin
synthase activity), alkaloids (reticuline oxidase, strictosidine
synthase) phenylpropanopids/flavonoids/glucosinolates
(S-adenosylmethionine-dependent methyltransferase), gly-
cosylated flavonols (quercetin 3-O-glucosyltransferase,
quercetin  7-O-glucosyltransferase), and glutathione (glu-
tathione transferase) (Figures 3c,d; Supplemental Table S8) or
specific secondary metabolism pathways (e.g., anthocyanin-
containing compound biosynthetic process, aromatic
compound biosynthetic process, triterpenoid biosynthetic
process) (Figures 3c,d; Supplemental Table S8). In addition,
several GO terms associated with defense response of plants
against biotic and abiotic environmental cues were found
as enriched among tandem duplicates including defense
response, xenobiotic detoxification by transmembrane export
across the plasma membrane, response to toxic substance,
defense response to other organism, killing of cells of other
organism, and response to biotic stimulus (Figures 3c,d;
Supplemental Table S8).

To further check whether genes involved in secondary
metabolism were enriched for tandem duplicates in moringa,
we mapped 395 KO groups corresponding to a total of 1,181
(810 unique) genes in the moringa genome onto 50 sec-
ondary metabolism pathways (Supplemental Table S9) using
KEGG pathway annotation. Biochemical pathways involved
in the metabolism of amino acids, which serve as precur-
sors for a wide range of secondary metabolites including
phenolic compounds, alkaloids, or glucosinolates, were also
considered. One hundred twenty-one of these genes corre-
sponded to tandem duplicates, which is significantly higher
than expected by chance (Fisher’s exact test, P = 1.2 X 1077).
Furthermore, dispersed duplicates, accounting for 324 of the
secondary metabolism genes, were also found to be in a higher
proportion than expected by chance, although less signifi-
cantly (Fisher’s exact tests, P =3 X 1075). In contrast, WGD
(183 genes; Fisher’s exact test, P = .066) or proximal
(39 genes; Fisher’s exact test, P = .3) duplicates appeared
to be neither underrepresented nor overrepresented among
secondary metabolism genes.

3.6 | Secondary metabolite biosynthetic
pathways in the moringa genome

Given the importance of secondary metabolites to the nutri-
tional content, organoleptic properties, and pharmacological
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FIGURE 3 ReViGo scatterplot representation of gene ontology (GO) biological processes significantly enriched among selected subsets of

moringa genes. Results are shown for genes belonging to moringa (a, b) whole-genome duplication (WGD) duplicates and (c, d) tandem duplicates

for (a, ¢) biological process and (b, d) molecular function GO terms. The GO terms found as significantly enriched are represented as circles, with

diameters proportional to the sample size (number of genes with the corresponding term as compared with the background protein database) and the

resulting log,, of the p values resulting from Fisher’s exact tests corrected after Bonferroni and color encoded. ReViGo groups functionally similar

GO terms close in the two-dimensional semantic space. Results were obtained using the ReViGo web server at http://revigo.irb.hr/ with Arabidopsis

selected as background protein database and the rest of settings as default (Supek et al., 2011)

activity of moringa leaves and seeds, we performed the iden-
tification and molecular evolutionary characterization of gene
families putatively involved in secondary metabolism focus-
ing on two main drivers of the evolution of metabolism
pathways in plants involving clusters of tandemly duplicated
genes: neofunctionalization of tandem gene duplicates and
biosynthetic gene clusters (Tohge & Fernie, 2020).
Neofunctionalization of tandem gene duplicates resulting
in differential substrate specificity of the gene copies has
been identified as a major mechanism driving the evolu-
tion of specific secondary metabolism pathways, notably,
glucosinolate biosynthesis in Arabidopsis (Tohge & Fernie,
2020). By merging relevant GO, KEGG, and EC annotations,
we attempted to reconstruct the full complement of genes
putatively involved in glucosinolate biosynthesis and reg-
ulation, especially those encoding for enzymatic activities,
in the moringa genome and the two other Brassicales repre-
sentatives examined in this work (Arabidopsis and papaya)
(Supplemental Table S10). Supplemental Figure S8 shows

the EC enzymatic activities found as encoded in the moringa
genome mapped onto the glucosinolate biosynthesis KEGG
pathway map (map entry 00966). A total of 104 moringa
genes likely involved in glucosinolate metabolism were found,
which grouped into 28 out of the 33 detected orthogroups
including 11 with at least a pair of tandem duplicates
(Supplemental Table S10). Two interesting instances were
orthogroups HOG0000588 and HOG0009822. Orthogroup
HOGO0000588 included 15 moringa genes arranged in two
clusters of tandem duplicates located on chromosomes 1
and 5, together with 18 and 14 in Arabidopsis and papaya,
respectively, and zero to 24 (grapevine) in the rest of species.
Genes in HOGO0000588 were annotated as encoding for
indol-3-yl-methylglucosinolate hydroxylases. Orthogroup
HOGO0009822 clusters seven moringa genes tandemly
arranged in consecutive positions of chromosome 10, for
five and three in Arabidopsis and papaya, respectively,
and zero in the rest of species. Genes in HOG0009849 are
annotated as encoding for GDSL-type esterases/lipases, a
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family of lipid hydrolytic enzymes with multifunctional
properties such as broad substrate specificity and regiospeci-
ficity involved in diverse secondary metabolism pathways,
including glucosinolates (Lai et al., 2017). In contrast,
moringa orthologs could not be detected for Arabidopsis
glucosinolate-related genes in orthogroups HOG0016593,
HOG0022085, HOG0017508, HOG0008572, HOG0004358,
and HOGO0019714 encoding for branched-chain amino
acid aminotransferase (EC:2.6.1.42), homomethionine
N-monooxygenase (EC:1.14.14.42), aliphatic glucosinolate
S-oxygenase (EC:1.14.13.237), magnesium transporter, beta-
glucosidase (EC:3.2.1.21), and myrosinase (E3.2.1.147),
respectively (Supplemental Table S10). However, moringa
genes annotated with such enzymatic activities were found
in other glucosinolate orthogroups, except for homome-
thionine N-monooxygenase and aliphatic glucosinolate
S-oxygenase (Supplemental Table S10). Notably, orthogroup
HOGO0000577, annotated as encoding for a specific class of
beta glucosidases (myrosinases) involved in the production
of biologically active glucosinolates, was found as strongly
expanded in moringa, with 14 genes, for four and five in Ara-
bidopsis and papaya, respectively (Supplemental Table S10),
and zero to six in the rest of species. We also found a single
moringa representative in orthogroups HOG0002947 and
HOGO0006126, encoding for glucosinolate gamma-glutamyl
hydrolase (EC:3.4.19.16) and methylthioalkylmalate syn-
thase (EC:2.3.3.17), respectively, both enzyme families
reported as examples of diversification in Arabidopsis sec-
ondary metabolism through neofunctionalization of tandem
duplicates (Kliebenstein et al., 2001; Petersen et al., 2019).

We next used RNA-seq-based data from five tissues
to assess expression of the 104 moringa genes identi-
fied in our analysis as putatively involved in glucosi-
nolate biosynthesis. Out of the 104 genes, 84 and 88
were found to be expressed in seeds and leaves, respec-
tively, where glucosinolate biosynthesis is more abundant
(Figure 4). Moringa tandemly duplicated genes belong-
ing to glucosinolate-related orthogroups showed diversified
expression levels across all five tissues, with two genes
belonging to orthogroup HOGO0009822 (Moroll0Ogl5130
and Moroll0gl5170), another belonging to orthogroup
HOGO0000577 (Morol03g00630 and Morol04g12880) and
HOGO0000588 (Morol01g14150) displaying notable expres-
sion in leaves and seeds (Figure 4).

In turn, there is growing evidence of nonhomologous genes
encoding specific biosynthetic enzymes involved in the same
secondary metabolism pathway evolving as clusters occu-
pying neighboring regions of plant genomes, as previously
observed in bacteria and fungi (Rokas et al., 2018). Plant
secondary metabolism genes arranged in clusters would even-
tually be subjected to similar transcriptional and epigenetic
regulation mechanisms (Boutanaev et al., 2015; Nutzmann
et al.,, 2016; Zhang et al., 2006). Such secondary metabo-
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FIGURE 4 Heat map representation of the expression patterns of
104 putative glucosinolate-related moringa genes across five tissues
plus average expression. The colors of the heatmap represent
log,—transformed expression values measured in transcripts per million.
Colored bands on the left indicate the gene family and orthogroup to
which each gene belongs
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lite gene clusters (SMGCs) in plants have been identified and
experimentally validated for a diverse group of secondary
metabolism compounds including isoprenoids (Chae et al.,
2014), polyketides (Schneider et al., 2016), or modified fatty
acids (Jeon et al., 2020). Here, we used PLANTISMASH
v1.0 to identify potential SMGC in the moringa genome
(Kautsar et al., 2017). PLANTISMASH identified 18 putative
SMGC:s related to various plant secondary metabolic path-
ways (Supplemental Table S11), which included two alkaloid,
two lignan-polyketide, nine saccharide, three terpene, and two
putative gene clusters. The genomic regions of these biosyn-
thetic gene clusters spanned from 28.9 to 339.26 Kb and
contained between six and 19 genes. The SMGCs appeared to
be evenly distributed across the moringa genome, with every
chromosome accommodating at least one SMGC, except for
chromosomes 1 and 14 (Supplemental Table S11).

We first focused our attention on SMGC one, which
contained eight moringa genes located in chromosome
10. Six out of them were annotated as dioxygenases,
four of which belonging to orthogroup HOGO0001451
(Figure 5a). Orthogroup HOGO0001451 included nine Ara-
bidopsis orthologs, five of which formed a well-supported
clade in a ML phylogenetic tree depicting the evolution-

ary relationships among the 56 sequences belonging to
the orthogroup (Figure 5b). This clade was embedded
within a larger clade containing two papaya genes and one
moringa gene (Moroll0g02100). Interestingly, three out of
these five Arabidopsis genes (AT4G03050, AT4G03060,
and AT4G03070) had been reported as 2-oxoglutarate-
dependent dioxygenase involved in glucosinolate biosynthesis
(Kliebenstein et al., 2001), which were not detected in our
survey of glucosinolate-related orthogroups. Moroll0g02100
showed expression in roots and, to lesser extent, seeds
(Figure 5c).

Next, we examined SMGC five (Supplemental
Figure S9A), annotated as of lignan-polyketide type, which
included one gene annotated as ketosynthase belonging to
orthogroup HOGO0003249, which, in turn, included four
additional genes tandemly arranged in neighboring positions
of the chromosome plus a sixth gene located elsewhere in
the genome (Supplemental Figure S9A). The three Ara-
bidopsis orthologs belonging to orthogroup HOG0003249
(AT5G04530.1, AT2G28630.1, and AT1G07720.2) had been
reported as members of the 3-ketoacyl-CoA synthase family
involved in the biosynthesis of VLCFA (very-long-chain
fatty acids) as precursors of wax compounds, participating
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in the limitation of nonstomatal water loss during drought
adaptation and in the prevention of pathogen attacks (Li-
Beisson et al., 2013). With six genes in HOG0003249 for
two to five in the remaining 10 plant genomes compared in
this study, moringa was found as slightly expanded in this
family. Five out of the six genes, including the one found
in the SMGC, grouped in a ML phylogenetic tree within a
well-supported clade together with counterparts from papaya
(Supplemental Figure S9B). Most members of the family in
moringa showed low expression, except for Moroll3g04770,
which was strongly expressed in leaves (Supplemental
Figure S9C).

Finally, saccharide-biosynthesis-related cluster 10 was
formed by 15 genes, including five annotated as UDP-
glycosyltransferases, one as methyltransferase, another one
as cytochrome P450, another one as dioxygenase, while
the rest annotated as encoding for unrelated functions
(Supplemental ~ Figure = S10A). The five UDP-
glycosyltransferases grouped together with 10 additional
sequences into orthogroup HOGO0000748, including two
also detected in the cluster with significantly shorter
sequences and annotated as encoding for unrelated functions.
Orthogroup HOG0000748 also included 13 and 11 genes in
the Brassicales Arabidopsis and papaya, respectively. The
ML phylogenetic analysis based on the multiple alignment
of the 117 aminoacidic sequences included in HOG0000748
grouped five moringa genes into one well-supported clade,
including three of the ones found in the SMGC, sister to a
clade formed by seven papaya genes (Supplemental Figure
S10B). The resulting clade in turn showed a sister relationship
with a clade composed by seven Arabidopsis genes (Supple-
mental Figure S10B). The remaining two genes in the SMGC
were located in disparate positions of the tree. These genes
were annotated as encoding for UDP-glucosyltransferases
and, specifically, anthocyanidin 3-O-glucosyltransferases
(EC:2.4.1.115). Orthologs in Arabidopsis have been reported
to be involved in the lycosylation of specific flavonols, but
also specific phenylpropanoids, steroids or citoquinines
such as zeatin, commonly in response to specific stresses.
In general, moringa genes found in the cluster showed,
similarly low expression patterns, with the exception of
Morol04g07740, Morol04g07730, and Morol04g07710,
which showed moderate expression levels (Supplemental
Figure S10C).

4 | DISCUSSION

We have presented here a novel assembly of the moringa
genome based on Oxford Nanopore long reads, combined
with Hi-C. The quality of this assembly is significantly bet-
ter than the short-read genomes previously published by the
AOCC (Chang et al., 2019) and elsewhere (Tian et al., 2015)

both in terms of contiguity and completeness, allowing a more
accurate examination of relevant genomic features including
some that might be at the origin of interesting phenotypic
and agronomic traits of this tree crop plant. Furthermore,
it improves on and complements recent long-read genome
published by Shyamli et al. (2021) by associating 66 of
their contigs into 14 pseudochromosomes in our assembly
(Table 1; Supplemental Figure S11). In this figure, we show
high congruency between the two genomes.

Given the importance attributed to WGD in promoting phe-
notypic diversity and speciation (Leitch & Leitch, 2008; Soltis
& Soltis, 2009; Van de Peer et al., 2009), in helping to over-
come stressful environments and periods of environmental
turmoil (Van de Peer et al., 2021; Van de Peer et al., 2017),
and in driving the evolution of favorable domestication traits
in plants (Salman-Minkov et al., 2016), we leveraged the high-
quality assembly of the moringa genome presented here to
uncover its duplication evolutionary history. A combination of
comparative analyses of moringa and other species based on
modelling Ks distributions of syntenic paralogs (anchors) and
orthologs together with synteny analysis with selected plant
genomes reveals that moringa shares the ancient hexaploidy
of all core eudicots, that is, the so-called gamma event (Jiao
et al., 2012). Furthermore, and in contrast to their Brassicales
counterparts from the Brassicaceae family (Blanc et al., 2003;
Bowers et al., 2003), no evidence of additional lineage spe-
cific WGD was found in the moringa genome similar to what
was reported for papaya (Ming et al., 2008) belonging to the
Caricaceae family, the clade sister to the Moringaceae (Olson,
2003).

Moringa gene duplicates resulting from the ancestral eudi-
cot gamma WGD event were functionally characterized using
their associated GO terms, revealing an enrichment in tran-
scriptional and protein modification such as transcription
factors or protein phosphorylation and dimerization activi-
ties. These functions are commonly considered to be dosage
balance sensitive (Papp et al., 2003; Tasdighian et al., 2017)
and, therefore, are expected to be preferentially retained
after WGD in agreement with the dosage balance hypothesis
(Freeling, 2009). In turn, SSD duplicates, especially tan-
dem and, to a lower extent, dispersed duplicates, were found
to be enriched for specific secondary metabolism enzymes.
Therefore, the reciprocal retention pattern of WGD vs. SSD
duplicates for functional classes anticipated by the dosage
balance hypothesis (Freeling, 2009) can also be verified in
moringa.

Apart from secondary metabolism enzymes, tandem dupli-
cates were enriched in several GO terms associated to defense
response of plants against biotic and abiotic environmental
cues. Indeed, this could help to explain the retention of tandem
duplicates in plant genomes, despite that, they are expected
to upset dosage balance immediately after duplication—at
least when part of multiprotein complexes or intricate gene
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regulatory networks—and result in fitness defects. One of the
mechanisms proposed to explain the long-term persistence
of tandem duplicates involved in secondary metabolism is
rapid neofunctionalization resulting in differential substrate
specificity of the gene copies (Tohge & Fernie, 2020). Such
a mechanism has been experimentally validated for different
Arabidopsis enzymes involved in the glucosinolate pathway
(Kliebenstein et al., 2001; Petersen et al., 2019), for which we
have determined the full complement of moringa genes and
gene families likely involved in their biosynthesis and regula-
tion. We found at least 11 glucosinolate-related orthogroups
including tandemly arranged genes in moringa. Two notable
examples are formed by orthogroup HOGO0000577, anno-
tated as myrosinases, and orthogroup HOG0009822 anno-
tated as encoding for GDSL-type esterases/lipases, both of
which were found to be specifically expanded in moringa
and in agreement with what had been previously observed
(Ojeda-Lopez et al., 2020). Glucosinolates are relatively sta-
ble in nature and have no biological activity. When tissue
is damaged because of a biotic attack, specific hydrolytic
enzymes called myrosinases are activated, leading to the
formation of different degradation products such isothio-
cyanates, nitriles, oxazolidinethiones, thiocyanate, epithioni-
triles, and other products, which all exhibit a wide range of
biological activity and strongly influence the taste and fla-
vor of the plant (Z. Liu et al., 2021). Furthermore, one of the
Arabidopsis orthologs in HOG0009822 (AT3G14210.1) has
been reported as EPITHIOSPECIFIER MODIFIERI (ESM1),
which represses nitrile formation and favors isothiocyanate
production during glucosinolate hydrolysis (Zhang et al.,
2006). In turn, orthogroup HOG0000588 included Arabidop-
sis CYP8IF2 gene (AT5G57220.1), the gene underlying the
metabolic quantitative trait loci Indole Glucosinolate Mod-
ifierl (IGMI), which alters the structure of Trp-derived
indole glucosinolates (Pfalz et al., 2009). Interestingly,
moringa genes belonging to orthogroups HOGO0000577,
HOG0009822, and HOG0000588 showed diversified expres-
sion patterns across all five tissues examined, with some
members featured by significant expression levels in seeds
and leaves. It is tempting to speculate rapid functional spe-
cialization after tandem duplication within these two gene
families could have contributed to the diversity of glucosi-
nolates across tissues between wild-type and domesticated
accessions of moringa and among other Moringaceae species
(Chodur et al., 2018; Fahey et al., 2018).

Additional enzymes involved in specific secondary
metabolism pathways, notably fatty acids, flavonoids, ter-
penoids, and alkaloids, were found arranged in clusters
of homologous genes interspersed with nonhomologous
genes possibly involved in the same biochemical pathway.
Some of these secondary metabolites are related to plant
responses and adaptations to different environmental stresses
including water deficit and UVB radiation (Bandurska

et al, 2013). The enrichment in secondary metabolism
and defense responses observed among tandem duplicates
supports their involvement in rapid adaptations to local envi-
ronmental stimuli (Hanada et al., 2008) and may be related
to the high phenotypic plasticity and adaptability of this
species to different environmental constraints, notably water
stress (Brunetti et al., 2020; Brunetti et al., 2018) or UVB
(Araujo et al., 2016).

Tandem duplications, together with proximal duplications,
were also found to be the preferential mode of duplication
leading to the expansion of 148 moringa-specific gene fam-
ilies. Interestingly, some of these gene families were also
found to be enriched for stress defense responses and develop-
mental processes. These included orthogroup HOG0020145,
comprising three moringa genes encoding for regulatory com-
ponents of the ubiquitin/26S proteasome including ATPase
domains (EC:5.6.1.5) specifically involved in channel gating
and polypeptide unfolding before proteolysis. This might be
indicating the ubiquitin/26S proteasome system in moringa is
contributing to the proteomic plasticity required to link plant
growth and development with adaptation to environmental
stress such as drought, heat, and UV stress (Xu & Xue, 2019).

In summary, the current version and annotation of the
moringa genome presented here will facilitate the identi-
fication of genes at the origin of biological, agronomical,
nutritional, or pharmacological properties in this species
and will greatly assist the development of genomics-assisted
plant improvement programs especially related to secondary
metabolism traits of interest.
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