Journal Pre-proof Molecular
Plant -

Orphan crops and their wild relatives in the genomic era

Chu-Yu Ye, Longjiang Fan

Pl S1674-2052(20)30444-5
DOI: https://doi.org/10.1016/j.molp.2020.12.013
Reference: MOLP 1063

To appearin.  MOLECULAR PLANT
Accepted Date: 15 December 2020

Please cite this article as: Ye C.-Y., and Fan L. (2021). Orphan crops and their wild relatives in the
genomic era. Mol. Plant. doi: https://doi.org/10.1016/j.molp.2020.12.013.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

All studies published in MOLECULAR PLANT are embargoed until 3PM ET of the day they are
published as corrected proofs on-line. Studies cannot be publicized as accepted manuscripts or
uncorrected proofs.

© 2020 The Author


https://doi.org/10.1016/j.molp.2020.12.013
https://doi.org/10.1016/j.molp.2020.12.013

[EE

10

11

12

13

14

15

16

17

Orphan cropsand their wild relativesin the genomic era

Chu-Yu Y& and Longjiang Farf*

nstitute of Crop Sciences & Institute of Bioinfoatits, Zhejiang University,
Hangzhou 310058, China

Hainan Institute of Zhejiang University, Sanya 52Z20China

*Author for correspondence:

Longjiang Fan (fanlj@zju.edu.cn)

Short Summary

Orphan crops play important roles in global food amtrition security and represent
a broad gene pool. Here, we provide an overviegeoiomic studies on orphan crops
and their wild relatives (including weeds), andcdiss the potential mutual utilization

of genomic results among major crops, orphan camistheir wild relatives.
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Abstract

More than half of the calories consumed by humamespaovided by three major
cereal crops (rice, maize and wheat). Orphan campsusually well adapted to
low-input agricultural conditions, and they not ypplay vital roles in local areas but
can also contribute to food and nutritional needsldwide. Interestingly, many wild
relatives of orphan crops are important weeds gbrm@ops. Although orphan crops
and their wild relatives have received little atien from researchers for many years,
genomic studies on these plants have recently pedormed. Here, we provide an
overview of genomic studies on orphan crops, wittb@s on orphan cereals and
their wild relatives. At least 12 orphan cerealsl/an their wild relatives have been
genome sequenced. In addition to genomic bendditofphan crop breeding, we
discuss the potential mutual utilization of genom@sults among major crops, orphan
crops and their wild relatives (including weeds) gorovide perspectives on the
genetic improvement of both orphan and major crdpxluding de novo

domestication of orphan crops) in the coming gecaana.

Keywords. Orphan crop, wild relative, weed, genome, croediity
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More than 2,500 species have undergone some exterdomestication, and
approximately 300 have been fully domesticatedZ®and Raven, 2003; Fernie and
Yang, 2019). However, 70% of the calories consulmetlumans come from only 15
crop species, among which three major crop spddms maize and wheat) directly
contribute more than half of all the calories caned (Chang et al., 2019; Dawson et
al., 2019). The narrowing of diversity within crepecieseduces global food security,
and diversifying crop production is critical forstainable food systems (Dawson et
al., 2019; Khoury et al., 2014). Additionally, tlggowth of the human population
requires a sustainable food supply to meet enengynatritional needs, which is one
of the greatest global challenges (Chang et all9R0Climate change resulting in
increased drought and heat makes current crop ptioduparticularly challenging
(Mabhaudhi et al., 2019). Environmental degrada#ind costs resulting from heavy
reliance on chemical fertilizers and pesticidesdl¢a unsustainable productivity
(Fernie and Yang, 2019). One of the possible smistifor these challenges is the use
of orphan crops, which can diversify crop productiprovide more sources for food
and contribute genetic resources. It has been némed) that orphan crops play
important roles in global food and nutrition setuand represent a broad gene pool

for future crop improvement (Mabhaudhi et al., 2019

Orphan crops are often defined as staple cropsatkeagrown in limited regions, have
relatively good adaptation to low-input conditiorsse not extensively traded and
have received little attention from researchersw@&m et al., 2019; Ribaut and
Ragot, 2019; Varshney et al., 2012b). Orphan cespsalso known as underutilized,
lost, minor, or neglected crops and as crops ferftiture (Tadele, 2019). Although
orphan crops have limited economic value worldwttley are often highly important

at the local level, especially in developing coigs(Chiurugwi et al., 2019).

Since the publication of the Arabidopsis genom®0, more than 400 flowering

plant species have been sequenced as of August 2020

(https://www.plabipd.de/index.ep). Advances in geerosequencing have promoted
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genome-based breeding techniques, including gemwanhe-association studies,
genomic selection and design breeding. Due to tdobical breakthroughs in
genome sequencing and reduced costs, orphan cavpsalso entered their genomic
era, accelerating the identification of genes ulydey important agronomic traits,
breeding processes and the understanding of thieitewo of those species. In this
article, we focus on orphan cereals and their iveat(referred to here as species
within the same genus) whose genome sequence iRldga In addition to an
overview of genomic studies on orphan crops and thiéd relatives, we provide
perspectives on how to promote the breeding of lmoghan and major crops by
utilizing their genomic resources, aiming to faggieultural challenges in the 21st

century.

Orphan cropsand their wild relatives
Overview of orphan crops

Orphan crops mainly include cereals, pseudocertgismes and root crops. Their
cultivation area and the major countries in whichyt are grown were reviewed by
Tadele et al. (2019). Select orphan crops (withoeus on cereals) are briefly

described below.

In addition to the three major crops (rice, maird wheat), the grass family (Poaceae
or Gramineae) also includes many orphan crops. ffibe Paniceae (subfamily
Panicoideae) includes foxtail milletSdtaria italica), pearl millet Pennisetum
glaucum, syn. Cenchrus americanus), broomcorn millet (also known as common
millet, proso millet and hog millet;Panicum miliaceum), barnyard millet
(Echinochloa spp.), and fonio milletigitaria exilis), etc. (Figure 1). Foxtail millet
and broomcorn millet are among the most ancientasdicated crops (Lu et al., 2009).
They were initially domesticated in northern Chindere they eventually became the
dominant food crops (they are members of the ‘Fdrains of China’; the Chinese

name is 'Su' §€’) for foxtail millet and 'Sk’ (‘%) or 'Ji' (‘1%") for broomcorn millet).
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In ancient northern China, agriculture was basedhendomestication of broomcorn
millet and foxtail millet, which then greatly coiftuted to the development of
Chinese civilization (Doust and Diao, 2017). Evewday, foxtail millet and
broomcorn millet are important crops in the aridi aemiarid regions of East Asia
(Lu et al., 2009). Pearl millet is widely cultivatas a staple food grain and forage
crop in arid and semiarid regions of sub-Sahararc&f India and South Asia
(Varshney et al., 2017b). This species was donasticmore than 4,500 years ago
and is considered to have originated in Africa @tual., 2015). Barnyard millet is
widely cultivated in Asia, particularly in India,ntha, Japan and Korea (Renganathan
et al., 2020). It comprises at least two differentitivated hexaploid species:
Echinochloa esculenta in East Asia andEchinochloa frumentacea in India
(Yamaguchi et al., 2005). In Yunnan Province, Cheaultivated form of tetraploid
Echinochloa was recognized (Yabuno, 1996), and cultivated plexds were also
found to be grown for forage purposes accordingup survey. Barnyard millet is
also an ancient crop, and China is one of its wsigaccording to Nikolai Vavilov’s
studies on the centers of origin of cultivated dafvavilov, 1951). Based on the
evidence of phytolith and starch microfossils, asnajor subsistence resource,
Echinochloa millet was harvested and processed alongsidedudeg the Shangshan
culture period (~10,000 years ago) (Yang et al1520Fonio millet is an orphan
cereal in Africa and is also referred to as 'hunggeg’, as it is often grown to avoid
food shortages during the lean season. Despitedtd importance, compared with
other cereal species, fonio millet is underexptbitand still has many unfavorable
characteristics, such as seed shattering andvelatow yields (Abrouk et al., 2020).
In the subfamily Panicoideae, there is anotheramptrop species, adlay (also known
as Job’s tearsCoix lacryma-jobi), that is closely related to sorghum and belomgs t
the tribe Andropogoneae (Guo et al., 2020) (FiglyeC. lacryma-jobi is widely
grown in Asian countries, including China, Japard &torea, as a cereal and

medicinal crop species (Kang et al., 2020).

Finger millet Eleusine coracana) and tef Eragrostis tef) are the only two species that
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are in the subfamily Chloridoideae that are cuteda as cereals for human
consumption (Chanyalew et al., 2019) (Figure 1hgEr millet was domesticated
more than 5,000 years ago in the region spanningt wh currently Uganda to
Ethiopia (Hatakeyama et al., 2018). Finger milletsvéubsequently introduced to the
Western Ghats region of India, which made Indiasseondary center of diversity for
finger millet. Finger millet is considered the fdumost important type of millet after
sorghum, pearl millet and foxtail millet (Hittalmaat al., 2017). Tef is the most
important cereal in Ethiopia in terms of productioansumption and cash crop value,
and its grains yield the best-quality 'injera’radttional food in Ethiopia (Chanyalew
et al., 2019; Girma et al., 2014). Tef is grownnmarily by small-scale subsistence
farmers, and thousands of locally adapted cultihare been developed (VanBuren et
al., 2020). In addition, weeping lovegra&s ¢urwvula), which belongs to the same

genus as tef, is grown for forage purposes (Carladlal., 2019).

Rye (Secale cereale) is closely related to wheatflrfticum aestivum) and barley
(Hordeum vulgare), belonging to the Triticeae tribe (subfamily Rieae). Rye is an
important crop for food and feed in Central andt&asEurope (Bauer et al., 2017).
Intermediate wheatgras$hinopyrum intermedium), native to parts of Eastern Europe
and western Asia, has been widely used for foragdygtion in North America and
has been domesticated to be perennial grain cropntly (DeHaan et al., 2020;
Larson et al., 2019). Another nutritionally importarop of the subfamily Pooideae is

oat (Avena sativa), grown as a source of food and feed (Maughah,e2Gi9).

Zizania belongs to the same Oryzeae tribe (subfamily Odeae) as rice (Figure 1),
andZizania latifolia is a lost ancient cereal crop species accordir@hioese history
(its Chinese name is #3Q. Chinese historical records concerning''Ghow that its
grains were presented as tributes to the nobléseirzhou dynasty (1046-256 BC)
(Zhao et al., 2019). After the Tang and Song dyessiGi' gradually disappeared and
was replaced with rice (Wang et al., 2013) latifolia was also domesticated as a
perennial vegetable crop callediGbai’, which is now widely cultivated in China and

other Asian countries (Guo et al., 2015). Anothemual speciesZfzania palustris)
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within this genus is native to North America (whéres referred to as 'wild rice') and
has also been domesticated as a cereal (wildricghe USA in the last century

(Hayes et al., 1989).

Other orphan crops include pseudocereals (e.g., rémta Amaranthus spp.),
buckwheat [Fagopyrum esculentum) and quinoa Chenopodium quinoa)), root crops
(e.g., cassavaManihot esculenta), sweet potato Ipomoea batatas) and yam
(Dioscorea spp.)) and legumes. Legumes compose the thirdedargamily of
flowering plants that provide important sourcesaafd, fodder, oil and fiber products.
Legumes are divided into three subfamilies, amongichv the subfamily
Papilionoideae includes essentially all the maggume crops (Varshney et al., 2009).
Among legumes, soybealf/cine max) is undoubtedly considered a major crop, but
the others can be classified as orphan crops (sop@tant orphan legumes listed in
Supplementary Table 1). For example, groundnutipegirachis hypogaea), which

is widely grown worldwide, is among the most imjaoitt oil and food legumes and
has gradually received substantial amounts of sfieresearch, especially related to
the field of genomics (Bertioli et al., 2019; Chenhal., 2019; Zhuang et al., 2019).
There are two types of orphan legume species: seadon grain legumes, such as
chickpea Cicer arietinum), pea Pisum sativum) and lentil Lens culinaris), and
warm-season grain legumes, such as common Wdefaaseblus vulgaris), cowpea
(Vigna unguiculata) and mung beanVigna radiata) (Kreplak et al., 2019). Orphan
legumes also include forage crops such as alfélfedicago sativa) (Chen et al.,

2020; Shen et al., 2020) and clové@rfolium spp.) (Hirakawa et al., 2016).

Many wild relatives of orphan crops are weeds

Many wild relatives (referred to here as speciethiwithe same genus) of orphan
crops, particularly orphan cereals, are considenagr agricultural weeds that grow
together with major crops in the same ecologicahai (Figure 1). For example,

cultivated foxtail millet was domesticated from avigreen foxtail $eteria viridis),
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which is one of the most widespread weeds worldvadd is typically found in
agricultural fields, on roadsides and in open wastas (Doust and Diao, 2017;
Schroder et al., 2017). Green foxtail is one of th&or invasive weeds in maize,

soybean and wheat fields (Delye et al., 2002).

The genugchinochloa includes numerous problematic weed species, amdnghw
hexaploidE. crus-galli is dominant; this species is distributed in badldgy fields and
nonpaddy fields (such as upland crop areas) (Yal.e2014). It causes substantial
losses in crop yields worldwide, particularly face, and is considered one of the
most serious weeds in agriculture (Ye et al., 2014) rice paddy fields, the
morphological similarity between rice arifl crus-galli at the seedling stage (i.e.,
mimicry) makes it hard for farmers to distinguisterin and thus remove those weeds
from paddies (Ye et al., 2019). Another mimetic Wexd this genus in rice paddy
fields is the tetraploidchinochloa oryzicola (also calledechinochloa phyllopogon),
which is the wild counterpart of Mosuo barnyardletitultivated in Yunnan Province,

China (Yabuno, 1996).

The genusDigitaria, to which fonio millet belongs, includes the commuweed
speciedigitaria sanguinalis (large crabgrass). Large crabgrass is a problemated
in turfgrass and various crops, including maizettacg sorghum, rice and other

vegetable crops (Aguyoh and Masiunas, 2003; Li.e2@17; Turner et al., 2012).

The genusEleusine, to which finger millet belongs, includes the wespecies
goosegrassHeusine indica), one of the most destructive weeds worldwide (ighet
al., 2019). It has been reported that a single egass plant can produce up to
140,000 seeds, which makes its spread rapidly (CI99). It is a serious weed in
orchards, vegetable farms and many agronomic creya) as cotton, maize and

legume crops (Ma et al., 2015).

The weedy form of rye is considered the putativeeator of modern cultivated rye.
Weedy rye grows together with wheat and barley, #rel share morphological

similarity (i.e., mimicry). When cultivated underone severe conditions, such as
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colder winters and poor soils, the mimetic weedy mgad better adaptation than wheat
and barley and was then domesticated to be a testeop (McElroy, 2014). Oat has
a similar domestication process to rye, i.e., exdlfrom weedy oat. This is the theory
of 'Vavilovian mimicry’, i.e., wild species becammemimetic weed that may have
already acquired some domestication traits, anal tine weed was fully domesticated
to be a crop. These types of crops are called sacgncrops (McElroy, 2014;
Schreiber et al., 2017).

Beneficial traits of orphan crops and their wild relatives

There are many beneficial traits of orphan cropd toeir wild relatives compared
with major crops. Generally, they present high phgtthetic efficiency, are tolerant
to various stresses and/or contribute nutritiomad/@r medicinal compounds. Most
orphan cereals, including foxtail millet, pearl k®i] broomcorn millet, barnyard
millet, fonio millet, adlay, finger millet and tefutilize the highly efficient C4
photosynthesis pathway (Chanyalew et al., 2019;sDand Diao, 2017; Hittalmani et
al., 2017). Accordingly, their wild relatives alsdopted the C4 pathway. Compared
with C3 photosynthesis, C4 photosynthesis promittesfficient use of nitrogen and
water while reducing photorespiration to a minimumniot and arid climates (Schuler

et al., 2016).

Drought is an inevitable outcome of global climet@enge and poses severe threats to
agriculture. It is well known that foxtail milletnd its wild progenitor green foxtail
are drought tolerant (Doust and Diao, 2017). Peallet is well suited to growth
under harsh conditions, including low soil ferilithigh soil pH, high soil Al
saturation, low soil moisture, high temperature d&ngh salinity (Varshney et al.,
2017b). Broomcorn millet has been reported to lgliidrought tolerant (Shi et al.,
2019; Zou et al., 2019). Similarly, barnyard millean grow under adverse
environmental conditions with almost no inputs arah withstand various abiotic

stresses (Renganathan et al., 2020). Fonio mdlelrought tolerant and adapted to
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nutrient-poor and sandy soils (Abrouk et al., 2020)d tef is tolerant to biotic and
abiotic stresses, particularly drought and watejilog (Cannarozzi et al., 2014;
Chanyalew et al., 2019). Rye is tolerant to biaticl abiotic stresses and exhibits high

yield potential under marginal conditions (RabakiVelace et al., 2019).

Foxtail millet contains a wide range of health-paiimg components, including
proteins, dietary fibers, vitamins and minerals g%t and Niranjan, 2018). The
grains of broomcorn millet are highly nutritiousdahave high contents of proteins,
minerals and antioxidants (Zou et al., 2019). Sanly| the grains of barnyard millet
and pearl millet contain high contents of protdimer and micronutrients such as iron
and zinc (Renganathan et al., 2020; Varshney ef@l7b). Adlay seeds constitute
nutritionally balanced food and have a high protsamtent, and seed extracts have
been reported to exert various pharmacologicalviéies, such as anticancer,
antioxidant, anti-inflammatory, anti-allergic, atitibetic and gastroprotective effects
(Guo et al., 2020; Kang et al., 2020; Zhu, 201®gér millet contains exceptionally
high contents of calcium and several valuable araiids, including lysine, threonine
and valine (Ceasar et al., 2018; Saleh et al., R0d/®d grains of tef are rich in
essential amino acids, particularly alanine, metime, threonine and tyrosine
(Chanyalew et al., 2019). Oat is a nutritionallypmntant crop containing high levels
of calcium, f-glucan soluble fiber and high-quality oil and miat (Maughan et al.,
2019). Grains of Gu contain dietary fiber and maherand have a high protein
efficiency ratio (Zhai et al., 2001).

Genomic studies of orphan cropsand their wild relatives
De novo sequencing of genomes

Efforts in sequencing orphan crop genomes have bemte, and several genome
sequencing initiatives targeting orphan crops, ,etge African Orphan Crops
Consortium (AOCC; http://africanorphancrops.orbgye been established in the last

ten years. AOCC aims to sequence the genomes afrddifional African food plant
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species, facilitating their genetic improvement it et al., 2019; Tadele, 2019).

Significant advances in genome sequencing have dd@aved in recent years in the
grass family (Supplementary Table 1), and at |@asteference genomes of orphan
cereals (including genomes of their relatives) ha@en published (Figure 1). Foxtail
millet was the first orphan cereal to be sequenedudch was performed by two
groups (Bennetzen et al., 2012; Zhang et al., 2@A®Rtail millet is diploid (2n = 2x
=18) and has a relatively small genome size (~4%) @hang et al., 2012). The
complete genome sequence of green foxtail is dtaiiMamidi et al., 2020), and the
genome of another highly transformable accessio(Q84V) was also recently
published (Thielen et al., 2020). Pearl millet isighly cross-pollinated diploid (2n =
2x = 14); this species has a relatively large gengnil.8 Gb) and a high content
(77.2%) of repetitive sequences (Varshney et &178). Broomcorn millet is an
allotetraploid (2r=4x =36; genome size of ~900 Mb), and its reference genbas
been published (Shi et al., 2019; Zou et al., 20R@&ference genomes of barnyard
millets are still lacking; however, we have sequehdheir wild relatives (two
important agricultural weed specieis: crus-galli and E. oryzicola). The genome
assembly oE. crus-galli (2n = 6x = 54; ~1.4 Gb) was first completed in 2QGuo et
al., 2017) and has since been improved substantiabugh third-generation long
reads in 2020 (Ye et al., 2020). The complete genseguence d&. oryzicola (2n =
4x = 36; ~1.0 Gb), a progenitor Bf crus-galli, was made available at the same time
(Ye et al., 2020). The genomes of several othehampcereals, such as fonio millet
(2n = 4x = 36; 893 Mb), adlay (2n = 2x = 20; 1.8)@hd wildCoix (C. aquatica),
were also sequenced in 2020 (Abrouk et al., 202@ & al., 2020; Kang et al., 2020;
Liu et al., 2020a).

A draft genome sequence of finger millet (2n = 486; ~1.5 Gb) was published by
two groups (Hatakeyama et al., 2018; Hittalmaralet2017). A draft assembly of its
wild relative, the weed species goosegrass (2n = 28; ~584 Mb), was also made
available recently (Zhang et al., 2019). The geneeguence of tef (2n = 2x = 40;
~622 Mb) was first published in 2014 (Cannarozzi at, 2014), and a
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chromosome-scale assembly was recently reportedB{Wan et al., 2020). In

addition, weeping lovegrass has also been genogueseed (Carballo et al., 2019).

Rye is diploid with a large genome (2n = 2x = 14;.9 Gb), and Bauer et al. (2017)
reported its draft genome sequence covering a téeaigth of 2.8 Gb.
Rabanus-Wallace et al. (2019) reported a new wersibthe genome sequence
representing 6.7 Gb. Intermediate wheatgrass hagga and complex allohexaploid
genome (2n = 6x = 42; ~12 Gb) and its genome segusnavailable at Phytozome
database. Cultivated oat is allohexaploid (2n =642), and its genome sequence is
not yet available. Genome sequences of two digloadyenitor speciesA( atlantica
andA. eriantha) have been released by Maughan et al. (2019)tHeoextinct cereal
'Gu', we reported the genome sequence of ilthtifolia (2n = 2x = 34; ~590 Mb)
(Guo et al., 2015).

To date, the genomes of at least 16 orphan leguapespecies have been sequenced
(Supplementary Table 2). Among these species, tfegiome sizes vary, from 420 Mb
(dolichos bean) to 4.45 Gb (pea). Pigeonpea iditsteorphan legume whose genome
was de novo sequenced, which was published in 2012 (Varshhey.,e2012a). The
genomes of the pseudocereals amaranth (Clouse 2046), buckwheat (Yasui et al.,
2016) and quinoa (Yasui et al., 2016; Jarvis et28l17; Zou et al., 2017) and the root
crops cassava (Wang et al., 2014), sweet potatog(¥aal., 2017) and yams (Siadjeu
et al., 2020; Tamiru et al., 2017) have also beguanced.

Genome resequencing of populations

Similar to major crop species, whole-genome resecjng (WGRS) studies have also
been carried out on orphan crop species (Tablarihng orphan cereals, WGRS was
first performed on foxtail millet. Jia et al. (201B2sequenced the genomes of 916
diverse foxtail millet varieties and identified 3@lective sweeps that seem to have
occurred during modern breeding. Approximately 0@l green foxtail accessions

were recently resequenced with deep-depth covei@yeverage of 42.6x), and a
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novel domestication gene involved in seed shatiewas identified (Huang et al.,

2019; Mamidi et al., 2020).

Using a combination of WGRS and reduced-representaequencing techniques,
Varshney et al. (2017) resequenced the genome8%4pBarl millet lines. Principal
component analysis and a phylogenetic tree revdalgdmain clusters of these lines,
including one group containing cultivated germplaand three groups containing
wild accessions, which were geographically sepdratbe closest of the wild groups
to the cultivated samples were from the centrat panVest Africa, indicating the

origin of pearl millet, which is consistent withetihesults of previous research.

Table 1. Population studies via whole-genome resequencingrghan cereals and

their wild relatives

) Number of Genome
Species Area sampled References
samples coverage (x)
S italica 916 Global 0.7 Jiaetal., 2013
184 China 2 Ni et al., 2017
164 China 5 Liu et al., 2020b
- . Huang et al., 2019;
S viridis 605 North America 42.6 s
Mamidi et al., 2020
P. glaucum 414 Africa, Asia <2 Varshney et al., 2017b
E. crus-galli 328 China 15 Ye etal., 2019
D. exilis 166 Africa 45 Abrouk et al., 2020
Coix spp. 27 China 12.7 Liu et al., 2020a

Note that studies with reduced-representation sexjg are not included.

E. crus-galli is dominant in rice paddies and causes substaitelield losses. One
of the survival strategies employed By crus-galli is crop mimicry in which the
weed has evolved to resemble crop plants, whicthasight to be the result of
unintentional selection by farmers. We compared atien and nonmimetic
populations ofE. crus-galli from the Yangtze River basin on the basis of their

phenotype and by genome resequencing (Ye et d9)280Ve demonstrated that the



340 mimetic event occurred as recently as 1¥84rs ago, and a genetic bottleneck
341  during the mimicry process was observed. Genongons containing 87 putative
342  plant architecture-related genes were under sefeaturing the mimicry process.
343 These data provide genomic evidence for the inflteesf human selection on crop
344  mimicry.
345  Genomic resequencing studies have also been catdantorphan legumes, such as
346  pigeonpea (Varshney et al., 2017a), chickpea (Veglet al., 2019), pea (Kreplak et
347  al., 2019), peanut (Zhuang et al., 2019), commank@®Vu et al., 2020) and alfalfa
348  (Shen et al., 2020).
349
350  Novel genetic resources for environmental adaptations
351 Orphan cereals and wild relatives provide abundane pools. For example, relative
352 to cultivated rice, more than 20,000 and 8,000 ifpegenes can be found IE.
353 crusgalli andZ. latifolia, respectively (http://ibi.zju.edu.cn/ricerelatigel$) (Mao et
354 al., 2019). As mentioned above, many orphan ceeral€4 plants and are tolerant to
355 various stresses. Many genes related to C4 phdtwssis and abiotic stress
356  (including drought) responses are expected to bedaon the genomes of many
357 orphan cereals and their wild relatives (TableT2)ese genes are potential candidates
358 as valuable resources for the improvement of majops. A famous example is the
359 use of rye in wheat breeding. It has been shownh dkaetic recourses from rye
360 (translocations) can be found in the genomes of ymaheat varieties grown
361  worldwide, which contribute to abiotic and biotitess tolerance in wheat (Bauer et
362 al., 2017; Cheng et al., 2019).
363
364 Table 2. Number of genes related to photosynthesis andialstress responses in
365 select orphan cereals and their wild relatives

C4 pathway-related genes Abiotic stress-relatetstn@ption factors

Species patnway g ot orapt

CA MDH ME PEPC PPDK AP2 NAC MYB WRKY




S italica 4 13 8 6 5 184 137 231 109

P. glaucum 5 11 6 7 3 57 122 205 85

P. miliaceum 8 19 14 13 11 303 205 350 150

E. crus-galli 8 39 20 25 11 471 414 639 315

C. lacryma-jobi 5 10 14 7 4 127 131 227 79

E. tef 9 22 13 15 11 146 166 314 116
366  Note that the genes were identified via hidden Mankhodel (HMM) searches in this
367 study. The HMM profile of each corresponding Pfaomain was searched against
368 the annotated proteins encoded by correspondingnges, with an E value < le-5.
369 CA, carbonic anhydrase; MDH, malate dehydrogenkte, malic enzyme; PEPC,
370  phosphoenolpyruvate carboxylase; PPDK, pyruvatspate dikinase.
371
372 Genomic benefits of orphan crop breeding
373 Crop breeding has entered the biotechnology-basade,s which involves the
374  application of transgenic and genomic breedingriggles. We are at the beginning of
375 the fourth generation of breeding technology (stedabreeding 4.0), which involves
376  genome design, genome editing, big data, etc. {Eamd Yang, 2019; Wallace et al.,
377  2018). Similar to major crops, genomic studies ooty accelerate the isolation of
378  functional genes and improve our understandingrphan crop evolution but also
379  promote the breeding process (Figure 2).
380  Marker assistant breeding
381  Previously, the widely used markers for crop bregdvere simple sequence repeats
382  (SSRs) or microsatellites. When entering the genara, SNP markers are becoming
383  popular with advances in sequencing technologiespvhg of quantitative trait loci
384 (QTLs) is an important first step for functionalngeisolation and marker-assisted
385 breeding (Doust and Diao, 2017). Ni et al. (2017J Zhang et al. (2017) resequenced
386 arecombinant inbred line (RIL) population geneddt®m a cross between two elites
387 (Zhanggu and A2); furthermore, a high-resolutiom tmap was developed, and a total
388 of 69 QTLs for 21 agronomic traits were identifiéil et al. (2020b) resequenced the
389 genomes of 164 RILs and their two parents (Longgod Yugul), and 47 QTLs for
390 four traits were identified. Genome-wide assocratsbudies (GWAS) are useful for
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dissecting complex traits and have been conduateghoh of the major crops and on
other model plant species. Many cases have alsoregerted for orphan crops. Jia et
al. (2013) performed a GWAS on foxtail millet thghuresequencing and phenotyping
916 diverse varieties from five locations involvidg agronomic traits. Upadhyaya et
al. (2015) genotyped a set of 190 foxtail milletrgplasm accessions and identified
significant marker-trait associations for plant mentation and days to flowering.
Another GWAS based on genotyping-by-sequencing (GB& on foxtail millet was
conducted by Jaiswal et al. (2019), who identiBddmarker-trait associations for ten
traits. After 994 lines were resequenced, a GWAS warformed, which revealed
1,054 highly significant marker-trait associatiofw 15 traits in pearl millet
(Varshney et al., 2017b). Sharma et al. (2018)uatatl 113 diverse global finger
millet germplasm accessions involving 14 agromolpdical characteristics in two
environments, and single-nucleotide polymorphisBiNKs) generated via GBS were
used for an association analysis, which reveale®l ddvel SNPs associated with
important agromorphological traits. GWASs have dw@n conducted on cassava
(e.g., do Carmo et al., 2020; Kayondo et al., 2R&pbi et al., 2017; Zhang et al.,
2018) and orphan legume species such as pigeonfaahfey et al.,, 2017a),
chickpea (Li et al., 2018b) and common bean (Wal.e2020).

Genomic selection

Genomic selection has been widely used for majop cspecies and livestock.
Varshney et al. (2017b) applied resequencing datagénomic selection in pearl
millet to predict grain yield, and high predicti@ecuracy was observed. They also
predicted hybrid performance using a genomic selecstrategy that considers
additive and dominance effects. One hundred andensgvpromising hybrid
combinations were found, of which 11 combinatioresevalready used for producing
hybrids with good performance, and the remainin@ ®mbinations could be
potential candidates for developing new hybridshwitgh yields. Genomic selection

has also been applied in other orphan crop spesies, as pigeonpea (Bohra et al.,
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2020), chickpea (Roorkiwal et al., 2020), pea (Aohiarico et al., 2017), peanut
(Pandey et al., 2020), common bean (Keller et28120), alfalfa (Hawkins and Yu,
2018) and cassava (Wolfe et al., 2017).

Genome editing

Some successful cases of orphan crop breeding @amedtication of wild relatives
through clustered regularly interspaced short gatimic repeats/CRISPR-associated
9 (CRISPR-Cas9) technology have been recently tepotemmon et al. (2018)
developed genomic resources and efficient transfbam methods for the orphan
Solanaceae crop groundcherBhysalis pruinosa) and then used CRISPR-Cas9 to
mutate orthologs of tomato domestication and imenoent genes and to improve
productivity-related traits. The target genes imedl plant architecture, flower
production and fruit size, as undesirable chareties of groundcherry include its
sprawling growth habit and small fruits. Two di#fet groups devised a
CRISPR-Cas9 genome-engineering strategy in wild atom Solanum
pimpinellifolium); the strategy involved editing six loci that aneportant for yield
and productivity in present-day tomato crop lines €t al., 2018a; Zsogon et al.,
2018). Both studies were highly successful in teohshe specific traits that were
targeted, such as a threefold increase in frué, saztenfold increase in fruit number
and a twofold increase in fruit lycopene accumalatiin engineeredS

pimpinellifolium compared with its wild parent.

The CRISPR/Cas9 system has also been successs$eltlyin foxtail millet (Zhao et
al.,, 2020) and green foxtail (Mamidi et al., 2028ecently, Weiss et al. (2020)
developed a protoplast-based assay to rapidly dest optimize the multiplex
CRISPR/Cas9 gene-editing system for highly efficggnome editing in green foxtail.
In addition, several studies have evaluated thentiai of CRISPR/Cas9 in cassava

(e.g., Bull et al., 2018; Gomez et al., 2019; Medttal., 2019; Odipio et al., 2017).
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Speed breeding

Speed breeding shortens the breeding cycle andeaaiss crop research through
rapid generation advancement (Ghosh et al., 2088¢ed breeding protocols for
some orphan crops are available, such as peanGb(@bra et al., 2013), chickpea
(Watson et al., 2018) and amarantAm@ranthus spp.) (Stetter et al., 2016).
Chiurugwi et al. (2019) recently reviewed the pesy of speed breeding in orphan
crops. To make foxtail millet more suitable as adeioplant, a miniature mutant
(xiaomi) with a life cycle similar to that of Arabidopsies been identified from a
large foxtail millet ethyl methane sulfonate-mutaged population (Yang et al.,
2020). Five to six generations xibomi can be grown in a year in growth chambers
due to its short life cycle and small plant sizeilar to Arabidopsis. In particular, a
reference-gradeiaomi genome comprising 429Mb of sequence data along with the

speed breeding protocol was provided to the reseammmunity.

Per spectives
Breeding knowledge from major cropsis helpful for orphan crop improvement

The ability to breed major crops has been greatlyroved by advances in genomics,
and orphan crops would benefit from the knowledgened from the breeding of
major crops, which includes identifying genes tbamtrol key agronomic traits and

applying advanced breeding methods, etc. (Figure 3)

Functional conservation of orthologous genes ip @omestication and improvement
has been widely revealed. For example, a stay-géegene from soybean controls
seed dormancy and has undergone selection durimgstaation. Its orthologs also
show evidence of selection during domesticationrioce and tomato and have
conserved functions in controlling seed dormancgagbean and rice (Wang et al.,
2018). Many other cases have also been found foeggthat govern plant height in
rice and barley (Jia et al., 2009), tiller angleige and maize (Dong et al., 2013) and

seed size in sorghum, maize and rice (Tao et @72 Cases of conserved functions
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of genes between major and orphan crops have aen leported. For example,
TEOSINTE BRANCHEDL (TB1), a major domestication gene controlling branching

maize, has experienced parallel selection betwesnenand pearl millet (Remigereau
et al., 2011). By targeting the orthologs of tomdtmestication and improvement
genes, Lemmon et al. (2018) successfully editedethgenes in the orphan crop
groundcherry, which yielded the expected phenotypesumber of genes have been
functionally characterized in major crop specias. €&ample, more than 3,500 genes
in rice have been cloned (https://funricegenesugiiio/) (Yao et al., 2018). These
genes in major crop species provide valuable indtion for mining and utilizing

genes that play critical roles in the domesticatiod improvement of orphan crops.

Genome-based breeding methods have been widely insethjor crops with the
advancement of genome sequencing; these methods dirtened the breeding
process and have improved selection efficiencyqMaey et al., 2020; Wallace et al.,
2018). Theoretically, these genomic breeding methomlld also be applied to or
benefit orphan crop species. Particularly, preaskting of genes through the
CRISPR/Cas9 approach could facilitate the developnoé improved varieties of
orphan crops. However, advanced genomic technigsed in major crops also have
challenges when used in some orphan crops. For mgama large LD (linkage
disequilibrium) distance makes the use of GWASIdiff in quinoa (Mizuno et al.,
2020). When applied to a new plant species, theSBRICas9 system often requires
considerable optimization in terms of vector camsion, transgene expression, tissue
culture and transformation efficiency (Weiss et &020; Yin et al., 2017). A
prerequisite for the application of gene-editingcht@logies is an effective
transformation system, which is not available instrarphan crops (Hua et al., 2019;
Lépez-Marqués et al., 2020; Zhang et al., 2020gr&tore, the use of genome editing

in orphan crops is still a long way away.

Utilization of genomic studies on orphan crops and their wild relatives for

improvements to major crops
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Genome sequences of orphan crops and their wiltives provideat least three
potential benefits for major crop species. Firgphan crops provide valuable genetic
resources related to environmental adaptation foncrop improvement (Figures 2
and 3). Second, many orphan cereals are C4 pladtshas are potential models for
C4 rice. A long-standing goal of the C4 commun#tyd engineer C4 traits into rice to
increase rice yields (www.c4rice.org), and maizecusrently considered the major
model species. Foxtail millet and green foxtail énd»een proposed to be novel model
species for C4 photosynthesis due to their reltigenall genomes, ease of gene
transformation, and short generation time, etca¢at al., 2014). Considering tHat
crus-galli grows within the same agroecosystem and exhibitwrphological
characteristics similar to those of rice (i.e.,rmimicry), this species might be an
alternative model for the C4 rice project. Thirdengmic studies on orphan
crop-related agricultural weeds revealed the mash@underlying theiability to
compete with major crops, which have helped breeg cultivars with competitive
advantages (Figure 3). Crop-weed interactions, sschllelopathic interactions, have
long been an important topic in agronomic stud@sd et al., 2018). Allelopathy, or
the ability of one plant to suppress the growthanbther nearby plant through the
release of chemical compounds (i.e., allelochemm)ca one of the most important
features underlying weediness (Guo et al., 201Hglagpathy has been considered a
possible application for weed control; for examplapp varieties with high
allelopathic potential toward weeds could be br&tahh et al., 2007). Th&.
crus-galli genome contains a cluster of genes involved inhiosynthesis of the
allelochemical 2,4-dihydroxy-7-methoxy-1,4-benzaraz-one (DIMBOA), which
plays a critical role irE. crus-galli for allelopathic competition with rice in paddy
fields (Guo et al., 2017). Thus, breeding DIMBOAsigtant rice cultivars is expected

to decrease the application of herbicides in thearéu

De novo domestication of orphan crops

One strategy for the utilization of wild relativesde novo domestication as a new
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crop (Pourkheirandish et al., 2020). Domesticatbmew orphan crops from their
wild relatives (including weeds) is helpful for m&ining crop diversity (Figure 3).
Among orphan cereals, there are at least two pessises in whichde novo
domestication can be achieved. The lost cereal Zslafifolia) could be recovered
throughde novo domestication of semiwild (or semidomesticatédlatifolia. Unlike
wild Z. latifolia, semiwild Z. latifolia has been dedomesticated from Jiaobai
(vegetable) and has a compact plant architectudestnang stems (lodging resistance).
It does not have enlarged stems, and the seed aesingle plant can reach 20-25%
(Wang et al., 2013). These traits would make tlwovery of Gu possible with the
assistance of recent breeding techniques suchresngeediting. Another case dé
novo domestication may involve the mimetic wedglscrus-galli and E. oryzcola.
These mimeti&chinochloa weeds resemble cultivated rice with a small tilegle, a
straight stem node, a green stem base and congaaetsl. The major trait that needs
to be domesticated is seed shattering; in-deptiwlatlye about this trait in major

crops would be helpful in this process.
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Figurelegends

Fig. 1 Examples of orphan cereals and their wild relativ@nly orphan cereals and/or
their wild relatives whos@le novo genome sequence is available are shown. The
asterisks (*) indicate important agricultural weeldsferences for the genomic studies
are listed. Rice, maize and wheat are also shownrfderstanding the evolutionary

relationship between orphan and major cereals.

Fig. 2 Current progress in genomic contributions to tle@egics and breeding of

orphan crops.

Fig. 3 Potential interaction/exchanges of genomic resarttong major crops, orphan

crops and their wild relatives located in differagticultural ecology regions.
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