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Abstract

While roses are today among the most popular ornamental plants, the petals and fruits of some cultivars have flavored foods for
millennia. The genetic origins of these edible cultivars remain poorly investigated. We collected the major varieties of edible roses
available in China, assembled their plastome sequences, and phased the haplotypes for internal transcribed spacers (ITS1/ITS2) of the
18S-5.8S-26S nuclear ribosomal cistron. Our phylogenetic reconstruction using 88 plastid genomes, of primarily maternal origin,
uncovered well-supported genetic relationships within Rosa, including all sections and all subgenera. We phased the ITS sequences
to identify potential donor species ancestral to the development of known edible cultivars. The tri-parental Middle-Eastern origin
of R. x damascena, the species most widely used in perfume products and food additives, was confirmed as a descendent of past
hybridizations among R. moschata, R. gallica, and R. majalis/R. fedtschenkoana/R. davurica. In contrast, R. chinensis, R. rugosa, and R. gallica,
in association with six other wild species, were the main donors for fifteen varieties of edible roses. The domesticated R. rugosa
‘Plena’ was shown to be a hybrid between R. rugosa and R. davurica, sharing a common origin with R. ‘Fenghua’. Only R. Jinbian’ and R.
‘Crimson Glory’ featured continuous flowering. All remaining cultivars of edible roses bloomed only once a year. Our study provides
important resources for clarifying the origin of edible roses and suggests a future for breeding new cultivars with unique traits, such

as continuous flowering.

Introduction

Domesticated roses (Rosa L.) are regarded as the queen
of flowers. They represent one of the most economi-
cally important lineages of woody plants in ornamental
horticulture, with more than 37000 cultivars and ~ 200
wild species [1-3] (https://modernroses.rose.org/). How-
ever, the petals and/or accessory fruits (hips) of some
rose cultivars have been bred for millennia, providing civ-
ilizations with food additives, fumigants, cosmetics, and
traditional medical and/or hygienic products. As food
resources, rose petals and hips offer vitamins, fibers, and
secondary metabolites [4-6]. A recipe for patina de rosis is
attributed to Apicius (80 BCE — 40 CE) in the first century
CE [7]. The popularity of rose petal flavors derives from
different concentrations of aromatic molecules, which
are also found in some commercial spices, citrus fruits,
and fortified wines. Domestication of roses in China
probably began prior to the Eastern Han Dynasty (Shen-
nong Bencaojing, approximately 20-220 CE), and many of
these Chinese cultivars were incorporated into European
horticulture from the late 18™ through the 19* centuries
[8]. Very likely due to frequent crossing and backcrossing
with Asian genotypes that harbor continuous flowering
and many other important traits, modern roses seem

to feature a genetic shift from European to Asian back-
grounds [9]. With petals as the most essential ingredients
of aroma and flavor, Yunnan Province in southwest-
ern China remains well known for its rose flower cakes
(“Xianhuabing” in Chinese; Yanjing Suishiji, by Fucha
Dunchong; Qing Dynasty). Modern Yunnan agriculture
continues to maintain the largest growing area of edible
roses, with more than 4000 hectares under cultivation
and an annual production of more than two billion CNY
in 2017 [10].

Approximately 20 edible cultivars, most of which are
called “Meigui”, have been used in China [11-14]. “Meigui”
is an umbrella word referring to a combination of culti-
vars related to R. rugosa Thunb.,, the essential oil cultivars
(Damask roses and R. ‘Kushui’), and other fragrant lines
including R. ‘Tuwei’, YNO1, and R. ‘Crimson Glory’ [12].
The only cultivar authorized as a new food resource in
China is R. rugosa ‘Plena’ (‘Chongban Hongmeigui’), a
variety selected presumably from R. rugosa in Pingyin
County, Shandong Province [15] (https://www.nhc.gov.
cn).

The phylogenetic origin of most edible roses remains
elusive. Rosa ‘Kushui’, a line cultivated mainly in Yong-
deng County, Gansu Province, is recorded as a natural
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hybrid of R. sertata Rolfe and R. rugosa Yu et Ku but
without any direct genetic evidence [15]. Rosa ‘Zizhi’ may
be a hybrid between R. multiflora Thunb. and R. rugosa
‘Plena’ [16, 17] or between R. davurica Pall. and R. rugosa
‘Plena’ [18]. As one of the most widely used cultivars in
Yunnan, YNO1 may be derived from YNO2, but no book
records are available. The origins of both R. ‘Tuwei’ and
R. Jinbian’ are in similarly ambiguous. There is also the
problem that one R. rugosa line of cultivars may have
several different names, although their phenotypic traits
appear almost identical [15, 19].

In the last two decades, several studies have used
different types of molecular markers to cluster and
identify the potential progenitors of edible roses [19-
21]. Currently, three major clusters — the native Rugosa
group, the introduced Damask group, and the hybrid
tea group — have been proposed [17, 22-25]. Rosa x
damascena Herrm., the preferred culinary rose from
India through Asia Minor and throughout the Middle
East, was treated as a hybrid between R. gallica and R.
phoenicia Bioss in the Mediterranean basin [26] but with
further molecular inspection identified its triparental
origin, with contributions from R. moschata Herrm. as
an ovule donor and R. gallica L. and R. fedtschenkoana
Regel donating pollen [20]. Due to limited markers and
restricted sampling, tracing the origin of edible roses
remains a challenge. However, this might change with
access to high-quality chromosome-level genome and
plastome sequences [27-31].

In this study, we identified the origins of cultivars of
edible roses in China by reconstructing a well-supported
plastome phylogeny for 88 Rosa lines in combination with
haplotype phasing of ITSs. We wanted to test the hypoth-
esis that edible cultivars used in China were derived, at
least in part, from Rosa species with natural distributions
in China. We also wanted to further discover the potential
species contributing to the origin and domestication of
R. x damascena. Identifying species and cultivars that are
continuous bloomers is of immediate economic impor-
tance considering the demand for petals and hips.

Results and discussion

A well-resolved plastome phylogeny for Rosa

We collected cuttings of 23 lines representing 16 edible
cultivars from eight main edible rose cultivation areas
in China, 26 related wild species and/or their cultivars,
and 39 genotypes with sequence information published
previously (Table S1). Out of the 88 Rosa lines represent-
ing 34 wild species and 16 edible cultivars (see Materi-
als and methods), 52 plastome sequences were newly
assembled. These new plastomes were typical quadri-
partite and circular with 156340-157394 bp in length.
They included a large single-copy region (LSC; 85459-
86411 bp) and a small single-copy region (SSC; 18715-
18875 bp) separated by two inverted repeat regions (IR;
25973-26100 bp). The final plastome alignment follow-
ing removal of one IR was 141366 bp in length with

10321 variable sites (7.3%) and 4946 parsimony infor-
mative sites (3.5%). A maximum likelihood (ML) analysis
revealed a well-resolved phylogeny for the genus Rosa,
with most nodes having bootstrap support above 90%
(Fig. 1).

Roses were grouped into four major clades: C1 — C4.
C1 was sister to the other three clades, and it contained
species associated within section Pimpinellifoliae DC. in
subgenus Rosa. Subgenus Hulthemia (Dumort.) Focke
comprised the C2 clade, which was the sister of the C3
and C4 clades. The C3 clade included genotypes from the
subgenus Hesperhodos Cockerell and the sections Rosa
(the former section Cinnamomeae DC.) and Carolinae DC.
within subgenus Rosa. The C4 clade featured a unique
506-522 bp deletion in the psbM-trnD-GUC intergenic
spacer (Fig. S1). The C4 clade clustered further into five
subclades (C4-1 to C4-5). Subclades C4-1, C4-2, and C4-4
represent species in sections Banksianae Lindl., Bracteatae
Thory, and Laevigatae Thory, respectively. C4-3 contained
plants from subgenus Platyrhodon (Hurst) Rehder. All
remaining genotypes were in subclade C4-5 with two
well-supported lineages (C4-5a and C4-5b). Lineage C4-
Sa included only samples from sections Synstylae DC.
and Chinenses DC., while C4-5b were composed of species
from sections Gallicanae DC. and Caninae DC. as well as
R. arvensis Huds. from section Synstylae. Therefore, our
sampling covered all four subgenera and all sections in
the subgenus Rosa [2, 3, 32].

Despite their centuries of ornamental and economic
value to civilizations, Rosa represents one of the most
difficult genera for phylogenetic reconstruction and tax-
onomic classification [1-3, 34-39]. Our plastome phylo-
genetic framework showed that most of the sections and
subgenera defined previously [2, 32] were paraphyletic in
origin, consistent with previous molecular phylogenetic
studies [34, 37-40]. The three previous subgenera (Hes-
perhodos, Hulthemia, and Platyrhodon) appeared best sunk
into subgenus Rosa. Early diversification within the genus
Rosa occurred in two stages, with the first generating
clades C1 - C4 and the second giving rise to subclades
C4-1 to C4-5.

Potential maternal origin of edible roses

Awell-supported plastome phylogeny allowed us to iden-
tify the potential maternal donor species involved in the
natural and/or artificial evolution of edible roses. In this
phylogeny, all cultivars of edible roses were embedded
within the C3 clade and C4-5 subclade (Fig. 1). In the
C3 clade, five edible cultivars (R. ‘Zizhi’, R. ‘Fenghua’, R.
rugosa ‘Plena’, R. ‘Guo Meigui’, and R. ‘Miaofengshan’),
R. ‘Pingyin Alba’, and R. ‘Danbanhong’ were all diploids
(Table S1) and clustered with the diploid species R. rugosa
(section Rosa). The plastomes of these genotypes differed
by only a few SNPs. On the other hand, though R. ‘Kushui’
from Gansu served phylogenetically as the sister of R.
minutifolia Engelm. in our analyses, these two lines varied
rather significantly with more than 980 SNPs.
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Figure 1. A well-supported plastome phylogeny for roses. A maximum-likelihood (ML) tree was constructed to show the phylogenetic relationships of
Rosa species and cultivars. The upper left panel shows the overall phylogenetic frame with branches for outgroups marked by gray lines. Edible roses
were marked in blue, while branches with thickened lines showed bootstrap support at 100%. Numbers on branches represent supports between 50% —
99%. Clades, subclades, and lineages were marked as C1 to C4, C4-1 to C4-5, and C4-5a/b, respectively. Ploidy levels, taxonomic sections and subgenera
information for species [1-3, 33] are included.
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The remaining ten edible cultivars were grouped into
the C4-5a (nine cultivars) and C4-5b (R. “Tuwei’ and L4 of
R. x centifolia L.) subclades. Rosa gallica (section Gallicanae)
appeared to be the species most closely linked to R.
‘Tuwel” and R. x centifolia L4. It should be noted that R.
‘Tuwei’ was a triploid (Table S1). Rosa ‘Crimson Glory’,
a tetraploid genotype (Table S1) widely used in Yunnan,
shared a lineage with the diploid and native Chinese
species R. chinensis f. mutabilis (Correvon) Rehder and R.
odorata ‘Glandular Sepal’, sister to R. lucidissima H. Lév. in
section Chinenses.

Rosa ‘Dingtao Meigui’ from Shandong, R. ‘Shangshui
Meigui’ from Henan, and the two most widely used geno-
types in Yunnan (YNO1 and YNO2) expressed almost
no sequence divergence from R. chinensis var. spontenea
(Rehder & E.H. Wilson) T.T. Yu & T.C. Ku and R. chinensis
‘Old Blush’, two of the major founding genotypes of
the so-called “China roses” [8, 41-45]. These four edible
roses were tetraploids (Table S1), in sharp contrast to the
diploid ‘Old Blush’ [27, 28, 31].

The two R. x damascena lines, the three R. x centifolia
genotypes (L1 - L3), the R. ‘Ruoshuiming’ from Henan,
and the R. TJinbian’ (used mainly for flavored teas in
Yunnan) harbored almost no sequence variation with
R. moschata in section Synstylae. Within this group, R.
Jinbian’ was the only cultivar of presumably triploid
origin; all other lines were tetraploid (Table S1). Together,
they formed the sister clade to the diploid R. brunonii
Lindl.

Therefore, the five most likely maternal ancestors of
commercial and edible roses were R. moschata (section
Synstylae), R. chinensis var. spontanea (section Chinenses), R.
chinensis f. mutabilis/R. odorata ‘Glandular Sepal’ (section
Chinenses), R. rugosa (section Rosa), and R. gallica (section
Gallicanae). As these edible roses were at different ploidy
levels, intergenotypic hybridization may underlie their
origin. Next, we used ITS haplotype phasing to identify
the potential paternal genotypes for edible roses.

Incomplete concerted evolution allows haplotype
phasing of rose ITSs

The genus Rosa showed incomplete concerted evolution
of ITSs in the samples used in this study, a pattern also
described in previous reports [37, 39]. For the 60 lines
used in this study, we detected 135 and 174 haplotypes
for ITS1 and ITS2 segments, respectively, with Illumina
reads (Table S1). The final alignments for ITS1/ITS2 were
264/242 bp in length with 28.41% (75)/25.62% (62) vari-
able sites, of which 78.7% (59)/83.9% (52) were parsimony
informative. Only R. moschata and R. sericea Wall. ex Lindl.
showed ITSs sequence homozygosity.

Concerted evolution, a process homogenizing sequence
variations within repeated DNA arrays via gene conver-
sion or unequal crossing-over [46, 4/] may have been
impeded by the following factors. All Rosa species and
cultivars are woody and often propagated vegetatively.
Roses have long generation times, as in other long-
lived angiosperms [48, 49]. Interestingly, the nucleolar

organizer regions (NORs) of roses, where ntfDNA repeats
are located, are always present on the shorter arm
of submetacentric chromosomes [50-56]. Roses nor-
mally have only one NOR per genome; thus, genetic
inheritance of NORs should follow the principles of
Mendelian segregation. This means that the number
of ITS haplotypes should be equal to or less than the
number of NORs or ploidy levels. However, multiple
ITS1 and ITS2 haplotypes were present in almost all of
our edible roses, excluding the four lines of R. ‘Zizhi’,
which had only one ITS1 haplotype but four ITS2
haplotypes (Table S1). The number of ITS haplotypes
exceeded the ploidy levels in at least 17 lines, indicating
that recombination might have occurred within two
homologous NORs. This allows us to use ITS phasing
(Fig. 2),in combination with plastome clustering, to trace
the progenitor genotypes producing rose cultivars over
time.

ITS phasing reliably and accurately predicts the
haplotypes of R. x damascena

We phased the haplotypes of ITS1 and ITS2 for the two
lines of R. x damascena (Fig. 2). As the read coverage for
both segments was ~500 times, all possible haplotypes
could be recovered. For both R. x damascena roses, three
and four haplotypes were identified for ITS1 and ITS2,
respectively. These assembled haplotypes were nearly
identical to the ITS sequences of three Damask lines
reported by Iwata et al. [20] (Data S1 and S2). Sanger
sequencing confirmed that all ITS haplotypes based on
the Illumina reads were reliable and accurate (Figs. S2—
S13). Phylogenetic clustering of these ITS haplotypes
revealed that they were grouped with the sequences
of three known species: R. moschata, R. gallica, and R.
fedtschenkoana (Figs. S14, S15). We identified one more
haplotype of ITS2 shared with R. gallica (Fig. S15).
Therefore, we recovered all three expected donor species
identified historically for this ancient hybrid (see also
below). Together, haplotype phasing of ITSs provided a
reliable and reproducible method to identify potential
founder genotypes.

A phylogenetic analysis showed a similar pattern for
both ITS1 and ITS2 segments (Figs.3 and 4), although
they varied in their numbers of haplotypes. How-
ever, the bootstrap supports for most branches were
weak. Given that there was extensive reticulation and
incomplete-concerted evolution of ribosomal repeats
in Rosa [36], we focused only on the sequences most
closely related to plants with edible flowers. Many
sequences from different genotypes or different species
showed no sequence variation. This indicated that they
might share the same progenitors. We also observed
that different haplotypes for ITS1 and ITS2 segments
from one cultivar could be clustered into highly dis-
persed phylogenetic branches. This showed a complex
nuclear composition for these edible roses. Hybridization
between species from different branches might have
occurred.
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Figure 2. Phasing strategy for ITS haplotypes in R. x damascena L1. a. Variations in ITS1 with numbers in brackets indicating the clean read numbers
per variable site. The frequency of each base per site is shown as a percentage. b. A schematic strategy for assembling the ITS haplotypes using
Mumina reads. The variable sites corresponded to the positions in a. Gray lines represent raw reads mapped to the reference. Sequence variation at
each variable site was given as A/T/C/G, while a “-" represented a deletion. c. The assembled ITS1 haplotypes with the proportion of coverage given as a

percentage.

Predicting the maternal and paternal progenitors
of edible roses

We next predicted the progenitors of edible roses by
combining the sequence and phylogenetic information
from both plastomes (Fig. 1) and ITSs (Figs.3 and 4).
While plastomes were supposed to be of maternal origin,
the possibility of incomplete lineage sorting or capture
cannot be excluded completely [57, 58]. ITS sequences
were of both parental origins. Consequently, those hap-
lotypes that were indistinguishable phylogenetically or
close to each other were treated as belonging to the same
progenitor. Wild species containing the same or simi-
lar plastome sequences with edible roses were consid-
ered potential ovule donors, especially when they shared
identical or highly similar ITS haplotypes. Species sharing
other alleles of ITS sequences were proposed as pollen
donors. With this information, we defined the potential
maternal and paternal ancestors of all edible roses (see
Table 1 and Fig. 5). Based on the maternal ancestors, we
classified the edible roses into six groups: Moschata,
Gallica, Spontanea, Mutabilis, Rugosa, and Kushui. All
cultivars of edible roses grown in China were ultimately
derived from approximately nine wild species (Fig.5)
distributed naturally from the Mediterranean basin east-
ward through temperate and/or montane Eurasia.

The Moschata group and new insights for the
origin of R. x damascena

The Moschata group contained seven lines representing
four cultivars, R. x damascena (two lines), R. x centifolia
(three lines), R. ‘Ruoshuiming’ (one line), and R. Jinbian’
(one line). The R. x centifolia L4 was not in this group
(see below). All of these tetraploid lines featured identical
plastome and ITS sequences and were most likely to
have the same origins. Under our growth conditions, the
only morphological variation observed was that the three
lines of R. x centifolia and the one line of R. ‘Ruoshuiming’
developed fewer prickles on their stems than R. x dama-
scena.

Our analyses confirmed that the three wild progen-
itors reported previously for R. x damascena included
R. moschata as the potential ovule donor and R. gallica
and R. fedtschenkoana as potential pollen donors (Table 1)
[20]. We also noted that R. majalis and R. davurica could
have also served as potential pollen donors, as both
species shared a copy of ITS1 (VII) and ITS2 (VII-2) with R.
fedtschenkoana (Figs. 3 and 4). Natural distributions of R.
majalis and R. gallica overlapped in modern Iran (Persia),
where R. x damascena originated (http://www.plantsofthe
worldonline.org) [59]. It is possible that, in addition to the
three species proposed by Iwata et al. [20], two additional
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Figure 3. Phylogenetic clustering of ITS1 haplotypes. Bootstrap supports >50% are marked with numbers along each branch. Edible rose cultivars are
labeled in blue. Alleles with identical sequences for edible roses in the same clades are marked with dashed rectangles. Their group numbers are given
here as Roman numerals. a and b show the topologies for parts a and b in the left-hand panel, respectively.

species, R. magjalis and R. davurica, may have contributed
to the many lineages of Damask roses.

Rosa ‘Jinbian’ was the only triploid edible rose in
the Moschata group. All ITS haplotypes of R. ‘Jinbian’
were identical and/or closely related to the tetraploid
China rose, R. ‘Xinghua Chunyu’, a sister to R. x
damascena (Table 1) [60]. Hence, R. x damascena and R.
‘Xinghua Chunyu’ were likely the parents of R. Jinbian’.

Surprisingly, the plastome and one haplotype of ITSs of R.
‘Xinghua Chunyu’ showed an almost identical sequence
to R. wichuraiana ‘Basye’s Thornless’. ‘Basye’s Thornless’
is regarded as a founder genotype in the domestication
of modern roses [61]. Since R. ‘Xinghua Chunyu’ and
R. Jinbian’ shared two ITS haplotypes with a second
China rose (R. chinensis ‘Old Blush’), we propose that R.
Tinbian’ might be a hybrid between R. x damascena and
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The Gallica group and R. ‘Tuwei’

Maternally, the edible Rosa ‘Tuweil’ and R. x centifolia
L4 clustered with R. gallica (Fig. 1). Flowers of R. ‘Tuwei’

i
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Figure 5. Hypothetical origins of edible roses. Potential maternal or paternal progenitors are marked here with blue ¢ or orange &, respectively. Ploidy
levels (2x to 4x), flowering patterns (OF, once flowering; CF, continuous flowering; OR, occasional reblooming; NF marks the four lines that did not
flower at the KIB.), and leaf and flower morphology are on the right (the black bar on each leaf photo represents 2 cm).

were consumed primarily in Guangdong for more than
800 years, but its origin until now has remained obscure
[62]. The leaves and petals of this variety have morpho-
logical similarities with those of R. rugosa, but the inner
petals of the former curl inward, a pattern not seen in
flowers of R. rugosa (Fig.5, Fig. S16). As a China rose,
R. “Tuweil’ was proposed to contain additional genetic
resources in addition to R. rugosa due toits scent variation
[62]. Haplotype phasing revealed that all its ITSs came
from haplotypes of R. gallica and R. rugosa. Rosa ‘“Tuwei’
then appeared to be of hybrid origin between these two

wild species, with R. rugosa more likely as the pollen
donor.

Rosa x centifolia L4 came from our original collection in
the Kunming Botanical Garden. The initial identification
of this cultivar was based on its typical deep-cup-type
flowers and large number of petals amassed in each
flower (Fig. S17). Congruent with a previous report [63],
the plastome sequence of L4 was closer to that of R. gallica
(Fig. 1). L4 had two ITS haplotypes identical to those
of the other three R. x centifolia lines (Table 1), which
featured two other haplotypes identical to R. chinensis


https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab051#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhab051#supplementary-data

10 | Horticulture Research, 2022, 9: uhab051

‘0Old Blush’ and R. odorata ‘Glandular Sepal’. Our results
suggested that our KIB L4 could likely be ascribed to R.
x centifolia, while the other three lines, described above,
were more likely to be R. x damascena. In corroboration
with the sequence variations, morphological traits in our
L4 differed significantly from those of the other three
lines (Figs. S16, S17). As R. x centifolia was not widely used
for food historically, our L4 was excluded from our origin
model (Fig. 5).

The Spontanea group

Four tetraploid edible roses, YNO1, YNO2, R. ‘Dingtao
Meigui’, and R. ‘Shangshui Meigui’ were clustered in the
Spontanea group. All four showed similar flower and leaf
morphology and identical plastome sequences (Fig. S16).
In fact, all four cultivars shared the same plastome
sequences as R. chinensis ‘Old Blush’ L1 but featured eight
constant SNPs with R. chinensis var. spontanea lines. Two
ITS haplotypes were identical to R. chinensis ‘Old Blush'.
The third haplotype of R. ‘Dingtao Meigui’, YNO1 and
YNO2, was the same as the R. gallica type (ITS1 & ITS2I-1).
In contrast, the third haplotype of R. ‘Shangshui Meigui’
was an R. moschata type (ITS1 V & ITS2 V). Given the
morphological similarity, we suggest that the ancestral
pollen donor was R. x damascena, which had both the
R. gallica and R. moschata types of ITS haplotypes. These
four tetraploids may be derived from the same crossing
combination of R. chinensis ‘Old Blush’ x R. x damascena.
Our results indicate that these four edible tetraploids in
the Spontanea group had the same origin.

The Mutabilis group and R. ‘Crimson Glory’

Rosa ‘Crimson Glory’ had good records, with parents
identified as R. ‘Catharine Kordes’ x R. ‘“W. E. Chaplin’
(by Wilhelm J.H. Kordes II, 1935; https://www. helpmefi
nd.com/roses). Although information on the wild species
contributing to the origins of its two progenitors was
missing, our plastome and ITS phasing data suggested
that the maternal ancestor of R. ‘Crimson Glory’ was R.
chinensis f. mutabilis or R. odorata ‘Glandular Sepal’. Rosa
gallica was the most likely pollen donor (Table 1).

The Rugosa group

All the edible cultivars in the Rugosa group were diploids
with typical rugose leaves (Fig. 5). They clustered with
the same maternal clade as R. rugosa sensu strictu (Fig. 1).
All of them shared the same unique ITS1 haplotype
and one identical ITS2 sequence (VI-1) with the parent
species R. rugosa (Figs.3 and 4). As R. ‘Zizhi’ and R.
‘Pingyin Alba’ (with white flowers; Fig. S18) featured
the same ITS1 haplotype and the same three ITS2
haplotypes (Table 1), we propose that R. ‘Zizhi’ and
R. ‘Pingyin Alba’ may have originated directly from
R. rugosa, instead of the earlier hypothesis that this
cultivar is of hybrid origin between R. davurica x R.
rugosa ‘Plena’ or R. multiflora x R. rugosa ‘Plena’ [16-18].
Although they have been given very different names,
the remaining edible cultivars in the Rugosa group (R.

‘Guo Meigui’, R. ‘Fenghua’, R. ‘Miaofengshan’, R. rugosa
‘Plena’) were more likely hybrids between R. rugosa x
R. davurica (Table 1). The natural distributions of the
parent species R. rugosa and R. davurica overlapped
broadly in China, Japan, Korea, Mongolia, and Russia
[1]. Introgression was detected previously between these
two species [64]. In our study, edible cultivars in the
Rugosa group seemed to feature a simpler genetic
background than other groups. This may also reflect
a shortcoming of having only used ITS sequences in the
analysis.

The origin of R. ‘Kushui’

As the primary edible rose grown and used in Gansu,
R. ‘Kushui’ had one haplotype of ITSs identical to that
of R. rugosa (ITS1 VI and ITS2 VI-1). The second allele
of ITS1 (b) was highly similar to the b and d copies of
ITS1 from R. fedtschenkoana (Fig.3). The second ITS2 (b)
was identical to that of R. majalis (a) and R. canina L.
(L1 b; Fig. 4). This indicated another complex origin. We
could not identify the closest maternal contributor, as
the genetic variation between R. ‘Kushui’ and R. minutifo-
lia was extremely large, with more than 980 SNPs (Fig. 1).
Rosa sertata, proposed previously as a progenitor of R.
‘Kushui’, was missing in our data matrix. A comparison
using known chloroplast markers (matK, rbcL, atpB-rbcL
and trnH-psbA intergenic spacers) and ITS1 sequences
showed that R. ‘Kushui’ differed significantly from R.
sertata (Data S3 - S6) [36, 37, 65, 66]. Further analyses
using more samples should help clarify its origin.

Variation in the floral phenology of edible roses

While continuous flowering (CF) is a preferred trait in
commercial roses %% only two cultivars, R. Jinbian’ and
R. ‘Crimson Glory’, showed this flowering mode under
growing conditions at the KIB campus (Fig. 5). Unfortu-
nately, the cuttings of R. ‘Guo Meigui’, R. ‘Miaofengshan’,
R. x centifolia (L1 to L3), and R. ‘Ruoshuiming’ trans-
planted to KIB has not yet bloomed. Rosa ‘Zizhi’, R. ‘Ding-
tao Meigui’, R. ‘Shangshui Meigui’, YNO1 and YNO2 were
occasional rebloomers in autumn. All remaining culti-
vars flowered in mid-March for approximately four to six
weeks only once a year.

In summary, via plastome phylogeny reconstruction
and ITS phasing, we showed that at least nine wild
species were involved in the origins of the major
Chinese edible roses and that the majority of cultivars
bloomed only once a year (Fig.5). To generate new
varieties featuring continuous flowering, a preferred
trait in the food and flavor industry, our study offers
an opportunity to select likely combinations in future
crosses. With the availability of high-quality genome
sequences [27, 28, 31, 69], high-density genetic maps [0,
71], single-copy nuclear markers [72], and other genetic
tools, such as targeted gene editing, bulk segregation
analysis, and whole-genome prediction [67, 68], our work
should facilitate future genome-breeding programs in
commercial roses.
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Materials and methods
Plant materials and flowering behavior scoring

Edible roses were collected from eight main edible rose
cultivation areas in China, and for some cultivars, such
as Rosa ‘Zizhi’, R. ‘Fenghua’, R. rugosa ‘Plena’, R. x dam-
ascena and R. x centifolia, materials were collected from
more than one area. Related wild species and/or their
cultivars were mainly collected from Kunming Botanical
Garden (KBG), with some materials obtained from the
Germplasm Bank of Wild Species, Kunming Institute of
Botany (CAS), and Yunnan Irose company. Rose cuttings
were propagated and planted in the KBG within the
campus of the Kunming Institute of Botany (KIB, Yun-
nan), CAS. These plants, together with an additional 39
genotypes with sequences downloaded from GenBank,
covered all subgenera and all sections in the subgenus
Rosa (Table S1) [2, 32]. Together, there were 88 rose lines
including all potential wild progenitors, but R. foetida
Herrm. contributed to modern rose domestication [9,
42]. The identification of these species was determined
primarily following the Flora of China [1]. Some species
names were revised according to updated information in
the plantlist (http://www.theplantlist.org). We kept the
names of R. wichuraiana Crep and R. brunonii Lindl. For
edible cultivars, morphological characters defining and
segregating leaves, flowers, and stem prickles were pho-
tographed using specimens grown in the same garden.
“China roses” in this study refer to the cultivars and wild
species that originated in China and were brought to
Europe before 1867 [8, 41, 42]. These materials are known
to contribute important genetic traits and resources to
modern rose domestication.

Flowering periods of these edible cultivars were
recorded over two consecutive years (from March 2019
to April 2021) [73]. Briefly, most of the KIB collection
began flowering between the middle of March and early
May. Cultivars producing flowers continuously from mid-
March until mid-November were categorized as contin-
uous flowering (CF). Plants that ceased flowering after
four to six weeks between mid-March and mid-May were
categorized as once-flowering (OF). Cultivars observed
to stop flowering after the initial mid-March/mid-May
blooming season but that produced a few flowers in
early autumn were categorized as occasional rebloomers
(ORs).

DNA extraction, sequencing, and plastome
assembly

Young fresh and healthy leaves were collected and
frozen immediately in liquid nitrogen and used for total
DNA extraction with a modified cetyltrimethylammo-
nium bromide (CTAB) method [74]. DNA samples were
sequenced following protocols provided by Illumina with
a paired-end method at Biomarker Technologies Co., Ltd.
(Beijing, China). For each line, ~3 Gb of randomly selected
data was used for plastome assembly and ITS phasing.
The plastome sequences were assembled de novo with
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SPAdes 3.12.0 [75] using the GetOrganelle pipeline [76].
Using the plastome of R. wichuraiana ‘Basye’s Thornless’
as a reference [30], the final assembly was constructed
and annotated with Bandage 0.8.1 [77] and Geneious 9.1.4
(Biomatters Ltd., Auckland, New Zealand), respectively.
The plastomes of five additional species in subfamily
Rosoideae (Potentilla purpurea (Royle) Hook. f., Fragaria
vesca L., Rubus fockeanus Kurz, Rubus niveus Thunb., and
Fallugia paradoxa (D. Don) Endl. ex Torr.) were downloaded
from GenBank and employed as outgroups (Table S1).

Phasing the ITS haplotypes

We used the same pipelines and software to assem-
ble and annotate the nuclear ribosomal DNA (nrDNA)
sequences by referring to the sequence for Pyrus com-
munis L. (MN577903) in the Rosaceae. We used a rigor-
ous mapping process to justify the status of ambiguous
sites, which could be ‘corrected’ in the SPAdes within
the GetOrganelle pipeline. We mapped the clean reads to
the initially assembled ITS sequences in the nrfDNA using
bowtie2 [78] in Geneious.

Consistent with previous studies that reported certain
levels of heterozygous ITS markers in several rose vari-
eties [36, 37, 39, 79, 80], we detected obvious heterozy-
gosity in the generated assemblies and focused on the
variable sites within ITS1 and ITS2 regions of a specific
line. The heterozygous sites could be caused either by
allelic sequence variation or by sequencing errors, which
should be random and at a relatively lower level. By post
manual counting of each ambiguous position, only the
nucleotide composition per ambiguous site with >5%
of total mapped reads was considered allelic variation
and kept for further analysis. The haplotypes were then
distinguished by sorting variable reads within the over-
lapping read group. As ITS1 and ITS2 were separated by a
highly conserved 5.8S rRNA (159 bp), which caused the
assembly of a continuous ITS contig difficult with the
~150 nt llumina reads, we assembled and analyzed the
ITS1 and ITS2 sequences separately. Each inferred haplo-
type was labeled using a lowercase letter in a decreasing
order with its proportion. A schematic diagram for hap-
lotype phasing is shown in Fig. 2.

We next used PCR followed by Sanger sequencing to
verify the accuracy of assembled haplotypes. With uni-
versal primers ITS-4 and ITS-A, we obtained the ITS frag-
ments for ten edible roses selected at random [39, 81].
The heterozygous states for sites within ITS1 and ITS2
were checked manually and compared to those gen-
erated with Illumina reads. Additionally, PCR products
for R. x damascena L1 were cloned into the pClone007
Versatile Simple Vector (Tsingke Biotechnology Co., Ltd.).
Sixteen clones were sequenced and examined for their
sequence identity to the phased haplotypes generated
with Illumina sequencing.

Sequence alignment and phylogeny analyses

The plastome and phased ITS sequences were aligned
with MAFFT in Geneious [82]. The alignment was used
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for a maximum-likelihood (ML) phylogenetic analysis in
RAxXML 8.2.11 with the best-fit model (GTR+I+ G) gen-
erated with jModelTest [83, 84]. Bootstrap analyses were
done with 1000 replicates.

Genome size estimation and ploidy level
prediction

Flow cytometry (FCM) was used to assess the holoploid
genome sizes of rose lines [85]. Young leaves were
sampled for nuclear suspension with the option A
(one-step protocol) according to Dolezel et al. [86]. The
nuclear samples were measured with a BD FACScalibur
Flow Cytometer (USA) with maize B73 (2.3 Gb) as the
internal reference [87]. The relative genome size was
estimated following the equations described [86]. Ploidy
levels were predicted following the method described
[88] using known genome sizes and ploidy levels for the
same species [88-92]. We predicted diploids with genome
sizes between 0.37-0.6 Gb. In comparison, triploids were
predicted between 0.64-0.7 Gb, tetraploids between
0.83-1.14 Gb, and with pentaploids larger than 1.2 Gb
(Table S1).
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