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Rhodiola integrifolia: hybrid origin and
Asian relatives

Ursula Hermsmeier, Jocelyn Grann, and Andreas Plescher

Abstract: We investigated the relationship among North American Rhodiola integrifolia Raf., Rhodiola rosea L., and
Rhodiola rhodantha (A. Gray) H. Jacobsen by sequencing a fragment of the nuclear-encoded chloroplast-expressed
glutamine synthetase (ncpGS) gene from these three species and from selected Asian representatives of the genus. We
found that R. integrifolia is a hybrid descendant of R. rosea and R. rhodantha lineages. We also found that the ncpGS
gene and the internal transcribed spacer regions of the nuclear ribosomal DNA of Asian Rhodiola algida Fisch. & Mey.
are very similar to those of R. rhodantha. In accordance with known chromosome numbers and species morphology, we
therefore propose to move R. algida into the subgenus Clementsia of the genus Rhodiola, which so far contains only two
species, R. rhodantha and Asian Rhodiola semenovii (Regel & Herder) Boriss.
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Résumé : Les auteurs ont étudié les relations des espèces nord-américaines Rhodiola integrifolia Raf., Rhodiola rosea L., et
Rhodiola rhodantha (A. Gray) H. Jacobsen, en séquençant un fragment du gène de la glutamine synthétase du noyau exprimé
dans le chloroplaste (GSncl), chez ces trois espèces et chez représentants asiatiques de ce genre. Ils ont constaté que le
R. integrifolia constitue un hybride provenant des lignées R. rosea et R. rhodanta. Ayant également constaté que le gène GSncl
et les régions de l’EIT (espaceur interne transcrit) de l’ADN chloroplastique du Rhodiola algida Fisch. & Mey. sont très
semblables à ceux du R. rhodantha et correspondant aux nombres chromosomiques connus ainsi qu’à la morphologie de
l’espèce, il proposent donc de placer le R. algida dans le sous-genre Clementsia du genre Rhodiola, lequel jusqu’à maintenant ne
contenait que deux espèces, le R. rhodanta et le Rhodiola semenovii (Regel & Herder) Boriss asiatique.

Mots-clés : Rhodiola integrifolia, Rhodiola rhodantha, Rhodiola rosea, Rhodiola algida, allopolyploïdie, glutamine synthétase.

[Traduit par la Rédaction]

Introduction

The genus Rhodiola L. (Sedoideae, Crassulaceae), which
comprises up to 90 species (Zhengyi and Raven 2001), has
its origin and largest diversity in the mountains of central
Asia (Mayuzumi and Ohba 2004). Rhodiola is usually con-
sidered a highly derived group within the Crassulaceae, but its
exact position within the family has not been fully resolved
(Mayuzumi and Ohba 2004; Gontcharova and Gontcharov
2009). Recent molecular analysis of Asian Crassulaceae re-
vealed that the genus Rhodiola is well separated from the
Sedum species, while it forms a clade together with the small
genus Pseudosedum, which may have to be reduced to a
synonym of Rhodiola (Mayuzumi and Ohba 2004; Gontcharova
et al. 2006).

The following three Rhodiola species occur in North Amer-
ica: Rhodiola rosea L., Rhodiola integrifolia Raf., and
Rhodiola rhodantha (A. Gray) H. Jacobsen. Rhodiola rosea is
the most widespread species of the genus. It grows along the
northern coastlines and in alpine habitats of Asia, Europe, and
eastern North America from Nunavut to North Carolina.
Rhodiola integrifolia is found in Siberia and western North
America from Alaska to New Mexico with disjunct occurrence
in Minnesota and New York state. Rhodiola rhodantha is
endemic to the Rocky Mountains of the United States (U.S.
Department of Agriculture 2011).

Rhodiola integrifolia, first described in 1832 by Rafinesque,
is morphologically very similar to R. rosea and has repeatedly
been treated as a subspecies or variety of R. rosea by different
authors of the 20th century (The International Plant Name
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Index 2011). Rhodiola integrifolia differs from R. rosea in
usually having dark red petals whereas R. rosea usually has
yellowish petals. Clausen (1975) also found the petal width of
staminate flowers and median leaf size to be significantly
larger in R. integrifolia. Rhodiola rhodantha is clearly differ-
ent from R. rosea and R. integrifolia and many other Rhodiola
species, and had once even been moved into a separate genus
Clementsia (Rose) (Britton and Rose 1903), now recognized
as Rhodiola subgen. Clementsia (Rose) H. Ohba.

Cytogenetic studies (for example: Uhl 1952) of the North
American Rhodiola species revealed haploid chromosome
numbers of n � 7 for R. rhodantha, n � 11 for R. rosea, and
n � 18 for R. integrifolia (referred to as the 11-chromosome
strain and the 18-chromosome strain of Sedum rosea (L.)
Scop. by Uhl). Uhl (1952) proposed the following two hy-
potheses for the origin of the 18-chromosome strain: (1) as a
hexaploid of an ancestral Rhodiola species with a haploid
chromosome number of n � 6; or (2) as an allopolyploid of the
11-chromosome strain and some other parent lineage with a
haploid chromosome number of n � 7, like R. rhodantha.

We tested Uhl’s hypotheses by sequencing a fragment of the
nuclear-encoded chloroplast-expressed glutamine synthetase
(ncpGS) gene from the 3 North American Rhodiola species
and 50 Asian relatives of the genus (unpublished data), in-
cluding Rhodiola algida Fisch. & Mey. and Rhodiola semeno-
vii (Regel & Herder) Boriss. The ncpGS gene is a single-copy
gene in most diploids and has been successfully used to
identify the parent lineages of allotetraploid species in several
studies (e.g., Emshwiller and Doyle 1999; Clarkson et al.
2010).

Several species of Rhodiola have been used in traditional
medicine. Rhodiola rosea has, by far, the most extensive
ethnobotanical record, and its rhizomes are currently marketed
as adaptogenic supplements to strengthen mental and physical
performance in stress situations (Brown et al. 2002; Schittko
2004; Vastag 2007). Within North America, usage of Rhodiola
species has been reported mainly from the Bering Sea coastal
areas. Literature records exist for both R. rosea and R. integ-
rifolia (Moerman 2003). It is not clear whether this is due to
the historical uncertainty of R. integrifolia’s taxonomic inde-
pendence or if R. rosea did extend from Asia into the Amer-
ican continent. One yellow-flowered R. rosea like specimen
with narrow petals is preserved from Teller, Port Clarence
(E. Scammon 5529, GH) (Moran 2000) and was sequenced in
this study among other specimens from the Bering Sea area to
get a better idea of the extent of distribution of these two
Rhodiola species in the Bering Sea area.

Materials and methods
DNA was extracted from individual plants using the Nucle-

ospin Plant Kit (Macherey-Nagel, Düren, Germany) followed
by chloroform extraction. To amplify a stretch of 372–382 bp
of the ncpGS gene (glutamate-ammonia ligase, E.C. 6.3.1.2)
using a polymerase chain reaction (PCR), we designed the
following primer pair: GGTGATTGGAATGGTGC (GSF)
and GCCTTGTTTCTCAGTATCG (GSR). The amplicon cor-
responds to a region extending from exon 8 to exon 9 of the
Arabidopsis thaliana ncpGS gene, but contains an additional
intron in Rhodiola interrupting exon 8 of A. thaliana. The
internal transcribed spacer (ITS) region (599 bp) was ampli-
fied with ITS4 and ITS5 (White et al. 1990). PCR reactions

were kept at 95 °C for 4 min, followed by 35 cycles of 30 s at
95 °C, 30 s at 51 °C, and 30 s at 72 °C, followed by 7 min at
72 °C. PCR products were either directly submitted for com-
mercial sequencing (Iowa State University, DNA Facility,
Ames, Iowa, USA) or cloned using the TOPO TA cloning kit
(Life Technologies, Grand Island, N.Y., USA) with subse-
quent sequencing of the plasmid DNA from isolated colonies.
Cloning was necessary for the R. integrifolia ncpGS sequence
only, but it was also used to replicate the ncpGS data obtained
for the parental species and whenever better quality ITS se-
quences were needed to identify different herbarium speci-
mens from the Bering Sea area. Sequences were edited and
aligned in BioEdit (Hall 1999). Table 1 lists all the samples
included in the study. Following the current, although contro-
versial (Moran 2000), infraspecific classification of R. integ-
rifolia, all samples from the Bering Sea area belong to
R. integrifolia subspecies integrifolia, whereas the samples
from the Rocky Mountains were R. integrifolia subspecies
procera.

Results
Glutamine synthetase clones of R. integrifolia were found to

be either identical to clones of R. rosea or R. rhodantha or
recombinant sequences of these two parent lineages (Fig. 1)
from different subgenera of Rhodiola (3.7% ITS and 5.3%
ncpGS sequence divergence between R. rosea and R. rhodan-
tha, counting indels as one position). Some clones also showed
individual nucleotides unique to R. integrifolia. All other
sequences of the genus Rhodiola (unpublished data) were
different from the three American species.

Although subgeneric treatments of the genus have only
placed R. semenovii together with R. rhodantha, we discov-
ered that the sequences of R. rhodantha and R. algida share
99.0% (ITS) and 98.4% (ncpGS) identical positions, whereas
each of these species has less sequence similarity when com-
pared with R. semenovii (R. rhodantha: 97.4% ITS and 97.8%
ncpGS sequence identity; R. algida: 96.8% ITS and 97.8%
ncpGS sequence identity, counting indels as one position).

Herbarium specimens from Alaska and the Bering Sea were
all found to be R. integrifolia, including the yellow-flowered
specimen collected by Scamman in 1949. One of the Chukotsk
specimens (ALAAC V115350) was found to be R. rosea.

Discussion
Our data are in agreement with the hypothesis by Uhl

(1952) that R. integrifolia is an allopolyploid species derived
from hybridization of R. rhodantha and R. rosea lineages.
Both parental alleles of the ncpGS gene are maintained in
R. integrifolia. In addition, sequencing revealed a number of
recombinant ncpGS clones. Multiple sequences from individ-
ual plants have been recovered in some previous studies using
the ncpGS gene (Emshwiller and Doyle 1999; Ionta et al.
2007), but not in others (Clarkson et al. 2010), and it is not
known to what extent these recombinants represent artifacts
caused by PCR recombination (Cronn et al. 2002). It is also
possible that some variation in our template DNA is due to
endopolyploidy, which is common in succulent plants, includ-
ing the Crassulaceae (De Rocher et al. 1990; Barow 2006).

Whereas both parent alleles of the ncpGS gene are main-
tained in R. integrifolia, concerted evolution seems to have
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operated to maintain only one ITS parental lineage. Only 5–7
of 599 bp were different between R. integrifolia and R. rho-
dantha, whereas 25–27 of 599 bp differed between R. integ-
rifolia and R. rosea. Phylogenetic trees based on ITS
sequences support R. integrifolia to be a sister taxon of R. rho-
dantha, but not of R. rosea (Guest 2009). On the other hand,
morphological studies have always placed R. integrifolia close
to R. rosea, or combined them in one taxon (The International
Plant Name Index 2011). A hybrid origin of R. integrifolia
helps to understand these controversies between morphologi-
cal and molecular data.

Based on extensive morphological studies, the genus
Rhodiola L. is currently divided into four subgenera (Ohba
1981a, 1981b, 1982, 1987). Rhodiola integrifolia, Rhodiola

rosea, and Rhodiola algida are in subgenus Rhodiola (L.)
H. Ohba, which is by far the largest subgenus of the genus.
Rhodiola rhodantha is in the small subgenus Clementsia
(Rose) H. Ohba, which otherwise only contains Rhodiola
semenovii (Regel & Herder) Boriss. from the Tien-Shan and
Pamiro-Alai mountains (Komarov and Yuzepchuk 1939). We
propose to add Rhodiola algida (Ledeb.) Fisch. & Mey., native
to the Altai mountains (Komarov and Yuzepchuk 1939), to
this subgenus. All three species, R. rhodantha, R. algida, and
R. semenovii, have dense inflorescenses with 5-merous perfect
flowers with relatively large (8–10 mm) white to pink petals
(Komarov and Yuzepchuk 1939; Clausen 1975). A haploid
chromosome number of seven has been reported for R. algida
(Amano et al. 1995), Rhodiola dumulosa, and R. rhodantha

Table 1. Sample information.

Rhodiola species Material and voucher Locality
GenBank accession
numbers

Sequence obtained
from

R. algida Fresh leaves from plant in
cultivation

Seeds collected by W. Peschel in
Altai, Russia (49°31=N, 88°01=E)

ITS: JQ228604
ncpGS: JQ228607

PCR product
PCR product

JE Hermsmeier 1
R. integrifolia Herbarium sample Seward Peninsula, Alaska ITS: JQ228592 1 colony

ALAAC 81656
R. integrifolia Herbarium sample Seward Peninsula, Alaska ITS: JQ228594 2 colonies

ALAAC V125521
R. integrifolia Herbarium sample Seward Peninsula, Alaska ITS: JQ228595 2 colonies

ALAAC V135051
R. integrifolia Herbarium sample Seward Peninsula, Alaska ITS: JQ228596 PCR product

ALAAC 92435
R. integrifolia Herbarium sample St. Matthew Island, Alaska ITS: JQ228598 2 colonies

ALAAC 6623
R. integrifolia Herbarium sample St. Lawrence Island, Alaska ITS: JQ228599 PCR product

ALAAC 92615
R. integrifolia Herbarium sample Chukotka, Russia ITS: JQ228600 PCR product

ALAAC V113690
R. integrifolia Herbarium sample Seward Peninsula, Alaska ITS: JQ228601 4 colonies

GH E. Scamman 5529
R. integrifolia Herbarium sample Richards Island, Northwest Territories ITS: JQ228602 1 colony

UBC V175863
R. integrifolia Fresh leaves from plant in

cultivation
JE Hermsmeier 3

Seeds collected by U. Hermsmeier at
Williams Lake, New Mexico

ITS: JX102569
ncpGS clones 1a–f:

JQ228610- JQ228615

PCR product
6 colonies

R. integrifolia Fresh leaves from plant in
cultivation

Seeds collected by R. Day-Skowron,
Rocky Mountain Rare Plants, in
Clear Creek County, Colorado

ITS: JX102568
ncpGS clones 2a–l:

JQ228616- JQ228627

PCR product
12 colonies

R. rhodantha* Fresh leaves from plant in
cultivation

JE Hermsmeier 2

Seeds obtained from Jelitto Perennial
Seeds (Schwarmstedt, Germany)

ITS: JQ228605
ncpGS: JQ228608

PCR product
PCR product,

2 colonies
R. rosea† Fresh leaves from plant in

cultivation
Seeds collected by W. Peschel in

Altai, Russia (51°03=N, 85°41=E)
ITS: JX102567
ncpGS: JQ228609

PCR product
PCR product

R. rosea Herbarium sample Chukotka, Russia ITS: JQ228597 PCR product
ALAAC V115350

R. semenovii Herbarium sample Talas-Ala-Too mountains, Kyrgystan ITS: JQ228603 PCR product
JE Janßen and Martins 2205 ncpGS: JQ228606 PCR product

Note: ITS, internal transcribed spacer; PCR, polymerase chain reaction.
*Three more nuclear-encoded chloroplast-expressed glutamine synthetase (ncpGS) colonies obtained from DNA of a plant from Island Lake, Wyoming, were

sequenced to replicate the analysis. All three sequences were identical to JQ228608.
†Identical ncpGS sequences were obtained from replicate samples from France, the Faroe Islands, Norway (all PCR products), and Newfoundland (one colony

sequenced).
‡Voucher is from the parent plant from Williams Lake, New Mexico.
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(Uhl 1952), while all other Rhodiola species investigated so
far had larger chromosome numbers. Rhodiola semenovii has
not been analyzed yet. It is interesting that R. algida from
Asia, like its close relative R. rhodantha from North America,
may form hybrids with R. rosea. Intermediate forms have been
observed in the Altai Mountains whenever the two species
overlapped (Peschel 2002). Our results concur with Mayuzumi
and Ohba (2004), who sequenced 17 Rhodiola species (ITS
and trnL-F) as part of a study on Asian Sedoideae and found
that a revision of the current infrageneric classification of the
genus Rhodiola is required.

The current distribution of R. rosea and R. rhodantha does
not overlap. One or both parental lineages must have been
more widespread at some point in history for hybridization to
have taken place. The lineage that led to the American en-
demic species R. rhodantha must have separated from closely
related lineages that led to Asian R. semenovii and R. algida
first and, while spreading onto the American continent, must
have occurred north of its current species boundaries. East-
ernmost species boundaries of R. rosea in Siberia have been
delimited by different authors in different ways. According to
Ohba (1981b), R. rosea does not reach the coastlines but has
its easternmost species boundaries in the Kolyma River area in
Siberia. According to the Flora Arctica URSS (Busunova et al.
1984), R. rosea reaches all the way to the Bering Sea. Hultén
(1945) had mapped its eastward extension onto the American
continent based on yellow-flowered specimens rarely found in
westernmost Alaska. Yellow flowers are typical for R. rosea
but not R. integrifolia, except for a population in New Mexico,
which has yellow petals with red only at the apex (Clausen
1975). Our results are in agreement with the Flora Arctica
URSS (Busunova et al. 1984) but do not provide evidence for
R. rosea in Alaska. All specimens sequenced from Alaska
were found to be R. integrifolia, including the yellow-flowered
specimen from Port Clarence. It remains unknown if hybrid-
ization has occurred in North America and (or) Siberia.

A hybrid origin of R. integrifolia raises questions about its
potential as a medicinal plant. We do not know how much of

the pharmacological and phytochemical properties of R. rosea
are maintained in the hybrid offspring. It is clear that native
people have used Rhodiola plants on both sides of the Bering
Sea (Brown et al. 2002; Moerman 2003) even if species were
not always consistently identified in the ethnobotanical litera-
ture due to the uncertain taxonomic history of R. integrifolia.
In particular, some records from Alaska (Moerman 2003) may
mistakenly refer to R. rosea meaning R. integrifolia.

Rhodiola integrifolia is described to be a variable species by
Hultén (1945) and Clausen (1975) and is considered a collec-
tive species in the Flora USSR (Komarov and Yuzepchuk
1939). Most recently, Olfelt and Handzic (2011) proposed
species status for one of the four recognized subspecies of
R. integrifolia on the American continent. Hybridization be-
tween R. integrifolia and R. rhodantha has been documented
by Guest (2009) in the Rocky Mountains of Colorado. Inter-
mediate forms between R. rosea and R. integrifolia (Hultén
1945), treated as Rhodiola borealis by Komarov and Yuzep-
chuk (1939), have been reported from Siberia where these two
species overlap (Busunova et al. 1984). Clearly, more research
is needed on the taxonomy and ethnobotany of R. integrifolia.
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