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           Rhodiola  L. (Crassulaceae) comprises 90 species of peren-
nial herbaceous plants with succulent leaves distributed world-
wide ( Fu and Ohba, 2001 ). A total of 73 species of this genus 
are found in China, and are especially common in the Qinghai–
Tibet Plateau ( Fu and Ohba, 2001 ). Many species of  Rhodiola  
have been widely used for medicinal purposes in Tibet and 
other regions for more than 1000 years ( Zhao et al., 1998 ). How-
ever, the high demand of  Rhodiola  for medicinal uses has led 
to overexploitation of many wild populations of this genus, 
driving them close to local extinction in the wild. For instance, 
 R. crenulata  (Hook  . f. & Thomson) H. Ohba, a perennial herba-
ceous plant mainly distributed in Tibet and widely used to rein-
force immunity, improve memory, and relieve altitude sickness 
( Lei et al., 2006 ), is now considered endangered in this and 
neighboring regions due to overexploitation ( Zhao et al., 2011 ). 
Despite the important medicinal uses of  Rhodiola  spp., little is 
known about their genetic background. However, such infor-
mation is an indispensable prerequisite for conservation and 
management of such economically important plant species. 
Here, we isolated and characterized 17 polymorphic microsat-
ellites for population genetic studies to infer the genetic diver-
sity and differentiation among populations, which will provide 
new insights into  Rhodiola  reproductive strategies in the alpine 
regions and support the development of conservation plans. 

 METHODS AND RESULTS 

 Four species of  Rhodiola  ( R. bupleuroides  (Wall. ex Hook. f. & Thomson) S. 
H. Fu,  R. crenulata ,  R. fastigiata  (Hook. f. & Thomson) S. H. Fu, and  R. sacra  
(Prain ex Raym.-Hamet) S. H. Fu) were collected from the Qinghai–Tibet Pla-
teau, China. Genomic DNA from four individuals of two populations per species 
were isolated and then pooled to construct microsatellite libraries. Voucher in-
formation for the sampled populations is provided in  Table 1  . DNA was extracted 
from dry leaves using the cetyltrimethylammonium bromide (CTAB) method 
( Doyle and Doyle, 1987 ), digested by  Rsa I and  Xmn I (New England Biolabs, 
Beijing, China), and then ligated with Super SNX24 adapters (5 ′ -GTT AAGG CC-
TAGCTAGCTAGCAGAATC-3 ′  and 5 ′ -pG ATTCTGCTAGCTAGGCCTTAAC-
AAAA-3 ′ ) (Sangon Biotech, Shanghai, China) by T4 DNA ligase (TaKaRa 
Biotechnology Co., Dalian, Liaoning, China) ( Glenn and Schable, 2005 ). Digested, 
adapter-ligated DNA fragments containing potential microsatellite loci were 
hybridized to 5 ′ -biotinylated oligonucleotides (CCG) 6 , (AAG) 8 , (AGG) 6 , (CT) 13 , 
(AGC) 6 , (AC) 10 , and (ATC) 6 , and microsatellite-rich hybridized genomic frag-
ments were recovered by capture with streptavidin-conjugated magnetic Dyna-
beads   (Invitrogen, Carlsbad, California, USA). Captured molecules were amplifi ed 
with SNX24 adapter-specifi c primers, ligated into pMD18-T, and transformed 
into the competent  Escherichia coli  DH5 α  host cells (TIANGEN Biotech, Beijing, 
China). Positive clones were identifi ed by PCR amplifi cation with M13 primers 
(Sangong Biotech, Shanghai, China). The PCR reactions were performed in a 
Biometra   thermocycler (Biometra, Goettingen, Germany) with a denaturation 
period of 4 min at 94 ° C; followed by 30 cycles of 1 min at 94 ° C, 45 s at 55 ° C, and 
40 s at 72 ° C; and a fi nal extension of 10 min at 72 ° C. Reactions were carried out 
in a volume of 20  μ L containing 9.6  μ L double-distilled water, 2  μ L 10 ×   Taq  
reaction buffer, 2.4  μ L dNTP, 2.4  μ L Mg 2+ , 1.2  μ L M13 forward primers, 1.2 
 μ L M13 reverse primers, 0.2  μ L 0.5 U/ μ L  Taq  DNA polymerase (Aidlab Bio-
technologies Co. Ltd., Beijing, China), and 1  μ L template DNA. A total of 243 
positive clones were sequenced on an ABI 377XL DNA sequencer (Applied 
Biosystems, Foster City, California, USA), and 145 (59.7%) were found to con-
tain simple sequence repeats (SSRs). DNA sequence alignments and primer de-
sign were performed using Primer Premier 5.0 (PREMIER Biosoft International, 
Palo Alto, California, USA). 

 Primer pairs were synthesized for 66 microsatellite sequences containing a 
repeat region of 20–24 bases and initially screened using four samples from each 
 Rhodiola  species. After PCR optimization, including gradient PCR for testing 
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CHINESE MEDICINE  1  

   JIANLING     YOU    2  ,   WENSHENG     LIU    2  ,   YAO     ZHAO    2  ,   YONGQING     ZHU    2  ,   WENJU     ZHANG    2  , 
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  •  Premise of the study:  Microsatellite loci are described for  Rhodiola , a medicinal herb genus widely used in traditional Chinese 
medicine. 

 •  Methods and Results:  A total of 17 polymorphic microsatellite primer pairs were developed using the combined biotin capture 
method. The number of alleles per locus ranged from one to 12 across 192 individuals from  R. bupleuroides ,  R. crenulata , 
 R. fastigiata , and  R. sacra , and the mean observed   and expected heterozygosities ranged from 0.177 to 0.412 and from 0.363 
to 0.578, respectively. 

 •  Conclusions:  The results demonstrate the potential use of this new set of microsatellite markers for genotyping individuals and 
estimating genetic diversity in  Rhodiola .  

  Key words:  Crassulaceae; medicinal plants; microsatellites;  Rhodiola bupleuroides ;  Rhodiola crenulata ;  Rhodiola fastigiata ; 
 Rhodiola sacra . 
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  TABLE  2. Characteristics of 17 microsatellite primers developed in  Rhodiola . 

Locus  Primer sequences (5 ′ –3 ′ ) Repeat motif  T  a  ( ° C) Allele size (bp) GenBank accession no.

Rs1  F: TTGGGCGGATTGTTCCTGTT (TGA) 3 55 181–223 JQ857096
 R: TCCACCCTTCATCTCCTTCA 

Rs2  F: GCACGATGACAATTTATACGA (TCC) 4 55 134–224 JQ857092
 R: GGTTAGGGTTTGGAGGTGAC 

Rs3  F: TTCCAAATAAGCCAATCCTC (CAA) 4 55 183–288 JQ857095
 R: TGTGCAACTGTAACCATCGA 

Rs4  F: ACCCTTCATCTTGTCCCTCA (CT) 8 55 119–150 JQ857089
 R: CACCCTTTTCTGTCCCACTC 

Rs5  F: GGAGGAAGAACTTCCCATTT (CCT) 4 55 163–239 JQ857082
 R: GTGGTGGTGATTGCTTTGAT 

Rs6  F: GAGTCAGGTGGTGGAGAATG (AGG) 4 55 157–262 JQ857094
 R: CAAAAGATTAGAAACTCAAAACG 

Rs7  F: TTGTGGACTTTGTGGGACTC (GTT) 5 57.8 262–277 JQ857087
 R: TGGATAAATTGCTGCCTGAC 

Rs8  F: CTGACGCTGAAGCAGTTGAT (TGC) 5 57.8 131–206 JQ857085
 R: CCCAATGGAGGACCGATGAT 

Rs9  F: CTTCATCATTTACATCTTGCTC (CCT) 6 55 177–204 JQ857084
 R: TTTTGTTACTTGACTGTGGC 

Rs10  F: TGCGTCAAACGGATCAAACC (CAG) 4 55 117–186 JQ857088
 R: TCGCTCAGCCCCTTCTCAAT 

Rs11  F: GTTGTTGCTTAGGCTGCTGT (GCT) 4 55 265–313 JQ857097
 R: AACTTCTATGGAAATGTGGC 

Rs12  F: AAAAGACAGTATAGCCTCACC (TCA) 4 55 112–148 JQ857091
 R: TGTAGACTGATGCTGCTGAT 

Rs13  F: GAATAAGGTGGCTGGAGGTT (GGA) 5 55 156–234 JQ857089
 R: GATGAGGGACAAGATGAAGG 

Rs14  F: CAGAAGCGGATTCCTCATCA (AGG) 4 55 140–200 JQ857083
 R: CGAATCACCCGTAACCCTAA 

Rs15  F: CCACAGAAGCGAGTCAGGTT (GCATCA) 5 55 146–164 JQ857090
 R: GTCCCGGCAAATACAAAAGT 

Rs16  F: AACAAGGCAGAGTCGAGAAA (GCA) 4 55 116–173 JQ857086
 R: CATCTTTGAACCCTAATCCA 

Rs17  F: ATTCTTCATCTCAGCCGTCC (GA) 8 55 126–310 JQ857093
 R: CACAGCCATTAGAGCCAACT 

 Note :  T  a  = optimal annealing temperature.

annealing temperature and changing the proportion of reagents, 17 (25.8%) of 
these loci generated stable and clear bands with independent annealing tem-
peratures ( Table 2 ) . The 17 loci were then tested with 192 DNA samples from 
two populations per  Rhodiola  species ( Table 1 ). The optimization amplifi cations 
were performed in a fi nal volume of 10  μ L, including ~20 ng genomic DNA, 6.5  μ L 
double-distilled water, 1  μ L   10 ×   Taq  reaction buffer, 0.8  μ L dNTP, 0.8  μ L Mg 2+ , 
0.25  μ L forward primers, 0.25  μ L reverse primers, and 0.05  μ L 0.5 U/ μ L  Taq  
DNA polymerase. A Biometra thermocycler was used with the following cy-
cling conditions: 94 ° C for 5 min; 35 cycles at 94 ° C for 40 s, 55–57.8 ° C (marker 
dependent, see  Table 1 ) for 30 s, and 72 ° C for 40 s; and a fi nal elongation step of 
72 ° C for 10 min. The PCR products were separated on a capillary electropho-
resis genotyper (Majorbio Bio-pharm, Shanghai, China). The separated SSR 
fragments were examined and scored using GeneMapper version 3.7 (Applied 
Biosystems). Standard population genetics metrics were calculated using 
GenAlEx 6.4 ( Peakall and Smouse, 2006 ). 

 Across all populations of the four  Rhodiola  species, the number of alleles per 
polymorphic locus ( A ) ranged from one to 12 ( Table 1 ). For the polymorphic loci, 
average   values of observed ( H  o ) and expected heterozygosity ( H  e ) varied from 
0.177 to 0.412 and from 0.363 to 0.578, respectively. The   fi xation index ( F ) was 
highly variable among loci in each population ( Table 1 ); averaged across loci 
for each species, it ranged from 0.230 to 0.631, which is consistent with a mixed 
mating system in  Rhodiola . Among the 17 analyzed loci, eight to 16 loci exhib-
ited signifi cant deviation from Hardy–Weinberg equilibrium based on a sequen-
tial Bonferroni test ( Table 1 ); this may refl ect the presence of undetected null 
alleles or departure from equilibrium conditions of an ideal population. 

 CONCLUSIONS 

 Seventeen polymorphic microsatellite loci are characterized 
in eight  Rhodiola  populations. The high degree of polymorphism 

in these microsatellite markers gives them great potential for 
use in genetic studies of wild populations of this genus. These 
studies may increase understanding of the biology of  Rhodiola  
and help to develop conservation strategies. 
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