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Abstract
Allium vegetables, such as garlic and onion, have understudied genomes and limited molecular resources, hindering advances 
in genetic research and breeding of these species. In this study, we characterized and compared the simple sequence repeats 
(SSR) landscape in the transcriptomes of garlic and related Allium (A. cepa, A. fistulosum, and A. tuberosum) and non-Allium 
monocot species. In addition, 110 SSR markers were developed from garlic ESTs, and they were characterized—along with 
112 previously developed SSRs—at various levels, including transferability across Alliaceae species, and their usefulness for 
genetic diversity analysis. Among the Allium species analyzed, garlic ESTs had the highest overall SSR density, the lowest 
frequency of trinucleotides, and the highest of di- and tetranucleotides. When compared to more distantly related monocots, 
outside the Asparagales order, it was evident that ESTs of Allium species shared major commonalities with regards to SSR 
density, frequency distribution, sequence motifs, and GC content. A significant fraction of the SSR markers were successfully 
transferred across Allium species, including crops for which no SSR markers have been developed yet, such as leek, shallot, 
chives, and elephant garlic. Diversity analysis of garlic cultivars with selected SSRs revealed 36 alleles, with 2–5 alleles/
locus, and PIC = 0.38. Cluster analysis grouped the accessions according to their flowering behavior, botanical variety, and 
ecophysiological characteristics. Results from this study contribute to the characterization of Allium transcriptomes. The 
new SSR markers developed, along with the data from the polymorphism and transferability analyses, will aid in assisting 
genetic research and breeding in garlic and other Allium.
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Introduction

Allium is the largest genus of the Alliaceae family and 
includes several economically important vegetables spe-
cies, including garlic (A. sativum) and onion (A. cepa). 
Allium vegetables are cultivated and consumed worldwide, 
mainly as food condiments, due to their characteristic flavor. 
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In addition, Alliums are also consumed for their numerous 
health-enhancing properties (reviewed by Block 2010). 
Despite their economic, culinary, and medicinal signifi-
cance, Allium vegetables have understudied genomes and 
limited molecular resources, hindering advances in genetic 
research and breeding of these species. Thus, progress 
towards the characterization of non-genic or expressed 
regions (e.g., transcriptome) of Allium genomes, as well 
as the development of new molecular resources, such as 
robust and informative molecular markers (e.g., SSRs), are 
important for the genetic improvement of vegetables in this 
taxonomic group.

Most Allium species have complex and extremely large 
genomes, as compared to other eukaryotes (Arumugana-
than and Earle 1991). For example, the nuclear genomes of 
onion (16.4 Gbp per 1C) and garlic (15.9 Gbp), both diploid 
(2n = 2x = 16), are comparable in size to hexaploid wheat, 
and ~ 34 and 6 times larger than rice and maize, respec-
tively (Arumuganathan and Earle 1991). Although large-
scale genomic sequence data are not available for Allium 
species, data from sequencing of BAC clones, linkage map-
ping, cytogenetic studies, and biochemical analyses suggest 
that the onion genome has low GC content (Kirk et al. 1970), 
and is characterized by an abundance of intrachromosomal 
tandem duplications (Jones and Rees 1968; Ranjekar et al. 
1978; King et al. 1998) and long tracks of moderately repeti-
tive sequences interspersed with single copy regions (Stack 
and Comings 1979; Pearce et al. 1996). Genome-scale data 
regarding the content and genome distribution of other types 
of repetitive DNA, such as simple sequence repeats (SSRs), 
have not been reported in Allium.

Expressed sequenced tag (EST) data are commonly used 
for developing sequence-based molecular markers, such as 
SNPs and SSRs. Among them, SSRs are frequent in occur-
rence, widely distributed in the genome, highly polymor-
phic, somatically stable, and often inherited in a codominant 
Mendelian manner (Kalia et al. 2011). The robustness and 
amount of information derived from microsatellite analysis, 
together with the ease by which they can be developed (if 
sequence information is available); make them ideal mark-
ers for linkage mapping, varietal fingerprinting, popula-
tion structure, and genetic diversity studies (Varshney et al. 
2005). In addition, SSRs have proven useful for marker-
assisted selection in several crop species, especially when 
the markers reside close to or inside the genes responsible 
for a phenotypic trait (Varshney et al. 2005).

SSR markers—particularly those developed from EST 
sequence—are also valuable because of their high level 
of transferability to related species (Varshney et al. 2005; 
Cavagnaro et al. 2011; Huang et al. 2014), allowing their 
use as anchor markers for comparative genetic mapping 
(Bodénès et al. 2012; Cavagnaro et al. 2014) and evolu-
tionary studies (Xu et al. 2004). Because EST-derived 

SSRs (ESSRs) originate from transcribed regions of the 
genome, they are likely to be more conserved and serve 
as potential markers across a broader taxonomic range 
than other non-genic markers. SSR markers developed 
in Allium vegetables are rather limited, as compared to 
other crop species, and largely insufficient for exploring 
the complex and large genomes of these genus members. 
To date, a total of 312 SSR markers have been reported in 
garlic (Lee et al. 2011; Cunha et al. 2012; Ma et al. 2009; 
Chand et al. 2015; Ipek et al. 2015; Liu et al. 2015), 203 
SSRs in onion (Fischer and Bachman 2000; Kuhl et al. 
2004; Martin et al. 2005; Baldwin et al. 2012), 682 in 
bunching onion (A. fistulosum) (Tsukazaki et al. 2008, 
2015; Yang et al. 2015), and 94 in Chinese chives (A. 
tuberosum) (Tang et al. 2017), whereas no SSR markers 
have been developed to date for leek (A. ampeloprasum 
var. porrum), chives (A. schoenoprasum), shallot (Allium 
cepa var. aggregatum), and elephant garlic (A. ampelopra-
sum var. ampeloprasum).

Recent publications on the sequencing of garlic tran-
scriptomes from various organs and tissues (Sun et al. 
2012; Kamenetsky et al. 2015; Liu et al. 2015) represent 
potential sources of ample sequence data for developing 
SSR markers for garlic and—if transferable within the 
genus—other Allium species. In addition, they provide an 
opportunity for characterizing the microsatellite landscape 
in the garlic transcriptome and compared it with that of 
other Allium, as well as with other more distantly related 
monocots. It has been hypothesized that genomic resources 
developed for economically important or model species in 
the Poales order (e.g., rice, sugarcane, and wheat) may be 
transferable to the Asparagales, which include the Alli-
aceae and Asparagaceae families, since Asparagales is 
a monophyletic order sister to the lineage carrying the 
Poales (Kuhl et al. 2004). Although this hypothesis was 
indeed tested—by comparing homologous EST sequences 
of onion, asparagus, and rice—and refuted in the same 
study, reporting strong differences in ESTs of the Aspara-
gales and Poales (Kuhl et al. 2004), detailed comparisons 
of the SSR composition in transcript sequences of these 
taxonomic groups have not been reported.

The objectives of this study were to: (1) character-
ize and compare the type, frequency, and distribution of 
simple sequence repeats in the transcriptomes of garlic 
and related Allium (onion, bunching onion, and Chinese 
chives) and non-Allium species (asparagus, rice, sugar-
cane, and ginger); (2) to develop SSR markers for garlic 
and evaluate their transferability across Allium vegetables 
species; (3) to evaluate markers polymorphism in garlic 
and onion accessions as an indicator of their potential use-
fulness for fingerprinting and diversity analysis; and (4) 
to use selected markers for assessing genetic diversity in 
a collection of garlic cultivars.
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Materials and methods

Source and processing of sequence data

To explore the microsatellite landscape in Allium species, 
we characterized and compared the type, frequency, and 
distribution of these repeats in the transcriptomes of gar-
lic, onion, bunching onion, and Chinese chives. Aspara-
gus (Asparagus officinalis), belonging to the Asparagales 
order, was included as the closest taxa outside Allium with 
abundant sequence data available. Similarly, EST sequence 
from ginger (Zingiber officinale), rice (Oryza sativa), and 
sugarcane (Saccharum officinarum) was also analyzed for 
comparison purposes.

Transcript sequence data used were collected from the 
National Center for Biotechnology Information (NCBI, 
https ://www.ncbi.nlm.nih.gov/) and the PlantGDB-
assembled unique transcripts (PUT, http://www.plant 
gdb.org/prj/ESTCl uster /progr ess.php) databases on June 
6, 2017. In the case of bunching onion, Chinese chives, 
and asparagus, next-generation sequencing (NGS) reads 
were available and, thus, sequences were downloaded 
and processed—to minimize redundancy—prior to the 
analysis. For this, the program CAP3 (Huang et al. 1999) 
was used, with default parameters, to assemble sequence 
reads into contigs and singletons, resulting in 32.1, 82.2, 
and 29 Mbp of non-redundant sequence data for bunch-
ing onion, Chinese chives, and asparagus, respectively. 
EST sequence of garlic and onion was processed in the 
manner, resulting in 29.4 and 43.1 Mbp of non-redundant 
sequence, respectively. Transcript sequences from ginger 
(12 Mbp), rice (26.1 Mbp), and sugarcane (93.1 Mbp) 
were downloaded and analyzed for SSRs directly, as these 
sequence sets, obtained from the PUT database, represent 
non-redundant sequences. Information on sequence source 
(databases), sequence ID, type of transcript sequence, and 
total sequence length analyzed for each plant species is 
presented in online resource Table S1.

SSR identification and marker development

SSR motifs were detected using the program MISA 
(MIcroSAtellite identification tool) (Thiel et al. 2003). 
Perfect microsatellites with a basic motif of 2–7 nucleo-
tides (nt) and a minimum length of 12 (for di to tetranu-
cleotides), 15 (for pentanucleotide), 18 (for hexanucleo-
tide), and 21 (for heptanucleotide) were recorded. The 
positions of the SSRs in garlic ESTs were recorded and 
primers were designed flanking the SSRs using Primer3 
(v. 4.0.0) software (Untergasser et  al. 2012). Primers 
were designed to generate amplicons of 200–500 bp in 

length (optimum 300 bp) with the following minimum, 
optimum, and maximum values for Primer3 parameters: 
primer length (bp): 18–22–24; Tm (°C): 50–55–60; GC 
content (%): 40–50–60. Other parameters used the pro-
gram default values.

DNA extraction and PCR conditions

Genomic DNA was isolated from young leaf tissues as 
previously described (Murray and Thompson 1980). PCR 
reactions were performed in 20 µl final volume containing 
9.6 µl water, 2 µl 10 × DNA polymerase buffer, 3 µl  MgCl2 
(10 mM), 1.6 µl dNTPs (2.5 mM each), 0.6 µl of each primer 
at 5 µM, 0.2 µl Taq polymerase at 3 units/µl (TaqUBA), and 
2.4 µl of genomic DNA (40–50 ng). Thermocyclers were 
programmed as follows: initial denaturation at 94 °C for 
30 s, followed by 40 cycles of 94 °C for 45 s, appropriate 
annealing temperature for 30 s, and 72 °C for 1 min, and a 
final step at 72 °C for 5 min.

Marker transferability across Alliaceae

Marker transferability across Alliaceae was investigated for 
110 garlic SSRs developed in this study, plus 24 and 88 
additional SSRs developed previously from garlic genomic 
sequence (Cunha et al. 2012; Ma et al. 2009), and onion 
EST sequence (Kuhl et al. 2004), respectively (see online 
resource Table S6 for more information on these additional 
112 markers developed in other studies). In total, 222 SSR 
primer pairs were tested in a transferability panel of 16 
accessions, composed of 9 Allium species [4 garlic and 4 
onion accessions, and one accession each of elephant garlic, 
A. vineale, bunching onion, Chinese chives, leek, shallot, 
and chives], and one accession of the non-Allium Alliaceae 
Tulbaghia violacea. These materials were obtained from the 
Allium germplasm bank at INTA La Consulta (Argentina), 
and from commercial seed companies. Further information 
about the accessions used is presented in online resource 
Table S2.

The SSR markers were amplified by PCR as described 
above and the amplicons were resolved by 3% agarose gel 
electrophoresis, carried out for 2 h at 120 V. The gels were 
stained with ethidium bromide for visualization of the PCR 
products photographed under UV light. Accessions that pro-
duced amplicons of approximately expected length (i.e., the 
expected size in the donor species ± 50 nt) were considered 
as successful PCR amplifications, whereas amplicons out-
side the expected-size range were considered non-specific 
amplifications and regarded as negative results. This crite-
rion was used regardless of the number of bands observed 
(i.e., if one or more bands of expected size were present for 
an SSR marker, the PCR reaction was considered successful 
and specific). All the PCR reactions were repeated at least 

https://www.ncbi.nlm.nih.gov/
http://www.plantgdb.org/prj/ESTCluster/progress.php
http://www.plantgdb.org/prj/ESTCluster/progress.php


 Molecular Genetics and Genomics

1 3

once, to confirm positive results and/or detect false negatives 
due to technical issues.

Analysis of marker polymorphism in garlic 
and onion cultivars

To evaluate the potential utilization of the SSR markers for 
fingerprinting and diversity analysis in garlic and onion, all 
the SSR markers with positive amplifications in these spe-
cies, as observed in the transferability assay, were further 
examined for polymorphism in a sample set of four garlic 
and four onion commercial cultivars. The SSR amplification 
products were resolved by denaturing polyacrylamide gel 
(6%) electrophoresis, run at 150 V, 60 W, and 40 mA for 3 h. 
The gels were stained with silver nitrate and photographed 
for later analysis. SSR allele sizes were estimated with a 
size ladder.

Garlic genetic diversity

Fourteen polymorphic SSR markers were selected for 
assessing genetic diversity in a collection of 21 Argentine 
garlic cultivars (online resource Table S3) and two other 
Allium species: A. fistulosum and A. schoenoprasum, used 
as putative outgroups. Among the 14 selected markers, 12 
correspond to SSRs developed in this study and 2 SSRs, 
ACM086 and ACM066, were developed previously from 
onion ESTs (Kuhl et al. 2004). Primers for these markers 
were fluorescently labeled and used in PCR reactions with 
the same conditions as described above. The resulting ampli-
cons were resolved—and allele sizes were estimated—by 
capillary electrophoresis in a 3130xl Genetic Analyzer 
(Applied Biosystems, California, USA) at the Biotechnology 
Institute of INTA Castelar, Buenos Aires, Argentina. For 
genotyping of the garlic cultivars, a matrix was constructed 
with data regarding the presence or absence of the different 
alleles for each SSR locus.

General statistics, such as number of alleles (NA), 
expected (He), observed heterozygosities (Ho), and poly-
morphic index content (PIC), were calculated with the 
software Cervus (v. 3.0) (Kalinowski et al. 2007). Pair-
wise genetic similarity values among the taxa were esti-
mated according to Jaccard’s coefficient, using the software 
XLSTAT (v. 2016.05.33324) (XLSTAT 2016). To use the 
Jaccard coefficient, which requires the presence/absence 
information, the SSR data were transformed and coded as 
1 and 0, indicating the presence and absence of an allele, 
respectively. The resulting matrix was used to construct a 
dendrogram depicting phenetic relations among the taxa, 
using the Unweighted Pair Group Method using Arithmetic 
means (UPGMA) procedure, with the aid of the software 
XLSTAT. In addition, a Principal Component Analysis 

(PCoA) was performed with the same marker data and 
accessions using the software XLSTAT (Addinsoft, 2017).

Results

Distribution of microsatellites in EST sequence 
of garlic and other species

We analyzed the distribution of perfect and compound 
microsatellites with ≥ 3 repeat units and a minimum total 
length of 12 nt in 29.4 Mbp of non-redundant garlic tran-
script sequences. For comparison purposes, the same analy-
ses were performed in EST sequence of other Allium and 
non-Allium species (online resource Table S1). For con-
sistency in estimating repeat frequencies, the SSR motifs 
presented here represent all variants of both strands of the 
DNA sequence (e.g., AC also includes CA and the reverse 
complements GT and TG). Unless otherwise stated, micro-
satellite content in DNA sequence was expressed as number 
of SSRs per Mbp or as relative frequencies (%) within a 
particular dataset.

A total of 5,742 SSRs were identified in garlic ESTs, 
resulting in a density of 226.6 SSRs/Mbp. Garlic had the 
highest SSR density of all Allium species, followed by Chi-
nese chives (178.1 SSRs/Mbp), bunching onion (166.9 SSR/
Mbp), and onion (167.1 SSR/Mbp) (Table 1). Interestingly, 
EST sequence of non-Allium monocots had, in average, more 
than twice the SSR density observed in Allium, with rice and 
sugarcane presenting the highest SSR content.

Relative distributions of SSR types in the eight species 
analyzed were, in general, comparable (Fig. 1). Trinucleo-
tides were the most frequent SSRs in ESTs of garlic and all 
other species, followed by tetra and dinucleotides (with the 
exception of onion and sugarcane, in which hexanucleotides 
outnumbered dinucleotides). Despite this general trend in 
relative abundance of SSR types, substantial variation was 
observed for some SSR types, between garlic and the other 
species. Garlic ESTs had the lowest proportion of trinucleo-
tides (41.4%) as compared to all other species, showing a 
range of 51.9–60% (Table 1). In addition, garlic ESTs had 
the highest frequency of di-, tetra-, and pentanucleotides.

The number of repeat units in microsatellites is often cor-
related with their mutation rate and level of polymorphism 
(Weber 1990; Wierdl et al. 1997; Cavagnaro et al. 2011) 
and—therefore—can affect the usefulness of these markers 
for fingerprinting and discriminating among closely related 
taxa. In the present study, we observed that the number 
of repeat units varied among the different SSR types and 
among species (Fig. 2). In transcript sequence of garlic and 
other Allium, for all repeat types (i.e., di- to heptanucleotide 
SSRs), their frequency decreased as the number of repeat 
units per SSR increased. Such decrease was very rapid in 



Molecular Genetics and Genomics 

1 3

Ta
bl

e 
1 

 D
ist

rib
ut

io
n 

of
 S

SR
s i

n 
ES

T 
se

qu
en

ce
 o

f g
ar

lic
 a

nd
 re

la
te

d 
sp

ec
ie

s

A
 m

in
im

um
 o

f s
ix

 re
pe

at
 u

ni
ts

 (r
.u

.) 
fo

r d
in

uc
le

ot
id

es
, f

ou
r r

.u
. f

or
 tr

in
uc

le
ot

id
es

, a
nd

 th
re

e 
r.u

. f
or

 te
tra

-, 
pe

nt
a-

, h
ex

a-
, a

nd
 h

ep
ta

nu
cl

eo
tid

es
 w

er
e 

us
ed

 a
s p

ar
am

et
er

s f
or

 se
ar

ch
in

g 
fo

r m
ic

ro
sa

t-
el

lit
es

 in
 E

ST
 se

qu
en

ce
s

a  SS
R

 m
ot

if 
co

ns
id

er
in

g 
co

m
pl

em
en

ta
ry

 (e
.g

., 
“A

A
G

” 
in

cl
ud

es
 A

A
G

 +
 C

TT
 m

ot
ifs

); 
SS

R
 m

ot
ifs

 w
ith

in
 e

ac
h 

SS
R

 ty
pe

 c
la

ss
 a

re
 li

ste
d 

in
 d

ec
re

as
in

g 
or

de
r o

f o
cc

ur
re

nc
e,

 a
nd

 m
ot

ifs
 o

cc
ur

rin
g 

at
 

a 
ra

te
 o

f a
t l

ea
st 

10
%

 o
f t

he
 to

ta
l w

ith
in

 e
ac

h 
SS

R
 ty

pe
 c

la
ss

 a
re

 in
di

ca
te

d 
w

ith
 th

ei
r o

cc
ur

re
nc

e 
as

 p
er

ce
nt

ag
e 

in
 p

ar
en

th
es

es

G
ar

lic
O

ni
on

B
un

ch
in

g 
on

io
n

C
hi

ne
se

 c
hi

ve
s

A
sp

ar
ag

us
G

in
ge

r
R

ic
e

Su
ga

rc
an

e

N
o.

 o
f 

se
qu

en
ce

s 
an

al
yz

ed

70
,1

91
33

,1
61

12
2,

75
1

35
3,

98
4

12
0,

93
7

16
,4

95
44

,6
44

13
1,

38
3

To
ta

l 
se

q.
 le

ng
th

 
(M

bp
)

29
.4

43
.1

32
.1

82
.2

29
.0

12
.0

4
26

.1
93

.1

G
C

 c
on

te
nt

 (%
)

40
.3

39
.5

43
.2

39
.8

42
.7

47
.2

48
.8

51
.8

N
o.

 o
f 

se
qu

en
ce

s 
co

nt
ai

ni
ng

 
SS

R
s (

%
)

57
42

 (8
)

58
79

 (1
7.

7)
36

73
 (3

)
11

,0
29

 (3
.1

)
86

47
 (7

.2
)

30
55

 (1
8.

5)
12

,8
13

 (2
8.

7)
31

,1
32

 (2
3.

7)

SS
R

 d
en

si
ty

 
(S

SR
/M

bp
)

22
6.

6
16

7.
1

16
6.

9
17

8.
1

34
3.

1
32

3.
3

49
0.

9
46

5.
5

To
ta

l p
er

fe
ct

 
SS

R
s (

%
)

64
12

 (9
6)

70
40

 (9
7.

7)
52

26
 (9

7.
7)

14
,0

69
 (9

6.
1)

94
58

 (9
4.

9)
37

51
 (9

6.
4)

12
,2

02
 (9

5.
2)

41
,5

15
 (9

5.
8)

Fr
eq

ue
nc

y 
(%

) 
of

 d
i/t

ri/
te

tra
/

pe
nt

a/
he

xa
/

he
pt

a-
nt

14
.9

/4
0.

8/
28

.3
/8

.8
/6

.3
/0

.9
5.

9/
53

/2
6.

4/
6.

8/
7/

0.
9

6.
1/

60
/2

1.
4/

5.
9/

5.
9/

0.
8

12
.6

/5
1.

9/
26

.1
/4

.4
/4

.5
/0

.5
9.

6/
57

.7
/1

9/
6.

8/
6/

0.
9

10
.1

/5
5.

9/
21

.2
/5

.2
/6

.4
/1

.2
9.

6/
52

.5
/2

6/
6.

7/
5/

0.
3

6.
3/

58
.5

/2
0.

2/
6/

8.
6/

0.
3

To
ta

l c
om

-
po

un
d 

SS
R

s 
(%

)

24
9 

(4
)

16
3 

(2
.3

)
12

4 
(2

.3
)

57
8 

(3
.9

)
50

7 
(5

.1
)

14
1 

(3
.6

)
61

1 
(4

.8
)

18
17

 (4
.2

)

M
os

t f
re

qu
en

t 
di

nu
cl

eo
tid

e 
m

ot
ifs

 (%
)a

A
C

 (4
3.

2)
, A

T 
(3

0.
5)

, A
G

 
(2

5.
8)

A
G

 (3
8.

3)
, A

T 
(3

0.
8)

, 
A

C
 (2

9.
7)

A
C

 (4
5)

, A
T 

(2
8.

4)
, 

A
G

 (2
5.

7)
A

C
 (5

8.
9)

, A
T 

(2
1.

5)
, A

G
 

(1
7.

6)
A

G
 (7

6.
9)

, A
T 

(1
5.

4)
, 

A
C

A
G

 (5
1.

1)
, A

T 
(4

0.
6)

A
G

 (4
9.

5)
, A

C
 (2

9.
7)

, 
A

T 
(1

6.
3)

A
G

 (5
1.

4)
, A

C
 (2

0.
1)

, 
A

T 
(2

0.
1)

M
os

t f
re

qu
en

t 
tri

nu
cl

eo
tid

e 
m

ot
ifs

 (%
)a

A
A

G
 (3

5)
, A

G
G

 (1
3)

, 
A

A
T 

(1
0)

A
A

G
 (3

1.
2)

, A
G

G
 

(1
2.

1)
, A

A
T 

A
G

G
 (2

1.
4)

, A
A

G
 

(1
5.

2)
, A

C
G

 (1
3.

1)
, 

A
A

C
 (1

0.
4)

A
A

G
 (2

2.
5)

, A
G

G
 (1

5.
2)

, 
A

A
C

 (1
1)

, A
C

T 
(1

0.
4)

A
A

G
 (2

3.
3)

, C
C

G
 

(1
7.

7)
, A

G
G

 (1
2.

1)
C

C
G

 (2
5.

6)
, A

G
G

 (1
8.

7)
, 

A
A

G
 (1

6.
1)

C
C

G
 (3

3.
8)

, A
G

G
 

(1
3.

9)
, A

G
C

 (1
2.

4)
, 

A
C

G
 (1

1)

C
C

G
 (4

6.
6)

, A
G

C
 (1

2.
2)

, 
A

G
G

 (1
1.

6)
, A

C
G

 
(1

0.
2)

M
os

t f
re

qu
en

t 
te

tra
nu

cl
eo

-
tid

e 
m

ot
ifs

 
(%

)a

A
A

A
T 

(2
3.

8)
, A

A
A

G
 

(2
3.

7)
, A

A
A

C
 (1

0)
A

A
A

T 
(2

1.
2)

, A
A

A
G

 
(1

8.
9)

, A
A

A
C

 (1
2)

A
A

A
G

 (2
6.

7)
, A

A
A

T 
(1

5.
3)

, A
A

A
C

 (1
0.

1)
A

A
A

T 
(2

3.
2)

, A
A

A
G

 
(1

5.
4)

, A
A

A
C

 
A

A
A

G
 (1

4.
6)

, A
A

A
T 

(1
3.

9)
, A

A
A

C
 (1

3.
2)

A
A

A
T 

(1
7)

, A
A

A
G

 (1
1)

, 
A

A
TT

 (1
0.

8)
A

G
C

T 
(1

2.
1)

, A
A

A
T,

 
A

A
A

C
, A

A
A

G
 

A
G

C
T,

 C
C

C
G

, A
G

G
G

, 
A

A
A

G
 

M
os

t f
re

qu
en

t 
pe

nt
an

uc
le

o-
tid

e 
m

ot
ifs

 
(%

)a

A
A

A
A

T 
(3

2)
, A

A
A

A
G

 
(2

7)
, A

A
A

A
C

 
A

A
A

A
T 

(2
6.

2)
, 

A
A

A
A

G
 (1

8.
9)

, 
A

A
A

A
C

 

A
A

A
A

G
 (3

4.
4)

, 
A

A
A

A
T 

(2
5.

8)
, 

A
G

G
 G

G
G

 

A
A

A
A

T 
(2

6)
, A

A
A

A
G

 
A

A
A

A
T 

(1
8.

7)
, 

A
A

A
A

G
 (1

2.
8)

, 
A

A
A

A
C

 (1
1.

8)

A
A

A
A

G
 (1

3.
8)

, A
A

A
A

T 
(1

0.
8)

, A
A

A
A

C
 

A
G

A
G

G
, A

A
A

A
G

 
A

G
G

G
G

, A
G

A
G

G
, 

C
C

G
C

G
 

M
os

t f
re

qu
en

t 
he

xa
nu

cl
eo

-
tid

e 
m

ot
ifs

 
(%

)a

A
A

A
 A

A
G

  (1
8)

, A
A

A
 

A
A

T  
(1

6)
A

A
A

 A
A

T  
(1

0.
1)

, 
A

A
A

 A
A

G
 , A

A
A

 
A

A
C

 

A
A

C
 TC

C
  (1

8.
4)

, A
C

G
 

G
G

T  
(1

0.
1)

A
A

G
 C

TG
  (1

6.
2)

, A
A

C
 

TC
C

 
A

A
A

 A
A

G
 , A

A
C

 C
C

T ,
 

A
A

A
 A

A
T 

A
A

G
 A

G
G

 , A
G

G
 C

G
G

 
A

A
G

 C
TC

 , A
G

G
 C

G
G

 , 
C

C
G

 C
G

G
 

A
A

G
 C

C
C

 , C
C

G
 C

G
G

 

M
os

t f
re

qu
en

t 
he

pt
a-

nu
cl

e-
ot

id
e 

m
ot

ifs
 

(%
)a

A
A

A
 A

A
A

 G
 (3

9)
, A

A
A

 
A

A
A

 T 
(2

3)
A

A
A

 A
A

A
 G

, A
A

A
 

A
A

A
 T

A
A

A
 A

A
A

 T 
(6

3.
4)

, 
A

A
G

 G
A

G
 G

 (2
4.

4)
A

A
A

 A
C

G
 G

 (1
6.

4)
, A

A
A

 
A

A
A

 G
A

A
A

 A
A

C
 G

 (4
0.

9)
, 

A
A

A
 A

A
A

 T,
 A

A
A

 
A

A
A

 C

A
A

A
 CA

G
 C

 (1
1.

1)
, A

A
G

 
TC

A
 T,

 A
A

T A
C

T G
A

A
A

 A
A

A
 T,

 A
G

C
 

G
G

C
 G

A
A

A
 C

C
C

 T,
 A

G
G

 A
G

G
 G



 Molecular Genetics and Genomics

1 3

tetra- to heptanucleotides, with SSRs having three repeats 
(the shortest for these SSR types) accounting for 80.6–98% 
of the total SSRs, whereas the shortest trinucleotides (with 
four repeats) accounted for 65.4–77.5% of the total trinu-
cleotides. A more gradual decrease was observed in dinu-
cleotides with the shortest class (six repeats) representing 
34.4–61.2% of the total dinucleotides (Fig. 2). Overall, 
these results indicate that the SSR landscape of Allium EST 

sequence is mainly composed of short SSRs with a few 
repeats.

A comparative analysis of the main SSR motifs found 
in ESTs of garlic and other species is presented in Table 1 
and Fig. 3 (a complete and detailed analysis of all SSR 
motifs found in each species can be found in Supplemental 
Table S4). Among dinucleotide SSRs, AC, AT, and AG were 
the most abundant motifs in all the species analyzed. With 

Fig. 1  Relative frequency (%) of 
SSR types in the transcriptomes 
of garlic and other monocot 
species

Fig. 2  Relative frequency (%) of SSR types by number of repeat 
units, in EST sequences of garlic and other monocot species. The 
search criterium for di-, tri-, and tetranucleotide SSRs was a mini-

mum length of 12 nt, whereas, for pentanucleotides–heptanucleo-
tides, a minimum of three repeat units were considered
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Fig. 3  Distribution of di- (a), 
tri- (a), and tetranucleotide 
motifs (b) in EST sequence 
of garlic and related species. 
Frequency values are expressed 
as number of repeats per million 
base pairs of sequence
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the exception of onion, AC was the most frequent dinucleo-
tide motif in Allium, whereas AG predominated in dinucleo-
tides of onion and all non-Allium species. In garlic ESTs, 
these three motifs represented ~ 99.5% of the dinucleotide 
SSRs.

Garlic and onion had very similar relative frequencies 
(%) for the main trinucleotides, with AAG (31–35%), AGG 
(12–13%), and AAT (9–10%) being the most frequent 
motifs. Besides garlic and onion, AAG was also the most 
frequent individual motif in Chinese chives and asparagus, 
whereas AGG predominated in bunching onion. Motifs of 
CCG, AGG, and AGC were most frequent in ginger, rice, 
and sugarcane. These differences in the main trinucleotide 
motifs reflect the broad variation observed for GC-rich tri-
nucleotides content among the taxa. Thus, in Allium species 
and asparagus, GC-rich motifs accounted for 36 to 59% of 
the total trinucleotides, with a mean of 45%, whereas GC-
rich trinucleotides were present at much higher frequencies 
in the non-Asparagales species: ginger (68%), rice (78%), 
and sugarcane (87%).

GC-poor motifs of AAAT, AAAG, and AAAC predomi-
nated in tetranucleotide repeats of all Allium species and 
asparagus, representing these three motifs 41.7–57.5% of the 
total tetranucleotides found in these taxa. As observed for 
trinucleotides, garlic, and onion also had comparable rela-
tive frequencies for the main tetranucleotide motifs. In the 
non-Asparagales species rice and sugarcane, AGCT was the 
main motif, whereas other GC-rich motifs were particularly 
frequent in sugarcane.

Although broad variation for pentanucleotide motifs was 
found (e.g., 62 different pentanucleotides were identified in 
garlic ESTs), two GC-poor motifs (AAAAT and AAAAG), 
largely predominated in the transcripts of all Allium species, 
asparagus and ginger. Together, these two motifs represented 
24.6% (in ginger) to nearly 60% (in garlic and bunching 
onion) of the total EST-pentanucleotides. AAAAC motifs 
were also relatively frequent in these species. As observed 
for tri- and tetranucleotides, sugarcane revealed a high fre-
quency of GC-rich pentanucleotides, with predominance of 
AGGGG, AGAGG, and CCGCG motifs. The latter species 
did not share any of its major pentanucleotide motifs with 
those found in Allium, asparagus, and ginger (Table 1).

AT-rich hexanucleotide motifs of AAA AAG  and AAA 
AAT  predominated in transcripts of garlic, onion, and 
asparagus, whereas AAG CTG  and AAC TCC  were the most 
frequent hexanucleotides in bunching onion and Chinese 
chives, respectively. In the other species, no clear predomi-
nance of a particular motif was observed.

Heptanucleotides were the most underrepresented repeat 
types in EST data from all the species (Fig. 1). GC-poor 
motifs of AAA AAA G and AAA AAA T largely predominated 
in garlic, together accounting for 62% of the total heptanu-
cleotides, whereas AAA AAA T represented 63% of the total 

EST-heptanucleotides in bunching onion. These motifs were 
also frequent in other Allium and asparagus. As observed for 
other repeat types, sugarcane had the highest frequency of 
GC-rich heptanucleotide motifs (Table 1).

Development of SSR marker from garlic EST 
sequence

Primer pairs for 110 ESSR loci were designed. These SSR 
loci included 11 dinucleotides, 49 trinucleotides, 9 tetra-
nucleotides, 10 pentanucleotides, and 21 hexanucleotides, 
whereas the remaining 10 markers were compound SSRs. 
Further information on these 110 SSR markers, including 
primer sequence, annealing temperature, repeat motif, and 
its position in template sequence, expected amplicon length, 
and the template DNA sequence carrying the SSR (for devel-
oping alternative primers if desired) is presented in online 
resource Table S5.

SSR marker transferability across Alliaceae

The 110 newly developed garlic ESSR markers were tested 
across 16 Alliaceae accessions for a total of 1760 primer/
accession combinations. Of these, 857 (~ 49%) produced 
fragments within the expected range. Combinations that 
produced fragments outside the expected-size range (i.e., 
> 50 bp larger or smaller than the original garlic sequence) 
were considered non-specific amplifications and regarded 
as negative results. This range was arbitrarily selected to 
simplify the analysis, especially in the cases where more 
than two bands were amplified.

The number of garlic SSR markers that produced ampli-
cons of expected size in garlic accessions (i.e., the success 
rate) ranged from 68 (62%) to 76 (69%), with a mean value 
of 73 (66%). The potential transferability of these garlic 
ESSRs across other Alliaceae varied widely (Fig. 4a). In 
accessions of onion and shallot, both belonging to A. cepa, 
the number of successful markers ranged from 48 to 62 
(44–56%). A similar transfer rate was observed for leek, with 
52 (47%) positive markers. The remaining Allium taxa and 
Tulbaghia violacea had the lowest transfer rates, presenting 
approximately half the number of positive markers (34–42 
SSRs, 31–38%) of garlic, the SSR donor species. Despite 
the broad variation found in SSR transfer rates among the 
accessions, 18 markers produced expected-size amplicons 
in all Allium accessions.

To increase the potential number of useful SSRs in gar-
lic and other Allium crops, 112 additional SSRs reported 
in the previous studies were also evaluated in our panel 
of Alliaceae accessions. Among these, 88 markers were 
developed from onion ESTs (ESSR) (Kuhl et al. 2004) and 
24 were from garlic genomic sequence (GSSR) (Ma et al. 
2009; Cunha et al. 2012) (see online resource Table S6 for 
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detailed information on these 112 SSRs). Success rate of 
these onion ESSRs in our onion accessions ranged from 46 
to 52 (52–59%), whereas the garlic GSSRs obtained from the 
literature revealed low rates of success in our garlic materi-
als (33.3%).

Marker transferability of both sets of markers to other 
Alliaceae taxa varied broadly. Transfer rates for onion 
ESSRs ranged from 36%, in garlic cultivar Castaño INTA, 
to 81% in shallot (Fig. 4b). In general, higher transfer rates 
were obtained for close relatives of the donor species, 
like shallot (81%), (belonging to the same A. cepa spe-
cies), bunching onion (A. fistulosum) (69%), and chives (A. 

schoenoprasum) (69%), whereas garlic accessions—more 
distantly related to the SSR donor species—had the lowest 
marker transfer rates (36–38%). For the garlic GSSR mark-
ers developed by Ma et al. (2009) and Cunha et al. (2012), 
low cross-species transferability was observed, with a ranged 
of 8–21% (Fig. 4c).

Altogether, considering the three sets of markers evalu-
ated, 108–116 (49–52%) and 104–113 (47–51%) SSRs 
amplified fragments of expected size in garlic and onion 
accessions, respectively. Among the other Alliaceae, 122 
markers (55%) were successfully transferred to shallot, 106 
(48%) to chives, 105 (47%) to leek, 97 (44%) to bunching 

Fig. 4  Transferability of SSR 
markers developed from garlic 
(a) and onion (b) ESTs and 
garlic genomic sequences 
(c) across Alliaceae species. 
Number and percentage of SSR 
markers that successfully gener-
ated PCR products of nearly 
expected size in 16 Alliaceae 
accessions, including 4 acces-
sions each of garlic and onion, 7 
other Allium species, and 1 non-
Allium Alliaceae species. A sat. 
= A. sativum (1. Rubí, 2. Nieve, 
3. Morado, 4. Castaño); A. cepa 
(1. Refinta 20, 2. Morada, 3. 
Navideña, 4. Valcatorce); A 
amp. porr. = A. ampeloprasum 
var. porrum; A cepa aggr.= A. 
cepa var. aggregatum; A sch. = 
A. schoenoprasum; A fis. = A. 
fistulosum; A tub. = A. tubero-
sum; A vin. = A. vineale; A 
amp. amp. = A. ampeloprasum 
var. ampeloprasum; Tulb. viol. 
= Tulbaghia violacea 
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onion, 90 (41%) to Chinese chives, 76 (34%) to Tubalghia, 
and 73 (33%) to elephant garlic. A total of 33 SSR mark-
ers produced expected-size products across all the Allium 
accessions. The performance of each SSR marker across 
the 16 Alliaceae accessions is presented in online resource 
Table S7.

SSR polymorphism in garlic and onion accessions

Based on the results from the transferability analysis, 134 
SSR markers (76 garlic ESSRs developed in this study, and 
50 onion ESSRs and 8 garlic GSSRs from the literature) that 
showed positive amplifications in garlic and/or onion, were 
further evaluated for polymorphism in accessions of both 
species by denaturing polyacrylamide gel electrophoresis. 
Data on the performance and number of alleles observed 
for each of these markers in garlic and onion accessions are 
presented in online resource Table S8.

After excluding the markers did not yield amplicons in 
either garlic (20 SSRs) or onion (24 SSRs), 114 and 110 pos-
itive SSRs remained in each species, respectively. Of these, 
42 markers (37%) were polymorphic in garlic accessions and 
revealed 2–5 alleles/locus, whereas 23 SSRs (21%) were pol-
ymorphic in onion accessions, exhibiting 2–5 alleles/locus.

Genetic diversity in garlic cultivars

Fourteen selected SSRs were used to assess marker poly-
morphism and genetic diversity in a collection of 21 garlic 
cultivars. A total of 36 alleles were revealed (2.6 alleles/
SSR), with each SSR presenting 2–4 alleles/locus. Observed 
(Ho) and expected heterozygosities (He) ranged from 0 to 
0.95 and 0.29 to 0.67, respectively. The markers discrimina-
tory power, as estimated by the polymorphic index content 
(PIC), varied from 0.24 to 0.61 with a mean 0.38 (Table 2).

Pair-wise genetic similarities (GS) among the garlic 
accessions ranged from 0.38 to 1.00 (Jaccard coefficient), 
with an average GS among all the accessions of 0.70. The 
lowest GS values (0.38) were between ‘Castaño’, a bolting 
garlic cultivar of Russian origin belonging to the ophiosc-
orodon botanical variety, and the cultivars ‘INCO 283’, 
‘Nieve’ and ‘Plata’, all non-bolting garlics (var. sativum) 
from the Mediterranean region. Conversely, three groups of 
3, 4, and 2 accessions, respectively, had maximum genetic 
similarities (GS = 1.00) among their group members.

A dendrogram was constructed based on these pair-wise 
GS values to depict relations among the garlic accessions 
(Fig. 5). Comparisons of the cophenetic values, calculated 
from the Jaccard GS matrix demonstrated a correlation of 
0.992, indicating that the dendrogram was a very good rep-
resentation of the data in the GS matrix (Sokal and Rohlf 
1962). The outgroup species A. fistulosum and A. schoeno-
prasum, were clearly separated from all the garlic materials 

and formed the bottom branch of the tree, indicating a coher-
ent genetic clustering of the taxa.

By clustering the accessions with more than 70% similar-
ity, four groups were revealed (Fig. 5). The accessions were 
clustered according to their flowering behavior, botanical 
variety, and ecophysiological classification (Burba 1997). 
Group A included ten non-bolting “white” garlics (var. sati-
vum) of ecophysiological group (EG) III. Group B was com-
posed of 8 bolting “red” garlics (var. sativum) of EG IVa. 
Group C included two bolting garlics (var. pekinense) of EG 
II. Group D, composed of a single accession and the only 
ophioscorodon botanical variety in the analysis (a brown 
type garlic of EG IVb), was the outermost branch among 
the garlic materials.

In addition, a Principal Component Analysis (PCoA) 
was performed using the same marker data and accessions, 
and the results were presented in online resource Figure S1. 
Results from PCoA and UPGMA analyses were fully con-
cordant, and separated the garlic accessions based on the 
same phenotypic and ecophysiological parameters.

Discussion

Frequency and distribution of SSRs in EST sequence 
of garlic and related species

In the present study, a detailed characterization of micro-
satellite repeats in EST sequence of four economically 

Table 2  General diversity statistics for 14 SSR loci evaluated in 21 
garlic accessions

NA number of alleles, Ho observed heterozygosity, He expected het-
erozygosity, PIC polymorphic index content

Locus NA Ho He PIC

AsESSR-004 2 0.00 0.51 0.37
AsESSR-012 3 0.91 0.53 0.41
AsESSR-014 2 0.57 0.42 0.33
AsESSR-027 3 0.52 0.41 0.34
AsESSR-030 3 0.52 0.41 0.34
AsESSR-038 2 0.62 0.44 0.34
AsESSR-078 2 0.57 0.42 0.33
AsESSR-083 4 0.62 0.51 0.42
AsESSR-091 3 0.91 0.67 0.61
AsESSR-102 2 0.43 0.35 0.28
AsESSR-103 2 0.33 0.29 0.24
AsESSR-107 2 0.71 0.47 0.35
ACM066 3 0.95 0.65 0.60
ACM086 3 0.52 0.43 0.35
Total 36
Mean 2.6 0.58 0.47 0.38
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important Allium species and four other reference monocot 
species was performed. To our knowledge, this is the first 
report to explore and compare the SSR landscape across 
Allium taxa, as well as between Allium members, asparagus 
(belonging to the Asparagaceae family which is phylogeneti-
cally closest to Alliaceae) and other more distantly related 
monocots. Our analysis revealed that SSR density in EST 
sequence of Allium was rather uniform, showing a range of 
166.9–226.6 SSRs/Mbp, being garlic the most SSR dense 
Allium species. In addition, garlic ESTs had the lowest fre-
quency of trinucleotides and the highest of di- and tetranu-
cleotides among Allium and non-Allium species, whereas 
bunching onion was the highest in trinucleotide repeats 
(Fig. 1). Besides these differences in their relative abun-
dance of SSR types (i.e., dinucleotides, trinucleotides, etc.), 
transcript sequences of the Allium species analyzed shared 
major commonalities with regard to SSRs, as evidenced by 
their similar frequency distributions for the main sequence 
motifs within each SSR type class (Table 1).

The mean SSR density in Allium ESTs (184.7 SSRs/
Mbp) was much lower than in asparagus (343 SSRs/Mbp) 
and less than 40% of the SSR density in the Poales species 
rice (490.9 SSRs/Mbp) and sugarcane (465.5 SSRs/Mbp). In 
addition to the overall SSR density, strong differences were 
also found between Alliums and the non-Asparagales spe-
cies regarding the major SSR motifs found in each SSR type 
class. As expected, the distribution and sequence motifs of 
microsatellite repeats in Allium differed less from their coun-
terparts in asparagus (both genera belong to the Asparagales 
order) than compared to SSRs in ginger (Zingiberales), rice, 
and sugarcane (Poales) (Table 1). In the latter, a much higher 
frequency of GC-rich motifs was found. This likely reflects 
the differences in the overall GC content in EST sequence 

of Allium species (40.7% in average) and asparagus (42.7%), 
compared to the non-Asparagales species (mean = 49.3%, 
range = 47.2–51.8%).

Altogether, these data indicate that Allium members share 
common features in their EST-SSR composition which may 
be exploited—within Allium—for transferring SSR mark-
ers from economically important vegetables crops, like 
garlic and onion, to less resourceful taxa. Conversely, the 
important differences observed in EST sequence composi-
tion, SSR density, SSR motifs, and SSR frequency distribu-
tions, between Allium members (and asparagus) and rice, 
sugarcane and ginger, suggest that molecular and genomic 
resources (including molecular markers) from non-Aspar-
agales model species will not be transferable to Allium. 
Coincidently with our results, Kuhl et al. (2004) compared 
EST sequences of onion, asparagus and rice, reporting major 
differences between the Asparagales and Poales for codon 
usage, GC content, and GC distribution. Furthermore, they 
concluded that Asparagales were more similar to eudicots 
than to the Poales for these characteristics.

Transfer success of garlic and onion SSRs 
across Alliaceae

The availability of SSR loci for economically important spe-
cies has increased interest in primer transferability to related 
taxa, especially for species in which molecular resources are 
limited. In Alliaceae, SSRs have been developed for major 
crop species such as garlic, onion, and bunching onion. 
Results from this study indicate that a significant fraction of 
the garlic ESSRs developed by us, as well as onion ESSRs 
(Kuhl et al. 2004) and garlic GSSRs (Ma et al. 2009) devel-
oped in the previous studies, transfer successfully across 

Fig. 5  UPGMA dendrogram 
demonstrating genetic relation-
ships among 21 garlic cultivars 
and two Allium outgroup spe-
cies. The dendrogram is based 
on the Jaccard coefficient of 
genetic similarity (GS). Let-
ters A–D indicate the groups 
revealed by clustering the garlic 
accessions at GS > 0.7. Groups 
A, B, C, and D, belong to the 
ecophysiological group III, 
IVa, II, and IVb, respectively, 
according to the classification of 
Burba (1997)
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Alliaceae. Altogether, considering the three sets of mark-
ers evaluated, locus amplification success was detected in 
73–122 markers across nine Alliaceae species, including 
economically important crops like garlic (110–116 SSRs), 
onion (104–113 SSRs), bunching onion (97 SSRs), leek (105 
SSRs), and Chinese chives (90 SSRs). Successfully trans-
ferred markers may be particularly useful in orphan Allium 
crops for which no SSR markers have been developed yet, 
such as leek, shallot (122 SSRs), chives (106 SSRs), and 
elephant garlic (73 SSRs), as well as in the non-vegetable 
Alliaceae A. vineale (80 SSRs) and Tulbaghia violacea (76 
SSRs). Prospects of a broader utilization of these markers 
beyond garlic and onion include their application in popula-
tion and conservation studies as well as for linkage mapping 
and assisting breeding in Allium crop species.

It must be noted that when using SSR markers across 
distantly related species, the amplification of PCR product 
does not necessarily imply locus conservation, since homo-
plasy (i.e., convergence in size of non-homologous ampli-
cons) may occur. Thus, verification of the PCR product 
identity by sequencing has been suggested, especially when 
working across genera or higher taxonomic ranks (Rossetto 
et al. 2000). However, according to Arnold et al. (2002), 
verification through sequencing may not be necessary if 
working within the same genus as the SSR donor species 
(i.e., the species from which de SSR markers were devel-
oped). This suggests that the SSR markers developed and 
evaluated in the present study may be safely used within 
Allium, the genus that includes the majority of Alliaceae 
vegetable crops species. Furthermore, the Allium vegetables 
used in this work represent a subset of closely related spe-
cies within the genus Allium, as they belong to two closely 
related monophyletic sister clades within the genus Allium, 
namely the subgenera ‘Cepa’ and ‘Allium’ (Friesen et al. 
2006). In addition, ad hoc analysis of amplicon size vari-
ation for 10 SSR loci in garlic and three other Allium spe-
cies (bunching onion, chives, and leek) revealed that, for all 
the markers evaluated, amplicon size variation (in number 
of nucleotides) corresponded to a multiple number of the 
basic SSR motif length (e.g., for a dinucleotide SSR marker, 
amplicon size varied by multiples of two nucleotides; for a 
trinucleotide SSR, amplicons size varied by multiples of 3 
nucleotides; etc.), suggesting that size variation was due to 
variation in the number of repeats of the basic SSR motif 
and, therefore, that specific SSR products were amplified in 
these Allium species. Altogether, these data, and the fact that 
the SSR markers developed in this work derive from more-
conserved EST sequences (as compared to SSRs developed 
from genomic sequence), strongly suggest that they may be 
safely used for the Allium vegetables evaluated herein.

Success rate across Alliaceae was comparable for garlic 
ESSRs (31–69%) and onion ESSRs (36–81%). Conversely, 
success rate was much lower for garlic GSSRs (8–21%). 

These results are in agreement with the higher transferability 
of ESSRs compared to GSSRs reported previously for many 
plant taxa (reviewed by Varshney et al. 2005). In Allium, 
Tsukazaki et al. (2008) observed higher success rate in onion 
ESSRs (75%) compared to GSSRs from the same species 
(43%) when transferred and used for linkage mapping in 
bunching onion. The higher transferability observed, gener-
ally, for ESSRs is likely due to the higher degree of sequence 
conservation in ESTs across related taxa, as compared to 
non-transcribed sequences (Varshney et al. 2005).

Of the 222 SSR markers evaluated for cross-species trans-
ferability, 33 SSRs (15%) successfully amplified across all 
Allium taxa. These markers may be particularly useful for 
comparative mapping among the main Allium crop species. 
Although they are insufficient for the construction of full 
genetic maps, they may be used as reference markers for 
anchoring Allium maps. This approach was successfully 
applied—by the use of common SSRs—for anchoring link-
age groups of a bunching onion (A. fistulosum) map to bulb 
onion (A. cepa) chromosomes (Tsukazaki et al. 2008). The 
need for more common markers for successful comparative 
mapping across Allium species has been repeatedly stated 
(Mallor et al. 2014; Tsukazaki et al. 2008). Our results indi-
cating transferable SSRs among specific Allium species (see 
online resource Table S7) and—in particular—the 33 SSRs 
fully transferable across all Alliums, contribute to address-
ing this issue.

SSR polymorphism in garlic and onion accessions

The potential usefulness of SSR markers for diversity studies 
in Alliaceae will depend, to a great extent, on the possibility 
that markers successfully amplify across different species 
and on the ability of the marker to detect polymorphism 
among the taxa. Although the proportion of polymorphic 
markers found in garlic and onion may seem rather low, as 
compared to other studies using ESSRs from Allium [48 and 
63% of polymorphic markers were reported for garlic (Ipek 
et al. 2015) and onion ESSRs (Khul et al. 2004), respec-
tively, using both studies a screening panel of 8 accessions], 
it is, however, important to bear in mind that only four acces-
sions of each species were used in our preliminary screening 
of polymorphic markers. Thus, if more accessions, or more 
diverse accessions, are used in a screening panel, more poly-
morphic markers may be revealed.

Genetic diversity and relatedness in garlic cultivars

Genetic diversity analysis of Argentine garlics using 14 SSR 
markers revealed a mean PIC value of 0.38, with a range of 
0.24–0.61. This level of polymorphism is lower than the 
mean PIC of 0.51 (range 0.19–0.78) obtained by Cunha 
et al. (2012) using ten SSR markers in a collection of 75 
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garlic accessions from Brazil, and substantially lower than 
the mean PIC of 0.72 (range 0.65–0.80) reported by Chen 
et al. (2014) using eight SSRs in 39 accessions of different 
Asian origins, as well as the PIC of 0.62 (range 0.19–0.83) 
reported by Ma et al. (2009) with eight SSRs in 90 acces-
sions from 11 countries.

Variation in mean PIC values across genetic diversity 
studies may be due to various factors, including the num-
ber and type of SSR markers used (i.e., ESSRs or GSRs), 
the number of accessions, and the actual genetic variation 
in the germplasm collection analyzed. The lower poly-
morphism found in the present study, as compared to the 
previous reports, may be partially due to the fact that we 
used ESSRs instead of GSSRs, as used by Ma et al. (2009), 
Cunha et al. (2012), and Chen et al. (2014). Because ESSRs 
reside in transcribed sequences, they are, in general, more 
conserved and—therefore—less polymorphic than GSSRs 
(Varshney et al. 2005). However, this factor does not explain 
our lower polymorphism as compared to the mean PIC value 
of 0.60 obtained by Ipek et al. (2015) using 26 ESSRs in 
31 garlic accessions. In this case, the differences in the 
level of polymorphism may reside in the garlic accessions 
analyzed in both studies. The garlic materials analyzed by 
Ipek et al. (2015) were obtained from the diverse collection 
of the USDA (Pullman, Washington, USA) and they were 
intentionally selected—in order to maximize genetic varia-
tion in the sampled set—to represent ten different phyloge-
netic groups identified in a previous AFLP-based diversity 
analysis of garlic (Ipek et al. 2003); whereas, in the pre-
sent study, we mainly used Argentine commercial cultivars, 
more than half of which were developed from local garlic 
populations originally introduced from Spain (see online 
resource Table S2). Thus, the genetic variation found in 
this study, as estimated by the mean PIC value, reflects the 
real genetic diversity in Argentine garlic cultivars. Other 
estimated parameters, such as observed (Ho) and expected 
heterozygosity (He), and number of alleles per SSR (NA), 
reflected similar levels of genetic variation, as compared to 
other published studies (data not presented).

This is the first report on the analysis of Argentine gar-
lics using microsatellite markers. Cluster analysis depict-
ing genetic relationship among 21 garlic accessions—19 
of which are commercial cultivars—revealed four clearly 
differentiated clusters of accessions, with members in each 
cluster sharing ≥ 70% genetic similarity (Fig. 5). No asso-
ciation between genetic clustering and geographical origin, 
pungency level, thiosultinates content, and health-enhancing 
properties (antiplatelet activity) was found (Cavagnaro et al. 
2005; Gonzalez et al. 2009). Instead, the accessions were 
clustered according to their flowering behavior, botanical 
variety, and ecophysiological characteristics (Burba 1997). 
A first cluster (A) included only “white” non-bolting culti-
vars that have medium requirements of cold temperatures 

and photoperiod for bulbification, and medium length of 
postharvest conservation. Within this cluster, two subgroups 
of three and four accessions each could not be resolved with 
the SSR loci analyzed (i.e., the accessions had GS = 1.00). 
Despite the fact that these accessions are genetically closely 
related, this is likely due to an insufficient resolution of these 
SSR markers to discriminate among these materials, rather 
than to lack of genetic variation among the cultivars, since 
they present distinct morphological characteristics (Burba 
1997) and differentiation among some of them was achieved 
previously using AFLP markers (Garcia-Lampasona et al. 
2012). Cluster B was exclusively composed of “red” bolt-
ing garlics, characterized by their high bulbification require-
ments in low temperatures and photoperiod, and their long 
postharvest conservation. Cluster C was composed of two 
bolting “purple” type garlics, characterized by their very low 
temperature and photoperiod requirements for bulbification, 
presenting early harvests, and short dormancy and posthar-
vest conservation. Presumably, cultivar ‘Killa INTA’ is a 
non-purple garlic mutation derived from a ‘Morado INTA’ 
population (Burba, personal communication). Cluster D 
included a single bolting “brown” cultivar (‘Castaño INTA’) 
and the only garlic material belonging to the ophioscorodon 
botanical variety, characterized by its very high bulbification 
requirements and longest dormancy and postharvest stor-
age conservation. Morphologically, this cultivar is easily 
distinguished from the rest by its few, but very large cloves 
covered by brown outer dry scales.

Two previous studies have analyzed genetic diversity in 
Argentine garlics using AFLP markers (Garcia-Lampasona 
et al. 2003, 2012). Coincidently with our results using SSR 
markers, both studies of Garcia Lampasona et al. reported 
a similar association between genetic clustering and the 
accessions flowering behavior and ecophysiological char-
acteristics and lack of association between genetic clustering 
and geographical origin of the accessions. Similar findings 
(i.e., genetic clustering according to flowering phenotype 
but not to geographical origin) were reported using different 
marker systems in garlic germplasm collections from other 
countries, including USA (Ipek et al. 2003, 2015; Volk et al. 
2004), Czech Republic (Ovesná et al. 2015), Chile (Paredes 
et al. 2008), Brazil (Morales et al. 2013), Nepal (Panthee 
et al. 2006), and Australia (Bradley et al. 1996). It must be 
noted, however, that a few studies have found association 
between genetic clusters and geographic origin of the acces-
sions (Ma et al. 2009; Zhao et al. 2011).

Analysis of 14 ESSR loci differentiated most of the 
garlic materials evaluated, and allowed to depict coherent 
genetic relationship among the Argentine cultivars, based 
on their morphological and ecophysiological characteris-
tics. Despite of this, a few cultivars could not be resolved 
with these markers. Thus, to adequately discriminate 
among genotypes in large garlic collections, more ESSRs 
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should be evaluated, ideally in combination with GSSRs, 
which are generally more polymorphic than the formers 
(Varshney et al. 2005). However, the scarce availability of 
garlic genomic sequence has seriously limited the develop-
ment of GSSRs in this species (to date, only 287 genomic 
sequences totaling 82 kbp are available at NCBI), with 
only 66 garlic GSSR markers reported so far, and all of 
them developed from SSR-enriched libraries constructed 
from genomic DNA (Ma et  al. 2009; Lee et  al. 2011; 
Cunha et al. 2012). The combined use of some of these 
GSSRs with ESSRs developed in the present study may 
provide sufficient resolution for fingerprinting and char-
acterizing genetic diversity in large sample sets, such as 
the garlic germplasm bank at INTA La Consulta (Argen-
tina). The latter represents a broad and diverse collection 
of ~ 200 accessions from multiple geographic origins, and 
serves as the main genetic resource for garlic breeding 
programs in Argentina.

In the present study, a comparative characterization of 
the SSR composition in EST sequence of the four economi-
cally most important Allium species and four non-Allium 
monocots was performed. These data revealed most striking 
differences between the Asparagales (Allium and Aspara-
gus) and non-Asparagales taxa (rice, sugarcane and ginger), 
although distinct features were also noted across Allium 
species. These data contribute to the general knowledge 
on Allium transcriptomes and, particularly, with regards 
to their composition in these repeats. In addition, 110 new 
SSR markers were developed in this study from garlic ESTs, 
and they were characterized—along with 122 other garlic 
and onion SSRs developed previously—for their level of 
polymorphism and cross-species transferability in Alliaceae. 
Results from the polymorphism evaluation allowed the iden-
tification of polymorphic SSRs suitable for genetic analyses 
in garlic and onion germplasm. A significant fraction of the 
SSR markers evaluated were successfully transferred across 
Allium species, including crops for which no SSR markers 
have been developed yet, such as leek (105 SSRs), shal-
lot (122 SSRs), chives (106 SSRs), and elephant garlic (73 
SSRs). Finally, 14 selected SSR markers were used for esti-
mating genetic diversity and relatedness among Argentine 
garlic cultivars, revealing a moderate level of SSR diversity 
in these materials, and genetic clustering according to the 
accessions flowering behavior (i.e., bolting or non-bolting), 
botanical variety, and ecophysiological characteristics. The 
new SSR markers developed, along with the data from the 
polymorphism and transferability analyses, will hopefully 
aid in assisting genetic research and breeding in garlic and 
other Allium.
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