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e Premise of the study: We developed a set of microsatellite markers for broad utility across the species-rich pantropical tree
genus Ficus (fig trees). The markers were developed to study population structure, hybridization, and gene flow in neotropical
species.

Methods and Results: We developed seven novel primer sets from expressed sequence tag (EST) libraries of F. citrifolia and
F. popenoei (subgen. Urostigma sect. Americana) and optimized five previously developed anonymous loci for cross-species
amplification. The markers were successfully tested on four species from the basal subgenus Pharmacosycea sect. Pharmaco-
sycea (F. insipida, F. maxima, F. tonduzii, and F. yoponensis) and seven species of the derived subgenus Urostigma (F. citrifolia,
F. colubrinae, F. costaricana, F. nymphaeifolia, F. obtusifolia, F. pertusa, and F. popenoei). The 12 markers amplified consis-
tently and displayed polymorphism in all the species.

Conclusions: This set of microsatellite markers is transferable across the phylogenetic breadth of Ficus, and should therefore
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be useful for studies of population structure and gene flow in approximately 750 fig species worldwide.
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Worldwide, there are more than 750 species of Ficus L., which
are classified into four subgenera and 20 sections (Rgnsted et al.,
2005). Fig trees are well known for the complex mutualism with
the species-specific pollinators, the fig wasps (Agaonidae) (Herre
et al., 2008). They are also considered keystone species in many
tropical forests because of their year-round production of calci-
um-rich fruits, which are consumed by many vertebrates such as
birds, bats, and monkeys. Despite the broad literature on the ecol-
ogy and evolutionary biology of figs, there are still many unre-
solved questions regarding their complex interactions with pollen
and seed dispersers. For example, despite the tight coevolution-
ary relationship between figs and their pollinating wasps, there is
some evidence for hybridization and introgression that needs to
be investigated in depth (Herre et al., 2008). Furthermore, despite
numerous studies of the mechanisms of seed dispersal, fig seed
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dispersal distances are mostly unknown. Highly variable molecu-
lar markers such as microsatellites may help to further our under-
standing of these aspects of Ficus biology.

Neotropical figs belong to two distantly related subgenera,
Pharmacosycea (Miq.) Miq. and Urostigma (Gasp.) Miq. While
the former comprises the so-called free-standing figs and is the
most basal subgenus, the latter consists of strangler figs belong-
ing to the section Americana Miq. These two subgenera are
thought to share a common ancestor at least 60 Ma and repre-
sent the greatest phylogenetic distance within Ficus (Rgnsted
et al., 2005). So far, most microsatellites for Ficus have been
developed for Asian and African figs that belong to subgenera
that do not occur in the neotropics. Some of these markers were
shown to cross-amplify with the neotropical strangler fig F. cit-
rifolia Mill. (subgen. Urostigma) and were highly variable
(Crozier et al., 2007; Nazareno et al., 2009). Vignes et al. (2006)
published primers for the common neotropical species F. in-
sipida Willd. (subgen. Pharmacosycea), but most of these loci
presented few alleles. Here we present an additional set of mic-
rosatellite markers that transfer reliably across species within
the strangler and free-standing figs, and should therefore am-
plify in all 750 fig species that share the most recent common
ancestor of the subgenera Urostigma and Pharmacosycea.

METHODS AND RESULTS

Leaf samples of eleven Ficus species were collected in the Barro Colorado
Natural Monument (9°10’N, 79°51°W) in Panama and in La Tirimbina,
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TasLe 1. Characteristics of 12 microsatellite markers for neotropical Ficus species.?
GenBank accession no.
Primer Primer sequences (5-3") Repeat motif T, (°C) Best match (BLAST) or reference
FCl14 F: CTCATCCCTTGCTTACCTTA (TC)y, 54 XP_002304206.1 hypothetical JK730349
R: CCAAATTGCACTTGAAATAA protein POPTRDRAFT_712066
[Populus trichocarpal. E value: 2e-70
FC22 F: GATTTCAGAGGTCATTCCAA (TA)g 54 XP_002285437.1 protein PROTON JK730350
R: CAAACTACATGGATCAAGCA GRADIENT REGULATION 5, chloroplastic
isoform 1 [Vitis vinifera]. E value: 6e-71
FC27 F: CTGGTCATGTGGGAAGTAGT (AG),, 55 ACE00235.1 cytoplasmic male sterility JK730351
R: ATAAATGTGGAAGGCTCAAA protein 60 [Brassica oleracea var.
capitata]. E value: 9e-07
FP21 F: AGACGAACCAGAAGACGTTA (CA),, 55 XP_003603706.1 hypothetical protein JK730352
R: ATATGAACCAGCTAGGCAGT MTR_3g111360 [Medicago truncatula].
E value: 4e-20
Fp22 F: AGAATGGACTTTGAAGCTGA (AAG) 55 XP_002300690.1 predicted protein JK730353
R: CGAAATAGGAGACGAAGTTG [Populus trichocarpal. E value: 4e-105
FP25 F: GAAGCGTCACATTTAACTCC (TC)y, 54 XP_002530128.1 conserved hypothetical JK730354
R: ACAAATTCTGAATGCATGAC protein [Ricinus communis]. E value: 2e-29
FP57 F: AAATATCATCACCTGCTCAA (TC)y 54 XP_002510808.1 steroid-binding protein, JK730355
R: GAAACGACGTAGTAAATGGC putative [Ricinus communis]. E value: 6e-98
FinsAl F: AATCCCCGTACTTCACTTG (CT)y, 55 anonymous region Vignes et al., 2006
R: AGAACTTATTGCACGGACAG
FinsHS F: GACCGTATAGATGATTTGGG (AT)sGTAT(GT),, 54 anonymous region Vignes et al., 2006
R: CATCCTGTGAACGACACTT
FinsI12 F: GAACCTTCAACCTCAATCAA (TC)s(CT),, 55 anonymous region Vignes et al., 2006
R: CTCCCCTTTCCTAGTCCTTA
Frub29 F: CCACTTTGGAATGTCACTTGGA (AG),, 49 anonymous region Crozier et al., 2007
R: TGAACACGCCAACTGAGAATG
Frub38 F: ACACGTGCAGTGCTGCTGA (AG);AAC(GA),3 49 anonymous region Crozier et al., 2007
R: ACAGCTGCCCAATTCCTTGA

Note: T, = annealing temperature.

aFor markers developed from the EST library, the best match of the BLAST search and the GenBank accession number are indicated. Alternatively, the
reference of the marker is given. Markers labeled FC were derived from the EST library of F. citrifolia, and FP from F. popenoei.

Sarapiqui, Costa Rica (10°24’N, 84°06"W; Appendix 1). Seven of the sampled
species, namely F. citrifolia, F. colubrinae Standl., F. costaricana (Liebm.)
Miq., F. nymphaeifolia Mill., F. obtusifolia Kunth, F. pertusa L.f., and F. pope-
noei Standl., belong to the subgenus Urostigma (sect. Americana), while the
other four species (F. insipida, F. maxima Mill., F. tonduzii Standl., and F.
yoponensis Desv.) are classified into the subgenus Pharmacosycea. Sampled

leaves were dried in silica gel immediately upon collection.
To obtain a set of highly variable markers for our study species, we devel-
oped markers from expressed sequence tag (EST) libraries of F. citrifolia and

F. popenoei. RNA was extracted from leaves of F. citrifolia and F. popenoei
using the Plant RNeasy kit (QIAGEN, Hilden, Germany), and mRNA was iso-
lated using the Oligotex kit (QIAGEN). cDNA libraries for each species were
constructed using the SMART cDNA library construction kit (Clontech, Moun-
tain View, California, USA). First-strand synthesis was done following the kit’s
protocol with the Clontech Reverse Transcriptase. PCR amplification of first-
strand cDNA was done with the Platinum-Pfx DNA polymerase (Invitrogen
#11708-013, Carlsbad, California, USA). The protocol was the same as in the
SMART cDNA kit except that it used Platinum-Pfx DNA polymerase and its

TasLE 2. Characterization of the novel and published markers with samples of four Ficus species collected in BCNM, Panama.

F insipida F. yoponensis F citrifolia F. obtusifolia

Marker? N Size (bp)® A Hy N Size (bp)® A Hy N Size (bp)® A Hy N Size (bp)® A Hy
FC14 30 289-317 8 0.83 30 287-301 4 0.43 30 300-314 7  0.66 30 283-307 4 0.60
FC22 30 140-180 15 0.93 30 143-164 9 0.73 30 155-180 10 0.73 30 151-180 11 0.73
FC27 24 170 1 — 15 170 1 — 22 166-174 3 036 30 164-174 4 0.47*
FP21 30 273-290 4 0.43 30 271-296 8 0.73 30 275-294 7 0.87 24 284 1 —
FP22 30 217-241 7 0.53 30 214-235 7 0.63 30 214-232 6 0.77 30 217-235 5 0.57
FP25 24 146-150 4 0.29* 13 150-161 8 0.77* 30 158-174 6 0.63 — NA 0 —
FP57 24 200-207 5 0.12 16 203-208 6 0.38 30 211-236 18 0.80 30 216-239 16 0.70%*
FinsAl 30 226-244 6 0.73 30 231-247 12 0.97 30 224-237 7 0.70 30 224-241 4 0.47
FinsH5 30 283-295 5 0.30 30 280-299 10 0.83 30 274-319 13 0.73%* 30 281-330 18 0.20%#*%
FinsI12 30 167-173 3 0.10 30 167-171 3 0.33 22 168-169 2 041 30 168-177 5 0.77
Frub29 30 221-245 5 0.63 30 221-241 5 0.13 30 208-239 12 0.70 24 212 1 —
Frub38 30 197-238 5 0.80 30 221-232 4 0.80 30 207-236 9 0.90 30 219-238 4 0.50

Note: — = not available; A = number of alleles; H, = observed heterozygosity; N = number of individuals tested; NA = no amplification.

20Only markers used in the final study were tested with 30 individuals, while other markers have been tested with lower sample size.
bFragment size includes 18 bp of the M 13 adapter tail.
¢Deviations from Hardy—Weinberg equilibrium are indicated by asterisks (except for species with sample size <10). Levels of significance: *P < 0.05,

**P <0.01, ##*%P < 0.001.
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Characterization of the novel and published markers from seven sampled species of Ficus.

TABLE 3.

subgen. Pharmacosycea

subgen. Urostigma

F. maxima (n = 22) F. tonduzii (n = 20)*

F. popenoei (n =22)

4yt

F. pertusa (n

22)

HpP

F. nymphaeifolia (n
A Size (bp)*

F. colubrinae (n = 14)*

F. costaricana (n = 6)

Size (bp)? Hp

A

b
o

A Size (bp)®

A Size (bp)? Hp

b
o

Size (bp)*

A

Size (bp)* H\

A

b
o

Size (bp)?
0.8

A

Locus

0.5

287-295
145-162

5
6
4
2
9
3
6

0.68
0.5

283-293
145-157

5
5
3
4
5
9
5
4
5
3

0.33

2 299-301

3

5
10 284-313

0.67
0.5

301-315

4
3
5
4
4
4
3
2
4
6

0.82

299-311

8
4
5

0.76
0.

301-324
155-172

170-178

9
7
3
3
4

309-336

6
4

FC14

0.41°%
0.25

0.11

0.71
0.76

0.

155-166
162-180

157-164
166-177

0.67
0.71

0.

155-170
164-173

69

0.33

155-168
168-188

FC22

164-170

0.1

164-170

0.75

1

0.36
0.

0.4
0.5

3
5
4

FC27

277-288

0.43

277-284
214-232
222-249
280-300

71

284-290

82

9 280-303

33

277-288
214-235

282-311

FP21

0.8

211-244
241-245

0.33
0.82
0.82

0.55

0.45
0.57

5 220-238
3 224-231
6 263-332

3

0.75
0.25

0.5
0

217-229
228-243

277-231

211-226 05
4 224-239

4

0.62

0.5

217-229
217-233
284-322
169-181

FP22

0.26
0.85

0.64

NA

284-330

0.17

5
5
3
4

FinsAl
FinsH5
FinsI12
Frub29
Frub38

281-199

0,335
0.13%*

282-336  0.41%**
0.05

10

0.23%%%
0.5

0.33

169
225-237

169-175
223-235
230-245

168-171

169-171

167-168

2
10

169-173
206-223

3
6
3

0.5

0.25

3

0.52
0.

214
2 219-221

Q.34 212-223
221-268

212-245

0.31°%*
0.

0.6

210-225
207-224

232

14

1 0.09

1.00%*

6 204-257

43

0.17 197217

3

Note: — = not available; A = number of alleles; H, = observed heterozygosity; NA = no amplification.

2Fragment size includes 18 bp of the M13 adapter tail.
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bDeviations from Hardy—Weinberg equilibrium are indicated by asterisks (except for species with sample size <10). Levels of significance: *P < 0.05, **P < 0.01, ***P < 0.001.

#Denotes samples of species collected in La Tirimbina, Costa Rica; all other species were collected in BCNM, Panama.

[Vol. 0

corresponding buffers. The PCR cycle included an initial step of 2 min at 95°C
followed by 25-30 cycles of 5 s at 95°C and 6 min at 68°C.

Amplified cDNAs were size selected after the second-strand synthesis to
include inserts >500 bp as described in the SMART c¢DNA kit. Final fractions
were precipitated as described in the kit but resuspended in 15 puL of water.
Fragments were ligated to the PCR-Blunt II-TOPO vector (from the Zero
Blunt TOPO PCR cloning kit; Invitrogen K2800-20), and transformation was
done into TOP10 cells, ensuring that almost 100% of picked clones had an
insert. Best ligation efficiency was achieved with a vector:insert ratio of 1: 1.
We used a 30-min ligation step (instead of 25 min) and electroporated TOP10
electrocompetent cells using a standard electroporation protocol (0.1 cm cu-
vettes and 1.8 Kv pulse). We checked for presence of inserts in a random selec-
tion of 20 clones per library by PCR using the following primers: 5* SMART
PCR: 5-AAGCAGTGGTATCAACGCAGAGT-3’, 3’ AMPLIMER 1: 5"-AGG-
CGGCCGACATGTTTTTTTTTTTT-3".

Libraries were plated and up to 10000 colonies per library were picked and
arrayed in 384-well plates using a colony-picking robot (QBot; Genetix, New
Milton, Hampshire, United Kingdom). An average of 800 clones were se-
quenced per library at the Arizona Genomics Institute (AGI), University of Ari-
zona. Sequencing was done unidirectionally using the 5" SMART PCR primer.
EST sequences were BLASTed to determine gene identity and level of conser-
vation. High quality sequence information was obtained for 815 different fig
genes (57 genes were common between the two fig libraries). The simple se-
quence repeat (SSR) primer pipeline (Jewell et al., 2006) was used for survey-
ing ESTs for microsatellites and designing primers for amplification. The
pipeline first parses sequences to SPUTNIK (http://espressosoftware.com/
sputnik/index.html) to identify nucleotide repeats of length 2-5 on each EST.
We used default parameters for SSR identification. The output of SPUTNIK is
then parsed to Primer3 (Rozen and Skaletsky, 1999) for PCR primer design
using a set of default parameters: primer pairs (21-23 bases long) are designed
at least 10 bp distant from either side of the identified SSR, with optimum melting
temperature (7,,) of 55°C and maximum GC content of 70%.

In addition to the EST-based microsatellites, we selected 15 published micro-
satellite primer pairs derived from anonymous nuclear genomic regions to test
for cross-species amplification, including nine markers developed by Crozier et al.
(2007), which proved to be variable in F. citrifolia (Nazareno et al., 2009) and
the six most variable markers that were developed for F. insipida (Vignes et al., 2006).

DNA was extracted with a modified cetyltrimethylammonium bromide
(CTAB) protocol (Doyle and Doyle, 1987). We tested whether the markers
amplified reliably with DNA of four samples each of F. insipida, F. citrifolia,
and F. obtusifolia. We ran PCRs of 10 UL containing 1x PCR buffer, 0.2 mM
dNTPs, 2.5 mM MgCl,, 0.5 U Tag polymerase, 0.1 uM forward and reverse
primer, and 1 ng template DNA. The PCR conditions were set to 94°C for
5 min; 39 cycles at 94°C for 30 s, 56°C for 45 s, and 72°C for 45 s; and a final
extension of 72°C for 10 min. Of the 71 primers we had selected from the EST
library, 21 primer pairs, as well as nine of the 15 published markers, amplified
consistently under the standard PCR conditions. These loci were tested for
polymorphism with eight samples per species of F. insipida, F. citrifolia, and
F. obtusifolia using dye-labeled M13 adapters (Schuelke, 2000). Initial PCR
conditions were changed to 29 cycles with an annealing temperature of 56°C
and complemented by 10 cycles at 53°C to facilitate the incorporation of the
universal dye-labeled primer (M13 protocol). PCR products were calibrated
with a ROX 500 size standard (Applied Biosystems, Carlsbad, California,
USA) and analyzed with an ABI 3730 Sequencer. Alleles were scored with
GeneMarker version 1.91.

The screening for polymorphism yielded seven EST-based and five
anonymous microsatellite DNA markers that were variable and easy to
score for at least one of the studied species (Table 1). For the final amplifi-
cations, we maintained the M13 dye-labeling protocol. The results pre-
sented in Table 2 and in the text are based on 30 samples of F. citrifolia,
F. insipida, F. obtusifolia, and F. yoponensis. All markers except FP25 and
FP57 were further tested with 14 to 22 samples of F. colubrinae, F. max-
ima, F. nymphaeifolia, F. popenoei, and F. tonduzii and four to six samples
of the rare species F. costaricana and F. pertusa (Table 3). With few exceptions,
the primers amplified and were polymorphic in all tested populations and
species.

For each primer, we calculated the number of alleles (A), the observed
heterozygosity (H,), and tests for deviations from Hardy—Weinberg equilib-
rium (HWE) and linkage disequilibrium with GENEPOP 4.1 (Rousset, 2008).
For the studied free-standing figs, the loci had on average 6.0 alleles ranging
from one to 15 (Table 2). H, ranged from 0.10 to 0.97 with a mean of 0.56. In
strangler figs, mean number of alleles was 7.2, ranging from one to 18 with a
mean H, of 0.63 (range: 0.20-0.90). There were few significant deviations from
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HWE, indicating undetected or low frequency of null alleles. After application
of the Bonferroni correction, no significant linkage disequilibrium was de-
tected. The overall paternity exclusion probability, calculated in Cervus version
3.0.3 (Kalinowski et al., 2007), was 0.96 for F. insipida.

CONCLUSIONS

The set of highly variable microsatellite markers was trans-
ferable across species representing the most phylogenetically
distant clades within Ficus, suggesting that these markers (or a
subset of them) will be useful for ecological and evolutionary
studies of any of the 750 Ficus species found in tropical regions
around the world.
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AppENDIX 1. Voucher information for Ficus taxa used in this study. All voucher specimens were collected at the Barro Colorado Natural Monument (BCNM), Panama
(9°10'N, 79°51’W), and are deposited in the herbarium of the University of Panama. Information presented: species, country and locality, accession number.

subgen. Urostigma (sect. Americana)

F. citrifolia Mill.: Panama, BCNM, Peninsula Bohio, Heer 002

F. colubrinae Standl.: Panama, BCNM, Peninsula Bohio, Heer 003

F. costaricana (Liebm.) Miq.: Panama, BCNM, Peninsula Bohio, Heer 004
F. nymphaeifolia Mill.: Panama, BCNM, Peninsula Bohio, Heer 006

F. obtusifolia Kunth: Panama, BCNM, Peninsula Bohio, Heer 011

F. pertusa L.f.: Panama, BCNM, Peninsula Bohio, Heer 007

F. popenoei Standl.: Panama, BCNM, Peninsula Bohio, Heer 008

subgen. Pharmacosycea

F. insipida Willd.: Panama, BCNM, Peninsula Bohio, Heer 001

F. maxima Mill.: Panama, BCNM, Peninsula Bohio, Heer 005
F. tonduzii Standl.: Panama, BCNM, Barro Colorado Island, Perez 2129
F. yoponensis Desv.: Panama, BCNM, Peninsula Bohio, Heer 010




