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Abstract

Telipogon peruvianus is a highly restricted, sexually deceptive, Neotropical
orchid species, endemic to the southern Peruvian Andes. It is only known from
two localities, which are affected by anthropogenic disturbance. Here, we
investigated whether the restricted distribution of T. peruvianus has led to low
genetic diversity and inbreeding, thus threatening its survival. We isolated
10 novel microsatellite loci specific for T. peruvianus (and that also cross-
amplified in related species) from two adjacent populations. We found that
genetic diversity within populations was only moderately reduced, along with
some evidence of inbreeding. We found low levels of genetic differentiation,
suggesting connectivity by pollen/seed flow between the two populations.
Effective population size was comparable to the real number of flowering indi-
viduals in the populations and we did not detect the signature of recent bottle-
Taken show that,
anthropogenic pressure, the two investigated populations of T. peruvianus still

necks. together, these results despite increasing
host valuable genetic diversity that should be preserved through appropriate

conservation strategies.
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geographical range or selective pressures (Linhart &
Grant, 1996). These factors also determine how genetic

Both the size and number of populations in the species
range are likely to have a strong impact on genetic diver-
sity and differentiation of a rare species (Bouzat, 2010).
Species with small and fragmented distributions are
expected to have an elevated risk of loss of genetic varia-
tion (Loveless & Hamrick, 1984). Thus, the characteriza-
tion of genetic variation and interpopulation gene flow is
crucial to establish adequate management plans for
endangered populations and/or species (Frankham,
2003). Genetic variation in plant species is the result of
several factors, such as their reproductive biology, levels
of outcrossing, life-history traits, population history,

variation is partitioned among and within populations
(Hamrick, Godt, & Sherman-Broyles, 1992). Another
important factor that can be detrimental for genetic
diversity in small, isolated populations is the increased
likelihood of stochastic processes such as genetic drift
(Byers & Waller, 1999; Ellstrand & Elam, 1993). This can
either be a consequence of bottlenecks and founder effect
or can be an independent process.

In animal-pollinated plant species with small and iso-
lated populations, pollination can also be affected by a
reduction in the quality and quantity of pollen and polli-
nator limitation (Wilcock & Neiland, 2002). These factors
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together may strongly influence population genetic diver-
sity and between-population differentiation (Rathcke &
Jules, 1993; Steffan-Dewenter & Tscharntke, 1999).
Orchids are a flagship group in plant conservation
(Cribb, Kell, Dixon, & Barrett, 2003) and the Neotropical
orchid flora is characterized by extremely high diversity
and generally restricted populations (Crain &
Tremblay, 2012; Jost, 2004; Pandey, Sharma, Taylor,
& Yadon, 2013; Pérez-Escobar et al., 2017; Tremblay &
Ackerman, 2001). The tropical Andes is the most species-
rich area in the Neotropics and the most species-rich bio-
diversity hotspot worldwide (Myers, Mittermeier,
Mittermeier, Fonseca, & Kent, 2000; Pérez-Escobar
et al.,, 2017). Orchids are highly characteristic plants in
the Andes and epiphytic orchids can account for up to
50% of the total epiphytic flora in some Andean regions
(Pérez-Escobar et al., 2017); for example, in Colombia
more than 10,000 orchid species have been estimated to
occur in the Andean Cordilleras (Kirby, 2016). The exis-
ting evidence indicates that Andean orchid diversity is
threatened and has suffered dramatic declines in abun-
dance, mostly due to land cover change and increased
habitat fragmentation (Dodson & Gentry, 1991; Parra-
Sanchez, Retana, & Armenteras, 2016). This latter is
often linked to a reduction in the levels of gene flow, to
an increased isolation-by-distance and to a high among-
populations genetic differentiation (Mufioz, Warner, &
Albertazzi, 2010; Slatkin, 1987). Therefore, quantifying
the genetic variation in species with small and isolated
populations is required for establishing conservation
plans for the maximization of genetic diversity
(Frankham, Ballow, & Briscoe, 2002; Van Dyke, 2008).
The genus Telipogon Kunth (Orchidaceae,
Oncidiinae), which encompasses approximately 200 spe-
cies (Martel & Nauray, 2013), is exclusively Neotropical
and is distributed in Central America, in the Caribbean
and, along the Andes, from Venezuela to Bolivia
(Ackerman, 2004; Bogarin, 2012; Pridgeon, Cribb,
Chase, & Rasmussen, 2009). In Peru, the genus is repre-
sented by 55 species (Collantes & Martel, 2015; Martel,
Collantes, & Egoavil, 2017), with most having highly
restricted distribution (Collantes & Martel, 2015;
Nauray & Galdn, 2008). Among these, T. peruvianus
T. Hashim. is a highly endangered species because it has
a small and fragmented distribution consisting of few
populations that only occur in two localities in the basins
of the Peruvian rivers Araza and Q'eros in the Cusco
region (southern Peru, Martel & Nauray, 2013; Martel,
Cairampoma, Stauffer, & Ayasse, 2016). Pollination in
this species is exclusively mediated by insects: its flowers
attract sexually excited male flies of Eudejeania aff.
Browni (Tachinidae) and its pollination strategy involves
the imperfect mimicry of a female fly perched on a daisy,

eliciting male sexual behavior (Martel et al., 2016; Martel,
Francke, & Ayasse, 2019). The negative genetic conse-
quences of small and fragmented populations in this spe-
cies may be potentially compensated for by the fact that
sexually deceptive species have been shown to experience
increased outcrossing, thus leading to lower levels of
among-population differentiation when compared with
species employing a rewarding pollination strategy
(Scopece, Cozzolino, Johnson, & Schiestl, 2009; Scopece,
Schiestl, & Cozzolino, 2015).

Quantifying the levels of genetic variation and gene
flow between Telipogon peruvianus populations is of cru-
cial importance in order to assess the extinction risk in
this extremely rare Peruvian endemic species and to pro-
pose effective conservation strategies. With this aim, we
developed and applied a new set of polymorphic micro-
satellite markers to investigate whether the highly
restricted and patchy distribution severely affects the
occurrence of gene flow and threatens the species
survival.

2 | MATERIALS AND METHODS

2.1 | Study species and distribution
Telipogon peruvianus is an epiphytic perennial plant
(Martel & Nauray, 2013). The species is self-compatible
but is strictly dependent on animal vectors for pollination.
This is carried out by Eudejeania aff. Browni (Tachinidae)
males attracted through a specialized sexually deceptive
strategy (Martel et al., 2016, 2019). Telipogon peruvianus
blooms from June to September (with a mean flower lon-
gevity of 33 days; Martel et al, 2016) in semi-dense
populations near to forest clearings or to their boundaries.
As typical for the orchid family, their dust-like seeds are
dispersed by wind. The species is only known from two
localities: (a) near to the town of Marcapata in the Araza
river basin and (b) near to the town of Quero in the Q'eros
river basin, both in the Department of Cusco between
2,600 and 3,200 m a.s.l, in the basin slopes (Martel &
Nauray, 2013). Plants of T. peruvianus can be found in the
cloud forests of the southern Peruvian Andes on trees,
shrubs and bamboo-like grasses, associated with mosses,
and near to roads and trails in disturbed or sunny areas
(Martel & Nauray, 2013). Its habitat is currently severely
affected by deforestation, livestock, agriculture expansion
and the inter-oceanic (Peru-Brazil) highway (Martel &
Nauray, 2013; Roque & Leon, 2006). Hence, its conserva-
tion status has been assessed as critically endangered
(Roque & Leon, 2006).

Plant material collection was carried out from two
populations (hereafter referred to as Trucha and Haccheria)
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in the cloud forest near the Araza river between 2,800 and
3,000 m a.sl. (Marcapata district) (Figure 1A). The two
populations occurred in the slopes of two contiguous moun-
tains and are approximately 1 km apart (Figure 1A). The
region is characterized by two distinct seasons: dry from
May to October (austral autumn and winter) and wet from
November to April (austral spring and summer). Average
annual rainfall is around 765 mm and average annual tem-
perature is 12.8°C (Climate-Data.org). In the two
populations, all visible and accessible flowering plants were
sampled. The size of the census population, in terms of
flowering individuals, is thus expected to be comparable to
the number of sampled individuals.

2.2 | Isolation of microsatellite loci

Total genomic DNA was extracted from silica-gel-dried
leaf tissue using a DNeasy Plant Mini Kit (QIAGEN,
Hilden, Germany) from 96 T. peruvianus individuals
coming from the two populations (Trucha and
Haccheria; see Figure 1A), and from single individuals of
another 10 species of genus Telipogon and two species of
the sister genera Hofmeisterella and Trichoceros (Neubig
et al., 2012; Williams, Whitten, & Dressler, 2005). Micro-
satellite markers were isolated following the FIASCO

0.25 (1.68 to 0.00)

1.11 (3.93 to 0.00)

Trucha Haccheria

FIGURE 1
populations near the town of Marcapata in the Araza river basin;

(a) Distribution map of Telipogon peruvianus

(b) effective population size (inside circles) and number of
immigrants per generation 6M (below and above arrows), including
95% confidence intervals, calculated for Trucha and Haccheria
populations. Arrows indicate the direction of gene flow

protocol (Fast Isolation by AFLP of Sequences Con-
taining repeats) with minor modifications (Zane,
Bargelloni, & Patarnello, 2002). A total of 500 ng genomic
DNA was completely digested with 3 units of Msel (Fer-
mentas, Vilnius, Lithuania); digested DNA was ligated to
Msel AFLP adaptors (5-GACGATGAGTCCTGAG-3' / 5’
TACTCAGGACTCAT-3') using 1 unit of T4 DNA ligase
(Fermentas, Lithuania). The digestion-ligation mixture
was diluted (1:10) and directly amplified using Msel
adaptor-specific primers (5- GATGAGTCCTGAGTAAN-
3') following Pinheiro et al. (2008). Approximately 1 pg of
amplified DNA fragments was hybridized with 200 pmol
of 5'-biotinylated (AC)15, (GA)15, (GC)15 and (AT)15 as
reported in Pinheiro et al. (2008) and amplified for
30 cycles with Msel adaptor-specific primers with over-
hang for Illumina Sequencing (Illumina, San Diego, CA).
A shotgun library, including three T. peruvianus indi-
viduals, was built using the Nextera DNA Sample Prepa-
ration Kit v2 (Illumina) and sequenced with a MiSeq
Reagent Kit v3 2x300 bp paired-end in a MiSeq benchtop
sequencer (Illumina). Raw reads were demultiplexed,
adapters and indices were removed from the reads, and
FASTQ files were generated using MiSeq Reporter
v. 2.5.1 (Illumina). The raw sequenced reads were
processed using Trimmomatic software (Bolger, Lohse, &
Usadel, 2014) and paired-end reads were merged using
FLASH (Mago¢ & Salzberg, 2011) with an overlap param-
eter of at least 20 nucleotides. The resulting FASTQ files
were converted to the FASTA format using Fastx_toolkit
software (http://hannonlab.cshl.edu/fastx_toolkit).

2.3 | Primer design and polymorphism
screening of the microsatellite loci

A set of 50 potential microsatellite sequences was manu-
ally selected and primers were designed with Primer3
software (http://frodo.wi.mit.edu/primer3/). Primers with
a size ranging from 18 to 24 bp and with a melting tem-
perature (Tm) from 50 to 65°C were selected. Using the
Primer-BLAST software (NCBI), selected primers were
aligned with the enriched library to exclude that they
match with more than one DNA region.

For each microsatellite locus, the forward primers
were synthesized with a 5-M13 tail according to
Schuelke (2000), including the primer sequence and a
universal M13 primer labeled with different fluorescent
dyes 6-FAM, NED, JOE and HEX (Thermo Fisher Scien-
tific-Applera, Waltham, MA). All polymerase chain reac-
tion (PCR) amplifications were performed in an Applera
2,700 thermocycler according to PCR conditions set in
Pinheiro et al. (2008). The conditions were maintained
constant for all loci in order to maximize standardization.
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Capillary electrophoresis of the amplified products was
performed on an ABI3130 Sequencer, using LIZ (500) as
internal size standard. Genotyping was conducted in the
software GENEMAPPER v.3.7 (Thermo Fisher Scientific-
Applera, Waltham, MA).

Out of the 50 primer pairs tested, 10 were further
applied in 96 T. peruvianus individuals (See Table S1).
We also checked the potential for cross-species amplifica-
tion for the 10 loci in one sample from each of the
10 Telipogon species and in two species of the allied gen-
era Hofmeisterella and Trichoceros.

2.4 | Genetic diversity estimates
Samples of the 96 individuals from the two investigated
populations of T. peruvianus were analyzed to evaluate
microsatellite polymorphism distributed among loci and
populations. The microsatellite dataset was tested for
genotyping errors due to stuttering, short allele dominance
and null alleles using a Monte Carlo simulation of
expected allele size differences with Micro-Checker (van
Oosterhout, Hutchinson, Wills, & Shipley, 2004). Arlequin
v. 3.5.2.2 (Excoffier & Lischer, 2010) was used to estimate
the number of alleles (A), expected heterozygosity (Hg),
observed (Hp) heterozygosity and deviations from Hardy-
Weinberg equilibrium (HWE) for each locus.
Population-wise genetic diversity of the two
populations of Trucha and Haccheria was assessed by
estimating the number of alleles (A), the allelic richness
(AR), the private allelic richness (PAR), and the expected
(Hg) and observed (Hp) heterozygosity. The inbreeding
coefficient (f) was then calculated using the software MsA
v. 4.05 (Dieringer & Schlétterer, 2003) and HP-RARE V. 1.0
(Kalinowski, 2005). Significant departures from the
Hardy-Weinberg equilibrium (HWE) were assessed using
exact tests in Genepop v. 4.0 (Raymond & Rousset, 1995).

2.5 | Population structure and
demography

Population genetic structure was assessed by estimating
pairwise Fsr among populations using Genodive
(Meirmans & Van Tienderen, 2004). We estimated
the significance of the F-statistic using a resampling
approach (with 10,000 permutations). The population
differentiation estimate Dgsr was used to verify that Fgr
estimates were not an artifact of high intrapopulation
diversity. Indeed, the Dst index was described by
Jost (2008) as an unbiased estimator of genetic differentia-
tion due to the fact that it is not affected by the high intra-
population diversity observed in short sequence repeat

(SSR) loci. To show the degree of overlap of the two
populations, we performed a principal coordinate analysis
(PCoA) on genetic data using GenAlEx 6.5 (Peakall &
Smouse, 2012).

To detect the consequences of demography on genetic
diversity, we carried out the “heterozygosity excess test”
using BOTTLENECK v.1.2 (Cornuet & Luikart, 1996) as
described in Cozzolino, Noce, Musacchio, and Wid-
mer (2003). This analysis assumes that a population with a
reduction in effective population size exhibits a decreasing
number of alleles and levels of heterozygosity, but with a
faster reduction of number of alleles than in heterozygosity
(Allendorf, 1986; Maruyama &  Fuerst, 1985;
Watterson, 1984). Following Pinheiro et al. (2013), the
occurrence of a recent bottleneck was also tested by using
the M-ratio method (Garza & Williamson, 2001). In this test,
M is the ratio between the number of alleles at a locus and
the total range in allele sizes. Because rare alleles are lost
more regularly during a population bottleneck, unless all
rare alleles are at the ends of the allele size distribution,
M will be reduced in populations having undergone a signif-
icant population size reduction. We used the software
M_P_VAL (Garza & Williamson, 2001) to calculate M-ratios
from microsatellite genotypes. Significance was evaluated
using the CRITICAL_M.EXE software (http://swfsc.noaa.gov/
textblock.aspx?Division=FED&id=3298). The assumption of
this analysis is that bottlenecks cause an M-ratio value lower
than the M threshold. We simulated M values modifying
the parameter Theta (0.5, 2.0 and 10.0) and the proportion
of single-step mutations (0.1 and 0.3); we kept the average
size of non-one-step mutations (Ag) constant (at a value of
3.5). The lowest Mc values in the two investigated
populations of Trucha and Haccheria were chosen to check
the significance of bottlenecks (Garza & Williamson, 2001).

Following Rinaldi et al. (2019), to assess the intensity
of historical gene flow we estimated the parameter Theta
(as 4N, for biparental inherited loci, where N, is the
effective population size and p is the mutation rate) and
the number of immigrants per generation (as ThetalM,
where M is the mutation-scaled effective immigration
rate), using a coalescent framework in Migrate-n 3.6.4
(Beerli, 2006; Beerli & Felsenstein, 2001). In the absence
of direct estimates of the mutation rate for microsatellites
in orchids, the effective population size (N.) was calcu-
lated using the mutation rate of 0.00077 as detected in
other monocots (i.e., maize microsatellites, Vigouroux
et al., 2002). We calculated the starting values using Fgr
and used model averaging to assess the migration rates
and Theta values. As described in Rinaldi et al. (2019),
we performed the Migrate-n analyses using a static
heating strategy with four short chains (temperature = 1.0,
1.5, 3.0 and 1.0 x 10°) and a single long chain with 50,000
recorded steps and an increment of 50 and 20,000 steps
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TABLE 1
number of alleles and allele size range

Characteristics of microsatellite loci from Telipogon peruvianus, including locus name, primer sequences 5 - 3, repeat motif,

Repeat Number Size

Locus Primer sequence 5 - 3/ motif of alleles range

Locus 1 F: CACGACGTTGTAAAACGACTCATGTGATGTGGTTGTGTATTGTA (CA)34 3 251-261
R:CGTGTGTTAGTTTTTTTTAGTTTGTG

Locus 2 F: CACGACGTTGTAAAACGACTCAGAATTGAAGGAGGAGCAC (G 3 277-281
R: ACACACACACATAAATTAACA

Locus 3 F: CACGACGTTGTAAAACGACGATGAAGGACTGGACGAATG (GA)1; 2 266-268
R: TCCATCTCTCTCTTTCTACTCT

Locus 4 F: CACGACGTTGTAAAACGACATGCAAACTTATAATAACTC (GT)i3 4 210-216
R: TGCGATGATGAGTCCTGAGT

Locus 5 F: CACGACGTTGTAAAACGACAGAAGGGACATAATATGTTGC (CA)o 2 168-170
R: ATTTGTGTGTGGATCTTAACA

Locus 6 F: CACGACGTTGTAAAACGACTCGTTCCTGATGATGAGTCCT (CA)p 2 135-137
R: ACAAGATAATATCATTTGTACCA

Locus 7 F: CACGACGTTGTAAAACGACTGCAATATCCATATACCATTC (GA) 12 155-177
R: ACTTTCTGTCTCTCTCTCTCTGTA

Locus 8 F: CACGACGTTGTAAAACGACACTGTAAGTGATGCCTGCGA (GT)y - 16 191-229
R: TGCAAAACACTACAGTTCCAT (GA)16

Locus 9 F: CACGACGTTGTAAAACGACGGGTGAGGGGGGAGGTGTGTAG (CA)zy 6 218-232
R: TCAAAGAAAGTGGGCTCATGT

Locus F: CACGACGTTGTAAAACGACCATGACTCTCTATGATGAAGTCCTGA (AG),9 8 247-261

10 R:CTCTCTATAATGAGTCCTGAGTAA

Note: The forward primers were synthesized with a 5'-M13 tail according to Schuelke (2000).

discarded as burn-in. The number of replicates
(i.e., concurrent chains) was 10 and the stationarity of
the Markov chain was calculated by evaluating the effec-
tive sample size for each parameter.

3 | RESULTS
3.1 | Amplification and polymorphism
screening of the microsatellite loci

The 10 selected primer pairs showed clear amplification
peaks (Table S1). Among the 10 primer pairs, seven
amplified regions with the expected size range in most of
the Telipogon species tested and four out of 10 primer
pairs amplified regions with the expected size range in
the two sister genera Hofmeisterella and Trichoceros
(Table S2).

3.2 | Genetic diversity estimates

The 10 loci targeted in 96 T. peruvianus individuals
showed a number of alleles per locus ranging from 2 to
16, with an average of 5.8 alleles per locus (Table 1).

Analyzing the two populations independently, the
10 polymorphic loci showed different patterns. In Trucha,
the observed and expected heterozygosity (Ho and Hg)
ranged from 0.00 to 0.92 and from 0.09 to 0.82 (Table 2).
Four loci showed a significant departure from Hardy-
Weinberg equilibrium (p < .05). One locus was mono-
morphic (Locus 5). In Haccheria, the observed and
expected heterozygosity (Ho and Hg) ranged from 0.02 to
0.95 and from 0.02 to 0.84 (Table 2). Eight out of 10 loci
showed a significant departure from Hardy-Weinberg
equilibrium (p < .05).

When analyzing all loci, moderate levels of genetic
diversity were observed for most genetic parameters.
Overall, the two populations of Trucha and Haccheria
showed comparable levels of genetic diversity parame-
ters (Table 3). The number of alleles ranged from 45 to
52, and the allelic richness ranged from 4.49 to 4.50.
The expected and observed heterozygosity (Ho and Hg)
per population ranged from 0.272 to 0.391 and 0.478 to
0.488, respectively. The inbreeding coefficients were
high and significant in both Trucha (0.190) and
Haccheria (0.437) populations. Using Micro-Checker
software (van Oosterhout et al., 2004), we found no evi-
dence for scoring error due to “stuttering” or “large
allele dropout”.
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TABLE 2 Number of alleles (a), observed (Hp) and expected (Hg) heterozygosity, and test for departure from Hardy-Weinberg
equilibrium (HWE) of 10 short sequence repeat (SSR) loci in the two populations of Telipogon peruvianus

Trucha Haccheria

Locus A Hg Hyg, HWE (p-value) A Hgo Hyg HWE (p-value)

Locus 1 3 0.692 0.546 172 3 0.171 0.441 <.001

Locus 2 3 0.590 0.614 .061 3 0.264 0.509 <.001

Locus 3 2 0.500 0.382 283 2 0.514 0.470 455

Locus 4 4 0.428 0.426 .206 4 0.304 0.630 <.001

Locus 5 Monomorphic 2 0.015 0.015 1.000

Locus 6 2 0.086 0.085 1.000 2 0.072 0.122 <.050

Locus 7 11 0.923 0.819 <.050 10 0.953 0.756 <.001

Locus 8 10 0.181 0.794 <.001 14 0.318 0.838 <.001

Locus 9 5 0.120 0.386 <.001 5 0.057 0.525 <.001

Locus 10 4 0.000 0.337 <.001 7 0.057 0.471 <.001
TABLE 3 Characterization of Populations/code A AR PAR Hy Ho Ie
genetic variability in Telipogon
peruvianus populations Thucha 45 4.50 0.90 0.488 0.391 0.190%**

Haccheria 52 4.49 0.89 0.478 0.272 0.437%%*

Note: The number of alleles (A), allelic richness (AR), private allelic richness (PAR), expected (Hg)
and observed (Hop) heterozygosity, and the within-population inbreeding coefficient f were estimated
from 10 nuclear microsatellite loci for 96 individuals (26 in Trucha and 70 in Haccheria).

*Significant values (p < .001, **) indicate departures of within-population inbreeding coefficients (f)
from the Hardy-Weinberg equilibrium (HWE).
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FIGURE 2 Principal coordinate analysis (PCoA) of Telipogon
peruvianus individuals from the investigated populations of Trucha
(diamonds) and Haccheria (squares), using the first two coordinates
(coordinate one 15.58%, coordinate two 12.50%)

3.3 | Population differentiation, gene
exchange and historical size reduction

Low levels of nuclear genetic differentiation among
populations (p < .001) were found for Fsp (0.055) and
Dgr (0.052). The PCoA showed a wide overlap between

TABLE 4 Demographic estimates of Telipogon peruvianus
populations, including the sample size (n), the effective population
size (N,), the lowest critical values of the M-ratio (M) simulated
for each population and the M-ratio values (M)

Pop n N2 Mc MP
Trucha 26 93.39(0.00to259.74)  0.559  0.831
Haccheria 70  87.36 (0.00 to 238.09)  0.616  0.860

Note: The 95% confidence intervals for N, are between parentheses.

*Effective population sizes were calculated using the formula

Ne = theta/4 p, where p = mutation rate (0.00077 as found at
microsatellite loci in maize; Vigouroux et al., 2002).

A population is considered to have undergone a bottleneck if its M
value falls below the lower threshold of the critical M-ratio (Mc)
calculated for each population.

the two populations (Figure 2). The effective population
sizes were high in populations Trucha and Haccheria
(N, = 93.3 and 87.3, respectively). Migrate-N analysis
detected asymmetric migration between populations: less
than one migrant per generation when Trucha acted as
donor to Haccheria (0.25, maximum 1.68, minimum
0.00) and a slightly higher value when Haccheria acted as
donor to Trucha (1.11, maximum 3.93, minimum 0.00;
Figure 1B). The heterozygosity excess test revealed no
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deviation from mutation-drift equilibrium was found for
Trucha (p = .67) and Haccheria (p = .94) under the step-
wise mutation model (SMM), suggesting that the two
populations suffered no recent bottleneck. Bottlenecks
were also not detected when using Garza & Williamson
(2001) statistics, because the M-ratio values were much
higher than the lowest critical values of M-ratio (Mc)
simulated for each population (Table 4).

4 | DISCUSSION

Understanding the levels of genetic variation in species
with small and fragmented distribution is a primary aim
of conservation genetics. In this study, we analyzed two
populations from one of the two only known localities of
the rare endemic Peruvian orchid T. peruvianus. Overall,
we found observed heterozygosity only slightly lower
than expected within populations, whereas the inbreed-
ing coefficient was significant in both populations. Never-
theless, a high value of N, and absence of a bottleneck
signature suggest that the increased anthropogenic pres-
sure that is causing the depletion of the T. peruvianus
habitat (Roque & Leo6n, 2006) has not yet compromised
genetic diversity in the investigated populations.

The microsatellite markers isolated and applied in
this study have been found to lead to 68.3% of cross-
amplification in related species and genera, comparable
with the mean value reported for monocot species (60%,
Barbara et al., 2007) (Table S2). This is a highly remark-
able result considering that the genus Telipogon encom-
passes many localized and highly endangered species
(Nauray & Galan, 2008; Roque & Leon, 2006), and may
also reveal the rapid diversification within the Telipogon
alliance, as already observed in molecular phylogenetic
studies (Neubig et al., 2012; Pridgeon et al., 2009; Wil-
liams et al., 2005).

The two investigated populations are characterized by
a moderate heterozygosity deficiency that can be inter-
preted as an indication of a slightly reduced genetic vari-
ability and can be generated by stochastic processes such
as genetic drift. The small population size typical of
T. peruvianus (Martel & Nauray, 2013), which occurs in
few isolated populations, might increase the likelihood of
allele loss, thus accounting for the observed levels of het-
erozygosity. This could be eventually speeded up by the
fact that in both investigated populations only a small
proportion of flowers are pollinated. Low fruit set and
higher fruiting failure in deceptive species compared to
nectar-rewarding species have been already observed in
orchids (Neiland & Wilcock, 1998; Tremblay, Ackerman,
Zimmerman, & Calvo, 2005) and were recorded in one
patch of T. peruvianus (Martel et al., 2016). Nevertheless,

it should be noted that the observed levels of heterozygos-
ity may be more locus specific rather than
population specific. For instance, in the Trucha
population, only three out of 10 microsatellite loci
showed a significant reduction in observed heterozygos-
ity, with one locus being in homozygosis (Table 2).
Indeed, in Trucha, the expected and observed heterozy-
gosity per population calculated from the remaining
seven loci were 0.459 and 0.410, respectively. A possible
occurrence of null alleles at these three loci could explain
the observed heterozygotes’ deficiencies. However, this is
not supported by our Microchecker analysis, which
showed no evidence for scoring error due to “stuttering”
or “large allele dropout”. Alternatively, these loci may
locate in low recombinant regions of chromosomes
and/or the effects of selection acting on linked sites may
have led to a reduction in their microsatellite variation
(Schiotterer, Vogl, & Tautz, 1997). Further analyses of
the genomic regions that surround these three microsat-
ellite loci are needed to determine whether background
selection for deleterious genes or adaptive fixation is the
cause of their low levels of observed heterozygosity
(Begun & Aquadro, 1991; Charlesworth, Morgan, &
Charlesworth, 1993).

Tropical orchids are well known for their small and
naturally fragmented populations, especially in epiphyte
species (Gentry & Dodson, 1987; Tremblay &
Ackerman, 2001). These small and scattered populations
play an important role in orchid diversification, because
low levels of gene exchange coupled to genetic drift
would explain the high levels of species diversity
observed in the Neotropical region (Gentry &
Dodson, 1987; Givnish et al., 2015; Tremblay et al., 2005).
However, in our study, we found no evidence for varia-
tion in the genetic parameters caused by a finite number
of parents. Also, although our analysis cannot rule out
the occurrence of ancient bottlenecks, our results reveal
that neither of the investigated populations suffered from
recent genetic bottlenecks. In addition, the estimated
effective population size (INe) was roughly comparable to
the total number of flowering individuals. These results
may suggest that the two investigated populations of this
species did not undergo (yet) a dramatic fluctuation in
size. The absence of detectable demographic fluctuation
in a population (i.e., the absence of recent bottlenecks),
may indeed allow keeping of the predicted allelic diver-
sity, hence leading to Ne estimates close to the observed
populations size. Large Ne buffers the extent to which
random genetic drift changes allele frequencies, increases
inbreeding and decreases genetic diversity. The preserva-
tion of a relatively large Ne can be partly explained by
the peculiarity of a deceptive pollination strategy that
maximizes the number of reproductive individuals even
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in the presence of strong pollination limitation and low
reproductive success (Cozzolino & Widmer, 2005; Thakur,
Rathore, Sharma, & Chawla, 2018). Accordingly, Martel
et al. (2016) found that 56% of the plants in one patch in
Haccheria presented at least one pollinated flower (rarely
two). The low pollination success typical of sexually decep-
tive species can be further compensated for because
T. peruvianus flowers are long lived (around 33 days) and
a plant can hold open flowers for up to 3 months (Martel
et al., 2016; Martel & Nauray, 2013), which increases the
probability of plants being visited by pollinators.

Overall, within the limitation of our approach, we
found very low levels of nuclear genetic differentiation
(Fsr = 0.055 and Dgr = 0.052) and a number (around
one) of estimated migrants per generation between
Trucha and Haccheria (Figure 1B; see also PCoA in
Figure 2) that is low but still relevant if compared to
effective population size. As a cautionary note, the esti-
mation of the latter may have been potentially inflated by
the application of the maize microsatellite mutation rate
and by the unbalanced distribution of observed heterozy-
gosity among the 10 microsatellite loci.

Gene flow among populations can be due to pollen
transfer mediated by pollinators or by seed dispersal by
wind. The finding of high genetic connectivity between
T. peruvianus populations can be explained by their prox-
imity and by the observation that this species has sexually
deceptive pollination, a strategy that has been found to
promote outcross, leading to low among-population differ-
entiation (see meta-analysis in Scopece et al., 2009). How-
ever, considering the close proximity (approximately
1 km) of the two investigated populations, the finding of a
significant, although low, inbreeding coefficient, suggests
that, in T. peruvianus, mating is mostly occurring within
the investigated populations. Indeed, male pollinators,
such as those pollinating T. peruvianus, prefer patrolling at
a short range, potentially leading to strong variation in
pollination success even between close patches, as demon-
strated by the fact that even within the Haccheria popula-
tion at least two patches (only distant by 400 m) with
dramatically different levels of pollination success (56%
versus 4%; Martel et al., 2016) were recorded. The striking
difference in pollination success between near patches can
be explained by the scarcity of male tachinid flies patrol-
ling in one patch due to the presence of fewer nectar-
rewarding plants (Martel et al, 2016) or to pollinator
behavior of avoiding crossing small unconnected forest
patches (e.g., small meadows associated with streams and
roads, surrounded by secondary forest; Martel pers. obs.).
Other studies considering epiphytic orchids as a
metapopulation found that population substructure can
occur even at the level of individual trees (Trapnell, Ham-
rick, & Nason, 2004). At this level, short-distance gene
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flow can occur and translate into a greater chance of
inbreeding depression by mating among relatives
(Murren, 2003). A low pollination success eventually asso-
ciated with local assortative mating can rapidly increase
genetic divergence among recently isolated populations by
favoring the effect of drift and fixation of alternative alleles
(Ellstrand & Elam, 1993). Thus, the effects of habitat dis-
turbance on the foraging behavior of the specific
T. peruvianus pollinator can potentially generate small-
scale partitioning of the pollen movements and can further
favor the genetic fragmentation of this rare species in a
changing environment.

5 | CONCLUSIONS

Our data show that the two investigated populations of
T. peruvianus are only undergoing a moderate reduction
of genetic diversity. However, a significant inbreeding
coefficient may represent the first clue for a progressive
depletion of genetic parameters. These findings coupled
with the observation that this species occurs in small and
isolated populations suggest that an increasing of anthro-
pogenic pressure may further expose T. peruvianus to a
potential risk of extinction by reducing interpopulation
connectivity mediated by pollinators. Therefore, immedi-
ate conservation strategies are needed in order to pre-
serve this very rare and highly specialized species and its
exclusive pollinator, including its foraging behavior.

The polymorphic genetic markers developed in this
study, which are applicable also in other Telipogon spe-
cies, may represent a very useful tool for estimating levels
of genetic diversity in one of the biggest clades of the
large Oncidinae subtribe that encompasses many poten-
tially endangered tropical epiphytic species, which, like
T. peruvianus, have small and naturally fragmented
populations.
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