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Different patterns of colonization of Oxalis alpina in the Sky
Islands of the Sonoran desert via pollen and seed flow
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Abstract
Historical factors such as climatic oscillations during the Pleistocene epoch have dramatically impacted species distributions. Studies of the patterns of genetic structure
in angiosperm species using molecular markers with different modes of inheritance
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contribute to a better understanding of potential differences in colonization and pat-
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the evolution of reproductive systems in plants. Oxalis alpina is a tetraploid, herba-
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terns of gene flow via pollen and seeds. These markers may also provide insights into
ceous species inhabiting the Sky Island region of the southwestern United States and
northern Mexico. Our main objective in this study was to analyze the influence of
climatic oscillations on the genetic structure of O. alpina and the impact of these oscillations on the evolutionary transition from tristylous to distylous reproductive systems. We used microsatellite markers and compared our results to a previous study
using chloroplast genetic markers. The phylogeographic structure inferred by both
markers was different, suggesting that intrinsic characteristics including the pollination system and seed dispersal have influenced patterns of gene flow. Microsatellites
exhibited low genetic structure, showed no significant association between geographic and genetic distances, and all individual genotypes were assigned to two
main groups. In contrast, chloroplast markers exhibited a strong association between
geographic and genetic distance, had higher levels of genetic differentiation, and
were assigned to five groups. Both types of DNA markers showed evidence of a
northward expansion as a consequence of climate warming occurring in the last
10,000 years. The data from both types of markers support the hypothesis for several independent transitions from tristyly to distyly.
KEYWORDS

distyly, genetic structure, microsatellites, phylogeography, polyploid, tristyly

1 | I NTRO D U C TI O N

and traits that are targets of natural selection (Hewitt, 2000, 2004;

Climatic oscillations have dramatically impacted population size and

cluding climatic oscillations may have also influenced the evolution

distribution of species and thus the patterns of genetic diversity

of plant reproductive systems. Analyzing the historical landscape

Masta, 2000; Pérez-Alquicira et al., 2010). Historical changes in-
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Molina-Freaner, 2006; Silva-Montellano & Eguiarte, 2002). Several
studies have also detected similar latitudinal gradients and western
colonization during the Holocene Epoch in species inhabiting Europe
(Conord et al., 2012).
In order to have a general overview of the evolutionary history
of population structure, molecular markers with both cytoplasmic
and nuclear inheritance should be used. Because of the differences
in the inheritance of nuclear and cytoplasmic genes (chloroplast
and mitochondria), the patterns of genetic structure are frequently
dissimilar. On one hand, the dispersion of nuclear genes occurs via
pollen and seeds, while the cytoplasmic genes are maternally inherited in most angiosperms, and thus, dispersal of cytoplasmic genes
depends exclusively on seed movement (Ennos, 1994; Sears, 1980).
F I G U R E 1 Oxalis alpina (Rose) Knuth growing in the Chiricahua
Mts., southeastern Arizona

Gene flow through seeds is usually more restricted in comparison
with pollen flow, and population structure should be compared using
plastid and nuclear loci that are expected to differ in the magnitude

changes combined with information derived from genealogies can

of gene flow. In this study, we performed a comparison of genetic

contribute to a better understanding the evolutionary history of a

structure through cpDNA (results previously published in Pérez-

reproductive systems of plants. Recent studies have investigated the

Alquicira et al., 2010) and nuclear microsatellite markers of alpine

influence of historical processes such as vicariance events related to

wood sorrel, Oxalis alpina (Figure 1).

climatic changes on the evolutionary dynamics of the plant breeding

Oxalis alpina (Rose) Knuth (section Ionoxalis, Oxalidaceae) is a het-

systems (Dorken & Barrett, 2004; Hodgins & Barrett, 2007; Pérez-

erostylous, tetraploid, perennial herb inhabiting evergreen Madrean

Alquicira et al., 2010; Zhou, Barrett, Wang, & Li, 2012). Furthermore,

woodlands in the Sky Island region (Weller, Dominguez, Molina-

selective pressures associated with the immobility of plants and

Freaner, Fornoni, & LeBuhn, 2007). Heterostyly is a floral polymor-

their reliance on pollen vectors have played an important role in the

phism where two (distyly) or three (tristyly) floral morphs occur in

expression of breeding system variability (Barrett, 2013).

populations. Tristyly includes short-, mid-, and long-styled morphs;

Regions with climatic oscillations that have impacted distribution

the mid-styled morph is absent in the distylous populations. Distyly

of organisms represent natural laboratories for investigation of how

is the derived breeding system in Oxalis (Gardner, Vaio, Guerra, &

historical processes such as bottlenecks, isolation, genetic drift, and

Emshwiller, 2012; Weller & Denton, 1976; Weller et al., 2007). Each

natural selection have produced complex configurations of popu-

floral morph is characterized and named by the position of the

lation structure and influenced the evolution of reproductive sys-

stigma relative to the two levels of stamens (Figure 2). Typically,

tems (Boyd, 2002; Masta, 2000; Sosenski, Fornoni, Molina-Freaner,

heterostylous incompatibility systems prevent self-fertilization and

Weller, & Dominguez, 2010). An area that has experienced drastic

fertilization between stigmas and anthers that are located at differ-

changes in the configuration of the ecosystem is the current desert

ent heights (illegitimate crosses, those crosses that do not produce

of northwestern Mexico and southwestern USA. During the last gla-

seeds, sensu Darwin, 1877) (Barrett, 1992). For example, legitimate

cial maximum (18,000 years ago), the Sonoran and Arizona deserts

crosses occur between the short stigma and pollen from the short

experienced an average decrease in temperature of 6°C and increase

stamens of the long-and midstyled morphs. Legitimate crosses

in humidity (Metcalfe, 2006), fostering an extensive expansion of

of the long-styled morph occur when pollen comes from the long

woodland vegetation. During the last 10,000 years, the climate in

stamens of the short-and midstyled morphs, and the midstigma

these areas became warmer and drier, producing a northward and

produce seeds after receiving pollen from the mid stamens of the

upward range shift of cool-temperate species. Currently, these spe-

short- and long-styled morphs (Figure 2; Barrett, 1992).

cies are restricted to the tops of the isolated mountains surrounded

Oxalis alpina exhibits remarkable variation in the reproductive

by lower elevation desert, known as the Sky Islands of the Sonoran

system when viewed in the historical and geographic context of the

Desert, which serve as habitat for cool-temperate species. On these

Sky Island region. First, tristyly occurs mainly in southern ranges

isolated peaks, founder events associated with the colonization of

while the derived distylous reproductive system occurs in the north-

new areas or bottlenecks of populations that have decreased in size

ern ranges. Great variation in the frequency of the floral morphs

following the warming should produce an impoverishment of genetic

has been observed among tristylous populations in the Sky Islands

variation. The genetic evidence provided by phylogeographic stud-

(Weller et al., 2007). Second, the incompatibility system includes

ies in the Sky Island region is limited (Pérez-Alquicira et al., 2010),

different degrees of modification, with remarkable modifications in

although a latitudinal gradient of genetic diversity as a consequence

the northern ranges of the distribution. Weller et al. (2007) found

of northward migrations during Holocene period has been evident

a negative relationship between the extent of incompatibility mod-

in species inhabiting the northern Mexican deserts (Clark-
Tapia

ification in the short-and long-styled morphs and the frequency

& Molina-
Freaner, 2003; Cuevas, Arias, Dominiguez, Castillo, &

of the midstyled morph, suggesting that the modifications of the

|
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have influenced the tristyly–distyly transition (Pérez-Alquicira et al.,
2010). We previously demonstrated that northern populations exhibited the lowest levels of genetic diversity suggesting this area
was recently colonized by O. alpina. Thus, genetic drift associated
with founder events in northern ranges might have influenced the
loss of midmorph in populations that already have low frequencies of the midstyled morph (Pérez-Alquicira et al., 2010). Studying
the evolutionary transitions of the breeding system of O. alpina in
the historical and geographic context of the Sky Islands provides
a unique opportunity to capture the evolutionary steps in the tristyly–distyly transition. In this study, we (1) analyze the influence of
F I G U R E 2 Reproductive system of Oxalis alpina including three
floral morph and their possible genotypes. The genetic system
controlling tristyly (remove coma), consists of two linked loci, each
with two alleles. The S locus is epistatic over M. The presence
of the dominant S allele results in the expression of short-styled
morph, while the dominant M allele produces the expression
of midstyled morph, and when both loci are homozygous, the
long-styled phenotype is expressed. The dotted lines indicate the
legitimate crosses, those leading to substantial seed production

incompatibility system have influenced the loss of midstyled morph
in distylous populations (Weber et al., 2013). As the mid-styledmorph becomes less frequent, floral morphology of the remaining
short-and long-styled morphs more closely resembles the morphological patterns of distylous populations (Sosenski et al., 2010).

climatic oscillations on the genetic structure of O. alpina using microsatellite markers and propose phylogeographic scenarios to aid in
understanding of the evolutionary processes behind the variation in
the reproductive system of O. alpina and (2) compare the phylogeographic patterns inferred from the microsatellite data with previous
findings from cpDNA data to reconstruct the historical scenarios
that better explain the current patterns of genetic structure of O. alpina populations.

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study species
Oxalis alpina occurs from southwestern USA to Guatemala. Based
on molecular evidence, the North American Oxalis section Ionoxalis

Historical factors associated with range expansion and contrac-

species colonized this area in two events from ancestral south-

tion during climatic oscillations in the Pleistocene Period might also

ern South America species (Gardner et al., 2012). Furthermore,

TA B L E 1 Breeding system and
geographic coordinates for 17 populations
of Oxalis alpina from the Sky Island region

Population

Pop abbrev

Mid freq

Geog. coord. (latitude;
longitude)

Pinaleño (954)

Pinale

0

32.6459; −109.8508

D

Santa Rita (976)

Rita

0

31.7026; −110.8683

D

RS

Pinery Chiricahua (774)

Pinery

0

31.9328; −109.2718

D

Crest Trial Chiricahua (776)

Crest

0

31.894; −109.2819

D

Sierra Ancha (781)

Ancha

0

33.8404; −110.9556

D

Pinal (972)

Pinal

0

33.2996; −110.8415

D

Miller Canyon Huachuca
(702)

Huach

0.28

31.4158; −110.2779

T

Morse Canyon Chiricahua
(727)

Morse

0.25

31.8326; −109.3285

T

La Púrica (968)

Purica

0.30

30.5492; −109.7512

T

Animas (973)

Anima

0.29

31.5671; −108.7774

T

Mariquita (960)

Mariq

0.36

31.0537; −110.3834

T

Pinos Altos (971)

Altos

0.21

32.9223; −108.2126

T

Galiuro (978)

Galiur

0.20

32.5170; −110.2639

T

White (713)

White

0.26

33.6824; −109.4482

T

Buenos Aires (961)

B.aire

0.33

30.7285; −109.8343

T

Elenita (956)

Elenita

0.32

31.0461; −110.3827

T

Azul (966)

Azul

0.34

30.7412; −110.5732

T

D, distylous; RS, reproductive system; T, tristylous.
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based on the same study, the populations of O. alpina from cen-

based on the ratio of the allele peak areas from the microsatellite

tral Mexico and those in the Sky Islands are not monophyletic. In

electropherograms for each individual at every locus. We estimated

contrast, populations located in the Sky Island region are mono-

the average frequency of null alleles in 17 populations of O. alpina

phyletic based on morphology, ploidy levels (Weller & Denton,

based on De Silva method (De Silva, Hall, Rikkerink, McNeilage, &

1976), and their genetic relatedness (Pérez-A lquicira et al., 2010).

Fraser, 2005) implemented in POLYSAT (Clark & Jasieniuk, 2011).

Pollinators are solitary bees (Heterosarus bakeri and H. neomexi-

We found average null allele frequencies of 0.16, 0.02, 0.001, 0.02,

canus; Andrenidae) (Baena-D íaz et al., 2012; Weller, 1981) and

0.13, 0.10, 0.09, and 0.02 for loci Oxa17, 25, 41, 43, 63, 81, 84, and

sporadic visitors including other bees and various species of

88, respectively. The average population selfing rate of 0.2, as esti-

Diptera (Baena-D íaz et al., 2012). Fruits are small capsules that

mated in our previous study (Weber et al., 2013), was used when cal-

explode when they are mature and release seeds in proximity to

culating the null allele frequencies. Given that null allele frequencies

the plant, suggesting restricted seed dispersal.

did not exceed 0.2 with an overall multilocus average of 0.07, all loci
were included in the data analysis (Oddou-Muratorio, Vendramin,

2.2 | Sampling
We collected bulbs from populations of O. alpina at the Sky Island
region from 2001 to 2004. Bulbs were grown in a soil-less mix at the
University of California Irvine greenhouse. Foliar tissue (two leaves)
was collected from 10–68 individuals per population (Table 1). Bulbs

Buiteveld, & Fady, 2009).

2.4 | Data analyses
2.4.1 | Genetic diversity

were collected at distances of >1 m to minimize sampling of the same

We used GenoDive (Meirmans & Van Tienderen, 2004) to estimate

genotype. The tissue was preserved in silica gel until the DNA was

clonal diversity for each population, and only genets were included

extracted. We sampled a total of 17 populations for microsatellite

in the subsequent analyses. Spatial Pattern Analysis of Genetic

markers (Table 1).

Diversity (SPAGeDi) version 1.3a (Hardy & Vekemans, 2002), which
allows use of codominant polyploid data, was used to calculate ge-

2.3 | DNA extractions, amplifications, and
microsatellite genotyping
Genomic DNA was isolated from 100 mg of leaf tissue following

netic diversity parameters, including observed heterozygosity (HO),
Nei’s gene diversity corrected for sample size (expected heterozygosity; HE), number of alleles per locus (NA), and effective number
of alleles per locus (NAe). SPAGeDi assumes polysomic inheritance,

Doyle and Doyle CTAB procedure (1987) and also using the DNeasy

which is expected for low-order autopolyploids such as Oxalis al-

Qiagen Kit. The DNA was dissolved in 50 μl of DNase/RNase-

pina. Average allelic richness (AR) was calculated for each popula-

free distilled water (Invitrogen) and quantified using a fluorometer

tion using the rarefaction method implemented in Allelic Diversity

(Hoefer Biofarmacia Dynaquant 200). A total of 617 samples were

Analyzer (ADZE) while limiting sample size to 20 (Szpiech, Jakobsson,

used for the microsatellite analyses. Eight polymorphic microsatel-

& Rosenberg, 2008). We evaluated the relationship of geographic

lite loci (Oxa17, 25, 41, 43, 62, 81, 84, and 88) described in Tsyusko

factors (latitude and longitude) with measures of genetic diversity.

et al. (2007) were selected for the analyses. The PCR reactions were

We performed a covariance analysis including the latitude, longi-

performed as described in Weber et al. (2013) in a total of 12.5 μl

tude, and the interaction of both variables; the response variables

volume (11.5 μl + 1 μl of DNA): 1× PCR buffer, 25.0 μg/ml BSA,

included levels of diversity through microsatellites markers (HE, HO,

0.24 μmol/L of each (forward and reverse) primer (10 μm), 2 mmol/L

NA , NAe) and cpDNA (haplotype diversity). The analyses were carried

(for Oxa17, 62, 81, and 84) or 3 mmol/L (for Oxa25, 41, and 43)

out using the program JMP (version 9.0; SAS Institute Inc., 2005).

MgCl2, 0.15 mmol/L dNTPs, 0.5 U JumpStart Taq DNA Polymerase
(Sigma), and 5–50 ng DNA template. An Applied Biosystems thermal cycler (GeneAmp PCR System 9700) and ABI PRISM 3130xl

2.4.2 | Genetic structure

sequencer, respectively, were used for amplifications and to run mi-

The levels of genetic differentiation among populations measured

crosatellite PCR reactions combined with an internal size standard

using the parameters FST and RST were estimated using SpaGeDi

Naurox (DeWoody et al., 2004). For Naurox we used fluorescently

software version 1.3a (Hardy & Vekemans, 2002). We also obtained

labeled with Rox size standard consisting of 13 fragments (up to

the FST values for distylous and tristylous populations and compared

424 bp long), which was prepared in-house following the protocol

our results with cpDNA data previously published (Pérez-Alquicira

described in DeWoody et al. (2004). The plasmid DNA from pUC-

et al., 2010). To test for phylogeographic pattern, we used the ap-

19 was used as a template for the Naurox. Genemapper version 4.0

proach proposed by Hardy, Charbonnel, Fréville, and Heuertz (2003),

(Applied Biosystems) was used to genotype all individuals across

which is based on the comparison of the observed RST (before rand-

eight microsatellite loci. Genotypic configurations (for each of the

omization) and an expected value (pRST ) calculated after 5,000 allele

four allele copies for tetraploids) were determined using the micros-

size permutations using SPAGeDi version 1.3a (Hardy & Vekemans,

atellite DNA allele counting-peak ratios (MAC-PR) method (Esselink,

2002). This test can be interpreted as testing whether FST = RST.

Nybom, & Vosman, 2004). The allele dosage in this method is inferred

If RST is significantly larger than pRST, a stepwise mutation model

|
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is the most likely explanation for genetic differentiation (Hardy &

Therefore, longer edges indicate lower genetic covariance be-

Vekemans, 2002) and a phylogeographic pattern is suggested. If

tween populations. Populations that are not connected indicate

the difference between RST and pRST is not significant, this suggests

the absence of migration, and the presence of subgraphs (a smaller

that allele size is not as important because mutations do not follow

network within a large network) indicates that a population or

a stepwise mutation model, the absence of phylogeographic pattern

group of populations maintain a weak or null genetic connection

can be inferred, and FST should be used instead of RST.

(Dyer, 2007; Dyer & Nason, 2004; Dyer, Nason, & Garrick, 2010).

To determine how many distinct population clusters were

In addition, we tested for a correlation between the matrices of

supported by the data, we used the software STRUCTURE 2.3.4

genetic distances (Nei, 1972) and the midmorph frequencies using

(Pritchard, Stephens, & Donnelly, 2000). This program uses a

a Mantel test (ADE4 package Dray & Dufour, 2007, in R). The lat-

Bayesian method to determine the probability for each individual

ter test was conducted to determine whether populations with a

to be assigned to a particular cluster regardless of its geographic

reduced or zero (distylous population) frequency of the mid morph

location. We ran the analyses using the admixture model and cor-

are genetically more similar. A significant correlation would sug-

related frequencies with a burn-in and run length of 250,000 and

gest that distyly evolved from the same tristylous ancestors. The

1,000,000, respectively, k = 1 to 10 (k indicates the number of ge-

mid morph frequency matrix was constructed using the program

netic clusters), and 10 iterations for each k. Further analyses of the

Phylip version 3.695 (Felsenstein, 1989).

substructure within each main genetic cluster were analyzed using
the same parameters as for the entire data set (burn-in and run
length of 250,000 and 1,000,000, respectively, k = 1 to 10, and 10
iterations for each k).

2.4.3 | Comparison of genetic structure between
cpDNA and microsatellite markers

We did not include the population origin as a “prior” for the anal-

Because one of our objectives was to compare patterns of genetic

yses. The results were imported into Structure Harvester (Earl &

diversity using nuclear and chloroplast markers, we performed re-

vonHoldt, 2012), which allows the assessment and visualization of

gression analyses between haplotype diversity from cpDNA (chloro-

the likelihoods for each k value and detects the number of genetic

plast DNA) (Pérez-Alquicira et al., 2010) and the genetic parameters

clusters that best fit the data, based on Delta K (Evanno, Regnaut, &

calculated from microsatellites markers for 17 populations. We fur-

Goudet, 2005).

ther carried out a Mantel test to examine the correlation between

We further carried out a principal coordinate analysis (PCoA)

the FST genetic matrices obtained from microsatellites and cpDNA

using the Bruvo distances for visualizing the genetic structure and

sequences. We used the FST parameter to have a measure compara-

relationships among samples through the R program POLYSAT

ble to previously published cpDNA sequences (Pérez-Alquicira et al.,

(Clark & Jasieniuk, 2011). A neighbor-joining (NJ) phenogram was

2010).

constructed based on Nei’s genetic distances to visualize the

We also estimated the pollen-seed migration ratio (r = mp/ms,

genetic relationship among populations. We obtained the allelic

where mp and ms are migration values for pollen and seeds, respec-

frequencies through the program POLYSAT (Clark & Jasieniuk,

tively) based on equations from Ennos (1994) and further modified

2011) and then generated 1,000 replicates by a bootstrap resa-

by Petit et al. (2005):

mpling method using the seqboot program included in the Phylip
package version 3.695 (Felsenstein, 1989). Nei’s genetic distances (1972) were estimated through Gendist (Phylip package

r=

[(

distance was evaluated with the Mantel test (Mantel, 1967) using
the package ADE4 (Dray & Dufour, 2007) in RStudio (RStudio
Team, 2015). A geographic distance matrix was obtained using
the program Geographical Distance Matrix Generator version
1.2.3 (Ersts,Query 11. Insert 2017, Internet) and Nei’s genetic
distances (1972). We constructed a population graph network described by Dyer and Nason (2004) using the popgraph package
(Dyer, 2014) in R 2.15.3 (R Development Core Team 2013). The

)(
(
)]
)
− 1 1 + FIS − 2 G 1 − 1
STm
(
)
1
−
1
G
STm

version 3.695), and then, the NJ phenogram was constructed by
the Neighbor package (Phylip package version 3.695). Isolation by

1
GSTb

G ST corresponds to the genetic differentiation statistic; the
subindices b and m correspond to biparental and maternal inheritance markers, respectively, and FIS corresponds to the heterozygote deficit estimated with nuclear codominant markers. Both G ST
and FIS were estimated using the SpaGeDi software version 1.3a
(Hardy & Vekemans, 2002). Overall, larger values for r indicate
that gene flow by pollen is quantitatively more important than
gene flow via seeds.

popgraph program uses a graphical theoretical approach without
a priori assumptions about population structure. The method is

3 | R E S U LT S

based on the genetic covariance structure among populations analyzed simultaneously (Dyer & Nason, 2004). Populations that exhibit significant genetic matrix correlation will be connected in the
network by edges (lines), and the length of the edges is inversely
proportional to the genetic covariance between the populations.

3.1 | Genetic variation
Testing for clonal structure revealed the presence of 17 clones
distributed in eight populations with the number of plants per

5666
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TA B L E 2 Genetic and clonal diversity characteristics, and bayesian assignment (clusters I and II) based on microsatellite genetic markers
for 17 populations of Oxalis alpina from the Sky Island region
Population

Ng/Nr

N

Ho

HE

NA

NAe

AR

AR (ss20)

Cluster

Pinaleño (954)

31

1.00

0.58

0.57

5.00

2.41

4.02

2.90

II

Santa Rita (976)

31

0.73

0.72

0.69

4.63

3.59

4.05

3.34

I

Pinery Chiricahua
(774)

46

0.96

0.66

0.65

5.88

3.05

4.51

3.30

I

Crest Trial Chiricahua
(776)

44

1.00

0.64

0.65

5.75

3.06

4.69

3.43

I

7

0.78

0.54

0.54

3.00

2.52

2.95

2.46

II

Sierra Ancha (781)
Pinal (972)

21

1.00

0.59

0.56

4.50

2.47

3.59

2.79

II

Miller Canyon
Huachuca (702)

14

0.93

0.67

0.65

5.00

2.96

4.32

3.18

II

Morse Canyon
Chiricahua (727)

67

1.00

0.55

0.58

5.50

2.50

3.99

2.95

I

La Púrica (968)

46

1.00

0.67

0.62

4.25

2.69

3.53

2.88

II

Animas (973)

36

1.00

0.62

0.62

5.50

2.75

4.25

3.10

II

Mariquita (960)

66

1.00

0.58

0.64

6.38

2.92

4.31

3.21

I

Pinos Altos (971)

67

0.99

0.66

0.65

6.38

3.04

4.37

3.89

I

Galiuro (978)

23

1.00

0.67

0.64

4.50

2.91

3.94

3.05

II

White (713)

10

1.00

0.55

0.52

3.13

2.32

3.10

2.59

II

Buenos Aires (961)

26

0.76

0.62

0.61

3.75

2.64

3.49

2.89

II

Elenita (956)

20

0.87

0.61

0.57

3.75

2.49

3.23

2.59

II

Azul (966)

33

0.97

0.68

0.67

5.63

3.27

4.49

3.31

II

588

0.94

0.62

0.61

4.85

2.79

3.93

3.05

Total/average

AR, allelic richness; Ho, observed heterozygosity; HE, expected heterozygosity; N, sample size; NA , allele number; NAe, effective allele number; Ng/Nr,
correspond to the ratio of number of genets and ramets; ss, set sample size for the rarefaction method.

clone varying from 2 to 5. For further analyses, we included only

population, while Pinos Altos and Mariquita exhibited the highest

genets (one genotype per clone), and therefore, a total of 29 sam-

level of diversity for the NA estimator (Table 2). Based on allelic

ples were removed from the analyses. The ratio of the number of

richness estimates, when the sample size was standardized to 20

genets to the number of ramets was from 0.73 to 0.99 (Table 2).

for all populations (excluding three populations with sizes below

Two distylous (Santa Rita and Sierra Ancha) and one tristylous

20), the lowest allelic richness was found for the southern Elenita

(Buenos Aires) populations had the highest number of clones (ex-

population and the northern Pinal population while Pinos Altos

ceeding 20%). Average genetic diversity estimates based on eight

had the highest value. Covariance analyses showed a negative

microsatellite loci for genets from 17 populations of O. alpina were

and marginally significant (p = .051) relationship of latitude with

H O = 0.62, H E = 0.61, NA = 4.85, and NAe = 2.79. The total number

the levels of genetic diversity estimated by H E , based on micros-

of alleles per locus varied from 8 to 25 with an average of 15 alleles.

atellites markers (Table 3). For cpDNA sequences, latitude had a

Average allelic richness per population was 3.03 and 3.05 when

significant effect (p = .03) on haplotype diversity. For both genetic

taking into account biases for low sample size. In general, the low-

markers, longitude and the interaction of latitude and longitude

est levels of diversity were found in the two most northern ranges,

did not show any significant effect (Table 3). The remaining pa-

and the Sierra Ancha and White populations, however, both popu-

rameters of genetic diversity for microsatellites did not show any

lations have the lowest samples size (n = 10 and 9, respectively).

significant association with latitude and longitude.

After the Sierra Ancha and White populations, the northern Pinal
population exhibited the lowest levels of diversity for H E , while
for the parameter NAe, the lowest level of diversity was found in
the northern Pinaleño population; the lowest values for NA were

3.2 | Genetic structure and genetic relationship
among populations

found in Elenita and Buenos Aires, and for H O, the lowest value

We found FST = 0.27 and RST = 0.47 for 17 populations of O. alpina.

was found in Morse Canyon Chiricahua population. In contrast,

The genetic structure for distylous and tristylous populations was

the highest levels of genetic diversity for the Ho, H E parameter,

similar (FST = 0.27 and 0.28, respectively). The RST parameter was

and NAE parameters were found in the southwestern Santa Rita

marginally significantly higher than the pRST (0.28) (p = .053). The
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population from the eastern region (Animas) (Figures 3a and 4a). The

the most informative representation of the genetic structure of O. al-

PCoA analysis reflects also the presence of two main clusters, sup-

pina corresponded to two groups (Figure 3a). The population sam-

porting the Bayesian assignment result (Figure 3b). Principal compo-

ples were assigned unequivocally to either group, as the confidence

nents 1 and 2 were used to construct the PCoA plot because they

intervals for the maximum probability of membership in a group did

represent most of the total variation in the genetic data (55% and

not overlap in any case. One of the groups (hereafter termed clus-

6%, respectively). The FST values for clusters I and II were similar,

ter I) included populations located in the northeastern (Pinos Altos),

0.09 and 0.10, respectively, and for the parameter RST, the values

southeastern (all three Chiricahua populations), and southwestern

were 0.09 and 0.059, respectively.

(Santa Rita and Mariquita) quadrants of our study area. The larger

We also examined the genetic structure within each clus-

group, cluster II, was composed of populations occurring throughout

ter (Figure 4). Four groups were present in cluster I (Figure 4b).

the entire area, with a higher incidence of populations in the south-

Approximately 35% of the samples could not be assigned to any

western area (Miller Canyon Huachuca, Elenita, Azul, Buenos Aires

group, which indicates the mixed genetic nature of a large number

and La Purica populations) and populations from the northwestern

of individuals, while 26%, 17%, 8%, and 13% of the samples were as-

area (Sierra Ancha, Pinal, Pinaleño, Galiuro, and White); and only one

signed to clusters Ia, Ib, Ic, and Id, respectively (Figure 4). Cluster Ia
included mainly samples from the east area of the Sky Islands including the three Chiricahua populations and Pinos Altos, the Ib cluster

TA B L E 3 ANCOVA of the effects of latitude and longitude on
the patterns of genetic diversity (a) based on DNA chloroplast
sequences (Pérez-Alquicira et al., 2010) and (b) based on
microsatellites markers
Source of
variation

was composed of samples from Morse Canyon (Chiricahua Mts.) and
Mariquita, and the Ic cluster included only samples from the western Santa Rita population, and Id cluster was composed mainly of
samples from Pinos Altos (Figure 4b). For cluster II, the maximum

df

SS

F

p

Bayesian probability indicated the presence of eight groups; approximately 37% of the samples could not be assigned to any group, and

(a) Haplotype diversity
*

Latitude

1

0.313

5.37

.034

Longitude

1

0.131

2.24

.150

Lat × Long

1

0.095

1.64

.220

16

0.932

Error

to clusters IIa, IIb, IIc, IId, IIe, IIf, IIg, and IIh, respectively (Figure 4c).
The IIa cluster included individuals only from Buenos Aires, cluster
IIb, IIc, IIf were composed of samples along the northwestern and
southwestern areas of the Sky Islands, and cluster IId included sam-

(b) Expected heterozygosity
Latitude

1

0.007

4.59

.051

Longitude

1

0.000

0.01

.990

Lat × Long

1

0.001

1.11

.309

13

0.022

Error

6%, 11%, 9%, 6%, 4%, 9%, 7%, and 10% of the samples corresponded

Only parameters resulting in a marginal or significant effect are shown.
*Significance (p < .05).

ples mainly located in the southern ranges of the Sky Islands, while
clusters IIe, IIg, and IIh were restricted to Pinal, Animas, and Purica,
respectively (Figure 4).
The neighbor-
joining phenogram recovered the Chiricahua
cluster and the other three populations from cluster I with bootstrap values above 50. The remained clades were supported by
very low bootstrap values (Figure 5). The Mantel test of the

F I G U R E 3 (a) STRUCTURE plot for the assignment of the samples from 17 populations of Oxalis alpina based on their multilocus
microsatellite genotypes. (b) Principal coordinate analysis using Bruvo distances for first and second axes for 17 populations of O. alpina from
the Sky Island region
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F I G U R E 4 (a) Geographic distribution of the clusters generated by the Bayesian assignment implemented in the software STRUCTURE
for 17 populations of Oxalis alpina from the Sky Island region. The pie graphs with white horizontal bars correspond to cluster I (groups Ia, Ib,
Ic, and Id), while pie graphs without white bars correspond to the cluster II (IIa, IIb, IIc, and IId). Samples that were not assigned to any of the
clusters because of their overlapping confidence intervals for the assignment correspond to white areas (cluster I) and gray areas (cluster II).
(b) STRUCTURE plot for cluster I including six populations of O. alpina and (c) STRUCTURE plot for cluster II including eleven populations of
O. alpina

F I G U R E 5 Neighbor-joining
phenogram of 17 populations of Oxalis
alpina from the Sky Island region based
on Nei’s genetic distances calculated
from multilocus microsatellite data. The
bootstrap support is labeled for each
branch

microsatellite data did not reveal any significant association be-

Cluster I included three distylous and three tristylous populations,

tween geographic and genetic distances (r = −.04, p = .61). The

and 13 edges were detected. Santa Rita exhibited the highest num-

popgraph software produced a population network with two sub-

ber of connections, and it was connected with all the populations

graphs. Each subgraph included the same populations as the two

within the cluster I. The distylous Pinery and Crest populations

clusters (I and II) detected by the Bayesian assignment (Figure 6).

were connected by gene flow with the tristylous Morse and Pinos
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value obtained for the pollen-seed migration ratio was r = 5.62; we
used GST = 0.73 for cpDNA, and GST = 0.26 and FIS = −0.0064 for microsatellite markers to calculate r.

4 | D I S CU S S I O N
For most angiosperms, nuclear genes are inherited paternally via
pollen and maternally via seeds, while cytoplasmic genes found in
the chloroplast and mitochondria are maternally inherited (Petit,
Kremer, & Wagner, 1993). Complex configurations of gene flow and
differences in the distribution of genetic variability within and among
populations are expected through nuclear and chloroplast markers
(Petit et al., 2005). Evidence from several species of angiosperms
and gymnosperms support this prediction (Petit et al., 2005). Our
main results demonstrate that for O. alpina populations from the Sky
Island region, there are differences in the patterns of genetic structure inferred from nuclear microsatellite versus cpDNA markers. Our
F I G U R E 6 Population graph for 17 populations of Oxalis alpina
based on nuclear microsatellites. The size of the nodes (spheres)
represents the genetic variation within populations and edges
(lines) connect directly two populations showing significant genetic
covariance. The gray nodes correspond to distylous populations
and black to tristylous populations

previous phylogeographic studies of O. alpina (Pérez-Alquicira et al.,
2010) using cpDNA markers showed strongly reduced genetic diversity in the most northern ranges of the Sky Islands. The present
study partially supports this trend because we detected the lowest
levels of diversity in four northern and two southern populations.
The ANCOVA analysis of microsatellite data showed a marginally
significant effect of latitude on the HE parameter, suggesting that

Altos. The tristylous Mariquita population was the only population

northern migrations have left a weaker signature on the patterns of

directly connected to the larger subgraph (cluster II) through the

diversity on the nuclear genome, in contrast to the chloroplast ge-

tristylous White population (Figure 6). The larger subgraph (cluster

nome. This pattern is probably the consequence of the lower effec-

II) included three distylous and eight tristylous populations and 32

tive population size of cytoplasmic genes in comparison with nuclear

edges. Overall, the population network exhibited high genetic con-

genes (Birky, Fuerst, & Maruyama, 1989; Palumbi, Cipriano, & Hare,

nection among some distylous and tristylous populations where

2001).

each distylous population was connected to at least two tristy-

We found significant genetic structure for O. alpina in the Sky

lous ones. For example, within cluster II, the distylous population

Island region; the value for RST was higher than FST. According to

Sierra Ancha was connected to the tristylous White, Buenos Aires,

simulations performed by Slatkin (1995), unbiased and larger values

Galiuro, Huachuca, and Animas populations. Additionally, the di-

of RST are expected when coalescent time is longer and gene flow

stylous Pinal and Pinaleño were connected to other tristylous

is low. This result is partially in accordance with the marginally sig-

populations. Huachuca exhibited the highest number of connec-

nificant higher value of RST when compared to pRST (similar to FST ),

tions (8) while Azul included the lowest number of connections (3).

which suggests that the stepwise mutation model could be more

Finally, the correlation between pairwise genetic distances and the

suitable to explain the genetic differentiation among populations

frequency of the midmorph was not statistically significant (r = .03,

than gene flow. We should not interpret this result as evidence for

p = .18).

phylogeographical pattern (genetically similar alleles are closer geographically) because the result is only marginally significant. Oxalis

3.3 | Comparison of genetic structure between
cpDNA and microsatellites markers
Regression analyses did not show any relationship between the mi-

alpina harbors two main genetic lineages, cluster I and cluster II, suggesting a latitudinal pattern of genetic structure. The negative effect
of latitude on genetic diversity was detected from the covariance
analysis.

crosatellite diversity parameters and cpDNA haplotype diversity

Within each cluster, the genetic structure was weak and a large

(HO, R2 = −.06, F1,14 = 0.03, p = .85; HE, R2 = −.06, F1,14 = 0.10, p = .74;

number of samples were not assigned to any genetic group, suggest-

We also performed a Mantel test to compare the similarities of ge-

an east–west geographic component was revealed. For example,

netic distance matrices (based on FST ) calculated from microsatellite

cluster Ia and Id included populations located in the eastern region,

NA , R2 = −.06, F1,14 = 0.09, p = .75; NAE, R2 = −.07, F1,14 = 0.0, p = .92).

ing a recent admixture processes within each cluster. For cluster I,

and chloroplast sequence data. The correlation was not statistically

while the cluster Ic corresponded to the samples from the western

significant (microsatellites and chloroplast: r = −.04, p = .62). The

Santa Rita population, suggesting that this population has been
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isolated for a longer period of time. The genetic and geographic

expected for nuclear genes in comparison with cytoplasmic genes

patterns found for cluster I are also supported by the Pleistocene

(Birky et al., 1989; Petit et al., 1993, 2005), a pattern supported by

distribution (18,000 years ago) predicted by niche modeling (Pérez-

our results for O. alpina. The genetic structure of O. alpina detected

Alquicira et al., 2010). The niche model for O. alpina was built using

through cpDNA markers exhibited higher levels of genetic differen-

the GARP algorithm (Genetic Algorithm for Rule-set Production)

tiation among populations (GST = 0.73) than through microsatellite

(Stockwell & Peters, 1999), and the results indicated that during the

markers (GST = 0.26). Larger values for r, the ratio of migration be-

LGM (Last Glacial Maximum, 18,000 years ago), O. alpina was dis-

tween biparental (microsatellites) and maternally inherited markers

tributed mainly at lower elevations of the southeastern portion of

(Ennos, 1994; Petit et al., 2005), indicate that gene flow through pol-

the Sky Island region. Therefore, northwestern migrations occurred

len is quantitatively much more important than seeds. For O. alpina,

once the climate becomes warmer. Similar patterns of migration

r = 5.62, which is smaller than the median value of 17 for 93 angio-

have been detected for plant and animal species inhabiting south-

sperms species (Petit et al., 2005). This lower value for the pollen/

ern Europe and Northern Africa at the end of the Pleistocene period

seed migration ratio is due to the relatively high GST value, which is

(Davis & Shaw, 2001; Petit et al., 2003; Schmitt, 2007). In contrast

necessary for calculating r (see Petit et al., 2005 equation in Section

to the Santa Rita population, samples from the Morse Canyon in

2). When calculated from nuclear microsatellite data (pollen flow),

the Chiricahua Mts. population were assigned to different genetic

the GST value for O. alpina is relatively large in comparison with the

groups that were shared with eastern and western populations, indi-

overall value found for angiosperms (GST = 0.73 for O. alpina vs. aver-

cating that this area probably belongs to a region where intermixing

age GST = 0.63 for angiosperms). Therefore, gene flow via pollen and

was common.

thus the mp/ms ratio (pollen and seed gene flow ratio) are smaller for

Cluster II included the remaining eleven populations distributed

O. alpina than the average found for angiosperms.

across the whole range of the Sky Islands. This pattern of struc-

The current distribution of O. alpina at the tops of isolated moun-

ture suggests that northern populations were founded by different

tains combined with historical fragmentation events in the past has

southern lineages. For example, individuals from the Azul popula-

led to the isolation and divergence among populations, producing

tion probably colonized the Sierra Ancha Mts, while the remaining

high levels of genetic structure that have been detected through pol-

northern populations probably were founded by different southern

len and seed genetic markers.

lineages. Other phylogeographic studies demonstrate a corridor of

We also found differences in the pattern of genetic structure

vegetation from southern to northern areas in this region (Barber,

between pollen and seeds in O. alpina. For example, the chloro-

1999; Downie, 2004; Masta, 2000). Overall, the phylogeographic

plast markers showed a strong association between genetic and

pattern found in O. alpina, where two differentiated groups were

geographic distances. Five genetically differentiated groups with

identified, is similar to the Sky Island endemic beetle Scaphinotus pe-

a strong latitudinal component were revealed through cpDNA

tersi, where two main clades were detected (Ober & Cannolly, 2015;

markers (Pérez-Alquicira et al., 2010). Aside from the possibility of

Ober, Matthews, Ferrieri, & Kuhn, 2011) including a western clade

homoplasy in microsatellite markers, these divergent patterns in

with a northern–southern pattern (Huachuca, Santa Catalina, and

phylogeographic structure between nuclear and cpDNA could be

Pinal Mts.) and a second clade located in the eastern area (Chiricahua,

explained by differences in the patterns of gene flow through pol-

Pinaleño, and the western Santa Rita populations).

len and seeds because pollen movement in O. alpina is mainly influ-

Alternatively, the phylogeographic pattern of strong similarities

enced by insects, particularly bees, while the dispersion of seeds is

between southern–northern populations such as those observed

achieved by ballistic dispersal of seeds from the capsule (S.G. Weller,

between the northern distylous Sierra Ancha with the southern

personal observation). Therefore, gene flow should be higher for nu-

tristylous Azul populations could be explained as the consequence

clear markers carried by pollen than for organellar markers carried

of homoplasy where two alleles are identical via convergence.

by seeds and may explain the detection of more genetically differ-

However, because eight microsatellite loci were included in our anal-

entiated groups of populations using cpDNA than nuclear markers.

yses, convergence seems unlikely to explain all of these similarities.

Divergent patterns of genetic structure might also be explained by

For example, Navascués and Emerson (2005) performed simulations

the more rapid coalescence of uniparentally inherited haploid alleles

to understand the potential effects of homoplasy on determining

in mitochondrial or chloroplast DNA that have smaller effective pop-

genetic relationships among populations. They found that as the

ulation sizes than most nuclear loci (Birky et al., 1989; Palumbi et al.,

number of loci in a study increases, the bias for the estimation of

2001). Smaller effective population size for organellar DNA accel-

genetic parameters as a consequence of homoplasy decreases. The

erates the processes of genetic drift in neutral markers, producing

simulations indicated that four loci produced higher values for the

more rapid genetic divergence among populations (Palumbi et al.,

homoplasy index and greater bias for inferring genetic relationship

2001). These processes may in part explain the strong subdivision

among populations than simulations using nine loci. We included

observed through cpDNA in O. alpina, where five genetic groups of

eight loci in our study, and thus, bias in the inferring phylogeographic

populations were detected.

structure via homoplasy is unlikely but not impossible.

One of the main results from the popgraph analyses is that the

Because dispersion by pollen frequently occurs over larger

six distylous populations included in this study were assigned to

distances than by seeds, lower levels of genetic structure were

two subgroups and were not all directly connected by gene flow.
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This is also supported by the results from the Bayesian assignment,

in the southern ranges compared with the current distribution

neighbor-joining phenogram, and PCoA. According to the popula-

(Pérez-
A lquicira et al., 2010). Northward migration has been a

tion network, three populations (two distylous and one tristylous)

general pattern of colonization in section Ionoxalis because of the

from the Chiricahua Mts in cluster I are genetically similar, which

South America origin of this section, and species have dispersed

is also supported by the results from the Structure and NJ pheno-

on several occasions to North America (Gardner et al., 2012). In

gram. These three populations are also located in close geographic

view of the reduced genetic differentiation for microsatellites

proximity to each other, representing a remarkable example of the

compared to cpDNA genetic markers, which is characteristic of

transition from tristyly to distyly. Weller et al. (2007) found that the

most angiosperms species (Petit et al., 2005), the detection of two

Chiricahua Mountains populations harbor a northern–southern gra-

genetic lineages via microsatellite markers compared to five ge-

dient of mid-styled morph frequency with some populations having

netic clusters via cpDNA is not surprising. Microsatellite markers

reduced frequency of mid-styled morphs, suggesting that the evo-

revealed that distylous populations were associated with differ-

lution to distyly is an ongoing process within this geographic range.

ent tristylous populations, and this result is also supported by our

Our data for this area seem to provide further support for this hy-

previous findings using cpDNA suggesting that the tristyly–distyly

pothesis. However, in the three distylous populations included in

transition occurred more than once within the Sky Island region.

the cluster II (Sierra Ancha, Pinal, Pinaleño), distyly probably evolved

These results suggest that natural selection has played an import-

independently from the transition in the Chiricahua Mts.

ant role in the evolution of the reproductive system of O. alpina.

We did not find a significant association between genetic dis-

Moreover, because distylous populations are mainly located in

tances and mid-styled morph frequency, indicating that distylous

northern ranges where founder events were frequent, genetic

populations are genetically dissimilar, and therefore distyly probably

drift is likely to have influenced the evolutionary transition of tri-

originated from different tristylous populations. Additionally, ge-

styly–distyly system.

netic evidence from chloroplast data further suggests that distyly
has evolved more than once (Pérez-Alquicira et al., 2010). If distyly
is the result of convergent evolution, we expect that deterministic
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this morph will be increasingly sensitive to genetic drift, especially
with low population sizes. We propose that once populations migrated to northward ranges as a consequence of climatic oscillations,
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colonization of populations of O. alpina in the Sky Island region.
The occurrence of southern and northern populations in cluster II,
together with a marginally significant reduction in genetic diversity toward northern areas (H E parameter), support that the route
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of colonization was probably from south to north, although the
genetic signature of northern founder events inferred from microsatellites is not as clear as from cpDNA markers (Pérez-A lquicira
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