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ABSTRACT

Aim Our aims were to determine the pattern of genetic variation in the ende-
mic shrub Nolina parviflora, and to evaluate the influence of the geological his-
tory of the Trans-Mexican Volcanic Belt (TMVB) and nearby mountainous
regions on plant population divergence.

Location Trans-Mexican Volcanic Belt, Sierra Madre Occidental, Sierra Madre
Oriental and Sierra Madre del Sur mountain ranges in Mexico.

Methods Twenty-eight populations (210 individuals) were sequenced for one
nuclear (rpb2) and two chloroplast (trnl-F and psbA—trnH) DNA markers.
Intraspecific phylogenetic relationships among haplotypes were reconstructed,
and molecular dating, population genetic analyses and group testing were per-
formed on the data. Isolation-by-distance analysis was conducted for the popu-
lations spanning the distribution of the species.

Results Twenty-four chloroplast marker haplotypes and 36 rpb2 haplotypes
were recovered from the populations sampled. The combined marker phylog-
eny indicates the presence of two well-supported clades within the N. parviflora
populations. Clade 1 includes populations from Jalisco and Zacatecas and
Clade 2 comprises the remaining populations. We found an east-west geo-
graphical pattern of chloroplast DNA (cpDNA) haplotype distribution, indicat-
ing a lack of gene flow between these two regions. Divergence time estimates
indicate an Oligocene to mid-Miocene divergence between Nolina and Dasylirion.
Divergence estimates for Clade 1 are from the mid-Miocene to early Pleisto-
cene, and for Clade 2 from the early Miocene to mid-Pliocene. Values of
cpDNA Ggr (0.702) indicate a strong population structure and differentiation.
A spatial analysis of molecular variance indicates 11 groups among the sampled
populations and detects various well-supported geographical barriers.

Main conclusions Divergence time estimates suggest a correlation between
the time of divergence between distinct N. parviflora populations and periods
of uplift in the TMVB. We infer that the orogeny of this mountain range
played an important role in driving the diversification of plant populations in
central Mexico by creating topographical barriers that limited gene flow.

Keywords
Divergence time, geology, Mexico, nuclear marker, phylogeography, plant spe-
ciation, psbA—trnH, rpb2, Trans-Mexican Volcanic Belt, trnL-F.

INTRODUCTION

8000 volcanic structures that extends east-west from the
Pacific coast in San Blas, Nayarit and Banderas Bay, Jalisco

The Trans-Mexican Volcanic Belt (TMVB) is a complex geo- to the Gulf of Mexico coast at Palma Sola, Veracruz. The
logical region (Gémez-Tuena et al, 2007). This mountain TMVB originated during the mid-Miocene around the mod-
range is formed by a continental magmatic arc of nearly ern-day cities of Morelia and Querétaro in central Mexico,
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eventually extending eastward to Veracruz and westward to
Nayarit. Geologists have divided the TMVB into three sectors
(west, east and central) based on age, orogeny and tectonic
features (Gomez-Tuena et al., 2007). The volcanic activity of
the TMVB may be divided into four main episodes that
occurred during: (1) the middle to late Miocene, (2) late
Miocene, (3) latest Miocene to the Pliocene, and (4) the Pli-
ocene to the Holocene (Gémez-Tuena et al., 2007). Volcanic
activity in this geological province continues today.

The TMVB connects three major mountain ranges: the
Sierra Madre Occidental (SMOc) to the north-west; the
Sierra Madre Oriental (SMOr) to the north-east; and the
Sierra Madre del Sur (SMS) to the south. Together with the
mountain ranges of Chiapas, these ranges constitute the bio-
geographical area known as the Mexican Transition Zone
(Morrone, 2010), which extends from south-western USA
through Mexico down to the Nicaraguan lowlands. The
Mexican Transition Zone is a complex geological area where
Neotropical and Nearctic biota overlap (Halffter, 1987; Mor-
rone, 2010), creating a unique and diverse set of ecosystems.
Located centrally within this ecological transition zone, the
TMVB extends east—west for ¢. 1000 km and its width is 80—
230 km (Metcalfe, 2006; Gomez-Tuena et al., 2007). Because
much of the TMVB lies above 2000 m a.s.l., its highlands
have a remarkably temperate climate with pine—oak forests
the dominant natural vegetation type (Metcalfe, 2006). The
highest peaks exceed 5000 m a.s.l. and have permanent ice
cover. Studies show that the western part of the region was
wetter and the eastern part drier in the late Pleistocene than
they are at present (Metcalfe, 2006).

While it connects the mountain chains that make up the
Mexican Transition Zone, the TMVB is quite different from
the mountain ranges that surround it in Mexico. It is geolog-
ically recent, tectonically and volcanically active, and has long
been a focus for human settlement.

Bryson et al. (2011a) recently reviewed the extent of phylo-
genetic and phylogeographical studies that regard the TMVB
as a geographical barrier to gene flow for animals, including
studies on insects, fishes, amphibians, reptiles, birds and
mammals. For some of these groups, the TMVB acted as a
shallow barrier, whereas for others it acted as a hard geo-
graphical barrier, separating populations to the north of the
TMVB from those south of it. Two phylogeographical studies
on plants (Sosa et al., 2009; Ruiz-Sanchez et al., 2012) also
showed that the TMVB was a geographical barrier to gene
flow between northern and southern populations.

In addition to acting as a barrier to north—south gene flow,
the TMVB itself — with its diverse subtropical ecosystems sep-
arated by high montane habitat — may play a role in restrict-
ing gene flow among the lineages distributed along and within
the TMVB. Recent phylogenetic (Bryson et al, 2011b,c;
Bryson & Riddle, 2012) and phylogeographical (Bryson et al.,
2012; Parra-Olea et al., 2012) studies show that the formation
of the TMVB is correlated with the diversification of bunch-
grass lizards (Sceloporus scalaris; Bryson et al., 2011b), alliga-
tor lizards (Barisia; Bryson & Riddle, 2012) and salamanders
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(Pseudoeurycea leprosa; Parra-Olea et al., 2012), indicating
that habitat diversity within the TMVB may drive speciation
in these lineages. However, to date no phylogeographical stud-
ies of plant species distributed along the TMVB have been
performed on the influence of the volcanic belt ecosystem on
population diversification. Understanding the gene flow pat-
terns of a plant lineage in a comparative framework may shed
some light on how geological patterns impact divergence and
speciation in populations of plants on the TMVB.

Here we evaluate the historical events that have influenced
patterns of genetic variation among populations of the ende-
mic Mexican shrub Nolina parviflora Hemsl. (Asparagaceae:
Nolinoideae). The main goal of this phylogeographical study
was to reveal the evolutionary and ecological history of N.
parviflora populations located along the TMVB, in addition
to those north and south of the belt, and to test the idea that
the belt is a barrier to gene flow and driver of speciation.
The genus Nolina has c¢. 30 described species distributed in
pine—oak—juniper forests and xerophytic areas in Mexico and
the United States. The genus is closely related to Beaucarnea,
Calibanus and Dasylirion according to molecular and mor-
phological data (Kim et al., 2010; Seberg et al., 2012).

Nolina parviflora is a pachycaulous, rosette-leaved, poly-
carpic shrub, flowering every year but with mass flowering
cycles that last up to 3 years (E. Ruiz-Sanchez, pers. obs.). It
has a wide geographical distribution in the pine forest, pine—
oak—juniper forests, xerophytic scrub and tropical dry forest
localities of the TMVB, Sierra Madre Occidental, Sierra Mad-
re Oriental and Sierra Madre del Sur mountain ranges
(Fig. 1). Bees, wasps and flies pollinate the dioecious flowers.
Fruit are one-seeded and capsular with inflated carpels, giv-
ing them an intermediate character between winged and bal-
loon fruit. The fruit falls from the plant by disarticulation of
the pedicel; if there is wind, the seeds are wind-dispersed in
the fruit. If there is no wind, the fruit falls to the ground
and the seeds are dispersed as the fruits roll along the
ground and break apart (Trelease, 1911).

By combining a multi-locus phylogeographical study and
phylogenetic-based estimates of divergence times, we can
place genetic divergences within N. parviflora in a temporal
context and can relate genetic divergences to abiotic factors
that influence habitat composition and affect evolutionary
processes (e.g. Carstens & Richards, 2007; Bryson et al,
2011c,d, 2012; Cavender-Bares et al., 2011). Here we use
molecular data sampled from all known populations of
N. parviflora, combined with divergence time estimates, to
help identify the historical ecological and geographical
processes that may have influenced the observed pattern of
genetic variation in this species.

MATERIALS AND METHODS

Sampling
A total of 210 individuals from 28 populations were sampled,

covering the entire geographical range of N. parviflora
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Figure 1 Geographical distribution of Nolina parviflora in Mexico. Population numbers correspond to those in Table 1. The lower
panels are enlargements of the area within the squares labelled A and B in the top panel. Pie charts represent chloroplast haplotypes for
each sampling locality. The colour coding of haplotypes is the same as in Fig. 4. Circles indicate six regions: SMOc, Sierra Madre
Occidental; SMOr, Sierra Madre Oriental; SMS, Sierra Madre del Sur; TMVBw, the western part of the Trans-Mexican Volcanic Belt;
TMVBc, the central Trans-Mexican Volcanic Belt; TMVBe, the eastern part of the Trans-Mexican Volcanic Belt.

(Table 1, Fig. 1). Leaf material was obtained from a maxi-
mum of 11 individuals at each locality, dried in silica gel
(Chase & Hills, 1991), and stored at —80 °C. We used
Dasylirion leiophyllum and Dasylirion wheeleri as outgroups
for this analysis, based on the proposed position of Dasyliri-
on as sister to Nolina (Kim et al., 2010; Seberg et al., 2012).

DNA extraction, molecular marker selection,
amplification and sequencing

Whole genomic DNA was extracted with a modified sodium
dodecyl sulfate (SDS) and sodium chloride protocol, fol-
lowed by washing with ethanol (Edwards et al., 1991; Kon-
ieczny & Ausubel, 1993). DNA quality and quantity were
verified by measuring DNA absorbance at 260 and 280 nm
with a NanoDrop® ND1000 (NanoDrop Technologies, Wil-
mington, DE, USA). We selected two plastid markers (intra-
genic spacer regions trnL-F and psbA—trnH) based on
previously published phylogeographical analyses (Sosa et al.,
2009; Ornelas et al., 2010) and one nuclear gene (the 23rd
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intron of RNA polymerase beta subunit II or ‘rpb2’) previ-
ously shown to provide species and potentially population-
level resolution (Sass & Specht, 2010). Polymerase chain
reaction (PCR) amplification for both markers was per-
formed from genomic DNA with Phire® HotStart II DNA
polymerase (Finnzymes, Keilaranta, Finland).

Previously published primers ‘@ and ‘f (Taberlet ef al.,
1991) were used to amplify the trnL—F spacer in 10-uL aliqu-
ots with 10-100 ng of genomic DNA and the following
reagents: 0.02 U Phire® HotStart IT DNA polymerase (Finn-
zymes), 1x Phire® Plant PCR Buffer (Finnzymes), 2.0 mm
MgCl,, 0.2 mm of each dNTP, 0.4 mm of each primer. PCRs
were run on a MyCycler thermal cycler (Bio-Rad, Hercules,
CA, USA) under the following conditions: initial denatur-
ation at 95 °C for 3 min; followed by 35 cycles of 98 °C for
5s, 62 °C for 5, 72 °C for 20 s; with a final extension at
72 °C for 1 min. Primers trnH2 (Tate & Simpson, 2003) and
psbA (Sang et al., 1997) were used to amplify psbA—trnH fol-
lowing the same protocols as described for #rnl—F but with
an annealing temperature of 64 °C. For rpb2, previously
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Table 1 Geographical location and population code for the 28 Mexican populations of Nolina parviflora used in the study. SMOc,
Sierra Madre Occidental; SMOr, Sierra Madre Oriental; SMS, Sierra Madre del Sur; TMVB, Trans-Mexican Volcanic Belt.

Longitude Elevation n n
Population  Locality Code  Region Latitude N W (m asl.) nrDNA c¢pDNA Haplotype (1,)
1 México, Michoacan, Morelia MICH TMVB 19°39' 101°08’ 2050 6 5 A(4) G(1)
2 México, Jalisco, Tizapan el Alto JAL TMVB  20°09’ 102°56' 1714 8 10 C(9) D(1)
3 Meéxico, Zacatecas, Teul de Gonzdlez ZAC SMOc¢  21°21' 103°34' 1708 7 10 C(5) S(2) T(1)
U(1) V(1)
4 México, Querétaro, Caderyta QUEl SMOr  20°53' 99°39’ 2213 6 9 R(8) A(1)
5 México, Guanajuato, Xichu GTO SMOr  21°18' 100°05’ 1880 1 6 W(5) X(1)
6 México, Querétaro, San Joaquin QUE2 SMOr  20°58' 99°29' 1607 3 7 R(7)
7 México, Hidalgo, Epazoyucan HID1 TMVB 20°07' 98°36' 2639 4 7 A(7)
8 México, Hidalgo, Epazoyucan HID2  TMVB  20°03' 98°35' 2667 4 7 A(7)
9 Meéxico, Puebla, Libres PUE8S TMVB 19°23' 97°41' 2465 2 7 K(5) L(1) O(1)
10 Meéxico, Puebla, Libres PUE7 TMVB  19°24’ 97°39' 2307 2 7 K(6) O(1)
11 México, Puebla, Libres PUE6 TMVB 19°26' 97°36' 2251 4 7 K(7)
12 México, Puebla, Tepeyahualco PUE5 TMVB 19°28' 97°34' 2261 1 7 K(6) L(1)
13 México, Puebla, Tepeyahualco PUE4 TMVB 19°29' 97°31' 2294 4 6 K(2) M(2)
N(1) O(1)
14 México, Puebla, Tepeyahualco PUE3 TMVB 19°30' 97°28' 2337 3 7 K(7)
15 México, Veracruz, Perote VER TMVB  19°32’ 97°20’ 2292 4 7 K(3) M(4)
16 México, Veracruz, Perote VER1 TMVB  19°32’ 97°28' 2334 5 7 K(7)
17 México, Puebla, Tepeyahualco PUE2 TMVB 19°31' 97°25' 2357 4 7 K(5) L(1) M(1)
18 México, Puebla, Guadalupe Victoria PUEI0 TMVB 19°31 97°25' 2357 8 10 K(9) L(1)
19 Meéxico, Puebla, Ciudad Serddn PUE9 TMVB  18°55’ 97°24' 2357 3 7 P(6) Q(1)
20 México, Tlaxcala, Cuapiaxtla TLAX TMVB 19°17' 97°30' 2384 3 7 K(7)
21 México, Edo. México, Ixtapaluca MEX1 TMVB 19°20' 98°46' 2800 4 6 A(1) B(3)
E(1) F(1)
22 México, Edo. México, Tepetlaoxtoc ~ MEX2 TMVB  19°33’ 98°45' 2660 2 6 A(6)
23 Meéxico, Edo. México, Piramides MEX3 TMVB 19°45' 98°48' 2668 3 7 A(7)
24 México, Hidalgo, Tlanalapa HID4 TMVB 19°50' 98°33' 2521 6 7 A(7)
25 México, Hidalgo, Zempoala HID3 TMVB  19°56’ 98°36' 2460 4 7 A(7)
26 México, Oaxaca, Matatldn OAX2 SMS 16°49' 96°21' 2006 5 9 J(9)
27 México, Oaxaca, Ixtepeji OAX3 SMS 17°12' 96°35' 2400 10 11 J(11)
28 México, Oaxaca, Sola OAX1 SMS 16°27' 97°01' 1493 8 10 H(9) I(1)

n cpDNA, sample size of chloroplast markers; n nrDNA, sample size of the nuclear marker; n,, number of distinct haplotypes found in individu-

als sampled, with the number of individuals per haplotype in parentheses.

published forward and reverse primers (Sass & Specht, 2010)
were used to amplify multiple fragments; these fragments were
gel extracted and sequenced and from these sequences a set of
specific primers was designed to amplify a single rpb2 region
for Nolina. The primers used were forward ‘rpb2-Np.J.F
(CCA TTG GTC AGC TCA TTG AA) and reverse ‘rpb2-
Np.Q.R* (CTC TGA AAA GCA ACT GAA GGT T) for PCR
amplification, and ‘rpb2-877.F (TGC TGA TTT GCC ATA
CTT TAG C) and ‘rpb2-878.R> (AAC ACC ATA ATC AAG
GCA AAA A) for cycle sequencing. PCR conditions were the
same as for trnL—F with an annealing temperature of 58 °C.

Prior to sequencing, PCR products were purified with exo-
nuclease I and thermosensitive alkaline phosphatase to
remove single-stranded primers and any remaining dNTPs
(Fermentas International, Burlington, Ontario, Canada). PCR
products were cycle-sequenced using PCR (chloroplast DNA)
or sequencing (rpb2) primers and the ABI Prism BigDye Ter-
minator Cycle Sequence Ready Reaction kit (ver. 3.1; Perkin-
Elmer/Applied Biosystems, Foster City, CA, USA). Products
of cycle-sequencing were visualized on an ABI Prism 3100
automated sequencer (Applied Biosystems).
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Phylogenetic analysis

Bayesian inference (BI) analyses were used to infer phyloge-
netic relationships among the populations of N. parviflora,
with the chloroplast DNA (cpDNA) and nuclear ribosomal
DNA (nrDNA) analysed both separately and as a combined
matrix. BI analyses were performed using MrBaves 3.1.2
(Ronquist & Huelsenbeck, 2003). yMopeLTesT 0.1.1 (Posada,
2008) was used to detect the model of molecular evolution
that best fit the cpDNA (TrN+I) and nrDNA (F81+G) matri-
ces under the Akaike information criterion (AIC). BI analy-
ses were performed using two independent runs for each
molecular dataset and the combined matrix to assess the
repeatability of estimating stationarity between runs. For
each run, we employed one cold and three heated chains for
30,000,000 generations, sampling one tree every 1000 genera-
tions. Sample points collected prior to stationarity (conver-
gence of likelihood scores) were eliminated as the burn-in
(10%). Posterior probabilities for supported clades were
determined by a 50% majority-rule consensus of the trees
retained after burn-in.
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Divergence time estimates

Divergence times were estimated using the combined matrix
with a mixed model Bayesian approach as implemented in
BEAST 1.6.1 (Drummond & Rambaut, 2007). We used the
HKY + I model of sequence evolution for the two chloro-
plast spacers (psbA—trnH and trnl-F) and the HKY + G
model for the nuclear rpb2 dataset under an uncorrelated
lognormal relaxed clock model. To model the tree, the Yule
speciation process was used as a prior. To calibrate the root
we used the dates obtained by Bell ef al. (2010), and the esti-
mated 24 Ma (standard deviation 12-30 Ma) for the diver-
gence of Nolina from the remaining Asparagaceae genera.
We used a normal distribution for the root calibration prior,
following the recommendation of Ho & Phillips (2009). One
independent 507 generation run was performed with random
starting trees, sampling every 1000 generations. TRACER 1.5
(http://tree.bio.ed.ac.uk/software/tracer/) was used to assess
convergence and estimate effective sample sizes (ESS) for all
parameters. Results were summarized in a single tree using
TREEANNOTATOR 1.6.1 (Drummond & Rambaut, 2007) and
visualized with FiGTRee 1.5.4 (http://tree.bio.ed.ac.uk/soft-
ware/figtree/).

Genetic structure and population differentiation

For the cpDNA data, parameters of population diversity, i.e.
average within-population gene diversity (hs), total gene
diversity (ht) and genetic differentiation over all populations
(Gsr), as well as equivalent parameters (vs, vy, Ngp) were
estimated using PERMUT (Pons & Petit, 1996), taking into
account the evolutionary distances of recovered haplotypes.
For the 28 populations analysed for the rpb2 nuclear maker,
the level of differentiation (Ggsy) was estimated for these
samples using DNASP 5 (Librado & Rozas, 2009).

Statistical parsimony haplotype networks for the cpDNA
data were generated with Tcs 1.2.1 (Clement et al., 2000)
using the 95% connection probability limit, with gaps coded
using the modified complex indel coding (MCIC) in Skq-
StaTe (Miiller, 2005). Some ambiguities were detected in the
networks (loops); these loops were deleted from the analysis
according to three criteria (frequency, topology and geogra-
phy) as proposed by Pfenninger & Posada (2002). The hap-
lotype genealogy was reconstructed based only on the
chloroplast sequence data, which is non-recombining and
maternally inherited (Salzburger et al., 2011). We did not
use the nrDNA sequences to reconstruct the haplotype gene-
alogy because recombination processes could influence our
biogeographical interpretations of the nuclear marker (Zhang
& Hewitt, 2003).

A spatial analysis of molecular variance (SAMOVA),
implemented in samova 1.0 (Dupanloup ef al., 2002), was
conducted in order to reconstruct groups of locations that
are both geographically homogeneous and genetically differ-
entiated from each other, maximizing the proportion of total
genetic variance that is due to differences among groups of
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locations (Fcr). The most likely number of groups (K) was
determined by repeatedly running the SAMOVA analysis
with two to 12 groups and choosing those partitions with a
maximum Fcp value, as suggested by Dupanloup et al.
(2002). We explored K values with 100 simulated annealing
simulations for each K.

Additionally, BARRIER 2.2 (Manni et al., 2004) was used fol-
lowing Monmonier’s algorithm (Monmonier, 1973) to predict
geographical barriers between the N. parviflora localities.
Zones of abrupt changes in the pattern of genetic variation
among sample populations in the presence of isolating factors
(geography) can be detected (Manni et al., 2004) and are
thought to indicate the presence of current or historical barri-
ers to gene flow. The combined cpDNA matrix was trans-
formed into a distance matrix using the F84 model of
nucleotide substitution implemented in pNADIST, and SEQ-
BOOT was used to generate 100 bootstrapped distance matrices
from DNA sequences to evaluate support for the observed bar-
riers; both programs are part of the pHYLIP 3.69 package (Fel-
senstein, 1989). Isolation by distance was tested by regressing
pairwise estimates of Fsy/(1—Fst) against the log-transformed
geographical distance between localities (Rousset, 1997) with
10,000 permutations using TEPG 1.3 (Miller, 1997).

RESULTS

Sampling

We sequenced 210 individuals from 28 populations for the
plastid markers. The total length of the aligned combined
chloroplast DNA matrix (trnL-F and psbA—trnH) was
979 bp. Nineteen substitutions were detected and four indels
of 1-56 bp were coded using MCIC as described above. An
8 bp inversion near the 3’ of the psbA—trnH was treated as a
single evolutionary event by manually reversing the region
for the alignment and coding the inversion as a separate
character. For the nuclear rpb2, we obtained 124 sequences
from 28 populations sampled, the aligned length was 776 bp
and only 18 substitutions were detected. The GenBank acces-
sion numbers of the sequences generated from N. parviflora
and outgroups are: trnH—psbA (JX178963-JX178986), trnl—F
(JX178987-JX179010), and rpb2 (JX179011-JX179046).

Phylogenetic relationships

The Bayesian concatenated (cpDNA + nrDNA) 50% majority
consensus tree recovered 69 unique terminals from the 28
N. parviflora populations forming two well-supported clades
within N. parviflora (Fig. 2). Clade 1 (PP = 0.91) includes
individuals from Jalisco (JAL) and Zacatecas (ZAC) popula-
tions and is sister to Clade 2 (PP = 1.0). Clade 2 includes
the remaining populations and is largely unresolved with
only a few well-supported subclades (Fig. 2). The individual
cpDNA and rpb2 phylogenies (not shown) resulted in similar
topology to the concatenated tree, recovering the same two
main supported clades.
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Figure 2 Bayesian 50% majority consensus tree based on
concatenated chloroplast (psbA—trnH and trnl—F) and nuclear
rpb2 gene markers, showing the relationships among populations
of Nolina parviflora in Mexico. Two main clades are identified
in brackets: C1 and C2. Numbers below the branches are
Bayesian posterior probabilities (PP). Code names are the same
as those used in Table 1.

Divergence time estimates

Divergence time estimates for N. parviflora are shown in
Fig. 3. The divergence of Nolina and Dasylirion occurred
during the transition from the Oligocene to the mid-Mio-
cene (mean = 20.9 Ma; 95% highest posterior density,
HPD = 30.8-11.1), with subsequent divergences between N.
parviflora populations occurring from the early Miocene to
the Pleistocene (Fig. 3). Clade 1 and Clade 2 diverged from
one another in the late Oligocene to late Pliocene
(mean = 13.9 Ma; 95% HPD = 23.6-5.2). Divergence esti-
mates for Clade 1 are from the mid-Miocene to the early
Pleistocene (mean = 8.8 Ma; 95% HPD = 17.3-2.1). For
Clade 2 divergence estimates are from the early Miocene to
the early Pliocene (mean = 12.0 Ma; 95% HPD = 21.0-4.0)
(Fig. 3). For major subclades within Clade 1 and Clade 2,
estimates for population-level divergence range from the
mid- or late Miocene to the Pleistocene, while for others
divergence occurred during the Pliocene and into the Pleisto-
cene (Fig. 3).
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Figure 3 Chronogram based on a Bayesian approach to the
Nolina parviflora phylogeography from concatenated chloroplast
(psbA—trnH and trnl—F) and nuclear rpb2 gene markers in
Mexico. Grey bars indicate 95% highest posterior density (HPD)
intervals for node age estimates. Brackets identify Clades 1 and
2. Plio, Pliocene; Ple, Pleistocene; Ma, million years ago.

cpDNA haplotype relationships and geographical
distribution

For the cpDNA data, we recovered 24 haplotypes within N.
parviflora. The most common haplotypes, K and A, were
recovered in 63 and 46 individuals, respectively (Fig. 4), repre-
senting almost 50% of all individuals sampled. The western
Trans-Mexican Volcanic Belt (TMVBw) population has two
haplotypes and the Sierra Madre Occidental (SMOc) contains
five different haplotypes. These two regions share only a single
haplotype between them, and they do not share haplotypes
with populations sampled in any other regions. The central
Trans-Mexican Volcanic Belt (TMVBc) has a total of five
haplotypes and is the only region that shares haplotype A with
the Sierra Madre Oriental (SMOr). The eastern Trans-Mexican
Volcanic Belt (TMVBe) has the highest haplotype diversity,
with a total of seven haplotypes recovered from its populations.
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Figure 4 Statistical parsimony network of 24 cpDNA
haplotypes found in Nolina parviflora in Mexico. A-X: sampled
haplotypes. Solid black circles: hypothetical haplotypes. Numbers
in parentheses indicate the number of individuals. See also

Fig. 1.

SMOr populations have four haplotypes, and the Sierra Madre
del Sur (SMS) populations have the least diversity with only
three haplotypes recovered (Table 1, Fig. 1).

The haplotypes from SMOr and the central and eastern
regions of the TMVB occupy the central part of the statistical
parsimony network (Fig. 4). The haplotypes that occur in
the western TMVB and in the western SMOc are separated
by five predicted non-sampled haplotypes from the recovered
SMOr and other eastern haplotypes. Eight non-sampled
haplotypes separate the three haplotypes found in the
southern populations of the SMS from Oaxaca, and surpris-
ingly the haplotypes from the Puebla (PUE2, 4, 9) and Vera-
cruz (VER (N, M, P and Q) populations are separated from
their closest relatives by six non-sampled haplotypes. These
populations are more closely related to haplotype B in the
central region of the TMVB than to haplotypes K, L or O
from the more proximal eastern region of the TMVB (Figs 1
& 4).

Genetic structure, population differentiation and
spatial analyses

Differentiation among populations based on cpDNA varia-
tion (Gst = 0.702, SE 0.0671) indicates a large degree of
population genetic structure within N. parviflora. Within-
population gene diversity (hg) is 0.253 (SE 0.0505) and total
genetic diversity (hy) is 0.847 (SE 0.0396). The parameters vs
(0.181, SE 0.0476) and vy (0.849, SE 0.749) are almost simi-
lar to hg and hr values. Allelic differentiation (Ngp) (0.787
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SE 0.0553) is greater than and significantly different from
Gsr, indicating that populations are strongly differentiated
genetically and with some phylogeographical structure. Dif-
ferentiation among populations based on nrDNA variation is
Gst = 0.295 with few haplotypes recovered.

SAMOVA results revealed a significant genetic and geo-
graphical structure among 11 groups of locations with a Fer
value of 0.838 (P < 0.00001) (Fig. 5). BARRIER 2.2 estimated
nine geographical boundaries (Fig. 5). The boundaries with
the greatest support separate the Jalisco population (JAL)
from the Zacatecas population (ZAC) (Barriers 1-2; Fig. 5).
There is a barrier that separates the Guanajuato (GTO) from

A Sampled localities
M Localities not sampled T

500 400 300 200 100 0 km 500

100 50 0 km 100

Figure 5 Geographical breaks identified in the distribution of
Nolina parviflora in Mexico using Monmonier’s algorithm. The
lower panel is an enlargement of the area within the square
labelled A in the top panel. The populations of N. parviflora
sampled are indicated by filled triangles, with breaks as
recovered by the software BARRIER 2.2 (Manni et al., 2004)
indicated with black bars. The confidence level of the barrier is
indicated by the weight of the line, with heavy lines indicating
the best-supported breaks as determined by analyses run on
boot-strapped distance matrices. Biogeographical barriers are
those with numbers: (1) Santiago River, (2) Lerma-Santiago
Basin, (3) Balsas Basin, (4) Rio Panuco Basin, (5) Trans-
Mexican Volcanic Belt and (6-9) unnamed barriers. The
populations inside unfilled circles or irregular polygons are the
11 groups found by the SAMOVA analysis.
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the Querétaro (QUEL and 2) populations in the Sierra Mad-
re Oriental (Barrier 4); the central region from the TMVBe;
and there are several barriers that separate the individual
populations that occur in the TMVBe (Barriers 6-9; Fig. 5).
Finally, there is a barrier that separates the southernmost
populations of the TMVBe from the Oaxaca populations in
the Sierra Madre del Sur (Barrier 5; Fig. 5). The Mantel test
revealed a significant correlation between the pairwise dis-
tances Fgp/(1—Fsr) and the geographical distances among
populations (r = 0.615, P = 0.0001), suggesting a pattern of
isolation by distance.

DISCUSSION

Haplotype diversity and geographical distribution

We found a high amount of genetic structure within N. par-
viflora populations inhabiting the TMVB, indicating that
gene flow among the populations of N. parviflora is largely
restricted geographically. Gene flow even appears to be lim-
ited within the montane region of the TMVB itself, indicat-
ing that habitat fragmentation inherent to this volcanic chain
may act as a barrier to gene flow and ultimately increase the
potential for TMVB populations to undergo diversification
and speciation. We found only one individual from the
Querétaro (QUEL) population in the Sierra Madre Oriental
that shares haplotype A with the populations from the
TMVBc (Fig. 1), and one haplotype (C) that is shared
between the Jalisco (TMVBw) and Zacatecas (Sierra Madre
Occidental) populations (Fig. 1). Otherwise, the populations
distributed along the TMVB are grouped into three distinct
regions (eastern, central and western) with no haplotypes
shared among them (Fig. 1). Our findings in chloroplast
haplotype distribution could support the hypothesis of
Corona et al. (2007) that the TMVB may not be a single bio-
geographical entity, owing to its historically complex connec-
tions with other biogeographical regions of Mexico. Gomez-
Tuena et al. (2007) divided the TMVB into three sectors or
regions (east, central and west) with different geological ages
and tectonic features. We found an almost perfect concor-
dance between these three regions and our haplotype data
(Fig. 1).

It is difficult to directly compare our results with those
of previous plant phylogenetic or phylogeographical studies
(Jaramillo-Correa et al., 2008; Moreno-Letelier & Pinero,
2009; Aguirre-Planter et al, 2012) of species (Abies and
Pinus) that have some overlap between their distributions
and those of N. parviflora populations because of the dif-
ferent markers used (mitochondrial and single sequence
repeats, respectively). However, there is some concordance
with the pattern we recovered and that found in previous
studies, suggesting a strong east—west distribution of haplo-
types and a clear separation of haplotypes between east
and west indicating a lack of gene flow between these two
regions (Jaramillo-Correa et al, 2008; Moreno-Letelier &
Pinero, 2009; Aguirre-Planter et al, 2012). This same
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pattern is present in some phylogenetic and phylogeo-
graphical studies of animals (McCormack et al, 2008,
2011; Bryson et al., 201lab,c,d, 2012; Bryson & Riddle,
2012) and in the central-east pattern found by Parra-Olea
et al. (2012). This east-west pattern of haplotype distribu-
tion is also corroborated by our combined cp and nrDNA
phylogenetic analysis.

Additionally, we found significant genetic differentiation
between N. parviflora to the north and south of the TMVB,
indicating that the TMVB itself acts as a barrier to gene flow.
This is consistent with the findings of previous studies whose
authors proposed that the TMVB is a barrier to species dis-
tribution (Sosa et al., 2009; Bryson et al., 201la,c, 2012;
Ruiz-Sanchez et al., 2012).

Temporal congruence with Trans-Mexican Volcanic
Belt volcanism

Our divergence time estimates for populations of N. parvifl-
ora coincide with two major volcanic episodes along the
TMVB, the first of which occurred 21-10 Ma and the second
7.5-3 Ma (Garcia-Palomo et al,, 2002; Gomez-Tuena et al.,
2007) (Fig. 3). The estimated divergence of the western clade
(Clade 1) from the eastern clade around the mid-Miocene to
the beginning of the Pliocene coincides with these two epi-
sodes of volcanic activity in the TMVB (Garcia-Palomo
et al., 2002; Gomez-Tuena et al., 2007) (Fig. 3). Associated
error must be kept in mind when using a secondary calibra-
tion point, such as the one we used in this study, along with
the error bars around each node, as stressed by Graur &
Martin (2004).

The eastern clade (Clade 2) diversified from the early Mio-
cene to the mid-Pliocene, and some subclades diversified
from the Pliocene to Pleistocene. These periods coincide with
the fourth period of volcanism along the TMVB, which
occurred ¢. 21-1.8 Ma (Garcia-Palomo et al., 2002; Rosas-El-
guera et al., 2003; Gomez-Tuena et al., 2007) (see Fig. 2 in
Gomez-Tuena et al., 2007). Previous studies of lizards and
salamanders are also consistent both spatially and temporally
with the two volcanic episodes (Bryson et al., 2011b) or with
the last volcanic episode in the eastern TMVB (Parra-Olea
et al., 2012). The Neogene formation of the TMVB and the
different volcanic episodes that resulted in the uplift of this
mountain range are thought to have resulted in the diversifi-
cation of several of the animal lineages (small mammals,
birds, lizards, rattlesnakes, Mexican horned lizard) that are
distributed in this region of central Mexico (Sullivan et al.,
1997; Demastes et al., 2002; Edwards & Bradley, 2002; Ledn-
Paniagua et al, 2007; McCormack et al., 2008; Navarro-
Siglienza et al., 2008; Bryson et al., 2011¢c, 2012; Bryson &
Riddle, 2012). Our study demonstrates that the volcanic epi-
sodes mentioned by Gomez-Tuena et al. (2007) are tempo-
rally concordant with the divergence of our two main clades
and the diversification of several other subclades, and there-
fore could be important in the population-level diversifica-
tion of N. parviflora.
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Geographical barriers and isolation

The SAMOVA analysis indicated the presence of 11 distinct
geographical groups (Fig. 5). According to the SAMOVA
results, the Sierra Madre Oriental is divided into three dis-
tinct groups, the TMVB into five different groups, and the
population of the Sierra Madre Occidental (ZAC) and the
three populations from the Sierra Madre del Sur (OAX 1, 2
and 3) are recognized as individual groups.

Monmonier’s algorithm as implemented in BARRIER (Manni
et al., 2004) is a powerful tool for discovering geographical bar-
riers that are likely to have played a role in preventing gene flow
among extant populations. We found nine geographical barri-
ers separating the 28 populations sampled. Barriers 1 and 2
(Fig. 5) are at the current locations of the Santiago River and
Lerma-Santiago Basin that separate the population of Jalisco
(JAL) from that of Zacatecas (ZAC) in the Sierra Madre Occi-
dental. These same geographical barriers have been identified as
defining the population structure of other taxa, including
Dendroctonus  mexicanus, Pinus strobiformis, Aphelocoma
ultramarina, the Crotalus triseriatus species group and Phryno-
soma orbiculare (reviewed in Bryson et al, 2011c, 2012)
(Fig. 5). Barrier 3 separates the populations of Jalisco (JAL) and
Zacatecas (ZAC) from the southernmost Oaxaca populations
(Fig. 5); this barrier coincides with the Balsas Basin, also identi-
fied as a barrier to gene flow for the Crotalus triseriatus species
group, the Peromyscus aztecus species group, Dendroctonus mex-
icanus, Buarremon, and the Neotoma mexicana species group
(reviewed in Bryson et al., 2011c).

Geographical Barrier No. 4 was found to separate the
Guanajuato (GTO) population from the Querétaro (QUE)
population within the Sierra Madre Oriental (Fig. 5). These
populations are separated by the Rio Pdnuco Basin, a geolog-
ical feature found to be important in preventing gene flow
among the Crotalus triseriatus species group, and the Dend-
roctonus mexicanus and Phrynosoma orbiculare populations
(reviewed in Bryson et al., 2011c, 2012). Populations from
the central and eastern TMVB are separated from the Oaxaca
populations in the Sierra Madre del Sur (Fig. 5) by Barrier
5. A similarly located barrier was found to separate the
northern populations of Hunnemannia fumariifolia from the
southern populations in Oaxaca (Ruiz-Sanchez et al., 2012),
indicating a lack of gene flow between these regions.

Barriers 6-9, which separate populations of Nolina parvifl-
ora that span the TMVB, have been identified in a few other
biogeographical studies (Bryson et al, 201la,). These are
likely to result from the effect of the varied types of habitat
that occur along the TMVB acting as barriers to gene flow
among populations located within the TVMB ecosystem; it is
notable that this pattern was also recovered in studies that
sampled extensively within naturally fragmented ecosystems
(e.g. Sosa et al., 2009; Bryson et al., 2011a,c, 2012; Ruiz-San-
chez et al, 2012). The main boundaries defined by the
SAMOVA and BARRIER analyses seem to fit the west—east
and north—south scenarios of genetic discontinuities among
populations between regions.
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Tests of genetic differentiation (Gsr = 0.702) indicate a
high degree of geographical structure among N. parviflora
populations. These data, when combined with the SAMOVA
results and the genetic barrier analyses, indicate that the
complex topography of the TMVB results in a high degree of
habitat heterogeneity and environmental diversity, promoting
isolation and the opportunity for speciation and diversifica-
tion (Jetz et al, 2004). Our distribution-wide study of
N. parviflora revealed remarkable variation in genetic struc-
ture among populations for both chloroplast (Gsy = 0.702)
and nuclear (Ggp = 0.295) markers, the Gy values of which
are quite high, especially when compared with the genetic
variation observed for populations of other monocotyledon-
ous species (e.g. see Appendices SI and S2 in Petit et al,
2005). The differences between the cpGsr and nrGsr values
could reflect differences in pollen-mediated versus seed-med-
iated gene flow (Ennos, 1994). The inflated fruits of N. par-
viflora are thought to be wind-dispersed while the pollen
grains are thought to be animal-dispersed, by Hymenoptera
and Diptera (Trelease, 1911), indicating the potential for
more efficient animal-mediated pollination (i.e. pollen-medi-
ated gene flow) than wind-mediated fruit dispersal (i.e. seed-
mediated gene flow).

Our phylogenetic, SAMOVA and geographical barriers do
not refute the idea of different lineages being defined from
within the cluster currently described as N. parviflora. Closer
observation yields discrete morphological differences between
the populations of the TMVBw and SMOc and the other
populations (E. Ruiz-Sanchez, pers. obs.); however, a detailed
morphological analysis is required to support the recognition
of additional species.

CONCLUSIONS

Our study of the phylogeography of Nolina parviflora sug-
gests that the Trans-Mexican Volcanic Belt played a major
role in driving diversification and limiting gene flow among
the populations of this species throughout this mountain
range and between populations distributed in the Sierra
Madre Occidental, Oriental and del Sur. There is a correla-
tion between the different periods of uplift in the TMVB and
the diversification times of N. parviflora, indicating that geo-
logical changes could have influenced genetic differentiation
in this species, potentially causing allopatric fragmentation
between the populations in the west and the central-eastern
and southern populations, as corroborated by the isolation-
by-distance results. Combined, our results indicate that there
is the potential for the description of new species within the
N. parviflora lineage, although to confirm this, a detailed
morphological analysis of the populations is required.
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