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Abstract

Historical geological events and climatic changes have played important roles in shaping population differentiation and
distribution within species. In this study, we analysed the distribution, expansion and colonization patterns, and genetic dif-
ferentiation among Psittacanthus rhynchanthus populations in Mesoamerica. Specifically, we determine the effects of major
historical events and geographic barriers on population divergence using nuclear and chloroplast DNA sequence data and
the impact of Pleistocene glacial cycles on the distribution dynamics of P. rhynchanthus using ecological niche modelling
(ENM). Our results showed that P. rhynchanthus populations split into two lineages, one distributed on the Yucatan Peninsula
and the second along the Pacific and Atlantic slopes and Honduras, approximately 1 million years ago. The two lineages were
fragmented at the last interglacial according to ENM predictions and experienced postglacial range expansion during the Last
Glacial Maximum. Analysis of climate differentiation and niche models showed that both lineages have different climatic
preferences, where the climatic characteristics of the Yucatan populations are not fully represented in the rest of the distribu-
tion range of P. rhynchanthus. Additionally, our study suggests that Pleistocene expansion of suitable habitat, environmental
segregation (ecological barrier between regions) and, perhaps host shifts, have acted as the isolation mechanisms between
the two lineages. Our results provide new insight as to understanding the distribution and phylogeographic patterns and the
possible mechanisms underlying intraspecific evolutionary relationships of plants in the Mesoamerican tropical lowlands.
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Introduction

Plant genetic differentiation of widespread species in tem-
perate North America is usually driven by climate changes
during the Pleistocene (Hewitt 2000). According to several
plant phylogeographic surveys in the region, a south—north
decrease in genetic diversity and low intraspecific genetic
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Electronic supplementary material The online version of this differentiation has been found accompanied by a rapid post-
article (https://doi.org/10.1007/s00606-020-01638-y) contains glacial expansion northwards (e.g. Jaramillo-Correa et al.
supplementary material, which is available to authorized users. 2009; Vargas-Rodriguez et al. 2015; Colin and Eguiarte
54 Juan F. Ornelas 2016). In contrast, the effects of the Pleistocene glacial

francisco.ornelas @inecol.mx cycles were seemly less drastic in Mesoamerica (Caballero

et al. 2010; Caballero-Rodriguez et al. 2018; Mastretta-
Yanes et al. 2018), though some plant species exhibit marked
structuring geographic patterns matching the presence of
biogeographical barriers (e.g. Gutiérrez-Rodriguez et al.
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et al. 2010, 2019a; Ortiz-Rodriguez et al. 2018a), and often
accompanied by morphological differentiation (e.g. Caven-
der-Bares et al. 2011; Ornelas and Gonzalez 2014; Ruiz-
Sanchez and Ornelas 2014). Given the age of biogeographic
barriers in Mesoamerica (Isthmus of Panama, 23-10 Ma;
Talamanca Cordillera, 3.9 Ma; Nicaraguan Depression,
104 Ma; Motagua—Polochic—Jocotén fault system, 8—3 Ma;
Isthmus of Tehuantepec, 5-2 Ma, e.g. Daza et al. 2010;
Ornelas et al. 2013; Winston et al. 2017), lineage divergence
or genetic discontinuities are expected to be observed across
these barriers from the Miocene to the Pliocene in species
with a low dispersal potential.

Within the Mesoamerican region (Sanchez-Gonzalez
et al. 2013; Morrone 2014; Montafio-Arias et al. 2018),
phylogeographic patterns seem to be correlated with its
complex geography and the ecological preferences of plant
species. For those distributed in the highlands or semiarid
zones of Mexico and Central America, a marked geographic
structure of genetic variation is observed (Moreno-Letelier
and Pifiero 2009; Gutiérrez-Rodriguez et al. 2011; Ornelas
and Gonzalez 2014; Ramirez-Barahona and Eguiarte 2014;
Ruiz-Sanchez and Specht 2014; Ornelas and Rodriguez-
Gomez 2015; Ornelas et al. 2018a), whereas plant species
that inhabit the tropical lowlands show low geographic struc-
turing of genetic variation and signs of recent population
expansion (e.g. Cavers et al. 2003; Chavez-Pesqueira and
Nuifiez-Farfan 2016; Ornelas et al. 2016; Licona-Vera et al.
2018). Therefore, the demographic and phylogeographic

Fig. 1 Psittacanthus rhynchanthus in tropical lowlands at Pinoltepec,
Veracruz, Mexico (a, photograph by Maria Teresa Mejia-Saules),
Patulul, Guatemala (b, photograph by Pablo Carrillo), Celestin,
Yucatén (¢, photograph by Etelvina Géndara), and Petatlan, Guerrero
(d, photograph by Eduardo Ruiz-Sanchez). e Collection sites of P.

@ Springer

patterns of Mesoamerican taxa that conform to either an
in situ survival model or an expansion—contraction model
suggest that the constituents of Mesoamerican biota could
have responded idiosyncratically to past climate changes and
colonization of the region.

Psittacanthus (Loranthaceae) is a widespread genus of
hemiparasitic mistletoes across the Americas. It includes
ca. 119 species, of which most are found in South America
and about 23 are endemic to Mexico and Central America
(Kuijt 2009). The distribution, expansion and colonization
patterns, and genetic differentiation among populations
of mistletoe species are influenced by interactive factors
including the ecology of interactions with their hosts and
their pollen and seed vectors (Lira-Noriega et al. 2015;
Diaz Infante et al. 2016; Yule et al. 2016; Ramirez-Bara-
hona et al. 2017), and the topography, microclimate and
vegetation along with the formation of biogeographic bar-
riers and uplift of mountain ranges in the region (Ornelas
et al. 2016, 2018a, 2019b; Pérez-Crespo et al. 2017,
Baena-Diaz et al. 2018; Licona-Vera et al. 2018). Psit-
tacanthus rhynchanthus (Benth.) Kuijt (Fig. 1) is a forest-
adapted species distributed on the Pacific (from Jalisco
to Chiapas) and Atlantic (Puebla, Veracruz and Tabasco)
slopes in Mexico, and continuing onto the Yucatan Pen-
insula, Central America, and northern Colombia, Ven-
ezuela and Trinidad (Kuijt 2009). It tends to prefer lower
elevations (sea level to c. 2000 m above sea level), often
in coastal situations, in tropical evergreen forest, tropical
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rhynchanthus on a relief map showing the three biogeographic bar-
riers discussed in this study: Isthmus of Tehuantepec (IT), Motagua—
Polochic—Jocotan (MPJ) fault system and the Nicaraguan Depression
(ND), and the climatic filter barrier (dashed line). Coordinates of col-
lection sites provided in Online Resource 2



Mistletoe genetic structure in the lowlands

Page30f20 10

semi-deciduous forest and seasonally dry tropical forest
(SDTF), and less often in thorn forest, oak forest and cloud
forest (Kuijt 2009). The distribution of P. rhynchanthus in
both slopes of Mexico is a common pattern among other
plant taxa with affinities to the tropical lowlands (Rze-
dowski 1963; Luna-Vega 2008).

The distribution range and habitat preferences of P. rhyn-
chanthus are well suited for investigation of the role of cli-
matic factors and historical geographical barriers in shaping
population genetic differentiation across tropical lowland
forests of northern Mesoamerica. Previous phylogeographic
studies in Mexico have shown that the Sierra Madre Occi-
dental, Sierra Madre Oriental, and the Sierra Madre del Sur
had acted as physical barriers for dispersal of lowland plant
and vertebrate species (e.g. Guevara-Chumacero et al. 2010;
McCormack et al. 2011; Ruiz-Sanchez and Ornelas 2014;
Suérez-Atilano et al. 2014), or that the drier surrounding val-
leys of these mountain ranges isolate populations and restrict
dispersal (e.g. Gonzalez et al. 2011; Ornelas et al. 2016,
2018a; Pérez-Crespo et al. 2017, but see Arteaga et al. 2011;
Chévez-Pesqueira and Nuifiez-Farfan 2016). In the highlands
of Mesoamerica, the distributions of plant species and the
partitioning of their genetic diversity were significantly
influenced by the climatic fluctuations during the Pleisto-
cene (e.g. Ramirez-Barahona and Eguiarte 2013; Mastretta-
Yanes et al. 2015). Genetic divergence data contrasted with
past distribution modelling indicate that populations of plant
species experienced range or altitudinal shifts or remained
in situ during the Last Glacial Maximum (LGM) within their
current fragmented distribution (e.g. Ornelas and Gonzalez
2014; Ramirez-Barahona and Eguiarte 2014; Ornelas et al.
2016, 2019b). For Psittacanthus species distributed in the
highlands of Mexico (P. schiedeanus and P. calyculatus),
ecological niche modelling (ENM) indicates that their dis-
tribution ranges (conditions of suitable habitat) were rela-
tively unstable during the last 140,000 years, with expansion
from the last interglacial (LIG; 120,000-140,000 years ago)
to LGM (ca. 20,000 years ago) and contraction from LGM
to present-day climate (Ornelas et al. 2016; Pérez-Crespo
et al. 2017). For species distributed in xeric environments (P.
auriculatus and P. sonorae), ENM suggests a different pat-
tern, with contraction and fragmentation from LIG to LGM
and expansion from Mid-Holocene (MH; ca. 6000 years
ago) to present in P. auriculatus (Ornelas et al. 2018a),
and no major changes since the LIG in P. sonorae (Ornelas
et al. 2019b). Lastly, range shifts from southern Guatemala
into the Yucatan Peninsula were suggested by ENM in P.
mayanus, with expansion from LIG to LGM, contraction
from LGM to MH and colonization of the northernmost
portion of the Yucatan Peninsula, and expansion from MH
to present (Licona-Vera et al. 2018). However, plant spe-
cies in the lowlands might have different range dynamics in
response to glacial cycles.

Here, we determine the effects of major historical events
and geographic barriers and the impact of past climatic
oscillations on population divergence, demographic his-
tory and distribution dynamics of P. rhynchanthus. Specifi-
cally, we examine nuclear and chloroplast DNA sequence
variation of P. rhynchanthus to explore whether: (1)
structuring occurs among its populations and whether (2)
genetic differentiation and structuring are concordant with
the Miocene—Pliocene formation of mountain ranges or (3)
the distribution of suitable habitat during the Pleistocene.
The effects of past climatic fluctuations on the distribution
of suitable habitat for P. rhynchanthus were investigated
using ENM to determine whether the extended or con-
tracted ranges of the tropical deciduous forest vegetation
in the lowlands of northern Mesoamerica played a role on
structuring geographic patterns of the mistletoe’s genetic
variation. We predict a south-to-north contraction/expan-
sion in the reconstructed distribution of suitable habitat
for P. rhynchanthus, as expected for taxa in the tropical
lowlands (Haffer 1969; Prance 1973; Hewitt 1996, 2000;
but see Colinvaux et al. 1996, 2001; Pennington et al.
2004). Neotropical species populations have responded
to Pleistocene climatic change, from long-lasting glacial
cycles to brief interglacials and back again (e.g. Haffer
1969; Prance 1973; Pennington et al. 2004; Licona-Vera
et al. 2018). In response to glacial cycles, several popula-
tions of lowland forests became isolated and differentiated
from one another by the expansion of non-forest vegetation
adapted to more xeric conditions during periods of geo-
graphic isolation and Pleistocene cool-dry climatic cycles
(e.g. Haffer 1969; Prance 1973). The isolated forests were
again connected during humid climatic cycles when the
intervening non-forest vegetation became forested allow-
ing contracted populations (refugia) to extend their ranges
(see Haffer 1969). Under this scenario, the reconstructed
distribution of suitable habitat for the mistletoe would be
of a contracted distribution southwards (range contraction
model) or fragmented into southerly refugia (range frag-
mentation model) during glacial periods and an expanded
and continuous distribution northwards along the Pacific
and Atlantic coasts of Mexico during interglacials (see
Table 1 for further details). In addition, populations on the
Yucatan Peninsula separated from those along the Mexi-
can slopes are a Miocene—Pliocene division (old isola-
tion model), and further genetic differentiation linked to
changes in the distribution of suitable habitat during the
Pleistocene in which the xeric conditions in the peninsula
acted as an effective barrier preventing contact with popu-
lations from the Petén region (ecological barrier; Savage
1966; Lavin et al. 1991; Licona-Vera et al. 2018; Table 1,
Online Resource 1).
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Materials and methods
The species

Psittacanthus rhynchanthus, recognized by the bud apexes
conspicuously curved and acutely beaked and the long red-
dish stamen hairs borne behind the smooth pollen sacs
(Kuijt 1987; Fig. la—d), commonly grows on Bursera
simaruba (L.) Sarg. (Burseraceae) and less frequently on
Spondias purpurea L. (Anacardiaceae) trees in the Mes-
oamerican region; in Venezuela, Platymiscium platystach-
yum Griseb. (Fabaceae) is the main host of this mistletoe
(Kuijt 2009). Its coral hermaphroditic flowers are visited
and pollinated by hummingbirds (Leén-Camargo and
Rangel-Ch. 2015), and several species of birds consume
and disperse their one-seeded fleshy fruits. Psittacanthus
rhynchanthus is part of a species complex characterized by
the curved apexes of scarlet flower buds, which includes P.
americanus on the eastern Caribbean islands and P. wur-
dackii endemic to Venezuela (Kuijt 2009). Aside from the
strictly insular occurrence, P. americanus is differentiated
from P. rhynchanthus by its flowers with the inner petal
surfaces glabrous and terete stems (Kuijt 2009). The nar-
row-leaved P. wurdackii has been regarded as an extreme
form of P. rhynchanthus, with narrow-falcate leaves and
nearly glabrous internal floral morphology (Kuijt 2009).
Given the close relationship between P. americanus and
P. rhynchanthus, Kuijt (2009) stated that the source plants
for migration into the Caribbean from Mesoamerica were
P. rhynchanthus (Kuijt 2009).

Sample collection and DNA extraction

We sampled 146 individuals in 22 localities, representative
of the species range in Mexico, Guatemala and Honduras
(Fig. le; Online Resource 2). Sampling localities (hereaf-
ter referred to as populations) were targeted based on Kuijt
(2009) and Mexican herbaria, including 5 populations
located along the Pacific in western Mexico, 7 populations
along the Atlantic slope of Mexico, 4 populations from Chia-
pas, 4 populations from the Yucatian Peninsula, 2 popula-
tions from Guatemala, and one population from Honduras.
One voucher specimen was collected per population in most
cases and deposited at XAL (Instituto de Ecologia, A.C.,
INECOL). The sampling strategy was aimed at avoiding col-
lection of several individuals per host tree.

Leaf tissue samples were preserved in silica gel desic-
cant until DNA extractions were performed. Total genomic
DNA was extracted with the CTAB method (Doyle and
Doyle 1987) or using the DNeasy Plant Mini kit (Qiagen,
Valencia, CA, USA) following the manufacturer protocol.

PCR and sequencing

The internal transcribed spacer (ITS) region of the nuclear
ribosomal DNA (nrDNA) and trnL-trnF and atpB-rbcL
intergenic spacer regions from the chloroplast genome
(cpDNA) was amplified by PCR and sequenced for 146 indi-
viduals. These markers have been screened for variability
in Psittacanthus at the species and population levels (e.g.
Ornelas et al. 2019b). The genetic structure of the cpDNA
sequences may provide a picture of the impact of seed move-
ment on gene flow, because cpDNA is often maternally
inherited in most angiosperms, whereas the genetic structure
of the nrDNA sequences should reflect both pollen and seed
movement (Ornelas et al. 2016).

For ITS amplifications, we used the primers designed for
the genus (Ornelas et al. 2016), whereas for the frnL-trnF,
atpB and rbcL we used the primers described by Taberlet
et al. (1991) and Chiang et al. (1998). Protocols for DNA
extraction, for amplification by PCR assays and for sequenc-
ing the PCR products with some minor modifications as
described elsewhere (Ornelas et al. 2016, 2018a). PCR
products were sequenced bidirectionally using the BigDye
Terminator Cycle Sequencing kit (Applied Biosystems, Fos-
ter City, CA, USA, and analysed on a 310 automated DNA
sequencer (Applied Biosystems) at the INECOL’s sequenc-
ing facility, or at University of Washington High Through-
put Genomics Unit, Seattle, Washington. Edited sequences
were aligned manually with BIO-EDIT version 7.2.5 (Hall
1999) and SE-AL version 2.0al1l (http://tree.bio.ed.ac.
uk/software/seal). The resulting sequences were submitted
to GenBank (accession nos. ITS: MN381235-MN238186,
trnL-trnF: MN272734-MN272842, atpB-rbcL:
MN272843-MN272951). We additionally downloaded
DNA sequences from the GenBank of representatives of
Psittacanthus palmeri and P. sonorae from Ornelas et al.
(2019b) to be used as out-group.

Divergence time estimation and haplotype
relationships

We used *BEAST (Heled and Drummond 2010), as imple-
mented in BEAST version 1.6.1 (Drummond and Ram-
baut 2007), to estimate a species tree and divergence time
between groups of P. rhynchanthus from both the ntDNA
data and the concatenated cpDNA sequence data (Online
Resource 2). Nucleotide substitution models with jMod-
eltest (Darriba et al. 2012) were incorporated as HKY
for ITS and JC for trnL-trnF and atpB-rbcL. The simu-
lation was run with P. rhynchanthus samples assigned as
PAC + ATL + HON or YUC, and samples of P. palmeri and
P. sonorae as out-group according to Ortiz-Rodriguez et al.
(2018b). Analysis was performed following settings and sub-
stitution rates as in Ornelas et al. (2019b). We also analysed
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the nrDNA and concatenated cpDNA sequence data to infer
the timing for the origin of P. rhynchanthus using a con-
stant population size coalescent model with BEAST ver-
sion 1.8. The optimum model setting was determined by the
results of jModeltest. We assigned a normal calibration prior
distribution, and the tree root node was calibrated using a
mean age of 6.23 Ma (SD + 1.06, range 8.31-4.1 Ma), which
corresponds to the estimated mean age for the genus Psit-
tacanthus (Ornelas et al. 2016; Pérez-Crespo et al. 2017,
Licona-Vera et al. 2018; Ortiz-Rodriguez et al. 2018b).
We ran 30 million generations for the cpDNA data set of
the MCMC chain, with a sampling frequency of 3000 gen-
erations. Convergence of the posterior distributions of the
parameters was evaluated by monitoring the effective sam-
ple sizes (ESS >?200) and trace plots in Tracer (http://tree.
bio.ed.ac.uk/software/tracer/). A maximum credibility tree,
which represents the maximum posterior topology, was cal-
culated in TreeAnnotator (Drummond and Rambaut 2007)
after discarding the first 10% of trees as burn-in. The aligned
data set and the phylogenetic tree are available in TreeBase
(http://purl.org/phylo/treebase/phylows/study/TB2:S24997).

Relationships among P. rhynchanthus haplotypes are pre-
sented as statistical parsimony networks generated using the
program TCS version 1.2.1 (Clement et al. 2000), with gaps
treated as single evolutionary events and a 95% connection
probability limit. Loops were resolved following the criteria
given by Pfenninger and Posada (2002). We report herein
results for the combined trnL-trnF/atpB-rbcL data set.

The most likely number of genetically differentiated clus-
ters was estimated using BAPS version 5.3 (Corander et al.
2008) with settings as in Ornelas et al. (2019b). For each
marker, we surveyed the probability of a different number
of genetic clusters (K=2 to K=15) under the independent
loci model and two independent runs with 10 replicates for
each K, accepting the partition with the K value that had a
higher likelihood and posterior probability.

Population indices and geographic structure
of populations

Haplotype diversity indices for each population (hg, vg)
and at the species level (i, vp), and coefficients of popula-
tion differentiation (Ggr, Ngy) were estimated using PER-
MUT version 1.0 (Pons and Petit 1996). Phylogeographic
structure at the species range was further tested contrasting
the Ngr and Ggy values with 10,000 permutations and the
U-statistic (Pons and Petit 1996). Molecular diversity indi-
ces (h, gene diversity; , nucleotide diversity) and pairwise
comparisons of Fgr values between regions were calcu-
lated using Arlequin version 3.1.1 (Excoffier et al. 2005).
Populations with 1 or 2 samples were lumped with closest
population (2 samples from population 10 into population
9 and 1 sample from population 13 into population 14). To

@ Springer

account for differences in the number of sampled individu-
als between genetic groups, individual-based and popula-
tion-based rarefaction curves were generated to assess the
proportion of haplotype richness sampled for each group
recovered (Gotelli and Colwell 2001; see also Ornelas
et al. 2019b). A trend towards an asymptotic relationship
infers haplotype saturation. In contrast, a steep slope sug-
gests that a large fraction of the available haplotype diver-
sity remains unsampled (Gotelli and Colwell 2001). This
same method allows the number of haplotypes between
populations to be compared when the number of samples
is different. If the 95% confidence interval of the haplotype
richness estimates from two populations overlaps, it can be
concluded that there is no significant difference between
them (Gotelli and Colwell 2001). Individual-based curves
were generated following the procedure of Chao and Jost
(2012), as implemented in the R ‘iNEXT’ package (Hsieh
et al. 2016), using 1000 randomizations and extrapolating
to 150 individuals that represented a little more than the
total number of individuals sampled in this study. Popula-
tion-based curves were generated in EstimateS version 9.0
(Colwell 2013) using 10,000 replications and extrapolating
to 30 populations that represent more than the number of
localities sampled in this study.

Analysis of molecular variance (AMOVA; Excoffier
et al. 1992), as implemented in Arlequin, was carried
out to evaluate partitioning of the total genetic variation
among groups and sampling locations. Four AMOVA mod-
els were performed according to the haplotype network
analysis with populations treated as: (a) a single group to
determine the amount of variation partitioned among and
within populations, and populations on the Yucatin Penin-
sula (YUC), Pacific slope (PAC), Atlantic slope (ATL) and
the Honduras population (HON) resembling biogeographic
subregions within Mesoamerica (Fig. 1e; Online Resource
2) grouped into two or three lineages: (b) YUC and the
other populations, (¢) YUC + HON and PAC + ATL, (d)
PAC + HON, ATL and YUC, or (¢) YUC + HON, PAC
and ATL. AMOVAs were performed using the Jukes and
Cantor model for the combined trnL-trnF/atpB-rbcL
sequences and 10,000 permutations to determine the sta-
tistical significance of each AMOVA model.

We also conducted a spatial analysis of molecular vari-
ance (SAMOVA), as implemented in SAMOVA version
1.0 (Dupanloup et al. 2002), to identify groups of loca-
tions that are geographically and genetically differentiated
from each other. The SAMOVA was performed maximiz-
ing the proportion of total genetic variance due to differ-
ences among groups of locations (Fy), as suggested by
Dupanloup et al. (2002), with 10,000 simulated annealing
simulations and geographic groups from 2 to 10 groups
(Online Resource 2).


http://tree.bio.ed.ac.uk/software/tracer/
http://tree.bio.ed.ac.uk/software/tracer/
http://purl.org/phylo/treebase/phylows/study/TB2:S24997
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Historical demography

We inferred signatures of demographic expansion by cal-
culating Fu’s Fs (Fu 1997), Tajima’s D (Tajima 1989) and
Ramos-Onsins and Rozas’ R2 (Ramos-Onsins and Rozas
2002) statistics of neutrality and conducting mismatch dis-
tribution (Harpending 1994) analysis with Arlequin and
‘pegas’ package (Paradis 2010) using R version 3.4.1 (R
Development Core Team 2013; https://www.r-project.org/).
Fu’s Fs is the best for large sample sizes while R2 is the most
suited statistics when sample size is small (Ramos-Onsins
and Rozas 2002). Mismatch distribution analysis was carried
out using the sudden population expansion model of Schnei-
der and Excoffier (1999) with 20,000 bootstrap replicates.
The differences between observed mismatch distributions
and expected distribution, under a sudden population expan-
sion model, were tested by examining the sum of squared
deviations (SSD) test and the Harpending’s raggedness
index (Hri) according to Rogers and Harpending (1992).

Bayesian skyline plots (BSP; Drummond et al. 2005) of
changes in effective population size (N,) through time were
carried out in BEAST because departures from neutrality
are often caused by changes in N.. We used the cpDNA
(trnL-F, atpB-rbcL) data set and chose a HKY substitution
model selected with jModeltest, with settings and substitu-
tion rates as in Ornelas et al. (2019b). Two independent runs
of 30 million generations each were conducted, and trees
and parameters were sampled every 1000 iterations, with a
burn-in of 10%. Results of each run were visualized using
Tracer to ensure that stationarity and convergence had been
reached and that the ESS was higher than 200.

Palaeodistribution modelling and environmental
variation

We used ENM (Elith et al. 2011) to examine the potential
range shifts of suitable habitat occupied by P. rhynchanthus
in response to climatic oscillations during the last 140 thou-
sand years. Hypothetical models and the expected effects
from the LIG (c. 140-120 ka) to the present for groups of
populations of the mistletoe are shown in Online Resource 1.

We constructed ENM models with MaxEnt version
3.3.3k (Phillips et al. 2006) and 19 bioclimatic variables
from WorldClim (Hijmans et al. 2005; Booth et al. 2014)
ata c. 1-km? (2.5 arc-min) spatial resolution. We obtained
data for past climate layers for two LGM (2.5 arc-min) past
conditions based on the Community Climate System Model
(CCSM) and Model for the Interdisciplinary Research on
Climate (MIROC) global models (Hijmans et al. 2005; Bra-
connot et al. 2007), as well as the LIG (at 30 arc-seconds).
Locations of P. rhynchanthus were obtained from field col-
lections of the authors and from herbarium records online
(https://www.gbif.org/species/7288106) in the Global

Biodiversity Information Facility (GBIF.org (1st March
2016) GBIF Occurrence Download, https://doi.org/10.15468
/dl.ey2xst). Data from the online database were checked to
exclude misidentification and duplicate records. A total of
73 spatially unique locations were used for the analysis. Data
layers were manipulated in R.

We first constructed ENM models for the mistletoe under
current climate conditions and employed all 19 climatic vari-
ables and 20 cross-validation replicates, from which 80% of
the distribution coordinates were used for training and 20%
for testing along with comparisons of the variable impor-
tance (%) and jackknife plots. In each iteration, the contribu-
tion of every single variable to the general distribution was
determined by jackknife statistical technique, which allowed
the variables with the greatest influence on the probability
of persistence of P. rhynchanthus and spatial distribution in
the region to be identified. To exclude highly correlated vari-
ables (correlation values >0.8), pairwise correlations were
examined among the 19 variables within the distribution
of P. rhynchanthus with PAST version 3.06 (SAS Institute
Inc. Cary, NC, USA; https://folk.uio.no/ohammer/past/) and
removed the variable with lower explanatory power based
on their relative contributions to the MaxEnt model. After
removing the highly correlated variables, six variables
(BIO4 =Temperature Seasonality, BIOS =Max Tempera-
ture of Warmest Month, BIO6 = Min Temperature of Cold-
est Month, BIO10=Mean Temperature of Warmest Quarter,
BIO13 =Precipitation of Wettest Month, BIO15 =Precipita-
tion Seasonality; BIO18 =Precipitation of Warmest Quar-
ter, BIO19 = Precipitation of Coldest Quarter) were used to
construct the final models with 20 cross-validation replicates
without extrapolation and considering the average output
grids as the final predictive models.

Given that ENMs do not address the historical aspects
relating to species distribution (hypothetical ‘M’ region or
accessible areas to the species via dispersal over relevant
periods of time; Barve et al. 2011), we used a geographical
clipping based on the biogeographic provinces proposed by
Morrone (2005, 2014) and a map of ecoregions (http://maps.
tnc.org/gis_data.html). This geographical clipping represents
accessible areas to P. rhynchanthus, representing elevation
range limits and historical barriers and potential boundaries
on the landscape to dispersal (Barve et al. 2011). Verified
occurrence records for P. rhynchanthus were projected onto
a map of Mexico and used the shapefiles after geographical
clipping to select the hypothetical ‘M’ region representing
areas similar to those that included the points of occurrence
of P. rhynchanthus. Climate layers were clipped with the ‘M’
region for use in MaxEnt analysis.

To incorporate the evolutionary information available
for P. rhynchanthus during the ecological niche model-
ling (see Smith et al. 2019), we split P. rhynchanthus
into two lineages (YUC and PAC + ATL + HON; see
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“Results” section) and modelled each separately, which
improved niche estimates as compared to those using
lumped data for all known populations of the species
(AUC=0.732+0.127; TSS=0.312+0.17). Resulting lin-
eage distribution models under current climate conditions
were projected onto the LGM (at 2.5 arc-min) and LIG
(at 30 arc-seconds) conditions following the ‘bilinear’
method through the ‘resample’ package in R. Past envi-
ronmental layers of the LIG (Otto-Bliesner et al. 2006)
and LGM (Otto-Bliesner et al. 2007) were also drawn
from WorldClim, choosing for the LGM the CCSM and
MIROC models from the Paleoclimate Modelling Inter-
comparison Project Phase II database (Braconnot et al.
2007). The CCSM and MIROC climate models simulate
different climate conditions, with cooler sea-surface tem-
perature conditions assumed in CCSM than in MIROC,
resulting in higher annual precipitation in CCSM than in
MIROC (Otto-Bliesner et al. 2007). Previous evaluations
of the performance of CCSM and MIROC concluded that
MIROC performs well for areas near the equator, while
CCSM performs better at high latitudes (e.g. Masson-
Delmotte et al. 2006), suggesting that the predictions of
the LGM distribution that are based on CCSM may be
more reliable.

We evaluated the performance of the models by calcu-
lating the true skill statistic (TSS), a threshold-dependent
measure of model performance that evaluates the accu-
racy of predictive maps generated by presence-only data
(Allouche et al. 2006; Liu et al. 2013). TSS is the sum of
sensitivity and specificity minus one. (Sensitivity is the
proportion of presences correctly predicted, and speci-
ficity is the proportion of correctly predicted absences.)
The TSS was calculated for each replicate using the 10th
percentile training presence logistic threshold (T10LT),
and the resulting TSS values averaged among replicates.
TSS varies from — 1 to + 1, where negative values and
values near zero indicate that distributions are no better
than random, whereas values ranging between 0.4 and 0.8
are considered as acceptable models (Fielding and Bell
1997; Landis and Koch 1977). The performance of the
models was also evaluated by calculating the area under
the receiver operating characteristic curve (AUC; Swets
1988), where 1 is the maximum prediction and 0.5 sug-
gests a random prediction.

Lastly, we carried out a principal components analy-
sis (PCA) in PAST on the 19 bioclimatic variables data
from WorldClim to examine P. rhynchanthus population
divergence related to habitat and ecological variation.
Differences in PC scores between locations separated by
geography (PAC + ATL + HON and YUC) were tested
with one-way ANOVAs.
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Bayesian Phylogeographic and Ecological Clustering
(BPEC)

The Bayesian Phylogeographic and Ecological Clustering
(BPEC) method, as implemented in the ‘BPEC’ package
(Manolopoulou et al. 2011; Manolopoulou and Emerson
2012) in R, was followed to identify clusters genetically
and geographically distinct and the ancestral locations
for P. rhynchanthus. The method accounts for haplotype
connection ambiguities due to the presence of loops and
estimates posterior probabilities under a coalescent-based
migration-mutation model (Manolopoulou et al. 2020). The
haplotype tree model used in BPEC assigns posterior prob-
abilities of haplotypes to the most ancestral, which then are
associated with sampling locations to infer the most ances-
tral location. Unlike standard parsimony, BPEC fits a prior
over all possible trees to identify trees with high posterior
probability in a fully model-based framework, thus accom-
modating for uncertainty in haplotype relationships, which
is one of the main criticisms of TCS (Knowles 2008). We
analysed all cpDNA haplotypes, their distributions and cli-
matic preferences based on coordinates of occurrence data
and the values of the first two PCs from a PCA using the
19 bioclimatic variables from WorldClim for each of the
coordinates. After several preliminary trials, we run the final
analysis with 2 specified as the prior for maximum number
of migrations and relaxation of the parsimony criterion not
allowed to reach convergence. MCMC chains were run for
10 million steps, with 10,000 posterior samples being saved
for analysis.

Results

Divergence time estimation and haplotype
relationships

The aligned sequences of ITS, trnL-F and atpB-rbcL for
haplotype networks were 552, 268 and 438 base pairs (bp)
long, respectively (Fig. 2a). The combined trnL-F/atpB-
rbcL data set (706 bp, 109 sequences) contained 11 vari-
able and 7 parsimony informative sites. For ITS, we had
amplification problems and decided to use the data for those
successfully sequenced individuals (57 sequences) only to
illustrate variation in the network and for species tree and
divergence time estimation.

The *BEAST tree of multilocus data (ITS + cpDNA) for
differentiation between the P. rhynchanthus groups (Online
Resource 3) indicated strong support for the monophyly of
P. rhynchanthus, with divergence estimated at 0.525 Ma
(95% HPD 1.17-0.1 Ma, PP =0.96) for the split between
populations from the Yucatan Peninsula and populations
from the Atlantic and Pacific slopes and Honduras. The
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Fig.2 Statistical parsimony networks of ITS and single trnL-F and
atpB-rbcL data (a) and statistical parsimony network of combined
trnL-FlatpB-rbcL. data (b) of thirteen Psittacanthus rhynchanthus
haplotypes overlaid on a map of North America (c¢). Haplotype des-
ignations in the networks correspond to those in Online Resource 4,
and the size of the circles is proportional to the frequency of each
haplotype. Haplotypes are coded with a different colour according
to geographic regions: Pacific slope (dark blue), Atlantic slope (light
blue), Yucatan Peninsula (yellow), and Honduras (light purple), and
a number codes each of the ribotypes or haplotypes. The numbers
inside the haplotypes in the network indicate the number of indi-
viduals that share that haplotype. Loops (dashed lines) were resolved

BEAST analysis placed the split between P. rhynchanthus
and the other Psittacanthus species at 1.25 Ma (95% HPD:
2.64-0.15 Ma, PP=1) using the nrDNA and concatenated
cpDNA (Online Resource 3).

Thirteen haplotypes were identified for the trnL-F/atpB-
rbcL concatenated data (Online Resource 4). The network
revealed two common haplotypes, H1 and H12 (Fig. 2b).
Haplotype H1, the most frequent haplotype (56 samples,
51% of the individuals) and core of network, was retrieved
from most populations except those from the Yucatan Pen-
insula and Honduras (Fig. 2¢). Haplotype H12, the second
most common (21 samples, 19.3% of the individuals) and
five steps separated from H1, was exclusively located in pen-
insular populations along with H10-H13 haplotypes. Other
haplotypes were exclusively located in Honduras (H8 and
H9) or Veracruz (H3, H5 and H6), except one individual
from La Pefia, Michoacan (H3), and one individual from
San Salvador, Guatemala (H3) (Fig. 2¢; Online Resource 4).

BAPS analyses with trnL-F/atpB-rbcL. sequences
inferred existence of two genetic clusters (K=2) (log mar-
ginal likelihood = —193.439, PP=1.0). In agreement with
the shallow genetic divergence and haplotype distribution
shown in Fig. 2, these two genetic clusters group as: the yel-
low cluster includes individuals from the YUC populations,
and the blue cluster includes individuals from populations
in the Pacific and Atlantic slopes and Honduras (Fig. 2d).
Therefore, we used the two-population structure (YUC,

following the criteria given by Pfenninger and Posada (2002). The
numbers by the haplotypes in the map correspond to localities fully
described in Fig. 1 and Online Resources 2 and 4. Pie charts repre-
sent haplotypes found in each sampling locality. The size of sections
of the pie charts corresponds to the proportion of individuals with a
given haplotype. In the inset (d), a Bayesian analysis of population
genetic structure (BAPS) is presented based on the trnlL-F/atpB-rbcL
sequences. Colours indicate different genetic clusters (K=2), the yel-
low cluster include individuals from the Yucatan Peninsula, and the
blue cluster includes individuals from the Pacific and Atlantic slopes
and Honduras. Numbers indicate different populations (localities) as
fully described in Online Resource 2

PAC+ ATL+HON), as described by the haplotype network
analyses, for downstream analyses.

Population indices and geographic structure
of populations

Differentiation among populations based on trnL-F/
atpB-rbcL (Ggy=0.600, SE=0.0913) indicated that P.
rhynchanthus is genetically subdivided. Genetic diversity
across all populations (Ay=0.729, SE=0.0846; v;=0.731,
SE =0.1637) was higher than the average within-population
value (hg=0.291, SE=0.0735; v4=0.226, SE=0.0679).
PERMUT analysis showed that Ngr (0.691, SE=0.0834) and
Ggr values were statistically different (P <0.05), indicating
phylogeographical structuring. Pairwise comparisons of Fgy
values were low and significant when PAC and ATL + HON
populations were compared (Fqpr=0.231, P<0.001),
whereas those for YUC/PAC and YUC/ATL + HON were
high and significant (Fg;=0.921 and 0.762, respectively,
P<0.001).

When populations are treated as a single group, the
AMOVA showed that 13.5% of the genetic variation for
trnL-F/atpB-rbcL was explained by differences within
populations and 84.5% by differences between popula-
tions (Table 2). The three groupings tested in AMOVA
revealed a high degree of population structuring, with
highest For value (For=0.80) obtained when populations
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Table 2 Results of AMOVAs
and SAMOVA models of
trnL-F/atpB-rbcL data set on
Psittacanthus rhynchanthus
populations with no groups
defined a priori (a), and grouped
into (b) two lineages (YUC and
PAC+ATL +HON), (¢) two
groups with populations from
the Yucatan Peninsula (YUC)
and Honduras populations
(YUC+HON) and populations
from the Pacific slope grouped
with the populations from the
Atlantic slope (PAC+ ATL), (d)
three lineages with populations
from the Pacific slope

grouped with the Honduras
population (PAC+HON,

ATL and YUCQC), or (e) three
lineages corresponding to P.
rhynchanthus populations

with distribution along the
Pacific (PAC) and Atlantic
(ATL) slopes and populations
from the Yucatan Peninsula
and Honduras (YUC + HON).
(f) SAMOVA K =2 groups
(YUC+HON, PAC+ATL)

trnL-F/atpB-rbcL

df Sum of squares  Estimated variance ~ % Fixation indices

(a) No groups defined
Among populations 15 78.480 0.7590 86.48  Fgr=0.86%**
Within populations 93  11.039 0.1187 13.52
Total 108 89.519 0.8777

(b) Two groups
Between groups 1 55.839 1.3915 80.04  For=0.80%*
Among pop. within groups 14 22.641 0.2284 13.14  Fygc=0.65%%*
Within populations 93  11.039 0.1187 6.83 Fgr=0.93%%*
Total 108 89.519 1.7386

(¢) Two groups
Between groups 1 51.639 1.0874 73.55  Fop=0.73%*
Among pop. within groups 14 26.841 0.2724 1843  Fyc=0.69%%*
Within populations 93  11.039 0.1187 8.03 Fgr=0.91%**
Total 108 89.519 1.4786

(d) Three groups
Among groups 2 59.253 0.8275 7143  Fop=0.71%%
Among pop. within groups 13 19.226 0.2122 1832  Fyc=0.64%%*
Within populations 93  11.039 0.1187 10.25  Fgp=0.89%%*
Total 108 89.519 1.1584

(e) Three groups
Among groups 2 52.802 0.6833 62.98  Fop=0.62%*
Among pop. within groups 13 25.678 0.2830 26.09  Fgc=0.70%**
Within populations 93  11.039 0.1187 10.94  Fgp=0.89%%*
Total 108 89.519 1.0851

(f) SAMOVA, K=2
Between groups 1 210.514 4.57931 9829  For=0.89%%*
Among pop. within groups 14 37.757 0.38345 7.48 Fgc=0.69%%*
Within populations 93  15.436 0.16598 3.24 Fgr=0.97%%*
Total 108  263.706 5.12873

**P<0.001; **#*%P <0.0001

are grouped as two lineages: populations from the Yucatan
Peninsula and populations from the Pacific and Atlantic
slopes and the Honduras population (Table 2). A signifi-
cant but smaller proportion of the variation was attributed
to differences between groups when sampling sites were
grouped differently (Table 2).

SAMOVA results revealed significant F values for
groups between K=2 and K= 10, with high Fy value for
K =2 (Table 2). When K =2, the spatial genetic analysis
identified one group formed by populations of the Yuca-
tan Peninsula and Honduras treated as one group and the
other one encompassing the populations of the Pacific
and Atlantic slopes and no single-population group was
formed. This configuration was generally consistent with
the clustering depicted in BAPS (Fig. 2d) and the best
AMOVA model (Table 2). Although F-1r=0.899 was
higher at K=3 than at K=2 (0.892), an additional increase
in the number of K led to higher F; values than K=3
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but dissolution of group structure and single-population
groups were formed.

Genetic diversity (h) and nucleotide diversity () were
higher for the PAC + ATL + HON population (Table 3).
Rarefaction curves based on populations provide evidence
that differences in haplotype richness between geographic
regions (YUC, PAC + ATL + HON) are not significant
according to the 95% confidence intervals (Online Resource
5).

Historical demography

For trnL-F/atpB-rbcL, Fu’s F's and Tajima’s D had nega-
tive but small non-significant (P > 0.05) values for the YUC
and PAC + ATL + HON group, indicating that populations
are neutrally evolving and though values are negative we
failed to reject the null hypothesis of a constant population
size (Table 3). In contrast, SSD and Hri showed low and
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Table3 Summary statistics of neutrality tests and demographic
analysis of Psittacanthus rhynchanthus trnL-F/atpB-rbcL sequences
grouped as populations from the Pacific and Atlantic slopes and Hon-
duras (PAC + ATL + HON) and populations from the Yucatan Penin-
sula (YUC) to infer demographic range expansion

Parameter PAC+ATL+HON YUC

N 84 25

Ny 9 4

h, gene diversity 0.5376 £0.0616 0.2967+0.1150
w, nucleotide diversity 0.0030+0.0018 0.0008 +0.0008
Fu’s Fs —0.092 —-0.951
Tajima’s D —-1.126 —-1.296

SSD 0.355%%* 0.026

Hri 0.103 0.406

R2 0.0207%** 0.048#7%*

N number of individuals, Ny number of haplotypes, & gene diversity,
7 nucleotide diversity, Dy Tajima’s D, Fg Fu’s Fs, SDD differences in
the sum of squares or mismatch distribution, Hri Harpending’s rag-
gedness index, R2 Ramos-Onsins and Rozas statistic

*#*P <0.0001

non-significant values indicating a good fit, so the expan-
sion model was not rejected, except for the SSD of the
PAC + ATL + HON group (Table 3). R2 statistic showed
positive, small and highly significant values for both groups,
indicating that these groups presented past demographic
expansion (Table 3). The Bayesian skyline plots suggest
that the effective population size was stable over time in
P. rhynchanthus and in the groups of populations, except a
marginal decrease after the LGM in the PAC + ATL + HON
group (Online Resource 6).

Palaeodistribution modelling and environmental
variation

For the P. rhynchanthus lineage models of YUC and
PAC + ATL + HON, the AUC values indicated that model
prediction performed well (0.881+0.073 and 0.841+0.118,
respectively). Our TSS results using the 10 percentile train-
ing presence logistic threshold (10PTPLT) resulted in a
good proportion of correctly classified training observa-
tions (mean+SE, YUC=0.587 +£0.33, PAC+ ATL + HO
N=0.552+0.337). We applied the 10PTPLT (mean + SE,
YUC=0.283+0.020, PAC+ATL+HON = 0.280+0.031)
to the final models, where grid cells with model values below
this given threshold were eliminated. Therefore, we converted
our output grids accordingly to define the presence/absence
maps for the two P. rhynchanthus models. The predicted
potential distribution of P. rhynchanthus under current condi-
tions was similar to its actual distribution. Interestingly, the
potential distribution of suitable habitat for the YUC lineage
has changed much since the LIG (Fig. 3a—d). The predicted

distribution at the LIG (Fig. 3a) differed greatly from LGM
predictions, with southward range expansion predicted from
LIG to LGM according to the LGM-CCSM model (Fig. 3b) or
severe contractions into small areas in the tip of the peninsula
according to the LGM-MIROC model (Fig. 3c), to southward
range expansion predicted from LGM to the present (Fig. 3d).
For the PAC + ATL +HON lineage, the potential range under
current conditions (Fig. 3e) also differed to its actual potential
distribution (Fig. 3h). The predicted distribution at the LIG
(Fig. 3e) differed greatly from LGM predictions, with range
expansion into the Atlantic slope, the Balsas Basin and the
western Pacific slope according to both LGM-CCSM and
LGM-MIROC models (Fig. 3f—g), to a widespread but more
fragmented distribution to the present (Fig. 3h). Overall, the
models show there are large and different range expansion pat-
terns, from LIG to the present.

The PCA indicated three niche axes that together explain
80% of the environmental variation in P. rhynchanthus
(Fig. 4a, Online Resource 7). The first niche axis (41.9% of
variation) is positively associated with temperature and pre-
cipitation variables, and the second niche axis (26.3%) is
positively associated with temperature variables and nega-
tively associated with annual precipitation (BIO12). The third
(11.8%) is positively associated with precipitation seasonality
variables (Online Resource 7). Univariate ANOVAs of PC
scores reveal significant differences between the YUC and
PAC+ ATL +HON populations (Online Resource 7).

Bayesian Phylogeographic and Ecological Clustering
(BPEC)

Chloroplast haplotypes were assigned by BPEC to two phylo-
geographic clusters (YUC and ATL +PAC +HON) with high
posterior probabilities (> 0.98) (Fig. 4b), with most likely
ancestral locations being Chetumal (Quintana Roo), Escarcega
(Campeche) and El Porvenir (Honduras) (Fig. 4b). Haplotypes
from locations of the Yucatan Peninsula were assigned to one
cluster, whereas the haplotypes from locations of the Atlantic
and Pacific slopes of Mexico and Honduras were assigned to
another cluster (Fig. 4b). Low posterior cluster assignment
probabilities (< 0.4) were obtained for the haplotypes in the
Atlantic slope of Mexico to be assigned to a distinct clus-
ter, with uncertainty about the other clusters (Fig. 4b); thus,
despite the private haplotypes for this region, they are consid-
ered together with those from the Pacific slope and Honduras
as a single cluster.
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Fig.3 Results from the MaxEnt
analyses showing ecological
niche models for the YUC (left)
and PAC + ATL +HON (right)
Psittacanthus rhynchanthus
groups: a, e at last interglacial
(LIG, 140-120 ka BP), b, f
Last Glacial Maximum (LGM,
CCSM, 21 ka BP), ¢, g Last
Glacial Maximum (LGM,
MIROC, 21 ka BP), and d, h at
present (0 ka), respectively

Discussion

Genetic diversity and structure of the Psittacanthus

rhynchanthus populations

Despite similar life-history traits among Psittacanthus spe-
cies (hermaphroditic flowers, predominately outcrossed,
vector-mediated seed dispersal), there is evidence of bio-
logical attributes appearing to be associated with differences
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in genetic structure and diversity (e.g. Loveless and Ham-
rick 1984; Carvalho et al. 2019). For instance, low levels of
genetic variation and genetic structure may be reflecting his-
torical effects of population expansion with secondary con-
tact and gene flow among populations, which periodically
reset genetic differentiation within lineages (Ramirez-Bara-
hona et al. 2017; Baena-Diaz et al. 2018). Genetic differenti-
ation among P. rhynchanthus populations (Ggp=0.600) was
slightly higher as compared with other Psittacanthus species
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Fig.4 a Principal compo-
nents analysis (PCA) on the
19 bioclimatic variables with
the first principal component
(PC1) largely a measure of
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with more restricted distributions (P. auriculatus =0.561;
P. mayanus=0.461; P. sonorae =0.416; Licona-Vera et al.
2018; Ornelas et al. 2018a, 2019b), and lower as compared
with other widespread species (P. calyculatus =0.869; P.
schiedeanus =0.692; Ornelas et al. 2016; Pérez-Crespo
et al. 2017). Total haplotype diversity at the species level
(hr=0.729) was nearly three times higher than haplotype
diversity for each P. rhynchanthus populations (hg=0.291), a
pattern similar and values intermediate to those observed in

other Psittacanthus species studied to date (P. schiedeanus,
hp=0.553, hg=0.150, Ornelas et al. 2016; P. calyculatus,
hr=0.811, hg=0.150, Pérez-Crespo et al. 2017; P. auricula-
tus, hy=0.793, hg=0.348, Ornelas et al. 2018a; P. mayanus,
hy=0.245, hg=0.132, Licona-Vera et al. 2018; P. sonorae,
hr=0.553, hg=0.323, Ornelas et al. 2019b). Total haplotype
diversity in P. rhynchanthus was higher than the mean for
cpDNA as reported by Petit et al. (2005) in 170 species of
angiosperms (hy=0.670). Rarefaction curves indicate that
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the number of haplotypes discovered on each group was near
the maximum number expected. If in fact more haplotypes
had been discovered with a more thorough sampling (on
a per population basis), one would expect to see a further
weakening of the currently observed genetic groups and a
higher probability of uncovering haplotypes that are shared
among regions.

Gene diversity (h) levels for P. rhynchanthus lineages
(h=0.296-0.537) ranged intermediate between lineages of
other cpDNA sequence-based studies in Psittacanthus (P.
schiedeanus: 0.14-0.23; Ornelas et al. 2016; P. calycula-
tus: 0.415-0.789; Pérez-Crespo et al. 2017; P. auriculatus:
0.125-0.398; Ornelas et al. 2018a; P. mayanus: 0.361-0.679;
Licona-Vera et al. 2018; P. sonorae: 0.148—0.595; Ornelas
et al. 2019b). Nucleotide diversities (z=0.0008-0.0030) in
P. rhynchanthus were low as compared to those reported
for other lineages within widespread Psittacanthus spe-
cies (P. schiedeanus=0.0000-0.0198, Ornelas et al.
2016; P. calyculatus =0.0102-0.0565, Pérez-Crespo et al.
2017), but higher than those for range-restricted species
(P. auriculatus =0.0001-0.0005, Ornelas et al. 2018a; P.
mayanus =0.0002-0.0023, Licona-Vera et al. 2018; P. sono-
rae =0.0003-0.0008, Ornelas et al. 2019b). The moderate
h and z values in P. rhynchanthus, between those of wide-
spread and range-restricted Psittacanthus species, may be
attributed to: (1) bird-ingested, long-distance seed disper-
sal that results in the homogeneous distribution of cpDNA
haplotypes, (2) similar ecological environment across its
distribution that could limit genetic differences, or to (3) a
uniform distribution (e.g. among host species) that promotes
migration and genetic homogeneity.

This phylogeographic study is first to show genetic dif-
ferentiation between populations on the Yucatian Peninsula
(YUC) and those along the Pacific and Atlantic slopes
(PAC+ ATL + HON). The haplotype network, *BEAST
species tree, Fgr pairwise comparisons, AMOVAs,
and BAPS support the existence of two clusters (YUC,
PAC + ATL + HON), population differentiation, and fairly
high levels of genetic structuring, especially when consid-
ering the cpDNA data. The slightly more sensitive BPEC
analysis revealed the same two geographically structured
clusters, suggesting that similarity in climatic conditions
facilitates the genetic exchange within each region. On the
other hand, this analysis retrieved populations of the Yucatan
Peninsula and Honduras as the ancestral locations, suggest-
ing that P. rhynchanthus colonized the northern range of its
distribution from ancestral populations located in Central
America and probably into the Caribbean region from the
Yucatin Peninsula. The scenario that the colonization of
the present-day range of P. rhynchanthus happened from
the south and that the source plants for migration into Mes-
oamerica and into the Caribbean from Mesoamerica was
P. rhynchanthus (Kuijt 2009) requires further phylogenetic
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testing for the sister relationship between P. rhynchanthus
and P. americanus on the eastern Caribbean islands and P.
wurdackii endemic to Venezuela (Kuijt 2009).

As indicated in Table 2, for trnL-trnF/atpB-rbcL, the
very high Fgr values between populations at all levels sup-
ports isolation and genetic drift in P. rhynchanthus. A recent
review on the genetic diversity of plants (Carvalho et al.
2019), a higher mean Fg was recorded in widely distributed
plant species, in comparison with the species with a more
restricted range. This is because widely distributed plants
have greater phenotypic plasticity and fewer adaptive restric-
tions (Falk and Holsinger 1991). When phylogeny was taken
into account, the Fgp values were influenced by habitat and
the combination of habitat with distribution (Carvalho et al.
2019). Assuming low dispersal capabilities in this mistletoe,
the isolation between populations on the Yucatan Peninsula
and those along the Mexican slopes (ecological barrier), and
the Pleistocene changes in the distribution of suitable habitat
that accentuated isolation, appear to explain genetic differ-
entiation between regions. Life-history traits of some mistle-
toes such as seed-mediated dispersal, broad host range, high
adult survivorship and migratory seed dispersers (Ornelas
et al. 2016; Licona-Vera et al. 2018) might explain its genetic
homogeneity within regions. Several bird species consume
the fruits of P. rhynchanthus and probably disperse the seeds
over long distances if consumed by migratory bird species.
Therefore, it is possible that the low genetic structure and
genetic differentiation within regions have been eroded by
large-scale seed recruitment and high historical rates of gene
flow (Ornelas et al. 2016; Licona-Vera et al. 2018). In P.
rhynchanthus, haplotypes of the combined trnL-trnF/atpB-
rbcL (H10-H13) were found to be exclusive to the Yucatan
Peninsula, which favours the hypothesis of restricted bird
seed-mediated gene flow between regions.

Demographic history

Unimodal mismatch distribution values (SSD and Hri)
coupled with the Ramos-Onsins and Rozas statistic (R2),
which is very powerful in detecting population expansions
in small samples (Ramos-Onsins and Rozas 2002), clearly
suggests a scenario of ancestral population expansion in P.
rhynchanthus. Population expansion, also supported by the
star-like pattern radiating from ancestral haplotypes and the
low-to-moderate values of nucleotide and haplotype diver-
sity, was not caused by changes in effective population size
according to the BSP analysis. Consistent with the lack of
significant changes in effective population sizes over time in
the BSP analysis, the negative but no-significant Fu’s F's and
Tajima’s D for the cpDNA data indicate a weak population
expansion signature, or that a low mutation rate of cpDNA
could explain these contradictory signatures of demographic
changes, which would be expected under equilibrium due to
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effective population size and sample size differences. Thus,
it is possible that PAC + ATL + HON and YUC populations
have experienced recent demographic expansion from an
ancestral population with a small effective population size.

From the LIG to present conditions, ENM models of P.
rhynchanthus suggest for the YUC lineage a recent southern
expansion into the Petén province and a northern expan-
sion into the Balsas Depression and along both the Pacific
and Atlantic slopes for the PAC + ATL + HON lineage.
These patterns are consistent with the hypothesis that iso-
lation by the semi-deciduous tropical rain forest along the
Petén province and Chiapas (ecological barrier) may have
restricted northward gene flow from locations of the Pacific
and Atlantic slopes in Mexico into the SDTF of the Yucatin
province (e.g. Savage 1966; Lavin et al. 1991; Licona-Vera
et al. 2018). Together, our results are consistent with both a
model of isolation and reduced gene flow by both physical
and environmental barriers, and expansion/contraction of
species ranges responding to climatic changes during the
Pleistocene (Hewitt 2000). Given the few phylogeographic
studies in the region, the phylogeography of P. rhynchan-
thus including the ENM results is particularly important to
understand the evolution of biota in the tropical lowlands
of Mexico.

The two LGM climate models (CCSM and MIROC) dif-
fered regarding the potential distribution of suitable habi-
tat for P. rhynchanthus, particularly for the YUC lineage
(Fig. 3). Despite differences between those models, predic-
tion of the CCSM model is consistent with the theory of
Quaternary dry forest refugia as originally posed for the
Neotropics, in which tropical forests became contracted and
fragmented in their distribution and isolated forest patches
were separated by an expanding savannah-like vegetation
at the LGM (e.g. Haffer 1969; Carnaval and Moritz 2008).
Although palaeoecological data are limited for northern
Mesoamerica (Ramirez-Barahona and Eguiarte 2013), cur-
rent evidence suggests that precipitation was reduced in the
wet season at the LGM, resulting in either arid conditions
extending over much of Mexico, Central America and the
Caribbean (e.g. Anselmetti et al. 2006), or that the precipi-
tation decrease was not significant in Mesoamerica (Hodell
et al. 2008; Bush et al. 2009; Mueller et al. 2010), indica-
tive of more stable forest areas at the tropical lowlands. As
compared with the LIG model, both LGM models predict
expanded suitable habitat for P. rhynchanthus. Accord-
ing to palynological data for the Yucatidn Peninsula (Ley-
den 1984), it is possible that the widely distributed xeric
vegetation facilitated the expansion of P. rhynchanthus to
coastal Yucatin at the LGM, and then, it was contracted by
expanding more mesic vegetation towards the present condi-
tions. Thus, the uncovered distribution for P. rhynchanthus
on the Yucatan Peninsula supports the existence of patchy
climates and long-term stable areas in the region that served

as source of genetic variability during population expansion,
as suggested for other tropical regions during the LGM (e.g.
Carnaval et al. 2009).

The existence of unique haplotypes on the Yucatan Penin-
sula and Veracruz suggests that P. rhynchanthus persisted in
the northern portion of the Yucatan Peninsula (YUC lineage)
at the LGM and that the southern part of the Yucatian Pen-
insula into the Petén region was colonized more recently. In
contrast, the PAC + ATL +HON lineage expanded its distri-
bution northwards according to ENM models. This suggests
that the ancestral populations of P. rhynchanthus colonized
the Balsas Depression and Atlantic slope and expanded
northwards along the Pacific slope at the LGM and then
contracted that distribution to present conditions in areas
currently covered by SDTF. Given the host dependence of
mistletoes, it is possible that the observed genetic structuring
and range dynamics of P. rhynchanthus through time were
influenced by host—mistletoes interactions across geography
(but see Ornelas et al. 2019b). However, detailed data on
prevalence or specificity of these mistletoes to its main host,
Bursera simaruba, are not available to assess whether the
observed mistletoe range dynamics across space and time
follows changes in the distribution of its host by contrasting
models that include data on host distributions with those that
use only climate data for the mistletoe (Ornelas et al. 2018b).

Phylogeographic history and origin of Psittacanthus
rhynchanthus

Studies on the evolution of plants in the SDTF, widespread
along the coasts of Mexico, are scarce. Becerra (2005) used
a time-calibrated phylogeny to reconstruct the geographic
centre, time of origin and diversification rate of Bursera at
different times, and relate those to the origin and expansion
of the SDTF in Mexico. Her results suggest that the oldest
lineages of Bursera diversified mostly in Western Mexico,
as the Sierra Madre Occidental and later the Trans-Mexican
Volcanic Belt were formed, whereas the more recent lineages
diverged in the south-central part of the country. Accord-
ing to her results, Bursera probably originated between 30
and 20 million years ago (Mya) and began a relatively rapid
diversification, when conditions (dry, warm, and seasonal
climate) were likely favourable for the establishment of the
SDTF as well (Becerra 2005). These results suggest that
the SDTF was first established in the west of Mexico and
from there expanded to central and south Mexico, and from
the south of Mexico into Central America more recently,
2.5 Mya according to fossil evidence (Becerra 2005). The
evolutionary history of the Mexican Malpighiaceae pool
species and its occupancy of the SDTF in Mexico were also
tested with phylogenetic methods. In this system, a ‘step-
ping-stone’ dispersal scenario seems to explain the majority
of migration events from South America to Mexico, with
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mainly Central America as a bridge between South Amer-
ica and Mexico (Willis et al. 2014). Also, the significant
increase in migration rates and species diversification begin-
ning in the Miocene, in conjunction with the development of
land corridors through Central America, played a key role in
the initial establishment of the Mexican Malpighiaceae spe-
cies pool and in situ adaptation to dry forest environments
and precipitation seasonality until they became restricted
to Mexico during the mid-Miocene, around 13.7 Mya on
average (Willis et al. 2014). These results suggest that the
SDTF, geographically restricted during the Late Oligocene,
expanded greatly until the mid-Miocene (Willis et al. 2014).

Bursera simaruba L.Sarg., a species complex of Neo-
tropical trees, is the most common host over much of P.
rhynchanthus’s range (Kuijt 2009). A conspicuous element
in tropical forests below 1400 m, the distribution of B. sima-
ruba generally matches the distribution of P. rhynchanthus,
including both coasts of Mexico to northern South America,
Florida, and the West Indies (Rosell et al. 2010). Divergence
dates within the Psittacanthus ‘Bursera group’ (P. nudus,
P. palmeri, P. sonorae) appear to be related to those of its
main Bursera host species. The split between B. simaruba,
the only known Bursera species parasitized by P. rhynchan-
thus (Kuijt 2009), and its closest relative B. itzae Lundell
occurred ~ 8.4 Ma (De-Nova et al. 2012), whereas Psittacan-
thus species showed a Late Miocene—Pliocene (7.6-3.4 Ma)
initial divergence to P. rhynchanthus (Ornelas et al. 2016;
Ortiz-Rodriguez et al. 2018b). Based on the Bursera phylo-
genetic tree (De-Nova et al. 2012), recent lineages of Psit-
tacanthus (P. mayanus Standl. & Steyerm., P. rhynchanthus)
invaded ancestors of the Simaruba clade in the Middle Mio-
cene, after shifting from the SDTF to the tropical rain forest
(De-Nova et al. 2012). Here, our BEAST analysis placed the
origin of the P. rhynchanthus clade at 2.64-0.15 Ma (Mid-
Pleistocene) and a more recent divergence (1.17-0.1 Ma) for
the split between the YUC and PAC+ ATL + HON lineages
according to the *BEAST species tree analysis. Although
caution should be taken with molecular dating, these esti-
mates do not coincide with the timing of intense uplift of
the Trans-Mexican Volcanic Belt and climate change from
the Miocene to the Pleistocene, which may have produced
the conditions for Bursera diversification, and expansion of
the SDTF and colonization of mistletoes (Becerra 2005; De-
Nova et al. 2012), but congruent with previous estimates for
the origins and diversification within other Psittacanthus
species (e.g. Licona-Vera et al. 2018; Ornelas et al. 2019b).

Conclusions
Our results revealed the overall phylogeographical patterns

in the lowland forest-adapted P. rhynchanthus mistletoe,
with strong genetic differentiation among populations and
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phylogeographic structuring separating populations from
the Yucatan Peninsula and populations from the Pacific
and Atlantic slopes of Mexico. Although some P. rhyn-
chanthus populations are genetically differentiated (Ver-
acruz and Honduras), the widespread haplotypes and low
genetic differentiation on the Yucatan Peninsula (H12) and
Pacific and Atlantic slopes (H1) suggest effective plastid
gene flow. Results of mismatch distribution analysis and
ENMs are suggestive of recent demographic expansion
for populations of P. rhynchanthus within these regions,
most likely during the LGM, without changes in effective
population size. In contrast, population differentiation of
P. rhynchanthus, likely before the LIG, and climate differ-
entiation between regions are consistent with a fragmenta-
tion (old isolation) model, suggesting that gene flow has
been restricted despite the expanded distribution of suit-
able habitat during the Pleistocene glacial cycles.
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