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Abstract

Multidisciplinary taxonomic studies have enhanced the delimitation of species within complex taxonomic groups. In the
cycad genus Ceratozamia, the taxonomy is still not fully resolved for the several species complexes that have been proposed.
Five Ceratozamia species occur in geographic proximity in the Soconusco region of southwestern Mexico. Because of simi-
larity and variable morphology across these species, their taxonomy is a source of confusion. Based on integrative taxonomy,
including morphological (qualitative and quantitative), ecological, and molecular data, we aimed to diagnose the species from
the Soconusco region. We carried out extensive field sampling, collecting 225 individuals from a total of 12 populations, and
reviewed one hundred herbarium specimens to evaluate whether the species are diagnosable. We carried out morphometric
analyses at the population level on vegetative and reproductive characters and present the first analyses of phenotypic vari-
ability of pollen and ovulate strobili in neotropical cycads. Additionally, we evaluated the influence of climatic factors on
morphological variation. Morphological characters of ovulate strobili were correlated with climatic conditions. In contrast,
there was no significant correlation between the morphology of pollen strobili and the environment. In the pollen strobili,
we found fixed characters that allow for the identification of the species. The haplotype networks displayed several groups
of related haplotypes, which in some species corresponded to mixed population clusters. We detected a discordance between
phenotypic and genetic evidence. The integration of evidence offers grounded views for clarifying species boundaries and
outlining the differences among species, which we incorporated into a taxonomic key. In general, the mixed relations within
this group of species may be due to historical hybridization events favored by common phenology and sharing of biotic
pollination vectors. Finally, based on our results, we discuss the use of morphology for species delimitation and inference
of evolutionary relationships in cycads.
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Introduction

Species circumscription and taxonomic revisions are criti-
cal tasks for taxonomy (Wheeler, 2020). Therefore, robust
taxonomic frameworks are essential for successfully test-
ing species delimitation. These frameworks include the
species concept, the definition of diagnostic characters,
and a battery of analytical methods. The integrative tax-
onomy approach considers multiple sources of biological
evidence and specific analytical techniques in the circum-
scription of species (Dayrat, 2005; DeSalle et al., 2005;
Padial et al., 2010) and has proved beneficial for unrave-
ling taxonomic limits within species complexes (Carstens
et al., 2013; Prata et al., 2018).

Species complexes are groups of populations of two or
more species with unclear taxonomic limits (Prata et al.,
2018) because of high or low variation in their taxonomic
characters, such as morphological, molecular, and ecological
(Duminil et al., 2012). Generally, species in species com-
plexes are indistinguishable by their morphological char-
acters. Moreover, different sets of characters, e.g., morpho-
logical, genetic, ecological, may result in different grouping
patterns and diagnosable species. Such discrepancies in the
taxonomic delimitation of species suggest discordant charac-
ter evolution (De Queiroz, 2007; Padial et al., 2010).

Cycadales is an order of dioecious gymnosperms with
at least 356 species arranged in ten genera (Calonje et al.,
2013-2022). Many species complexes have been sug-
gested within the Cycadales. Within the genus Ceratoza-
mia Brongn., with a long history of synonymies and high
morphological similarity among species, up to seven species
groups have been proposed (Miquel, 1868; Vovides et al.,
2004a, b; Whitelock, 2004). Ceratozamia is restricted to the
Neotropics, with most of its distribution in Mexico. Vovides
et al. (2004a) used vegetative morphology and anatomy and
geographic affinities to define seven species complexes in
Ceratozamia. Taxonomic limits of most species complexes
in Ceratozamia are based on morphological characters,
especially those of a quantitative nature (Pérez-Farrera
et al., 2009, 2014). The morphology of reproductive organs
in Ceratozamia may prove helpful for the taxonomy of the
genus and clarifying elements within these seven groups.
However, little evidence of this kind has been systematically
collected, partly because of the dioecious nature of cycads
and the scarcity of phenological studies.

Because of the reasons given above, identification of
many species in Ceratozamia remains problematic, which
calls into question their delimitation. Some of these
species show great variation in vegetative morphology
(Martinez-Dominguez et al., 2017). Nonetheless, vegeta-
tive morphology and reproductive morphology of both
ovulate and pollen strobili are crucial for identification.
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Unfortunately, studies of patterns of intraspecific molec-
ular variation are restricted to a few species (Martinez-
Dominguez et al., 2016, 2017). Several studies have tested
species limits in the genus (Martinez-Dominguez et al.,
2016, 2017, 2018a; Pérez-Farrera et al., 2009, 2014).
However, circumscription efforts are still needed in spe-
cies complexes such as those in the Soconusco region
of southwestern Mexico, where up to five species of
Ceratozamia occur: C. norstogii D.W.Stev., C. vovidesii
Pérez-Farr. & Iglesias, C. matudae Lundell, C. alvarezii
Pérez-Farr., Vovides & Iglesias, and C. mirandae Vovides,
Pérez-Farr. & Iglesias. It is especially difficult to differ-
entiate between C. alvarezii and C. mirandae because of
their blurred morphological boundaries. Furthermore, C.
alvarezii is only known from the type locality, whereas C.
mirandae is widely distributed along the southern moun-
tains in Chiapas (Pérez-Farrera et al., 2017).

Infrageneric relationships in Ceratozamia are not fully
resolved; molecular phylogenetic studies disagree in the num-
ber of clades and the relationships among them (c.f. Condamine
etal., 2015; Gonzalez & Vovides, 2002, 2012; Liu et al., 2022;
Medina-Villarreal et al., 2019). Gonzalez and Vovides (2002,
2012) found clades congruent with geographic distribution, in
which C. alvarezii, C. mirandae, C. vovidesii, and C. norstogii
were recovered as monophyletic. However, the phylogenetic
hypothesis of Medina-Villarreal et al. (2019) supported only
two main clades, and these lacked geographic or morphological
correspondence among species; the Soconusco species were
recovered in different clades where C. alvarezii and C. norstogii
are sisters, C. mirandae was sister to a clade that includes C.
vovidesii and C. santillanii Pérez-Farr. & Vovides, while C.
matudae was only distantly related to these taxa and sister to
C. whitelockiana Chemnick & T.J. Greg. Although infrageneric
relationships were not discussed by Liu et al. (2022), their phy-
logeny based on transcriptome data is the most complete for
Ceratozamia and recovered a phylogenetic pattern more simi-
lar to that of Gonzalez and Vovides (2012), particularly for
Soconusco species. In summary, C. alvarezii, C. mirandae, C.
vovidesii, and C. norstogii seem to be phylogenetically closely
related species despite some discrepancies among studies (c.f.
Medina-Villarreal et al., 2019; Vovides et al., 2004a). These
four species show similar morphology and occur mainly in the
cloud forest of the Soconusco region, a biogeographic province
comprising a narrow strip that includes a small area of south-
ern Oaxaca and most of the Pacific coast of Chiapas (Arriaga
etal., 1997). These species belong to the C. norstogii complex,
although the members are currently under debate (Vovides
et al., 2004b). Furthermore, C. chimalapensis Pérez-Farr. &
Vovides was proposed as part of this complex (Vovides et al.,
2008); however, this species is endemic to Oaxaca in the dis-
junct portion of the Soconusco and has morphological charac-
ters that allow it to be recognized (Pérez-Farrera et al., 2014;
Vovides et al., 2008).
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In this study, we aimed to test the species limits of the
species of Ceratozamia that inhabit the cloud forest of the
Soconusco region, with particular attention to C. alvarezii
and C. mirandae because of their morphological similar-
ity. The approach is to implement the taxonomic circle in
which multiple lines of evidence are analyzed indepen-
dently for taxonomic hypothesis testing, corroboration, and
review (DeSalle et al., 2005). Considering that the environ-
ment plays a role in phenotypic expression and could relate
to local ecological adaptions (Limén et al., 2016), we test
the relationship between the climatic conditions where the
species occur and variation of vegetative and reproductive
morphological characters. We emphasize analyzing phe-
notypic variation because reproductive characters have not
been studied in either an evolutionary or taxonomic context.
In addition, we explore molecular variation at the population
level, which is informative and contributes substantially to
the investigation of evolutionary processes in this genus.
Based on these results, we propose a circumscription with

qualitative and quantitative vegetative and reproductive mor-
phological evidence and molecular and phenological evi-
dence. The results are discussed in light of clinal variation
in phenotype and speciation hypotheses.

Material and methods
Sample collections and geographic distributions

We collected 225 Ceratozamia individuals in the field from
12 populations (Supplementary Material 1; Fig. 1). These
specimens were collected under scientific collection per-
mit SGPA/DGVS/5506 from SEMARNAT, Mexico. Leaf
vouchers were prepared for all individuals and deposited
in the CIB and MEXU herbaria. Based on this material, we
analyzed morphological variation within and among popu-
lations and species. In addition, leaf tissue from five indi-
viduals per population was preserved in silica gel for DNA
sequence analysis.
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Fig. 1 Distribution of Ceratozamia in the Soconusco region. The small symbols indicate species records from herbaria, whereas the large sym-

bols indicate sampled populations

l GfBS

@ Springer



L. Martinez-Dominguez et al.

Character selection and coding

Morphological characters were examined from a selection
of individuals covering the full spectrum of geographical
and habitat variation expressed in these species. For mor-
phological studies, we carried out the characterization of
reproductive structures that had attained reproductive matu-
rity, i.e., during pollen liberation in pollen strobili and post-
pollination ovulate strobili. The parts of the pollen and ovu-
late strobili were described in detail. In total, 20 qualitative
and 22 quantitative reproductive characters were evaluated
(Supplementary Material 2, 3) in 54 ovulate strobili and 73
pollen strobili (from 5 to 10 per population of each strobilus
type). These characters were measured in the wild. In addi-
tion, 18 qualitative and 22 quantitative vegetative characters
were evaluated (Supplementary Material 2, 3).

Criteria of species delimitation and exploration
of evolutionary scenarios

Working under the phylogenetic species concept in the context
of the integrative taxonomy approach (Wheeler & Platnick,
2000), we applied three criteria for species delimitation and
speciation hypotheses within these morphologically similar
entities: (1) diagnosability, applied to qualitative morphologi-
cal characters through population aggregation analysis; (2) phe-
netic, applied to quantitative morphological characters using
multivariate methods (between-class analysis and co-inertia);
and (3) statistical parsimony, based on molecular data. Addi-
tionally, we used phenological and geographic data to delimit
species. The evidence was used to define diagnostic charac-
ters and clarify the identity of the species. We also reviewed
approximately one hundred herbarium specimens housed in
BIGU, CH, CHAPA, CHIP, ENCB, IBUG, MEXU, MO, NY,
SERO, USCG, and XAL. Based on the results of our data anal-
yses and the informative characters detected, these herbarium
specimens were critically examined and re-determined when
necessary. We used geographical coordinates from herbarium
specimens when available and our own collections to obtain a
characterization of the habitat and distribution range for each
species. We projected the geographic coordinates onto a digital
map of Mexico using ArcMap 10.2 (ESRI, 2011) and included
soil use and vegetation type layers (VI series, 1:250,000 scale;
INEGI, 2013). Further, considering the patterns of variation,
we assessed divergence among these complementary axes and
explored the main drivers of speciation in this region.

Qualitative morphological characterization
A matrix with qualitative characters was constructed at the

population level to compare and analyze the morphologi-
cal patterns. We applied population aggregation analysis
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to test for species diagnosability (Davis & Nixon, 1992).
This method searches for fixed character differences among
populations. These data were used to develop the diagnoses
for the species.

Quantitative morphological characterization

To address whether morphometry discriminated among
Ceratozamia species of the Soconusco, we used a between-
class analysis based on principal components analysis. The
grouping factor was the identity of each of the 12 popula-
tions, and we used 18 vegetative characters. To establish the
significance of the separation of the centroids in the multi-
variate space, we used a permutation Monte Carlo approach
in which the values for each variable were shuffled at every
iteration. For each iteration the distance among the centroids
was calculated. We performed 1000 iterations and calculated
the empirical probabilities as the number of times the dis-
tance between each pair of centroids was equal to or greater
than the distances estimated from the actual data.

Phenotype and environment

To explore the correlation among measurements of veg-
etative and reproductive characters with the environmental
conditions we used co-inertia analysis (Antoniazzi et al.,
2021; Doledec & Chessel, 1994; Dray et al., 2003). Envi-
ronmental data were the 19 variables of the WorldClim
project (Hijmans et al., 2005) at a spatial resolution of 30
arc-sec. Because cycads are dioecious, we performed co-
inertia analyses for vegetative, pollen strobilus, and ovulate
strobilus characters separately.

In each case, we included a model selection procedure to
identify the best possible correlation on subsets of morphomet-
ric and climatic variables. The model selection was automated
in a machine learning algorithm (Bies et al., 2006) that selected
the subsets of variables that maximized the multivariate cor-
relation. To establish the significance of the correlation of the
final model, we used a Monte Carlo randomization test (Heo &
Gabriel, 1998). All tests were run with the R software environ-
ment v.3.1.0 (R Core Team, 2014).

Molecular techniques

We extracted genomic DNA from 10 mg of leaf tissue for
three specimens per population using the DNeasy Plant Mini
Kit (QIAGEN, Germantown, MD, USA). All samples were
amplified for the plastid matK gene, the nuclear ribosomal ITS
region (internal transcribed spacer region, nrITS), and a single-
copy (SC) nuclear gene, CyAG. We used the amplification
protocols described in Nicolalde-Morejon et al. (2011) and
Salas-Leiva et al. (2014). PCR products were purified using
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a QIAquick PCR Purification Kit (QIAGEN). Purified prod-
ucts were then sent to Macrogen Inc. (Seoul, South Korea) for
automated DNA sequencing.

Molecular analyses

Electropherograms were edited and assembled using
Sequencher v.4.8 (Gene Codes Corp., Ann Arbor, MI, USA).
All sequences were aligned in BioEdit v.7.0.9 (Hall, 1999) using
the “multiple alignment” option in Clustal X (Thompson et al.,
1997) and visually checked to assure there were no ambiguously
aligned sites. The alignments from each molecular marker were
concatenated into a single dataset using SequenceMatrix v.1.7.8
(Vaidya et al., 2011). We conducted a statistical parsimony anal-
ysis to identify the relationships among the haplotypes of each
population using TCS v.1.2.1 and tcsBU to visualize the hap-
lotype network (Clement et al., 2000; Dos Santos et al., 2016).
The analysis was conducted with a connection limit of 95%.
The analyses were carried out separately for each molecular
marker. We explored genetic admixture and potential conflicting
signal using the split decomposition method. The parsimonious
split was calculated using SplitsTree v.4.17.0 (Bandelt & Dress,
1992; Huson & Bryant, 2006). The amount of molecular varia-
tion was estimated with DnaSP v.5.1 (Rozas et al., 2003).

Phenology

The characterization of reproductive phenology was carried
out through observation of reproductive structures in the
field and herbarium specimens. Because the phases in ovu-
late plants are critical for determining reproductive isolation
between phenological entities, the phenophases are focused
on plants bearing ovulate strobili (Martinez-Dominguez et al.,
2018b). Ovulate strobili have four phenophases: (1) emer-
gence, characterized by development of ovules; (2) receptivity,
which occurs at the separation of megasporophylls, permitting
pollination; (3) late ovulate, during which the pollinated ovules
develop; and (4) disintegration, which results in liberation of
seeds (Martinez-Dominguez et al., 2018b).

Results
Qualitative morphological variation patterns

The vegetative morphological patterns show few unique and
consistent differences among species. Populations within
species have fixed patterns of variation that allow them
to be diagnosed. The most informative characters were (i)
arrangement of petiole and rachis, (ii) leaflet apex shape, (iii)
leaf color at emergence, (iv) color of the leaflet base at matu-
rity, and (v) leaf position (Fig. 2). The morphological dif-
ferences between Ceratozamia norstogii and the remaining
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species were remarkable because this species has a twisted
petiole and rachis, and leaflets with an acute apex. The leaf
at emergence is brown for all species except C. matudae,
in which it is light green. Additionally, this species bears
a yellow leaflet base at maturity whereas the others have a
brown or green leaflet base. The populations of C. alvarezii,
C. mirandae, and C. vovidesii do not represent morphologi-
cally distinct units using these characters (Fig. 2).

The reproductive morphological characters were the
most consistent and useful for delimiting species. The pol-
len strobili exhibit relevant microsporophyll characters (i)
microsporophyll shape, (ii) infertile apical portion shape,
(iii) angle between the microsporophyll horns, and (iv)
microsporophyll horn shape (Fig. 3). Four species exhib-
ited a unique combination of character states useful for their
diagnosability. Ceratozamia norstogii and C. matudae have
discoid microsporophylls and an orbicular apical infertile
portion with an acute angle between the two horns. In con-
trast, C. norstogii has a lobate apical infertile portion and C.
matudae has a deeply lobate apical infertile portion (Fig. 3).
Ceratozamia vovidesii differs from C. mirandae and C. alva-
rezii in possessing obconic microsporophylls with a linear
apical infertile portion (Fig. 3). Populations of C. alvarezii
and C. mirandae showed the same reproductive morpho-
logical pattern in ovulate and pollen strobili (Figs. 3 and 4).
The ovulate strobili were very similar in all species, with
the exception of C. matudae. This species has an aristate
strobilus apex and recurved horns.

Quantitative morphological variation
patterns

The between-class analysis based on vegetative characters
showed segregation of the five species at the population
level, but there were some significant overlaps between
populations of different species (Fig. 5). Ceratozamia nor-
stogii, including the three populations analyzed, was dif-
ferentiated from the other Ceratozamia species of the Soco-
nusco region (p <0.001). At the same time, there were no
significant differences between pairs of C. norstogii popu-
lations (p > 0.495). The population of C. matudae showed
marginal overlap with some populations of C. mirandae
(p=0.094 and p=0.052) and differed significantly from all
other species (p <0.001). Of the populations for C. alva-
rezii, population 2 (“Corralito”) differed significantly from
populations 1 (“El Cafetal”) and 3 (“Valle Corzo”) (p <0.01)
whereas populations 1 and 3 were not significantly differ-
entiated (p =0.374). Nonetheless, the three populations of
C. alvarezii differed significantly from the populations of
the other four species (p <0.009). Ceratozamia mirandae
showed significant differentiation among populations. Still,
populations of C. mirandae showed only marginal overlap
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Fig.2 Vegetative characteristics
of Ceratozamia species in habi-
tat. A C. alvarezii (population 1
from Cintalapa), B C. mirandae
(population 4 from Villaflores),
C C. norstogii (population 1
from Cintalapa), D C. matudae
(population 1 from Acacoya-
gua), E C. vovidesii (population
1 from La Concordia)

with populations of C. matudae and significant overlap
(p=0.351) with the only population of C. vovidesii. This
was the only significant overlap for C. vovidesii.

The reproductive characters for pollen strobili showed
strong patterns of species clustering in morphological space
(Fig. 5B). Populations of C. matudae and C. norstogii showed
significant differentiation; these species have wider microspor-
ophylls than the other species studied here (WMi; Fig. 5B).
Populations of C. mirandae and C. alvarezii exhibited more
similarity to each other with their longer microsporophylls
(LMi and LIpMi). Some populations in C. alvarezii differed
marginally from others, and one of these populations is simi-
lar to Ceratozamia vovidesii. Phenotypic variation in ovulate
strobili showed morphological overlap among most species
(Fig. 5C). Ceratozamia alvarezii has the widest megasporo-
phylls, although C. alvarezii and the two populations of C.
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mirandae show significant overlap. Ceratozamia matudae was
separated clearly from all populations of the other species by
having a long ovulate strobilus peduncle and the longest mega-
sporophylls (Fig. 5C).

Environment and phenotype

Co-inertia analysis showed a significant correlation between
vegetative characters and prevailing climatic conditions
(r=0.61; p=0.01). Ceratozamia vovidesii had the highest
values of PL (pairs of leaflets), LT (total length of leaf), LP
(length of petiole), and NVFM (number of veins in median
leaflets), which were correlated with the high seasonality
of precipitation (Bio4). Also, C. alvarezii and C. norstogii
had the smallest values for these characters except PF and
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Fig.3 Line drawing of micro-
sporophylls. A C. vovidesii, B
C. matudae, C C. alvarezii, D
C. mirandae, E C. norstogii.
Scale bar=1 cm

A

occurred at sites with relatively low seasonality in tempera-
ture (Fig. 6A). Ceratozamia norstogii occurred at sites with
high precipitation in the wettest quarter of the year (Biol6),
whereas C. alvarezii occurred at sites with relatively low
precipitation in the wettest quarter of the year. Compara-
tively, between C. norstogii and C. alvarezii, C. norstogii
had greater PF and LT, and C. alvarezii had greater LP and
NVEM. Also, among populations of C. matudae and C.
mirandae, there was a continuous increase in PL and LT
that correlated positively with the amount of rain during the
wettest quarter of the year (Fig. 6A).

There was also a significant co-inertia between the mor-
phology of ovulate strobili and the environment (»=0.65;
p=0.04), but there was no significant correlation between
the morphology of pollen strobili and the environment
(r=0.37; p=0.08). For ovulate strobili, there was a clear
separation of most species’ populations (Fig. 6C). Cera-
tozamia matudae had narrow ovulate strobili (DEO) and
occurred in sites with the highest maximum temperature
(Bio5), the most significant annual range in temperature
(Bio7), and the highest precipitation during the wettest
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month of the year (Biol3). As maximum temperature,
annual temperature range, and precipitation during the
wettest month decreased, the diameter of the ovulate stro-
bili increased for C. vovidesii, C. mirandae, and C. nor-
stogii. Only C. alvarezii showed separation of its popula-
tions in multivariate space, but it was consistent with the
increase of the diameter of the ovulate strobili as Bio5,
Bio7, and Biol3 decreased. The width of the megasporo-
phylls (WMe) increased with the seasonality of precipita-
tion (Biol5) and minimum temperature (Bio6). In contrast,
the width of the megasporophylls decreased as the precipi-
tation during the driest month of the year increased.

Phenology

We found a distinction between plants in phenophase “dis-
integration” (Fig. 7). In Ceratozamia matudae, this pheno-
phase occurred from May to July, whereas for C. norstogii
and C. alvarezii it occurred from July to September. This
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Fig.4 Phenotypic variation of ovulate strobili. A Ceratozamia miran-
dae from Villaflores (1), (2) population 4; (3) population 1; (4) popu-
lation 3. B C. alvarezii from Cintalapa (1), (2) populations 1 and 2.
Scale bar=5 cm

phase in C. vovidesii was from September to November.
Ceratozamia mirandae exhibits more variability between
phases at the population level. Most ovulate plants in the
“La Sombra” population were in this phenophase from
August to September, whereas in “Tres Picos” populations
it was from September to November. In the latter popula-
tions, two ovulate plants were recorded in receptivity at
the end of May, which is out of sync with seed shedding.

Molecular DNA variation

The concatenated matrix was 3088 bp in length: 1250 bp for
CyAG, 806 bp for matK, and 1031 bp for the ITS region. The
CyAG gene accounted for 40.5% of the alignment length. The
ITS region and CyAG were the most variable with 21 and
11 parsimony-informative sites, respectively. The ITS region
had the highest average nucleotide diversity per site (n) of
0.00353 m=, compared to 0.00215 for CyAG, and 0.00253
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for matK, with 9 parsimony-informative sites. The haplotype
diversity (Hd) was highest in CyAG with 0.917, followed by
matK with 0.732, and ITS with 0.557. The haplotype network
for CyAG showed the variable sites distributed among 12 dif-
ferent haplotypes. Ceratozamia alvarezii, C. mirandae, and
C. norstogii shared haplotypes (Fig. 8A). The other shared
haplotypes were between C. alvarezii and C. norstogii and
C. mirandae and C. alvarezii. The two populations for C.
mirandae in “Tres Picos” had unique haplotypes (“Tres Picos
North” had two haplotypes and “Tres Picos South” had one).
The network for matK with 6 haplotypes had one haplotype
shared by most individuals of C. norstogii and C. alvarezii,
the latter species shared another common haplotype with C.
mirandae (Fig. 8B). The ITS region only had 4 haplotypes.
Ceratozamia matudae had an exclusive haplotype, a com-
mon haplotype is shared by all populations of C. mirandae,
two of C. alvarezii and C. vovidesii, and one population of
C. alvarezii shared a haplotype with C. norstogii (Fig. 8C).

Overall, the haplotype networks showed an intricate struc-
ture. Ceratozamia matudae did not show a direct relationship
with the remaining species of the Soconusco (Figs. 8 and 9).
Groups of related haplotypes correspond to population clusters.
In particular, C. vovidesii had a clear structure. All sequences
of C. norstogii collapsed into different haplotypes, whereas C.
matudae has one haplotype (Fig. 8). The matK network indi-
cated interconnected haplotypes in C. alvarezii and C. mirandae
(Fig. 8B). For the CyAG network, these species shared most of
their haplotypes with each other (Fig. 8 A). The populations of
C. alvarezii that are geographically close to C. mirandae (“Los
Alpes” and “La Sombra”) were more genetically related than
the other populations of C. mirandae in “Tres Picos”. Intra-
and interspecific variations were observed in both species, C.
alvarezii and C. mirandae. In particular, C. alvarezii showed
the most intraspecific variation in all populations, and the two
populations for C. mirandae in “Tres Picos” had a greater dif-
ference with respect to the other populations of this species;
however, we observed different haplotypes for one population
in “Tres Picos” (Fig. 8).

The taxonomic distribution of haplotypes indicated a rela-
tionship between geographically close species in the north
of the Soconusco region, particularly between Ceratozamia
norstogii+ C. alvarezii and C. alvarezii+ C. mirandae. The
greatest differences were in C. mirandae + C. matudae and
C. vovidesii + C. matudae (Table 1). Ceratozamia matudae
was the most genetically dissimilar species in the region.
Data showed that the variation value within some popula-
tions was similar to the variation between different species
(Supplementary Material 4). The differences between the two
populations of C. mirandae in “Tres Picos” were low whereas
between other populations of C. mirandae they were higher;
however, the differences were not consistent, which indicated
that there was no evidence that this population was geneti-
cally subdivided from the rest of this species.
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® C. alvarezii
® (. matudae

® C. norstogii
® C. vovidesii

® C. mirandae

DPS  Diameter of pollen strobilus (fertile portion)
LPS Length of pollen strobilus (fertile portion)
DPSP Diameter of pollen strobilus peduncle
LPSP  Length of pollen strobilus peduncle

LMi Length of microsporophylls

LIpMi  Length infertile portion of microsporophylls
WMi Width of microsporophylls

DHmi  Distance between horn of microsporophylls
HLMi  Horn length of microsporophylls

WMe  Width of megasporophylls

NMe  Number of megasporophylls

NMer  Number of megasporophylls per row

LMe Length of megasporophylls

DOS  Diameter of ovulate strobilus (fertile portion)
LOSP Length of ovulate strobilus peduncle
DOSP Diameter of ovulate strobilus peduncle
NOr Number of orth\ostichies

Fig.5 Phenotypic variation in quantitative characters. A Vegetative characters. B Reproductive characters for pollen plants. C Reproductive

characters for ovulate plants

The split decomposition analysis showed strong con-
flicting splits in the sequences for Ceratozamia mirandae
and C. alvarezii (Fig. 9). In C. norstogii, some individuals
from two populations were in a group with individuals of C.
alvarezii. The other group contained a mixture between the
individuals of C. alvarezii and C. mirandae; this haplotype
network showed subgroups for two populations of C. miran-
dae closely related geographically and the other populations
for this species in subgroups with C. alvarezii.

How many species?

Considering a unique combination of character states,
mainly reproductive characters, this integrative approach
allowed us to recognize and clarify limits among the five
species found in the Soconusco region. Ceratozamia alva-
rezii and C. mirandae can only be recognized by evaluating
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several individuals at the population level. The herbarium
specimens recorded from Guatemala were identified as C.
vovidesii. This represents a southwards distribution range
extension for C. vovidesii, whereas C. matudae should now
be considered endemic to Mexico.

Geographic distribution patterns

Field work and review of herbarium specimens resulted in a
range expansion of Ceratozamia alvarezii to 5 populations
(Fig. 1), some in proximity to C. norstogii and C. mirandae.
Ceratozamia alvarezii inhabits pine-oak forest and oak for-
est at elevations of 900 to 1200 m. Ceratozamia norstogii
was thought to be limited to southern Oaxaca and northern
Chiapas in mountainous region with pine to pine-oak for-
est at 800-1600 m. Ceratozamia mirandae and C. vovidesii
occur in a broader area in the southern part of the Soconusco
province at 850—-1500 m and 800-1850 m of elevation,
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. alvarezii
. matudae
. mirandae
. norstogii
. vovidesii

OO0000

WBLa Width of basal leaflet articulation

DbML Distance between median leaflets

WAL  Width of apical leaflet

Width of basal leaflets

WMLa Width of median leaflet articulation

LP Length of petiole

Width of median leaflet

NVML Number of veins in median leaflet

LT Total length of leaves

Distance between basal leaflets

PL Pairs of leaflets

Diameter of pollen strobilus peduncle
Length infertile portion of microsporophylls
LMi Length of microsporophylls

Width of megasporophylls

Diameter of ovulate strobilus (fertile portion)
NOr  Number of orthostichies
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Fig.6 Co-inertia analysis of five species of Ceratozamia in Soco-
nusco. A Vegetative characters. B Reproductive characters for pollen
plants. C Reproductive characters for ovulate plants. Circles indicate

respectively. The first showed more ecological amplitude;
this species inhabits oak forest, transition oak forest between
pine oak forest, and cloud forest and the second only cloud
forest. Ceratozamia vovidesii had the widest distribution but
inhabits only cloud forest from 700 to 1000 m in Mexico
and Guatemala. Ceratozamia matudae occurred in a wide
area of cloud forest, pine-oak, and oak forest at elevations
of 800—-1500 m in Mexico. In contrast to all others, C. matu-
dae had a narrow distribution in evergreen tropical forest at
1000-1500 m (Fig. 1).
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populations based on morphological characters, and arrowheads rep-
resent the environments where populations occur

Discussion
Taxonomic scheme

In this study, the evidence for species recognition is based
on careful evaluations of taxonomic characters. The protocol
begins with at least one putative difference in a character to
test species hypotheses by corroboration of this character
in conjunction with other evolutionary evidence of lineage
separation (or a specific character) or just congruence (i.e.,
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C. alvarezii ===

C. matudae ]

C. mirandae |
C. norstogii e

C. vovidesii e

May  Jun  Jul Aug Sep Oct Nov

Fig. 7 Disintegration phenophase of Ceratozamia in Soconusco.
A Beginning of disintegration phenophase of C. matudae. B Seed
release of C. matudae. C Timing of disintegration of Ceratozamia

consensus protocol; Padial et al., 2010). Using this approach,
we recognize five biological entities as species in this region.
The different types of data contributed robustly to the recog-
nition of these species.

The main characters used to distinguish species in Cera-
tozamia have been quantitative vegetative such as WML
and LML (c.f. Pérez-Farrera et al., 2014; Whitelock,
2004). In this group from Soconusco, we found that these
characters are highly variable within and among popula-
tions (Figs. 2 and 5A). The high morphological variation
observed in vegetative characters and the use of only this
type of evidence has led to taxonomic ambiguities in species
of Ceratozamia, including underestimation of diversity and
inconsistent taxonomic proposals (e.g., Medina-Villarreal
et al., 2016).

In particular, Ceratozamia alvarezii, C. vovidesii, and C.
mirandae exhibit a remarkable morphological similarity (c.f.
Pérez-Farrera et al., 1999); this led to the confusion associ-
ated with the morphometric characters historically used as
diagnostic within this group. Comparative studies includ-
ing one or two of these species sampled single populations
and found discontinuous patterns (Pérez-Farrera et al., 2014,
2017). Here, we sampled more than one population for the
focal taxa, which have high similarity and convergent veg-
etative features that can lead to incorrect identification. Our
vegetative morphometric analyses of these samples show
that the populations of each species have wide variation. It
is important to highlight that except for C. norstogii, there is
no clear separation of vegetative characters at the population
or species level; instead, variation is continuous (Fig. 5A).

Cycads produce large pollen and ovulate strobili, which
are considered “model organs” for research related to the
evolution from leaf-like reproductive structures to integrated
reproductive organs (Brenner et al., 2003). However, strobili
are rarely used for taxonomy at the species level although
some taxonomic recommendations have been made for char-
acters useful within Zamia (Calonje et al., 2019). This is in
part because all cycads are dioecious and often lack strobili.
Recently, the reproductive morphology of Ceratozamia has
been noted as an important source of evidence for taxonomic
decisions (Martinez-Dominguez et al., 2020). However,
these characters were not the main objective of that work.
Our results indicate that both quantitative and qualitative
reproductive characters are taxonomically informative.

The ovulate strobili dimensions in Ceratozamia matudae
and C. norstogii show no overlap (Fig. 5C), whereas they do
in the remaining species. The pollen strobili show low levels
of morphological variation among populations considered
as belonging to the same species. Ceratozamia alvarezii,

Fig.8 The haplotype network
for Ceratozamia species. A
A CyAG. B matK. C ITS
region. The area of the circles
is proportional to haplotype
frequency

@ C. alvarezii
® C. matudae
® C. mirandae

@ C. norstogii

@ C. vovidesii .

B Cc
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C. norstogii 1.3

C. matudae i.1
C. matudae i.2
C. matudae i.3

Populations

C. alvarezii 1 - El Cafetal
2 - Corralito
3 - Valle de Corzo
C. mirandae 1 - Ladera Noroeste Tres Picos
2 - Los Alpes
3 - Tres Picos
4 - La Sombra
C. norstogii 1 - Flor de Chiapas
2 - Rodulfo Figueroa
3 - Plan Ayala
C. vovidesii 1 - Buena Vista
C. matudae 1 - Ovando

C. alvarezii 1.1
C. alvarezii 3.2
C. norstogii 1.1
C. norstogii 2.2
C. norstogii 2.1

C. norstogii 3.1
C. norstogii 3.

C. norstogii 1.2

C. vovidesii 1.1 ¢ yovidesii 1.2

C. vovidesii 1.3
C. alvarezii 1.3
C. alvarezii 1.2
C. alvarezii 2.1
C. alvarezii 2.2

C. mirandae 1.1
C. mirandae 1.2

. al ji 3.1
o aliveIrEzlf C. mirandae 3.2

C. mirandae 3.1

C. mirandae 2.2
C. mirandae 2.3
C. mirandae 2.1
C. mirandae 4.2
C. mirandae 4.1
C. mirandae.4.3

Fig. 9 Split graph for Ceratozamia species based on the concatenated matrix
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Table 1 Genetic diversity

. . Species C. alvarezii C. mirandae C. norstogii C. vovidesii C. matudae
values of Ceratozamia species
C. alvarezii - 4.700 3.592 6.190 27.143
C. mirandae 17 - 5.729 7.567 28.300
C. norstogii 14 1 - 5.619 27.429
C. vovidesii 3 4 4 - 29.333
C. matudae 25 25 26 29 -

Number of fixed differences below the diagonal; average number of nucleotide differences between popula-

tions above the diagonal

C. matudae, and C. vovidesii are morphologically cohesive
taxa, but the analysis indicates morphological differentiation
in populations of the same species and between populations
of different species (Fig. 5B). In general, our comparisons
between pollen and ovulate strobili at the population level
resulted in the recognition of differences between the parts
of microsporophylls such as horn types and infertile por-
tion shape. Notably, the qualitative characters of the pollen
strobilus are distinctive in most of the species (Fig. 3). These
characters could be relevant in other cycad genera where
they have been little explored such as Encephalartos Lehm.,
in which subspecies have recently been described from small
areas. Recently, a natural hybrid in Zamia has been pro-
posed by means of leaflet anatomy analyzed by morpho-
metric analysis (Pérez-Farrera et al., 2016). This could be
explored further in the context of diversity of methods used
here. Additionally, applying this approach could contribute
to a discussion of the infraspecific ranks such as varieties
and subspecies that are still used in some cycad species.

Generally, genetic differentiation among species of Cer-
atozamia is low (Gonzalez & Vovides, 2002; Nicolalde-
Morejon et al., 2011; Pérez-Farrera et al., 2017). Despite
the low genetic diversity in these species, we detected
variability among individuals from the same population.
Besides, we found patterns of discordant genetic differ-
entiation among populations and species (Supplementary
Material 4). The haplotypes in all markers were connected
by a central loop with C. alvarezii, which indicates hidden
relationships among them. Despite geographic proximity
and vegetative morphological similarity, the haplotype data
show that C. matudae is highly divergent from all other
Ceratozamia species in the region. Ceratozamia norstogii
is the species in this region with the highest morphologi-
cal uniqueness, particularly because of its consistent and
unique twisted rachis (Fig. 2C), but it has high genetic simi-
larity with the other species, particularly with C. alvarezii.
Ceratozamia matudae has the highest genetic divergence
from other species in the region despite its phenotypic
similarity in vegetative characters to other species such as
C. vovidesii; in contrast, both ovulate and pollen strobili
exhibit a pattern of phenotypic differentiation congruent
with genetic evidence (Figs. 3, 5C and 8).
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Some authors proposed that phenological patterns could
help delimit species in Zamia (Clugston et al., 2016). In
Ceratozamia, a few studies have included or described phe-
nological data of species. We have provided a preliminary
general description of reproductive timing found in the
Soconusco region. The species boundaries between C. alva-
rezii and C. mirandae correspond with their phenological
patterns; in the populations of C. alvarezii, the receptivity
phase occurs before that of C. mirandae. In this context, the
late ovulate phase starts in July for C. mirandae, whereas
in C. alvarezii, this phase concludes in July. Despite the
usefulness of phenological data, the long-life cycle of cycad
strobili and lack of data on their periodicity have hindered
phenological studies (Clark & Clark, 1987). This informa-
tion is not a particularly practical character for identification
of species, but it could be valuable in species delimitation.
Our data in turn demonstrate the need for more analyses
and monitoring to address the phenological patterns and dis-
continuities among species (Clugston et al., 2016; Griffith
et al., 2012).

Evolutionary scenario

In Ceratozamia, there are similar environmental pressures
favoring a common phenotype (Medina-Villarreal et al., 2019;
Stevenson et al., 1986). Here, the evidence suggests that Cera-
tozamia in the Soconusco region has a complex evolutionary
history. Moreover, low genetic divergence and discordance
between genetics and morphology were detected (Figs. 8 and
9). The shared haplotypes among Ceratozamia alvarezii, C.
mirandae, and C. norstogii could be explained by the retention
of ancestral polymorphisms and incomplete lineage sorting
(ILS), or gene flow. Recently, sequence data for gymnosperms
(Mudannayake et al., 2019; Stull et al., 2021) have shown high
levels of genomic conflict in which ILS could be the causes of
gene discordance. This could explain shared haplotypes across
species boundaries in Ceratozamia. Further research with ana-
lytical methods focusing on this question could provide insight
into the patterns of genetic diversity within cycads.

The mixed relations within this species group including
the phenotypic similarity could be an artifact of historical
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hybridization events. In Ceratozamia alvarezii, C. mirandae,
and C. norstogii, the climatic, morphological, and distribu-
tional relationships suggest a strong shared biogeographi-
cal history (Figs. 5 and 6). The cloud forest is distributed
throughout the Soconusco region, in which climatic cycles
drove elevational migration and fragmentation in the distri-
bution of species in the Mesoamerican area (Ornelas et al.,
2013). In this context, the limited correspondence detected
through analysis of haplotypes could represent the isolation
of some populations in Soconusco (Figs. 8 and 9). The cur-
rent geographic distribution of Ceratozamia in this region
could be a climate-driven response of a few remanent popu-
lations that survived Pleistocene glacial cycles and subse-
quently speciated.

Pollination in cycads is an event mediated by insects that
requires thermogenesis and volatiles to be effective (Marler,
2010; Terry et al., 2007). Ceratozamia alvarezii, C. miran-
dae, C. norstogii, and C. vovidesii share two species of
insect pollinators, Ceratophilla picipennis and C. chiapensis
(Tang et al., 2018), which opens the possibility of gene flow.
Because climatic conditions influence phenological cycles
in plants (Elzinga et al., 2007), geographically close species
can have similar phenological patterns. It is possible that
phenology could play a relevant role in speciation within
this group. In particular, the overlap in phenological stages
among species may be facilitated gene flow. We observed
a slight disruption in the receptivity stage of ovulate stro-
bili for Ceratozamia alvarezii and C. mirandae. Thus, this
short temporal overlap could permit some gene flow between
populations that would have been reproductively isolated in
the past.

Is morphology dead in Ceratozamia?
llluminating taxonomy and evolution

Historically, morphological data have been fundamental for
studying the evolution of biological groups. However, the
integration of molecular techniques unintentionally caused
a decrease in the use and evaluation of this type of data and,
finally, morphology has been underappreciated (Wanninger,
2015). Recently, new approaches have highlighted the impor-
tance of not losing sight of morphology (Adams & Collyer,
2019; Daly et al., 2001; Wanninger, 2015). High variation in
vegetative morphological characters and convergent morphol-
ogy question the use of morphology for taxonomic approaches
(Medina-Villarreal et al., 2019). However, our results have dem-
onstrated the usefulness of these types of characters, and surpris-
ingly, the quantitative evidence of pollen reproductive structures
was relevant for taxonomic identification and not affected by
environmental factors (Figs. 3, 5, and 6). Based on reproductive
morphology, the strobili contributed to the clarification of spe-
cies, complimenting the clustering of the vegetative variation
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of each species and finally, in the identification of herbarium
specimens. Despite the great phenotypic complexity in Cera-
tozamia, the description of reproductive architecture provides
valuable information for the identification and description of the
species in the genus. Additionally, our findings have conserva-
tion implications because all these species are included in the
TUCN Red List. For example, C. mirandae has a broad distribu-
tion but is categorized as Endangered. In contrast, following our
results, C. matudae only occurs in a small area in Mexico, but is
categorized also as Endangered. This suggests that the extinc-
tion risk of the latter species should be re-evaluated, and could
be assigned to Critically Endangered.
Key to the species

la. Rachis and petiole twisted; leaflets coriaceous,

strongly involute............... C. norstogii.
1b. Rachis and petiole linear; leaflets papyraceous,
slightly concave to flat..........ccccooeeieniiiininiiienceeee 2.

2a. Articulation and base of leaflets yellow; new leaves
green; peduncle of ovulate strobilus longer or the same
length as the fertile portion...............c.oooeviiiiiiian...
.......... C. matudae.

2b. Articulation and base of leaflets green; new leaves
brown; peduncle of ovulate strobilus shorter than the
fertile portion..........coovviviiiiiiiiiii i 3.
3a. Leaflets flat; microsporophylls obconic, apical infer-
tile portion rounded and proportional to the length of
the fertile portion (0.37-0.50 cm long)................ C.
vovidesii.

3b. Leaflets slightly concave; microsporophylls elliptic,
apical infertile portion linear and longer than fertile por-
tion (0.50-0.81 cmlong).........coooiiviiiiiiiiiiin, 4.
4a. Plants from Cintalapa and Jiquipilas municipalities
in Chiapas (Mexico); ovulate strobilus usually 17-27 cm
long with 5-10 sporophylls per row..................... C.
alvarezii.

4b. Plants from Sierra Morena and Tres Picos in Chia-
pas (Mexico); ovulate strobilus usually 13.5-30 cm long
with 7-10 sporophylls per row............c.ocoeeiiniin. C.
mirandae.

Taxonomic treatment

Ceratozamia alvarezii Pérez-Farr., Vovides & Iglesias.
Novon. 9: 410. 1999 — Holotype: Mexico. Chiapas:
Cintalapa, Rancho El Cafetal, 950 m, 4 Mar 1996, M. A.
Pérez-Farrera 889 (CHIP!; isotypes: F!, HEM!, MEXU!,
MO!).

Description. Leaves ascending, 36—125 cm long, brown
at emergence with whitish trichomes; petiole and rachis lin-
ear, brown to greenish brown in mature leaves, with prick-
les. Leaflets 25-68 pairs, papyraceous, slightly adaxially
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concave, articulations brown. Pollen strobilus 15-40 cm
long, 3.5-5.1 cm in diameter; peduncle 4-10 cm long,
1.5-2.1 cm in diameter, pubescence, reddish-brown to
brown; microsporophylls 1.24-1.56 % 0.59-0.83 cm, yel-
lowish cream with blackish trichomes, elliptic, fertile por-
tion lobate, apical infertile portion 0.50-0.81 cm long, lin-
ear, horn 0.14-0.30 cm. Ovulate strobilus 17-27 cm long,
7.2-12.3 cm in diameter with acuminate apex; peduncle
4.0-10 cm long, 1.1-2.2 cm in diameter, erect, with scarce
trichomes, brownish; megasporophylls 20-80, glaucous
green with reddish brown to blackish trichomes at matu-
rity, 4-8 orthostichies (rows), 5-10 sporophylls per row,
2.15-2.80%3.90-6.30 cm wide, horns 0.32-0.51 c¢m long,
0.69-1.80 cm distance between horns, straight. Seeds
2.5-3.0 cm long, 2.3-2.9 cm in diameter, spherical.

Specimens examined. Mexico. Chiapas: Cintalapa,
1100 m, 10 Mar 1993, A.P. Vovides 1234 (XAL); 900 m,
10 Jul 1994, M.A. Pérez-Farrera 71 (CIB, CHIP, MEXU);
950 m, 5 Sep 1995, 776 (CIB, XAL); 920 m, 21 Jun 2018, F.
Nicolalde-Morejon & al. 2791-2799 (CIB); 980 m, 22 Jun
2018, F. Nicolalde-Morejon & al. 2830 (CIB); 1107 m, 18
Jun 2019, F. Nicolalde-Morejon & L. Martinez-Dominguez
3177-3183 (CIB); 1350 m, 18 Jun 2019, F. Nicolalde-More-
jon & L. Martinez-Dominguez 3186—3196 (CIB); 1450 m,
11 Oct 1994, J. Castillo & al. 445 (CHIP); 920 m, 21 Jun
2018, L. Martinez-Dominguez & al. 1359-1369 (CIB), 1370
(CIB, MEXU); 980 m, 22 Jun 2018, L. Martinez-Dominguez
& al. 1402 (CIB, MEXU); 925 m, 18 Jun 2019, L. Martinez-
Dominguez & F. Nicolalde-Morejon 1770 (CIB); 1107 m, 18
Jun 2019, L. Martinez-Dominguez & F. Nicolalde-Morejon
1771,1772 (CIB, MEXU), 1773 (CIB), 1774 (CIB, MEXU),
1775-1777 (CIB); 1350 m, 18 Jun 2019, L. Martinez-
Dominguez & F. Nicolalde-Morejon 1784—1794 (CIB);
1000 m, 27 Mar 2000, O. Farrera S. 2068 (CHIP). Jiquipi-
las, 1200 m, 6 Jun 2002, A. Reyes-Garcia 5017 (MEXU);
1,380 m, 17 Feb 2000, E. Palacios E. 2469 (CHIP); 1170 m,
7 Jul 1994, M.A. Pérez-Farrera 68 (CIB).

Ceratozamia matudae Lundell. Lloydia. 2: 75. 1939 —
Holotype: Mexico. Chiapas: northern slope of Mt. Ovando,
1,000 m, Feb 1939, E. Matuda 2645 (MICH!; isotypes:
CAS!, MEXU!, US!).

Description. Leaves descending, 80155 cm long, green
at emergence with brown trichomes; petiole and rachis lin-
ear, green in adult leaves, unarmed to armed with prickles.
Leaflets 23-53 pairs, lanceolate, papyraceous, flat, green
with base yellow, articulations yellow. Pollen strobilus
9.5-16 cm long, 3.5-5 cm in diameter; peduncle 8-14 cm
long, 1.8-2.2 cm in diameter, pubescence, reddish-brown
to brown; microsporophylls 0.78-1.4 x0.77-1.1 cm, yel-
lowish cream with reddish-brown trichomes at maturity,
discoid, fertile portion deeply lobate, apical infertile por-
tion 0.37-0.56 cm long, orbicular, horn 0.16-0.35 cm.
Ovulate strobilus 8—15 cm long, 5-8 cm in diameter with
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aristate apex; peduncle 11-17 cm long, 1-2 cm in diam-
eter, with scarce trichomes, blackish, pendulous and erect;
megasporophylls 16-25, dark green with blackish trichomes
at maturity, 4-5 orthostichies (rows), 4—6 sporophylls per
row, 2.5-3.4x4.5-5.3 cm wide, horns 0.59-1.50 cm long,
recurved, 0.92—1.56 cm distance between horns. Seeds
2.9-4.0 cm long, 1.9-4.0 cm in diameter, globose.

Specimens examined. Mexico. Chiapas: Acacoyagua,
1400 m, A.P. Vovides 1069 (XAL); 1,000 m, Feb 1939, E.
Matuda 2646 (MEXU); 1420 m, 24 Jun 2018, F. Nicolalde-
Morejon & al. 28322840 (CIB); 1420 m, 24 Jun 2018, L.
Martinez-Dominguez & al. 1404-1409, 1412, 1415, 1416,
1418, 1419 (CIB), 1405, 1407 (CIB, MEXU); 1480 m, 29
Dec 1993, M.A. Pérez-Farrera 27 (CIB, CH, CHIP, MEXU,
USCG); 22 Feb 1995, M.A. Pérez-Farrera 142 (CHIP,
MEXU); 1300 m, 9 Jan 1987, D.W. Stevenson & al. 681
(MO). Escuintla, 8 Feb 2000, O. Farrera S. 1875 (CHIP).
Siltepec, 1500 m, 6 Nov 1945, E.H. Xolocotzi & A. J. Sharp
367 (MEXU); 1500 m, Oct-Nov 1940, E. Matuda 4032
(MEXU).

Ceratozamia mirandae Vovides, Pérez-Farr. & Iglesias.
Bot. J. Linn. Soc. 137: 81. 2001 — Type: Mexico. Chiapas:
Villa Flores, Ejido La Sombra de la Selva, 880 m, 20 Sep.
1997, De La Cruz R. 66 (lectotype, designated by Martinez-
Dominguez et al., 2022: MEXU!).

Description. Leaves ascending, brown at emergence
with whitish trichomes; petiole and rachis linear, brown
in mature leaves, with prickles. Leaflets 28-94 pairs, lin-
ear to lanceolate, papyraceous, slightly involute, articula-
tions brown. Pollen strobilus 16-55 cm long, 4.0-7.7 cm
in diameter; peduncle 5-11 cm long, 0.8—-1.4 cm in diam-
eter, pubescence, reddish-brown to brown; microsporo-
phylls 1.23-1.80% 0.62-0.86 cm, yellowish cream with
blackish trichomes at maturity, elliptic, fertile portion
lobate, apical infertile portion 0.62-0.81 cm long, linear,
horn 0.17-0.39 cm, straight. Ovulate strobilus 13.5-35 cm
long, 7-12.6 cm in diameter with acuminate apex; pedun-
cle with scarce trichomes, brownish, 4.5-12 cm long,
1.0-2.2 cm in diameter, erect; megasporophylls 42-72,
glaucous green with reddish brown to blackish trichomes
at maturity, 6-8 orthostichies (rows), 7-10 sporophylls
per row, 2.0-3.0%x2.8-6.1 cm wide, horns 0.29-1.47 cm
long, straight, 1.55-2.09 cm distance between horns. Seeds
1.9-2.9 cm long, 1.2-2.5 cm in diameter, spherical.

Specimens examined. Mexico. Chiapas: Jiquipi-
las, 1015 m, 8 Mar 1995, J.J. Castillo-Herndndez 548
(CHIP); 1170 m, 19 Jun 2018, F. Nicolalde-Morejon &
al. 2749-2759 (CIB); 1170 m, 19 Jun 2018, L. Martinez-
Dominguez & al. 1312—1316, 1318, 1320, 1321 (CIB), 1317
(CIB, MEXU), 1319 (CIB, MEXU); 1270 m, 25 May 1995,
M.A. Pérez-Farrera 465 (CHIP). Villa Corzo, 1320 m, 12
Jul 2004, A. Reyes-Garcia & al. 7134 (MEXU); 1500 m, 9
Feb 1972, D.E. Breedlove 23,999 (MEXU, MO); 1170 m,

@ Springer



L. Martinez-Dominguez et al.

16 Mar 1989, U. Bachem & R. Rojas C. 579 (CHIP, MEXU,
SLPM). Villaflores, 960 m, 6 Apr 1995, A.P. Vovides &
M.A. Pérez-Farrera 1261 (XAL); 1157 m, 7 Jul 2004, D.
Alvarez 9809 (MEXU); 1277 m, 25 Jun 2018, F. Nicolalde-
Morejon & al. 2854-2863 (CIB); 1195 m, 20 Jun. 2019, F.
Nicolalde-Morejon & L. Martinez-Dominguez 3208-3213
(CIB); 1350 m, 21 Jun 2019, F. Nicolalde-Morejon & L.
Martinez-Dominguez 3215-3224 (CIB); 1015 m, 5 Aug
1994, J.J. Castillo-Herndndez 230 (CIB, MEXU, USCG);
1250 m, 5 Apr 1995, J.J. Castillo-Herndndez 595 (CHIP);
1140 m, 6 Aug 2002, L. Alvarado C. & al. 368 (MEXU);
1195 m, 20 Jun 2019, L. Martinez-Dominguez & F. Nico-
lalde-Morejon 1808—1813 (CIB); 1350 m, 21 Jun 2019, L.
Martinez-Dominguez & F. Nicolalde-Morejon 1814—1825
(CIB); 1277 m, 25 Jun 2018, L. Martinez-Dominguez &
al. 1428, 1429, 1431-1438 (CIB), 1430 (CIB, MEXU);
940 m, 22 Dec 1993, M.A. Pérez-Farrera s/n (XAL), 26
(CHIP, XAL); 910 m, 28 Apr 1994, M.A. Pérez-Farrera 37
(CHIP, XAL); 1460 m, 16 Sep 1994, M.A. Pérez-Farrera
126 (CHIP); 950 m, 12 Apr 1996, M.A. Pérez-Farrera 1480
(CHIP).

Ceratozamia norstogii D.W. Stev. Brittonia. 34: 181.
1982 — Holotype: Mexico. Chiapas, Mar-Apr 1925, Purpus
6 (NY!; isotypes: F!, MO!, US!).

Description. Leaves ascending, copperish brown at emer-
gence with whitish trichomes; petiole and rachis twisted, cop-
perish with abundant grayish trichomes in young leaves, with
prickles. Leaflets 33—-91 pairs, linear, coriaceous, strongly invo-
lute, green with yellowish-green base, articulations yellowish.
Pollen strobilus 13.2-25 cm long, 3.1-8 cm in diameter; pedun-
cle 2.0-5.5 cm long, 1.3-2.3 cm in diameter, tomentose, brown;
microsporophylls 0.92-1.16x0.86-0.1.1 cm, yellowish-green
to cream at maturity, discoid, fertile portion lobate, apical infer-
tile portion 0.36-0.45 cm long, orbicular, horn 0.07-0.13 cm,
straight, 0.35-0.56 cm between horns. Ovulate strobilus
21-35 cm long, 8.5-10.5 cm in diameter with acuminate apex;
peduncle 4.8-9 cm long, 1.8-2.2 cm in diameter, tomentose,
brown, erect; megasporophylls 42—-63, grayish green with abun-
dant blackish trichomes at maturity, 67 orthostichies (rows),
7-9 sporophylls per row, 2.6-3.0%x3.6—4.0 cm wide, horns
0.37-0.58 cm long, straight, 0.37-0.42 cm distance between
horns. Seeds 2.0-3.5 cm long, 1.1-1.9 cm in diameter ovate.

Specimens examined. Mexico. Chiapas: Cintalapa,
1100 m, 19 Mar 1993, A.P. Vovides al. 1230, 1231, 1233,
1235 (XAL); Mar-Apr 1925, C.A. Purpus 6 (MO); 1600 m,
3 Nov 1971, D.E. Breedlove 21,813 MEXU, MO); 1600 m,
21 Apr 1972, D.E. Breedlove 24,709 (MO); 1600 m, 12
Oct 1979, D.E. Breedlove 44,431 (MEXU); 800 m, 4 May
1988, E. Palacios E. 375 (CHIP, IBUG); 1240 m, 6 Jun
1993, E. Palacios E. 2155 (CHIP); 1280 m, 22 May 2001,
J.M. Lazaro-Zermeiio 251 (CHIP); 1038 m, 20 Jun 2018,
F. Nicolalde-Morejon & al. 2762-2770 (CIB); 1038 m, 20
Jun 2018, L. Martinez-Dominguez & al. 1326—1334 (CIB),
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1335 (CIB, MEXU); 1325 m, 20 Jun 2018, F. Nicolalde-
Morejon & al. 2771-2780 (CIB); 1,325 m, 20 Jun 2018,
L. Martinez-Dominguez & al. 1337—-1349 (CIB); 1100 m,
5 Oct 1995, M.A. Pérez-Farrera 775 (CH, CIB, XAL); 5
Dec 1996, M.A. Pérez-Farrera 1483 (HEM). Oaxaca: San
Miguel Chimalapa, 1120 m, 1 Apr 1996, S. Salas-Morales &
al. 1173 (SERO, XAL). Santo Domingo Zanatepec, 800 m,
22 Jun 2018, F. Nicolalde-Morejon & al. 2819-2828 (CIB);
800 m, 22 Jun 2018, L. Martinez-Dominguez & al. 1380,
1381, 1383, 1386, 13891391, 1394, 1396, 1399 (CIB).

Ceratozamia vovidesii Pérez-Farr. & Iglesias. Bot. J.
Linn. Soc. 153: 394. 2007. — Holotype: Mexico. Chiapas:
Sierra Madre, Jul 2001, M.A. Pérez-Farrera 2620 (HEM!;
isotypes: CHIP, MEXU, MO, XAL).

Description. Leaves ascending, reddish-brown at emer-
gence with whitish trichomes. Petiole and rachis linear,
green in adult leaves, with prickles. Leaflets 30—85 pairs,
lanceolate, papyraceous, flat, articulations green. Pollen
strobilus 15-45 cm long, 3.5-5 cm in diameter, peduncle
6-9.5 cm long, 1.6-1.9 cm in diameter, tomentose, reddish-
brown to brown; microsporophylls 1.2—-1.5x0.8-1.04 cm,
yellowish cream with reddish-brown trichomes at matu-
rity, obconic, fertile portion lobate, apical infertile portion
0.37-0.50 cm long, rounded, horn 0.30-0.42 cm, straight,
0.52-0.84 cm between horns. Ovulate strobilus 2640 cm
long, 7.1-9.6 cm in diameter with acuminate apex; pedun-
cle 7-15 cm long, 1.7-2.2 cm in diameter, pubescence,
brown; megasporophylls 60-70, green with abundant
blackish trichomes at maturity, 6—8 orthostichies (rows),
7-12 sporophylls per row, 4-5x3.8-4.5 cm wide, horns
0.60-0.80 cm long, straight, 0.99-1.40 cm between horns.
Seeds 2.2-2.7 cm long, 1.3-1.7 cm in diameter, ovate.

Specimens examined. Guatemala. Huehuetenango:
900-1,300 m, 3 Sep. 1942, J.A. Steyermark 51,818 (NY; US);
1,630 m, 9 Jul. 2006, M. Véliz & V. Davila 17,042, 17,043,
17,044 (BIGU); 30 May. 1906, O.F. Cook 51 (US); 1,629 m,
10 Jul. 2006, V. Davila & M. Véliz 1050 (BIGU); 1,622 m, 10.
Jul. 2006, V. Davila & M. Véliz 1052, 1053 (BIGU). MEXICO.
Chiapas: Angel Albino Corzo, 730 m, 23 Jan 1968, Alush Shi-
lom Ton 3554 (ENCB); 800—-1000 m, 8 Nov 1945, E.H. Xolo-
cotzi & A.J. Sharp 402 (CHAPA, ENCB, MEXU); 1000 m, 2
Jun 1987, EM. Martinez S. & al. 21,586 (MEXU); 1819 m,
13 Aug 2009, H. Gomez-Dominguez 2316 (MEXU); 1650 m,
18 May 1982, J.I. Calzada & al. 9131 (XAL); 5 Mar 1989,
U. Bachem C. & R. Rojas 405 (CHIP). Jaltenango de la Paz,
Jun 1995, E. Matuda s/n (MEXU); 1500 m, 23 Jun 1990, M.
Heath & A. Long 1287 (CHIP); 25 Feb 1995, Miranda 7042
(MEXU). La Concordia, 1000 m, 5 Jun 1988, E. Palacios E.
1050 (CHIP); 1840 m, 26 Jun 2018, F. Nicolalde-Morejon
& al. 2864-2875 (CIB); 1,840 m, 26 Jun 2018, L. Martinez-
Dominguez & al. 1439-1451 (CIB); 1156 m, 19 Sep 2001,
M.A. Pérez-Farrera 2621 (XAL); 1600 m, M.A. Pérez-Farrera
s/n (CHIP); 1120 m, 17 Jun 2014, M.G. Diaz M. 961 (CHIP);
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24 Mar 2001, R. Martinez-Camilo 54 (CHIP); 1100 m, 11 Jun
1988, T.G. Cabrera Cachén 74 (CHIP); 1700 m, 1 Jun 1989,
U. Bachem C. & R. Rojas 795 (CHIP). Mapastepec, 1750 m,
13 May 1982, J.I. Calzada & al. 8874 (IBUG, MEXU, MO,
XAL). Siltepec, 28 Feb 2000, O. Farrera S. 1958 (CHIP).

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13127-022-00598-0

Acknowledgements We sincerely thank the curators of the herbaria
who made collections available digitally or sent loans. We thank Hilda
Flores Olvera for her valuable comments on morphology and taxonomy
that improved the manuscript, Jazhell Mendoza Martinez and Maria
del Rosario Garcia Peiia for assisting during preparation of specimens
collected for deposit in herbaria, and Christian Valencia Celiz for illus-
trating the microsporophylls. We also acknowledge Alberico Martinez,
Andrés Octavio Salinas, and Guadalupe Herndndez Martinez for their
assistance during fieldwork.

Author contribution LMD: designed and carried out the research, sam-
ple collection, data analysis, and writing of the manuscript. FNM: study
design, sample collection, and writing of the manuscript. FVS: study
design and writing of the manuscript. RG: data analysis and writing of
the manuscript. DSG: interpretation of data and writing of manuscript.
DWS: design of the research and writing of the manuscript. All authors
read and approved the final manuscript.

Funding This work was done as part of the PhD thesis of the first
author. LMD thanks the Posgrado en Ciencias Bioldgicas (UNAM)
and CONACYT for the award of a PhD scholarship Grant 729810. This
research was supported by an IAPT Research Grant 2020 awarded to
the first author, Grant 134960 (CONACYT) and Instituto de Investi-
gaciones Bioldgicas (Universidad Veracruzana, México) to FNM, and
NSF Grants BSR-8607049 and EF 0629817 to DWS

Data availability The authors declare the availability of data in the
supplementary section of the manuscript. Further material is available
in the MEXU and CIB herbaria.

Declarations

Competing interests The authors declare no competing interests.

References

Adams, D. C., & Collyer, M. L. (2019). Phylogenetic comparative
methods and the evolution of multivariate phenotypes. Annual
Review of Ecology, Evolution, and Systematics, 50, 405-425.
https://doi.org/10.1146/annurev-ecolsys-110218-024555

Antoniazzi, R., Guevara, R., Garcia-Franco, J., Janda, M., Leponce, M.,
& Dattilo, W. (2021). Environmental drivers of ant dominance in
a tropical rainforest canopy at different spatial scales. Ecologi-
cal Entomology, 46, 440-450. https://doi.org/10.1111/een.12988

Arriaga, L., Aguilar, C., Espinosa-Organista, D., & Jiménez, R. (1997).
Regionalizacidén ecolégica y biogeogréfica de México. Taller de
la Comisién Nacional para el Conocimiento y Uso de la Biodi-
versidad (Conabio), México, D.F.

Bandelt, H. J., & Dress, A. W. M. (1992). Split decomposition: A new
and useful approach to phylogenetic analysis of distance data.
Molecular Phylogenetics and Evolution, 1, 242-252. https://doi.
org/10.1016/1055-7903(92)90021-8

J GfBS

Bies, R. R., Muldoon, M. E., Pollock, B. G., Manuck, S., Smith, G., &
Sale, M. E. (2006). A genetic algorithm-based, hybrid machine
learning approach to model selection. Journal Pharmacoki-
net Pharmacodyn, 33(2), 195-221. https://doi.org/10.1007/
$10928-006-9004-6

Brenner, E. D., Stevenson, D. W., & Twigg, R. W. (2003). Cycads: Evo-
lutionary innovations and the role of plant-derived neurotoxins.
Trends in Plant Science, 8(9), 446—452. https://doi.org/10.1016/
S1360-1385(03)00190-0

Calonje, M., Meerow, A. W., Griffith, M. P., Salas-Leiva, D., Vovides,
A. P., Coiro, M., & Francisco-Ortega, J. (2019). A time-calibrated
species tree phylogeny of the New World cycad genus Zamia L.
(Zamiaceae, Cycadales). International Journal of Plant Sciences,
180(4), 286-314. https://doi.org/10.1086/702642

Calonje, M., Stevenson, D. W., & Stanberg, L. (2013-2022). The
world list of cycads. Retrieved April 2, 2022, from http://www.
cycadlist.org

Carstens, B. C., Pelletier, T. A., Reid, N. M., & Satler, J. D. (2013).
How to fail at species delimitation. Molecular Ecology, 22, 4369—
4383. https://doi.org/10.1111/mec.12413

Clark, D. A., & Clark, D. B. (1987). Temporal and environmental
patterns of reproduction in Zamia skinneri, a tropical rain forest
cycad. Journal of Ecology, 75, 135-149. https://doi.org/10.2307/
2260540

Clement, M., Posada, D., & Crandall, K. A. (2000). TCS: A computer
program to estimate gene genealogies. Molecular Ecology, 9,
1657-1659. https://doi.org/10.1046/j.1365-294x.2000.01020.x

Clugston, J. A. R., Griffith, M. P., Kenicer, G. J., Husby, C. E., Calonje,
M. A, Stevenson, D. W., & Little, D. P. (2016). Zamia (Zami-
aceae) phenology in a phylogenetic context: Does in situ repro-
ductive timing correlate with ancestry? Edinburgh Journal of Bot-
any, 73, 345-370. https://doi.org/10.1017/S096042861600007X

Condamine, F. L., Nagalingum, N. S., Marshall, C. R., & Morlon, H.
(2015). Origin and diversification of living cycads: A caution-
ary tale on the impact of the branching process prior in Bayesian
molecular dating. BMC Evolutionary Biology, 15, 65. https://doi.
org/10.1186/s12862-015-0347-8

Daly, D. C., Cameron, K. M., & Stevenson, D. W. (2001). Plant sys-
tematics in the age of genomics. Plant Physiology, 127(4), 1328-
1333. https://doi.org/10.1104/pp.010788

Davis, J. I., & Nixon, K. C. (1992). Populations, genetic variation, and
the delimitation of phylogenetic species. Systematic Biology, 41,
421-435. https://doi.org/10.1093/sysbio/41.4.421

Dayrat, B. (2005). Towards integrative taxonomy. Biological Journal
of the Linnean Society, 85, 407-415. https://doi.org/10.1111/j.
1095-8312.2005.00503.x

De Queiroz, K. (2007). Species concepts and species delimitation.
Systematic Biology, 56(6), 879-886. https://doi.org/10.1080/
10635150701701083

DeSalle, R., Egan, M. G., & Siddall, M. (2005). The unholy trinity:
Taxonomy, species delimitation and DNA barcoding. Philosophi-
cal Transactions of the Royal Society B, 360(1462), 1905-1916.
https://doi.org/10.1098/rstb.2005.1722

Doledec, S., & Chessel, D. (1994). Co-inertia analysis: An alternative
method for studying species-environment relationships. Freshwa-
ter Biology, 31(3), 277-294. https://doi.org/10.1111/j.1365-2427.
1994.tb01741.x

Dos Santos, A. M., Cabezas, M. P., Tavares, A. 1., Xavier, R., &
Branco, M. (2016). tcsBU: A tool to extend TCS network layout
and visualization. Bioinformatics, 32(4), 627-628. https://doi.org/
10.1093/bioinformatics/btv636

Dray, S., Chessel, D., & Thioulouse, J. (2003). Co-inertia analysis
and the linking of the ecological data tables. Ecology, 84(11),
3078-3089. https://doi.org/10.1890/03-0178

Duminil, J., Kenfack, D., Viscosi, V., Grumiau, L., & Hardy, O.
J. (2012). Testing species delimitation in sympatric species

@ Springer


https://doi.org/10.1007/s13127-022-00598-0
https://doi.org/10.1146/annurev-ecolsys-110218-024555
https://doi.org/10.1111/een.12988
https://doi.org/10.1016/1055-7903(92)90021-8
https://doi.org/10.1016/1055-7903(92)90021-8
https://doi.org/10.1007/s10928-006-9004-6
https://doi.org/10.1007/s10928-006-9004-6
https://doi.org/10.1016/S1360-1385(03)00190-0
https://doi.org/10.1016/S1360-1385(03)00190-0
https://doi.org/10.1086/702642
http://www.cycadlist.org
http://www.cycadlist.org
https://doi.org/10.1111/mec.12413
https://doi.org/10.2307/2260540
https://doi.org/10.2307/2260540
https://doi.org/10.1046/j.1365-294x.2000.01020.x
https://doi.org/10.1017/S096042861600007X
https://doi.org/10.1186/s12862-015-0347-8
https://doi.org/10.1186/s12862-015-0347-8
https://doi.org/10.1104/pp.010788
https://doi.org/10.1093/sysbio/41.4.421
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1111/j.1095-8312.2005.00503.x
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1080/10635150701701083
https://doi.org/10.1098/rstb.2005.1722
https://doi.org/10.1111/j.1365-2427.1994.tb01741.x
https://doi.org/10.1111/j.1365-2427.1994.tb01741.x
https://doi.org/10.1093/bioinformatics/btv636
https://doi.org/10.1093/bioinformatics/btv636
https://doi.org/10.1890/03-0178

L. Martinez-Dominguez et al.

complexes: The case of an African tropical tree, Carapa spp.
(Meliaceae). Molecular Phylogenetics and Evolution, 62, 275—
285. https://doi.org/10.1016/j.ympev.2011.09.020

Elzinga, J. A., Atlan, A., Biere, A., Gigord, L., Weis, A. E., & Bernasconi,
G. (2007). Time after time: Flowering phenology and biotic interac-
tions. Trends in Ecology & Evolution, 22(8), 432-439. https://doi.
org/10.1016/j.tree.2007.05.006

Environmental Systems Research Institute (ESRI). (2011). ArcGIS
Desktop: release 10. ESRI, Redlands, Calif

Gonzalez, D., & Vovides, A. P. (2002). Low intralineage divergence in
Ceratozamia (Zamiaceae) detected with nuclear ribosomal DNA
ITS and chloroplast DNA trnL-F non-coding region. Systematic
Botany, 27, 654-661. https://doi.org/10.1043/0363-6445-27.4.654

Gonzilez, D., & Vovides, A. P. (2012). A modification to the SCAR
(Sequence Characterized Amplified Region) method provides
phylogenetic insights within Ceratozamia (Zamiaceae). Revista
Mexicana De Biodiverdidad, 83, 929-938. https://doi.org/10.
7550/rmb.27125

Griffith, M. P,, Calonje, M. A., Stevenson, D. W., Husby, C. E., & Little,
D. P. (2012). Time, place, and relationships: Cycad phenology in a
phylogenetic and biogeographic context. Memoirs of the New York
Botanical Garden, 106, 60-81.

Hall, T. A. (1999). BioEdit: A user-friendly biological sequence align-
ment editor and analysis program for Windows 95/98/NT. Nucleic
Acids Symposium Series, 41, 95-98.

Heo, M., & Gabriel, K. R. (1998). A permutation test of association
between configurations by means of the RV coefficient. Commu-
nications in Statistics-Simulation and Computation, 27, 843-856.
https://doi.org/10.1080/03610919808813512

Hijmans, R. J., Cameron, S. E., Parra, J. L., Jones, P. G., & Jarvis,
A. (2005). Very high resolution interpolated climate surfaces
for global land areas. International Journal of Climatology, 25,
1965-1978. https://doi.org/10.1002/joc.1276

Huson, D. H., & Bryant, D. (2006). Application of phylogenetic net-
works in evolutionary studies. Molecular Biology and Evolution,
23,254-267. https://doi.org/10.1093/molbev/msj030

INEGI. (2013). Uso del Suelo y Vegetacion Escala 1:250 000, serie V.
Instituto Nacional de Estadistica y Geografia (INEGI), Mexico
City, Mexico. Retrieved February 1, 2022, from Conabio.gob.
mx/informacion/gis

Limoén, F., Gonzalez-Astorga, J., Nicolalde-Morejon, F., & Guevara,
R. (2016). Phenotypic variation of Zamia loddigesii Miq. and
Z. prasina W.Bull. (Zamiaceae, Cycadales): the effect of envi-
ronmental heterogeneity. Plant Systematics and Evolution, 302,
1395-1404. https://doi.org/10.1007/s00606-016-1338-y

Liu, Y., Wang, S., Li, L., Yang, T., Dong, S., Wei, T., Wu, S., Liu,
Y., Gong, Y., Feng, X., Ma, J., Chang, G., Huang, J., Yang, Y.,
Wang, H., Liu, M., Xu, Y., Liang, H., Yu, J., & Zhang, S. (2022).
The Cycas genome and the early evolution of seed plants. Nature
Plants, 8, 389—401. https://doi.org/10.1038/s41477-022-01129-7

Marler, T. E. (2010). Cycad mutualist offers more than pollen transport.
American Journal of Botany, 97(5), 841-845. https://doi.org/10.
3732/ajb.0900251

Martinez-Dominguez, L., Nicolalde-Morejon, F., Vergara-Silva, F.,
& Stevenson, D. W. (2016). Integrative taxonomy of Mexican
cycads: Biogeography, morphology and DNA barcoding corrobo-
rate a new sympatric species in Ceratozamia (Zamiaceae). Phyto-
taxa, 268(1), 25-45. https://doi.org/10.11646/phytotaxa.268.1.2

Martinez-Dominguez, L., Nicolalde-Morejon, F., Vergara-Silva, F.,
Stevenson, D. W., & Del Callejo, E. (2017). Cryptic diversity,
sympatry and other integrative taxonomy scenarios in the Mexi-
can Ceratozamia miqueliana complex (Zamiaceae). Organisms
Diversity & Evolution, 17(4), 727-752. https://doi.org/10.1007/
s13127-017-0341-7

Martinez-Dominguez, L., Nicolalde-Morejon, F., Vergara-Silva, F.,
& Stevenson, D. W. (2018a). Taxonomic review of Ceratozamia

@ Springer

(Zamiaceae) in the Sierra Madre Oriental, Mexico. PhytoKeys,
100, 91-124. https://doi.org/10.3897/phytokeys.100.23152

Martinez-Dominguez, L., Nicolalde-Morejon, Stevenson, D. W., &
Santiago-Jiménez, Q. (2018b). Conceptos taxondmicos, fenologia
y epifitismo: el caso de Ceratozamia tenuis (Zamiaceae). Revista
Mexicana De Biodiversidad, 89, 331-339. https://doi.org/10.
22201/ib.20078706€.2018b.2.2357

Martinez-Dominguez, L., Nicolalde-Morejon, F., Lorea-Hernandez,
F. G., Vergara-Silva, F., & Stevenson, D. W. (2020). A novelty in
Ceratozamia (Zamiaceae, Cycadales) from the Sierra Madre del
Sur, Mexico: Biogeographic and morphological patterns, DNA
barcoding and phenology. PhytoKeys, 156, 1-25. https://doi.org/
10.3897/phytokeys.156.53502

Martinez-Dominguez, L., Nicolalde-Morejon, F., Vergara-Silva, F., &
Stevenson, D. W. (2022). Monograph of Ceratozamia (Zamiaceae,
Cycadales): an endangered genus. PhytoKeys, 208, 1-102. https://
doi.org/10.3897/phytokeys.208.80382

Medina-Villarreal, A., & Gonzéalez-Astorga, J. (2016). Morphometric
and geographical variation in the Ceratozamia mexicana Brongn.
(Zamiaceae) complex: Evolutionary and taxonomic implications.
Biological Journal of the Linnean Society, 119,213-233. https://
doi.org/10.1111/bij.12806

Medina-Villarreal, A., Gonzalez-Astorga, J., & Espinosa de los
Monteros, A. (2019). Evolution of Ceratozamia cycads: A proxi-
mate-ultimate approach. Molecular Phylogenetics and Evolution,
139, 106530. https://doi.org/10.1016/j.ympev.2019.106530

Miquel, F. A. W. (1868). Nouveaux materiaux pour servir ala connais-
sance des Cycadees. Cinquieme parties. Archives Néerlandaises
des Sciences Exactes et Naturelles 3(5), 403-427.

Mudannayake, A., Ranaweera, L., Samaraweera, P., Sooriyapathirana,
S., & Anoma Perera, A. (2019). The morpho-genetic and ecologi-
cal niche analyses reveal the existence of climatically restricted
Cycas zeylanica complex in Sri Lanka. Scientific Reports, 9,
16807. https://doi.org/10.1038/s41598-019-53011-w

Nicolalde-Morejon, F., Vergara-Silva, F., Gonzalez-Astorga, J., Steven-
son, D. W., Vovides, A. P., & Sosa, V. (2011). A character-based
approach in the Mexican cycads supports diverse multigene com-
bination for DNA barcoding. Cladistics, 27(2), 150-164. https://
doi.org/10.1111/j.1096-0031.2010.00321.x

Ornelas, J. F., Sosa, V., Soltis, D. E., Daza, J. M., Gonzalez, C., Soltis,
P. S., Gutiérrez-Rodriguez, C., & Espinosa de los Monteros, A.,
Castoe, T. A., Bell, C., & Ruiz-Sanchez, E. (2013). Comparative
phylogeographic analyses illustrate the complex evolutionary his-
tory of threatened cloud forests of northern Mesoamerica. PLoS
ONE, 8(2), €56283. https://doi.org/10.1371/journal.pone.0056283

Padial, J. M., Miralles, A., De la Riva, I., & Vences, M. (2010). The
integrative future of taxonomy. Frontiers in Zoology, 7, 16. https://
doi.org/10.1186/1742-9994-7-16

Pérez-Farrera, M. A., Vovides, A. P., & Iglesias, C. (1999). A new
species of Ceratozamia (Zamiaceae, Cycadales) from Chiapas,
Mexico. Novon, 9, 410—413. https://doi.org/10.2307/3391741

Pérez-Farrera, M. A., Vovides, A. P., Martinez-Camilo, R., Martinez-
Meléndez, N., & Iglesias, C. (2009). A reassessment of the Ceratoza-
mia miqueliana species complex (Zamiaceae) of southeastern Mexico,
with comments on species relationships. Systematics and Biodiversity,
7(4), 433-443. https://doi.org/10.1017/S147720000999021 1

Pérez-Farrera, M. A., Vovides, A. P., & Avendaiio, S. (2014). Morphol-
ogy and leaflet anatomy of the Ceratozamia norstogii (Zamiaceae,
Cycadales) species complex in Mexico with comments on relationships
and speciation. International Journal of Plant Sciences, 175, 110-121.

Pérez-Farrera, M. A., Vovides, A. P., Ruiz-Castillejos, C., Galicia, S.,
Cibrian-Jaramillo, A., & Lépez, S. (2016). Anatomy and morphol-
ogy suggest a hybrid origin of Zamia katzeriana (Zamiaceae).
Phytotaxa, 270, 161-181. https://doi.org/10.11646/phytotaxa.
270.3.1

l GfBS


https://doi.org/10.1016/j.ympev.2011.09.020
https://doi.org/10.1016/j.tree.2007.05.006
https://doi.org/10.1016/j.tree.2007.05.006
https://doi.org/10.1043/0363-6445-27.4.654
https://doi.org/10.7550/rmb.27125
https://doi.org/10.7550/rmb.27125
https://doi.org/10.1080/03610919808813512
https://doi.org/10.1002/joc.1276
https://doi.org/10.1093/molbev/msj030
https://doi.org/10.1007/s00606-016-1338-y
https://doi.org/10.1038/s41477-022-01129-7
https://doi.org/10.3732/ajb.0900251
https://doi.org/10.3732/ajb.0900251
https://doi.org/10.11646/phytotaxa.268.1.2
https://doi.org/10.1007/s13127-017-0341-7
https://doi.org/10.1007/s13127-017-0341-7
https://doi.org/10.3897/phytokeys.100.23152
https://doi.org/10.22201/ib.20078706e.2018b.2.2357
https://doi.org/10.22201/ib.20078706e.2018b.2.2357
https://doi.org/10.3897/phytokeys.156.53502
https://doi.org/10.3897/phytokeys.156.53502
https://doi.org/10.3897/phytokeys.208.80382
https://doi.org/10.3897/phytokeys.208.80382
https://doi.org/10.1111/bij.12806
https://doi.org/10.1111/bij.12806
https://doi.org/10.1016/j.ympev.2019.106530
https://doi.org/10.1038/s41598-019-53011-w
https://doi.org/10.1111/j.1096-0031.2010.00321.x
https://doi.org/10.1111/j.1096-0031.2010.00321.x
https://doi.org/10.1371/journal.pone.0056283
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.1186/1742-9994-7-16
https://doi.org/10.2307/3391741
https://doi.org/10.1017/S1477200009990211
https://doi.org/10.11646/phytotaxa.270.3.1
https://doi.org/10.11646/phytotaxa.270.3.1

Species delimitation in Ceratozamia (Zamiaceae) from Southwestern Mexico, in light of...

Pérez-Farrera, M. A., Vovides, A. P., Gonzalez, D., Lépez, S.,
Hernandez-Sandoval, L., & Martinez, M. (2017). Estimation
of genetic variation in closely related cycad species in Cerato-
zamia (Zamiaceae: Cycadales) using RAPDs marker. Revista
De Biologia Tropical, 65(1), 305-319.

Prata, E. M. B., Sass, C., Rodrigues, D. P., Domingos, F. M. C. B., Specht,
C. D., Damasco, G., Ribas, C. C., Fine, P. V. A., & Vicentini, A.
(2018). Towards integrative taxonomy in Neotropical botany: Dis-
entangling the Pagamea guianensis species complex (Rubiaceae).
Botanical Journal of the Linnean Society, 188, 213-231. https://doi.
org/10.1093/botlinnean/boy051

R Core Team. (2014). R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Comput-
ing. URL: http://www.R-project.org/

Rozas, J., Sanchez-Del Barrio, J. C., Messeguer, X., & Rozas, R.
(2003). DnaSP, DNA polymorphism analyses by the coalescent
and other methods. Bioinformatics, 19(18), 2496-2497. https://
doi.org/10.1093/bioinformatics/btg359

Salas-Leiva, D. E., Meerow, A. W., Francisco-Ortega, J., Calonje, M.,
Griffith, M. P., Stevenson, D. W., & Nakamura, K. (2014). Con-
served genetic regions across angiosperms as tools to develop
single-copy nuclear markers in gymnosperms: An example using
cycads. Molecular Ecology Resources, 14(4), 831-845. https://
doi.org/10.1111/1755-0998.12228

Stevenson, D. W., Sabato, S., & Vazquez-Torres, M. (1986). A new
species of Ceratozamia (Zamiaceae) from Veracruz, Mexico with
comments on species relationships, habitats, and vegetative mor-
phology in Ceratozamia. Brittonia, 38, 17-26. https://doi.org/10.
2307/2807413

Stull, G. W., Qu, X.-J., Parins-Fukuchi, C., Yang, Y.-Y., Yang, J.-B.,
Yang, Z.-Y., Hu, Y., Ma, H., Soltis, P. S., Soltis, D. E., Li, D.-Z.,
Smith, S. A., & Yi, T.-S. (2021). Gene duplications and phylog-
enomic conflict underlie major pulses of phenotypic evolution in
gymnosperms. Nature Plants, 7, 1015-1025. https://doi.org/10.
1038/s41477-021-00964-4

Tang, W., Skelley, P., & Pérez-Farrera, M. A. (2018). Ceratophila,
a new genus of erotylid beetles (Erotylidae: Pharaxonothinae)
inhabiting male cones of the cycad Ceratozamia (Cycadales:
Zamiaceae). Zootaxa, 4508(2), 151-178. https://doi.org/10.11646/
zootaxa.4508.2.1

Terry, 1., Walter, G. H., Moore, C., Roemer, R., & Hull, C. (2007).
Odor-mediated push-pull pollination in cycads. Science, 318, 70.
https://doi.org/10.1126/science.1145147

Thompson, J. D., Gibson, T. J., Plewniak, F., Jeanmougin, F., & Higgins,
D. G. (1997). The Clustal X windows interface: Flexible strategies for

l GfBS

multiple sequence alignment aided by quality analysis tools. Nucleic
Acids Research, 24(24), 4876-4882. https://doi.org/10.1093/nar/25.
24.4876

Vaidya, G., Lohman, D. J., & Meier, R. (2011). SequenceMatrix: Con-
catenation software for the fast assembly of multi-gene datasets
with character set and codon information. Cladistics, 27(2), 171-
180. https://doi.org/10.1111/j.1096-0031.2010.00329.x

Vovides, A. P., Gonzalez, D., Pérez-Farrera, M. A., Avendaiio, S., &
Barcenas, C. (2004a). A review of research on the cycad genus
Ceratozamia Brongn. (Zamiaceae) in Mexico. Taxon, 53(2), 291-
297. https://doi.org/10.2307/4135609

Vovides, A. P., Pérez-Farrera, M. A., Gonzilez, D., & Sabato, S.
(2004b). Relations and phytogeography in Ceratozamia (Zami-
aceae). In T. Walters & R. Osborne (Eds.), Cycad classification:
Concepts and recommendations (pp. 109-125). CABI Publishing.

Vovides, A. P., Pérez-Farrera, M. A., Gonzélez-Astorga, J., & Iglesias,
C. (2008). A new species of Ceratozamia (Zamiaceae) from Oax-
aca, Mexico with comments on habitat and relationships. Botani-
cal Journal of the Linnean Society, 157, 169-175. https://doi.org/
10.1111/5.1095-8339.2008.00793.x

Wanninger, A. (2015). Morphology is dead — long live morphology!
Integrating MorphoEvoDevo into molecular EvoDevo and phy-
logenomics. Frontiers in Ecology and Evolution, 3, 54. https://doi.
org/10.3389/fevo.2015.00054

Wheeler, Q. (2020). A taxonomic renaissance in three acts. Megataxa,
001(1), 004-008. https://doi.org/10.11646/MEGATAXA.1.1.2

Wheeler, Q. D., & Platnick, N. I. (2000). The phylogenetic species con-
cept. In Q. D. Wheeler & R. Meier (Eds.), Species concepts and
phylogenetic theory: A debate (pp. 55-69). Columbia Univ. Press.

Whitelock, L. M. (2004). Classification concepts in Ceratozamia
(Zamiaceae). In T. Walters & R. Osborne (Eds.), Cycad clas-
sification: Concepts and recommendations (pp. 95-108). CABI
Publishing.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1093/botlinnean/boy051
https://doi.org/10.1093/botlinnean/boy051
http://www.R-project.org/
https://doi.org/10.1093/bioinformatics/btg359
https://doi.org/10.1093/bioinformatics/btg359
https://doi.org/10.1111/1755-0998.12228
https://doi.org/10.1111/1755-0998.12228
https://doi.org/10.2307/2807413
https://doi.org/10.2307/2807413
https://doi.org/10.1038/s41477-021-00964-4
https://doi.org/10.1038/s41477-021-00964-4
https://doi.org/10.11646/zootaxa.4508.2.1
https://doi.org/10.11646/zootaxa.4508.2.1
https://doi.org/10.1126/science.1145147
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1093/nar/25.24.4876
https://doi.org/10.1111/j.1096-0031.2010.00329.x
https://doi.org/10.2307/4135609
https://doi.org/10.1111/j.1095-8339.2008.00793.x
https://doi.org/10.1111/j.1095-8339.2008.00793.x
https://doi.org/10.3389/fevo.2015.00054
https://doi.org/10.3389/fevo.2015.00054
https://doi.org/10.11646/MEGATAXA.1.1.2

	Species delimitation in Ceratozamia (Zamiaceae) from Southwestern Mexico, in light of reproductive and climatic diversification
	Abstract
	Introduction
	Material and methods
	Sample collections and geographic distributions
	Character selection and coding
	Criteria of species delimitation and exploration of evolutionary scenarios
	Qualitative morphological characterization
	Quantitative morphological characterization
	Phenotype and environment
	Molecular techniques
	Molecular analyses
	Phenology


	Results
	Qualitative morphological variation patterns

	Quantitative morphological variation patterns
	Environment and phenotype
	Phenology
	Molecular DNA variation
	How many species?
	Geographic distribution patterns
	Discussion
	Taxonomic scheme

	Evolutionary scenario
	Is morphology dead in Ceratozamia? Illuminating taxonomy and evolution
	Taxonomic treatment
	Acknowledgements 
	References


