diversity

Article

Phylogenetic Relationships in the Group Caespitosa of
Paspalum L. (Poaceae, Panicoideae, Paspaleae)

Carolina Delfini ¥*, Juan M. Acosta !, Sandra S. Aliscioni 12, Vinicius Castro Souza 3 and Fernando O. Zuloaga !

Citation: Delfini, C.; Acosta, ].M.;
Aliscioni, S.S.; Souza, V.C.;

Zuloaga, F.O. Phylogenetic
Relationships in the Group
Caespitosa of Paspalum L. (Poaceae,
Panicoideae, Paspaleae). Diversity
2023, 15, 134. https://doi.org/10.3390/
d15020134

Academic Editors: Yin-Long Qiu
and Yang Liu

Received: 24 December 2022
Revised: 12 January 2023
Accepted: 12 January 2023
Published: 18 January 2023

Copyright: © 2023 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://cre-

ativecommons.org/licenses/by/4.0/).

1 Instituto de Botanica Darwinion (ANCEFN-CONICET), Labardén 200, Casilla de Correo 22,
San Isidro B1642HYD, Argentina
2 Catedra de Botanica General, Facultad de Agronomia, Universidad de Buenos Aires, Av. San Martin 4453,
Buenos Aires C1417DSE, Argentina
3 Departamento de Ciéncias Bioldgicas, Escola Superior de Agricultura “Luiz de Queiroz”, Universidade de
Sao Paulo, Av. Padua Dias 11, Piracicaba 13418-900, SP, Brazil
Correspondence: cdelfini@darwin.edu.ar

Abstract: The informal group Caespitosa of Paspalum L. comprises 13-15 perennial species that are
able to tolerate extreme climatic stresses, such as prolonged droughts, floods, and saltwater. Previ-
ous molecular phylogenetic studies have suggested that the Caespitosa might not be monophyletic,
but they did not analyze a large enough sample of taxa for a meaningful conclusion. In this study,
we evaluate the phylogeny of the genus Paspalum using parsimony, likelihood, and Bayesian infer-
ence based on four DNA regions (ETS, ndhF, rpl16, and trnH-psbA) and increasing the number of
sampled species (i.e., a total of 13 taxa and 40 new accessions of the group Caespitosa). Our main
objective was to analyze the positions of Caespitosa taxa, assuming a priori that they do not repre-
sent a natural group as traditionally circumscribed. Our findings showed the Caespitosa species
distributed in seven morphologically distinct clades and correlated with members of the informal
groups Alma, Corcovadensia, Dissecta, Lachnea, Macrophylla, Notata, Paniculata, and Rupestria.
Clades containing Caespitosa taxa were characterized based on morphological, anatomical, and cy-
tological evidence, one of which was associated with geographic isolation. A comparison with re-
sults from other studies, a brief discussion on the group Macrophylla, which our analyses showed
to be polyphyletic, and comments on the need for future molecular studies in Paspalum are also
included.
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1. Introduction

Paspalum L. is one of the richest genera within Poaceae, comprising around 350 spe-
cies [1]. Most of its species are native to the Americas, mainly distributed in tropical and
subtropical regions, with a few growing in the Old World [1]. Species of Paspalum are
important elements of the biodiversity of South American pasture ecosystems, and due
to their forage potential, many are used for this purpose [1-5].

Previous authors have had differing opinions regarding the infrageneric classifica-
tion of Paspalum, but as a summary, four subgenera (Paspalum, Anachyris Chase, Ceresia
(Pers.) Rchb., and Harpostachys (Trin.) S. Denham) and 27 sections have been recognized
[6-20]. In addition to these, about 30 groups without a formal taxonomic level were pro-
posed within subgenus Paspalum, mainly based on morphological characters of inflores-
cences and spikelets, due to the difficulty of establishing clear limits between sections
[8,9]. These informal groups, most of them without phylogenetic support [3,21], were/are
used in taxonomic, cytological, and phylogenetic studies (e.g., [3,21-29]), as the ap-
proaches of refs. [8,9] remain the best options to providing better knowledge of Paspalum
in the absence of a fully-resolved phylogeny of the genus.
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Caespitosa is one of these informal groups, and its species are distributed from the
southern United States to northeastern Argentina, with six concentrated in the Caribbean
and Mexico [1,8,9,30,31]. They are outstanding for their ability to tolerate extreme climatic
stresses, such as prolonged droughts, floods, and saltwater [28]. When establishing the
group (as Paspalum [unranked] Caespitosa), ref. [32] included a total of four species (i.e.,
Paspalum caespitosum Fliggé, Paspalum glabrum Poir., Paspalum helleri Nash, and Paspalum
mandiocanum Trin.), characterized by the caespitose habit and paired ellipsoid spikelets
glabrous or appressed-pubescent. Ref. [8], in a revision of the North American species of
Paspalum, synonymized P. glabrum and P. helleri under Paspalum laxum Lam. and recog-
nized eight species within the group Caespitosa characterized by the mostly caespitose
habit, culms simple or occasionally with a single branch, inflorescences pauci to plurirace-
mose, and spikelets often ellipsoid. She expanded this concept in her unpublished mono-
graph for the South American species of the genus [9], treated P. mandiocanum in the group
Corcovadensia, and redefined Caespitosa to include 14 species and two varieties. Refs. [1]
and [28] included Paspalum chacoense Parodi and Paspalum redondense Swallen within Caes-
pitosa, bringing the number of species recognized in the group to 15. In a complete and
most recent revision of the group Caespitosa, ref. [31] recognized 13 species and three
varieties (i.e., Paspalum acutifolium Ledn, Paspalum albidulum Henrard, Paspalum bakeri
Hack., Paspalum blodgettii Chapm., P. caespitosum, P. chacoense, Paspalum divergens Doll,
Paspalum galapageium var. galapageium Chase, Paspalum galapageium var. minoratum Chase,
Paspalum galapageium var. redundans (Chase) Delfini & Zuloaga, Paspalum indecorum Mez,
P. laxum, Paspalum ligulare Nees, Paspalum molle Poir., and P. redondense), characterized by
including perennial plants, usually rhizomatous, with culms simple, erect, inflorescences
terminal, pauci-racemose, and spikelets mostly ellipsoid to ovoid or obovoid [31].

Molecular phylogenetic studies have suggested that the group Caespitosa might not
be monophyletic [4,21], but they have not included a large enough sample of species to
test this rigorously (i.e., only four species were analyzed in refs. [4] and [21]). Based on
these previous results, our objective was to evaluate the phylogeny of the genus Paspalum
by increasing the number of Caespitosa species sampled to test their positions, assuming
a priori that they do not represent a natural group. To accomplish these goals, DNA se-
quence data from three plastid regions (ndhF, rpl16 and trnH-psbA) and one nuclear region
(ETS) were used to unravel the phylogenetic relationships. We analyzed a total of 13 Caes-
pitosa species considered to belong to this group, those treated in the taxonomic revision
of ref. [31]. The relationships of Caespitosa taxa were herein discussed and related to mor-
phological, anatomical, and ecological evidence.

2. Materials and Methods
2.1. Taxon Sampling

The DNA data matrix used in the phylogenetic analyses includes a total of 128 acces-
sions, of which 119 are ingroup and 17 are Caespitosa [see Table S1 available in Supple-
mentary Material here]. In total, we added to the analyses 40 new accessions of the group
Caespitosa and sampled 13 taxa (i.e., Paspalum acutifolium, P. bakeri, P. blodgettii, P. caespi-
tosum, P. chacoense, P. galapageium, P. indecorum, P. laxum, P. ligulare, P. molle, P. pleostach-
yum DO, P. redondense, and P. redundans; Table S1), considering species accepted and syn-
onyms in the taxonomic treatment in ref. [31]. The nuclear ribosomal DNA ETS matrix
and chloroplast DNA (cpDNA) ndhF and rpl16 matrices previously published in ref. [21]
were completed with sequences of new taxa added (13, 18, and 12, respectively). We also
built a new cpDNA matrix for this study [frnH-psbA (coding region, spacer, IR-B/LSC
junction), encompassing the rps19 gene [33,34] including 38 accessions, totaling 81 new
sequences added. In addition, nine species belonging to eight closely related genera were
selected as outgroups, based on [21,35-37]: Anthaenantia P. Beauv., Axonopus P. Beauv.,
Hildaea C. Silva & R.P. Oliveira, Hymenachne P. Beauv., Ichnanthus P. Beauv., Ocellochloa
Zuloaga & Morrone, Plagiantha Renvoize, and Streptostachys Desv. Information about
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vouchers and accession numbers of the new sequences obtained for this study and those
available in GenBank is given in Table S1.

2.2. DNA Amplification and Sequencing

Total genomic DNA was extracted from herbarium material using modified CTAB
protocols from ref. [38]. For the species that failed this protocol, the DNA was isolated
using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), following the manufac-
turer’s recommendations. Each species was amplified from a single voucher specimen,
but a second voucher was also included for some taxa. The four DNA regions were am-
plified by polymerase chain reaction (PCR) and sequenced for each taxon. The primers
18S and 265 of ref. [39] were used to amplify and sequence the external transcribed spacer
(ETS); the trnH-psbA region was amplified using the primers psbA and trnHGUS proposed
by ref. [40]; the rpl16 region, corresponding to the intron and partial sequences of the gene
encoding ribosomal protein L16 [41-43], was amplified in two fragments using primers
F71 [44] and R1661 [41], combined with the internal ones F584 and R584 [45]; the complete
ndhF gene, coding NADH dehydrogenase subunit F, was amplified with a battery of pri-
mers in different combinations in four overlapping fragments using primer pairs specified
by refs. [46,47]: 5F-536R, 536F-972R, 972F-1666R, and 1666F-3R.

PCR reactions were performed in a 25 pL final volume with 50-100 ng of template
DNA, 2.5 uL PCR bulffer (10x), 1.5 uL MgCl2 (25 mM), 1 uL dNTP (10 mM), 0.5 pL of each
primer (10 pM), and 0.3 pL of Taq polymerase (5 u/uL) provided by Promega (Madison,
Wisconsin, U.S.A.). Variations in dANTP (1-1.25 uL), primers (0.5-1 pL), and total DNA
dilutions (1:5, 1:10 and 1:50) were used. The reactions were carried out using the following
parameters: (1) for the nuclear ETS: one cycle of 94 °C for 5 min, 39 cycles of 94 °C for 30
s, 52 °C for 1 min, and 72 °C for 1 min, and a final extension cycle of 72 °C for 10 min; and
(2) for the chloroplast regions of ndhF, rpl16 and trnH-psbA: 95 °C for 2 min, 39 cycles of
95 °C for 30 s, 48 °C for 30 s, 72 °C for 1.5 min, and a final extension cycle of 72 °C for 10
min. PCR products were run out on a 1% TBE (Tris-Borate-EDTA) agarose gel stained
with SYBR Safe DNA gel stain (Invitrogen Life Technologies) and visualized in a blue-
light transilluminator. Automated sequencing was performed by Macrogen, Inc. (Seoul,
South Korea). Forward and reverse strands were sequenced for all fragments, with a min-
imum overlap of 80%.

2.3. Phylogenetic Analyses

Sequence editing and assembly were performed with MEGA v. 7.0 [48]. The accuracy
of the sequences was assessed through the visual inspection of the chromatograms. Align-
ments were generated with Clustal X v. 2 [49] under the default settings and were trimmed
to remove part of the 3" end, for which many sequences were incomplete. The alignments
obtained were then checked and improved manually, when necessary, by visual refine-
ment using the program MEGA v. 7.0 [48]. The phylogenetic reconstruction was based on
parsimony (MP) [50], maximum likelihood (ML) [51,52], and Bayesian inference (BI) [53]
methods. In all analyses, gaps were considered missing data. The best-fitting nucleotide
substitution models for each region were selected by the Akaike information criterion
(AIC), as implemented in jModeltest 2.1.1 [54]: SYM+I+G (ETS), TIM1+G (ndhF), TVM+I+G
(rpl16), and F81+1+G (trnH-psbA).

Molecular analyses of nuclear ETS and three cpDNA regions were performed sepa-
rately and combined. Two combined matrices were constructed: the “plastid matrix”,
combining the three plastid regions (ndhF, rpl16 and trnH-psbA), and the “total dataset
matrix,” combining the plastid and the nuclear ETS matrices. Separate analyses are useful
to investigate the possibility of reticulation or hybridization events, while combined anal-
yses better maximize cladistic parsimony, allowing secondary signals to emerge and pro-
duce the best-supported hypotheses [55]. Congruence between the combined nuclear and
plastid datasets was assessed using the partition homogeneity (incongruence length
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difference [ILD]) test [56] implemented in PAUP* v. 4.0b10 [57], with 1000 replicates, Max-
Trees set at 1000, and TBR branch swapping.

Separate and combined parsimony analyses were performed using TNT ver. 1.1 [58]
with Fitch parsimony [50] as the optimality criterion. All characters were equally
weighted and treated as unordered. A heuristic search was conducted using 1000 random
taxon-addition replicates with the tree-bisection-reconnection (TBR) algorithm, saving up
to 15 trees per replicate to prevent extensive swapping on islands with many trees. The
resulting trees were then used as starting trees for a second-round search using TBR
branch swapping with an upper limit of 10,000 trees. Nonparametric bootstrap support
(BS) was estimated using 10,000 pseudo-replicates, and the same parameters were used in
our MP analyses [59]. Bootstrap percentages of 50 to 80 were considered weak, 81 to 90
moderate, and >90 strong.

ML analyses were conducted using RAXML-HPC2 on XSEDE (v. 8.2.12) [60] in the
Cyberinfrastructure for Phylogenetic Research (CIPRES) Portal v. 3.3 [61]. For these anal-
yses, we used the implemented algorithm, which allows one to perform optimal tree
searches and obtain bootstrap support [59] in one single analysis [62]. To this end, we
performed 1000 bootstrap replicates with a subsequent search of the maximum likelihood
tree, using the GTRGAMMA nucleotide substitution model [60], individual per-site sub-
stitution rates (-c), and the default setting of likelihood acceptance (-e), 25 and 0.1, respec-
tively. Bootstrap percentages of 50 to 80 were considered weak, 81 to 90 moderate, and
>90 strong.

Individual and combined BI analyses were performed using MrBayes v. 3.2.7a [63]
in the CIPRES Portal [61] with nst = 6 and rates = invgamma (ETS and rp/16), nst = 6 and
rates = gamma (ndhF), and nst = 1 and rates = invgamma (trnH-psbA), unlinking models
across loci for combined analyses. The datasets were analyzed in two independent runs
of 10 million generations, each with four Markov chains (one cold chain and three heated
chains), sampling every 1000 generations. The convergence and effective sample size
(ESS) of the runs were assessed in Tracer v.1.7 [64], checking that ESS > 200 for all param-
eters. After discarding the initial 2500 trees of each run as burn-in (25%), the remaining
trees (15,002) were used to generate a 50% majority-rule consensus tree. The cutoff for
strong support in the Bayesian analyses was 0.95 (roughly equal to p < 0.05) posterior
probabilities, and values below 0.8 were considered not supported.

3. Results

General features and descriptive statistics of the DNA datasets used in MP analyses
are given in Table S2 [available in Supplementary Material here]. Nuclear ETS and plastid
ndhF had the highest sequencing success of the Caespitosa taxa recovered in the datasets,
followed by trnH-psbA and rpl16; however, all four regions failed to amplify for P. albidu-
lum and P. divergens. The nuclear ETS region was the most variable marker, with 54.07%
phylogenetically informative sites, at least more than four times as variable as the plastid
regions, which had 12.83% (rpl16), 11.25% (ndhF), and 2.13% (trnH-psbA) phylogenetically
informative sites. The ILD test of the plastid and total datasets combined did not indicate
incongruence between partitions (ndhF + rpl16 + trnH-psbA, ILD: P = 0.75; ETS + ndhF +
rpll6 + trnH-psbA, ILD: P = 0.32). Strict consensus tree from MP, 50% majority-rule con-
sensus tree from BI, and ML tree recovered similar topologies showing the same strongly
supported clades; therefore, only the BI tree of the combined four-region DNA dataset is
presented here (Figure 1) along with branch support obtained under MP and ML analyses
for clades that include Caespitosa taxa. All aligned data matrices and trees of separate and
combined datasets from the three methods of analysis are available in the Repositorio In-
stitucional CONICET Digital wunder the following link: http://hdl.han-
dle.net/11336/179173, accessed on 23 December 2022.
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Figure 1. 50% majority-rule consensus tree from the Bayesian inference analysis of the total com-
bined dataset (ETS + ndhF + rpl16 + trnH-psbA). Posterior probabilities from BI are listed below the
branches and bootstrap supports from ML (below the branches) and from MP (above the
branches) are also indicated for clades that contain Caespitosa taxa. Nodes with “~” have boot-
strap supports <50. Clades (A-G) correspond to the Caespitosa taxa discussed in the text. Group
abbreviations: ALM = Alma, CAE = Caespitosa, COR = Corcovadensia, DISS = Dissecta, LAC =
Lachnea, MAC = Macrophylla, NOT = Notata, PAN = Paniculata, RUP = Rupestria.
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For four Caespitosa taxa, we were able to include two accessions (i.e., Paspalum caes-
pitosum, P. chacoense, P. indecorum, and P. redondense) [see Table S1 available in Supple-
mentary Material here]. In most cases, the two accessions of the same species had identical
or nearly identical sequences and were placed together by the three analyses. In the case
of P. caespitosum, mutations in the sequences led to distinct placements, but the accessions
still formed a clade with P. bakeri (Figure 1), although in parsimony these relationships are
not clearly defined. With a single exception of clade D, the remaining clades that contain
Caespitosa taxa received some support in the three analyses.

The topology of the four-region DNA dataset tree (Figure 1) grouped Paspalum spe-
cies in a strongly supported clade (Bayesian posterior probability (BPP) 0.95/ML bootstrap
(MLB) 99/parsimony bootstrap (PB) 100). Although the relationships among clades re-
main largely unresolved, the three combined analyses placed the 13 Caespitosa taxa in
seven clades (Figure 1A-G) related to members of the informal groups Alma, Corcova-
densia, Dissecta, Lachnea, Macrophylla, Notata, Paniculata, and Rupestria, as detailed
next.

Clade A is a strongly supported clade (BPP 1/MLB 91/PB 99), including P. blodgettii
(group Caespitosa) as sister to Paspalum maritimum Trin. (group Paniculata), two morpho-
logically quite distinct species.

Clade B, strongly (MP) supported (BPP 0.63/MLB 75/PB 95), consists of members of
groups Alma (Paspalum almum Chase), Dissecta (Paspalum acuminatum Raddi), Notata
(Paspalum minus E. Fourn.), and P. redondense (group Caespitosa). Paspalum minus is sister
to P. almum (BPP 1/MLB 100/PB 100), and both are related to P. redondense (BPP 1/MLB
96/PB 100); Paspalum acuminatum was resolved as the sister group to all clade B species
with strong branch support in the MP analysis. Due to the ploidy variation within P. re-
dondense [see Table S3 available in Supplementary Material here], we included two acces-
sions for this species, and both were placed together (BPP 1/MLB 95/PB 100).

Within clade C, P. acutifolium (group Caespitosa) was resolved as closely related to
Paspalum juergensii Hack. (group Paniculata) with moderate branch support in the Bl anal-
ysis (BPP 0.84/MLB 65/PB < 50).

Paspalum caespitosum is a member of clade D, a clade with almost no support in Bl
(BPP 0.50) and not recovered in ML and MP. Clade D is divided into two subclades: the
first one includes two accessions of P. caespitosum related to P. bakeri (group Caespitosa)
(BPP 0.60/MLB 76/PB < 50), and Paspalum saugetii Chase (group Rupestria) as its sister
group (BPP 0.60); within the second subclade, P. molle (group Caespitosa) is sister to Pas-
palum oligostachyum Salzm. ex Steud. (group Paniculata) (BPP 1/MLB 91/PB 98), and both
were resolved closely related to Paspalum corcovadense Raddi (group Corcovadensia) and
Paspalum restingense Renvoize (group Corcovadensia), although without support (BPP
0.50).

Clade E is strongly (BI) supported (BPP 0.94/MLB 63/PB < 50) and includes two mem-
bers of the group Macrophylla (Paspalum commune Lillo and Paspalum macrophyllum Trin.),
plus P. laxum (group Caespitosa). Paspalum laxum is sister to P. macrophyllum (BPP
0.63/MLB 58/PB < 50) and both were resolved as sister clades to P. commune.

Within clade F, strongly (BI) supported (BPP 0.99/MLB 87/PB 82), the two accessions
of P. indecorum (group Caespitosa) (BPP 1/MLB 100/PB 100) form a strongly supported
clade with Paspalum ekmanianum Henrard (group Lachnea) (BPP 1/MLB 100/PB 100) and
the two accessions of P. chacoense (group Caespitosa) (BPP 1/MLB 88/PB 99) as its sister
group. Paspalum ligulare (group Caespitosa) is related to P. pleostachyum (group Caespi-
tosa) (BPP 1/MLB 100/PB 99) and was resolved as a sister group to all other clade F species.

Clade G groups the two Caespitosa species restricted to the Galapagos archipelago
(i.e., Paspalum galapageium and P. redundans) in a strongly supported clade by the three
analyses (BPP 1/MLB 100/PB 100).
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4. Discussion
4.1. Major Results and Comparison with Previous Molecular Studies

Relationships among species were similar to the total evidence tree from MP analyses
presented in ref. [21] with differences in the compositions of some previously proposed
clades (e.g., Paniculata and Macrophylla clades) or placements of some species (e.g., Pas-
palum regnellii Mez nested with one accession of Paspalum rufum Nees ex Steud. and P.
juergensii as sister to P. acutifolium), possibly due to our larger sampling of species and
accessions.

The polyphyly of the group Caespitosa was also indicated by previous molecular
phylogenetic analyses [4,21], but these studies included too few Caespitosa accessions for
a meaningful conclusion. Ref. [4] considered as Caespitosa P. chacoense, P. indecorum, and
Paspalum trichostomum Hack.; however, the latter species belongs to the Barbinodia group
[9], and therefore, it has not been analyzed here. Ref. [21] analyzed P. caespitosum, P.
chacoense, P. indecorum, and P. redondense, considering the latter as an ungrouped species
since it was described after the classification from refs. [8,9]. As we follow ref. [31], P.
redondense was considered here as a member of the group Caespitosa.

Data presented here greatly increased the sample of Caespitosa species analyzed and
confirmed that this informal group as traditionally circumscribed (sensu [8,9,31]) is not
monophyletic. An analysis of the different clades and relationships among species is dis-
cussed next.

4.2. Relationships of Caespitosa Taxa

Our phylogeny showed the Caespitosa species distributed in seven morphologically
distinct clades (Figure 1A-G). As most previously infrageneric categories recognized in
Paspalum (i.e., subgenera, sections, and informal groups) failed to define monophyletic
groups [6-19,22-25], here we presented a limited discussion about relationships of Caes-
pitosa taxa, since the current tree is not strongly supported enough to warrant taxonomic
revision of the recovered clades.

Clade A, strongly supported by the three analyses, is newly identified in this study
and links P. blodgettii with P. maritimum (Figure 1). These species are distinct in general
aspect, ploidy level (Table S3; [65]), and geographic distribution but share papillose-sca-
brous spikelets and the habitat (Figure 2A). Paspalum blodgettii is a caespitose plant that
lacks conspicuous rhizomes and is distributed from the southern United States, Mexico,
and the Caribbean islands to Panama [31], while P. maritimum is a long-rhizomatous [66]
and exclusively polyploid species [65], more widely distributed (i.e., in Brazil, the Carib-
bean islands, Colombia, Guyanas, Paraguay, Suriname, and Venezuela [30]). Despite their
divergent distributions, both species are frequently found in sandy and humid soils along
the seacoast [31,67]. In P. maritimum, the basal cell of microhairs is sunken into the epider-
mis (Figure 3A-B) and probably functions as salt glands because, when in contact with
the mesophyll cells, it acts as a collecting cell and the upper cell as an excreting one [67,68].
There are no similar ecological anatomical data for P. blodgettii that confirm the presence
of such secretory structures; however, as both species tolerate a level of salinity, they can
be defined as halophytes. Ref. [66] also highlighted the morphological affinity of P. mari-
timum with P. pleostachyum, but our analyses suggest that they are not related; the latter
species is placed in clade F as a sister species to P. ligulare (Figure 1).

As presented by ref. [21], P. acuminatum, P. almum, P. minus, and P. redondense formed
a clade (clade B), but our analyses support that the relationships are stronger than those
retrieved previously. Clade B groups species of wet/aquatic habitats with rhizomes or sto-
lons ([1]; Figure 2B). Paspalum acuminatum, the only species with rachis foliaceous and
spongy tissue in the medulla [1,69], is confirmed by the three analyses as sister to all other
clade B taxa, whereas in a previous study its position was uncertain. The spongy tissue in
the rachis of P. acuminatum (Figure 4, type II) is a characteristic of species that live in
aquatic or humid places; however, not all hydrophytic taxa of the genus have the same
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structures [69], which is the case for P. almum and P. minus. These last two species have
the most common anatomical type of rachis within the genus (i.e., a triangular solid keel
without spongy tissue; Figure 4, type I) [69].

Figure 2. Morphological variation in species of the Caespitosa group: (A) Paspalum blodgettii, ra-
ceme detail; (B) Paspalum redondense, habit; (C) Paspalum acutifolium, habit; (D-E) Paspalum
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caespitosum: (D) Habit; (E) Spikelet, upper glume view; (F) Paspalum molle, raceme detail; (G-H)
Paspalum laxum: (G) Habit; (H) Spikelet, upper glume view [(A): N.L. Britton et al. 15790 (NY); (B):
G. Hatschbach & A. Manosso 50346 (NY); (C): Bro. Leén & Father M. Roca 8164 (US); (D-E): H. Pittier
258 (US); (F): O. Morrone et al. 4730 (SI); (G-H): Fre. Leon 12305 (US)].

There are no similar anatomical data available for P. redondense indicating the type of
inflorescences; nevertheless, as this species also lacks the spongy pith, it will probably
share the same rachis type as P. almum and P. minus. Paspalum redondense is morphologi-
cally similar to P. indecorum, mainly in terms of general aspect [1], but a close relationship
between them was not supported by our findings (Figure 1).

A 4

Figure 3. Paspalum maritimum: (A) Detail of a michrohair in adaxial surface of the leaf blade view
with scanning electron micrographs (b = basal cell; u = upper cell); (B) Light micrograph of leaf
blade in cross section showing a microhair with the basal cell (b) sunken into the epidermis [(A):
A. Chase 9761 (MO); (B): J.R. Swallen 4668 (US)]. Extracted from [70].

Figure 4. Different anatomical types of rachises recognized in Paspalum: Basal type with a solid
medulla (type I) and with spongy medulla (type II). Adapted from [69].

Paspalum acutifolium, here analyzed for the first time, was resolved in clade C and is
closely related to P. juergensii (Figure 1). These species do not have a sympatric distribu-
tion, but they share the habitat (i.e., shady and humid places) and are similar in its general
aspects (Figure 2C). Paspalum acutifolium is endemic to the Caribbean, characterized by the
caespitose habit lacks conspicuous rhizomes, blades papillose-hirsute, ligules ovoid, and
inflorescences with 2—4 racemes [31], while P. juerguensii is restricted to South America
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(i.e., Colombia to Ecuador, Bolivia to Brazil and northeast Argentina) [1,71] and has rhi-
zomes and arched cataphylls, blades sparsely pilose, ligules laciniate, and inflorescences
with 4-14 racemes [1]. In ref. [21]'s analyses, P. juergensii formed a moderately supported
monophyletic group with Paspalum paniculatum L., Paspalum umbrosum Trin., and Paspa-
lum squamulatum E. Fourn., other species of the Paniculata group, but our findings did not
support these relationships. Ref. [31] also noted morphological similarities between P.
acutifolium and P. galapageium; however, these two species are not phylogenetically re-
lated.

Species of clade D are morphologically quite distinct, although they share lanceolate
to linear-lanceolate blades. Within this clade, the relationships remain unresolved or have
low support (Figure 1). Paspalum saugetii and P. restingense have conflictive and, up to
now, unresolved positions, as they were placed together (MLB 79/PB 97) but excluded
from clade D by ML and MP approaches. All analyses indicate a close relationship be-
tween the two accessions of P. caespitosum and P. bakeri, but in the MP, they were grouped
in a polytomy. Paspalum caespitosum 2 is a sequence added in this analysis to previously
published sequences; it is nested with P. bakeri and differs from the published P. caespito-
sum sequence by five mutations in the ndhF (i.e., a T-to-C transition at position 82, a T-to-
A transition at positions 84 and 493, and aT-to-G transition at positions 97 and 270).
Whether the difference between the two sequences of P. caespitosum represents real bio-
logical variation, considering that it is a highly polymorphic taxon, or errors in sequencing
is unclear, but in either case, a close relationship between P. caespitosum and P. bakeri is
here suggested. On the other hand, a close relationship between P. caespitosum, P. mole,
and P. corcovadense is not a surprising result since these three species share a distinctive
combination of character states (e.g., general aspect, sheaths usually glabrous, blades lan-
ceolate, lower glume absent, spikelets ellipsoid, delicately pubescent, with 3-5 nerves),
and may grow sympatrically in the Caribbean ([1,31,66]; Figure 2D-F). The Bayesian anal-
ysis found weak support for a sister relationship between the two subclades within clade
D, although neither ML nor MP retrieved this grouping. Paspalum molle and P. oligostach-
yum are distinct but morphologically similar, and they were unambiguously strongly sup-
ported as sisters in all combined analyses. Morphological similarities have also been noted
between P. restingense and P. corcovadense, especially in terms of their general aspect [5];
however, the weak support in the Bl suggests that additional analyses should be under-
taken with more variable markers to test this rigorously.

Paspalum laxum, here analyzed for the first time, is placed in clade E together with P.
macrophyllum and P. commune (Figure 1), three species that are exclusively polyploid (Ta-
ble S3; [72,73]). They share blades linear-lanceolate and panicles truncate with 3-15 ra-
cemes ([1,9,31]; Figure 2G), being P. laxum sometimes confused with P. commune [1]. The
latter species differs from P. laxum mainly by the size and indumentum of the spikelets
(i.e., spikelets 1.3-2 mm long, papillose-hirsute in P. laxum (Figure 2H) vs. spikelets 2.2—
2.7 mm long, shortly pubescent in P. commune) and by the geographic distribution: Paspa-
lum laxum is found from southern Florida, Belize, Malpelo Island, the Caribbean to French
Guiana, and Colombia, while P. commune is restricted to Bolivia and northwest Argentina
[1,31]. Previous molecular analyses recovered the group Macrophylla sensu ref. [9] in a
strongly supported clade composed of P. macrophyllum, P. commune, and Paspalum regnellii
Mez [21,45]. However, by including P. laxum in clade E, and P. regnellii related to Paspalum
rufum Nees (groups Eriantha/Virgata; [1]) and Paspalum rupestre Trin. (group Rupestria),
outside the clade E, our analyses showed the group Macrophylla polyphyletic, in disa-
greement with previous results. Morphological similarities between P. laxum and P.
blodgettii were noted by ref. [31]; these species share the caespitose habit, axillary inflores-
cences, and spikelets papillose-scabrous [31] but they are not phylogenetically related.
Paspalum blodgettii is placed in clade A, as sister to P. maritimum (Figure 1).

Within clade F, P. chacoense, P. indecorum, and P. ekmanianum were recovered as a
robust group, as previously suggested [21]. These three species are commonly found in
sandy, rocky, or humid soils of open areas, being characterized by the presence of basal
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thick and arched rhizomes ([1,31]; Figure 5A). Paspalum chacoense is easily separated from
P. oligostachyum and P. indecorum by its typical 1-nerved upper glume (Figure 5B), while
P. indecorum and P. oligostachyum have the upper glume 5-nerved and 5-7-nerved, respec-
tively [31]. In P. indecorum, [67] it was observed that the abaxial epidermal cells have a
papillose outer tangential wall (Figure 6A-B), which is characteristic of grasses from dry
[74] or saline areas [75].
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Figure 5. Morphological variation in species of the Caespitosa group: (A-B) Paspalum chacoense:
(A). Habit; (B) Spikelet, upper glume view; (C) Paspalum ligulare, habit; (D-F) Paspalum gala-
pageium: (D) Habit; (E) Base of the culms and cleistogamous spikelets detail; (F) Ligule detail; (G)
Paspalum redundans, spikelet, upper glume view [(A-B): A. Burkart 20258 (SI); (C): F.O. Zuloaga
4758 (SI); (D-F): ].T. Howell 10019 (US); (G): ].T. Howell 9902 (SI)].
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Despite this, within Paspalum, the presence of papillae does not necessarily represent
a direct adaptation to dry environments, as they are found in species of varied habitat [67].
For P. indecorum and P. chacoense, there is no register of polyploids [Table S3], and as might
be expected, its two accessions placed together confirmed their monophyly.

The second robust group within clade F (i.e., Paspalum ligulare and P. pleostachyum),
newly identified in this study, is quite morphologically distinct from the first one. It in-
cludes highly plastic species in relation to their habitats, characterized by having a caes-
pitose habit without conspicuous rhizomes and forming dense populations ([28,31]; Fig-
ure 5C).

Figure 6. Paspalum indecorum: (A) Scanning electron micrograph of the abaxial surface of leaf blade
(s = stomata; p = papilla); (B) Light micrograph of leaf blade in cross section showing abaxial papil-
lae (p) [(A): Montes 12739 (US); (B): F.O. Zuloaga 506 (SI)]. Extracted from [70].

Paspalum ligulare and P. pleostachyum are in a morphologically intricate species com-
plex, with chromosome counts ranging from 2n = 20 to 2n = 40 [Table S3]. Due to the minor
morphological differences in size of ligules and spikelets, as well as the overlap in geo-
graphic distribution, they have been a cause of controversy in different taxonomic treat-
ments. Paspalum pleostachyum was treated either as a related but distinct species of P. lig-
ulare [9,30,66] or, more recently, as its synonym [31]. Although additional analyses should
be undertaken including multiple accessions of both taxa, our findings support a very
close relationship between P. ligulare and P. pleostachyum and thus, ref. [31]'s proposal
based on morphological data.

Clade G, newly identified in this study, includes P. galapageium and P. redundans, two
species endemic to the Galapagos Archipelago, characterized by the linear-lanceolate
blades, ligules long ovate, and lower glume and cleistogamous spikelets usually present
([9,31]; Figure 5D-G). While recognizing the close morphological similarity between these
taxa, A. Chase in ref. [76] treated both as valid species and proposed two varieties for P.
galapageium (i.e., Paspalum galapageium var. galapageium, P. galapageium var. minoratum
Chase) based on the size and number of spikelets nerves. Because the two species have
only minor morphological differences and overlap in geographic distribution, ref. [31]
recognized P. redundans as a new variety for P. galapageium. This is the most supported
result and corroborates ref. [31]’s proposal to consider them as varieties of the same spe-
cies; their close relationship also suggests that speciation in clade G is associated with
geographic isolation.
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4.3. Needs for future molecular studies in Paspalum

This article added missing information on the relationships of the Caespitosa group,
hitherto unknown. Although we have confirmed that the Caespitosa is not a natural
group, as are most informal groups within subgenus Paspalum, we were able to retrieve
new clades, provide stronger support for the relationships previously proposed (e.g., clade
B), and characterize them based on morphological, anatomical, and ecological evidence.
By adding new accessions to the analyses, our findings also showed the group Macro-
phylla to be polyphyletic, which had been recovered as a strongly supported clade in pre-
vious analyses (i.e., [21,45]). A stable and workable infrageneric treatment for Paspalum is
needed to facilitate its species identification and to enable the new ones to be classified, as
well as for further revisionary studies to have long-term relevance and utility. The nuclear
ribosomal ETS and the plastid markers ndhF, rpl16, and trnH-psbA used in our analyzes,
as well as the rbcL, rpoA, trnG, and trnL-F [3,21,45], seem to be inefficient in recovering
the complex relationships within the genus. Therefore, future molecular phylogenies will
need to use markers that allow capturing more mutations, such as other chloroplast pro-
tein-coding genes or whole plastomes [77-79] or low-copy nuclear genes (LCNGs) [35,80],
or from Hyb Seq-type massive sequencing analysis. As it is well known that the chloro-
plast genome cannot recover reticulations caused by allopolyploids and that plastome
phylogenies give an incomplete picture of the history of any group with hybridization
[81,82], the results should be confirmed by studies that include LCNGs, which hold great
potential to improve the robustness of phylogenetic trees [83] and, therefore, may be a key
to providing information on events of reticulate evolution, species boundaries, as well as
helping to develop a more satisfactory infrageneric resolution for Paspalum.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/d15020134/s1, Table S1: Taxa, voucher information, infrage-
neric category, and GenBank accession numbers for ETS, ndhF, rpl16, and trnH-psbA, respectively.
Sequences obtained for this study are indicated with an asterisk (*) and regions with no sequence
data are indicated with a dash (-); herbarium acronyms follow [84]; Table S2: Descriptive statistics
for each separate data partition and combined matrices used in parsimony analyses; Table S3: Chro-
mosome numbers known in taxa of the group Caespitosa of Paspalum L. [85-89].
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