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Abstract In the legume genus Senna, series Aphyllae
includes seven species of leafless shrubs and subshrubs
from arid, semiarid and xerophilous areas of three differ-
ent biogeographic subregions in southern South America.
In this study, we investigated the evolutionary history
of Aphyllae in a molecular phylogenetic framework. We
reconstructed phylogenetic relationships among Aphyl-
lae species based on DNA sequence data of four plastid
(rpS16, rpL16, matK, trnL-F) and one nuclear (ITS) region
from 23 accessions, analyzed with parsimony, Bayesian
and maximum likelihood methods. We inferred the evolu-
tionary and biogeographic history estimating divergence
times and reconstructing ancestral character states and
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ancestral areas of distribution. Series Aphyllae was found
to be monophyletic, and the taxa formed two main clades:
Clade A gathering S. aphylla var. aphylla, S. crassiramea,
S. rigidicaulis and S. spiniflora; and Clade B grouping S.
acanthoclada, S. aphylla var. divaricata, S. aphylla var.
pendula and S. pachyrrhiza. The morphologically com-
plex S. aphylla appears thus polyphyletic. Molecular dating
and ancestral area reconstructions suggest that the Aphyl-
lae clade started to diversify in the South American Transi-
tion Zone in the Late Pliocene. Based on these results, we
hypothesize that this diversification occurred during the
last period of Andean uplift with the aridification in South
America. The ancestral character state reconstructions sug-
gest that, in addition to the loss of leaves in adult plants,
series Aphyllae evolved various morphological features,
such as fastigiate, thickened or decumbent—subdecumbent
branches during the colonization and establishment in dif-
ferent arid and semiarid lands in South America.
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Introduction

Series Aphyllae (Benth.) H.S.Irwin & Barneby is a
taxonomically complex group of xeromorphic shrubs
and subshrubs of the caesalpinioid legume Senna
Mill., from arid, semiarid and xerophilous areas of
southern South America (Bravo 1978a, b; Irwin and
Barneby 1982). This group of seven species is morpho-
logically unique among Senna species, as adult plants
lack leaves, their stems are junciform, green and pho-
tosynthetic, and their roots deep and woody. These
xerophytic features allow them to grow and survive in
extreme habitats with limited precipitation, high tem-
peratures and rocky substrate (Bravo 1978a; Burkart
1952; Robbiati et al. 2014a, b, 2017).

Characterized by a complex taxonomic history, series
Aphyllae was formerly part of Cassia L. and consisted
of five species (Burkart 1952). The first comprehensive
taxonomic treatment identified 11 species, including
two subspecies and two varieties (Bravo 1978a, b, 1982;
Bravo et al. 1986), which were then transferred to Senna
(Irwin and Barneby 1982). Recently, a series of taxo-
nomic studies (Robbiati et al. 2013, 2014a, b) based on
phenetic and seed protein profiles reinterpreted Aphyl-
lae’s taxonomy and finally proposed seven species and
three varieties: S. acanthoclada (Griseb.) H.S.Irwin &
Barneby (Fig. 1a), S. aphylla (Cav.) H.S.Irwin & Barneby
var. aphylla (Fig. 1b), var. divaricata (Hieron.) Robbiati
& Fortunato (Fig. 1c), and var. pendula Robbiati & For-
tunato (Fig. 1d), S. crassiramea (Benth.) H.S.Irwin &
Barneby (Fig. le), S. nudicaulis (Burkart) H.S.Irwin &
Barneby, S. pachyrrhiza (L.Bravo) H.S.Irwin & Barneby
(Fig. 1f), S. rigidicaulis (Burkart ex L.Bravo) H.S.Irwin
& Barneby (Fig. 1g), and S. spiniflora (Burkart)
H.S.Irwin & Barneby (Fig. 1h).

Aphyllae’s evolutionary history is strictly related to the
history of the arid lands that its species currently inhabit.
They occur in deserts and xerophilous areas of South
America in southern Bolivia, central and northwestern
Argentina and southeastern Paraguay. Their biogeographic
distributions cover the South American Transition Zone
(SATZ) including Monte and Prepuna province, the Chaco
province in neotropical region, and the northern part of
Central Patagonian province in Andean region (Fig. 2;
Morrone 2006). Therefore, as one of the most characteristic
groups of these arid regions (Bravo 1978a), series Aphyl-
lae is an ideal study group to increase our understanding of
the influence of aridization and Andean uplift in southern
South America on the evolution of these biota.
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The aridification of South America has been attrib-
uted to several geological and climatic events such as the
uplift of the Andes (Roig et al. 2009; Hoorn et al. 2010;
Baranzelli et al. 2014), a phase of global cooling and
the upwelling northflowing of the cold Humboldt Cur-
rent (Hartley and Chong 2002). The Andes were formed
in discrete periods, progressing from south to north and
from west to east with regional differences in timing and
type of uplift (Taylor 1991; Hoorn 1993; Hoorn et al.
1995; Gregory-Wodzicki 2000; Garzione et al. 2008).
The Patagonian and Principal Cordilleras were uplifted
during middle Miocene and reached their current alti-
tude with Pliocene and Pleistocene uplift events (van
der Hammen and Cleef 1986; Gregory-Wodzicki 2000;
Ramos and Ghiglione 2008). As the peaks arose, they
formed a physical barrier to atmospheric circulation in
the southern hemisphere which produced a slow decrease
in precipitation originating the Arid Diagonal (Cabrera
and Willink 1980; Gregory-Wodzicki 2000). The Arid
Diagonal is a narrow region with limited precipitation
(<300 mm/year). It comprises the Altiplano andino, the
western coast desert, Atacama Desert and the Monte and
Patagonia phytogeographical provinces (Cabrera and
Willink 1980).

However, palynological findings have shown the exist-
ence of small regions with semidesertic conditions in cen-
tral-western Argentina during Eocene (Volkheimer 1971),
while the main aridization process began during the Plio-
cene (Hartley and Chong 2002; Roig et al. 2009). The pre-
sent semiarid conditions were established in southern South
America by the end of the Pliocene, and hyperaridity did
not begin until the late Pliocene, i.e., 2 million years ago
(My) (Ari et al. 2011). New evidence provided by fossil
pollen records indicates that Patagonian desertification was
not exclusively a consequence of Andean uplift, but also a
result of a much widespread phase of aridity that affected
other regions of Earth (for example, central Australia and
northern Chile) during the Pliocene—Pleistocene interval
(Palazzesi et al. 2014). Ultimately, the climatic fluctuations
during the Pleistocene also contributed to the expansion
of South America arid and semiarid regions (Palma et al.
2005; Viruel et al. 2012).

The origin of arid lands in South America had indeed
significant consequences on biota, favoring biotic diver-
sification, the formation and increase in xeric shrubland
landscapes, such as the Monte, Prepuna and Patagon-
ian province (Lopez 2003; Palma et al. 2005; Antonelli
et al. 2009; Roig et al. 2009; Hoorn et al. 2010; Ari
et al. 2011). Along with the Andean uplift new ecologi-
cal opportunities arose as an evolutionary force promot-
ing diversification, for example, via allopatric speciation,
habitat fragmentation and/or ecological displacement
(von Hagen and Kadereit 2003; Bell and Donoghue
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Fig. 1 Habit of the study taxa from Senna ser. Aphyllae. a Senna acanthoclada, b S. aphylla var. aphylla, ¢ S. aphylla var. divaricata d S.
aphylla var. pendula, e S. crassiramea, £ S. pachyrrhiza, g S. rigidicaulis and h S. spiniflora

2005; Palma et al. 2005; Hughes and Eastwood 2006; Molecular phylogenetic studies of Senna (Marazzi
Pirie et al. 2006; Ribas et al. 2007; Antonelli et al. 2009; et al. 2006; Marazzi and Sanderson 2010) showed that
Guerrero et al. 2013). this monophyletic series originated almost 12 million
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A South American Transition Zone
B Chaco province
CCentral Patagonian province

Fig. 2 Biogeographic subregions in southern South America in
which Senna ser. Aphyllae occurs. Subregion A corresponds to the
South American Transition Zone, B to Chaco province and C to Cen-
tral Patagonian province

years ago, but included only few species. This means
that the Aphyllae lineage most probably occurred in this
region already before/during aridization and the Andean
uplift, but phylogenetic relationships of its extant species
and its evolutionary history are still unresolved.

This study aims to resolve the Aphyllae puzzle as a
representative case study to understand how past geo-
climatic events are reflected on the series’ evolutionary
history. We want to test the current taxonomic classifica-
tion proposal by Robbiati et al. (2014a, 2017). Moreover,
we propose the following hypotheses: (1) the evolution-
ary history of Aphyllae was influenced by geological
and climatic changes that occurred during Pliocene and
Pleistocene (2) reduction in shrub size, change in pat-
tern of branch thickening and branching pattern favored
colonization of new habitats. The reduction in shrub size,
the thickening of the branches and the existence of dif-
ferent branching pattern were interpreted as adaptations
to extreme environmental condition and thus treated as
“xerophytic traits” (Bravo 1978a; Robbiati et al. 2017).
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To explore these hypotheses, we carried out molecular
phylogenetic analyses to infer relationships within series
Aphyllae and to provide a framework for subsequent bio-
geographic and character evolution analyses. These analy-
ses reflect the evolutionary history of series Aphyllae,
including possible scenarios for its lineage diversification
and morphological evolution. Finally, we compare our
results with other studies that attempted to unravel the link
between aridification paleoevents and the evolutionary his-
tory of plants in extant arid lands.

Materials and method
Taxonomic sampling

A total of 23 accessions (15 taxa, one to six accessions per
taxon) were used in this study. The ingroup contained 22
accessions representing the most recent taxonomic pro-
posal of seven species and three varieties belonging to the
Aphyllae series (Robbiati et al. 2013, 2014a, b, 2017). The
outgroup included Senna chloroclada (Harms) H.S.Irwin &
Barneby, which was selected based on previous phyloge-
netic analyses (Marazzi et al. 2006; Marazzi and Sanderson
2010). Voucher information and GenBank accession num-
bers are provided in Online Resource 1 (Electronic Supple-
mentary Material).

DNA extraction, amplification and sequencing

Total genomic DNA was extracted either from silica-dried
field-collected material or from herbarium material using
cetyltrimethylammonium bromide (CTAB) (Doyle and
Doyle 1987). Four plastid DNA regions, including the first
three originally used by Marazzi et al. (2006) and Marazzi
and Sanderson (2010), rpL16, rpS16, matK and trnL-F; and
one nuclear region (ITS) were selected and PCR-amplified
in 50 nL reaction solutions with Gotaq GreenMasterMix
(3 mM MgC(Cl,), following the manufacturer’s instruc-
tions. The following primers were used: F71 and R1516
to amplify a partial sequence of the rpL16 intron; primers
rpsF and rpsR2 to amplify the complete rpS16 intron, prim-
ers matK3R and matK3F to amplify the central portion of
the matK gene, primers B49873 and A50272 to amplify the
intergenic spacer between the trnL (UAA) 3’ exon and trnF
(GAA) 5, primer ITS4 and ITS5 to amplify the ITS region.
Primer sequences are listed in Online Resource 2. Sequenc-
ing was performed for two DNA strands. The PCR products
were visualized under UV light after electrophoretic sepa-
ration on a 1% agarose Tris/Borate/EDTA gel and staining
with SYBR Safe gel stain (Invitrogen, Carlsbad, Califor-
nia, USA). Amplified products were sent to Macrogen Inc.
(Seoul, South Korea) for purification and sequencing.
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Phylogenetic reconstructions

Sequences were assembled and edited using BioEdit ver.
7.0.9. The sequences generated and GenBank sequences
were pre-aligned in Muscle (Edgar 2004), implemented
in MEGAS (Tamura et al. 2011) and manually adjusted.
To infer phylogenetic relationships we used three dif-
ferent approaches: Bayesian inference, parsimony and
maximum likelihood. Nucleotide substitution models for
Bayesian analyses were evaluated for each DNA regions
separately, combined plastid and total evidence matrix
(outgroup + ingroup) in jModelTest ver. 2.1.3 (Posada
2008), using the Akaike information criterion (AIC; Akaike
1974) and default search values. The best-fit models of evo-
lution obtained are shown in Table 1. To evaluate congru-
ence between the plastid regions and ITS data, two Bayes-
ian analyses were run in MrBayes ver. 3.1.2 (Huelsenbeck
and Ronquist 2001), one with plastid combined regions and
other with ITS data. With the resulting trees we calculated
the Incongruence Index, computed based on the size of
their maximum agreement sub-tree and comparing its value
to a null-hypothesis distribution obtained by simulation of
random trees (de Vienne et al. 2007). Further, the trees also
were visually evaluated to detect incongruence. For Bayes-
ian inference (BI) three partitioning schemes were evalu-
ated using the Bayes factor: ITS 4 combined plastid DNA
using two molecular evolution models, ITS + partitioned
plastid DNA using a molecular evolution model for each
region, and all combined regions using a single molecu-
lar evolution model. The Bayes factor assesses the rela-
tive support for models using information theoretic criteria
(Kass and Raftery 1995). Bayes factors can be estimated
as a twice the difference in the harmonic mean of marginal
InL scores from Bayesian MCMC sampling (Newton and
Raftery 1994). Interpretation of Bayes factors was based
on the following guidelines, for 2InB,;: <0 support for My;
0-2 difference barely worth mentioning; 2-5 positive sup-
port for M,; 5-10 strong support for M,; >10 very strong
support for M, (Raftery 1995). The harmonic means were
calculated using the ‘sump’ command in MrBayes. The
Bayesian phylogenetic inference consisted of 2 MCMC
runs and a Metropolis coupling of four chains (one cold
and three heated), sampling every 1000 generations. Total

number of generations was 10 million with a burn-in of the
first 25% generations. Chain convergence was evaluated
with Tracer ver. 1.5 (Rambaut and Drummond 2009). The
posterior probabilities (PP) of clades were determined by
a 50% majority rule consensus of the trees retained. par-
simony analyses were performed in TNT ver. 1.5 (Golo-
boff et al. 2008), using the following specifications (all
combined regions): 5000 replicates with random sequence
addition, tree bisection-reconnection (TBR) branch swap-
ping, keeping all trees found during branch swapping and
other parameters using the default options. Branch support
was estimated using bootstrapping with 1000 replicates,
ten random addition sequence replicates with a maximum
of ten trees saved per replicate, and all other settings used
as in the heuristic search. For maximum likelihood (ML)
analysis, the program randomized axelerated maximum
likelihood (RAXML) ver. 8.1.11 (Stamatakis 2014) was
used, which implements a rapid hill-climbing algorithm
(Stamatakis 2006). Analyses were run for the best-scoring
ML tree inferences under the GTR-GAMMA model. Rapid
bootstrapping was performed with 1000 replications using
the GTRCAT estimation to assess branch support (Stamata-
kis 2006). This analysis was run in the Cipres Gates using
RAXML-HPC ver. 8 on XSEDE (8.2.4) tool.

Divergence times estimation

The Bayesian inference approach was used to estimate
divergence times with combined chloroplast and nuclear
data that was implemented in the package BEAST ver.
1.8.2 (Drummond et al. 2012). The substitution and clock
model were unlinked, while the tree model was linked.
To run this analysis selected representatives of all Senna
clades of the matrix constructed by Marazzi and Sanderson
(2010; see Online Resource 1) were chosen. Cassia fistula
L. was selected as outgroup to root the trees. We used an
uncorrelated relaxed molecular clock with a log-normal
distribution of rates, and Yule speciation model (Yule 1925;
Gernhard 2008), and the respective prior. Calibration points
were obtained by age constraints derived from one fossil
(calibration N in Bruneau et al. 2008) and the age esti-
mates from Senna stem node by Marazzi and Sanderson
(2010). The stem node of the Senna clade was constrained

Table 1 Summary of four
plastid regions and nuclear
ribosomal DNA (ITS) used in
this study

rpL16 rpS16 matK trnL-F  ITS Combined
plas-
tid + ITS
Number of taxa 23 23 23 21 20 23
Number of base pairs 867 828 620 442 691 3448
Selected model of evolution, TPM3 + G TPMI1 +1 TPMluf TPM3uf GTR+ G TIM3 + G

Akaike information criterion
(AIC)
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using a normal prior distribution (mean = 47.62, standard
deviation = 2, Million years = My), and the Senna crown
node was constrained using a exponential prior distribu-
tion (mean = 45, standard deviation = 2 My). Moreover,
the Aphyllae series was constrained as monophyletic, based
on previous results with a comprehensive taxonomic sam-
pling (Marazzi et al. 2006; Marazzi and Sanderson 2010).
Analyses consisted of two independent MCMC runs of 20
million generations, sampling every 2000 generations. To
assess the ESSs (200 >), convergence and confidence inter-
vals of each run, the program Tracer ver. 1.5 (Rambaut and
Drummond 2009) was used, and then runs were combined
after excluding burn-in of the initial twenty-five percent of
trees (2500 trees) in Logcombiner ver. 1.8.2. To summa-
rize probable trees and obtain a maximum clade credibil-
ity (MCC) tree, we used Tree Annotator ver. 1.8.2 included
in the BEAST package (Drummond et al. 2012), with the
posterior probability (PP) limit set to O and including mean
node heights. Consensus trees (i.e., maximum clade cred-
ibility tree, MCC), PP and 95% highest probability density
(HPD) intervals derived from the combined post-burn-in
trees from independent runs were analyzed with Tree Anno-
tator ver. 1.8.2 and visualized with FigTree ver. 1.4.2.

Area reconstruction

To investigate the historical biogeography of series
Aphyllae we reconstructed the ancestral area on phyloge-
netic trees using the statistical dispersal-vicariance anal-
ysis (S-DIVA) and Dispersal-Extinction—Cladogenesis
(DEC). Both analyses were implemented in the Recon-
struct Ancestral State in Phylogenies (RASP) program
ver. 3.2 (Yu et al. 2015). We coded 9 areas based on the
current distribution of Aphyllae and its outgroup, in the
biogeographic regions proposed by Morrone (2006) for
America: (A) the South American Transition Zone; (B)
the Chaco province (C) the Central Patagonian province,
(D) the Chiapas province, (E) Caatinga province, (F)
Cerrado provinces, (G) Brazilian Atlantic Forest prov-
ince, (H) Parana forest province, (I) Yungas province. For
the taxa that inhabit non-American lands we used a bio-
geographic classification made by Cabrera and Willink
(1980): (J) Eastern and (K) Australian region. To account
for phylogenetic uncertainty in the statistical analyses
S-DIVA and DEC ancestral areas were optimized on each
15,000 sampled post-burn-in tree from the BEAST runs.
Results were plotted in the consensus tree of the dating
analysis.

Ancestral character state reconstructions

To explore the evolution of xerophytic traits we analyzed
the phylogenetic distribution of three morphological
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features selected according to taxonomic and ecological
importance (Bravo 1978a; Robbiati et al. 2014a, b). Traits
for ancestral character state reconstruction were coded,
considering that the pattern of branch thickening is not
homologous with branching pattern, because the two char-
acters are independent from each other. We coded them into
the following discrete, multistate characters: (A) shrub size:
0 = tall shrubs (up to 3 m height), 1 = median shrubs (up
to 2 m height), 2 = subshrubs (up to 0.50 m height); (B)
pattern of branch thickening: O = not thickened, 1 = thick-
ened in the central part, 2 = uniformly thickened; (C)
branching pattern: 0 = straight, 1 = decumbent—subdecum-
bent, 2 = fastigiate, 3 = pendulous, 4 = intricate-ramose.
Character states were scored based on herbarium speci-
mens. These analyses were developed for the combined
matrix of 11 taxa with Senna members of clade VI of this
study (i.e., S. kurtzii (Harms) H.S.Irwin & Barneby, S. hol-
wayana (Rose) H.S.Irwin & Barneby, S. fonduzii (Standl.)
H.S.Irwin & Barneby and all species of series Aphyllae).
To reconstruct ancestral state we used Mesquite ver. 2.7.5
(Maddison and Maddison 2011), using Likelihood ances-
tral state as a reconstruction method with ML criterion
(MKk1 model) to trace the character history over the major-
ity rule tree and over 1000 random bayesian trees obtained
of 8061 post-burn-in trees from the Bayesian inference run
in MrBayes (GTR + G model) to account for phylogenetic
uncertainty.

Results
Phylogenetic analyses

Despite repeated efforts to optimize PCR conditions, we
were unable to generate sequences for S. nudicaulis. The
Incongruence Index (Icong = 1.53, P value = 0.0006)
suggested that the plastid DNA and nrDNA are more
congruent than expected by chance. Support for the parti-
tion scheme (ITS + partitioned plastid DNA (harmonic
mean InL = —7347.54) provided the best fit in com-
bined analyses, compared to total evidence (harmonic
mean InL. = —7577.17, B,; = 459.26) or second partition
scheme (ITS + combined plastid DNA: harmonic mean
InL = —7443.05, B,; = 191.02). Based on these results
we chose to use the ITS + partitioned plastid DNA parti-
tion scheme to run the Bayesian analysis. The alignment
of the 23 accession dataset consisted of 3448 aligned posi-
tions (Table 1 and Online Resource 3). Bayesian and ML
inferences recovered the series Aphyllae as monophyletic
(BS =94, PP = 0.99; Fig. 3). In this series two main clades
were resolved (BS = 100, PP = 1), Clade A formed by
Senna aphylla var. aphylla, S. crassiramea, S. rigidicau-
lis and S. spiniflora and Clade B formed by S. aphylla var.
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Clade A o8

100 [S. aphylla var. aphylla 1
1 S. aphylla var. aphylla 2

100

94 100

92[ S. spiniflora 1
1 S. spiniflora 2

§91. crassiramea 1

S. crassiramea 2
'7543. rigidicaulis 1
1= 8. rigidicaulis 2

S. aphylla var. divaricata 1
{ 9S3. aphylla var. divaricata 2
1S. aphylla var. pendula 1
S. aphylla var. pendula 2

S. chloroclada

0.99] Clade B ! |S- pachyrrhiza 1
S. pachyrrhiza 2
97 100p S. acanthoclada 1
1 1LS. acanthoclada 2
S. kurtzii
89t S. holwayana
0.99L S. tonduzii

100 f—————————3. hirsuta

100

1L S. occidentalis
S. arnottiana

0.006

Fig. 3 Fifty percent majority rule Bayesian consensus of the
molecular phylogenetic analyses of combined ITS and plastid DNA
sequences showing relationships of Senna ser. Aphyllae. Posterior
probabilities are indicated below the branches. Bootstrap supports

divaricata, S. aphylla var. pendula, S. pachyrrhiza and S.
acanthoclada. The main diagnostic characteristic of spe-
cies in the Clade A is the thickened branches. These analy-
ses showed S. aphylla as non-monophyletic taxon. In the
Clade B S. acanthoclada appears to be more closely related
to aphylla var. divaricata, S. aphylla var. pendula and S.
pachyrrhiza, and these three taxa formed a polytomy. Rep-
resentatives of clade are characterized by the presence of
not thickened branch. Senna crassiramea and S. rigidicau-
lis were retrieved as a monophyletic group but with low
support (BS = 57; PP = 0.51). The strict consensus tree
resulting from parsimony analyses shows the similar topol-
ogy as the 50% majority rule consensus tree resulting from
BI and ML, nodes of Clade A and B were strongly sup-
ported (>85% BS), but S. crassiramea and S. rigidicaulis
were not retrieved together (Online Resource 4).

Divergence times estimation

The results of the Aphyllae divergence time estimation are
presented in Fig. 4. Given the polytomy obtained in Clade
B for S. aphylla var. divaricata, S. aphylla var. pendula and
S. pachyrrhiza, we selected two representative sequences
of this group. This analysis shows that Aphyllae diverged
from its sister taxon in the middle Miocene, approximately

are indicated above the branches. Clade A includes S. aphylla var.
aphylla, S. spiniflora, S. crassiramea and S. rigidicaulis, and Clade
B includes S. acanthoclada, S. aphylla var. divaricata, S. aphylla var.
pendula and S. pachyrrhiza

10.81 My (95% HPD 6.58-15.7 My), and the diversifica-
tion of the two clades began in the early Pliocene, approxi-
mately 4.55 My (95% HPD 2.59-6.78 My). The divergence
between S. aphylla var. divaricata, S. aphylla var. pendula
and S. acanthoclada began in the mid-Pleistocene, approxi-
mately 1.26 My (95% HPD 0.49-3.65 My). The divergence
of Clade A began 3.48 My (95% HPD 1.68-4.72 My).

Ancestral area reconstruction

The reconstructions of S-DIVA are shown in Fig. 5 and
Online Resource 5. The S-DIVA and DEC analyses dis-
played current distribution of series Aphyllae was formed
by three dispersal, one vicariance and five dispersals,
one vicariance events, respectively. The only vicariance
event reported by both analyses occurred in the node of
ancestor of S. spiniflora and S. crassiramea-S. rigidi-
caulis clade. The ancestral geographic ranges obtained
by S-DIVA analysis suggest that Aphyllae originated in
SATZ (A 100; PP = 0.79). This analysis showed that
the putative ancestor of Clade A occurred in both SATZ
and the Chaco province (AB 100; PP = 0.79) and the
putative ancestor of Clade B occurred in SATZ (A 100;
PP = 100). The ancestral area reconstruction obtained by
DEC analysis suggests that Aphyllae probably inhabited
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Fig. 5 Statistical dispersal— Legend
vicariance analysis (S-DIVA)
reconstruction of ancestral
distributions for Senna ser.
Aphyllae, indicated by the pies
with different colors and pro-
portions. Current distributions
are indicated before the species
names
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B Chaco

C Central Patagonian

D Chiapas
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SATZ or SATZ and the Chaco province, with low prob-
ability (A 53.25, AB 46.75; PP < 0.5). According to
this analysis the putative ancestors of Clade A probably
occurred in SATZ and in Chaco province or in SATZ but
with low probability (AB 54.21, A 45.49; PP < 0.5). The
putative ancestor of Clade B probably inhabited SATZ or
SATZ and Chaco or SATZ and Central Patagonian prov-
ince, with low probability (A 47.77, AB 35.35, AC 16.88;
PP < 0.5, respectively, DEC results were not shown in the
tree).

Ancestral character state reconstructions

The putative Aphyllae ancestor was inferred as a tall or
median shrubs (PP = 0.46, PP = 0.39; in the reconstruc-
tion over 1000 trees no states reported for this node),
with no thickened branches (PP = 0.99; in reconstruc-
tion over 1000 all trees estimated this state) and straight
branches (P = 0.68; in reconstruction over 1000 only 182
trees estimated this state). The putative ancestor of S.

5.0 0.0 Mya

aphylla var. aphylla, S. crassiramea, S. rigidicaulis and
S. spiniflora is inferred as a tall shrub form (PP = 0.90;
in reconstruction over 1000 trees no states reported for
this node), with no thickened branches (PP = 0.92; in
reconstruction over 1000 all trees estimated this state)
and straight branches (PP = 0.64; in reconstruction over
1000 only 316 trees estimated this state). The ances-
tor of S. crassiramea and S. rigidicaulis is inferred as a
tall shrubs form (PP = 0.77; in reconstruction over 1000
trees no states reported for this node), with branches
thickened in the central part (PP = 0.96; in reconstruc-
tion over 1000 all trees estimated this state) and fastigi-
ated branches (PP = 0.91; in reconstruction over 1000
all trees estimated this state). The putative ancestor of S.
acanthoclada, S. aphylla var. divaricata, S. aphylla var.
pendula and S. pachyrrhiza is inferred as a median shrub
and subshrub forms (PP = 0.59, PP = 0.40; in recon-
struction over 1000 all trees estimated this state), not
thickened branch (PP = 1; in reconstruction over 1000 all
trees estimated this state) and decumbent—subdecumbent
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Fig. 6 Maximum likelihood ancestral character state reconstructions of xerophytic traits in Senna ser. Aphyllae; pie diagrams indicate the prob-

ability of each ancestral character state
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branch (PP = 0.99; in reconstruction over 1000 only 306
trees estimated this state; Fig. 6).

Discussion
Phylogenetic relationships within series Aphyllae

The present phylogenetic analysis including all species of
the series Aphyllae (except Senna nudicaulis) is the first
one to elucidate phylogenetic relationships in this clade of
highly xerophytic plants from the arid and semiarid regions
of southern South America. Our analysis confirmed the
monophyly of the series (Marazzi et al. 2006; Marazzi and
Sanderson 2010) and inferred two main clades: Clade A,
including S. aphylla var. aphylla, S. spiniflora, S. crassir-
amea and S. rigidicaulis, and Clade B including S. acan-
thoclada, S. aphylla var. divaricata, S. aphylla var. pendula
and S. pachyrrhiza.

One unexpected result is that S. aphylla is paraphyl-
etic. Although S. aphylla var. aphylla (in Clade A) is simi-
lar to the other varieties (all in Clade B), this taxon differs
because of the presence of straight and armed branches and
a glabrous to densely pubescent calyx (all others have pen-
dulous or decumbent unarmed branches, and the calyx is
mainly glabrous). Because S. aphylla s.1. does not appear as
an independent single evolutionary unit, the morphological
similarity among varieties could be an example of morpho-
logical convergence or a cryptic speciation that have con-
fused taxonomists (Bickford et al. 2007). Non-monophyly
of S. aphylla could reflect some underlying evolutionary
mechanism shaping the relationships within Aphyllae, such
as incomplete lineage sorting (Pamilo and Nei 1988; Mad-
dison 1997), reticulate evolution (hybridization and intro-
gression; Wendel and Doyle 1998) and/or peripatric spe-
ciation (Mayr 1982). Nevertheless, a broad taxonomic and
geographic sampling is required to confirm the monophyly
of S. aphylla. Relationships between S. aphylla var. divari-
cata, S. aphylla var. pendula and S. pachyrrhiza remain
unresolved. The lack of resolution is also observed phe-
notypically, since morphological and multivariate analysis
(Robbiati et al. 2017) reveals no significant phenotypic dif-
ferences among S. aphylla var. divaricata and S. pachyr-
rhiza, suggesting that S. pachyrrhiza may be part of the S.
aphylla lineage in Clade B or at least it would confirm its
close relatedness (both taxa have non-thickened branches,
up to 4 mm in diameter). Close morphological similarity
can be attributed to either early stages of lineage differ-
entiation or to gene flow between the entities in question
(Popp et al. 2005; Schmidt-Lebuhn et al. 2012; Nylinder
et al. 2013). Interestingly, S. pachyrrhiza was in fact most
likely recognized as a separated taxon because of its pecu-
liar geographic distribution. It was described as endemic

of the “Campos del Arenal” located in the highlands of
the Monte province in SATZ (Bravo 1978a). This area is
an extensive plain of about 2000 km?, delimited by a group
of mountains belonging to the “Sierras Pampeanas” sys-
tem. Nores (1986) has suggested that the isolation of this
area could function as an ecological island. Given the geo-
graphic isolation of S. pachyrrhiza in “Campos del Arenal,”
analysis of any gene flow between S. aphylla and S. pachy-
rrhiza would thus be necessary to verify if S. pachyrrhiza
represents a recent endemism since it may be an example
of peripatric speciation. Several studies in Andean South
American plants have suggested that the predominant spe-
ciation mode is allopatric (Berry 1982; Molau 1988; Nor-
man 2000).

Another unexpected result is the close relationship of
S. acanthoclada with S. aphylla var. divaricata, S. aphylla
var. pendula and S. pachyrrhiza. Senna acanthoclada is
morphologically different, due to petals pubescence, and
intricate—branches with spiny apices. This species inhabits
salty soils mainly in southern—-western Chaco and Monte
province; in this last biogeographic region distribution of
S. acanthoclada and S. aphylla overlap. Nevertheless, no
intermediate individuals were observed either in herbarium
or in the field (Robbiati et al. 2017). This means that it is a
good species; however, it is a difficult task to find sufficient
molecular variation which usually requires large amounts
of data (Hughes et al. 2000).

Relationships among the other species also deserve a
closer look. On the one hand, S. crassiramea and S. rigidi-
caulis appear as sister taxa in some of our analyses (BI and
ML, but not MP), but with little support. On the other hand,
this sister relationship is actually supported by morphologi-
cal similarities, especially because both species have fas-
tigiated and thickened branches. In addition, both species
share a similar geographic distribution in SATZ, mainly
occur in the Prepuna province, with partly overlapping dis-
tribution (Robbiati et al. 2017). Based on morphological
analysis and geographic distribution, Robbiati et al. (2017)
suggested that these entities could represent a single spe-
cies, finding several populations with intermediate morpho-
logical characteristics. Given this intermediacy both taxa
could represent a potential hybrid complex; however, fur-
ther studies will be needed to test these hypotheses before
making any taxonomic decisions about their status. On
the other hand, S. spiniflora appears a close relative of S.
aphylla var. aphylla, S. crassiramea and S. rigidicaulis, but
S. spiniflora is morphologically distinct because of its uni-
formly thickened and intricate—branchy branches (instead
of non-thickened or thickened in the central part and
straight or fastigiated branches as S. aphylila var. aphylla, S.
crassiramea and S. rigidicaulis). The distribution patterns
of S. spiniflora in the xerophilous forest in Chaco province
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suggested that it might have originated through parapatric
speciation.

Evolutionary history of series Aphyllae

Our results suggest that the series Aphyllae lineage origi-
nated during the diversification of the major clades of
Senna, which appeared during mid-Eocene to early Oligo-
cene and started diversifying during the early Oligocene to
early Miocene (Marazzi and Sanderson 2010).

Our findings indicate that the crown clade of series
Aphyllae probably originated in SATZ during the early
Pliocene with a mean age 4.5 My, while Clades A and B
diverged during middle Pliocene-early Pleistocene around
3.4-1.8 My in the same geographic zone. In this scenario,
Aphyllae appeared and diverged when the Andean peaks
were already formed, the eastern orographic systems of
Argentina (e.g., Puna, Pampean Mountain Range) were
settled (Ortiz-Jaureguizar and Cladera 2006), and present
arid and semiarid conditions were established (Kleinert and
Strecker 2001). This meant a drastic reduction in precipita-
tion levels and landscape change in the eastern side of the
Andes that had important ecological consequences promot-
ing habitat fragmentation, inter- and intraspecific differen-
tiation and forced many tropical and subtropical lineages to
adapt to the new conditions (Pascual et al. 1996; Alberdi
et al. 1997; Richardson et al. 2001; Lépez 2003; Hughes
and Eastwood 2006; Antonelli et al. 2009; Pennington and
Dick 2010; Baranzelli et al. 2014; Amarilla et al. 2015).
Moreover, during Pleistocene, the cyclical advance and
retreat of glaciers produced notable dimension changes of
arid and semiarid landscapes permitting opportunities for
plants living in these habitats (Marshall and Cifelli 1990).

Several studies about the evolutionary history of differ-
ent taxa that inhabit in arid land of southern South America
suggest that aridization processes in South America are
strongly associated with their diversification and evolution-
ary history (Jakob et al. 2009; Schmidt-Jabaily and Sytsma
2010; Viruel et al. 2012; Ossa et al. 2013; Baranzelli et al.
2014; Amarilla et al. 2015; Sanin et al. 2016).

Our results suggest that the arid and semiarid habi-
tats available in southern South America when Aphyllae
diverged could have favoured diversification and geo-
graphic and ecological expansion of series Aphyllae. Sev-
eral studies support the hypothesis that dry-adapted taxa
diverged concomitantly with the expansion of arid environ-
ments in different arid regions of the world (Richardson
et al. 2001; Verboom et al. 2003; Good-Avila et al. 2006;
Moore and Jansen 2007; Catalano et al. 2008).

Conversely, the fact that S. spiniflora occurs exclusively
in the xerophilous forest of the Chaco province supports
the hypothesis that the Chaco flora is a Tertiary or early
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Pleistocene relict established in salty soils (Iriondo 1993;
Spichiger et al. 2004; Caetano et al. 2008; Werneck 2011).

Evolution of xerophytic traits as adaptations to arid
habitats

Plants that inhabit semiarid and arid regions developed
special morphological traits in the process of adaptation to
the environmental stress (Ward 2009). The most important
morphological xerophytic adaptation in the series Aphyllae
is the loss of leaves in adult plants (Burkart 1952; Bravo
1978a; Irwin and Barneby 1982; Robbiati et al. 2017). Our
results suggest that the putative ancestor of series Aphyl-
lae was distributed over SATZ and might have been a
tall or medium-sized shrub, with non-thickened, straight
branches, similarly to three extant taxa of the series Aphyl-
lae that retained these features: S. aphylla var. aphylla, S.
rigidicaulis and S. spiniflora. Instead, the remaining taxa
became smaller. Nevertheless, the adaptive value of plant
size in Aphyllae is unclear (if relevant at all), since we
observed no correlation with other xeromorphic traits and
an uncertain position in the phylogenetic analysis.

The putative ancestor of Clade A was distributed in
SATZ and Chaco and had non-thickened branches. Senna
crassiramea and S. rigidicaulis mainly occur in the Prepuna
province in SATZ, growing in mounted slopes with rocky
soils and S. spiniflora occurs in Chaco province growing
mainly in dry and salty soils and the three taxa have thick-
ened branches (Robbiati et al. 2014b, 2017). Our results
further suggest that the acquisition of thickened branches
may have favored the establishment of S. crassiramea, S.
rigidicaulis and S. spiniflora in drier and saltier soils that
those occupied by the other species. This phenomenon of
branch thickening has been observed as adaptive response
to arid and salty environments in other plants (Eamus and
Palmer 2007).

Our results also revealed the fastigiated condition as an
acquired phenotype in S. crassiramea and S. rigidicaulis.
Their branch features may have played an important role in
order to colonize and establish in the arid environment of
Prepuna province in SATZ. Changes in the angle of plant
canopy and branching architecture have been reported as
adaptive responses to water stress in other plants (Neufeld
et al. 1988; Hesp 1991; De Soyza et al. 1997).

The putative ancestor of Clade B was a medium-sized
shrub or subshrub, with non-thickened, decumbent to sub-
decumbent branches. It is possible that it occurred in sand-
banks patches in arid regions, given the fact that extant taxa
that inherited these habit characteristics (S. aphylla var.
divaricata and S. pachyrrhiza grow in sandy soils).

In conclusion, our analyses found that the series
Aphyllae consists of two main clades, but phylogenetic



The evolutionary history of Senna ser. Aphyllae

relationships within these clades remain unresolved.
Future cytogenetic, phylogeographic and molecular
population studies will be required to clarify the sys-
tematics of this group. Our study provides a solid exam-
ple illustrating the impact the Andean uplift and aridi-
zation had in the evolution of South American floras.
It remains unclear as to whether the orogenetic events
and aridization of southern South America could have
provided new opportunities for the geographic and eco-
logical expansion of series Aphyllae. Moreover, other
evolutionary forces such as polyploidy and hybridiza-
tion processes could have driven Aphyllae evolution;
the existence of different levels of ploidy could have
conferred an adaptive advantage to colonize or stabilize
in unfavorable environments. Nevertheless, the loss of
leaves and adaptations in branching patterns and branch
morphology are the most conspicuous xerophytic fea-
tures that evolved in this group as a response to the dif-
ferent arid and semiarid conditions in southern South
America.
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