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During the evolution of vascular plants, C4 photosynthesis has developed > 60 times, but most studies concerning the 
evolution and the ecophysiological advantages of the C4 syndrome have been carried out in grasses. Among eudicots, 
C4 photosynthesis has developed in lineages that are morphologically more diverse than the relatively homogene-
ous grasses, and conclusions about C4 evolution based on grasses may or may not apply to eudicots. Little is known 
about the origin of C4 photosynthesis in Amaranthaceae s.s., one of the most C4 species-rich lineages of eudicots. 
Among subfamily Gomphrenoideae, C3 and C4 species are found in arid regions, but high Andean species display the 
C4 pathway. In this study, we aimed to compare the climatic extremes between C3 and C4 species in Gomphrenoideae. 
In particular, we evaluated the upper and lower extremes of three climatic variables among closely related C3 and 
C4 lineages, using phylogenetic generalized least squares (PGLS), applied on four topologies: maximum parsimony, 
Bayesian and maximum likelihood (ML) topologies including species with available DNA sequences and a ML topol-
ogy that included unsequenced species with available climate data. We tested whether the evolution of C4 photosyn-
thesis correlates with a niche specialization where both the upper and the lower extremes change position or a niche 
expansion where only a single extreme changes position. PGLS results showed that C4 species of Gomphrenoideae 
have specialized to dryer regions and expanded into colder ones than their C3 relatives. However, the niche expansion 
into colder climates only includes areas with low temperatures during winter, not during the growing period. Finally, 
we found no evidence for a niche change into warmer climates. Therefore, the model for the evolution of C4 photosyn-
thesis in Gomphrenoideae may differ from the one supported in Chenopodioideae and seems to be more similar to 
that found in grasses, where the C4 pathway appears to have evolved in humid habitats, but facilitated an expansion 
into arid ones. However, we found no support for the common expectation that C4 species reach warmer climates than 
their C3 relatives, contrasting with previous results on grasses.
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INTRODUCTION

The origin of C4 photosynthesis and its potential for 
inducing niche shifts is currently receiving much 
attention in the literature, as are studies on diversi-
fication of plant species in relation to climate (Yesson 
& Culham, 2006; Evans et al., 2009). Several studies 
have quantified macroclimatic niches among diverse 
C4 lineages and compared these with the niches of 
related C3 taxa to evaluate if there is a niche shift 
among C4 species. It has been proposed that C4 

photosynthesis requires open environments, but the 
high occurrence of C4 lineages in dry habitats is also 
thought to have arisen as a pre-adaptation to xeric 
conditions (Osborne & Freckleton, 2009). Edwards & 
Smith (2010) proposed that C4 origins in grasses coin-
cided with ecological shifts into drier environments. 
Among angiosperms, the C4 pathway has evolved > 60 
times independently (Sage, 2016), but most attention 
has been given to its occurrence in Poaceae (Sage, Sage 
& Kocacinar, 2012; Still et al., 2003). C4 grasses and 
sedges dominate nearly all grasslands in the tropics, 
subtropics and warm temperate zones, and are major 
representatives of arid landscapes from the temperate 
zones to the tropics. They are also capable of growing *Corresponding author. E-mail: mjuliabena@gmail.com
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in habitats that may be too harsh for their C3 relatives, 
such as outcrops and hypersaline or arid soils at low 
elevations (Sage, 2004).

Rather than a single adaptation, C4 photosynthesis 
is a syndrome of complex genetic, biochemical and ana-
tomical modifications (Sage, 2004; Christin & Osborne, 
2013). Due to enhanced water and nutrient use effi-
ciency, C4 plants are capable of growing in habitats 
that are unfavourable to C3 species. The partial closure 
of stomata to conserve water in arid and saline soils or 
dry atmospheric conditions has been hypothesized to 
select for the C4 pathway via indirect effects on photo-
synthetic efficiency. Reduced stomatal opening restricts 
the CO2 supply for photosynthesis and decreases 
transpiration. Both effects increase photorespiration, 
favouring the C4 type in high-light, warm and water-
stressed habitats (Sage & Kubien, 2011; Osborne & 
Sack, 2012). Photorespiration decreases with falling 
temperatures, probably explaining why species with 
the more energetically expensive C4 pathway are 
absent from polar biomes and rare in cool temperate 
to boreal biomes, at alpine and montane elevations 
and in forest understorey (Sage, Wedin, & Li, 1999; 
Sage & Kubien, 2011). There is much discussion in the 
literature concerning whether the C4 syndrome is an 
adaptation to water-stressed environments or whether 
it just improves the conditions for adapting to these 
(Long, 1999; Osborne & Freckleton, 2009). For exam-
ple, in grasses it has been shown that selection for C4 
photosynthesis occurred in open habitats, but once the 
pathway evolved, C4 lineages adapted to saline or arid 
conditions at a faster rate than C3 lineages (Osborne 
& Freckleton, 2009). Therefore, in grasses the C4 path-
way would be a pre-adaptation to arid environments. 
On the other hand, the available data among eudicots 
suggests that in Chenopodioideae (Chenopodiaceae 
s.s.) drought tolerance, achieved by physiological and 
morphological adaptations, was a pre-adaptation that 
enhanced the evolution of the C4 pathway (Kadereit, 
Ackerly & Pirie, 2012). In this case, conclusions about 
C4 evolution based on grasses are not applicable to 
eudicots, where C4 photosynthesis has developed in 
lineages that are morphologically much more diverse 
than the relatively homogeneous grasses (Muhaidat, 
Sage & Dengler, 2007; Kadereit et al., 2012; Sánchez 
del Pino, Motley & Borsch, 2012; Ocampo et al., 2013).

Amaranthaceae (including Chenopodioideae) com-
prises the largest number of C4 species and line-
ages among eudicot families (Sage et al., 2007). In 
Chenopodioideae, C4 photosynthesis has evolved 
in nine lineages (Sage, 2016) and 15 anatomically 
different C4 leaf types have been distinguished. 
Moreover, two C4 biochemical subtypes have evolved 
independently in this subfamily (Kadereit et al., 
2003).

Little is known about the origin of C4 photosynthesis 
in Amaranthaceae s.s., which comprises > 200 C4 spe-
cies (Sage et al., 2007). Most C4 taxa in Amaranthaceae 
s.s. are found in the mainly Neotropical subfamily 
Gomphrenoideae, in which the C4 syndrome arose 
independently at least three times (Sage et al., 2007; 
Sánchez del Pino, Borsch & Motley, 2009; Sánchez 
del Pino et al., 2012). Most of the species diversity 
in this subfamily is dominated by the large genera 
Gomphrena L. (c. 120 species) and Alternanthera 
Forssk (c. 100 species). Both genera contain C3 and C4 
species and Alternanthera also includes C3–C4 inter-
mediate species (Sánchez del Pino et al., 2009, 2012). 
Unlike Chenopodioideae, Amaranthaceae s.s. are not 
generally salt-resistant (Menzel & Lieth, 2013) and 
leaf anatomy is more uniform among the C4 species 
(Carolin, Jacobs & Vesk, 1975). Gomphrenoideae are 
distributed in a variety of environments such as tropi-
cal savannas, forests, deserts and the high Andes. 
Although C3 and C4 members of Gomphrenoideae may 
be found in arid regions, high Andean species display 
the C4 pathway, and are frequently mentioned among 
the C4 taxa that occur in tropical highlands (Sage, 
Christin & Edwards, 2011)

Recent macro-ecological studies have aimed to 
quantify niche evolution in C4 grasses by comparing 
macro-climatic distribution data between C3 and C4 
species in a phylogenetic context (Edwards & Smith, 
2010; Liu, Peterson, & Ge, 2011; Pau, Edwards & Still, 
2013; Aagesen et al., 2016). However, most of these 
studies only examined mean values for species and 
not climatic extremes. The niche concept and wide 
biogeographical patterns are based on distributional 
limits (Wiens, 2011). Niches can expand, contract or 
shift (Pearman et al., 2008) and these changes bear 
different implications on the evolutionary and ecologi-
cal advantages of the C4 syndrome. The evolution of C4 
photosynthesis may correlate with a niche specializa-
tion in which both climatic extremes (upper and lower) 
change position, or an expansion in which C4 species 
reach new environments without withdrawal from the 
inherited niche. When distributional limits were ana-
lysed within Poaceae tribe Paniceae, a niche expansion 
of the C4 lineages into warmer climates was supported 
(Aagesen et al., 2016). The same study also found a 
niche change of the C4 species into more arid climates.

In the present study we explored whether C4 evo-
lution in Gomphrenoideae correlates with a macro-
climatic niche evolution among C4 taxa. Our approach 
was to compare the climatic extremes between C3 and 
C4 species in the subfamily. We explored if C3 → C4 
transitions correlate with a general pattern of macro-
ecological niche evolution. In particular, we evaluated 
the upper and lower extremes of the variables mean 
temperature of the warmest quarter (MTWQ), mean 
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temperature of the coldest quarter (MTCQ) and arid-
ity (AI) among closely related C3 and C4 species, in a 
phylogenetic context.

Our main hypothesis is that the C4 photosynthetic 
pathway provides an advantage over C3 lineages in 
arid and/or high Andean regions. Overall, this work 
will allow us to suggest whether the evolution of C4 
photosynthesis in Gomphrenoideae correlates with 
a niche specialization or a niche expansion and to 
address the attributes of the macro-climatic C4 niche 
in Gomphrenoideae.

MATERIAL AND METHODS

Distribution anD climate Data

We downloaded all  georeferenced species of 
Gomphrenoideae through the Global Biodiversity 
Information Facility (www.gbif.org/, accessed between 
April 2012 and December 2013) and complemented 
the dataset with georeferences from the literature 
(Pedersen, 2000; McCauley, 2004; Marchioretto, Sfoggia 
Miotto & De Siqueira, 2010). All species names were 
validated or synonymized according to the Catalogue 
of the vascular plants of the southern cone (Zuloaga, 
Morrone & Belgrano, 2008) or the Plant List (www.
theplantlist.org, last accessed in 2015).

Temperature variables were extracted from BioClim 
(Hijmans et al., 2005) and data of aridity from CGIAR-
CSI (www.cgiar-csi.org, last accessed in March 2014), 
both with a spatial resolution of 30 arc seconds. We 
only included distribution data from native regions 
and verified the georeferences, to avoid distortion from 
outliers (misidentified species, spatially imprecise 
coordinates, errors caused during digitalization of the 
herbarium specimens, etc.) (Maldonado et al., 2015). 
Among the verified georeferences, we used trimmed 
observations, excluding 5% of the records at each 
extreme (5th and 95th percentile observations), which 
led to a more sensitive analysis in relation to the sam-
pling efforts. We compiled > 16,000 georeferences for 
158 species of Gomphrenoideae (76 C3 and 82 C4). We 
only considered those species with at least three local-
ity records available (all verified and trimmed obser-
vations). Among the 169 taxa compiled in the complete 
dataset (158 Gomphrenoideae, 11 outgroup species), 
only 13 species had three to six georeferences avail-
able; the others had more than six georeferences.

There has been much discussion in the literature 
as to whether the C4 syndrome is an adaptation to 
arid environments or merely improves the condi-
tions for adapting to these, because it has an inher-
ited higher water-use efficiency (Long, 1999; Osborne 
& Freckleton, 2009). We compared climatic extremes 
among C3 and C4 species using the Aridity Index (AI 
= mean annual precipitation/mean annual potential 

evapo-transpiration) from the CGIARCSI database 
(Trabucco & Zomer, 2009). We based all quantitative 
analyses on continuous values but used the following 
categories for graphic and descriptive purposes: AI < 
0.03 hyper-arid, 0.03–0.2 arid, 0.2–0.5 semi-arid, 0.5–
0.65 dry sub-humid, > 0.65 humid (Trabucco & Zomer, 
2009).

In warm conditions, the C4 pathway shows higher 
rates of photosynthesis than C3, but at lower tem-
peratures it loses competitiveness (Kubien et al., 
2003; Sage & Kubien, 2007). That may be the rea-
son why C4 species are rare in cold climates. To 
test this common hypothesis, we compared MTCQ 
and MTWQ to explore if C4 species occupy warmer 
regions than their closest C3 relatives. We based 
all quantitative analyses on continuous values, 
but used bins of 5 °C for graphic and descriptive 
purposes. According to the Köppen-Geiger climate 
classification (Peel, Finlayson & McMahon, 2007), 
the limit for tropical climate coincides with a mean 
temperature of the coldest month of 18 °C or higher 
and in the present study the limit for tropical cli-
mate therefore falls in the 15–20 °C bin. Subtropical 
climate is defined by different summer and winter 
temperatures, with the limit between subtropical 
and temperate climate falling approximately in the 
5–10 °C bin.

In a previous phylogenetic analysis, Edwards & 
Smith (2010) found a shift towards an increased pre-
cipitation seasonality in C4 species, which was consist-
ent with a shift from a closed-canopy tropical moist 
forest into an open tropical savanna biome. However, 
among Gomphrenoideae there are no apparent shifts 
from closed to open biomes, as both C3 and C4 spe-
cies are mainly found in open regions. Thus, we did 
not consider precipitation seasonality as a potentially 
important parameter. Notwithstanding, phyloge-
netic generalized least squares (PGLS) comparisons 
on precipitation seasonality (PS) are included in 
the Supporting Information, where it is shown that 
PS does not differ between C3 and C4 members of 
Gomphrenoideae (Table S1).

taxon sampling anD molecular stuDies

We searched GenBank for all available sequences of 
trnL-F, rpl16, rbcL and matK regions for species of 
Gomphrenoideae (Appendix 1). In addition, the plas-
tid tRNA-Leu (trnL) gene and the trnL-trnF inter-
genic spacer (hereafter trnL-F) were amplified and 
sequenced for ten additional species of Gomphrenoideae 
(Appendix 2). The trnL-F marker was selected because 
it has successfully been used for addressing phyloge-
netic relationships in this subfamily (Sánchez del Pino 
et al., 2009). These newly sequenced species were cho-
sen to represent the macro-climatic variability found in 
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Gomphrena and Alternanthera. The primers employed 
were those from Taberlet et al. (1991). Total DNA was 
isolated from fresh tissue dried in silica gel, following 
the protocol of Doyle & Doyle (1987). PCR was per-
formed in 25 µL containing 1 µL DNA template, and 
a final concentration of 1× PCR buffer minus Mg, 5 
mm MgCl2, 0.025 mm each dNTP, 0.2 mm each primer 
and 1.25–3 U Taq polymerase (Invitrogen, Buenos 
Aires, Argentina). The PCR amplifications were set at 
one cycle of 95 °C for 4 min; 39 cycles of 95 °C for 30 s, 
54 °C for 1 min and 72 °C for 90 s; and a final exten-
sion cycle of 72 °C for 7 min. For the species that failed 
this protocol, variations in the annealing temperature 
(48–58 °C) were followed. Sequencing reactions were 
performed by Macrogen, Inc. (Seoul, Korea). All the 
sequences were integrated in a single matrix compris-
ing 108 species (including outgroup species) and 6677 
characters (Table 1).

phylogenetic analyses

Sequences were initially aligned with ClustalX v.2.0 
(Larkin et al., 2007) under the default settings, and 
then adjusted manually using Bioedit v.7.0.9.0 (Hall, 
1999). The phylogenetic analyses were done using 
maximum parsimony (MP), maximum likelihood (ML) 
and Bayesian approaches.

For MP, we used the program TNT v.1.1, treating gaps 
as missing data (Goloboff, Farris & Nixon, 2008). We per-
formed heuristic searches with 10 000 random addition 
sequences, TBR swapping and holding ten trees per rep-
licate. All optimal trees were submitted to a new round 
of TBR branch swapping to completion. Since tree space 
in memory overflowed, we also realized a Driven search, 
finding the minimum length 100 times with default set-
tings for Sectorial searches and Tree fusing (Goloboff, 
1999). The resulting trees were submitted to 100 cycles 
of Ratchet (Nixon, 1999) and Drift (both default set-
tings). The strict consensus trees obtained from both 
heuristic and new technologies searches were identical 

and consequently we did not continue the searches. 
Support values for nodes were estimated using jack-
knife (JC) analysis with 10 000 replicates of ten random 
addition sequences, holding ten trees per replicate and 
using 0.36 as removal probability.

In the ML and Bayesian analyses, the best-fit sub-
stitution model for trnL-F was the general time revers-
ible with a gamma-shape parameter (GTR + G) and 
the general time reversible with a gamma-shape 
parameter and a proportion of invariant sites (GTR + 
G + I) for the remaining plastid markers (rpl16, matK, 
rbcL). Models were selected by the Akaike informa-
tion criterion (AIC) as implemented in jModelTest 2.0 
(Darriba & Posada, 2012).

We performed the ML analysis in RAxML v.8.0.0 
(Stamatakis, 2014) on the concatenated dataset. 
RAxML was used to conduct non-parametric bootstrap 
(BS) analysis and searches for the best-scoring ML 
tree in a single run (Stamatakis, Hoover & Rougemont, 
2008). We executed 1000 rapid bootstrap inferences 
and, thereafter, a thorough ML search.

Bayesian inferences of phylogenetic trees were con-
ducted with MrBayes 3.2 (Ronquist, Huelsenbeck & 
Teslenko, 2012) through the CIPRES portal (Miller, 
Pfeiffer & Schwartz, 2010). Two analyses, each of 
four parallel chains, were run for 5 000 000 genera-
tions, sampling a tree every 1000 generations and 
with a burn-in period of 250 000. The convergence of 
the Markov chain Monte Carlo (MCMC) run and the 
adequacy of the burn-in length were confirmed using 
the program Tracer v.1.6.0 (Rambaut et al., 2014).

analyses of the climate Dataset

We aimed to determine whether the evolution of the 
C4 pathway correlates with changes in the macro-
climatic niches. For this, we tested if the upper and 
lower climatic extremes of three variables (AI, MTCQ 
and MTWQ) differed among C3 and C4 species. We used 
PGLS regression as implemented in the R packages 

Figure 1. Optimal tree obtained from the maximum parsimony analyses showing ‘aridity’ (AI) extremes. Left tree shows 
minimum AI extremes and right tree shows maximum AI extremes. Shaded sections indicate the C4 lineages. All quantita-
tive analyses treated AI as a continuous character, but for illustrative purposes the values have been binned.

Table 1. Features of the DNA regions included in the phylogenetic analyses

DNA region Number of 
terminals

Number of 
characters

Parsimony uninformative 
characters

Potentially parsimony 
informative characters

% informative 
characters

trnL-F 98 1242 860 382 31
rpl16 88 1517 1065 452 30
matK 30 2628 2278 350 13
rbcL 23 1290 1230 60 5
Combined dataset 108 6677 5433 1244 19
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nlme (Pinheiro et al., 2015) and ape (Paradis, Claude 
& Strimmer, 2004) (R Core Team, 2014). We evalu-
ated five evolutionary models with variations in the 
phylogenetic correlation structure: Brownian motion 
(Felsenstein, 1985), Pagel’s λ (Pagel, 1999), Martins’ 
α (Martins & Hansen, 1997), Blomberg’s γ (Blomberg, 
Garland & Ives, 2003) and Grafen’s ρ (Grafen, 1989) 
and selected the model with lowest AIC (Johnson & 
Omland, 2004).

The evolutionary models were evaluated on the 
MP, Bayesian and two ML trees, one including spe-
cies for which DNA sequence data were available and 
another including all species that have available cli-
mate data. The complete climate dataset included 158 
species of Gomphrenoideae (82 C4, 76 C3), of which 
DNA sequences were available for only 79 (37 C4, 42 
C3). Thus, we added to the ML phylogenetic analysis 
all the species that have available climate data (but 
lack DNA sequences), assuming genera to be mono-
phyletic, unless non-monophyly had been previously 
demonstrated, as is the case for Gomphrena, which 
has been shown to be polyphyletic, with C3 and C4 
species gathered in different clades (Kadereit et al., 
2003; Müller & Borsch, 2005; Sánchez del Pino et al., 
2009). Consequently, C3 species were added to the C3 
Gomphrena clade and C4 species to the C4 Gomphrena 
clade. In the C4 Gomphrena clade, species endemic to 
Australia were grouped with the Australian species 
already present in the phylogenetic tree, as these form 
a clade (Palmer, 1998; Sánchez del Pino et al., 2009). To 
add species with no available DNA sequences, we cre-
ated a polytomy at the node of insertion and assigned 
the added species the average branch length in the 
clade. Consequently, we used as input tree both the 
trees for which DNA sequences were available and the 
tree with the unsequenced species that have available 
climate data.

We optimized the climatic variables that showed 
significant differences among C3 and C4 species in 
the PGLS (AI, MTCQ) as quantitative continuous 
characters using Fitch optimization in TNT (Goloboff, 
Mattoni & Quinteros, 2006), but only for graphic and 
descriptive purposes.

RESULTS

trees obtaineD from the combineD analyses

Figures 1–3 show the topologies obtained from 
MP and ML approaches, performed with available 
DNA sequences. Monophyly of the gomphrenoid, 

alternantheroid and iresinoid clades was obtained 
by all the approaches, but only well supported in 
the ML and the Bayesian analyses (Figs 1–3). All 
the topologies showed three C3→C4 transitions in 
Gomphrenoideae. The major C4 clade is the one that 
comprises Froelichia Moench, Guilleminea Kunth and 
Gomphrena s.s.

analyses of the climate Dataset

In most cases, the AIC pointed to Grafen or Pagel as 
the best fitting models, except for the variable MTWQ 
when analysed with the complete dataset, for which 
the best fitting model was Martins (Table 2). In all the 
cases, none of the alternative models contradicted the 
results shown in Table 2. Nearly all PGLS results were 
consistent among the four analysed topologies.

Aridity
Most Gomphrenoideae, both C3 and C4 species, are 
found in semi-arid to humid regions (AI > 0.2). 
However, there are many more C4 taxa (c. 24% C4 vs. 
c. 4% C3) that occupy habitats which range from arid 
to semi-arid climates (Fig. 4). When we analysed the 
distribution in a phylogenetic context we found signifi-
cant differences between the AI extremes of C3 and C4 
species. Both the upper and the lower extremes of the 
C4 species were more arid than the climatic extremes 
of the C3 species (Table 2). This result was consistent 
among the four topologies analysed.

Mean temperature of the coldest quarter
Both photosynthetic types in Gomphrenoideae have 
a similar percentage of species (c. 24%) restricted 
to regions with winter temperatures above 15 °C. 
The C3 species are mostly found in regions where 
the MTCQ is > 10 °C, whereas C4 Gomphrenoideae 
reach colder regions either by occupying wide cli-
matic ranges or by being restricted to regions with 
low MTCQ (Fig. 5).

The PGLS results for this variable showed that the 
lowest extreme of the MTCQ was lower among the C4 
species than among their closest C3 relatives, but the 
upper extreme did not show significant differences 
between the two photosynthetic types (Table 2). When 
we used the ML tree with the complete climate data-
set as input, the maximum extreme of MTCQ also 
showed significant differences between C3 and C4 spe-
cies (Table 2).

Figure 2. Optimal tree obtained from the maximum parsimony analyses showing ‘mean temperature of the coldest quar-
ter’ (MTCQ) extremes. Left tree shows minimum MTCQ extremes and right tree shows maximum MTCQ extremes. Shaded 
sections indicate the C4 lineages. All quantitative analyses treated MTCQ as a continuous character, but for illustrative 
purposes the values have been binned.
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Mean temperature of the warmest quarter
Nearly 70% of the C4 Gomphrenoideae and almost 
50% of C3 species are restricted to regions with 
MTWQ > 20 °C. When analysed in a phylogenetic 
context, and consistently among the four topologies, 
MTWQ showed no significant differences between the 
climatic extremes of C3 and C4 species (Table 2).

DISCUSSION

C4 photosynthesis is predicted to provide an advan-
tage in any environmental condition that promotes 
photorespiration (Sage et al., 2012). Thus, low CO2, 
elevated temperature, high light, drought and salinity 
are factors that contribute to the development of this 
photosynthetic pathway.

The present study supports a niche change among 
C4 Gomphrenoideae into drier regions than those 
occupied by their C3 relatives, whereas we found no 
evidence for a niche expansion into warmer climates 
(Table 2). C4 Gomphrenoideae also reach colder 
regions, but this niche expansion only includes areas 
with low temperatures during winter, as we found no 
changes in MTWQ among C3 and C4 species (Table 2).

Previous phylogeny-based analyses in the closely 
related Chenopodioideae (= Chenopodiaceae s.s.) have 
shown that the C4 species derived from C3 lineages 
that were already adapted to drought. Physiological 
adaptations to drought such as salt tolerance and mor-
phological/anatomical adaptations such as succulence 
enhanced the evolution of C4 photosynthesis in several 
chenopod lineages (Kadereit et al., 2012). Currently, 
there are no quantitative analyses that explore macro-
climatic niche differences among C3 and C4 species in 
Chenopodioideae. However, most C4 taxa in chenopods 
surpassed the xerophytic properties of their C3 ances-
tors and were able not only to replace them almost 
completely in all suitable habitats, but also to colonize 
niches not accessible to C3 xerophytes (Kadereit et al., 
2003). Thus, the presence of C4 chenopods in extremely 
arid environments (e.g. Atriplex L.; Salsola L.; Suaeda 
Forssk. ex J.F.Gmel.) suggests that the C4 species in 
Chenopodioideae also expanded their niches into even 
more arid climate than that occupied by their closest 
C3 relatives.

In contrast, in Amaranthaceae s.s., Gomphrenoideae 
do not include as many salt-tolerant and succu-
lent species as Chenopodioideae and the C3 species 
mainly occupy humid and sub-humid habitats (Figs 
1, 2–4, 5, Table 2). However, C4 Gomphrenoideae 
have clearly shifted their niches into more arid 

climate, as we found significant differences in both 
minimum and maximum AI values, supporting an 
expansion into more arid regions and withdrawal 
from humid regions. Therefore, the model for the evo-
lution of C4 photosynthesis in Gomphrenoideae may 
differ from that supported in Chenopodioideae and 
seems to be more similar to the one found in grasses, 
in which the C4 pathway appears to have evolved 
in humid habitats but facilitated an expansion into 
arid ones (Osborne & Freckleton, 2009). Several of 
the C4 Gomphrenoideae that inhabit arid regions 
are annual herbs [e.g. Gomphrena umbellata Remy, 
G. radiata Pedersen, G. mendocina (Phil.) R.E.Fr., 
G. cladotrichoides Suess.] that may complete their 
life cycles under short periods of rain. On the other 
hand, many C4 Gomphrenoideae are perennial herbs 
that occupy arid regions, although it is unknown 
whether these species are drought-resistant or sim-
ply efficient microhabitat specialists. In most species 
of Tidestromia Standl., which are all C4 and mainly 
perennial, the production of woody growth or stor-
age organs is a common adaptive strategy for longer 
life spans in dry areas (Sánchez-del Pino & Motley, 
2010).

Unlike the niche change into drier climates dis-
cussed above, we found no support for the common 
expectation that C4 species reach warmer climates 
than their C3 relatives. Both the minimum and the 
maximum MTWQ were undistinguishable between 
C3 and C4 Gomphrenoideae in the PGLS compari-
sons. These results contrast with the evidence for a 
niche expansion into warmer environments found in 
C4 grasses (Aagesen et al., 2016). Comparative anal-
yses in grasses have shown that transitions to C4 
physiology occurred in species from open habitats in 
warm regions (Osborne & Freckleton, 2009; Edwards 
& Smith, 2010). Nevertheless, studies in Poaceae 
subfamily Panicoideae suggest that when compar-
ing climatic extremes between C3 and C4 panicoids 
(as opposed to the species mean values) one of the 
main responses to a change from C3 to C4 photosyn-
thesis is an expansion of the C4 species into hot-
ter climates (Aagesen et al., 2016). We did not find 
support for this pattern in Gomphrenoideae, even 
though this subfamily has a distribution pattern 
similar to the Neotropical panicoid tribe Paspaleae. 
However, C3 Gomphrenoideae are already present in 
warm environments, close to the maximum MTWQ 
values in the Neotropics (Table 2) (Hijmans et al., 
2005). The lack of response among the C4 species 
in Gomphrenoideae may, therefore, simply reflect a 
lack of available niche space in the macro-climatic 

Figure 3. Topology obtained from the maximum likelihood (ML) analysis. Numbers above branches are bootstrap support 
from the ML tree. Numbers below branches are jackknife support from the MP analyses.
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variable used in the present study. In all, our results 
do not preclude high temperature as a potential fac-
tor in driving the evolution of C4 photosynthesis at 
a micro-climatic scale, but this needs to be studied 
further.

Although C3 photosynthesis is not physiologically con-
strained by low temperatures (Sage & Kubien, 2011), 
we found no evidence that C3 Gomphrenoideae are more 
successful than C4 species at lower temperatures. To the 
contrary, as mentioned above, we found no differences 
in MTWQ values among C3 and C4 species, whereas 
the minimum MTCQ values differed between the two 
photosynthetic types, showing a niche expansion of C4 
species into regions with colder winter climates. When 
analysing the entire data set, we also obtained signifi-
cantly lower maximum MTCQ values among the C4 
species, suggesting that these may be even specializing 
in regions with low winter temperatures. Most of the C4 
species of Gomphrena s.s found under low MTCQ occur 
in the high Andes region, whereas the North American 
C4 genera Tidestromia and Froelichia have many spe-
cies in regions with winter temperatures that fall below 
10 °C but, in this case, they have a continental distri-
bution. In Alternanthera, some of the C4 species reach 
high elevations, but they are also present at sea level 
(Sánchez del Pino et al., 2012).

There are a large number of C4 species in a wide 
range of taxonomic groups that occur in regions with 
low winter temperatures and some of them tolerate 
occasional subzero temperatures during the grow-
ing season (Sage & Kubien, 2011). In the American 
grass tribe Paspaleae, including several high Andean 
species, there is also evidence for an expansion of C4 
species into cold winter regions (Aagesen et al., 2016) 
as appears to be the case in Gomphrenoideae. In this 
study, we found that the minimum MTCQ values of 
the C3 Gomphrenoideae remain at c. 13 °C, whereas 
the mean value for the C4 species is well below 10 °C 
(Fig. 2, Table 2). The C4 syndrome requires high day-
time temperatures to be competitive during the grow-
ing season (Sage & Kubien, 2011), and field studies 
have shown that C4 species from cold regions are 
restricted to warm micro-sites (Sage & Sage, 2002). In 
the case of Gomphrenoideae it is clear from the MTWQ 
values that cold regions occupied by C4 species have 
high macro-climatic temperatures during the growing 
season (Table 2).

Lundgren et al. (2015) documented that C4 pho-
tosynthesis appears to act as a niche opener, ini-
tially facilitating an expansion of the inherited 
niche, whereas specialization to the new environ-
ment may be a delayed process that requires specia-
tion in the new habitat. Overall, we show here that 
the macro-climatic distribution patterns of the C4 
Gomphrenoideae correspond, in general, to the com-
mon global biogeographical patterns for C4 species T
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and that these patterns have been achieved by niche 
expansion, niche shifts and niche stasis, all processes 
that modified or maintained the inherited macro-
climatic niches. By comparing the climatic extremes 
rather than mean values, we found evidence for a 
niche change of C4 Gomphrenoideae into more arid 
environments than those occupied by theirs C3 sister 
lineages, but not into warmer regions as observed in 
grasses. Also, we have found that C4 Gomphrenoideae 
have expanded their niches into regions with colder 
winter climates.
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APPENDICES

appenDix 1: genbank accession numbers 
for species incluDeD in the phylogenetic 

analysis (TRNL-F/RPL16/MATK/RBCL)

Ingroup: Alternanthera altacruzensis: EF688732/
EF688659/AM887483; Alternanthera brasili-
ana : JQ315137/ JQ403544/- / - ; Alternanthera 
caracasana : EF688733/ EF688662/ AF542595/ 
HM849761; Alternanthera chacoensis: JQ315138/ 
JQ403550/-/-; Alternanthera crucis: EF688735/ 
EF688663/-/-; Alternanthera elongata: EF688736/ 
EF688664/-/-; Alternanthera ficoidea: EF688747/ 
EF688675/ FR775271/ FR775289; Alternanthera 
filifolia: JQ315140/ JQ403539/-/-; Alternanthera 
flava: EF688737/ EF688665/-/-; Alternanthera 
flavescens: EF688738/ EF688666/ AM887484/-; 
Alternanthera flavicoma: JQ315141/ JQ403540/-
/ - ;  Alternanthera  galapagens is :  EF688739 / 
EF688667/-/-; Alternanthera geniculata: JQ315142/ 
JQ403537/-/-; Alternanthera halimifolia: EF688740/ 
EF688668/-/-; Alternanthera kurtzii: JQ315143/ 
JQ403533/-/-; Alternanthera laguroides: EF688741/ 
EF688669/-/-; Alternanthera lanceolata: JQ315144/ 
JQ403545/-/-; Alternanthera littoralis: JQ315145/ 
JQ403548/-/-; Alternanthera macbridei: JQ315146/ 
JQ403552/-/-; Alternanthera microphylla: JQ315147/ 
JQ403535/ AM887485/-; Alternanthera nesiotes: 
JQ315148/ JQ403541/-/-; Alternanthera obovata: 
JQ315149/ JQ403549/-/-; Alternanthera olivácea: 
EF688744/ EF688672/-/-; Alternanthera paronych-
ioides: JQ315150/ JQ403551/- /-; Alternanthera 
philoxeroides: EF688745/ EF688673/ GU135030/ 
GU135193; Alternanthera porrigens: JQ315151/ 
JQ403546/-/-; Alternanthera pubiflora: JQ315152/ 
JQ403547/-/-; Alternanthera pungens: EF688746/ 
EF688674/ AY514795/ HQ237458; Alternanthera 
serpyllifolia: JQ315153/ JQ403538/-/-; Alternanthera 
sessilis: -/-/FR775270/ FR775288; Alternanthera 
snodgrassii: JQ315154/ JQ403542/-/-; Alternanthera 
vestita: JQ315156/ JQ403543/-/-; Blutaparon vermic-
ulare: EF688748/ EF688676/ AY514798/ AY270067; 
Froelichia drummondii: -/-/-/ FR775294; Froelichia 
f loridana : EF688751/  EF688680/  AY514799/ 
AF132089; Froelichia interrupta : EF688752/ 
EF688681/-/-; Froelichia tomentosa: EF688753/ 
EF688682/-/-; Gomphrena boliviana: EF688754/ 
EF688683/-/-; Gomphrena elegans : EF688755/ 

EF688684/  - /AY270088; Gomphrena ferrug-
inea : - / - /  AM887524/ - ; Gomphrena f láccida : 
EF688756/ EF688685/-/-; Gomphrena fuscipellita: 
-/-/ AM887525/-; Gomphrena globosa: EF688758/ 
EF688687/-/-; Gomphrena graminea: EF688757/ 
EF688686/-/-; Gomphrena haageana: -/-/ AY514800/ 
AY270089; Gomphrena haenkeana: EF688759/ 
EF688688/-/-; Gomphrena macrocephala: EF688760/ 
EF688689/-/-; Gomphrena mandonii: -/-/ AY514801/-; 
Gomphrena nítida : EF688761/ EF688690/- / - ; 
Gomphrena pulchella: -/-/ AY514802/-; Gomphrena ser-
rata: EF688763/ EF688692/-/ AY270090; Gomphrena 
vaga: EF688766/ EF688695/-/-; Gossypianthus 
lanuginosus: EF688762/ EF688691/-/-; Guilleminea 
densa: EF688764/ EF688693/ AY514803/ AY270091; 
Guilleminea gracilis : EF688765/ EF688694/-
/-; Hebanthe grandiflora: EF676098/ EF688696/ 
FR870370/-; Hebanthe occidentalis: EF688767/ 
EF688697/ AY514821/ AY270097; Hebanthe erian-
tha: EF688768/ EF688698/- /-; Irenella chrysotri-
cha: EF688776/EF688706/-/-; Iresine alternifolia: 
EF688770/EF688700/AM887490/-; Iresine arbus-
cula: EF688769/EF688699/-/-; Iresine cassinii-
formis: - /-/AM887489/-; Iresine diffusa: EF688771/
EF688701/-/JQ590121; Iresine grandis: EF688772/
EF688702/-/-; Iresine heterophylla: EF688773/
EF688703/- / - ; Iresine leptoclada : EF688774/
EF688704/-/-; Iresine palmeri: EF688775/EF688705/
AY514804/AY270101; Lithophila muscoides : 
EF688780/EF688710/-/-; Pedersenia argentata: 
EF688781/EF688711/-/FR775298; Pedersenia carde-
nasii: EF688782/EF688712/AM887491/-; Pedersenia 
volubilis: -/-/FR870371/JQ693467; Pfaffia fru-
ticulosa: -/-/AM887492/-; Pfaffia glomerata: -/-/-/
JQ693468; Pfaffia iresinoides: EF676099/EF688715/-
/-; Pfaffia jubata: EF688785/EF688716/-/-; Pfaffia 
tuberosa: EF688786/EF688717/-/-; Pseudoplantago 
friesii: EF688784/EF688714/AY514820/AY270120; 
Tidestromia carnosa: EF688789/ EF688720/-/-; 
Tidestromia eliassoniana: EF688790/EF688721/-/-; 
Tidestromia lanuginosa: EF688791/EF688722/-/-; 
Tidestromia oblongifolia: EF688793/EF688724/-/-; 
Tidestromia rhizomatosa: EF688792/EF688723/-/-; 
Tidestromia suffruticosa: EF688794/EF688730/-
/-; Tidestromia tenella: EF688795/EF688725/-/-; 
Tidestromia valdesiana: EF688796/EF688726/-/-; 
Xerosiphon angustiflorus: EF688798/EF688728/-
/-; Xerosiphon aphyllus : EF676100/EF688729/
AM887523/JQ693470.
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Taxon Locality Voucher specimen GenBank 
accession

Alternanthera cinerella  
Suess.

Argentina. Salta. Cafayate. Route between  
Cafayate and Tolombón.

Zuloaga, F. O. 11858. (SI) MF039679

Gomphrena celosioides  
Mart.

Argentina. Jujuy. San Pedro. National route  
34, 3 km North from San Pedro.

Zuloaga, F. O. 11472. (SI) MF039680

Gomphrena cladotrichoides 
Suess.

Argentina. San Juan. Iglesia. National route 150,  
from Rodeo to Jáchal, “Cuesta del Viento”.

Zuloaga, F. O. 12804. (SI) MF039681

Gomphrena martiana  
Gillies ex Moq.

Argentina. Jujuy. Santa Bárbara. Route from  
Palma Sola to Ojo de Agua, 3 km from Palma  
Sola. Chaco Serrano.

Zuloaga, F. O. 11530. (SI) MF039682

Gomphrena mendocina  
(Phil.) R.E. Fr.

Argentina. San Juan. Valle Fértil. Provincial route  
510, from Ischigualasto to Valle Fértil.

Zuloaga, F. O. 12113. (SI) MF039683

Gomphrena meyeniana  
Walp.

Argentina. Jujuy. Manuel Belgrano. Ovejería. In  
southern hillside. 

Zanotti, C. A. 183. (SI) MF039684

Gomphrena perennis L. Argentina. Buenos Aires. Tandil. Sierra del Tigre. Zuloaga, F. O. 11362. (SI) MF039685
Gomphrena pumila  

Gillies ex Moquin
Argentina. San Juan. Ullum. Provincial route  

149. Portal Los Colorados.
Zuloaga, F. O. 12744. (SI) MF039686

Gomphrena radiata  
Pedersen

Argentina. Catamarca. Andalgalá. Mina Capillitas,  
road to Mina Santa Rita.

Zuloaga, F. O. 14564. (SI) MF039687

Gomphrena umbellata  
Remy

Argentina. Jujuy. Santa Catalina. Riverside. Zuloaga, F. O. 13112. (SI) MF039688

appenDix 2: taxon sampling anD voucher information for taxa useD in this stuDy

Table shows species name, voucher information including: locality and specimen (collector; collection number; and 
herbarium acronym where the specimens are housed) and GenBank accession numbers.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Table S1. Results obtained from the PGLS statistics for the variable ‘precipitation seasonality’ (PS). For each 
topology analysed we show: mean ± SE of C3 and C4 species, the best fitting model selected by the AIC and P val-
ues obtained. MPT, maximum parsimony tree; BAYESIAN, topology from the Bayesian inference; MLT, maximum 
likelihood tree.


