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Abstract

Broad-scale phylogenetic studies give first insights in numbers, relationships, and ages of C4 lineages. They are, 
however, generally limited to a model that treats the evolution of the complex C4 syndrome in different lineages as a 
directly comparable process. Here, we use a resolved and well-sampled phylogenetic tree of Camphorosmeae, based 
on three chloroplast and one nuclear marker and on leaf anatomical traits to infer a more detailed picture of C4 leaf-
type evolution in this lineage. Our ancestral character state reconstructions allowed two scenarios: (i) Sedobassia is 
a derived C3/C4 intermediate, implying two independent gains of C4 in Bassia and Camphorosma; or (ii) Sedobassia 
is a plesiomorphic C3/C4 intermediate, representing a syndrome ancestral to the Bassia/Camphorosma/Sedobassia 
lineage. In Bassia, a kochioid leaf type (Bassia muricata and/or Bassia prostrata type) is ancestral. At least three inde-
pendent losses of water-storage tissue occurred, resulting in parallel shifts towards an atriplicoid leaf type. These 
changes in leaf anatomy are adaptations to different survival strategies in steppic or semi-desert habitats with sea-
sonal rainfall. In contrast, Camphorosma shows a fixed C4 anatomy differing from Bassia types in its continuous 
Kranz layer, which indeed points to an independent origin of the full C4 syndrome in Camphorosma, either from an 
independent C3 or from a common C3/C4 intermediate ancestor, perhaps similar to its C3/C4 intermediate sister genus 
Sedobassia. The enlarged bundle sheath cells of Sedobassia might represent an important early step in C4 evolution 
in Camphorosmeae.
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Introduction

Phylogenetic inference methods present a powerful means of 
identifying putative shifts between C3 and C4 photosynthe-
sis (Sage et  al., 2011, and references therein). If  photosyn-
thetic syndrome is treated as a single (functional) character 
with two states (either C3 or C4), it is straightforward to infer 
the number and timing of shifts between states in a given 

clade. On this basis, Christin et al. (2008) inferred numerous 
independent origins of C4 and dated them to the Oligocene 
decline in atmospheric CO2. However, the C4 syndrome is 
both complex (comprising multiple individual adaptations) 
and diverse (the adaptations differ across clades), and may 
have originated in response to different selective pressures in 
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Abbreviations: cp, chloroplast; ITS, internal transcribed spacer; ML, maximum-likelihood; mya, million years ago.
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different lineages (Osborne and Freckleton, 2009; Edwards 
and Smith, 2010; Kadereit et al., 2012). It is therefore a con-
siderable simplification to treat the highly complex C4 syn-
drome as a single homologous character state (Christin et al., 
2010) and it may be misleading thereby to model the gain of 
that state as a single, directly equivalent process.

Treating C3 versus C4 pathways as a simple, discrete binary 
trait might lead to an overestimation of the number of C4 
origins if  the evolutionary process involved intermediate, evo-
lutionarily stable states (Sage et al., 2012) or so-called precur-
sors (Marazzi et al., 2012). Such a C3/C4 intermediate common 
ancestor, or simply an ancestor with a certain feature that 
facilitated the evolution of the C4 pathway, might have given 
rise to several, not strictly independent C4 lineages (Christin 
et al., 2010; Christin and Osborne, 2013). Hence, in assess-
ing the homology of C4 across lineages we need to consider 
the genetic and phenotypic basis of the different individual 
traits involved. Bundle-sheath anatomy, interveinal distance, 
and organelle composition of bundle-sheath cells of C3 rela-
tives have been proposed as key traits for understanding C4 
evolution (Sage, 2001; McKown and Dengler, 2007). Griffiths 
et al. (2013) put forward the idea that functions of the bun-
dle sheath, in particular the maintenance of leaf hydraulic 
continuity, were under selective pressure in more seasonal cli-
mates and that an increase in bundle sheath/mesophyll ratio 
subsequently also proved advantageous for C4 evolution. This 
is supported by a study of multiple leaf anatomical traits in 
grasses by Christin et al. (2013) who showed that C4 evolv-
ability significantly increased in lineages with a bundle-sheath 
proportion of >15% resulting from a combination of shorter 
interveinal distances and larger bundle-sheath cells.

It is conceivable that a proportion of the numerous non-
grass C4 lineages also stem from ancestors with common traits 
that in ‘evolutionary retrospect’ appear as pre-adaptations to 
C4 evolution. However, traits that increase C4 evolvability in 
grasses do not necessarily apply universally across different 
lineages. Succulent C4 groups characterized by water-storage 
tissues in leaves or stems exhibit very different leaf anatomies 
to those of C4 grasses. In Chenopodiaceae, there is strong evi-
dence that, in succulent C4 lineages, succulence evolved before 
C4 photosynthesis (Schütze et al., 2003; Kadereit et al., 2012). 
Preliminary data from other succulent C4 lineages such as 
Sesuvioideae (Aizoaceae) and Zygophyllum (Zygophyllaceae) 
also indicate that C3 ancestors of C4 lineages showed water-
storage tissue (G. Kadereit, unpublished results). Kadereit 
et  al. (2012) concluded that drought tolerance achieved by 
water storage is an important adaptation that enhanced the 
evolution of C4 photosynthesis in these chenopod lineages.

However, forms of water storage and leaf anatomy in gen-
eral differ dramatically across different succulent C4 groups. 
Of the 14 general types of C4 leaves described for eudicots 
(summarized by Edwards and Voznesenskaya, 2011), three 
(atriplicoid, simplicifolioid, and isostigmoid) do not show 
significant water-storage tissue, while the remaining 10 
types (kochioid, salsoloid, salsinoid, schoberioid, Kranz-
tecticornioid, pilosoid, portulacelloid, glossocardioid, and 
the two single-cell C4 leaf types of Bienertia and Suaeda aralo-
caspica) are characterized by a variety of distinct patterns of 

tissues dedicated to water storage (see Figs 3 and 4 in Edwards 
and Voznesenskaya, 2011). The types differ mainly in the 
position and amount of water-storage tissue, the position 
and orientation of vascular bundles, the presence or absence 
of a hypodermis, and the position of the photosynthetic car-
bon reductive (PCR) tissue in relation to the vascular tissue 
(Edwards and Voznesenskaya, 2011, and references therein).

The diversity of C4 syndromes in succulent lineages could 
thus be interpreted in a number of different ways. A  pre-
adaptation (evolutionary precursor) scenario might invoke 
diversifications within C4 lineages resulting in distinctly dif-
ferentiated leaf types that nevertheless stem from a common 
C4 or C3/C4 intermediate ancestor. By contrast, the diversity 
of C4 anatomy has been interpreted as evidence for multiple 
independent origins from different (extinct) C3 ancestors. For 
example, Schütze et al. (2003) argued that the Schoberia and 
Salsina leaf types of Suaeda (Chenopodiaceae), although 
sister groups, represent independent C4 origins due to their 
fundamentally different C4 anatomies. This conclusion was 
later supported by developmental and biochemical (Koteyeva 
et  al., 2011) as well as phylogenetic (Kapralov et  al., 2006) 
studies. It is even conceivable that selective pressure, for exam-
ple for drought resistance, might lead to convergence of simi-
lar leaf types (and perhaps also C4) in independent lineages. 
Hence, to accurately assess the numbers of independent gains 
of C4 photosynthesis in groups such as Chenopodiaceae it 
is important to dissect C4 anatomy into its constituent traits 
and infer the sequence of acquisition of these traits using 
phylogenies with exhaustive representation of both C4 and 
closely related C3 lineages.

The study group investigated here, the Camphorosmeae 
(Chenopodiaceae), occurs in steppes, semi-deserts, salt 
marshes, and disturbed places of Eurasia, South Africa, 
North America, and Australia. Camphorosmeae consist of 
subshrubs and annuals, mostly with moderately to strongly 
succulent leaves with a central aqueous tissue. Only a few spe-
cies show flat leaves and lack a water-storage tissue (Freitag 
and Kadereit, 2014). The tribe consists of three major line-
ages, two of them performing C3 photosynthesis and one C4 
lineage (Kadereit and Freitag, 2011).

One C3 lineage (Sclerolaena clade) comprises the species-
rich monophyletic clade of Australian Camphorosmeae, 
which contains the large genera Sclerolaena and Maireana 
and which is sister to the small Central Asian genus Grubovia 
(Cabrera et al., 2011). The Sclerolaena clade rather consist-
ently shows the Neokochia leaf type with a central water-
storage tissue, one large central vascular bundle, and many 
small peripheral vascular bundles at the border to a multilay-
ered chlorenchyma (Freitag and Kadereit, 2014). The other 
C3 lineage (Chenolea clade) consists of five disjunctly dis-
tributed relict species, the North American genus Neokochia 
(two species), the South African Chenolea (two species), the 
Mediterranean narrow endemic Eokochia (one species), and 
the Eurasian widespread Spirobassia (one species; Kadereit 
and Freitag, 2011). Among these, two new C3 leaf types 
were found, the Eokochia type with complex lateral vascu-
lar bundles and the Chenolea type with all bundles in one 
plane, embedded in massive aqueous tissue, and a peripheral 
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fenestrate chlorenchyma. Neokochia and Spirobassia show the 
Neokochia type. Symplesiomorphies of the C3 leaf types are 
isobilateral organization, multilayered chlorenchyma, central 
water-storage tissue, and absence of a hypodermis (Freitag 
and Kadereit, 2014).

The C4 lineage (Bassia clade) comprises 25 species in three 
genera, Bassia (20 species), Camphorosma (four species), and 
Sedobassia (one species), and is mainly distributed in Eurasia, 
with just two species of Bassia occurring in South Africa 
(Kadereit and Freitag, 2011; Akhani and Khoshravesh, 
2013; Freitag and Kadereit, 2014). Bassia and Camphorosma 
include only C4 species, while Sedobassia represents a C3/C4 
intermediate recently identified on the basis of leaf anatomy 
(Kadereit and Freitag, 2011; Freitag and Kadereit, 2014), 
gas exchange analysis, and immunolocalization of glycine 
decarboxylase (Voznesenskaya et al., 2013; Sage et al., 2014, 
this issue). If  C4 is treated as a simple binary character, and 
Sedobassia as C3 rather than C4, then the tree topology 
might suggest two potential scenarios for C4 evolution in 
Camphorosmeae: a single gain of C4 in the common ancestor 
of the Bassia/Camphorosma/Sedobassia lineage with (partial) 
loss in the C3/C4 intermediate Sedobassia, or two independent 
gains in Bassia and Camphorosma, plus one—only partially 
accomplished—in Sedobassia. A parsimonious interpretation 
would favour the former scenario, while the latter would be 
favoured if  losses of C4 are assumed to be less likely than 
independent gains, as argued by Christin and Osborne (2013, 
and references therein). Freitag and Kadereit (2014) indeed 
argued in favour of three independent origins but based on 
leaf anatomical characters rather than the probability of C4–
C3 reversals per se.

Species of the Bassia clade can be assigned to five differ-
ent C4 leaf types, not counting the Sedobassia C3/C4 inter-
mediate leaf type, which differs from all others in having an 
undifferentiated multilayered chlorenchyma (as do the C3 
species) but shows enlarged bundle sheath cells (Fig. 1A). All 
species of Camphorosma are consistent in showing only one 
C4 leaf type (Camphorosma type) with one continuous layer 
of palisade cells [photosynthetic carbon assimilative (PCA) 
tissue] in close contact with one continuous layer of Kranz 
cells (photosynthetic carbon reductive tissue) beneath a hypo-
dermis (Fig. 1B). In contrast, Bassia includes four different 
C4 leaf types. The Bassia prostrata type and Bassia muricata 
type show a mostly continuous layer of photosynthetic car-
bon assimilative tissue and Kranz cells in arch- or fan-shaped 
groups, all in direct contact with the vascular bundles. They 
differ in the presence/absence of a hypodermis (Fig. 1C–J). 
The Bassia lasiantha type and Bassia eriantha type both show 
an atriplicoid arrangement of the photosynthetic carbon 
assimilative and reductive tissues but also differ in the pres-
ence/absence of a hypodermis (Fig. 1K; see also Fig. 3B in 
Akhani and Khoshravesh, 2013).

Tracing the evolution of C4 leaf anatomy in the Bassia 
clade was hampered in previous studies (Kadereit and Freitag, 
2011; Freitag and Kadereit, 2014) by a partly unresolved phy-
logenetic tree and the lack of a few important species. Here, 
we present a fully resolved and nearly complete molecular 
phylogeny of the Bassia clade based on three chloroplast (cp) 

markers (the atpB-rbcL spacer, rpl16 intron, and ndhF-rpl32 
spacer) and the nuclear ribosomal internal transcribed spac-
ers (ITS), and the results of leaf anatomical sectioning for all 
terminals in the tree. We inferred and tested models describing 
the sequence and number of acquisitions of C4 using ances-
tral state reconstruction approaches that treated the differ-
ent individual leaf anatomical characteristics as individually 
independent or linked elements of a complex C4 syndrome. 
We tested the hypotheses of three independent C4 origins and 
multiple (potentially associated) losses of water-storage tis-
sue and hypodermis in the Bassia clade raised in Freitag and 
Kadereit (2014) and critically assessed the assumption that 
different C4 leaf types are necessarily indicative of independ-
ent C4 origins.

Materials and methods

Plant material and sampling
We mainly used herbarium material for the molecular and anatomi-
cal studies. In a few cases, we used plants raised in the greenhouse 
from seeds collected in the wild. Voucher information for all acces-
sions is given in Supplementary Table S1 (available at JXB online). 
Sampling of the Bassia clade (including Bassia, Camphorosma, and 
Sedobassia) was complete except for one dubious species, Bassia 
aegyptiaca (see Kadereit and Freitag, 2011). We included multiple 
accessions for most species to ensure species monophyly and to 
improve upon our previous assessment of intraspecific variation of 
anatomical characters. Chenolea convallis (Snijman and Manning, 
2013), Bassia littorea (Kadereit and Freitag, 2011) and B. eriantha 
(Akhani and Khoshravesh, 2013) have not been included in our pre-
vious molecular data sets.

Sequencing and phylogenetic inference
In total, 79 accessions were included in the phylogenetic analy-
ses representing the three genera of the Bassia clade (Bassia, 
Camphorosma, and Sedobassia) with 25 species and seven species of 
the remaining Camphorosmeae. Supplementary Table S1 (available 
at JXB online) gives an overview of the samples included, sequences 
newly generated for this study, sequences included from previous 
studies, and missing data. Salsola genistoides was selected as out-
group representing a basal representative of Salsoloideae (Kadereit 
and Freitag, 2011). Total DNA was extracted from 20 mg of dried 
leaf material using a DNeasy Plant Mini kit (Qiagen) following the 
manufacturer’s specifications. PCR was carried out in T-Professional 
or T-Gradient Thermocycler (Biometra). The ITS region was ampli-
fied with an Applied Biosystems Thermal Cycler model 2720. 
Supplementary Table S2 (available at JXB online) gives the details 
of primer sequences, PCR components, and cycler programme for 
each marker. PCR products were checked on 1% agarose gels and 
subsequently purified using a NucleoSpin® Gel and PCR Clean-up 
kit (Macherey-Nagel) following the manufacturer’s instructions. The 
ITS amplicons were purified with an AccuPrep® PCR Purification 
kit (Bioneer). DNA sequences were obtained using a Big Dye® 
Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) in com-
bination with the primers mentioned above following a purification 
step using IllustraTM SephadexTM G-50 Fine DNA Grade (GE 
Healthcare). DNA fragments were sequenced using an automatic 
capillary sequencer GA3130XL (Applied Biosystems) following 
the Sanger method. Forward and reverse sequences were edited 
and merged to consensus sequences, which then were aligned using 
Sequencher 4.1.4 (Gene Codes Corp.) and MEGA5 (Tamura et al., 
2011). All alignments were checked and corrected manually.

For the ITS data set, for the combined three cp markers and for 
the combined ITS+cp data, maximum-likelihood (ML) phylogenetic 
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analyses were performed using RaxML on Cipres (Stamatakis, 2006; 
Stamatakis et al., 2008; Supplementary Figs S1–S3 available at JXB 
online), including bootstrapping that was halted automatically follow-
ing the majority-rule ‘autoMRE’ criterion. Parsimony bootstrapping 
was performed using PAUP* (Swofford, 2003) with 10 000 replicates 
of a single random-addition sequence and tree bisection and recon-
nection, saving a single tree each replicate (following Müller, 2005).

A chronogram was generated using BEAST v.1.5.4 (Bayesian 
Evolutionary Analysis by Sampling Trees; Drummond and 

Rambaut, 2007, Rambaut and Drummond, 2003). The BEAST xml 
input files (available from the corresponding author upon request) 
were created with BEAUti v.1.5.4 (Drummond and Rambaut, 2007). 
Monophyly of the ingroup (all accessions except Salsola genistoides) 
was constrained in order to root the tree and put an age constraint 
on the ingroup node. The substitution model parameters were 
set to GTR+G with four categories for G. A relaxed-clock model 
was implemented in which rates for each branch were drawn inde-
pendently from a log-normal distribution and a birth and death 

Fig. 1. Leaf cross-sections of Sedobassia, Camphorosma, and Bassia (sample numbers refer to voucher information given in Supplementary Tables S1 
and S3 available at JXB online). (A) Sedobassia sedoides (chen 2462), Sedobassia type. (B) Camphorosma annua (chen 358), Camphorosma type. (C) 
Bassia hyssopifolia (chen 150), Bassia prostrata type. (D) Bassia littorea (chen 1879), B. prostrata type. (E, F) B. prostrata (chen 2719), B. prostrata type. 
(G–H) Bassia stellaris (chen 135), Bassia muricata type. (I) B. muricata (chen 2447), B. muricata type. (J) Bassia scoparia (chen 2722), B. muricata type. 
(K) B. scoparia (chen 2449), Bassia lasiantha type. (L) Bassia salsoloides (chen 2464), B. prostrata type.
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demographic model was assumed. We used results from a previous 
family-wide dating (Kadereit et al., 2012) to constrain the age of the 
crown node of Camphorosmeae with the 95% confidence interval 
of 29–15 million years ago (mya) assuming a uniform distribution. 
The Markov chain Monte Carlo method was initiated on a random 
starting tree. Two independent runs of 20 000 000 iterations were 
performed with a sampling frequency of 1000. Topological conver-
gence was confirmed using AWTY (Wilgenbusch et al., 2004) and 
convergence of model parameters was confirmed using TRACER 
(Rambaut and Drummond, 2003). The first 1000 trees were dis-
carded. Posterior probability clade support was calculated together 
with the medians and 95% confidence limits for ages of the nodes 
from the remaining 19 000 trees. A  subset of 1901 trees and the 

resulting maximum clade credibility chronogram was used in the 
character optimizations (see below).

Anatomical studies, character coding, and ancestral character 
state reconstruction
The leaf anatomy of 20 accessions included here was studied in 
Freitag and Kadereit (2014) and four in Akhani and Khoshravesh 
(2013; compare Supplementary Table S1 available at JXB online). 
Leaves of the remaining 57 accessions were sectioned after embed-
ding in Technovit 7100 (Heraeus-Kulzer) using the following 
method: herbarium material was soaked for 7–10 d in 10% ammonia 

Fig. 1. Continued
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solution, and fresh material (a few accessions only) was hardened 
in formaldehyde/acetic acid/ethanol at least overnight. Dehydration 
followed using an ascending ethanol series [15 (optional), 30, 50, 60, 
70, 80, 90, and 96%], each step lasting at least 1 h. Fresh material 
started at 70% ethanol and soaked material at 15/30% ethanol. All 
embedding steps followed the manufacturer’s protocol for Technovit 
7100. Samples were incubated for 1–2 h or longer in pre-infiltration 
(Technovit 7100 liquid: absolute/96% ethanol, 1:1) and underwent 
12 h or more of infiltration (liquid+hardener I). Only after complete 
polymerization (infiltration+hardener II) was sectioning started 
with a rotary microtome at 5–10 µm.

For staining, the following components were prepared separately: 
0.004 g of Azur II (Sigma-Aldrich) was dissolved in 11 ml of distilled 
water; 0.008 g of eosin Y (Sigma-Aldrich) was dissolved in 11 ml dis-
tilled water, and 6 g of methylene blue was dissolved in 400 ml 96% 
ethanol and made up to 2000 ml with distilled water. The solutions 
of Azur II, eosin Y, and methylene blue were mixed with distilled 
water at a ratio of 26:26:22:26 of the desired volume of dye. The 
dye was applied to the slides for 6–8 min. They were then washed 
with distilled water and briefly rinsed with 96% ethanol and again 
with distilled water. If  the staining was not convincing after the first 
attempt, it was possible to stain the slides again.

The following traits were coded in a matrix of discrete character 
states:

1. Photosynthetic type was coded according to carbon isotope 
measurements given in Freitag and Kadereit (2014, and references 
therein): C3=0, C4=1.

2. Water-storage tissue was coded as present when at least one full 
layer of water-storing cells was present in the centre of the leaf. 
An interrupted layer or only a few large cells was therefore coded 
as absent (compare Fig. 1K): present=0, absent=1.

3. A hypodermis was only coded as present when a layer of hypo-
dermis cells completely surrounding the leaf was present (com-
pare Fig. 1B, C). It was coded as absent when entirely so, or when 
only a few hypodermal cells were present (compare Fig.  1H, 
J): absent=0, present=1. The C3 species (including Sedobassia), 
which all lack a hypodermis, were coded either as hypodermis 
absent (=0; coding A) or, in separate analyses, as hypodermis pre-
sent (=1; coding B) in order to test the result given the hypothesis 
that the hypodermis of the C4 species is homologous to the outer 
chlorenchyma layer of the C3 species.

4. The position of chlorenchyma layers in relation to the vascu-
lar bundles was coded as follows: chlorenchyma not orientated 
towards the vascular bundle but in continuous layers=0, chlor-
enchyma (at least the inner layer) orientated towards the vascular 
bundle (Kranz-like or semi-Kranz-like)=1. For illustration of this 
character, see Fig.  1B (continuous Kranz layer) and Fig.  1E, F 
(interrupted Kranz layer).

Ancestral state reconstruction
In order to infer ancestral states for each of the characters indepen-
dently, individual optimizations were performed on the binary char-
acters under parsimony and ML in Mesquite over 1000 post-burnin 
trees from the BEAST analysis summarized on the maximum clade 
credibility tree. Under ML, the fit of single versus two-rate models 
given the maximum clade credibility tree was tested using a likelihood 
ratio test comparing to χ2 distribution with 1 degree of freedom.

In order to simultaneously infer the sequence of evolution of 
combinations of character states, multistate character optimization 
was performed using (i) the observed, and (ii) all possible (ancestral) 
combinations of states as the multiple states of single characters. 
Parsimony optimizations were performed in Mesquite, applying step 
matrices to represent the number of character state changes implied 
by shifts between each pair of states (including those not observed 
in extant taxa; Supplementary Fig. S4 available at JXB online). For 
(ii), two combinations of characters were used: all four binary char-
acters, yielding 16 possible combinations of states (‘syndromes’; of 

which seven or nine, depending on the interpretation of the hypo-
dermis character, are observed in extant taxa), and three, excluding 
the hypodermis character, yielding eight possible combinations (of 
which five are observed in extant taxa). The former was performed 
with both possible coding strategies for the hypodermis character. 
With this large number of character states combined with a rela-
tively small number of state shifts, analysing this model under likeli-
hood was deemed impractical and unnecessary.

Results

Phylogenetic inference

The combined data matrix included 3646 aligned positions 
(ITS region: 666 bp, atpB-rbcL spacer: 739 bp; rpl16 intron: 
868 bp; ndhF-rpl32 spacer: 1373 bp). The data set contained a 
total of 1125 variable positions (ITS: 280; atpB-rbcL spacer: 
152; rpl16 intron: 205; ndhF-rpl32 spacer: 488). The individual 
ML analyses of the ITS data set and the cp marker data set 
showed no conflicts in topology for nodes subject to bootstrap 
support ≥75% (Supplementary Figs S1 and S2 available at JXB 
online). The addition of the ITS data set to the cp data set 
resulted in improved bootstrap support values in most cases 
and no decrease in support >10%. The resulting combined 
tree was well resolved, especially with regard to deeper nodes 
(Supplementary Figs S2 and S3 available at JXB online). The 
results of the BEAST analysis are shown in Fig. 2.

Anatomical studies

Anatomical leaf types as defined in Freitag and Kadereit 
(2014) and summarized in the introduction were found 
to be consistent for most species (Figs 1 and 2, and 
Supplementary Table S3 available at JXB online). Bassia 
indica, Bassia pilosa, and Bassia scoparia showed variable 
leaf types with two different anatomical types occurring 
in each of these species (Supplementary Table S3 avail-
able at JXB online). Intermediate phenotypes were observed 
only in B.  prostrata/B.  muricata types (Fig.  1H, J) and 
B. muricata/B.  lasiantha types (Fig.  1K), as reported previ-
ously by Freitag and Kadereit (2014).

Ancestral character state reconstruction

Individual parsimony optimizations of the four binary traits 
showed a small number of shifts in C3/C4 and Kranz-like 
arrangement of chlorenchyma layers in relation to the vas-
cular bundles (both one to two gains and zero to one losses) 
and water-storage tissue (three losses) but a larger number 
of shifts between the presence and absence of a hypodermis 
(one to nine gains and zero to six losses). Under ML, the data 
for C3/C4, hypodermis absent/present (coding A) and bundle-
sheath position best fitted a single rate model, while those for 
water-storage tissue and hypodermis (coding B) best fitted 
two-rate models (P<0.001 and P<0.005, respectively).

Optimizations of binary characters individually indicated 
that the Bassia clade was ancestrally succulent (parsimony 
100% of reconstructions; ML: 77%, 23% equivocal) but equiv-
ocal for C3/C4 (parsimony: 100%; ML: 98%) and position 
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Fig. 2. Chronogram of Camphorosmeae (Chenopodiaceae) generated using BEAST v.1.5.4 based on three cp markers (atpB-rbcL spacer, rpl16 intron, 
and ndhF-rpl32 spacer) and the nuclear ribosomal ITS and 79 accessions of Camphorosmeae representing 32 species. The tree was rooted with 
Salsola genistoides (Salsoleae s.s.). Numbers above branches represent posterior probabilities and numbers in square brackets indicate 95% confidence 
intervals of the respective node ages.
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of Kranz cells (parsimony: 100%; ML: 95%). The inferred 
states for the presence/absence of a hypodermis in the most 
recent common ancestor of Bassia and that of Sedobassia 
and Camphorosma depended on the coding of outgroups and 
Sedobasssia under parsimony (present when the hypodermis is 
assumed to be homologous with the outer of multiple layers of 
chlorenchyma; absent when not), but were ambiguous under 
ML. Under both methods, ancestral states for this character 
were generally uncertain within the Bassia clade. The ancestral 
state reconstructions are summarized in Fig. 2.

Parsimony optimizations of  multistate characters 
employing step matrices yielded results consistent with 

those of  the binary characters individually. Although all 
combinations of  ancestral states could in principle have 
been inferred, the parsimonious solutions for ancestral 
nodes included only those observed in extant taxa. The 
ancestral states of  the Bassia clade and of  Sedobassia and 
Camphorosma remained ambiguous, and hence on this 
basis neither the scenario of  multiple gains of  C4 nor that 
involving both gain and loss can be rejected. However, 
when the eight-state coding was applied (excluding the 
hypodermis character), ancestral states within Bassia were 
largely unambiguously inferred as B. muricata/B. prostrata 
type (i.e. C4, succulent, and with Kranz-like anatomy), 

Fig. 3. Revised model of leaf type evolution in Camphorosmeae.
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from which B.  lasiantha/B.  eriantha non-succulent types 
originated on at least three occasions.

Discussion

New insights into the phylogeny and taxonomy of 
Camphorosmeae

The molecular phylogeny presented here was based on the 
nuclear marker ITS and three cp markers and delivered 
improved resolution of the Bassia clade compared with our 
previous analysis (Kadereit and Freitag, 2011), which was 
based on ITS data only. The inclusion of multiple accessions 
for each species supports the monophyly of many species 
and supports our previous taxonomic judgements (Fig.  2). 
Nevertheless, a reassessment of species delimitation is still 
warranted within clades containing critical taxa such as the 
B.  scoparia complex (including B.  littorea, sequenced here 
for the first time, and Bassia angustifolia), the B.  prostrata 
complex (including Bassia tianschanica and B. villosissima), 
the stellaris stellaris complex (including Bassia odontop-
tera), the B. pilosa complex (including B. lasiantha; compare 
Supplementary Fig. S3 available at JXB online), and the 
Camphorosma monspeliaca complex (including Camphorosma 
lessingii). Concerning B. indica, the absence of a hypodermis 
in the two samples from northern Africa and Jordan suggests 
that it may be appropriate to recognize two otherwise cryptic 
taxa within this species.

Our results support those of Akhani and Khoshravesh 
(2013) that B. eriantha is not closely related to Bassia erio-
phora with which it is easily confused (Kadereit and Freitag, 
2011). B.  eriantha is weakly supported as a sister group to 
the remaining species of the genus, within which B. eriophora 
is nested (see Supplementary Figs S1–S3 available at JXB 
online). The results also indicate the sister-group relationship 
of the recently described narrow endemic Chenolea conval-
lis from southern Africa with the only other species of the 
genus, Chenolea diffusa. This is despite their marked differ-
ences in habit (truly subshrubby versus perennial herbaceous 
in Chenolea diffusa) and leaf anatomy (neokochioid versus 
Chenolea type in Chenolea diffusa). The unique characters of 
Chenolea diffusa, including its most peculiar leaf anatomy, 
are best interpreted as autapomorphies.

The centre of Bassia clade diversity is in West Asia and, 
given the phylogeny, it seems likely that all three genera (Bassia, 
Sedobassia, and Camphorosma) originated in that region. 
While the origin of Bassia dates back to the Early to Middle 
Miocene (23.5–10.4 mya), Sedobassia and Camphorosma sep-
arated during the Middle to Late Miocene (17.3–6.1 mya). 
The two South African species of Bassia (Bassia salsolo-
ides and Bassia dinteri) form a monophyletic group and are 
most closely related to Bassia arabica and Bassia tomentosa 
(Fig. 2). These three lineages separated during the Pliocene 
(confidence interval 6.3–1.5 mya). Bassia tomentosa and 
B.  arabica are prostrate subshrubs with a dense indumen-
tum of appressed silky hairs, distributed in semi-desert com-
munities along the northern margin of the Saharo-Sindian 

floristic region (Kadereit and Freitag, 2011). The two South 
African species are morphologically and ecologically distinct. 
Bassia salsoloides can be found along temporarily dry rivers 
of the Nama-Karoo, while B.  dinteri is a rare plant in the 
fog desert of the Namib. These four species represent another 
example of Saharo-Sindian/South African disjunct distribu-
tions of arid-adapted clades (Verdcourt, 1969; Jürgens, 1997; 
Bellstedt et al., 2012).

Most species of the above-mentioned species complexes 
of the Bassia clade (including Bassia, Camphorosma, and 
Sedobassia) originated during the Late Miocene to Pliocene 
(10–2 mya) with Sedobassia sedoides and B.  eriantha being 
the only two exceptions. The stem lineages of these two spe-
cies date back to the Middle to Late Miocene (17–6 mya; 
Fig. 2). This indicates that diversification within Bassia and 
Camphorosma coincides with the expansion of C4 grasslands 
and steppes during the Late Miocene (Osborne and Beerling, 
2006). The acquired C4 pathway in Bassia and Camphorosma 
may have acted as a selective advantage under increasingly 
dry conditions and facilitated diversification in the expanding 
dry habitats (Kadereit et al., 2012).

Origins of C4 photosynthesis in Camphorosmeae

Our analysis showed that neither of the two possible sce-
narios of C4 origin (i.e. a single gain in the ancestor of the 
Bassia/Sedobassia/Camphorosma clade with a subsequent loss 
in Sedobassia versus two independent gains in the ancestors 
of Bassia and Camphorosma and an independent origin of the 
C3/C4 intermediate state in Sedobassia) can be rejected on the 
basis of the phylogeny and the distribution of relevant charac-
teristics across it. Likewise, whether there were two independ-
ent origins of a Kranz-like arrangement of chlorenchyma (in 
the ancestor of Bassia and in the ancestor of Sedobassia), or 
a single origin in the Bassia clade and secondary development 
of a continuous Kranz layer around the leaf in Camphorosma 
cannot be discerned (Fig. 3). This uncertainty can largely be 
blamed on the (for the purpose, unfortunately simple) shape 
of the phylogenetic tree. The reciprocal monophyly of three 
distinct C4 and C3/C4 intermediate syndromes, to the exclu-
sion of C3 outgroups, does not allow for confident inference 
of the ancestral states of the clades. Our parsimony-based 
approach for simultaneously inferring ancestral states of both 
C3/C4 syndromes and their constituent attributes could offer a 
greater advantage in inferring combinations of ancestral char-
acteristics compared with simple character optimization when 
used with a more tractable topology.

Irrespective of topology, the small number of character 
state shifts that the Bassia tree implies does make it unlikely 
that we have failed to infer further, unobserved shifts between 
C3 and C4 (i.e. homoplasy). However, it means that we also 
lack the statistical power necessary to support more complex 
likelihood models that might imply higher rates of gains or 
losses (Harvey and Pagel, 1991; Pirie et al., 2012). Thus, the 
hypotheses cannot be assessed on that basis either. As the 
sampling of this clade is almost complete, it seems unlikely 
that this kind of approach will yet yield a more certain solu-
tion in this case.
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Comparing the two clades that acquired the full C4 syn-
drome, the genera Bassia and Camphorosa, reveals some obvi-
ous differences. The crown group age, which at the same time 
is the minimum age of full C4 syndrome in these two genera, is 
older in Bassia than in Camphorosma, 17.1–6.4 and 10.7–3.1 
million years, respectively (Fig. 2). While in Bassia four distinct 
C4 leaf types evolved and multiple shifts between these types 
occur (see below; Fig. 2), species of Camphorosma (annuals 
and perennials) all show the same C4 leaf types (Figs 1B and 
2). The diversity of C4 leaf types in Bassia is probably not a 
simple function of its greater age, because up to three different 
leaf types can be found even in much younger subclades (e.g. 
B. scoparia clade or B. prostrata clade). It seems that the ances-
tral leaf types in Bassia, which in our analysis were found to be 
those of B. prostrata and B. muricata (Fig. 2), allow for rapid 
anatomical change, while the Camphorosma type does not. 
The major difference between these types is in the arrange-
ment of the Kranz cells, which form a continuous Kranz layer 
around the leaf in Camphorosma but are restricted to the vas-
cular bundles in all Bassia leaf types (Fig. 3).

Further insight may be gained from comparative leaf 
developmental studies of  these two genera. Similarities 
or differences of  developmental phases of  Bassia and 
Camphorosma leaf  maturation might give further indication 
of  common or independent ancestry of  the C4 syndrome in 
this lineage. The continuous arrangement of  Kranz cells in 
mature leaves of  Camphorosma might indicate that in this 
genus the Kranz cells derive from ground meristem, as in 
Suaeda taxifolia and Suaeda eltonica (Koteyeva et al., 2011). 
However, the cotyledons of  Bassia hyssopifolia, B. prostrata, 
Bassia laniflora, B.  scoparia, B.  arabica, B.  odontoptera, 
B.  pilosa, Camphorosma songarica and Camphorosma less-
ingii all show an atriplicoid leaf  anatomy, indicating that 
the genetic basis for differentiation of  a C4 bundle sheath is 
present in both genera (G. Kadereit and H. Freitag, unpub-
lished results). Therefore, a combined origin of  the Kranz 
cells, partly from procambial and partly from ground tissue, 
as shown by Dengler et al. (1995) in Atriplex, might also be 
possible.

Loss of water-storage tissue in Camphorosmeae

The combination of water-storage tissue in leaves or stems 
and C4 photosynthesis occurs in approximately 500 species 
distributed in the Asterales, Brassicales, Zygophyllales, and 
Caryophyllales. However, most species that combine these 
two traits are found within the Chenopodiaceae, in the sub-
families Suaedoideae, Salsoloideae, and Camphorosmoideae, 
in which succulence evolved prior to C4. It should be empha-
sized that the presence of a water-storage tissue is not always 
obvious and might only be detected after sectioning. Several 
flat-leaved C4 species might also show small amounts of tis-
sue that could serve for water storage. There seem to be no 
examples of succulence having evolved within a C4 cheno-
pod lineage, although in some taxa succulence might have 
increased. This study gives the first evidence of repeated loss 
of water-storage tissue in an ancestrally succulent lineage 
after the evolution of the C4 pathway (Fig. 3).

However, as is the case with C3 versus C4, the coding of 
presence versus absence of succulence represents a consider-
able simplification. Various different forms of succulence are 
apparent: in Camphorosma, the volume of the central water 
storage is generally comparatively small. In some populations 
of the perennial species, it is much reduced and is replaced by 
an enlarged sclerenchymatic tissue associated with the central 
vascular bundle, giving the leaves an almost needle-like struc-
ture. Bassia eriantha has lost a centrally located water-storage 
tissue and evolved an atriplicoid arrangement of the chloren-
chyma (Fig. 2). However, in contrast to the other species with 
atriplicoid anatomy, B. eriantha shows a hypodermis consist-
ing of cells that are greatly enlarged and obviously has taken 
on a water-storage function.

There are also examples of intermediate phenotypes 
between the B. muricata and B. lasiantha types with a rudi-
mentary aqueous tissue as observed in B.  scoparia (e.g. 
Fig. 1K) and B. pilosa. These intermediate phenotypes may 
indicate that loss of water-storage tissue happened gradually 
in populations growing under less severe drought regimes, 
although a test of whether these different stages of reduction 
are genetically fixed is warranted.

All species that represent independent losses of central 
water-storage tissue (B.  eriantha, B.  scoparia, B.  lasiantha, 
and B. pilosa) are annuals with B. eriantha- or B. lasiantha-
type anatomy. Irrespective of anatomical differences, this 
suggests that loss of succulence in these cases was associated 
with a shift to a drought-avoidance strategy, which is most 
common in arid ecosystems with strong seasonal drought 
(Ellenberg, 1967; Evenari, 1981, 1985).

A revised model for the evolution and homology of leaf 
types in Camphorosmeae

With the new insight from a more detailed and resolved phy-
logeny of the clade, we can somewhat qualify the previous 
interpretation of evolution of its leaf types (Fig. 3). The cur-
rent model does not feature the unobserved, intermediate 
anatomical types that must have existed in ancestors of the 
current lineages (if  we do not assume that multiple traits arose 
simultaneously). However, the available evidence is insuffi-
cient to identify which combinations of traits these ancestors 
might have had, and it is parsimonious to assume that the 
most recent common ancestors of the major clades exhibited 
combinations of characteristics also shared by extant taxa.

The presence or absence of a hypodermis, which distin-
guishes a number of the leaf anatomy types in Camphorosmeae, 
appears to be particularly evolutionarily labile. This is indi-
cated by both the relatively high rate of shifts in this charac-
ter and the observation of intermediate phenotypes in both 
B.  prostrata/B.  muricata and B.  muricata/B.  lasiantha types 
(Fig. 1G, H, J; Freitag and Kadereit, 2014). Variability in the 
presence/absence of hypodermis is also apparent in other 
Chenopodiaceae lineages, including Atriplex, Salsoleae s.s., 
Caroxyloneae, and Suaeda (Kadereit et al., 2003). The B. eri-
antha type with its water-storing hypodermis is, for example, 
similar to the Schoberia type described from genus Suaeda 
(Schütze et  al. 2003). Given the high rate of shifts in this 
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character, it is not possible to discern between B.  muricata 
and B.  prostrata types as the progenitors of B.  eriantha or 
B. lasiantha types. However, it is notable that the perennial, 
woody species all exhibit a hypodermis, while in most annual 
species it is lacking. If  the possession of a hypodermis, which 
is present in all perennial C4 species of Camphorosmeae, is 
the ancestral condition, as would be implied by homology 
with the outer chlorenchyma layer of C3 species, then its 
multiple loss might be associated with the shift to annual life 
form. However, from these analyses it is still unclear whether 
or not the hypodermis in C4 species should be considered 
homologous to the outer chlorenchyma layer of C3 species or 
not. The only C3/C4 intermediate species in Camphorosmeae, 
Sedobassia sedoides, is uninformative in this regard because it 
shows a C3-like multilayered chlorenchyma. In future work, 
the homology and hence evolutionary significance of the 
hypodermis may be analysed more effectively in a broader 
phylogenetic context (e.g. Chenopodiaceae as a whole) that 
represents a larger number of apparent gains and/or losses 
and perhaps a clearer indication of the ancestral condition 
in each case.

Conclusions and future research

This work shows that a deep study including a fully sampled 
and resolved phylogenetic tree of the study group as well as 
detailed and complete assessment of anatomical traits reveals 
a somewhat more complex picture of C4 leaf-type evolution 
as compared with our previous work. In the case of Bassia, 
we confirmed multiple parallel shifts between C4 leaf types 
due to losses of water-storage tissue and losses (and/or gains) 
of the hypodermis. In this genus, it is clear that different C4 
leaf types are not necessarily indicative of independent C4 ori-
gins. They instead point to a rapid change of leaf anatomy in 
adaptation to different survival strategies in steppic or semi-
desert habitats. Camphorosma differs from Bassia in showing 
a fixed C4 anatomy differing from all Bassia types in having a 
continuous Kranz layer. In contrast to anatomical differences 
defined by aqueous tissue and the hypodermis, this distinct 
structural difference might indeed point to an independent 
origin of the full C4 syndrome in Camphorosma, either from 
an independent C3 or from a common C3/C4 intermediate 
ancestor.

On the basis of the phylogeny and character distribution, 
we cannot exclude a single gain of C4 in the ancestor of the 
Bassia/Sedobassia/Camphorosma clade and a subsequent 
loss in Sedobassia. However, given the anatomical differen-
tiation and the distribution of Sedobassia in similar habi-
tats as Bassia and Camphorosma, the scenario avoiding loss 
of C4-like structures as suggested by Freitag and Kadereit 
(2014) seems more likely. Such a scenario could either involve 
two independent gains of C4 in the ancestors of Bassia and 
Camphoroma and an independent origin of the C3/C4 inter-
mediate state in Sedobassia or a common C3/C4 intermedi-
ate ancestor for Bassia/Sedobassia/Camphorosma clade and 
subsequent independent further acquisition of a different full 
C4 syndrome in Bassia and Camphorosma. In the former case, 

Sedobassia would represent the ancestral state of an ancient 
C3/C4 intermediate, while in the latter it would represent a 
derived, more recent syndrome. In both cases, the C3/C4 inter-
mediate anatomy in Sedobassia with enlarged bundle sheath 
cells shows that, in ancestrally succulent lineages, bundle-
sheath enlargement might also be an important step on the 
path towards C4 evolution.

In future research, the analytical approaches used here—
phylogenetic inference and model testing—are likely to be 
more powerful when applied to a wider phylogeny, includ-
ing more examples of particular state shifts, and across mul-
tiple relevant plant groups. However, broad-scale inference 
approaches should be complemented by both detailed studies 
of individual clades and by experimental testing of hypoth-
eses. Camphorosmeae represent a promising system with 
which to investigate parallel evolution of anatomical traits 
at the ultrastructural level and in terms of gene expression. 
To go beyond observation and inference and directly test the 
selective advantage of traits, it would be useful to compare 
the ecophysiological performance of sister species with dif-
ferent leaf anatomies under particular ecological conditions 
(such as degrees of drought, salinity, and atmospheric CO2 
concentration). In this context, it would also be interesting 
to quantify the amount of aqueous tissue and relate it to the 
ecophysiological performance of the species.

Supplementary data

Supplementary data are available at JXB online.
Supplementary Table S1. Accessions included in the molec-

ular and anatomical analyses with lab code, voucher informa-
tion, Genbank accession numbers and leaf anatomical types.

Supplementary Table S2. PCR conditions and primer 
sequences for the four markers sequenced in this study.

Supplementary Table 3. Character coding for 79 accessions 
of Camphorosmeae and Salsola genistoides (outgroup from 
Salsoleae s.s).

Supplementary Fig. S1. Molecular phylogeny of 
Camphorosmeae based on sequences of the internal tran-
scribed spacer (ITS) analysed with a maximum-likelihood 
approach using RaxML on Cipres (Stamatakis, 2006; 
Stamatakis et al., 2008).

Supplementary Fig. S2. Molecular phylogeny of 
Camphorosmeae based on sequences of three non-coding 
cp markers (atpB-rbcL spacer, rpl16 intron, and ndhF-rpl32 
spacer) analysed with a maximum-likelihood approach using 
RaxML on Cipres (Stamatakis, 2006; Stamatakis et al., 2008).

Supplementary Fig. S3. Molecular phylogeny of 
Camphorosmeae based on sequences of the internal tran-
scribed spacer (ITS) and three non-coding cp markers (atpB-
rbcL spacer, rpl16 intron, and ndhF-rpl32 spacer) analysed 
with a maximum-likelihood approach using RaxML on 
Cipres (Stamatakis, 2006; Stamatakis et al., 2008).

Supplementary Fig. S4. Step matrices representing the 
number of character state changes implied by shifts between 
each pair of states (including those not observed in extant 
taxa).
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