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ABSTRACT 

Most important organismal adaptations are not actually single traits, but complex 

trait syndromes that are evolutionarily integrated into a single ‘emergent’ phenotype. 

Two alternative photosynthetic pathways, C4 photosynthesis and Crassulacean Acid 

Metabolism (CAM), are primary plant adaptations of this sort, each requiring multiple 

biochemical and anatomical modifications. Phylogenetic methods are a promising 

approach for teasing apart the order of character acquisition during the evolution of 

complex traits, and the phylogenetic placement of intermediate phenotypes as sister taxa 

to fully optimized syndromes has been taken as good evidence of an ‘ordered’ 

evolutionary trajectory. But how much power does the phylogenetic approach have to 

detect ordered evolution? In this study, we simulated ordered and unordered character 

evolution across a diverse set of phylogenetic trees to understand how tree size, models 

of evolution, and sampling efforts influence our ability to detect an evolutionary 

trajectory. We find that small trees (15 taxa) do not contain enough information to 

correctly infer either an ordered or unordered trajectory, though inference improves as 

tree size and sampling increases. However, even when working with a 1000-taxon tree, 

the possibility of inferring the incorrect evolutionary model (type I/ type II error) 

remains. We urge caution in interpreting the phylogenetic placement of intermediate 

phenotypes, especially in small lineages. Such patterns can provide a line of evidence for 

the existence of a particular evolutionary trajectory, but they should be coupled with 

other types of data to infer the stepwise evolution of a complex character trait. 
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INTRODUCTION 

One of the most compelling and enduring problems in evolution is the origin and 

assembly of complex character traits or syndromes. How does natural selection gradually 

modify genes and phenotypes to assemble new and fully integrated suites of 

characters?  How do we reconstruct these serial modifications or ‘steps’ along an 

evolutionary trajectory? Crassulacean Acid Metabolism (CAM) and C4 photosynthesis in 

plants are two key examples of such integrated trait syndromes. Evolving numerous times 

in distantly related lineages, these morphologically and physiologically distinct adaptive 

syndromes use an internal plant carbon-concentrating mechanism (CCM) that improves 

the efficiency of C3 photosynthesis under conditions of high heat, drought, and/or low 

atmospheric CO2 (Edwards and Ogburn, 2012). The genetic and morphological 

underpinnings of C4 photosynthesis are especially well studied, and importantly, many 

‘intermediate’ phenotypes have been discovered and analyzed (Kennedy and Laetsch, 

1974; Powell 1978; Hattersley, 1986; Monson et al., 1986; Monson and Moore, 1989; 

Kellogg, 1999; Besnard et al., 2009; Feodorova et al., 2010; Christin et al., 2011; Sage, 

2012). These C3-C4 intermediates have been essential in the construction of a theoretical 

‘C4 evolutionary trajectory’, which maps out the transitions from C3 to C4 metabolism as 

a series of ordered events, with anatomical changes preceding most of the biochemical 

changes, and a precursor, photorespiratory pump CCM preceding the activation of PEP 

Caryboxylase and the C4 cycle (Sage, 2004, 2012). When C3, intermediate, and C4 

phenotypes are mapped across phylogenies that span the C3 to C4 spectrum, the 

intermediates are often placed as sister to a fully C4 group, and the intermediate state is 

then interpreted as the ancestral condition of their shared node (i.e. Molluginaceae, 
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Neurachninae, and Flaveria) (McKown et al., 2005; Christin et al., 2011, 2012). The 

further interpretation is that to evolve a full C4 syndrome, a lineage must first pass 

through this particular intermediate condition.  

Similar to C4 photosynthesis, ‘intermediate’ CAM-like phenotypes have been 

discovered and analyzed (Sternberg et al., 1983, 1984; Ting, 1985; Harris and Martin, 

1991; Guralnick and Jackson, 2001; Winter et al., 2008; Silveria et al., 2010). These 

‘intermediate’ phenotypes fall along a C3 to CAM spectrum and are often difficult to 

characterize as they are variably expressed and appear indistinguishable from C3 species 

under non-stressful conditions (Ting, 1985; Cushman, 2001; Dodd et al., 2001, Lüttge, 

2004). Nevertheless, hypotheses posit that these CAM-intermediates (CAM cycling and 

facultative CAM) may act as evolutionary steps between a typical C3 plant and a fully 

expressed CAM syndrome (Monson, 1989; Guralnick and Jackson, 2001; Sage, 2002; 

Edwards and Ogburn, 2013), though their phylogenetic distribution with respect to C3 

and CAM lineages is less clear. 

We agree that there are likely to be a fairly limited set of functional intermediate 

phenotypes that are frequently passed through during the C3 to C4 transition, and the 

same is likely to be true during CAM evolution as well. Our question is not whether a 

trajectory (or a set of trajectories) exists, but rather, how useful is the phylogenetic 

approach for uncovering them? The situation is more complicated than it appears at first 

glance (Fig. 1), because all of the information we have on intermediate states are found in 

currently living species- taxa that are not ancestral to any other taxa. We use the 

distribution of traits among the living ‘tips’ of phylogenies to infer the tempo and mode 

of character evolution and to reconstruct past evolutionary events- but in small trees with 
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few character transitions, there is precious, little information to work with. For example, 

in the common scenario pictured in Figure 1, it is typically inferred that the intermediate 

phenotype evolved once, prior to the divergence of the C3-C4 and C4 lineages, and so the 

extant C3-C4 intermediate represents the ancestral condition of the C4 clade. (e.g., Fig. 

1A). That is certainly a plausible scenario, but no more plausible than the alternatives in 

1B and 1C- all of these result in only 2 evolutionary transitions, but only figure 1A 

supports the hypothesized ordered trajectory of C4 evolution. In general, a phylogenetic 

approach would need a richer ‘tree-trait space’ to discern the relative likelihood of these 

three alternatives- many more branches, and many more character transitions. While the 

three taxon case in Figure 1 is an especially information-poor scenario, unfortunately, 

many empirical datasets do not really contain many more transitions, as intermediate 

phenotypes are generally rare in comparison to the numbers of species with fully evolved 

syndromes, and also require significant effort to detect (McKown et al., 2005; Marshall et 

al., 2007; Vogan et al., 2007; Christin et al., 2011, 2012; Ocampo et al., 2013)  

In this study we explored the power of the phylogenetic approach to identify 

ordered and unordered evolutionary trajectories by simulating character evolution under 

different evolutionary scenarios and across trees of various sizes and shapes. Because 

complete taxon sampling of a focal clade is very rare in phylogenetic studies, we also 

investigated how limited taxon sampling across a tree influences the evolutionary signal 

of these ordered and unordered data sets. We tested for both the ability to detect an 

ordered evolutionary trajectory when it exists, as well as the possibility of inferring an 

ordered trajectory when there isn’t one. Our findings suggest that the taxonomic scale of 

many phylogenetic studies is inadequate for inferring ordered evolution, and surprisingly, 
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increasing tree size and the number of evolutionary transitions has a relatively modest 

positive effect on the accuracy of model inference. On the positive side, limited taxon 

sampling does not seem to greatly reduce the overall evolutionary signal of the data sets.  

 

METHODS 

Simulating Character Evolution 

To simulate ordered, discrete character data, eight unique Q matrices were built 

representing four character states along an evolutionary trajectory: state 1 → state 2 → 

state 3 → state 4.  A Q matrix is an instantaneous transition rate matrix (Table 1; Table 2) 

where each cell within the matrix corresponds to the probability of transitioning between 

two states. To specify order within the Q matrix, an instantaneous transition rate of ‘zero’ 

was assigned to all matrix cells that represent a ‘skip’ across states (e.g., 1 → 3, 2 → 4, 

etc.), whereas possible transitions were assigned integers 1-3 (Table 1); integers 

correspond to relative, but not absolute, transition rates. Since all rows must sum to zero 

in a Q matrix, the diagonal cells (e.g. 1→1, 2→2) within the matrix are equal to the sum 

of the off-diagonal elements within the rows (i.e. the diagonal cells can be negative so 

that rows sum to zero). The eight matrices were built to simulate different models of 

character evolution (i.e. with all transitions occurring at equal rates (ER), with all rates 

different (ARD), with forward and reverse transitions between two characters at equal 

rates (SYM), and with high transition rates out of intermediate character states) 

(Supplemental Table S1). Integers 1-3 were placed in matrix cells to reflect these four 

models of evolution. Four of the eight matrices were ordered-reversible while the 

remaining matrices were not reversible (meaning that a transition from state 1 to state 2 
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was allowed, but a transition from state 2 to state 1 was not allowed) (Table 1b). All 

analyses were done run on the R Project for Statistical Computing (R).  

We also simulated unordered trait evolution using the same four character states 

with the goal of understanding the probability of incorrectly inferring an ordered 

trajectory. Q matrices were constructed to imply unordered evolution between each of the 

four character states, 1, 2, 3, and 4 (Table 2; Supplemental Table S2). In other words, 

transitions between states 1 to 3, 1 to 4, and 2 to 4 (impossible under the ordered model) 

were allowed to happen.  All matrix cells were assigned integers 1, 2, or 3 (Table 2a) 

unless the matrix was non-reversible (4 of the 8 simulating matrices) (Table 2b).  

Using the rtree function in the APE package (Paradis et al., 2004), twenty unique 

ultrametric, coalescent 15-taxon, 50-taxon, 100-taxon, and 1000-taxon trees were 

randomly generated for the ordered and the unordered character simulations (Fig. 2). We 

acknowledge that trees generated with the coalescent generally capture a smaller fraction 

of tree shape than do birth-death models (Mooers et al. 2007). With the sim.char function 

in the Geiger package (Harmon et al., 2008), character evolution was simulated across 

each tree using our constructed matrices (Fig 2). For a given Q matrix and tree, character 

data was independently simulated 200 times, and the first ten simulations containing all 

four states at the tree tips (1, 2, 3, 4) were selected for downstream analyses. More data 

was simulated than used because all four character states were not always present across 

extant tips in each simulation.   

 

Sensitivity analysis 

To test for the effect of poor sampling on our ability to infer character evolution, 

we generated a second, ‘pruned’ dataset where 50% of the taxa (tips) and corresponding 
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data were randomly removed from each of the original simulated data sets across ordered 

and unordered 50-taxon, 100-taxon, and 1000-taxon trees (Fig. 2).  Fifty percent of the 

taxa were not removed from the 15-taxon data set as this tree is already quite small.  

 Approximately 1200 ordered and unordered data simulations were generated for 

each of the 15-taxon, 50-taxon, 100-taxon, and 1000-taxon “groups”. This number is 

lower than the expected 1600 (20 trees x 8 matrices x 10 simulations of each matrix) 

because simulated data was removed when 1) all four character states were not realized 

among the 10 simulations when 50% of the data/ tips were removed, and 2) when the 

transition rates between states were too infinitely low (but not zero) to calculate (non-

linear minimization error). When these errors ensued, simulations were removed from the 

data sets so the analysis could continue to run.  

 

Inferring character transition rates of simulated data 

In this next step, we used the simulated data as if we were beginning a typical 

phylogenetic analysis, with only a phylogeny and character data at the tips and no a priori 

knowledge of the underlying model of character evolution. Using the ace function in the 

package APE (Paradis et al., 2004), we calculated the maximum likelihood estimates of 

each transition rate within the four-by-four matrix under a model that allowed each rate to 

vary independently (Fig. 2). Since the diagonal cells within the matrix are the sum of the 

off-diagonal elements within the rows, twelve transition rates corresponding to the 

remaining matrix cells (A-L) were saved to relevant tables (Table 3), which could then be 

compared to expected rates according to the generating matrix. 

 

Data analysis 
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Our primary goal was to evaluate how well phylogenetic methods can detect an 

evolutionary trajectory using only the phylogenetic relationships and trait distributions of 

living taxa. We focused our analyses on only comparing the forward transition rates 

among character states (cells A, B, C, E, F, and I in Table 3). Matrix cells B (transition of 

state 1 → state 3), C (state 1 → state 4), and F (state 2 → state 4) represent the transition 

rates that were expected to be zero when simulated under an ordered model (Table 1). For 

each simulation, we evaluated how close to zero these rates were, using multiple 

thresholds for designating an estimated rate as essentially ‘zero’. In the most conservative 

threshold, B, C, and F cells of the estimated matrix all had to be zero for the inferred 

evolutionary model to be considered ‘ordered’. Using a more liberal threshold, all B, C, 

and F cells must be lower than 0.1; and in the most liberal threshold, all B, C, and F cells 

must have rates that were at least one magnitude lower than the average transition rate of 

cells A, E, and I. We then designated each simulated dataset to be an inferred ‘ordered’ or 

‘unordered’ evolutionary model according to each threshold, and compared this to the 

actual model used to simulate the data. 

 

RESULTS 

Using our most conservative threshold (all ‘zero’ cells must have inferred 

transition rates to be zero), it was exceedingly difficult to infer an ordered evolutionary 

trajectory, with only 22% of our 15-taxon tree simulations accepting an ordered model, 

which increased to only 44% in a 1000-taxon tree (Fig. 3). Relaxing the threshold of rates 

to be larger than zero, but close to zero, greatly improved our ability to infer the 

generating model: using a threshold where the ‘zero’ cells must be inferred to be at least 
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one order of magnitude lower than the average rate of the ‘non-zero’ cells, we could 

classify many more of our ordered simulations as ordered, up to 60% in the 15-taxon case 

and 83% in the 1000-taxon case.  

However, relaxing the threshold had the additional complicating effect of also 

drastically increasing the frequency of assigning an ‘ordered’ model to simulations that 

were actually generated using an unordered matrix (type I error) (Fig. 4). Our 

conservative threshold produced negligible type I error, with the exception of the 15-

taxon tree (5.7% acceptance of an ‘ordered’ model when the underlying data were 

unordered).  However, relaxing the threshold consistently increased our propensity to 

label unordered data as ordered, from 14% in our 1000-taxon trees to an alarming 22% in 

our 15-taxon trees. 

Increasing tree size consistently reduced the probability of both type I and type II 

error, but this improvement was surprisingly modest. The 656% increase in tree size 

between the 15-taxon and the 1000-taxon groups resulted in only a 20% gain in inference 

accuracy. In a similar vein, reducing taxon sampling produced its predicted effect of 

reducing accuracy, but the magnitude of the effect was small, typically only reducing the 

number of correctly inferred models by several percentage points (Figs 3,4). The effect of 

missing data was larger in smaller datasets: in the 50-taxon dataset, simulating missing 

data resulted in an average 12% decrease in accuracy across the three thresholds, but this 

reduction was only 3% in the 1000-taxon dataset.  

We also looked at the individual transition rates generated from each of the eight 

Q matrices across all tree size classes separately, to determine whether data simulated 

under particular models of evolution (inferred from the given Q matrices; Supplemental 
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Table S1) were more indicative of an ordered evolutionary trajectory. No general patterns 

were detected across all matrices, and consistent with our threshold analyses, transition 

rates were generally much higher in the ‘evolving’ cells, while the cells not allowed to 

evolve had rates close to or at zero (Fig. 5). By looking at the individual rates we were 

able to detect a consistent difference among the ‘zero’ cells: cell C, which represents a 

transition from state 1 to state 4, thereby skipping all intermediate character states, had 

much lower transition rates across all matrices than the other ‘zero’ cells (transitions 1 → 

3, or 2 → 4). This pattern was observed consistently across all tree by matrix 

combinations.    

 

DISCUSSION  

Often, we use the distribution of ‘intermediate’ character states across the tips of a 

phylogeny to infer the stepwise evolution of integrated trait syndromes, such as C4 

photosynthesis. In this study we asked, how much power does the phylogenetic approach 

have to detect ordered trait evolution? By simulating ordered and unordered character 

evolution across a diverse set of phylogenetic trees, we were able to investigate how tree 

size, model of evolution, and sampling efforts influence the ability of standard 

phylogenetic comparative tools to detect an evolutionary trajectory.  

Our findings highlight some significant limitations to this approach. Under the 

most data-poor scenario (a 15-taxon tree) our methods of inference were, at best, 83% 

effective at detecting ordered evolution- but this came with the serious cost of also 

incorrectly inferring order over 20% of the time. Increasing clade size improved the 

situation, but not as much as one might hope. Two results are somewhat uplifting. First, 

increasing clade size from 15 to 50 tips provided nearly the same benefit as increasing to 
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100 tips, suggesting that the biggest returns relative to investments might be at the small 

end of the spectrum. Second, in very large clades (e.g., 1000 taxa) the effect of missing 

data appears to be quite negligible. This is especially good news for studies of CAM 

evolution, as many CAM-evolving clades are overwhelmingly speciose (e.g., orchids, 

bromeliads) and exhaustive taxon sampling is, at this stage, simply not feasible. While 

this is heartening, it comes with the caveat that our ‘missing data’ were simulated 

randomly with respect to character state. In both C4 and CAM syndromes, we are likely 

to know much more about the distribution of fully evolved pathways, as they are easily 

detectable with stable carbon isotopes (Bender, 1971; Bender et al., 1973; Sternberg et 

al., 1984; O’leary, 1988; Farquhar et al., 1989). The sampling in empirical studies may 

therefore be biased toward including known C4 and CAM plants at the exclusion of other 

(potentially still unidentified) intermediates, and this particular pattern of sampling bias 

was not addressed in our study.  

Admittedly, there is more than one way to infer an ‘ordered trajectory’ based on 

phylogenetic patterns, and our analyses are fairly simplistic. In future work it might be 

useful to compare various phylogenetic approaches. An alternative to our estimated rates 

approach might be an actual tally of inferred transitions, using stochastic mapping 

(Bollback, 2006; for implementation in grasses see Roalson, 2012) or parsimony 

reconstruction. Another might be to simply compare the fit of a suite of character 

evolution models and choose the best-fit model with likelihood scores. We tested this 

alternative approach on a subset of our data using the Geiger module fitDiscrete in R 

(Harmon et al., 2008). Preliminary analyses indicate that our rate matrix approach may 

work better with smaller trees, and the model-fitting approach increases in accuracy more 
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quickly as trees become larger. At the same time (and possibly related), a model-fitting 

approach appears more sensitive to poor taxon sampling. While these different methods 

clearly need further examination, one benefit to the approach we took here is that it 

allows for a closer look at all the possible transitions, and thus allows for a better 

intuition of where the methods are working and where they are not. For instance, we 

found that matrix cell C (Table 3), which represents a transition from state 1 → state 4, 

had the lowest transition rate across all simulations (Fig. 3). This is an important detail, as 

it suggests that type II error is likely caused by incorrectly inferring transitions into and 

out of intermediate states. Thus, in the 4 character state scenario that we tested, our 

methods successfully identified that intermediate states were passed through from the 

initial first state to the final fourth state, however, these methods were not successful in 

identifying the exact order of the intermediate states.  

We still feel that the phylogenetic placement of intermediate states is an essential 

component of inferring evolutionary trajectories; we have simply illustrated that 

phylogenetic inference, like anything else, is not infallible, and should not be given any 

sort of ‘primary’ importance when evaluating different scenarios supported by different 

kinds of evidence. A key example of this ‘priority’ type of treatment is the recent study 

by Ocampo et al. (2013), who found a C3-C4 intermediate lineage nested within C4 

Portulaca. In spite of acknowledging the anatomical and biochemical differences among 

the C4 lineages that surround this intermediate, the authors seem to eventually believe 

that, because ancestral state reconstruction supported a reversion from C4 to C3-C4, this 

is the order of trait evolution that we should accept. Our simulation study suggests that 

the number of character transitions in Portulaca are too few to provide the information 
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necessary to feel confident in a phylogenetic reconstruction. And indeed, as evidence 

grows about this particular example of C4 evolution, it seems increasingly clear that there 

have been multiple parallel realizations of C4 in different Portulaca clades (Christin et al. 

in review).  

Two recent studies (Heckman et al., 2013; Williams et al., 2013) use alternative 

approaches to tease apart the assembly and evolution of C4 photosynthesis. Heckman et 

al. (2013) inferred the relative fitness gain of each biochemical change along the C4 

trajectory, using modeled photosynthetic rate as a measure of fitness, to create the 

‘adaptive landscape’ of C4 evolution. They found that the intermediate C3-C4 

phenotypes are indeed transitory states, as the relative fitness gain associated with the 

realization of these intermediate phenotypes were minor compared to the fitness gain of a 

fully optimized C4 syndrome. Williams et al. (2013) took an entirely different approach, 

and using empirical data from 43 studies, characterized 16 biochemical, anatomical and 

cellular characteristics associated with C4 photosynthesis and C3-C4 intermediates to 

build a transition network connecting C3 and C4 photosynthesis. Then, using a bayesian 

approach, they sampled the biologically relevant ‘paths’ through the network to infer the 

order in which phenotypic changes occur along the C4 trajectory. Findings from this 

study suggest that the evolutionary trajectory of C4 photosynthesis is somewhat ordered 

but trait acquisition along the trajectory is flexible.  

Both of these studies were explicitly ‘non-phylogenetic’- and we see the 

incorporation of phylogenetic information, especially in the approach of Williams et al., 

as an exciting opportunity for improvement. Unquestionably, phylogeny has a central 

role in the study of both C4 and CAM evolution - it identifies new lineages for research, 
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can provide a timeline for transitions, and identifies ecological and organismal correlates. 

As phylogenetic biologists, we truly think that phylogeny can and should be integrated 

into all areas of biological research. It is simply important to understand the caveats and 

limitations inherent in inferring past evolutionary events with only a handful of data from 

currently living species. A phylogenetic approach provides valuable evidence for a 

particular evolutionary trajectory, but should be considered for what it is- an informed 

hypothesis, that can be supported or refuted with additional data. 
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Table 1A/ 1B. Ordered Q matrices.  Examples of Q matrices (equal rates) used to 

simulate an ordered evolutionary trajectory. Character evolution was modeled using a 

continuous-time markov model, where each transition between character states is 

assigned an instantaneous rate. Table 1A is an ordered reversible Q matrix and Table 1B 

a nonreversible Q matrix. 

 

Table A State 1 State 2 State 3 State 4 

State 1 -1 1 0 0 

State 2 1 -1 1 0 

State 3 0 1 -1 1 

State 4 0 0 1 -1 

 

Table B State 1 State 2 State 3 State 4 

State 1 -1 1 0 0 

State 2 0 -1 1 0 

State 3 0 0 -1 1 

State 4 0 0 0 0 
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Table 2A/ 2B. Not Ordered Q Matrices.  Example Q matrices (equal rates) used to 

simulate an unordered evolutionary trajectory. Character evolution was modeled using a 

continuous-time markov model, where each transition between character states is 

assigned an instantaneous rate. Table 1A is an unordered reversible Q matrix and Table 

1B a nonreversible Q matrix. 

 

Table A State 1 State 2 State 3 State 4 

State 1 -3 1 1 1 

State 2 1 -3 1 1 

State 3 1 1 -3 1 

State 4 1 1 1 -3 

 

Table B State 1 State 2 State 3 State 4 

State 1 -3 1 1 1 

State 2 0 -2 1 1 

State 3 0 0 -1 1 

State 4 0 0 0 0 
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Table 3. Ancestral Reconstruction Transition Rate Matrix.  Letters A through L refer 

to the transition rates generated for each ancestral character state reconstruction. 

Transitions BCF and GJK are not possible under an ordered model. All transitions are 

possible under an unordered model. 

 State 1 State 2 State 3 State 4 

State 1 - A B C 

State 2 D - E F 

State 3 G H - I 

State 4 J K L - 
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Figure 1: Interpreting the evolution of intermediate phenotypes along the C4 evolutionary
trajectory. 1A) The intermediate phenotype (C3-C4 intermediate) evolved once, prior to the
divergence of lineages 2 and 3, and so the extant intermediate represents the ancestral 
conditionof lineage 3, the C4 clade. 1B) The C3-C4 intermediate and the C4 phenotype
each evolved once after the divergence of lineage 2 and 3, and so the extant intermediate
does not represent the ancestral condition of lineage 3 (C4 clade) rather the C3 phenotype
represents the ancestral condition of both lineage 2 and 3. 1C) The C4 phenotype evolved 
prior to the divergence of lineage 2 and 3 and the C3-C4 intermediate evolved after the
divergence of lineage 2. In this scenario, the C4 phenotype represents the ancestral
condition of the C3-C4 intermediate.  
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Figure 2: Schem
atic representation of m

ethods used to sim
ulate and analyze ordered and unordered character data. 
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Figure 3: Bars represent the probability of accurately inferring an ordered trajectory when the
generating data is ordered for each taxon group at the three predefined thresholds: 1) cells
B, C, and F must be 0 (black); 2) cells B, C, and F must be less than 0.1 (white); cells B, C, 
and F cells have rates at least one magnitude less than the average transition rate of cells A, 
E, and I (grey).
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Figure 4: Bars represent the probability of inferring an ordered evolutionary trajectory 
when the generating data is unordered (type I error) for each taxon group at the three 
predefined thresholds: 1) cells B, C, and F must be 0 (black); 2) cells B, C, and F must 
be less than 0.1 (white); cells B, C, and F cells have rates at least one magnitude less 
than the average transition rate of cells A, E, and I (grey).  
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Figure 5: Four-by-four matrix represents the transition rates between character states 
1-4 for the fully sampled, 1000-taxon ordered dataset. Boxplots within each cell
represent transition rates for each of the eight matrices. Forward and reverse 
“zero cells” (not allowed to evolve under an ordered model) are outlined. 
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Supplemental Table S1. Ordered Q matrices. 
Matrix 1 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 1 -2 1 0 
State 3 0 1 -2 1 
State 4 0 0 1 -1 
 
Matrix 2 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 0 -1 1 0 
State 3 0 0 -1 1 
State 4 0 0 0 0 
 
Matrix 3 State 1 State 2 State 3 State 4 
State 1 -2 2 0 0 
State 2 1 -4 3 0 
State 3 0 2 -3 1 
State 4 0 0 3 -3 
 
Matrix 4 State 1 State 2 State 3 State 4 
State 1 -2 2 0 0 
State 2 0 -3 3 0 
State 3 0 0 -1 1 
State 4 0 0 0 0 
 
Matrix 5 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 1 -3 2 0 
State 3 0 2 -3 1 
State 4 0 0 1 -1 
 
Matrix 6 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 0 -2 2 0 
State 3 0 0 -1 1 
State 4 0 0 0 0 
 
Matrix 7 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 1 -2 1 0 
State 3 0 1 -4 3 
State 4 0 0 1 -1 
 
Matrix 8 State 1 State 2 State 3 State 4 
State 1 -1 1 0 0 
State 2 0 -1 1 0 
State 3 0 0 -3 3 
State 4 0 0 0 0 
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Supplemental Table S2. Unordered Q matrices 
Matrix 1 State 1 State 2 State 3 State 4 
State 1 -3 1 1 1 
State 2 1 -3 1 1 
State 3 1 1 -3 1 
State 4 1 1 1 -3 
 
Matrix 2 State 1 State 2 State 3 State 4 
State 1 -3 1 1 1 
State 2 0 -2 1 1 
State 3 0 0 -1 1 
State 4 0 0 0 0 
 
Matrix 3 State 1 State 2 State 3 State 4 
State 1 -5 2 1 2 
State 2 1 -5 3 1 
State 3 2 2 -7 3 
State 4 1 1 3 -4 
 
Matrix 4 State 1 State 2 State 3 State 4 
State 1 -5 2 1 2 
State 2 0 -4 3 1 
State 3 0 0 -3 3 
State 4 0 0 0 0 
 
Matrix 5 State 1 State 2 State 3 State 4 
State 1 -6 1 2 3 
State 2 1 -5 2 2 
State 3 2 2 -5 1 
State 4 3 2 1 -6 
 
Matrix 6 State 1 State 2 State 3 State 4 
State 1 -6 1 2 3 
State 2 0 -4 2 2 
State 3 0 0 -1 1 
State 4 0 0 0 0 
 
Matrix 7 State 1 State 2 State 3 State 4 
State 1 -5 1 1 3 
State 2 1 -5 1 3 
State 3 1 1 -5 3 
State 4 1 1 1 -3 
 
Matrix 8 State 1 State 2 State 3 State 4 
State 1 -5 1 1 3 
State 2 0 -4 1 3 
State 3 0 0 -3 3 
State 4 0 0 0 0 
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Abstract  

PREMISE OF THE STUDY: Calandrinia are small, succulent herbs that have broad 

variation in habitat, morphology, life history, and photosynthetic metabolism. The lineage 

is placed within the Montiaceae, which in turn is sister to the rest of the Portulacineae 

(Caryophyllales). Calandrinia occupies two distinct biogeographic regions, one in the 

Americas (~14 species), and one in Australia (~74 species). Past analyses of the 

Montiaceae present conflicting hypotheses for the phylogenetic placement and 

monophyly of Calandrinia, and to date, there has been no molecular phylogenetic 

analysis of the Australian species.  

METHODS: Using a targeted gene enrichment approach, we sequenced 297 loci from 

multiple gene families across the Montiaceae, including all named and 16 putative new 

species of Australian Calandrinia, and the enigmatic monotypic genus Rumicastrum.  

KEY RESULTS: All datasets and analyses reject the monophyly of Calandrinia, with 

Australian and New World Calandrinia each comprising distinct and well supported 

clades, and Rumicastrum nested within Australian Calandrinia. We provide the first 

well-supported phylogeny for Australian Calandrinia, which includes all named species 

of Australian Calandrinia and several phrase-named taxa.  

CONCLUSIONS:  This study brings much needed clarity to relationships within 

Montiaceae, and confirms that New World and Australian Calandrinia do not form a 

clade. Australian Calandrinia is a longtime resident of the continent, having diverged 

from its sister lineage ~ 30 Ma, concurrent with separation of Australia from Antarctica. 

Most diversification occurred during the middle Miocene, with lowered speciation and/or 
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higher extinction rates coincident with the establishment of severe aridity by the late 

Miocene.  

 

Keywords: Australia; aridity; Australian Calandrinia; crassulacean acid metabolism 

(CAM); Montiaceae; Portulacineae; Rumicastrum; targeted bait enrichment  

 

INTRODUCTION 

Over the last ~150 years there has been considerable debate regarding the 

monophyly, phylogenetic placement, and naming of Calandrinia Kunth, an enigmatic 

group of small, succulent herbs that display broad variation in habitat (Tahir and Ashton, 

1989), vegetative morphology (Hershkovitz, 1993; Obbens, 2006; 2011; Ogburn and 

Edwards, 2015), and photosynthetic metabolism (Winter and Holtum, 2011; 2014; 

Holtum et al., 2016). Calandrinia is a member of the Montiaceae, which in turn is sister 

to the rest of the Portulacineae (Caryophyllales) (Nyffeler and Eggli, 2010; Ogburn and 

Edwards, 2015), a clade containing many arid-adapted, succulent plants (Arakaki et al., 

2011; Ogburn and Edwards, 2013). Calandrinia as currently circumscribed is tri-

continental, with c. 14 species in North and South America and the bulk of species (c. 74) 

endemic to Australia. In the New World, species occur in arid and alpine climates along 

the western cordillera from British Columbia to Chile (Arroyo et al., 1990; Elvebakk et 

al., 2015; Ogburn and Edwards, 2015), while in Australia, Calandrinia is widely 

distributed across the continent, typically inhabiting arid to semiarid environments, but 

extending into temperate regions in Tasmania and Victoria, and the monsoonal tropics of 

northern Australia (Obbens, 2006; Tahir and Carolin, 2011; West and Chinnock, 2013). 
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The monophyly of Calandrinia has been in question since Carolin (1987). 

Following a morphological cladistic analysis. Carolin (1987) concluded that Australian 

Calandrinia were not closely related to New World Calandrinia, and that the monotypic 

genus Rumicastrum Ulbr, originally described in the family Chenopodiaceae, was closely 

related to the Australian clade. He recommended that the Australian species be 

transferred to Rumicastrum, but failed to make new combinations. Hershkovitz 

(Hershkovitz, 1991; 1993; Hershkovitz and Zimmer, 1997; Hershkovitz, 1998) supported 

Carolin’s separation of the Australian and New World Calandrinia but, believing that 

Rumicastrum was indeed in the Chenopodiaceae, erected the genus Parakeelya Hershk., a 

name taken from an aboriginal vernacular for the Australian species of Calandrinia. 

Although he provided new combinations for all species known at that time into 

Parakeelya, Hershkovitz’s genus was not adopted in Australia (e.g., Obbens, 2006; 2011; 

2017; West and Chinook 2013), as the non-monophyly of Calandrinia was not 

confidently resolved and the correct placement of Rumicastrum (which has nomenclatural 

priority) was regarded as uncertain (Obbens, 2006).  

More recently, molecular phylogenetic analyses of the Montiaceae (Ogburn and 

Edwards, 2015) showed contrasting hypotheses for the placement and monophyly of 

Calandrinia. In a three-gene (matK, ndhF, and phyC) analysis, Calandrinia was 

supported as monophyletic, albeit with relatively low support (ML bootstrap = 65%, 

Bayesian posterior probability = 0.90). In a five-gene (matK, ndhF, phyC, ITS and ycf3) 

analysis, however, Calandrinia was paraphyletic, with Australian Calandrinia sister to a 

clade comprising Hectorelleae + Montieae. However, taxon sampling for Australian 
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Calandrinia was extremely poor in both analyses, with only one and five species 

represented in the three-gene and five-gene analyses, respectively. 

The present study had multiple goals. First, we aimed to establish whether 

Calandrinia s.l. is monophyletic, and resolve the placement of Australian and New 

World species within the Montiaceae. Second, we aimed to completely sample all named 

species of Australian Calandrinia as representing a potentially important arid plant 

radiation that has received scarce attention. Australia is the driest vegetated continent, yet 

it harbors very few native succulent plant lineages, and only 0.6% of its vascular plants 

are known to use crassulacean acid metabolism (CAM) photosynthesis (Holtum et al., 

2017). This is perplexing, as both succulence and CAM are common adaptations to 

aridity and have evolved numerous times across a diversity of plant lineages that inhabit 

similar deserts to those found in Australia (Winter and Smith, 1996; Ogburn and 

Edwards, 2010; Edwards and Ogburn, 2012). Calandrinia provides a key opportunity to 

explore this conundrum, as it is one of the most speciose succulent lineages in Australia 

and has evolved CAM photosynthesis (Winter and Holtum 2011; 2014). Third, we aimed 

to explore the biogeographic history and radiation of Calandrinia across Australia, assess 

how and when the lineage likely arrived there, and evaluate how aridification of the 

continent in the mid-late Miocene may have influenced patterns of lineage 

diversification. To address these issues, we used a targeted gene enrichment approach 

(Moore et al., 2018) to sequence hundreds of loci from multiple gene families of interest 

across Calandrinia and the Montiaceae. We provide the first well-supported phylogeny 

for Australian Calandrinia, which includes all named species of Australian Calandrinia, 

several phrase-named taxa, and the enigmatic monotypic genus Rumicastrum. 
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MATERIALS AND METHODS 

Taxon Sampling— 

We collected silica-dried leaf, stem, or flower material from across the 

Montiaceae (Appendix S1: see the Supplementary Data with this article), including 

multiple species from all recognized genera except Hectorella Hook.f., Lyallia Hook.f., 

and Schreiteria Carolin, three monotypic, geographically remote genera. Seven of the ~ 

14 described New World Calandrinia species (nine individuals total) were included, 

including multiple accessions of the type species, Calandrinia ciliata (Ruiz & Pav.) DC. 

Material from a specimen of Rumicastrum chamaecladum (Diels) Ulbr. was obtained 

from the National Herbarium of Victoria (MEL). In addition to the Montiaceae, we 

included outgroup taxa from additional Portulacineae and Molluginaceae, using material 

and sequence data originally collected for Moore et al. (2018). 

As a primary objective of the study was to resolve species relationships within 

Australian Calandrinia (Fig 1), we collected extensively in this region (Fig 2). We 

included 64 of the ~74 species currently recognized in Australia (see Australian Virtual 

Herbarium: http://avh.ala.org.au/occurrences/search?taxa=Calandrinia#tab_mapView): 

all 48 described species and 16 of 26 undescribed but recognized phrase-named taxa. We 

sequenced multiple individuals from across the range of species with large geographic 

distributions, for a total of 77 Australian Calandrinia individuals. Of these, 45 were 

newly collected in the field over the course of six field campaigns between August 2014 

and August 2015, while 32 were sequenced from plant material obtained from herbarium 

specimens at the Western Australian Herbarium (PERTH) and the National Herbarium of 
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Victoria (MEL). In addition, we received field-collected plant material of several taxa 

from Bob Chinnock (State Herbarium of South Australia) and Attila Kapitany 

(Melbourne, Australia). 

 

Molecular Methods— 

Genomic DNA was extracted from dried material using a two-step DNA 

extraction protocol. First, we used the FastDNA Kit (MP Biomedicals, Santa Ana, CA) to 

extract DNA from 20–40 mg of plant tissue. We followed the manufacturer’s protocol, 

allowing samples to sit on the bench top for ~2 hours following homogenization with 

both CLS-VF and PPS buffers. After the initial extraction, samples were eluted twice in 

75µl of distilled water, cleaned using a QIAquick PCR Cleanup Kit (Qiagen, INC., 

Valencia, CA), and eluted twice in 50µl of EB buffer.  

To prepare DNA for library preparation and subsequent bait hybridization, ~500 ng 

of sample DNA was sonicated using a Covaris S220 (Covaris, Inc., Woburn, MA) at the 

Brown University Genomics Core Facility. The following parameters were implemented 

to generate a mean fragment length of 400 bp: peak power 140.0, duty factor 10.0, and 

cycles/burst 200 for 50 seconds. Library preparation was done using the NEBNext Ultra 

DNA Library Prep Kit or NEBNext Ultra II DNA Library Prep Kit for Illumina (New 

England Biolabs, Ipswich, MA) following the manufacturer’s protocol.  Following 

library preparation, samples were pooled in groups of 8–9 and combined for 

hybridization. For bait hybridization, a custom MYbaits kit was used from MYcroarray. 

Both probe design and bait hybridization were carried out according to Moore et al., 

2018. Quantification, combination, and sequencing were performed at the Brown 
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University Genomics Core Facility and the Oklahoma Medical Research Foundation 

Genomics Facility on Illumina HiSeq 2000 or 2500, to obtain 100-bp paired-end reads.  

 

Sequence assembly— 

Reads were initially filtered and assigned to individuals using their inline 

barcodes. Paired reads in which neither barcode matched exactly were discarded. The last 

five bases and the barcodes were then removed from the remaining reads. Finally, 

trimmed reads with more than one low-quality base were also discarded. Our sequence 

processing pipeline (Moore et al. 2018) consisted of three steps: step 1) extracted all 

relevant reads for each gene family and then assembled the reads into contigs, step 2) 

assigned contigs into putative paralogs, and step 3) identified gene duplications within 

gene families and extracted individual loci. These loci were then used to infer phylogeny 

with both concatenation and species tree approaches.  

Briefly, step 1 classified reads into gene families by BLASTing (Altschul et al., 

1990) them against a local library of sequences used to design the baits. The “captured” 

reads were then pooled among individuals belonging to the same family or subgroups 

within the Montiaceae. SPAdes version 3.1.0 (Bankevich et al., 2012) was used to 

assemble pooled reads into contigs and the contigs were then added to the bait sequence 

database. The trimmed reads were then BLASTed against this combined database (baits 

reads + preliminary SPAdes assembly) and separate assemblies were made for each 

individual for each gene family. This produced a fasta file for each gene family 

containing all contigs, labeled by individual. Finally, these files were BLASTed against 
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the bait sequence database to delineate exons. Introns were removed and only exons were 

used in subsequent analyses.  

Step 2 classified the assembled contigs from step 1 according to paralog within 

gene families and combined contigs that represent different regions of the same paralog 

into a single gene sequence. Classification was executed by placing the contigs in a 

‘backbone’ phylogeny of each gene family, built from the original bait sequences and 

additional sequences generated from prior analyses (Moore et. al 2018). The backbone 

tree was iteratively refined using the add fragments algorithm in MAFFT version 7.017 

(Katoh and Standley, 2013; using the localpair option because the fragments to be aligned 

covered only a portion of the backbone alignment) and the short read classification (-f v) 

algorithm in RAxML version 8.0.22 (Berger and Stamatakis, 2011; Stamatakis, 2014).  

These steps produced gene-family trees containing the original sequences plus 

clusters of contigs (i.e. putative paralogs). For each of these clusters, the contigs from 

each individual were combined to form a consensus sequence. These consensus 

sequences were further analyzed and if they met certain criteria (i.e. > 75 bases long and 

75% of the mean length of all consensus sequences from that cluster) they were added to 

the backbone alignments for each gene family. 

Step 3 used a preliminary species tree to 1) identify the location of gene 

duplications within gene families, 2) extract paralogs arising from these gene duplications 

as separate loci, and 3) build individual gene trees and concatenated matrices for 

subsequent analyses. The initial species tree included all individuals in the analysis plus 

sequences for Arabidopsis thaliana, Glycine max, Oryza sativa, Populus trichocarpa, 

Solanum tuberosum, Vitis vinifera (derived from genomes for these model organisms) 
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and was constructed from three plastid loci (matK, ndhF, and rbcL) and the nuclear 

internal transcribed spacer (ITS) region. Before this species tree was made, gene trees of 

these three loci plus ITS were inspected by eye for individuals that were out of place and 

these sequences (likely pseudogenes) were removed from the tree. NOTUNG version 

2.8.1.6 (Chen et al., 2000; Stolzer et al., 2012) was used to find gene duplications in the 

gene family trees based on the preliminary species tree, which delimited sets of 

orthologous sequences, i.e., phylogenetic loci. After a series of quality-control steps (see 

Moore et al. 2018), alignments were made using the local pair algorithm in MAFFT for 

the selected loci and sets of individuals. To reduce missing data, all sites with >90% 

missing data were removed from the alignments. Separate gene trees were then inferred 

for each locus using RAxML version 8.0.22 (GTRCAT, 1000 rapid bootstrap replicates); 

these gene trees were then used for coalescent-based species tree analyses.  

 After the initial run of step 3 of the pipeline (as described above), the plastid/ITS 

species tree was replaced with the reconstructed ASTRAL species tree (see below) and 

step 3 was rerun in its entirety. In addition to the updated species tree, we reran step 3 

with 116 individuals divided into eight groupings (Appendix S1): Caryophyllales 

outgroups, Molluginaceae, Portulacineae except for Montiaceae, Phemeranthus, 

Calandrinia s.s., Australian Calandrinia, Montieae (Lewisia + Montia + Claytonia + 

Lewisiopsis) and the CCM clade (Cistanthe + Calyptridium + Montiopsis).  

Species tree reconstruction—   

We inferred phylogenetic relationships using both concatenation and coalescent-

based approaches. Concatenation analyses were performed in RAxML version 8.0.22  

(Stamatakis, 2006) using a GTRCAT substitution model, with 1000 rapid bootstrap 

41



 

replicates. Coalescent-based species trees were estimated with ASTRAL II 4.10.2 

(Mirarab et al., 2014), a package that analyzes individual gene trees (made with RAxML 

in step 3 of the pipeline). We used site-only multi-locus bootstrapping to generate 

bootstrap support values. Both ASTRAL and maximum likelihood concatenated RAxML 

species trees were reconstructed using four unique datasets, each with different amounts 

of missing data. The first two datasets varied in the number of loci present in a given 

percentage of individuals: all loci present in 85% or more of the individuals (minimum of 

98 of 116 individuals, 74 loci; named i98) and all loci present in 35% or more of the 

individuals (minimum of 40 of 116 individuals, 165 loci; named i40). The other two data 

sets varied in loci present per major grouping (8 groups, see above): all loci present in 

two or more groups (297 loci; named g2) and all loci present in seven or more groups 

(116 loci; named g7). In all datasets, we removed sites (nucleotides) present in < 10% of 

individuals. Finally, to more fully understand the effects of missing data on phylogenetic 

relationships and branch lengths we removed all sites present in <50% of the individuals 

and reran concatenation and coalescent-based phylogenetic analyses using the reduced 

g2, g7, i40, and i98 datasets. To compare the internal and the terminal branch lengths of 

the g2, g7, i40, and i98 Australian Calandrinia concatenated phylogenies, when sites 

present in <10% of the individuals were removed and when sites present in <50% of the 

individuals were removed, we used a two-tailed, paired t-test as implemented in R.    

Bayesian concordance analysis was performed using BUCKy version 1.4.4 

(Larget et al., 2010) based on the posterior distribution of gene trees from analyses in 

MrBayes 3.2 (Ronquist et al., 2012). BUCKy estimates the genomic support as a 

concordance factor (CF) for each relationship found across analyses of all individual loci 
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(Ane et al., 2006; Baum, 2007), thereby detecting groups of genes supporting the same 

topology while accounting for uncertainty in gene tree estimates. We focused BUCKy 

analyses on the relationships among 12 major Montiaceae lineages: Phemeranthus, 

Cistanthe s.s. (sensu Ogburn and Edwards 2015), Calyptridium, Montiopsis, Montieae, 

Calandrinia s.s. and the six Australian Calandrinia sub-clades (see below). BUCKy does 

not allow for missing data, and most of our loci were not sampled from across all 116 

terminals. However, as we were primarily interested in how these major lineages were 

related, we could include all loci that were sampled from at least one taxon in each of the 

lineages. To construct this dataset, we renamed taxa to their major lineages, and then 

pruned all but one random exemplar for each lineage from each sample of the posterior 

distribution of MrBayes trees (as in Moore et al., 2018). BUCKy analyses used four 

independent runs under default settings, with the option enabled to compute the posterior 

probability that pairs of loci support the same topology. 

 

Ancestral character state reconstruction— 

 Ancestral character state reconstructions within Australian Calandrinia were 

based on the topology inferred using ASTRAL and the g2 dataset (297 loci), with 

RAxML branch lengths. This choice was guided by the result that coalescent-based 

species tree estimations were topologically more congruent across all datasets (g2, g7, 

i40, i98) than trees inferred using concatenated data, which showed considerable 

topological variation depending on the loci used (Appendix S2). Moreover, the 

concordance analyses also supported this topology (Fig 4). Four morphological traits 

were characterized for each Australian Calandrinia species and mapped onto the tree: 
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stigmatic lobe number, petal number, capsule type (dehiscent vs. indehiscent), and life-

history (annual vs. perennial). We chose to focus our analyses on these four 

morphological traits as they were originally used by von Poellnitz (1934), Tahir & 

Ashton (1989), and Tahir & Carolin (1990) to differentiate Australian Calandrinia 

clades. Ancestral character state probabilities at all internal nodes were inferred based on 

maximum likelihood, using the ape package version 4.1 of the statistical software R (R 

Core team, 2017; Paradis et al., 2004). For each analysis, we modelled these characters as 

discrete traits, allowed transition rates between states to vary equally, differently, or 

symmetrically. The model with an AIC >2 above the alternative was chosen as the 

preferred model.  

 

Dating, diversification rates, and biogeographic analyses— 

Divergence times were estimated using a Bayesian approach as implemented in 

BEAST v2.4.5. (Bouckaert et al., 2014) using the g7 concatenated matrix (116 

individuals, 116 loci, 158,436 bps) as it was the shortest. We fixed the tree topology 

using the g2 ASTRAL topology and estimated branch lengths under a log-normal relaxed 

clock (Drummond et al., 2006). Since there are no reliable and suitably old fossils of 

Portulacineae or Molluginaceae, we relied on a secondary calibration to date the 

divergence of Portulacineae; the stem age of Portulacineae was set to 53 MYA with a 

standard deviation of +/- 2.1 million years (Arakaki et al., 2011) and parameterized under 

a normal prior, because it was a secondary calibration point. Of studies that estimate 

divergence times across Portulacineae lineages (Ocampo and Columbus, 2010; Arakaki 

et al., 2011; Hernandez-Hernandez et al., 2014), we chose to use divergence times (and 
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standard deviations) from Arakaki et al. (2011) as their dating analyses are informed by a 

larger number of fossil calibration points. We used the GTR model of substitution with 4 

gamma rate categories for the substitution rate. A birth-death speciation process was 

specified with default priors. The analysis was run twice for 10,000,000 generations, 

sampled every 1000 generations. Convergence and adequacy of burn-in were inspected 

visually in Tracer v1.5 (Rambaut and Drummond, 2009), and a maximum clade 

credibility tree was computed in TreeAnnotator.  

We examined both the geographic history of the Montiaceae and Australian 

Calandrinia using a likelihood-based dispersal-extinction-cladogenesis (DEC) ancestral 

range reconstruction in Lagrange 20130526 (Ree and Smith, 2008). For the Montiaceae 

analysis we coded species as North American, South American, and/or Australian. For 

the Australian Calandrinia analysis we allowed each tip to occupy one or more of the 

following five geographic regions: south western Australia (SW), western Australia 

excluding the SW (WA), northern Australia (N), central Australia (C) and 

east/southeastern Australia (SE). We chose these five regions as they 1) represent 

floristically distinct and/or geographically separate zones in Australia (Crisp et al. 

2004a), and 2) allowed us to reconstruct informative ancestral nodes. We separated the 

Eremean region of Australia into a western and central zone in efforts to further 

understand dispersal across the Nullabor Plain, a large limestone karst that is a 

geographic barrier to dispersal (Crisp and Cook 2007). We allowed for migration 

between all adjacent regions using an assigned rate of 1.0. For non-adjacent regions (i.e. 

N-SW, SE-SW and WA-SE), where migration between regions required passing through 
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another region, we used a “stepping-stone” model (Fine et al., 2014), assigning a rate of 

0.5 to these transitions.  

To identify potential shifts in diversification rate within the Australian 

Calandrinia clade, we ran MEDUSA (Alfaro et al., 2009) using a birth-death model, as 

implemented in the R package GEIGER 2.0.6 (Harmon et al., 2008). We removed all tips 

except for a species representative for each Australian Calandrinia taxa from 500 

BEAST posterior trees and ran MEDUSA on the resulting 67-tip species trees. Since 

taxonomic sampling of Australian Calandrinia is essentially complete, with the exception 

of several undescribed taxa, we did not build a species richness table to account for 

missing taxa.  

We also evaluated diversification in Australian Calandrinia using Bayesian 

analysis of macroevolutionary mixtures (BAMM) (Rabosky, 2014). We set the priors for 

the analyses using the setBAMMpriors function in BAMMtools (Rabosky et al., 2014). 

These priors included: expectedNumberofShifts = 1.0; lambaInitPrior = 1.71; 

lambaShiftPrior = 0.038; muInitPrior = 1.78. We ran BAMM on the maximum clade 

credibility Australian Calandrinia topology (with 67 tips) and allowed possible rate-

change events to occur on all branches (minCladeSizeForShift = 1.0). BAMM was run 

for 10 million generations sampling every 1000. BAMMtools was used to assess 

convergence, effective sample size, and to identify shifts within the 95% credible shift 

configuration. In addition, we constructed a lineage through time (LTT) plot based on 

500 posterior distribution trees from the BEAST analysis to visualize broad shifts in 

diversification rate through time. 
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RESULTS 

Sequencing results and assembly— 

After running step 1 and 2 of the pipeline, a total of 1018 loci were available for 

analysis. The number of loci per gene family (82 gene families in total) ranged between 1 

and 39 (mean = 11.4; SD = 8.74). The number of loci recovered per individual ranged 

between 12 and 364 with the average being 151 loci (Appendix S1). Average locus 

length was 666.5 (SE +/- 16.89) nucleotide sites, ranging between 152 and 3468 base 

pairs.  

 

Phylogenetic reconstruction— 

The concatenated matrices of the four datasets, where sites present in <10% of the 

individuals were removed, had the following properties: dataset i98 = 164,559 

nucleotides (bp), 91,811 parsimony-informative sites (is), 61.95% missing data (md); 

dataset i40 = 317,622 bp, 173,194 is, 67.99% md; dataset g7 = 158,436 bp, 105,972 is, 

49.88% md; dataset g2= 244,257 bp, 152,108 is, 58.05% md. To investigate the effect of 

missing data on phylogenetic analyses, particularly on the length of terminal branches, 

we then removed all sites present in <50% of the individuals. The concatenated matrices 

of the four resulting datasets had the following properties: dataset i98 = 65,050 bp, 

43,388 is, 25.87% md; dataset i40 = 91,466 bp, 62,413 is, 28.96% md; dataset g7 = 

81,068 bp, 54,897 is, 27.91% md; dataset g2 = 91,466 bp, 62,413 is, 28.96% md. 

Although these datasets had less missing data, they also had fewer phylogenetically 

informative sites, resulting in inconsistent and poorly resolved phylogenetic relationships 

along the Montiaceae backbone (Appendix S2). No difference in topology or bootstrap 
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support was found across the Australian Calandrinia backbone when reconstructing the 

phylogenies with the reduced matrices (Appendix S2). Furthermore, we found no 

significant difference in Australian Calandrinia branch lengths (both internal and 

terminal branch lengths) when reconstructing the phylogenies with the reduced matrices 

versus the original matrices (<10%) except for in the i40 (t=2.40, df=66, p=0.02) and i98 

(t=3.23, df=66, p=0.002) datasets, where the terminal branches were significantly shorter 

with less missing data (Appendix S3). Thus, we chose to focus the remainder of our 

results and discussion on the phylogenetic trees reconstructed with more missing data 

(i.e. where sites present in <10% of the individuals were removed) and informative sites.  

Paraphyly of Calandrinia— There is strong and consistent support for two distinct 

monophyletic Calandrinia clades: New World Calandrinia (hereafter referred to as 

Calandrinia s.s.) and Australian Calandrinia. These clades are strongly supported and 

distinct across all datasets and methods of analysis (Fig 3 and Appendices S4-S10). The 

type species for Calandrinia, C. ciliata (Ruiz & Pav.) DC, falls within the New World 

Calandrinia clade. In addition to resolving the monophyly of Australian Calandrinia, we 

confidently place Rumicastrum chamaecladum (Diels) Ulbr. within Australian 

Calandrinia. This strongly supported result requires new combinations for all Australian 

Calandrinia species, either into Rumicastrum or, if a proposal to conserve the name 

Parakeelya is successful, into Parakeelya (Thiele et al. in prep). 

Relations among major Montiaceae lineages— With the exception of 

Calandrinia, all recognized genera within Montiaceae are well-supported (100% 

bootstrap support) in both concatenated and ASTRAL analyses (Fig 3 and Appendices 

S4-S10). It should be noted, however, that section Philippiamra Kuntz within Cistanthe 
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was not sampled in this study, and in previous studies it has been shown to be distinct 

from other Cistanthe with strong support (Ogburn and Edwards, 2013; 2015). 

Phemeranthus is resolved as sister to the rest of Montiaceae (100% bootstrap support), 

and Lewisiopsis, Lewisia, Claytonia, and Montia form a well-supported clade (Montieae), 

with Lewisiopsis consistently sister to Lewisia + Montia + Claytonia across analyses and 

datasets (100% support in all cases). Cistanthe s.s., Calyptridium, and Montiopsis also 

form a well-supported clade (hereafter called ‘CCM’). However, the inferred 

relationships among these major groups vary notably across analyses and datasets.   

Overall, ASTRAL produced consistent, well-supported topologies across datasets, 

while topologies from concatenation analyses differed (Fig 3 and Appendices S2, S4, S6, 

S8). In ASTRAL analyses, the CCM clade is recovered as sister (100%) to Montieae + 

Calandrinia s.s., and Australian Calandrinia. The only conflict observed in the backbone 

tree using ASTRAL are relationships within the CCM clade: Calyptridium is resolved as 

sister (100%) to Cistanthe s.s. + Montiopsis using the g7 and i98 datasets, but Cistanthe 

s.s. is sister (100%) to Montiopsis + Calyptridium with the other two datasets (g2 and 

i40). All datasets show low support for Cistanthe s.s. + Montiopsis (g7, 70%; i98, 62%) 

and Montiopsis + Calyptridium (g2, 56%; i40, 60%). Across the concatenated trees 

estimated with RAxML there is also conflict among these relationships. Specifically, 

Calyptridium is sister to Cistanthe s.s. + Montiopsis in the i98 and g7 trees, while 

Cistanthe s.s. is sister to Montiopsis + Calyptridium with the remaining two datasets. The 

bootstrap support for these relationships is > 99% across concatenated trees in all 

analyses except for g7, where the Cistanthe s.s. + Montiopsis node received only 86% 

bootstrap support (Fig 3). Results from the Bayesian concordance analysis illuminated 
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these differences: while the primary concordance tree recovered Cistanthe s.s. as sister to 

Montiopsis + Calyptridium, the concordance factor for this relationship (CF = 0.221) was 

only marginally higher than the one for the competing relationship Cistanthe s.s. + 

Montiopsis (CF = 0.211), indicating genome-wide conflict among loci at this node (Fig 4 

and Appendix S11).  

In contrast to the ASTRAL analyses, topologies based on concatenation and 

RAxML analysis differed across datasets (Fig 3 and Appendices S2, S5, S7, S9, S10). 

Three nodes that exhibit considerable conflict are highlighted here. First, Calandrinia s.s. 

is recovered as sister to the CCM clade (>96% bootstrap support) across all datasets 

except g7 (Appendix S5), with Calandrinia s.s. sister to Montieae, albeit with low 

support (BS=82%). Secondly, the placement of the CCM clade + Calandrinia s.s. varied 

across matrices: in the i40 and i98 trees, the CCM clade + Calandrinia s.s. is resolved as 

sister to Montieae + Australian Calandrinia with 100% bootstrap support, while in the g2 

tree, CCM + Calandrinia s.s. is sister to Australian Calandrinia (BS=66%). Third, the 

Montieae clade is placed as sister to Australian Calandrinia in the i40 and i98 trees 

(BS=96%), while species tree reconstructions with the g2 dataset place Montieae as sister 

to CCM + Calandrinia s.s. and Australian Calandrinia. The concatenation analysis based 

on dataset g7 resolved a very similar topology as recovered with the coalescent based 

reconstructions, placing Montieae + Calandrinia s.s. as sister to Australian Calandrinia 

(Fig 3). 

Bayesian Concordance Analysis resulted in a primary concordance tree that was 

congruent with the topology recovered by ASTRAL and g7 Concatenation (Fig 4). 

Specifically, it supported Calandrinia s.s. as sister to Montieae, with these jointly being 
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sister to Australian Calandrinia. Although CF values are typically quite low, indicating 

that significant portions of the genome support relationships that deviate from the 

dominant signal (Appendix S11), there are no alternative resolutions that are equally well 

supported as those in the primary concordance tree. The only exception to this pattern 

was within the CCM clade, highlighted above.  

Australian Calandrinia— Species tree reconstructions using concatenation, 

coalescence, and Bayesian inference recover six strongly-supported clades within 

Australian Calandrinia (Fig 5). Three of these correspond to the previously described 

sections Tuberosae, Pseudodianthoidiae and Basales, while three (clades 3, 4, and 5) 

have not been previously recognized taxonomically. There is both strong and uniform 

support for the monophyly and placement of these six clades across all datasets 

(Appendices S4-S10). Furthermore, the topologies within Tuberosae and clades 3, 4 and 

5 are congruent and well supported across all datasets and analyses. Within the 

Pseudodianthoidiae and Basales clades, however, there is considerably more uncertainty 

in species relationships (Fig 5); this is true regardless of dataset and/or method of 

analysis. Below we provide a brief description for each of the six clades.  

Clade 1 aligns well with section Tuberosae as circumscribed by von Poellnitz 

(1934), Tahir & Ashton (1989) and Tahir & Carolin (1990). These species are perennials 

with a tuberous rootstock, five-petaled, three-carpellate flowers with numerous stamens, 

and dehiscent capsules. Most species occur in semi-arid to arid regions of Western 

Australia.  

Clade 2 includes most species placed in section Pseudodianthoideae by von 

Poellnitz (1934), Tahir and Ashton (1989) and Tahir and Carolin (1990). These are semi-
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erect to erect (rarely prostrate to decumbent) annuals (rarely perennials), with five-

petaled, three-carpellate flowers that are usually medium to large, mostly with numerous 

stamens, and have dehiscent, many-seeded capsules. Most occur in temperate to semi-

arid parts of southern and central Australia. Though the clade is well supported, many 

species relationships within it are poorly resolved.  

Clade 3 includes C. disperma, C. brevipedata, C. corrigioloides, C. liniflora, and 

Rumicastrum chamaecladum, as well as three currently undescribed taxa (C. sp. Truncate 

capsules, C. sp. The Pink Hills, C. sp. Bungalbin). The named species, with the exception 

of R. chamaecladum, were placed by von Poellnitz 1934 and Tahir and Carolin 1989 in 

section Pseudodianthoideae. Most are small, prostrate to decumbent annuals often with 

many, relatively small, three-carpellate flowers with five or fewer petals and stamens. 

Most have several-seeded, dehiscent capsules, except C. sp. The Pink Hills, R. 

chamaecladum, and C. disperma, which have one- or two-seeded, indehiscent capsules. 

All are endemic to southwestern Australia except for C. disperma, which grows through 

western and central Australia.   

Clade 4 comprises C. pickeringii and C. pumila. Both are prostrate to decumbent, 

five-petaled, pink-flowered, 3-carpellate annuals that range widely across temperate arid 

Australia into eastern Queensland and New South Wales. No obvious morphological 

synapamorphies unite this clade.   

Clade 5 is a morphologically diverse group, also with no apparent synapamorphy 

that differentiates it from the other five clades. Most species are prostrate to decumbent, 

diminutive annuals with small to very small, three-carpellate, five-petaled flowers. All 

have several- to many-seeded dehiscent capsules except C. sp. Piawaning, which has 
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indehiscent capsules usually containing two seeds. Most species are endemic in southern 

Western Australia except C. granulifera, which is widespread across southern Australia 

including Tasmania.   

Clade 6 aligns well with section Basales, as circumscribed by von Poellnitz 

(1934) and Tahir and Ashton (1989). All are four-carpellate except C. pentavalvis and C. 

strophiolata, which are five- and six-carpellate respectively. All species are decumbent to 

erect annuals, mostly with medium to large flowers with six or more pink, purple or 

white petals, and usually numerous stamens. Capsules are generally many-seeded (C. 

oblonga has few, large seeds). Capsules in C. porifera open by a terminal pore, while all 

other species are valvate. Many species in this clade occur in northern, subtropical 

(monsoonal) Australia, with others occurring in the arid interior.  

  

Ancestral character state reconstructions— 

 Character state reconstructions indicate that ancestral Australian Calandrinia was 

likely an annual plant with three-stigmatic lobes, five petals, and dehiscent capsules (Fig 

5). When ML analyses were conducted for life-history and fruit type reconstructions, the 

simplest model with equal transitions rates was favored, though AIC scores between 

models were typically very similar, and our actual reconstructions inferred shifts in only 

one direction. Life history state reconstructions under an equal rates model (ER AIC = 

33.57; ARD AIC= 35.03) recovered three shifts from annual to perennial; one shift at the 

base of section Tuberosae, and two in Pseudodianthoidieae (Appendix S12). Evolution 

of indehiscent fruits, under the favored ER model (ER AIC = 31.71; ARD AIC 33.73), 

likely occurred four separate times with three of these switches arising in clade 3 and one 
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in clade 4 (Appendix S13). There is considerable intraspecific variation in petal number 

when a species has six or more petals; for this reason, we chose to bin petal number as 

five and six plus. Under the favored ER model (ER=37.56; ARD=39.51), the derived six 

plus petal state evolved twice, once in clade 4 and once at the base of Basales; there are 

also several reversals back to five petals from 6 plus petals (Appendix S14). Based on 

AIC values we chose the more complex, symmetrical transition rates model to 

reconstruct valve number. We found one shift to a four-valve state from the ancestral 3-

valved state at the base of section Basales, and two shifts to four plus valves within this 

clade (ER AIC=45.32; SYM AIC=43.21; ARD AIC=52) (Appendix S15).  

 

Divergence time estimation, rate shifts, and biogeographic analyses— 

The estimated crown age of Australian Calandrinia is late Oligocene (27.03 +/- 

2.95 my), with most diversification events occurring during the Miocene (Fig 6). 

MEDUSA and BAMM analyses indicate no clade-specific shifts in diversification rate 

within Australian Calandrinia, although BAMM shows a lineage-wide general slowdown 

or decrease in speciation rate with time (Appendix S17). The inferred slowdown is not 

surprising given the near absence of any topological divergence events from the Pliocene 

onward (Fig 6). The LTT plot (Appendix S16) shows an abrupt and dramatic decline in 

lineage accumulation at 10 Ma.  

Biogeographic reconstruction of the Montiaceae using the time-calibrated 

phylogeny (Fig. 6, Supp. Fig. S17) indicate that Australian Calandrinia most likely 

entered Australia via South America/Antarctica close to the estimated 

Australia/Antarctica split at ~33 Ma (Crisp et al. 2004). LaGrange recovered a South 

54



 

America/Australia separation (100% probability) at the node separating Australian 

Calandrinia from Montieae + Calandrinia s.s., indicating an ancestral South American 

distribution. Australian Calandrinia likely originated in Western Australia (78% 

probability) and moved east and south into central and southwestern Australia, 

respectively, multiple times. There were only two dispersals into northern Australia, and 

both in section Basales; one roughly ~18 Ma, and one within the last few million years 

(C. arenicola).  

 

DISCUSSION 

Phylogenetic relationships within the Montiaceae— 

The most recent phylogenetic evaluation of the Montiaceae (Ogburn and 

Edwards, 2015), using three-marker (matK, ndhF, and phyC) and five-marker (including 

ITS and ycf3) combined analyses, is congruent with many of the relationships presented 

here: Phemeranthus is sister to the rest of Montiaceae, with Cistanthe, Calyptridium, and 

Montiopsis forming a well-supported clade (the CCM clade) and Claytonia, Montia, 

Lewisia and Lewisiopsis (the Montieae) also well-supported as monophyletic.  

 Although the paraphyly of Calandrinia s.l. has long been suspected (Carolin, 

1987; Hershkovitz, 1998) only here do we finally confirm that Calandrinia s.s. and 

Australian Calandrinia are distinct lineages and do not form a clade. Concatenation and 

coalescent-based methods support alternative scenarios for relationships within the major 

lineages of Montiaceae, however concordance analyses, despite only being run on a 

smaller subset of our loci, show that the top 10 splits (i.e. bifurcations) converge onto the 

same underlying phylogenetic relationships, those recovered in the g7 RAxML and all 
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ASTRAL analyses (Fig 3a, 3b, 3e and Appendices S2, S6, S8). Discordance in the 

placement of Calandrinia s.s. and the sister lineage to Australian Calandrinia do not 

appear to result from strongly supported conflict at the nodes, as seen in the relationships 

among Cistanthe, Calyptridium, and Montiopsis, but rather from a low signal-to-noise 

ratio in the gene trees. It is likely that individual gene trees are resolved with low support 

because of missing data across many individuals. Similarly, we suspect that the 

concatenation analyses were only congruent with the ASTRAL backbone topology when 

analyzing the g7 matrix because the loci represented in this dataset (see Fig 3c compared 

to Fig 3f) have the least amount of missing data across the Montiaceae. Concatenation 

analyses, in general, appeared more sensitive to missing data than ASTRAL analyses.  

Furthermore, although genomic support for many clades is quite low (typically CF of 

0.2–0.3), the entire primary concordance tree (Fig 4) assembled from the top ten best-

supported splits is perfectly congruent with the ASTRAL topology.  

 

Phylogenetic relationships within Australian Calandrinia— 

Phylogenetic analyses using concatenation, coalescence, and Bayesian inference 

recover six strongly-supported clades within Australian Calandrinia (Fig 5), with 

Rumicastrum chamaecladum nested within clade 3 with strong support. Although the 

backbone topology of the lineage is consistent across datasets and all three methods of 

inference, there remains considerable topological uncertainty within certain clades, 

specifically within Basales and Pseudodianthoideae. The recovery of low and 

inconsistent support for many of these relationships may indicate widespread gene flow 

and introgression during past speciation events. Many of these poorly supported species 
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relationships represent taxa that overlap geographically and share similar, or the same, 

habitat and niche space.   

In addition to hybridization and introgression, low support values and topological 

uncertainty at the tips may also reflect several complexes of poorly-defined species 

within these two clades, centered on the (mostly) geographically widespread C. 

quadrivalvis, C. eremaea, C. baccata, C. polyandra, and C. remota. For example, the C. 

eremaea complex, which is not monophyletic in our analyses, occurs across the southern 

half of Australia, from Mediterranean climate areas of southwestern Australia and 

Victoria, to more arid regions of western and central Australia. C. eremaea s.s. is from 

central southern Queensland and is a small, decumbent to erect annual herb with three 

stigmas, five petals, eight stamens and reniform to sub-reniform, colliculate to finely 

papillate seeds. Most variants deviate notably from the original species description, 

including individuals with a perennial rather than annual growth form and others with 

smooth to dull, non-colliculate seeds. 

Finally, low support for some relationships may be a product of poor sequence 

capture with the bait hybridization approach. For example, it is likely that placement of 

C. oblonga is compromised by the fact that we recovered the fewest loci for this taxon 

(12 loci).  

  

Dating and the biogeographic history of Australian Calandrinia— 

While we are fully aware of the shortcomings (see Schenk 2016) of utilizing 

secondary node calibrations to estimate divergence times, there are no suitable fossils 

available for our analyses. We feel that an attempt to date this Australian radiation with 
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secondary calibration is preferable to none at all and recommend interpreting our inferred 

ages with a reasonable level of skepticism, as we do.  

The evolution and radiation of Australian Calandrinia has received little 

attention, as species relationships within the lineage have been largely unresolved. Tahir 

and Carolin (1990) suggested that Australian Calandrinia were Gondwanan in origin (i.e. 

colonizing Australia before it separated from Antarctica) rather than arriving via long 

distance dispersal from South America. They argued that dispersal (e.g., by birds, ocean 

currents) would have left a “trail” of related species on islands between South America 

and Australia, including New Zealand, which provide suitable climate and habitat.  

Using modern molecular and phylogenetic analyses (Fig 6 and Appendix S18), 

we provide some support for Tahir and Carolin’s biogeographic hypothesis for the 

radiation of Calandrinia. In our BEAST analysis, the node separating the Australian 

Calandrinia clade from its sister lineage (the Montieae clade plus Calandrinia s.s) is 

estimated to be ~30 ± 2.34 Ma, which aligns well with the final separation of Australia 

from Antarctica at ~33 Mya (Scher and Martin, 2006). The Montieae + Calandrinia s.s. 

clade is primarily distributed in North and South America, with Calandrinia s.s. 

extending into southern Chile, Argentina, and the Falkland Islands (C. feltonii) and two 

Montia species (M. fontana and M. australasica) into Australia. Not included in our 

phylogenetic analyses are the monotypic Hectorella and Lyallia lineages. Hectorella is 

recovered as sister to the Montieae in Ogburn and Edwards (2015) and Lyallia is placed 

as sister to Hectorella, albeit with low support, by Arakaki et al. (2011). Lyallia is 

endemic to the sub-Antarctic Kerguelen Islands, while Hectorella is endemic to the South 

Island of New Zealand. If these were sister to the Australian Calandrinia clade, they 
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could comprise the “trail” of taxa, anticipated by Tahir and Carolin (1990), indicating 

east to west long-distance dispersal. However, given the dates in our analysis, and their 

uncertainty, we find it difficult to strongly argue for either hypothesis. The dispersal and 

radiation of plants between South America and Australia via Antarctica is well known 

and documented by a rich record of both macro and micro fossils (Eklund et al., 2004; 

Sanmartín and Ronquist, 2004; Wagstaff and Hennion, 2007; Crisp and Cook, 2013), and 

this seems to also be a reasonable scenario for the Montiaceae. The phylogenetic 

placement of Lyallia and Hectorella is critical to these discussions and including these 

taxa in subsequent work is a high priority.  

Regardless of whether Australian Calandrinia formed due to vicariance or long 

distance dispersal, the lineage is a longtime resident of Australia. Our analyses indicate 

that the stem lineage of Australian Calandrinia originated in mesic, temperate climates of 

Western Australia during the late Oligocene. The crown lineage then diversified over the 

next 15 million years, during the early to mid-Miocene, when the climate in Australia 

was generally wet, warm, and stable (Martin, 2006; Byrne et al., 2011). Australian 

Calandrinia radiated across the continent, moving mostly eastwards from Western 

Australia into central Australia and southwards to southwestern Australia. The lineage – 

specifically section Basales – reached northern Australia ~18 Ma, during which time the 

Australian plate was colliding with the Asian plate (Hall 2012). Once in northern 

Australia, section Basales radiated across the tropics (Fig 6), the only Australian 

Calandrinia clade to do so. 

The dramatic paleoclimatic history of Australia provides a framework in which to 

consider Australian Calandrinia diversification. Although Australia became gradually 
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drier as it drifted northward from Antarctica, due both to the establishment of the 

Antarctic Circumpolar Current (Scher and Martin, 2006; Lyle et al., 2007) and the 

precipitous decline in global CO2 levels (DeConto and Pollard, 2003; Edwards and 

Ogburn, 2012), aridity did not become widely established in Australia until the mid to 

late Miocene (~13-6 Mya) (Crisp et al., 2004; Martin, 2006; Byrne et al., 2008). During 

this time Australia experienced sea-level subsidence, the end of regular flows in paleo-

drainage systems, the drying-up of seasonal lakes, and general climatic instability (Hill et 

al., 1999; Martin, 2006; Byrne et al., 2008). The earlier part of this time period (in 

general, ~ 20 to 10 Ma) corresponds with diversification of Australian Calandrinia in 

both western and central Australia (Fig 6). Although MEDUSA and BAMM analyses 

recover no clade-specific shifts in diversification rate during this time, LTT plots 

demonstrate a substantial decline in diversification rate from ~10 Ma to present day 

(Appendix S16). Even though the beginning of the Pliocene saw slightly wetter and 

warmer temperatures, the mid-Pliocene into the Pleistocene marks the beginning of 

severe aridity in Australia (Crisp and Cook, 2007). Stony deserts began to form across 

western and central Australia, and the tropics of northern Australia became drier (Fujioka 

et al., 2005; Byrne et al., 2008; Fujioka et al., 2009). Major oscillations between glacial 

and interglacial climates that characterized the Pleistocene enhanced the expansion of 

aridity in Australia (Byrne et al., 2008; Fujioka et al., 2009). BAMM analyses also 

detected an overall decrease in speciation with time (Appendix S17), which is not 

surprising given the virtual absence of divergence events in our phylogeny from 6 million 

years onwards (Fig 6).  
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A decline in diversification rates has also been reported for other Australian plant 

lineages that had originally diversified and radiated during the mid-Miocene, e.g. 

Tetratheca (Crayn and Rossetto, 2006), Goodeniaceae (Jabaily et al., 2014), Proteaceae 

(Sauquet et al., 2009; Mast et al., 2012) and Myrtaceae (Thornhill et al., 2015). Many of 

these lineages likely responded to extreme desertification of the continent during glacial 

maxima by retreating to refugia. This seems to be a period of either extinction or species 

maintenance for many lineages (Crisp et al., 2004; Byrne et al. 2008). While these 

“Gondwanan” lineages were likely constrained to refugia, especially during glacial 

maxima, arid-adapted migrant lineages – groups that had newly arrived during the mid-

late Miocene and Pliocene epochs, e.g. Chenopodiaceae (Shepherd et al., 2004; Kadereit 

et al., 2010), Poaceae (Gillespie et al., 2009), Triodiinae (Toon et al., 2015), Lepidium 

(Mummenhoff et al., 2001; Crisp, Cook and Steane, 2004a), Ptilotus (Hammer et al., 

2015), and certain Asteraceae, including Gnaphalieae (Bergh and Linder, 2009) and 

Olearia and Celmisia (Wagstaff et al., 2010), radiated across the continent. These newer 

arrivals, many of which are short-lived, fast-growing, and often C4 annuals, may have 

been better adapted to expanding arid conditions. Expansion of these immigrant lineages 

across Australia may have fundamentally changed community structure, ecosystem 

properties, and perhaps the competitive ability of established lineages.  

 

CONCLUSION 

The apparent lack of diversification in Australian Calandrinia from the late 

Miocene onwards is paradoxical: why did this succulent, facultative CAM lineage 

(Winter and Holtum, 2011; 2014; Holtum et al., 2016), which seems well-adapted to arid 
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landscapes, not diversify as arid environments became more widespread? Did the 

extreme climate during the Pliocene-Pleistocene simply exceed the climatic range in 

which the species could thrive? Or was Australian Calandrinia outcompeted by more 

recent arrivals, such as C4 grasses and chenopods? Many biogeographic studies of arid 

ecosystems are hampered by a lack of fossil evidence, and the main sources of 

biogeographic hypotheses for the assembly of the arid Australian flora have been 

contemporary species distributions. Lacking physical evidence, such as fossils, the 

continued generation of robust, well-supported, taxon-rich, time-calibrated phylogenies 

(e.g., Owen et al., 2017; Toon et al., 2017) are imperative to our understanding of the 

Australian arid zone, as comparisons between multiple, thoroughly sampled model 

lineages can reveal general patterns in the timing of species radiations and extinctions.  

 

DATA ACCESSIBILITY  

Voucher information is available in Appendix S1. Raw reads are deposited in the 

NCBI Short Read Archive (PRJNA417446). All trees and final alignments are available 

in GitHub [https://github.com/lillypine/Calandrinia_phylogeny].  
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Figure 1. Species representatives of Australian Calandrinia. (A) C. sp. Pink Hills 

(B) C. tumida (C) C. papillata (D) C. holtumii (E) C. granulifera (F) C. pumila 

(G) C. polyandra (H) C. schistorhiza
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Figure 2. Specimen collections of Australian Calandrinia. Different colored circles 
represent the 74 described and undescribed Australian Calandrinia species.    
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Figure 3. Summary trees depicting the major clades in Montiaceae. Bootstrap support 
percentages are below branches. (a) g2 dataset representing 297 loci, ASTRAL consensus 
topology. (b) g2 dataset representing 297 loci, maximum likelihood consensus topology. 
(c) Venn diagram showing the distribution of unique and shared loci in the g2 dataset across 
the groups that show topological conflict: CCM group (Cistanthe + Calyptridium +Montiopsis), 
Calandrinia s.s., Australian Calandrinia, and Montieae (Lewisia, + Claytonia + Montia + Lewisiopsis). 
(d) g7 dataset representing 115 loci, ASTRAL consensus topology. (e) g7 dataset representing
115 loci, maximum likelihood consensus topology. (f) Venn diagram showing the distribution of loci 
across groups (CCM, Calandriniaa s.s., Montieae, Australian Calandrinia) that show topological
conflict using the g7dataset.
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Figure 4.  Bayesian Concordance Analysis primary concordance tree for Montiaceae
backbone relationships including the six Australian Calandrinia clades. The concordance 
factor for a given split is below the node. 
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Figure 5. Australian Calandrinia phylogeny reconstructed with the g2 loci dataset (297 loci) 
with g2 RAxML branch lengths. Bootstrap support values with greater than 95% support 
indicated with a star. Ancestral character states and shifts in character traits are mapped onto 
the phylogeny, with purple circles representing valve number, blue circles life history habit, green 
circles capsule type, and orange circles petal number. Maps correspond to each of the six clades, 
with colored dots representing species distributions for the given clade. For more ancestral
character state reconstruction detail see Appendices S10 – S13.  
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Family Genus Species Author Taxon Voucher number DNA extraction # Taxonomic group Total loci SRA number

Montiaceae Calandrinia arenicola Syeda Calandrinia arenicola  Syeda JAH 137 (JCU) lph90 AU Calandrinia 165 SAMN07987712
Montiaceae Calandrinia baccata Obbens Calandrinia baccata  Obbens LPH 46 (BRU) lph17 AU Calandrinia 121 SAMN07987714
Montiaceae Calandrinia baccata Obbens Calandrinia baccata  Obbens PERTH06017991 lph38 AU Calandrinia 15 SAMN07987713
Montiaceae Calandrinia balonensis Lindl. Calandrinia balonensis  Lindl. PERTH08297730 lph57 AU Calandrinia 181 SAMN07987712
Montiaceae Calandrinia brevipedata F.Muell. Calandrinia brevipedata  F.Muell. LPH 50.A (BRU) lph9 AU Calandrinia 163 SAMN07987716
Montiaceae Calandrinia butcherensis Obbens Calandrinia butcherensis  Obbens PERTH08336474 lph58 AU Calandrinia 153 SAMN07987717
Montiaceae Calandrinia calyptrata Hook.f. Calandrinia calyptrata  Hook.f. LPH 52 (BRU) lph185 AU Calandrinia 167 SAMN07987718
Montiaceae Calandrinia calyptrata Hook.f. Calandrinia calyptrata  Hook.f. JAH 46 (JCU) lph188 AU Calandrinia 103 SAMN07159085
Montiaceae Calandrinia corrigioloides Benth. (inland) Calandrinia corrigioloides  Benth. (inland) PERTH08336342 lph98 AU Calandrinia 91 SAMN07987724
Montiaceae Calandrinia corrigioloides Benth. (coastal) Calandrinia corrigioloides  Benth. (coastal) LPH 49.C (BRU) lph18 AU Calandrinia 178 SAMN07987725
Montiaceae Calandrinia creethae Morrison Calandrinia creethae  Morrison LPH 170 (BRU) lph161 AU Calandrinia 182 SAMN07839381
Montiaceae Calandrinia crispisepala Obbens Calandrinia crispisepala  Obbens PERTH08336415 lph21 AU Calandrinia 130 SAMN07987727
Montiaceae Calandrinia disperma J.M.Black Calandrinia disperma  J.M.Black PERTH06981372 lph22 AU Calandrinia 162 SAMN07987729
Montiaceae Calandrinia disperma J.M.Black Calandrinia disperma  J.M.Black PERTH07357443 lph194 AU Calandrinia 169 SAMN07987728
Montiaceae Calandrinia eremaea Ewart (perennial) Calandrinia eremaea  Ewart (perennial) LPH 41 (BRU) lph7 AU Calandrinia 171 SAMN07987730
Montiaceae Calandrinia eremaea Ewart (non-papillate seeds)Calandrinia eremaea  Ewart (non-papillate seeds) PERTH08597871 lph139 AU Calandrinia 162 SAMN07987732
Montiaceae Calandrinia eremaea Ewart (salt-flats) Calandrinia eremaea  Ewart (salt-flats) PERTH08470178 lph130 AU Calandrinia 129 SAMN07987733
Montiaceae Calandrinia eremaea Ewart s.s. Calandrinia eremaea  Ewart s.s. PERTH08336369 lph33 AU Calandrinia 169 SAMN07987731
Montiaceae Calandrinia flava Obbens Calandrinia flava  Obbens JAH 6 (JCU) lph79 AU Calandrinia 160 SAMN07159086
Montiaceae Calandrinia gracilis Benth. Calandrinia gracilis  Benth. LPH 124 (BRU) lph176 AU Calandrinia 200 SAMN07987734
Montiaceae Calandrinia granulifera Benth. Calandrinia granulifera  Benth. LPH 50.D (BRU) lph14 AU Calandrinia 206 SAMN07987735
Montiaceae Calandrinia holtumii Obbens Calandrinia holtumii PERTH06873928 lph24 AU Calandrinia 156 SAMN07987765
Montiaceae Calandrinia hortiorum Obbens Calandrinia hortiorum  Obbens LPH 190 (BRU) lph191 AU Calandrinia 155 SAMN07987736
Montiaceae Calandrinia kalanniensis Obbens Calandrinia kalanniensis  Obbens LPH 36 (BRU) lph8 AU Calandrinia 133 SAMN07987737
Montiaceae Calandrinia lehmannii Endl. Calandrinia lehmannii  Endl. PERTH06707955 lph35 AU Calandrinia 91 SAMN07159088
Montiaceae Calandrinia liniflora Fenzl Calandrinia liniflora  Fenzl LPH 49.A (BRU) lph109 AU Calandrinia 142 SAMN07987738
Montiaceae Calandrinia mirabilis Chinnock & J.G.West Calandrinia mirabilis  Chinnock & J.G.West JAH 21 (JCU) lph85 AU Calandrinia 186 SAMN07159089
Montiaceae Calandrinia oblonga Syeda & Carolin Calandrinia oblonga  Syeda & Carolin LPH 120 (BRU) lph103 AU Calandrinia 12 SAMN07987771
Montiaceae Calandrinia operta Obbens Calandrinia operta  Obbens PERTH08336385 lph32 AU Calandrinia 138 SAMN07987739
Montiaceae Calandrinia oraria Obbens Calandrinia oraria  Obbens PERTH06019269 lph37 AU Calandrinia 150 SAMN07987740
Montiaceae Calandrinia papillata Syeda Calandrinia papillata  Syeda PERTH08477302 lph30 AU Calandrinia 98 SAMN07987742
Montiaceae Calandrinia pentavalvis Obbens Calandrinia pentavalvis  Obbens LPH 157 (BRU) lph178 AU Calandrinia 151 SAMN07987743
Montiaceae Calandrinia pickeringii A.Gray Calandrinia pickeringii  A.Gray JAH 40 (JCU) lph165 AU Calandrinia 227 SAMN07987795
Montiaceae Calandrinia pleiopetala F.Muell. Calandrinia pleiopetala  F.Muell. JAH 3 (JCU) lph74 AU Calandrinia 157 SAMN07987744
Montiaceae Calandrinia polyandra (Hook.) Benth. Calandrinia polyandra  (Hook.) Benth. LPH 175 (BRU) lph138 AU Calandrinia 135 SAMN07987745
Montiaceae Calandrinia polyandra (Hook.) Benth. Calandrinia polyandra  (Hook.) Benth. LPH 34.C (BRU) lph16 AU Calandrinia 126 SAMN07987746
Montiaceae Calandrinia polypetala (Hook.) Benth. Calandrinia polypetala  (Hook.) Benth. PERTH06708013 lph152 AU Calandrinia 140 SAMN07987747
Montiaceae Calandrinia porifera Syeda Calandrinia porifera  Syeda PERTH08477299 lph36 AU Calandrinia 265 SAMN07987748
Montiaceae Calandrinia primuliflora Diels Calandrinia primuliflora  Diels PERTH08114668 lph110 AU Calandrinia 135 SAMN07987749
Montiaceae Calandrinia primuliflora Diels Calandrinia primuliflora  Diels PERTH08174229 lph160 AU Calandrinia 175 SAMN07987750
Montiaceae Calandrinia ptychosperma F.Muell. Calandrinia ptychosperma  F.Muell. LPH 169 (BRU) lph166 AU Calandrinia 242 SAMN07987751
Montiaceae Calandrinia ptychosperma F.Muell. Calandrinia ptychosperma  F.Muell. LPH 39 (BRU) lph5 AU Calandrinia 173 SAMN07987752
Montiaceae Calandrinia pumila F.Muell. Calandrinia pumila  F.Muell. KRT 4824 (PERTH) lph60 AU Calandrinia 152 SAMN07159090
Montiaceae Calandrinia pumila F.Muell. Calandrinia pumila  F.Muell. JAH 4 (JCU) lph75 AU Calandrinia 167 SAMN07987753
Montiaceae Calandrinia quadrivalvis F.Muell. s.s. Calandrinia quadrivalvis  F.Muell. s.s. LPH 124 (BRU) lph26 AU Calandrinia 130 SAMN07987755
Montiaceae Calandrinia quadrivalvis F.Muell. (Kimberley) Calandrinia quadrivalvis  F.Muell. (Kimberley) PERTH08072132 lph121 AU Calandrinia 145 SAMN07987754
Montiaceae Calandrinia remota J.M.Black (Shark Bay) Calandrinia remota  J.M.Black (Shark Bay) PERTH0748523 lph154 AU Calandrinia 38 SAMN07987756
Montiaceae Calandrinia remota J.M.Black s.s. Calandrinia remota  J.M.Black s.s. PERTH06708315 lph63 AU Calandrinia 159 SAMN07987757
Montiaceae Calandrinia reticulata Syeda Calandrinia reticulata  Syeda JAH 12 (JCU) lph53 AU Calandrinia 189 SAMN07987759
Montiaceae Calandrinia reticulata Syeda Calandrinia reticulata  Syeda LPH 126 (BRU) lph149 AU Calandrinia 180 SAMN07987758
Montiaceae Calandrinia rubrisabulosa Obbens Calandrinia rubrisabulosa  Obbens PERTH088336547 lph34 AU Calandrinia 138 SAMN07987760
Montiaceae Calandrinia schistorhiza Morrison Calandrinia schistorhiza  Morrison LPH 148 (BRU) lph117 AU Calandrinia 130 SAMN07839384
Montiaceae Calandrinia sculpta Obbens & J.G.West Calandrinia sculpta  Obbens & J.G.West LPH 34.A (BRU) lph11 AU Calandrinia 160 SAMN07987762
Montiaceae Calandrinia sp. Bungalbin (G.J.Keighery & N.Gibson 1656) Calandrinia  sp. Bungalbin (G.J.Keighery & N.Gibson 1656)  PERTH0874455 lph157 AU Calandrinia 152 SAMN07987766
Montiaceae Calandrinia sp. Goongarrie (F. Obbens, F. Hort & J. Hort FO 18/13) Calandrinia  sp. Goongarrie (F. Obbens, F. Hort & J. Hort FO 18/13)  LPH 37 (BRU) lph15 AU Calandrinia 77 SAMN07987767
Montiaceae Calandrinia sp. Kenwick (G.J.Keighery 10905) Calandrinia  sp. Kenwick (G.J.Keighery 10905)  LPH 28.B (BRU) lph48 AU Calandrinia 160 SAMN07987768
Montiaceae Calandrinia sp.  Meckering (F. Obbens 42/02) Calandrinia  sp. Meckering (F. Obbens 42/02)   LPH 31.A (BRU) lph1 AU Calandrinia 40 SAMN07987769
Montiaceae Calandrinia sp. Needilup (K.R.Newbey 4892) Calandrinia  sp. Needilup (K.R.Newbey 4892)  LPH 31.B (BRU) lph3 AU Calandrinia 162 SAMN07987770
Montiaceae Calandrinia sp. Calandrinia  sp. LPH 200 (BRU) lph217 AU Calandrinia 132 SAMN07987726
Montiaceae Calandrinia sp.  The Pink Hills (F.Obbens FO 19/06) Calandrinia  sp. The Pink Hills (F.Obbens FO 19/06)  LPH 178 (BRU) lph151 AU Calandrinia 161 SAMN07987772
Montiaceae Calandrinia sp.  Piawaning (A.C.Beauglehole 12257) Calandrinia  sp. Piawaning (A.C.Beauglehole 12257)  LPH 28 (BRU) lph6 AU Calandrinia 98 SAMN07987741
Montiaceae Calandrinia sp.  Prince Regent (M.D. Barrett 1590) Calandrinia  sp. Prince Regent (M.D. Barrett 1590)   PERTH07749503 lph156 AU Calandrinia 152 SAMN07987773
Montiaceae Calandrinia sp.  Truncate Capsules (A.Markey & S.Dillon 3474) Calandrinia  sp. Truncate Capsules (A.Markey & S.Dillon 3474)  LPH 194 (BRU) lph118 AU Calandrinia 176 SAMN07987774
Montiaceae Calandrinia sp.  Warriedar (F.Obbens 04/09) Calandrinia  sp. Warriedar (F.Obbens 04/09)  PERTH08152195 lph129 AU Calandrinia 159 SAMN07987775
Montiaceae Calandrinia spergularina F.Muell. Calandrinia spergularina  F.Muell. LPH 136 (BRU) lph104 AU Calandrinia 164 SAMN07987776
Montiaceae Calandrinia stagnensis J.M.Black Calandrinia stagnensis  J.M.Black LPH 90 (BRU) lph101 AU Calandrinia 158 SAMN07987777
Montiaceae Calandrinia strophiolata (F.Muell.) Ewart, B.Rees & B.Wood  Calandrinia strophiolata  (F.Muell.) Ewart, B.Rees & B.Wood   PERTH07184174 lph155 AU Calandrinia 79 SAMN07987778
Montiaceae Calandrinia tholiformis Obbens Calandrinia tholiformis  Obbens LPH 29 (BRU) lph13 AU Calandrinia 138 SAMN07987779
Montiaceae Calandrinia translucens Obbens Calandrinia translucens  Obbens LPH 34.B (BRU) lph4 AU Calandrinia 146 SAMN07987780
Montiaceae Calandrinia translucens Obbens Calandrinia translucens  Obbens PERTH08477434 lph99 AU Calandrinia 161 SAMN07987781
Montiaceae Calandrinia tumida Syeda Calandrinia tumida  Syeda JAH 138 (JCU) lph93 AU Calandrinia 149 SAMN07987782
Montiaceae Calandrinia umbelliformis Obbens Calandrinia umbelliformis  Obbens PERTH06873960 lph20 AU Calandrinia 164 SAMN07987783
Montiaceae Calandrinia uniflora F.Muell. Calandrinia uniflora  F.Muell. JAH 7 (JCU) lph92 AU Calandrinia 154 SAMN07987784
Montiaceae Calandrinia vernicosa Obbens Calandrinia vernicosa  Obbens PERTH08336393 lph23 AU Calandrinia 144 SAMN07987785
Montiaceae Rumicastrum chamaecladum (Diels) Ulbr. Rumicastrum chamaecladum  (Diels) Ulbr. PERTH08323348 lph123 AU Calandrinia 211 SAMN07987794
Montiaceae Calandrinia affinis Gillies ex Arn. Calandrinia affinis  Gillies ex Arn. MO 283 (BRU) lph145 Calandrinia s.s. 138 SAMN07987711
Montiaceae Calandrinia ciliata DC. Calandrinia ciliata  DC. M.Rodriguz.D (HUSA05549) lph2014 Calandrinia s.s. 224 SAMN07987719
Montiaceae Calandrinia ciliata DC. Calandrinia ciliata  DC. VanDerWerff2074 (HUSA11308)lph215 Calandrinia s.s. 210 SAMN07987720
Montiaceae Calandrinia ciliata DC. Calandrinia ciliata  DC. FZ01 (BRU) lph216 Calandrinia s.s. 216 SAMN07987721
Montiaceae Calandrinia colchaguensis Barnéoud Calandrinia colchaguensis  Barnéoud MO 273 (BRU) lph146 Calandrinia s.s. 142 SAMN07987722
Montiaceae Calandrinia compressa Schrad. ex DC. Calandrinia compressa  Schrad. ex DC. MO 276 (BRU) lph144 Calandrinia s.s. 173 SAMN07987723
Montiaceae Calandrinia monandra DC. Calandrinia monandra  DC. MO 275 (BRU) lph143 Calandrinia s.s. 146 SAMN07839383
Montiaceae Calandrinia skottsbergii Gand. Calandrinia skottsbergii  Gand. PCU 88604 (CONC) lph222 Calandrinia s.s. 166 SAMN07987763
Montiaceae Calandrinia sp. Calandrinia  sp.  LPH 29 (BRU) lph220 Calandrinia s.s. 152 SAMN07987764
Molluginaceae Trigastrotheca stricta (L.) Thulin Trigastrotheca stricta  (L.) Thulin LPH 117 (BRU) lph148 Molluginaceae 109 SAMN07159131
Molluginaceae Mollugo verticillata L. Mollugo verticillata  L. Moore & Dewenter 1631 (BRU) AM56 Molluginaceae 121 SAMN07159106
Montiaceae Calyptridium monospermum Greene Calyptridium monospermum  Greene LPH 221 (BRU) lph108 Montiaceae 274 SAMN07987786
Montiaceae Calyptridium parryi A.Gray Calyptridium parryi  A.Gray LPH 209 (BRU) lph170 Montiaceae 364 SAMN07159091
Montiaceae Calyptridium umbellatum Greene Calyptridium umbellatum  Greene LPH 17 (BRU) lph193 Montiaceae 271 SAMN07159092
Montiaceae Cistanthe grandiflora (Lindl.) Schltdl. Cistanthe grandiflora  (Lindl.) Schltdl. MO194 (BRU) lph199 Montiaceae 165 SAMN07159094
Montiaceae Cistanthe paniculata (DC.) Carolin ex Hershk. Cistanthe paniculata  (DC.) Carolin ex Hershk. EJE 2014-11 (BRU) lph223 Montiaceae 234 SAMN07987787
Montiaceae Cistanthe sp. Cistanthe  sp.  MA 2250 (BRU) lph219 Montiaceae 237 SAMN07987788
Montiaceae Montiopsis gayana (Barnéoud) D.I.Ford Montiopsis gayana  (Barnéoud) D.I.Ford MO 268 (BRU) lph224 Montiaceae 237 SAMN07987790
Montiaceae Montiopsis umbellata (Ruiz & Pav.) D.I.Ford Montiopsis umbellata  (Ruiz & Pav.) D.I.Ford  MO 251 (BRU) lph225 Montiaceae 224 SAMN07987791
Montiaceae Claytonia lanceolata Pall. ex Pursh Claytonia lanceolata  Pall. ex Pursh lph 4 (BRU) lph106 Montiae 200 SAMN07987789
Montiaceae Claytonia megarhiza Kuntze Claytonia megarhiza  Kuntze LPH 230 (BRU) lph195 Montiae 118 SAMN07159095
Montiaceae Claytonia washingtoniana Suksd. Claytonia washingtoniana  Suksd. de Vos 304 (BRU) JdV26 Montiae 157 SAMN07159096
Montiaceae Lewisia brachycalyx Engelm. ex A.Gray Lewisia brachycalyx  Engelm. ex A.Gray  de Vos 260 (BRU) JdV16 Montiae 130 SAMN07839350
Montiaceae Lewisia congdonii (Rydb.) S.Clay Lewisia congdonii  (Rydb.) S.Clay  de Vos 287 (BRU) JdV17 Montiae 141 SAMN07159099
Montiaceae Lewisia pygmaea B.L.Rob. Lewisia pygmaea  B.L.Rob. de Vos 272 (BRU) JdV8 Montiae 145 SAMN07839358
Montiaceae Lewisiopsis tweedyi (A.Gray) Govaerts Lewisiopsis tweedyi   (A.Gray) Govaerts de Vos 263 (=W 2013) JdV4 Montiae 137 SAMN07159103
Montiaceae Montia parviflora Howell Montia parviflora  Howell  de Vos 297 (BRU) JdV27 Montiae 152 SAMN07159107
Aizoaceae Mesembryanthemum crystallinum L. Mesembryanthemum crystallinum  L. transcriptome Outgroup 77 SAMN03256186-SAMN03256189, SAMN03256201-SAMN03256205
Aizoaceae Trianthema portulacastrum L. Trianthema portulacastrum  L. transcriptome Outgroup 159 SAMN03256176,  SAMN03256177, SAMN03256194, SAMN03256195
Amaranthaceae Amaranthus hypochondriacus L. Amaranthus hypochondriacus  L. transcriptome Outgroup 62 SAMN03256182, SAMN03256183, SAMN03256190, SAMN03256191
Amaranthaceae Beta vulgaris L. Beta vulgaris  L. download Outgroup 85 n/a
Nyctaginaceae Boerhavia coccinea Mill. Boerhavia coccinea  Mill. transcriptome Outgroup 61 SAMN03256174, SAMN03256175, SAMN03256192, SAMN03256193
Montiaceae Phemeranthus brevicaulis (S.Watson) Kiger Phemeranthus brevicaulis  (S.Watson) Kiger  LPH 14 (BRU) rl_lph202 Phemeranthus 177 SAMN07159117
Montiaceae Phemeranthus brevifolius (Torr.) Hershk. Phemeranthus brevifolius  (Torr.) Hershk. LPH 8 (BRU) rl_lph169 Phemeranthus 227 SAMN07839390
Montiaceae Phemeranthus confertiflorus (Greene) Hershk. Phemeranthus confertiflorus  (Greene) Hershk. LPH 21 (BRU) rl_lph21 Phemeranthus 51 SAMN07987792
Montiaceae Phemeranthus longipes (Wooton & Standl.) Kiger Phemeranthus longipes  (Wooton & Standl.) Kiger LPH 18 (BRU) rl_lph18 Phemeranthus 199 SAMN07987793
Anacampserotaceae Anacampseros coahuilensis (S.Watson) Eggli & Nyffeler Anacampseros coahuilensis  (S.Watson) Eggli & Nyffeler  AM68 Portulacineae 154 SAMN07159078
Basellaceae Anredera baselloides Baill. Anredera baselloides  Baill. Moore 1583 (BRU) AM38 Portulacineae 140 SAMN07159081
Cactaceae Opuntia subulata Engelm. Opuntia subulata  Engelm. 153-19-74.80 lph208 Portulacineae 154 SAMN07159108
Didiereaceae Alluaudia procera Drake Alluaudia procera  Drake AM53 Portulacineae 170 SAMN07159075
Portulacaceae Portulaca cryptopetala Speg. Portulaca cryptopetala  Speg. Moore 1580 (BRU) AM49 Portulacineae 149 SAMN07159122
Talinaceae Talinum triangulare Willd. Talinum triangulare  Willd. Moore 1627 (BRU) AM50 Portulacineae 159 SAMN07159129
Halophytaceae Halophytum ameghinoi Speg. Halophytum ameghinoi  Speg. EE 255 (BRU) AM76 Portulacineae 148 SAMN07159098
 BRU = Brown University Herbarium; PERTH = Western Australia Herbarium; CONC = Universidad de Concepcion Herbario; JCU = James Cook University Herbarium; HUSA = Universidad Nacional de San AgustÌ_n de Arequipa Herbario; W= Naturhistorisches Museum Wien Herbarium 

Appendix S1. Voucher Specimen Table. Individuals included in the present study with corresponding voucher
number, DNA extraction identifier, and number of loci recovered, and SRA numbers. 
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Appendix S3. Density plots of Australian Calandrinia internal and terminal branch lengths 
where all sites present in <10% individuals (denoted as “10”) have been removed and all sites 
present in <50% of the individuals (denoted as “50”) have been removed for (A) g2 loci matrix, 
(B) g7 loci matrix, (C) i40 loci matrix, and (D) i98 loci matrix. 
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Supplemental appendix S6. ASTRAL topology from the i98 loci dataset
 (116 individuals, 74 loci)
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Supplemental appendix S7. RAxML topology from the i98 loci dataset 
(116 individuals, 74 loci)
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Supplemental appendix S8. ASTRAL topology from the i40 loci dataset 
(116 individuals, 162 loci)

89



0.08

Anredera baselloides 38

Calandrinia reticulata 149

Amaranthus hypochondriacus tr

Calandrinia sp. Truncate Capsules 118

Calandrinia oblonga 103

Calandrinia disperma 194

Phemeranthus longipes 6

Calandrinia rubrisabulosa 34

Halophytum ameghinoi 76

Calandrinia pentavalvis 178

Calyptridium monospermum 108

Calandrinia baccata 38

Calandrinia disperma 22

Phemeranthus brevicaulis 202

Calandrinia uniflora 92

Calandrinia kalanniensis 8

Calandrinia granulifera 50D

Calandrinia colchagensis 146

Phemeranthus confertiflorus 4

Calandrinia corrigioloides 98

Calandrinia pickeringii 165

Montiopsis umbellata 225

Calandrinia linliflora 109

Calandrinia pleiopetala 74

Calandrinia sp. Piawaning 6

Calandrinia sp. Kenwick 48

Alluaudia procera 53

Calandrinia eremea var. nonpapillate 139

Trianthema portulacastrum tr

Calandrinia primuliflora 110

Calandrinia strophiolata 155

Calandrinia calyptrata 188

Calandrinia pumila 75

Claytonia washingtoniana 26

Calandrinia affious 145

Lewisia congdonii 17

Cistanthe paniculata 223

Calandrinia eremaea ss 33

Calandrinia skottsbergi 222

Calandrinia sp. Warriedar 129

Opuntia subulata 208

Calyptridium umbellatum 193

Calandrinia ptychosperma 166

Cistanthe sp. 219

Calandrinia umbelliformis 20

Calandrinia creethae 39

Calandrinia ptychosperma 5

Calandrinia polyandra 34C

Calandrinia eremea var. salt flat 130

Calandrinia quadrivalvis 121

Calandrinia lehmannii 35

Calandrinia operata 32

Calandrinia eremaea var. perennial 7

Calandrinia balonensis 57

Calandrinia mirabilis 85

Calandrinia spergularina 104

Calandrinia sp. Meckering 31

Rumicastrum chamaecladum 123

Calandrinia papillata 30

Calandrinia ciliata 215

Montia parviflora 27

Mollugo verticillata 56

Montiopsis gayana 224

Trigastrotheca stricta 148

Calandrinia sp. 220

Lewisiopsis tweedyi 4

Calandrinia butcherensis 58

Calandrinia calyptrata 185

Calandrinia sp. Pink Hills 27

Calandrinia ciliata 2014

Calandrinia schistorhiza 31

Calandrinia remota 154

Anacampseros coahuilensis 68

Calandrinia corrigioloides 49C

Lewisia brachycalyx 16

Calandrinia ciliata 216

Calandrinia quadrivalvis 26

Portulaca cryptopetala 49

Calandrinia stagnensis 101

Calandrinia baccata 46

Lewisia pygmaea 8

Calandrinia tumida 93

Calandrinia sp. Needilup 31B

Calyptridium parryi 170

Calandrinia compressa 144

Calandrinia oraria 37

Boerhavia coccinea tr

Claytonia lanceolata 106

Calandrinia flava 79

Calandrinia arenicola 90

Calandrinia translucens 4

Mesembryanthemum crystallinum tr

Calandrinia hortiorum 191

Claytonia megarhiza 195

Phemeranthus brevifolius 169

Calandrinia sp. Bungalbin 157

Calandrinia polypetala 152

Calandrinia reticulata 53

Calandrinia primuliflora 160

Calandrinia sp. Goongarrie 37
Calandrinia sculpta 11

Calandrinia vernicosa 23

Talinum triangulare 50

Calandrinia brevipedata 9

Cistanthe grandiflora 199

Calandrinia crispisepala 21

Calandrinia polyandra 138

Calandrinia remota ss 63

Calandrinia gracilis 176

Calandrinia sp. Prince Regent 156

Beta vulgaris cds

Calandrinia translucens 99

Calandrinia pumila 60

Calandrinia tholliformis 29

Calandrinia porifera 36

Calandrinia holtumii 24

100

100

100

100

100

100

100

100

100

9 0

100

100

100

100

100

9 4

100

100

100

100

100

100

100

2 8

100

100

100

100

100

100

100

100

100

100

7 0

100

100

100

100

8 2

100

100

2 8

100

100

100

100 100

100

100

100

100

8 5

100

100

100

7 6

100

100

100

100

100

4 4

100

100

6 9

100

100

100

100

100

100

100

100

100

100

100 100
100

100

4 8

9 4

100

9 8

8 5

100100

100

100

9 5

9 6

100

9 4

100

100

5 9

100

100

100

100

100

100

100

100

100

100

9 7

100

100

100

100

8 5
8 4

100

Supplemental appendix S9. RAxML topology from the i40 loci dataset
(116 individuals, 162 loci)
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Supplemental appendix S10. RAxML topology from the g2 loci dataset 
(116 individuals, 297 loci)
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Analysis (1) 
Genome-wide CF 

(95% CI) (2) Clade (3) 

In primary 
concordance 

tree? 

All groups 0.380 (0.257,0.510)   CLD 5 + BAS yes 
All groups 0.354 (0.245,0.470)   CLD 4 + CLD 5 + BAS yes 
All groups 0.343 (0.230,0.464)   TUB + PSEUDO yes 
All groups 0.310 (0.209,0.421)   PHE + OUT yes 
All groups 0.279 (0.184,0.384)  CLD 4 + TUB + CLD 5 + BAS + CLD 3 + PSEUDO yes 
All groups 0.267 (0.167,0.380)   MONTIAE + CAL s.s. yes 
All groups 0.226 (0.137,0.329)   CLD 4 + CLD 5 + BAS + CLD 3 yes 
All groups 0.219 (0.121,0.334)   MONT + CALYP yes 
All groups 0.184 (0.103,0.280)   MONT + CALYP + CIST yes 
All groups 0.108 (0.047,0.188)   MONT + CALYP + CIST + PHEM + OUT yes 
All groups 0.209 (0.113,0.320)   MONT + CIST no 
All groups 0.175 (0.078,0.290)   CLD 4 + BAS no 
All groups 0.123 (0.043,0.225)   CLD 4 + CLD 5 no 
All groups 0.085 (0.023,0.170)   CALYP + CIST no 
All groups 0.081 (0.023,0.161)   MONT + CAL s.s. no 
All groups 0.070 (0.013,0.153)   CLD 3 + PSEDUO no 
All groups 0.064 (0.007,0.150)   TUB + CLD 3 + PSEUDO no 
All groups 0.064 (0.010,0.145)   BAS + CLD 3 no 
All groups 0.060 (0.009,0.139)   CLD 5 + CLD 3 no 
All groups 0.054 (0.005,0.132)   TUB + CLD 3  no 
All groups 0.053 (0.005,0.130)   CLD 4 + CLD 3 no 
All groups 0.050 (0.012,0.110)   MONT + PHEM + CALYP + MONTIAE + CAL s.s. + OUT no 
All groups 0.050 (0.005,0.123)   CLD 4 + PSEUDO no 

Supplemental appendix S11. Concordance factors from BUCKy analysis for all putative clades
with at least 5% genome-wide support 

(1): All groups – analysis with all groups, which includes the 6 clades of Australian Calandrinia,
 Montiae, Calyptridium, Montiopsis, Cistanthe, Phemeranthus, Calandrinia s.s. and Outgrups.
(2): Genome wide concordance factor with 95% credibility interval
(3): Clades are abbreviated by the first three to four letters of their group expect
 for Montiae, which is written out
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Claytonia washingtoniana 26
Calandrinia crispisepala 21
Calandrinia schistorhiza 31
Calandrinia translucens 99
Calandrinia lehmannii 35
Calandrinia primuliflora 160
Calandrinia kalanniensis 8
Calandrinia reticulata 53
Calandrinia balonensis 57
Calandrinia tholliformis 29
Calandrinia operata 32
Calandrinia umbelliformis 20
Calandrinia calyptrata 185
Calandrinia eremea nonpapillate 139
Calandrinia eremaea ss 33
Calandrinia eremaea perennial 7
Calandrinia sp Meckering 31
Calandrinia flava 79
Calandrinia eremea salt flat 130
Calandrinia sp Goongarrie 37
Calandrinia sculpta 11
Calandrinia butcherensis 58
Calandrinia rubrisabulosa 34
Calandrinia remota ss 63
Calandrinia baccata 46
Calandrinia baccata 38
Calandrinia hortiorum 191
Calandrinia vernicosa 23
Calandrinia polyandra 34C
Calandrinia polyandra 138
Calandrinia oraria 37
Calandrinia remota 154
Calandrinia sp Pink Hills 27
Calandrinia sp Bungalbin 157
Rumicastrum chamaecladum 123
Calandrinia linliflora 109
Calandrinia disperma 194
Calandrinia brevipedata 9
Calandrinia sp Truncate Capsules 118
Calandrinia corrigioloides 98
Calandrinia pickeringii 165
Calandrinia pumila 60
Calandrinia sp Needilup 31B
Calandrinia sp Black Angular Seeds 24
Calandrinia painwaning 6
Calandrinia polypetala 152
Calandrinia sp Warrider 129
Calandrinia granulifera 50D
Calandrinia sp Kenwick 48
Calandrinia uniflora 92
Calandrinia pleiopetala 74
Calandrinia quadrivalvis 26
Calandrinia creethae 39
Calandrinia stagnensis 101
Calandrinia porifera 36
Calandrinia papillata 30
Calandrinia pentavalvis 178
Calandrinia arenicola 90
Calandrinia ptychosperma 166
Calandrinia mirabilis 85
Calandrinia strophiolata 155
Calandrinia sp Oblong 103
Calandrinia sp Prince Regent 156
Calandrinia quadrivalvis 121
Calandrinia spergularina 104
Calandrinia gracilis 176
Calandrinia tumida 93

Supplemental appendix S12. Ancestral character state reconsruction of life
 history

annual

perennial
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Supplemental appendix S13. Ancestral character state reconsruction of 
fruit type

indehiscent
dehiscent
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Supplemental appendix S14. Ancestral character state reconsructio
n of petal number

6+ petals

5 petals
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Supplemental appendix S15. Ancestral character state reconsruction of
valve number

3-valve

4-valve
5-valve
6-valve
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Supplemental appendix S16. Australian Calandrinia lineage 
through time plot. The black line indicates the log (number of 
species) over time for Australian Calandrinia based on the maximum
clade credibility BEAST tree. The gray lines show results for 500
posterior distribution BEAST trees. 
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Supplemental appendix S17. Bayesian analysis of marcro-evolutionary
mixtures speciation through time
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Supplementa appendix S18. Collapsed Montiaceae time-calibrated 
phylogeny with biogeographic reconstructions, i.e. North America (red), 
South America (green), and Australia (pink) at each node. Reconstructed nodes 
have a greater than 50% relative probability.  
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ABSTRACT 

• Our understanding of CAM evolution is based largely on the characterization of 

photosynthetic mode using the carbon isotope ratio (δ13C) and the mapping of this 

data onto large, often poorly resolved phylogenies. Although useful, δ13C cannot 

detect low-level and facultative CAM phenotypes. It is hypothesized that these 

“C3-CAM” phenotypes represent early steps in the evolution of full CAM.  

• To investigate the evolution of C3-CAM phenotypes, we cultivated 22 species of 

Australian Calandrinia and conducted a drought experiment. We used 

physiological measurements and δ13C to characterize photosynthetic mode and 

characterized the climatic envelopes of all species in their native ranges. 

• Australian Calandrinia is a lineage of plants capable of employing C3, low-level 

and facultative CAM, though no full CAM behavior was detected. Results 

highlight the limitations of δ13C surveys in detecting C3-CAM phenotypes. 

Ancestral character state reconstructions demonstrate considerable evolutionary 

lability among C3-CAM phenotypes and indicate several evolutionary losses of 

CAM capability.  

• Our analyses suggest a model of CAM evolution that includes substantial 

evolutionary lability among C3-CAM and C3 phenotypes, with no clear ecological 

distinction between low-level and facultative CAM species. We suggest that the 

spectrum of C3-CAM phenotypes may not yet be optimally circumscribed into 

discrete character states.  
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INTRODUCTION 

Understanding how complex adaptations evolve is an enduring problem in 

evolutionary biology. In plants, Crassulacean Acid Metabolism (CAM) photosynthesis is 

a complex trait that improves water-use efficiency and has evolved multiple times, across 

a diversity of lineages, from the more common C3 photosynthetic pathway (Winter & 

Smith, 1996; Silvera et al., 2010; Edwards & Ogburn, 2012). CAM differs from the C3 

pathway in the primary step of CO2 assimilation: in the C3 pathway CO2 fixation is 

catalyzed during daylight hours by ribulose 1,5-bisphosphate carboxylase-oxygenase 

(Rubisco), however in the CAM pathway CO2 is first fixed at night using PEP 

carboxylase (PEPC) (Osmond, 1978). The carbon, which is stored overnight as malic 

acid, is then decarboxylated and the CO2 re-fixed and converted to carbohydrate via the 

C3 pathway during the following light period (Holtum & Osmond, 1981; Ting, 1985; 

Holtum et al., 2005). Depending upon the light intensity, the catabolism of malic acid is 

usually complete by midday. Characteristics of tissues with CAM therefore include 

nocturnal acidification of photosynthetic tissues and nocturnal CO2 fixation. 

It is nonetheless difficult to describe a definitive CAM phenotype because, in 

well-watered plants that express CAM, CAM is rarely the sole contributor to carbon gain. 

It almost always co-exists with a component of C3 photosynthesis (or, rarely, C4 

photosynthesis) that is expressed following the depletion of the malic acid pool in the 

light (Koch & Kennedy, 1982; Winter et al., 2008; Holtum et al., 2017a). Depending 

upon species, the proportion of carbon obtained during the daylight with the C3 pathway 
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may contribute anywhere between close to zero percent and 100 percent of the 24 hour 

carbon uptake (Winter & Holtum, 2002; 2014). Plants with CAM therefore include a 

spectrum of “CAM+C3” and “C3+CAM” phenotypes. 

Categorization of the CAM phenotype is further complicated because the 

expression of CAM is also phenotypically plastic, and often varies in response to 

environmental stress (Griffiths, 1989; Cushman, 2001; Winter et al., 2015; Holtum et al., 

2017b). In plants in which CAM expression is regulated developmentally (i.e. 

constitutive CAM), existing nocturnal acidification may be upregulated in response to 

stress. Alternatively, in otherwise C3 plants CAM may be induced when stressors such as 

drought or salinity are imposed. If the stress-related increase in acidification is reversed 

when the stress is removed, the upregulated or induced CAM-component is said to be 

facultative (Winter et al., 2008).  

Although the expression of C3-CAM is clearly a continuous trait (Zotz, 2002; 

Winter et al., 2015), it may also be true that there are distinct categories of CAM 

behavior. For example, there might be significant genetic, ecological or functional 

repercussions of engaging in constitutive vs. purely facultative CAM, quite independent 

of the level of CAM expression. For example, the constitutive CAM category includes 

plants where nocturnal CO2 fixation with the CAM pathway contributes to the majority 

of carbon gain (e.g., cacti and agaves, what we refer to as full CAM), but at the same 

time, includes plants that primarily fix carbon with the C3 pathway, but always engage in 

a small component of CAM regardless of environmental stressors (what we refer to as 

low-level CAM). Constitutive CAM can be up- or-down regulated but is always present. 

Purely facultative CAM refers to the induction of CAM in response to environmental 
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conditions, such as drought or salinity. When the environmental stressor is removed (e.g., 

with re-watering) the plant reverts to C3 photosynthesis (Winter & Holtum, 2014). 

Similar to the variation between low-level and full constitutive CAM species, the amount 

of CAM that a facultative CAM plant performs when stressed varies considerably across 

species (Holtum & Winter, 1999; Cushman & Borland, 2002; Silvera et al., 2005; Lüttge, 

2006; Winter & Holtum, 2006; Winter et al., 2008; Winter & Holtum, 2014). In this 

study, we analyze the evolution of CAM behavior as both a qualitative (constitutive vs. 

facultative) and a quantitative (amount of malic acid generated) character.  

The discovery and characterization of potential C3-CAM phenotypes, particularly 

in cases when the expression of CAM is facultative, generally requires measurements of 

day-night changes in titratable acidity and 24 hour gas-exchange; a relatively laborious 

process during which plant responses are examined under watered, water-limited, and re-

watered conditions. The gas-exchange measurements capture patterns of CO2 exchange 

and stomatal conductance, while nocturnal acidification quantifies ß-carboxylation and 

the overnight storage of malic acid. The measurement of stable carbon isotope ratios, 

while useful for screening for more pronounced CAM (Winter & Holtum, 2002), is not 

suitable for confidently detecting and differentiating C3-CAM intermediates (Sternberg et 

al., 1984; Winter et al., 2015). Determination of δ13C may quantify the proportion of 

plant carbon contributed by Rubisco and PEPC during the life of the tissue, but when the 

long-term contribution of CAM to plant carbon gain is small, such as it is in constitutive 

low-level CAM plants and in facultative CAM plants, δ13C values may not be 

intermediate between those expected for C3 and CAM plants, and can be 
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indistinguishable from C3-type values (Winter & Holtum, 2002; Silvera et al., 2005; 

Winter et al., 2015).  

It has been hypothesized that the C3-CAM phenotypes in which C3 photosynthesis 

contributes the majority of carbon to the plant may represent early steps in the evolution 

of full CAM photosynthesis (Guralnick & Jackson, 2001; Silvera et al., 2010; Edwards & 

Ogburn, 2012; Hancock & Edwards, 2014). This hypothesis is based upon three 

assumptions: 1) the CAM phenotype is too complex to appear de novo, so it must be 

assembled incrementally, 2) C3-CAM intermediates are found in close phylogenetic 

association with constitutive CAM species (Guralnick et al., 2007; Silvera et al., 2010; 

Crayn et al., 2015; Goolsby et al., 2018), and 3) in the evolution of C4 photosynthesis - a 

related photosynthetic pathway - C3-C4 intermediate phenotypes represent transitional 

states along the C4 evolutionary trajectory (Christin et al., 2011; Sage et al., 2012). The 

characterization of C3-C4 intermediates, combined with densely sampled and well-

resolved phylogenies, has provided significant insight into the evolutionary assembly of 

the C4 syndrome in the Molluginaceae (Christin et al., 2011), Neurachninae (Christin et 

al., 2012), Portulacaceae (Ocampo & Columbus, 2012), Chenopodiaceae (Kadereit et al., 

2003; 2010), Poaceae (Christin et al., 2013), and Flaveria (McKown et al., 2005). In 

contrast to C4, the evolutionary dynamics of CAM are not well understood. 

In efforts to investigate the expression and evolution of these C3-CAM 

phenotypes, we examined the capacity for nocturnal acidification in 22 species of 

Australian Calandrinia (Montiaceae) during the course of a drought experiment. We 

selected this lineage because 1) a comprehensive and well-resolved phylogeny is 

available for the group (Hancock et al., in revision), 2) the lineage contains only ca. 70 
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species and complete physiological testing is ultimately feasible, and 3) previous 

physiological and isotopic research had already demonstrated variation in the expression 

of C3 and CAM photosynthesis across the group (Winter et al., 2008; Winter & Holtum, 

2011; Holtum et al., 2017b). Furthermore, Australian Calandrinia is widely distributed 

across Australia – from the central arid regions of Northern Territory and Western 

Australia to the cool, temperate regions of Victoria and Tasmania, to the monsoon-

dominated tropics of coastal Australia– making it an ideal lineage in which to investigate 

the relationship between the expression of CAM and the environment in which these 

plants live. 

 

MATERIALS AND METHODS 

Study species, growth conditions and experimental parameters: Species 

included in the experiment represent the phylogenetic diversity of the Australian 

Calandrinia lineage (Fig. 1). Plant material and seeds were obtained from wild plants, 

plants in cultivation (garden), from herbarium specimens, and herbarium seed collections 

(Table 1). Seeds were germinated in 24-cell seedling trays, with Osmocote seed raising 

mix during the winter of 2015 (July-August). Roughly three weeks after germination, 

seedlings were transplanted to 1L plastic pots, with Osmocote potting mixture. All plants 

were grown under semi-natural conditions in a closed-sided shade house at James Cook 

University (Queensland, Australia). Daily temperature within the shade house ranged 

from 36.2°C to 23°C and light availability was close to 50% ambient. All plants were 

watered daily until the experiment commenced. 

106



 

The drying down, re-watering experiment was staggered over the months of 

September and October 2015. Staggering the experiment was necessary 1) as species 

germinated and matured at different rates, 2) to ensure that all plants were in the same 

location within the shade house over the duration of the experiment, and 3) to facilitate 

rapid sampling of time-sensitive biochemistry (i.e. malic acid degradation with sunrise). 

Because of variation in germination success, we sampled a range of 3 to 10 individuals 

per species. When we had greater than seven individuals per species, we left 3 of the total 

plants per species watered (control) over the duration of the experiment. For the 

experimental plants, watering was withheld on day 2 and recommenced on day ~ 12. 

Leaves were harvested from control and experimental plants at dusk on day 1 and dawn 

on day 2 (well-watered), at dusk on day 11 and dawn on day 12 (drought), and dusk on 

day 20 and dawn on day 21 (re-watered). 

Titratable acidity: Harvested leaves were immediately measured for fresh weight 

and were then frozen in liquid nitrogen. Organic acids were extracted by boiling leaf 

tissue in ~ 80ml of 50% ethanol in distilled water. Once half of the total volume boiled 

off, an additional ~ 40mL of distilled water was added to each beaker. Beakers were 

removed from the hotplates when the final volume reached 40mL. The H+ pools were 

determined by measuring the volume of 5 mM NaOH required to neutralize each sample 

to pH 6.5. To calculate nocturnal increase in tissue acidity (ΔH+) we subtracted the 

titratable acidity (H+) at the end of the light period from the titratable acidity at the end of 

the dark period (H+). ΔH+ was then averaged for each species at each time point (i.e. 

watered, droughted, and re-watered). A student’s t-test was performed to determine if 

ΔH+ values were significantly different and greater than zero, as well as to check for 
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significant differences when plants were watered, droughted, and re-watered. A 

significant ΔH+ value indicated CAM. A species was characterized as facultative CAM if 

there ΔH+ values were not significant when watered but significant when droughted. 

Low-level CAM plants showed significant ΔH+ regardless of experimental conditions.  

Net CO2 exchange: Gas exchange was monitored for four Australian Calandrinia 

species: C. balonensis, C.  mirabilis, C. pickeringii, and C. ptychosperma. Plants were 

cultivated in 1L plastic pots. During the experiment, performed September – November 

2015 (concurrent with the titration experiment), watering was withheld on day 2 and 

recommenced on ~ day 12. Gas exchange on one leaf was measured continuously 

throughout the watered, drought, re-watered experiment (~22 days) using a Li-6400 

portable gas analyzer with values recorded every 10 minutes. The value recorded every 

10 minutes was the average of 600 measurements, +/- standard deviation, made over the 

course of that time period. Mature leaf tissue was placed into the 6400-08 standard clear 

bottom chamber. The leaf was exposed to ~12h, ~ 500µmol photons m-2 s-1, 28°C/ 22°C 

light/ dark cycles. 

Stable isotope analysis: δ13C values of dried, finely-ground leaves collected from 

whole plants were measured using a Finnigan Delta plusXL mass spectrometer. For the 

majority of species, δ13C values were measured for two to five individuals and the 

average (+/- SD) value was calculated (Table 1). To differentiate phenotypes based on 

δ13C values we used figures and values from Winter and Holtum (2002) and Winter et al. 

(2015). Full CAM species or CAM plants have δ13C values that are c. -20‰ and less 

negative while C3 species have δ13C values that are c. -22‰ and more negative. Species 

that are C3-CAM have δ13C values that can fall anywhere within the δ13C C3 ‘cluster’ but 
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often (based on Figure 7 from Winter & Holtum, 2002 and Figure 1 from Winter et al., 

2015) present δ13C values between c. -24‰ and c. -20‰. Based on these data and the 

observation that -22‰ is a natural break in full CAM and C3 δ13C values displayed in 

Figure 7 (Winter & Holtum, 2002), we used -22‰ as our C3-CAM cutoff.  

Ancestral character state reconstruction: For analyses of character evolution, we 

used the Australian Calandrinia phylogeny from Hancock et al., (in revision). To 

reconstruct ancestral character states at all internal nodes for our qualitative character 

states, inferred from both the carbon isotope ratio and physiological measurements, we 

used ML reconstruction in the APE package as implemented in the R Project for 

Statistical Computing (Paradis et al., 2004). For both character state reconstructions, we 

compared an evolutionary model with equal transition rates between states (ER) with 

models that allowed the transition rates to vary (ARD and SYM). We chose the model 

with the lowest AIC value when reconstructing ancestral character states. 

Since the C3-CAM phenotypic spectrum can also be interpreted as a continuous 

trait, with ΔH+ as the measure of CAM activity, we plotted ΔH+ when plants were 

watered and droughted across the tips of the phylogeny. We used Phytools (Revell, 2012) 

as implemented in R to reconstruct ancestral character states under each condition.  

Locality and climate data: 13, 590 georeferenced records for Australian 

Calandrinia were downloaded from the Australian Virtual Herbarium 

(http://avh.chah.org.au/) on 10 February 2016. We followed a number of steps to clean 

these records (i.e., records with identical coordinates for a given taxon), records with 

latitude and longitude coordinates of 0, 0, and records that matched the lat./ long. of 

herbaria and botanical gardens (Edwards et al., 2015); 
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https://github.com/ejedwards/reanalysis_zanne2014). After cleaning we were left with 

11, 087 unique records. The remaining localities were imported into ArcGIS 4.0 and 

overlain on a map of Australia, and any records that conflicted with country land 

boundaries (e.g. were in the ocean) were removed. 

Climate layers (ASCII format) for mean annual/ semi-annual temperature, mean 

annual/ semi-annual precipitation (MAP), precipitation variability, evapotranspiration, 

and relative humidity were downloaded from the Australian Government Bureau of 

Meteorology (http://Calandrinia.bom.gov.au/). Layers were converted into Rasters using 

ArcMAP 4.0.1 and clipped to match the Australian continent, which included a 35km 

buffer in efforts to capture surrounding islands. Finally, an attributes table was 

constructed containing all georeferenced localities, with corresponding species name and 

the climate data.  

Species means for each climate variable were calculated for further comparative 

analysis. Principal components analysis (Fig. S1) showed that temperature and 

precipitation explained most of the variation in the data, and since all Australian 

Calandrinia (even perennials) are seasonal in their growth, we focused our analyses on 

mean growing season temperature (MGST) and mean growing season precipitation 

(MGSP). Mean growing season temperature and precipitation were calculated for each 

species based on species descriptions, distribution maps from the literature (Obbens, 

2006; 2011; Tahir & Carolin, 2011; Obbens, 2012; West & Chinnock, 2013), and the 

Australian Virtual herbarium. To visualize any relationship between photosynthesis (i.e. 

C3 or C3-CAM) and climate, we plotted mean values (+/- SD) in an X-Y coordinate space 

with MGST on the X-axis and MGSP on the Y-axis. A MANOVA and Tukey Test were 
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run to determine if the phenotypes (C3, low-level, and facultative CAM) occupy 

significantly distinct temperature and precipitation climatic space.  

To test for these trait correlations within a phylogenetic context, we used the 

brunch function in the R package Caper (Orme, 2013). The brunch function performs 

phylogenetically independent contrast (PIC) correlations between discrete and continuous 

traits by assessing contrasts of continuous variables on nodes of the tree where sister taxa 

have contrasting values for the discrete trait. To estimate the evolutionary correlation 

between continuous characters ΔH+ and MGST and MGSP using PIC, we used the pic 

function in the R package Phytools (Revell, 2012). 

 

RESULTS 

Titratable acidity measurements  

Watered: Measurements of nocturnal acid accumulation (ΔH+) were used as an 

indicator of the presence or absence of CAM activity in leaves (Table 1; Figure 2a, 2b). 

The ΔH+ values ranged from 0 to 13.7 umol H+ per unit fresh leaf mass (g-1 fwt) when 

plants were well watered. Ten of the 22 Calandrinia species exhibited significant 

(P<0.05) differences between evening and morning titratable acidities (Table 1; Fig. 2). 

The remaining 12 species did not have significant ΔH+ values.  

Drought: After ~ 12 days of drought there was an overall increase (Fig. 2a) in 

titratable acidity across the majority of species (17 of 22), and nocturnal acid 

accumulation ranged between 0 and 82.2 umol H+ g-1 fwt (Table 1; Fig. 2). Of the ten 

species that showed significant ΔH+ when watered, six of them showed a significant 

increase in titratable acidities (g-1 fwt) when droughted: C. crispisepala, C. eremaea, C. 
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flava, C. kalannensis, C. pleiopetala, and C. ptychosperma. The other four species, C.  

balonensis, C. pickeringii, C. pumila, and C. reticulata, showed no significant difference 

in ΔH+ when water-limited compared to well-watered. 

Nine of the 12 species that had non-significant ΔH+ when watered, had significant 

ΔH+ when water-limited (i.e. exhibited facultative CAM). These species include C. 

calyptrata, C. creethae, C.  mirabilis, C. monosperma, C. papillata, C. uniflora, C. 

quadrivalvis, C. spergularina, and C. volubilis. ΔH+ ranged between 7.6 and 82.2 umol g-

1 fwt. Nocturnal acid accumulation was not detected in three species of Calandrinia (C. 

arenicola, C. granulifera, and C. tumida) either when the plants were watered or when 

water-limited (Fig. 2a, b). 

Re-watered: After re-watering, nocturnal acid accumulation generally declined 

(Table 1, Fig. 2b). Of the ten species with significant ΔH+ values when watered, all went 

back to low-level CAM except for C. balonensis, C. crispisepala, and C. pumila. These 

three species no longer significantly accumulated malic acid overnight after re-watering. 

In the case of C. balonensis and C. pumila it is likely that these droughted, re-watered 

individuals were no longer healthy, as the leaves had lost their turgidity and appeared to 

be senescing.  

Of the nine species that showed a significant increase in titratable acidity 

(facultative CAM) with drought stress but no CAM activity when watered, seven of them 

showed no appreciable (P>0.05) nocturnal acid accumulation when re-watered (Fig. 2b). 

The other two facultative CAM species, C. creethae, and C. volubilis, continued 

accumulating H+ at night when re-watered (Table 1); it is possible that our sampling 
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protocol – titratable acidity measurements made on day 20 – simply did not capture the 

reversal of CAM in these two species. 

Gas exchange: Continuous whole-leaf gas exchange measurements on four 

species of Australian Calandrinia over the course experiment demonstrated net CO2 gas-

exchange patterns indicative of C3, CAM-cycling (a.k.a. the re-fixation of respiratory 

CO2), and facultative CAM photosynthesis (Fig. 3a-d). All four species engaged in 

daytime CO2 assimilation (C3 photosynthesis) when watered. With the induction of 

drought, there was a precipitous decline in daytime net CO2 fixation and a general 

decrease in the amount of CO2 lost through dark respiration, a product of both less 

daytime photosynthesis and the re-fixation of respiratory CO2. After ~5 days of water-

limitation all of the species showed net nocturnal CO2 uptake, although the amount varied 

considerably by species (Fig. 3a-d), and no species switched to solely nocturnal CO2 

uptake. With re-watering, all four species returned to primarily daytime CO2 uptake (C3 

photosynthesis).  

Photosynthetic types and ancestral character state reconstruction: Species were 

assigned to discrete photosynthetic categories based on both physiological measurements 

(titratable acidity and gas-exchange, when available) and stable carbon isotope content 

(δ13C). On the basis of physiological measurements, species were characterized as either 

C3, constitutive low-level CAM, or facultative CAM (Fig. 4). Species phenotyped as C3 

did not have significant ΔH+ values when watered or water-limited and included three 

species, C. arenicola, C. granulifera, and C. tumida. 10 species were scored as 

constitutive low-level CAM: C. balonensis, C. crispisepala, C. eremaea, C. flava, C. 

kalannensis, C. pickeringii, C. pleiopetala, C. ptychosperma, C. pumila, and C. 
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reticulata. Species characterized as facultative CAM showed an induction of CAM 

activity only when water-limited (i.e. significant ΔH+ values) and, in most cases, 

significant reduction of CAM activity (i.e. non-significant ΔH+ values) when re-watering 

resumed. Based on these criteria, nine of the 22 species were scored as facultative CAM: 

C. calyptrata, C. creethae, C.  mirabilis, C. sp. Pink Hills, C. papillata, C. uniflora, C. 

quadrivalvis, C. spergularina, and C. volubilis. We also used δ13C values to score species 

as either C3 or C3-CAM; δ13C cannot differentiate between constitutive low-level CAM 

and facultative CAM. C. flava (-22‰) was the only species with a minimum δ13C value 

equal to or higher than -22‰. The remaining 21 species were categorized as C3.  

Not surprisingly, ancestral character state reconstructions of photosynthetic mode 

differed significantly whether using δ13C or physiological measurements (Fig. 4). Based 

on δ13C values, the ancestral character state of Australian Calandrinia (under the slightly 

favored ARD transition model) is C3 and there has been one transition to C3-CAM (C. 

flava). When using physiological methods, the ancestral state under an equal rates model 

(AIC>2) is reconstructed as low-level constitutive CAM (scaled likelihood=0.71), with 

multiple shifts from constitutive low-level CAM to facultative CAM. There are also 

shifts back from facultative CAM to low-level constitutive CAM, as seen in C. 

pleiopetala and C. ptychosperma (Fig. 4). Analyses indicate multiple evolutionary 

reversals from C3-CAM back to C3 photosynthesis (i.e. C. tumida, C. arenicola, and C. 

granulifera). The ancestral character state reconstructions of CAM activity as a 

continuous trait (ΔH+) tells a similar evolutionary story (Fig. 5): the degree of CAM 

expression, as measured by the magnitude of ΔH+, is evolutionarily labile, with the 
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highest levels of H+ mostly clustering in one subclade (lineages Tuberosae + 

Pseudodianthodiae, Hancock et al., in revision).    

CAM types and environment: Australian Calandrinia species included in the 

study span the entire temperature/ precipitation climatic envelope of the lineage, which 

occupies considerable breadth in climatic space, from localities that experience over 1500 

mm of rain to places with long-term averages of only 20mm of rain per year (Fig. 6a, b). 

Only three species (C. tumida, C. spergularina, and C. arenicola) live in the wet regions 

of the northern tropics, while most species grow in the dry, hot regions of Australia 

(lower right quadrant of Fig. 6a, b). Results from the MANOVA and Tukey Test show 

that precipitation (p-value <0.001), but not temperature (p-value = 0.7), significantly 

varies between photosynthetic types, with both low-level CAM (p-value = 0.005) and 

facultative CAM (p-value = 0.023) occupying significantly drier regions than C3 species. 

There was no difference in precipitation or temperature between low-level and facultative 

CAM phenotypes (p-value = 0.63 and 0.41, respectively); however, facultative CAM 

species occupy a broader climate range than low-level CAM species; low-level CAM is 

nested within the facultative CAM range (Fig. S1). When we looked at C3 and C3-CAM 

phenotypes within a phylogenetic framework there was no significant difference in the 

precipitation and temperature space occupied by C3 species compared to C3-CAM 

species. Phylogenetically independent contrasts between ΔH+ and MSGT and ΔH+ and 

MSGP were not significant, although there was a stronger relationship between ΔH+ and 

MSGP (p-value = 0.11) than ΔH+ and MSGT (p-value = 0.75).  

 

DISCUSSION 
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C3 to CAM phenotypic variation in Australian Calandrinia 

Australian Calandrinia is a lineage of plants capable of employing C3 and various 

amounts of CAM photosynthesis. A full CAM phenotype was not detected in any of the 

species included in the drought experiment; all species use the C3 pathway as their 

primary mode of carbon fixation. Although additional physiological investigation of a 

few candidate species is warranted (i.e., species with more positive δ13C values, not 

presented here) we do not believe, based on current evidence, that full CAM has evolved 

in Australian Calandrinia. This hypothesis is based on both the present findings and 

previous work in which only low-level and facultative CAM were detected in four 

additional Australian Calandrinia species (Winter & Holtum, 2011; 2014; Holtum et al., 

2017b); thus, of the ~70 Australian Calandrinia species, three are currently phenotyped 

as C3, twenty-three as C3-CAM, and zero as full CAM. The demonstration of pervasive 

low-level and facultative CAM in Australian Calandrinia adds to a growing body of 

research uncovering the prevalence of these phenotypes across a diversity of plant 

lineages, including Agavoideae (Heyduk et al., in press), Clusia (Borland et al., 1992; 

Lüttge, 1999; Holtum et al., 2004), Crassulaceae (Schuber and Kluge, 1981; Castillo, 

1996), Euphorbia (Herrera, 2013), other Montiaceae (Harris & Martin, 1991; Guralnick 

& Jackson, 2001), Piperaceae (Ting and Sipes, 1985), Portulacaceae (Koch & Kennedy, 

1982; Holtum et al., 2017a), Talinaceae (Herrera, 2009), and Cactaceae (Edwards & 

Diaz, 2006; Edwards & Donoghue, 2006).   

Based on nocturnal acidification measurements, three Australian Calandrinia 

species are phenotyped as C3, ten as low-level CAM, and nine as facultative CAM, 

though six low-level CAM also upregulated CAM expression in response to drought. The 
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coupling of 24-hour, ~ 22-day gas-exchange data (Fig. 3a-d) with titratable acidity 

measurements (Fig. 2a, b) provides an additional layer of information about the source of 

CO2 being fixed. Plants may fix and store both atmospheric and respiratory CO2 using 

CAM biochemistry (Ting, 1985). Gas exchange profiles for constitutive low-level CAM 

species C. balonensis, C. pickeringii and C. ptychosperma indicate that these species 

show no net CO2 uptake during the night when well-watered but have significant 

nocturnal leaf acidification (Fig. 3a, c, d). For this pattern to be observed, plants must be 

fixing carbon at a rate low enough to simply balance respiratory CO2 release (Szarek et 

al., 1973; Flexas et al., 2007). The use of respiratory CO2 as a substrate for nocturnal 

CO2 acid synthesis is commonly observed in C3-CAM plants and is thought to be a 

mechanism for carbon conservation, especially during periods of extended drought when 

little atmospheric CO2 is being exchanged (Winter et al., 1986; Martin et al., 1988; Harris 

& Martin, 1991; Guralnick & Gladsky, 2017).  

The necessity of experiments for identifying C3-CAM phenotypes 

Characterizing species into discrete photosynthetic phenotypes– and the ancestral 

state reconstructions they inform – is, unsurprisingly, quite sensitive to the method used 

to detect CAM. We inferred some CAM activity in only one of the 22 species included in 

the greenhouse experiment using δ13C, while titratable acidity measurements revealed 

CAM activity in 19 species (Fig. 4). Such disparity in signal illustrates the shortcomings 

of the carbon isotope ratio method to detect C3-CAM phenotypes and reinforces the 

necessity of physiological measurements to truly understand the phylogenetic distribution 

and prevalence of C3-CAM plants. With that said, there is value to carbon isotope 
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screens, as they uncover strong CAM species, and thus guide us to fruitful phylogenetic 

neighborhoods in which to investigate CAM evolution.   

Reconstructing the ancestral character state with physiological measurements (i.e. 

titratable acidity and 24-hour gas exchange) tells a different story about the expression 

and evolution of CAM in Australian Calandrinia (Fig. 4). We show that the ancestral 

state of Australian Calandrinia is likely to be low-level, constitutive CAM, with multiple 

transitions to a purely facultative state (and several reversions back to low-level CAM). 

Remarkably, we have documented several clear losses of all CAM activity, with three 

putative C3-only species (C. tumida, C. arenicola and C. granulifera) nested within CAM 

clades. Reversion to C3 physiology from CAM, particularly full CAM, is likely to be rare. 

Although it has been reported at least once in the Agavoideae (Heyduk et al., 2016; 

although see a re-analysis by Heyduck et al., in press) and Bromeliaceae (Crayn et al., 

2004) and multiple times in the Orchidaceae (Silvera et al., 2009) and Clusia (Vaasen et 

al., 2002; Gehrig et al., 2003; Silvera et al., 2010), phylogenetic and photosynthetic 

phenotypic sampling (all of which was done with δ13C values) within these studies were 

insufficient to confidently confirm the reversion of CAM. 

Here, we have discovered C3 species nested well within C3-CAM lineages, using 

a well-resolved phylogeny and experimental physiological data, as opposed to isotopic 

measurements. The multiple reversals to C3 and the considerable lability detected 

between C3, low-level, and are facultative CAM suggests that transitions between these 

character states are not uncommon, and are evolutionarily accessible. Continuous 

character state reconstructions of ΔH+ support this deduction and indicate that species 

from the Tuberosae clade (C. crispisepala and C. kalanniensis) and Pseudodianthodiae 
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clade (C. reticulata, C. balonensis, C. flava, C. calyptrata, C. volubilis and C. eremaea) 

generally have higher ΔH+ values regardless of environmental conditions than the rest of 

Australian Calandrinia studied. Both Pseudodianthodiae and Tuberosae (an entirely 

perennial clade) live in particularly arid regions of western and central Australia (Obbens, 

2006; 2011; Obbens et al., 2017) (refer to bottom right corner of Fig. 6a, b) where more 

CAM activity, whether it is low-level or facultative, would likely be advantageous.  

Since we did not detect full CAM in Australian Calandrinia, we cannot 

corroborate or refute hypotheses that these C3-CAM phenotypes represent likely states 

along a C3 to CAM evolutionary trajectory. We do, however, suggest a model of C3-to-

CAM evolution which allows for lability and reversibility among C3-CAM phenotypes 

and C3 photosynthesis. Continued phylogenetic and physiological investigation into both 

Australian Calandrinia and the rest of the Montiaceae and Portulacineae may help to 

further resolve the evolutionary significance of C3-CAM variation.  

Climatic space of C3-CAM phenotypes 

Non-phylogenetic climate space analyses of the 22 species included in the study 

indicate that both low-level constitutive CAM species and facultative CAM species 

occupy significantly drier regions than C3 species, and facultative CAM species occupy a 

broader climate envelope than low-level CAM species. In spite of these general patterns, 

independent contrasts showed no relationship between photosynthetic type, when coded 

as either a qualitative or quantitative trait, and climate. These findings are not entirely 

surprising given 1) the lack of statistical power that results from having only three 

contrasts (three C3 species) in the data, and 2) our experiment included only a sub-sample 

of Australian Calandrinia (i.e. only 22 of ~ 70 species), so inferred sister species 
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relationships in the analysis are not necessarily true sister species. Finally, the lack of 

correlation between photosynthesis and climate clearly reflects the occupation of C3 

species in two distinct climate zones: either hot and wet, or cold and dry. Two of the C3 

species, C. arenicola and C. tumida, inhabit the hot, wet tropics of northern Queensland, 

while the third C3 species, C. granulifera, inhabits cool, drier climates of southern 

Australia, including northern Tasmania (Fig. 6a, b). All three species germinate at the end 

of the wet season, when temperatures are cooler and water is readily available. C3 plants 

are well adapted to moist and cool climates and so it is not surprising, from an ecological 

perspective, that these three species do not engage in CAM photosynthesis.  

Facultative CAM plants tend to inhabit arid environments where precipitation is 

variable or distinctly seasonal, though in some cases (i.e. Clusia), facultative CAM plants 

are epiphytic or hemi-epiphytic in wet forests (Zotz & Winter, 1993; 1994; Winter & 

Holtum, 2014). Under such environmental conditions, plants use C3 photosynthesis when 

water is available, allowing for higher rates of CO2 fixation and vegetative growth than 

when CAM. When water becomes limiting, plants engage a CAM cycle, which provides 

prolonged net carbon gain at a lower water cost, presumably allowing for higher 

reproductive output. This increase in fecundity with CAM is best demonstrated in the 

facultative CAM annual Mesembryanthemum crystallinum (Winter & Zeigler, 1992). In 

one experiment, M. crystallinum exposed to air without CO2 during the night – and 

therefore unable to engage fully in CAM – exhibited a 90% decline in seed production 

compared to those plants that were provided CO2 at night. Furthermore, it has been 

shown that mutants without facultative CAM had lower fecundity than wild-type 

individuals (Cushman et al., 2008). Beyond prolonged carbon gain and increases in 
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fecundity, switching to CAM may help plants survive periods of stress (i.e. drought) until 

they can start using C3 photosynthesis again. The adaptive advantage of constitutive low-

level CAM, however, is not fully understood. One hypothesis is that by engaging in low-

level CAM, plants can reduce daytime transpiration rates and thereby increase water use 

efficiency and overall plant fitness (Harris & Martin, 1991; Herrera, 2009). Another 

hypothesis is that by always engaging in low-level CAM, these plants can quickly 

upregulate CAM expression in the face of stress (e.g., water deficit).  

 Despite the possible advantages of low-level CAM, there are also likely to be 

trade-offs associated with maintaining this phenotype, as it has presumably been lost 

multiple times in Australian Calandrinia (Fig. 4). One trade-off to consider is that CAM 

is energetically more expensive than C3, requiring an additional 2.5 or 3.5 more ATP per 

CO2 than required by the C3 pathway (assuming zero photorespiration in C3) (Nobel, 

1991; Winer &Smith, 1996). Another possible detriment may involve anatomical traits 

that enhance the degree or efficiency of CAM but limit the efficiency of C3 

photosynthesis. Reduction in intercellular airspace is known to be correlated to CAM 

function, as this physical trait limits CO2 flux and thereby increases the likelihood of CO2 

recapture from both respiration and malate decarboxylation (Maxwell et al., 1997; 

Nelson et al., 2005; Nelson & Sage, 2007; Males 2018). However, the reduction in 

mesophyll conductance associated with reduced intercellular air space (IAS) limits the 

uptake of atmospheric CO2, the concentration of CO2 around the active sites of Rubisco, 

and thus the photosynthetic efficiency of the C3 pathway (Evans and von Caemmerer, 

1996; Maxwell et al., 1997).  
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It might just be that maintaining or engaging in low-level CAM, regardless of 

environmental conditions, may not be of any benefit for species growing in regions that 

do not experience intermittent drought but instead have short life-cycles that occur during 

a period of gradual drying. For example, annuals C. uniflora and C. spergularina 

germinate following the monsoonal summer rains that characterize the tropics of northern 

Australia. These species typically complete their life-cycle in 6 to 8 weeks, during which 

time the soil slowly dries out. Only towards the end of their lives do these species really 

contend with water limitation. It is conceivable, then, that these plants (which use 

facultative CAM) only engage CAM at the end of life thereby extending carbon gain for 

reproductive output.  

Finally, there appear to be no known full CAM species that are also annuals. 

Although there are perennial Australian Calandrinia species (i.e. section Tuberosae and 

species in Pseudodianthodiae), these perennials are seasonal in their growth. We 

hypothesize that full CAM may not have evolved in this lineage because all of the species 

are essentially annual, and full CAM does not appear to be selected for in species with 

this life history strategy.   

CAM as a discrete versus a continuous trait  

Defining and differentiating CAM phenotypes is difficult, in part because CAM is 

never really the sole contributor to carbon gain in a plant; the pathway always co-exists 

with C3 photosynthesis, or in the case of Portulaca, C4 photosynthesis (Koch & Kennedy, 

1982; Christin et al., 2014; Holtum et al., 2017a). Additionally, the expression and 

contribution of CAM often varies within a species in response to environmental stress, 

and this response is not always uniform across a species range (Gurevitch et al., 1986; 
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Guralnick & Gladsky, 2017). Thus, the classification of species into discrete phenotypes 

is not straight forward. Differentiating between low-level and facultative CAM can be 

particularly problematic, as small amounts of acid accumulation can be difficult to detect. 

For example, C. volubilis and C. quadrivalvis were classified as facultative CAM, even 

though their ΔH+ values (3.2 µmol g-1 fwt and 3.0 µmol g-1 fwt, respectively) were 

similar to those recovered for low-level CAM plants C. eremaea and C. kalanennsis (3.8 

µmol g-1 and 3.3 µmol g-1, respectively) when droughted. What differentiates these 

species is a significance value of 0.05 between PM and AM titratable acidity 

measurements (ΔH+), made on only a handful of individuals in varied physiological 

states. Given these limitations, and considering that CAM expression can vary across a 

species range (Zotz, 2002; Winter et al., 2015; Guralnick & Gladsky, 2017), we are not 

altogether certain that our discrete classification is warranted. We suspect that the most 

useful approach in discerning truly qualitatively different states of C3-CAM 

photosynthesis will be detailed studies of comparative gene expression in closely related 

C3, low-level constitutive CAM, and facultative CAM plants (e.g., Heyduk et al., in 

press).  

C3-CAM biogeography in Australia 

The presence and type of CAM activity and its relationship to climatic space in 

Australian Calandrinia remains puzzling. Australia is the most arid vegetated continent 

and yet it harbors no native, large stem-succulents, and less than 1% of Australia’s plant 

species are known to use CAM photosynthesis (Holtum et al., 2016). Most of these CAM 

species are epiphytes, while only twelve are terrestrial (Holtum et al., 2016). Of these 

terrestrial CAM plants, only one is known to be a full constitutive CAM plant 
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(Cynanchum viminale L.), while the rest are C3-CAM (Holtum et al., 2016). This study 

not only triples the number of known C3-CAM plants native to Australia, but highlights 

how C3-CAM phenotypes, not full CAM, dominate the Australian CAM flora.   

Why there are so few full CAM plants and considerably more C3-CAM plants in 

Australia is still unclear. Ellenberg (1991) suggested that precipitation in arid Australia is 

too variable to support the large succulent life form, which is closely associated with 

CAM photosynthesis. By comparing the climate space of regions that harbor large 

succulents around the world (i.e. the Americas and Africa), Ellenberg identified a rainfall 

predictability envelope that he hypothesized was required for succulent life forms such as 

the cacti and Agave. Only a small region in South Australia and Victoria fits within this 

climatic envelope. However, non-native succulent CAM plants have become invasive 

weeds (i.e. Opuntia stricta) following introduction to Australia, and flourish outside of 

Ellenberg’s rainfall predictability envelope (Mann, 1970; Holtum et al., 2016).  

There is an alternative argument: perhaps Australia’s climate is perfectly suited to 

full CAM, but the lineages with the propensity to evolve full CAM are simply not 

present. This does not necessarily appear to be the case either, given that there are 

lineages in Australia where full CAM and succulence have evolved, but only in species 

inhabiting different continents [e.g., Euphorbia (Horn et al., 2014), Peperomia (Holthe et 

al., 1992), Anacampseros (Guralnick et al., 2007), Crassulaceae (Ranson & Thomas, 

1960; Caemmerer & Griffiths, 2009)]. In spite of the long history of research into CAM 

biology (Ranson & Thomas, 1960), we still know very little about the evolution of a full 

CAM syndrome- how often it has evolved, whether it is reversible, and if there are 

precise anatomical requirements that facilitate its assembly. We predict that, in contrast to 
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the considerable evolutionary lability among C3 and C3-CAM phenotypes we have 

demonstrated here, the transition to a full CAM phenotype may have happened more 

rarely, and requires significant anatomical evolution (e.g., Edwards & Donoghue, 2006).  
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Species Voucher ID
Collecto

r Origin
Latitude 

(S)
Longitude 

(E)
Min. 
δ13C 

Mean 
δ13C

sd 
δ13C

Mean 
ΔH+ 

sd 
ΔH+ 

Mean 
ΔH+ 

sd 
ΔH+ 

Mean 
ΔH+ 

sd 
ΔH+ Phenotype

C. arenicola JAH 137 Leesa
~5km NW of Laura, 
QLD -15.501 144.484 -27.12 -27.93 0.74 0.00 0.00 -0.83 3.01 0.00 0.00 C3

C. balonensis LPH 85 LPH
~ 7 km south of Alice 
Springs -23.813 133.779 -27.00 -27.70 0.82 10.23 2.63 12.01 1.90 0.64 0.52 low-level

C. calyptrata JAH191 LPH
Long Forest Reserve, 
Victoria -37.644 144.497 -26.56 -27.90 1.41 0.26 0.26 8.59 2.61 1.76 1.22 fac. CAM

C. creethae JAH 16 AK Willuna, WA -26.591 120.152 -26.24 -28.35 1.62 -0.58 2.44 8.10 2.08 10.18 0.93 fac. CAM
C. crispisepala LPH 196 LPH South of Yalgoo, WA -28.999 117.125 -23.82 -24.76 1.33 5.93 1.61 45.82 2.07 1.07 2.33 low-level
C. eremaea JAH 5 AK You Yang Ranges, VIC -37.953 144.423 -23.51 -25.65 2.30 3.75 1.10 10.83 2.54 3.70 1.42 low-level
C. flava JAH 6 AK Mt. Magnet, WA -28.065 117.848 -21.68 -23.09 2.00 13.10 2.00 27.60 2.18 24.28 6.98 low-level

C. granulifera JAH 7 AK
from AK, east of 
Northam WA -31.655 116.671 -29.04 -29.46 0.49 1.67 1.19 -0.05 1.80 4.91 2.03 C3

C. kalanennsis LPH 198 LPH

41 km N along Yalgoo 
Road from junction w/ 
Geraldton- Mt. Magnet 
Rd -28.013 116.721 -27.00 -27.60 0.85 3.31 0.70 42.62 4.20 4.88 2.09 low-level

C. mirabilis JAH 21 AK from AK, RJC10295 -25.11 -25.73 0.70 0.39 1.55 11.33 3.45 -4.98 0.58 fac. CAM

C. sp. The Pink Hills LPH 178 LPH
~5.3km N of Cobra 
Daily Creek Homestead -25.258 115.890 -25.01 -25.83 1.17 0.17 0.22 13.19 0.19 6.08 1.80 fac. CAM

C. papillata LPH 191 LPH
3.2 km S of Meka 
Homestead -27.423 116.827 -24.90 -24.90 NA 0.24 0.13 22.64 1.84 3.40 1.25 fac. CAM

C. pickeringii JAH 40 JAH
Near peak of Mt Bald, 
northern NSW.  -28.852 152.045 -28.24 -28.24 NA 12.04 1.81 9.32 1.69 11.01 1.23 low-level

Calandrinia pleiopetalaJAH 3 JAH
QH 568091, QH699641 
or QH726961 -25.60 -27.20 1.85 5.21 2.01 22.00 3.37 6.87 3.53 low-level

C. ptychosperma JAH 36 JAH

From seeds in BNE 
(AQ0736128 - 202.7 km 
by road W of St George 
on road to Cunnamulla) -28.004 146.538 -25.95 -27.45 0.97 1.20 0.70 7.50 1.00 5.60 0.50 low-level

C. pumila JAH 10 JAH
from AK, Sth Wongan 
Hills WA -31.034 116.930 -27.79 -28.55 1.06 5.02 2.19 8.76 2.67 -2.34 1.13 low-level

C. quadrivalvis JAH 66 JAH

Durak River crossing 
about 100 m west side of 
xing - side of road on 
southern side - in sand 
deposition. -15.942 127. 219 -28.01 -28.43 0.66 2.97 2.45 12.18 3.06 3.89 1.95 fac. CAM

C. reticulata JAH 12 AK
from AK, Meekatharra, 
WA -26.025 118.698 -23.19 -26.47 2.48 13.74 1.50 6.32 2.20 5.70 1.10 low-level

C. spurgularina JAH 204 LPH 130
Along Savannah Way, 
east of Burktown, NT -10.043 136.399 -27.31 -28.71 1.31 0.00 0.00 7.55 2.52 0.99 0.99 fac. CAM

C. tumida JAH 138 Leesa
~5km NW of Laura, 
QLD -15.501 144.484 -31.16 -31.16 NA 0.00 0.00 0.00 0.00 0.00 0.00 C3

C. uniflora JAH 56 JAH

Stuart Hwy roadside - ca 
1.5 m from road - 43 km 
past Larramie -15.207 133.105 -27.19 -28.83 1.35 -5.78 1.30 7.55 2.70 2.91 1.33 fac. CAM

C. volubilis JAH 194 BC
Bob Chinnock, Adelaide, 
SA -34.938 138.841 -23.52 -25.70 3.00 3.16 1.90 82.23 11.61 23.79 2.71 fac. CAM

Watered Drought Re-Watered

Table 1.  Voucher specimen table and species mean values for δ13C and titratable acidity of extracts of leaves from over the course of the watered, drought, and re-watered 
exeriment 
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Figure 1. The Australian Calandrinia coalescent based, RAxML branch lengths phylogeny
from Hancock et al. (2018) generated from 297 loci. A star indicates >95% bootstrap
support. The 22 species included in the experiment are highlighted with bold lettering 
and thicker branches. Species not included in the experiment but have been phenotyped
using physiological tools are highlighted with only bold lettering.
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names colored according to phenotypes in figure 2b. b) Mean (+/- s.e.) nocturnal CO2 
fixation (ΔH+ μmol g-1 fresh weight) when species are watered, droughted, and 
re-watered. Species phenotyped as C3 (red), constitutive low-level CAM (purple), 
and facultative CAM (green) based on ΔH+ values over the course of the experiment. 
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Figure 3a.  Sixteen days of net CO2 exchange
by a leaf of a ~ 2-month-old C. balonensis plant
exposed to drought. Measurements were
performed at ambient CO2 in the 6400-08
standard clear to bottom chamber. The leaf was
exposed to ~12h, ~ 500 umol photons m-2 s-1,
28C/, 22C light/dark cycles. Watering was 
withheld from day 2 onwards. Shaded areas
indicate the dark periods. Re-watering
commenced on day 13.  

Figure 3b. Twelve days of net CO2 exchange 
by a leaf of a ~ 2-month-old C .mirabilis plant 
exposed to drought. Measurements were
performed at ambient CO2 in the 6400-08 
standard clear to bottom chamber. The leaf 
was exposed to ~12h, ~ 500 umol photons 
m-2 s-1, 28C/22C light/dark cycles. Watering
was withheld from day 2 onwards. Shaded 
areas indicate the dark periods. Re-watering
commenced on day 9.  

Figure 3c. Twenty-four days of net CO2 
exchange by a leaf of a ~ 2-month-old C. 
pickeringii plant exposed to drought.
Measurements were performed at ambient 
CO2 in the 6400-08 standard clear to bottom 
chamber. The leaf was exposed to ~12h, ~ 500
umol photons m-2 s-1, 28C/12C, light/dark
cycles. Watering was withheld from day 2
onwards. Shaded areas indicate the dark
periods. Re-watering commenced on day 17.  

Figure 3d. Seventeen days of net CO2
exchange by a leaf of a ~ 2-month-old C. 
ptychosperma plant exposed to drought. 
Measurements were performed at ambient 
CO2 in the 6400-08 standard clear to bottom 
chamber. The leaf was exposed to ~12h, ~ 500
umol photons m-2 s-1, 28C/12C, light/dark 
cycles. Watering was withheld from day 3 
onwards. Shaded areas indicate the dark
periods. Re-watering commenced on day 15.
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Figure 4. Australian Calandrinia species tree investigated in the study. The
colored boxes (red=C3, black = CAM activity, purple = constitutive low-level 
CAM, green = facultative CAM) mapped onto the tips indicate the discrete 
photosynthetic phenotype for each species derived from physiological methods
first column) compared to δ13C values (second column). Ancestral character 
states were reconstructed in APE under an equal rates model using the 
photosynthetic phenotype derived from δ13C values. Ancestral character states
were reconstructed in APE under an equal rates model using the photosynthetic 
phenotype derived from physiological measurements.
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Stars above branches indicate significant ΔH+ values. 
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ABSTRACT  

Understanding how complex adaptations evolve is an enduring and compelling 

question in evolutionary biology. In plants, Crassulacean Acid Metabolism (CAM) is a 

complex trait that improves water use and photosynthetic efficiency under drought and 

temperature stress. Though it is an important ecological adaptation, having evolved 

hundreds of times from the more common C3 photosynthetic pathway, we still know very 

little about its evolutionary assembly, whether it is reversible or not, and if C3-CAM 

phenotypes represent early steps in the evolution of full CAM photosynthesis. The 

occurrence and degree of CAM expression is often correlated with transitions in tissue 

morphology (e.g. increased leaf thickness and succulence) and anatomy (e.g. increased 

cell size and more tightly packed cells). Hypotheses posit that such morphological and 

anatomical changes are important for efficient CAM function. To further understand the 

evolution of these traits, and their evolutionary relationships to C3, C3-CAM and CAM, 

we characterized leaf thickness, cell size, percent intercellular airspace, succulence, and 

venation type across the Portulacineae, a known hot spot of C3-to-CAM evolution. 

Macro-evolutionary trait correlations show that morphological and anatomical traits are 

not only tightly correlated with each other, but with photosynthetic mode as well, and that 

C3-CAM plants occupy a unique phenotypic trait space. Ancestral character state 

reconstructions show that C3-CAM evolved at the base of the Portulacineae, prior to the 

evolution of anatomical and morphological modifications correlated with the evolution of 

full CAM. These analyses uncover one shift to full CAM and multiple reversals back to 
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C3, which are likely linked to a changing environment, particularly a change in 

temperature.  

 

INTRODUCTION 

Most green plants use C3 photosynthesis to fix CO2 during the day via the 

carboxylation of ribulose-1 5-bisphoshate by the enzyme Rubisco. When CO2 

concentrations are low and temperatures high, Rubisco will bind to O2 instead of CO2, 

resulting in an energetically wasteful process of photorespiration. To mitigate 

photorespiration plants have evolved mechanisms to concentrate CO2 around the active 

site of Rubisco. Crassulacean Acid Metabolism is one of two carbon concentrating 

mechanisms (CCMs – the other is C4 photosynthesis) to have evolved from C3 ancestors. 

Although CAM is found in 6-7% of vascular plants and has evolved many times across a 

diversity of plant lineages (Winter and Smith, 1996), we still know very little about the 

evolutionary assembly of this ecologically important syndrome.  

CAM differs from the C3 pathway in the primary step of CO2 assimilation: in 

CAM, CO2 fixation is not catalyzed during the light by Rubisco, but rather it is 

incorporated at night using PEP carboxylase (PEPC). The resulting 4-carbon acid is 

stored overnight as malic acid in the plant cell vacuole. When daylight ensues, the 

stomata close and the malic acid is shuttled out of the vacuole where it is subsequently 

decarboxylated. The released CO2 is then re-fixed via the C3 pathway with Rubisco 

(Osmond, 1978) and the remaining 3-carbon skeleton conserved via gluconeogenesis 

(Holtum et al., 2005). Depending upon the light intensity, the catabolism of malic acid is 

usually complete by midday. At this point, typically referred to as the fourth phase of 
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CAM, plants will open their stomata and engage in a burst of Rubisco-mediated 

atmospheric CO2 uptake (a.k.a. C3 photosynthesis). Characteristics of tissues with CAM 

therefore include nocturnal acidification (from malic acid) and nocturnal CO2 fixation 

(Osmond, 1978; Ting, 1985; Winter, 1985), though all CAM plants still have a fully 

functional C3 metabolism. 

There are also striking anatomical differences between C3 and full CAM plants, 

and species that use CAM often exhibit anatomical traits which likely reflect functional 

constraints in photosynthetic efficiency (Maxwell et al., 1997; Nelson et al., 2005; 

Nelson and Sage, 2007; Heyduk et al., 2016). A general feature of CAM anatomy is leaf 

succulence, which is often characterized by thicker leaves with larger, often 

undifferentiated mesophyll cells. Increased cell size most often is associated with 

increased vacuole size because larger vacuoles are required for both water and C4 acid 

(i.e. malic acid) storage. An increase in cell size within a given tissue generally results in 

more tightly packed cells and thus a lower percentage of intercellular air space (IAS) and 

a reduction in leaf mesophyll surface exposed to IAS (Lmes/area) (Smith and Heuer 1981). 

This decrease in IAS and Lmes/area means a more tortuous path of CO2 diffusion into 

chloroplasts, resulting in reduced internal CO2 conductance (lower gi) (Maxwell et al., 

1997). Previous work by Nelson et al (2007) showed that reduced internal CO2 

conductance benefits CAM function as it reduces CO2 efflux during the third phase of 

CAM: the phase characterized by the decarboxylation of malate and release of CO2 

around the active site of Rubisco. In CAM plants, the evolution of thicker leaves with 

more tightly packed, larger cells decreases the efficiency of C3 photosynthesis, for the 

same reason that these traits restrict CO2 diffusion. In the case of C3, this results in 
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limiting the amount of CO2 available to Rubisco and therefore increasing the likelihood 

of photorespiration. Thus there appears to be a significant anatomical tradeoff between 

C3 and CAM function that rests on IAS and mesophyll conductance. 

In addition to C3 and constitutive full CAM (fully expressed CAM), there are 

other well-known phenotypes that perform small amounts of CAM in an otherwise C3 

background (i.e. C3-CAM intermediates known as low-level and facultative CAM) 

(Martin and Zee, 1983; Guralnick and Jackson, 2001; Holtum et al., 2004; Silvera et al., 

2005; Winter and Holtum, 2014). Previous research (Nelson and Sage, 2007) has shown 

that anatomical variation in leaf anatomy reflects the degree of physiological variation in 

CAM activity: i.e. plants that perform more CAM have more CAM-like anatomy. 

Moreover, it is hypothesized that these C3-CAM intermediate phenotypes represent 

transitional states along the CAM evolutionary trajectory and that transitions from C3 

photosynthesis to CAM include the evolution of anatomical modifications that allow for 

optimal CAM function (Silvera et al., 2010; Edwards and Ogburn 2012; Heyduk et al., 

2016).  

The most common tool used to screen for the presence of CAM photosynthesis is 

the 13C/12C carbon isotope ratio of dried leaf material. This ratio distinguishes between C3 

and constitutive CAM photosynthesis because Rubisco discriminates against the heavier 

isotope (13C), while PEPC does not; therefore, C3 plants are depleted in 13C relative to 12C 

when compared to constitutive CAM plants (Farquhar and Ehleringer, 1989). Plants that 

use both C3 and CAM have Δ13C values that typically fall somewhere in between the C3 

and CAM clusters, but can also present pure C3-like Δ13C values (Winter and Holtum, 

2002), depending on how often that particular plant has utilized the CAM pathway, and 
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how much atmospheric CO2 was fixed by PEPC. Because of this ambiguity in the 

isotopic method, measurements of nocturnal CO2 uptake and acidification (measured as 

titratable acidity) are preferred for C3-CAM phenotypic detection. Given the amount of 

time and work it takes to make these physiological measurements (as they need to be 

made when plants are both watered and droughted), they are rarely employed.  

Previous research by Hancock et al. (in review) explored the expression and 

evolution of CAM within Australian Calandrinia (Montiaceae), a lineage of ~ 70 species 

endemic to Australia. Characterization of photosynthesis using physiological tools (i.e. 

titratable acidity measurements of nocturnal CO2 uptake) across 22 species showed that 

Australian Calandrinia is a lineage of plants capable of employing C3 and various 

amounts of CAM photosynthesis, however the full constitutive CAM phenotype was not 

detected in any species investigated. In efforts to include the entire C3 to CAM spectrum 

in our analyses of the evolutionary assembly of the CAM phenotype, we expanded 

species sampling to include lineages with both fully C3 and fully CAM species (Martin 

and Wallace, 2000; Arakaki et al., 2011). Photosynthetic and anatomical exploration of 

CAM evolution within the Portulacineae was also motivated by the fact we now have a 

well-resolved phylogeny for the lineage (Moore et al., 2017; Goolsby et al., 2018), thus 

providing us an excellent framework in which to investigate trait evolution.  

In efforts to further understand the evolutionary relationships among anatomical 

traits implicated in the evolution of C3-CAM and full CAM we quantified leaf 

succulence, % IAS, cell size, leaf thickness, and venation type (2D or 3D venation 

arrangement) across 42 species representing the major Portulacineae and Montiaceae 

lineages plus outgroups (i.e. representatives in the Molluginaceae and Caryophyllales). 
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Since we had physiological measurements of CAM expression within Australian 

Calandrinia, we sampled more extensively within this lineage. Species included in the 

analysis span the C3 to CAM phenotypic spectrum, including a few species that use C3-C4 

and C4 photosynthesis. The ancestral character states for all anatomical traits, including 

photosynthetic mode, were reconstructed across the phylogeny in efforts to assess 1) 

whether anatomical traits are prerequisites for the evolution of CAM as reported in the 

Agavodieae (Heyduk et al., 2016), 2) whether C3-CAM intermediate photosynthesis is a 

“stepping-stone” along the C3-to-CAM evolutionary trajectory, and 3) if the CAM 

phenotype is reversible.  

Furthermore, we wanted to understand what climatic factors contribute to the 

evolution of CAM, C3-CAM and C3 in the Portulacineae. Since nocturnal CO2 uptake 

dramatically improves water use efficiency (WUE) CAM plants tend to live in hot, arid 

environments. Hypotheses predict that C3-CAM intermediates inhabit environments 

where precipitation is variable or distinctly seasonal (Holtum et al., 2016). These C3-

CAM plants would use different modes of photosynthesis depending on conditions: when 

water is plentiful plants primarily use C3 photosynthesis, which allows for more rapid 

growth, but when water becomes limiting these plants upregulate (switch to) CAM 

photosynthesis, which provides prolonged carbon gain at a lower water cost. While this 

theory has sound ecological implications, there has been no thorough analysis of the 

climatic niche occupied by C3-CAM intermediate species and how this niche compares 

with those of C3 and CAM.  

 

MATERIALS AND METHODS  
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Phylogenetic Analysis  

 To address the major objectives of the study, we focused our analyses on 

outgroup Molluginaceae and Caryophyllales species and on species representatives from 

all Portulacineae families (expect monotypic Halophytaceae) and major Montiaceae 

lineages. Additional Australian Calandrinia taxa were included in phylogenetic analyses 

as we wanted to combine previous physiological data from Hancock et al. (in review) 

with anatomical measurements. The combined data set consisted of sequences for 42 taxa 

from with 5,501 sites. Gene sequences for three chloroplast loci (matK, ndfF, and rbcL) 

and the nuclear internal transcribed spacer (ITS) region were extracted from sequence 

data generated through a targeted gene capture approach, as outlined in Moore et al. 

(2018) and subsequently Goolsby et al. (in press) and Hancock et al. (in review). Gene 

sequences for individuals not included in these three studies, were downloaded from 

NCBI. Each gene was aligned separately using default settings in Aliview v.1.19 

(Larsson, 2014) and concatenated with Phyutility (Smith and Dunn, 2008). Phylogenetic 

trees were inferred with maximum likelihood using RAxML (Stamatakis, 2014) for 1000 

bootstrap replicates under a GTR + model of sequence of evolution and separate 

partitions for each gene (Fig. 1). 

Leaf Anatomy 

Leaf tissue was harvested from plants growing in the field, the Brown University 

greenhouse (Providence, RI), and the James Cook University greenhouse (Townsville, 

Australia). Tissue was initially fixed in Formaldehyde-acetic acid alcohol (FAA), 

Karnovsky’s solution (paraformaldehyde, glutaraldehyde, and sodium cacodylate buffer), 

or ~ 70% ethanol depending on where and when the leaf tissue was collected (e.g., most 
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tissue collected in the field was placed in ~90% ethanol as FAA and Karnovsky’s were 

not available. Tissue placed in ethanol while in the field was transferred to FAA or 

Karnovsky’s once back in the lab). Australian Calandrinia leaf samples were sent to the 

University of Georgia Veterinary Histology Laboratory, where the leaf tissue was 

embedded in agarose, sliced with a microtome, mounted, and stained with Tulouidine 

blue. The remaining Portulacineae, Molluginaceae, and outgroup leaf samples were 

processed for anatomical investigation according to Ogburn and Edwards 2013. Slides 

were imaged with a light microscope (Nikon Eclipse E600) and mounted digital camera 

(Nikon DXM1200C). 

All traits were measured independently for each cross section (e.g., Fig 2). We 

used both Photoshop and ImageJ V# (National Institutes of Health, USA) to make 

anatomical measurements for each section. If there were multiple sections per species, 

traits were averaged for each species. To measure intercellular airspace (IAS), all sections 

were transferred into Adobe Photoshop 2017.1.0 and the IAS filled with green pigment 

(r=36, b=234, g=25). If there was differentiation between the mesophyll and palisade 

cells, the IAS around the two cell types was colored differently: the palisade IAS 

remained green (r=36, b=234, g=25) while the mesophyll IAS was transformed to a 

magenta (r=198, g=112, b=119). The mesophyll, palisade and total IAS were calculated 

by dividing the respective IAS values by the total area. Cell size was measured for each 

cross-section. The area of the ten largest cells in each cross section was measured and an 

average taken. If the cell types were differentiated, we measured the top 10 largest cells 

in each layer and took the overall average of those 20 cells, to get the average cell size for 

the cross section. Leaf thickness was measured (a general correlate of leaf succulence) by 
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taking the average of at least three abaxial to adxaial measurements made towards the 

middle, thickest part of the leaf. Finally, we characterized venation type (i.e. 2D, 3D type 

1, and 3D type 2) for each species (Ogburn and Edwards, 2013).  

Stable isotope analysis 

The Δ13C values of dried, finely-ground leaves collected from whole plants were 

measured using a Finnigan Delta plusXL mass spectrometer housed at both Brown 

University (Providence, RI) and Boston University (Boston, MA). For those species in 

which we did not have d13C measurements, we collected measurements through a 

literature search.     

Titratable acidity  

The titratable acidity measurements for Australian Calandrinia were generated by 

Hancock et al. 2018. Briefly, these ΔH+ values result from a drought experiment 

implemented at the James Cook University greenhouse (Townsville, AU) during the 

spring of 2015. Leaves were harvested from control and experimental plants at dusk on 

day 1 and dawn on day 2 (well-watered) and at dusk on day 11 and dawn on day 12 

(drought). Harvested leaves were immediately measured for fresh weight and were then 

frozen in liquid nitrogen. Organic acids were extracted by boiling leaf tissue in ~ 80ml of 

50% ethanol in distilled water. Once half of the total volume boiled off, an additional 

~40mL of distilled water was added to each beaker. Beakers were removed from the 

hotplates once the final volume reached 40mL. The H+ pools were determined by 

measuring the volume of 5 mM NaOH required to neutralize each sample to pH 6.5. To 

calculate nocturnal increase in tissue acidity (ΔH+) we subtracted the titratable acidity 

(H+) at the end of the light period from the titratable acidity at the end of the dark period 
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(H+). ΔH+ was then averaged for each species when plants were watered and droughted. 

A student’s t-test was performed to determine if PM and AM ΔH+ values were 

significantly different and greater than zero.  

Locality and climate data 

Georeferenced records for the 42 species included in the study were downloaded 

from the Australian Virtual Herbarium (http://avh.chah.org.au/) and from the Global 

Biodiversity Information Facility (www.gbif.org). We followed a number of steps to 

clean these records (i.e., records with identical coordinates for a given taxon), records 

with latitude and longitude coordinates of 0, 0, and records that matched the lat./ long. of 

herbaria and botanical gardens (Edwards et al., 2015); 

https://github.com/ejedwards/reanalysis_zanne2014). For those remaining records, 19 

bioclimatic variables were downloaded from the WorldClim database 

(http://www.worldclim.org/bioclim) using the raster package in R (Hijmans and van 

Etten, 2012) with a medium-scale spatial resolution of 2.5 min of a degree. Species 

means were calculated for each variable for further comparative analyses.  

Since bioclim variables bio3, bio5, bio7 co-vary, we dropped them from our 

climate dataset. We conducted a linear discriminate analysis (LDA) using the lda 

function in the R package MASS (Venables and Ripley 2002) to find the linear 

combinations of the remaining 16 bioclim variables that best separated the photosynthetic 

phenotypes C3, C3-CAM, CAM. Based on the LDA and the fact that certain climatic 

variables have been shown to have ecological consequences for photosynthetic mode 

(Edwards and Ogburn, 2012), we chose to focus further climate analyses on mean annual 

temperature (MAT), mean annual precipitation (MAP), and precipitation seasonality. 
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Photosynthesis designations and ancestral character state reconstructions 

All phylogenetic analyses were performed with the 42-taxon maximum likelihood 

phylogeny. In efforts to identify associations between morphological and anatomical 

variation and photosynthetic pathway, we classified all species into photosynthetic 

phenotypes. We based phenotype categorization on published literature (Winter, 1979; 

Martin and Wallace, 2000; Guralnick and Jackson, 2001; Guralnick et al., 2008; Ocampo 

and Columbus, 2010; Winter and Holtum, 2012; Holtum et al., 2017a; Guralnick 2017, 

Goolsby et al 2018, Hancock et al. 2018) and on our own unpublished physiological data 

(i.e., drought experiments, isotope surveys). When lacking either of these sources, in the 

case of a few species, we used plant morphology (succulence, or lack thereof), known 

habitat, and phylogenetic proximity to other photosynthetic modes. We classified 

included species into C3, C3-CAM, and CAM. Although there are known phenotypic 

differences within the C3-CAM category (Winter and Holtum, 2014; Winter et al., 2015), 

we chose to bin these phenotypes since further designation requires detailed 

physiological work for all species (Hancock et al. in review).   

To reconstruct ancestral character states at all internal nodes for photosynthesis 

type, we used ML reconstruction in the APE package as implemented in the R Project for 

Statistical Computing (Paradis et al., 2004). We constrained the model to equal transition 

rates between states and then allowed the rates to vary symmetrically (SYM), differently 

(ARD), and wherein transitions occur in a stepwise fashion (order). We chose the model 

with the lowest AIC value when reconstructing ancestral character states. We used the 

same approach as previously outlined to reconstruct venation type (i.e. 2D, 3D type 1, 

and 3D type 2) across the phylogeny. Maximum likelihood ancestral state reconstructions 
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for continuous traits (% IAS, cell size, leaf thickness, Δ13C, MAT, MAP and precipitation 

seasonality) were performed with the contMap function in the R package Phytools 

(Revell, 2012). 

Trait correlations  

To assess pairwise macro-evolutionary correlations among continuous traits and 

between continuous traits and climatic variables we used the phylogenetically 

independent contrasts (pic) function in the APE package (Paradis et al., 2004). Given the 

large number of pairwise correlations being estimated, we implemented the method of 

Benjamini and Hochberg (Benjamini and Hochberg, 1995) to control for false discovery 

rate, i.e. the expected proportion of false discoveries among rejected hypotheses. To 

assess trait differences between C3 and CAM (which includes all C3-CAM species) 

photosynthesis and venation type (2D or 3D), we performed a phylogenetic ANOVA 

using the phylANOVA function in the R package Phytools (Revell, 2012). To adjust for p-

values, we specified 2000 simulations (random permutation of data at the tips) and 

performed posthoc tests using the BH method. To assess correlation between discrete 

binary traits presence/ absence of a CCM vs. 2D or 3D venation, we used the fitPagel 

function in the R package Phytools (Revell, 2012) and the corDisc function in the R 

package corHMM. 

 

RESULTS 

Phylogenetic relationships 

 The 42-taxa, four-marker combined analysis of matK, rbcL, ndhF, and ITS 

produced a generally well-supported tree for the portullugo (Portulacineae + 
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Molluginaceae). The backbone topology is mostly concordant with previous phylogenetic 

analyses of the portullugo (Moore et al., 2017), albeit lower bootstrap support for many 

relationships. The main difference between the Moore et al. (2018) portullguo phylogeny 

and the four-marker ML tree (Fig 1) is that Molluginaceae is not monophyletic; this 

discordance likely results from the fact that Molluginaceae is distantly related to Limeum 

as well as limited sequence data. As shown in Ogburn and Edwards 2015, we recovered 

Cistanthe as paraphyletic, with Cistanthe s.s. sister to Montiopsis and Cistanthe 

salsoloides (of the Phillippiamra Cisthanthe lineage) as sister to Calyptridium 

umbellatum. The major relationships among Australia Calandrinia and the rest of the 

Montiaceae are consistent with Hancock et al. in review. 

Comparative evolutionary analyses  

The only “full” CAM plant, Quiabentia verticillata (Martin and Wallace 2000) 

had the thickest leaves (4.49mm), largest cells (0.0561 mm2) and lowest IAS (0.06%) of 

any other species included in the study (Table 3; Fig 4b-d). The leaf anatomy for species 

that fall within the C3-CAM photosynthetic category have leaves that are less thick (1.34 

± 0.67), with smaller cells (0.0151mm2 ± 0.0010), and more IAS (3.47% ± 2.75) than the 

full CAM plant. The values for these traits are significantly different in C3 species, which 

have as far smaller cells (0.0036mm2 ± 0.0035), thinner leaves, (0.7 ± 0.34) and a greater 

percentage of IAS (9.7% ± 5.4).  

Macro-evolutionary comparative analyses between continuous traits (i.e., % IAS, 

cell size, leaf thickness and Δ13C), using phylogenetically independent contrasts, indicate 

that many traits are tightly correlated (Fig 3). Plants with thicker leaves have significantly 

larger cells (p-value=0.02) and a lower percentage of IAS (p-value <0.001); interestingly, 
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no significant relationship was found between percent IAS and cell size (p-value=0.43). 

Species with higher, more positive Δ13C values (i.e. more CAM-like) had significantly 

thicker leaves (p-value <0.001) and larger cells (p-value=0.01). Australian Calandrinia 

with higher ΔH+ values tend to have larger cells (p-value=0.049), though the correlation 

between these variables was no longer significant after adjusting for p-value (p-

value=0.195).  

Since we only had one full CAM plant in our study, we grouped CAM with C3-

CAM for further comparisons between photosynthesis type and continuous 

morphological and anatomical traits. Phylogenetic ANOVAs showed a significant 

relationship between C3-CAM and leaf thickness, cell size, and % IAS; plants with the 

capacity to do CAM have significantly thicker leaves (p-value=0.074), larger cells (p-

value=0.047), and a lower percentage of IAS (p-value=0.01) (Fig 3, Fig 4b-d). Δ13C 

values were not significantly correlated with photosynthetic mode (p-value=0.23) (Fig 3; 

Fig S1). Although Δ13C values guide us to phylogenetic lineages in which to investigate 

and further explore CAM, they often fail to uncover C3-CAM intermediates, which often 

present C3 like Δ13C values. Although succulent water storage is a prominent feature 

among plants that use CAM, we found no significant link between SWC and 

photosynthetic mode or any other trait, for that matter.    

All three venation types (2D, 3D type 1, and 3D type 2) were found within the 

Portulacineae (Table 1). For comparative purposes we binned 3D type 1 and 3D type 2 

into the same category: 3D venation. 3D venation was strongly correlated with both cell 

size (p-value = 0.002) and leaf thickness (p-value = 0.003). Thus, species with thicker 

leaves and larger cells were far more likely to have 3D venation. A previous hypothesis 
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suggests that extreme succulence could only evolve by developing 3D venation to reset 

internal leaf hydraulic distances, maintaining moderate vein density in succulent tissues 

(Ogburn and Edwards, 2013).  

Discrete ancestral character state reconstructions (photosynthesis and venation) 

The ancestral state of the Portulacineae was reconstructed as C3-CAM under the 

preferred ER model of evolution with multiple reversions back to C3: once in Australian 

Calandrinia, once at the base of Montieae (includes Claytonia, Lewisia, and Montia) and 

twice in the Montiopsis, Calyptridium and Cistanthe clade. A shift to full CAM in the 

core Cactaceae and C4 in the Portulacaceae was detected (Fig 4a). The base of the 

Portulacineae was reconstructed as 2D under the slightly preferred ordered (meristic) 

model of evolution (Fig 4a). There have been multiple shifts to 3D type 1 venation: three 

times in Australian Calandrinia and once in Phemeranthus, Talinaceae, Portulacaceae, 

and Cactaceae. There has been one shift to 3D type 2 venation at the base of 

Anacamperserotaceae. Only one shift back to 2D venation was detected, in Calandrinia 

ptychosperma. Added phylogenetic and character resolution within the Portulacineae 

would likely provide further insight into venation and photosynthesis evolution, likely 

altering our phylogenetic reconstructions and inferred losses and gains of photosynthetic 

mode and venation type. Phylogenetic comparisons using both corHMM (Beaulieu et al., 

2013) and phytools (Revell, 2012) between photosynthesis mode and venation type 

showed no significant relationship, as many of our C3-CAM species exhibit typical 2D 

venation (Fig 3).  

Climate data 
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 An LDA analysis using 16 climatic variables with plants phenotyped as C3, C3-

CAM, and CAM showed that LD1 explained 82.9% of the variation and LD2 17.1% of 

the variation (Fig 5). The variation in LD1 was mostly explained by MAT, max 

temperature of warmest month, and mean temperature of warmest quarter. The variation 

in LD2 was explained by MAT and max temperature of the warmest month. Although 

precipitation (MAP) and precipitation seasonality did not discriminate phenotypes, these 

two climatic variables have been shown and or hypothesized to have ecological 

consequences for photosynthetic mode (Herrera, 2009; Holtum et al., 2016), therefore we 

included these two variables, along with MAT, max temperature of the warmest month, 

and mean temperature of warmest quarter in further analyses.  

 Phylogenetically independent contrasts showed that MAT, max temperature of 

warmest month, and mean temperature of warmest quarter were strongly correlated (p-

value <0.001 for all three variables). Because of this we chose to focus further PICs on 

MAT (as it showed the strongest discrimination in the LDA analysis) MAP, and 

precipitation seasonality. We found that MAT, after adjusting for p-value, was 

significantly correlated with leaf thickness (p-value=0.02) and cell size (p-value=0.017). 

MAP was not significantly correlated with any of the traits included when p-value was 

adjusted for, though it continued to show a strong relationship with leaf thickness, cell 

size, and δ13C. Precipitation seasonality showed a strong relationship with an increase in 

cell size, leaf thickness, and MAT. After adjusting for p-value, however, only leaf 

thickness (p-value=0.017) and MAT (p-value=0.012) had a significant relationship with 

precipitation seasonality. Phylogenetic ANOVAs between climatic variables and 
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photosynthesis mode and venation type revealed a strong a correlation between MAT and 

photosynthesis mode (p-value = 0.013) and venation type (p-value <0.001).  

To visualize the climate space of C3, C3-CAM, and CAM species, we mapped 

mean species values for MAT, MAP and precipitation seasonality onto the tips of the 42-

tip ML tree (Fig 6a, 6b; Fig S2). The ancestral reconstruction of these climatic variables 

allowed us to further investigate the relationship between climate and photosynthetic 

mode. For example, the shift from C3-CAM to C3 at the base of Montieae and Montiopsis 

coincides with a shift to colder and somewhat wetter temperatures (Fig 6a, 6b), while the 

shift to full CAM in Quiabentia verticillata corresponds to a shift towards hotter 

temperatures and less precipitation (Fig 6a, 6b). Species with CAM capacity live in 

significantly hotter climates than C3 species. Although there is no strong relationship 

between MAP and photosynthesis mode, species with the ability to do at least low-level 

CAM live in the driest regions (e.g., Ceraria fruticulosa, Cistanthe salsoloides, Cistanthe 

picta, and Calandrinia schistorhiza). 

 

DISCUSSION 

Untangling the evolution of CAM requires piecing together the genetic, 

biochemical, anatomical, physiological, and ecological aspects of this complex trait and 

reconstructing the evolutionary order of its assembly. In this study, we focus on a few of 

these properties, specifically the anatomy, morphology, and ecology associated with 

CAM evolution. Previous research on photosynthesis expression and evolution within the 

Portulacineae has focused primarily on molecular evolution and phenotyping species 

(Martin et al., 1988; Arroyo et al., 1990; Martin and Wallace, 2000; Rundel et al., 2003; 
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Guralnick et al., 2007; Winter and Holtum, 2014; Holtum et al., 2016; Guralnick and 

Gladsky, 2017; Goolsby et al., 2018). With this foundational research in place, and a 

well-resolved phylogeny for the lineage (Moore et al., 2018), we are poised to investigate 

and tease apart how CAM evolved within the Portulacineae; answering specific questions 

about functional constraints associated with photosynthesis evolution, the evolutionary 

significance C3-CAM intermediate phenotypes, whether CAM is reversible or not, and if 

anatomical changes are a prerequisite for photosynthesis evolution.  

Anatomical evolution 

The correlation between anatomical traits and photosynthetic pathway indicate 

that specific modifications such as an increase in cell size and leaf thickness and a 

reduction in IAS are associated, and perhaps requisite, for CAM function (both full CAM 

and C3-CAM). These trait modifications have been observed across a diversity of CAM 

lineages (e.g., Asclepiadaceae, Aizoacae, Agavaceae, Cluisiaceae, Portulacineae), further 

indicating that CAM anatomy is constrained by functional requirements that promote 

CAM efficiency (Maxwell et al., 1997; Nelson et al., 2005; Nelson and Sage, 2007; 

Heyduk et al., 2016). In contrast, species that use only C3 photosynthesis have 

significantly smaller cells, a greater percentage of IAS, and thinner leaves (Fig 4b-4d). 

Given this dichotomy in leaf anatomy and what we know about the biochemistry and 

physiology of these two pathways, certain trait modifications clearly promote efficiency 

in either C3 or CAM.  

Species that do both C3 and CAM photosynthesis (i.e. C3-CAM) have trait values 

for cell size, leaf thickness, and percent IAS that generally fall in between C3 and full 

CAM values (Table 2). Since most of these species primarily use the C3 pathway for 
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carbon fixation, generally upregulating and/ or switching to CAM with the onset of 

stress, maintaining anatomical features that promote C3 photosynthesis but aid CAM 

seems optimal. Furthermore, plants that do more CAM have more CAM-like anatomy: 

somewhat larger cells and thicker leaves, as demonstrated by ΔH+ values within 

Australian Calandrinia. Given that an increase in cell size generally means an increase in 

vacuole size (a.k.a. the ability of a plant to store malic acid overnight) it is not surprising 

that these physiological measurements of nocturnal acid accumulation (ΔH+) would have 

an anatomical correlation.  

Beyond the Australian Calandrinia example, we know from previous research 

that many C3-CAM species within the Anacampersotaceae and Didiereaceae engage in 

more CAM photosynthesis than many C3-CAM species within the Basellaceae and 

Montieaceae (e.g., Phemeranthus and Calandrinia) (Guralnick et al., 2007; Winter and 

Holtum, 2014; Holtum et al. 2017; 2016; Guralnick and Gladsky, 2017). Both anatomical 

measurements (representatives in Fig 2b, 2c) and ancestral character state reconstructions 

(Fig 4b-d) indicate that these species that do more CAM have more CAM-like anatomy: 

larger cells, less intercellular air space, and thicker leaves. These findings coincide with 

early work by Nelson et al. (2007), in which the authors showed that species from across 

a diversity of lineages showed similarities in trait evolution associated with the degree of 

CAM expression. Further physiological investigation into these species that span the C3 

to CAM phenotypic space and represent the known C3-CAM intermediate phenotypes 

(e.g., low-level CAM and facultative CAM) would greatly improve our understanding of 

how subtle changes in anatomy potentially facilitate shifts in photosynthesis.   

Cell size and intercellular airspace evolution 
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CAM species typically have photosynthetic tissue with large, highly vacuolated 

cells (Winter and Smith 1996). Large vacuoles are an integral component of the CAM 

pathway as they provide both capacitance and nocturnal storage of C4 acids (i.e. malic 

acid). The larger the vacuole, the more CO2 that can be taken up by PEPc and stored 

overnight, thereby directly increasing carbon gain in CAM species. An increase in 

vacuole size typically means an increase in cell size (Kluge and Ting, 1978). Although an 

increase in cell size can result in more tightly packed cells and an overall reduction in % 

IAS, we did not find a significant relationship between cell size and % IAS. What we did 

uncover were two complimentary significant relationships: between cell size and CAM, 

and between % IAS and CAM. Since there is no physical reason for IAS to correlate 

tightly with cell size, due to the wide range of potential cell geometries, the finding that 

both these traits correlate with CAM suggests that they are both selected for. Similar 

studies have found the same patterns: Nelson and Sage (2007) and Heyduk et al. (2016) 

find that CAM plants have larger cells and a lower percentage of IAS, while IAS does not 

correlate with cell size. They also suggest that that low IAS is not simply a bi-product of 

larger cells being more tightly packed, but is selected for amongst these plants to promote 

CAM efficiency and carbon economy (Nelson and Sage, 2007). Clearly, shifts in in these 

key anatomical traits facilitated the evolution of CAM within the Portulacineae. What 

remains unknown is at what point did shifts in these traits facilitate transitions from C3-

CAM to full CAM?  

Climate space and photosynthetic mode 

Over broad geographical scales the distribution of CAM is highly influenced by 

aridity (Ehleringer and Monson, 1993). This makes sense, not only does CAM increase 
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water use efficiency (a.k.a. the ratio of carbon fixed to water lost through transpiration), 

but in most cases CAM plants are succulents with increased water storage tissue. Plants 

that use C3-CAM photosynthesis are hypothesized to inhabit arid/ semi-arid environments 

where precipitation is variable or distinctly seasonal (Herrera, 2009). Under such 

environmental conditions, plants use C3 photosynthesis when water is available, which 

allows for higher rates of CO2 fixation and vegetative growth than CAM. When water 

becomes limiting plants switch to CAM, which provides prolonged net carbon gain at a 

lower water cost, enabling a higher reproductive output under these conditions (Winter 

and Ziegler, 1992).  

Both LDA and phylogenetic ANOVAs did not uncover a relationship between 

climatic variables MAP and precipitation seasonality with the occurrence of CAM 

capacity (Fig 3; Fig 5). However, an increase in leaf thickness and cell size was 

correlated with MAP and precipitation seasonality (Fig 3). As leaf thickness is a general 

proxy for succulence and an increase in cell size reflects not only CAM capacity but an 

increase in water storage, these trait modifications (a.k.a. succulence) likely enable 

species to inhabit drier, more seasonable climates (Ogburn and Edwards, 2010). Although 

these analyses indicate that C3-CAM does not confer any ecological advantage to 

prolonged or intermittent aridity, such climate measurements using the WorldClim 

database are broad-scale and do not capture the actual micro-climates in which these 

plants live (Ogburn and Edwards, 2015). For example, many of the C3-CAM Australian 

Calandrinia species included in this study germinate following either winter or summer 

rainfall or grow along the sandy edges of ephemeral water sources. These species 

typically complete their life-cycle in 6 to 8 weeks, during which time the soil slowly dries 
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out or the water subsides. Only towards the end of their lives do these species contend 

with water limitation (Hancock et al. 2018). Such subtleties in climate and habitat are not 

detected using broad-scale climate data. Furthermore, we suspect that the inclusion of 

Montieae, which grow in particularly cold regions, may be masking our ability to detect 

precipitation as an important discriminating variable in photosynthetic climate space. 

We found a significant relationship between MAT and CAM capacity, with C3-

CAM species occupying significantly hotter regions than C3 plants. The relationship 

between temperature and photosynthesis is well known: the rates at which carbon is fixed 

increase with temperature until an optimal value is reached (Kluge and Ting, 1978; 

Osmond, 1978). In C3 plants, once this optimal temperature is exceeded the CO2 to O2 

ratio will decrease and Rubisco will bind to O2 (Rubisco is both a carboxylase and 

oxygenase), resulting in photorespiration. In contrast, C4 and CAM plants have the 

biochemical and physiological tools to continue assimilating carbon at higher 

temperatures, avoiding photorespiration, thus enabling them to colonize hotter localities. 

The ability of a plant to engage in CAM when temperatures are high, whether it be at a 

low-level or facultatively, must provide an added physiological value. This value may be 

in the form of increased internal CO2 concentrations around the active site of Rubisco, as 

these C3-CAM plants are storing C4 acids overnight for subsequent daytime 

decarboxylation. Having this small but potentially significant rise in internal CO2 

concentration may enable plants to close their stomata for longer periods of time, 

potentially reducing both photorespiration and water loss through transpiration. Since the 

evolution of full CAM allows species to inhabit hot climates, it is not surprising that the 
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evolution of C3-CAM, even if the expression of CAM is not as pronounced as full CAM, 

confers a selective advantage to species living in hotter climates.  

CAM evolution and reversibility in the Portulacineae 

Elaboration of the evolutionary dynamics of CAM has been hindered because 

there is no well-developed model lineage with complete phenotypic and phylogenetic 

resolution. Although considerable effort has been expended to detect and characterize 

CAM in lineages such the Orchidaceae (Silvera et al., 2005; 2009), Bromeliaceae 

(Ceusters et al., 2010; Crayn et al., 2015) and Euphorbiaceae (Horn et al., 2014), these 

lineages are extremely species rich, making detailed phenotypic and phylogenetic work a 

daunting task. Recently, Heyduk et al. (2016) investigated the evolution of CAM within 

the Agavoideae (~640 species), a lineage where CAM has evolved multiple times from 

C3 ancestors. After characterizing anatomical and morphological traits across 17 species, 

the authors suggest that CAM anatomy likely developed prior to the CAM pathway, as 

there is considerable anatomical similarity between C3 and CAM species. Although the 

anatomy-first hypothesis may very well be true for the Agavoideae, our analyses do not 

suggest that anatomical evolution predates the origin of the CAM pathway, particularly 

full CAM, within the Portulacineae.  

Based on ancestral character state reconstructions, C3-CAM photosynthesis 

evolved at the base of the Portulacineae (Fig 4a). Although C3-CAM refers to species that 

primarily fix carbon with the C3 pathway, the CAM pathway is present whether it be in 

the form of CAM-cycling, constitutively expressed at a low level, or induced with the 

onset of stress (Brilhaus et al., 2016). Recently Heyduk et al. (2018) used a 

transcriptomic approach to investigate the gene expression profiles associated with C3-
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CAM and full CAM photosynthesis within the Agavoideae. The two C3-CAM species in 

the study had gene expression patterns that fit the full CAM profile: the upregulation of 

key genes associated with carbon fixation (e.g., PEPC and PPCK), decarboxylation, and 

carbohydrate metabolism. What differentiated full CAM from C3-CAM was a greater 

transcript abundance of these key genes and shifts in regulatory gene function associated 

with full CAM (Heyduk et al., 2018). These findings, along with previous molecular 

work assessing the genetic and biochemical underpinnings of both CAM and C3-CAM 

(Ming et al., 2015; Brilhaus et al., 2016), further illustrate the functionality of the CAM 

pathway within these C3-CAM species.  

Given this recent work on C3-CAM gene expression and our ancestral character 

state reconstructions (Fig 4a), we hypothesize that the CAM pathway evolved prior to 

many of the anatomical and morphological changes associated with the realization of the 

full CAM phenotype (Fig 2d; Fig 4a). As more CAM photosynthesis was selected for, as 

seen in the full CAM plant Quiabentia verticilla, the anatomical and morphological 

changes that enable this level of CAM expression evolved in concert; although trait 

modifications such as larger cells with bigger vacuoles may have facilitated and enabled 

this shift to full CAM, the CAM pathway, was already present, either completely or 

nearly completely. Adding more full CAM plants to this study, particularly within early 

branching Cactaceae lineages, would greatly improve resolution in the anatomical and 

morphological trait space between C3-CAM and full CAM photosynthesis. Such 

resolution would enable us to tease apart how and why the Cactaceae were able, unlike 

most of the Portulacineae, to evolve full CAM. We suspect getting to this full CAM 

phenotype, which includes extreme succulence and a perennial life history strategy, is a 
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bit of a bottleneck and that once a plant gets there, reversibility to C3 is nearly impossible. 

Although there have been reports of full CAM reversion in (Silvera et al., 2010), 

phylogenetic and physiological sampling within these studies was insufficient.   

The C3-CAM phenotype, unlike the full CAM phenotype, is clearly reversible 

within the Portulacineae. The three detected shifts to C3 from C3-CAM occurred within 

the Montiaceae, the family sister to the rest of the Portulacineae. The loss of CAM within 

these C3 species significantly corresponds to anatomical and morphological shifts that 

facilitate C3 photosynthesis as opposed to CAM photosynthesis (Fig 4b-4d). It is unclear 

whether the switch to C3 facilitated ecological transitions to more mesic habitats (Fig 6) 

or if the loss of C3-CAM in these species was in response to climatic and habitat changes 

in which maintaining CAM was no longer advantageous. It should be noted that for some 

of these C3 species we do not have detailed physiological measurements and so we are 

basing photosynthetic phenotyping on d13C values, degree of succulence, and habitat 

(including elevation). It is feasible that these species do some CAM under the right 

conditions or have a have a “vestigial” CAM pathway, but at this time we feel confident 

that they are C3 species.  

Hypotheses on the evolution of CAM  

The traditional evolutionary concept of C3-to-CAM evolution parallels that of C3-

to-C4 evolution: a model which starts with C3 photosynthesis and progresses in a step-

wise manor towards the derived photosynthetic state (i.e. CAM or C4) (Sage, 2004). In 

the case of C3-to-CAM evolution, these transitional steps are populated by C3-CAM 

phenotypes. An alternative hypothesis is that C3-CAM phenotypes and full CAM 

represent different endpoints along distinct evolutionary trajectories, with each trajectory 
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reflecting interactions between environmental selection and the genetic makeup of the 

ancestral taxa (Winter & Holtum 2014, Winter et al 2015). These data show that not only 

are C3-CAM phenotypes anatomically intermediates between C3 and full CAM, but that 

they are also intermediate states along the full CAM trajectory: C3-CAM evolves prior to 

full CAM. However, given the number of C3-CAM reversals we propose a model of 

CAM evolution that is not linear (i.e. C3 to C3-CAM to CAM) but allows for lability and 

reversibility among C3-CAM phenotypes and C3 photosynthesis. The lability of this 

model has one caveat; reversion from full CAM has never been confidently discovered 

(i.e. using physiological tools within a robust phylogenetic analysis) and we suspect 

that once a species evolves full CAM, with the associated anatomical changes such as 

extreme succulence and very little IAS, reversibility back to C3 or C3-CAM 

photosynthesis may no longer be evolutionarily accessible. Hence, full CAM may 

represent a tipping point at which evolved traits are "locked in" and cannot reverse to C3-

CAM or C3 photosynthesis. 

As a final note, we want to leave open the possibility that the C3-CAM 

phenotypes, especially facultative CAM, could be end states in separate evolutionary 

trajectories. Further analysis with higher phenotypic resolution of these C3-CAM 

phenotypes is required to investigate this possibility. 
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Family Species
% 

IAS
cell size 

(mm)
d13C

leaf 
thickness 

(mm)

venation 
type

dH+ 
drought

dH+ 
drought 

(SD)
phenotype

Didiereaceae Alluaudia procera 0.71 0.0063 -21.1 0.58 2D C3-CAM

Anacampserotaceae Anacampseros lanceolata 0.66 0.0234 -21.76 2.07 3D 2 C3-CAM

Anacampserotaceae Anacampseros rufescens 1.38 0.0188 -21.21 1.87 3D 2 C3-CAM

Basellaceae Anredera baselloides 3.38 0.0077 -28 0.59 2D C3-CAM

Montiaceae 10.03 0.0061 NA 0.73 2D C3-CAM

Montiaceae Calandrinia brevipedata 3.75 0.0185 -28.81 1.34 2D C3-CAM

Montiaceae Calandrinia colchagensis 4.44 0.0036 NA 0.93 2D C3-CAM

Montiaceae 6.54 0.0458 -21.68 2.25 3D 1 27.6 2.18 C3-CAM

Montiaceae Calandrinia kalanniensis 9.9 0.0263 -27.6 1.47 3D 1 42.62 4.2 C3-CAM

Montiaceae 3.81 0.0082 -28.53 0.82 2D C3-CAM

Montiaceae Calandrinia pentavalvis 4.41 0.0255 -26.5 1.83 3D 1 22.1 2 C3-CAM

Montiaceae Calandrinia pickeringii 2.26 0.0132 -28.2 0.85 2D 9.32 1.69 C3-CAM

Montiaceae Calandrinia pleiopetala 5.22 0.0124 -27.2 1.72 3D 1 22 3.37 C3-CAM

Montiaceae Calandrinia ptychosperma 1.51 0.0076 -26 0.95 2D 7.5 1 C3-CAM

Montiaceae Calandrinia pumila 8.5 0.0107 -28.55 0.97 2D 8.76 2.67 C3-CAM

Montiaceae Calandrinia quadrivalvis 4.01 0.018 -28.43 2.08 3D 1 12.18 3.06 C3-CAM

Montiaceae Calandrinia schistorhiza 1.34 0.0261 -24.1 2.33 2D C3-CAM

Montiaceae Calandrinia spergularina 5.87 0.017 -28.71 1.68 3D 1 7.55 2.52 C3-CAM

Montiaceae Calandrinia tumida 11.45 0.0119 -31.2 1.35 3D 1 0 0 C3

Montiaceae Calandrinia volubilis 4.41 0.0379 -23.52 1.25 2D 82.23 11.61 C3-CAM

Montiaceae Calyptridium umbellatum 15.57 0.0046 -25.98 1.14 2D C3

Didiereaceae Ceraria fruticulosa 1.74 0.0099 -13 0.85 2D C3-CAM

Montiaceae Cistanthe picta 4.77 0.0048 -24.84 1.36 2D C3-CAM

Montiaceae Cistanthe salsoloides 0.78 0.0181 -22.9 3.25 2D C3-CAM

Montiaceae Claytonia lanceolata 17.94 0.0003 -30.03 0.53 2D C3

Montiaceae Claytonia megarhiza 12.03 0.0063 -32 0.89 2D C3

Molluginaceae Hypertellis spergulacea 2.99 0.0062 NA 1.02 3D 1 C3-C4

Montiaceae Lewisia nevadensis 10.35 0.0012 -28.13 0.5 2D C3

Limeum Limeum africanum 2.64 0.0045 NA 0.89 2D C3

Molluginaceae Mollugo verticillata 3.18 0.0047 NA 0.35 2D C3-C4

Montiaceae Montia linearis 12.02 0.0022 -30.1 0.57 2D C3

Montiaceae 9.3 0.0035 -30.5 0.39 2D C3

Montiaceae Montiopsis andiocla 1.94 0.001 -27.52 0.4 2D C3

Montiaceae Montiopsis gayana 3.77 0.0008 NA 0.42 2D C3

Pereskia Pereskia aculeata 0.38 0.0034 -27.56 0.51 2D C3-CAM

Pereskia Pereskia guamacho 0.86 0.013 NA 1.19 2D C3-CAM

Montiaceae Phemeranthus napiformis 2.58 0.0149 -26.8 2.22 3D 1 C3-CAM

Montiaceae Phemeranthus teretifolius 1.29 0.0117 -25.2 1.72 3D 1 C3-CAM

Table 1. Average values for cross sectional anatomical traits, SWC, d13C and titratable acidty measuremets
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phenotype % IAS cell size (mm2) leaf thickness (mm)
C3 9.70  +/-  5.4 0.0036 +/- 0.0035 0.71 +/- 0.34

C3-CAM 3.47 +/ -2.7 0.0151 +/- 0.01 1.43 +/- 0.67
CAM 0.06 0.0561 4.49

Table 2. Average values (and standard deviations) of anatomical traits for C3, 
C3-CAM and CAM photosynthesis. 
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Figure 1. 42-taxa, four-marker (matK, rbcL, ndhF, and ITS) combined analysis
maximum likelihood phylogeny. 
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a b

c d

Figure 2. Anatomical cross-sections of species representing the C3 to CAM 
phenotypic spectrum. (a) Montia lineris = C3 (b) Calandrinia spergularina = 
C3-CAM (c) Anacampseros lanceolata = C3-CAM (d) Quiabentia verticillata
= CAM. Green coloring denotes intercellular airspace (IAS). If the mesophyll
cells are differentiated, then the spongy mesophyll is colored purple while the
palisade mesophyll remains green.
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Figure 4. Ancestral character state reconstructions across the four-marker
ML portullugo phylogeny. a) Photosynthetic mode and venation type 
reconstruction, b) leaf thickness reconstruction, c) cell size reconstruction 
d) intercellular airspace reconstruction. The photosynthetic mode is mapped
onto the tips of figures 4b - 4d and shifts in photosynthetic mode are 
mapped onto corresponding nodes.
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Figure 5. Linear discriminant analysis of 16 BioClim climatic variables 
for species included in the study. Points are coded by photosynthetic 
mode C3 (red), C3-CAM (green) or CAM (blue).  
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Figure 6. Ancestral character state reconstructions of MAP (a) and MAT (b) across
the four-marker ML portullugo phylogeny. Photosynthetic phenotypes are mapped 
onto the tips. Shifts in photosynthetic mode are mapped onto corresponding nodes 
in the tree (see Fig 4a for more detail).  
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Figure S2. Ancestral character state reconstructions for d13C 

188



Limeum africanum
Mollugo verticillata 
Hypertellis spergulacea 
Anredera baselloides 
Alluaudia procera 
Ceraria fruticulosa 
Portulacaria afra 
Talinum triangulare 
Pereskia guamacho 
Quiabentia verticillata
Pereskia aculeata
Portulaca pilosa
Anacampseros lanceolata 
Anacampseros rufescens
Phemeranthus teretifolius 
Phemeranthus napiformis
Calyptridium umbellatum 
Cistanthe salsoloides
Cistanthe picta
Montiopsis andiocla 
Montiopsis gayana
Calandrinia colchagensis 
Calandrinia axilliflora
Lewisia nevadensis 
Claytonia lanceolata 
Claytonia megarhiza 
Montia linearis
Montia parviflora 
Calandrinia schistorhiza 
Calandrinia kalanniensis 
Calandrinia flava 
Calandrinia volubilis
Calandrinia linliflora 
Calandrinia brevipedata 
Calandrinia pickeringii 
Calandrinia pumila 
Calandrinia pleiopetala 
Calandrinia quadrivalvis 
Calandrinia tumida 
Calandrinia spergularina 
Calandrinia pentavalvis 
Calandrinia ptychosperma 

low high

precip. seasonality

Figure S2. Ancestral character state reconstructions for precipitation seasonality 
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