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Abstract 

Patterns of genetic variation, resulting from Pliocene-Pleistocene climate shifts have been 

largely documented for species from Europe. However, little is known from Africa and 

especially South Africa, where climate shifts have often been invoked to explain the 

amazingly high diversity of the Cape Floristic Region. An analysis of cpDNA and nDNA 

sequence variation for 65 populations of the moss Pseudocrossidium crinitum across South 

Africa revealed the presence of a phylogeographic break corresponding to the split between 

the winter-rainfall zone (WRZ) and the all-year-(ARZ) and summer-rainfall zones (SRZ). 

Coalescent estimates of the time since these populations split (1.3 - 3.4 Mya) are highly 

consistent with the onset of winter-rainfall in the south-western Cape. Estimates of gene flow 

indicate much higher levels of gene flow into the WRZ, fitting the expected direction of gene 

flow based on wind patterns and differences in phenology. Haplotype diversity was observed 

to be highest in the WRZ, suggesting a number of genetic structuring factors in play within 

the WRZ. Additional analysis of populations from Chile and Lesotho suggest recent dispersal 

from Chile and possibly high levels of trans-continental gene flow between these populations. 

The study provides a first look at the genetic consequences of paleo-climate shifts on a moss 

species in South Africa. These results, in combination with other similar studies, may help to 

piece together the factors and processes responsible for the high diversity in the CFR today. 
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~J V 
The onset and intensification of the Benguela YJrising O¥er the past 2-4 Mya has wrought 

profound changes on the climate of the western part of South Africa (Dupont et al. 2005). 

Prior to this, rainfall in South Africa was largely restricted to summer months, but the shift 

placed the south-western part of the country into a winter rainfall zone (WRZ)(see Figure 

2)(Chase and Thomas 2007). 

These Pliocene developments are important because of their apparently large impact on the 

evolution of a range of organisms which is evident in vegetation records (Vogel et al. 1978). 

The interplay of contrasting climate systems between the winter and summer rainfall zones 

has produced a truly unique flora, and is frequently invoked as a significant factor in the 

evolution of the astonishingly diverse and endemic-rich Cape Floristic region (see Linder and 

Mann 1998; Klak et al. 2004; Verboom et al. 2003; Davis and Scholtz 2004; Hedderson and 

Zander 2007a). The flora is a globally significant model system for many forms of scientific 

study, especially of speciation (Caujape-Castells et al. 2004; Klak et al. 2004; Rowe 2005; 

Hedderson and Zander 2007a). 

In addition to its apparent impact on speciation rates, the onset of winter rainfall is also a 

potential structuring factor within species that span the seasonality boundary (Cowling et al. 

1999). Gene flow within such species could be significantly affected if reproduction and 

timing of rainfall are highly correlated (e.g. bryophytes). Bergh et al. (2007) were able to 

show how rainfall dynamics, originating in the Holocene, have resulted in genetic disjunction 

between northern and southern populations of Ely tropappus rhinocerotis in the WRZ. 

A large amount of phylogeographic literature exists documenting the effects of paleo climatic 

shifts on the genetic structure of species and populations (Bucci et al. 2007; Hedderson and 

Zander 2007b; Hedderson and Nowell 2006; Nunez-Avila and Armesto 2006; Trewick et al. 

2002; Mitton et al. 2000; Tremblay and Schoen 1999). To date the majority of this literature 

is associated with elucidating the genetic consequences of glacial periods on selected species 

from Europe and America. However comparatively little work has been done in Africa, and 

almost nothing is known about how climate shifts have impacted on species phylogeography. 

Although less well studied, the bryophyte flora of the CFR is also species rich, and recent 

work has revealed the presence of many phylogenetically isolated endemic genera 
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(Hedderson and Zander 2007a; Hedderson and Zander 2008a; Hedderson and Zander 2008b). 

Not surprisingly, an increasing number of new bryophyte species are also being described for 

the CFR and surrounding areas (see Hedderson and Zander 2007b). Estimates place the age 

of many of these species around the end of the Pliocene (2.6 Mya) (Hedderson and Zander 

2007b ). The combination of enhanced aridity and prevalent high winds that characterized 

some periods of the Pleiocene---Pleistocene (Dupont et al., 2006; Chase & Thomas, 2007) may 

have rendered these particularly favourable for dispersal of many bryophytes, ultimately 

resulting in genetic drift and speciation of isolated populations. 

According to a recent review by Shaw (2009), very little is known about speciation in 

bryophytes. This is surprising in light of traits such as fast generation times and the ability to 

disperse long distances, all of which appear to make bryophytes suitable candidates for 

studies of speciation. However, if one wishes to study the origin of species, one must first 

address this question: What is a species? This is still one of the most controversial and 

perplexing questions in systematic biology, and to date no unanimously accepted concept 

I exists. One problematic area in developing such a concept is where to place intermediate 

cases or populations that are undergoing speciation (Dobzhansky 1937), and may not exhibit 

any morphological differentiation and/or reproductive/geographic isolation. 

Interestingly, many bryophyte species are characterized by having cosmopolitan distributions 

with little morphological differentiation between individuals from different continents 

(Fernandez et al. 2006). However, phylogeographic studies, with the aid of DNA sequence 

variation, have often revealed genetic divergence among populations from different regions 

and provided evidence of cryptic species in both mosses and liverworts ( e.g. Shaw 2000; 

Szweykowski and Krzakowa 1979; Dewey 1989; Shaw and Rooks 1994; Shaw and 

Schneider 1995). In many cases, cryptic species exhibit broadly overlapping geographical 

ranges, although many may be locally adapted ecotypes (Shaw 2001). 

Pseudocrossidium crinitum (Schultz) Zander (Bryopsida, Pottiaceae), formerly Barbu/a 

crinita Schultz, is distributed among the major southern continental land masses extending 

into south-west North America (Figure 1 ). It is particularly common in South Africa, with 

numerous populations recorded from South America, Australia, New Zealand and North 

America. In habit, the species is primarily terricolous but it can be observed growing on a 

range of substrates (on humus, in crevices and on trees) with varying levels of disturbance. 

The plants occur in two forms, one displaying a golden-yellow hairpoint/awn and the other 
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white (see Appendix 1); in all other aspects the two forms appear to be completely 

indistinguishable. The white form is only known from South Africa (Zander 1993) and 

appears to be weedy within and around Cape Town, often growing on sidewalks, while the 

yellow form is more abundant throughout the rest of the country. It is noteworthy that the two 

forms are often observed growing in discrete patches adjacent to each other. Growth of 

gametophyte cushions is suspected to be primarily by means of fragments which give rise to 

new gametophytes, while spores probably act as the most effective dispersal agent in the 

local environment. 

As with all other bryophytes there is an alternation of generation in which the gametophyte 

(n) is the dominant stage. The sporophyte (2n) is relatively short lived and is parasitic on the 

gametophyte. Sexual reproduction relies on the presence of water for male sperms to fertilize 

female egg cells. This means that the production of sporophytes is tightly linked to periods of 

rainfall. 

The objectives of this study are to: (i) establish the phylogeographic structure of 

Pseudocrossidium crinitum in South Africa, giving explanations for the distribution of the 

two forms in terms of known phylogeographic breaks and/or past climatic conditions and 

processes (ii) test the hypothesis that seasonality of rainfall is a genetic structuring force for 

bryophytes (iii) determine whether there are grounds (molecular or morphological) for the 

two forms to be recognized as separate species. 
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Figure 1 : Distribution of Pseudocrossidium crinitum around the world. Frequency of 

occurrences is shaded in red. 
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Figure 2 : Rainfall seasonality in South Africa. The region shaded blue receives mostly 

winter rain (WRZ) while the orange receives the majority of its rain during summer 

months (SRZ). The area shaded green is the all-year-round rainfall zone (ARZ). Map 

adapted from Chase and Thomas (2007). 
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Material and Methods 

Sampling 

Sixty-five populations of P. crintium were sampled covering much of the species range in the 

Eastern, Northern and Western Cape provinces of South Africa (Figure 3). Where it was 

possible, white- and yellow-awned populations growing adjacent to each other were both 

sampled. Additionally, two yellow-awned populations from Lesotho and four from Chile 

were included in the study . 

.,37,38 
023 

61 
2,40,65 • 

C) 

56. 57. 

55 • 

Figure 3 : Map of South Africa and Lesotho, indicating sampling localities of 

Pseudocrossidium crinitum. Numbers correspond to populations listed in Appendix 2. 

Black circles are populations with yellow hairpoints. White circles are populations with 

white hairpoints and half-black-half-white circles are localities with both forms present. 
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DNA extraction and PCR amplification 

Total DNA was isolated from dried plant material using the CT AB method outlined in Doyle 

and Doyle (1987). Quantities of reagents were scaled down for ca. 20 mg of plant material, 

and slight modifications made as follows. Samples were ground in a pestle and mortar with 

700 µ1 of extraction buffer. Following incubation, 600 µ1 of chloroform-isoamyl alcohol 

(24:1 v/v) was added, mixed by inversion for 5 min and spun. The aqueous phase was 

transferred to a clean micro-centrifuge tube. An equal volume of ice-cold isopropanol was 

added, and DNA was precipitated at -20°C overnight. After centrifugation, the DNA pellet 

recovered was washed with 75% ethanol and spun. Ethanol was discarded and DNA was left 

to air-dry prior to re-suspension in 50µ1 of nanopure water. Primers 18KRC (Hedderson and 

Nowell 2006) and ITS2 (Baldwin 1992) were used to amplify ITSJ. The trnL-F region was 

amplified with primers tabC and tabF (Taberlet et al. 1991). 

PCRs were performed using 0.75 units of KapaTaq DNA polymerase (Kapa Biosystems) in 

30 µ1 volumes also containing lx NH4 buffer and 5 mM MgCh, 0.1 mM of each dNTP, 0.5 

mM of each primer and 3 µ1 of unquantified DNA template. 

Thermo-cycling was carried out on a Applied Biosystems Gene Amp PCR system 2700, set 

to the following thermal conditions: initial denaturation at 97°C for 2 min, followed by 25 

cycles of 97°C for 1 min, 50°C for 1 min, 72°C for 2 min, with a final polymerization step of 

72°C for 7 min. Cycle sequencing was carried out at the University of Stellenbosch 

sequencing facility. 

Sequence Data Analysis 

Sequences were assembled with SeqMan (Lasergene System Software, DNA* Inc.). 

Assembled sequences were aligned manually using MegAlign (Lasergene System Software). 

The nuclear DNA region was analysed for possible recombinants, as these can confound the 

reconstruction and interpretation of phylogenetic relationships (Schierup and Hein 2000). To 

detect recombination in the ITSJ region we used IMgc (Woerner et al. 2007), which infers 

recombination from violations of the four-gamete rule. The 4-gamete rule is based on the 

observation that two nearby mutations can only lead to three out of four possible haplotypes. 

The fourth haplotype can only be created by a recombination event, which becomes more 

likely with larger distance between the t~) Hudson and Kaplan 1985). ·e,:;;. 7 
f""-C-.""'j . 
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Haplotype networks were constructed using statistical parsimony (Templeton et al. 1992) 

implemented in the computer program TCS (Clement et al. 2000). The TCS-analysis is based 

upon a matrix of absolute pairwise distances, for which the probability of parsimony (as 

defined in Templeton et al. 1992) up to a threshold probability of 0.95 is calculated. The 

probability just before this 95% cut-off is then the maximum number of mutational 

connections between pairs of sequences justified by the 'parsimony' criterion (Clement et al. 

2002). 

Spatial analysis of molecular vanance (SAMOV A) was used to define geographically 

homogeneous populations using the SAMOV A vl .0 software (Dupanloup et al. 2002). The 

method makes use of a simulated annealing approach that aims at maximizing the proportion 

of total genetic variance due to differences between groups of populations. As a by-product 

the program also enables the identification of genetic barriers between groups of populations 

(Dupanloup et al. 2002). The South African populations were divided into 13 geographic 

clusters, varying between 2 and 11 populations in size. 

Basic population demographic parameters including timing of separation of populations (t), 

directional gene flow (m1 and m2) and effective population sizes of daughter (NI and N2) and 

ancestral populations (NA) were estimated using the IMa (Isolf1ti<;m with IJ1igratio~) software 
1,vA,1 ~ ""lw,t' qr-e t:1u- h~e,,Pi"u ? 

(Hey and Nielsen 2007). The program utilizes a Bayesian approach based on coalescence 

models to infer the demographic parameter 9 Of the ancestral (9 A) and two daughter (9 I and 

I 92) populations (8=Neµ , where Ne is the effective population size andµ is the neutral mutation 

rate), the time of separation of populations t (where t = tµ , in number of generations), and the 

scaled migration rate min each direction (m = mlµ). 

I 

Bryophytes present a unique case in which the primary means of dispersal (i.e. by spores or 

asexually (using gemmae or by fragmentation)) contain a haploid copies of both the nuclear 

and chloroplast genomes (ploidy level=n). Further, dispersal distances of bryophyte sperm, 

which contain only the nuclear genome, have been shown to be negligible (i.e. a few 

centimetres) and not influencing spatial genetic structure (Shaw 2001). This means that the 

effective population size and dispersal history of the two genomes is comparable. Due to this 

similarity, combination of the cpDNA and nDNA data sets was possible, allowing for both 

loci to be used in a single IMa analysis. 
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w7 J,Jri!t ;J~ l-<>e. ~ f~'/Vl°? °'ff rtTJ-;: 
Initial analyses were run using very wide prior distributions for model parameters (i.e. ql = 

10, ml = m2 = 10, t = 10) based on the recommendations from the IMa manual. This ensured 

maximum sampling of the prior distribution. The use of wide initial prior distributions in this 

Bayesian approach allowed us to express our paucity of prior beliefs on parameter values. 

Additional runs of 107 steps were then performed with more appropriate parameter values to 

identify trends in parameter estimation and to ensure that Markov chains were mixing 

adequately for all parameters. Primary runs all consisted of a bum-in period of 105 steps 

followed by an additional run of 107 steps with 20 Markov chains and geometric heating (gl 

= 0.8 g2 = 0.9). Markov chains were assumed to be mixing properly when parameter update 

rates of greater than 2% were obtained and multiple independent runs of 10 7 steps yielded 

similar results. Additionally, ESS ( effective sample size) estimates of> 50 were required for 

all model parameters before a final run was accepted (Hey et al. 2004). 

Generation times for bryophytes are largely unknown. This is not surprising given the myriad 

/£actors which could affect estimates based on expected rates of 1>NA substitution. In order 
5~,rf _J,5 

to calculate generation time in bryophytes, confounding factors ~ the indefinite persistence 

of old gametophytes, retention of somatic mutations in populations arising from gametophyte 

fragments and the frequency of asexual and sexual reproduction need to be taken into 

account. Unfortunately many of these factors are intrinsically hard, if not impossible to 
l 

estimate. Additionail?netabolic rates have been shown to affect generation time (Martin and 
J.. 

Palumbi 1993) and most importantly an estimate of minimum time between parent and 

daughter generations could be very useful. Clearly an in; depth study of generation time in 

bryophytes is long overdue. An estimated generation time of one year was used to calculate 

'I 

"S1111l ,/cv-

-h> '"'* rw?t" 
1nd,J,~ If 

basic demographic parameters from scaled model parameters. This is based on the fact that 1 , ( tc..tr 
apparently young shoots of P. crinitum are frequently observed with sporophytes. ""e,g.r,,iJ · u~c 

A divergence rate of 0.8 - 2% per million years was used for the ITS region (Bakker et al. 

1995) and a rate of 0.024 - O. l 16%per million years for the trnL-F region (Zhang and Hewitt 

2003). Divergence rates were weighted by the amount of information contributed by each 

marker. Except where mentioned, parameter estimates were converted to more easily 

interpretable units using the weighted-geometric mean divergence rate for both loci. Upper 

(1.3% divergence per million years) and lower (0.5% divergence per million years) limits of 

divergence rates were used to calculate a range for the maximum likelihood estimate oft. 
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wh0 L) U vv- v.S,t -t;/.,,~ ? 
Phylogenetic analysis was carried out using a Bayesian Markov chain Monte Carlo (MCMC) 

method as implemented in the program MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001). 

Bayesian analyses of sequence data was performed with parameters being estimated du9ng 
S(o..Mf 

two independent runs with four Markov chains under th GTR G + I model (nst = Tlie 

Monte Carlo Markov chain (MCMC) length was 1000 0 10ns, and every 100th 

generation was sampled to minimize autocorrelation. The urm- ' length (2000 generations) 
--------'<===--'---- ~ ' 7 

was determined by examination o MCMC generation versus lnL lots. ~ns were 

considered to have converged when the stanaarc eviation of split frequencies was less than 

0.01. The consensus topology was constructed using the sumt option in MrBayes, trees were 

edited in FigTree vl .2 (Rambaut 2007). 
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Results 

Sequence Data and Recombination 

The trnL-F region varied from 348 to 349 bp. The sequences comprise 8 haplotypes, among 

which there are 17 variable characters comprising 16 nucleotide substitutions and 1 

insertion/deletion (indel) event. In addition to ITSJ, the DNA region sampled also included 

241 bp from the 3' end of the l 8S rRNA gene: this was discarded for all subsequent analyses. 

The ITS region exhibited moderate length variation, ranging from 248 to 257 bp. 

The IMgc analysis identified seven recombinants among the ITS sequences, as well as _:1-25bp 

of recombinant code from the 18S and 5.8S regions. The 7 recombinants, representing 2 

white-awned populations and 5 yellow, were all from the WRZ. Subsequent analysis was 

based on the remaining sequences, which constitute 14 haplotypes. Among these haplotypes 

there are 18 variable characters comprising 15 nucleotide substitutions and 3 

insertion/deletion (indel) events. 

Haplotype networks 

The unrooted statistical parsimony network for the ITS] sequences is shown in (Figure 4). 

The largest and most widespread haplotype ( denoted A in Figure 4) comprises 24 sequences 

from 24 populations and is confined almost entirely (21/24) to the all-year (ARZ) and 

summer (SRZ) rainfall zones of South Africa. The frequency of this haplotype increases with 

proximity to the summer rainfall zone. Under neutrality, this is also identified as the likely 

ancestral node for the network as it is the most frequent and widespread of all the haplotypes 

sampled. Interestingly the single Chilean population ( 49) is also included in this widespread 

haplotype. The second most frequent haplotype (denoted B in Figure 4) comprises 6 

sequences from 6 populations. This haplotype is also comparatively widespread and almost 

entirely restricted to the ARZ and SRZ (1 population) with the exception of a single 

population (36) in the Cederberg. The group comprising 8 haplotypes (denoted C in Figure 

4), derived from the putative ancestral haplotype (Haplotype A); are all exclusively found in 

the winter rainfall zone (WRZ) of South Africa. Two haplotypes (denoted D in Figure 4), 

both dependently derived from haplotype A, are found positioned within the SRZ (56) and 

ARZ (62). Similarly, haplotypes E and F which are both independently derived by one step 

from 

17 
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Figure 4 : Haplotype network for the ITS] sequences of Pseudocrossidium crinitum. The 

size of the circle representing each haplotype is proportional to its frequency and 

numbers indicate the populations in which each haplotype is found. Black circles 

indicate 'missing' haplotypes, whilst haplotypes connected by single lines differ by a 

single mutational difference. The degree of blue shading, indicates the proportion of 

populations found in the WRZ, 0 shading = none; darkest shading = all. 
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the putative ancestral haplotype are found either within the ARZ (haplotype E) or only just 

within the limits of the WRZ sensu stricto (haplotype F). 

The unrooted statistical parsimony network for the trnL-F sequences is shown in Figure 5. 

The largest and most widespread haplotype ( denoted A in Figure 5) comprises 45 sequences 

from 44 populations. This haplotype is distributed extensively throughout most of the 

sampled range of P. crinitum, except in the Klein Karoo (ARZ) where the second largest 

haplotype occurs ( denoted B in Figure 5). Haplotype B comprises 10 sequences from 10 

populations, reaching its highest frequency in the Klein Karoo where it is also the most 

abundant haplotype (5 out of 7 populations). The frequency ofB decreases with proximity to 

the WRZ. Three haplotypes (C, D and E), independently derived from haplotype A by one 

step, one step and two steps respectively are all restricted to the WRZ. A single Chilean 

haplotype representing one of the four populations sampled ( denoted F in Figure 5) is derived 

by two steps from B whilst the remaining three Chilean populations form part of a highly 

differentiated group of haplotypes (Gin Figure 5), requiring 7 mutational steps to connect to 

the remainder of the network. This group contains 2 haplotypes, one of which is shared by the 

three populations from Chile and one from Lesotho, while the other belongs to a single South 

I African WRZ population. Interestingly this WRZ haplotype from the Koue Bokkeveld is 

more closely related to populations from Chile and Lesotho than to any of the other South 

African populations. Y\. af t rt4i ~ 

Phylogenetic trees 

Trees were constructed using a representative of each haplotype and rooted with 

ov.J:;J~Pseudocrossidium porphyreoneurum (Mull. Hal.) Zander. Low support on nodes is probably 

t"L)Jue to the small number of variable characters _within the data. Trees contain polytomies 

~ because multiple haplotypes are denved from a smgle ancestor. The separat10n of haplotype 

·~v~ groups by rainfall zone is clear in the ITS tree (Figure 6~ The ARZ haplotypes (green 

branches) form a relatively well supporte~=l~niprising 5 haplotypes from the 

ARZ, two of which are shared by WRZ populations (light blue branches), and a single 

haplotype from the WRZ (dark blue branches) (E in Figure 4), which represents a single 

population very close to the ARZ. WRZ haplotypes form a paraphyletic group. The red star 

indicates the haplotype shared by the Chilean population. The same separation by rainfall 

zone is not as evident in the trnL-F tree (Figure 7). The single ARZ-SRZ haplotype is sister 

to 
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Figure 5 : Haplotype network for the trnL-F sequences of Pseudocrossidium crinitum. 

The size of the circle representing each haplotype is proportional to its frequency and 

numbers indicate the populations in which each haplotype is found. Black circles 

indicate 'missing' haplotypes, whilst haplotypes connected by single lines differ by a 

single mutational difference. The degree of blue shading, indicates the proportion of 

populations found in the WRZ, 0 shading = none; darkest shading = all. 
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Figure 6 : Phylogenetic tree of Pseudocrossidium crinitum ITS haplotypes. The 50% 

majority-rule consensus tree from the Bayesian analysis of P. crinitum ITS haplotypes. 

Numbers above branches correspond to posterior probabilities estimated using the 

Bayesian approach. Colours reflect the geographic location of the haplotypes: green 

branches are haplotypes found in the ARZ and SRZ, blue branches are haplotypes from 

the WRZ and light blue branches are haplotypes found in both the WRZ and ARZ

SRZ. The red star indicates the haplotype shared with the Chilean population. 
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Figure 7 : Phylogenetic tree of Pseudocrossidium crinitum trnL-F haplotypes. The 50% 

majority-rule consensus tree from the Bayesian analysis of P. crinitum trnL-F 

haplotypes. Numbers above branches correspond to posterior probabilities estimated 

using the Bayesian approach. Colours reflect the geographic location of the haplotypes: 

red branches are Chilean haplotypes, green branches are haplotypes found in the ARZ 

and SRZ, blue branches are haplotypes from the WRZ and light blue branches are 

haplotypes found in both the WRZ and ARZ-SRZ. The yellow star indicates the 

haplotype shared by populations from Chile and Lesotho. 
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the group comprising 3 WRZ haplotypes and one haplotype shared between the WRZ and 

ARZ. The remaining WRZ haplotype is sister to the two Chilean haplotypes, of which one of 

these is shared with the populations from Lesotho (denoted by a yellow star in Figure 7). 

wLere ,\ ~ o\!Vrµ/J f ~/c)JCA-:f ! 

Spatial Analysis of Molecular Variance 

The SAMOV A analysis indicated that the best spatial genetic structure was obtained when 

populations were separated into two groups, Fc1=0.71 and 0.52 for ITS and trnL-F haplotype 

data respectively. However, groupings were uninformative and always comprised the most 

highly differentiated population group being separated from the remaining 12. It was 

mentioned in the previous section that SAMOV A functions by defining groups of populations 

that are geographically homogeneous and maximally differentiated from each other. The 

small ranges occupied by WRZ haplotypes resulted in low within group variation, because 

groups usually only contained a single haplotype, and very high differentiation between 

groups. This reduced the program's ability to distinguish significant population structure in 

the data. 

Isolation with Migration (IMa) 

The ESS values from the final run ranged from 65 to greater than 19,000. Although some 

parameters (t) had low ESS scores, examination of parameter trend plots suggested that~ . l 
~'1'' Markov chains were sufficiently exploring parameter space, and posterior estimates produced 

during the preliminary and final runs had very similar values. The analysis examined the split 

between WRZ and ARZ (including the two populations from the SRZ) populations. The 

scaled and basic population parameters are given in Table 1. Figures 8a and b show the 

marginal posterior probability distributions of the estimates of Ne (in millions) for the WRZ 

and ARZ-SRZ (a) populations and the ancestral population (b). The results for both 

populations (NI and N2) indicate negative growth in effective population since time of 

splitting because Ne for both populations (Table 1) is smaller than the ancestral Ne (NA)- The 

highest posterior probability for the estimated ancestral Ne is however very low and 
a..N.. 

additional data j.s"needed to provide more certainty around this estimate and any subsequent 

inferences. The Ne in the geographically more widespread ARZ-SRZ population is 

significantly smaller than Ne in the more restricted WRZ population. 
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The coalescent estimates of time since population divergence (Figure 8c) reveal a sharp peak 

in the marginal likelihood which translates to the period ranging from the end of the Pliocene 

(3.4Mya), assuming a slow molecular clock (0.5%), to a divergence estimate of l.3Mya, 

assuming a fast molecular clock of 1.3% divergence per million years. This estimate also falls 

within the range of the upper and lower HPD interval fort (Table 1). 

Estimates of migration (Figure 8d) suggest a considerable amount of gene flow from the 

ARZ-SRZ into the WRZ (1.8 migrants per generation) compared to gene flow in the opposite 

direction which is only 0.64 migrants per generation. 
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Table 1: Maximum-Likelihood Estimatesa (MLE) and the 90% Highest Posterior Density (HPD) 

lntervalsb of Demographic Parameters Estimated by I Ma for the WRZ (81, m1, N1, m1 ), ARZ 

(82, m2, N2, m2 ) and ancestral populations {8A, NA). 

81 82 8A m1 m2 t N1 N2 NA m1 m2 

4.744 0.338 8.651 2.395 0.843 1.497 1.567 0.112 2.857 1.813 0.638 

t (Mya) 

1.978 

Lower 90% HPD 1.835 0.132 2.1 0.865 0.122 0.767 0.606 0.044 0.694 0.654 0.092 1.013 

u er90%HPD 19.43 0.925 28 .066 5.165 4.182 4.997 6.417 0.305 9.269 3.909 3.165 6.601 

a MLE estimates for the basic parameters (N1, N2, NA, m1 and m2) are the locations of the peaks in the curves shown in 

Figure 8, the MLE estimate of t was calculated using the weighted mean mutation rate for the two loci. The scaled 

parameters (0 1, 02, 0A, m1, m2 and t) are the direct outputs from the IMa analysis. ~ t..,.1Aa;:t:- ~ ~ ~ ? 

b The 90% HPD intervals are the shortest spans, along the x axes of Figure 8, that contain 90% of the area of those 

histograms. For basic parameters not scaled by the mutation rate including N1, N2, NA, m1,m2 and t (see Material and 

Methods), these HPD intervals are not directly available. However, estimates of the 90% HPD intervals were made as 

the products of those for the corresponding scaled parameters, upper and lower HPD intervals were calculated using the 

geometric mean mutation rate for the two loci. 
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Sequence variation and haplotype diversity 

P. crinitum contains a moderate amount of genetic variation within the DNA regions sampled 

( average of 11 haplotypes in 66 sequences) and is comparable to variation in many 

angiosperm species ( e.g. Tremblay and Schoen 1999). This is contrary to earlier hypotheses 

I that bryophytes are genetically impoverished in comparison to other plant groups (Shaw 

2002; Hedderson and Nowell 2006) and provides further evidence to refute this. 

I 

I 

I 
I 
I 
I 

I 

Recombination 

Strong evidence for the importance of sexual reproduction and consequently the production 

of spores in P. crinitum was evident in the ca 11 % of ITS sequences which contained traces 

of recombination, particularly when it is remembered that only a proportion of the progeny is 

likely to show recombination at a particular locus (Hedderson and Nowell 2006). The~~ 

importance of spores in the dispersal of bryophytes has been debated with little resolve (see 

review in Miles and Longton 1990), due to the technical difficulties in determining the fate of 

spores in the field (Hedderson and Nowell 2006). 

In comparison to the very coarse methods used in this study to estimate recombination, fine 

scale estimates of recombination rate may provide the necessary means to answer this 

question. A new full-likelihood method developed by Wang and Rannala (2008) is able to 

determine fine scale recombination rates using a Bayesian MCMC method. The method uses 
-~[~~( . 

marginal individual SNP (single nucleotide polymorphism) genealogies related through an -ancestral recombination graph to effectively model genealogies underlying a sampling of 

chromosomes. The new method is far more accurate in comparison to previous statistical 
~ [eru,.c.,__s ? 

methods which are limited to approximated likelihood approaches. Obtaining fine scale 

estimates of recombination rates will greatly increase our knowledge of the extent of sexual 
vJk..,,? 

reproduction in bryophytes. Additionally, this knowledge could also be used to provide the 

ground work for a better understanding of generation time in bryophytes. w{; f 
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Spatial genetic structure of populations 

Despite the proportionately small area sampled relative to the full distribution of P. crinitum 

in South Africa, the large number of populations sampled allowed for the examination of fine 

scale patterns of spatial genetic structure between winter and all-year-round rainfall zones. 

The variation within P. crinitum is not strongly structured according to the geographical 

distribution of its haplotypes. However, populations from the WRZ present an entirely unique 

set of haplotypes compared to those found in the ARZ and SRZ. This separation is also made 

clear in the phylogenetic trees. The lack of a strong geographic structure is probably due to 

the high dispersal ability of P. crinitum, a trait which has been shown to be characteristic of 

many bryophyte species. A stu:. by Bergh e~. ,5200:i(n the species E. rhinocerotis in ) ~ C:S 

South Africa, attributed a siJiar l~f ~ial ge~ structure to the high dispersal ability J ~ ,:;;__ 
7 

of the species /;';/ r:sf7~ ' 
rct~~ · 

Unfortunately plant phylogeographic studies for the region are lacking and to date nothing is 

known about how past climate shifts have impacted on the population genetic structure of 

bryophyte species. 

White and Yellow awned populations ~.e.s\A. ll} ? 
The presence and distribution of the two forms is still an interesting question which has yet to 

be answered. This study revealed that the two forms are not genetically distinct. Rather, white 

and yellow awned populations share a lot of the same genetic variation, indicating the 

dey,fute presence of gene flow between the two forms. Currently, the distribution of genetic 

variation within white awned populations does not suggest any geographic structuring and the 

presence of a few populations in the ARZ precludes any hypotheses concerning an adaptation 

to different climates. It may be possible that the white and yellow pigment is controll~~.,~L~/ 7 

single allele which was accidentally switched on or off, allowing this apparently ~ ' 

mutation to spread throughou~pulations. The lack of genetic variation between forms is 
;.:. 

compatable with this hypothesis and could be tested through a series of crossing experiments. 

Genetic differentiation would only be expected if the two forms evolved in isolation. 

Morphometric analyses of the two forms (N Wilding and T Hedderson unpublished data) are 

unable to find characters unique to either form. 
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ARZandSRZ 

One hypothesis for the low levels of genetic variation in the ARZ may be that the history of 

P. crinitum in this area is relatively recent and that too little time has passed for genetic 

variation to accumulate to the levels present in the WRZ. Frequencies of the putative ' 

ancestral haplotype reach their highest in the ARZ which could provide further evidence for a 

recent expansion into the region. However, the converse could be true and large numbers of 

the ancestral haplotype could also point to a very old occupation of the region. Alternatively 

the effects of aridity may explain why it has much lower levels of genetic variation than the 

areas in the west. Oscillating climatic conditions with no directional change characterized the 

ARZ over the last 8-10 Mya (Cowling et al. 2009). This could have made it impossible for 

different ecotypes to establish and adapt to environmental conditions. It is also possible that 

the continuous variability and aseasonality of rainfall favoured dispersal by fragmentation 

over sexual reproduction and production of spores, a hypothesis which is consistent with the 

lack of recombination in nDNA sequences from the region. This would also result in lower 

levels of diversity. 

S/t~?i[Similar patterns of low genetic variability were found in the study by Bergh et al. (2007), 
C, (tlM I 1

0 
w · suggesting that paleo-climate shifts may be responsible for the pattern we see today. 

~ ~l Evidence from the fossil record indicate that temperate afromontane forests were greatly 
' ... I?) 17 

::,~restricted during the last glacial period (Butzer and Helgren 1972). However, increases in 

(tr<\ ~p~~~oisture during phases of the Holocene and the resulting expansion of forests (Martin 1968; 

I 
C;. \ 

sh; · Partridge et al. 1999) may have displaced P. crinitum from much of the ARZ. Aridification 

I 
during the late Holocene and subsequent anthropological influence caused contraction of 

these forests and may have resulted in more recent recolonization and lower genetic variation. 

Another genetic feature shared with the study of Bergh et al. (2007) is the presence of a 

group of populations with unique genetic variation centred around the Klein Karoo area of 

the South Coast. Due to 7elack of S~lllP~·ng i9, the,area Bergh ~t al{~~not
1 
speculate at the 

pN..irto I.AS ,1~ ~A,({ /-i,u.--d_ low ~e-- var'fa.l:J1/i(-v, 
reason for the ~xtreme effetic differenc they observed. s·ampling in tl{e current study is ,-

comprehensive for the area and the genetic differentiation observed may point towards the 

presence of an ecotype of P. crinitum, adapted to higher levels of rainfall that were present I.Al~ <.t..ft... 

during the Mid-Miocene (Linder and Hardy 2004). Peaks of greater than 95~k mean~? 

annual precipitation occur at two places in the Western Cape; one in the co?,stal region of the 
J "< S t- 11\-SfCU .I 

Klein Karoo and, the second spanning the area between Stellenbosch, Hermanus and 
"'"e>t' lfJ ~J ,t' 11\.~"'4 " ~ ~e,./'uvo.-

Worcester, just ins1cle of the WRZ (Environmentek, CSIR). The same cpDNA haplotype 
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which is found in the Klein Karoo is also found in the second hig}]. rainfa~ area. At this time, 

the existence of different ecotypes and potential refuges is only sp~i~l~n given the patterns 

in the data. This hypothesis would need to be tested with the use of morphological and 

physiological experiments which aim at establishing differences in life-form and water use 

efficiency. The presence of high rainfall refuges does however present an interesting 

hypothesis that could be tested by examining the genetic structure in other species occurring 

over the same range. 

WRZ 

Haplotype diversity in the WRZ is comparatively higher (ca 50%) than the ARZ and SRZ, 

and the most widespread WRZ haplotypes are distributed along a North-South axis. 

The high genetic diversity present in the WRZ is assumed to reflect the impact of past 

climatic shifts on the genetic structure of P. crinitum. A scenario involving adaptation to a 

new environment might assume that if P. crinitum occupied the same range before the onset 

of winter rain, then a prior adaptation to summer rainfall and better light conditions may have 

resulted in a population bottleneck during the build-up to full winter rainfall conditions. 

During this period, significant reductions in range due to fewer habitable niches, may have 

resulted in a patchy distribution of only those fit enough to survive in the new environment. 

This scenario could explain the appearance of many unique haplotypes, as selection weeded 

out unfit individuals and genetic drift acted on populations. Simple tests of light use 

efficiency on plants from the different rainfall zones could provide a simple way to test the 

validity of this scenario. 

Other scenarios involving range fragmentation during periods of increased Holocene ari~ 

could be f ttnbuted to the creation of new diversity through drift. Taking into account ~~del Z: 

suggestions that increased aridity began in the North and spread South, significant levels of 

genetic disjunction would be expected between northern and southern populations coupled 

with a decrease in diversity moving northwards, patterns not evident in the data (van 

Zinderen-Bakker 1978). Further, given the biology of the species and its ability to grow in 

very arid environments (see Figure 1), increased aridification may not have presep.t~d a 
' 

problem for northern populations. The most feasible hypothesis for the North-South 
II -- . 

distribution of haplotypes is dispersal along this axis, a theory which is consistent with the 

prevailing wind directions for the south-western part of the country (i.e. N.W. and S.E.). 
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Gene flow between WRZ and ARZ-SRZ 

The split between WRZ and ARZ-SRZ haplotypes is probably the most obvious feature of 

the data and by far the most significant. It is clear from this example that the Pliocene climate 

have not only impacted on the genetic structure of species in Europe and America but also in 

Africa. This is one of the few studies which has tried to show how paleo-climatic shifts have 

impacted on spatial genetic structure of a species and possibly the first to demonstrate how 

the presence of different rainfall regimes can preclude gene flow between parts of an 

otherwise homogeneous and contiguous area. 

Maximum likelihood e;timates place the time of population divergence (i.e. WRZ and ARZ) 
t::1.A-'. • 

between 1 ~ya, this date is in agreement with estimates for the shift from summer to 

winter rainfall during the late Pliocene (DeMenocal 2004). Growth and the production of 

sporophytes in bryophytes is strongly linked to rainfall. It would seem obvious then that a 

change in the timing of rainfall for a set of populations should significantly alter aspects of 

their phenology. It is unclear at present whether production of sporophytes is common in 

populations from the ARZ and at what time of the year sporophytes mature. However, it is 

suspected that isolation, resulting from poor sperm dispersal distances and a differential 

timing of sporophyte production and thus dispersal of spores, has played a large role in 

limiting gene flow between the two areas. 

Of relevance here is the recent demonstration by Munoz et al. (2004) that patterns of wind 

intensity and direction better explain floristic similarity in a range of plant groups among sub

Antarctic islands than does geographic proximity. Seasonal patterns of air circulation indicate 

that dispersal during summer months should be facilitated by wind from the south-east. This 

would send propagules from the ARZ into the WRZ, assuming that mature sporophytes are 

present and that rainfall in the ARZ doesn't wash spores from the atmosphere. During winter 
I 

months, at which time mature sporophytes should be present in SRZ populations, dispersal is 

facilitated by wind from the south-west (Chase and Thomas 2007). This means that spores 

would be dispersed in a north-easterly direction, along the coast of Kwa-Zulu Natal. In 

essence dispersal out of the WRZ is almost impossible as a result of the prevailing wind 

direction and the timing of sporophyte maturation and dispersal into the WRZ is thwarted by 

the inconsistency of ARZ rainfall and its affect on timing of sporophyte production. 

Estimates of migration rate support this theory and are in proportion with expected levels of 

gene flow in each direction. A migration rate of one migrant per generation in each direction 
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is expected to provide sufficient gene flow to result in a homogenizing effect between two 

populations. Therefore, migration into the WRZ is predicted to provide sufficient gene flow 

for this process to take place. Since gene flow is only taking place in one direction, this might 

allow process like genetic drift to act on the WRZ populations, ultimately resulting in 

divergence between ARZ and WRZ populations. 

Ian d IA/\~ 

Relationship between populations from Chile, Lesotho and South Africa Sf~~ 

The genetic differentiation of populations from Chile is clear from the cpDNA data and its 

position in the tree, suggesting that the two populations are quite genetically distinct. 

Recombination and high mutation rates in the nDNA have probably resulted in this signal 

being slowly lost. nDNA is expected to show more recent genetic history, this may 

effectively overwrite older information contained within the genome (T. Hedderson pers. 
'> " ''~ L .___ .S 

comm.). Due to the small ffl:ifflb0r-6'f nDNA sample from Chile (n=l) we can only make a 
A. 

preliminary guess at the more recent history of gene flow between the two continents. Gene 

flow between Africa and South America has been well documented and a number of species 

have been shown to have similar haplotypes on the two continents (T. Hedderson pers. 
n -=-( l 

comm). The fact that the Chilean po~ion forms part of the most widespread nDNA 

haplotype might point to recent gene flow between the continents. Of particular interest here 

is the direct evidence of gene flow between Chile and a population from the Koue Bokkeveld. 

Its position in the cpDNA tree points to a recent dispersal event from Chile. The population 

from the Koue Bokkeveld is more closely related to Chilean and Lesotho haplotypes than it is 

to the remaining South African populations and the converse is true for one of the Chilean 

haplotypes. Could this be dispersal in the other direction? If so, then this provides a number 

of interesting questions that need to be answered regarding gene flow and the mechanisms 

which facilitate it. Answers to such questions could have many implications for 

biogeographic studies. Many more samples are needed in order to estimate gene flow and it 

would be interesting to compare this gene flow to that between the two rainfall zones 

The populations from Lesotho form part o the same cpDNA haplotype as 3 of the Chilean 

populations, indicating recent gene flow between these two disjunct populations or dispersal 

in a single direction. 
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Implications for bryophyte speciation and evolution of the regions flora 

The patterns of genetic variation exhibited by P. crinitum may provide invaluable insight into 

the processes and mechanisms which ensue during the speciation of bryophytes and quite 

possibly other plant groups too. Although evidence does npt support co~pl~te and rapid ] 
WM.N__ wc...-5 i:1i,.s ShtJW{t ~ 

divergence between populations, it is clear that significant population differentiation is 

occurring. It is intriguing that patterns of genetic diversity exhibited in P. crinitum largely 

reflect those of the Cape flora at the species level (Linder 2005) and may reflect a common 

set of structuring factors acting at varying scales. Thus, it is possible that the same factors 

respons~ le for high species diversity in the CFR might act at a finer scale and produce 

similar ~ specific variation in taxa with different life histories. Without additional studiesJi °"'~ 
it is not known whether this same pattern will be evident in other species that span the re, 
seasonality boundary and to what degree they will be affected (i.e. high gene flow or 

complete divergence). 
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Conclusion 
Not- ~~ ,~ ~, s c..uss,~ 

The lack of distinguishing molecular variation, between the white and yellow forms of P. 

crinitum, point to the presence of a neutral mutation and not one that confers any selective 

advantage among populations. Future investigation using genetic and physiological 

techniques may provide further understanding of the white form and its highly restricted 

distribution. 

7 ru-t ? 
Distribution of genetic variation in P. crinitum ~iearl)'. ~xposes rainfall seasonality as a 

significant genetic structuring factor. A lack of sampling precluded much speculation 

regarding diversity in the SRZ and hence the degree to which rainfall seasonality has affected 

genetic variation in WRZ populations. In order to elucidate the full extent to which rainfall 

seasonality has affected genetic variation, future work should include comprehensive 

sampling of winter-, summer- and all-year-rainfall zones, providing increased support for 

coalescent estimates of population divergence and gene flow. 

Additional work similar to this may provide much needed evidence and support for 

hypotheses regarding the evolution of the Cape flora and other endemic groups. Studies 

which are interested in the history of populations and species are relying increasingly more 

on coalescent methods. Soon, with the advances in sequencing technology these methods 

could be applied more effectively and one day provide alternative means of calibrating 

phylogenies, providing significantly higher resolution for phylogeographic studies and 

studies of speciation. 
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Appendix 1 
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Picture 1: The white hairpoint 

form of P. crinitum. Picture taken 

on a dewy mommg. Water 

droplets are visible on the 

hairpoints which act as 

condensation points for any 

moisture in the air. 

Picture 2: The yellow 

hairpoint form of P. 

crinitum. Picture of dry 

plants, leaves are twisted 

and pressed against the 

stem. Sporophytes are 

also present. 
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Appendix 2 

Collection info. 
Hedderson 13772. Western Cape. Koue Bokkeveld Mntns. Yellow. 
Hedderson 14331. Nieuwoudtville area. Oorlogues kloof NR. White. 
Hedderson 12804a. Cape Point. White 
Hedderson 13483. Cape peninsula. Table Mntn. White. 
Hedderson 14918. Riversdale district. Tradouws pass. Yellow. 
Hedderson 15149. Dvsseldorp. Oudemuragie farm. Yellow. 
Hedderson 14903. Grahamstown. Signal Hill. Yellow. 
Hedderson 15529. Robertson area. Bergendal farm . White. 
Hedderson 15122. Addo elephant park. Spekboom lookout area. 
Yellow. 
Hedderson 13841 . Ceres district. Btwn ceres and Touwsrivier. Yellow. 
Hedderson 13069. Cederberg. Algeria. White. 
Hedderson 13139. Hottentots Holland Mntns. Sir lowrys pass. Yellow. 
Hedderson 14289. Groot Winterhoek NR. White. 
Wilding 81108. De Hoop. Yellow. 
Hedderson 16428. Hout bay. Epiphytic. Yellow. 
Hedderson 15539. Robertson area.Klaas Voogds West. Yellow. 
Hedderson 16452. Uniondal. De rust. Yellow. 
Hedderson 15946. Clanwilliam-Wuooetaal. Yellow. 
Hedderson 16030. Sutherland-ceres. N-cape pass. Yellow. 
Hedderson 16009. Arniston on thatch. Yellow. 
Hedderson 15953. Wolfdrif-clanwilliam. Yellow. 
Hedderson 16453. Oudtshoorn area. White and yellow? 
Hedderson 16565. Ncape Rd to kamieskroon. White. 
Wilding 211208b. Monatgu .Simonskloof. Yellow. 
Wilding 211208a. Monatgu .Simonskloof. White . 
Wilding 201208a. Robertson area. Vroilikheid NR. White. 
Wilding 231208b. Barrydale.Kylaken farm. Yellow. 
Wilding 231208. Barrvdale. Kvlaken farm . White. 
Wilding 201208c. Montagu. Yellow. 
Wilding 171208. Baineskloof.Yellow. 
Hedderson 16456. De rust. Uniondale. White. 
Hedderson 16454(1 ). De rust. Uniondale. White. 
Hedderson 16112. Robertson-Dysseldorp. Yellow. 
Hedderson 16134. Ceres-Sutherland. Yellow. 
Hedderson 15225. Yellow. 
Hedderson 15941. Clanwilliam-Wuooetaal. Yellow. 
Hedderson 16563. Kamieskroon. White. 
Hedderson 16554. Kamieskroon. Yellow. 
Hedderson 13784. Kouebokkeveld Mntns. White. 
Hedderson 14331 . Nieuwoudtville area. Oorlogues kloof NR. White . 
Hedderson 15540. Robertson area. Yellow. 
Hedderson 14061. McGregor area. Kleinberg. Yellow. 
Hedderson 13921. McGregor area. Kranz NR. White. 
Hedderson 13159. Silvermine. White. 
Hedderson 13922. McGregor area. Yellow. 
Hedderson 16037. Sutherland Rd to obs. Yellow. 
Matcham 164. Chile. Yellow. 
Duckett 424. Chile. Yellow. 
Matcham 129. Chile. Yellow. 
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50 Matcham 5381. Cape point. White. 
51 Matcham 5390. Jeffreys Bay. Yellow. 
52 Matcham 5041a. Lesotho. Yellow. 
53 Matcham 1126a. Lesotho.Yellow. 
54 Matcham 143. Chile. Yellow. 
55 Wilding 30-3-09 Karoo NP. Yellow. 
56 Wildinq 31-3-09 Loxton. Yellow. 
57 Wilding 1-4-09 Victoria West. Yellow. 
58 Wildinq 6-5-09 Sedqefield. Yellow. 
59 G. Williamson 2675a Buchuberg. Yellow. 
60 E.A. Schelpe 7996. Springbok. Yellow. 
61 AJP Calvinia . Eastern Cape. Yellow. 
62 AJP 195. Eastern Cape. Yellow. 
63 AJP 237. Eastern Cape. Yellow. 
64 AJP 213. Eastern Cape. Yellow. 
65 AJP Vanrhvnsdorp. Yellow. 
66 AJP 222. Eastern Cape. Yellow. 
67 AJP 203. Eastern Cape. Yellow. 
68 AJP 197. Eastern Cape. Yellow 
69 AJP 206. Eastern Cape. Yellow. 
70 AJP 210. Eastern Cape. Yellow. 
71 AJP 217. Eastern Cape. Yellow. 

H. Toelken 5557.Pseudocrossidium porphyreoneuru. Farm sturmfield. Gobabis 
X district 
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