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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Th e Cape Floristic Region (CFR) of southwestern South Africa is 
renowned for its spectacular botanical diversity (>9000 plant spe-
cies;  Myers et al., 2000 ;  Goldblatt and Manning, 2002 ), but the evo-
lutionary origins of this diversity remain controversial ( Linder, 
2003 ). Because of strong environmental gradients and extreme 
topographic diversity in the region, both adaptive and nonadaptive 
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  PREMISE OF THE STUDY:  The Cape Floristic Region (CFR) of South Africa is renowned for its botanical diversity, but the evolutionary origins of this diversity 

remain controversial. Both neutral and adaptive processes have been implicated in driving diversifi cation, but population-level studies of plants in the CFR 

are rare. Here, we investigate the limits to gene fl ow and potential environmental drivers of selection in  Protea repens  L. (Proteaceae L.), a widespread CFR 

species. 

  METHODS:  We sampled 19 populations across the range of  P. repens  and used genotyping by sequencing to identify 2066 polymorphic loci in 663 individu-

als. We used a Bayesian  F  
ST

  outlier analysis to identify single-nucleotide polymorphisms (SNPs) marking genomic regions that may be under selection; we 

used those SNPs to identify potential drivers of selection and excluded them from analyses of gene fl ow and genetic structure. 

  RESULTS:  A pattern of isolation by distance suggested limited gene fl ow between nearby populations. The populations of  P. repens  fell naturally into two 

or three groupings, which corresponded to an east-west split. Diff erences in rainfall seasonality contributed to diversifi cation in highly divergent loci, as 

do barriers to gene fl ow that have been identifi ed in other species. 

  CONCLUSIONS:  The strong pattern of isolation by distance is in contrast to the fi ndings in the only other widespread species in the CFR that has been simi-

larly studied, while the eff ects of rainfall seasonality are consistent with well-known patterns. Assessing the generality of these results will require investi-

gations of other CFR species. 
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repens  

processes likely contribute to diversifi cation among populations 
and species ( Adamson, 1958 ;  Linder, 1985 ;  Johnson, 1996 ;  van der 
Niet and Johnson, 2009 ;  Ellis et al., 2014 ). Despite a wealth of stud-
ies investigating evolutionary processes above the species level (e.g., 
 Goldblatt et al., 2002 ;  Sauquet et al., 2009 ;  Verboom et al., 2009 , 
 2014 ;  Valente et al., 2010 ;  Pirie et al., 2016 ), very little is known 
about the evolutionary processes driving diff erentiation within 
plant species in the CFR (but see  Prunier and Holsinger, 2010 ; 
 Rymer et al., 2010 ;  Lexer et al., 2014 ). 

 Th e CFR is an important location in which to study the balance of 
adaptive and nonadaptive diversifi cation processes because, unlike in 
other hyperdiverse regions, species diversity in the CFR is primarily 
the result of high diff erentiation among sites (beta diversity) rather 
than high diversity within sites (alpha diversity;  Latimer et al., 2005 ). 
High beta diversity indicates that there is substantial species turnover 
from location to location, oft en along environmental gradients 
( Whittaker, 1960 ), and it implies that many species have narrow 
ranges. Indeed, most CFR species are limited either geographically 
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(e.g., to one section of a mountain range) or environmentally (e.g., to 
one portion of an environmental gradient). For example,  Protea aurea  
(Proteaceae) has a relatively broad geographic range but is found 
only on sites with shale soils ( Rebelo, 2001 ). Other species are 
restricted to limestone-derived soils (e.g.,  P. obtusifolia ;  Cowling 
et al., 1988 ). Th e environmental contrasts that accompany these pat-
terns of species turnover abound in the CFR. For example, rainfall 
varies both in amount (60–3300 mm/yr) and in timing (entirely in 
the winter, equally likely all year, or primarily occurring in the sum-
mer;  Schultze, 2007 ). Soils are also highly variable and range from 
acidic, nutrient-poor, quartz-based soils; to richer, shale-based soils; 
to calcareous, limestone-based soils ( Schultze, 2007 ). Further, the 
mountains of the Cape Fold Belt (maximum elevation 2230 m) create 
steep elevational gradients along which temperature, rainfall, and 
solar irradiation vary over short distances ( Schultze, 2007 ). 

 Arguments favoring adaptation and ecological speciation as the pri-
mary mechanism of diversifi cation in the CFR focus on the narrow 
ranges and ecological specialization of many CFR species along these 
strong climatic, topographic, and edaphic gradients (e.g.,  Linder, 1985 ; 
 Goldblatt and Manning, 2002 ;  van der Niet and Johnson, 2009 ). For 
example, in the  Disa draconis  (Orchidaceae) species complex, local 
adaptation to pollinators seems to be driving reproductive isolation 
between populations ( Johnson and Steiner, 1997 ). Similarly, in 
a diverse group of geophytes in  Pelargonium  section  Hoarea  
(Geraneaceae), ecologically similar species diff er in fl oral morphology 
( Gibby et al., 1996 ), suggesting that speciation is a result of sexual selec-
tion by pollinators. In other groups, local adaptation has been identi-
fi ed both within and between species ( Ellis and Weis, 2006 ;  Carlson 
et al., 2011 ;  Prunier et al., 2012 ), though whether local adaptation con-
tributed to geographic isolation or evolved as a result of it is unclear. 

 Local adaptation that contributes to geographic isolation may 
lead to ecological speciation, and incipient ecological speciation 
may be revealed by a pattern of isolation by environment ( Nosil 
et al., 2009 ). If isolation by environment is detected at genetic loci pre-
sumed to be neutral, it suggests that genetic diff erentiation is occur-
ring outside the “gene islands” responding to selection ( Rieseberg 
and Burke, 2001 ;  Wu, 2001 ) and that ecological diff erences are lim-
iting gene fl ow between populations. Such a pattern might arise 
through reduced dispersal or establishment in environments diff er-
ent from the source population ( Wang and Bradburd, 2014 ). 

 Vicariance may also play a signifi cant role in diversifi cation, due 
to drift that occurs when populations of a widespread species 
become isolated in pockets of suitable habitat ( Kozak and Wiens, 
2006 ). Vicariance has long been hypothesized as an important 
driver of diversifi cation in the CFR ( Adamson, 1958 ), with exam-
ples recently described in  Tetraria  (Cyperaceae;  Britton et al., 2014 ; 
 Verboom et al., 2015 ) and  Protea  section  Exsertae  ( Prunier and 
Holsinger, 2010 ). High topographic diversity is associated with vicari-
ant diversifi cation in other regions of the world (e.g.,  Knowles, 
2001 ), and  Verboom et al. (2015)  proposed that in the CFR, vicari-
ance plays a larger role in speciation at high elevations because of 
both isolation and historical climate fl uctuations. 

 We investigated patterns of population diff erentiation in  Protea 
repens  (Proteaceae L.), a widespread CFR species, using anonymous 
single-nucleotide polymorphisms (SNPs) identifi ed through geno-
typing by sequencing (GBS). We identifi ed SNPs marking genomic 
regions that may be subject to diversifying selection, and we used the 
remaining SNPs, presumed to be neutral, to understand phylogeo-
graphic patterns. We also investigated how the SNPs presumed to 
be neutral and those that may be responding to diff erential natural 

selection were aff ected by both isolation by distance (driven by vicari-
ance) and isolation by environment (driven by divergent natural 
selection). Specifi cally, we addressed four questions. (1) Can we iden-
tify genomic regions that may be targets of selection? (2) What 
genetic groupings are present within  P. repens , and are they associated 
with geographic boundaries that defi ne distributions in other spe-
cies? (3) To what extent is genetic diff erentiation associated with the 
physical distance and environmental diff erences between popula-
tions? (4) Do these patterns diff er between genomic regions that are 
more or less likely to be targets of selection? 

 MATERIALS AND METHODS 

 Study system —    Protea repens  is a widespread species native to the 
Cape Floristic Region in southwestern South Africa. Th is large, 
sclerophyllous shrub is found across the CFR and into the thicket 
biome of the Eastern Cape. It is found from sea level to nearly 2000 m 
(mean elevation = 752 m; Appendix S1, see Supplemental Data 
with this article). It is the most abundant member of the genus 
 Protea  ( Rebelo, 2001 ) and is common throughout its range, either 
as scattered plants or in dense stands.  Schnitzler et al. (2011)  esti-
mated that  P. repens  split from its sister group, which contains 
48 species, about 12 mya. 

 Population sampling —   We used seeds that were collected from 
5–33 maternal lines from each of 19  P. repens  populations broadly 
distributed across the species’ range ( Table 1  and  Fig. 1 ).   Collabora-
tors germinated the seeds and planted the seedlings into a common 
garden at Kirstenbosch Botanical Gardens in Cape Town, South 
Africa (see  Carlson et al., 2015 ;  Akman et al., 2016 ). We then col-
lected leaf samples from 717 individuals in the garden and stored 
them in a CTAB and sodium chloride buff er for preservation. 
Vouchers for each population were deposited in the CONN her-
barium (see Appendix 1 for voucher information). 

 Genotyping by sequencing —   We extracted genomic DNA using a 
modifi ed CTAB extraction ( Doyle and Doyle, 1987 ), fi rst washing 
the leaf samples to remove the CTAB and sodium chloride buff er, 
then grinding with a mortar and pestle. We prepared GBS libraries 
following the protocol described in  Nicotra et al. (2016) , using the 
restriction enzyme PstI (modifi ed from  Elshire et al., 2011 ;  Morris 
et al., 2011 ). We gave each individual a forward and a reverse bar-
code 4–8 bp long (one at the 5 ′  end and one at the 3 ′  end), such that 
each individual had a unique barcode combination and could be 
multiplexed. We used three lanes of 100 bp, paired-end Illumina 
HiSEq. 2000 to sequence our samples. Th e 717 individuals were 
fi rst split across two lanes. However, there was poor coverage for a 
majority of the individuals, so we reran 672 individuals on another 
lane to improve coverage. Our subsequent analyses required that 
each read carry a complete barcode, but the two sequences of a 
paired-end read each contained only half of an individual’s bar-
code. Th erefore, in silico, we recreated each full barcode from 
paired-end reads by combining the forward and reverse barcodes. 
We then substituted the full barcode for the forward and reverse 
barcodes. Each half of each paired-end read was then treated as a 
single-end read and analyzed using the Tassel UNEAK pipeline 
version 3.0 ( Lu et al., 2013 ). Specifi cally, we used reads with a com-
plete barcode, a PstI cut site, and no Ns in the 64 bp following the 
cut site ( Lu et al., 2013 ). 
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 SNP calling —   We identifi ed SNPs using the Tassel UNEAK pipeline. 
Reads with exactly 1 bp mismatched were considered candidate 
SNPs. We used the network fi lter to discard complicated networks 
of reads that each varied by only 1 bp mismatch, thus identifying 
reciprocal read pairs using default settings. Each read contains 
either zero or one SNP. Th e UNEAK pipeline identifi ed 112,064 
candidate SNPs, the vast majority of which were represented in only 
the few individuals that had the most reads (Appendix S2a). We 
fi ltered the candidate SNPs in three ways to ensure that they would 
be informative for population genetic analyses. First, we removed 
any SNP calls that had less than 5 ×  coverage (per individual per 
called locus; Appendix S2a). Th us, assuming no bias in SNP ampli-
fi cation within an individual, there is less than one chance in 32 

(~3%) that an individual scored as homozygous is actually a hetero-
zygote for which only one chromosome was sequenced. Th is low-
ered the total number of SNP calls from ~3.5 million to ~1.25 million 
calls out of 74.3 million possible calls (if each individual was called 
at each locus). Aft er removing low-coverage loci, we removed indi-
viduals that had <500 total reads (out of >57 million reads across all 
individuals), leaving 663 individuals in the data set. Th is cutoff  is 
low, leaving some individuals that were only called for a few loci and 
had few reads, but most of the individuals (636) had >10,000 reads 
and were called at many loci (Appendix S2b). We removed the 
remaining SNPs that were not called in  ≥ 20% of the remaining 
individuals from the analysis, resulting in a fi nal set of 2066 SNPs 
in our analysis. Of the 2066 SNPs, more than half were called for 

 ≥ 400 individuals, and of the 663 individuals, 
the vast majority were called for >1000 SNPs 
(Appendices S2c, S2d, S2e). There may be 
small amounts of gametic disequilibrium 
among some of these loci, but our statistical 
analyses depend either on methods that rely 
on genotype counts ( F  

ST
  outliers and popula-

tion phylogeny) that are largely unaff ected 
by gametic disequilibrium ( Guo et al., 2009 ) 
or on methods that implicitly account for 
gametic disequilibrium (individual assignment 
and identity by descent). 

 Identification of outliers —   Locus-specific 
estimates of  F  

ST
  can be used to identify regions 

of the genome that may be subject to selec-
tion ( Beaumont and Balding, 2004 ). We used 
a Bayesian genome scan to identify  F  

ST
  outlier 

loci. Although genome scans in humans have 
identifi ed genes apparently subject to selec-
tion even without an association with known 
phenotypes (e.g.,  Akey, 2009 ), widely used 
methods (BayeScan,  FDIST ) assume an island 

  TABLE 1.  Spatial coordinates, sample sizes, and estimates of genetic diversity in non-outlier and high- F  
ST

 -outlier loci for 19 populations of  Protea repens  studied 

in the CFR of South Africa. 

Population Longitude Latitude
Individuals 

sampled
Maternal 

lines sampled

Non-outlier loci High-outlier loci

Percent 
polymorphic

Nucleotide 
diversity

Percent 
polymorphic

Nucleotide 
diversity

1 VanRhynsdorp (VAN) 19.0225 −31.37083 35 21 0.923 0.181  ±  0.087 0.853 0.108  ±  0.055
2 Cederberg (CDB) 19.10676 −32.4064 22 14 0.853 0.154  ±  0.074 0.780 0.087  ±  0.046
3 Banghoek (BAN) 18.64454 −32.72662 8 5 0.562 0.116  ±  0.058 0.500 0.089  ±  0.049
4 Riverlands (RIV) 18.55111 −33.51604 36 22 0.901 0.162  ±  0.077 0.843 0.104  ±  0.054
5 Ceres (CER) 19.276 −33.36542 41 24 0.923 0.166  ±  0.08 0.861 0.095  ±  0.049
6 Kleinmond (KLM) 19.03363 −34.33109 39 23 0.907 0.164  ±  0.079 0.692 0.101  ±  0.053
7 Montagu (MGU) 20.10137 −33.7839 12 8 0.833 0.168  ±  0.083 0.724 0.094  ±  0.05
8 Riviersonderend (RIV) 19.99314 −34.10228 42 25 0.941 0.163  ±  0.078 0.899 0.096  ±  0.05
9 Bredasdorp (BRD) 20.0386 −34.54593 46 23 0.929 0.164  ±  0.078 0.899 0.089  ±  0.046
10 DeHoop (POT) 20.60545 −34.41555 28 15 0.896 0.166  ±  0.08 0.778 0.092  ±  0.048
11 Anysberg (ANY) 20.70409 −33.49369 52 28 0.961 0.167  ±  0.08 0.945 0.096  ±  0.049
12 Klein Swartberg (KSW) 21.28479 −33.45617 47 25 0.931 0.149  ±  0.071 0.908 0.083  ±  0.043
13 Garcia’s Pass (GAR) 21.21982 −33.96789 73 33 0.948 0.171  ±  0.081 0.881 0.099  ±  0.051
14 Swartberg (SWA) 22.04591 −33.34953 58 29 0.949 0.154  ±  0.074 0.917 0.087  ±  0.045
15 Uniondale (UNI) 23.05253 −33.72581 30 9 0.903 0.173  ±  0.083 0.844 0.098  ±  0.051
16 Baviaanskloof (BAV) 23.63356 −33.49336 36 15 0.914 0.161  ±  0.077 0.907 0.096  ±  0.049
17 Kareedouw (KAR) 24.07328 −33.87468 24 18 0.853 0.145  ±  0.07 0.717 0.073  ±  0.039
18 Loerie Dam (LOE) 25.0423 −33.85452 22 12 0.874 0.164  ±  0.079 0.759 0.106  ±  0.055
19 Alicedale (ALC) 26.09839 −33.24081 12 6 0.644 0.135  ±  0.066 0.590 0.071  ±  0.039

  FIGURE 1  Sampling locations of  Protea repens  (indicated by stars) and boundaries of the phyto-

geographic regions (black outlines) of the Cape Floristic Region (drawn from  Goldblatt and 

Manning, 2002) . Inset is a map of Africa, with the enlarged South African provinces demarcated by the 

red outline. Stars are colored according to membership in the genetic groups identifi ed in the 

MDS and Structure analyses; eastern populations are yellow and western populations are green.   
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model of migration and are prone to false positives ( Excoffi  er et al., 
2009 ;  Lotterhos and Whitlock, 2014 ). To avoid these problems, we 
used the Bayesian method described by  Guo et al. (2009) . 

 Th is method is a conservative approach to detecting outliers, 
both because it uses the observed genomic distribution of  F  

ST
  as a 

basis of comparison and thus avoids specifi c demographic assump-
tions and because missing data “shrink” point estimates of locus-
specifi c  F  

ST
  to the genome-wide mean  F  

ST
  and widen the posterior 

distributions, resulting in a loss of power to detect outliers. We also 
used a very stringent criterion to identify outliers ( P  < 0.0001). 
Even with a much less stringent criterion ( P  < 0.05), this method 
has a low rate of false positives ( Guo et al., 2009 ). As an empirical 
check on the frequency of false positives, we produced six data sets 
in which individuals were randomly shuffl  ed among populations. 
We found no  F  

ST
  outliers at any of the 2066 loci included in the 

analysis, which indicates that the upper 95% confi dence limit on 
the false positive rate for this analysis is less than 4.2  ×  10 −6 . Th e 
analysis was implemented in JAGS version 3.4.0 ( http://mcmc-jags.
sourceforge.net/ ). Code is available at  Holsinger (2016) . 

 SNPs identifi ed as high- F  
ST

  outliers have allele frequencies that 
diff er more than expected between populations and could refl ect 
diversifying selection. SNPs identifi ed as low- F  

ST
  outliers have allele 

frequencies that diff er less than expected between populations and 
could refl ect stabilizing selection across populations. However, low 
outliers might also be artifacts arising from treating fi xed heterozy-
gosity in paralogous loci as allelic heterozygosity in orthologous 
loci. Because of this uncertainty, we did not investigate these low 
outliers, removing them from the remaining analyses. We treat loci 
not identifi ed as outliers as presumably neutral. 

 Identifying SNPs in known genes —   To determine whether the SNPs 
(both the non-outliers and the high- F  

ST
  outliers) were in known genes, 

we used BLAST to map the 64 bp sequences to the draft   P. repens  leaf 
transcriptome ( Akman et al., 2016 ). Th is draft  transcriptome was con-
structed with sequence data from individuals representing the popula-
tions used in the present study and was annotated using sequence 
similarity to  Arabidopsis thaliana  EST libraries. We identifi ed the 
SNPs that mapped to the transcriptome with an E-value <10 −10 . 

 Population structure —   A. Distribution of genetic diversity—  We 
used Arlequin version 3.5.1.2 ( Excoffi  er and Lischer, 2010 ) to esti-
mate nucleotide diversity and the percentage of loci that are poly-
morphic for both the non-outlier and the high- F  

ST
 -outlier loci in 

each population. We also used analysis of molecular variance 
(AMOVA) implemented in Arlequin to partition genetic diversity 
within and among populations for both the non-outlier and the 
high- F  

ST
 -outlier loci. 

 B. Multidimensional scaling—  We used multidimensional scaling 
(MDS) of pairwise identity by descent to visualize the relationships 
among individual genotypes. We approximated the probability of 
identity by descent between individuals  i  and  j  in our sample as 

   1

1
1 1 ,

k

ij ik jk ik jk

k

f p p p p
K    

 where  p 
ik
   is the frequency of the major allele at locus  k  in individual 

 i  (1 for an individual homozygous for the major allele at this locus, 
1/2 for an individual heterozygous at this locus, 0 for an individual 

homozygous for the minor allele at this locus; compare  Patterson 
et al., 2006 ). To perform this analysis, we used only the non-outlier 
SNPs. We used cmdscale() in R version 3.0 (R Foundation for Sta-
tistical Computing, Vienna, Austria) to perform the MDS. 

 C. Individual assignment—  As a complement to the MDS analysis, 
we used an individual-based clustering approach implemented in 
Structure version 2.3.4 ( Pritchard et al., 2000 ;  Falush et al., 2003 ) to 
determine how individuals are grouped into larger genetic clusters. 
To perform this analysis, we used only the non-outlier SNPs. We 
performed 10 runs of 200,000 iterations, with 100,000 iterations 
discarded as burn-in at  K  values ranging from 1 to 19. We used 
Structure Harvester version web 0.6.94 ( Earl and vonHoldt, 2012 ) 
to generate CLUMPP input fi les and to calculate delta  K  ( Evanno 
et al., 2005 ), a statistic oft en used to identify the number of clusters 
most useful for interpretation. We used CLUMPP version 1.1.2 
( Jakobsson and Rosenberg, 2007 ) to combine the results of our 10 
runs at each  K  and visualized the results using Distruct version 1.1 
( Rosenberg, 2003 ). 

 D. Population phylogeny—  We used TreeMix version 1.12 ( Pickrell 
and Pritchard, 2012 ;  https://bitbucket.org/nygcresearch/treemix/
wiki/Home ) to estimate the sequence of population splits. TreeMix 
is widely used to estimate population relationships in humans in 
the presence of admixture (e.g.,  Meyer et al., 2012 ;  Patterson et al., 
2012 ;  Lazaridis et al., 2014 ;  Raghavan et al., 2014 ). To provide esti-
mates of the support for branches, we produced 5000 bootstrap 
samples using the bootstrap option. We report the majority-rule 
consensus tree and placed the root of the phylogeny between the 
main groups identifi ed by both Structure and MDS. We used only 
the non-outlier SNPs to perform this analysis. 

 Drivers of genetic diff erentiation —   To determine how strongly 
genetic diff erentiation between populations is driven by physical 
distance, environmental diff erences, and historical barriers to 
gene flow, we examined differentiation at each of the 2066 loci 
using Bayesian linear mixed models implemented in MCMC-
glmm version 2.23 ( Hadfi eld, 2010 ). Th is locus-by-locus approach 
allows us to explore how the eff ect size of each covariate changes 
across loci and, ultimately, to determine whether outlier and 
non-outlier loci respond diff erently to these environmental gradi-
ents. Th is analysis and those that follow were implemented in R 
version 3.3.1. Data and R code are available at  http://github.com/
ctkremer/P_repens . 

 Th e response variable in these models is the genetic distance 
between population pairs. We calculated pairwise genetic distances 
between populations for each locus individually with the allele-
frequency diff erential delta ( Gregorius and Roberds, 1986 ). Th e 
predictor variables are physical distance between population pairs, 
environmental diff erences between population pairs, and whether 
two populations co-occur in the same phytogeographic zone. 
Because we examined the pairwise genetic distances of populations, 
observations of our response variable are not independent (they 
may share a population in common). We account for this lack 
of independence using a random eff ect to account for multiple 
membership ( Browne et al., 2001 ;  Fielding and Goldstein, 2006 ); 
any population-specifi c eff ects are absorbed into this random eff ect. 
Th is approach does not take into account the covariance in allele 
frequencies among closely related populations ( Coop et al., 2010 ). 
However, because the internal branches of our population phylogeny 
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( Fig. 2B )  are extremely short (compared to the terminal branches), 
the error introduced by this approximation is small. 

 To test for the presence and strength of isolation by distance and 
isolation by environment, we calculated the distance between pop-
ulations in physical and environmental space. For isolation by dis-
tance, we determined the Euclidean physical distances between 
populations, calculated using the earth.dist() command in the 
fossil package version 0.3.7 ( Vavrek, 2011 ). For isolation by envi-
ronment, we calculated environmental diff erences between popula-
tions based on seven variables that are associated with physiologically 
signifi cant trait variation in this and other  Protea  species ( Carlson 
et al., 2011 ;  Prunier et al., 2012 ;  Carlson et al., 2015 ): rainfall con-
centration (average intra-annual variation in precipitation), mean 
annual precipitation (MAP), average January maximum tempera-
ture, mean annual temperature, altitude, average July minimum 
temperature, and the amount of rainfall that falls in the summer 
months. For all known  P. repens  populations (Protea Atlas Project; 
 Rebelo, 2006 ), including the 19 featured in the present study, we 
extracted all of the variables except for rainfall concentration from 
the 2007 “Atlas of Climatology and Agrohydrology” ( Schultze, 
2007 ). Due to boundary artifacts in the rainfall concentration vari-
able in the 2007 Shultze data set, we extracted rainfall concentra-
tion from the 1997 Schultze data set ( Schultze, 1997 ). 

 Next, to formulate orthogonal environmental axes, we per-
formed a principal component analysis (PCA) using the prin-
comp() function in the base R package on all seven variables. Th e 
fi rst principal component (PC) explained 47% of the variation and 
was mainly driven by diff erences in temperature (hereaft er “PC1-
temp”); PC2 explained 23% of the variation and was driven by the 
proportion of rainfall that falls in the winter (negative loading of 
summer rainfall proportion; hereaft er “PC2-winter rain”); and PC3 
explained 20% of the variation and was driven by total rainfall 
(hereaft er “PC3-MAP”) (Appendix S3). We extracted values for the 
fi rst three PC axes for the 19 populations studied here and calcu-
lated the distances between the populations on the three PC axes. 
Both the calculated physical distances and distances along these 

three PC axes were standardized to have a mean of 0 and a standard 
deviation of 1, allowing their relative eff ect sizes to be compared. 

 Finally, to determine the eff ect of historical barriers to gene fl ow 
on current patterns of genetic similarity, we scored the pairs of 
populations for coexistence in the phytogeographic zones defi ned 
by  Goldblatt and Manning (2002) . Phytogeographic zones are 
regions that share an endemic fl ora and, as such, might refl ect bar-
riers that are not explained by either physical distance or measured 
environmental diff erences. Population pairs were scored as either 1 
(diff erent phytogeographic zone) or 0 (same zone). 

 We ran the models using the MCMCglmm() function. For all 
models, the link function was identity and the Gaussian distribu-
tion was used for the error distribution. We used the standard pri-
ors of MCMC 

GLMM
  and a burn-in of 500,000 iterations followed by 

500,000 iterations thinned every 750 iterations. For a random sub-
set of the loci, we visually inspected trace plots of the MCMC 
chains, observing that they were well mixed. 

 Each model fi t provides coeffi  cients that estimate how strongly 
diff erences in a locus’s allele frequencies between populations are 
related to diff erences in fi ve factors (physical distance, three envi-
ronmental variables, and location in the same phytogeographic 
zone). We are interested in how these relationships diff er across 
loci, and especially between the  F  

ST
  outlier loci and the non-outlier 

loci. We used a generalized additive model (GAM) to quantify 
trends in estimated coeffi  cients as a function of locus-specifi c  F  

ST
  

values (see identifying  F  
ST

  outliers above), because GAMs allowed 
us to avoid making explicit parametric assumptions about the 
shape of these trends. Rather than run separate GAMs for the out-
lier and non-outlier loci, we ran a single GAM for all loci. Infer-
ences were based on the relationships with the  F  

ST
  of each locus, 

rather than their status as outliers as determined in the  F  
ST

  outlier 
analysis above. However, loci with high  F  

ST
  estimates are predomi-

nantly outliers (Appendix S2f). 
 To determine whether trends revealed by the GAM analysis 

provide meaningful insight into the mechanisms driving genetic dif-
ferentiation or simply emerge by chance, we ran fi ve null simulations. 

  FIGURE 2  (A) Results of the Structure analyses for  K  = 2 and  K  = 3. Each  Protea repens  individual (grouped by population) is represented by a vertical bar. 

The proportion of the bar in each color corresponds to the average posterior likelihood that the individual is assigned to the cluster indicated by that color. 

Populations are separated by black lines and are displayed approximately from west to east. (B) TreeMix consensus tree with maximum-likelihood branch 

lengths based on population-level allele frequencies at the 1897 non-outlier SNP loci. Bootstrap values >50 are indicated below the nodes.   
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In each simulation, we randomized the observed allele frequencies 
among populations within each locus to break any correlations 
relating the genetic distance between populations to their environ-
mental and physical distance. We then repeated our MCMCglmm() 
analyses of all loci, and we fi t GAM regressions to the resulting set 
of coeffi  cients as a function of the locus’s original  F  

ST
  values, as 

described in the preceding paragraph. Contrasting the GAM fi ts of 
the original and randomized data allowed us to determine when 
genetic diff erentiation among populations is more strongly pre-
dicted by covariates than expected by chance. 

 RESULTS 

 Outliers —   Mean genome-wide  F  
ST

  was 0.065 (95% credible interval: 
0.062–0.068). We identifi ed 109 loci as high outliers (mean high-
outlier  F  

ST
  was 0.24) and 60 loci as low outliers (Appendix S2f). 

High outliers have allele frequencies that diff er between popula-
tions more than expected based on the distribution of locus-specifi c 
 F  

ST
  estimates and could refl ect the eff ects of diversifying selection 

across populations. Low- F  
ST

  outliers could be the result of either 
stabilizing selection or fi xed heterozygosity in paralogous loci, so 
the low outliers were removed from the remaining analyses. Of 
the 109 high outliers, 26 map to the  P. repens  transcriptome with 
E-values <1 −10 , and 14 of those also map to  A. thaliana  genes 
(Appendix S4). Th ese outliers are not necessarily the gene variants 
or the genes that are under selection, but they mark regions of 
the genome that may be subject to diversifying selection. A slightly 
larger proportion of the non-outlier loci also had hits to the 
 P. repens  transcriptome (607 of 1897) and to the  A. thaliana  genome 
(367 of 1897; Appendix S5). 

 Distribution of genetic diversity —   Both the non-outlier and high-
 F  

ST
 -outlier loci were highly variable within populations; the pro-

portion of polymorphic loci varied between 0.56 and 0.96 for the 
non-outlier loci, and between 0.50 and 0.94 for the high- F  

ST
 -outlier 

loci ( Table 1 ). Nucleotide diversity was higher in the non-outlier 
loci than in the outlier loci; population-specifi c estimates of nucleo-
tide diversity ranged between 0.116 and 0.181 in the non-outlier 
loci and between 0.071 and 0.108 in the outlier loci. Most of the 
genetic variation in the non-outlier loci was found within popula-
tions (~94%,  Table 2 ).  As expected, much more of the genetic varia-
tion in the outlier loci was between populations, with ~76% of the 
variation within populations and ~24% between populations. 

 Population structure —   Th e MDS and individual assignment (Struc-
ture) analyses revealed similar patterns. Th e MDS analysis shows 
that the populations are split into an eastern group and a western 
group ( Fig. 3 ) , with the GAR population somewhat isolated within 
the eastern group and RIV somewhat isolated from the western 

group. Similarly, the Structure analysis also supports two groups. 
Using  Evanno et al.’s (2005)  criterion (Appendix S6),  K  = 2 and  K  = 3 
received similar support as the models that best represent the 
underlying genetic structure in the populations. With  K  = 2, we 
again see a clear delimitation between eastern and western popula-
tions ( Fig. 2A ). With  K  = 3, the GAR population is separated from 
the remaining eastern populations. While Structure is not well 
suited to situations in which there is isolation by distance ( Pritchard 
et al., 2000 ), the similarity in the results between the Structure anal-
ysis, the MDS, and population phylogeny described below suggests 
that, in this instance, the results are likely to be reliable. 

 Th e population phylogeny estimated with TreeMix reveals a pat-
tern consistent with these analyses. We found strong bootstrap 
support for eastern and western groups of populations ( Fig. 2B ). 
Th e eastern populations also show a pattern suggestive of stepping-
stone colonization from west to east in which each population is 
sister to the remaining populations to the east. Population 13 (GAR) 
is sister to the remaining eastern populations and populations 
11, 12, and 14 (ANY, KSW, and SWA) are sister to the remaining 
eastern populations. It then appears that  P. repens  spread east and 
north from population 15 (UNI). Patterns in the western popula-
tions are more complex. CDB, one of the northernmost popula-
tions, is sister to the remaining western populations, and coastal 
populations (KLM, POT, RIV, and BRD) form a clade, but there 
is no clear relationship between population history and geographic 
distribution in the western populations. Consistent with the AMOVA 
( Table 2 ), which showed that most of the genetic variation was 
within populations, the longest branches in the population phylog-
eny are the terminal branches. Internal branches, even the branch 
separating the two clades identifi ed in the Structure and MDS anal-
yses, were much shorter ( Fig. 2B ). 

 Drivers of genetic diff erentiation —   Our null model simulations 
revealed two important fi ndings about the expected relationships 
between our predictor variables and genetic diff erentiation between 
populations. First, randomizing allele frequencies among popula-
tions removes the relationships between locus-specifi c  F  

ST
  and the 

eff ect sizes of our covariates ( Fig. 4 ;  gray lines are fl at on average). 
Second, the average amount of genetic diff erentiation among pop-
ulations necessarily increases with locus-specifi c  F  

ST
 . In the absence 

of informative covariates, this increase appears in the intercept 
terms, which rise with locus-specifi c  F  

ST
  (Appendix S7a). 

 Against these null patterns, the analyses of the actual observa-
tions revealed signifi cant eff ects of physical distance, PC2-winter 
rain, and phytogeographic zone, but not PC1-temp or PC3-MAP 
( Fig. 4 ; see also panel A of Appendix S7b and Appendix S7c). Physi-
cal distance had positive eff ects on genetic diff erentiation between 
populations across a wide range of locus-specifi c  F  

ST
  values ( Fig. 4A ). 

Th is suggests that isolation by distance aff ects most loci. Th ere is 
also evidence of isolation by environment, driven by PC2-winter 

  TABLE 2.  Analysis of molecular variance of 19 populations of  Protea repens  in South Africa estimated for non-outlier and high- F  
ST

 -outlier loci (*** indicates  F  
ST

  

estimate signifi cantly diff erent from zero). 

Genome fraction Source of variation df Variance components Percentage of variation  F  
ST

 

Non-outlier loci Among 18 9.74121 6.29 0.06292***
Within 1307 145.07112 93.71

High- F  
ST

 -outlier loci Among 18 1.35714 23.87 0.23867***
Within 1305 4.32908 76.13
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rain ( Fig. 4C ), although this eff ect is weaker than the eff ect of physi-
cal distance. Lastly, historical barriers to gene fl ow had large eff ects 
on diff erentiation, such that pairs of populations in diff erent phyto-
geographic zones had more divergent allele frequencies ( Fig. 4E ). 

 Interestingly, the eff ects of isolation by distance, isolation by 
environment, and phytogeographic zone were not equally impor-
tant at all levels of locus-specifi c  F  

ST
 . Th e eff ect of physical distance 

increased in proportion to the  F  
ST

  of the locus: as the proportion of 
genetic variation between populations increased, so did the amount 
of that variation that physical distance explained ( Fig. 4A ). Th us, 
physical distance has similar eff ects on variation in allele frequen-
cies in both non-outlier and outlier loci (which have high  F  

ST
 ). By 

contrast, PC2-winter rain and phytogeographic zone only diverged 
from the null models for loci with  F  

ST
  > 0.15 (see  Fig. 4C, E ). Th is 

suggests that isolation by environment only aff ects diff erentiation 
in the high- F  

ST
  loci, many of which are outliers. Lastly, while we 

detected several signifi cant relationships between  F  
ST

  and physical 
and environmental distance, much additional variation between 
loci remains (Appendices S7b and S7c). Th is suggests that, despite 
these overall trends, individual loci respond to these predictor vari-
ables idiosyncratically. 

 DISCUSSION 

 We detected the eff ects of both nonadaptive and adaptive evolu-
tionary processes in the genome of  P. repens , a widespread, mid-
elevation CFR species. We found evidence of an east-west split in 

genetic groupings ( Figs. 2 and 3 ) as well as of an expansion into the 
eastern extent of the range of  P. repens  ( Fig. 2B ). We also detected a 
strong pattern of isolation by distance, at loci with both low and 
high amounts of among-population diff erentiation ( Fig. 4A ). Isola-
tion by environment, specifically differences in winter rainfall 
( Fig. 4C ), also contributes to genetic diff erentiation, but only at loci 
with high amounts of diff erentiation. We also found that historical 
barriers to gene fl ow, as defi ned by previously recognized phyto-
geographic zones, help explain genetic diff erentiation in loci with 
high  F  

ST
  estimates ( Fig. 4E ). 

 Th e analyses based on the non-outlier loci, which presumably 
refl ect primarily neutral variation, identifi ed a split between eastern 
and western populations. Th is split corresponds to a switch in both 
the timing of rainfall, from predominantly winter rainfall in the 
west to a more even rainfall distribution in the east ( Schultze, 2007 ), 
and to differences in flowering time in  P. repens  ( Rebelo, 2001 ; 
 Heelemann et al., 2008 ; J. E. Carlson, personal communication). 
Diff erences in fl owering time could hinder gene fl ow between pop-
ulations, reinforcing this east-west divide. Th at said, the very short 
branch lengths associated with the east-west split in the TreeMix 
analysis ( Fig. 2B ) suggest that little of the genetic diff erentiation is 
associated with the east-west diff erence. Instead, the long terminal 
branches suggest that most of the genetic diff erentiation is a result 
of the accumulation of diff erences that uniquely identify popula-
tions regardless of whether they are in the west or the east. 

 Patterns of variation at the non-outlier loci also suggest that 
eastern populations of  P. repens  arose through stepping-stone colo-
nization. Th is pattern is consistent with both another  Protea  species 
in the eastern cape ( P. subvestita ;  Prunier and Holsinger, 2010 ) and 
historical patterns of climate change in the region. During the 
Pleistocene, the western CFR had a more constant climate, while 
the eastern CFR was subject to drying during the glacial periods 
( Cowling et al., 2009 ). Populations in the eastern CFR may have 
been forced higher in elevation or extirpated during these dry peri-
ods, with the area being recolonized during wetter periods ( Cowling 
et al., 2009 ). 

 Our analyses of the drivers of genetic diff erentiation of both the 
non-outlier and outlier loci identifi ed a strong pattern of isolation 
by distance. Th is pattern aff ects loci with both low and high  F  

ST
  and 

indicates that gene fl ow is geographically limited in  P. repens  
( Wright, 1943 ). While gene fl ow is limited by distance, we do see 
some connectivity between nearby populations. Th is is likely caused 
by pollen movement by the cape sugarbird ( Promerops cafer ), 
which pollinates  P. repens  ( Rebelo, 2001 ;  Schmid et al., 2015 ). Indi-
vidual sugarbirds can travel hundreds of kilometers in a year, 
migrating between food sources ( Hockey et al., 2005 ). Th e isolation 
by distance we observed is in contrast to what was found in  Restio 
capensis  (Restionaceae;  Lexer et al., 2014 ), the only other wide-
spread CFR species for which there is population genomic data. 
 Restio capensis  does not exhibit a consistent pattern of isolation by 
distance. Instead, in  R. capensis , environmental diff erences are the 
best predictor of genetic diff erentiation in both non-outlier and 
outlier loci, which  Lexer et al. (2014)  interpreted as an indication of 
incipient ecological speciation, perhaps in response to diff erences 
in water availability and soil type. 

 We too found evidence that among-population genetic diff eren-
tiation is associated with environmental diff erences, but only in loci 
with high  F  

ST
  and only in response to diff erences in winter rainfall. 

Th is is consistent with other studies on  Protea  species; winter rain-
fall is associated with diff erences in functional traits in these same 

  

  FIGURE 3  First two multidimensional scaling (MDS) axes drawn from pair-

wise identities by descent between  Protea repens  individuals. Individuals 

are indicated by small dots and population mean values by large dots. 

Populations are coded by color, based on the groupings identifi ed in this 

and the Structure analysis; eastern populations are yellow and western 

populations are green. The shading indicates the degree to which each 

population is east or west, with centrally located populations darker 

than peripheral populations.   
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populations of  P. repens  ( Carlson et al., 2015 ) as well as in  Protea  
section  Exsertae , a group of six  Protea  species ( Carlson et al., 2011 ; 
 Prunier et al., 2012 ). Further,  Carlson et al. (2011)  detected diff er-
ential selection on leaf traits in  Protea  section  Exsertae  in response 
to winter rainfall diff erences. Both our fi ndings and those of  Lexer 
et al. (2014)  lend support to the hypothesis that adaptive processes 
contribute to diff erentiation in the CFR. However, the nature of 
this relationship diff ers between the two species. 

 Th ese diff erences raise the question of why  R. capensis  appears to 
be in the process of speciating in response to environmental diff er-
ences while  P. repens  is not. Th e answer might lie in fundamental 
biological diff erences between the two plants. Both species are 
broadly distributed in the CFR, but species in Restionaceae are gen-
erally sensitive to water availability and soil types ( Araya et al., 
2010 ), whereas species in the genus  Protea  are generally less sensi-
tive to water availability because they are deeply rooted and are less 
reliant on surface water ( Richards et al., 1995 ;  Watt and Evans, 
1999 ). Th us, the diff erent patterns observed in these two analyses 
could arise if  R. capensis  is inherently more likely to diff erentiate 
along environmental gradients than  P. repens . Th ese two species 
also diff er in pollination syndrome;  R. capensis  is wind pollinated 
( Lexer et al., 2014 ), whereas  P. repens  is pollinated by birds and 
insects ( Schmid et al., 2015 ). Th ese diff erences in pollination can 
have a signifi cant eff ect on genetic isolation between populations 

  FIGURE 4  Both isolation by distance and isolation by environment contribute to genetic diver-

gence between pairs of  Protea repens  populations. This fi gure shows how the ability of fi ve 

covariates to explain genetic diff erentiation among populations changes with the  F  
ST

  of loci. In 

order, these covariates are (A) diff erences in physical distance; three environmental variables—

(B) PC1-temp, (C) PC2-winter rain, and (D) PC3-MAP; and (E) phytogeographic zone. Solid lines 

indicate trends in eff ect sizes revealed by GAM fi ts (see text) and are surrounded by 95% confi -

dence bands. Observed patterns (blue) contrast with null model simulations (gray), revealing 

signifi cant eff ects of physical distance across locus-specifi c  F  
ST

  values (A), as well as eff ects of 

PC2-winter rain (C) and phytogeographic zone (E) at loci with high  F  
ST

 . By contrast, PC1-temp (B) 

and PC3-MAP (D) do not deviate from the null models.   

( Levin and Kerster, 1974 ), which perhaps 
explains why we observe isolation by distance 
in  P. repens  but not  R. capensis . 

 Historical barriers to gene fl ow also con-
tributed to genetic diff erentiation in  P. repens , 
but only in the loci with high amounts of 
among-population diff erentiation. We recog-
nize these barriers as the boundaries between 
phytogeographic zones defi ned by breaks in the 
ranges of species from many groups of plants 
in the CFR ( Goldblatt and Manning, 2002 ). 
It is curious that we identifi ed this eff ect only 
for highly differentiated loci. If the phyto-
geographic zones were acting as barriers to 
dispersal, they should aff ect all loci in a similar 
manner, like isolation by distance. Instead, 
the pattern we observed suggests that the 
boundaries between phytogeographic zones 
refl ect environmental diff erences, not included 
in our PCA axes, that might differ between 
phytogeographic zones, such as soil type 
( Linder, 2001 ;  Goldblatt and Manning, 2002 ) 
or fire return interval ( Litsios et al., 2014 ), 
or perhaps combinations of environmental 
factors. 

 Th is work could begin to identify the genes 
and alleles responsible for local adaptation 
in  P. repens .  Carlson et al. (2015)  found that 
in the populations studied here, leaf, stomatal, 
and physiological traits vary with total rain-
fall and winter rainfall in particular (similar to 
our PC3-MAP and PC2-winter rain). Genomic 
regions surrounding our outlier loci may well 
contain some of the genes related to this trait 
variation. Although we need more complete 
SNP coverage before good candidate genes 

can be confi dently identifi ed, some of our outlier loci have intrigu-
ing relationships to rainfall patterns. For example, among-population 
differences in allele frequency at locus TP26245, which occurs in 
gene AT5G48930 (involved in auxin transport and growth in 
 A. thaliana ), are correlated with changes in PC2-winter rain 
(Appendix S8). This coincides with a decrease in growth rate in 
 P. repens  populations with lower winter rainfall ( Merow et al., 
2014 ). 

 CONCLUSIONS 

 We have documented that a combination of adaptive and non-
adaptive processes is associated with diversifi cation in a widespread 
CFR species. Our results provide evidence consistent with postgla-
cial colonization of the eastern part of the region. Th ey also suggest 
that while physical distance reduces gene fl ow between distant 
populations, there is gene fl ow between nearby populations. Inter-
estingly, historical barriers that have contributed to diversifi cation 
in other groups (phytogeographic zones) also contribute to diver-
gence in  P. repens  populations, but only in loci showing the largest 
amounts of among-population diff erentiation. We also found evi-
dence that some level of local adaptation is occurring in response 
to different environmental regimes, but there is no evidence of 
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ecological speciation occurring. Th is work adds to the currently 
limited number of studies of the microevolutionary processes driv-
ing diversifi cation in the CFR. Given the diff erences between the 
patterns observed in  P. repens  and  R. capensis , additional studies of 
plants from the CFR are required to discover whether the patterns 
shown by either species hold broadly in the region. 
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GenBank Short Read Archive BioProject PRJNA380116 (accession 
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Th e output of the UNEAK pipeline (allele calls, read counts per 
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doi.org/10.5061/dryad.g8t8k ). Custom code for the outlier analysis 
can be found at doi: 10.5281/zenodo.54919. A graphical depiction 
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   APPENDIX 1     Voucher specimens for each  Protea repens  population included in this study. All are deposited at the University of Connecticut 
(CONN) herbarium. 

 Population number – population name, CONN accession number: 

 1 – VanRhynsdorp, 228487; 2 – Cederberg, 228484; 3 – Banghoek, 228482; 
4 – Riverlands, 228493; 5 – Ceres, 228492; 6 – Kleinmond, 228489; 7 – 
Montagu, 228485; 8 – Riviersonderend, 228484; 9 – Bredasdorp, 228488; 

10 – DeHoop, 228496; 11 – Anysberg, 228480; 12 – Klein Swartberg, 228486; 
13 – Garcia’s Pass, 228490; 14 – Swartberg, 228477; 15 – Uniondale, 228481; 
16 – Baviaanskloof, 228483; 17 – Kareedouw, 228479; 18 – Loerie Dam, 
228491; 19 – Alicedale, 228495. 


