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Abstract

The stochastic process of long-distance dispersal is the exclusive means by

which plants colonize oceanic islands. Baker’s rule posits that self-incompat-

ible plant lineages are unlikely to successfully colonize oceanic islands

because they must achieve a coordinated long-distance dispersal of suffi-

ciently numerous individuals to establish an outcrossing founder population.

Here, we show for the first time that Mauritian Coffea species are self-incom-

patible and thus represent an exception to Baker’s rule. The genus Coffea

(Rubiaceae) is composed of approximately 124 species with a paleotropical

distribution. Phylogenetic evidence strongly supports a single colonization of

the oceanic island of Mauritius from either Madagascar or Africa. We

employ Bayesian divergence time analyses to show that the colonization of

Mauritius was not a recent event. We genotype S-RNase alleles from Mauri-

tian endemic Coffea, and using S-allele gene genealogies, we show that the

Mauritian allelic diversity is confined to just seven deeply divergent Coffea

S-RNase allelic lineages. Based on these data, we developed an individual-

based model and performed a simulation study to estimate the most likely

number of founding individuals involved in the colonization of Mauritius.

Our simulations show that to explain the observed S-RNase allelic diversity,

the founding population was likely composed of fewer than 31 seeds that

were likely synchronously dispersed from an ancestral mainland species.

Introduction

The dispersal of seed or other diaspores is a fundamental

process influencing the geographic distribution of plant

populations (Cain et al., 2000). While the majority of

seed from a given generation will be dispersed in close

proximity to maternal plants, there is some small proba-

bility that any given seed will experience long-distance

dispersal (LDD; Nathan, 2006). Despite the presumed

rarity of such events, the impact of LDD on the spatial

and genetic structure of plant populations is thought to

be profound (Gillespie et al., 2012). The importance of

this mechanism is perhaps most evident when consider-

ing processes that are entirely dependent on LDD, such

as the assembly and evolution of oceanic island biotas

(Carlquist, 1967; Cowie & Holland, 2006).

Empirical evidence and theoretic expectations

highlight the importance of plant mating systems in the

success or failure of island colonization by LDD. Baker

(1955) was the first to recognize the pattern of

over-representation of self-compatible (SC) species rela-

tive to self-incompatible (SI) species in the floras of

oceanic islands compared with terrestrial floras. This

observation later became formalized as Baker’s rule

(Baker, 1967) and has since been verified repeatedly

with empirical data in a diversity of lineages (Rambuda

& Johnson, 2004; Crawford et al., 2008; van Kleunen

et al., 2008; Hao et al., 2010). Baker theorized that this

pattern results because SI lineages are considerably less

likely to colonize islands due to the requirements of

their breeding system. Maintenance of the minimal
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genetic diversity required for the functioning of an SI

breeding system in a founding population necessitates

the dispersal of many more individuals than would be

necessary for colonization by SC plants. As seeming

exceptions to Baker’s rule, some plant lineages appear

to have colonized oceanic islands despite evidence of

an SI mating system in the colonizing ancestor. These

exceptions include the Hawaiian Silversword alliance

(Carr et al., 1986; Baldwin, 2007), North American Yel-

low Starthistle (Centaurea solstitialis; Sun & Ritland,

1998), Senecio squalidus in the British Isles (Brennan

et al., 2006) and Old World Lycium (Miller et al., 2008,

2011).

Exceptions to Baker’s rule must logically represent

colonization by a founding population that was

sufficiently large to meet the minimum requirements of

the SI system. A suitable founding population could be

assembled via a single dispersal event carrying multiple

seeds from a source population, or via multiple

temporally distinct dispersal events, particularly in

perennial species capable of waiting for sufficient

colonists to accumulate a population with sufficient

genetic diversity to maintain itself in perpetuity

(Pannell & Barrett, 1998). Regardless of the different

mechanisms for assembling a founding population (i.e.

single vs. multiple LDD), estimating the size of a found-

ing population with empirical data is quite challenging,

and direct observations of LDD events are extremely

rare (Nathan, 2006). Nonetheless, the clear importance

of this process has prompted attempts to use genetic

data to estimate the geographic origin and absolute size

of founding populations resulting from ancient LDD

processes. When a given LDD event occurred relatively

recently, it is possible to estimate the size of the found-

ing population by analysing patterns of polymorphism

at rapidly evolving and presumably neutral genetic loci

(e.g. microsatellites, AFLP; Nathan et al., 2003; Alsos

et al., 2007), but this becomes increasingly intractable

with increasing time since the LDD event, or with sub-

stantial in situ diversification of the island lineage. As

the founding population is likely to be much smaller

than the source population, genetic drift should be par-

ticularly strong in fixing or eliminating polymorphisms

segregating at the time of island colonization (Mayr,

1942). Consequently, when there is a strong bottleneck

following colonization, allelic diversity at neutral loci

will be maintained for only a short time, making it

increasingly difficult to estimate the size of a founding

population with the increasing antiquity of the LDD

event. An important exception is encountered,

however, when considering loci at which polymor-

phism is maintained in populations through the

action of balancing selection (Takahata & Nei, 1990;

Vekemans & Slatkin, 1994).

Classic examples of the effects of balancing selection

on observed patterns of polymorphism include the

major histocompatibility complex (MHC) locus in

vertebrates (Figueroa et al., 1988), the mating-type

locus in fungi (Devier et al., 2008) and self-incompati-

bility loci in plants (Richman et al., 1996; Roux et al.,

2013). Negative frequency-dependent selection (NFDS)

is a specific form of balancing selection in which the

individual fitness effect of an allele is inversely related

to the frequency of that allele, resulting in a large

fitness advantage to individuals carrying rare alleles

(Ayala & Campbell 1974). Theory predicts that a large

population at equilibrium should carry a relatively large

number of alleles at a locus under NFDS and that allele

frequencies will be approximately equal if no other

source of selection is operating on the locus (Lawrence,

2000). This is because the probability that an allele will

drift to either fixation or elimination is vanishingly

small (Clark, 1992). Polymorphisms at loci under NFDS

tend to be maintained much longer than polymor-

phisms at neutral loci – even resulting in shared ances-

tral polymorphisms in descendent populations or

species, a phenomenon known as trans-specific poly-

morphism (Vekemans & Slatkin, 1994; Richman &

Kohn, 2000; Igic et al., 2004; Bos et al., 2008).

Plant self-incompatibility loci (S-loci) are among the

classic examples of NFDS. Among the various mecha-

nisms of self-incompatibility that have been described

in plants, the most phylogenetically widespread is the

S-RNase gametophytic self-incompatibility (GSI) mech-

anism. This type of SI mechanism has been found in at

least four angiosperm families, including the Solana-

ceae, Rosaceae, Plantaginaceae and Rubiaceae (Igic &

Kohn, 2001; Nowak et al., 2011). It is based on the

biochemical interaction of self-incompatibility RNases

(S-RNases), expressed in the stigma and style, with

F-box proteins expressed in the growing pollen tube.

This interaction leads to the destruction of self- and

incompatible pollen tubes as they grow through the

style (Kao & Tsukamoto, 2004). This self-incompatibil-

ity mechanism is gametophytic because its function is

based on the interaction of the haploid pollen genotype

and the diploid genotype of the maternal plant. SI pop-

ulations are known to carry numerous (i.e. dozens)

functional S-RNase alleles, which exhibit extensive

trans-specific polymorphism (Ioerger et al., 1990; Clark

1992). Trans-specific polymorphism at loci under NFDS

has been employed to detect and measure the impact

of ancient demographic events (Prugnolle et al., 2005).

For example, polymorphism at the vertebrate MHC

locus has been used to estimate the size of the wolf

population that gave rise to domestic dogs (Niskanen

et al., 2013), the size of the founding population of Dar-

win’s finches (Vincek et al., 1997) and the demograph-

ics of human origins (Ayala et al., 1994). Furthermore,

S-RNase polymorphism has been used to reconstruct an

ancient population bottleneck in the Iochrominae/Phy-

salis/Witheringia clade (Paape et al., 2008) and the

demographic impacts of LDD from North America to

Africa and Asia in Lycium (Miller et al., 2008, 2011).
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The genus Coffea (Rubiaceae) is composed of approxi-

mately 124 species distributed in Africa, Madagascar,

tropical Asia, Australia, Grande Comore Island and the

Mascarene Islands of Mauritius and R�eunion (Davis

et al., 2006, 2011). It was recently shown that GSI in

the genus Coffea functions through the classic Eudicot

S-RNase system (S-GSI; Asquini et al., 2011; Nowak

et al., 2011). Accordingly, SI populations of Coffea have

been shown to harbour high allelic diversity at the

S-locus, and gene trees of S-RNase alleles isolated from

multiple African and Malagasy species show a clear pat-

tern of trans-specific polymorphism (Nowak et al.,

2011) likely resulting from the action of balancing

selection (Reboiro-Jato et al., 2012). Results of several

molecular phylogenetic studies in Coffea strongly sup-

port the monophyly of the three Mascarene species,

thus indicating a single colonization event of the volca-

nic Mascarene Islands (Davis et al., 2011; Nowak et al.,

2012; Fig. 1). While it is currently unclear whether

Africa or Madagascar was the source of colonization, it

is very likely that Mauritius (the older of the two

islands, approximately 8 Ma; McDougall & Chamalaun,

1969; Moore et al., 2011) was the first to be colonized,

with subsequent diversification of the lineage into three

species: C. myrtifolia and C. macrocarpa are endemic to

Mauritius, while C. mauritiana is also found on R�eunion
(the younger of the two islands, approximately 1 Ma;

Moore et al., 2011). The vast majority of African and

Malagasy Coffea species exhibit strong gametophytic SI

(Coulibaly et al., 2002; Nowak et al., 2011), suggesting

that the Mascarene Coffea could represent an exception

to Baker’s rule.

Here, we test the self-incompatibility response in

Mauritian Coffea to determine whether this clade is an

exception to Baker’s rule, and attempt to estimate spe-

cific parameters of the colonization event that led to

the establishment of Coffea on the Mascarene Islands.

To estimate the age of the colonization of Mauritius,

we perform a Bayesian molecular divergence time

analysis with plastid DNA sequence data. To determine

whether Mauritian Coffea represent an exception to

Baker’s rule, we test the strength of GSI by examining

pollen tube growth following controlled self-pollination

in the field. S-RNase allelic diversity is compared

between Mauritian and African/Malagasy Coffea species

to evaluate the bottleneck in allelic diversity that likely

accompanied island colonization. Using this observed

S-RNase allelic diversity, we employ an individual-

based model to estimate the size of the ancestral Coffea

population that colonized the island of Mauritius.

Materials and methods

Divergence time estimation

Bayesian divergence time estimation was performed in

the software package BEAST v1.7.5 (Drummond et al.,

2012) to estimate the age of the colonization of Mauri-

tius. We supplemented the plastid sequence data set

from Nowak et al. (2012) composed of six loci (atpF,

rpolb1, rpolb2, trnL-F, rpl16 and psa1) with sequence

data from nine species that were previously placed in

the genus Psilanthus, which was recently subsumed into

Coffea by Davis et al. (2011). The final data matrix con-

sisted of 69 taxa and a total of 6791 aligned nucleotides

that were partitioned by locus, and each locus was

assigned a unique substitution model (see Table S1;

Dryad accession doi: 10.5061/dryad.6r52k). The BEAST

analysis was calibrated temporally using priors based on

island age and clock rate. First, the age of the most

recent common ancestor (MRCA) of the three Masca-

rene Coffea species (i.e. C. mauritiana, C. macrocarpa and

C. mytrifolia) was constrained to be no older than 8 Ma.

This constraint is consistent with the age of the island

La Réunion

Mauritius

Madagascar

Comoros Islands

Mozambique

200 Km

African Clade 1

Outgroup

African Clade 2

Malagasy Coffea

Mascarene Coffea

Asian Coffea

(a) (b)

Tropic of Capricorn

N

}
Fig. 1 (a) Islands of the western Indian

Ocean. The East African coast

(Mozambique), Madagascar, the

Comoros Islands and the Mascarene

Islands (Mauritius and R�eunion) are

shown to indicate the distances

between landmasses and their relative

sizes. (b) Summary phylogenetic tree

showing the relationship of several

well-supported geographic clades in the

genus Coffea. These relationships are

summarized from the phylogenetic

analyses of plastid and nuclear

sequence data of Davis et al. (2011) and

Nowak et al. (2012).
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of Mauritius based on the oldest volcanic rocks of

which the island is composed (McDougall & Chama-

laun, 1969; Moore et al., 2011). The molecular clock

assumption was relaxed by employing an uncorrelated

lognormal distribution on branch rates, and following

Paape et al. (2008) and Miller et al. (2011), we fixed

the mean of the lognormal distribution to 0.0007 sub-

stitutions/million years (Palmer, 1991; Schnabel &

Wendell, 1998). The prior on the standard deviation of

the lognormal distribution was left as the default setting

(i.e. exponential distribution with mean 0.33). This had

the effect of constraining the branch rates while avoid-

ing a strict clock. The monophyly of the Mascarene Cof-

fea calibration node was the only topological constraint

enforced in the BEAST analysis. The BEAST analysis

was provided with a starting tree with branch lengths

estimated using the default neighbour-joining algorithm

in PAUP* v4.0B10 (Swofford, 2003). The analysis was

performed in triplicate for 10 million generations sam-

pling the Markov chain Monte Carlo (MCMC) distribu-

tion every 1000 generations. The resulting parameter

log files were analysed in Tracer v1.5 (Rambaut &

Drummond, 2007) for stationarity, convergence and

sufficient effective sample sizes from the posterior dis-

tribution of all parameters. The first 1000 trees were

removed as burn-in from each posterior sample of

trees, and the remaining 9000 trees from each run were

combined using the LogCombiner v1.7.5 software

(Drummond et al., 2012). This combined sample of

27 000 trees was summarized in a single maximum

clade credibility tree annotated with parameter esti-

mates using the TreeAnnotator v1.7.5 software (Drum-

mond et al., 2012). This annotated tree was viewed and

manipulated in the tree editing software FigTree v1.4

(Rambaut, 2012). A single run was performed using

identical settings, but with an empty data matrix to

ensure, there were no spurious effects on the joint prior

distribution due to the interaction of different temporal

constraints (Heled & Drummond, 2012).

Self-incompatibility tests

Tests of GSI strength were performed through con-

trolled self-pollinations conducted in January 2009 in

the Plaine Champagne (PCH) population, which is

located within the Black River Gorges National Park of

Mauritius. The habitat at Plaine Champagne is native

upland dwarf forest, and C. macrocarpa and C. mauritiana

can be found there growing within 100 metres of each

other. Four individual plants of each species were

selected for breeding system experiments. For each of

these plants, all open flowers were removed from one

flowering branch and a fine mesh fabric was used to

construct a pollinator exclusion barrier around that

branch. After 48 h, many flowers had opened, and each

branch was vigorously shaken to stimulate self-pollina-

tion. After a further 24 h, the fabric was removed and

5–10 styles were removed from each plant and pre-

served in formalin–acetic acid–alcohol (FAA) fixative for

transport. We were unable to perform similar breeding

system tests in C. myrtifolia because this species is con-

fined to three small and protected populations and the

plants were not flowering on the days that we were

allowed access to these populations. Microscopic analy-

sis of pollen tube growth was performed following the

methods described by Nowak et al. (2011).

S-RNase data and gene tree estimation

To ensure maximum allelic diversity from ‘mainland’

Malagasy and African species, we supplemented the

data set of Nowak et al. (2011) with S-RNase sequences

from small samples (i.e. 1–2 individuals) of several

additional species. In total, 21 species of African and

Malagasy Coffea were sampled in the current study, and

S-RNase alleles were genotyped in 84 individual plants

(see Table S2). This expanded sampling includes four

individuals from the Comoros Islands endemic species

C. humblotiana, which in the current study is considered

a member of Malagasy Coffea based on the geographic

proximity of Madagascar and the Comoros (see Fig. 1)

and the fact that molecular phylogenetic results consis-

tently place this species within a clade of Malagasy Cof-

fea (Maurin et al., 2007; Nowak et al., 2012). We also

included four putative S-RNase alleles from C. canephora

(CcanCc2a, CcanCc2b, CcanCc3a, CcanCc3b and

CcanCc4b) and one from C. arabica (CaraCA1a) from

Asquini et al. (2011). S-RNase alleles were sequenced

from a total of 13 Mauritian Coffea individuals compris-

ing six C. macrocarpa from three populations, six C. mau-

ritiana from three populations and one C. myrtifolia.

S-RNase amplification, cloning and sequencing followed

methods described by Nowak et al. (2011). Briefly, total

RNA was extracted from style tissues preserved in

RNALater (Ambion, Grand Island, NY, USA) using the

RNAqueous Kit (Ambion). First-strand cDNA was syn-

thesized using MMLV reverse transcriptase (Promega,

Madison, WI, USA) and a poly(T) adapter primer fol-

lowing the manufacturer’s protocol. S-RNase alleles

were amplified using the 30 RACE (rapid amplification

of cDNA ends; Frohman et al., 1988) procedure with a

nested PCR using reverse RACE primers (RACE-

outer.R; RACE-inner.R) and a forward primer for

conserved region c2 of the Coffea S-RNase gene

(CoffBall-3.F; see Nowak et al., 2011 for all primer

sequences). The resulting amplicon was cloned using

the TOPO TA Kit (Invitrogen, Grand Island, NY, USA)

and between 8 and 12 positive colonies were sequenced

to characterize S-RNase alleles.

Cloned partial S-RNase sequences were assembled

and edited using the Sequencher v4.8 software (Gene-

Codes, Anne Arbor, MI, USA), and the resulting contigs

were aligned by eye in the program MacClade v4.08

(Sinaur, Sunderland, MA, USA). Cloned sequences
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were examined carefully for evidence of chimeric

sequences, and when identified, these sequences were

removed from the data matrix. The final data matrix

containing 137 S-RNase sequences was then partitioned

by codon position, and MRMODELTEST v2.3 (Nylander, 2008)

was used to identify the best-fit model for each partition

(position 1 = SYM + G; position 2 = GTR + I + G; posi-

tion 3 = HKY + I + G). A gene tree was estimated

from the final data matrix with the software MrBayes

v3.2.1 (Ronquist et al., 2012), and parameters of the

substitution model were unlinked across the three

partitions. The analysis consisted of three independent

runs, each with four chains that were sampled every

1000 generations for 10 million generations. Stationa-

rity of each run and convergence of the three chains

were verified by examining the lnL scores of all

parameters in the program Tracer v1.5. After removing

the first 1000 trees as burn-in, the 50% majority-rule

consensus topology and branch lengths were estimated

from the 27 000 trees sampled from the posterior

distribution. All sequence alignments presented in this

study are archived at Dryad and can be accessed using

the study number doi: 10.5061/dryad.6r52k.

Individual-based model and simulations

With inspiration from Vincek et al. (1997), our model,

written in Objective-C, is based on a simple island-

colonization process in which a sample of diploid indi-

viduals (i.e. seeds) is drawn from an infinitely large

source population with a specified number of S-alleles

(As) of equal frequency to form an island-founding

population (of size Nf) with a resulting associated

S-allele diversity (Af) that depends stochastically on the

sampling of the source population. By constraining the

source population to carry S-alleles at equal frequency,

our model is conservative with respect to estimating

the minimum founding population size needed to

explain the observed S-allelic diversity in Mauritian

Coffea. The founding population is then allowed to

grow, with overlapping generations, governed by a

growth rate parameter (b), with age- and mortality-

related characteristics parameterized to fit Coffea life-his-

tory characteristics (detailed below). S-allele genotypes

of pollen and of recipient plants determined fertility

following the gametophytic SI system of Coffea, with

offspring S-allele genotypes determined accordingly.

Each simulation realization is considered complete

when the population either goes extinct or reaches a

specified maximum population size (Nmax), set to be

sufficiently large that S-alleles are extremely unlikely to

be lost due to genetic drift after that point. For the sim-

ulation realizations reported in this study, Nmax was set

to 5000 (which typically meant a run length of approx-

imately 1000–1500 generations, for b = 0.05), but val-

ues of Nmax ≥ 500 produce essentially identical results

because the effects of genetic drift on the S-allelic

diversity are realized almost entirely during the found-

ing bottleneck and early population growth. The sur-

viving S-allele diversity in the island population (A) is

recorded when the realization is complete.

In the first phase of each modelled year, age-based

mortality occurs. The annual probability of mortality

for a given plant is calculated using the logistic function

Pmortality xð Þ ¼ 1

1 þ e�0:2 x�37ð Þ

where x is the age of the plant. The logistic function is a

logical choice because the probability of mortality

increases with the age of the plant. Figure S1 shows the

resulting annual and cumulative probabilities of mortal-

ity. The shape parameters of the logistic function were

set to 0.2 and 37 such that plants at the end of our sim-

ulations had a mean age of 11.1 years and the majority

of plants had died within 37 years. These features are

consistent with the expected average longevity in wild

Coffea populations (Lashermes & Anthony, 2007; Wint-

gens, 2009). Modest changes to the shape parameters of

the logistic function resulted in minor changes to the

average lifespan, which slightly shifted the threshold

value of b at which populations tended to go extinct

(data not shown), but these differences do not signifi-

cantly affect our conclusions. The age of every plant is

incremented by one at the beginning of each year.

The second phase of each modelled year comprises

pollination and the generation of seedlings. Following

typical Coffea life history (Lashermes & Anthony, 2007),

plants 5 years old and younger are considered juveniles

and cannot make pollen or set seed, whereas older

plants are adults. The number of seedlings that establish

in a given year is determined by a sample from the

binomial distribution B(N, b), where N is the number

of adult plants and b is the probability, per adult, that a

new seedling will be generated. The model parameter b

thus represents the per-individual birth rate, which,

together with a given mortality function (see above),

determines the population growth rate. Crosses are

then conducted to generate seedlings as follows. First,

two parental plants are drawn randomly from the adult

population. The first parent is the pollen donor; the

pollen genotype is chosen randomly from its two

S-alleles. The other parent is the pollen recipient; if the

pollen genotype matches either of the recipient’s

S-alleles, fertilization is blocked. Otherwise, an S-allele

is chosen at random from the recipient (the ovule

genotype), and a seedling, inheriting its S-alleles from

the pollen and ovule, is added to the population with

an age of zero. Crosses continue in this manner until

all seedlings have been generated; an infertile cross

thus does not decrease the number of seedlings

ultimately generated.

This crossing procedure generates frequency-depen-

dent selection on the S-locus, as plants with a common
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S-allele will be more likely to be blocked by pollen

incompatibility and will thus be less likely to be the

parent of a seedling. This model design thus mechanis-

tically implements the gametophytic SI system of Coffea.

This SI system is also followed in the generation of the

initial founding population (in particular, individuals

are never homozygous at the S-locus, as that is pre-

vented by pollen incompatibility). The generation of

new S-alleles through mutation was not modelled, as

six of the seven S-RNase alleles found in Mauritian

Coffea can be confidently assigned to trans-specific alle-

lic lineages identified by Nowak et al. (2011; discussed

in more detail below).

S-allele diversity in the source population (As) was

varied between 10 and 34 to reflect the S-allele diversity

observed in SI plant populations of various sizes

(reviewed by Castric & Vekemans, 2004); the maximum

value, 34, is further supported by the number of trans-

specific S-RNase allelic lineages identified in Coffea by

Nowak et al. (2011). It is notoriously difficult to estimate

population growth rates (Alvarez-Buylla et al., 1996),

and it was not possible to base the range of values

explored for the population growth parameter (b) on

empirical data for Coffea or other SI species. Thus, to

achieve a representative range of estimates of founding

population size, we chose a minimal value of b as the

lowest rate that would yield a successful colonization in

most simulation replicates (b = 0.05), and a maximal

value of b that represents a very rapidly growing tropical

understory tree population (b = 0.1; Alvarez-Buylla

et al., 1996). For the number of founding seeds (Nf), sim-

ulations were performed for every value from 1 to 50

(for each value of As used) with the specific intent of esti-

mating the number of founders that would be likely to

have generated the observed S-allelic diversity in Mauri-

tian Coffea. The phylogenetic evidence for a monophy-

letic Mauritian Coffea suggests that the founding

individuals were likely from a single ancestral species

(Maurin et al., 2007; Nowak et al., 2012). While it is

theoretically possible that multiple LDD events from

the same ancestral species were involved in assembling

the founding population, we feel that the geographic

isolation of the island of Mauritius makes a single LDD

event carrying multiple seeds the most parsimonious

scenario.

Results

To test SI in the Mascarene Coffea lineage, we per-

formed controlled self-pollinations in wild populations

of C. macrocarpa and C. mauritiana and microscopically

examined pollen tube growth. Comparing the results of

this experiment with similar tests performed in the self-

compatible C. arabica (Nowak et al., 2011), it was found

that none of the plants sampled showed evidence of

self-compatibility (Table S3). All of the individuals sam-

pled showed the termination of pollen tube growth

shortly after entering the style tissue, characteristic of

gametophytic self-incompatibility in Coffea (Coulibaly

et al., 2002; Nowak et al., 2011) and other Rubiaceae

(Bawa & Beach, 1983).

We performed a Bayesian divergence time analysis in

the genus Coffea to estimate the age of colonization of the

island of Mauritius. The maximum a posteriori ultrametric

tree summarizing the results of our BEAST analysis is

generally consistent with the results presented by Davis

et al. (2011), in that many of the oldest nodes in the Cof-

fea phylogeny have low support (i.e. < 0.95 posterior

probability; Fig. S2). This result might be due in part to

the limited sequence divergence observed at plastid com-

pared with nuclear loci (Nowak et al., 2012). The median

age for the most recent common ancestor (MRCA) of the

genus Coffea is found to be 10.55 Ma (95% HPD: 6.96–
14.37 Ma; Fig. S3). Despite the limited resolution deep

in the tree, several clades receive relatively high support

including the Africa/Indian Ocean (A/IO) clade

(PP = 0.98), which is found to be 5.37 Ma (95% HPD:

3.74–7.09 Ma). A minimum limit on the age of the colo-

nization of Mauritius can be interpreted as the age of the

MRCA of the Mascarene Coffea, which is found to be

1.80 Ma (95% HPD: 0.82–2.82 Ma). Similarly, a maxi-

mum limit on the age of colonization can be interpreted

as the age of the stem lineage of the Mascarene Coffea,

and this is found to be 2.64 Ma (95% HPD: 1.68–
3.68 Ma). Taken together, these results suggest that the

colonization of Mauritius likely occurred sometime

between 1.80 and 2.64 Ma (95% HPD: 0.82–3.68 Ma).

Due to low support in this part of the tree, it is still

impossible to determine whether the Mascarene Coffea

clade is more closely related to Malagasy or African spe-

cies, and thus, the likely geographic source of the found-

ing population cannot be determined.

Results from our Bayesian phylogenetic analysis

allowed the identification of 43 deeply divergent and

putatively functional S-RNase allelic lineages (Fig. 2).

Consistent with the results of Nowak et al. (2011), at

least 21 of these allelic lineages show evidence of trans-

specific polymorphism given that they are carried by at

least two distinct Coffea species. There is remarkable

consistency in the level of sequence divergence

between S-RNase allelic lineages (Fig. 2). Furthermore,

each of the named allelic lineages shown in Fig. 2 that

is not represented by a single sequence is strongly sup-

ported as monophyletic (PP = 1.0). The Mauritian Coffea

lineage is found to carry S-RNase alleles belonging to

seven distinct allelic lineages. The two individual

C. mauritiana that were originally collected from the

Mondrain population in Mauritius (Cmau13 and

Cmau15; Table S2) appear to be fixed for S-RNase alle-

lic lineage S3 (Fig. 2). Both of these plants carry two

S3 alleles that differ from one another by 2 and 3 non-

synonymous mutations, respectively. Similarly, the four

individuals sampled from the Malagasy species C. anka-

ranensis appear homozygous for a version of the S30
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ª 2 01 4 THE AUTHORS . J . E VOL . B I OL . 2 7 ( 2 0 1 4 ) 1 2 29 – 1 2 39

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Founding of Mauritian endemic coffee trees 1235



allelic lineage. This result is similar to that observed by

Nowak et al. (2011) in the self-compatible species

C. heterocalyx and thus could indicate that the gameto-

phytic SI system in these populations has been lost due

to the evolution of a nonfunctional allele that has

swept to fixation. Evaluating this possibility will require

more detailed study of the strength of the SI system in

these species and a larger sample of the population.

To examine how the size of the genetic bottleneck

associated with island colonization would affect the

number of surviving S-alleles, we developed an indivi-

dual-based model and performed a large number of

simulations under varying input parameters. Experi-

menting with various values for the per-individual birth

rate parameter b indicated that values <0.05 usually led

to population extinction (Fig. S4). This threshold effect

at per-individual birth rates below 0.05 is due to the

fact that the population is not producing seedlings at a

rate sufficient to overcome the rate of mortality.

Increasing this parameter above 0.05 has the effect of

reducing the impact of genetic drift on the surviving S-

allele diversity (A). This is expected because as b

increases, the probability that each individual in the

founding population will successfully mate and produce

viable offspring in the next generation also increases.

Given a diverse source population carrying 30 S-alleles

(Castric & Vekemans, 2004), a founding population

expanding at close to the minimum population growth

rate that avoids near-certain extinction (b = 0.05)

would likely have to be composed of 14–21 individuals

to produce the observed S-allelic diversity of Mauritian

Coffea (Fig. 3b). Higher growth rates (b > 0.05) decrease

the loss of alleles due to drift and thus decrease the

likely size of the founding population (Fig. S4). For

higher population growth rates (b > 0.06), the mean

number of seeds resulting in the observed S-allelic

diversity of Mauritian Coffea converges towards a mini-

mum of about five; however, Coffea is a slow-growing

understory tree, and thus, there is no evidence that the

ancestral colonizing population expanded at such an

exceptional rate. A somewhat surprising result of our

simulations is that altering the allelic diversity of the

source population (As) had only a limited effect on the

number of surviving S-alleles in the island population

when b is held constant (Fig. 3a). The simulation repli-

cates in which a founding population is drawn from a

source population of low S-allele diversity (As = 10)

and grows slowly (b = 0.05) provide a conservative

upper limit of 31 founding individuals to yield the

seven surviving S-alleles observed in our sample of

extant Mauritian Coffea populations.

Discussion

Our results suggest that the ancestral lineage of Coffea

that colonized the island of Mauritius approximately

1.8–2.6 Ma was very likely self-incompatible and thus

this lineage’s successful colonization represents an

exception to Baker’s rule. Notably, our divergence time

estimates within the genus Coffea are about 10 times

older than the preliminary estimates reported by

Anthony et al. (2010). This discrepancy is likely due to

the fact that their estimates were based on a molecular

clock analysis of the plastid trnL-F region alone, which

shows very little sequence divergence in the genus

(Anthony et al., 2010; Nowak et al., 2012). Future
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Fig. 3 (a) Results of simulations assuming a source population carrying 30 S-alleles (As = 30), performed with b = 0.05 and Nmax = 5000.

Each boxplot summarizes the number of surviving S-alleles (A) resulting from 1000 model replicates using a given number of founding

individuals (Nf,) from 1 to 50. The central line of each box shows the median, the box top and bottom show the first and third quartiles,

and the whiskers extend to the most extreme data point no more than 1.5 times the interquartile range from the box. (b) Plot of the mean

number of surviving alleles following colonization, as a function of different levels of allelic diversity in the source population (As). The

vertical scale is identical to that of panel A. The black horizontal line shows the observed S-allelic diversity in Mauritian Coffea (seven

distinct S-alleles). Boxplots similar to panel A for each of these sets of simulations can be found in Fig. S5.
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phylogenetic studies of Coffea including a more compre-

hensive taxon sampling and more informative molecu-

lar markers are likely to offer improved phylogenetic

resolution, particularly at the base of the tree, and thus

more accurate and precise divergence time estimates.

By examining allelic diversity at the Coffea S-RNase

gene, which is preserved by NFDS (Nowak et al., 2011),

we can make inferences about the ancient bottleneck

associated with the colonization of Mauritius. The

genealogy of Coffea S-RNase alleles shows that the bot-

tleneck associated with the colonization of Mauritius

resulted in seven deeply divergent S-RNase allelic lin-

eages (Fig. 2). While this clearly does not represent a

massive bottleneck, some perspective on its magnitude

can be gained by comparing S-RNase allelic diversity

isolated from the 13 individuals sampled from the Mau-

ritian Coffea clade with Malagasy and African Coffea spe-

cies. For example, we were able to sample 7 individuals

from both C. canephora and C. resinosa, and each species

was found to carry nine S-RNase allelic lineages. Evi-

dence for a bottleneck in Mauritian Coffea is perhaps

more stark when one considers that nearly all of the

Malagasy and African Coffea species sampled in this

study were collected from ex situ germplasm resources

and have been shown to harbour reduced genetic

diversity compared with wild populations (Krishnan

et al., 2012), while all but two Mauritian samples were

from wild populations (Table S2). Our estimate of seven

allelic lineages assumes that allele S57 did not evolve in

situ on Mauritius (Fig. 2), but rather has not yet been

sampled from mainland species. We feel that this is the

most conservative assumption in the light of our lim-

ited population-level sampling of mainland species, the

substantial sequence divergence of S57 compared with

other alleles and the relatively low sequence divergence

observed in other S-RNase allelic lineages found in

Mauritian Coffea.

The maintenance of allelic diversity expected at the

S-locus under NFDS makes it possible to estimate the

size of the founding population that was likely responsi-

ble for the colonization of Mauritius. Fruits are the unit

of dispersal in Coffea, and each fruit carries at most two

seeds (coffee ‘beans’). Assuming that no deeply diver-

gent S-allelic lineages evolved in situ on Mauritius, the

original population could have been founded by a mini-

mum of two fruits from carrying a total of four seeds.

This represents the logical minimum number of seeds

possible to initiate a founding population that has seven

S-alleles. The results of our individual-based model sug-

gest that it is most likely that more than 14 seeds were

involved in the founding event and that even with a

very diverse source population and the fastest popula-

tion growth rate, at minimum five seeds were likely

required. Furthermore, our results show that a found-

ing population of >31 individuals would almost assu-

redly have resulted in S-allelic diversity greater than

that observed in our sample of Mauritian Coffea.

Mauritius is separated from the closest native popu-

lations of Coffea on the Eastern Madagascar coast by

approximately 800 km of ocean. It is tempting to spec-

ulate a synchronous LDD of between five and 31 seeds

to this remote island accomplished via single flock

avian dispersal, perhaps facilitated by a storm and

accompanying high winds. While such dispersal events

are expected to be rare, the global distribution of island

biota shows that such events nonetheless must have

occurred, with dramatic impacts on the geographic dis-

tribution of plant lineages.
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Additional Supporting Information may be found in the

online version of this article:

Figure S1 The annual probability of mortality used in

the simulation model (black curve), and the resulting

cumulative probability of mortality (red curve).

Figure S2 Maximum a posteriori chronogram produced

from the BEAST v1.7.5 analysis. Branches are labelled

with posterior probability.

Figure S3 Maximum a posteriori chronogram produced

from the BEAST v1.7.4 analysis.

Figure S4 Summary of supplemental simulations run

using different values for the population growth rate b

(see Table S4 for the parameter values used).

Figure S5 Complete simulation results for various

values of the source population S-allelic diversity

(As), ranging from 10 to 34 alleles, for b = 0.05 and

Nmax = 5000.

Table S1 Sequence data used in BEAST divergence

time analyses.

Table S2 Plant materials used in the study of Coffea

S-RNase allelic diversity.

Table S3 Results of self-incompatibility tests performed

in a wild sympatric population of C. macrocarpa and

C. mauritiana growing at the Plaine Champagne (PCH)

locality in the Black River Gorges National Park of

Mauritius.

Table S4 Parameters, with their symbols and values,

for the supplementary model realizations shown in

Fig. S4.
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