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Introduction

Sex chromosomes display distinctive inheritance patterns, effec-
tive population sizes, recombination frequencies, and structural
arrangements, giving them a key role in numerous biological
phenomena (Bull, 1983; Charlesworth & Mank, 2010). Sex
chromosome systems include male heterogamety (XY inheri-
tance), female heterogamety (ZW inheritance), and other sys-
tems (Bachtrog eral, 2014). Although sex phenotype is
typically thought to be determined by only one or two genes
(Bachtrog eral., 2014), these functional element(s) frequently
reside within a larger sex-determining region (SDR), inherited
as a unit. The remainder of the sex chromosome outside the
SDR is known as the pseudoautosomal region (PAR) (Ohno,
1969; Otto etal., 2011). A defining feature of sex chromosomes
is a specific and repeatable pattern of heterogeneity in recombi-
nation rate, seen across diverse taxa (Bergero & Charlesworth,
2009). The heterogametic parent typically shows suppressed
recombination in the SDR and elevated recombination in the
PAR (reviewed in Otto etal, 2011; Charlesworth, 2015). The
adaptive basis for these recombination patterns has been exten-
sively examined theoretically (Charlesworth & Charlesworth,
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Summary

e Recombination in ancient, heteromorphic sex chromosomes is typically suppressed at the
sex-determining region (SDR) and proportionally elevated in the pseudoautosomal region
(PAR). However, little is known about recombination dynamics of young, homomorphic plant
sex chromosomes.

e We examine male and female function in crosses and unrelated samples of the dioecious
octoploid strawberry Fragaria chiloensis in order to map the small and recently evolved SDR
controlling both traits and to examine recombination patterns on the incipient ZW chromo-
some.

e The SDR of this ZW system is located within a 280 kb window, in which the maternal
recombination rate is lower than the paternal one. In contrast to the SDR, the maternal PAR
recombination rate is much higher than the rates of the paternal PAR or autosomes, culminat-
ing in an elevated chromosome-wide rate. W-specific divergence is elevated within the SDR
and a single polymorphism is observed in high species-wide linkage disequilibrium with sex.

¢ Selection for recombination suppression within the small SDR may be weak, but fluctuating
sex ratios could favor elevated recombination in the PAR to remove deleterious mutations on
the W. The recombination dynamics of this nascent sex chromosome with a modestly
diverged SDR may be typical of other dioecious plants.

1978; Bachtrog eral, 2014). In brief, if an SDR-linked locus
harbors an allele that is advantageous in one sex and disadvanta-
geous in the other (sexually antagonistic), recombinants will
have decreased fitness and recombination suppression will be
favored. In the case where sex is determined by two loci both
carrying fertility/sterility mutations, recombinants lack both fer-
tility alleles and are thus neuters, making the suppression of
recombination  highly  advantageous  (Charlesworth &
Charlesworth, 1978; Bull, 1983; Spigler ¢zal., 2008). As recom-
bination is suppressed, differential substitutions and insertions
accumulate within the widening SDR, resulting in evolutionary
strata of sequence divergence between X/Z and Y/W (Bergero
& Charlesworth, 2009). The strength of selection for expansion
and divergence of the SDR probably depends on the degree of
sexual dimorphism, and therefore the number of genes with
alleles showing sex-specific fitness (Ahmed ezal., 2014). Recom-
bination is nonetheless usually required for faithful chromo-
some segregation, producing an increased PAR recombination
rate in the heterogametic sex because equivalent recombination
occurs over a smaller physical distance (Otto eral., 2011). Con-
sistent with this hypothesis, the total sex chromosome recombi-
nation rate averaged across the PAR and SDR is usually less
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than or equal to the genome-wide average (Otto eral, 2011).
These characteristic recombination dynamics of sex chromo-
somes are the evolutionary basis for their other unusual features,
such as heteromorphy, rapid molecular evolution, degeneration,
and determination of hybrid incompatibility (Charlesworth,
1996).

The most extensively studied sex chromosomes are ancient and
highly heteromorphic, and thus provide little insight into the ini-
tial stages of sex chromosome evolution (Bernardo Carvalho
eral., 2009; Cortez et al., 2014). However, a much greater diver-
sity of sex-determining systems exists, especially in plants (Diggle
eral., 2011; Bachtrog eral, 2014; Charlesworth, 2015).
While few dioecious flowering plants have heteromorphic sex
chromosomes or even known sex-determination mechanisms
(Charlesworth & Mank, 2010; Ming ez al., 2011; Renner, 2014),
several recent studies have revealed homomorphic sex chromo-
somes with small SDRs, including in Vizis (143 kb; Fechter ez al.,
2012; Picq etal, 2014) and Populus (100 kb; Geraldes ezal.,
2015). The slightly larger SDRs (1-10 Mb) in plant taxa such as
Actinidia (Zhang et al., 2015), Carica (Wang et al., 2012; Lappin
etal., 2015), and Asparagus (A. Harkess, pers. comm.) still
encompass small (<10%) proportions of their chromosomes,
and are much smaller than cytogenetically heteromorphic chro-
mosomes. Despite PAR characterizations in older systems (e.g.
Lappin ezal., 2015; Qiu etal., 2016), no study has comprehen-
sively examined chromosome-wide recombination heterogeneity
in a plant with a very small (<500 kb) SDR. Furthermore, most
previous studies in plants have examined XY systems in diploids
(but see Pucholt ez al., 2015; Russell & Pannell, 2015), although
Z\Y systems may have distinct dynamics (Ming ez al., 2011), and
the potential association between dioecy and polyploidy (Miller
& Venable, 2000; Ashman eral, 2013) makes polyploids an
attractive study system. Young sex chromosomes are ideal models
for studying evolutionary processes related to sex (Bergero ezal.,
2013), and indeed could represent the evolutionary precursors of

Research 1413

heteromorphic chromosomes. Alternatively, SDRs may remain
relatively small for tens of millions of yr (Zhou etal, 2014), or
control of sex may turn over so rapidly among distinct genomic
regions that SDRs undergo minimal evolutionary change
(Dufresnes ez al., 2015). Recombination rates are determined by
several factors that are only partially understood (Bomblies ez 4/,
2015; Shilo et al., 2015).

Early sex chromosome evolution has progressed particularly
rapidly and variably in Fragaria (Spigler eral., 2008; Ashman
eral., 2012; Liston ez al., 2014). Evolving from a hermaphroditic
ancestor just 2 million yr ago (Ma) (Njuguna ezal., 2013), the
strawberry genus has diversified into species displaying sexual sys-
tems, including gynodioecy (females and hermaphrodites), sub-
dioecy (females, males, and hermaphrodites), and dioecy (females
and males). In the gynodioecious diploid F. vesca ssp. bractreara,
at least two unlinked loci harbor male sterility alleles, only one of
which, on chromosome IV (out of seven homeologous chromo-
some groups, designated I-VII; Table 1), is heterozygous in
females (Tennessen ezal., 2013; Ashman eral., 2015). Fragaria
vesca ssp. bracteata is an ancestor of allo-octoploid Fragaria
species (2n=8x=56), having provided both cytoplasmic DNA
and the Av subgenome (one of four nuclear subgenomes;
Table 1) (Njuguna eral., 2013; Tennessen et al., 2014; Govin-
darajulu ezal, 2015; Sargent eral., 2016). It does not share its
sex loci with the octoploid clade, though. Octoploid F. virginiana
ssp. virginiana possesses a female-heterozygous SDR at the
start of chromosome VI-B2-m (i.e. homeologous group six,
subgenome B2, maternal chromosome), while octoploid
F. chiloensis possesses a female-heterozygous SDR at the end of
chromosome VI-Av-m, here designated “ZW’ (Spigler ezal.,
2010, 2011; Goldberg eral, 2010; Tennessen etal, 2014;
Table 1). Octoploid Fragaria are highly diploidized, such that
the subgenomes remain evolutionarily distinct (Tennessen ez al.,
2014). Thus, sex determination in this genus has frequently
evolved independently, and/or exhibits a rapidly shifting genomic

Table 1 Regions of the Fragaria chiloensis genome relevant to sex determination, showing notations used in text, synonyms, locations in reference

genome, and methods used to characterize them

Region Synonyms

Reference genome position Genotype method

All chromosomes

Chromosomes are named based on one of Fvb1-7

Target capture

7z
A

ZW pseudoautosomal
region

SDR vicinity

Low maternal
recombination region

Female-function region

Sex-determining region

High W divergence region

Sex-associated marker

the seven homeologous linkage groups
(I-V11), one of subgenome contributors
(Av, B1, B2, Bi), and the contributing
parent (m, p); e.g. V-Bi-p

VI-Av-p, homogametic sex chromosomes

VI-Av-m, heterogametic sex
chromosomes

Pseudoautosomal region

SDR, male-function region

Fvb6_0.000-38.873 Mb (entire)
Fvb6_0.000-38.873 Mb (entire)

Fvb6_0.000-37.428 Mb,
Fvb6_37.708-38.873 Mb

Fvb6_37.378-38.873 Mb

Fvb6_37.378-37.708 Mb

Fvb6_37.391-37.858 Mb
Fvb6_37.428-37.708 Mb
Fvb6_37.565-37.708 Mb
Fvb6_37594072

Target capture
Target capture

Target capture

Fluidigm amplicons
Fluidigm amplicons

Fluidigm amplicons
Fluidigm amplicons
Fluidigm amplicons
Fluidigm amplicons
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position. Moreover, as the octoploid clade arose 1 Ma (Njuguna
etal, 2013) and SDRs are not shared among the dimorphic
species, they appear to be some of the youngest studied to date.

Fragaria chiloensis occurs along the Pacific coasts of North and
temperate South America. The species is nearly completely dioe-
cious, although some hermaphrodites do occur (Hancock &
Bringhurst, 1980), and has undergone perhaps the greatest sexual
differentiation in the genus with respect to the hermaphroditic
Fragaria ancestor (Ashman, 2005; Ashman eral., 2012). Thus,
although sex phenotypes (Spigler & Ashman, 2011; Spigler ez al.,
2011) and genomics (Shulaev ez al,, 2011; Sargent ez al., 2016) of
other Fragaria species have been studied more extensively,
F. chiloensis is a more complete sex chromosome model. Because
male and female function both map to a single maternal genomic
location, with no previously observed recombination between
them (Goldberg ez al., 2010), F. chiloensis has all the hallmarks of
a complete, albeit incipient, ZW sex chromosome. It is possibly
the youngest ZW system known in plants, similar in age to the
youngest XY systems. As an octoploid, it is ideally suited for
recombination analysis because recombination rates can be com-
pared among subgenomes and between the sex chromosome and
autosomal homeologs. However, the precise genomic location of
the SDR, its physical size, and the recombination profile of the
SDR-carrying chromosomes could not be determined from the
initial microsatellite-based linkage map (Goldberg ez al., 2010).
Here we characterize the F. chiloensis sex chromosome with
respect to Z- or W-specific recombination rates in the PAR and
SDR, as well as recombination-dependent metrics, including
sequence divergence and linkage disequilibrium, in order to infer
the inidal evolutionary adjustments in recombination rate and
divergence that occur in response to sex linkage.

Materials and Methods

Samples

Our primary cross (HM1 x SAL3) represents an expanded set
of Fy offspring from maternal Fragaria chiloensis ssp. lucida
(HM1, previously GP33) and paternal Fragaria chiloensis ssp.
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pacifica (SAL3) used previously (as GPxSAL, Goldberg eral.,
2010; Table 2). Female HM1 was obtained from the USDA
National Clonal Germplasm Repository (accession PI 612489
originally collected from Honeyman Memorial State Park, OR,
43.93°N, 124.11°W). Hermaphrodite (10% female fertility)
SAL3 from Salishan, OR (44.91°N, 124.02°W) was chosen
to assess paternal inheritance of female fertility. We hand-
pollinated pistillate: HM1 flowers with SAL3 pollen. We
planted 1695 seeds in sets over 5 yr (between 2009 and 2015).
We transplanted ¢. 2-month-old seedlings into 8-cm-square pots
with a 2:1 mixture of Fafard #4 (Conrad Fafard, Agawam,
MA, USA) and sand. After germination the plants initially
received 513 mg granular Nutricote 13:13:13, N: P: K ferdl-
izer (Chisso-Asahi Fertilizer, Tokyo, Japan). Plants were grown
under 15:20°C, night:day temperatures and 10-12h days
throughout the majority of the flowering period. To initiate
flowering plants were exposed to 8:12°C, night: day tempera-
tures with an 8 h low-light day. Additional liquid fertilizer and
pest control measures were applied as needed.

We also examined the parents and F; offspring of two other
independent F. chiloensis crosses, in order to test the universality
of the SDR location identified in HM1 x SAL3 and to identify
single nucleotide polymorphisms (SNPs) universally on the SDR
W haplotype (Table2). The parents of the first cross
(EUR13 x EUR3) were a female (EUR13) and a male (EUR3;
0% female fertility) F. chiloensis ssp. lucida from Eureka,
California (40.762°N, 124.225°W). The parents of the second
cross (PTR14 x PTR19) were a female (PTR14) and an
hermaphrodite (PTR19; 10% female fertility) F. chiloensis subsp.
lucida from Point Reyes, California (38.0683°N, 122.971°W).
We raised 105 and 65 F; offspring from the two crosses, respec-
tively, following the same planting and growth regimes as for
HMI1 x SAL3. As the goal of these crosses was validation of the
sex-linked SNP results from HM1 x SAL3, rather than fine-
mapping, we examined substantially fewer offspring (20 each)
than for HM1 x SAL3.

We also examined 16 unrelated plants from six populations
(including the four source populations of cross plants) across the
geographic range of F. chiloensis (Supporting Information

Table 2 Details of all three Fragaria chiloensis crosses, including relative divergence of Z and W haplotypes in the sex-determining region (SDR) vicinity

Paternally
Maternal Paternal ~ Offspring ~ SNPsin coupling,  SNPsin coupling, high-W  SNPsin repulsion,  segregating,

Cross parent parent number SDR vicinity? divergence window® SDR vicinity® SDR vicinity?
HM1 x SAL3 HM1 (aka GP33°) SAL3 1275 18 10 (two nonsynonymous, 18 9,15

one synonymous, seven

noncodingf)
EUR13 x EUR3 EUR13 EUR3 20 2 1 (one noncodingf) 2 0,3
PTR14 x PTR19 PTR14 PTR19 20 7 4 (two nonsynonymous, 5 0,4

two noncoding)

“Number of maternal SNPs in coupling male sterility/female fertility (i.e. on W) in the SDR vicinity.
PNumber of maternal SNPs in coupling male sterility/female fertility within the high-W divergence window.
“Number of maternal SNPs in repulsion male sterility/female fertility (i.e. on Z) in the SDR vicinity.
dNumber of paternal SNPs segregating on each of two haplotypes (i.e. on either Z) in the SDR vicinity.

“See the Materials and Methods section and Goldberg et al. (2010).
fOne noncoding ‘sex-associated marker is shared among all three crosses.
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Table S1). The plants were collected from the wild as clones or
obtained from the National Clonal Germplasm Repository and
raised under the same planting and growth conditions.

Sex phenotyping

In order to define the SDR, we first phenotyped male and female
function following Spigler ezal (2011). We scored male func-
tion, on at least two flowers per plant on two separate occasions,
as a binary trait: ‘male fertile’ if possessing large, bright-yellow
anthers that visibly released pollen, and ‘male sterile’ if possessing
vestigial white or small, pale-yellow anthers that neither dehisced
nor showed mature pollen. Ambiguous anthers were examined
microscopically for mature pollen. To ensure full potential fruit
set, we hand-pollinated plants three times weekly with outcross
pollen. We estimated female fertility as a continuous quantitative
trait for each individual as the proportion of flowers that pro-
duced fruit (fruits: total pollinated flowers) following Spigler
etal. (2011). We calculated the association between male func-
tion and female function using simple linear regression (R Core
Team, 2013). Because female fertility may be influenced by plant
size (estimated as total number of flowers or buds produced), we
also included total flower number as a second independent
variable in muldple regression (R Core Team, 2013). For
HMI1 x SAL3, female fertility was treated as continuous, while
for the EUR13 x EUR3 and PTR14 x PTR19 crosses and the
unrelated individuals, it was converted to a binary trait following
Goldberg eral. (2010).

DNA extraction and quantification

Fresh tissue DNA extractions of 42 HM1 x SAL3 offspring were
described previously (Tennessen eral., 2014). For the remaining
plants, we extracted DNA from leaf tissue stored on silica gel,
using the Norgen biotek plant/fungi high-throughput, 96-well
DNA isolation kit (Norgen Biotek, Thorold, ON, Canada) and
the DNA extraction service provider Agbiotech Inc. (Hollister,
CA, USA). We added an additional 100 pl of 10% sodium dode-
cyl sulfate and 10 pl B-mercaptoethanol to the lysis buffer to
improve DNA yield. DNA was eluted with sodium acetate and
ethanol-precipitated. We performed Picogreen assays using a
Tecan plate reader and diluted DNA to 50 ngul™' using
diethylpyrocarbonate-treated water for microfluidics PCR on the
Fluidigm access array system (hteps://www.fluidigm.com/prod-
ucts/access-array).

Target capture mapping

We previously described a target capture linkage map of 2542
segregating  F. chiloensis  markers  generated  using 42
HMI1 x SAL3 offspring (Tennessen etal, 2014). All markers
align to a distinct position in the F. vesca reference genome (v.2.0,
here designated ‘Fvb’ as in Tennessen ezal, 2014), and have a
linkage map position (cM) on a paternal (‘p’) or maternal (‘m’)
linkage group pertaining to one of the four subgenomes
(Table 1). In order to map sex phenotypes, we first added binary

© 2016 The Authors
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male function to the linkage map with ONEMar (Margarido
etal., 2007), as in Tennessen et al (2013). Because female fertil-
ity is a continuous trait (Fig. 1), we identified female function
quantitative trait loci (QTLs) using R/QTL (Broman ezal., 2003;
R Core Team, 2013). We used the scanone option to identify
possible female function QTLs (minimum logarithm of the odds
(LOD) 3). We checked whether a multiple additive QTL model
was supported, with an LOD at least 3 greater than the LOD of
the single best QTL, using the scantwo option. The Fvb region
where both male function and female function QTLs mapped,
presumably harboring the SDR and possibly also adjacent por-
tions of the PAR, was designated the ‘SDR vicinity’ and exam-
ined with additional genotyping (Table 1).

In order to estimate genome-wide recombination rates, we
re-examined the target capture HM1 x SAL3 linkage maps (Ten-
nessen ez al., 2014), excluding putative recombination events that
could be caused by genotyping error, as in Tennessen eral.
(2013). We also identified all inconsistencies in marker order rel-
ative to Fvb supported by more than one genotype, and consid-
ered these to be potential genomic rearrangements. We assumed
that physical distances on the octoploid chromosomes could be
approximated by Mb distances in Fvb, and thus we estimated
recombination rates genome-wide and per each linkage group as
cM Mb ', We divided all 56 linkage groups into 5-10 Mb seg-
ments free from rearrangements, and calculated recombination
rate for each segment.

Amplicon generation and sequencing

In order to fine-map the SDR vicinity and examine recombina-
tion rates, we genotyped SDR-vicinity SNPs using Illumina
sequencing of PCR amplicons (Cronn eral., 2012). The Flu-
idigm microfluidic approach is an effective method for mapping
SNP markers in a large sample of polyploids (Byers ez al., 2012;
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Fig. 1 Sex phenotype distributions among Fragaria chiloensis offspring of
HM1 x SAL3 cross. Male function is defined as the ability (male fertility,
blue) or inability (male sterility, pink) to produce mature pollen and is a
binary trait found in approximately half of the progeny. Female fertility is
defined as the proportion of flowers producing fruit, and has a continuous,
though bimodal, distribution, shown here partitioned into bins of 5%.
Male and female function are highly negatively correlated, with nearly all
male-fertile offspring showing <50% female fertility, and nearly all male-
sterile offspring showing >50% female fertility.
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Uribe-Convers ez al., 2016). We performed sequencing in three
sequential rounds, refining the combination of amplicons each
time based on amplicon performance and fine-mapping results
(Tables S2, S3). Some samples were included in multiple rounds
as a result of poor-quality genotypes or in order to further fine-
map recombinants. Initially, we designed primers for 48 ampli-
cons of ¢. 300—-600 bp (larger amplicons performed poorly), with
an Fvb position within the SDR vicinity. Most amplicons (41)
contained at least one SNP (on any subgenome) identified in the
target capture map. Following the Fluidigm Access Array System
user guide for Illumina (https://www.fluidigm.com), primer pairs
were validated using DNA from HM1 with the Agilent bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA) to verify the
expected product size and ascertain that on-target products
account for > 50% of the total yield. Via IBEST at the University
of Idaho, we used the Fluidigm 48.48 Access Array Integrated
Fluidic Circuits to generate amplicons in parallel in microfluidic
reactors. Forward and reverse primers were attached with com-
mon sequence tags (CS1 and CS2) to enable the addition of P5
and P7 Illumina adapters along with dual index multiplex bar-
codes. We multiplex sequenced 48 pools of amplicons (one per
individual) in 10—12 access array plates on one-half lanes of the
[lumina MiSeq, yielding 300 bp paired-end reads. For the first
round, we sequenced 478 HMI1 x SAL3 offspring, HM1, and
SAL3. For the second round, we retained 19 of the original 48
primer pairs and replaced 29 with new pairs. We used these to
sequence 469 HM1 x SAL3 offspring, HM1, SAL3, and the par-
ents and offspring from EUR13 x EUR3 and PTR14 x PTR19.
For the third round, we retained 39 primer pairs and replaced
nine with new pairs. We used these to sequence 545
HM1 x SAL3 offspring, HM1, SAL3, all EUR13 x EUR3 and
PTR14 x PTR19 individuals, and 18 additional unrelated plants
(16 vyielding useable genotypes). In total, 1302 unique plants
were included in amplicon sequencing. Including the target cap-
ture samples, 1274 HM1 x SAL3 offspring were genotyped.

Amplicon genotyping and fine mapping

We called genotypes using POLIMAPS (Tennessen ez al., 2014).
We first processed Illumina reads with dbcAmplicons (https://
github.com/msettles/dbcAmplicons), trimmed them with Trim-
MOMATIC (Bolger eral, 2014), aligned them to the amplicon
regions extracted from Fvb with BWA (Li & Durbin, 2009), and
generated PILEUP files with SAMTOOLS (Li ez al., 2009). We gener-
ated PILEUP files as in the target capture maps (Tennessen et al.,
2014), only including SNPs heterozygous in a single parent.
Because HM1 x SAL3 amplicon sample sizes were larger and
there were more missing genotypes than in the target capture
maps, we allowed up to 200 missing genotypes per site and
required 40 observations each of homozygotes and heterozygotes
for each SNP. For EUR13 x EUR3, PTR14 x PTR19, and the
set of unrelated plants, all with much smaller sample sizes, we
allowed up to 10 missing genotypes and required four observa-
tions each of homozygotes and heterozygotes. We converted
genotypes to ONEMar format and generated linkage maps in
ONEMAP (LOD of 3).
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We identified recombination events to estimate recombination
rates in the SDR vicinity and to fine map sex QTL. Because male
function showed a near-perfect match to genotype, and the few
exceptions were not recombinants, we simply defined the male-
function region between the closest recombination events
upstream and downstream that caused mismatches between
genotype and male function. Because female function is a contin-
uous trait showing a weaker correlation with genotype, we calcu-
lated LOD scores for all sites in the SDR vicinity, calculated the
correlation between genotype and female function across the
SDR vicinity, and used R/cocor (R Core Team, 2013; Dieden-
hofen & Musch, 2015) to compare these correlations. We
defined a female-function region in which correlations were not
significantly different from that at the site with the best LOD
score. Because male function could be more precisely mapped
than female function, we considered the male-function region to
comprise the maximum potential extent of the SDR. We exam-
ined genes within the male-function region by consulting both
the original annotation of Fvb (Shulaev ezal, 2011) and a rean-
notation (Darwish ez al., 2015). As with the target capture maps,
we estimated recombination rates as cM Mb ™.

We measured W-specific divergence per cross (not species-
wide) as the proportion of SNPs in coupling with male sterility/
female fertility among all sequenced sites (using autosomal home-
ologs and Fvb as outgroups). Our study design precludes examin-
ing divergence shared by all Z chromosomes but not W, as such
Z-specific SNPs will be homozygous on linkage group VI-Av-p
(here designated “ZZ’) and thus will not segregate in the
offspring.

Results

Phenotypes

In HM1 x SAL3, 1285 seeds germinated. We obtained genotype
and/or phenotype data from 1275 of these (Table S4). We deter-
mined male function for 693 progeny (352 male sterile, 341 male
fertile), and female function for 619 progeny (157 with female
fertility <5% and thus ‘female sterile’ as defined in Goldberg
etal., 2010; mean flower number = 15.5). Male and female func-
tion were negatively correlated (R=0.75; P<107 "5, Fig. 1).
Including total flower number (proxy for plant size) in multiple
regression analysis did not significantly improve the proportion
of variance explained in the simple linear regression (R =0.76;
P<107°). Similar phenotype distributions were observed among
two sets of 20 offspring from independent crosses
(EUR13 x EUR3 and PTR14 x PTR19; Table S5), and among
16 additional unrelated plants (Table S1).

Target capture mapping

In the HM1 x SAL3 target capture dataset (Table S6), we
observed 23 male-fertile offspring and 19 male-sterile offspring.
Male function mapped to the end of ZW, as expected
(LOD = 10.6; Fig. 2; Goldberg ez al., 2010). Specifically, the last

recombination event before the male-function region occurred
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after position Fvb6_37.391 Mb, after which only a single male-
sterile individual (not recombinant anywhere on the linkage
group) had a genotype mismatching sex (R=0.91; P<10~ ).
Thus, the SDR occurs somewhere within the remaining
1.482 Mb of the chromosome (the ‘SDR vicinity’), on which we
observed 10 SNPs in nine targeted regions. An alternate, much
weaker potential QTL on linkage group II-Av-p (LOD =3.6;
Fig. 2) was assumed to be a statistical artifact and not pursued
further, because it showed no significant association after
accounting for the QTL on ZW (R>=0.04; P>0.1). The highest
QTL for female function (R*=0.77; P<10"'%), treated as a
quantitative trait, occurred at the same location on ZW as male
function, peaking at Fvb6_37.391 Mb (LOD = 18.8). The best
two-QTL model for female function was not significantly better

than the single-QTL model.

Amplicon fine mapping

Of the 1285 HM1 x SAL3 progeny, we obtained useable SDR-
vicinity amplicon genotypes from 1235 offspring, including
1215 Av-m genotypes and 1196 Av-p genotypes (Table S4).
Although the set of useable sites varied slightly among each of
three sequencing rounds, by the third round we could genotype
36 segregating sites among 24 amplicons on ZW, and 24 segre-
gating sites among 16 amplicons on ZZ. Recombinants were
observed in all growing years and all sequencing rounds. We
observed 32 plants that recombined on ZW in the SDR vicinity,
and these allowed us to further fine-map the male-function
region to a 280kb section between Fvb_37.428 and
Fvb6_37.708 Mb (Fig. 3; Table 1). Specifically, we observed

near-perfect matches to male function at all sites between
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Fig.2 Male function logarithm of the odds (LOD) scores across the
Fragaria chiloensis target capture linkage maps. The haploid chromosomes
of the Fvb reference genome are denoted by white rectangles along the
x-axis. Each haploid chromosome occurs on each of four subgenomes (Av,
B1, B2 or Bi), shown as red or blue shaded bars. LOD scores for maternal
and paternal linkage maps are shown on the y-axis. The highest LOD
score occurs on the ZW linkage group VI-Av-m, peaking at 10.6 for the
last 10 segregating sites in the linkage group, all aligning after
Fvb6_37.391 Mb. We subsequently validated this region on ZW using
hundreds of additional offspring, and thus the second-highest LOD peak
on linkage group Il-Av-p (LOD = 3.6) appears not to be biologically
meaningful.
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Fvb6_37.566 and Fvb6_37.682 Mb, with two male-fertile
downstream recombinants showing mismatched genotypes start-
ing at Fvb6_37.708 Mb, and two upstream recombinants at
Fvb_37.428 Mb, one of which was male-fertile. Seven individu-
als had genotypes mismatching male function in this region.
These individuals were nonrecombinant across the entire SDR
vicinity. With <1% of offspring mismatching, the correlation
between genotype in this male-function region and male-
function phenotype was very strong (R*=0.96; P<10~"°). The
male-function region resides entirely within a single scaffold of
Fvb, scf0513124_6, minimizing the possibility of genome assem-
bly errors in this region. The F. vesca genome annotations iden-
tify 70 genes in this male-function region (Table S7).

The highest LOD value for our female function measure
(145.9) was observed on ZW at Fvb6_37.428 Mb, and correla-
tions that were not significantly weaker than this were observed
between Fvb6_37.428 and 37.708 Mb (LOD = 143.1-145.9),
coinciding precisely with the male-function region. Significantly
worse correlations were observed upstream at Fvb6_37.391 Mb

(LOD=142.4) and downstream at Fvb6_37.858 Mb
0
&
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Fig. 3 Fine-mapped male and female function and recombination rates
across the sex-determining region (SDR) vicinity of Fragaria chiloensis.
Physical distance (Mb) along the distal end of Fvb6, encompassing
portions of two genomic scaffolds (scf0513124_6 and scf0513112a), is
shown on the x-axis. All amplicon markers in the SDR vicinity in ZW (pink)
and ZZ (light blue) are plotted, with relative linkage map position (cM,
arbitrarily starting at 0) shown on the y-axis. An X marks the position of
the ‘sex-associated marker’ single nucleotide polymorphism (SNP) on ZW,
which shows a high correlation with sex across the full set of unrelated
plants. Recombination rates can be inferred from the slopes of lines
connecting ZW (pink) and ZZ (light blue) markers. Three colored bars with
arbitrary vertical position indicate different estimates of the SDR. The
female-function region showing significantly higher correlation with
female fertility than the surrounding regions is indicated with a dark purple
bar. The male-function region, bounded by the recombinants that
decrease the correlation with male function, is indicated with a dark red
bar. The high-W divergence region, within which most W-specific SNPs
are observed, is indicated by an orange bar. The SDR encompasses a
relatively small portion of the 39 Mb chromosome. Maternal and paternal
recombination rates are similar, except near the SDR, where they are lower
in the mother.
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(LOD =126.8), thus defining the limits of the 467 kb female-
function region (Fig3). A QTL analysis of the seven linkage
groups in homeologous group VI for which we had segregating
markers in SDR vicinity amplicons (VI-B2-m not observed) sup-
ported the single QTL on ZW. The correlation between SDR
genotype and female function was moderately high (R =0.76;
P<10P).

In EUR13 x EUR3, we genotyped SDR-vicinity amplicons of
10 male-fertile and 10 male-sterile offspring. We observed four
Z\Y segregating sites and three ZZ segregating sites in EUR13
x EUR3 (Table S5; Fig. S1). Similarly, in PTR14 x PTR19 we
genotyped SDR-vicinity amplicons of six male-fertile offspring,
11 male-sterile offspring, and three offspring of unknown sex
phenotype. We observed 12 ZW segregating sites and 4 ZZ seg-
regating sites in PTR14 x PTR19 (Table S5; Fig. S1). Among
both EUR13 x EUR3 and PTR14 x PTR19, all ZW SNPs in
the SDR vicinity showed a perfect match to sex, with no
observed recombinants.

Recombination

Among all target capture linkage groups, we observed 747 mater-
nal recombination events and 731 paternal recombination events,
suggesting a genome-wide recombination rate of 2.5 cM Mb™!
given a 700 Mb genome (Hirakawa ez al., 2014). Recombination
rates for 138 segments of 5-10 Mb varied from 0 to 7.0 cM
Mb ! (median=2.3, mean=2.5, SD=1.4; Fig. 4). There was
no significant difference between maternal and paternal recombi-
nation rates genome-wide (Wilcoxon rank-sum test, P>0.1;
Fig. 4). Among the 56 linkage groups (28 from each octoploid
parent), the entire ZW chromosome pair had the second-highest
recombination rate estimate, 3.3 cM Mb ! (Fig. 4 pink circle),
consistently higher than the rate in all other VI linkage groups

AO QO A

B Maternal

B Paternal

o Entire ZW or 2Z
< SDR vicinity

A SDR

ik,

0 2 4 6 8
Recombination rate (cM Mb~")

0.00 0.05 0.10 0.15 0.20
1

Proportion of genomic regions

Fig. 4 Genome-wide recombination rates in Fragaria chiloensis compared
with ZW rates. The target capture linkage maps were divided into sections
of 5-10 Mb, free from any known rearrangements. Recombination rate
was calculated for each section, as shown in this histogram of maternal
(pink) and paternal (light blue) recombination rates. Symbols indicate
maternal and paternal recombination rates across the entire sex
chromosome (circles; ZZ or ZW), across the sex-determining region (SDR)
vicinity from Fvb6_37.38—38.29 (diamonds), and across the SDR from
Fvb6_37.38—37.71 Mb (triangles). Recombination is notably higher in the
mother than in the father across the entire chromosome, but this pattern
reverses at the SDR.
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(Fig. 5), and only slightly exceeded by the I-Av-p rate (3.4 cM
Mb ", Table S8). Based on Fvb chromosome lengths, the ZW is
estimated to constitute 2.3% of the F. chiloensis genome; the
expected number of recombination events is therefore 34, assum-
ing a constant rate and Fvb-proportional chromosome sizes, sig-
nificantly lower than the observed 53 events observed in this
chromosome (53 : 1425 ZW :nonZW vs 34 : 1444; y*=10.9,
P<0.01). Conversely, the Z had one of the lowest recombination
rates in males (1.7 cM Mb™%; Fig. 4 blue circle), lower than all
other VI linkage groups (Fig. 5); only five linkage groups had
lower rates (Table S8). Thus, the recombination rate for the sex
chromosomes was nearly twice as high in females (ZW in the
SDR) as in males (ZZ). (53 :27 vs 40:40 recombination events,
> =8.5, P<0.01).

Across the 1 Mb of the SDR vicinity in which we observed seg-
regating sites in our amplicons, recombination rates were nearly
identical in the maternal and paternal plants (2.9 and 2.8 cM
Mb " respectively; Fig. 4 diamonds). However, in the 330 kb
between Fvb6_37.378 and 37.708 Mb, containing the entire
male-function region and most of the female-function region,
recombination was lower in the maternal parent (Fig. 4 triang]es),
with six recombination events, implying a rate of 1.5 cM Mb !,
compared with 16 events (or 4.1 cM Mb™Y in the ZZ paternal
parent (6:1209 vs 16:1180 recombination events; ;(2:4.7,
P<0.05). The recombination rate at the SDR in ZW plants was
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Fig. 5 Recombination events across all eight Fragaria chiloensis VI linkage
groups. Markers in each linkage group are plotted with physical Fvb
reference genome position on the x-axis and centimorgan position on the
y-axis. Recombination rates are therefore indicated by the slopes of the
lines, as illustrated by the example slopes in the figure legend. Lines are
color-coded based on subgenome, and are solid for maternal linkage
groups and dashed for paternal linkage groups. The sex-determining
region (SDR) is shown as a dark red box. For ease of visualization, markers
showing radical rearrangements relative to the reference genome (<5% of
all markers) have been removed. The ZW linkage group VI-Av-m
harboring the SDR has the highest recombination rate across the entire
chromosome, while the ZZ linkage group VI-Av-p has the lowest
recombination rate.
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lower than the genome-wide average of 2.5cM Mb™', but not
significantly so (10 recombination events would be expected in
the interval between Fvb6_37.378 and 37.708 Mb, compared
with six observed; ;{2 =1.6, P>0.1; Fig. 4). Likewise, the recom-
bination rate at the SDR in ZZ was higher than the genome-wide
average but not an outlier. Unfortunately, we did not observe
SNPs at both boundaries of this interval in any other VI home-
olog, and therefore we cannot directly compare recombination
rates among subgenomes specifically at the homeologous regions
syntenic to the SDR.

Divergence between W and Z

We observed no fixed differences between Z and W haplotypes,
but many Z—W differences within crosses, suggestive of imper-
fect linkage disequilibrium with sex phenotype across the SDR
vicinity. Specifically, in our three crosses, we observed 52 SNPs
that differentiate the female parents’ Z and W haplotypes, most
of them seen only in one family, not shared between the differ-
ent crosses (HM1 x SAL3,36 SNPs; PTR14 x PTR19, 12
SNPs; EURI13 x EUR3,4 SNPs; total distinct SNPs=46;
Table 2). This is a higher SNP density than for the same region
compared between pairs of Z chromosomes (31 segregating in
the father, not correcting for shared SNPs among crosses;
Table2; Fig. S1). The highest density of W-specific SNPs
occurred within the SDR, specifically in a 143 kb ‘high W
divergence’ window between 37.565 and 37.708 Mb, with 10
SNPs in coupling with male sterility/female fertility in
HM1 x SAL3, 4 in PTR14 x PTR19, and one in EUR13 x
EUR3 (Table 2). For HM1 x SAL3, the W-specific divergence
in this high-divergence window was 0.39%, substantially higher
than either the 0.07% of sites segregating on a single Z haplo-
type in this window (observed numbers of W vs Z SNPs 10: 5,
expected based on equal probabilities 3.75:11.25, y*=13.9,
P<0.01) or the 0.06% W-specific divergence observed across
the rest of the SDR vicinity. Thus, the divergence between the
W and Z sequences within a cross appears particularly high in
this window, especially for W-specific SNPs. Only one G/C
SNP (here designated the ‘sex-associated marker’), at position
Fvb6_37594072 in the high divergence window, was in cou-
pling with male sterility/female ferdlicy (W allele=C; Z
allele=G) in all three crosses (Figs 3, S1).

Association between genotype and sexual phenotype in
unrelated plants

In order to identify SNPs in linkage disequilibrium with the
causal sex gene(s), we examined genetic diversity at SDR vicinity
amplicons in 22 unrelated plants, 10 male-sterile and 12 male-
fertile (the six parents of the crosses plus 16 additional plants).
The sex-associated marker was heterozygous (G/C) in nine out of
10 male-sterile plants (ZW), and homozygous (G/G) in 11 of 12
male-fertile plants (ZZ). Four additional SNPs (Fvb6_
37565581, Fvb6_37565641, Fvb6_37567599, and Fvb6_
37567962; Fig. S1), all within the high-W divergence window of

the SDR, showed a weaker association with sex, but all were
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heterozygous in 80-90% of male-sterile plants and homozygous
in 60-70% of male-fertile plants. Thus, of all observed SNPs,
the single sex-associated marker showed the tightest linkage dise-
quilibrium with the causal W haplotype.

Discussion

As F. chiloensis possesses the youngest and least differentiated
plant ZW sex chromosomes yet described, it illuminates how
recombination rates may first begin to adjust in response to sex
linkage. By extensively analyzing recombination, this study
reveals rate heterogeneity patterns both expected and surprising,
which could nonetheless be typical among the numerous dioe-
cious plant species with homomorphic sex chromosomes. Our
major results on F. chiloensis sex chromosomes indicate the fol-
lowing: the SDR is physically small; maternal PAR recombina-
tion is unusually high; and the SDR is characterized by SNPs in
imperfect linkage disequilibrium.

A small SDR

In contrast to most older sex chromosomes, the F. chiloensis SDR
is smaller than 1 Mb, and recombination suppression is minimal.
Most of the SDR vicinity has recombination rates typical of the
rest of the genome, and nearly identical between ZW and ZZ
plants (Fig. 3). Both male and female function mapped to a sin-
gle 280 kb chromosomal region within the region first identified
by Goldberg ezal. (2010) at the distal end of the chromosome
carrying the SDR. The estimated recombination rate in a 330 kb
SDR-centered window in a ZW parent is less than half of that in
a ZZ parent, but is not unusually low relative to the rate for auto-
somes. Other unlinked loci or environmental effects may also
influence female function, a quantitative trait for which the SDR
explains 74% of variation, and which in other Fragaria can be
highly environmentally labile (Spigler & Ashman, 2011) and
influenced by additional minor-effect loci (Spigler ezal., 2011;
Ashman ez al., 2012; Govindarajulu ez al., 2013). Male function,
by contrast, was almost perfectly determined by the SDR. Fewer
than 1% of HM1 x SAL3 offspring showed a mismatch, suggest-
ing that any other factors affecting the propensity to produce
pollen are negligible.

Male and female function may be controlled by two closely
linked genes, or by the same gene. Presumably a single ZW gene
initially controlled a single phenotype, probably male function,
given that gynodioecy, but not androdioecy, occurs in Fragaria
(Li etal., 2012). Under the classic model of sex chromosome evo-
lution (Charlesworth & Charlesworth, 1978), a second linked
mutation occurs, yielding two distinct linked genes controlling
male and female function. Recombination between these genes
produces neuters, prompting strong selection for recombination
suppression. In F. chiloensis, the two-locus model would require a
remarkably small physical distance between the two loci (within
the 280 kb SDR), but this could arise either coincidentally or via
adaptive translocation of the second locus in order to achieve
tight linkage. Because recombination at autosomal rates should
only occur rarely within 280 kb (< 1% recombinant offspring
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given 2.5 cM Mb~! genomic mean rate), selection for additional
recombination suppression would not be particularly strong.
Although recombination between loci controlling male and
female function would theoretically produce neuters
(Charlesworth, 2015), we observe only seven out of 619 HM1
x SAL3 offspring showing both male and female sterility, none
of which are recombinant on ZW, and four of which produced
only one to two flowers and may have failed to fruit by chance.
Alternatively, there might be only a single sex determinant at the
SDR, as previously hypothesized for Fragaria (Ahmadi &
Bringhurst, 1991) and other dioecious systems with only a single
identified sex regulator (Akagi eral., 2014). Variation in female
function among male-fertile individuals in a gynodioecious
ancestor could have been influenced by gene(s) anywhere in the
genome, not necessarily on Z\W/ZZ. If males had higher fitness
than hermaphrodites (Charlesworth, 1989), alleles conferring
female sterility (but only in male-fertile individuals as a result of
sex-specific gene expression; Pennell & Morrow, 2013) would
increase in frequency or even fix, leading to the highly dioecious
condition observed in F. chiloensis even without new sterility
mutations on ZW/ZZ. Selection could favor linkage of female
fertility modifiers to the SDR, but such selection would be weak
if these mutations had little phenotypic effect in females (Pennell
& Morrow, 2013). If a single gene controls both male and female
function in F. chiloensis, there would only be selection for recom-
bination suppression if other linked genes experienced sexually
antagonistic selection (reviewed in Otto eral., 2011). Alterna-
tively, reduced recombination could be a neutral consequence of
high sequence divergence (Opperman ez al., 2004).

Several promising candidate causal sex gene(s) occur among
the 70 known SDR genes (Table S7). Genes in families previ-
ously implicated in sex function include a mitochondrial-targeted
pentatricopeptide repeat protein (Chen & Liu, 2014), two
methyltransferases (Geraldes ezal, 2015), and a cluster of cysti-
nosin homologs (Besouw e¢zal, 2010). An important future
direction will be to test SDR genes for sexual function or sexually
antagonistic alleles.

Recombination at the PAR

In addition to suppressed recombination at the SDR, sex chro-
mosomes frequently show elevated recombination in the PAR,
and thus typically a chromosome-wide average rate similar to
autosomes (reviewed in Otto etal, 2011). In F. chiloensis, the
PAR represents > 99% of the 39 Mb sex chromosome. Thus, the
PAR recombination rate is approximately equal to the chromo-
some-wide average rate, which remarkably is nearly twice as high
for ZW than for ZZ. Recombination rates are lower on the other
F. chiloensis VI linkage groups, and are lower among all 56 F. vir-
giniana linkage groups (Tennessen ez al., 2014), suggesting that
the high ZW rate in F. chiloensis is newly evolved. Although ele-
vated PAR recombination has been attributed to the need for at
least one crossover within small PARs (Otto etal, 2011), this
cannot explain high rates in large PARs. Thus, the adaptive value
of the elevated F. chiloensis recombination rate, if any, is not to
ensure a minimum chromosome-wide rate. Instead, perhaps
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there is a benefit for certain alleles to recombine away from the
SDR, at least in the early stages of sex chromosome evolution.
Plastic recombination can be adaptive if recombination modifiers
can detect cis-trans effects (Agrawal ez al., 2005), although testing
the feasibility of this scenario in F. chiloensis specifically would
require extensive modeling. Because the W may accumulate dele-
terious mutations as a result of low effective population size and/
or exhibit lower fitness per se than the Z, as suggested by the fluc-
tuating, male-biased sex ratios observed in F. chilvensis and other
dioecious plants (Hancock & Bringhurst, 1980; Field eral,
2013), elevated recombination could hypothetically break up
deleterious linkage disequilibrium between the PAR and the
SDR.

Examination of recombination rate is standard in studies of
sex chromosomes (Charlesworth, 2015), but the statistical detec-
tion of recombination suppression or elevation is not always
straightforward. Although integrating linkage maps with refer-
ence sequences is increasingly common (Wang eral, 2012;
Papadopulos ezal, 2015; Zhang eral, 2015), the resultant
recombination comparisons still carry several caveats. First,
recombination rate varies across the genome, so inferring that
suppressed or elevated recombination depends on what control is
used (Nachman, 2002; Natri ¢t al., 2013). For example, although
maternal recombination is lower at the SDR than the PAR
(Fig. 4), this is due at least as much to elevated recombination at
the PAR (relative to the autosomes) as to suppressed recombina-
tion at the SDR. Second, major rearrangements such as large
insertions or deletions relative to the reference genome (in this
case from F. vesca) would affect recombination estimates. The
0.7 Gb octoploid Fragaria genome has probably undergone some
gene loss and other rearrangements relative to the 0.2 Gb diploid
reference (Hirakawa et al, 2014). However, we minimized the
effects of this limitation by identifying and avoiding rearrange-
ments in the target capture map, by focusing on the subgenome
(Av) most closely related to F. vesca, and by making direct com-
parisons between maternal and paternal maps under the assump-
tion that most large rearrangements would be present in both
parents.

Linkage disequilibrium at the SDR

The genetic basis of sex determination is highly variable among
Fragaria species, often mapping to different locations on chro-
mosome VI (Goldberg eral, 2010; Spigler eral., 2010, 2011;
Ashman etal, 2015) or other chromosomes (Tennessen ez al.,
2013). In contrast to this interspecies variability, the SDR is
highly consistent within £ chiloensis. The same SDR was identi-
fied in three F. chiloensis crosses from populations up to 1000 km
away, suggesting it may be the most common, or only, SDR in
this species, at least in North America. A single ‘sex-associated
marker’ was in coupling with male sterility/female fertility phe-
notype in all three crosses, and this SN also showed near-perfect
association with sex across a set of unrelated plants. Of the two
exceptions, one plant was the sole specimen from South America
but the other was from the same population as one of the crosses
(PTR14 x PTR19), suggesting either that the SDR does not
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perfectly control sex in all cases or that the sex-associated marker
is not in perfect linkage disequilibrium with the causal gene(s).
One consequence of recombination suppression should be that a
W-specific haplotype behaves as a single unit in population
genetics, with multiple SNPs in linkage disequilibrium with sex.
The fact that only a single sex-associated marker was observed,
despite our sequencing 2% of the 280 kb SDR, suggests that
there are few SNPs (< 100) showing such high linkage disequilib-
rium with sex. In turn, this observation suggests that the true
SDR may be substantially smaller than the 280kb mapped
region.

We observe a notably high concentration of maternally
heterozygous SNPs in a small genomic section corresponding
to the second half of the SDR (Figs3, S1). Other than the
sex-associated marker, these SNPs are not W-specific across
populations, but may show moderate linkage disequilibrium
with the W haplotype. Thus, the SDR is characterized by
variants showing imperfect associations with sex owing to sev-
eral potential reasons: suppressed recombination, selection
against recombinants, or low effective population size at the
SDR as a result of fluctuating sex ratios, such that deleterious
mutations are not purged by selection (Ohta, 1973; Wang
etal., 2012; Geraldes eral, 2015). High PAR recombination
may, in fact, have evolved to prevent maladaptive linkage to
W-associated mutations (Agrawal eral., 2005). These processes
could lead to even greater Z—W differentiation. Alternatively,
given that nonrecombining sex chromosomes seem to have
only rarely become established in dioecious flowering plants,
they may not evolve in F. chiloensis, and Z-W divergence
could remain low indefinitely, especially if recombination
eliminates W-specific changes.

Acknowledgements

We thank C. Ashman, T. Ashman, R. Dalton, C. Kustek, K.
Mazzaferro, B. Rosa-Neves, K. Schuller, L. Stanley, H. Wipf,
E. York, and the University of Idaho IBEST Core Facilities
staff for glasshouse, field, laboratory, or data assistance, and
the Ashman and Liston laboratory members and three anony-
mous reviewers for helpful comments. This work was sup-
ported by the University of Pittsburgh and the National
Science Foundation (DEB 1020523, DEB 1241006, and
RET/REU supplements to T-L.A.; DEB 1020271 and DEB
1241217 to A.L.).

Author contributions
T-L.A., A.L. designed the research; R.G. and T-L.A. performed

the research: J.A.T. carried out data analysis, collection, and
interpretation; J.AT., T-LAA., AL. and R.G. wrote the

manuscript.

References

Agrawal AF, Hadany L, Otto SP. 2005. The evolution of plastic recombination.
Genetics 171: 803—812.

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

Research® 1421

Ahmadi H, Bringhurst RS. 1991. Genetics of sex expression in Fragaria species.
American Journal of Botany 78: 504-514.

Ahmed S, Cock JM, Pessia E, Luthringer R, Cormier A, Robuchon M, Sterck L,
Peters AF, Dittami SM, Corre E ez al. 2014. A haploid system of sex
determination in the brown alga Ectocarpus sp. Current Biology 24: 1945-1957.

Akagi T, Henry IM, Tao R, Comai L. 2014. A Y-chromosome-encoded small
RNA acts as a sex determinant in persimmons. Sczence 346: 646-650.

Ashman T-L. 2005. The limits on sexual dimorphism in vegetative traits in a
gynodioecious plant. American Naturalist 166(Suppl 4): S5-S16.

Ashman T-L, Kwok A, Husband BC. 2013. Revisiting the dioecy-polyploidy
association: alternate pathways and research opportunities. Cyrogenetic and
Genome Research 140: 241-255.

Ashman T-L, Spigler RB, Goldberg M, Govindarajulu R. 2012. Fragaria: a

polyploid lineage for understanding sex chromosome evolution. In: Navajas-

Pérez R, ed. New insights on plant sex chromosomes. Hauppauge, NY, USA:
Nova Science Publishers, 67-90.

Ashman T-L, Tennessen JA, Dalton R, Govindarajulu R, Koski M, Liston A.
2015. Multilocus sex determination revealed in two populations of
gynodioecious wild strawberry, Fragaria vesca subsp. bracteata. G3: Genes,
Genomes, Genetics 5: 2759-2773.

Bachtrog D, Mank JE, Peichel CL, Kirkpatrick M, Otto SP, Ashman T-L,
Hahn MW, Kitano ], Mayrose I, Ming R ez al. 2014. Sex determination: why
so many ways of doing it? PLoS Biology 12: ¢1001899.

Bergero R, Charlesworth D. 2009. The evolution of restricted recombination in
sex chromosomes. Trends in Ecology & Evolution 24: 94-102.

Bergero R, Qiu S, Forrest A, Borthwick H, Charlesworth D. 2013. Expansion of
the pseudo-autosomal region and ongoing recombination suppression in the
Silene latifolia sex chromosomes. Genetics 194: 673-686.

Bernardo Carvalho A, Koerich LB, Clark AG. 2009. Origin and evolution of Y
chromosomes: Drosophila tales. Trends in Genetics 25: 270-277.

Besouw MT, Kremer JA, Janssen MC, Levtchenko EN. 2010. Fertility status in
male cystinosis patients treated with cysteamine. Ferzility and Sterility 93:
1880-1883.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
illumina sequence data. Bioinformatics 30: 2114-2120.

Bomblies K, Higgins JD, Yant L. 2015. Meiosis evolves: adaptation to external
and internal environments. New Phytologist 208: 306-323.

Broman KW, Wu H, Sen S, Churchill GA. 2003. R/qtl: QTL mapping in
experimental crosses. Bioinformatics 19: 889-890.

Bull JJ. 1983. Evolution of sex determining mechanisms. Menlo Park, CA, USA:
Benjamin/Cummings.

Byers RL, Harker DB, Yourstone SM, Maughan PJ, Udall JA. 2012.
Development and mapping of SNP assays in allotetraploid cotton. Theoretical
and Applied Genetics 124: 1201-1214.

Charlesworth B. 1996. The evolution of chromosomal sex determination and
dosage compensation. Current Biology 6: 149—162.

Charlesworth B, Charlesworth D. 1978. A model for the evolution of dioecy and
gynodioecy. American Naturalist 112: 975-997.

Charlesworth D. 1989. Allocation to male and female function in
hermaphrodites, in sexually polymorphic populations. Journal of Theoretical
Biology 139: 327-342.

Charlesworth D. 2015. Plant contributions to our understanding of sex
chromosome evolution. New Phytologist 208: 52-65.

Charlesworth D, Mank JE. 2010. The birds and the bees and the flowers and the
trees: lessons from genetic mapping of sex determination in plants and animals.
Genetics 186: 9-31.

Chen L, Liu Y-G. 2014. Male sterility and fertility restoration in crops. Annual
Review of Plant Biology 65: 579-606.

Cortez D, Marin R, Toledo-Flores D, Froidevaux L, Liechti A, Waters PD,
Griitzner F, Kaessmann H. 2014. Origins and functional evolution of Y
chromosomes across mammals. Nature 508: 488-493.

Cronn R, Knaus BJ, Liston A, Maughan PJ, Parks M, Syring JV, Udall J. 2012.
Targeted enrichment strategies for next-generation plant biology. American
Journal of Botany 99: 291-311.

Darwish O, Shahan R, Liu Z, Slovin JP, Alkharouf NW. 2015. Re-annotation of
the woodland strawberry (Fragaria vesca) genome. BMC Genomics 16: 29.

New Phytologist (2016) 211: 1412-1423
www.newphytologist.com



1422 Researc

Diedenhofen B, Musch J. 2015. cocor: a comprehensive solution for the
statistical comparison of correlations. PLoS ONE 10: €0121945.

Diggle PK, Di Stilio VS, Gschwend AR, Golenberg EM, Moore RC, Russell JR,
Sinclair JP. 2011. Multiple developmental processes underlie sex
differentiation in angiosperms. Trends in Genetics 27: 368-376.

Dufresnes C, Borzée A, Horn A, Stock M, Ostini M, Sermier R, Wassef J,
Litvinchuck SN, Kosch TA, Waldman B ez 4/ 2015. Sex-chromosome
homomorphy in palearctic tree frogs results from both turnovers and X-Y
recombination. Molecular Biology and Evolution 32: 2328-2337.

Fechter I, Hausmann L, Daum M, Sorensen TR, Viehover P, Weisshaar B,
Topfer R. 2012. Candidate genes within a 143 kb region of the flower sex
locus in Vitis. Molecular Genetics and Genomics 287: 247-259.

Field DL, Pickup M, Barrett SCH. 2013. Comparative analyses of sex-ratio
variation in dioecious flowering plants. Evolution 67: 661-672.

Geraldes A, Hefer CA, Capron A, Kolosova N, Martinez-Nunez F,
Soolanayakanahally RY, Stanton B, Guy RD, Mansfield SD, Douglas CJ ez al.
2015. Recent Y chromosome divergence despite ancient origin of dioecy in
poplars (Populus). Molecular Ecology 24: 3243-3256.

Goldberg MT, Spigler RB, Ashman T-L. 2010. Comparative genetic mapping
points to different sex chromosomes in sibling species of wild strawberry
(Fragaria). Genetics 186: 1425-1433.

Govindarajulu R, Liston A, Ashman T-L. 2013. Sex-determining
chromosomes and sexual dimorphism: insights from genetic mapping of sex
expression in a natural hybrid Fragaria x ananassa subsp. cuneifolia.
Heredity 110: 430—438.

Govindarajulu R, Parks M, Tennessen JA, Liston A, Ashman T-L. 2015.
Comparison of nuclear, plastid, and mitochondrial phylogenies and the origin
of wild octoploid strawberry species. American Journal of Botany 102: 544—
554.

Hancock JF, Bringhurst RS. 1980. Sexual dimorphism in the strawberry Fragaria
chiloensis. Evolution 34: 762-768.

Hirakawa H, Shirasawa K, Kosugi S, Tashiro K, Nakayama S, Yamada M.
2014. Dissection of the octoploid strawberry genome by deep sequencing of
the genomes of Fragaria species. DNA Research 21: 169—181.

Lappin FM, Medert CM, Hawkins KK, Mardonovich S, Wu M, Moore RC.
2015. A polymorphic pseudoautosomal boundary in the Carica papaya sex
chromosomes. Molecular Genetics and Genomics 290: 1511-1522.

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows—
Wheeler transform. Bioinformatics 25: 1754-1760.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G,
Abecasis G, Durbin R, 1000 Genome Project Data Processing Subgroup.
2009. The Sequence alignment/map (SAM) format and SAMtools.
Bioinformatics 25: 2078-2079.

Li J, Koski MH, Ashman T-L. 2012. Functional characterization of gynodioecy
in Fragaria vesca ssp. bracteata (Rosaceae). Annals of Botany 109: 545-552.

Liston A, Cronn R, Ashman T-L. 2014. Fragaria: a genus with deep historical
roots and ripe for evolutionary and ecological insights. American Journal of
Botany 101: 1686-1699.

Margarido GR, Souza AP, Garcia AA. 2007. OneMap: software for genetic
mapping in outcrossing species. Hereditas 144: 78-79.

Miller JS, Venable DL. 2000. Polyploidy and the evolution of gender
dimorphism in plants. Science 289: 2335-2338.

Ming R, Bendahmane A, Renner SS. 2011. Sex chromosomes in land plants.
Annual Review of Plant Biology 62: 485-514.

Nachman MW. 2002. Variation in recombination rate across the genome:
evidence and implications. Current Opinion in Genetics & Development 12:
657-663.

Natri HM, Shikano T, Merild J. 2013. Progressive recombination suppression
and differentiation in recently evolved neo-sex chromosomes. Molecular Biology
and Evolution 30: 1131-1144.

Njuguna W, Liston A, Cronn R, Ashman T-L, Bassil N. 2013. Insights into
phylogeny, sex function and age of Fragaria based on whole chloroplast
genome sequencing. Molecular Phylogenetics and Evolution 66: 17-29.

Ohno S. 1969. Evolution of the sex chromosomes in mammals. Annual Review of
Genetics 3: 495-524.

Ohta T. 1973. Slightly deleterious mutant substitutions in evolution. Nazure 246:
96-98.

New Phytologist (2016) 211: 1412-1423
www.newphytologist.com

New
Phytologist

Opperman R, Emmanuel E, Levy AA. 2004. The effect of sequence divergence
on recombination between direct repeats in Arabidopsis. Genetics 168: 2207~
2215.

Otto SP, Pannell JR, Peichel CL, Ashman T-L, Charlesworth D, Chippindale
AK, Delph LF, Guerrero RF, Scarpino SV, McAllister BF. 2011. About PAR:
the distinct evolutionary dynamics of the pseudoautosomal region. Trends in
Genetics 27: 358-367.

Papadopulos AS, Chester M, Ridout K, Filatov DA. 2015. Rapid Y degeneration
and dosage compensation in plant sex chromosomes. Proceedings of the National
Academy of Sciences, USA 112: 13021-13026.

Pennell TM, Morrow EH. 2013. Two sexes, one genome: the evolutionary
dynamics of intralocus sexual conflict. Ecology and Evolution 3: 1819-1834.

Picq S, Santoni S, Lacombe T, Latreille M, Weber A, Ardisson M, Ivorra S,
Maghradze D, Arroyo-Garcia R, Chatelet P ez al. 2014. A small XY
chromosomal region explains sex determination in wild dioecious V. vinifera
and the reversal to hermaphroditism in domesticated grapevines. BMC Plant
Biology 14: 229.

Pucholt P, Ronnberg-Wastljung AC, Berlin S. 2015. Single locus sex
determination and female heterogamety in the basket willow (Salix viminalis L.).
Heredity 114: 575-583.

Qiu S, Bergero R, Guirao-Rico S, Campos JL, Cezard T, Gharbi K,
Charlesworth D. 2016. RAD mapping reveals an evolving, polymorphic and
fuzzy boundary of a plant pseudoautosomal region. Molecular Ecology 25: 414~
430.

R Core Team. 2013. R: a language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing. htep://www.R-
project.org/.

Renner SS. 2014. The relative and absolute frequencies of angiosperm sexual
systems: dioecy, monoecy, gynodioecy, and an updated online database.
American Journal of Botany 101: 1588-1596.

Russell JR, Pannell JR. 2015. Sex determination in dioecious Mercurialis annua
and its close diploid and polyploid relatives. Heredizy 114: 262-271.

Sargent DJ, Yang Y, Surbanovski N, Bianco L, Buti M, Velasco R, Giongo L,
Davis TM. 2016. HaploSNP affinities and linkage map positions illuminate
subgenome composition in the octoploid, cultivated strawberry (Fragaria x
ananassa). Plant Science 242: 140—150.

Shilo S, Melamed-Bessudo C, Dorone Y, Barkai N, Levy AA. 2015. DNA
crossover motifs associated with epigenetic modifications delineate open
chromatin regions in Arabidopsis. Plant Cell 27: 2427-2436.

Shulaev V, Sargent D], Crowhurst RN, Mockler TC, Folkerts O, Delcher AL,
Jaiswal P, Mockaitis K, Liston A, Mane SP ez al. 2011. The genome of
woodland strawberry (Fragaria vesca). Nature Genetics 43: 109-116.

Spigler RB, Ashman T-L. 2011. Sex ratio and subdioecy in Fragaria virginiana:
the roles of plasticity and gene flow examined. New Phytologist 190: 1058—
1068.

Spigler RB, Lewers KS, Ashman T-L. 2011. Genetic architecture of sexual
dimorphism in a subdioecious plant with a proto-sex chromosome. Evolution
65: 1114-1126.

Spigler RB, Lewers KS, Johnson AL, Ashman T-L. 2010. Comparative mapping
reveals autosomal origin of sex chromosome in octoploid Fragaria virginiana.
Journal of Heredity 101(Suppl 1): S107-S117.

Spigler RB, Lewers KS, Main DS, Ashman T-L. 2008. Genetic mapping of sex
determination in a wild strawberry, Fragaria virginiana, reveals earliest form of
sex chromosome. Heredity 101: 507-517.

Tennessen JA, Govindarajulu R, Ashman T-L, Liston A. 2014. Evolutionary
origins and dynamics of octoploid strawberry subgenomes revealed by dense
target capture linkage maps. Genome Biology and Evolution 6: 3295-3313.

Tennessen JA, Govindarajulu R, Liston A, Ashman T-L. 2013. Targeted
sequence capture provides insight into genome structure and genetics of male
sterility in a gynodioecious diploid strawberry, Fragaria vesca ssp. bracteata
(Rosaceae). G3: Genes, Genomes, Genetics 3: 1341-1351.

Uribe-Convers S, Settles ML, Tank DC. 2016. A phylogenomic approach based
on PCR target enrichment and high throughput sequencing: resolving the
diversity within the South American species of Bartsia L. (Orobanchaceae).
PLoS ONE 11: e0148203.

Wang J, NaJK, Yu Q, Gschwend AR, Han J, Zeng F, Aryal R, VanBuren R,
Murray JE, Zhang W ez al. 2012. Sequencing papaya X and Yh chromosomes

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust


http://www.R-project.org/
http://www.R-project.org/

New
Phytologist

reveals molecular basis of incipient sex chromosome evolution. Proceedings of
the National Academy of Sciences, USA109: 13710-13715.

Zhang Q, Liu C, Liu Y, VanBuren R, Yao X, Zhong C, Huang H. 2015. High-
density interspecific genetic maps of kiwifruit and the identification of sex-
specific markers. DNA Research 22: 367-375.

Zhou Q, Zhang J, Bachtrog D, An N, Huang Q, Jarvis ED, Gilbert MT, Zhang G.
2014. Complex evolutionary trajectories of sex chromosomes across bird taxa.

Science 346: 1246338.

Supporting Information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Fig. S1 Haplotypes in the sex-determining region (SDR) vicinity
of Fragaria chiloensis.

Table S1 IDs and collection localities of plants unrelated to the
parents of the crosses

Table S2 Primers for amplicon sequencing

Research” 1423

Table S3 PCR conditions for all amplicons

Table S4 Phenotypes and genotypes for all HM1 x SAL3 off-
spring

Table S5 Phenotypes and genotypes of EUR13 x EUR3 and
PTR14 x PTR19 offspring

Table S6 Positions of all markers in target capture linkage maps

Table S7 List of 70 genes in the 280 kb window on chromosome
Fvb6 matching the F. chiloensis SDR

Table S8 Recombination rates for all linkage groups

Please note: Wiley Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be

directed to the New Phytologist Central Office.

About New Phytologist

of contents email alerts.

our USA Office (np-usaoffice@lancaster.ac.uk)

* New Phytologist is an electronic (online-only) journal owned by the New Phytologist Trust, a not-for-profit organization dedicated
to the promotion of plant science, facilitating projects from symposia to free access for our Tansley reviews.

e Regular papers, Letters, Research reviews, Rapid reports and both Modelling/Theory and Methods papers are encouraged.
We are committed to rapid processing, from online submission through to publication ‘as ready’ via Early View — our average time
to decision is <28 days. There are no page or colour charges and a PDF version will be provided for each article.

¢ The journal is available online at Wiley Online Library. Visit www.newphytologist.com to search the articles and register for table

¢ If you have any questions, do get in touch with Central Office (np-centraloffice@lancaster.ac.uk) or, if it is more convenient,

e For submission instructions, subscription and all the latest information visit www.newphytologist.com

© 2016 The Authors
New Phytologist © 2016 New Phytologist Trust

New Phytologist (2016) 211: 1412-1423
www.newphytologist.com



