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Abstract

In this study, we constructed high-density genetic maps of Salix suchowensis and mapped
the gender locus with an F4 pedigree. Genetic maps were separately constructed for the
maternal and paternal parents by using amplified fragment length polymorphism (AFLP)
markers and the pseudo-testcross strategy. The maternal map consisted of 20 linkage
groups that spanned a genetic distance of 2333.3 cM; whereas the paternal map contained
21 linkage groups that covered 2260 cM. Based on the established genetic maps, it was
found that the gender of willow was determined by a single locus on linkage group LG_03,
and the female was the heterogametic gender. Aligned with mapped SSR markers, linkage
group LG_03 was found to be associated with chromosome XV in willow. It is noteworthy
that marker density in the vicinity of the gender locus was significantly higher than that
expected by chance alone, which indicates severe recombination suppression around

the gender locus. In conclusion, this study confirmed the findings on the single-locus sex
determination and female heterogamety in willow. It also provided additional evidence that
validated the previous studies, which found that different autosomes evolved into sex chro-
mosomes between the sister genera of Salix (willow) and Populus (poplar).

Introduction

Dioecism accompanied by sex chromosome dimorphism is common in animals but less preva-
lent in plants [1]. Only about 4-6% of higher plants show full dioecism [2, 3]. Several dioecious
flowering plant species appear to have the XY [4-7] or ZW [8-11] sex determination system
without evidence of cytological heteromorphism, which indicates that their sex chromosomes
are probably of relatively recent origin. Dioecious plants provide a desirable system to study
the genetics and evolution of sex chromosomes [12]. Sex chromosomes are thought to originate
from a pair of autosomes, and the sex-determination systems in dioecious plants almost cer-
tainly evolve independently from ancestral hermaphrodites that lack sex chromosomes [13-
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18]. However, compared with the relatively clear sex determination in animals, sex determina-
tion in dioecious plants is still poorly characterized.

Salicaceae is a family of dioecious woody plants [19], which comprise the sister genera of
Salix and Populus. Thus far, no morphologically different sex chromosomes have been
observed in any Salicaceae species based on cytological studies [20-22]. In poplars, multiple
lines of evidence suggested that chromosome XIX was in the process of evolving into an incipi-
ent sex chromosome [10, 23], and studies showed that it was possible that both ZZ/ZW (female
heterogamety) and XX/XY (male heterogamety) gender-determining systems could be present
in some members of the genus Populus [23]. As the sister genera of poplars, gender determina-
tion in willow is also drawing much interest. To explain the expression of gender in willow,
Alstrom-Rapaport et al. [24] proposed a multi-locus sex determination mechanism in which
the presence of sex chromosomes was unlikely. However, recent molecular studies presented
evidence that a single locus governed the sex determination in different willow species [11,

25, 26]; these mapping studies consistently revealed that the female willow was the heteroga-
metic gender, while the male was homogametic, suggesting a ZW sex determination system in
willows.

Because the reported sex-determining systems in members of the family Salicaceae varies
among different studies [10, 27-30], it is desirable to obtain additional evidence to elucidate
the gender determination in this family of highly diverged woody plants. Construction of a
high-density genetic map is a vital prerequisite for positioning genes underlying traits of inter-
est, which is also critical to gain insight into the sex determination in plants [31, 32]. Linkage
maps have been constructed for several willow species [11, 26, 33-38], but only a few of the
established maps have been used to study the genetics of willow sex determination [11, 26]. In
this study, we established a full-sib mapping pedigree of S. suchowenesis. We aimed to (1) build
high-density genetics maps for the mapping parents; (2) map the gender locus on the estab-
lished map, and (3) compare our gender mapping result with those of the previous studies.

Materials and Methods
Plant material and DNA preparation

The mapping pedigree was created by crossing a diploid female with a diploid male of S. sucho-
wensis in 2012. The maternal and paternal parents were collected from Nanjing, Jiangsu Prov-
ince of China, and Linyi, Shandong Province of China, respectively; the permissions were
granted by local governments. A pedigree composed of 1,435 progeny was maintained at the
Chenwei Forest Farm in Sihong County, Jiangsu Province, China (118°23'N, 33°46'E). A subset
of 92 progeny was randomly selected for field trial, genetic map construction and mapping the
gender locus. The field studies did not involve any endangered or protected species, and the
administrative office of Chenwei Forest Farm authorized the sample collection.

Total genomic DNA was extracted from fresh leaf tissue following the standard cetyltri-
methylammonium bromide method (CTAB) with minor modifications [39]. DNA concentra-
tion was measured on a Nanodrop 2000 (Thermo Scientific, MA, USA), and DNA quality was
assessed by 1% agarose gel electrophoresis.

Marker generation and map construction

AFLP genotyping was conducted following the protocol as described by Yin et al. [40], and
PCR products were detected on an ABI 3730 sequencer (Applied Biosystems, CA, USA).
Clearly segregated amplicons in range of 50-500 bp were extracted and recorded by using Gen-
eMapper Software (Version 4.0, Applied Biosystems, CA, USA). Mendelian segregation of
markers was assessed with the chi-square test. In addition to the 1:1 segregated markers, those
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with significant departure from Mendelian segregation (P<0.05) were also included to build
the genetic map. The intercross markers (heterozygous in both parents) were excluded from
map construction. Mapmaker (Version 3.0) [41] was employed to perform map construction
following the two-way pseudo-testcross strategy [42], and the mapping procedure was con-
ducted as described by Yin et al. [40]. The map charts were drawn with MapChart (Version

2.1) [43]. Segregation distorted markers were indicated with a
P<0.05, or a “**” at significance level of P<0.01 (Fig 1).

at significance level of

Scoring the gender phenotype and mapping the gender locus

For each of the mapping progeny, two ramets were planted for the field trial. Normally, one-
year-old S. suchowensis can achieve sexual maturity,, and flowers in spring through March to
April. Gender of each ramet was scored in 2013, 2014, and 2015. To position the gender locus,
the gender phenotype data were duplicated both in coupling and repulsion phases. Then, both
phases of the gender marker were separately mapped as 1:1 segregating markers to detect link-
age with AFLPs on the maternal and paternal maps.

Marker distribution analysis

Whether markers were overabundant or dispersed among linkage groups was assessed as
described by Remington et al. [44]. Under the assumption of an even distribution of markers,
the expected number of markers, A;, was calculated as:A; = mL; /XL;, where m was the total
number of mapped markers, and L, was the observed map length of linkage group i. The proba-
bilities that a linkage group contained more or fewer markers than the expected number A;
were evaluated by using a two-tailed cumulative Poisson calculator. Subsequently, clustering
and dispersion of markers within each linkage group was evaluated by opening sliding-win-
dows along each linkage group, following the method described by Yin et al. [40]. In this analy-
sis, a new window was opened if genetic distances among at least three continuous markers
were smaller than the average.

Sex chromosome identification

In willows, sex chromosomes were found to be associated with chromosome XV [11, 26]. To
identify the linkage group that corresponds to the willow sex chromosome in this study, simple
sequence repeat (SSR) primer pairs were designed with sequences of scaffolds in the vicinity of
the gender locus on chromosome XV [11]. SSR genotyping was conducted as that described in
Zhou et al. [45]. The PCR products were analyzed on an ABI 3730 sequencer (Applied Biosys-
tem). The segregated SSRs were selected and used for genotyping the mapping population. SSR
genotypes were recorded as co-dominant markers, and integrated into the established linkage
groups with Mapmaker (Version 3.0) [41]. Based on the mapping result, the linkage group that
corresponds to the willow sex chromosome was identified.

Results
Genetic map construction

An initial of 448 AFLP primer combinations were screened with the two mapping parents and
six progeny. Based on the gel profile, 204 primer combinations that generated highly clear and
polymorphic bands were selected and used for genotyping the mapping population. In total,
1,943 segregating loci were yielded. Among these,, 650 were maternally informative, 622 were
paternally informative, and 671 were intercross markers. Because intercross markers might
lead to biased estimates of recombination rates [46], they were excluded from map
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LG_01 LG_02 LG_03 LG_04
CGCTA101TCAAT202r 00 TCCAC214r 00 TCTAT198* 00 TAGTG339" TTGAC143 TGAGC387r"
TCTGGE4 34 CTCCA250 56 CCTAC288r TGGCT129*
TGTCT84r 45 CGCTT274r 209 ccecce? 14 TGAGC69*
TCAGT83 7.8 TAGTCS8r 220 TTCGA327 22 TAGCC196r*
TGTGT175r 100 TAGCCA56r 231 CACTG368CGTAA108r 7.7 TACAG245™
CTCGA281r 1229 JFTCTAT314 40.0 TGCAT206r 143 TCCTG388"*
TTCCC157 133 CGAGA162r 466 TTGAG120 176 CCCGAT60r
TCCTG191 19,9 TCATA8ST 488 CTCTG156r 18.7 TAGCCT8r
TCTTG141 254 TAGGAT0r 49.9 TCATG260r 19.8 CCTCT302r
TACGA107 208 cAcecasTe 532 TACTG282 209 TGCCT173 CGCTA71 CTCAA94
TCAGG 312 TACCT TGAGT161 CACTG254 CTCAT114 221 TCCCT432rTAGTT78 CCCAG154r
TCTTT265 TTCAG350r 55 CCO00180 TTCAZST CCTCARMSr TGCCA371 TGATT105 CTCGC232r 233 CCTTC473
CGCGG120 - TAGTC198r CTCGG243 TCTAG231 TCCAATO 318 TCTTG58
TGGCT217rTCCAC123r 364 CACGG207r 53 CACTG210 CCTCT99r CTCAAT68 340 CTCGT315r
TTGCT496r 3864/ CTCTG130TAGCG8S Gender TCCTG342 TGCTG429 35.1 CTCGG315r
CTGTA2151CCTTA136r 464 TCAAGS9 CGGTT122r TCTTG242r TAGTC69 TCGCC105 TCAGA446 406 TAGTT52
TGEAZZAr 529 TCACT1 TGTAC295 CATCA290 CGATA131 42.8 TGCTC169r
CCAGH 603 CGCAG359r CCCTG148 CCTTA101 TGAGC180 TAGTCO1r TCCCT69 TAGCC181
CACAA434 TCTAT270 CGCAA435 640 CACAA9Or 509 TTCGA478 TCTCT173r TCCGA153 TCTTT107r
TGCGA18 810 TCTGG182r 741 CACAA9T™ 461 TTCCC163 TGCAT170 TAGTC222
TeGaT3se  TTTCIS7 TAGTA02 826 TGCCT141r 935 CGACC163™ TCAAC340r TCTGA172
1121 CGTAC217r 1043 CGAGA199™ 483 CCCTG176r
1207 CGACC152r 527 TTCGC239
1218 CACGATTr 571 CTCTG104TGTAASYr
1205 W cceaTitor LG_07 593 TAGAT149r
135.0 TGCGT239r 65.2 TTGCT481
137.2 TTCAT386 TCGGG142r 675 CCCTG461r
1405 CGCAA270r ] CTCGC386r 745 TCACC375r
1416 CGTAA270r 46 CCCTA148r 757 CACTA260
145.4 TCTAG190 57 CCTCT337 846 TGAAG339* TGCCT215* CCGGT458"
15.1 TAGGA116
LG_05 224 CTCCA194 TGCGA260r LG 10
- 320 TGCGA330 CGGAA200 -
333 CCTTC200
00 COGAT250 TTGGG205r 397 TACCT217 TGTGA266TGAAG164
35 TAGAGT77r 430 CTCAC1391CACAA196 TGCGG426
9.1 COCAGTO 441 TCTGT435TAGAG145 TACCAS5
s e cCTaGss 618 TACGG131 TGTCT164 CACGC147
29 TACGA150r g 643 CCCAC283r TGACG234r"CCTCC80*
654 CCTCA248r TCAGC144*
o4 e 66.7 TACGG116 TAGTC259
- 731 TTGGA346 CCGCC67 CGAAA198 TGCCA207
466 TGCTG98 TGTGA302 TACGAT4 764 TCTGA135rTCGGT346 CATGC172 TGCGA65
577 COAAT172 789 TCTCT478 TCTAG303*
601 TT66C152 84.0 CTCAG204r TGTAA454*
79.2 TGAAG360 85.1 TACAG320 CCTGG131 CCCAGY5
80.3 Rlveaiiat 86.2 TCTGG110TGGGG318r TTCGAS3r TCGAG480 CACGG291 TCAAG1T1
920 ceAcT4: 95.0 TAGTG174 CGCGG291
102.5 Corcrat coteTaser %3 ceetert Coceorat
1107 TCACT7Sr 99.4 CGGGT154 CCCTA106*
TCATASS TACCCASS CTCAGSS 1027 CGTTT133r TOCAA258"
TCAGG243 LG_06 107.1 TCTTG8S CCATA70"
TCCAC2630CTCC107 - 1148 TGCTG302CCTTA168 CGAGAS8T
TGGAA189 TGACG116 00 TCTCT282 1204 TTCCC230r CCGAT89
TeceT132 y 1229 TCTAG153 CTCGA306
TGCTGI 14 TCATA198 TCTCA308 CCOOGISETCTTGM2
CTCTG356:TAGTG54r 37 TCAGC122 CCTT Ao
48 TTCGG2441CACGG162r Cacanadsy
59 TGGCGeT LG_16 CCATA274
7.0 TAGCG153 - |\ CToACos
103 TACAG389TCACT122r
TGAAT208 CTCACT7 136 TCTCT122 00 CACGG72r I‘?ggg“g TAOGAIO0TEAGTIITE
COTAMSSTCTTT313 o Capazareetts2 104 TTGAG2#9 TCACTZ0 Tescetas
I TocGAgs 300 CGTAC192 . r
TCCGA211 423 TCCTC342 TGGCG69 413 TTGAG178r A e cceTTisTe
CTGGC251r 523 TGATT254r 48.8 CACAA259r
CGTTC371r 57.2 Tgeécnsr 23 (3) ﬁéé@rg;‘é LG 11
TeACE3%. 605 TGTGA193r _
CCCTG: 627 TCCCT415r 592 TGCCC181
TAGET222 TACCT 185 TTCAG29r 638 TCCGA379r 614 CCTTA110 TGAATS1 TTCGAteT
TCA 64.9 TTCTA46r 625 CCTAC103 TCAGT42r
CaoThes 66.0 TTGGC64 8156 CTCGT212 st
CGGTT132 TACCC186 67.1 TGCAT295TCATA118r 845 TGTAA167r Cornier
CACTG124 aa.2 JSCOGAL00 COGAASDS R4 eeece.. TTGGASS3TAGAG256
TCAAA292 693 TCAAA185 CGTA 98.3 TGCTG198" Bl
TTCGC484 CTCAT128 CGAGA279 TCCAA213 105.3 TCCAC138r TGCCT190
TGCCA2250 78 TCTGA325 1Sy
CTCTG60 781 TCCC235
TCTCT362 81.4 TCCGT184 CCTCC150r CCTGTI0r S oaTaceastar
TCCGA205 83.3 TTCCCATE LG_18 TGATTS6r
CCTGG84 101.2 CCGAT8Or TAGTA1431 COTTC255r
TCAGC126r 102.5 CCTAC137r . TGCGAIZ8
TeTCG148 00 TCACT377
33 TGGAA139 CTCAA286
CCGTG151 CGGTG151 TCATA133 LG 09 33 Seatie TTCGABIr
?é?fg;f; ceceater - 55 TGCCT288 \ CCCTA262r
. cTCcAG158 00 ggc;xgzzar'cecmww CGATA194r* ‘gs %Cgé\gfg $§é¥é§ 212
TAGTGETr - - CCOAG4T0
CGTAC96 1.2 TGGGG353'TGGAA61r 287 g%\g;\zgj TGAAG311 b ToccTi16
TCTTG384r 133 TCCGA318TGAGT78r TTCTT168 38.6 TCATT121
17.7 TAGAT144r 419 TCTCA342r
LG 12 25.1 TCTTG16r" TGGCT94 CCTTA177r zgg \ %x&?&‘i TCATT1230
- 275 TGCGGE6 :
330 CCCTT255 62.0 TGAAG383r LG_13
00 ccTcA12 42.9 TCATT238r 63.1 CTCGT300
11 TGTCT451 440 TGCCC390 65.3 TCTAG244 0.0 COTACE?
66 CGCAA105 466 TTGCTRIr o4 pabared ) TCATG410 TAGGT207r TCTTT167
88 CCCTG109r 505 TCCAC85r 686 CTCAG219 T
805 CGAAT247¢ 84 TCAGA291 TGCCA149 CCCTA307
132 TGTAC137 549 TGCCA205 CTCACI7r CTCOA139
24.9 TGCGA78 32‘2 lﬁgl‘é‘; a'CGAAGw 13.9 CCCTA115
ST e LG_14 Ta el Tere 1051 [eCaTeiss Ceatessy cecanaser
929 TGCTT1
397 TTCAGB4r 27 CCBCC252r
421 TGTGT349r 00 TGGCT136TCATC197r 94.0 Eﬁg&z’mﬁme“ TreGet4s 238 TACCATsS ToTCT348r
495 CCCTG70r 22 TGCAT93 TCTGA104r ool NeSorame 249 TCTOAS!
546 TAGAG168" 7.7 TAGGA144r o2 Rl i 304 Pivess
600 CGCTA117r 16.8 TAGCC149r 1108 oot s TTCGA27 TGCCA1TTr
787 TGGGG335r 203 TCCGT102 na T 228 TAGAT311TCOCC53
810 TCTGA117r 234 TCTCT222 ez T ACTG130 357 TTGAG228
85.4 CCATC141r 26.9 TCTTG129 N pres TCOCT209
942 TAGTA242r 351 TCTTT159 1230 45 TOATT165
PN
¢ 57.7 TTGGG75r TTGGGT76r
1134 TGTAARS TTCGG230 60.3 TGCTC153 LG 19 8010 TAGAT162
638 TGGGG281 - 64.4 CGTAA107r
LG 17 67.1 CTCCC237TGCCC256 722 COTTASAr
- 0.0 CCTACSS 82.2 CTCAT211 CCTCA200
00y jccrecast LG_15 53] [ercoorss oy = e
r - 88.6 TCATG354r
16.5 CTCGG55 17.9 TTGGA408r 807 TCATG347
17.6 CGCGGS5 TTCGCY6 00 TCATA142TACGA123r 19.0 TACTG95 952 TCTTG343
19.8 CCCAA294 26.8 TCACT209r 256 CCTGT242r oy TCAGA211rTAGCG147
231 TCCAC231 TCTCT252r 280 TGTCT157¢ 300 CGCTG130 o7 TTGAALB2ICCTOT215r
242 cAcARzE? 314 TACAG4067 313 CCCAATBATTCTATO1 CCTCTOBr 988 TCGAG195
253 TGTGT3! 336 TACGC197CTCGA308 TACGA148r 37.0 TGCTG32 1127 COOAG106rTCGAGSST
264 TeCoANE TTCCTA 482 TCTGA121 58.4 Seerars 1185 TooTC142
300 TCACC453r 526 CGCTA2351 506 CCGTG141 1247 TSceTer
50.1 cacecrzr 592 CGTAAT18* 618 CGGTG141 1281 TOAGC38:
524 TTGCT 67.4 TTGCT334r 62.9 CTCGE3T1 129.5 TCACT|01rTGACGZSS CCCGA340
535 TEOCT AR TTCTT209CCCAGR 14r 711 TCTGG102 610 TAGTG221 TGCGT114 TGGCT67
56.8 cTooeaer 81.1 TGAAT367 TCCCC270 TGTGT153
58.0 TCCAC16! 823 TCGGT228r 65.1 CCAGG186 CGCGG186 LG_20
70.1 TeACASTTTCCCTER 867 TTCGC84 TCAAC244r 673 CTCGG186
712 CCAGC104r 88.9 CTCGG275 739 TCTGT308r 00 1666647
88.8 Tcceesser 91.1 CACTG121 77.6 TCAGT143 CCCTA180
1003 TGTAC386r CGCTG278TCGGG1161CCTTA186 830 TGGAA205 15.9 CTCCA288 CTCTGT8
1016 TCCCG221 95 CGGTG272TCTGTI93TGTTCI42r 917 TCACA314 203 CCTCA92r
120.0 CACTG259 TTCAG180 CACGGA16r 989 TGTAC100 329 CGTTT138r

Fig 1. AFLP genetic map for the maternal parent.  The gender locus is shown in bold font in LG_03. ® Markers with a “*” or a “**” indicate segregation
distortion at a significance level of 0.05 or 0.01, respectively.

doi:10.1371/journal.pone.0147671.g001
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construction. At the LOD threshold of 4.0, the maternal testcross markers were assigned into
20 linkage groups and mapped into 457 marker bins. The built map spanned a total genetic
length of 2333.3 cM, with linkage group sizes ranging from 32.9 to 282.2 cM (Fig 1). Alterna-
tively, in the paternal map, the 622 testcross markers were assigned into 21 linkage groups and
mapped into 441 marker bins at the LOD threshold of 4.0. The established map spanned a
total genetic distance of 2260.0 cM, with linkage group sizes ranging from 45.6 to 248.6 cM
(Figure A in S1 File).

On the maternal map, segregation of 36 markers was significantly distorted from the 1:1
segregation ratio (Fig 1), which accounted for 5.5% of the maternal testcross markers. Signifi-
cant segregation distorted marker clusters were observed on linkage groups 03, 04, 09, and 10.
For the paternal map, 29 segregation-distorted markers were detected, which accounted for
4.7% of the paternal testcross markers, and significant segregation distorted marker clusters
mainly occurred on linkage groups 07, 13, and 18.

Mapping the gender locus

For the 92 mapping progeny, gender phenotypes were observed on different ramets for three
continuous years. Among these, 47 were female and 45 were male. Segregation of gender did
not deviate from the 1:1 Mendelian segregation ratio. Mapped as a 1:1 segregating morphologi-
cal marker, the gender locus was positioned in the centromeric region of LG_03 on the mater-
nal map (Fig 1), but it was not mapped on the paternal map (Figure A in S1 File).

Marker distribution analysis

Analyzing marker distribution among linkage groups revealed that, on the maternal map,
AFLP markers were overabundant on linkage groups 04, 06, and 13, whereas markers were
sparse on linkage groups 12, 16, and 20. The most abundant and dispersed distribution of
AFLP markers occurred on LG_04 and LG_16, respectively (Table 1). In the paternal map,
overabundances of AFLP markers were observed on linkage groups 04, 10, 15, and 21, and
marker distribution was sparse on linkage groups 01, 17, and 20; additionally, the most abun-
dant and dispersed distributions of AFLP markers was observed on LG_21 and LG_01, respec-
tively (Table A in S1 File).

Overabundance or dispersion of AFLPs was observed within each linkage group on both the
maternal and paternal map. In total, 96 sliding windows were opened on the maternal map.
Among these, 26 windows were detected to be overabundant with AFLPs, and markers were
sparse in six windows. There were 32.8% of the AFLPs mapped in the marker-clustered
regions, but these regions only represented 6.8% of the total maternal map distance. It is note-
worthy that AFLPs were extremely condensed in the sliding window that contained the gender
locus on LG_03. This window spanned a genetic distance of 1.1 ¢cM, which accounted for 1.1%
of the total length of LG_03. However, 23 markers (which accounted for 60.5% of the total
markers in this linkage group) were mapped onto the corresponding region. In the maternal
map, the AFLP-dispersed regions covered a genetic distance of 340.9 cM (14.6% of the total
length), but contained only 7.7% of the total mapped markers (Table B in S1 File). In the pater-
nal map, a total of 84 sliding windows were opened. Among these, overabundance of AFLPs
occurred in 29 of the sliding windows, and dispersion of AFLPs was observed in nine of the
sliding windows. Marker clustered regions were found to contain 41.3% of the mapped AFLPs,
but only spanned 10.1% of the total paternal map distance. On the paternal map, the AFLP-dis-
persed regions spanned a genetic distance of 425.7 cM (18.8% of the total length), and were
comprosed of only 10.3% of the total paternally mapped AFLP markers (Table C in S1 File).
Besides the marker clustered and dispersed windows, there were 59.4% and 48.4% sliding
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Table 1. Analysis of marker distribution among linkage groups on the maternal map.

Linkage

group
LG_01
LG_02
LG_03
LG_04
LG_05
LG_06
LG_07
LG_08
LG_09
LG_10
LG_11
LG_12
LG_13
LG_14
LG_15
LG_16
LG_17
LG_18
LG_19
LG_20
Total

& “*” indicates a significance level of 0.05,
“**” indicates a significance level of 0.01.

The observed map
length (cM)

282.2
1451
104.3
84.6
110.7
102.5
122.9
173.3
54.9
152.9
114.3
113.4
129.5
67.1
95.5
105.3
120
123
98.9
32.9

2333.3

The expected map The expected number of The observed number of Poisson two-tailed P-
length (cM) AFLPs AFLPs value @
289.63 75.32 77 0.4383
153.64 39.95 35 0.2447
109.94 28.59 38 0.0527
88.36 22.98 46 0.0000***
121.77 31.67 21 0.0296
107.63 27.99 41 0.0124**
129.20 33.60 40 0.1543
182.93 47.57 37 0.0679
60.39 15.70 21 0.1159
160.18 41.65 43 0.4379
123.83 32.20 25 0.1160
124.74 32.44 21 0.0219*~
134.68 35.02 51 0.0066**
76.05 19.78 16 0.2359
103.14 26.82 26 0.4881
118.46 30.81 17 0.0050%**~
129.23 33.61 27 0.1450
130.45 33.92 34 0.5176
105.96 27.56 29 0.4166
49.35 12.83 5 0.0120*"
2499.55 650.00 650

“” following the “*” or “**” indicates that markers are overabundant on the corresponding linkage group.

G

” following the “*” or “**” indicates that markers are sparse on the corresponding linkage group.

Because this is a two-tailed test, a P-value of 0.025 corresponds to a significance level of 0.05.

doi:10.1371/journal.pone.0147671.1001

windows with numbers of AFLPs that were not significantly deviated from the expectations on
the maternal and on the paternal maps, respectively.

Sex chromosome identification

Pucholt et al. [26] reported that turnover of sex chromosome was associated with chromosome
XV in S. viminalis L., and the same finding was reported in Hou et al. [11]. According to the
genome sequence of S. suchowensis [11, 47], we designed 50 SSR primers based on sequence of
chromosome XV, and 14 of these primers generated segregated markers in the mapping pedi-
gree (Table D in S1 File). Among these, seven SSRs (S43026_034, S_64_991, S_64_893,
S_64_420,S_64_359, S_64_313, S_64_259) were maternally informative, one SSR (S_64_740)
was paternal informative, and six SSRs (S_64_883,S_64_688,S_64_582,S_64_329,S_64_319,
S_64_271) were fully informative. Mapping of the segregated SSRs revealed that LG_03 was
associated with willow chromosome XV (Fig 2). Thus, LG_03 of the maternal map corresponds
to chromosome XV, which is the sex chromosome of willow. On the paternal map, the segre-
gated SSRs were mapped on LG_08. Although this linkage group did not contain the gender
locus, when aligned with the fully informative SSRs, the homologous regions between the
female’s LG_03 and the male’s LG_08 could be identified (Fig 2). In the corresponding region
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LG_03 (Chr_15)

LG_08 (Chr_15)

0.0 TCTAT198* 0.0 TTCAT354r
23 CCCGA274r
56 CCTAC288r 6.4 TTCTT174TCATC219r
133 TCTCA276r
23.2 CACTA360
20.9~ |~ Cccceer 26.5 S 64 883 S 64 740 S_64_688
22.0 55— TTCGA327 27.6 TCAGC234r
23.17] [N cacTG3ssrcGTAA108r 28.7 TACTG165 TCTGG290
S 64 5825 64 329 S 64 319
29.8 S_64_271 CACGC360 TGCAT316r
400~ |/~ TGCAT206r CCTTC265r
46.6~ 11 AS_43026_034 TTGAG120 30.9 CTCAG65 CCTTA257
48.8 /. CTCTG156r 31.4 TGTGT418r
49.9 /- TCATG260r 31.9 TCCTG337
53.2~J ] TACTG282 33.0 CTCAA164r
H |TGAGT161 CACTG254 CTCAT114 34.1 TTGCT410
H\ [TGCCA371 TGATT105 CTCGC232r 35.2 TAGGA458
CTCGG243 TCTAG231 TCCAAT70 451 CGTTA156 TCCCC71r
543 [HI\| CACTG210 CCTCT99r CTCAA168 49,54\ TTCGA352r
. Gender TCCTG342 TGCTG429 52.84f] [\' cGTAC214r
TAGTC69 TCGCC105 TCAGA446 59.4 / \ TTCCC127
TGTAC295 CATCA290 CGATA131 66.3 CGCTT309
CCCTG148 CCTTA101 TGAGC180
55.4 S _64.991S_64_893S 64_883
57.6 S 64 _688S_64 582 S_64_420 82.9~{+— TCGAG188r
587 S 64.359S_64_329S_64_319 85.1— T~ TGAGC116 TACGC116
59'8 g_gj_g;;f S 64 250 91.2 | TCTAT213 TCTCT371
s TToGA4T8 95.3 TGAAG190
81.6 CACAA91**
100.5 CGACC163**
111.1 CGAGA199**
Female Male

Fig 2. Linkage group associated with the willow sex chromosome in the maternal and paternal
parents. @ The gender locus is shown in bold in LG_03 of the maternal parent. ® SSRs are displayed in italics.
¢ Markers with a “*” or a “**” indicate segregation distortion at a significance level of 0.05 or 0.01,
respectively.

doi:10.1371/journal.pone.0147671.g002

of the paternal map, an overabundance of AFLP markers was observed, but the gender locus
was unmappable in this region (Table C in S1 File).

Discussion

Linkage mapping is a fundamental platform for genetically dissecting the location and organi-
zation of genes associated with traits of interest. In this study, high-density linkage maps were
constructed for the mapping parents of an S. suchowensis full-sib F, cross. In the established
maps, genetic length of LG_01 was much larger than that of any other linkage groups in both
the female and male (Fig 1 and Figure A in S1 File). A gigantic linkage group was also observed
in mapping studies of different poplar species [10, 28, 40]. Therefore, this gigantic linkage
group should not be an artifact of mapping. In early cytological studies, a gigantic chromosome
was commonly observed in Populus [48-52]. Willows and poplars originated from a common
ancestor [47, 52], and the two lineages shared high collinearity between their genomes [37].
Thus, willows might also possess a gigantic chromosome as in poplars. Genome sequencing
projects revealed that the ancestor of willows and poplars was a paleotetrapolyploid [47, 53],
which resulted from a whole-genome duplication event, called “salicoid” duplication. After the
salicoid duplication, a radical re-organization of the genome occurred. The modern Salicaceae
chromosomes were found to arise from extensive Robertsonian rearrangements (i.e., fusion of
two centromeres into one, or the fission of one centromere into two) [53]. We propose that the
gigantic chromosome in Salicaceae species might be due to fusion of centromeres of ancestral
chromosomes.
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In Salicaceae species, the base chromosome number is 19, and most members in Salicaceae
family exist in the diploid form [54, 55]. The first genetic map that contained 19 linkage
groups in poplar was established by Yin et al. [40]. Berlin et al. [38] built a genetic map for S.
viminalis L., for which linkage groups number equivalent to the chromosome number. Very
recently, Hou et al. [11] reported a complete genetic map that was composed of 19 linkage
groups in S. suchowensis. In this study, we obtained 20 and 21 linkage groups for the maternal
and paternal map, respectively. The exceeded number of linkage groups may be due to the
uneven distribution of AFLP restriction sites. Additionally, non-captured gaps on the linkage
map may be related to the existence of recombination hot spots in particular regions of the
willow genome. Additionally, genotyping errors could also obstruct the linkage [34]. Although
the established genetic maps did not achieve complete coverage of the willow genome, the
gender locus region was covered by the maternal and paternal maps. It is notable that an over-
abundance of AFLP markers was observed in the gender region on both maps. Clusters of
AFLPs might merely be due to an overabundance of AFLP recognition sites; however, it could
also be an indication of recombination suppression. Recombination suppression was found to
be an important cause of heterogeneities in marker density along linkage maps [56, 57]. In the
hypothesis for the evolution of dioecy, organisms are proposed to have required development
of local mechanisms to prevent recombination [58, 59]. Recombination suppression at the sex
determination locus was regarded as the key event that promoted the evolution of sex chro-
mosomes [12, 58, 60, 61]. Severe recombination suppression has been observed in the vicinity
of the sex determination locus in different dioecious plants [10, 14]. In papaya, the recombina-
tion suppression region, which contains the gender locus, was confirmed to be located in
centromere of the sex chromosome [62]. Thus far, all mapping studies in willows [11, 26],
together with this work, positioned the gender locus in the middle of a linkage group, a region
of which corresponded to willow sex chromosome. Since the chromosomes of Salicaceae are
typically metacentric [48, 63], we suspect that the gender locus of willow is also located in the
centromeric region; however, direct situ-hybridization evidence from cytological studies is
needed to test this idea.

In willows, sex was consistently found to occur through a ZW system, in which the female
was the heterogametic gender [11, 26]. By contrast, both female and male heterogamety has
been reported in members of Populus [10, 28, 30]. It is possible that both ZZ/ZW and XX/XY
sex-determination systems could be present in some members of the family Salicaceae [23].
Besides the sex determination system, the mapping position of the gender locus was consistent
in different willow species. However, the location of the gender locus also varied among differ-
ent poplars, with a peritelomeric localization in members of the Aigeiros [28] and Tacamahaca
subgenera [10], and a centromeric localization in subgenera of Leuce [27, 29, 30, 64]. Sex chro-
mosomes have arisen several times in flowering plant evolution [31], and sex chromosomes are
evolutionarily young in some plants compared with most mammals [65, 66]. Recent studies
revealed that different autosomes evolved into sex chromosomes in the sister genera of Salix
and Populus, and the appearance of sex chromosomes occurred after the divergence of these
two lineages [11, 26]. The sex-determination systems are still at an early evolutionary stage and
could be very diverse in different members of Salicaceae. Thus, Salicaceae species provide a
desirable system to study the genetics and evolution of sex chromosomes.

Dioecy in Salicaceae species is strongly genetically controlled, although there are very rarely
noted examples of gender reversion and hermaphroditic plants [10, 27-30, 64, 67]. Diverse
genetic bases of sex determination, including sex chromosomes, simple Mendelian genes,
quantitative genes, environment, and genotype-by-environment interactions, have been pro-
posed in Salicaceae [10, 23, 26, 68]. However, all mapping studies pointed to single-locus sex
determination in both willows and poplars [10, 11, 25-29, 30, 64, 67, 69]. Although gender
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was confirmed be controlled by a single locus, this locus might encompass several genes that
underlie gender determination. Recombination suppression would render all genes within this
region tightly linked, and they would segregate as one locus. If more than one gene determines
gender, recombination would impair sexual differentiation. To maintain separate sexes, the
genes that determine maleness or femaleness would have to be closely linked on the alternate
chromatids of sex chromosomes, and this region would have to develop local mechanisms to
prevent recombination [58, 59]. Contrary to this traditional perspective, a very recent study
demonstrated that a single gene could cause dioecy [70].

In this study, we found that a single locus governed sex determination in willow, and the
female was the heterogamic gender, which was consistent with the findings of Pucholt et al.
[26] and Hou et al. [11]. Although the exact sex determination gene has not been cloned, this
study provides desirable information to learn the genetic basis and chromosomal signatures
associated with sex determination in willow. Family of Salicaceae is a well-studied woody plant
system at the molecular level. The genomes of several species in this family had been sequenced
[47, 53, 71], and numerous transcriptome sequences are available in the public databases [67,
72]; together with mapping studies, it will be possible to clone the exact sex determinant(s) of
species in family of Salicaceae in the near future.

Supporting Information

S1 File. Table A. Analysis of marker distribution among linkage groups on the paternal
map. * “*” indicates a significance level of 0.05, and indicates a significance level of 0.01.
“+” following the “*” or “**” indicates that markers are overabundant on the corresponding
linkage group. “-” following the
ing linkage group. Because this is a two-tailed test, a P-value of 0.025 corresponds to a signifi-
cance level of 0.05. Table B. Analysis of marker distribution within each linkage group of
the maternal map. * “*” indicates a significance level of 0.05, and indicates a significance
level of 0.01. “+” following the “*” or “**” indicates that markers are overabundant on the cor-
responding linkage group. “-” following the “*” or “**” indicates that markers are sparse on the
corresponding linkage group. Because this is a two-tailed test, a P-value of 0.025 corresponds
to a significance level of 0.05. Table C. Analysis of marker distribution within each linkage
group of the paternal map. indicates a significance level of 0.05, and “**” indicates a sig-
nificance level of 0.01. “+” following the “*” or “**” indicates that markers are overabundant on
the corresponding linkage group. “-” following the “*” or “**” indicates that markers are sparse
on the corresponding linkage group. Because this is a two-tailed test, a P-value of 0.025 corre-
sponds to a significance level of 0.05. Table D. Segregated AFLP markers developed from
sequence scaffolds mapped on willow’s chromosome XV. Figure A. AFLP genetic map for
the paternal parent. * Markers with “*” or “**” indicate segregation distortion at a significance
level of 0.05 or 0.01, respectively.
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