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Abstract

Dioecy (separate male and female individuals) ensures outcrossing and is more prevalent in animals than in plants. Although
it is common in bryophytes and gymnosperms, only 5% of angiosperms are dioecious. In dioecious higher plants, flowers
borne on male and female individuals are, respectively deficient in functional gynoecium and androecium. Dioecy is inherited
via three sex chromosome systems: XX/XY, XX/X0 and WZ/ZZ, such that XX or WZ is female and XY, X0 or ZZ are males.
The XX/XY system generates the rarer XX/X0 and WZ/ZZ systems. An autosome pair begets XY chromosomes. A recessive
loss-of-androecium mutation (ana) creates X chromosome and a dominant gynoecium-suppressing (GYS) mutation creates
Y chromosome. The ana/ANA and gys/GYS loci are in the sex-determining region (SDR) of the XY pair. Accumulation of
inversions, deleterious mutations and repeat elements, especially transposons, in the SDR of Y suppresses recombination
between X and Y in SDR, making Y labile and increasingly degenerate and heteromorphic from X. Continued recombination
between X and Y in their pseudoautosomal region located at the ends of chromosomal arms allows survival of the degenerated
Y and of the species. Dioecy is presumably a component of the evolutionary cycle for the origin of new species. Inbred
hermaphrodite species assume dioecy. Later they suffer degenerate-Y-led population regression. Cross-hybridization between
such extinguishing species and heterologous species, followed by genome duplication of segregants from hybrids, give rise to
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new species.

[Kumar S., Kumari R. and Sharma V. 2014 Genetics of dioecy and causal sex chromosomes in plants. J. Genet. 93, 241-277]

Introduction

Species of living organisms survive, grow and multiply by
adapting to different kinds of environmental changes that
their respective habitats undergo, including diurnal and sea-
sonal changes and those caused by universal physical distur-
bances. Various species are able to survive and evolve under
the changing environments on account of the genetic vari-
ability present in the genome of their populations. Mutation
and recombination are the biological (genetical) mechanisms
that generate genetic variability.

The new genetic variability in the populations of each
species arises in the form of mutations. There are three ways
by which genetic mutations are induced. Point (frame shift
and base substitution) mutations arise by errors made in the
genome replication process. Genomic DNA is damaged by a
variety of natural agents, including heat, ultraviolet light and
ionizing radiations. It is also prone to a variety of damage at
cytosines where variation in epigenetic methylation occurs.
Addition mutations are induced by insertion of transposable
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elements in the genomic DNA. Mutations also occur by rear-
rangements in the genome (chromosomes). These include
chromosomal fusions, deletions, translocations and inver-
sions. The variation thus made available as mutant alleles
at various loci in genome is amplified by the recombination
mechanisms.

Amplification of the mutation-induced genetic
variability by recombination

Species with autonomous reproductive system exist as
prokaryotes and eukaryotes (figure 1). Meiosis is the prin-
cipal mechanism for genetic recombination. This is pos-
sessed by eukaryotes but not by prokaryotes. The life cycle
in eukaryotic species is divisible into a gametophytic (hap-
loid) phase and a zygotic/sporophytic (diploid) phase. The
process of meiosis in the sporophyte produces male and
female gametophytes. The fusion product of the gameto-
phytes of alternate sex is a zygote that grows into sporophyte.
The diploid sporophyte has each chromosome in two copies,
since it receives a whole set of chromosomes from each
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Y-chromosome degeneration.
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Figure 1. Examples of sexual dimorphism (dioecy) in haploid prokaryotes (bacteria), unicellular (fungi and algae) and multicellular
eukaryotes (bryophytes), and diploid multicellular eukaryotes (vertebrate animals and higher plants). (a) Haploid dioecy in bacteria
(Bachmann 1983); an Escherichia coli Hfr male cell in which the fertility factor (plasmid) F is integrated into the chromosome and F
encoded pili are formed is shown mating with F~ female bacterium that lacks pili. In the mating process there is horizontal transfer of bac-
terial genomic DNA from Hfr to F~. Variant F~ are formed because of the genetic recombination between the received and resident DNA
sequences in F~. (b) Haploid dioecy in unicellular eukaryotes such as the fungus Saccharomyces cerevisiae (Fraser and Heitman 2004;
Goddard et al. 2005) and alga Chlamydomonas reinhardtii (Ferris et al. 2002; Kaltz and Bell 2002). Isogamous haploid cells of genetically
different mating types associate such that their nuclei fuse to form diploid sporophyte which subsequently undergoes meiosis to produce
haploid cells of the two mating types. The meiosis in sporophyte amplifies the allelic variation present in the genomes of the mated cells. (c)
Haploid dioecy in bryophytes (liverworts and mosses exemplified by Marchantia polymorpha Yamato et al. 2007). The nuclei of cells in
the haploid thalli possess a set of autosomes and a sex chromosomes. Until the reproduction has occurred female thalli are indistinguishable
from male thalli. The male haploid thalli cells have V as the sex chromosomes and the sex chromosome is U in the cells of female thalli. The
female gametes formed on female thallus get fertilized by sperms formed on male thallus and as a result sporophyte forms on the thallus of
female. The sporophyte undergoes meiosis to produce V and U type of spores that form male and female thalli, respectively. The process
of meiosis as in all eukaryotes amplifies the genetic variation. (d) Diploid dioecy in mammalian animals and angiospermic plants, exem-
plified, respectively by Homo sapiens (man; Graves 2006) and Coccinia indica (cucurbitaceous plant; Sousa et al. 2013). In these systems
the males are heterogametic as they carry XY sex chromosomes besides the autosomes. Homogametic females carry XX chromosomes and
autosomes. Males form meiotically two kinds of sperms, half carry X and the other half Y. The gametes formed by females are of only one
kind, they carry X chromosome. Fertilization results in progenies that comprise of XY males and XX females. (e) Diploid dioecy in the
vertebrate reptile Pagona vitticeps (dragon lizard; Ezaz et al. 2009a, b) animal and poplar tree plant species Populus trichocarpa (Hou et al.
2009). In these organisms the heterogametic sex is female possessing ZW sex chromosomes and autosomes. The males are homogametic
by possessing ZZ sex chromosomes plus autosomes. The females meiotically produce gametes that carry Z or W sex chromosome plus a
set of autosomes. Only one kind or Z type gametes are formed by the males. Fertilization results in ZZ males and ZW females.
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of male and female gametes. Genetic recombination occurs
during the meiotic division during reproduction via crossin-
gover between pairs of homologous chromosomes and by
independent assortment of homologous chromosomes. In the
process, gametes receive new gene combinations. Based on
local homologies between chromosomes, recombination also
occurs during mitotic cell divisions in the growing sporo-
phyte. However, frequency of such recombination is much
lower than that occurs during meiotic cell division. Meiotic
recombination, in addition to generating novel allelic combi-
nations, also contribute to fitness of the species populations
by elimination of deleterious mutations. For the recombina-
tion to be effective in releasing variability, the reproductive
system in the species has to be such, as to allow outcross-
ing (fertilization of female gametes of an individual plant
by male gametes formed on genetically distinct individu-
als or amphimixis) and avoid selfing (fertilization of female
gametes by male gametes formed on the same individual or
genetically similar individuals or automixis).

Reproductive systems that favour amplification of
genetic variability

The mating systems in species of various phylogenetic
groups are of two basic types (Diggle et al. 2011; Barrett
and Hough 2012): hermaphroditism (in such systems the
male organ(s) and female organ(s) are present on the same
individual) and dioecism (here the maleness and female-
ness are present in separate individuals). Hermaphroditism
and dioecism, respectively promote automixis and amphim-
ixis. Whereas hermaphroditism is a common feature among
plants, and nonarthropod invertebrate animals, dioecism is
more or less universal among the phylogenetic groups.
Dioecy is of two kinds: haploid and diploid. Haploid dioecy
occurs in bacteria (Lederberg and Tatum 1946; Bachmann
1983), unicellular eukaryotes (Birdsell and Wills 1996; Kaltz
and Bell 2002; Ferris et al. 2002; Fraser and Heitman
2004) and in bryophytes that are multicellular eukary-
otes (Yamato et al. 2007; McDaniel et al. 2012). In the
prokaryotic unicellular bacteria, the maleness is imparted
by the presence in cells of episomes such as the fertil-
ity factor F. In the F™ bacteria, integration of F into the
bacterial DNA (genome) allows this Hfr to mate with
F~ bacterium and donate a copy of its genome to the
recipient F~ female mating with it. When Hfr and F~
cells have different genotypes, recombination between the
DNA transferred from Hfr and resident F~ DNA releases
variability. There is an analogous mating mechanism,
devoid of gamete dimorphism, in unicellular algae such as
Chlamydomonas reinhardtii, fungi exemplified by Saccha-
romyces cerevisiae and flagellate animals like Paramecium.
In such organisms, mating occurs between genetically deter-
mined mating types. Association between haploid cells of
distinct mating types results in fusion of their nuclei. The
diploid zygote/sporophyte subsequently undergoes meiotic
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division to produce cells of two mating types. The progeny
from such amphimixis matings will have new genetic vari-
ants. In the dioecious bryophytic species (liverworts and
mosses), the multicellular haploid male and female game-
tophyes comprise the major part of life cycle. Sporophyte
is produced when a sessile egg born on female gameto-
phyte is fertilized by a motile sperm formed in male game-
tophyte. The zygote produces a sporophyte on the female
gametophyte. Meiosis in sporophyte produces male and
female spores that grow into multicellular gametophytes
(thalli) of the respective sex. The amphimictic matings
release new variability. Pteridophytes are hermaphrodites
and their chromosomes are autosomal. They are highly
polyploidized. For example Ophioglossum reticulatum has
diploid chromosome number of 1260. The polyploid
nature presumably provides escape from dioecy in pterido-
phytes (http://floranorthamerica.org/volume/V01/Chapter12;
Gorelick 2005). Dioecy in animals (insects and vertebrates)
(Matsubara et al. 2006; Graves and Peichel 2010; Kaiser and
Bachtrog 2010) and gymnospermic and angiospermic seed-
producing plants (Ming ef al. 2011; Barrett and Hough 2012;
Charlesworth 2012) means that diploid male and female indi-
viduals comprise the dominant phase of life cycle. Fertiliza-
tion of female gamete or sessile egg cell by sperm (motile
in animals and brought in contact by pollen tube in plants),
respectively produced via meiosis in the reproductive organs
of female and male, forms zygote that grows into either a
male or a female, because of the genetic determination of
sex. Here the chances of automixing are low. The life cycles
of several kinds of dioecious species are shown in figure 1.

Hermaphroditism is best exemplified by angiospermic
plants (Diggle et al. 2011). The hermaphrodite plants are
of two types: (i) those that produce perfect flowers possess-
ing both male stamens and female carpels; and (ii) monoe-
cious in which male flowers (stamen bearing) and female
flowers (carpel bearing) are formed on the same plant on
common inflorescences or distinct inflorescences. Although
hermaphroditism favours automixis, there are special genetic
mechanisms in hermaphrodite species to promote amphim-
ixis. Some of these are listed in the table 1.

Frequency and spectrum of dioecious species in
plant kingdom

Table 2 gives estimates of dioecy in certain phylogenetic
groups of multicellular eukaryotic land plants. About 9%
of the approximate 319,000 number of species have been
observed to be dioecious. There is preponderance of dioe-
cious species among bryophytes, 68% of liverworts and
57% of mosses are dioecious. None of the hornworts, lyco-
phytes and monilophytes is dioecious. Among 1021 gym-
nosperm species, the frequency of dioecious species is about
36%. All cycads and gnetales, and Ginkgo biloba (the genus
Ginkgo has only one species) are dioecious. In angiosperms
about 5% species are dioecious in 75% of the families (or
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Table 2. Dioecy among multicellular eukaryotic plants.

Dioecious species

Known to possess morphological

or molecularly polymorphic

Total number of

Reference(s)

sex chromosomes?

%

Total number

species described

Phylogenetic group

Wyatt and Anderson (1984); McDaniel et al. (2012);

Shaw et al. (2005)

62

13,500

22,500

Bryophytes (liverworts

1

and mosses)
Lycophytes

Ranker and Haufler (2008); Ming ef a/. (2011)

Qiu and Palmer (1999)

1,200
12,000

2

Renner and Ricklef (1995); Dorken and Barrett (2004);

Greilhuber ez al. (2006); Ming et al. (2011)
Milewicz and Sawicki (2013)

0
370
14,600

1,021
2,82,000

Monilophytes
Gymnosperms
Angiosperms

92

28,106

3,18,721

Total

4Dioecism in all the dioecious species is related to genetic differences between male and female, at atleast one locus on a pair of chromosomes. However, this polymorphism has been

demonstrated in 92 plant species.

Genetics of plant sex chromosomes

more than 200 families). About 7% of 960 angiosperm gen-
era contain atleast some dioecious species. There are only
a few angiosperm genera and families in which all the
species are dioecious. There are also examples of angiosperm
species in which both dioecious and nondioecious plant pop-
ulations occur. Dioecy is more common in dicotyledonous
families than in monocotyledonous families. Salicaceae,
Manispermaceae, Myristicaceae, Moraceae, Euphorbiaceae,
Urticaceae, Anacardiaceae, Moniniaceae and Cucurbitaceae
are the dicotyledonous families richly endowed with dioecy.
Dioecy is relatively more common in Pandanaceae, Alismat-
aceae and Triuridaceae among monocotyledonous families.
Dioecy occurs in species that have temperate, semitemperate,
subtropical and/or tropical distribution. Higher plants of var-
ious habits can be placed in the following order with respect
to the occurrence of dioecy: trees > herbs > climbers > shrubs
(Renner and Ricklef 1995). Dioecy is more common in
species that are wind and water pollinated as compared
to wind and animal pollinated (Renner and Ricklef 1995).
Many families possess both wind pollinated monoecious and
dioecious species (Renner and Ricklef 1995). Some families
have hermaphroditic monoecious, subdioecious and dioe-
cious species, reflecting pathway of evolution of dioecy
(Diggle et al. 2011; Ming et al. 2011; Barrett and Hough
2012). Dioecy, especially that associated with X and Y chro-
mosomes, is absent or infrequent in species of the fami-
lies where polyploidy is of common occurrence, such as in
subfamilies Triticeae and Panicoideae of family Poaceae.

Dioecy is determined by sex chromosomes

All dioecious species have sex chromosomes, which carry
genes that control development of males and females as sep-
arate individuals. Autosomes (nonsex chromosomes) con-
tribute to this process fostered by sex chromosomes, via their
participation in sex organ developmental pathways (Wester-
gaard 1958; Matsubara ef al. 2006; Yamato ef al. 2007; Berg-
ero and Charlesworth 2011; Charlesworth 2012). Sex chro-
mosomes are linkage groups like autosomes, except that they
specify inheritance of sex. Unlike in animals, only in a small
number of plant species the sex chromosomes are morpho-
logically distinguishable from each other (heteromorphic)
and from autosomes. Heteromorphic sex chromosomes are
microscopically distinguishable in terms of size, ratio of arms
and/or stainability. The nondistinguishable sex chromosomes
are called homomorphic. The main sex chromosome sys-
tems discovered in plants are listed in table 3 and depicted in
figure 1. In the thallic haploid gametophytes of bryophytes,
males have a very small V chromosome and females a U
chromosome; males do not have U chromosome and females
are devoid of V chromosome. The diploid sporophyte has
both U and V chromosomes. This sex chromosome system
has been demonstrated in eight bryophytes and is typical in
the liverwort Marchantia polymorpha. In the diploid plants,
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2 $5 the sex chromosome systems are largely similar to those pre-
§ 1;, 2 vailing in diploid animals. The XX/XY and ZW/ZZ are the
%’5 = g =) two basic sex chromosome systems present in animals and
58 §%8 g plants. In the XX/XY system, the females are homogametic
& g > g > XX and males are heterogametic XY; Y is the sex determin-
g = EET ing chromosome in the XX/XY system. In the other system
8 2 E _E? s Z is the sex determining chromosome; females are heteroga-
EEe o w o2 metic ZW and males are homogametic ZZ. Occurrence of sex
00D — = ) g
PSSR §D % % chromosomes has been demonstrated so far only in 84 higher
_ § § <3 % f 2. plant species (table 2); in 57 species in terms of sex chromo-
T 2<% % 5 :s; 2 some specific DNA markers and in 27 species both molec-
v = 3 . .
5§ 9SE@ &g ularly and cytomorphologically. The XX/XY heterogametic
5 =5 8 & s 0 . .
5 5 %3 S 5 é 5 system is exemplified by the gymnosperm Cycas revoluta
= < . .
o <E3AR g gt and angiosperm Spinacea oleracea and the ZW/ZZ system
(e} E 2 == A g p p y
§ S S §D g g by the gymnosperm Ginkgo biloba and angiosperm Populus
TR <8 572 g trichocarpa. Table 4 lists all the 92 plant species of 49 genera
228 < =25 e .
< g 2w of 34 families in which sex chromosomes have been located.
=] 239
o2 o= 522
S 900 o S EX
cfES 3 2 =
= N aa) 5] E
ht "g ~ 72} E =
S 8~ £ Les
2.3 S 0 S o ge .
233583 R Variation in the sex chromosome systems of plants
Ls35382 = Y
EC s 5 E
= 2] — .
SEN M Z o %0‘5‘{ In plants, the homomorphic sex chromosomes are more com-
EDE‘ é mon than heteromorphic sex chromosomes. It will be seen
g I R from table 4 that among the 92 dioecious species in which the
< - ) .
% g E o ®; E g & ‘g presence of sex chromosomes has been established, only 27
£2 BYE species of 11 genera of eight families possess heteromorphic
£ g 28 sex chromosomes. Among these, four are bryophytes of three
s & 558 g ryophy
(}? S L L N = E i genera of the same family, five are gymnosperms of three
= < = N > g é genera of three families and 18 are angiosperms of five gen-
— O a1 .
| s22 era of four families. Homomorphic sex chromosomes have
5. é A been observed in 36 species of 22 genera of 16 families of
% é " = % 5 angiosperms. The gymnosperm species Pinus johannis has
£ 2 é & 8 homomorphic sex chromosomes.
= 28 3 S35z The XX/XY sex system has been found to be present
g < 51 L ES . . o
= g g 2% 852 in five species of three genera of three families of gym-
Eé 38 g = £ -° nosperms. It is heteromorphic in four of the five gym-
(72} 2 . . . .
& é = Z % E: 23 nosperm species, except in P. johannis. The XX/XY system
£ g g TN is known to occur in 46 species of 23 genera of 17 families of
&h SIS = sz 8 p g
% Gl o ° E o E angiosperms. Seventeen of these angiosperm species of five
g 5 g % k=) genera and four families have the XX/XY system in its het-
=y 8 2 § eromorphic form. The WZ/ZZ sex system in heteromorphic
o O . .
= 2 Ex 3 form has been reported for the gymnosperm Ginkgo biloba.
~ = g > ° ) ;
8 g=, é"if 38 In angiosperms, the heteromorphic form of WZ/ZZ system
= SR —_— . . . . .
£ 5 2 2 g £ has not been reported. It exists in its homomorphic form in
= [} . . aye .
g g g ~_§ fo %né eight species of four genera of four families of angiosperms.
2 25% 55 g In the heteromorphic sex chromosome possessing plant
é = 8 _‘.; g i~ < species, Y or V chromosome is smaller in size than X or
%’ g = 2 %‘é 5 U in the bryophyte Marchantia polymorpha, gymnosperm
g 2 Cycas revoluta and angiosperm Humulus luplus (and certain
=} . . .
5 2 28 other Humulus species). However, in this group, preponder-
2 ES 5 antly Y chromosome is of larger size than X chromosome.
© = .0 . .
% S 3E Exampl;s include th? gymnosperm species qf Podocarpus
& © 5% é and angiosperm species of Cannabis, Coccinia, Rumex and
% ) g 285 Silene. The prime example of X/Y heteromorphism s in Coc-
T = i oalie cinia indica, where the Y chromosome is 2.06 times larger

Table 3. Sex chromosomes in the diploid dioecious animals and plants where the unisexual male and female individuals have distinctive reproductive organs®.

46 Journal of Genetics, Vol. 93, No. 1, April 2014



Genetics of plant sex chromosomes

(6007) “1v 12 oery
{(8000) ‘v 42 ue]
((1107) 7v 12 Suepm
(L861) “Iv 12 udy)
(9002)
vaﬁm @En Qmmvdﬁm
(L002)

‘v 12 KeAypedo3uen)
(1L6T) ' 12 eMESOS

‘umouy| st
sa10ads auo A[uQ

(8007) /v 12 uourepdIoy]
(€100
D[OIMBS PUR ZOIMIIA
(S002) [orUBQoON
(L007) "7 12 o1URQOIN

'S9SSouwl pue
SHOMIDAI] UI ‘)
9[qe[ Ay} UQAIS

X pue A po[ed

uo0q OS[e Sey X

Se 210y PI[[oqe]

SWOSOWOIYd

Sururui)p

(1002) ofew oy,

SI[[0D) pue SO TON -aseyd proydip
“(og61) vaIY oy sjuasaxdar
(L00T) ‘17 12 Oyewex o1kydojoures
{(Z007) ‘[P 72 DIRZIYS]  O[BWIDJ UO dUIOq
{(1007) ‘v 2 emesting  91Aydoods oy,
‘sa1Aydojowres

(1002 0007) * 12 €pEO projdey
a1e syuerd

(T107) 1v 12 [OIUBQON  Te[nj[aop[nw oy}

(0107) v 12 yoswa], so1kydoKiq uj
N 1
(s)aouarojoy (s)uowwo)

ON

ON

SOx

SOX

SOX

pi

(ouysak)
Aqiue,y

ON
Sox
ON VN
SOA VN
SA VN
SO (@ pVN
[ I H
(ouysak)
snuon
ur juepunqge  (s1eak uoryrur)
Kod01p  sowosowonyd  (ou JIo soK)
IOUIRYM X9s Jo oFe J[qe1a
pajewnsy  (SO[EWd)) MM
10 (Sorew)
A _YR_YM

77

AX

(H) A

(H) A
(H) X

(H) A

(H) A

(1 X

SEN

M

XX

(0 X

(H) X
(0 X

(H) X

(H) X

(H ‘projdey)
XX

4
R uER]

uonsodwoo
QWOSOWOIYD XoS

(T=M) LaH

(S=&) 19H

LdH

LdH

(S=A) L4H

(@) 1aH

d

(S) IoyTRWIS
10 () 1081e]
Quo yomym I[HH
Jrpue (LAH)
o1ydiowoo)oy

1o (INOH)
sydiowowoy

SQWOSOWOIYD XS

¥C

81

14

9¢

9¢

4!
i4!

4!

81

LT 91

a

(oreWI0y : oJRWI
DA
10 J/IN) Jequinu
QWOSOWOIY)) Uy

#Pq0]1q 03yu1)  9BIILOZNUID) 6

s1sua[pIvU
sopwpydoous  oeodeIwe] 8§
S1PUI2A1D ") pUB (peok)D)
pINjoaal SPIA)  JBAJEPROKD) L
suadsouwAn
SUNLIDfLL
0342
-ijjpoopnasd 9
Jiofisnigo
pjje1uoYAN;  9BIIRYIINOYNQD §
Snaund.nd
uopov.127) RlialV A 011 g
SOSSOJN
snupxaj °g
nunnv'g
njjouuop
snd.ipooiavyds €
Dydiowdjod
DRUDYIUD z
P
vy oeoonedoy
SHOMIDAI]
/ sa1kydoArg
o) d \
sa10adg Aqruuey
pue yuel
o1oua3o[Ayg

‘saurosowoayd xas (s[qeysm3unsip Are[nosjowr pue Ajesrdojoydiow yjoq) srydiowornay 1o (ajqeysmsunsip
Apremogrowr) omydrowowoy Surssassod saroads jued snorodorp IeneonNW dN0AIEYNd Jo So[dWexd [opowuou pue [9POW Y} Ul UONBUTULIND X3S JO SONSLIdIORIRY) ‘p J[qEL

247

Journal of Genetics, Vol. 93, No. 1, April 2014



Sushil Kumar et al.

(€107) yduis pue rey
(€£102) v 12 J1UD
“(2107) ‘v 12 PROWRIN-TY
(11027) v 12 213810
((1107) v 22 snoQ-1v
$(8007) ‘Iv 12 STUNOX
(9661) AS[AONBA-YR(IIS
(2102) 1v 42 Budg
((1102) ‘17 12 SUIN
{(L007) Iv 12 08D

‘(8661) 1v J2 epeds

(8661) '[P 12 Iounng-uoweay

“(L661) uiS pue Suerf
{(S661) 17 12 ypig

(6L61) uondo]

(1107) 10 92 913810
(6661) TUE3] Pue IYONEIA],
1(9961) unzeN

(0002) 77 72 nqIyS
(s007) ‘77 12 fourN
(6661) "1p 12 2a[1oUEY

(£107) *1v 12 BLIAIUY-SAIO]

(8861) '7v 72 ownziyg

(8s61)
wuoDCONsom pue Jreyq

W

(s)aouarayoy

orew ysr3unsip

0} SIYTRW

payuI] Xas [njasn

AJ[erorowuo))
‘paurejurew st
AVd ‘ToAamoy
‘sed jue)sip ur
PaAjoAD K201

UIMoIS 10139q

II9Y) JO JUNOdOE

uo panojord

Qle SWo)S djewr

‘ATerorowo))

‘S[eWId) o€ i

pue sajewr aJe

wipy ‘sorewradns

e N
WISAS SIy) U
‘s1omop
[enxasiun ut

‘erprowid 119y

JO uonentur
Suimorjoy

‘sue3I0 [BNX3S JO

uontoqe | adAL,

1

(s)yuowro)

9¢ vjooidnt g

WD42[i1GoDp

SA SOA SOA AX XX INOH 9¢ Xtua0yd QBd0EOAY 9]
WSipuidLfjo
SOX AX XX WOH 0C sn3p.avdsy oeooederedsy G
AAXX XXXX INOH (V4 ppunqrioy
0.10Y0}
SOx SOx AX XX WOH 0z 12.402501(] oBOOBAIOISOI(] §]
suni3o.af
$T DISLIAH QBOORONSLIAN €]
SOA SOA I4s wn3uoj 42dig oedoeradly 71
sutrodsoIsuy
ON ON AX XX WOH 144 stuupyof snuif deodeuld 8!
AXIX XIXIXIX (1=A) 19H 8¢ °LE smvlo
AXIX XXX (1=A) LaH 8¢ °LE snijoljofo3uo]
eSnjjAydo.ovw
AXIX XXX (1=A) LaH 8¢ °LE sndipoopoq  oeadedieoopod ([
A [ 1 H D d q a D q v
(ou/sak)  (ou/sok) BN olewd | (S) JoyEWS (orewy : opew soroadg Aqruuey
Aqrue snuon 10 () 1081e] SACIN pue yuel
urjuepunqe  (s1eak uorfjiur) uonisodwod Quo YoIyM JHH 10 J/N) Jequinu anouadoAyg
Kod01p SQwIosOwoIyd  (ou I0 SIK) QWIOSOWOIYd Xo§  Jipue (LH)  Qwosowoly)) ug
IOUIOY M X9s Jo a3e J[qeIa orydioworaay
pojewnsy  (se[ewa)) MM 10 (INOH)
10 (sorewr) sydiowowoy
AA Joyoym SOWOSOWOID XOF

(pruod)  poIqer

Journal of Genetics, Vol. 93, No. 1, April 2014

248



Genetics of plant sex chromosomes

1(010¢) 7v 12 8199p[0D soyporydewsioy

(11020102 ‘SoTewy

‘800) 7v 12 19[31dg ‘sorew Jo

((€007) ueurysy $ISISU0D
(1661) IsMySuLg pue pewrqy vonendog

Kas01p

19Ju0d Qudd

(6007) 17 12 1n3TRN o[8us ® Jo

(8007) */ 12 TUNULISO)) SO[O[[E GOIY L,
"SQ[eWIOY URy)
IOMO[J 910U
sowmn 0¢
donpoid sojewr
Sa[ewd) ur
uey} So[eW Ul
SINO90 YIMOIZ

(0102) £&313pIN
¢ JA11R}AZ9A QIO

{(0107) [[ouued pue SLLIEH

(8661) ‘17 12 Ko1ddg
(S007) *v 12 DEAeURSUSY

paurejuretr

u0dq SBY YVd

pue o3e Suo|

(1107) *[v 12 noyz PoATOAD K9901(]

(L007) *1v 12 981000
SIOMO
[enxasrun
ur uorenIul
110y SUIMO[[0J
juowdooadp
119y} Jo sagdels
SNOLIBA JE SINJ00
sue310 [enxos
Jo uonioqe
1 9dA] "o[qe[reae
a1e syuefd
J[ewd) pue

W 1

(s)20ua1950y (s)uswwo))

77 M
77 M
77 M
ON SOA [ 77 M
SOA AX XX
ON SIA SIA AX XX
ON
ON ON
ON AX XX
A [ I H D qd
(ou/sak)  (ouysak) leN olewd
Awre snuon
urjuepunge (SIedA uoryjiu) uonisoduiod
Kodo1p sQwosowoIyd  (ou 1o $aK) QWIOSOWOIYD XIS
IOYRYM Xas Jo oFe J[qe1A
pojewnsy  (S[EwRY) MM
10 (sorewr)
AA _YIRYM

WOH w bipyosout
IWOH I A0UDp[a ]
WOH 9¢ sisua0p1Y 3
LDUDIULS.AA
WOH 96 DIDSDA] oBA0BSOY €T
WOH 8¢ DA2fiua suig 9BIOBUA  CT
SNUOD0JUDX
INOH 97 UOAPUIPOINIT  BIOBAOI] [T
ppords
siyonsta 0C
9¢ S1DIALL DOJ 61
sap1ojd1ovp
WOH 9¢ aopyong oBddoROd 8]
12fi112quy
IWOH [43 snssp.iog L1
91
el a o] dq v
(S) 19q1RWIS (o1eWId) @ opeW so100dg Aqruey
10 (1) 1031e] S B\ pue yuex
ouo yomym [H 10 J/N) Joquunu o1oud30[AYJ
Jrpue (IgH) ~ ewosowor) ug
orydiowordoy
10 (INOH)
srydiowowoy

SawosowoIyd X3

(pruo2)  palqeL

249

Journal of Genetics, Vol. 93, No. 1, April 2014



Sushil Kumar et al.

(1102) v 12 913810
((€007) v 12 T1od
(6661) ‘1v 12 oUI[OPUBI

(5007 ‘000T ‘8661
‘S661) "I 12 Oj0wENeS

(0102) */v 12 BWIRYS

{(8661)
WOQAN pue UOSSIoJ

(1107) v 12 91381
N

(s)2oua19y0y

(z2dAL)
erprowd jodreo

10 UdWe)s JOo
UuoneNIUl 910J9q
SINOJ0 SIOMOJY
[enxasrun
ur uonIoqe
uegI0 [BNXaS
‘U0 BUIULIONOP
X9S 9} SUIIA0T
os[e onel vy 1 XX
10 SaWO0soINe 0} AX XX
(s)awosowoyd ¥

Joooueeq oyl SO SOX SOA AX XX

(1=A) 19H 0T
(1=A) L9H 0T

h.Qkaw%Sk D
paIpur 5
LPALDS
(1=A) 1dH 0T sigruup)  SedoeQRUUR)  GT

saproumvys

SOA T Te apydoddi;  oedoeuloe|g ¢
‘SI2MO
[enxosrun ut
suegI1o [enxas
Jo uonioqe
1odAL
"UOTIRUTULIONOP
X9s ur
POAJOAUT OSTE
oIk SOWOSOINY
“JUQIQJJIP dIe
SOWOSOWOIYD
X35 S)1 pue
SNOIdA0IP SI
SISU20]1Y ]
‘snorodoIpqns
styorygm
PUDIULSAIA W]
uroyiun

‘SIaNau pue €T

1 p: [ I H D d q a o) d v

(s)uawo)) (ouysak)

Aqiure

(ouysak)
snuon
ur juepunqe
Kod01p
oYM

(orewIay : opeWr
SN
10 J/N) Joquinu
QWIOSOWOoN)) Ug

(S) 19[TeWIS
10 () 1oSre|
duo yarym [HH
Jrpue (LAH)
orydiowo11ay
10 (INOH)
orydiowowoy
SOWIOSOUIOIYD XS

SeIN orewd so10adg Aqruey
pue yuel
(s1eoA uor[iun) onouddoAyg
SQUIOSOWOIYO
X0s Jo o3e

pajewnysy

uonisodwod
(ou 10 $aK) QWIOSOWOIY XS
J[qe1A
(soreway) MM
10 (sorewr)

AKX URUM

(pruo2)  palqeL

Journal of Genetics, Vol. 93, No. 1, April 2014

250



Genetics of plant sex chromosomes

(8007) "7v 42 rewmny|
“(zse1) 1red oAoqesy  oN Sox oN X
9[qIIDAUOD
-Io)ur
(T661) 10ySeaJq pue yonsoy e syued
(8S61) preeSioisom SNO10901p pue

((9¥61) ue[eD SNOIROUOIN  ON N . X
SIOMO
[enxastun
(€107) /v 12 esnog u1 suesio
(C107) urIs|oy [enxos jo
{(1107) UUDY pue US| uonioqe
((1102) 7v 12 91381 1 odK1,
((1L61) Ko pue Koyg ‘so[ew [[e d1e
{(TS61) YeIRIRMUSIAISIA AXXX pue
pue Tewny| AXX AX ON SOA 9—¢ oN AX
(o107 JUSWUOIIAUS
‘6002) *Iv 12 eweAQ £q paouangur
{(8007) Jouudy pue Z]OA OS[ESIXdS  ON oN 01 ~ oN AX
(+002) 1v 10 KdeIL SOk

(T107) *[v 12 AOIPUEXAY
((1102) "7 12 ynyseAlq
{(8007) ‘1v 12 wry
(8007) ‘v 12 osye[
(1702 ‘9007) v 42

S[BIWIYORO[-BYSMOQRID) ON CATAX
(90027) UONBUIILIAAP ON TAIAX
AO[IBY] PUB BAO[IUB(] X8 JO ON CATAX
{(€007) ‘v 12 AoLIRY] QOUBUIOAOS
:(0002) ‘7P 72 19P[JR3S apul Sk S9k IRIATXIX
“(L661) v 12 Ka110d POA[OAUT OS[E
‘(ss61) ouo SLonery X AX
W 1 A [ 1 H D
(s)oua1vyoy (shuowwo) (ou/sak)  (ou/sak) SN

Apureq snuon)
urjuepunqe (SIeA UoI[[Iu)
Kodorp  sowosoworyd  (ou 1o SoK)

oYY X9s Jo o3e J1qeIA
pajewnsy - (So[eway) MM
10 (sorew)
AA _YIRYM

XX

XX

XX

XX

XX
XX
XX
XX XX
XX
d

EIEIER

uonisoduwod

AWOSOWOIYI X3S

WOH

(1=A) 1dH

WOH

(S=A) LdH
(S=A) LdH
(S=A) LdH

(S=A) LaH
(S=A) LaH

q

(S) 191TRWS
10 () JoS1e[
Quo yamym [HH
Jrpue (LGH)
orydiowo1aioy

10 (JNOH)
orydiowowoy

SAWosowoIyd Xa§

(44
(44
(44
(44
(44

(44

81

yC

0¢
8¢C

91 LI

0T ‘12

0T ‘12
or
0¢
a

(oreWI) @ o[BI
B B
10 J/N) Jequnu

awosowoIy)) ug

SOPIALOUININD ']
pue n.23140 ;|
bqojnnul 7|
vorodp! |
oy i
voroip
SaYIUDSOYI1L] 1€

wnyvo
wnivqoq 0¢

eD2Ipul
DIUI2I0))

voro1p
viuodig J820P}IQINONYD) /T
pajnf snot.y QBIORIOIN /T

DS012ID "[]
sisuauvuund "y
snotodol gy

SNAOY1p10D
IeA ][
esnndng
snpnumgy 97
o d v
saroadg Aqmurey
pue yuer
onouadolAyd

(pruod)  paqeL,

251

Journal of Genetics, Vol. 93, No. 1, April 2014



Sushil Kumar et al.

(0007 ‘6661) ‘I 12 stuseIed
(9661) ' 12 Ipuog
{(8¢61) 1koujoH

SOTEWOY I8 W
‘sorewr a1e W\
W)SAS SIY} uf
J[qe[reae
oIe sIoIew
VN [BroIowumod
Surysm3unsip xog

(8007) 7v 70 moduesyg
(S007) ‘v 32 AoquyRx
{(¥661) ‘v 12 eZNWIOK

(0102) ‘1 72 Aereyuewres
(1102) v 12 21381
(8007) v 1o wIx
:(£007T) 17 12 AOYLIDWOS
“(€007) ‘v 12 1o1UND
{(8661) v 12 110dedey-uons|y
SIOMO
[enxosrun ut
uonioqe uegio
[enxas 7 9dA7,
Juopuadapur sem
sop1ojnuia.L) g pue
pd.p20YILY g Ul
SOWOSOWOIYD XOS
Jo urduo oy
yey) ySnoyy st i

(2107) 17 92 wexsny,
{(6002) "1 12 Ted
{(6007) ‘1 12 oy
{(8007) ‘1v 12 uIx
(8007) '/ 12 1IN[OR]

(L00T) "I 12 2sBMIA
(1107) *Iv 12 SBIIA-ZoYouRS

{(1107) [1outed pue dz|q
1(9002) 17 12 p1eqqO
(8007) T1ouTEd
{(#007) ‘17 12 []ouUURg (emyerodwoy)
“(s00t JUSWIUOIIAUD
T007) *v 12 epeyy £q pajjonuos

OS[® ST WoISAS
sIy) ut 9901
SIOMO
[enxosrun ut
uonioqe uegio
Jenxas g odAT

{(8661) "1 12 Suex
(q eL66T) TToUUEL

(1102) '1p 12 91381
{(1007) ‘17 12 JIoM
W 1

(s)aouarroy (s)yuowuo)

SOX

SOX

A

(ouysak)
Aqnue,g

SOX

SOX

ON

(ouysak)
snuan)

urjuepunqe (SIedA Uol[[Iu)

Kod01p
PYPRYM

L=S0

SOUIOSOWOIYD
X3S Jo o3e
pajewnsy

ON

SOX

(ou 10 saK)
JIqeIA
(soleway) M A
10 (sofewr)
AA TopayMm

AX

7z

AX

77

AX

77

D

BN

XX WOH
M WOH
INOH
WWOH
XX INOH
M WWOH
XX WWOH
AN WOH
qd el
Jrewo | (S) 19TRWIS
10 (1) 1031e]
uonisoduiod Juo yoym I9H
awosowoIyd X3S  Jipue (L9H)
orydioworaloy
10 (NOH)
orydiowowoy

SOWIOSOWOIYD XOF

81

[43

9¢

8¢

8¢
8¢
8¢

9¢

(44
a

(oreWIdY @ ORI
SICIN

10 J/N) Jequnu
Quwosowoy)) ug

Ddvdnd vorny  dedOROLIRD) €

DA2A DIODISIJ  QBIJRIPILORUY {¢
mysm

vioydiuuio) — deodeIdsIng /¢

syppuIA Xiypg 9¢

pSOJUULO]

bqw d
saprojnuia] J
(DAADI0YILIY
snndog JeadedIeS  GE
puvplary
vovdpn) €
pnuup
sypLmoapy  oedoeiqioydng ¢¢
pUIGLUUDD
02syp(q oeoOROSHR €
o] dq v
saroadg Aqwrey
pue yuer
o10ud30[AYJ

(pruod)  paqeL,

Journal of Genetics, Vol. 93, No. 1, April 2014

252



Genetics of plant sex chromosomes

(€£107) 1v 12 BAOYOIS
{(6007) ‘7?12 mOLIEIN
$(L00T) '[P 12 sepuepp-BY00[g
(L007) 7v 12 opeun)
(6007 “900T ‘q
nﬁmOONv .NQ 1o Nohumnw.m._..m\/.mz
{(#007) 1oune[g pue JIYals
{(#002)
:ﬁoamﬁdﬂ ﬁﬁm ﬁmaﬂmm
10002 “6661) 17 12 E1RqIYS
{(y661) 17 12 uoloy
((1L61) Yermospieq
{(0L61) BjoIny] pue eyLmy
(€T61) ouQ pue ereyry

(1107) v 12 91381
{(9L61) SUIOA| pue molreg

(0102) 77 72 oM\
{(T102) '1v 12 puamMydSD
{0102) 70 12 np
{0100) v 12 Tep
(q ‘®8007) 7 12 X
(8002) 7v 12 SuN
$(L007) ‘Iv 12 KeAypedoTuen)
(L00T) 7 12 YD
{(#002) ‘v 12 BN
{(4007) v 12 0y
(T007) '1v 12 DeseIn
(2007) 17 22 Kindag

W

(s)oouarayoy

are Kvoouour
pue £9901p
10J SOUAD)
“UOIRUTULId}OP
X9s Ul jou
sdeyrod 1nq
uonounfsip
QUIOSOWIOIYO
X9S I0J
paxmbar st x
*OTJEWOIYO0I)AY
AJIny jsowfe o1e
TALA "xas o
su1oA03 y X JO
doue[eq sa10ads
xowny [fe uf
SIoMO
[enxostun ur
uonoqe uesio
[enxas g ad£[,

Jqefreae
oIe SIONIeI
VNJ poseq

X9s [nyosn
A[rerozowuuo))
*sa10ads
snowe3Ajod e st
J1 1913050)[e
‘e are NN
pue Wy ‘NN
‘sayrpoaydeuwniay
are Wy

1

(s)uowro))

ON

P

(ou/sak)
Aqruef

SOxX

(ou/sak)
snuon

ur juepunqe  (S1eak uorfjrur)

Kodo1p
RyeymM

91-CI

SOUIOSOWOIYD
Xos Jo oFe
pajewn)sg

ON

(ou 10 $9K)
J[qera
(so[ewag) M
10 (soreur)
AA Togoym

CATAX 10 XX

AX
AX
CATAX
CATAX
CATAX
CATAX

CATAX

AX X
AX
AX
AX
AX

AX

S[eN

XX (T=X) 149H [AESN 40!
XX (1=X) 19H !
XX (1=X) 19H 91
XX PI°6I
XX v1 61
XX v1 61
XX v1 61
XX (1=X) 19H 7161
XXX X WOH Tt

XX WOH 81
XX WOH 81
XX WOH 81
XX WOH 81
XX WOH 81

qd q a

Srewd (S) Ioqrewis (orewdy : orew
10 () JoS1e] HE R
uonisoduoo Quo yorym IHH 10 J/N) Joquunu
QWOSOWOIYo X0 JIpue (LgH)  QWOSOWOoI])) ug
oydiowoisjoy
10 (NOH)
oydiowowoy

SQWIOSOWOIYI X3S

snjpIsvy "y
SypAIU Y
]1220120D Y
snsoonn.ffins 3y
SUIpIIYOSYIOL Y
snaopfisidyy -y
snipauLidul Y
srwpdod -y

(PS0120D
Xounyy oe20RUO3A[0d TH
14210581/
wnosi JBIORYIURIOT] [

ADUUDUIPUND )

vaayopnd
S10122011]
vaojfiaand
pubu1opnad

D2]]120100SD oy

6¢

o] q v

saroadg Aquey
pue yuel
onouadoAyd

(puod) ¢ orqer,

253

Journal of Genetics, Vol. 93, No. 1, April 2014



Sushil Kumar et al.

(€102) v 12 1932
{(1107) "7v 12 A1831Q
$0107) 7v 72 BWRAIYSIN
{0102) 7v 12 ydpp@
£(q “®6007) 70 12 [oMOH
(z107) v 12 SoquUaMEy
{(110T ‘8007) 77 12 SteIe]N
£(8007) ‘7P 12 BAONORIN
(L00T) 17 12 wANS
£(L00T) “Iv 12 010810g
£(9007) 1v 12 ®zq0H
$(L00T “500T) ‘P 12 eAOAN[Z
(5007) v 12 SBIOJIN
((p961) Y
(£007) 77 12 100N
(00T €00T) 'Iv 12 eAOIOTUDT
{(1007) v 12 Ayons
(8661) v 12 Sueyz
(8661) '1v 12 oNBS-1A
(9661) *7v 12 uostuuoq
(1107) '7v 72 TutESSNE]
(L00T) 1 12 [emBISY

W

(s)oouaI0joy

s1omop
[enxosiun ur
uonJloqe uedio
1enxas g adA,
‘pijofiyp] g ut
Uelj) SOWOSOINE
JO 195 JUQIOIIIP
© WOIJ PIAJOAD
QWIOSOWOIYD

X9s 910

SIOMOY
Jenxostun ur
suegIo [enxos
JO uonIoqe
1 od£J “19MmO]
s1 uorssardxa
paduly
— A uoym 1y3iy
SI uoIssaIdxa
ouad ¥ "o[qeraur
axe syued
A Inq 9[qeIa ore
syueld x projdeyq

SIOMOY
[enxosiun ur
sue1o0 [enxas Jo
uonoqe 1 adA[,
'Spods o[ewof
UeY) JOTARIY
oIe Spaos

S[BN "PaUI

T

(s udwwo))

ON

A

(ou/sok)
Aqrwe g

SOx

(ou/sok)
snuon
ur juepunqe
K2001p
ompaym

77
AX
01-¢ AIAX
AX
AX
AX
Y-8 ON AX
1 H D
RIS
(sxeak uorfiur)
SOWOSOWOIYD (ou 10 saK)
xas Jo oSe JqeIA
pajewmsy (soreway) MM
10 (soreur)
AA Pyeym

M
XX

XX
XX
XX
XX

XX

o[ewo |

uopsoduwod
SUWIOSOWOIYO XOF

WOH
WOH
WOH

(1=A) 1dH
149H
1dH

(1=A) 1d9H

(1=X) 1dH

q

(S) 1911RWS
10 (1) 1081e]
ouo yorym LHH
Jrpue (LIH)
snydiowo1)oy
10 (INOH)
srydiowowoy
SOUWIOSOWOIYD XOF

YT
T
YT

¥T ‘ST
YT
YT
YT

YT

9T

a

(oreway : opew
AN
10 J/IN) Toquinu
wosowoy) ug

sisuasjom g
§2)130 °§
pjdydodjod g

suIp g
upaffng g
nziu g
vo101p °§

WDHofuv]
auayig
SISUUIYD
vIspuowuig

o)

sa10adg

g dnoin

v dnoin
qeooe[jAydokIe)

QBOORISPUOWIWIS  €f

w
q v
ey
pue yuel
o1ouddo[Ayg

(pruoo)  polqel,

Journal of Genetics, Vol. 93, No. 1, April 2014

254



Genetics of plant sex chromosomes

a[qear[dde Jou ‘YN, ‘uonewIojur Jo Juesm oy Aiduwd Ajfensn ae T4 10 T SUWN[OD Ul $30edS OU} ‘SIOIEUW JE[NOI[OU JO dSN Aq PAYSINFUNSIP Uddq dARY sjue|d o[ewo) pue
o[BI AU} USYM,, JUSIOYJNSUT ST UOTJEWLIOJUT Jey)) sueaw ddeds Adud  isowosowoyo xas pue A2201p jo sisk[eue Areuonnjos oy 10 syue[d [opour se papnjout are sa100ds 10)SIS S} pue SIY L,

(1102) *v 12 Suepm
{(#007) ‘17 12 nX

(6007) *[v 12 108BL]
{(2007) ‘17 12 y031yS
{(1007) /v 12 urjojsay,

{(8661) 17 12 111D
((L66T) '1v 12 KoateH
(1107) *[v 12 e12pOUQ

{(1102) 77 12 SUIN

{(1102) ‘v 12 913810
{(9007) ‘v 12 ue]
1(9007) '7v 12 Seneyy
((8661) '1v 12 sery
($661) "I 12 uBWIAIL]
(£S6T) UOS[IA pue sTdg
‘(0v61) Aeumpy

W

(s)oua1gyoy

J[qe[reae
oIe sIoyIewW
VN pa3ul]
X9s [njosn
A[[ero1owuo))
‘poonpoid
are syuerd
snorooouow
10 9ypoaydeurroy
[BUOISBI0()

SIOMOY)
[enxosrun ut

uonIoqe uesio
[enxas g odA[,

1

(s)yuowro)

SOA AX
SOA AX
AX
AX
SIA AX
1 H D
9B
(sreaK uor[rur)
sowosoworyd  (ou Jo SoK)
X3s Jo o3e J1qeIA
parewnsy  (so[ewd)) MM
10 (sorew)
AA oYM

XX

XX

XX

XX

XX

d

orewo

uonisoduwod
QWOSOWOIYD X

saproun
$€ DIMWOINT  JBIJRTWWOONT /i

WOH 8¢ vsonap 'y
SISUUIYD
IWOH 8¢ pipruyop - 9BIORIPIUNOY - 9f
DUIDSLIDUID]
IWOH [43 pprusy
117124403
INOH 81 xopdiyy
$D20D.12]0
INOH 4 paopuldg  QBAJRYJUBIEWY  Gf
q a 0) g v
(S) 191TRWIS (oreWIoy : opEW sar0adg Aqwrey
10 (1) 19818] TAIN pue yuex
ouo yomym [H 10 g/N) Jequnu o10ud30[AYJ

Jrpue (LAH)
orydiowoiooy

10 (INOH)
orydiowowoy
SOUIOSOUIOIYD XOF

awosowoIy)) ug

(puod) ¢ orqer

255

Journal of Genetics, Vol. 93, No. 1, April 2014



Sushil Kumar et al.

than the largest autosome and much more larger than the X
chromosome.

There are variants of XX/XY system in which the X/Y
chromosome is present in two copies. In the liverwort
Frullania dilata, the female haploid gametophytes have
two X chromosomes. In the gymnosperm Podocarpus
macrophyllus, the respective sex chromosome composition
of females and males is X;X;X,X, and X;X,Y. Such sex
chromosome polymorphy is also the case in the angiosperm
Viscum fischeri. Contrastingly, there are two copies of Y
chromosome in the genomes of male plants of Humulus
Jjaponicus (and H. yunnanensis and H. acetosa), Rumex
acetosa (and R. intermedius, R. papillaris, R. rothschildinus,
R. tatulus and R. thyrsiflorus) and Silene diclinus.

In some species, exemplified by Carica papaya, Y chro-
mosome exists in two forms. Whereas the conventional
Y form specifies maleness, the variant Y" form renders
hermaphroditism. The trioceousness of C. papaya is shared
by Fragaria virginiana. In several plant species possess-
ing the XX/XY system, sex is influenced by the ratio of X
chromosomes to autosomes (Cannabis, Humulus and Rumex
species). In Rumex acetosa, X/A ratio of 0.5 favours male-
ness and higher values of 1-6 favour femaleness. Interest-
ingly, in certain genera/families the XX/XY and WZ/ZZ
sex chromosome systems have cooccurrence (Populus and
Silene). Whereas Populus tremuloides possesses XX/XY sex
system, the sex in its sister species P, trichocarpa is governed
by the WZ/ZZ system. In cucurbitaceous dioecious plants
such as Bryonia dioica sex expression is also influenced by
temperature of growth environment, maleness is favoured by
high temperatures in this species.

Variety in the developmental processes for
attainment of male and female unisexuality

Dioecy has evolved from hermaphroditism. The herma-
phrodite flowers posses both female organ(s) gynoecium
and male organs androecium. The unisexual flowers either
lack the functional gynoecium or androecium. The unisexual
flowers in dioecious species are divisible into two groups,
type 1 and type 2 (Diggle et al. 2011). In type 1 flowers, both
gynoecium and androecium are initiated. Subsequently, there
is abortion of development of androecium in female flowers
and that of gynoecium in male flowers. Abortion of organs
occurs at different stages of development in the unisexual
flowers of different dioecious species. The unisexual flow-
ers of type 1 species thus demonstrate considerable variation
in their structure by possessing differentially underdevel-
oped gynoecium or androecium. Coccinia indica, Dioscorea
tokoro, Phoenix dactylifera, Rumex acetosa, Silene latifolia
and Vitis vinifera exemplify type 1 species. Type 2 species
produce flowers that are initiated as unisexual. In type 2
male and female flowers, the gynoecium and androecium are,
respectively entirely absent. Cannabis sativa, Populus tri-
chocarpa and Spinacea oleracea are the examples of type 2
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species. Because unisexual flowers of type 1 dioecious
species undergo abortion of male or female organs at many
different stages of their development process (Mitchell and
Diggle 2005), it is indicated that dioecy in such species must
have evolved independently. Dioecy in type 2 species might
have also evolved independently, because the characteristics
occurs in species of many families.

Molecular basis of unisexual flower development

Considerable progress has been made towards understanding
the molecular/genetic mechanisms of hermaphrodite flower
development. In this regard information has been gathered on
the cascades of transcriptional regulation for the initiation of
flower development and combinatorial interactions between
genes for the development of male and female flower organs
identity and appendages in the vegetative whorls of the
flower (see Krizek and Fletcher 2005 for a review). Under-
standably, the genetic system for the development of male
and female organs must be superimposed by gene(s) that
promote male or female sexual organ formation and/or sup-
press the formation of the organs of alternate sex. This area
is beginning to be explored. In melon, it has been found that
interaction between the two genes, Cm ACS7 and Cm WIPI,
control whether the flowers to be formed on a plant will be
male, female or hermaphrodite. The expression of Cm WI1P1
in the differentiating flowers leads to carpel abortion and
therefore development of only the male organs in unisexual
flowers, via repression of Cm ACS7. In the flowers under-
going differentiation for female unisexuality, the Cm ACS7
gene activity represses stamen development. Under environ-
mental conditions allowing the repression of both Cm WIP]
and Cm ACS7, bisexual flowers develop in place of unisexual
flowers (Martin et al. 2009). The molecular basis of unisex-
ual flower development in monoecious and dioecious species
is an expanding area of future research.

Distinctive traits of male and female population
and their effects on the survival in dioecious species

Evolution of a dioecious species from its hermaphrodite
ancestral species leads to dimorphism between males and
females commensurate with the roles of sexes in the sur-
vival, reproduction and evolution of the species. Dimorphism
observed in dioecious plant species is much less than in ani-
mal species. The dimorphism observed between sexes of
dioecious plants usually relates to morphological, physiolog-
ical and life cycle traits affecting the expression of primary
and secondary sexual characters. The dimorphism affects dif-
ferentially the cost of production of flowers, pollination and
fruit and seeds and of seed dispersal. It also affects cost
of adaptation to the environmental gradients prevailing in
the area of distribution of the species. These factors impact
the sex ratio in dioecious species. On account of the cost
of successful reproduction and adaptation to environment,
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many dioecious plant species display distorted sex ratios.
Male-biased sex ratios are more common than female-biased
sex ratios. Pattern of expression of certain life cycle traits
in male-biased and female-biased populations of dioecious
plant species are shown in table 5. It will be seen that female
bias is favoured by optimum environment, low cost of bioac-
cumulate expenditure on reproduction, heteromorphy in sex
chromosomes and inviability of YY embryos.

Several above referred to traits of sex biased dioecious
species and others common to all dioecious species indi-
cate that dioecious species face a variety of challenges for
their survival (Kafer et al. 2013). When male flowers are
more attractive to pollinators than female flowers, in the sea-
son of low pollinator density seed formation will be scanty
(Otto and Lenormand 2002). In dioecious species seeds are
formed on only half of the population and population density
will be even more strongly affected when dioecious species
demonstrates male-biased sex ratio. It is perhaps for such
reasons that in families that comprise of both hermaphrodite
and dioecious species, the dioecious clades are species poor
as compared to the sister nondioecious clades which are
far richer in species composition (Heilbuth 2000; Heilbuth
et al. 2001). The sex-biased ratios and associated traits can
decrease population size, restrict distribution and thereby
lower the colonization rates of dioecious species, thus harm-
ing their survival in future and leading them towards extinc-
tion. All such conditions may be responsible for short life of
dioecious plant species and recurrent evolution of dioecious
species in different plant families. Dioecy has been called
as dead end (Kafer et al. 2013). Question arises what is the
role of dioecy in evolution, besides avoidance of inbreeding
depression.

Origin of sex chromosomes

Monosexuality or dioecy evolves from preexisting cosexu-
ality in the form of hermaphroditism or monoecy. In plants,
dioecy has evolved independently in numerous species of
many families (Bachtrog et al. 2011; Ming et al. 2011).
Plant possess complete sets of genes to produce gynoe-
cium (female sex organs, carpels) and androecium (male sex

organs, stamens), in the same flower in hermaphrodite and
in separate flowers on the same monoecious plant. In all
the species, genes for gynoecium and androecium develop-
ment are distributed more or less on all the chromosomes
(linkage groups) of the autosomal genomic karyotype (Kater
et al. 2001; Honys and Twell 2004; Wellmer et al. 2004).
However, the regulation of androecium genes and gynoe-
cium genes is somewhat different between hermaphrodite
and monoecious species (Zhang et al. 2005). Origin of
dioecy requires occurrence of at least two mutations in
cosexual species (Charlesworth and Charlesworth 1978a, b;
Charlesworth 1984, 1996a, b, 2012; Rice 1984, 1986, 1987a,
b, c; Negrutiu et al. 2001; Rice et al. 2008; vanDoorn and
Kirkpatrick 2010). A recessive loss-of-function mutation in
an androecium inducing gene of a linkage group allows
abortion of androecium development (for the creation of
female individuals). In the homologous linkage group a dom-
inant gain-of-function mutation allows abortion of gynoe-
cium development (for the creation of male individuals).
Since many genes acting together control the development of
androecium or gynoecium, the mutations creating males or
females may affect different genes in different species such
that the origin of dioecy could be different in different species
(Peiffer et al. 2008).

The origin of males and females in the species evolv-
ing dioecy is usually sequential, because the two muta-
tions are unlikely to occur simultaneously. When females
arise first the population of species will be gynodioecious,
hermaphrodites will get invaded by females. The process will
open opportunities of crossing between hermaphrodites and
females, allowing setting of outcrossed seeds on females,
thereby increase genetic variability in species. The inva-
sion of hermaphrodites by males (androdioecy) is thought to
be less effective in enlarging the genetic variability, unless
males outnumber hermaphrodites, produce pollen in massive
quantities or somehow allow setting of outcrossed seeds on
hermaphrodites plants. More common and easier route for
dioecy appears to be via gynodioecy.

The region on the autosome pair that carries the sex
limiting mutations has been termed as the sex determin-
ing region or SDR (figure 2). The SDR is initially very
small due to linkage between the two mutated genes/loci

Table 5. Traits associated with distortion of sex ratios in dioecious plant species (based on the surveys described in Field ef al. 2012,

2013; Barrett and Hough 2012; Hough et al. 2013).

Trait Male-biased population Female-biased population
1 Habit Woody trees and vines Herbaceous perennials
2 Habitat Stressful environment Favourable environment
3 Life cycle length Long Short
4 Self cloning ability High Low
5 Flowering Earlier and frequent Late and rare
6 Flower number High Low
7 Flower bud abortion Very low High
8 Pollination Biotic Abiotic
9 Seed dispersal Biotic Abiotic
10 Sex chromosomes Homomorphic; YY viable Heteromorphic; YY inviable
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Figure 2. Diagram of the early steps in the origin of heterogametic X and Y sex chromosomes, from a pair of autosomes (a and b). The
autosome pair to evolve into sex chromosomes has two linked loci called GYS/gys and ANA/ana which are shown to be located near to
the centromere. The two loci comprise the proto-SDR. The autosome pair undergoes a mutation each, consecutively. If one of the pair
has the mutation in GYS, the other has it in ANA. The occurrence of mutations has initiated the evolution of X and Y chromosomes
and the autosome pair has now become the proto-X/proto-Y pair. The proto-X has the recessive loss-of-function ana mutation in the
ANDROECIUM ACTIVATOR gene imparting the chromosome with female specificity. The proto-Y has the dominant gain-of-function
GYS mutation such that the GYNOECIUM SUPPRESSOR allele imparts male specificity to the chromosome. (¢) The SDR is enlarged to
show homology of sequences in between and around ANA and GYS loci in the proto-X and proto-Y chromosomes (abec...... m n). (d—f)
Conversion of proto-X and proto-Y into differentiated X and Y chromosomes. (d) In the SDR of proto-Y the sequence d to h has undergone
an inversion. This region is unaltered in ¢ to din proto-X. (e) A sequence o—v has got added between i and j in proto-Y, whereas proto-X has
remained unchanged. (f) Proto-Y has undergone another inversion. The sequences of proto-X and Y are now highly diverged thus obviating
occurrence of recombination in this differentiated SDR. Proto-Y has evolved into Y sex chromosome and the counterpart proto-X into X
chromosome. The evolution of X and Y shown here has been patterned after the origin of sex chromosomes in Carica papaya (Wang
et al. 2012; Vanburen and Ming 2013). The X and Y composition in the diagrams b and ¢ represent the sex chromosome status in Asparagus
officinalis. Centromere in between the green chromosomes arms is shown in yellow colour.
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(Bull 1983; Charlesworth 1996a, b). The maleness deter-
mining chromosome or proto-Y chromosome has the male-
ness inducing gene or ANDROECIUM ACTIVATOR (ANA)
in its wild-type state and the dominant mutation for suppres-
sion of femaleness or GYNOECIUM SUPPRESSOR (GYS).
The femaleness determining chromosome or proto-X has the
androecium aborting mutation ana and gene(s) for female-
ness development, including the gys allele. The tight linkage
of the two loci ANA and GYS makes recombination between
them rare, such that the appearance of hermaphrodite and
neuters in the progeny is minimized (Lewis 1942). Except
for the SDR, the proto-X and proto-Y are homomorphic and
retain their autosomal structure. This method of origin of het-
erogametic XY system is exemplified by C. papaya (Yu et al.
2008a, b, 2007) and Silene latifolia. The SDR of S. latifo-
lia Y chromosome has three loci essential for dioecy, GYS
and ANA 1 and ANA2 for early and late androecium develop-
ment, respectively (Westergaard 1958; Grant et al. 1994a, b;
Lardon et al. 1999).

The female heterogametic system WZ seen in Populus
trichocarpa (Yin et al. 2008) and Fragaria virginiana
(Spigler et al. 2008) is relatively rarer than the XY sys-
tem. Female heterogamety is thought to arise from dioecious
ancestors bearing the XY heterogametic system.

In some plant species, exemplified by Bryonia dioica, sex
determination is a result of genotype—environment interac-
tion. In B. dioica, an environmental trigger such as high tem-
perature is required to induce ANA. Presumably, in this sys-
tem ANA is not expressed constitutively. Dominant mutation
in the promoter of ANA leading to constitutive expression
of ANA is a requirement for environmental intervention, free
sex determination. It has been observed in animal systems
that a dominant feminizing mutation in the gene correspond-
ing to F'YA of plants leads to independence of ZW system
from environmental effects on sex determination (Bull 1983;
Valenzuela 2004; Quinn et al. 2007).

Development of heteromorphy between sex
chromosomes

The major steps involved in the pronounced molecular and
morphological differentiation of X and Y, Z and W, and
U and V chromosomes are outlined in figures 2—4. These
include (i) changes in the structure of SDR for the sup-
pression of recombination in the SDR of enlarged size, (ii)
accumulation of genes/alleles that favour sex limitation in
X and Y chromosomes, and (iii) accumulation of deleteri-
ous gene, repeat and satellite sequences and transposable ele-
ments in SDR of Y chromosome. In the proto-X and proto-
Y chromosomes (typical ones shown in figure 2) the SDR
comprises of essential genetic elements for dioecy, ANA and
GYS loci closely linked to each other in the pericentromeric
region. Recombination between them is decreased by occur-
rence of sequence rearrangements in the SDR of Y chromo-
some. Inversion, addition and deletion events can change the
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sequence between and around ANA4 and GYS such that recom-
bination is unlikely to occur. In the process SDR enlarges
and differentiates making recombination within it untenable.
However, recombination would continue to occur between X
and Y chromosomes outside of SDR in the region on two
arms called pseudoautosomal region (PAR). Y chromosome
continues to carry many genes in their active state within
and outside SDR, whereas X chromosome has almost all the
genes present in ancestral autosome.

Further, differentiation of X and Y chromosomes is
accelerated by two processes, one that further special-
izes X and Y chromosomes for their unisexual role in
dioecy and second that promotes divergence of Y from
X by accumulation of deleterious genetic changes. SEXU-
ALLY ANTAGONISTIC (SA4) genes/alleles are added on to
X chromosome. Their presence altogether aborts androe-
cium from females and increases fitness in females. Com-
plementally, ANDROECIUM POTENTIATOR (ANP) genes
(previously called male fertility genes M2 in relation to
dioecy in animals, Charlesworth and Charlesworth 1978a,
b; Charlesworth 1991) are added on to Y chromosome. The
ANP genes have a potentiating effect on androecium devel-
opment in males and increase their fitness. The S4 and
ANP genes initially part of different autosomes get rear-
ranged proximal to ANA and GYS loci in SDR of X and
Y by means of translocations of small size. The translo-
cations may bring beneficial or deleterious genes linked
to SAs and ANPs. Irrespectively, the presence of S4s and
ANPs boosts the sex limitation gene complex on X and Y
chromosomes.

SDRs of X and Y diverge also by accumulation of dele-
terious sequences on Y chromosome. Because its ancestor
was an autosome, Y chromosomes carries many genes which
are involved in diverse functions, and some genes which are
essential for gametogenesis, formation of pollen and partici-
pation of pollen in double fertilization. The inessential genes
may accumulate mutations making them nonfunctional. A
variety of satellite sequences and repeat sequences, includ-
ing transposable elements also get accumulated on Y chro-
mosome. Intrachromosomal recombination events between
repeat elements may cause enlargement, deletion and rear-
rangements of repeat and intervening sequences. The dele-
terious sequences do not get deleted from Y in the absence
of recombination between SDRs of Y and X chromo-
somes. However, intrachromosomal recombinational rear-
rangements (ectopic recombination) can occur.

The structures of heteromorphic Y chromosomes known
in dioecious species demonstrate considerable variation in
the pattern of their evolution of the kind delineated above
(figures 3 and 4). Silene latifolia Y chromosome is much
larger than its X counterpart; it has abundance of repeat ele-
ments (figure 3). In Cycas revoluta, X chromosome is larger
than Y chromosome; its Y presumably suffered an intrachro-
mosomal recombinational deletion (figure 3). Some popula-
tions of Rumex acetosa have lost Y chromosome and in them
X-to-autosome ratio type of new mechanism has evolved

259



Sushil Kumar et al.

GYS ANA

=
Y

gys ana

ANP1 ANP2 ANP3

<
-

SA1 SA2 * SA3
ANP1 ANP2 ANP3
y /ITHEL] O | .
SA1 SA2 SA4 SA3 SAS5
ANP1 ANP2 ANP3
Ch

=

SA1 SA2 SA4 SA3 SAS

<€

<
>
o
o
P
®
<1
®

Y
X

€

Figure 3. Diagrammatic representation of typical degenerative changes in the heterogametic Y chromosome that direct the evolution
of variants of XY sex chromosome system, prevalent in some model dioecious plant species. (a) The X and Y chromosomes of the
stage F of figure 2 in which SDR sequences of X and Y have extensively differentiated and therefore recombination is suppressed in
the SDR. (b) The SDR in Y chromosome have enlarged by gaining repeat elements/transposons and noncoding sequences at different
locations on both the arms (red colour). It has also accumulated several ANDROECIUM POTENTIATOR (ANP) alleles that are beneficial
for maleness and detrimental for femaleness. The X chromosome has gained several SEXUALLY ANTAGONISTIC (SA) alleles that favour
femaleness and antagonize maleness. X is relatively free of the repeat elements. (ca and cb) Whereas the structure of X is same as in b
(euchromatic, green coloured), the Y has accumulated more of transposon elements and noncoding sequences on both arms which have
increased its heterochromatization (shown in blue colour), saving PAR at the ends of chromosomal arms as euchromatin (green colour). ca
and cb represent the X and Y heteromorphism as noted in Silene latifolia (table 1). (d) Ectopic recombination events between the repeat
elements of same sequence have shortened the heterochromatized/degenerated SDR on both the arms of Y chromosome. Now X and Y
heteromorphic such that Y is smaller than X. This condition mimics the XY system revealed in Cycas revoluta (table 1). (e and f) Loss of
the Y chromosome. (¢) The SDR of Y shown in d has acquired a translocation from an autosome (red colour) in the right arm. It has also
gained homologous TE sequences on the two arms (red colour). Ectopic recombination between the homologous TEs on two arms creates
a centromeric ring chromosome and an acentric rod chromosome both liable to lose during cell division(s). Y thus gets aborted. (f) X0
system is born. An example of it has been reported in some populations of Rumex acetosa.
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XY1Y2 type of heterogametic sex determination system is known in several species of Rumex and Humulus (table 1). The diagramme is a
modification of that given by Vyskot and Hobza (2004) for the sex chromosome system in Rumex acetosa.

(figure 3; Ming ef al. 2011). Presumably, in this system for-
mation of a centromeric ring and an acentric chromosome
due to intrachromosomal ectopic recombination has led to
loss of Y chromosome. In some other populations of R. ace-
tosa and in Humulus acetosa, two Y chromosomes have
replaced the conventional Y (figure 4; Rejon et al. 1994;
Shibata et al. 1999). Here, fission of Y at centromere led
to formation of isochromosomes from the two arms of Y.
The isochromosomes later lost segments of arms so that nor-
mal disjunction could occur at meiosis from the triad formed
by X, Y1 and Y2 chromosomes from pairing between their
PARs.

Degeneration in the heterogametic sex
chromosomes

The Y, W, U and V chromosomes degenerate progres-
sively from the time of their inception (until they are lost)
by occurrence of loss-of-function mutations in their genes.
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Mutations such as base transitions, transversions, additions
and deletions, insertion of repeat sequences such as trans-
posons and deletion or rearrangement of sequences dis-
rupt function of gene(s), in the absence of mechanisms
for repair or replacement (Muller’s ratchet, Muller 1964;
Felsenstein 1974). The deleterious alleles do not get lost
or recombined out due to suppression of recombination
between X and Y, W and Z and U and V chromosomes
in their SDRs. In each of the three heterogametic sys-
tems, some genes in the SDR are retained in their func-
tional states. These include genes for pollen formation and
pollen tube growth for double fertilization on Y chromo-
somes of angiosperms and genes for the growth of hap-
loid thalli in U and V chromosomes of bryophytes (Lardon
et al. 1999; Yamato et al. 2007). The principal reason for
the degeneration of heterogametic sex chromosomes is loss
of function in their genes not essential for dioecy due to
suppression of recombination (Charlesworth 2009, 2012).
Nonviability of YY embryos is an indication of ample Y
degeneration.
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Transition of XY into ZW system

The XY sex determination system can transition into WZ
system. This is indicated by presence of both XY and WZ
systems in different species of angiosperm genera Silene and
Populus. Transition can occur readily if two conditions are
met by the dioecious species to undergo XY to WZ transition
(Bull 1983; Hillis and Green 1990; Mank et al. 2006; Kaiser
and Bachtrog 2010). (i) The heterogametic Y chromosome
must not have undergone high levels of degeneration. (ii) The
karyotype should preferably be paleo-polyploidal. As shown
in figure 5, a chromosome homologous to the ancestral X will
already have ANA and gys alleles. This autosome to convert
into a W chromosome will acquire a SA4 gene, if already not
present, and the dominant gain-of-function mutation GYA.
Whereas S4 will antagonize ANA, GYA will antagonize GYS
and promote the expression of femaleness (gynoecium devel-
opment) in WZ females. In the transitioned system preexist-
ing Y will serve as the Z chromosome. The WZ bearers will
be monosexual females bearing gynoecium producing flow-
ers and ZZ bearers will be males producing stamen bearing
flowers. In this model, X chromosome bearing SA4, ana and
gys alleles can be directly hijacked by occurrence on it of
GYA mutation to become W chromosome. Such transitions
do not demand presence of paleo-polyploidic karyotype in
the species. A new question has arisen as to whether XY to
WZ transition can occur back and forth. Theoretically such
transitions seem possible. If the W chromosome looses from
its SDR the GYA4 allele and retains ana, gys and SA4 alleles,
the W can get converted into X chromosome. — XY — WZ
— XY — transitions may be a mechanism to prolong the life
of dioecy in a lineage.

It is visualized that XY and WZ systems of sex deter-
mination can coexist in different populations of a species
and that interbreeding between members of the XY and WZ
populations will result in fertile progeny.

X1X2Y and X1X2Y1Y?2 variants of XY system
of sex determination

Autopolyploidization in a species already having the XY
system will double the number of X and Y chromosomes
like that of autosomes. Since the dosage of X: Y: auto-
somes in male tetraploids and X: autosomes in female
tetraploids will be in conformity of corresponding diploids,
sex determination in diploids and tetraploids will be identi-
cal. Two examples (table 1) known are the tetraploid variety
Cordifolius (2n = 40) of Humulus luplus (2n = 20)
and natural tetraploid Dioscorea floribunda (2n = 40). In
Bryonia, the diploid species B. dioica, tetraploid species
B. marmorata and hexaploid species B. cretica are all
dioecious (Volz and Renner 2008). Polyploidizations in dioe-
cious lineages alone lead to multiple presence of sex chromo-
somes; if dioecy arises postpolyploidization single XY pair
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may be responsible for maleness as in the octaploid Rumex
acetocella (Cunado et al. 2007). In Viscum fischeri, the
males and females have, respectively the genotype X1X2Y
and X1X1X2X2. It is visualized that a mechanism analo-
gous to that which made possible generation of two differ-
ent chromosomes (figure 4) can also create two different X
chromosomes.

Age of sex chromosomes in dioecious plants

Heterogametic sex chromosomes Y and W of plants are of
much recent origin than in some animals. Most ancient are
the Y chromosomes of mammals that have been evolving
for more than 250-300 million years ago (mya) (Skaletsky
et al. 2003; Charlesworth 2012). Human Y chromosome is
only one-third in size as compared to its counterpart X, con-
tains only 78 genes (single or in multiple copies) and has
become highly degraded (Skaletsky et al. 2003). The oldest
Y chromosome in plants may be at least 10 times younger.
Y chromosomes of some species in Silene (Bergero and
Charlesworth 2011; Muyle ef al. 2012; Rautenberg et al.
2012; Sousa et al. 2013) and Rumex (Blocka-Wandas et al.
2007) are estimated (Gaut 1998) to have originated less than
30 mya. The age of Y chromosomes in Carica papaya (Wang
et al. 2012) and Coccinia indica (Holstein and Renner 2011;
Sousa et al. 2013) have been estimated to be less than 7 mya.
Plant W chromosomes are of more recent origin, less than
1 mya; exemplified by Fragaria virginiana (Spigler et al.
2008), here recombination occurs between the sex determin-
ing genes. The Y, W, U and V sex chromosomes of plants
are to a degree protected against degeneration because some
of their genes are required to be expressed at the gameto-
phyte stages (Bachtrog et al. 2011). Despite this protective
mechanism, Y chromosomes of Rumex species have under-
gone extensive heterochromatization and loss of function
(Spielman et al. 2001; Navajas-Perez et al. 2005a, b, 2006;
Cunado et al. 2007; Mariotti et al. 2009). Fact that mam-
malian Y chromosomes are surviving despite their origin
~250 mya means that there may be diverse mechanisms that
prolong the life of Y and W chromosomes in animals and
plants. Early amplification of essential genes is a mechanism
of Y protection (Skaletsky et al. 2003). Trafficking of ben-
eficial genes from autosomes to Y and deletion of deleteri-
ous loci from Y are identified to be two such mechanisms
(Charlesworth and Charlesworth 2000; Ishizaki et al. 2002;
Ma et al. 2004; Tanurdzic and Banks 2004; Bergero et al.
2007, 2008a, b; Yamato et al. 2007; Yin et al. 2008; Oyama
et al. 2009; Spigler et al. 2010, 2011; Charlesworth 2012;
Sackton and Hartl 2013; Vanburen and Ming 2013). Enlarge-
ment of PAR via translocations from autosomes may have
role in providing viability and fitness to Y and W chromo-
somes for their long life (Carvalho 2002; Vellender and Lahn
2004; Bergero et al. 2007; Otto et al. 2011; Charlesworth
2012; Bergero et al. 2013).
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Homologues

Y X autosomes
a
SA
GYA
ANA ana ANA ANA
GYS gys gys gys
| z W !
I I
SA b
GYA
ANA ANA
GYS agys
| i
|

Z Z Z w
c
SA
GYA
ANA ANA ANA ANA
GYS GYS GYS gys

Figure 5. Delineation of a mechanism by which a XY sex determining system can transition into a WZ system. (a) On the left side an
XY sex chromosome pair is shown. The Y chromosome (blue colour) carries the maleness promoting dominant alleles ANA and GYS and
the X chromosome (green colour) has the ana and gys recessive alleles. On the right hand side are shown a pair of autosomes (brown
colour) one number of which is to be recruited as the W chromosome (darker brown colour). Both the autosomes carry their naturally
present ANA and gys alleles. The chromosome to become W acquires two more alleles, a SEXUALLY ANTAGONISTIC (SA) allele and
a GYNOECIUM ACTIVATOR (GYA) allele, to become genetically tailored for promoting femaleness. The XY sex chromosomes and the
autosomal chromosome pair are simultaneously present in the germline of the species undergoing XY to WZ transition. (b) The fertilization
process has brought together in embryo the preexisting Y (now rechristened as Z) and the S4 and GYA4 modified female specific chromosome
now called W. The individual carrying WZ chromosomes now is a female. (c¢) Breeding between WZ female and XY or XZ males produces
77 male and ZW female progeny. ZZ and WZ will now invade the population which hitherto comprised of XY and XX individuals and
establish WZ system in the species. The diagram schematizes the origin of WZ heterogametic sex determining system prevailing in the
genera Populus and Silene whose different species carry either XY system or WZ system of sex determination (table 1).
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Lessons from the model dioecious species

At this time, relatively more information is available about
the molecular genetics of dioecy in five plant species
Carica papaya, Silene latifolia, Rumex acetosa and Fragaria
virginiana and Populus trichocarpus (arranged in decreas-
ing order of available information) than in other species.
Some of the important information is summarized in table 6.
Following lessons were comprehendable from the analyses
of dioecy in species listed in table 6. (i) To maintain the
genome of dioecious species in a condition such that recom-
bination can continue to occur in SDR of sex chromosomes
is identified as the means to keep dioecy young. It is envis-
aged that the species will have efficient DNA repair and
meiotic recombination mechanisms and other processes that
restrict invasion of genome by repeat elements, negate ampli-
fication and movement of repeat elements and allow their
deletion. (ii) Maximization of the PAR in sex chromosomes
via duplication of genes inherited from ancestral autosomes
and translocations of genes from other autosomes, especially
those that are activators of other genes borne on autosomes
are also means for increasing the life of Y and W chromo-
somes. (iii) Features such as ploidy level, gene content of
whole genome and that of autosome ancestors of sex chro-
mosomes and nature of repeat elements that have invaded the
genome at the time of inception of sex chromosomes, loca-
tion of SDR on sex chromosomes and schedule and nature
of mutations and sequence rearrangements that occurred in
SDR are important determinants of the path that Y takes in its
degradative evolution. Some paths may provide longer life to
Y than others. (iv) Each dioecy has its own path of progres-
sion and life. (v) Since life of a dioecy is determinate, there
is recurrent evolution of dioecy.

Correspondence between dioecious systems
of animals and plants

As compared to plant kingdom, the animal kingdom is pre-
dominantly dioecious (Tanurdzic and Banks 2004). The rea-
son for this difference is not understood. However, it will
be seen from the table 7 that animal and plant dioecious
species share most of the important features relating to ori-
gin and functioning of dioecy, evolution of sex chromo-
somes and degeneration of the heterogametic sex chromo-
somes. Dioecy in vertebrate animals is 300 million year old
and the oldest among plants is not more than 30 million
year (for reviews see Bachtrog et al. 2011; Charlesworth
2012). The large difference indicates that the average life of
plant heterogametic sex chromosomes is rather small, per-
haps about 10 million year. In both animals and plants Y
and W chromosomes degenerate because of the same pro-
cess, the Muller’s ratchet. They lose genes inherited from
ancestral autosome by various kinds of mutations in them
and accumulate retrotransposons and a variety of other repeat
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sequences. Apparently heterogametic sex chromosome or Y
chromosome degeneration occurs faster in plants than in ani-
mals. Biotic and abiotic stresses are known to lead to accu-
mulation of repeat sequences and mutations by causing loss
of cytosine methylation from genome. The transposons get
induced and demethylated cytosines serve as hot spots for
mutations to occur (see for a review Kumar et al. 2013a).
Plants being sessile, they get exposed to stress much more
than animals. Greater exposure to stress may be one reason
for the shorter life of Y chromosome in plants. The other
reasons may concern the nature of genomic karyotype and
gene content of autosomes that serve as ancestors of sex
chromosome. It is known that in vertebrates same autosomes
have served as the ancestral chromosomes for sex chromo-
somes in many species of different genera (Graves 2006;
Ezaz et al. 2006; Graves and Peichel 2010). Acquirement in
Drosophila melanogaster Y chromosome of genes that pos-
itively regulate autosomal genes in tissue-specific manner is
also a means to increase the life of Y chromosome (Sackton
and Hartl 2013). Interestingly, all species of 55 genera of the
plant family Salicaceae are dioecious. In the species of the
genera Populus and Salix that have been studied, recombina-
tion continues to occur in the SDR (Yin et al. 2008; Tuskan
et al. 2012). In species where Y continues to be young for
long period, the DNA repair and meiotic recombination pro-
cess may be highly proficient. Why the life of plant Y chro-
mosomes is shorter than say primate Y chromosomes is a
mystery?

Evolutionary future of dioecy

Dioecy promotes outbreeding and thereby increase in
genetic variation. It supposedly arises in species suffer-
ing from inbreeding depression due to selffertilization in
hermaphrodite flowers. Origin of dioecy is thought to be
independent in each species (Diggle ef al. 2011; McDaniel
etal.2012; Kafer et al. 2013). Dioecious species face extinc-
tion on account of degeneration of their heterogametic sex
chromosomes (Bachtrog er al. 2011; Kafer et al. 2013).
Extinction is delayed for various periods of time by means
of a variety of process that allow the essential genes of SDR
to remain functional and/or continuance of genetic recom-
bination in PAR of sex chromosomes. The fossil evidence
indicates that plant and animal species have gone extinct
due to their maladaptation to changes in the environment of
their habitat (reviewed in Kumar 2007). What happens to
the dioecious species whose heterogametic sex chromosomes
are undergoing degeneration, but species are not facing any
destructive environmental change, is an open question? Do
the dioecious species simply die out or do they hybridize
with other species and pass on their genome to new species?
Evolution of dioecy may be a component of the cycle:
— new species — dioecious species — new species —
(figure 6).
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Figure 6. A scheme of the hypothesized evolutionary cycle for the sequential origin of plant species via the intermediacy of dioecy. A new
species arises as a segregant from an ancestral interspecies hybrid having undergone a fertility ensuring whole genome duplication. Initially,
despite the hermaphroditic sexual system, the species is rich in genetic variation. In time, genotype—environment led selections and selfing
of hermaphrodite flowers cause inbreeding depression in the species. Advent of dioecy in the species brings relief in the form of increase
in genetic variation because of unisexuality promoted outcrossing. A variety of mechanisms increase the life of dioecy. However, the
degeneration of heterogametic sex chromosome takes the dioecious species towards extinction. Since the vitality of male sex has weakend,
the females get crossfertilized with the pollen of foreign species. Successful hybrid so formed becomes the resource for the origin of one
or more species. The cycle new species — dioecy — new species ensures dispensation of the degenerated chromosome(s).

Interspecific or intergeneric hybridizations followed by
partial or whole genome duplication and biased retention
of duplicated genes/chromosomal regions has been identi-
fied as the principal mechanism of evolution of angiosperm
species and diversification of angiosperm lineages (De Bodt
et al. 2005; Thomas et al. 2006; Magdum ef al. 2013; Kumar
et al. 2013b). The interspecies hybrids combine genomic
contents of two parental species. Besides, their new genome
undergo DNA demethylation due to genetic shock rendered
by hybridity (reviewed in Kumar et a/. 2013a). Genome scale
demethylation allows amplification and movement of repeat
elements and occurrence of all kinds of point and rearrange-
ment mutations at the demethylated cytosine sites. Segregat-
ing populations of hybrids demonstrate considerable kary-
otypic variability and are therefore resources for one or more
species via duplication of genomic karyotype(s) of original
hybrid and/or of segregants, followed by selection for adap-
tation to environment and fertility. Initially, the populations
of new species will be rich in genetic variation. In time, exer-
cise of selective forces on the species may force them into
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dioecy. Presumably, genomes are tailored to give rise to new
species via dioecy as the intermediate stage.

Applications in crop agriculture

In comparison to the hermaphrodite and monoecious species,
dioecious species provide more controlled and efficient sys-
tem for cross pollination to exploit hybrid vigour. Dioecy
also offers possibilities of raising unisexual female or male
plants in excess of the other. Since fruits are formed on
female plants, production cost of fruits can be lowered by
raising more female plants, by ensuring the pollination of
female flowers. Another possible application is to produce
seedless fruits, in crops like date palm and papaya. This will
require induction of tetraploidy and a method for microprop-
agation of tetraploid females. Seedless fruits may form on
tetraploid female plants by fertilization of their flowers with
pollen from diploid males. Attempts need to be made to
develop technology for seedless watermelon, pumpkin and
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Benincasa hispida fruits. The means could be via crossing
them with nearest dioecious species and repeated backcross-
ing of the unisexual segregants to the economically impor-
tant species to obtain suitable male and female lines. Sub-
sequently, tetraploid female lines could be developed for
bearing the triploid fruits.

Acknowledgements

Grateful thanks are due to Indian National Science Academy for the
grant of position of Honorary Scientistship to SK.

References

Agrawal V., Sharma K., Gupta S., Kumar R. and Prasad M. 2007
Identification of sex in Simmondsia chinensis (jojoba) using
RAPD markers. Plant Biotechnol. Rep. 1,207-210.

Ahmadi H. and Bringhurst R. 1991 Genetics of sex expression in
Fragaria species. Am. J. Bot. 78, 504-514.

Akimoto J., Fukuhara T. and Kikuzawa K. 1999 Sex ratios
and genetic variation in functionally androdioecious species,
Sehizopepon bryoniaefolius (Cucurbitaceae). Am. J. Bot. 86,
880-886.

Albert A. Y. K. and Otto S. P. 2005 Sexual selection can revolve sex
linked sexual antagonism. Science 310, 119-121.

Al-Dous E., George B., Al-Mahmoud M. E., Al-Jaber M. Y., Wang
H., Salameh Y. M. et al. 2011 De novo genome sequencing and
comparative genomics of date palm (Phoenix dactylifera). Nat.
Biotech. 29, 521-527.

Al-Mahmoud M., Al-Dous E. K., Al-Azwani E. K. and Malel J.
A. 2012 DNA based essays to distinguish date palm (Arecaceae)
gender. Am. J. Bot. 99, E7-E10.

Alexandrov O. S., Divashuk M. G., Yakovin N. A. and Karlov G.
I. 2012 Sex chromosome differentiation in Humulus japonicus
Siebold Zuccarini, 1846 (Cannabaceae) revealed by fluorescence
in situ hybridization of sub-telomeric repeat. Comp. Cytogen. 6,
239-247.

Allen C. E. 1930 Inheritance in a hepatic. Science 71, 197-204.

Alstron-Rapaport C., Lascoux M., Wang Y. C., Roberts G. and
Tuskan G. A. 1998 Identification of RAPD marker linked to sex
determination in the basket willow (Salix viminalis L.). J. Hered.
89, 44-49.

Ashman T. L. 2003 Constraints on the evolution of males and sex-
ual dimorphism: field estimates of genetic architecture of repro-
ductive traits in three population of gynodioecious Fragaria
virginiana. Evolution 57, 2012-2025.

Ashman T. L. 2005 The limits of sexual dimorphism in vegetative
traits in a gynodioecious plant. Am. Nat. 166, s5—s16.

Atanassov 1., Delichere C., Filatov D. A., Charlesworth D.,
Negrutiu I. and Monéger Frangoise 2001 A putative monofunc-
tional fructose-2,6-bisphosphatase gene has functional copies
located on the X and Y sex chromosomes in white campion
(Silene latifolia). Mol. Biol. Evol. 18, 2162-2168.

Bachmann B. J. 1983 Linkage map of Escherichia coli K12, edition
7. Microbiol. Rev. 47, 180-230.

Bachtrog D. 2006 Expression profile of a degenerating neo-Y
chromosome in Drosophila. Curr. Biol. 16, 1694—1699.

Bachtrog D. 2008 The temporal dynamics of processes underlying
Y chromosome degeneration. Genetics 179, 1513—-1525.

Bachtrog D., Hom E., Wong K. M., Maside X. and Jong P. D. 2008
Genomic degradation of a young Y chromosome in Drosophila
miranda. Genome Biol. 9, R30.

Bachtrog D. and Charlesworth B. 2002 Reduced adaptation of a
non-recombining neo-Y chromosome. Nature 416, 323-326.

Journal of Genetics, Vol. 93, No. 1, April 2014

Bachtrog D. and Gordo 1. 2004 Adaptive evolution of asexual pop-
ulations under Muller’s ratchet. Evol. Int. J. Org. Evol. 58, 1403—
1413.

Bachtrog D., Kirkpatrick M., Mank J. E., McDaniel S. F., Pires J.
C., Rice W. and Valenzuela N. 2011 Are all sex chromosomes
created equal? Trends Genet. 27, 350-357.

Banerjee N. S., Manoj P. and Das M. R. 1999 Male-sex-associated
RAPD markers in Piper longum L. Curr. Sci. 77, 693—695.

Barlow B. A. and Weins D. 1976 Translocation heterozygosity and
sex ratio in Viscum fischeri. Heredity 37, 27—40.

Barrett S. C. H. and Hough J. 2012 Sexual dimorphism in flowering
plants. J. Exp. Bot. 64, 67-82.

Bartkowiak E. 1971 Mechanism of sex determination in Rumex
hastatulus-D. Theor. Appl. Genet. 41, 320-326.

Bemis W. P. and Wilson G. B. 1953 A new hypothesis explain-
ing the genetics of sex determination in Spinacea oleracea L. J.
Hered. 44, 91-95.

Bergero R. and Charlesworth D. 2011 Preservation of Y-
transcriptome in a 10-million-year-old plant sex chromosome
system. Curr. Biol. 21, 1470-1474.

Bergero R., Forrest A., Kamau E. and Charlesworth D. 2007 Evolu-
tionary strata on the X-chromosome of the dioecious plant Silene
latifolia: Evidence from new sex-linked genes. Genetics 175,
1945-1954.

Bergero R., Charlesworth D., Filatov D. A. and Moore R. C. 2008a
Defining regions and rearrangements of the Silene latifolia Y
chromosome. Genetics 178, 2045-2053.

Bergero R., Forrest A. and Charlesworth D. 2008b Active minia-
ture transposons from a plant genome and its non-recombining Y
chromosome. Genetics 178, 1085-1092.

Bergero R., Qiu S., Forrest A., Borthwick H. and Charlesworth D.
2013 Expansion of pseudoautosomal region and ongoing recom-
bination suppression in the Silene latifolia sex chromosomes.
PLoS Genet. 113, 150755.

Bernasconi G., Antonovics J., Biere A., Charlesworth D., Delph L.
F., Filatov D. et al. 2009 Silene as a model system in ecology and
evolution. Heredity 103, 5-14.

Bhardwaj M. and Eckert C. G. 2001 Functional analysis of syn-
chronous dichogamy in flowering bush Butomus umbellatus
(Butomaceae). Am. J. Bot. 88, 2204-2213.

Biffi R, Restivo F. M. and Tassi F. 1995 A restriction fragment
length polymorphism probe for early diagnosis of gender in
Asparagus officinalis L. Hortic. Sci. 30, 1463—1464.

Birdsell J. and Wills C. 1996 Significant competitive advantage
confirmed by meiosis and syngamy in the yeast Saccharomyces
cerevisiae. Proc. Natl. Acad. Sci. USA 93, 908-918.

Blavet N., Blavet H., Cegan R., Zemp N., Zdanska J., Janousek
B. et al. 2012 Comparative analysis of a plant pseudoautoso-
mal region (PAR) in Silene latifolia with the corresponding S.
vulgaris autosome. BMC Genomics 13, 226.

Blocka-Wandas M., Sliwinska E., Grabowska-Joachimiak A.,
Musial K. and Joachimiak A. J. 2007 Male gametophyte devel-
opment and two different DNA classes of pollen grains in Rumex
acetosa L., a plant with an XX/XY Y2 sex chromosome sys-
tem and a female-biased sex ratio. Sex. Plant Reprod. 20, 171—
180.

Bull J. J. 1983 Evolution of sex determining mechanism, pp. 316.
Benjamin-Cummings, Menlo Park, USA.

Carroll S. B. and Mulcahy D. L. 1993 Progeny sex ratios in dioe-
cious Silene latifolia (Caryophyllaceae). Am. J. Bot. 80, 551—
556.

Carvalho A. B. 2002 Origin and evolution of the Drosophila Y
chromosome. Curr. Opin. Genet. Dev. 12, 664—668.

Charchar F. J., Syartman M., El-Mogharbel N., Ventura M., Kirby
P., Matarazzo M. R. et al. 2003 Complex events in the evolution
of the human pseudoautosomal region 2 (PAR 2). Genome Res.
13, 281-286.

269



Sushil Kumar et al.

Charlesworth D. 1984 Androdioecy and the evolution of dioecy.
Biol. J. Linn. Soc. 22, 333-348.

Charlesworth B. 1991 The evolution of sex-chromosomes. Science
251, 1030-1033.

Charlesworth B. 1996a The evolution of chromosomal sex determi-
nation and dasage compensation. Curr. Biol. 6, 149-162.

Charlesworth B. 1996b The evolution of chromosomal sex determi-
nation and dosage complementation. Curr. Biol. 6, 149—162.

Charlesworth B. 2002 Plant sex determination and sex chromo-
somes. Heredity 88, 94—101.

Charlesworth B. 2009 Fundamental concepts in genetics: effective
population size and patterns of molecular evolution and variation.
Natl. Rev. Genet. 10, 195-205.

Charlesworth B. and Charlesworth D. 1978a A model for the
evolution of dioecy and gynodioecy. Am. Nat. 112, 975-997.

Charlesworth B. and Charlesworth D. 2000 The degeneration of
Y chromosomes. Philos. Trans R. Soc. Lond. B. Biol. Sci. 355,
1563-1572.

Charlesworth D. 2012 Plant sex chromosome evolution. J. Exp. Bot.
64, 405-420.

Charlesworth D. 2013 Plant sex chromosome evolution. J. Exp. Bot.
64, 405-420.

Charlesworth D. and Charlesworth B. 1978b Population genetics of
partial male-sterility and the evolution of monoecy and dioecy.
Heredity 41, 137-153.

Charlesworth D. and Mank J. E. 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.

Charlesworth D., Charlesworth B. and Marais G. 2005 Steps in the
evolution of heteromorphic sex chromosomes. Heredity 95, 118—
128.

Chen C. X., Yu Q., Hou S., Li Y., Eustice M., Skelton R. L.
et al. 2007 Construction of a sequence-tagged high-density
genetic map of papaya for comparative structural and evolution-
ary genomics in brassicales. Genetics 177, 2481-2491.

Chen R. Y., Song W. Q. and Li X. L. 1987 Study on the sex
chromosomes of Ginkgo biloba. Proc. Sino-Jap. Symp. Plant
Chromosome Res. 381-386.

Cherif E., Zehdi S., Castillo K., Chabrillange N., Abdoulkader S.,
Pintaud J. C. et al. 2013 Male specific DNA markers provide
genetic evidence of an XY chromosomal system, a recombination
arrest and allow the tracing of paternal lineage in date palm. New
Phytol. 197, 409-415.

Chibalina M. and Filatov D. 2011 Plant Y chromosome degener-
ation is retarded by haploid purifying selection. Curr. Biol. 21,
1475-1479.

Costantini L., Battilana J., Lamaj F., Fanizza G. and Grando M.
S. 2008 Berry and phenology-related traits in grapevine (Vitis
Vinifera L.): From quantitative trait loci to underlying genes.
BMC Plant Biol. 8, 38.

Costich D. E. and Meagher T. R. 1992 Genetic variation in
Ecballium elaterium: Breeding system and geographic distribu-
tion. J. Evol. Biol. 5, 589—601.

Cunado N., Navajas-Perez R, de la Herran R., Ruiz Rejon C.,
Ruiz Rejon M., Santos J. L. and Garrido-Ramos M. A. 2007
The evolution of sex chromosomes in the genus Rumex (Polygo-
naceae): Identification of a new species with heteromorphic sex
chromosomes. Chromosome Res. 15, 825-832.

Danilova T. V. and Karlov G. 1. 2006 Application of inter sim-
ple sequence repeat (ISSR) polymorphism for detection of sex-
specific molecular markers in hop (Humulus lupulus L.). Euphyt-
ica 151, 15-21.

De Bodt S., Maere S. and Van de Peer Y. 2005 Genome duplication
and the origin of angiosperms. Trends Ecol. Evol. 20, 591-597.
Delph L. F., Amtz A. M., Scotti-Saintagne C. and Scotti I. 2010 The
genomic architecture of sexual dimorphism in the dioecious plant

Silene latifolia. Evolution 64, 2873-2886.

270

Deng C. L., Qin R. Y., Wang N. N., Cao Y., Gao J., Gao W. J. and
Lu L. D. 2012 Karyotype of asparagus by physical mapping of
458 and 5S rDNA by FISH. J. Genet. 91, 209-212.

Deputy J. C., Ming R., Ma H., Liu Z., Fitch M. M., Wang M. et al.
2002 Molecular markers for sex determination in papaya (Carica
papaya L.). Theor. Appl. Genet. 106, 107-111.

Desfeux O., Maurice S., Henry J. P., Lejeune B. and Gouyon P.
H. 1996 Evolution of reproductive systems in the genus Silene.
Proc. R. Soc. London, Ser. B. 263, 409-414.

Diggle P. K., Di Stilio V. S., Gschwend A. R., Golenberg E. M.,
Moore R. C., Russell J. R. and Sinclair J. P. 2011 Multiple devel-
opmental processes underlie sex differentiation in angiosperm.
Trends Genet. 27, 368-376.

Di-Stilio V. S., Kesseli R. V. and Mulcahy D. L. 1998 A pseudoau-
tosomal random amplified polymorphic DNA marker for the sex
chromosomes of Silene dioica. Genetics 149, 2057-2062.

Divashuk M. G., Alexandrov O. S., Kroupin P. Y. and Karlov G.
I. 2011 Molecular cytogenetic mapping of Humulus lupulus sex
chromosomes. Cytogenet. Genome Res. 134, 213-219.

Donnison I. S., Siroky J., Vyskot B., Saedler H. and Grant S.
R. 1996 Isolation of Y chromosome-specific sequences from
Silene latifolia and mapping of male sex-determining genes using
representational difference analysis. Genetics 144, 1893-1901.

Dorken M. E. and Barrett S. C. 2004 Sex determination and
the evolution of dioecy from monoecy in Sagittaria latifolia
(Alismataceae). Proc. Biol. Sci. 271, 213-219.

Ehsanpour A. A., Tavassoli M. and Arab L. 2008 Sex determination
of Pistacia vera L. using ISSR markers. Malays. Agric. Biol. 37,
25-28.

Elze H. and Pannell J. 2011 Sexual dimorphism in androdioecious
Mercurialis annua, a wind-pollinated herb. Int. J. Plant Sci. 172,
49-59.

Eppley S. M. and Pannell J. R. 2007 Density-dependent self-
fertilization and male versus hermaphrodite siring success in an
androdioecious plant. Evolution 61, 2349-2359.

Eppley S. M., Maureen L. S. and Grosberg R. K. 1998 Intrapopu-
lation sex ratio variation in the salt grass Distichlis spicata. Am.
Nat. 152, 659-670.

Ezaz T., Quinn A. E., Miura L., Sarre S. D., Georges A. and Marshall
Graves J. A. 2005 The dragon lizard Pogna utticeps has ZZ | ZW
micro-sex chromosomes. Chromosome Res. 13, 763—766.

Ezaz T., Stiglec R., Veyrunes F. and Graves J. A. M. 2006 Relation-
ships between vertebrate ZW and XY sex chromosome systems.
Curr. Biol. 16, R736-R743.

Ezaz T., Quinn A. E., Sarre S. D., O’Meally D., Georges A.
and Marshall G. J. A. 2009a Molecular marker suggests rapid
changes in sex-determining mechanisms in Australian dragon
lizards. Chromosome Res 17, 91-98.

Ezaz T., Moritz B., Waters P., Marshall Graves J. A., Georges A.
and Sarre S. D. 2009b The ZW sex microchromosomes of an
Australian dragon lizard share no homology with those of other
reptiles or birds. Chrom. Res. 17, 965-973.

Farbos 1., Veuskens J., Vyskot B., Oliveira M., Hinnisdaels S.,
Aghmir, A. et al. 1999 Sexual dimorphism in white campion:
deletion on the Y chromosome results in a floral asexual pheno-
type. Genetics 151, 1187-1196.

Felsenstein J. 1974 The evolutionary advantage of recombination.
Genetics 78, 737-756.

Ferris P. J., Armbrust E. V. and Goodenough V. 2002 Genetic struc-
ture of the mating-type locus of Chlamydomonas reinhardtii.
Genetics 160, 181-200.

Field D. L., Pickup M. and Barrett S. C. 2012 Comparative analy-
ses of sex-ratio variation in dioecious plants. Evolution 67, 660—
672.

Field D. L., Pickup M. and Barrett S. C. 2013 Ecological context
and metapopulation dynamics affect sex-ratio variation among
dioecious plant populations. Ann. Bot. 111, 917-923.

Journal of Genetics, Vol. 93, No. 1, April 2014



Genetics of plant sex chromosomes

Filatov D. A. 2005a Evolutionary history of Silene latifolia sex
chromosomes revealed by genetic mapping of four genes. Genet-
ics 170, 975-979.

Filatov D. A. 2005b Substitution rates in a new Silene latifolia sex-
linked gene, SlssX/Y. Mol. Biol. Evol. 22, 402—408.

Filatov D. A. and Charlesworth D. 2002 Substitution rates in the X-
and Y- linked genes of the plants, Silene latifolia and S. dioica.
Mol. Biol. Evol. 19, 898-907.

Filatov D. A., Moneger F., Negrutiu I. and Charlesworth D. 2000
Evolution of a plant Y-chromosome: Variability in a Y-linked
gene of Silene latifolia. Nature 404, 388-390.

Filatov D. A., Laporte V., Vitte C. and Charlesworth D. 2001 DNA
diversity in sex-linked and autosomal genes of the plant species
Silene latifolia and Silene dioica. Mol. Biol. Evol. 18, 1442—
1454.

Flores-Renteria L., Molina-Freaner F., Whipple A. V., Gehring C.
A. and Dominguez C. A. 2013 Sexual stability in the nearly
dioecious Pinus johannis (Pinaceae). Am. J. Bot. 100, 602—612.

Frajman B., Eggens F. and Oxelman B. 2009 Hybrid ori-
gins and homoploid reticulate evolution within Heliosperma
(Sileneae, Caryophyllaceae)- a multigens phylogenetic approach
with relative dating. Syst. Biol. Biol. 58, 328-345.

Franchini P., Colangelo P., Solano E., Capanna E., Verheyen E. and
Castiglia R. 2010 Reduced gene flow at pericentromeric loci in
a hybrid zone involving chromosomal races of the house mouse
Mus musculus domesticus. Evolution 64, 2020-2032.

Fraser J. A. and Heitman J. 2004 Evolution of fungal sex chromo-
somes. Mol. Microbiol. 51, 299-306.

Fraser L. G., Tsang G. K., Datson P. M., De Silva H. N., Harvey C.
F., Gill G. P. et al. 2009 A gene-rich linkage map in the dioecious
species Actinidia chinensis (kiwifruit) reveals putative X/Y sex
determining chromosomes. BMC Genomics 10, 102.

Freeman D. C., Wachocki B. A., Stender M. J., Goldschlag D. E.
and Michaels H. J. 1994 Seed size and sex ratio in spinach, appli-
cation of the Trivers-Willard hypothesis to plants. Ecoscience 1,
54-63.

Fujisawa M., Hayashi K., Nishio T., Bando T., Okada S., Yamato
K. T.,, Fukuzawa H. and Ohyama K. 2001 Isolation of X
and Y chromosome-specific DNA markers from a liverwort,
Marchantia polymorpha, by representational difference analysis.
Genetics 159, 981-985.

Galan F. 1946 Sur la genetique de la monoecie et la dioecie zygo-
tique chez Ecballium eletarium Rich. Crit. Rev. Hebd. Seances
Acad. Sci. Paris 222, 1130-1131.

Gangopadhyay G., Roy S. K., Ghose K., Poddar R,
Bandyopadhyay, T., Basu D. and Mukherjee K. K. 2007 Sex
detection of Carica papaya and Cycas circinalis in pre-flowering
stage by ISSR and RAPD. Curr. Sci. 92, 524-526.

Gao W. J,LiR. L., Li S. F,, Deng C. L. and Li S. P. 2007 Iden-
tification of two markers linked to the sex locus in dioecious
Asparagus officinalis plants. Russ. J. Plant Physiol. 54, 816—
821.

Gaut B. S. 1998 Molecular clocks and nucleotide substitution rates
in higher plants. Evol. Biol. 30, 93-100.

George J., Karun A., Manimekalai R., Rajesh M. K. and Remya P.
2007 Identification of RAPD markers linked to sex determina-
tion in palmyrah (Borassus flabellifer L.). Curr. Sci. 93, 1075—
1077.

Gill G. P.,, Harvey C. F., Gardner R. C. and Fraser L. G. 1998 Devel-
opment of sex-linked PCR markers for gender identification in
Actinidia. Theor. Appl. Genet. 97, 439-445.

Goddard M. R., Godfray H. C. J. and Burt A. 2005 Sex increases the
efficacy of natural selection in experimental yeast populations.
Nature 434, 636-640.

Goldberg M. T., Spigler R. B. and Ashman T.-L. 2010 Comparative
genetic mapping points to different sex chromosomes in sibling
species of wild strawberry (Fragaria). Genetics 156, 1425-1433.

Gorelick R. 2005 Theory for why dioecious plants have equal length
chromosomes. Am. J. Bot. 92, 979-984.

Grabowska-Joachimiak A. and Jochimiak A. 2002 C-banded kary-
otypes of two Silene species with heteromorphic sex chromo-
somes. Genome 45, 243-252.

Grabowska-Joachimiak A., Seliwinska E., Pigula M., Skomra U.
and Joachimiak A. J. 2006 Genome size in Humulus lupulus L.
and H. japonicus Siebold and Zucc (Cannabaceae). Acta. Soc.
Bot. Pol. 75, 207-214.

Grabowska-Joachimiak A., Mosiolek M., Lech A. and Goralski G.
2011 C-banding/DAP1 and in situ hybridization reflect karyotype
structure and sex chromosome differentiation in Humulus japoni-
cus Siebold and Zucc. Cytogenet. Genome Res. 132, 203-211.

Grant S., Hunkirchen B. and Saedler H. 1994a Developmental dif-
ferences between male and female flowers in the dioecious plant
Silene latifolia. Plant J. 6, 471-480.

Grant S., Siroky J., Pan W.-H., Macas J. and Saedler H. 1994b
Genetics of sex determination in flowering plants. Develop.
Genet. 15, 214-230.

Graves J. A. M. 2006 Sex chromosome specialization and degener-
ation in mammals. Cell 24, 901-914.

Graves J. A. M. and Peichel C. L. 2010 Are homologies in ver-
tebrate sex determination due to shared ancestory or to limited
options? Genome Biol. 11, 205.

Greilhuber J., Borsch T., Muller K., Worberg A., Porembski S. and
Barthlott W. 2006 Smallest angiosperm genomes found in Len-
tibulariaceae with chromosomes of bacterial size. Plant Biol. 8,
770-777.

Greilhauber J. and Leitch 1. J. 2013 Plant genome diversity. In Phys-
ical structure, behaviour and evolution of plant genomes (ed. 1.
J. Leitch, J. Greilhuber, J. Dolezel and J. F. Wendel), vol 2, pp.
323-344. Springer-Verlag, Wien.

Gschwend A., Yu Q., Tong E. J., Zeng F., Han J., VanBuren R. et
al. 2012 Rapid divergence and expansion of the X chromosome
in papaya. Proc. Natl. Acad. Sci. USA 109, 13716-13721.

Gunter L. E., Roberts G. T., Lee K., Larimer F. W. and Tuskan G. A.
2003 The development of two flanking SCAR markers linked
to a sex determination locus in Salix viminalis. J. Hered. 94,
185-189.

Hair J. B. and Beuzenberg E. J. 1958 Chromosome evolution in
Podocarpaceae. Nature 181, 1584—1586.

Hamilton W. D. 1967 Extraordinary sex ratios. Science 156, 477—
488.

Harris M. S. and Pannell J. R. 2010 Canopy seed storage is asso-
ciated with sexual dimorphism in the woody dioecious genes
Leucadendron. J. Ecol. 98, 509-515.

Harvey C. F., Gill G. P., Fraser L. G. and McNeilage M. A. 1997 Sex
determination in Actinidia. 1. Sex-linked markers and progeny
sex ratio in diploid A. chinensis. Sex Plant Reprod. 10, 149—154.

Heilbuth J. C. 2000 Lower species richness in dioecious clades. Am.
Nat. 156, 221-241.

Heilbuth J. C., Ilves K. L. and Otto S. P. 2001 The consequences of
dioecy for seed dispersal: modeling the seed-shadow handicap.
Evolution 55, 880-888.

Hillis D. M. and Green D. M. 1990 Evolutionary changes of het-
erogametic sex in the phylogenetic history of amphibians. J.
Evol. Biol. 3, 49-64.

Hizume M., Shiraishi H. and Tanaka A. 1988 A cytological study
of Podocarpus macrophyllus with special reference to sex chro-
mosomes. Jap. J. Genet. 63, 413-423.

Hobza R., Lengerova M., Svoboda J., Kubekova H., Kejnovsky E.
and Vyskot B. 2006 An accumulation of tandem DNA repeats on
the Y chromosome in Silene latifolia during early stages of sex
chromosome evolution. Chromosoma 115, 376-382.

Hobza R., Kejnovsky E., Vyskot B. and Widmer A. 2007 The role of
chromosomal rearrangements in the evolution of Silene latifolia
sex chromosomes. Mol. Genet. Genomics 278, 633—638.

Journal of Genetics, Vol. 93, No. 1, April 2014 271



Sushil Kumar et al.

Hofmeyr J. D. J. 1938 Genetic studies of Carica papaya L. S. Afr.
J. Sci. 35, 300-304.

Holstein N. 2012 Evolution, biogeography, and monographic
treatment of Coccinia (Cucurbitaceae). Ph.D. thesis, Ludwig-
Maxmilians University, Munich, Germany.

Holstein N. and Renner S. S. 2011 Niche conservation? Biome
switching within and between species of the African genus
Coccinia (Cucurbitaceae). BMC Evol. Biol. 11, 28.

Honys D. and Twell D. 2004 Transcriptome analysis of haploid
male gametophyte development in Arabidopsis. Genome Biol. 5,
85.

Hormuza J. 1., Dollo L. and Polito V. S. 1994 Identification of
RAPD marker linked to sex determination in Pistacia vera using
bulked segregant analysis. Theor. Appl. Genet. 89, 9—13.

Hou W., Fan J., Zhou F. and Zhao S. 2009 RAPD markers related
to sex locus in Populus tomentose. Front. For. Chin 4, 223-226.

Hough J., Immler S., Barrett C. H. and Otto S. P. 2013 Evolution-
arily stable sex ratios and mutation load. Evolution 67, 1915—
1925.

Howell E. C., Armstrong S. J. and Filatov D. A. 2009a Evolution
of neo-sex chromosomes in Silene diclinis. Genetics 182, 1109—
1115.

Howell E. C., Armstrong S. and Filatov D. 2009b Evolution of neo-
sex chromosomes in Silene diclinis. Genetics 182, 1109—1115.
Hussaini F. S., Hassani H. S., Arvin M. J., Baghizadeh A.
and Mohammadi-Nejad G. 2011 Sex determination of jojoba
(Simmondsia chinensis cv Arizona) by random amplified poly-
morphic DNA (RAPD) molecular markers. Afi: J. Biotech. 10,

470-474.

Ironside J. E. and Filatov D. A. 2005 Extreme population structure
and high interspecific divergence of the Silene Y-chromosome.
Genetics 171, 705-713.

Ishizaki K., Ishizaki K., Shimizu-Ueda Y., Okada S., Yamamoto M.,
Fujisawa M. et al. 2002 Multicopy genes uniquely amplified in
the Y-chromosome-specific repeats of the liverwort Marchantia
polymorpha. Nucleic Acids Res. 30, 4675—4681.

Jaarola M., Martin R. H. and Ashley T. 1998 Direct evidence for
suppression of recombination within two pericentric inversions
in humans: a new sperm-fish technique. Am. J. Hum. Genet. 63,
218-224.

Jakse J., Stajner N., Kozjak P., Cerenak A. and Javornik B. 2008
Trinucleotide micro-satellite repeat is tightly linked to male sex
in hop (Humulus lupulus L.) Mol. Breed. 21, 139-148.

Jamilena M., Marriotti B. and Manzano S. 2008 Plant sex chro-
mosomes: molecular structure and function. Cyfogenet. Genome
Res. 120, 255-264.

Jiang C. and Sink K. C. 1997 RAPD and SCAR markers linked to
the sex expression locus M in asparagus. Euphytica 94, 329-333.

Kafer J., Talianova M., Bigot T., Michu E., Gueguen L., Widmer
A. et al. 2013 Patterns of molecular evolution in dioecious and
non-dioecious Silene. J. Evol. Biol. 26, 335-346.

Kaiser V. B. and Bachtrog D. 2010 Evolution of sex chromosomes
in insects. Annu. Rev. Genet. 44, 91-112.

Kaiser V. B., Bergero R. and Charlesworth D. 2009 Slcyt, a newly
identified sex-linked gene, has recently moved onto the X chro-
mosome in Silene latifolia (Caryophyllaceae). Mol. Biol. Evol.
26, 2343-2351.

Kaltz O. and Bell G. 2002 The ecology and genetics of fitness in
Chlamydomonas XII. Repeated sexual episodes increase rate of
adaptation to novel environments. Evolution 56, 1743—1753.

Karlov G. L., Danilova T. V., Horlemann C. and Weber G. 2003
Molecular cytogenetic in hop (Humulus lupulus L.) and identi-
fication of sex chromosomes by DAPI-banding. Euphytica 132,
185-190.

Kater M. M., Franken J., Carney K. J., Colombo L. and Angenent
G. C. 2001 Sex determination in the monoecious cucumber is
confined to specific floral whorls. Plant Cell 13, 481-493.

272

Kejnovsky E., Vrana J., Matsunaga S., Soucek P., Siroky J.,
Dolezel J. and Vyskot B. 2001 Localization of male-specifically
expressed MROS genes of Silene latifolia by PCR on flow-
sorted sex chromosomes and autosomes. Genetics 158, 1269—
1277.

Khadka D. K., Nejidat A., Tal M. and Golan-Goldhirsh A. 2002
DNA markers for sex: molecular evidence for gender dimor-
phism in dioecious Mercurialis annua L. Mol. Breed. 9, 251—
257.

Khadka D. K., Nejidat A., Tal M. and Golan-Goldhirsh A. 2005
Molecular characterization of a gender-linked DNA marker and
arelated gene in Mercurialis annua L. Planta 222, 1063—1070.

Khattak J. Z. K., Torp A. M. and Andersen S. B. 2006 A genetic
linkage map of Spinacea oleracea and localization of a sex
determination locus. Euphytica 148, 311-318.

Kihara H. and Ono T. 1923 Cytological studies of Rumex L. Bot.
Mag. 37, 84-90.

Kim S.-Y., Kim C.-S., Lee J. and Bang J.-W. 2008 Karyotype anal-
ysis and physical mapping using two rRNA genes in dioecious
plant, Humulus japonicus Sieboid and Zucc. Genes Genomics 30,
157-161.

Korpelainen H., Bisang 1., Hedenas L. and Kolehmainen J. 2008
The first sex-specific molecular marker discovered in the moss
Pseudocalliergon trifarium. J. Hered. 99, 581-587.

Krizek B. A. and Fletcher J. C. 2005 Molecular mechanisms of
flower development: An Armchair guide. Nat. Rev. Genet 6, 688—
698.

Kumar L. S. S. and Viseveshwaraiah S. 1952 Sex mechanism in
Coccinia indica Wight and Arn. Nature 170, 330-331.

Kumar S. 2007 Conventional and new concepts of species and
genetic mechanisms for the origin of species. Proc. Ind. Natl. Sci.
Acad. 73, 111-120.

Kumar S., Singh B. D., Sinha D. P. and Rai M. 2008 Sex expression-
associated RAPD markers in pointed gourd (7richosanthes
dioica). In Proceedings of the IXth EUCARPIA meeting on genet-
ics and breeding of Cucurbitaceae (ed. M. Pitrat), pp. 543-550.
Avignon, France.

Kumar S., Kumari R., Sharma V. and Sharma V. 2013a Roles
and establishment, maintenance and erasing of the epigenetic
cytosine methylation marks in plants. J. Genet. 92, 629-666.

Kumar S., Kumari R., Sharma V. and Yadav G. 2013b Common
and distinguishing characteristics of genes and genomes and their
evolution in the genome sequenced legumes. Proc. Ind. Natl. Sci.
Acad. 79, 277-286.

Kurita M. and Kuroki Y. 1970 Y-chromosome and heterochromatin
in Rumex acetosa. Jpn. J. Genet. 45, 255-260.

Lan T., Zhang S., Liu B., Li X., Chen R. and Song W. 2006 Differ-
entiating sex chromosomes of the dioecious Spinacia oleracea L.
(spinach) by FISH of 45S tDNA. Cytogenet. Genome Res. 114,
175-177.

Lan T., Chen R. Y., Li X. L., Dong F. P., Qi Y. C. and Song W.
C. 2008 Microdissection and painting of the W chromosome in
Ginkago biloba showed different labelling patterns. Bot. Stud. 49,
33-37.

Lardon A., Georgiev S., Aghmir A., Le Merrer G. and Negrutiu L.
1999 Sexual dimorphism in white campion: complex control of
carpel number is revealed by Y chromosome deletions. Genetics
151, 1173-1185.

Laporte V., Filatov D. A., Kamau E. and Charlesworth D. 2005 Indi-
rect evidence from DNA sequence diversity for genetic degen-
eration of the Y-chromosome in dioecious species of the plant
Silene: the Sly4/Slx4 and DD44-X/DD44-Y gene pairs. J. Evol.
Biol. 18, 337-347.

Lebel-Hardenack S., Hauser E., Law T. F., Schmid J. and Grant
S. R. 2002 Mapping of sex determination loci on the white
campion (Silene latifolia) Y chromosome using amplified frag-
ment length polymorphism. Genetics 160, 717-725.

Journal of Genetics, Vol. 93, No. 1, April 2014



Genetics of plant sex chromosomes

Lederberg J. and Tatum E. L. 1946 Gene recombination in E. coli.
Nature 158, 558.

Lengerova M., Moore R. C., Grant S. R. and Vyskot B. 2003
The sex chromosomes of Silene latifolia revisited and revised.
Genetics 165, 935-938.

Lengerova M., Kejnovsky E., Hobza R., Macas J., Grant S. R. and
Vyskot B. 2004 Multicolor FISH mapping of the dioecious model
plant, Silene latifolia. Theor. Appl. Genet. 108, 1193—-1199.

Lewis D 1942 The evolution of sex in flowering plants. Biolog. Rev.
17, 46-67.

Liao L., Liu J., Dai Y., Li Q., Xie M., Chen Q. et al. 2009 Develop-
ment and application of SCAR markers for sex identification in
the dioecious species Ginkgo biloba L. Euphytica 169, 49-55.

Lindholm A. and Breden F. 2002 Sex chromosomes and sexual
selection in poeciliid fishes. Am. Nat. 160, 214-224.

Liu Z., Moore P. H., Ma H., Ackerman C. M., Ragiba M., Yu Q. and
Pearl H. M. 2004 A primititive Y chromosome in papaya marks
incipient sex chromosome evolution. Nature 427, 348-352.

Loptien H. 1979 Identification of the sex chromosome pair in
asparagus (Asparagus officinalis L.). Z. Pflanzenzuecht. 82, 162—
173.

Ma H., Moore P. H., Liu Z., Kim M. S., Yu Q., Fitch M. M. M.
et al. 2004 High-density linkage mapping revealed suppression of
recombination at the sex determination locus in papaya. Genetics
166, 419-436.

Macas J., Kejnovsky E., Neumann P., Novak P., Koblizkova A.
and Vyskot B. 2008 Next generation sequencing-based analysis
of repetitive DNA in the model dioecious plant Silene latifolia.
PLoS One 6, e27335.

Magdum S., Banerjee U., Murugan P., Gangapur D. and Ravikesvan
R. 2013 Gene duplication as a major force in evolution. J. Genet.
92, 155-161.

Mandolino G., Carboni A., Forapani S., Faeti V. and Ranalli P. 1999
Identification of DNA markers linked to the male sex in dioecious
hemp (Cannabis sativa L.). Theor. Appl. Genet. 98, 86-92.

Mank J. E., Promislo D. E. L. and Avise J. C. 2006 Evolution of
alternative sex-determining mechanism in teleost fishes. Biol. J.
Linn. Soc. 87, 83-93.

Mank J. E., Vicoso B., Berlin S. and Charlesworth B. 2010 Effective
population size and the faster-X effect: empirical results and their
interpretation. Evolution 64, 663—674.

Manoj P., Banerjee N. S. and Ravichandran P. 2005 Development of
sex-associated SCAR markers in Piper longum L. PGR Newslett.
141, 44-50.

Marais G. A. B., Nicolas M., Bergero R., Chambrier P., Kejnovsky
E., Moneger F. ef al. 2008 Evidence for degeneration of the Y-
chromosome in the dioecious plant Silene latifolia. Curr. Biol. 18,
545-549.

Marais G. A. B., Forrest A., Kamau E., Kafer J., Daubin V. and
Charlesworth D. 2011 Multiple nuclear gene phylogenetic analy-
sis of the evolution of dioecy and sex chromosomes in the genus
Silene. PLoS One 6, €21915.

Marguerit E., Boury C., Manicki A., Donnart M., Butterlin G.,
Nemorin A., Wiedemann-Merdinoglu S. er al. 2009 Genetic
dissection of sex determinism, inflorescence morphology and
downy mildew resistance in grapevine. Theor. Appl. Genet. 118,
1261-1278.

Marin 1., Siegal M. L. and Baker B. S. 2000 The evolution of
dosage-compensation mechanisms. BioEssays 22, 1106—1114.
Mariotti B., Manzano S., Kejnovsky E., Vyskot B. and Jamilena M.
2009 Accumulation of Y-specific satellite DNAs during the evo-
lution of Rumex acetosa sex chromosome. Mol. Genet. Genomics

281, 249-259.

Mariziani G., Caporali E. and Spada A. 1999 Search for genes
involved in asparagus sex-determination. In Sex determination
in plants (ed. C. C. Ainsworth) pp. 149-162. Bios Scientific
Publishers, Oxford, UK.

Journal of Genetics, Vol. 93, No. 1, April 2014

Martin A., Troadec C., Boualem A., Rajab M., Fernandez R., Morin
H. et al. 2009 A transposon-induced epigenetic change leads to
sex determination in melon. Nature 461, 1135-1138.

Martin F. W. 1966 Sex ratio and sex determination in Dioscorea. J.
Hered 57, 95-99.

Mather K. 1950 The genetical architecture of heterostyly in Primula
sinensis. Evolution 4, 340-352.

Matsubara K., Tarui H., Toriba M., Yamada K., Nishida-Umehara
C., Agata K. and Matsuda Y. 2006 Evidence for different origin
of sex chromosomes in snakes, birds and mammals and step-wise
differentiation of snake sex chromosomes. Proc. Natl. Acad. Sci.
USA 103, 18190-19195.

McDaniel S. F. 2005 Genetic correlations do not constrain the evo-
lution of sexual dimorphism in the moss Ceratodon purpureus.
Evolution 59, 2353-2361.

McDaniel S. F., Atwood J. and Burleigh J. G. 2012 Recur-
rent evolution of dioecy in bryophytes. Evolution 67, 567—
572.

McDaniel S. F., Willis J. H. and Shaw A. J. 2007 A linkage map
reveals a complex basis for segregation distortion in an interpop-
ulation cross in the moss Ceratodon purpureus. Genetics 176,
2489-2500.

McLetchie D. N. and Collius A. L. 2001 Identification of DNA
regions specific to the X and Y chromosomes of Sphaerocarpus
taxanus. Bryologist 104, 543-547.

Mendez M. and Munzinger J. 2010 Planchonella, first record of
gynomonoecy for the family Sapotaceae. Plant. Syst. Evol. 287,
65-73.

Midgley J. J. 2010 Causes of secondary sexual differences in
plants-evidence from extreme leaf dimorphism in Leucadendron
(Priteaceae). South Afi. J. Bot 76, 588-592.

Milewicz M. and Sawicki J. 2013 Sex linked markers in dioecious
plants. POJ 6, 144-149.

Miller J. S. and Venable D. L. 2000 Polyploidy and the evolution of
gender dimorphism in plants. Science 289, 2335-2338.

Ming R., Hou S., Feng Y., Yu Q., Dionne-Laporte A., Saw J. H.
et al. 2008 The draft genome of the transgenic tropical fruit tree
papaya (Carica papaya Linnaeus). Nature 452, 991-996.

Ming R., Bendahmane A. and Renner S. S. 2011 Sex chromosomes
in land plants. Ann. Rev. Plant Biol. 62, 485-574.

Mitchell C. H. and Diggle P. K. 2005 Evolution of unisexual
flowers: morphological and functional convergence results from
diverse developmental transitions. Am. J. Bot. 92, 1068—1076.

Moore R. C., Kozyreva O., Lebel-Hardenack S., Siroky J., Hobza
R., Vyskot B. and Gran S. R. 2003 Genetic and functional
analysis of DD44, a sex-linked gene from the dioecious plant
Silene latifolia, provides clues to early events in sex chromosome
evolution. Genetics 163, 321-334.

Mrackova M., Nicolas M., Hobza R., Negrutiu 1., Moneger F.,
Widmer, A. et al. 2008 Independent origin of sex chromosomes
in two species of genus Silene. Genetics 179, 1129-1133.

Muller H. J. 1964 The relation of recombination to mutational
advance. Mut. Res. 106, 2-9.

Murray M. J. 1940 The genetics of sex determination in the family
Amaranthaceae. Genetics 35, 409-431.

Muyle A., Zemp N., Deschamps C., Mousset S., Widmer A. et al.
2012 Rapid de novo evolution of X chromosome dosage compen-
sation in Silene latifolia, a plant with young sex chromosomes.
PLoS Biol. 10, ¢1001308.

Mwase W. F., Erik-Lid S., BjOrnstad A., Stedje B., Kwapata M. B.
and Bokosi J. M. 2007 Application of amplified fragment length
polymorphism (AFLPs) for detection of sex-specific markers in
dioecious Uapaca kirkiana Muell Arg. Afi: J. Biotechnol. 6, 137—
142.

Nal. K., Wang J., Murray J. E., Gschwend A. R., Zhang W., Yu Q.
et al. 2012 Construction of physical maps for the sex-specific
regions of papaya sex chromosomes. BMC Genomics 13, 176.

273



Sushil Kumar et al.

Naurin S., Hansson B., Bensch S. and Hesselquist D. 2009 Why
does dosage compensation differ between XY and ZW taxa?
Trends Genet 26, 15-20.

Navajas-Perez R., la Herran Rd, Jamilena M., Lozano R., Rejon
C. R, Rejon M. R. and Garrido-Ramos M. A. 2005a Reduced
rates of sequence evolution of Y-linked satellite DNA in Rumex
(Polygonaceae). J. Mol. Evol. 60, 391-399.

Navajas-Perez R., de la Herran R., Lopez Gonzalez G., Jamilena
M., Lozano R., Ruiz Rejon C. et al. 2005b The evolution of
reproductive systems and sex determining mechanisms within
Rumex (Polygonaceae) inferred from nuclear and chloroplastidial
sequence data. Mol. Biol. Evol. 22, 1929-1939.

Navajas-Perez R., Schwarzacher T, de la Herran R., Ruiz Rejon
C., Ruiz Rejon M. and Garrido-Ramos M. A 2006 The origin
and evolution of the variability in a Y-specific satellite-DNA of
Rumex acetosa and its relatives. Gene 368, 61-71.

Navajas-Perez R., Schwarzacher T., Rejon M. R. and Garrido-
Ramos M. A. 2009 Molecular cytogenetic characterization of
Rumex papillaris, a dioecious plant with an XX/XY(1)Y2 sex
chromosome system. Genetica 135, 87-93.

Negrutiu 1., Vyskot B., Barbacar N., Georgiev S. and Moneger
F. 2001 Dioecious plants. A key to the early events of sex
chromosome evolution. Plant Physiol. 127, 1418—1424.

Nicolas M., Marais G., Hykelova V., Janousek B., Laporte V.,
Vyskot B. et al. 2005 A gradual process of recombination restric-
tion in the evolutionary history of the sex chromosomes in
dioecious plants. PLoS Biol. 3, 47-56.

Nilsson E. and Agren J. 2006 Population size, female fecundity, and
sex ratio variation in gynodioecious Plantago maritima. J. Evol.
Biol. 19, 825-833.

Nishiyama R., Ishii K., Kifune E., Kazama Y., Nishihara K.,
Matsunaga S. et al. 2010 Sex chromosome evolution revealed
by physical mapping of SIAP3X/Y in the dioecious plants Silene
latifolia. Cytologia 75, 319-325.

Obbard D. J., Harris S. A., Buggs R. J. and Pannell J. R. 2006
Hybridization, polyploidy and the evolution of sexual systems in
Mercurialis (Euphorbiaceae). Evolution 60, 1801-1815.

Ohno S. 1967 Sex chromosomes and sex-linked genes. In Mono-
graphs on endocrinology, vol. 1, pp. 192. Springer, Berlin.

Okada S., Fujisawa M., Sone T., Nakayama S., Nishiyama R.,
Takenaka, M. et al. 2000 Construction of male and female PAC
genomic libraries suitable for identification of Y-chromosome-
specific clones from liverwort, Marchantia polymorpha. Plant J.
24, 421-428.

Okada S., Sone T., Fujisawa M., Nakayama S., Takenaka M.,
Ishizaki K. er al. 2001 The Y chromosome in the liver-
wort Marchantia polymorpha has accumulated unique repeat
sequences harbouring a male-specific gene. Proc. Natl. Acad. Sci.
USA 98, 9454-9459.

Ono T. 1955 Studies on hop. I. Chromosomes of common hop and
its relatives. Bull. Brew. Sci. 2, 1-65.

Onodera Y., Yonaha I., Masumo H., Tanaka A., Niikura S.,
Yamazaki S. and Mikami T. 2011 Mapping of the genes for dioe-
cism and monoecism in Spinacia oleracea L.: evidence that both
genes are closely linked. Plant Cell Rep. 30, 965-971.

Otto S. P. and Lenormand T. 2002 Resolving the paradox of sex and
recombination. Natl. Rev. Genet. 3, 252-261.

Otto S. P, Pannell J. R., Peichel C. L., Ashman T. L., Charlesworth
D., Chippindale A. K. et al. 2011 About PAR: The distinct evolu-
tionary dynamics of the pseudoautosomal region. Trends Genet.
27, 358-367.

Oyama R. K., Volz S. M. and Renner S. S. 2009 A sex-linked SCAR
marker in Bryonia dioica (Cucurbitaceae); a dioecious species
with XY sex-determination and homomorphic sex chromosomes.
J. Evol. Biol. 22,214-224.

Oyama R. K., Silber M. V. and Renner S. S. 2010 A specific inser-
tion of a solo-LTR characterizes the Y-chromosome of Bryonia
dioica (Cucurbitaceae). BMC Res. Notes 3, 166—173.

274

Pakull B., Groppe K., Meyer M., Markussen T. and Fladung M.
2009 Genetic linkage mapping in aspen (Populus tremula L. and
Populus tremuloidex Michx). Tree Genet. Genomics 5, 505-515.

Pannell J. 1997a Mixed genetic and environmental sex determi-
nation in an androdioecious population of Mercurialis annua.
Heredity 78, 50-56.

Pannell J. R. 1997b Widespread functional androdioecy in Mercu-
rialis annua L. (Euphorbiaceae). Biol. J. Linn. Soc. 61, 95-116.
Pannell J. R. 2008 Gender variation and transitions between sexual
systems in Mercurialis annua. Int. J. Plant Sci. 169, 129-139.
Pannell J. R., Obbard D. J. and Buggs R. J. A. 2004 Polyploidy and
the sexual system: What can we learn from Mercurialis annua.

Biol. J. Linn. Soc. 82, 547-560.

Parasnis A. S., Ramakrishna W., Chowdari K. V., Gupta V. S. and
Ranjekar P. K. 1999 Microsatellite (GATA)n reveals sex specific
differences in papaya. Theor. Appl. Genet. 99, 1047-1052.

Parasnis A. S., Gupta V. S., Tamhankar S. A. and Ranjekar P.
K. 2000 A highly reliable sex diagnostic PCR assays for mass
screening of papaya seedlings. Mol. Breed. 6, 337-344.

Patel G. 1. 1952 Chromosome basis of dioecism in Trichosanthes
dioica Roxb. Curr. Sci. 21, 343-344.

Paolucci 1., Gaudet M., Jorge V., Isacco Beritognolo 1., Terzoli S.,
Kuzminsky E. et al. 2008 Genetic linkage maps of Populus alba
L. and comparative mapping analysis of sex determination across
Populus species. Tree Genet. Genomics 6, 863-875.

Peiffer J. A., Kaushik S., Sakai H., Arteaga-Vazquez M., Sanchez-
Leon N., Ghazal H. er al. 2008 A spatial dissection of the
Arabidopsis floral transcriptome by MPSS. BMC Plant Biol. 8,
43.

Peil A., Flachowsky H., Schumann E. and Weber W. E. 2003 Sex-
linked AFLP markers indicate a pseudoautosomal region in hemp
(Cannabis sativa L.) Theor. Appl. Genet. 107, 102—-109.

Persson H. A. and Nybom H. 1998 Genetic sex determination and
RAPD marker segregation in the dioecious species sea buckthorn
(Hippophoe rhamnoides L.). Hereditas 129, 45-51.

Polley A., Ganal M. W. and Seigner E. 1997 Identification of sex
in hop (Humulus lupulus) using molecular markers. Genome 40,
357-361.

Prakash S. and Staden J. V. 2006 Sex identification in
Encephalartos natalensis (Dyer and Verdoorn) using RAPD
markers. Euphytica 152, 197-200.

Price T. D. 1984 The evolution of sexual size dimorphism in
Darwin’s finches. Am. Nat. 123, 500-518.

Prince E. G., Kirkland D. and Demutti J. P. 2010 Hyperexpression
of the X chromosome in both sexes results in extensive female
bias of X-linked genes in the flour beetle. Genome Biol. Evol. 2,
336-346.

Pritham E. J., Zhang Y. H., Feschotte C. and Kesseli R. V. 2003 An
Ac-like transposable element family with transcriptionally active
Y-linked copies in the white campion Silene latifolia. Genetics
165, 799-807.

Qiu Y. L. and Palmer J. D. 1999 Phylogeny of early land plants:
insights from genes and genomes. Trends Plant Sci. 4, 26-30.
Quinn A. E., Georges A., Sarre S. D., Guarino F., Ezaz T. and
Graves J. A. 2007 Temperature sex reversal implies sex gene

dosage in a reptile. Science 316, 411.

Rahman M. A. and Ainsworth C. C. 2004 AFLP analysis of genome
difference between males and females in dioecious plant Rumex
acetosa. J. Bio. Sci. 4, 160—169.

Rai L. K. and Singh K. K. 2013 Phoenix rupicola in the Eastern
Himalaya. Curr. Sci. 104, 572-573.

Ranker T. A. and Haufler C. H. 2008 Biology and evolution of ferns
and lycophytes. Cambridge University Press, Cambridge, UK.
Rautenberg A., Hathaway L., Oxelman B. and Prentice H. C. 2010
Geographical phylogenetic patterns in Silene section Melandrium
(Caryophyllaceae) as inferred from chloroplast and nuclear DNA

sequences. Mol. Phylogenet. Evol. 57, 978-991.

Journal of Genetics, Vol. 93, No. 1, April 2014



Genetics of plant sex chromosomes

Rautenberg A., Sloan D. B., Alden V. and Oxelman B. 2012
Phylogenetic relationships of Silene multinervia and Silene
section Conoimorpha (Caryophyllaceae). Syst. Bot. 37, 226—
237.

Reamon-Buttner S. M., Schondelmaier J. and Jung C. 1998 AFLP
markers tightly linked to the sex locus in Asparagus officinalis L.
Mol. Breed. 4,91-98.

Rejon C. R., Jamilena M., Ramos M. G., Parker J. S. and Rejon
M. R 1994 Cytogenetic and molecular analysis of the multiple
sex-chromosome system of Rumex acetosa. Heredity 72, 209—
215.

Renganayaki K., Jessup R. W., Burson B. L., Hussey M. A. and
Read J. C. 2005 Identification of male-specific AFLP markers in
dioecious texas bluegrass. Crop Sci. 45, 2529-2539.

Renner S. S. and Ricklef R. E. 1995 Dioecy and its correlates in the
flowering plants. Am. J. Bot. 82, 596-606.

Rice W. R. 1984 Sex chromosomes and the evolution of sexual
dimorphism. Evolution 38, 735-742.

Rice W. R. 1986 On the instability of polygenic sex determination:
the effect of sex-specific selection. Evolution 40, 633—639.

Rice W. R. 1987a Genetic hitchhiking and the evolution of reduced
genetic activity of the Y sex chromosome. Genetics 116, 161—
167.

Rice W. R. 1987b Speciation via habitat specialization: the evolu-
tion of reproductive isolation as a correlated character. Evol. Ecol.
1,301-314.

Rice W. R. 1987¢ The accumulation of sexually antagonistic genes
as a selective agent promoting the evolution of reduced recombi-
nation between primitive sex chromosomes. Evolution 41, 911—
914.

Rice W. R., Gavrilets S. and Friberg U. 2008 Sexually antago-
nistic “zygotic drive” of the sex chromosomes. PLoS Genet. 4,
¢1000313.

Roy R. P. and Roy P. M. 1971 Mechanism of sex determination in
Coccinia indica. J. Ind. Bot. Soc. 50, 391-400.

Ruas C. F., Fairbanks D., Evans R., Stutz H., Andersen W.
and Ruas P. 1998 Male-specific DNA in the dioecious species
Atriplex garrettii (Chenopodiaceae). Am. J. Bot. 85, 162—-167.

Sackton T. B. and Hartl D. L. 2013 Meta-analysis reveals that genes
regulated by the Y- chromosome in Drosophila melanogaster are
preferentially localized to repressive chromatin. Genome Biol.
Evol. 5, 255-266.

Sakamoto K., Shimomura K, Komeda Y., Kamada H. and Satoh S.
1995 A male-associated DNA sequence in a dioecious plant,
Cannabis sativa L. Plant Cell Physiol. 36, 1549—1554.

Sakamoto K., Akiyama Y., Fukui K., Kamada H. and Satoh S.
1998 Characterization, genome size and morphology of sex chro-
mosomes in hemp (Cannabis sativa L.). Cytologia 63, 459—
464.

Sakamoto K., Ohmido N., Fukui K., Kamada H. and Satoh S. 2000
Site-specific accumulation of a LINE-like retrotransposon in a
sex chromosome of the dioecious plant Cannabis sativa. Plant
Mol. Biol. 44, 723-732.

Sakamoto K., Abe T., Matsuyama T., Yoshida S., Ohmido N., Fukui
K. and Satoh S. 2005 RAPD markers encoding retrotransposable
elements are linked to the male sex in Cannabis sativa L. Genome
48, 931-936.

Samantaray S., Geetha K. A., Hidayath K. P. and Maiti S. 2010
Identification of RAPD markers linked to sex determination in
guggal [Cammiphora wightii (Arnott.)] Bhandari. Plant Biotech-
nol. Rep. 4, 95-99.

Sanchez-Vilas J., Turner A. and Pannell J. R. 2011 Sexual dimor-
phism in intra- and interspecific competitive ability of the dioe-
cious herb Mercurialis annua. Plant Biol. 13, 218-222.

Scotti I. and Delph L. F. 2006 Selective trade-offs and sex-
chromosome evolution in Silene latifolia. Evolution 60, 1793—
1800.

Journal of Genetics, Vol. 93, No. 1, April 2014

Seefelder S., Ehrmaier H., Schweizer G. and Seigner E. 2000 Male
and female genetic linkage map of hops, Humulus lupulus. Plant
Breed. 119, 249-255.

Segawa M., Kishi S. and Tatuno S. 1971 Sex chromosomes of
Cycas revoluta. Jap. J. Genet. 46, 33-39.

Semerikov V., Lagercrantz U., Tsarouhas V., Ronnberg-Wastljung
A., Alstrom-Rapaport C. and Lascoux M 2003. Genetic mapping
of sex-linked markers in Salix viminalis L. Heredity 91, 293-299.

Sharma A. A. and Chattopadhyay D. 1991 Sex determination in
dioecious species of plants. J. Bot. Taxon. Geobot. 102, 29-55.

Sharma A., Zinta G., Rana S. and Shirko P. 2010 Molecular iden-
tification of sex in Hippophae rhamnoides L. using isozyme and
RAPD markers. For. Stud. Chin. 12, 62—66.

Shaw A. J., Cox C. J. and Goffinet B. 2005 Global patterns of moss
diversity: taxonomic and molecular inferences. Taxon 55, 337—
352.

Shiba H., Iwano M., Entani T., Ishimoto K., Shimosato H., Che F. S.
et al. 2002 The dominance alleles controlling self incompatibility
in Brassica pollen is regulated at RNA level. Plant Cell 14, 491—
504.

Shibata F., Hizume M. and Kuroki Y. 1999 Chromosome painting of
Y chromosomes and isolation of a Y chromosome-specific repet-
itive sequence in the dioecious plant Rumex acetosa. Chromo-
soma 108, 266-270.

Shibata F., Hizume M. and Kuroki Y. 2000 Differentiation and the
polymorphic nature of the Y chromosomes revealed by repetitive
sequences in the dioecious plant, Rumex acetosa. Chromosome
Res. 8,229-236.

Shibu M. P., Ravishankar K. V., Anand L., Ganeshaiah K. N. and
Shaanker U. 2000 Identification of sex-specification DNA mark-
ers in the dioecious tree, nutmeg (Myristica fragrans Houtt). PGR
Newslett. 121, 59-61.

Shirkot P., Sharma D. R. and Mohopatra T. 2002 Molecular iden-
tification of sex in Actinidia deliciosa var. deliciosa by RAPD
markers. Sci. Hortic. 94, 33-39.

Siljak-Yakovlev S., Benmalek S., Cerbah M., Coba de la Pena T.,
Bounaga N., Brown S. C. and Sarr A. 1996 Chromosomal sex
determination and heterochromatin structure in date palm. Sex
Plant Reprod. 9, 127-132.

Singh R. B. and Smith B. W. 1971 The mechanism of sex deter-
mination in Rumex acetosella L. Theor. Appl. Genet. 41, 360—
364.

Siroky L., Lysak M. A., Dolezel J., Kejnovsky E. and Vyskot B.
2001 Heterogeneity of rDNA distribution and genome size in
Silene spp. Chomosome Res 9, 387-393.

Skaletsky H., Brown L. G., Kuroda-Kawaguchi T., Minx P. J.,
Cordum, H. S., Hillier L. ef al. 2003 The male-specific region of
human Y chromosome is a mosaic of discrete sequence classes.
Nature 423, 825-837.

Smith B. W. 1964 The evolving karyotype of Rumex hastatulus.
Evolution 18, 93—-104.

Sondur S. N., Manshardt R. M. and Stiles J. . 1996 A genetic link-
age map of papaya based on randomly amplified polymorphic
DNA markers. Theor. Appl. Genet. 93, 547-553.

Sousa A., Fuchs J. and Renner S. S. 2013 Molecular cytogenetics
(FISH, GISH) of Coccinia grandis: a ca. 3 myr-old species of
cucurbitaceae with the largest Y/autosome divergence in flower-
ing plants. Cytogenet. Genome Res. 139, 107-118.

Spada E., Caporali G., Marziani G., Portaluppi P., Restivo F. M.,
Tassi F. er al. 1998 A genetic map of Asparagus officinalis based
on integrated RFLP, RAPD and AFLP molecular markers. Theor:
Appl. Genet. 97, 1083.

Spielman M., Vinkenoog R., Dickinson H. G. and Scott R. J. 2001
The epigenetic basis of gender in flowering plants and mammals.
Trends Genet. 17, 705-711.

Spigler R. B., Lewers K. S., Main D. S. and Ashman T. L. 2008
Genetic mapping of sex determination in a wild strawberry,

275



Sushil Kumar et al.

Fragaria virginiana, reveals earliest form of sex chromosome.
Heredity 101, 507-517.

Spigler R. B., Lewers K. S., Johnson A. L. and Ashman T. L.
2010 Comparative mapping reveals autosomal origin of sex chro-
mosome in octaploid Fragaria virginiana. J. Hered. 101, 107—
117.

Spigler R. B., Lewers K. S. and Ashman T. L. 2011 Genetic archi-
tecture of sexual dimorphism in a subdioecious plant with a
proto-sex chromosome. Evolution 65, 1114—1126.

Steflova P., Steflova P., Tokan V., Vogel 1., Lexa M., Macas J. et al.
2013 Contrasting patterns of transposable element and satellite
distribution on sex chromosomes (XY 1Y2) in the dioecious plant
Rumex acetosa. Genome Biol. Evol. 5, 769-782.

Stehlik I. and Blattner F. R. 2004 Sex-specific SCAR markers in the
dioecious plant Rumex nivalis (Polygonaceae) and implications
for the evolution of sex chromosomes. Theor. Appl. Genet. 108,
238-242.

Steinemann S. and Steinemann M. 2005 Y chromosome borne to be
destroyed. BioEssays 27, 1076—-1083.

Steven J. C., Delph L. F. and Brodie E. D. 3rd 2007 Sexual dimor-
phism in the quantitative-genetic architecture of floral, leaf and
allocation traits in Silene latifolia. Evolution 61, 42-57.

Tanurdzic M. and Banks J. A. 2004 Sex-determining mechanisms
in land plants. Plant Cell 16, 561-571.

Telgmann-Rauber A., Jamsari A., Kinney M. S., Pires J. C. and
Jung C. 2007 Genetic and physical maps around the sex-
determining M-locus of the dioecious plant asparagus. Mol.
Genet. Genomics 278, 221-234.

Temsch E. M., Greilhuber J. and Krisai R. 2010 Genome size in
liverworts. Preslia 82, 63-80.

Tenaillon M. 1., Hufford M. B., Gaut B. S. and Ross-Ibarra J. 2011
Genome size and transposable element content as determined by
high throughput sequencing in maize and Zea luxurians. Genome
Biol. Evol. 3,219-229.

Terauchi R. and Kahl G. 1999 Mapping of the Dioscorea tokoro
genome: AFLP markers linked to sex. Genome 42, 752-762.

Testolin R., Cipriani G. and Costa G. 1995 Sex segregation ratio
and gender expression in the genus Actinidia. Sex Plant Reprod.
8, 129-132.

Testolin R., Huang W. G., Messina R., Vecchione A. and
Cipriani G. 2001 A kiwifruit (Actinidia spp) linkage map based
on microsatellites and integrated with AFLP markers. Theor:
Appl. Genet. 103, 30-36.

Thomas B. C., Pedersen B. and Freeling M. 2006 Following
tetraploidy in an Arabidopsis ancestor, genes were removed pref-
erentially from one homologue leaving clusters enriched in the
sensitive genes. Genome Res. 16, 934-946.

Tracey L. P., Koelewijn H. P. and Dijk P. J. 2004 Identification of a
male- specific AFLP marker in a functionally dioecious fig, Ficus
fulva Reinw. ex Bl. (Moraceae). Sex Plant Reprod. 17, 17-22.

Turner J. M. A. 2007 Meiotic sex chromosomes inactivation.
Development 134, 1823—-1831.

Tuskan G. A., Difazio S., Jansson S., Bohlmann J., Grigoriev
L., Hellsten U. er al. 2006 The genome of black cottonwood,
Populus trichocarpa (Torr. And Gray). Science 313, 1596—1604.

Tuskan G. A., Difazio S., Faivre-Rampant P., Gaudet M.,
Harfouche, A., Jorge V. et al. 2012 The obscure events contribut-
ing to the evolution of an incipient sex chromosome in Populus: a
retrospective working hypothesis. Tree Genet. Genomes 8, 559—
571.

Uchida W., Matsunaga S., Sugiyama R., Shibata F., Kazama Y.,
Miyazawa Y. et al. 2002 Distribution of interstitial telomere-like
repeats and their adjacent sequences in a dioecious plant, Silene
latifolia. Chromosoma 111, 313-320.

Urasaki N., Tokumoto M., Tarora K., Ban Y., Kayano T., Tanaka H.
et al. 2002 A male and hermaphrodite specific RAPD marker for
papaya (Carica papaya L.) Theor. Appl. Genet. 104, 281-285.

276

Valenzuela N. 2004 Evolution and maintenance of temperature-
dependent sex determination. In Temperature-dependent sex
determination in vertebrates (ed. N. Valenzuela and V. Lance),
pp. 131-147. Smithsonian Institution Press, Washington, USA.

Vallender E. J. and Lahn B. T. 2004 How mammalian sex chromo-
somes acquired their peculiar gene content. BioEssays 26, 159—
169.

Vanburen R. and Ming R. 2013 Dynamic transposable element
accumulation in the nascent sex chromosomes of papaya. Mob.
Genet. Elements 3, €23462.

vanDoorn G. S. and Kirkpatrick M. 2010 Transitions between male
and female heterogamety caused by sex-antagonistic selection.
Genetics 186, 629-645.

Volz S. M. and Renner S. S. 2008 Hybridization, polyploidy, and
evolutionary transitions between monoecy and dioecy in Bryonia
(Cucurbitaceae). Am. J. Bot. 95, 1297-1306.

Vyskot B. and Hobza R. 2004 Gender in plants: sex chromosomes
are emerging from fog. Trends Genet. 20, 431-438.

Vyskot B., Araya A., Veuskens J., Negrutiu I. and Mouras A.
1993 DNA methylation of sex chromosomes in a dioe-
cious plant, Melandrium album. Mol. Gen. Genet. 239, 219-
224.

Wai C. M., Ming R., Moore P. H., Paull R. E. and Yu Q. 2010 Devel-
opment of chromosome-specific cytogenetic markers and merg-
ing of broken linkage groups in papaya. Trop. Plant Biol. 3, 171—
181.

Wang D. W, Li Y. and Li Z. Q. 2011 Identification of a
male- specific amplified fragment length polymorphism (AFLP)
and a sequence characterized amplified region (SCAR) marker
in Eucommia ulmoides Oliv. Int. J. Mol. Sci. 12, 857—
864.

Wang J., Na J. K., Yu Q., Gschwend A. R., Han J., Zeng F. et al.
2012 Sequencing papaya X and Yh chromosomes reveals molec-
ular basis of incipient sex chromosome evolution. Proc. Natl.
Acad. Sci. USA 109, 13710-13715.

Weeks S. C., Benvenuto C. and Reed S. K. 2006 When males
and hermaphrodites coexist: a review of androdioecy in animals.
Integr. Comp. Biol. 46, 449—464.

Wellmer F., Riechmann J. L., Alves-Ferreira M. and Meyerowitz
E. M. 2004 Genome-wide analysis of spatial gene expression in
Arabidopsis flowers. Plant Cell 16, 1314-1326.

Westergaard M. 1958 The mechanism of sex determina-
tion in dioecious flowering plants. Adv. Genet. 9, 217-
281.

Wolf D. E., Satkoski J. A., White K. and Rieseberg L. H. 2001 Sex
determination in the androdioecious plant Datisca glomerata and
its dioecious sister species D. cannabina. Genetics 159, 1243—
1257.

Wu C. 1. and Xu E. Y. 2003 Sexual antagonism and X-inactivation-
the SAX1 hypothesis. Trends Genet. 19, 243-247.

Wu X., Wang J., Na J. K., Yu Q., Moore R. C., Zee F. et al. 2010
The origin of the non-recombining region of sex chromosomes in
Carica and Vasconcellea. Plant J. 63, 801-810.

Wyatt R. and Anderson L. E. 1984 Breeding systems in bryophytes.
In The experimental biology of bryophytes (ed. A. F. Dyer and J.
G. Duckket), pp. 39—64. Academic Press, London, UK.

Xu W. J., Wang B.-W. and Cui K.-M. 2004 RAPD and SCAR
markers linked to sex determination in Eucomma ulmoides Oliv.
Euphytica 136, 233-238.

Yakubov B., Barazani O. and Golan-Goldhirsh A. 2005 Combina-
tion of SCAR primers and touchdown- PCR for sex identification
in Pistacia vera L. Sci. Hortic 103, 473-478.

Yamato K. T., Ishizaki K., Fujisawa M., Okada S., Nakayama
S., Fujishita M. et al. 2007 Gene organization of the liver-
wort Y chromosome reveals distinct sex chromosome evolution
in a haploid system. Proc. Natl. Acad. Sci. USA 104, 6472—
6477.

Journal of Genetics, Vol. 93, No. 1, April 2014



Genetics of plant sex chromosomes

Yang Z., El Aidi J., Ait-Ali T., Augur C., Teller G., Schoentgen
F. et al. 1998 Sex-specific marker and frans-zeatin ribosidase in
female annual mercury. Plant Sci. 139, 93-103.

Ye D., Installe P., Ciupercescu D., Veuskens J., Wu Y., Salesses G.
et al. 1990 Sex determination in the dioecious Melandrium. 1.
First lessons from androgenic haploids. Sex Plant Rep. 3, 179—
186.

Yin T., Difazio S. P, Gunter L. E., Zhang X., Sewell M. M.,
Woolbright S. A. et al. 2008 Genome structure and emerging evi-
dence of an incipient sex chromosome in Populus. Genome Res.
18, 422-430.

Younis R. A. A., Ismail O. M. and Soliman S. S. 2008 Identification
of sex-specific DNA markers for the date palm (Phoenix dactylif-
era L.) using RAPD and ISSR techniques. Res. J. Agric. Biol.
Sci. 4,278-284.

Yu Q., Hou S., Hobza R., Feltus F. A., Wang X., Jin W. et al.
2007 Chromosomal location and gene paucity of the male spe-
cific region on papaya Y chromosome. Mol. Genet. Genomics
278, 177-185.

Yu Q., Hou S., Feltus F. A., Jones M. R., Murray J. E., Veatch O.
et al. 2008a Low X/Y divergence in four pairs of papaya sex-
linked genes. Plant J. 53, 124-132.

Yu Q., Navajas-Perez R., Tong E., Robertson J., Paul H., Moore P.
H. et al. 2008b Recent origin of dioecious and gynodioecious Y
chromosomes in papaya. Trop. Plant Biol. 1, 49-57.

Zhang T. and Tan D. Y. 2008 Adaptive significances of sexual
system in andromonoecious Capparis spinosa (Capparaceae). J.
Syst. Evol. 46, 861-873.

Zhang X., Feng B. Q., Zhang D., Altman N. and Ma H. 2005
Genome-wide expression profiling and identification of gene
activities during early flower development in Arabidopsis. Plant
Mol. Biol. 58, 401-419.

Zhang Y. H., Di Stilio V. S., Rehman F., Avery A., Mulcahy D.
and Kesseli R. 1998 Y chromosome specific markers and the
evolution of dioecy in the genus Silene. Genome 41, 141-147.

Zhou O. and Bachtrog D. 2012 Sex-specific adaptation drives early
sex chromosome evolution in Drosophila. Science 337, 341-345.

Zhou Y., Wang X. and Zhang X. 2011 Development and applica-
tion of a SRAP marker for the identification of sex in Buchloe
dactyloides. Euphytica 181, 261-266.

Zluvova J., Janousek B., Negrutiu 1. and Vyskot B. 2005 Compari-
son of the X and Y chromosome organisation in Silene latifolia.
Genetics 170, 1431-1434.

Zluvova J., Georgiev S., Janousek B., Charlesworth D., Vyskot B.
and Negrutiu I. 2007 Early events in the evolution of the Silene
latifolia Y chromosome: male specialization and recombination
arrest. Genetics 177, 375-386.

Zluvova J., Zak J., Janousek B. and Vyskot B. 2010 Dioecious
Silene latifolia plants show sexual dimorphism in the vegetative
stage. BMC Plant Biol. 10, 208.

Received 16 June 2013, in revised form 31 August 2013; accepted 5 September 2013
Published on the Web: 15 April 2014

Journal of Genetics, Vol. 93, No. 1, April 2014

277



	Genetics of dioecy and causal sex chromosomes in plants
	Abstract
	Introduction
	Amplification of the mutation-induced genetic variability by recombination
	Reproductive systems that favour amplification of genetic variability
	Frequency and spectrum of dioecious species in plant kingdom
	Dioecy is determined by sex chromosomes
	Variation in the sex chromosome systems of plants
	Variety in the developmental processes for attainment of male and female unisexuality
	Molecular basis of unisexual flower development
	Distinctive traits of male and female population and their effects on the survival in dioecious species
	Origin of sex chromosomes
	Development of heteromorphy between sex chromosomes
	Degeneration in the heterogametic sex chromosomes
	Transition of XY into ZW system
	X1X2Y and X1X2Y1Y2 variants of XY system of sex determination
	Age of sex chromosomes in dioecious plants
	Lessons from the model dioecious species
	Correspondence between dioecious systems of animals and plants
	Evolutionary future of dioecy
	Applications in crop agriculture


