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Gene organization of the liverwort Y chromosome
reveals distinct sex chromosome evolution in a
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Y chromosomes are different from other chromosomes because of
alack of recombination. Until now, complete sequence information
of Y chromosomes has been available only for some primates,
although considerable information is available for other organ-
isms, e.g., several species of Drosophila. Here, we report the gene
organization of the Y chromosome in the dioecious liverwort
Marchantia polymorpha and provide a detailed view of a Y chro-
mosome in a haploid organism. On the 10-Mb Y chromosome, 64
genes are identified, 14 of which are detected only in the male
genome and are expressed in reproductive organs but not in
vegetative thalli, suggesting their participation in male reproduc-
tive functions. Another 40 genes on the Y chromosome are ex-
pressed in thalli and male sexual organs. At least six of these genes
have diverged X-linked counterparts that are in turn expressed in
thalli and sexual organs in female plants, suggesting that these X-
and Y-linked genes have essential cellular functions. These findings
indicate that the Y and X chromosomes share the same ancestral
autosome and support the prediction that in a haploid organism
essential genes on sex chromosomes are more likely to persist than
in a diploid organism.

bryophyte | dioecy | Marchantia polymorpha

I n many sexually dimorphic organisms, sex chromosomes play key
roles in sex determination and sexual development. In mammals,
for example, a female has two X chromosomes, whereas a male has
one X and one Y chromosome (XX/XY system). The mammalian
Y chromosome carries a gene that induces testis development (e.g.,
mouse SRY; refs. 1 and 2) and thus determines male sex. In humans,
the Y chromosome is smaller than most of the other chromosomes
and harbors <200 genes, whereas the X chromosome contains
1,098 genes (3). The Y chromosome has accumulated mutations
and lost many genes, because of suppressed recombination with the
X chromosome as reviewed and discussed by Charlesworth and
Charlesworth (4). The canonical Drosophila Y chromosome is
recombinationally isolated from the X and carries few genes, which
appear to be autosomally rather than X-chromosomally derived. It
is required for male fertility but plays no role in sex determination.
This system has been drastically modified in a subset of Drosophila
species (D. affinis and D. pseudoobscura groups; ref. 5). Intriguing
is the observation and analysis of recently established sex chromo-
somes in Drosophila species such as the neo-Y and neo-X in D.
miranda (6, 7). Here, the loss of recombination has been found to
lead to drastic changes in gene content and structures (8, 9).

Sex determination systems in dioecious plants are thought to
have evolved many times from hermaphroditic ancestors (10).
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Analogous to the mammalian XX/XY system, in the dioecious
angiosperm white campion (Silene latifolia) males are X/Y and
females XX. The Y chromosome induces male development (11).
In papaya (Carica papaya), a dominant male-determining locus
resides in a chromosomal region where recombination is suppressed
and the DNA sequence has extensively diverged from its homolo-
gous region on the X chromosome (12). Therefore, this papaya
chromosome is considered an immature Y chromosome in an
emerging XX/XY system. In dioecious sorrel, Rumex acetosa, a
male individual has one X and two Y chromosomes, whereas a
female has two X chromosomes. Here, the presence of Y chromo-
somes has no influence on triggering male development, but as is
the case in Drosophila, the X/autosomal balance determines the sex
(13, 14).

In general, Y chromosomes preserve their genetic identity by
suppressing recombination with X chromosomes, thus placing
themselves on a unique evolutionary path. Investigations in various
diploid organisms revealed that Y chromosomes tend to accumu-
late repeats and lose genes (4). However, comprehensive sequence
data of Y chromosomes are available only for humans and chim-
panzees (15-17).

Y chromosomes in haploid dioecious organisms also appear
different from other chromosomes, but have been poorly studied.
Under haploidy, both X and Y chromosomes should evolve in the
same way (18), which will be discussed in detail later. The liverwort
Marchantia polymorpha, an extant species of the earliest land plants
(19), is dioecious, and the dominant forms in its life cycle are female
and male haploid thalli. These are phenotypically identical until the
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Table 1. Genes identified on the M. polymorpha Y chromosome

Chromosome Presence in Expression
region Name female Sexual organ  Thallus
YR1 M2D3.1 + + +
M2D3.2 + + +
M2D3.3 + - -
M2D3.4 - + +
M2D3.5 - + -
yd (ORF162)
M2D3.6 + + +
M8H2.3 + + +
M205B1.4 + + -
M123D8.8 + + +
YR2, Contig A M338F12.2 - + +
M338F12.1 - + +
M338F12.3 + + +
Contig-A Contig-B %7332’6111 + +
Fig.1. Ordering of contig A and contig B on the M. polymorphaY chromosome. M19B4.1-2 - - -
(A) Detection of the left terminal regions of contig A (CA-L, red) and contig B M19B4.1-3 - +
(CB-L, green) on DAPI-stained prometaphase chromosomes (blue). The Y chro- M19B4.2 - + -
mosome is indicated by an arrowhead. (B and C) Magnification of DAPI-stained M355D5.3 + + +
and FISH images of the Y chromosome, respectively. (D) Schematic alignment of M355D5.1 4 T B
contig A and contig Bor! YR2. The positions of CA-L and CB-L are indicated by red M355D5.4 B + }
and green dots, respectively. (Scale bars: 5 um, A; 2 um, C.) M355D5.2 } n )
M350E4.4 - + -
female or male sexual organs differentiate. After fertilization by M166C5.1 + +
flagellated sperm, a diploid zygote develops into a sporophyte by M166C5.2 - + +
mitosis, followed by meiosis to produce haploid spores, which M166C5.5 ) + -
germinate and develop into the next-generation thalli. The haploid M97D8.2 + * +
thalli of both sexes can also propagate asexually by so-called %25524 + i i
gemmac. . M547D3.2 + + +
Several bryophyte species have been reported to possess sex M547D3.1 i N N
chromosomes (20); in M. polymorpha the haploid set of chromo- ME66 C5' 4 N N N
somes consists of eight autosomes and a single sex chromosome, an M666C5. 1 N i
X chromosome in females (n = 8+X) and a Y chromosome in M217D8.1 N N
males (n = 8+7Y). Therefore, unlike in the XX/XY system, the X M217D8.2 ) n n
and Y chromosomes in M. polymorpha are separated from each M217D8.4 B " n
other during most of the life cycle. In M. polymorpha, the X and Y M354D1.5 4 i B
chromosomes align during meiotic metaphase but keep some M212C1.4 ) n )
distance from each other and are in the diakinesis stage separated M104E4.1 ; 4 i
earlier than the autosomes (21, 22), suggesting that no recombina- M537D7.2-1 i + i
tion between the X and Y chromosomes is possible. The extensive M537D7.2-2 + + -
sequence analysis of the M. polymorpha Y chromosome reported  yR2, Contig B~ M359F1.1 B + +
here not only provides an in-depth view into the gene content and MO95E6.1 - + +
structure of a plant sex chromosome but also yields insights into the M408G1.2 - + +
evolution of recombination-suppressed sex chromosomes in a hap- M286B9.1 + +
loid genome. M420F5.1 - + +
M286B9.2 - + +
Results and Discussion M578C3.1 _ 4 i
Sequencing of the Marchantia Y Chromosome. We had previously M88B7.1 - + +
found that the M. polymorpha Y chromosome (10 Mb) contains a M402H5.1 - + +
family of unique repeats that are represented by a 2.4-kb BamHI M402H5.5 + + +
repeat confined to a 4-Mb segment of the Y chromosome (23) M402H5.6 + + +
designated YR1 (Y chromosome region 1). We now obtained the M508E5. 1 - + -
sequence of YR1 by sequencing 28 P1-derived artificial chromo- M526D2.2 - + -
some (PAC) clones that collectively cover YR1, because the M468B3.1 - + -
accumulation of the 2.4-kb BamHI repeat family made the con- M530A10.2 + + +
struction of contigs impractical [see supporting information (SI) M530A70.3 - + -
Text for details]. The total sequence obtained amounts to 3,200,899 M22H6.1 * + +
bp (SI Table 3, SI Table 4, and SI Fig. 4). M323C1.2 + + +
For sequence analysis of the other 6-Mb segment of the Y MaiH12.2 + + )
chromosome region 2 (YR2), 59 tiled PAC clones were selected M41H12.1 ) ) )
MA45F5.1 + + +

from two contigs of aligned PAC clones, contig A and contig B, that
cover YR2 (see SI Text for details and SI Fig. 4). Three PCR- Genes whose homologs are found in animals but not in angiosperms are
amplified DNA fragments filled mapping and tiling gaps in contig  in bold.
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B. The total lengths of the sequences obtained were 3,467,261 bp
for contig A and 2,530,874 bp for contig B, which account for >95%
of their size as estimated from the physical mapping.

Contig A and contig B were cytologically mapped on the Y
chromosome by FISH. One of the signals for the end of contig A
terminated by clone pMM23-431A8 (CA-L; red signals in Fig. 1 A
and C) was detected in the immediate vicinity of the more con-
densed YR1 (Fig. 1B). The other signals for CA-L indicate the
presence of sequences similar to CA-L on autosomes. The signal for
the end of contig B terminated by clone pMM23-359F1 (CB-L;
green signals in Fig. 1 4 and C) was detected in the central region
of YR2. This result aligns YR1, contig A, and contig B on the Y
chromosome in the order illustrated in Fig. 1D.

Genes on the Marchantia Y Chromosome. Similarity searches against
the public sequence databases and M. polymorpha ESTs (see SI Text
for details; SI Dataset 1) detected 64 genes, 9 in YR1 and 55 in YR2
(Table 1, Fig. 2, SI Table 5, and SI Table 6). Genomic PCR and/or
Southern blotting shows sequences similar to 25 of the Y-
chromosome genes are also in female DNA, whereas the remaining
39 genes appear to be present only in the male DNA (Table 1).
However, six of the apparently male-specific genes turned out to
have putative X-linked homologs (Table 2). Fourteen genes, one
(M2D3.5) in YR1 and 13 in YR2, are unique to the male genome
and in addition show sexual organ-specific expression (Table 1).
These genes are thus candidates for male reproductive functions.

Although no closely similar homologs of the M. polymorpha
Y-linked genes were found in searches of other species’ Y chro-
mosomes, we identified some putative genes from ORFs whose
translated sequences resemble some animal male-fertility proteins.
Among the 14 putative male reproductive genes, six encode pro-
teins whose homologs are found in animals but not in angiosperms
(genes in bold in Table 1, SI Table 5, SI Table 7, and SI Fig. 5).
Because in bryophytes male gametes are flagellated sperm, sper-
matogenesis in M. polymorpha and animals could very well share
some proteins of common evolutionary descent, and these six genes
may be involved in analogous functions in spermatogenesis.

Another 40 genes on the Y chromosome are expressed in
vegetative thalli and male sexual organs and thus may code for
functions not related to male sexual differentiation. At least five
genes in YR1 have homologs on autosomes and thus may not be
essential (24).

Gene Density in the Y Chromosome. In total, 64 genes are detected
in >9 Mb of the Y chromosome by our similarity probing with genes
identified in other organisms and/or the M. polymorpha ESTs. The
current set of M. polymorpha EST sequences contains ~10,000
nonredundant sequences, but is not saturated. Conservatively as-
suming 10,000 genes in the genome of 280 Mb, the 10-Mb Y
chromosome would thus be predicted to carry 10,000 X 10/280 =
350 genes, or more. The observed lower gene content may be
explained by successive degeneration of the Y chromosome, al-
though the accumulation of repeats cannot be excluded as a
possible cause. Further data on gene content and density in the
other chromosomes of this plant will allow a more detailed evalu-
ation of the observed gene density in the future.

Repeats and Transposable Elements. Both YR1 and YR2 are rich in
repeats, but the origins of these repeats are strikingly different (see
also SI Fig. 6). The YR1 domain consists of unique small repeat
sequences of only several hundred nucleotides, which are assembled
in various stoichiometries to form different arrangements of the
2.4-kb BamHI repeat family. Structures and sequences of these
elements have been analyzed (23). When DNA of clone pMM23-
104E4 (contig A of YR2), which is one of the first clones isolated
from YR2 (25), and a fragment of the 2.4-kb BamHI repeat were
simultaneously applied to prometaphase chromosomes of male
plants in FISH experiments, the signal of the 2.4-kb BamHI repeat
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Fig.2. Overview of YR2. The linear arrangements of contig A and contig B are
shown with pertinent features indicated by the following letters: G, putative
gene; P, pseudogene or EST homolog; O, organellar DNA insertion; T, transpos-
able element; R, repeat. Arrowheads under the letters indicate their orientation.
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Table 2. Y chromosomal genes with X-linked putative homologs

Length, bp* Homolog Accession
Name Y /X-linked Identity, % pst pn’ dst d.f (UniProt accession no.) X-linked
YR2, Contig A
M338F12.1 709/709 80.1 0.86 0.02 NC 0.02 Calcium-dependent protein AB288007
kinase (Q94G52)
M547D3.1 142/142 93.6 0.31 0.00 0.39 0.00 GTP-binding protein, AB288008
ras-like (Q9FJHO)
M104E4.1 2,157/2,139 62.6 0.74 0.09 3.35 0.10 Nonphototrophic hypocotyl AB272580
1a (Q9ST26)
YR2, Contig B
M408G1.2 1,182/1,135 74.4 0.84 0.04 NC 0.04 Serine/threonine protein AB288009
phosphatase
(BSL2_ARATH)
M88B7.1 430/430 85.6 0.50 0.03 0.82 0.03 ZIM-like 1 protein (Q94B66) AB288010
M402H5.1 374/374 70.6 0.84 0.12 NC 0.13 Hypothetical protein AB288011

(Q8RWB1)

A paternal BC; population and primers listed in SI Table 8 were used for testing linkage to the X chromosome.
*Length of X-linked sequences amplified by degenerate PCR and that of corresponding regions of Y chromosomal genes. Note that the entire coding sequence
of the M104E4.1 gene (AB272579) was compared with that of the F62B12.1 gene (AB272580) carried by the X-linked PAC clone, pMF28-62B12 (AB272581).
Tps(pn), the proportion of observed synonymous (nonsynonymous) substitutions; ds(d,), the Jukes-Cantor correction for multiple hits of ps(pn); NC, not calculated

due to ps >0.75.

(yellowish green signal in Fig. 3 Left) identifies only YR1, and the
signal of pMM23-104E4 lights up only YR2 in its entirety (red
signals in Fig. 3 Left).

The M. polymorpha X chromosome (20 Mb) carries a large
cluster of ribosomal DNA (45S rDNA) designated XR1 (X chro-
mosome region 1), whereas no rDNA is found on the Y chromo-
some (26). When DNA of pMM23-104E4 and a fragment of the
rDNA sequence on the X chromosome (27) were used in a FISH
analysis of female chromosomes, the signal of pMM23-104E4 (red
signals in Fig. 3 Right) was detected on a segment of the X
chromosome (designated X chromosome region 2; XR2) distinct
from the rDNA signals (light blue signals in Fig. 3 Right) and on
autosomes. The contig-A region in YR2 of the Y chromosome thus
contains sequences similar to motifs on a specific segment of the X
chromosome and on autosomes.

Several repeats in YR2 are related to transposable elements.
Although the total complexity of common interchromosomal re-
peats remains unknown without sequence information on the entire
genome, intrasegmental repeats of at least 200 bp and at least 90%
identity alone account for 43% of YR2 (Fig. 2). An interesting
similarity to YR2 is seen in humans, where common repeats such

Y X

Fig. 3. Visualization of segments in the M. polymorpha sex chromosomes.
Detection of pMM23-104E4 (red) on Giemsa-stained prometaphase chromo-
somes (blue). Signals of the 2.4-kb BamHI DNA fragment (yellowish green)
were merged on the male chromosomes (Left). Similarly, signals of the 455
rDNA fragment (175 rDNA, light blue) were merged on the female chromo-
somes (Right). The male chromosomes were not probed with the 455 rDNA
fragment. Arrowheads indicate the Y and the X chromosomes; the insets show
magnifications. Schematic diagrams of the Y and X chromosomes displayed in
the center indicate the color coding of the FISH images. (Scale bars: 5 um.)

Yamato et al.

as LINE]1 (long interspersed nuclear element 1), Alu, and retroviral
elements account for 47% of the euchromatic MSY (male-specific
region of the Y chromosome; ref. 15).

Evolution of the M. polymorpha Sex Chromosomes. Like X and Y
chromosomes of other organisms, the M. polymorpha sex chromo-
somes probably originated from a regular autosome. A widely
accepted scheme for the evolution of Y chromosomes in the
XX/XY system consists of three major events: acquisition of the
sex-determining loci, suppression of recombination, and genetic
degeneration driven by evolutionary processes such as Muller’s
ratchet (4, 28). However, Bull (18) predicted that the evolution of
sex chromosomes in a haploid system is different from that in a
diploid system. In a haploid organism, degeneration should not
occur, because it would impair essential genes. Essential genes on
the Y chromosome should thus also be present on the X, because
females will likewise require these genes. To test this hypothesis, we
investigated five of the putative genes for general functions from
YR2 by degenerate PCR based on their conserved amino acid
sequences for similar coding sequences in the X chromosome
(Table 2). We indeed detected female homologs for all five genes
tested and confirmed their X-linkage by genomic PCR using a
paternal BC, population and primers specific to the female se-
quences (data not shown). The X- and Y-linked coding sequences
of each pair have diverged to some extent (70.6-93.6% nucleotide
identity; Table 2). Only one X-linked sequence homolog was
recovered for each of the YR2 genes tested, suggesting that the
X-linked sequences do not represent copies of gene families that
incidentally reside on the X chromosome. Three of the X-Y gene
pairs, M338F12.1, M408G1.2, and M402H5.1, appear to have
reached saturation of synonymous substitutions, suggesting that
recombination between the X and Y chromosomes has been
suppressed for a long time. The relatively low synonymous site
divergence of the M547D3.1 pair could be explained by gene
conversion that occurred after the establishment of the sex chro-
mosomes. The results above also suggest that the putative genes for
general functions in YR2 are essential for the plant. In addition, one
X chromosome-linked PAC clone carries a homolog of the Y
chromosomal gene M104E4.1 (contig A of YR2 in Table 1, SI Fig.
7, and SI Text for details), and the M104E4.1 pair also shows a very
high synonymous substitution rate (Table 2). These results suggest
that YR2 and XR2 evolved from the same ancestral autosome, as
predicted by Bull (18).
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Although the high synonymous substitution rate observed
among the X-Y gene pairs suggests that the M. polymorpha Y
chromosome has been long established, the 14 putative male
reproductive genes are far fewer than the 40 putative general
function genes expressed in thalli and sexual organs. The
higher proportion of putative general function genes on the M.
polymorpha Y chromosome is consistent with the prediction
that in a predominant haploid lifestyle degeneration must not
impair nonredundant genes whose expression is essential to
survival of the organism (18).

According to another prediction by Bull (18), the X and Y
chromosomes in a haploid organism should show similar charac-
teristics, including the extent of their degeneration. In a haploid
organism, both X and Y chromosomes lack partners for recombi-
nation or genetic complementation, which places the two sex
chromosomes under identical evolutionary pressures. Although we
have shown that XR1, like YR1, consists of specific repetitive
sequences in the form of an rDNA cluster with distinct intergenic
sequences (27), it is necessary to examine XR2 in detail to verify the
above prediction.

Materials and Methods

Plant Materials. Thalli and sexual organs of M. polymorpha (E lines)
were obtained as described (29).

DNA Sequencing. Sequencing of PAC clones was performed by
a shotgun method as described (23). Some of the shotgun reads
were produced by Shimadzu, Kyoto, Japan. Paired-end se-
quence reads with a coverage of six to eight times were
generated for each PAC clone. Sequence reads were then
assembled and edited by using the computer programs phred
(30, 31), Paracel GenomeAssembler (Paracel, Pasadena, CA),
and consed version 12.0 (32). Some sequence gaps were filled
by primer walking.

Sequence Analysis. Searches for protein coding regions were
performed against the nonredundant protein sequence database
of the European Bioinformatics Institute by using the BLASTX
program (33) and against M. polymorpha ESTs (34, 35) with the
BLASTN program (33). Amino acid sequences were aligned by
using the CLUSTALW program (36). The rate of synonymous
substitutions per potential synonymous site and the rate of
nonsynonymous substitutions per potential nonsynonymous site
were calculated by using the SNAP package (37).

Genomic PCR. PCR for determining sex specificity of putative genes
and linkage analysis was performed basically as described (23).
Template genomic DNAs were isolated as described (29), and 10 ng
each was used per assay.

cDNA Library Construction and EST Analysis. Poly(A)* RNAs were
isolated from WT male thalli and sexual organs by using
Concert Plant RNA Reagent (Invitrogen, Carlsbad, CA) and
PolyATract System 1000 (Promega, Madison, WI), and cDNA
libraries were constructed by using the poly(A)* RNAs and
SUPERSCRIPT Plasmid System with GATEWAY Technol-
ogy for cDNA Synthesis and Cloning (Invitrogen) according to
the manufacturers’ instructions. Complementary DNAs were
cloned directionally and sequenced to generate 5’ ESTs.
Sequence reads were first processed with the base-caller
program phred. Low-quality sequences, vector sequences, and
poly(A) tails at the end of each sequence were removed, and
cleaned sequences <90 bp in length were rejected by using the
sequence processing software Paracel TranscriptAssembler
(Paracel). Subsequently, sequences originating from Esche-
richia coli, organelles and structural RNAs were removed.
ESTs were clustered by using Paracel TranscriptAssembler,
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and each cluster was visually inspected and edited for consis-
tency by using consed.

RT-PCR Analysis. First-strand cDNA was synthesized from DNase-
treated poly(A) ™ RNA by using SuperScript II reverse transcriptase
(Invitrogen) at 42°C with XhoSseEcoR-dT primer (5'-GAGAAT-
TCCTGCAGGCTCGAGTTTTTTTTTTTTTTTTTT) for 60
min. A 20-ul reaction mixture was diluted to 400 wl with
Tris—-EDTA, and 1 ul of the diluted mixture was used as
template in a 20-ul PCR amplification mix containing 10 pmol
of the same primers used for the genomic PCR. Reactions
without reverse transcriptase were performed to check genomic
DNA contaminations.

Degenerate RT-PCR. Total RNA was isolated from male and female
thalli with a RNeasy Plant Mini kit (Qiagen, Hilden, Germany) and
reverse-transcribed with ReverTra Ace (Toyobo, Osaka, Japan)
and oligo(dT) (20) primer. Degenerate primers were designed
based on conserved amino acid sequences (SI Table 8). Amplified
DNA fragments of the predicted sizes were gel-purified, cloned into
the HinclI site of pUC18 or pUC19 vectors, and sequenced.

FISH. Preparation of chromosome spreads from young thalli of
M. polymorpha and FISH was performed as described (23, 26,
38). For ordering contig A and contig B (Fig. 1), an ~400-kb
sequence at one end of each contig was masked with Y
chromosomal sequences other than itself by using RepeatMas-
ker (www.repeatmasker.org) to remove dispersed repetitive
sequences. Using the resulting unmasked stretches of se-
quences, 9 and 10 primer pairs were designed for contig A and
contig B, respectively, by using Primer3 (39) (SI Table 9). DNA
fragments amplified with the primer pairs of each contig were
pooled and designated CA-L for contig A and CB-L for contig
B. The pooled DNAs of CA-L and CB-L were labeled with
digoxigenin (DIG)-11-dUTP and biotin-16-dUTP (both
Roche Diagnostics, Basel, Switzerland), respectively. Biotin-
labeled probes were detected by FITC-avidin DCS (Vector
Laboratories, Burlingame, CA) with one cycle of avidin-biotin-
conjugated amplification. DIG-labeled probe was detected
with anti-DIG-rhodamine (Roche Diagnostics) and Alexa-546
donkey anti-sheep IgG (Invitrogen). For visualization of seg-
ments of the Y and X chromosomes (Fig. 3), DNA of pMM23-
104E4 (25) was labeled with biotin-16-dUTP and detected with
Cy5-streptavidin (GE Healthcare, Piscataway, NJ) after tyra-
mide signal amplification (PerkinElmer, Wellesley, MA). The
entire length of the 2.4-kb BamHI fragment for male chro-
mosomes, and the 17S rDNA sequence, part of 455 rDNA, for
female were labeled with Spectrum Green-dUTP (Abbott
Molecular, Des Plaines, IL).
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