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wild-type (SH1000) S. aureus compared to ani-
mals infected with bacteria less able to trigger
NGFb release from macrophages: the saeR–S.
aureus mutant (causing a mild infection) and
Enterococcus (causing a severe infection). Fur-
thermore, trkA knockdown compromised neu-
trophil migration to sites of S. aureus infection
(Fig. 4, E and F) as well as sterile inflammation
(Fig. 4, G and H), supporting a role for NGFb as
an “alarmin” for both S. aureus infection and
nonspecific tissue damage.
In summary, our results indicate a critical role

for NGFb-TRKA signaling in controlling vertebrate
innate immunity during S. aureus infection. It is
also conceivable that other vertebrate cystine-
knot proteins might play similar roles to NGFb
for other bacterial pathogens. The recent finding
that Spaetzle also functions as a neurotrophin in
Drosophila (29) suggests an evolutionarily con-
served dual function for cystine-knot proteins in
both nerve development and antistaphylococcal
immunity and may explain stimulation of aber-
rant nerve growth by soft-tissue infection by S.
aureus (30). Our findings reveal pleotropic effects
of the NGFb-TRKA pathway thatmay particularly
influence innate immunity to S. aureus infection,
suggesting that, potentially, person-to-person var-
iability in phagocyte secretion of, or response to,
NGFb may influence vulnerability to S. aureus
infection and may provide opportunities for ther-
apeutic intervention, particularly in multidrug-
resistant disease.

REFERENCES AND NOTES

1. F. D. Lowy, N. Engl. J. Med. 339, 520–532 (1998).
2. G. E. Thwaites et al., Lancet Infect. Dis. 11, 208–222 (2011).
3. B. Lemaitre, J. Hoffmann,Annu. Rev. Immunol. 25, 697–743 (2007).
4. L. M. Stuart, R. A. Ezekowitz, Nat. Rev. Immunol. 8, 131–141

(2008).
5. J. A. Hoffmann, Nature 426, 33–38 (2003).
6. S. Valanne, J.-H. Wang, M. Rämet, J. Immunol. 186, 649–656 (2011).
7. M. P. Belvin, K. V. Anderson, Annu. Rev. Cell Dev. Biol. 12,

393–416 (1996).
8. A. N. Weber et al., Nat. Immunol. 4, 794–800 (2003).
9. U. A. Vitt, S. Y. Hsu, A. J. Hsueh, Mol. Endocrinol. 15, 681–694

(2001).
10. S. Cohen, R. Levi-Montalcini, Proc. Natl. Acad. Sci. U.S.A. 42,

571–574 (1956).
11. M. V. Sofroniew, C. L. Howe, W. C. Mobley, Annu. Rev. Neurosci.

24, 1217–1281 (2001).
12. L. Aloe, R. Levi-Montalcini, Brain Res. 133, 358–366 (1977).
13. U. Otten, P. Ehrhard, R. Peck, Proc. Natl. Acad. Sci. U.S.A. 86,

10059–10063 (1989).
14. S. C. Bischoff, C. A. Dahinden, Blood 79, 2662–2669 (1992).
15. E. Einarsdottir et al., Hum. Mol. Genet. 13, 799–805 (2004).
16. O. P. Carvalho et al., J. Med. Genet. 48, 131–135 (2011).
17. A. Rotthier, J. Baets, V. Timmerman, K. Janssens, Nat. Rev. Neurol.

8, 73–85 (2012).
18. N. G. Seidah, S. Benjannet, S. Pareek, M. Chrétien, R. A. Murphy,

FEBS Lett. 379, 247–250 (1996).
19. M. A. Bruno, A. C. Cuello, Proc. Natl. Acad. Sci. U.S.A. 103,

6735–6740 (2006).
20. L. El Chamy, V. Leclerc, I. Caldelari, J. M. Reichhart, Nat. Immunol.

9, 1165–1170 (2008).
21. R. Muñoz-Planillo, L. Franchi, L. S. Miller, G. Núñez, J. Immunol.

183, 3942–3948 (2009).
22. P. D. Fey et al., MBio 4, e00537-12 (2013).
23. M. A. Benson, S. Lilo, T. Nygaard, J. M. Voyich, V. J. Torres,

J. Bacteriol. 194, 4355–4365 (2012).
24. W. Vollmer, B. Joris, P. Charlier, S. Foster, FEMS Microbiol. Rev.

32, 259–286 (2008).
25. A. Peschel, M. Otto, Nat. Rev. Microbiol. 11, 667–673 (2013).
26. I. H. Jang et al., Dev. Cell 10, 45–55 (2006).
27. C. L. Howe, J. S. Valletta, A. S. Rusnak, W. C. Mobley, Neuron

32, 801–814 (2001).

28. K. M. Rigby, F. R. DeLeo, Semin. Immunopathol. 34, 237–259 (2012).
29. B. Zhu et al., PLOS Biol. 6, e284 (2008).
30. I. M. Chiu et al., Nature 501, 52–57 (2013).

ACKNOWLEDGMENTS

We thank S. Clegg and E. Henderson for help with patient samples,
R. Mifsud and D. Cusens for initial phylogenetic and functional
analysis, A. Segal for provision of Nod2−/− mouse bone marrow,
and the aquarium staff of the Bateson Centre, University of Sheffield
for zebrafish husbandry. This work was supported by The Wellcome
Trust [Senior Clinical Research Fellowship to R.A.F. (084953), project
grant to S.J.F./S.A.R. (089981), The Medical Research Council, UK
(Research center grant (G0700091), Senior Clinical Fellowship to

S.A.R. (G0701932)], Papworth Hospital and the National Institute for
Health Research Cambridge Biomedical Research Centre, and the
Intramural Research Program of NIAID, NIH.

SUPPLEMENTARY MATERIALS

www.sciencemag.org/content/346/6209/641/suppl/DC1
Figs. S1 to S9
Movie S1
Databases S1 and S2
References (31–64)

14 July 2014; accepted 2 October 2014
10.1126/science.1258705

PLANT GENETICS

A Y-chromosome–encoded
small RNA acts as a sex
determinant in persimmons
Takashi Akagi,1,2 Isabelle M. Henry,1 Ryutaro Tao,2* Luca Comai1*

In plants, multiple lineages have evolved sex chromosomes independently, providing
a powerful comparative framework, but few specific determinants controlling the
expression of a specific sex have been identified. We investigated sex determinants in
the Caucasian persimmon, Diospyros lotus, a dioecious plant with heterogametic males
(XY). Male-specific short nucleotide sequences were used to define a male-determining
region. A combination of transcriptomics and evolutionary approaches detected a
Y-specific sex-determinant candidate, OGI, that displays male-specific conservation
among Diospyros species. OGI encodes a small RNA targeting the autosomal MeGI gene,
a homeodomain transcription factor regulating anther fertility in a dosage-dependent
fashion. This identification of a feminizing gene suppressed by a Y-chromosome–encoded
small RNA contributes to our understanding of the evolution of sex chromosome
systems in higher plants.

S
exuality promotes and maintains genetic
diversity in eukaryotic organisms. The
characterization of sex chromosomes re-
vealed evolutionary mechanisms govern-
ing sexuality in animals (1–3). However,

most plant sex chromosomes, which could be
present in up to 5% of species (4, 5), remain
poorly characterized (5–8). Dioecy, the separa-
tion of sex organs among male and female in-
dividuals, can be controlled by a heterogametic
male system comparable to that of mammals
and based on X and Y chromosomes, or on the
X-to-autosome ratio (5–8). Species with hetero-
gametic females, such as those of birds (ZWsystem),
are less common (8). Studies of Y-chromosome
structure and evolution in Silene latifolia (9–11),
papaya (Carica papaya) (12–15), and date palm
(16) have revealed a heterochromatic nonrecom-
bining region controlling sex determination, a
feature shared by loci controlling other sexual
characters such as asexual reproduction via
apomixis and the inability to self-fertilize via self-

incompatibility systems (7). For Y-linked sex
determination, as for apomixis, it has been chal-
lenging to identify genetic determinants in this
heterochromatic context. A theoreticalmodel pos-
tulates that two changes must occur during the
transition from hermaphroditism to dioecy: a re-
cessive mutation resulting in male sterility and a
dominant female-suppressing mutation (8, 17).
The Diospyros genus, within the Ebanaceae

(Ericales), containsmostly tree species, including
the economically important persimmons (D. kaki,
D. virginiana, andD. lotus) and ebony (D. ebenum).
Dioecymaypredate thedivergenceof theDiospyros
genus (18) and possibly even the origin of the
Ebenaceae (35 to 65 million years ago) (18–20).
Male flowers have fertile stamens but rudimentary,
arrested carpels and are organized in a three-
flower cyme. Female flowers display developed
but defective anthers that normally do not pro-
duce pollen grains (fig S1, A to P). Although a
single female flower is formed per inflorescence,
lateral aborted flower primordia are often visible
on the flower pedicel (fig. S1, Q and R).
We used de novo whole-genome sequencing

and transcriptome approaches to characterize the
sex determination system in the diploid D. lotus,
located to a single sex determination (SD) locus
on the Y chromosome (21).
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To identify male-specific sequences, genomic
sequencing libraries were constructed from D.
lotus, segregating F1 sibling trees (21). Libraries
pooled according to sex were sequenced to an
estimated 45 to 50× coverage (Fig. 1A). Every
35–base pair (bp) subsequence (35-mer or k-mer)
present in these sequencing reads was cataloged,
and reads including significant male-pool–specific
k-mers (MSKs) (Fig. 1B) were used for in silico as-
sembly (methods 2 and 3) of 5100 contigs puta-

tively located on the Y chromosome.We discarded
those inwhich potential Y-specific polymorphisms
perfectly matched reads from one or more female
samples, which suggests that they are probably
located in a region of active recombination (fig.
S2). Integrating and expanding the remaining
contigs resulted in ~800 contigs located on puta-
tive male-specific regions of the Y chromosome
(MSYs, fig. S3) and amounting to a total length of
~1 Mb (Fig. 1C).

To identify genes expressed during the differ-
entiation ofmale androecia and female gynoecia,
RNA-Seq was performed on tissue from mixed
buds, including floral organ primordia, from nine
males and nine females from the F1 used for the
genomic analysis, and their parents.We followed
three complementary approaches to interpret
these expression data: (i) we mapped the reads
to the MSY genomic contigs; (ii) we seeded as-
sembly with the reads, including male-specific

SCIENCE sciencemag.org 31 OCTOBER 2014 • VOL 346 ISSUE 6209 647

Fig. 1. Identification of male-specific sequences from
genomic sequence reads. (A)Genomic sequencing libraries
were created from D. lotus segregating F1 sibling trees. (B)
Reads from samples of the same gender were pooled and
searched for the presence of gender-specific 35-bp k-mers
(see inset graph). Reads including MSKs were assembled to
generate Y-linked genomic contigs. (Inset graph) Distribution
of gender-specific or -biased k-mers (35 bp). (C) Expected
organization of the assembled contigs within the MSY locus
and surrounding regions. Different numbers of individuals in
(A) and (B) reflect availability through sexual maturity in the
sib-family.

Illumina reads

K-mer analysis from 22 female and 24 male samples

Male-specific k-mers Seeded assembly

Y-linked genomic contigs

Map reads from each individual library to each contig. 
Derive male-specificity of contigs in each individual

32 females

57 individual sequencing libraries

25 males

Contigs

MSY-Linked

Minimal size (Mb):

Inferred map of Y

Recombinants:
3 female trees

Recombinants:
1 female and 
2 male trees

0.12 1.0 0.25

300150

Male-specific
region within the 
Y chromosome 
(MSY)

YXXX

0

100

150

200

50

0 100 150 20050

C
ou

nt
 in

 m
al

e 
D

N
A

Count in female DNA

Male-specific

Male-biased

Female-biased

Female-specific

796
(230 with no

 female 
homolog)

MSY

MSY-Linked

Expand and integrate male-specific contigs

RESEARCH | REPORTS



cDNA k-mers (methods 2 and 4, fig. S4); and (iii)
we assembled a draft of the transcriptome and
identified genes that were differentially expressed
betweenmale and female individuals (method 6).
Most of the expressed (reads per kilobase of se-
quence permillionmapped reads) > 1.0) gene frag-
ments isolated from (i) and (ii) were identical, even
though they were derived independently, suggest-
ing that we had successfully identified the majority
of the sequences associated with MSYs (fig. S5).
After integration of the genes identified using those
two approaches, 22 candidate genes underlying the
SD locus were identified (table S1).
We identified 62 genes that were differentially

expressed between male and female samples [false
discovery rate (FDR) < 0.01, table S2], seven of
which were MSY-linked. We focused on a pair of
class I homeodomain transcription factors, because
the first gene, which we named OGI (Japanese for
“male tree”), exhibits male-specific expression in
developing buds, is a Y-specific SD candidate with
no homologous sequence in the female genomic
reads, and its coding sequence presents multiple
disruptive stop codons. The second gene, which
we named MeGI (Japanese for “female tree”), is
not MSY-linked and is thus located on an auto-
somal region, but exhibited female-biased bud-
and flower-specific expression (fig. S6, A and B)
(FDR = 1 × 10–05, table S2). Moreover, these two
genes are monophyletic orthologs of the barley

Vrs1 gene (fig. S7). In barley, mutation of Vrs1
lifts the developmental inhibition on the lateral
flowers, resulting in fully fertile three-flower in-
florescences instead of a single central fertile
flower and two rudimentary lateral spikelets
(22, 23). This mutant is architecturally similar to
the male flowers of D. lotus, whereas wild-type
barley architecture resembles that of female
D. lotus flowers (fig. S1, Q and R). OGI sequence
analysis predicted the presence of a hairpin struc-
ture, with high similarity to the homologous re-
gion of theMeGI gene (Fig. 2A and fig. S8).
Despitemultiple disruptivemutations, theOGI

gene sequence and male specificity are highly
conserved in theDiospyros genus (Fig. 2B). Phylo-
genetic analyses suggest that the establishment of
OGIpredatedDiospyros radiation (Fig. 2C and fig.
S9) and that suppressed recombination main-
tained OGI on the Y chromosome for tens of mil-
lions of years. The nucleotide substitution patterns
within theOGI repeats suggest lineage-independent
coevolution (fig. S10), which is consistent with
selectivepressuremaintainingaconserveddoubled-
stranded RNA structure. Furthermore, sequence
analysis of ~150 kb surrounding OGI revealed
highly repetitive sequences and the presence of
male-specific regions (fig. S11), similar to MSY
regions from other species (3, 14). In contrast,
divergence between the X and Y alleles of the
other 21 SD candidates suggests that they were

established more recently than dioecy within
this genus (18, 20) (figs. S9 and S12, table S3, and
text S1 and S2). In conclusion, evolutionary in-
ference supported OGI as the best SD candidate.
There is no proven method for D. lotus trans-

formation, but it is expected to take several years.
Therefore, we elected to functionally characterize
OGI and MeGI in other systems instead. Tran-
sient coexpression assays in tobacco (Nicotiana
benthamiana) demonstrated that overexpression
of OGI suppressed the expression of MeGI (fig.
S13A) (P = 0.00082, Student’s t test), suggesting
that OGI can repress MeGI in plants.
Three of 11 Arabidopsis thaliana plants inde-

pendently transformed with MeGI driven by the
constitutive CaMV35S promoter (table S4) exhib-
ited stunted growth and sterile androecia, occa-
sionally producing nonfunctional pollenlike grains
(Fig. 3, A to I), whereas carpels could produce
fertile seeds upon cross-pollination (Fig. 3, J and
K). The other eight A. thaliana transformants
carrying the same overexpression construct were
not stunted and were typically male-fertile (Fig.
3L, fig. S14, and table S4) but also displayedMeGI
mRNA incomplete splicing, resulting in low ex-
pression of the functional MeGI transcript (P =
0.0017, Student’s t test; Fig. 3,M andN). Similarly,
inN. tabacum, 5 out of 12 plants transformedwith
MeGI driven by its native promoter exhibited low
pollen germination (P < 0.005, Student’s t test)
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Fig. 2. Sequence and expression analysis ofOGI
andMeGI. (A) Comparative structure of theOGI and
MeGI genes. White and gray triangles in the OGI
coding regions indicate disruptive deletions and in-
sertions, respectively. Homeobox domains are noted.
The blue region inOGIbears no homology to theMeGI
sequences. (B) PCR amplification of the OGI gene in
males (M) and females (F) ofDiospyros species. (a) In
hexaploid D. kaki, monoecious (B) cultivars bear both
male and female flowers. (C) Maximum likelihood–
basedphylogenetic tree of theOGI (blue) forward (FR)
and inverted (IR) repeat sequences and the corre-
sponding region from the MeGI (red) sequence, from
various Diospyros species. One-tenth values of boot-
straps from 1000 replicates are indicated on the
branches. (b) Taxa cover a substantial portion of the
Diospyrosgenus (18,20). (c) Ks value from the codon
frame of the MeGI gene used to estimate (d) the
timing of divergence betweenMeGI andOGI (method
8), to at least 52 million years ago, before the origin
of the Diospyros genus.
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and shorter androecia, whereas carpels remained
normal (fig. S15). Taken together, the phenotypes
observed in transgenicA. thaliana andN. tabacum
were consistent with the morphology of female
flowers in D. lotus (fig. S1). Furthermore, the asso-
ciation of male sterility with higher expression of
MeGI in persimmon and in transgenicArabidopsis
suggested thatMeGImay be a dosage-dependent
growth inhibitor that can sterilize androecia. The
OGI RNA hairpin structure suggested a role for
RNA interference in MeGI repression. To test this
hypothesis, we analyzed small RNA. OGI produc-
tion of male-specific 21-bp small RNAs was high
in buds and low in flowers.MeGI-specific small
RNAs accumulated in the buds and flowers of
males only, consistent with OGI triggering tran-
sitive and persistent small RNA production from
MeGI (Fig. 4A and figs. S6C and S13B).
Our data suggest a model for sex determina-

tion in Diospyros, in which OGI, or Oppressor of
MeGI, represses the expression of the feminiz-
ing Male Growth Inhibitor gene, MeGI, in male
flowers (Fig. 4B). OGI’s role as a dominant sup-

pressor of feminization could be consistent with
the SuF gene model (17) for the establishment of
dioecy. There is no evidence thatMeGI promotes
gynoecia formation. Instead, evidence fromMeGI
expression in hermaphroditicArabidopsis supports
a feminizing role through androecia sterilization.
Mechanisms affecting gynoecia formation in
Diospyros are still missing in this model, and an
additional Y-linked locusmay be required, as pos-
tulated by the two-mutation model for the evo-
lution of dioecy (8, 17). Alternatively, a single
master regulator of sex determination, such as
SRY in humans, may be sufficient (2, 8, 24). To-
gether with findings that a W-encoded Piwi-
interacting RNA determines sex in silkworms
(25), our results suggest that RNA-based sex-
determining mechanisms may be present in oth-
er systems as well. The involvement of small
RNAs in sex determination might explain why
they have been difficult to identify so far. Our
discovery in Diospyros of a small-RNA–based
repressor encoded by the Y chromosome and
acting on a transcription factor that affects an-

ther fertility provides a plausible sex-determination
mechanism and an exciting starting point for
comparison with other dioecious systems.
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Fig. 3. Phenotypes ofA. thaliana plants overexpressing
MeGI under the control of the CaMV-35S promoter. (A)
to (K) Severe feminized and stunted phenotypes. (A)
Whole plants at 62 days after germination. (B) Defective
development of stamens and petals. (C and D) Dissected
flowers (without petals and sepals) of 35S-MeGI (C) and
control (D). Sg, stigma; DS, defective stamens; St, stamens;
At, anthers; Fl, filaments. (E) Pollenlike grains (PL) some-
times produced from defective anthers (DA) in fully mature
flowers. (FandG) Positive vital staining of pollen(-like) grain
from the 35S-MeGI (F) and control (G) plants. (H and I)
Pollen tube (PT) formation assay for 35S-MeGI (H, negative)
and control (I, positive) plants. (J and K) Silique elongation
and seed (Sd) formation after cross-pollination using wild-
type (Col-0) pollen (CP) but not after self-pollination (SP).
(L) to (N) Comparison of stunted and feminized (Femin.),
andWT-like and hermaphroditic (Herm.) 35S-MeGI lines. (L)
Representative phenotypes. (M and N) Polymerase chain
reaction (PCR) amplification of genomic MeGI sequence
(M), including both introns (Fig. 2A) and quantitative PCR
(N) corresponding to fully spliced MeGI. MeGI transcripts
in hermaphroditic plants exhibited incomplete splicing (M),
resulting in at least a two- to threefold reduction in func-
tional transcript levels (N).
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Fig. 4. Functional analysis of OGI and MeGI. (A) Small-RNA sequencing
of developing male and female buds and read mapping to OGI (top) and
MeGI (bottom) sequences. The OGI gene model and MeGI cDNA are shown
on top. Coverage distributions and read mapping in the forward (pink) and
reverse (blue) direction are shown for male reads forOGI and both male and
female reads for MeGI. No female reads mapped to OGI. (B) Chromosomal

map of OGI and MeGI, with a model of their interaction and potential func-
tion in female (left) and male (right) flower development. RNAi, RNA inter-
ference.The model omits a mechanism for male suppression of gynoecia. A
second, dominant Y-linked gene could exist. Alternatively, under a single
sex-determination model, OGI-mediated repression of MeGI might limit the
gynoecia.


