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Abstract:

Dioecy is a plant mating system in which individuals of a species are either male or female.
Although many flowering plants evolved independently from hermaphroditism to dioecy,
the molecular mechanism underlying this transition remains largely unknown. Sex
determination in the dioecious plant Asparagus officinalis is controlled by X and Y
chromosomes; the male and female karyotypes are XY and XX, respectively.

Transcriptome analysis of A. officinalis buds revealed that a MYB-like gene, Male Specific
Expression 1 (MSE1), is specifically expressed in males. MSE1 exhibits tight linkage with
the Y chromosome, specific expression in early anther development, and loss of function on
the X chromosome. Knockout of the MSE1 orthologue in Arabidopsis induces male sterility.

Thus, MSE1 acts in sex determination in A. officinalis.



Introduction:

In order to preserve genetic variety within species, flowering plants have evolved various
systems to prevent self-fertilization. In one such system, dioecy, individuals of a species are
either male or female. In angiosperms, about 15,000 species (~6%) of 160 families are
dioecious, and the evolution of dioecy is thought to have occurred independently more than
800 times (Charlesworth 2002; Renner 2014). According to a current theoretical model, the
transition from hermaphroditism to dioecy can proceed by two evolutionary pathways:
gynodioecy, in which individual plants separate into females and hermaphrodites, and
androdioecy, in which plants separate into males and hermaphrodites (Charlesworth &
Charlesworth 1978). The first step of the evolution of gynodioecy is a recessive male sterile
mutation, followed by a dominant female sterile mutation (or gain of suppressor function)
near the male mutation locus, thus creating a sex chromosome. Conversely, a female
mutation is the first step in the evolution of androdioecy, but this pathway is not
predominant because female mutations and androdioecious plants are very rare in nature.
However, molecular mechanisms of sex determination and its evolution in flowering plants
are largely unknown. The recent identification of sex-determination genes in persimmon is
the only example that an autosomal homeobox transcription factor gene, MeGI, dominantly
suppresses male organ development, whereas OGI on the Y chromosome encodes a small
RNA that targets MeGl for gene silencing (Akagi et al. 2014).

Sex determination in the dioecious plant Asparagus officinalis is controlled by a single
locus, the Mating- (M) locus, located on chromosome 5 (Loptien 1979; Telgmann-Rauber

et al. 2007). The sex chromosome karyotypes of males and females are XY and XX,



respectively. Relatively large vestiges of organs corresponding to the opposite sex are
observed in both male and female flowers in A. officinalis, suggesting that morphological
sex differentiation occurs at a late stage of flower development (Fig. 1A,B). In fact, at early
developmental stages, the male and female flowers look like those of hermaphrodites; the
morphological differences between male and female flowers appear later when the stylar
tube is formed on carpels in female flowers, and during or just before meiosis in male
flowers (Caporali et al. 1994). To generate these morphological differences,
sex-determination genes must be expressed in the appropriate tissues at the appropriate
developmental stages. Genetic analysis suggested the involvement of two
sex-determination genes, called “male activator” and “female suppressor”, located in the

M-locus of the Y chromosome (Marks 1973).

Results and Discussion:

To search for sex-determination genes, a transcriptome analysis was performed during early
development of male and female flowers of A. officinalis cv. Super Welcome. De novo
assembly of 10.5 Gb of male paired-end sequences by Trinity (Grabherr et al. 2011) yielded
104,937 contigs and 51,525 unigenes (Fig. S1, Table S1). Mapping of 52.8 and 56.6 million
reads from males and females against the assembled contigs, respectively, revealed that 149
contigs (114 unigenes) are expressed in a male-biased manner. Because the previous
transcriptome analysis of A. officinalis failed to identify Y-chromosome genes (Harkess et
al. 2015), we performed further screening by mapping each of 316 million reads from the

male and female genome sequencings against the 114 candidate genes. Ultimately, seven



contigs were obtained as candidates for male-specific genes (Table S2). To confirm that the
candidate genes were male-specific, we amplified them by polymerase chain reaction
(PCR) from bulked male and female genomes (Fig. S2). Only one gene, which we named
Male Specific Expression 1 (MSE1), exhibited male-specific amplification. This result was
unexpected because both female RNA and genome sequence reads mapped to the MSE1
contig, albeit at low levels (Table S2). Mapping of RNA sequence reads against the MSE1
contig revealed that female reads only mapped to the 5’ end of the transcript, whereas male
reads covered the whole transcript (Fig. S3). Reverse transcription (RT)-PCR using primers
that amplified the full-length MSEL1 transcript confirmed male-specific expression of MSE1
(Fig. 1C).

To determine whether MSEL1 is on the Y chromosome, we PCR-amplified MSE1 from the
genomes of male and female individuals of A. officinalis cv. Super Welcome. MSE1
specifically amplified from male individuals, but not from females (Fig. 1D). Subsequent
PCR analysis of 112 independent plants confirmed male-specific amplification of MSE1
(Fig. 4S). These results suggest that MSE1 is on the Y chromosome gene, tightly linked to
the M-locus.

MSEL1 encodes a 276-amino acid protein containing two MY B domains at the N-terminus
(Fig. 1E, Fig. S5). MSEL1 belongs to the R2R3-MYB class of proteins, which includes
MYB transcription factors involved in metabolism, cell fate and identity, development, and
biotic and abiotic stress responses (Stracke et al. 2001; Dubos et al. 2010; Ambawat et al.
2013). To study the spatial and temporal pattern of MSE1 expression, we measured the

levels of MSE1 mRNA in each tissue of male plants by quantitative RT-PCR. MSE1 mRNA



was specifically expressed in small buds, but not in other tissues (Fig. 1F). Detailed
analysis of MSE1 expression in young buds revealed that MSE1 was predominantly
expressed in anther (Fig. 1G). These results suggest that MSE1 acts in early stages of male
organ development.

RNA and genome-sequence mapping data of MSEL transcripts suggested that the vestige of
MSE1 still exists on the X chromosome (Table S2). To test this hypothesis, whole-genome
sequencing and assembly was performed on a male genome. BLAST searches against the
assembly scaffolds revealed four scaffolds with high sequence similarity to MSE1 cDNA.
One completely matched the genomic sequence of MSE1 in which male DNA sequence
reads were specifically mapped, and was judged to represent the MSE1 sequence on the Y
chromosome (Fig. 1H, Fig. S6). The other three scaffolds shared partial similarity with the
MSE1 genome sequence on the Y chromosome (Fig. 1H). The high conservation of
intergenic regions and introns of MSE1 between these scaffolds, and the fact that they could
be amplified from both male and female genomes, suggested that these three scaffolds
represented X chromosome sequences. We designated MSE1 on Y chromosome as MSE1Y
and the putative MSE1 sequence on the X chromosome as MSE1*. Two scaffolds of MSE1*
were assembled with a 19 kb PacBio sequence showing that MSE1* is fragmented in at
least 30 kb region of X chromosome rather than MSE1" is encoded within 2.5 kb (Fig. 1H).
This result could explain the misamplification of MSE1 genome fragment by PCR from
female individuals because the amplicon is too large (Fig. 1D). In A. officinalis cv. Super
Welcome, three insertions, five deletions, and 16 point mutations are present in the coding

region of MSE1” relative to MSE1" (Fig. S7). Some of these are likely to be deleterious



mutations: a one-base deletion at tyrosine 28 of MSE1" induces a frame shift, resulting in a
premature stop codon; a deletion at the end of the second exon causes the loss of 26 bases
of protein-coding region and a splicing signal; and a large deletion at the end of third exon
also causes a 200 bp deletion of protein-coding region (Fig. 1H, Figs. S7,8). Various
mutations were observed among A. officinalis cultivars in MSE1*, but no SNPs were
detected in MSE1Y, suggesting that MSE1* is no longer under selection pressure to maintain
its function (Fig. S7). These results suggest that loss of function of MSE1 has occurred on
the X chromosome.

The Asparagus genus contains up to 300 species distributed widely around the world
(Kubitzki & Rudall 1998). Phylogenetic analysis of these species revealed that the
dioecious species form a single clade, suggesting that the evolutionary event leading from
hermaphroditism to dioecy in Asparagus occurred only once (Fig. S9) (Kubota et al. 2012).
Therefore, if MSE1 acts as “male activator” in sex determination during male organ
development, the system is likely to be conserved in dioecious Asparagus species. To test
whether the MSE1 system is conserved in dioecious Asparagus species, PCR amplification
and sequencing of MSE1" and MSE1* from genomic DNA of the male and female
individuals were performed. MSE1 genes could be amplified from the genomes of all male
individuals, but not those from female individuals in three cultivars of A. officinalis, A.
pseudoscaber, A. kiusianus, A. schoberioides, and A. verticillatus (Fig. 2A). Three
conserved deleterious mutations, which are caused by the frameshift mutations, were
observed in MSE1” sequences from the female individuals of these related species (Fig. S7).

Furthermore, MSE1 could also be amplified from all tested hermaphroditic species, and the



coding protein sequences were highly conserved among dioecious and hermaphroditic
species (Fig. 2B, Fig. S10). These results suggest that the arrest of male organ development
in female flowers in these Asparagus species is caused by loss of MSE1 function.
Interestingly, A. acutifolius, A. stipularis, and A. cochinchinensis, which are
phylogenetically most distant dioecious species from A. officinalis, have no deleterious
mutation in MSE1 coding regions (Fig. 2A, Fig. S11). This result suggests that the origin of
male mutation have occurred in outside of MSE1 coding region or these three species have
evolved in independent pathway.

If MSE1 mutation is responsible for the transition from hermaphroditism to dioecy;,
artificial mutation of MSE1 orthologues in other plant species should convert
hermaphrodites into female plants. Phylogenetic analysis of MSE1-like MY B transcription
factors revealed that MSE1 orthologues are widely conserved in monocot and dicot species,
including the model plant Arabidopsis thaliana (Fig. S12). The second most similar MYB
protein in A. thaliana, AtMYB103, is outside the MSE1 clade, suggesting that ancestral
MSE1 and AtMYB103 branched before the monocot-dicot divergence (Fig. S12). The
conservation of MSE1 is assumed to reflect the functional importance of this gene in the
life cycle of flowering plants. The MSEL1 orthologue of A. thaliana is AtMYB35/TDF1
(Tapetal Development and Function 1), which is essential for normal anther development
(Fig. S12) (Zhu et al. 2008). Because a T-DNA insertion line was not available, genome
editing knockouts of TDF1 were produced using the CRISPR/Cas9 system targeting three
sites in the TDF1 gene (Fig. 3A,B). Each transformant exhibited normal vegetative growth

and flowering, but seedless siliques (Fig. 3C to F). No pollen grains were observed in the



transformants, suggesting that the sterility is caused by a defect in male organ development
(Fig. 3G,H). These features are consistent with the previously reported phenotype of the
tdf1 mutant (Zhu et al. 2008). These results support the idea that MSE1 functions in male
organ development.

Charles Darwin considered male (or female) organ abortion to be the first step in the
evolution of dioecy (Darwin 1877). Our results strongly suggest that MSE1 acts as the
“male activator” in A. officinalis sex determination, and that the loss-of-function mutation
in MSE1* was an important step in the evolution of dioecy in Asparagus. Although
gynodioecious (or androdioecious) Asparagus species have not been identified to date, our
data may provide the first molecular evidence that this species evolved via the gynodioecy
(or androdioecy) by the mutation of gene involved in male organ development pathway
(Charlesworth & Charlesworth 1978). The MSE1 system is clearly distinct from the OGI-
MeGlI system involved in persimmon sex determination, in which a small RNA acts as the
sex determination factor (Akagi et al. 2014). Divergent molecular mechanisms have been
described in the self-incompatibility system, which is also involved in preventing
self-fertility in flowering plants (Takayama & Isogai 2005). It will be interesting to
compare the molecular mechanisms and evolution of these systems. Our results will
contribute to the understanding of the molecular mechanisms of sex determination, as well

as the evolution of dioecy from hermaphroditism in flowering plants.

Experimental procedures:

Plant materials



A. officinalis cv. Super Welcome and Pole Tom were purchased from SAKATA SEED
(Yokohama), cv. Mary Washington from Takii Seed (Kyoto); cv. Niagara from Nitto
Nousan (Yokohama); and A. pseudoscaber, A. verticillatus, A. densiflorus, and A. virgatus
from B & T World Seeds (Aigues-Vives). A. plumosus and A. asparagoides were purchased
from public garden centers. A. kiusianus was collected from Keyakaigan (Fukuoka, Japan).
A. schoberioides, A. acutifolius, A. stipularis, and A. cochinchinensis are described in

Kubota et al. 2012.

Transcriptome analysis

Total RNAs were extracted from early developmental buds (0.5-0.8 mm) of male and
female A. officinalis cv. Super Welcome using the RNeasy Plant Mini Kit (Qiagen). Library
preparations and RNA sequencing by HiSeq 2000 (Illumina) were outsourced to Hokkaido
System Science (Hokkaido). Adapter sequences were removed from raw sequence data
using the cutadapt program (Martin 2011). Next, four bases of 3’-terminal sequences of the
treated sequences were removed using FastX-Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/index.html). De novo assembly of RNA sequences
from males was performed using Trinity with default parameters except that minimum
k-mer coverage was set to 3 (Grabherr et al. 2011). Mapping of RNA and genome
sequences from males and females were conducted using bowtie (Langmead et al. 2009).
Mapping data were processed by SAMtools (Li et al. 2009) and visualized by the
Integrative Genomics Viewer (IGV) software (Robinson et al. 2011). Gene functions were

annotated by BLAST2GO (Conesa et al. 2005).
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RT-PCR and real-time quantitative RT-PCR

Total RNA was extracted from each tissue as described above. Reverse transcription was
performed using SuperScript I11 (Invitrogen). MSE1 cDNA was PCR amplified using Ex
Taq (Takara) with primers 646
(5’-GATCGGATCCATGGGCAGGCCTCCATGCTGCGA-3’) and 647
(5’-GATCGAATTCCTACAGCAAATCATAAAAAAACTCAGG-3’), which were
designed to amplify full-length MSE1. Real-time quantitative RT-PCR was carried out on a
LightCycler 96 system (Roche) using QuantiFast SYBR Green RT-PCR Kit (Qiagen).
MSEL1 and Actin were amplified by primers AoMSE1realtimeFw
(5’-GCCCTAATTTGAAGCATGAGAG-3’)/Ao0MSE 1realtimeRv
(5’-GATTTGAGAGATGGGTTGTG-3’) and AoActinlF
(5’-GTTCCTGCTCATAATCTAGAGCAAC-3’)/AoActinlR
(5’-CTTCTCACTGAGGCTCCACTCAAC-3), respectively. MSE1 expression was

normalized against expression of Actin.

Linkage analysis and amplification of MSE1 from genus Asparagus

For linkage analysis of MSE1, seeds of A. officinalis cv. Super Welcome were treated with
n-propyl N-(3,4-dichlorophenyl) carbamate (NPC) to induce early flowering as described
previously (Aneja et al. 1999). Genomes of each individual were extracted by Plant
DNAzol Reagent (Invitrogen). MSE1 fragments were amplified using ExTaq with primers

706 (5’-TGGTCGGTAATCGCACATCACCTCC-3’) and 647. To sequence the coding
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region of MSE1 from other A. officinalis cultivars and Asparagus species, primers U10
(5’-AATTGGTTTCATCATCATTGTACCTCAG-3’) and U21
(5’-CTAAGATCCCAACGCACAAAC-3’) were used for PCR amplification. Sequencing
was performed using BigDye Terminator v3.1 (Applied Biosystems). To amplify MSE1
fragments from genomes of each individual of A. officinalis and related species, we used
primer sets 646-647 or 646-648
(5’-GATCGAATTCCTAGGCTAGAGTGGTGATGGTTTCCTTG-3’). For amplification of
MSE1" from A. kiusianus, 706 and 647 primers were used. For male-specific marker, the
Aspl-T7 primer set was used as described previously (Jamsari et al. 2004). To check the
sex genotypes of A. verticillatus individuals, newly developed male-specific marker,
designated MSM1 (male-specific marker 1), was created from male-specific scaffold in the
genome assembly. For amplification of MSML1, 814
(5’-CAACTCCAGGTGACAACATTCATAG-3’) and 805
(5’-TCGTCAACGTCGACTGCAGGTAGGC-3") primers were used. MSE1” fragments
were amplified by primers 752 (5’-ATTGGTTTCATCATCATTGTACCTC-3’) and 754
(5’-TTGCCTGTCCATCTCACTTCTGGAT-3’) for the first and second exons, and 755
(5’-CTAACCATGATCTACACACGATCAC-3’) and 757

(5’-CCCTTCGACGTGGATTAATCGCTACC-3’) for the third exon.

Phylogenetic analysis
Protein sequences of the MYB transcription factors were multiply aligned using Clustal

Omega (Sievers et al. 2011), with the Myb_DNA-binding domain HMM matrix (accession
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No. PF00249 under Pfam database (Finn et al. 2014) used as the external profile HMM.
Conserved selection blocks from the alignment were selected using Gblocks (Talavera &
Castresana 2007) with default parameters. Phylogenetic tree was constructed based on
Bayesian inference by using the MrBayes 3.2.2 program (Ronquist et al. 2012), using
HsMYB as the outgroup sequence. Four chains of the Metropolis-coupled Markov Chain
Monte Carlo processes were run for 1,000,000 generations, with trees sampled every 1,000
generations. The first 25% of trees were discarded, and the remaining trees were used to
support the majority-rule consensus tree topology with posterior probabilities. For the
Asparagus genus taxon phylogeny, five chloroplast intergenic sequences (Kubota et al.
2012) were aligned using MAFFT (Katoh & Standley 2013) and concatenated. The
alignment was cleaned by Gblocks and subjected to MrBayes 3.2.2 analysis as described

above, using the C. stricta sequence as outgroup, to yield the consensus tree.

Genome sequencing and assembly

For whole-genome assembly, DNA from a single male asparagus was used for genome
sequencing. For screening of male-specific genes in transcriptome analysis, the female
genome was also used. Genome DNA was extracted using the DNeasy Plant Mini Kit
(Qiagen). The purified DNA was fragmented on a Covaris S2 sonicator (Covaris, Woburn,
MA), size-selected with Pippin Prep (Sage Science, Beverly, MA), and then used to create
two libraries using the TruSeq DNA PCR-Free Sample Preparation Kit (I1lumina, San
Diego, CA) with insert sizes of ~180 and ~800 bp. These libraries were sequenced on the

IHlumina HiSeq platform using a 2x 101-nt paired-end sequencing protocol. The reads were
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cleaned up with cutadapt. Low-quality ends (<QV20) and adapter sequences were trimmed,
and reads shorter than 50 bp were discarded. Total sequence of 105.3 Gb (~84x coverage of
the genome, assuming a genome size of 1.26 Gb) was generated from the libraries, and then
assembled using the ALLPATHS-LG assembler (Gnerre et al. 2011). The assembly yielded
146,894 scaffolds with an N50 length of 5.2 kb. For transcriptome analysis, 316 million
reads of male and female genome sequences were used for mapping. Long read sequences
were generated by PacBio RS 11 sequencer (Pacific Biosciences, Menlo Park, CA) with a
20 kb DNA library prepared from the female asparagus. Total sequence of 3.72 Gb in
372,292 reads was obtained from 8 SMRT cells. The N50 length was 13,054 bp. Sequences

containing MSE1 locus were searched by BLAST program (Camacho et al. 2009).

Genome editing of MSE1 orthologue in A. thaliana

Genome editing of the MSE1 orthologue TDF1 was performed using the binary vector
pEgP226-2A-gfbsd (Osakabe et al. 2016), which was designed for CRISPR/Cas9 and guide
RNA-mediated genome editing. Three primer sets [735
(5’-GATTTTGGACTTGTCACAACAAGG-3’) - 736
(5’-AAACCCTTGTTGTGACAAGTCCAA-3’) for GE1, 737
(5’-GATTTCCATTGCACGAAAGCTTCC-3’) — 738
(5’-AAACGGAAGCTTTCGTGCAATGGA-3’) for GE2, and 739
(5’-GATTTAATGTTTCTGAATTCTGCA-3’) — 740
(5’-AAACTGCAGAATTCAGAAACATTA-3’) for GE3] were annealed to serve as guide

RNA-targeting sequences. The annealed DNA fragments were subcloned into the Bsal site
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of pEgP226-2A-gfbsd. Transformation of A. thaliana (Col-0) was performed by floral dip
method (Clough & Bent 1998) using Agrobacterium (pMP90) harboring these binary
vectors. Transformants were screened in Murashige-Skoog (MS) medium containing 0.6%
agar and 60 pug/mL kanamycin (Murashige & Skoog 1962), and then transferred into soil.
Transformants were confirmed by genomic PCR with a primer set, GEF

(5’-ACTTAAGACCTGACC-3’) and GER (5’-GATGATTTGGATGGC-3’).
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Figure legends:

Fig. 1. Characterization of the MSE1 gene. (A and B) Photographs of male (A) and
female (B) flowers of A. officinalis cv. Super Welcome. Arrows show the vestiges of
opposite-sex organs. (C) RT-PCR analysis of full-length MSE1 using mRNA extracted from
early buds. (D) PCR amplification of MSE1 from genomic DNA extracted from male and
female individuals of A. officinalis cv. Super Welcome. (E) Domain structure of MSE1

protein. R2- and R3-type MYB domains are shown. (F and G) Quantitative RT-PCR
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analysis of MSE1 expression using mMRNA extracted from each tissue of A. officinalis cv.
Super Welcome. Expression levels were normalized against the corresponding levels of
Actin. Means and SEs of three (F) and nine (G) replicates are shown. (H) Comparison of
the MSE1 locus between the X and Y chromosomes. Gray boxes show protein-coding
regions. Dotted lines show the genomic regions that share DNA sequence similarities.
Scaffolds were extracted from the assembly data of Illumina short read sequences from a
single male DNA of A. officinalis cv. Super Welcome. PB means a long read sequence

generated by PacBio sequencer using female genome.

Fig. 2. Conservation of MSEL1 in genus Asparagus. PCR amplification of MSE1 from
male (M) and female (F) individuals of A. officinalis three cultivars and dioecious (A) and
eight individuals of hermaphroditic species (B) in genus Asparagus. Their sexes were

determined by male-specific PCR markers or flower phenotypes.

Fig. 3. Genome editing of MSE1 orthologue, TDF1, in the model plant A. thaliana. (A)
Genomic region of the TDF1 locus in A. thaliana. Gray boxes show protein-coding regions.
Arrows show target sites (GE1, position 32-10 in MSE1 cDNA; GE2, 463-485; GE3, 610—
588) of the guide RNA-CRISPR/Cas9 complex. (B) Transgenes were amplified from
genomic DNA of each transformant with primers for amplifying the guide RNA region. (C
to F) Phenotypes of transgenic plants obtained by TDF1 genome editing. The transformants
were designated as tdf1-GE1 to 3. Photographs show 2-3-week-old shoots of wild type

(Col-0) (C), tdf1-GE1 (D), tdf1-GE2 (E), and tdf1-GE3 (F). Arrows show siliques. Bars, 1
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cm. (G and H) Male sterile phenotype of tdf1-GE3. Pollen grains were observed on anther

and stigma in wild type (G), but not in tdf1-GE3 (H). Bars, 1 mm.

Supporting Information:

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

Figure S1 Summary of screening for male-specific genes in A. officinalis.

Figure S2 PCR amplification of male-specific gene candidates in male and female
genomes.

Figure S3 Female RNA sequence fragments map to the 5’ terminus of MSE1 cDNA.
Figure S4 MSEL1 is tightly linked to the Y chromosome in A. officinalis.

Figure S5 Alignment of predicted amino-acid sequences of MSE1 and other homologues.
Figure S6 Male DNA sequence reads are specifically mapped to the Scaffold 47312.
Figure S7 Alignment of DNA sequences of MSE1" and MSE1” in A. officinalis.

Figure S8 One-base deletion creates a stop codon in MSE1* in A. officinalis.

Figure S9 Phylogeny of genus Asparagus.

Figure S10 Alignment of predicted amino-acid sequences of MSE1 orthologues in
asparagus and hermaphroditic species.

Figure S11 Alignment of predicted amino-acid sequences of MSE1 orthologues from male
and female individuals in three dioecious species that have no deleterious mutation in
MSE1 coding region.

Figure S12 Phylogeny of MSE1-related MYB domain transcription factors.
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Table S1 Summary of transcriptome analysis of developing A. officinalis flowers

Table S2 List of contigs enriched in male genome sequencings
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RNA from 0.5-0.8 mm buds (male and female)

HiSeq2000
Paired-end, 101 bp

Male, 10.5 Gbp; Female, 11.3 Gbp

de novo assembly
(Trinity)

104,937 contigs (51,525 unigenes)

Mapping (bowtie)
Male, 52.8 M reads
Female, 56.6 M reads

Male-biased expression (male/female, 10>)
149 contigs

Remove splicing variants
2
114 contigs

Annotation
A (Blast2GO)

Mapping (bowtie)
Male, 316 Mreads .

Genome DNA (male and female)

HiSeq1500
, Paired-end, 101 bp

Male, 31.6 Gbp; Female, 31.6 Gbp

pd

Female, 316 M reads S

\ 4

Male specific genes (male/female, 10>)
7 contigs (2 annotated genes)

Fig. S1. Summary of screening for male-specific genes in A. officinalis.

RNA extracted from early flowers of male and female A. officinalis cv. Super Welcome
plants was sequenced on an lllumina HiSeq instrument. Assembly of RNA reads was
performed with the Trinity program using male reads, yielding 104,937 contigs. Mapping
of male and female RNA sequence reads against the assembled contigs revealed 149
contigs with male-biased expression (i.e., 210-fold more mapped reads in males than in
females, and more than 50 mapped reads in males). After removal of splicing variants,
114 male-specific candidates were annotated by BLAST2GO, and further mapping of
genome reads was performed. Ultimately, seven contigs were screened as male-specific

gene.
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Fig. S2. PCR amplification of male-specific gene candidates in male and female genomes.
PCR was performed each male-specific candidate with specific primers using male and
female genomic DNA from A. officinalis cv. Super Welcome (pools of four individuals for
each sex). Only comp17730 (MSE1) was specifically amplified in this experiment.
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Fig. S3. Female RNA sequence fragments map to the 5’ terminus of MSE1 cDNA.
Mapping data of male and female RNA sequence reads against MSE1 cDNA was visualized
using the IGV software. Gray bars show single RNA sequence reads mapped to MSE1.
Colored vertical lines represent mismatches with the assembled sequence, caused by SNPs
or sequencing errors.
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Fig. S4. MISE1 is tightly linked to the Y chromosome in A. officinalis.

Seeds of A. officinalis cv. Super Welcome were treated with APC. After a month, about
60% of the seedlings had flowered. Individuals with abnormal or bisexual flowers
were removed from this experiment. Genomic DNA was extracted from each
individual and used as template for PCR amplification with MSE1-specific primers.
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EAY89620 (1GRPPCCDKANVKKGPL TPEEDAKLLAYTSTHGTGNWTSVPQRAGLKRCGKSCRLRYTNY
Aol1SET 61 LRPNLKHESFTQQEEEMI I TLHATIGSRWSVIAHHLPGRTONDIKNHWNTKLSKKLCQQG
XP_0066Uq927 61 LRPNLKHENFTQEEEELIVTLHAMLGSRLISLIANQLPGRTDNDVKNYLINTKLSKKLRORG
BAKO3433 61 LRPNLKHENFTQEEEELIVTLHAMLGSRWSLIANQLPGRTDNDVKNYWNTKLSKKLRARG
NP_007173380 61 LRPNLKHENFTQEEEELIVTLHAMLGSRWSLIANQLPGRTDNDVKNYWNTKLSKKLRORG
EAY89620 61 LRPNLKHENFTQEEEELIVTLHAMLGSRWSLIANQLPGRTDNDVKNYWNTKLSKKLRARG
Aol1SET 121 IDPVTHKPISQIKET I TTLAAAAAANHHLL IHP-————- PPFNTRUNSCLSRDLKNVLLS
XP_0066Uq927 121 IDPITHRPIADLMASIGTLAIRPPPTAGVASY---VPASQAAPPAFTAYHDARPYFAALPQ
BAK0O3433 121 IDPITHRPIADLMASIGTLSIRPPPSAAGASSSSYLPVNPAAAPGLALLHDDMPYHAALN
NP_007173380 121 IDPITHRPIADLMASIGTLAIRPPPAAGAAP-———-—-———- PPCLPVFHDAPYFAALQH
EAY89620 121 IDPITHRPIADLMASIGTLAIRPPPAAGAAP-—————————- PPCLPVFHDAPYFAALQH
Aol1SET 175 KPQQFYEPTTATSTTLOEVYKQDKEIKWSDYLVDDVFVPNQE--——-KELVVNGYGKEKY
XP_0066Uq927 178 QQ-——-VVTKVEADAPVSPEQKPHALNLISDFLADDATGAALAGHADAPQAALGQYQEGPA
BAKO3433 181 HHQQQQVITLLDADAPGAAASPDHALKLISDFLDAAAL ——————- EAAPQUULGQYHEAAV
NP_0077173380 170 QHAQQAVVTHVDADAPASPDSAHLALNWSDFLADDAAGHGAD--APAPQAALGQYQEGSA
EAY89620 170 QHQQQAVVTHVDADAPASPDSQHLALNWSDFLADDAAGHGAR--APAPQAALGQYQEGSA
Aol1SET 230 TSAVDEEVSSTVFGGEG----——-———-—- SSSSSSFVEGI LDAGRE(MIMEFPEFFYDLL
XP_0066Uq927 23U AAATGIVGG-RAFGDVDGASG-—-—AVDDGAGAASAF IDATLDCDKEMGVDALIAEMLAD
BAK0O3433 23U AGG———- GAHAYGDTDSTAAN-GVGGDGENSAASAF IDAMLDSDKEMNGVDAL IADLLAD
NP_007173380 228 PAATAVVGGGRAFGDVDGASAGVGAGTDDGAGAASAFIDATILDCDKEMGVDALIAEMLAD
EAY89620 228 PAATAVVGGGRAFGDVDGASAGVGAGTDDGAGAASAF IDAILNCDKEMNGVDAL I AEMLAD
Aol1SET 2T

XP_0066Uq927 289 PAYYGGGGGGSSSSELGWGC

BAKO3433 288 PAYYYGGSSSSSKSELGWGC

NP_007173380 288 PAYYGGGGG-SSSSELGLIGC

EAY89620 288 PAYYGGGGG-SSSSELGWGC

Fig. S5. Alignment of predicted amino-acid sequences of MSE1 and other homologues.
Double-headed black bars show MYB domains. Magenta bars represent unknown
conserved motifs. Aligned protein sequences are AOMSE1 (A. officinalis); XP_006649927,
Oryza brachyantha (wild rice; accession no. XP_006649927); BAK03933, Hordeum
vulgare (barley; BAK03933); NP_001173380, Oryza sativa (Japonica Group;
NP_001173380); and EAY89620, Oryza sativa (Indica Group; EAY89620). Colored letters
indicate conserved (red) or similar (blue) residues in this alignment.
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Fig. S6. Male DNA sequence reads are specifically mapped to the Scaffold_47312.
Male and female DNA sequence reads were mapped to the Scaffold_47312 by bowtie.
Mapping data was visualized using the IGV software. Arrow shows MSE1 coding region
including introns. Gray bars show single DNA sequence reads mapped to MSE1. Colored
vertical lines represent mismatches with the assembled sequence, caused by SNPs or
sequencing errors.
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TTTTGTAGAATTAGGAGATGGGCAGGCCTCCATGCTGCGATAAATCCAACGTGAAGAAGG
TTTTGTAGAATTAGGAGATGGGCAGGCCTCCATGCTGCGGTAAATCCAACGTGAAGAAGG
TTTTGTAGAATTAGGAGACGGGCAGGCCTCCATGCTGCGGTAAATCCAACGTGAAGAAGG

GAC-----TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTATACCAACACTCATGG
GAC----- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTATACCAACACTCATGG
GAC----- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTATACCAACACTCATGG
GAC-—--- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTA-ACCAACACTCATGG
GAC----- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTA-ACCAACACTCATGG
GAC----- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTA-ACCAACACTCATGG
GAC----- TTTGGACTGAGGAAGAAGATTTGAAGCTAATAGCTTA-ACCAACACTCATGG

GTTCTTTTTACGTAGCTAATTGGTT
AATAGGAAATTGGACTTCTGTTCCAAAGAAAGCAGGTTCTTTTTACGTAGCTAATTGGTT
AATAGGAAATTGGACTTCTGTTCCAAAGAAAGCAGGTTCTTTTTACGTAGCTAATTGGTT
AATAGGAAATTGGACATCTGTTCCAAAGAAAGCAGGTTCTTTTTATGTAGCTAATTGGTT
AATAGGAAATTGGACATCTGTTCCAAAGAAAGCAGGTTCTTTTTATGTAGCTAATTGGTT
AATAGGAAATTGGACATCTGTTCCAAAGAAAGCAGGTTCTTTTTATGTAGCTAATTGGTT
AATAGGAAATTGGACATCTGTTCCAAAGAAAGCAGGTTCTTTTTATGTAGCTAATTGGTT
AATAGGAAATTTGACTTCTGTTCCAAAGAAAGCAGGTTCTTTTAATGTAGCTAATTGGTT
AATAGGATATTGGACTTCTGTTCCAAAGAAAGCAGGTTCTTTTTATGTAGCTAATTGGTT
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GATTTTCTTCAAAATAATATTTACGTTATTGATTTTTTATTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAATAATATTTACGTTATTGATTTTTTATTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAATAATATTTACGTTATTGATTTTTTATTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAATAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTCAG
GATTTTCTTCAAAATAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAATAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTCAG
GATTTTCTTCAAAATAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAATAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTGAG
GATTTTCTTCAAAAAAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAACGTGAG
GATTTTCTTCAAAAAAATATTTACCTTATTGATTTTTTTCTTATTTATTGGTAATGTGAG

TATECAATTTTAGGGTTGAAGACATGTGOGAAGAGCTGTAG--~~GCTAAGATGEACTAA
TATGCAATTTTAGGGTTGAAGAGATGTGGGAAGAGCTGTAG----GCTAAGATGGACTAA
TATGCAATTTTAGGGTTGAAGAGATGTGGGAAGAGCTGTAG----GCTAAGATGGACTAA
TATGCAATTTTAGGGTTTAAGAGATGTGGGAAGAGCTGTAG----GCTGAGATGGACTAA
TATGCAATTTTATGGTTTAAGAGATGTGGGAAGAGCTGTAG----GCTGAGATGGACTAA
TATGCAATTTTAGGGTTTAAGAGATGTGGGAAGAGCTGTAG----GCTGAGATGGACTAA
TATGCAATTTTATGGTTTAAGAGATGTGGGAAGAGCTGTAG----GCTGAGATGGACTAA
TAAGCAATATTAGGGTTTAAGAGATGTGGGAAGAGCTGTAGCTAGGCTGAGATGGACTAA
TATGCAATTTTAGGGTTGAAGAGATGTGGGAAGAGCTGTAG----GCTGAGATGGACTAA
TATGCAATTTTAGGGTTGAAGAGATATGGGAAGAGCTGTAG----GCTGAGATGGACTAA
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GTATTGTTCTCTCTATCAATTTATTTGATT-GA
AACACTTCATGCTACAATCGGAAGCCGGTATTGTTCTCTCTATCAATTTATTTGATT-GA
AACACTTCATGCTACAATCGGAAGCCGGTATTGTTCTCTCTATCAATTTATTTGATT-GA

AACGCTTCAAGCTACAATCGGAAGCCGGTATTGTTCTCTCTCTCAATTTATTTGAT--GA
AACACTTCATGCTACAATCGGAAGCCGGTATTGTTCTCTCTCTCAATTTATTTGATT-GA
—————— TCATGCTACAATCGGAAGCCGGTATTGTTCTCTCTCTCAATTTATTTGATTTGA
AACACTTGATGCTATGATCGGCAGCCGGTATTGTTCTCTCTTTCAATTTATTTGATT-GA

GGATTTTATATCATGATGTTAA-—-CTACTGTAGTTTTCATTTTAGTCAATTAGGAACAT
GGATTTTATATCATGATGTTAA---CTACTGTAGTTTTCATTTTAGTCAATTAGGAACAT
GGATTTTATATCATGATGTTAA---CTACTGTAGTTTTCATTTTAGTCAATTAGGAACAT
_________ ATCATGATGTTAA---CTACTGTAGTCCTCATTTTAGTCAATTAGGAACAA
GGATTTTATATCATGATGTTAA-—-CTACTGTAGTTCTCATTTTAGTCAATTAGGAACAA
————————— ATCATGATGTTAA-—-CTACTGTAGTCCTCATTTTAGTCAATTAGGAACAA
GGATTTTATATCATGATGTTAA-—-CTACTGTAGTTCTCATTTTAGTCAATTAGGAACAA
GGATTTTATATCATGATGTTAA-—-CTACTGTAGTTCTCATTTTAGTCAATTAGGAACAA
GGATTTTATATCATGATGTTAA---CTACTGTAGTTCTCATTTTAGTCAATTAGGAACAA
GGATTTTATATCATGATGTTAAGTACTACTGTAGTTCTCATTTTAGTCAATTAGGAACAA

TATTTTGTTTGAATAGTTTTAACCTAGAAAGAATTTCTAGTGTAGAGCTGCTAACACAAA
TATTTTGTTTGAATAGTTTTAACCTAGAAAGAATTTCTAGTGTAGAGCTGCTAACACAAA
TATTTTGTTTGAATAGTTTTAACCTAGAAAGAATTTCTAGTGTAGAGCTGCTAACACAAA
TATTTTGTTTGAATAGTTTTAACCTAGAATGAATTTCTAGTGTAGTGCTGCTAACACAAA
TATTTTGTTTGAATAATTTTAACCTAGAATGAATTTCTAGTGTAGTGCTGCTAACACAAA
TATTTTGTTTGAATAGTTTTAACCTAGAATGAATTTCTAGTGTAGTGCTGCTAACACAAA
TATTTTGTTTGAATAATTTTAACCTAGAATGAATTTCTAGTGTAGTGCTGCTAACACAAA
TATTTTGTTTGAATAGT TTT === = —mmmm oo oo
TATTTTGTTTGAATAGTTTTAACCTAGAATGAATTTCTAGTGTAGTGCTGCTAACACAAA
TATTTTGTTTGAATAGTTTTAACC-——— == mmmmmmm oo oo

Fig. 57-2



SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave X2

SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave_ X2

SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave_X2

SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave_X2

SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave X2

SW_Y2
MW_Y2
NA_Y2
SW_X2
MW_X2
NA_X2
Aps_X2
Aki_X2
Asb_X2
Ave_ X2

RPRRRRRPRRRRER

117
117
117
103
103
103
103
103
103
110

176
176
176
163
163
163
163
163

163

228
228
228
215
221
221
221
212

217

276
276
276
267
273
273
273
272

265

TTATTTTTAGTACAGGTGGTCGETAATCGCACATCACCTCCCGGGTCGAACAGACAACGA
TTATTTTTAGTACAGGTGGTCGGTAATCGCACATCACCTCCCGGGTCGAACAGACAACGA
TTATTTTTAGTACAGGTGGTCGGTAATCGCACATCACCTCCCGGGTCGAACAGACAACGA

TTATTTTTAGTACAGGCGATCGGTAATCGCACATCACCTC-=—mm=mm == == —= - GA
TTATTTTTAGTACAGGCGGTCGGTAATCGCACATCACCTC-—=——===——————==== AA
TTATTTTTAGTACAGGCGGTCGGTAATCGCACATCACCTC-mmmmmmm o m oo - == AA
TTATTTTTAGTACAGGCGGTCGGTAATCGCACATCACCTC———m—==—m—m——m— == GA
TTATTTTTAGTACAGGCGGTCGGTAATCGCACATCACCTC-mmmmmmmm - oo — - GA
TTATTTTTAGTACAGGTGGTCGGTAATCGCACATCACCTC == === === —————————— GA

CATAAAGAACCACTGGAACACAAAACTGAGCAAAAAACTGT -~ -~GCCAGCAAGGCATCG
CATAAAGAACCACTGGAACACAAAACTGAGCAAAAAACTGT ----GCCAGCAAGGCATCG
CATAAAGAACCACTGGAACACAAAACTGAGCAAAAAACTGT ----GCCAGCAAGGCATCG
CATAAAGAACCGCCGGAACACAAAACTGAGCAGAAAGCTGTACGTGGCAGCAAGGCATCG
CATAAAGAACCACCGGAACACAAAACTGAACAGAAAACTGTACGTGGCAGCAAGGCATCG
CATAAAGAACCACCGGAACACAAAACTGAACAGAAAACTGTACGTGGCAGCAAGGCATCG
CATAAAGAACCACCGGAACACAAAACTGAGCAGAAAACTGTACGTGGCAGCAAGGCATCG
CATAAAGAACCACTGGAACACAAAACTGAGCAGAAAACTGTACGTGCCAGCAAGGCATCG
CATAAAGAACCACTGGAACACAAAACTGAGCAGAAAACTGTACGTACCAGCAAGGCATCG
CGTAAAGAACCACCGGAACACAAAACTGAGCAAAAAACTGTACGTGCCAGCAAGGCATCG

A-CCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTAGCCGCC
A-CCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTAGCCGCC
AACCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTCTCCGCC
AACCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTCTCCGCC
AACCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTCTCCGCC
AACCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTCTCCGCC
AACGCCGTCACCCACGAACCCATCTCTCAAATCAAGGAAACCATCACCACTCTTGCTGCG
AACGCCGTCACCCACAAACCCATCTCTCAAATCAA-———————mm e
AACCCCGTCACCCACAAACCCATCTCTCAAATCAAGGAA-—————— CCACTCTCTCCGCC

GC—————- CGCCGCCGCCAACCACC--ACCTCCTAATCCACCCTCCACCCTTCAACACCC
GC--———- CGCCGCCGCCAACCACC--ACCTCCTAATCCACCCTCCACCCTTCAACACCC
GC—————- CGCCGCCGCCAACCACC--ACCACCTAATCCACCCTCCACCCTTCAACACCC
GCCGCCGCTGCCGCCGCCAACCACC--ACCACCTAATCCACCCTCCACCCTTCAACACCC
GCCGCCGCTGCCGCCGCCAACCACC--ACCACCTAATCCACCCTCCACCCTTCAACACCC
GCTGCCGCCGCCGCCGCCAACCACC--ACCACCTAATCCACCCTCCACCCTTCAACACCC
GC—————- CGCCGCCAACCACCACC----- ACCTAATCCACCCTCCACCCTTCAACACCC

GCGTCAACAGCTGCCTGAGCCG----CGACCTCAAGAACGTCCTCCTCTCCA-——————-
GCGTCAACAGCTGCCTGAGCCG----CGACCTCAAGAACGTCCTCCTCTCCA-———=——~
GCGTCAACAGCTGCCTCAGCCGCGCGCGACCTCAAGAACGTCCTCCTCTCCA-——————~—
GCGTCAACAGCTGCCTCAGCCGCGCGTGACCTCAAGAACGTCCTCCTCTCCA-——————~—
GCGTCAACAGCTGCCTCAGCCGCGCGTGACCTCAAGAACGTCCTCCTCTCCA-——————-
GCGTCAGCAGCTGCCTCAGCCGCGCGCGACCTCAAGAACGTCCTCCTCTCCA-———————
GCGTCAACAGCTGCCTCAGCCGTGCGCGACCTCAAGAACGTCCTCGATCCTCTCCAAATT

AACCGCAACAATTCTACGAACCAACAACAGCCACAAGCACCACATTGGATGAGGTTTATA
AACCGCAACAATTCTACGAACCAACAACAGCCACAAGCACCACATTGGATGAGGTTTATA

AACCGCAACAATTCTACGAACCAACAACAGCCACA-———————- TTGGATGAGGTTTATA
AACCGCAACAATTCTACGAACCAACAACAGCCACA-———————- TTGGATGAGGTTTATA
AACCGCAACAATTCTACGAACCAACAACAGCCACA-———————- TTGGATGAGGTTTATA
AACCGCAACAATTCTACGAACCAACAACAGCCACA--——————- TTGGATGAGGTTTATA
AACCGCAACAATTCTACGAACCAACAACAGCCACA-———————- TTGGATGAGGTTTATA

AACCGCAACAATTCTACGAACCAACAACAGCCACAAGCACCACATTGGATGAGGTGTATA

Fig. S7-3
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AGCAGGATAAGGAGATCAAATGGAGCGATTATCTCGTCGACGA---TGTTTTCGTGCCGA
AGCAGGATAAGGAGATCAAATGGAGCGATTATCTCGTCGACGA---TGTTTTCGTGCCGA
AGCAGGATAAGGAGATCAAATGGAGCGATTATCTCGTCGACGA---TGTTTTCGTGCCGA
AACAGGATATGGAGATCAAATGGAGCGATTATCTCOT-—————————— === === ————
AACAGGATATGGAGATCAAATGGAGCGATTATCTCOT—————=—————mmm—
AACAGGATATGGAGATCAAATGGAGCGATTATCTCOT—————=———— === === ———————
AACAGGATGTGGAGATCAAATGGAGCGATTATCTCGT————————— === === ———
AGCAGGATATGGAGATCAAATGGAGCGATTATCTCGTCGACGA---TGTTTTCGTGCCGA

AGCAGGATAAGGAGATCAAATGGAGCGATTATCTCGTCGACGACGATGTTTTCGTGCAGA

ACCAAGAGAAGGAATTGGTGGTGAATGGATATGGGAAGGAGAAGGTGACAAGTGCAGTGG
ACCAAGAGAAGGAATTGGTGGTGAATGGATATGGGAAGGAGAAGGTGACAAGTGCAGTGG
ACCAAGAGAAGGAATTGGTGGTGAATGGATATGGGAAGGAGAAGGTGACAAGTGCAGTGG

ACCAAGAGAAGGAATTGGTGGTGAATGGACATGGGAAGGAGAAGGTGACAAGTGCAGTGG

-ATGAGGAGGTGAGTAGTACTGTGTT----TGGAGGTGAAGGGAGTAGTAGCTCGAGTTC
-ATGAGGAGGTGAGTAGTACTGTGTT----TGGAGGTGAAGGGAGTAGTAGCTCGAGTTC
-ATGAGGAGGTGAGTAGTACTGTGTT----TGGAGGTGAAGGGAGTAGTAGCTCGAGTTC

GATGAGGAGGTGAGTAGTAGTGTGTTAATTTGGAGGTGAAGGGACTAGTAGTTCGAGTTC

TTTTGTGGAGGGAATATTA---GATCAGGGGAGGGAGATGATGATGGAGTTCCCTGAGTT
TTTTGTGGAGGGAATATTA---GATCAGGGGAGGGAGATGATGATGGAGTTCCCTGAGTT
TTTTGTGGAGGGAATATTA---GATCAGGGGAGGGCAGATGATGATGGAGTTCCCTGAGTT

TTTTGTGGAGGGAATATTATTAGATCAGGAGAGGGAGATGATGATGGAGTTCCCTGAGTT

TTTTT-——-——- ATGATTTGCTGTAGGCGTTTGTGCGTTGAGGATCTTAGT -~ ~TAGGAA
L — ATGATTTGCTGTAGGCGTTTGTGCGTTGAGGATCTTAGT-~--TAGGAA
TTTTT-—————- ATGATTTGCTGTAGGCGTTTGTGCGTTGAGGATCTTAGT---TAGGAA
------------------------ AGGCGTTTGTGCGTTGAGGACCT TAGTAATTAGGAA
------------------------ AGGCGTTTGTGCGTTGAGGACCTTAGTAATTAGGAA
------------------------ AGGCGTTTGTGCGTTGAGGACCTTAGTAATTAGGAA
------------------------ AGGCGTTTGTGCGTTGAGGACCTTAGTAATTAGGAA
TTTTTTTTTTTAATGATTTGCTGTAGGCG= == === == === === == m = e

CTTCGTGTGGAGTATTAGTAAATTATTTTAAACTTAGGTTGATGTTTAGTCAGGGTGGTA
CTTCGTGTGGAGTATTAGTAAATTATTTTAAACTTAGGTTGATGTTTAGTCAGGGTGGTA
CTTCGTGTGGAGTATTAGTAAATTATTTTAAACTTAGGTTGATGTTTAGTCAGGGTGGTA
CTTCGTGTGGGGTATTAGTGAATTATTTTAAGCTTAGGTTGATGTTTAGTCAGGGTAGCG
CTTCGTGTGGGGTATTAGTGAATTATTTTAAGCTTAGGTTGATGTTTAGTCAGGGTAGCG
CTTCGTGTGGGGTATTAGTGAATTATTTTAAGCTTAGGTTGATGTTTAGTCAGGGTAGCG
CTTCGTGTGGGGTATTAGTGAATTATTTTAAGCTTAGGTTGATGTTTAGTCAGGGTAGCG



Fig. S7. Alignment of DNA sequences of MSE1Y and MSE1X in A. officinalis
and related species.

MSE1Y and MSE1X were PCR-amplified from three A. officinalis cultivars
[SW (Super Welcome), MW (Mary Washington), and NA (Niagara)] and
related species [Aps (A. pseudoscaber), Aki (A. kiusianus), Asb (A.
schoberioides), Ave (A. verticillatus)] and sequenced. Y1 and X1 show
MSE1Y and MSE1X containing the first and second exons (A), and Y2 and X2
show the third exon (B). Green highlight indicates the protein-coding region
of MSE1". Yellow highlight indicates conserved deleterious mutations in
MSE1* among these species. Although X2 sequence of A. schoberioides is
partial, there is no conserved deleterious mutation among other dioecious
species in the non-sequenced MSEIX region of A. schoberioides.



MSEL1Y

1 10 20 30 40 50 60
ATGGGCAGGCCTCCATGCTGCGATAAATCCAACGTGAAGAAGGGACTTTGGACTGAGGAA
M G R PP CUCDI K SNVKKGLWTE E

70 80 90 100 110 120
GAAGATTTGAAGCTAATAGCTTATACCAACACTCATGGAATAGGAAATTGGACTTCTGTT
EDLKLIT AYTNTHGTI GNWT SV

MSE1X
1 10 20 30 40 50 60

ATGGGCAGGCCTCCATGCTGCGATAAATCCAACGTGAAGAAGGGACTTTGGACTGAGGAA
M G R PP CCD K SNV KIKGLWT E E

70 80 90 100 110 120
GAAGATTTGAAGCTAATAGCTTA-ACCAACACTCATGGAATAGGAAATTGGACATCTGTT
E DL KL I A *

Fig. S8. One-base deletion creates a stop codon in MSE1X in A. officinalis.
DNA and translated amino acids of the first 120 bp from the start codon in
MSE1Y and MSE1X. One-base deletion in MSEIX results in a conversion from TAT
(Y) to TAA (stop codon).
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Fig. S9. Phylogeny of genus Asparagus.

The majority-rule consensus tree based on Bayesian inference using the five
chloroplast intergenic sequences reported by Kubota et al. 2012. The Cordyline
stricta sequence was used as the outgroup.
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(1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
(1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
(1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
(1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
(1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY

A. plumosus (1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
A.virgatus (1GRPPCCDKSNVKRGLWTEEENLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
A. asparagoi des (1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLKWTNY
A. scandens (1GRPPCCDKSNVKKGLWTEEEDLKLIAYTNTHGI GNWTSVPKKAGLKRCGKSCRLRWTNY
A.officinalis 61 LRPNLKHESFTQQEEEMI ITLHATIGSRWSVIAHHLPGRTOND IKNHWINTKLSKKLCQQG
A. pseudoscaber 61 LRPNLKHESFTQQEEEMI ITLHATIGSRWSVIAHHLPGRTDNDIKNHWNTKLSKKLCAAG

A.kiusianus
A.verticillatus
A. schoberioides
A. densiflorus

61
61
61
61

LRPNLKHESFTQQEEEMI I TLHAT IGSRWSVIAHHLPGRTDNDIKNHWNTKLSKKLCQQG
LRPNLKHESFTQQEEEMI I TLHAT IGSRWSVIAHHLPGRTDNDIKNHWNTKLSKKLCQAG
LRPNLKHESFTQQEEEM!I I TLHAT IGSRWSVIAHHLPGRTDNDIKNHWNTKLSKKLCQQG
LRPNLKHESFTQQEEELI I TLHATIGSRWST I ANHLPGRTDNDIKNHWNTKLSKKLCQQG

A. plumosus 61 LRPNLKHESFTQQEEENI ITLHATIGSRWSVIANHLPGRTDND IKNHWNTKLSKKLCAQG
A.virgatus 61 LRPNLKHESFTQQEEEMI ITLHATIGSRWSTTANHLPGRTOND IKNHWINTKLSKKLCQQG
A.asparagoides 61 LRPNLKHESFTQQEKEMI ITLHATIGSRWSVIAHHLPGRTDNDIKNHWNTKLSKKLCAQG
A. scandens 61 LRPNLKHESFTQQEEELIITLHATIGSRWSVIANHLPGRTOND IKNHWINTKLSKKLCQQAG
A.officinalis 121 IDPVTHKPISQIKETITTLAAAAAANHHLLIHPPPFNTRUNSCLSRDLKNVLLSKPQQFY
A. pseudoscaber 121 IDPVTHKPISQIKET I TTLAAAAAANHHLL THPPPFNTRUNSCLSRDLKNVLLSKPQQFY
A.kiusianus 121 IDPVTHKPISQIKETITTLAAAAAN-HHLLIHPPPFNTSVUNSCLSRDLKDVLLSKPQQFY

A.verticillatus
A. schoberioides
A.densiflorus

121
121
121

IDPVTHKPISQIKETITTLAAAAAN-HHHLIHPPPFNTRUNSCLSRDLKNVLLSKPQQFY
IDPVTHKPISQIKETITTLAAAAAN-HHHLIHPPPFNTRUNSCLSRDLKNVLLSKPQQFY
IDPVTHKPISQIKET I TTLAAAAN-HHHHL IHPSPFNTRVNGCLSRDLKNVFLSKPQAFY

A. plumosus 121 IDPVTHKPISQIKETITTLAAAAN-HHHHLIHPPPFNTRVDSCLSRDLKNVFLSKPQQFY
A.virgatus 121 IDPVTHKPISQIKETITTLAAAAN-HHHHLIHPPPFNTRUNSCLSRDLKNVLLSKPQQFY
A.asparagoides 121 IDPVTHRPISQIKET I TTLAAAANHYHHHL IHPPPFNTRUNSCLSRDLKNVFLSKPQPFY
A. scandens 121 IDPVTHKPISQIKETITTLAAAAN-HHHHLIHPSPFNTRUNGCLSRDLKNVFLSKPQQFY
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A.densiflorus

181
181

EPTTATS-TTLDEVYKQDKEIKLISDYLVDDVFVPNQEKELVUNGYGKEKVTSAVDEEVSS
EPTTATS-TTLDEVYKQDKE IKLISDYLVDDVFVPNQEKELVUNGYGKEKVTSAVDEEVSS

180 EPTTATS-TTLDEVYKQDKEIKLISDYLVDDVFVPNQEKELVVNGYGKEKVTSAUDEEVSS
180 ETTTATS-TTLDEVYKQDKEIKWSDYLVDDVFVPNQEKELVUNEYGKEKVTSAVDEEVSS
180 EPTTSTS-TTFDEVYKQDKEIKWSDYLVEDVFVPNQEKQLVUNGYGKEKVTSAVDEEVSS
180 EPATTAS-TTLDEVYKQDEEIKLISDFLVDDVFVSNQEKGSVANGNGKEKVTSTADEEVSS

A. plumosus 180 EPTTTTTSATLNEVYKQDEE IKLISDFLVDDVFVPNQEKELVAKGNGKEKVTSTADEEVSS
A.virgatus 180 EPATTATGTTLNGVYKQDEE IKLISDFLVDDVFVPNQEKESVANGNGKGKVTSTUDEEVSS
A.asparagoides 181 EPATTTS-ATIN-———— EEIKLISDFLVDDVFVSNREKDAVVNGNGKEKVTSTADEEVSS
A. scandens 180 EPATTAS-TTLDEVYKQDEE IKLISDFLVDDVFVSNQEKGSVANGNGKEKVTSTADEEVSS

A.officinalis
A. pseudoscaber
A.kiusianus
A.verticillatus
A. schoberioides
A.densiflorus
A. plumosus
A.virgatus

A. asparagoides

2U0 TVFGGEGSSSSSSFVEGILDQGREMMMEFPEFFYDLL
2U0 TVFGGEGSSSSSSFVEGILDQGREMMMEFPEFFYDLL
239 SVFGGEGSSSSSSFVEGILDAGREMMMEFPEFFYDLL
239 SVFGGEGSSSSSSFVEGILDQEREMMMEFPEFFYDLL
239 SVFGGEGSSSSSSFVEGILDQEREMMMEFPEVFYDLL
239 SVFGGEGSSSSSSFVEGILDQGREMMMEFPQFFYDLL
2U0 RVFGGEGSSSSGSFVEGILDQERAMMMEFPEFFYDLL
2U0 SVFGVEGGSSSSSFVEGILDQEREMMNGFPQFFYDLL
23U SVFGGEGSSGSSSFVEGI LDQEREMTMEFPQFFYDLL

Fig. S10. Alignment of predicted amino-acid sequences of MSE1 orthologues in asparagus
and hermaphroditic species.

MSE1 orthologues of hermaphroditic species in genus Asparagus were PCR-amplified and
sequenced. Colored letters indicate conserved (red) or similar (blue) residues in this alignment.
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1776 PQAFYEPTTATSTTLDEVYK-QDKEIKLWSDYLVDDVFVPNQEKELVUNGYGKEKVTSAUD
17U PRAFYEPTTATSTTSDEVHE-QDKE I ELISDFLVDDVFVSNQEKDSVUNGCGKETVTRTUD
180 PQAFYEPTTATSTTLDEVHK-QDKEIKWSDFLVDDVFVSNQEKDSVANGNGKEKVTRTVG
179 PQAFYEPTTATSTTLDEVYNKQDKEIKWSDYLVDDVFVPNQEKELVUNGYGKEKVTSAUD
175 PRAFYEPTTATSTTLDEVHE-QDKEIELSDFLVDDVFVSNQEKDSVANGCGKETVTRTUD
180 PQAFYEPTTATSTTLODVHK-QDKEIKWSDFLVDDVFVSNQEKDSVANGYGKEKVTRTVG
179 PQAFYEPTTATSTTLDEVYNKQDKEIKWSDYLVDDVFVPNQEKELVUNGYGKEKVUTSAUD

235 EEVSSTVFGGEGSSSSSSFVEGILDAGRE(MMMEFPEFFYDLL
233 EEVSCSAFGGEGSSSSSSFVEGI LDQERE(MMMEFPEFFCOLL
239 EEVSCSAYGGEGSSGSSSFVEGILDQERE(MMMEFPEFFYDLL
239 EEVSSSVFGGEGSNSSSSFVEGILGQERE(MMEFPEFFNDLL
23U EEVSCSAFGGEGSSSSSSFVEGI LDQERE(MMMEFPEFFCOLL
239 EEVSCSAYGGEGSSGSSSFVEGILDQERE(MMMEFPEFFYDLL
239 EEVSSSVFGGEGSNSSSSFVEGI LGQERE(MMEFPEFFNDLL

Fig. S11. Alignment of predicted amino-acid sequences of MSE1 orthologues from male and
female individuals in three dioecious species that have no deleterious mutation in MSE1
coding region.

MSE1 genome fragments were PCR-amplified and sequenced from male and female
individuals of A. acutifolius, A. stipularis, and A. cochinchinensis. Colored letters indicate
conserved (red) or similar (blue) residues in this alignment.
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Fig. S12. Phylogeny of MSE1-related MYB domain transcription factors.

The majority-rule consensus tree based on Bayesian inference. Node support values indicate
Bayesian posterior probabilities. Homo sapiens MYB (HsMYB; accession no. NP_001155129)
protein was used as the outgroup. Amino-acid sequences used in this analysis are AoMSE1 (A.
officinalis), VWMSE1 (grape; accession no. CAN75378), TcMSE1 (cacao; XP_007099739), SIMSE1
(tomato; XP_004234868), HYMSE1 (barley; BAK03933), and OsMSE1 (rice; NP_001173380), and
MYB proteins from A. thaliana (AtMYB35/TDF1, NP_189488; AtMYB103, NP_200422; AtMYB28,
NP_200950; AtMYB41, NP_194540; AtMYB16, NP_197035; AtMYB9, NP_197179; AtMYB107,
NP_186944; AtMYB74, NP_192419; AtMYB4, NP_195574; AtMYB32, NP_195225; AtMYB106,
NP_186763; AtMYB29, NP_196386; AtMYB93, NP_174726; AtMYB20, NP_176797; AtMYB7,
NP_179263; AtMYB39, NP_567540; AtMYB85, NP_567664; AtMYB61, NP_172425;

AtMYB125/DUO1, NP_191605).



Table S1. Summary of transcriptome analysis of developing A. officinalis flowers

Male Female
No. of reads (RNA) 105,588,640 113,110,016
Used reads 98,278,009 105,828,189
No. of contigs 104,937
No. of unigenes 51,525
N50 (bp) 1,920
Male-biased expression* 114
No. of reads (Genome) 316,018,228 316,258,290
Male-specific genes** 7
Annotated genes 2

*No. of tags in male >50, male/female >10
**No. of tags in male >10, male/female >10



Table S2. List of contigs enriched in male genome sequencings

RNA- Genome
seq reads
ID Lengt Male Female M/F* Male Female M/F* Blast2GO
h (bp) (tag) (tag) (tag) (tag) annotation
compl7730_c0 1,030 338 5 72.3 91 5 18.2 transcription
factor myb86
comp9180_c0 934 56 0 - 117 0 - uncharacterized
protein
LOC102611758
comp21134_cO0 968 188 0 - 250 18 139 NA**
comp22784 c0 1,041 110 0 - 113 4 333 NA
comp29423_c0 747 63 0 - 106 1 106.0 NA
comp24246_c0 469 98 1 104.9 43 0 - NA
comp22788 cl 232 143 3 51.0 41 1 41.0 NA

*M, male; F, female; M/F values were normalized against the number of mapping reads.
**NA, Not available.
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