
Introduction
Most flowering plants develop both the male and female reproductive 

organs on each flower, allowing the flowers to act as both pollen and seed 
parents.  However, 5% of plant species have evolved to bare unisexual 
flowers on separate plants, lacking half of their potential parental ability 
(Renner, 2014).  The sex chromosomes that are used to maintain dioecy have 
been studied in plant species from across the kingdom.  Most progress has 
been made studying the chromosomal structure, sequence, and genic 
content of the male-specific region of the Y chromosome (MSY) of Carica
papaya (papaya) and Silene latifolia (white campion) (Ming, et al., 2011).  
Also, a major milestone was made recently when a small RNA cloned from 
the MSY of persimmon, was found to be a sex determinant there (Akagi,  et 
al., 2004). . 

These important accomplishments are important steps toward 
understanding dioecism, but are still falling short of comprehensive 
explanations on how sex chromosomes work and evolve. This lag is mostly 
because the genes responsible for reproductive and vegetative sexual 
dimorphism exist on a hemizygous sex determination region (SDR), the Y (or 
W) chromosome.  Because the X and Y do not recombine in the SDR, Y-linked 
traits are not mappable in the XY genotype.  Also, the similarity between 
homologous X and Y genic sequences makes Y sequence difficult to obtain 
when sequencing XY genomes. The most straight forward work around to 
both these problems is to work with the YY (supermale) genotype.

Spinach is a dioecious species which is YY viable.  Because of YY viability, 
practicality of growing generations of spinach, and conspicuous vegetative 
dimorphism (Figure 1), this vegetable is an ideal species to use as a model for 
sex determination research.  Previous groups have found a few Y-linked 
markers, but no genes involved in sex determination or sexual dimorphism 
have yet been described (Akamatsu & Suzuki, 1999).

Screening the USDA germplasm 
In order to find ideal genetic resources, 398 accessions of spinach originating 

from across the globe were grown at the University of Illinois vegetable farms, 
Champaign, Illinois. Notes were taken on all conspicuous differences between 
accessions, but focus was on sex related traits.  Accession showing exaggerated 
male-specific traits, monoecy, or hermaphrodism were subsequently grown in a 
growth room and in a greenhouse to verify the phenotype.  Verified accessions 
were reported to the USDA-GRIN and presented at the USDA Leafy Vegetable 
Germplasm Committee meeting that year.  From this study we identified the 
accessions to be used in this study.

Sequencing Y-linked sequence
Andromonoecious (having some hermaphroditic and male flowers) 

spinach bare fertile hermaphroditic flowers which produce YY 
progeny (XY x XY -> YY:XY:XX).  With this resource, both sequencing 
and genetically mapping the MSY are possible.  YY genome first 
sequenced as done by the pooling DNA of 12 inbred YY plants found 
to be negative for the X-linked marker. PacBio sequencing libraries 
were made from the extracted DNA and sequenced at 46 X coverage 
of the 985 Mb spinach genome.  The first draft of the assembly only 
covers 650 Mb. More sequencing will be done to close gaps in the 650 
Mb assembly. Short reads with male-specific sequence were also 
collected by sequencing a male and two females. Male-specific 
sequences were identified by a custom C program.  The program 
indexed all 15-nucleotide subsequences (k-mers) in the unassembled 
reads from one XY and two XX libraries (Figure 2).  Male reads which 
were 91% or less covered by female k-mers were assembled using 
SOAPdenovo2 to construct male-specific contigs. Those contigs will be 
mapped to the YY assembly to find Y-linked scaffolds after gaps are 
closed.

Calling X-linked sequence
Female genomes have two copies of the X chromosome, while male genomes only have one copy.  This difference is 
detectable when comparing alignment metrics of XY and XX sequence aligned to an XX reference genome. By 
examining differences in depth of coverage, 5 strong candidates and a few weak candidates with the coverage pattern 
expected for X-linked scaffold were found by the program CNV-seq (Xie & Tammi, 2009). Each of the five scaffolds were 
BLAST against the genome of the most closely related species with a well annotated genome, Beta vulgaris (sugar 
beet). Four of the five hit to scaffolds between 16 and 26 of sugar beet’s chromosome 9 (Table 1). Lastly, the PCR 
marker designed from X-linked scaffold uti_cns_0007091amplified a 198 bp product from genomic DNA extracted from 
XX and XY, but not YY (Figure 3).
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Figure 2. Male-specific reads compared to female reads.  Reads with 

individual specific sequences from a female and a male were plotted by 

percent of coverage of all k-mers found in sequence data of two opposite 

sex individuals 

Genetically Mapping the MSY
While sequencing was done with inbred YY plants, the genetic map of the MSY has to be constructed with a 
hybrid YY, which produces heterozygous, recombined Y chromosomes. This was done by crossing pollen from a 
pure male XY with the female part of the hermaphroditic flowers of an andromonoecious XY plant.  After 5 
generations of inbreeding, andromonoecious plants were protogynous, and most developing flowers produced 
female parts before any flowers on the plant produced pollen, which was not true of outbred parents (Figure 
4).  Inbreeding depression was used as a marker to confirm hybridization of progeny. By using Y and X linked 
markers a hybrid YY plant was identified.  Unexpectedly, the hybrid YY produced several hermaphroditic 
flowers on the new inflorescences. One confirmed hybrid supermale has been back crossed to 5 females 
(typically 200 seeds per female). 

Next steps
Close gaps in YY assembly and between X-linked scaffolds
Map andromonoecy in the back cross population currently going to seed
Identify Y and X linked transcripts using transcriptome data
Map monoecy (not covered on this poster)

X-linked Scaffold scaffold length bp

uti_cns_0006145 690579

uti_cns_0005590 2313864

uti_cns_0007091* 1145355

uti_cns_0006151 668449

uti_cns_0006143 262706

Table 1.  X-linked scaffolds with respective length

Monoecious inflorescence

Figure 1. XY and XX spinach of the andromonoecious accession Cornell #9 before and after 5 generations of selfing XY plants.  
Vegetative sexual dimorphism between XY and XX plants is noticeable.

Figure 4. A cartoon of the basic framework for making a YY hybrid and back cross population, A. Hybrid vigor was 
found in the progeny of cross pollenated andromonoecious parents 3 weeks after emergence, B.  A sexually mature, 
hybrid YY individuals is more robust than an inbred YY from a self-pollenated XY, C. Blue arrows indicate the styles  
observed developing between stamen of some flowers on the hybrid YY, D, E.
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