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Summary

e We recently described, in Cannabis sativa, the oldest sex chromosome system documented
so far in plants (12-28 Myr old). Based on the estimated age, we predicted that it should be
shared by its sister genus Humulus, which is known also to possess XY chromosomes.

e Here, we used transcriptome sequencing of an F4 family of H. lupulus to identify and study
the sex chromosomes in this species using the probabilistic method SEX-DETEcTOR.

¢ We identified 265 sex-linked genes in H. lupulus, which preferentially mapped to the C.
sativa X chromosome. Using phylogenies of sex-linked genes, we showed that a region of the
sex chromosomes had already stopped recombining in an ancestor of both species. Further-
more, as in C. sativa, Y-linked gene expression reduction is correlated to the position on the X
chromosome, and highly Y degenerated genes showed dosage compensation.

e We report, for the first time in Angiosperms, a sex chromosome system that is shared by
two different genera. Thus, recombination suppression started at least 21-25 Myr ago, and
then (either gradually or step-wise) spread to a large part of the sex chromosomes (c. 70%),

leading to a degenerated Y chromosome.

Introduction

Among > 15 000 dioecious angiosperm species (i.e. species with
separate sexes; Renner, 2014), < 20 sex chromosome systems
have been studied with genomic data (Ming er a4l, 2011;
Bardnkovd et al, 2020). Most plants with sex chromosomes
exhibit male heterogamety, with XY chromosomes in males and
XX chromosomes in females (Westergaard, 1958; Charlesworth,
2016). The portion of the Y chromosome that never recombines
with the X experiences reduced selection, which results in an
accumulation of deleterious mutations and transposable elements
(Charlesworth & Charlesworth, 2000). This accumulation of
transposable elements initially leads to an increase of the size of
the Y chromosome, which becomes larger than the X (Ming
et al., 2011). When Y degeneration progresses, genetic material
can be lost without fitness costs and the Y may shrink (Ming
et al., 2011). Therefore, after sufficient time of divergence, we
may observe chromosome heteromorphy — a Y chromosome
larger or smaller than the X chromosome, depending on the pro-
gress of degeneration (Ming ez al., 2011). Classically, heteromor-
phy was determined using light microscopy, which is rather
imprecise and size differences of ¢. 10% could be considered
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homomorphic (see Divashuk et al, 2014). Although heteromor-
phy often corresponds to the later stages of sex chromosome evo-
lution, it is nevertheless possible that sex chromosomes are
homomorphic despite a large nonrecombining region and strong
degeneration of the Y chromosome (e.g. Prentout ez al., 2020).
Moreover, some systems do not a evolve large nonrecombining
region and stay homomorphic (Renner & Miiller, 2021).

In plants, dioecy often is of recent origin (Renner, 2014; Kifer
et al, 2017), thus limiting the age of the sex chromosomes.
Indeed, several rather recently evolved (< 10 Myr ago (Ma))
homomorphic sex chromosome systems with small nonrecom-
bining regions have been described, as in Carica papaya and
Asparagus officinalis (Wu & Moore, 2015; Harkess et al., 2017).
Heteromorphic sex chromosome systems also are found, with the
Y being larger than the X, but recombination suppression also
happened relatively recently (< 20 Ma), as in Silene latifolia and
Coccinia grandis (Sousa et al., 2013; Krasovec et al, 2018;
Fruchard et al., 2020).

A few cases in which dioecy evolved longer ago also exist
(Kifer er al, 2017), but no strongly degenerated sex chromo-
somes have been described so far (Renner & Muller, 2021).
Pucholt et af, (2017) described very young sex chromosomes in
Salix viminalis despite ancestral dioecy for the sister genera Salix
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and Populus. Thus, either the sex chromosomes evolved indepen-
dently in different species, or there have been frequent turnovers.
In the fully dioecious palm tree genus Phoenix, a sex-linked
region evolved before the speciation of the 14 known species
(Cherif et al., 2016; Torres et al., 2018). These sex chromosomes
might be old, but do not appear to be strongly differentiated. A
similar situation has been reported in the grapevine (Vitis) genus
(Badouin ez al., 2020; Massonnet et al., 2020), possibly because
sex chromosome evolution is slowed down in such perennials
with long generation time (Muyle ez al., 2017).

Thus, although homologous sex chromosomes are sometimes
shared between species belonging to the same genus (e.g. Silene
sect. Melandrium, Phoenix) (Cherif et al., 2016; Bacovsky et al.,
2020), homologous sex chromosomes between different genera
have never been described in plants so far. This situation is in
stark contrast to the situation in animals, for which several sys-
tems are > 100 Myr old and are shared by whole classes, for
example, birds and mammals (Ohno, 1969; Fridolfsson et al,
1998; Cortez et al., 2014). Undoubtedly sex chromosomes have
been less intensively studied in plants, yet there seem to be funda-
mental differences in the evolution of sex chromosomes in plants
and animals (e.g. lack of strong sexual dimorphism in plants, dis-
cussed in Renner & Miiller, 2021). However, the extent of the
differences needs to be clarified and more plant sex chromosomes
need to be studied.

Dioecy very likely evolved before the genera Cannabis and
Humulus split, and might even be ancestral in the Cannabaceae
family (Yang er al., 2013; Zhang ez al., 2019). Cannabis sativa
(marijuana and hemp) is a dioecious species with nearly homo-
morphic XY chromosomes (with homomorphy defined as
above). These sex chromosomes have a large nonrecombining
region and are estimated to have started diverging between 12
and 28 Ma (Peil et al, 2003; Divashuk ez al, 2014; Prentout
et al., 2020).

As for C. sativa, cytological analyses of Humulus lupulus (hop)
found a XY chromosome system with a large nonrecombining
region, but the Y chromosome is smaller than the X (Shephard
et al., 2000; Karlov et al, 2003; Divashuk ez 2/, 2011). The
H. lupulus and C. sativa lineages split between 21 and 25 Ma
(Divashuk ez 4l., 2014; Jin et al, 2020), which is more recently
than our higher bound estimate of the age of the C. sativa sex
chromosomes (28 Ma; Prentout ez al., 2020). It thus is possible
that the sex chromosomes of C. sativa and H. lupulus evolved
from the same pair that already stopped recombining in their
common ancestor, a question we address here.

As in many cultivated dioecious species, only female hop
plants are harvested. Hop is used in beer brewing for its bitter-
ness, and its production is increasing worldwide (Neve, 1991;
King & Pavlovic, 2017), mostly because of the craft beer revolu-
tion (Barth-Haas, 2019; Mackinnon & Pavlovi¢, 2019). The
molecule responsible for hop flower bitterness, lupulin, is con-
centrated in female ripe inflorescences, called cones (Okada &
Ito, 2001). In pollinated cones, the presence of seed reduces their
brewing quality; because H. lupulus is wind pollinated, a single
male plant in the hop field or its vicinity can cause broad-scale
damage to the crop (Thomas & Neve, 1976).
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Usually, hop is not grown from seeds, so female-only cultures
are easy to obtain, and there is no need for large-scale early sexing
as in C. sativa (cf. Prentout et al, 2020). However, for varietal
improvement where controlled crosses are needed, knowing the
sex early might be beneficial. In H. lupulus, sexing is reliable 1-2
years after sowing (Patzak ez al., 2002; Conway & Snyder, 2008).
A few markers have been developed, but the use of Y-specific cod-
ing sequences may increase marker quality (Patzak er al, 2002;
Cerenak et al., 2019).

Here we sequenced the transcriptome of 14 H. lupulus indi-
viduals. These individuals came from a cross, from which we
sequenced the parents and six offspring of each sex. We used the
probabilistic approach SEX-DETECTOR, which is based on allele
segregation analysis within a cross, to identify sex-linked
sequences (Muyle ez al., 2016). From theses analyses on H. lupu-
lus and our previous results on C. sativa (Prentout et al., 2020)
we describe for the first time well-differentiated sex chromosomes
shared by two different genera in plants.

Materials and Methods

Biological material and RNA sequencing

As indicated in Fig. 1a, we conducted a controlled cross for
sequencing. The Humulus lupulus parents, cultivar "Wye Target’
(WT; female) and the Slovenian male breeding line 2/1 (2/1), as
well as six female and six male F; siblings (JakSe ez al., 2013) were
collected in July 2019 in the experimental garden of Slovenian
Institute of Hop Research and Brewing, Zalec.

All offspring were phenotypically confirmed to carry either
male or female reproductive organs and showed no anomalies in
microsatellite genotyping data (JakSe ez 4/, 2013). Young leaves
from the laterally developing shoots were picked, wrapped in alu-
minium foil and flash-frozen i situ in liquid N,. Later they were
pulverized and stored at —80°C until RNA isolation.

Total RNA was isolated from 100 mg frozen tissue pulverized
in liquid N, according to the protocol of Monarch Total RNA
Miniprep Kit, including removal of DNA from the column with
DNase I (New England Biolabs). Total RNA was quantified with
QBIT 3.0, and quality was verified with the Agilent RNA Nano
6000 Kit to confirm appropriate sample RIN numbers. The total
RNA samples were sent to Novogen for mRNA sequencing using
[lumina’s 100-bp paired end service. The data were submitted to
the SRA database of the NCBI (BioSample accession
SAMN17526021).

Mapping, genotyping and SEX-DETEcTOR

The bioinformatic pipeline is described schematically in Fig. 1b.
First, the RNA-seq data were mapped to two different references:
(1) the transcriptome H. lupulus (obtained from the annotated
genome; Padgitt-Cobb ez al, 2019) and (2) the transcriptome
assembly of Cannabis sativa that we also used for our previous C.
sativa sex chromosome analysis (Supporting Information, Methods
S1; Van Bakel et al., 2011; Prentout et al., 2020). For the mapping,
we ran GsNAP (v.2019-09-12; Wu and Nacu, 2010; Wu et 4/,
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Fig. 1 Schematic representation of the
workflow used to detect sex-linkage. (a)
Experimental design: six females and six
males were obtained by a controlled cross,

and all individuals (14) were sequenced. (b) Aa Aa

Bioinformatic pipeline for the treatment of
RNA-seq data. (c) lllustration of the
underlying principles of the SEX-DETecTor
segregation analysis.

2016), an aligner that enables single nucleotide polymorphism
(SNP)-tolerant mapping, with 10% mismatches allowed. This
approach, already used for C. saziva analysis, was iterated several
times by adding Y-specific SNPs to the references (and H. lupulus
specific SNPs while mapping on C. sativa reference; see Prentout
et al., 2020), which increased the number of mapped reads.

Then, SaMTOOLS (v.1.4; Li et al, 2009) was used to remove
unmapped reads and sort mapping output files for the genotyp-
ing. We genotyped individuals with READS2sNP (v.2.0.64; Gayral
et al., 2013), as recommended for SEX-DETECTOR (Muyle et 4/,
2016) — by accounting for allelic expression biases, without filter-
ing for paralogous SNPs, and only conserving SNPs supported
by at least three reads for subsequent analysis.

We ran the XY model of SEX-DETECTOR on the genotyping
data, using the SEM algorithm and a threshold for an assignment
of 0.8. SEX-DETECTOR computes a posterior probability of being
autosomal (Pn), XY (Pxy) and X-hemizygous (Px hemi) for each
SNP and for each gene (Fig. 1c). Thus, a gene with a Py of > 0.8
and at least one autosomal SNP without genotyping error is
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classified as ‘autosomal’; a gene with Pxy 4+ Px_hemi of > 0.8 and
at least one sex-linked SNP without genotyping error is classified
as ‘sex-linked’; otherwise, the gene is classified as ‘lack-of-
information’. Among the sex-linked genes, we classified a gene as
X-hemizygous if it fulfilled one of these two criteria: (1) the gene
carried only X-hemizygous SNPs and at least one SNP without
genotyping error, (2) the Y expression of the gene is detected only
from positions with genotyping errors. A parameter that is impor-
tant to optimize with SEX-DETECTOR is the Y-specific genotyping
error rate (p; see Muyle et al., 2016). However, the quantity of Y-
linked reads that map on a female reference diminishes with X-Y
divergence; therefore, old and highly divergent sex chromosomes
are more susceptible to mapping errors and thus genotyping errors.
2 is expected to be close to the whole transcriptome genotyping
error rate (€), but could be higher as a consequence of weak expres-
sion (resulting in less reads) of the Y-linked copies or to mapping
on a divergent X reference. To reduce the gap between these two
error rates, we ran four iterations with GSNAP, using at each time

the SNPs file generated by SEX-DETEctor. This SNPs file
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contains H. lupulus-specific polymorphisms, initally absent from
the C. sativa reference transcriptome, and increased the quantity of
mapped reads by adding these SNDPs to the reference and, thus, fit-
ting it with the A. lupulus RNA-seq.

As detailed in Methods S1 , we retained the mapping on C.
sativa transcriptome assembly for downstream analysis. Indeed,
the mapping of Y-linked reads and SEX-DETECTOR results
obtained with a mapping on C. sativa reference transcriptome
were more robust than those obtained with a mapping on
H. lupulus reference transcriptome (Methods S1).

Sex-linked gene positions on C. sativa genome

As the H. lupulus RNA-seq data were mapped on the C. sativa
transcriptome, we determined the position of the transcript
sequences from the C. sativa transcriptome assembly (van Bakel
et al., 2011) on a chromosome-level assembly of the C. sativa
genome (Grassa ¢t al., 2018) with Brast (v.2.2.30+; Altschul
et al., 1990). We selected the best hit with an e-value lower than
10~ to determine the position of the transcript on the genome.
Then, we split each chromosome in windows of 2 Mb and com-
puted the density of sex-linked genes and nonsex-linked genes
per window using BEDTOOLS (v.2.26.0; Quinlan & Hall, 2010).
Proportions of sex-linked genes were computed by dividing the
number of sex-linked genes by the total number of genes (sex-
linked, autosomal and undetermined) in the same window. For
C. sativa, densities were already available from our previous anal-
ysis (Prentout et al., 2020).

Molecular clock and age of sex chromosomes

We used the translated reference transcripts (van Bakel ez 4l,
2011) to determine the X and Y Open Reading Frame (ORF) of
nucleotide reference transcripts. For each XY gene pair, the 45
values were estimated with codeml (PAML v.4.9; Yang, 2007) in
pairwise mode. Then, we used two molecular clocks, derived
from Arabidopsis species, to estimate the age of H. lupulus sex
chromosomes (Koch et 4/, 2000; Ossowski et al, 2010). In
the wild, H. lupulus lowers in the second or third year of devel-
opment (Patzak er al, 2002; Polley et al, 1997), therefore,
we took a generation time (GT) of 2 years, and used the molecu-
lar clocks as follows: (dS)/rate=dS/(1.5x107®) using
the molecular clock from Koch e 4l, (2000);
(GTxdS)/(2xu)=dS/(7x1077) using the clock from
Ossowski et al., (2010). Three different estimates of 4S were
used: the maximum 4S5 value, the mean of the 5% highest 4S
values, and the mean of the 10% highest 45 values.

X and Y allele-specific expression analysis

In addition to identifying X and Y alleles, SEX-DETECTOR esti-
mates their expression based on the number of reads (Muyle
et al., 2016). These estimates rely on counting reads spanning XY
SNPs only and were normalized using the total read number in a
library for each individual. We further normalized them by the
median autosomal expression for each individual. The C. sativa
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results presented here were generated in our previous analysis on
C. sativa sex chromosomes (Prentout ez al., 2020).

Correction of Y read mapping bias

The use of a female reference for the mapping of the reads might
create mapping biases, resulting in the absence of Y reads in the
most diverging parts of the genes. This issue may reduce the
divergence detected and change the phylogenetic signal (Dixon
er al.,, 2019). If, within a same gene, regions that lack Y reads
coexist with regions where the Y reads correctly mapped, we
expect to see a signature similar to gene conversion (i.e. region-
wise variation in divergence). Therefore, we ran GENECONV
(v.1.81a; Sawyer, 1999) in pairwise and group mode with the
multiple alignments used for the phylogeny (on 85 gene align-
ments before Gblock filtering, see below) in order to identify and
remove regions with reduced divergence. We defined two groups,
one for X and Y sequences in H. lupulus, and the other one for X
and Y sequences in C. sativa. Then, we conserved only inner frag-
ments and split the gene conversion regions from regions without
gene conversion to obtain two subsets per gene. Thus, we
obtained a subset of sequences corrected for the mapping bias, in
addition to the set of genes not filtered with GENECONV.

Phylogenetic analysis

We reconstructed gene families for genes identified as sex-linked in
both C. sativa and H. lupulus. Then, we used Brastp, filtering for
the best hit (with an e-value threshold fixed at 107%), to find
homologous sequences between C. sativa reference transcripts (the
query sequence in Brastp) (van Bakel ez 2/, 2011) and four out-
group transcriptomes (the subject sequence in BLASTP): Trema ori-
entalis (Cannabaceae; van Velzen et al, 2018), Morus notabilis
(Moraceae; He et al., 2013), Fragaria vesca ssp. vesca (Rosaceae;
Shulaev et al, 2011) and Rosa chinensis (Rosaceae; Raymond et al.,
2018). Gene families for which at least two outgroup sequences
have been identified were kept, other gene families were discarded
from subsequent analysis. Then, we added X and Y sequences
reconstructed by SEX-DETECTOR to each gene family. To distin-
guish potential paralogous sequences or variants from alternative
splicing, a blast of all sequences vs all sequences was realized. If two
sequences from two distinct gene families matched with each other
(with an e-value threshold fixed at 107%), then both families were
removed from the dataset. Finally, we retrieved the corresponding
nucleotide sequence of each protein, which constituted the dataset
used for the phylogenetic analysis.

Using MACSE (v.2.03; Ranwez ez al., 2011), and before align-
ment, nonhomologous segments of > 60 nucleotides within or
30 nucleotides at the extremity of a nucleotide sequence were
trimmed if they displayed < 30% of similarity with other
sequences from the gene family. This step allowed the removal of
misidentified outgroup sequences. Then, gene families with no
remaining outgroup sequences were discarded. Finally, remaining
families were aligned with MAcsE, allowing sequences to be
removed and realigned, one sequence at a time and over multiple
iterations, to improve local alignment.

© 2021 The Authors
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Nucleotide alignments were cleaned at the codon level using
Gsrocks (with default parameters) to conserve only codons shared
by all sequences (v.0.91b; Castresana, 2000). For maximum-
likelihood (ML) phylogenetic tree reconstruction, we used
MODELFINDER  in  IQ-TREE (v.1.639; Nguyen ez al, 2015;
Kalyaanamoorthy et al, 2017) to select the best-fit substitution
model for each alignment. Those models were then used in
RAXMLANG (v.1.0.0; Kozlov ez al., 2019) to reconstruct gene family
trees. The number of bootstrap replicates was estimated using
AUTOMRE (Pattengale er al, 2010) criterion (maximum 2000
bootstraps). The ML phylogenetic tree reconstruction was run on
two datasets, one without removing potential mapping biases, and
one with the potential mapping bias removed, as described above.

Bayesian phylogenies were built using PHYLOBAYES (v.3.4; Lar-
tillot ez al., 2009) with the site-specific profiles CAT and the
CAT-GTR models with a gamma distribution to handle across
site rate variations. Two chains were run in parallel for a mini-
mum of 500 cycles. The convergence between the two chains was
checked every 100 cycles (with a burn-in equal to one fifth of the
total length of the chains). Chains were stopped once all the dis-
crepancies were < 0.1 and all effective sizes were > 50 and used
to build a majority rule consensus tree.

Statistics and linear chromosome representations

The statistical analyses were conducted with R (v.3.4.4; R Core
Team, 2018). We report exact P-values when they are > 107°.

S BSOSO

The representation of phylogenetic topologies, @S values on the
first chromosome and the dosage compensation graphics have
been done with GagrLot2 (Wickham, 2011). For the circular
representation of the sex-linked gene density along the C. sativa
genome we used the CIRCLIZE package in R (GU e al, 2014).
The correspondence between names in Fig. 2a and names in
the genome assembly is indicated in Table S1. We calculated
confidence intervals for the median of a dataset of 7 observa-
tions by resampling 5000 times 7 values from the dataset (with
replacement). The confidence intervals are then given by the
quantiles of the distribution of median values obtained by
resampling.

Results

Identification of sex-linked genes in H. lupulus

As mentioned in the Materials and Methods section, we used the
mapping of the H. lupulus RNA-seq data on the C. sativa tran-
scriptome assembly for downstream analysis. Of the 30 074
genes in the C. sativa reference transcriptome, 21 268 had
detectable expression in our H. lupulus transcriptome data. The
difference of properly-paired mapped reads between males (mean
32.3%) and females (mean 34.9%) was slightly significant (Wil-
coxon’s test two-sided P-value = 0.038; see Table S2), which
may be explained by a reduced mapping efficiency of Y-linked
reads on the female reference.

(b)
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i 25 50 75 100
position on chromosome X (Mb)

Fig. 2 (a) Humulus lupulus sex-linked genes mapped on the Cannabis sativa genome (Grassa et al., 2018). Inner graphs (in blue): C. sativa sex-linked
gene density corrected by the total gene density in 2-Mb windows (from Prentout et al., 2020). Outer graphs (in red): H. lupulus sex-linked gene density
corrected by the total gene density in 2-Mb windows. (b) Synonymous divergence (dS) between X and Y copies of H. lupulus sex-linked genes (red) and
those of C. sativa (blue) along the X chromosome of C. sativa. The curves represent the average dS with sliding windows (windows of 20 points), for

H. lupulus (red) and C. sativa (blue). Confidence intervals (average + SD) are indicated around the H. lupulus curve (red area) and the C. sativa curve
(blue area). The vertical red bar represents the putative Pseudo-Autosomal Boundary (PAB) in H. lupulus, the vertical blue bar represents the putative PAB
in C. sativa, the grey area represents the region that stopped recombining in a common ancestor.
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The sex-linked sequences from H. lupulus transcriptome data
were identified with SEX-DETECTOR (Muyle et al, 2016). It is
important that genotyping error rate parameters € and p have
similar values (e, whole transcriptome; p, Y chromosome) to
obtain reliable SEX-DETECTOR outputs. At the fourth iteration
of GsNAP mapping on C. sativa reference transcriptome € and p
stabilized at 0.06 and 0.20, respectively (Table S3). Upon closer
inspection, one H. lupulus male (#3) appeared to have many
genotyping errors, as for some XY genes, this male was genotyped
as both heterozygous (XY) and homozygous (XX), which
increased the error rate p. The identification of Y SNPs with this
individual RNA-seq data discarded the hypothesis of a misla-
belled female or a XX individual that developed male flowers. A
particularly strong Y reads mapping bias in this male may explain
these observations. After removal of this male, the error rate p
dropped to 0.10 (Table S3). A total of 265 sex-linked genes were
identified in H. /upulus, which represents 7.8% of all assigned
genes (autosomal genes + sex-linked genes; Table 1). The SEX-
DETECTOR assignment output is provided in Table S4.

H. lupulus and C. sativa sex chromosomes are
homologous

Among 265 H. lupulus XY genes from the C. sativa transcriptome
assembly (van Bakel ez al, 2011), 254 genes are present on the C.
sativa chromosome-level genome assembly (Grassa er al., 2018). As
shown in Fig. 2a, 192 of these genes (75.6%) map on C. sativa
chromosome number 1, which is the chromosome we previously
identified as the X chromosome in C. sativa (Prentout ez al., 2020).
Of the 265 sex-linked genes in H. lupulus, 112 also were detected
as sex-linked in C. sativa, whereas 64 were detected as autosomal
and 89 had unassigned segregation type (Prentout ez a/, 2020).

The synonymous divergence (4S) between X and Y copies of
the sex-linked genes of H. lupulus was distributed in a similar
way along the C. sativa sex chromosome as the values for this lat-
ter species, as shown in Fig. 2b. Although the sampling variation
of these 4S values is large, as expected (cf. Takahata & Nei,
1985), it can be observed that the larger values occurred in the
region beyond 65 Mb.

Table 1 Summary of the SEX-DETecToR results.

Number
All genes* 30 074
Expressed genes 21 268
Genes with SNPs used by SEX-DETecTor 4472
Genes with undetermined segregation type class 1** 462
Genes with undetermined segregation type class 2*** 354
Autosomal genes 3391
Sex-linked genes 265
XY genes 265
X-hemizygous genes 0

*Transcripts from gene annotation of the C. sativa reference genome (van
Bakel et al., 2011).

**Posterior probabilities < 0.8

***Pposterior probabilities > 0.8 but absence of single nucleotide
polymorphisms (SNPs) without error.
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X-Y recombination likely stopped before the Cannabis and
Humulus genera split

We reconstructed phylogenetic trees of genes detected as sex-
linked in both species, including outgroup sequences from the
order Rosales. For 27 of the 112 sex-linked genes present in both
species, we could not identify any homologous sequences in the
outgroup species and those genes were excluded from further
analysis. For the remaining 85, we determined the topology of
the gametologous sequences in the Cannabaceae, considering a
node to be well-resolved when the bootstrap support exceeded
95%, or Bayesian support exceeded 0.95.

The three different methods for phylogenetic reconstruction
provided consistent phylogenies (Table 2). More precisely, we
observed three major topologies, as shown in Fig. 3: X copies of
both species form a clade separated from a clade of Y sequences
(topology I; Fig. 3a), the X and Y sequences of each species group
together (topology II; Fig. 3b), or a paraphyletic placement of
the X and Y sequences of H. lupulus, relative to C. sativa
sequences (topology III; Fig. 3c). As shown in Table 2, we found
that most genes had topology 11, corresponding to recombination
suppression after the split of the genera. A few genes, however,
had topology I, which corresponds to genes for which recombina-
tion already was suppressed in a common ancestor of both
species. As shown in Fig. 3(d), topologies I and III occurred
mainly beyond 80 Mb, whereas topology II occurred all over the
chromosome. Topology I is associated with higher synonymous
divergence.

We identified 42 genes, of the 85 genes used for the phy-
logeny, with at least one fragment in at least one species that dis-
played reduced divergence (with a P-value < 0.05 in GENECONV
output). Because this reduction of divergence may be caused by a
mapping bias of Y reads, we ran the ML phylogenetic reconstruc-
tion method on regions with and without mapping bias (example
in Fig. S1). As shown in Table 2 and Fig. 3(e), after mapping
bias filter with GENECONV, the proportion of genes displaying
topology I, indicating recombination suppression in a common
ancestor, increased, whereas fewer genes with topology II were
found, mainly in a restricted region corresponding to the region
where recombination stopped independently in both species.

This leads us to define three regions on the X chromosomes of
C. sativa and H. lupulus (with the C. sativa X chromosome as a
reference). A region from ¢. 65 Mb to the end of the X chromo-
some that already stopped recombining in a common ancestor;
from ¢ 20-30 Mb to ¢. 65 Mb, a part of the nonrecombining
region that evolved independently in the two species; and from
the beginning of the chromosome to ¢. 20-30 Mb, the pseudo-
autosomal region (PAR), where few sex-linked genes are found.

Age of H. lupulus sex chromosomes

In order to estimate the age of the sex chromosomes, we used the
maximum synonymous divergence between X and Y sequences and
two molecular clocks, which were both derived from Arabidopsis.
Because the sampling variance in S values can be large, we used
three ways to calculate the maximum 4S5 value: the single highest 45
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Table 2 Results of the phylogenetic reconstruction of sex-linked genes.

Topology | Topology Il Topology Il

((Xer Xn) (Yo, Yh)) ((Xer YO, (X, Yi)) (Yh,(Xh, (Xe, YO) Other Unresolved Total
Maximum-likelihood (ML) 7 44 7 1 26 85
GTR (Bayesian) 4 45 4 8 24 85
CAT-GTR (Bayesian) 4 44 7 7 23 85
ML after ceneconv filtering 11 27 1" 4 32 85

Phylogenetic trees with a bootstrap value equal or greater than 95% (and posterior probabilities higher than 0.95 for Bayesian reconstructions) at the node
separating Cannabis sativa and Humulus lupulus, or Y and X sequences, are presented in the first four columns. Phylogenetic trees without such support
are classified as ‘unresolved'.
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Fig. 3 Distribution of the three topologies of the sex-linked genes on the X chromosome: (a) Topology I, XX-YY — arrest of recombination before the split
of the two genera, (b) Topology Il, XY-XY — arrest of recombination after the split of the two genera, (c) Topology Ill, Y-X-XY — Humulus lupulus X
chromosome is closer to Cannabis sativa sequences than its Y counterpart. (d) Distribution of the topologies along the C. sativa X chromosome ('other’
topology is included in the Y-X-XY topology panel), using the full gene sequences. For each gene, dots represent the dS values in C. sativa (blue) and

H. lupulus (red). (e) Distribution of the topologies after filtering out possible mapping biases through geneconv. Triangles indicate that at least one
segment was removed, dots indicate sequences for which no mapping bias was detected. The vertical grey bar (d,e) represents the putative boundary
between the region that stopped recombining in a common ancestor and the region that stopped recombining independently in the two species.

value; the average of the 5% highest values; and the average of the ~ close to 1 means no degeneration, a Y/X expression ratio
10% highest values. Furthermore, we calculated these on the raw close to 0.5 or below means strong degeneration. In H. lupu-
alignments as well as the alignments with possible mapping biases lus, the median Y/X expression ratio was 0.637 (Fig. S4),
removed. The different estimates are given in Table 3, and yielded ~ which is significantly different from 1 (99 percentle of
values between 14.5 and 51.4 Ma. The minimum synonymous  median distribution with 5000 samples in inital distribu-

divergence between C. sativa and outgroup species Morus notabilis ~ tion = 0.673). The median was not different when consider-
and Rosa chinensis was c. 0.45 and ¢. 0.65, respectively (Figs S2, S3), ing all sex-linked genes (0.637) or only the sex-linked genes

higher than the maximum synonymous divergence between sex-  mapping on C. sativa X chromosome (0.639, P = 0.70, one-
linked gene copies, indicating that the sex chromosomes probably ~ sided Wilcoxon rank sum test).
evolved in the Cannabaceae family. In both species, the reduced Y expression is correlated to the

position on the X chromosome (linear regression: adjusted R =
0.134, P< 107 for H. lupulus;, and adjusted R* = 0.278,

Y gene expression P < 107 for C. sativa). As shown in Fig. 4, the Y/X expression

The Y over X expression ratio is a standard proxy for the  ratio decreased while moving away from the PAR in H. lupulus,
degeneration of the Y chromosome. A Y/X expression ratio  and this also was confirmed in C. sativa.
© 2021 The Authors New Phytologist (2021)
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Table 3 Age estimates with two molecular clocks and different maximum synonymous divergence values (dS values).

No filtering Mapping bias filtering

ds Age (Myr old)’ Age (Myr old)? ds Age (Myr old)’ Age (Myr old)?
Highest dS 0.362 51.4 24.0 0.362 51.4 24.0
Mean highest 5% 0.249 35.6 16.6 0.274 39.1 18.3
Mean highest 10% 0.217 31.0 14.5 0.214 34.4 16.1

For each dS value, two ages were obtained using the molecular clocks of 1Ossowski et al. (2010) and 2Koch et al. (2000). Two alignment datasets were

used, with or without filtering for possible mapping bias.
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Fig. 4 Y/X expression ratio along the nonrecombining region in Humulus
lupulus (a) and Cannabis sativa (b). Each dot is the Y/X expression ratio
for one gene in the nonrecombining region only (the linear regression
result is indicated by the blue line). The vertical red bar represents the
putative PAB in H. lupulus, the vertical blue bar represents the putative
PAB in C. sativa, the vertical grey bar represents the putative boundary
between the region that stopped recombining in a common ancestor and
the region that stopped recombining independently in the two species.

Dosage compensation

We tested whether the expression of the X chromosome changed
following degeneration of the Y chromosome, a phenomenon
called dosage compensation (Muyle ez al., 2017). We used the
ratio of the male X expression over the female XX expression as a
proxy for dosage compensation (Muyle ez al, 2012) and Y/X
expression ratio as a proxy for Y degeneration. Genes with strong
degeneration (Y/X expression ratio close to zero) displayed an
increased expression of the X in males (linear regression: adjusted
R =0.179, P < 107" and adjusted R = 0.097, P < 10~ for
H. lupulus and C. sativa, respectively), as shown in Fig. 5. A
dosage compensation pattern was found in both in H. lupulus
and C. sativa in agreement with previous work (Prentout ez al.,
2020).

New Phytologist (2021)
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Fig. 5 The male X expression over female XX expression versus Y/X
expression ratio for Humulus lupulus (a) and Cannabis sativa (b). Each
black dot represents one gene. The blue line represents a linear regression.

Discussion

We here identified the Humulus lupulus sex chromosomes, and
found that they are homologous to those of Cannabis sativa
(Prentout ez al., 2020), and that a part of these chromosomes had
already stopped recombining in a common ancestor of the two
species. Performing a segregation analysis with SEX-DETECTOR
(Muyle ez al., 2016), we identified 265 XY genes in H. lupulus,
among which 112 also were sex-linked in C. sativa. Mapping
these genes on the chromosome-level assembly of C. sativa
(Grassa ez al., 2018) suggested that the nonrecombining region is
large in H. lupulus, as proposed before based on cytological stud-
ies (Divashuk ez al, 2011).

We identified three different regions on the sex chromosome,
based on the distribution of sex-linked gene phylogenetic topolo-
gies and synonymous divergence between the X and Y copies on
the C. sativa X chromosome: one region that had already stopped
recombining in a common ancestor of C. sativa and H. lupulus, a
region that independently stopped recombining in both species,

© 2021 The Authors
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and the pseudo-autosomal region. Our results suggest the
pseudo-autosomal boundary (PAB) in H. lupulus may be located
around 20 Mb, whereas we estimated a PAB around 30 Mb in C.
sativa (Prentout et al., 2020); the nonrecombining region thus
may be larger in H. lupulus than in C. sativa. With this estima-
tion of the size of the nonrecombining region in H. lupulus,
among the 3469 genes present on the X chromosome, 2045
genes would be located in this nonrecombining region (which
represents 59.1% of all the genes on the X chromosome). How-
ever, a chromosome-level assembly of the H. fupulus genome
would be needed to determine the exact position of the PAB in
this species, as synteny might not be fully conserved. In addition,
because we used one single cross, it is possible that we overesti-
mated the size of the nonrecombining region as a consequence of
linkage disequilibrium. Thus, genes around the PAB classified as
sex-linked and for which we estimated a low 45 value may still be
recombining. An accurate estimation of the PAB, as has been
done for example in Silene latifolia, would require much more
offspring and data from several populations (Krasovec et al,
2020).

Several sex-linked genes had topologies that were not compati-
ble with either recombination suppression in a common ancestor
or in each of the species independently. Strikingly, most of these
topologies placed the H. lupulus Y sequence as an outgroup to the
other sex-linked gene sequences. Whether this is the result of errors
(e.g. long-branch attraction, mapping biases) remains to be investi-
gated. Interestingly, genes with theses ‘unexpected’ topologies all
clustered (except for one gene) in a region of ¢. 25 Mb. This region
is located at the extremity of the X chromosome, which, as we sug-
gested, stopped recombining first. It is likely to observe a high rate
of unexpected phylogenetic results in the region that stopped
recombining first because the X-Y divergence should be the high-
est in this region, which could increase the mapping bias. Our
approach to correct for the Y read mapping relies on GENECONV,
which is known to have a high rate of false negatives (Lawson &
Zhang, 2009). This also could explain the unexpected presence of
some of the XY-XY genes in the older region.

X-Y gene conversion has been shown to affect only a few genes
in animals (Katsura ez 2/, 2012; Trombetta et al., 2014; Peneder
et al., 2017). Although we do not expect gene conversion for half
of the genes that are sex-linked in both species, it is worth noting
that a part of fragments identified by GENECONV may correspond
to real gene conversion rather than mapping biases. Here again,
assemblies of Y and X chromosomes in both species are required
to determine the presence of true X-Y gene conversion.

The highest 4S values and the genes with a topology indicating
that recombination was already suppressed in the common ances-
tor are located in the same region (65 Mb to the end of the chro-
mosome). These results suggest the presence of at least two strata
in these sex chromosomes. We estimated that the youngest stra-
tum is 10.1-29.4 Myr old in H. lupulus, and 15.9-19.8 Myr old
in C. sativa (Table S5). However, although recombination sup-
pression clearly did not occur for all of the sex-linked genes at the
same time, we cannot determine the exact number of strata in the
sex chromosomes of C. sativa and H. lupulus. It also is possible
that recombination was with  the

suppressed  gradually,
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recombination suppression starting before the split of both gen-
era and continuing afterwards. To clearly determine the number
of strata, an identification of chromosomal inversions or significa-
tive differences in dS values along the sex chromosomes is
required (Nicolas ez al., 2004; Lemaitre ez al., 2009; Wang ez al.,
2012; reviewed in Wright ez al., 2016). Thus, X and Y chromo-
some assemblies for both H. lupulus and C. sativa are needed to
exactly determine the number (and location) of strata in both
species. Moreover, a Y chromosome assembly will allow the iden-
tification of Y-specific genes, which is not possible with SEX-
DETECTOR and the data that we used.

We did not find X-hemizygous genes in H. lupulus. This is
striking as 218 X-hemizygous genes (38% of all sex-linked genes)
were found in C. sativa using the same methodology (Prentout
et al., 2020). A very low level of polymorphism could result in
the inability of SEX-DETECTOR to identify X-hemizygous genes
(Muyle ez al., 2016), but in that case SEX-DETECTOR also should
have problems identifying autosomal genes, which was not the
case here. Nonrandom X-inactivation in females could be an
explanation, as the nonrandom expression of a single X allele in
females would impede SEX-DETECTOR to identify X-linkage and
X-hemizygous genes (Muyle ez al, 2016). We ran an Allele-
Specific Expression (ASE) analysis, which did not support this
hypothesis (Figs S5-S7). Humulus lupulus probably is an ancient
polyploid that reverted to the ancestral karyotype (Padgitt-Cobb
et al., 2019). It is thus possible that the H. lupulus X chromo-
some comprises two copies of the ancestral X as some cytological
data seem to suggest (Divashuk ez 4/, 2011). In this case, SEX-
DETEcTOR would manage to identify the XY gene pairs, but
would fail to identify the X-hemizygous genes as these genes
would exhibit unexpected allele transmission patterns (Fig. S8).

Humulus lupulus is a rare case of XY systems in plants in which
the Y is smaller than the X (cf. Ming et al, 2011). In C. sativa,
both sex chromosomes have similar sizes (Divashuk ez 2/, 2014).
If the size difference is caused by deletions of parts of the
H. lupulus Y chromosome, which is the hypothesized mechanism
in many species (cf. Ming ez al., 2011), we expect to observe that
many XY gene pairs in C. sativa have missing Y copies in
H. lupulus. As explained above, we did not detect any X-
hemizygous genes. Furthermore, the XY gene pairs of H. lupulus
were distributed uniformly on the C. sativa X chromosome, and
no region appeared to be depleted in XY genes, which is not what
we would observe if large deletions were present on the H. fupu-
lus 'Y chromosome. The sex chromosome size differences
observed in H. lupulus probably reflect complex dynamics, differ-
ent from that of old animal systems with tiny Y chromosome
resulting from large deletions (e.g. Skaletsky ez al, 2003; Ross
et al., 2005). The large size of the X chromosome in H. lupulus
may be due to a full-chromosome duplication followed by a
fusion (see above), whereas the Y chromosome has remained
unchanged. Assemblies of the H. lupulus sex chromosomes will
be needed to test these hypotheses.

Our estimates of the age of the A. /upulus sex chromosomes
are larger than the estimates for C. sativa, although we found very
similar X—Y maximum divergence in both species (higher bound
age estimates are ¢. 50 Myr and ¢. 28 Myr old; highest &S values
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are 0.362 and 0.415 in H. lupulus and C. sativa, respectively, see
Prentout et al., 2020). Of course, the molecular clocks that we
used are known to provide very rough estimates as they derive
from the relatively distant Arabidopsis genus, and are sensitive to
potential differences in mutation rates between the annual C.
sativa and the perennial H. lupulus (Neve, 1991; Petit & Hampe,
2006; Small, 2015; but see Krasovec et al., 2018). Indeed, only
one of these molecular clocks (which is based on the mutation
rate) takes into account the generation time (2 yr in H. lupulusvs
1 yr in C. sativa). This produced age estimate is approximately
two-fold greater than that from the other clock (based on the sub-
stitution rate), which was not the case with C. sativa (Prentout
et al., 2020). It is not known, however, if the generation time
influences the substitution rate (Petit & Hampe, 2006). Further-
more, the short generation time in C. sativa probably is a derived
trait, not reflecting the long-term generation time of the
Cannabis—Humulus lineage, as the Cannabis genus is the only
herbaceous genus in the Cannabaceae family (Yang ez al., 2013).
Thus, the remarkable similarity between the highest &S values in
both species indicates that the C. sativa and H. lupulus sex chro-
mosomes have a similar age, as expected if they derive from the
same common ancestor. Although it is not possible to estimate
their age exactly with the current data, initial recombination sup-
pression at least pre-dates the split between the genera, that
occurred between 21 and 25 Myr ago (Ma) (Divashuk er af,
2014; Jin et al., 2020), and might even be 50 Myr old. We thus
confirmed here that the XY system shared by C. sativa and
H. lupulus is among the oldest plant sex chromosome systems
documented so far (Prentout et al., 2020).

Dioecy was inferred as the ancestral sexual system for the
Cannabaceae, Urticaceac and Moraceae (Zhang er al, 2019;
note, however, that many monoecious Cannabaceae were not
included). We found that the synonymous divergence between
the Cannabaceae species and Morus notabilis was approximately
0.45, higher than the maximum divergence of the X and Y copies
in the Cannabaceae. It remains possible that the sex chromo-
somes evolved before the split of the Cannabaceae and Moraceae
families, because the oldest genes might have been lost or were
not detected in our transcriptome data. There is, however, no
report of whether or not sex chromosomes exist in Urticaceae
and Moraceae (Ming et al., 2011).

In order to estimate the Y expression, we counted the number
of reads with Y SNPs. Therefore, the impact of a potential Y
reads mapping bias should be weaker on Y expression analysis
than on X-Y divergence analysis. We validated this assumption
by removing genes with detected mapping bias from the analysis,
which did not change the signal of Y expression reduction and
dosage compensation (Table S6; Figs S9, S10). Dosage compen-
sation is a well-known phenomenon in animals (e.g. Gu & Wal-
ters, 2017), but it has been documented only quite recently in
plants (reviewed in Muyle ez al., 2017). Here we found evidence
for dosage compensation in H. /upulus; this is not surprising as
previous work reported dosage compensation in C. sativa and we
showed here that both systems are homologous. Cannabis sativa
and H. lupulus add up to the list of plant sex chromosome sys-
tems with dosage compensation (see Muyle ez al, 2017, for a
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review; and Prentout ez /., 2020, and Fruchard ez 4/, 2020, for
the latest reports of dosage compensation in plants). Further anal-
yses are needed to determine whether this dosage compensation
has been selected or is an outcome of regulatory feedback
(Malone et al., 2012; Krasovec et al., 2019).

Humulus lupulus sex chromosomes, like those of C. sativa, are
well-differentiated, with a large nonrecombining region. Both
species show similar patterns of Y degeneration and dosage com-
pensation, despite the fact that a large part of the nonrecombin-
ing region evolved independently in both species. These
similarities, as well as the age of the chromosomes and the fact
that they have been conserved since the most recent common
ancestor of the two genera — a unique situation in plants so far —
provide an exciting opportunity to test and elaborate hypotheses
on sex chromosome evolution in plants.
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