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Abstract

Many dioecious angiosperms are trees, which only flower after 
years of vegetative development and do not usually exhibit 
marked secondary sexual dimorphism. Nevertheless, if the 
genetic basis of sex determination is known, the sex of an indi-
vidual can be determined using molecular markers. Here, we 
report that in the genus Populus sect. Populus an XY system of 
sex determination, which is found in P. tremula and P. tremuloi-
des, likely re-evolved from a ZW system present in P. alba, P. 
adenopoda and P. qiongdaoensis. Strikingly, this new XY system 
is mechanistically identical to the older system found in several 
species of the Populus sections Tacamahaca, Aigeiros and Tur-
anga demonstrating a remarkable example of convergent evo-
lution. In both XY systems, male-specific inversely repeated 
sequences appear to silence the ARR17 gene, which functions 
as a sex switch, via small interfering RNAs and DNA methylati-
on. In the ZW system, female-specific copies of ARR17 appear 
to regulate dioecy. With this detailed information on the gene-
tic basis of sex determination it was possible to develop mole-
cular markers that can be utilized to determine the sex in seed-
lings and non-flowering trees of different poplar species. We 
used the female-specific ARR17 gene to develop a sex marker 
for P. alba and P. adenopoda. For P. grandidentata, we employed 
the male-specific ARR17 inverted repeat. Finally, we summarize 
previously described markers for P. tremula, P. tremuloides, P. tri-
chocarpa, P. deltoides and P. nigra. These markers can be useful 
for poplar ecologists, geneticists and breeders.
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Introduction

Unisexuality in plants can be regulated through different mole-
cular mechanisms and has been used as model to study flower 
development and plant sex determination. Recent studies in 
different dioecious plant species, such as kiwifruit (Akagi et al., 
2019, 2018), garden asparagus (Harkess et al., 2020, 2017), per-
simmon (Akagi et al., 2016, 2014) or poplar (Müller et al., 2020), 
have started to clarify some of the molecular mechanisms of 
sex determination, improving our knowledge about the evolu-
tion of dioecy (Carey et al., 2021; Feng et al., 2020; Leite Montal-
vão et al., 2021; Renner and Müller, 2021). Populus, an economi-
cally and ecologically important genus of the Salicaceae family, 
is composed of dioecious species that are collectively called 
poplars (Slavov and Zhelev, 2010), however, P. tremula L., P. 
grandidentata Michx. and P. tremuloides Michx. are often ter-
med aspens. Sex determination in poplars and aspens is gene-
tically controlled by sex-determining regions (SDRs) on diffe-
rent chromosomes and with different heterogamety (Geraldes 
et al., 2015; Kersten et al., 2014; Müller et al., 2020; Yang et al., 
2021) and it was demonstrated that at least in aspens it relies 
on the expression of a single gene (named ARR17 for 
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consistency with previous reports) that functions as a sex 
switch (Müller et al., 2020). 

Interestingly, transitions between heterogametic systems 
(XY ↔ ZW) are documented for some genera, including Popu-
lus (Bhat and Bindroo, 1980; Cormier et al., 2019; He et al., 2021; 
Martin et al., 2019; Müller et al., 2020; Paolucci et al., 2010; San-
derson et al., 2021; Zhou et al., 2018). The same molecular 
mechanism of sex determination based on the ARR17 gene 
appears to be present in Populus species with both, XY and ZW 
systems. Populus species presenting an XY system (Müller et al., 
2020; Zhou et al., 2020), e.g., P. tremula and P. tremuloides, have 
partial ARR17-duplicates arranged as inverted repeats located 
in the sex-determining region (SDR) of the Y chromosome and, 
apparently, through small RNAs and DNA methylation, the 
ARR17 gene is dominantly silenced in males. In contrast, in the 
poplar ZW system, e.g., P. alba L., sex determination is based on 
a presence/absence variant of the ARR17 gene (Müller et al., 
2020; Yang et al., 2021).

Revealing the genetic basis of sex determination in diffe-
rent Populus species allows to explore the possibilities for sex 
markers, which can be used to assess sex in trees that are not 
yet sexually mature or not flowering. For species with long life 
cycles that exhibit no or minimal sexual dimorphism, such as 
poplars (McKown et al., 2017; Renner and Müller, 2021; Robin-
son et al., 2014), molecular markers are important tools for 
research and breeding programs.

In this work we aimed to (i) establish the W-specific ARR17 
as a female-specific sex marker applicable in poplars with ZW 
system (P. alba and P. adenopoda Maxim.), (ii) employ the Y-spe-
cific ARR17 inverted repeat as a male-specific marker in P. gran-
didentata, and (iii) summarize the previously described sex 
markers in P. tremula and P. tremuloides (Y-specific TOZ19) 
(Pakull et al., 2015) and P. trichocarpa Torr. & A. Gray ex Hook., P. 
deltoides Marshall and P. nigra L. (Y-specific HEMA1 partial 
duplicate) (Geraldes et al., 2015). The molecular sex markers 
that we describe here can reliably discriminate males from 
females in non-flowering trees of different species across the 
Populus genus which may be useful for ecologists, geneticists, 
and breeders.

Materials and Methods

Re-sequencing data analysis
Raw sequencing reads were downloaded from NCBI’s SRA (Bio-
project PRJNA612655 – accessions SRR11308211 to 
SRR11308214 and SRR11308190) (Shang et al., 2020) and 
NGDC’s GSA (Bioproject PRJACA001334 – accessions 
CRR050666 to CRR050668) (Wang et al., 2020) for P. adenopo-
da. From NCBI’s SRA (Bioproject PRJNA612655 – accessions 
SRR11308208 to SRR11308210) (Shang et al., 2020) and NGDC’s 
GSA (Bioproject PRJACA001334 – accessions CRR050678 to 
CRR050680) (Wang et al., 2020) for P. qiongdaoensis. And from 
NGDC’s GSA (Bioproject PRJACA002485 – accessions 
CRR176864 to CRR176875 and CRR176894 to CRR176905) for P. 
alba (Yang et al., 2021). Reads were trimmed using 

Trimmomatic (Bolger et al., 2014) with the following parame-
ters: ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10 LEADING:3 TRAI-
LING:3 SLIDINGWINDOW:4:15 MINLEN:36, and subsequently 
mapped to the reference genome of female P. tremula (Schiff-
thaler et al., 2019), with bowtie2 (Langmead and Salzberg, 
2012) using default parameters. Read coverage was visualized 
for the previously described sex-linked region using R (“R Core 
Team,” 2018) with the packages Rsamtools (Morgan et al., 
2021), GenomicRanges (Lawrence et al., 2013), zoo (Zeileis and 
Grothendieck, 2005), ggplot2 (Wickham, 2016) and tidyverse 
(Wickham et al., 2019).

Sex-linked markers
PCR experiments were performed in 25 µl reactions, except the 
PCR-RFLP assay, which was done in 10 µl. The PCR control 
TOZ13-1, previously described by Pakull et al. (2015), was used 
as PCR positive control in combination with the sex markers 
ARR17, ARR17_IR or TOZ19-2, to confirm the successful PCR 
amplification. Primer sequences are given in Table 1. Genomic 
DNA (gDNA) from Populus alba (10 individuals), P. adenopoda 
(5), P. × tomentosa Carrière (6), P. grandidentata (10), P. tremula 
(10), P. tremuloides (10), P. trichocarpa (9), P. deltoides (10) and P. 
nigra (10) was extracted from leaves. For all PCR reactions, 
100ng of gDNA, 200 µM of dNTP, primers at 0.24 µM (ARR17, 
ARR17_IR and TOZ19-2) and 0.16 µM (TOZ13-1) and 0.2 units of 
Taq polymerase were used with the exception that proofrea-
ding DNA polymerase (i.e., Phusion™ High-Fidelity DNA Poly-
merase) and primers at 0.5 µM were used for the PCR-RFLP 
assay.

P. alba, P. adenopoda and P. × tomentosa
For the ARR17 marker, which can be used to determine the 
female-specific presence of the W chromosome, the PCR star-
ted with a 3 min denaturation at 95 °C, followed by 30 cycles of 
30 sec denaturation at 95 °C, 30 sec annealing at 55 °C, 1 min 
extension at 72 °C and a final extension of 2 min at 72 °C.

P. grandidentata 
For the ARR17 inverted repeat marker (ARR17_IR), which is 
based on the Y chromosome-specific ARR17 inverted repeat 
sequence of P. grandidentata, the following program was used: 
3 min denaturation at 94 °C, followed by 38 cycles of 30 sec 
denaturation at 94 °C, 45 sec annealing at 55 °C, 90 sec extensi-
on at 72 °C and a final extension of 10 min at 72 °C.

P. tremula and P. tremuloides
For the previously described TOZ19 marker (Pakull et al., 2015), 
the PCR program followed a 3 min denaturation step at 94 °C, 
42 cycles of 30 sec denaturation at 94 °C, then annealing at 50 
°C for 45 sec, extension for 1 min at 72 °C and a final extension 
at 72 °C for 10 min.

P. trichocarpa, P. deltoides and P. nigra
The PCR-RFLP assay (Geraldes et al., 2015), here named 
HEMA1_TspRI, was performed using the following program: 
denaturation at 98 °C for 30 sec followed by 35 cycles of 10 sec 
denaturation at 98 °C, annealing at 58 °C for 30 sec, extension 
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at 72 °C for 30 sec and then a final extension for 5 min at 72 °C. 
Amplicons were digested with the enzyme TspRI (New England 
Biolabs, Ipswich, MA), using 5 µL of PCR product, 0.5 μL of TspRI, 
1 µL of buffer and water to reach a final volume of 10 µL. The 
reaction was incubated at 37 °C overnight. On an agarose gel, 
females (XX) are expected to present PCR products at 382 bp 
and 178 bp, while males (XY) additionally have Y-specific frag-
ments at 279 bp and 281 bp. 

All PCR products were checked by gel electrophoresis at 
100 volts for 60 minutes using a 1 % or 1.5 % agarose gel with 
0.1 x TAE as a running buffer. The DNA was stained with RotiSa-
fe from Roth (Karlsruhe, Germany).

Results

P. adenopoda and P. qiongdaoensis appear to 
feature a ZW system of sex determination
To date, the only described poplar species that exhibits female 
heterogamety is white poplar (P. alba) (Müller et al., 2020; Pao-
lucci et al., 2010; Yang et al., 2021). Sex determination in P. alba 
relies on a presence/absence mutation of the ARR17 gene. In 
females (ZW), three complete copies of ARR17 can be found in 
the SDR of the W chromosome, while ARR17 is absent from the 
Z chromosome. Males (ZZ) thus do not carry any ARR17 
sequence (Müller et al., 2020; Yang et al., 2021). 

To test whether the same ZW system could be present in 
sister species of P. alba we downloaded publicly available next 
generation sequencing (NGS) data of P. alba, P. adenopoda and 
P. qiongdaoensis and mapped it to the P. tremula v2.2 genome 
(Schiffthaler et al., 2019), which represents a high-quality refe-
rence genome assembly for the section Populus. This allowed 
us to specifically analyze the region where the master regula-
tor of sex determination, ARR17, is located. The normalized 
read coverage of several P. alba samples demonstrated female-
specific coverage in the ARR17 region as reported before 

(Figure 1a) (Müller et al., 2020). Strikingly, a near identical pat-
tern can be observed in P. adenopoda (Figure 1b) suggesting 
that the origin of the sex-determining systems of P. adenopoda 
and P. alba may be shared. Interestingly, the outgroup species 
of P. alba and P. adenopoda, P. qiongdaoensis also appears to 
feature a ZW system of sex determination (Figure 1c). Putative 
males only carry a small part of the ARR17 gene. Additional 
female-specific hemizygous regions around the ARR17 gene 
are shared with P. alba and P. adenopoda.

To provide further evidence for the putative female hete-
rogametic system in P. adenopoda, we tested a fragment of the 
ARR17 gene as a female sex-marker (ARR17), while employing a 
fragment of the TOZ13 gene (TOZ13-1) as PCR control (Pakull et 
al., 2015). All samples are expected to show a PCR product for 
TOZ13-1 and only females should present a PCR product for 
ARR17. We tested the marker on individuals of P. alba (Figure 
2a) and P. adenopoda (Figure 2b), and on individuals of the Chi-
nese white poplar P. × tomentosa (Figure 2b), which is conside-
red a hybrid between P. alba and P. adenopoda (Wang et al., 
2019). While the marker perfectly distinguishes between males 
and females based on presence/absence of ARR17 in P. alba 
and P. × tomentosa (Figure 2), all of the P. adenopoda individu-
als, which were of unknown sex, failed to show an ARR17 PCR 
product. Since the genomic region amplified by the ARR17 
marker shows no indication of structural variation and no SNPs 
or indels in the primer binding sites in the P. adenopoda re-
sequencing data, our samples are probably all males. Taken 
together, our results indicate that the ZW systems of sex deter-
mination of P. alba, P. adenopoda and P. qiongdaoensis might 
have a shared origin. Nevertheless, further phylogenetic and 
synteny analyses should be performed to precisely characteri-
ze the SDRs of P. adenopoda and P. qiongdaoensis. In any case, 
our results demonstrate that ARR17 can be used as a sex mar-
ker in P. alba, P. adenopoda and their hybrids.

Table 1 
PCR primer sequences designed and used to determine sex in different Populus species. The marker TOZ13-1 was used as a PCR 
control for P. alba, P. adenopoda, P. × tomentosa, P. grandidentata, P. tremula and P. tremuloides.

Primer name
Forward primer 
(5’  3’)

Reverse primer 
(5’  3’)

Size of PCR 
product

(bp)

Populus 
species

ARR17 TCAGTGTACATGTCTAATGACAAGC AGCCCTAGAATTACGCCTCC 826
P. alba, P. adenopoda, P. × 
tomentosa (W chromosome)

ARR17_IR AGAGAGCATTGGAGTATTTGGG GTTGAGGTGGTTAGACATTGTGG 400
P. grandidentata (Y chromo-
some)

TOZ19-2 GACGCCATCAAGATTGTGGATTCACCA GTATCAGGATGGAACATGAGAGTAGTTACG 500
P. tremula, P. tremuloides (Y 
chromosome)

HEMA1_TspRI TGATCATGGGCATTATAACCAA TGGACAATGGTCAAACAGTCC 559
P. trichocarpa, P. deltoides, P. 
nigra (Y chromosome)

TOZ13-1 TTAGGTGCTGATGGTTTGGTAAAGCTA CTTGCATGTGGATCATCAACTCAAGATCA 260 PCR control (autosome)
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Figure 1 
Mean normalized DNA-seq coverage in 1000 bp windows (with a step size of 500 bp) along the ARR17 genomic region of the 
P. tremula reference genome (Schiffthaler et al., 2019). Sequencing reads were filtered for a mapping quality >10. ARR17 is 
represented by a black arrow. (a) White poplar (P. alba) (12 female samples and 12 male samples). (b) Chinese aspen (P. adeno-
poda) (3 putative females and 5 putative males, grouped by the presence or absence of ARR17). (c) P. qiongdaoensis (4 putative 
female samples and 2 putative male samples, grouped by the presence or absence of ARR17). Zoom of ARR17 region in panel (c) 
presents the raw sequencing coverage instead of an average in sliding windows.
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The Y chromosome-specific ARR17 inverted repeat 
as a sex marker in P. grandidentata
Few studies have been carried out in the bigtooth aspen Popu-
lus grandidentata. The described male-specific aspen sex-
linked marker TOZ19 (Pakull et al., 2015) did not yield success-
ful PCR amplification in this species. Therefore, to develop an 
alternative molecular sex marker for P. grandidentata, we deci-
ded to test the ARR17 inverted repeat sequences (ARR17_IR), 
which are located in the male-specific region of the Y chromo-
some in the aspen species P. tremula and P. tremuloides. Sanger 
sequencing of a part of the P. grandidentata ortholog of 
Potri.019G047600, a gene located close to TOZ19, identified a 
SNP (at position 6,721,236 bp of chromosome 19 of the poplar 
reference genome Potri v3.0 (Tuskan et al., 2006)) that was 
heterozygous (A/G) in all 19 male samples tested but homozy-
gous (G/G) in all 48 females. These results indicated an XY sys-
tem of sex determination. Since the male-specific heterozy-
gous variant is located within the aspen SDR based on the 
aspen reference genome, P. grandidentata may share the same-
genetic basis of sex determination with P. tremula and P. tremu-
loides. We therefore tested several ARR17 primer pairs compri-
sing two forward primers, that can only work on an inversely 
repeated sequence. One of these primer pairs, here termed 
ARR17_IR, successfully amplified part of the male-specific 
ARR17 inverted repeat sequence in male P. grandidentata 

individuals but did not yield any PCR product in P. tremula or P. 
tremuloides. This male-specific amplification can be utilized to 
discriminate female and male P. grandidentata individuals 
(Figure 3).

Previously described sex markers in different 
Populus species
The sex of non-flowering aspens can be determined using the 
male-specific sex-linked gene TOZ19, which has been validated 
in over 80 samples in previous work (Pakull et al., 2015). 
Through a PCR amplification, sex in P. tremula and P. tremuloi-
des can be determined. Here we reproduced these results, 
where all samples presented a control PCR product (TOZ13-1) 
and only males presented a PCR product for the TOZ19 
sequence (T0Z19-2) (Figure 4).

Another sex-linked marker has been developed for geno-
typing of a male-specific single nucleotide polymorphisms 
(SNPs), which is located in a Y-chromosomal partial duplicate 
of the HEMA1 gene, in P. trichocarpa, P. deltoides and P. nigra 
(Geraldes et al., 2015). We validated this PCR-RFLP marker in 
independent samples (Figure 5). The fragments match to the in 
silico prediction and the overall pattern is completely reprodu-
cible.

Figure 2 
PCR amplifications of the gene ARR17 in Populus species with a ZW system of sex determination. (a) P. alba, (b) P. adenopoda and 
P. × tomentosa. Samples were run on a 1 % agarose gel. The upper PCR product represents ARR17 and the lower PCR product 
TOZ13-1. M = Smart Ladder (Eurogentech, Cologne, Germany), W = water control. Fragment sizes of the DNA ladder are given 
on the left side. The P. adenopoda were of unknown sex, while the sex of all other individuals is documented.
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Figure 3 
PCR amplification of Y chromosome-specific ARR17 inverted repeat sequences as a molecular marker to determine sex in P. 
grandidentata. Samples were run on a 1 % agarose gel. The upper PCR product represents the ARR17 inverted repeat (ARR17_IR) 
and the lower PCR product the TOZ13-1 control. M = Smart Ladder (Eurogentech, Cologne, Germany), W = water control. Frag-
ment sizes of the DNA ladder are given on the left side.

Figure 4 
PCR amplification of TOZ19 in the aspens (a) P. tremula and (b) P. tremuloides. Samples were run on a 1 % agarose gel. The upper 
PCR product represents the TOZ19-2 and the lower PCR product the TOZ13-1 control. M = Smart Ladder (Eurogentech, Cologne, 
Germany), W = water control. Fragment sizes of the DNA ladder are given on the left side.
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Discussion

Tree species can take a long time before producing flowers for 
the first time. In the genus Populus, time to flowering is often 
more than a decade. To assess the sex of a plant at an earlier 
stage or outside the flowering season, molecular markers can 
be employed. Such markers have been described for different 
dioecious species including several poplar species (Geraldes et 
al., 2015; Pakull et al., 2015). Here, we used the ARR17 gene, 
which functions as a sex switch in poplars, to differentiate 
female and male individuals in P. alba, a species with female 
heterogamety (ZW system). A nearly identical sex-specific 
coverage pattern of re-sequencing data of P. alba and P. adeno-
poda along the ARR17 genomic region suggests that these two 
ZW systems of sex determination may have a shared origin. 

Additionally, the outgroup species of P. alba and P. adenopoda, 
P. qiongdaoensis exhibits partially shared female-specific 
coverage along the ARR17 locus. While we cannot exclude 
three independent evolutionary origins without more detailed 
analyses including high-quality genome assemblies, the phy-
logenetic relationship of the three species is consistent with a 
single origin early in the evolution of the section Populus (Figu-
re 6). The described ARR17 sex marker may thus work in P. alba, 
P. adenopoda and their respective hybrids and potentially also 
in P. qiongdaoensis. In line with this, sex identification using our 
PCR-based ARR17 marker was successful in the Chinese white 
poplar (P. × tomentosa). Phylogenetic analyses (An et al., 2020; 
Gao et al., 2019) support the assumption that P. × tomentosa, a 
closely related species of both P. alba and P. adenopoda, is the 

Figure 5 
PCR-RFLP assays of (a) P. trichocarpa, (b) P. deltoides and (c) P. nigra. The fragment at 600 bp represents the undigested PCR 
product (HEMA_TspRI). Females present PCR products at 400 bp, and 200 bp, while males present Y-specific PCR products at 
300bp in addition to the ones at 400 bp and 200 bp. Samples were run on a 1.5 % agarose gel. M = Smart Ladder (Eurogentech, 
Cologne, Germany). Fragment sizes of the DNA ladder are given on the left side.
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result of hybridization between these two species, where P. 
adenopoda is the female parent and P. alba the male parent. 

The identification of the genetic basis and the molecular 
mechanisms of sex determination in several species of the 
genus Populus provides insights into sex chromosome evoluti-
on. The genus Populus is characterized by a diversity of diffe-
rent sex chromosomal systems demonstrating several sex 
chromosome turnover events. Sex-determining regions are 
located at different genomic positions including different 
chromosomes (Geraldes et al., 2015; Kersten et al., 2014; Müller 
et al., 2020; Yang et al., 2021). Additionally, P. alba exhibits a ZW 
system as opposed to the XY systems of most other species. 
The analyses of P. adenopoda and P. qiongdaoensis reported 
here indicating ZW systems in those species as well, suggest 
that the ZW system of P. alba may not have evolved specifically 
in the P. alba lineage. Shared female-specific hemizygous regi-
ons argue for a common origin and would phylogenetically 
place the evolution of the ZW system to an early ancestor of 
the section Populus (Figure 6) (Wang et al., 2020). While the 
derived nature of the XY system found in the aspens P. tremula 
and P. tremuloides has been reported before (Müller et al., 2020, 
Zhou et al., 2020) our results indicate that it re-evolved from 

the ZW system found in P. alba, P. adenopoda and P. qiongdao-
ensis. Strikingly, this new XY system is mechanistically identical 
to the much older system found in several species of the Popu-
lus sections Tacamahaca, Aigeiros and Turanga, demonstrating 
a remarkable example of convergent evolution (Figure 6).

To summarize all poplar sex markers in one paper (Figure 
7), we included results from PCR amplification utilizing previ-
ously described sex markers. The male-specific aspen homo-
logue of the P. trichocarpa gene Potri.019G047300 (named 
T0Z19, (Pakull et al., 2015)) is located within the SDR of aspens. 
The TOZ19 gene is only present in males, while it is missing 
completely (P. tremuloides) or partially (P. tremula) in females 
(Pakull et al., 2015). The paralog Potri.013G079600 (named 
TOZ13) is not sex-linked and can be amplified in all male and 
female aspen and white poplar species tested. It can therefore 
serve as a PCR control.

There are few studies involving the bigtooth aspen (P. 
grandidentata) making it difficult to determine its exact phylo-
genetic relationships although it appears to be an outgroup to 
the other aspen species (An et al., 2020). However, it seems to 
behave differently from the other aspens, since PCR amplifica-
tion of the TOZ19 gene does not work in this species. As an 

Figure 6 
Phylogenetic relationships among Populus species based on Wang et al. (2020) with respective sections (Tacamahaca, Aigeiros, 
Turanga and Populus) and sex determination systems XY or ZW, in the case where P. alba, P. adenopoda and P. qiongdaoensis 
feature a ZW system.
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alternative, the ARR17 inverted repeat was used as a male-spe-
cific marker (ARR17_IR) to differentiate males from females. 
The results demonstrate a male heterogametic system in P. 
grandidentata. Nevertheless, both the genomic location of the 
SDR and the mechanism of action remain unknown. It would 
be interesting to assemble the genome of a male P. grandiden-
tata individual to resolve the male-specific sequence of the Y 
chromosome (MSY) of that species. 

Just as the TOZ19 marker that only works for the aspens P. 
tremula and P. tremuloides, the ARR17 inverted repeat (ARR17_
IR) marker only works for P. grandidentata. The ARR17 inverted 
repeat is non-coding. While there must be some sequence con-
servation for the siRNAs to specifically target the ARR17 locus 
for RNA-directed DNA methylation, the siRNAs are rather gene-
ric (Müller et al., 2020). They span a relatively wide genomic 
region of approximately 1,000 bp and mutations within the 
ARR17 inverted repeat may thus not affect its overall function. 
Again, an assembly of the MSY of P. grandidentata would be 
interesting for a comparison between the different aspen spe-
cies.

In conclusion, our work reveals new details on the evoluti-
on of sex determination in the Populus genus. This allowed the 

development of additional molecular markers to determine 
the sex of non-flowering poplar individuals in different species. 
Additional sex-chromosomal systems will be likely uncovered 
in the genus, which is characterized by frequent sex chromoso-
me turnover. It will be interesting to elucidate potential biolo-
gical reasons for these evolutionary dynamics in future studies.
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tremula and P. tremuloides); ARR17_IR in P. grandidentata (c) Marker HEMA1_TspRI in P. trichocarpa, P. deltoides and P. nigra. In XY 
systems, ARR17 is present but not sex-linked.



154

References

Akagi T, Pilkington SM, Varkonyi-Gasic E, Henry IM, Sugano SS, Sonoda M, Firl A, 
McNeilage MA, Douglas MJ, Wang T, Rebstock R, Voogd C, Datson P, Allan 
AC, Beppu K, Kataoka I, Tao R (2019) Two Y-chromosome-encoded genes 
determine sex in kiwifruit. Nat. Plants 5, 801–809.  
https://doi.org/10.1038/s41477-019-0489-6

Akagi T, Henry IM, Ohtani H, Morimoto T, Beppu K, Kataoka I, Tao R (2018) A 
Y-Encoded Suppressor of Feminization Arose via Lineage-Specific Duplica-
tion of a Cytokinin Response Regulator in Kiwifruit. Plant Cell 30, 780–795. 
https://doi.org/10.1105/tpc.17.00787

Akagi T, Henry IM, Kawai T, Comai L, Tao R (2016) Epigenetic Regulation of the 
Sex Determination Gene MeGI in Polyploid Persimmon. Plant Cell 28, 2905–
2915. https://doi.org/10.1105/tpc.16.00532

Akagi T, Henry IM, Ohtani H, Morimoto T, Beppu K, Kataoka I, Tao R (2018) A 
Y-Encoded Suppressor of Feminization Arose via Lineage-Specific Duplica-
tion of a Cytokinin Response Regulator in Kiwifruit. Plant Cell 30, 780–795. 
https://doi.org/10.1105/tpc.17.00787

Akagi T, Henry IM, Tao R, Comai L (2014) A Y-chromosome–encoded small RNA 
acts as a sex determinant in persimmons. Science 346, 646–650.  
https://doi.org/10.1126/science.1257225

Akagi T, Pilkington SM, Varkonyi-Gasic E, Henry IM, Sugano SS, Sonoda M, Firl A, 
McNeilage MA, Douglas MJ, Wang T, Rebstock R, Voogd C, Datson P, Allan 
AC, Beppu K, Kataoka I, Tao R (2019) Two Y-chromosome-encoded genes 
determine sex in kiwifruit. Nat. Plants 5, 801–809.  
https://doi.org/10.1038/s41477-019-0489-6

An X, Gao K, Chen Z, Li J, Yang Xiong, Yang Xiaoyu, Zhou J, Guo T, Zhao T, Huang 
S, Miao D, Khan WU, Rao P, Ye M, Lei B, Liao W, Wang J, Ji L, Li Y, Guo B, Mus-
tafa NS, Li S, Yun Q, Keller SR, Mao J, Zhang R, Strauss SH (2020) Hybrid ori-
gin of Populus tomentosa Carr. identified through genome sequencing and 
phylogenomic analysis. bioRxiv. https://doi.org/10.1101/2020.04.07.030692

Bhat BK, Bindroo BB (1980) Sex Chromosomes in Dioscorea deltoidea Wall. Cyto-
logia (Tokyo) 45, 739–742. https://doi.org/10.1508/cytologia.45.739

Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumi-
na sequence data. Bioinformatics 30, 2114–2120.  
https://doi.org/10.1093/bioinformatics/btu170

Carey S, Yu Q, Harkess A (2021) The Diversity of Plant Sex Chromosomes High-
lighted through Advances in Genome Sequencing. Genes 12, 381.  
https://doi.org/10.3390/genes12030381

Cormier F, Lawac F, Maledon E, Gravillon M-C, Nudol E, Mournet P, Vignes H, 
Chaïr H, Arnau G (2019) A reference high-density genetic map of greater 
yam (Dioscorea alata L.). Theor. Appl. Genet. 132, 1733–1744.  
https://doi.org/10.1007/s00122-019-03311-6

Feng G, Sanderson BJ, Keefover-Ring K, Liu J, Ma T, Yin T, Smart LB, DiFazio SP, Ol-
son MS (2020) Pathways to sex determination in plants: how many roads 
lead to Rome? Curr. Opin. Plant Biol., Genome studies and molecular genet-
ics 54, 61–68. https://doi.org/10.1016/j.pbi.2020.01.004

Gao K, Li J, Khan WU, Zhao T, Yang Xiong, Yang Xiaoyu, Guo B, An X (2019) Com-
parative genomic and phylogenetic analyses of Populus section Leuce us-
ing complete chloroplast genome sequences. Tree Genet. Genomes 15, 32. 
https://doi.org/10.1007/s11295-019-1342-9

Geraldes A, Hefer CA, Capron A, Kolosova N, Martinez‐Nuñez F, Soolanayakana-
hally RY, Stanton B, Guy RD, Mansfield SD, Douglas CJ, Cronk QCB (2015) Re-
cent Y chromosome divergence despite ancient origin of dioecy in poplars 
(Populus). Mol. Ecol. 24, 3243–3256. https://doi.org/10.1111/mec.13126

Harkess A, Huang K, van der Hulst R, Tissen B, Caplan JL, Koppula A, Batish M, 
Meyers BC, Leebens-Mack J (2020) Sex Determination by Two Y-Linked 
Genes in Garden Asparagus. Plant Cell 32, 1790–1796.  
https://doi.org/10.1105/tpc.19.00859

Harkess A, Zhou J, Xu C, Bowers JE, Van der Hulst R, Ayyampalayam S, Mercati F, 
Riccardi P, McKain MR, Kakrana A, Tang H, Ray J, Groenendijk J, Arikit S, Ma-
thioni SM, Nakano M, Shan H, Telgmann-Rauber A, Kanno A, Yue Z, Chen 
Haixin, Li W, Chen Y, Xu X, Zhang Y, Luo S, Chen Helong, Gao J, Mao Z, Pires 
JC, Luo M, Kudrna D, Wing RA, Meyers BC, Yi K, Kong H, Lavrijsen P, Sunseri F, 
Falavigna A, Ye Y, Leebens-Mack JH, Chen G (2017) The asparagus genome 
sheds light on the origin and evolution of a young Y chromosome. Nat. 
Commun. 8, 1279. https://doi.org/10.1038/s41467-017-01064-8

He L, Jia K-H, Zhang R-G, Wang Y, Shi T-L, Li Z-C, Zeng S-W, Cai X-J, Wagner ND, 
Hörandl E, Muyle A, Yang K, Charlesworth D, Mao J-F (2021) Chromo-
some-scale assembly of the genome of Salix dunnii reveals a male-heterog-
ametic sex determination system on chromosome 7. Mol. Ecol. Resour. 
https://doi.org/10.1111/1755-0998.13362

Kersten B, Pakull B, Groppe K, Lueneburg J, Fladung M (2014) The sex-linked re-
gion in Populus tremuloides Turesson 141 corresponds to a pericentromeric 
region of about two million base pairs on P. trichocarpa chromosome 19. 
Plant Biol. 16, 411–418. https://doi.org/10.1111/plb.12048

Langmead B, Salzberg SL (2012) Fast gapped-read alignment with Bowtie 2. Nat. 
Methods 9, 357–359. https://doi.org/10.1038/nmeth.1923

Lawrence M, Huber W, Pagès H, Aboyoun P, Carlson M, Gentleman R, Morgan 
MT, Carey VJ (2013) Software for Computing and Annotating Genomic 
Ranges. PLoS Comput. Biol. 9, e1003118.  
https://doi.org/10.1371/journal.pcbi.1003118

Leite Montalvão AP, Kersten B, Fladung M, Müller NA (2021) The Diversity and 
Dynamics of Sex Determination in Dioecious Plants. Front. Plant Sci.  
https://doi.org/10.3389/fpls.2020.580488

Martin H, Carpentier F, Gallina S, Godé C, Schmitt E, Muyle A, Marais GAB, Touzet 
P (2019) Evolution of Young Sex Chromosomes in Two Dioecious Sister 
Plant Species with Distinct Sex Determination Systems. Genome Biol. Evol. 
11, 350–361. https://doi.org/10.1093/gbe/evz001

McKown AD, Klápště J, Guy RD, Soolanayakanahally RY, La Mantia J, Porth I, Sky-
ba O, Unda F, Douglas CJ, El-Kassaby YA, Hamelin RC, Mansfield SD, Cronk 
QCB (2017) Sexual homomorphism in dioecious trees: extensive tests fail to 
detect sexual dimorphism in Populus. Sci. Rep. 7, 1831.  
https://doi.org/10.1038/s41598-017-01893-z

Morgan M, Pagès H, Carlson M, Arora S (2021) An Introduction to GenomeIn-
foDb.

Müller NA, Kersten B, Leite Montalvão AP, Mähler N, Bernhardsson C, Bräutigam 
K, Carracedo Lorenzo Z, Hoenicka H, Kumar V, Mader M, Pakull B, Robinson 
KM, Sabatti M, Vettori C, Ingvarsson PK, Cronk Q, Street NR, Fladung M 
(2020) A single gene underlies the dynamic evolution of poplar sex deter-
mination. Nat. Plants 6, 630–637.  
https://doi.org/10.1038/s41477-020-0672-9

Pakull B, Kersten B, Lüneburg J, Fladung M (2015) A simple PCR-based marker to 
determine sex in aspen. Plant Biol. 17, 256–261.  
https://doi.org/10.1111/plb.12217

Paolucci I, Gaudet M, Jorge V, Beritognolo I, Terzoli S, Kuzminsky E, Muleo R, 
Scarascia Mugnozza G, Sabatti M (2010) Genetic linkage maps of Populus 
alba L. and comparative mapping analysis of sex determination across Pop-
ulus species. Tree Genet. Genomes 6, 863–875.  
https://doi.org/10.1007/s11295-010-0297-7

R Core Team [WWW Document] (2018)  
https://www.R-project.org/. (accessed 4.26.21).

Renner SS, Müller NA (2021) Plant sex chromosomes defy evolutionary models 
of expanding recombination suppression and genetic degeneration. Nat. 
Plants 7, 392–402. https://doi.org/10.1038/s41477-021-00884-3

Robinson KM, Delhomme N, Mähler N, Schiffthaler B, Önskog J, Albrectsen BR, 
Ingvarsson PK, Hvidsten TR, Jansson S, Street NR (2014) Populus tremula 
(European aspen) shows no evidence of sexual dimorphism. BMC Plant Biol. 
14, 276. https://doi.org/10.1186/s12870-014-0276-5

Sanderson BJ, Feng G, Hu N, Carlson CH, Smart LB, Keefover-Ring K, Yin T, Ma T, 
Liu J, DiFazio SP, Olson MS (2021) Sex determination through X–Y heterog-
amety in Salix nigra. Heredity 126, 630–639.  
https://doi.org/10.1038/s41437-020-00397-3

Schiffthaler B, Bernhardsson C, Jenkins J, Jansson S, Ingvarsson P, Schmutz J, 
Street N (2019) An Improved Genome Assembly of the European Aspen 
Populus tremula. https://doi.org/10.1101/805614

Shang H, Hess J, Pickup M, Field DL, Ingvarsson PK, Liu J, Lexer C (2020) Evolu-
tion of strong reproductive isolation in plants: broad-scale patterns and les-
sons from a perennial model group. Philos. Trans. R. Soc. B.  
https://doi.org/10.1098/rstb.2019.0544

Slavov GT, Zhelev P (2010) Salient Biological Features, Systematics, and Genetic 
Variation of Populus, in: Jansson, S., Bhalerao, R., Groover, A. (Eds.), Genetics 
and Genomics of Populus, Plant Genetics and Genomics: Crops and Models. 
Springer, New York, NY, pp. 15–38.  
https://doi.org/10.1007/978-1-4419-1541-2_2



155

Tuskan GA, DiFazio S, Jansson S, Bohlmann J, Grigoriev I, Hellsten U, Putnam N, 
Ralph S, Rombauts S, Salamov A, Schein J, Sterck L, Aerts A, Bhalerao RR, 
Bhalerao RP, Blaudez D, Boerjan W, Brun A, Brunner A, Busov V, Campbell M, 
Carlson J, Chalot M, Chapman J, Chen G-L, Cooper D, Coutinho PM, Couturi-
er J, Covert S, Cronk Q, Cunningham R, Davis J, Degroeve S, Déjardin A, de-
Pamphilis C, Detter J, Dirks B, Dubchak I, Duplessis S, Ehlting J, Ellis B, Gend-
ler K, Goodstein D, Gribskov M, Grimwood J, Groover A, Gunter L, 
Hamberger B, Heinze B, Helariutta Y, Henrissat B, Holligan D, Holt R, Huang 
W, Islam-Faridi N, Jones S, Jones-Rhoades M, Jorgensen R, Joshi C, Kangas-
järvi J, Karlsson J, Kelleher C, Kirkpatrick R, Kirst M, Kohler A, Kalluri U, Larim-
er F, Leebens-Mack J, Leplé J-C, Locascio P, Lou Y, Lucas S, Martin F, Mont-
anin B, Napoli C, Nelson DR, Nelson C, Nieminen K, Nilsson O, Pereda V, 
Peter G, Philippe R, Pilate G, Poliakov A, Razumovskaya J, Richardson P, Ri-
naldi C, Ritland K, Rouzé P, Ryaboy D, Schmutz J, Schrader J, Segerman B, 
Shin H, Siddiqui A, Sterky F, Terry A, Tsai C-J, Uberbacher E, Unneberg P, Va-
hala J, Wall K, Wessler S, Yang G, Yin T, Douglas C, Marra M, Sandberg G, Peer 
YV de, Rokhsar D (2006) The Genome of Black Cottonwood, Populus tricho-
carpa (Torr. & A. Gray). Science 313, 1596–1604.  
https://doi.org/10.1126/science.1128691

Wang M, Zhang L, Zhang Z, Li M, Wang D, Zhang X, Xi Z, Keefover‐Ring K, Smart 
LB, DiFazio SP, Olson MS, Yin T, Liu J, Ma T (2020) Phylogenomics of the ge-
nus Populus reveals extensive interspecific gene flow and balancing selec-
tion. New Phytol. 225, 1370–1382. https://doi.org/10.1111/nph.16215

Wang D, Wang Z, Kang X, Zhang J (2019) Genetic analysis of admixture and hy-
brid patterns of Populus hopeiensis and P. tomentosa. Sci. Rep. 9, 4821. 
https://doi.org/10.1038/s41598-019-41320-z

Wickham H (2016) Elegant Graphics for Data Analysis [WWW Document].  
https://ggplot2.tidyverse.org/ (accessed 4.22.21).

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, François R, Grolemund 
G, Hayes A, Henry L, Hester J, Kuhn M, Pedersen TL, Miller E, Bache SM, 
Müller K, Ooms J, Robinson D, Seidel DP, Spinu V, Takahashi K, Vaughan D, 
Wilke C, Woo K, Yutani H (2019) Welcome to the Tidyverse. J. Open Source 
Softw. 4, 1686. https://doi.org/10.21105/joss.01686

Yang W, Wang D, Li Y, Zhang Z., Tong S, Li M, Zhang X, Zhang L, Ren L, Ma X, 
Zhou R, Sanderson BJ, Keefover-Ring K, Yin T, Smart LB, Liu J, DiFazio SP, Ol-
son M, Ma T (2021) A General Model to Explain Repeated Turnovers of Sex 
Determination in the Salicaceae. Mol. Biol. Evol. 38, 968–980.  
https://doi.org/10.1093/molbev/msaa261

Zeileis A, Grothendieck G (2005) zoo: S3 Infrastructure for Regular and Irregular 
Time Series. J. Stat. Softw. 14, 1–27. https://doi.org/10.18637/jss.v014.i06

Zhou R, Macaya-Sanz D, Rodgers-Melnick E, Carlson CH, Gouker FE, Evans LM, 
Schmutz J, Jenkins JW, Yan J, Tuskan GA, Smart LB, DiFazio SP (2018) Charac-
terization of a large sex determination region in Salix purpurea L. (Salicace-
ae). Mol. Genet. Genomics MGG 293, 1437–1452.  
https://doi.org/10.1007/s00438-018-1473-y

Zhou R, Macaya-Sanz D, Schmutz J, Jenkins JW, Tuskan GA, DiFazio SP (2020) Se-
quencing and Analysis of the Sex Determination Region of Populus tricho-
carpa. Genes 11, E843. https://doi.org/10.3390/genes11080843


