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Abstract 

More than 100 years ago, botanists and biologists were already interested in the 

fascinating diversity of plant mating systems and sex determination of monoecious and 

dioecious plants. Today, despite the remarkable progress that has been made, many 

exciting questions about the evolutionary dynamics and the genetic and molecular 

mechanisms underlying sexual differentiation remain open. With the advance of 

genomic technologies, including long-read sequencing, the genetic basis of dioecy in an 

expanding number of species is finally being tackled. In line with that, Chapter 1 presents 

a review of the current literature concerning the diversity of sex determination, the 

contrasting evolutionary pathways to dioecy and the sex-determining genes identified 

in various dioecious plants. The following chapters combine existing and newly 

generated data and present the groundwork to elucidate the genetic basis and 

molecular mechanisms of dioecy in Populus. Upon a CRISPR-Cas9 induced mutation, the 

poplar ARR17 gene was experimentally validated as a single factor of sex determination 

in poplars in Chapter 2. This single-gene system in Populus is conserved across the 

species despite millions of years of independent evolution, and repeated sex 

chromosome turnovers. Sex determination can be achieved by a dominant negative 

switch – the Y-specific partial ARR17 duplicates – producing small RNAs that likely act via 

RNA-directed DNA methylation (RdDM) to silence the ARR17 gene in poplar species with 

a XY system (i.e. aspen, balsam poplar) or by a presence/absence mutation of ARR17 in 

the sex-determining region (SDR) in a ZW system (i.e. white poplar). There are multiple 

possible scenarios in which sex-determining genes and SDRs can arise. Accumulating 

data indicate that the SDRs within the genus Populus evolved independently. 

Accordingly, Chapter 3 assessed the potential suppression of recombination along the 

white poplar SDR. Hemizygosity of the W-specific poplar sex-determining gene ARR17 

may cause the recombination suppression between Z and W. Female-specific 

hemizygous regions around the ARR17 gene were also identified in closely related 

species to white poplar in Chapter 4. Additionally, the Y-specific partial ARR17 duplicates 

as well as the W-specific ARR17 gene were further explored by utilizing them as 

molecular markers. This chapter also demonstrates the convergent evolution of sex 

determination in Populus. The investigation of the genetic basis clarified the biological 
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function of the ARR17 gene in Populus, but the molecular function of ARR17 remained 

unclear. Consequently, Chapter 5 explored the genetic networks regulated by ARR17. 

The poplar ARR17 gene is only expressed in a certain tissue during a specific time 

window. Although ARR17 is annotated as a type-A response regulator supposedly 

involved in cytokinin hormone signaling, CRISPR-Cas9-mediated arr17 knockout only 

affected the expression of a strikingly small number of genes indicating a specific role in 

the regulation of floral development rather than a generic function in hormone 

signaling. When ARR17 is active, female development is initiated, while, if ARR17 is 

inactive, B class MADS-box genes are expressed, and male development occurs. 

Interestingly, recent data suggest that a shared basis of sex determination mediated by 

ARR17 between species in the dioecious sister genera Populus and Salix and the closely 

related monoecious species Poliothyrsis sinensis might be possible. Future studies on 

more systems, including non-dioecious ones, are crucial for allowing a broader 

perspective and to elucidate the biological reasons for the different evolutionary 

dynamics between hermaphroditic, monoecious and dioecious species. 

 

 

 

 

 

 

 

 

 



 12 

Kurzfassung 

Schon vor mehr als 100 Jahren interessierten sich Botaniker und Biologen für die 

faszinierende Vielfalt der pflanzlichen Paarungssysteme und die 

Geschlechtsbestimmung bei ein- und zweihäusigen Pflanzen. Heute sind trotz der 

enormen Fortschritte viele spannende Fragen über die evolutionäre Dynamik und die 

genetischen und molekularen Mechanismen, die der sexuellen Differenzierung 

zugrunde liegen, noch offen. Mit dem Fortschritt der Genomik, einschließlich der Long-

Read-Sequenzierung, kann die genetische Grundlage der Zweihäusigkeit bei einer 

wachsenden Zahl von Arten aufgeklärt werden. In Kapitel 1 wird ein Überblick über die 

aktuelle Literatur zur Vielfalt der Geschlechtsbestimmung, zu den unterschiedlichen 

evolutionären Wegen zur Zweihäusigkeit und zu den in verschiedenen zweihäusigen 

Pflanzen identifizierten geschlechtsbestimmenden Genen gegeben. In den folgenden 

Kapiteln werden vorhandene und neu gewonnene Daten kombiniert und die 

Grundlagen für die Aufklärung der genetischen Grundlagen und molekularen 

Mechanismen der Zweihäusigkeit in der Gattung Populus vorgestellt. Mithilfe von 

CRISPR-Cas9-induzierten Mutationen wurde in Kapitel 2 das Pappel-Gen ARR17 

experimentell als einzelner Faktor der Geschlechtsbestimmung bei Pappeln validiert. 

Dieses Einzelgensystem in Populus ist trotz Millionen von Jahren unabhängiger 

Evolution und trotz wiederholter Umstrukturierungen der Geschlechtschromosomen 

über die gesamte Gattung hinweg konserviert. Die Geschlechtsbestimmung kann durch 

einen dominanten negativen Schalter - die Y-spezifischen partiellen ARR17-Kopien - 

erreicht werden. Hier werden kleine RNAs produziert, die wahrscheinlich über RNA-

gesteuerte DNA-Methylierung (RdDM) wirken, um das ARR17-Gen in Pappelarten mit 

einem XY-System (z.B. Espe, Balsam-Pappel) zu Silencen. Alternativ kann die 

Geschlechtsbestimmung durch eine An-/Abwesenheitsmutation von ARR17 in der 

geschlechtsbestimmenden Region (SDR) in einem ZW-System (z.B. Weiß-Pappel) 

reguliert werden. Es gibt mehrere mögliche Szenarien, in denen 

geschlechtsbestimmende Gene und SDRs entstehen können. Neue Daten zeigen, dass 

sich die SDRs innerhalb der Gattung Populus unabhängig voneinander entwickelt haben. 

Daher wurde in Kapitel 3 die mögliche Suppression der Rekombination entlang der SDR 

der Weißpappel untersucht. Hemizygotie des W-spezifischen 
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geschlechtsbestimmenden Gens ARR17 der Pappel könnte die 

Rekombinationsunterdrückung zwischen Z und W im geschlechtsbestimmenden 

System mit nur einem Gen verursachen. W-Chromosom-spezifische hemizygote 

Regionen um das ARR17-Gen wurden auch bei eng mit Weiß-Pappel verwandten Arten 

in Kapitel 4 identifiziert. Darüber hinaus wurden die Y-spezifischen partiellen ARR17-

Kopien sowie das W-spezifische ARR17 weiter untersucht, indem sie als molekulare 

Marker verwendet wurden. Dieses Kapitel zeigt auch die konvergente Evolution der 

Geschlechtsbestimmung bei Populus. Die Untersuchung der genetischen Grundlage 

erklärt die biologische Funktion von ARR17 in Pappeln, nicht aber die molekulare 

Funktion. Daher wurden in Kapitel 5 die genetischen Netzwerke untersucht, die durch 

ARR17 reguliert werden. Das ARR17-Gen wird nur in einem bestimmten Gewebe und in 

einem bestimmten Zeitfenster exprimiert. Obwohl ARR17 als Typ-A-Response Regulator 

annotiert ist, der an der Cytokinin-Hormonsignalisierung beteiligt ist, wirkte sich der 

CRISPR-Cas9-vermittelte Knockout von ARR17 nur auf die Expression einer geringen 

Anzahl von Genen aus, was auf eine spezifische Rolle bei der Regulierung der 

Blütenentwicklung und nicht auf eine generelle Funktion bei der 

Hormonsignalübertragung hindeutet. Wenn ARR17 aktiv ist, wird die weibliche 

Entwicklung eingeleitet, wenn ARR17 inaktiv ist, werden MADS-Box-Gene der Klasse B 

exprimiert und die männliche Entwicklung wird initiiert. Interessanterweise deuten 

neuere Daten darauf hin, dass die Arten der zweihäusigen Schwestergattungen Populus 

und Salix und die eng verwandte einhäusige Art Poliothyrsis sinensis eine gemeinsame 

Grundlage für die durch ARR17 vermittelte Geschlechtsbestimmung haben könnten. 

Zukünftige Studien an weiteren Systemen, einschließlich nicht zweihäusiger Arten, sind 

von entscheidender Bedeutung, um eine breitere Perspektive zu ermöglichen und die 

biologischen Gründe für die unterschiedliche evolutionäre Dynamik zwischen 

hermaphroditen, einhäusigen und zweihäusigen Arten zu ergründen. 
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General introduction 

Sex determination is an important developmental event in the life cycle of sexually 

reproducing organisms. For over a century, it has intrigued both animal and plant 

researchers. In flowering plants, the observation of floral structures and the diversity of 

floral forms has shaped the basis of our current knowledge on plant sexual diversity 

(Darwin, 1877; Linnaenus, 1758). While pronounced differences between males and 

females are the norm for many groups of animals, most plant species are 

hermaphrodites (Bachtrog et al., 2014; Käfer et al., 2017). Only 10% of all flowering plant 

species separate unisexual male and female flowers, which may occur either in different 

locations of the same individual (monoecy) or in different individuals (dioecy) (Renner, 

2014; Renner and Ricklefs, 1995; Westergaard, 1958). A breakthrough discovery through 

cytological analysis on the inheritance patterns of chromosomes in insects led to the 

discovery of sex chromosomes (Stevens, 1905; Wilson, 1905). In plants, sex 

chromosomes were first identified in the liverwort Sphaerocarpos donnelli Austin (Allen, 

1917). Following the discovery of sex chromosomes and the fact that sex can be 

genetically determined, interesting evolutionary theories on how sex chromosomes 

originate and evolve were formulated motivating several studies to better understand 

the evolution and the diversity of sex determination systems (Figure 1). 

 

FIGURE 1. THE DIVERSITY OF SEX DETERMINATION SYSTEMS IN ANIMAL AND PLANT SPECIES. THERE CAN BE GENETIC 

SEX DETERMINATION (GSD) OR ENVIRONMENTAL SEX DETERMINATION (ESD). THE SEX CHROMOSOMES CAN BE 

CLASSIFIED ACCORDING TO THE HETEROGAMETIC SEX (I.E. XY, ZW AND VARIATIONS). FIGURE FROM (BACHTROG ET 

AL., 2014)1. 

 
1 Copyright: © 2014 Bachtrog et al. This is an open-access article distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited. 
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The separation of the sexes in flowering plants  

Flowering plants have gone through numerous transitions between sexual systems 

across the phylogeny (Ashman et al., 2014; Bachtrog et al., 2014). But why did the so-

called “perfect” flowers, that is hermaphrodites, evolve independently into “imperfect” 

forms (e.g. dioecious) in diverse lineages, possibly a thousand times (Renner, 2014)? And 

most importantly, what kind of molecular mechanisms cause differential sex 

manifestation – are there many ways or are constraints on the underlying molecular 

networks forcing parallel evolution?  

Despite being rare, dioecious plants are spread across the entire phylogeny (Renner, 

2014). The consensus is that dioecy evolved from either hermaphroditism or monoecy 

(Charlesworth, 2013; Ming et al., 2011). The most recognized evolutionary model (in the 

literature referred as the “two-gene model”) states that dioecy likely evolved from a 

hermaphrodite ancestor through at least two successive mutations (a male-sterility 

mutation creates females, and a female-sterility mutation creates males) linked in a non-

recombining sex-determining region (SDR) in the chromosome (Charlesworth and 

Charlesworth, 1978). Hence, identifying the genes located within the SDR has been 

considered a starting point to propose candidate genes responsible for sex 

determination (see Chapter 1) (Leite Montalvão et al., 2021). 

Genetic sex determination (GSD) in dioecious plants is often associated with sex 

chromosomes. The classical model for the evolution of sex chromosomes in flowering 

plants assumes a linear process, with the linkage between the two genes as the first 

step towards the evolution of suppressed recombination, which is expected to spread, 

and progress towards chromosome differentiation and, finally, degeneration (Bull, 

1983; Charlesworth et al., 2000, 2005; Charlesworth, 2016; Furman et al., 2020; Ming et 

al., 2011). Sex chromosome pairs, therefore, may present different levels of genetic 

divergence, and are classified either in homomorphic or heteromorphic, the latter 

differing in size and identified through cytological analysis (Filatov, 2015; Furman et al., 

2020). Indeed, genetic degeneration has been experimentally demonstrated in a few 

model plants e.g. Carica papaya L. and Silene latifolia Poir. (Bergero et al., 2015; 

Gschwend et al., 2012; Papadopulos et al., 2015) and sex chromosome differentiation 

and degeneration have been thought to be inevitable and irreversible consequences of 
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sex chromosome evolution (Westergaard, 1958). Recent comparative studies, however, 

indicate that this may not be always the case, as recombination suppression may or may 

not occur (Charlesworth, 2021), and the degree of divergence is not necessarily 

associated with SDR size or age (Renner and Müller, 2021; Wright et al., 2016). 

In addition to the different levels of chromosome differentiation, different types of sex 

chromosome systems exist. The originally discovered XX/XY system consists of males 

carrying two different chromosomes (male heterogametic) with a XY karyotype, while 

females carry two X chromosomes (XX). Conversely, in the ZW/ZZ system, the females 

are the heterogametic sex represented by ZW, while males are ZZ (Charlesworth, 2013; 

Wilson, 1909; Wright et al., 2016). In dioecious plants, the XY system is apparently 

predominant when comparing the sex-determining systems of 85 species with known 

sex chromosomes (Chapter 1: Figure 1). While 84.7% of these species present male 

heterogamety (XY system), only 15.3% present female heterogamety (ZW system) (Leite 

Montalvão et al., 2021).  

Due to the myriad of independent evolutionary origins of dioecy, one cannot expect 

different dioecious species to have the same sex-determining genes thus, different 

genetic and molecular mechanisms may be underlying the development of unisexual 

flowers (Diggle et al., 2011). Nevertheless, parallel evolution (i.e. repeated but 

independent usage of the same genetic solutions) (Stern, 2013) could also play a role. 

The two-gene model has strongly influenced the research on the evolution of dioecy for 

several decades. Recent work, however, provides exciting exceptions to the classical 

theory highlighting single-gene sex-determining systems (or sex switches), listed as one 

of the most important future issues of plant sex chromosome research (Charlesworth, 

2016).  

Long-read genome sequencing 

The development and improvement of genomic technologies is helping to unlock the 

genetic basis of dioecy in an expanding number of species (Carey et al., 2021; Henry et 

al., 2018; Leite Montalvão et al., 2021; Ming et al., 2011). 
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The introduction of next generation sequencing (NGS) allowed cost-effective high-

throughput sequencing and thus great advances in genome assembly, population 

genomics and genome-wide association (GWA) studies (Carey et al., 2021; Jiao and 

Schneeberger, 2017; Vekemans et al., 2021). In sex determination research, genome 

assembly (i.e. alignment and merging of DNA fragments to match the original 

sequence), is an essential step. NGS offers affordable and highly accurate short reads 

(100-300 bp), nevertheless, on sex chromosomes where recombination stops over a 

relevant portion of the genome (e.g. large SDRs), the accumulation of repetitive 

sequences will make scaffolding a challenging task, and likely result in an incomplete 

genome assembly (Vekemans et al., 2021). Moreover, duplicated sequences that might 

be involved in sex determination (Akagi et al., 2014) tend to collapse into a single 

genomic region when analyzed with short-read sequencing.  

The introduction of long-read sequencing (or third generation sequencing) bridge the 

gap between high-quality reference sequences and low-cost short-read assemblies (Jiao 

and Schneeberger, 2017). Additionally, the production of longer contigs outperforms 

short-read scaffolds and aids in resolving regions with suppressed recombination. Long-

read sequencing can be performed nowadays by employing Pacific Biosciences (PacBio) 

single molecule real-time (SMRT) sequencing and Oxford Nanopore Technologies (ONT) 

platforms. The SMRT sequencing detects a difference in fluorescence corresponding to 

the addition of a specific nucleotide by a polymerase at the bottom of a well, while the 

flow cell utilized in the ONT devices (Figure 2) identifies sequences of DNA based on the 

changes in electrical conductivity as the strands pass through the biological nanopores 

(Amarasinghe et al., 2020; Nurk et al., 2020). The application of ONT allows DNA strands 

of indefinite length, depending on the quality and fragmentation of the input DNA, 

producing ultra-long reads which can be assembled in mega-base contigs that can span 

complex regions (Vekemans et al., 2021) and even entire chromosomes.  

These technologies may rely on distinct principles, nevertheless the resulting data can 

be analyzed utilizing similar tools and pipelines. Moreover, even though assemblies 

based only on long reads often produce highly complete and contiguous genomes, 

there are many situations where accuracy may be improved by employing PacBio-HiFi 

reads or hybrid approaches, using short reads together with long reads. The additional 
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application of chromatin conformation data (Hi-C) and optical mapping data will further 

improve the quality and completeness of the assembly (Amarasinghe et al., 2020; Nurk 

et al., 2020). 

 

FIGURE 2. LONG-READ SEQUENCING WITH OXFORD NANOPORE TECHNOLOGIES USING MINION. SEQUENCING CAN 

BE PERFORMED AFTER HIGH QUALITY HIGH MOLECULAR WEIGHT DNA EXTRACTION, LIBRARY PREPARATION AND 

LOADING INTO THE MINION DEVICE. SEQUENCE OUTPUTS PROVIDE RAW DATA IN FASTQ FORMAT WHICH 

SUBSEQUENTLY CAN BE, FOR EXAMPLE, ASSEMBLED (E.G. DE NOVO ASSEMBLY), POLISHED AND ANNOTATED. PHOTO 

CREDITS: NIELS A. MÜLLER.  

The genus Populus as a model system to study the evolution of dioecy  

Members of the family Salicaceae (Malphigiales order, Eurosid I clade) are among the 

main systems for which sex determination and sex chromosome evolution have been 

explored. Aspen, cottonwood, and poplar are the common names of ecologically and 

economically important trees from the genus Populus. The Populus trees are wind-

pollinated dioecious species adapted to a wide range of habitats spread worldwide 

occurring mostly in the northern hemisphere, although occasionally reported in 

southern regions or, in some cases, restricted to specific habitats (Figure 3). Currently, 

29 species are recognized and subdivided into six sections (i.e. Tacamahaca, Abaso, 

Turanga, Populus, Leucoides and Aigeiros) based on morphological similarity and 

crossing possibilities (Cronk et al., 2015; Slavov and Zhelev, 2010). However, despite an 

apparent low species diversity, an accurate number of species within the genus Populus 

is still under debate (WFO, 2022). Divergence signs are obscured mostly due to a wide 

range of differing morphological characters and the frequent hybridization across the 
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genus (both within and among sections), giving rise to hybrids with commercially 

valuable traits widely used in breeding programs.  

 

FIGURE 3. WORLDWIDE OCCURRENCES OF ECOLOGICALLY AND ECONOMICALLY IMPORTANT POPULUS SPECIES. 

POPULUS TRICHOCARPA (BLACK COTTONWOOD), P. ALBA (WHITE POPLAR), P. ADENOPODA (CHINESE ASPEN), P. 

TREMULA (EUROPEAN ASPEN), P. NIGRA (BLACK POPLAR) AND P. BALSAMIFERA (BALSAM POPLAR). REGISTERED 

OCCURRENCE COORDINATES ACQUIRED FROM THE GLOBAL BIODIVERSITY INFORMATION FACILITY – GBIF 

(WWW.GBIF.ORG) AND CONVERTED TO PIXELS USING ARCGIS SOFTWARE. 

The species from the genus Populus are long-lived organisms and can have a life span of 

over 100 years (Figure 4a). Reproduction occurs for the first time after an individual 

reaches sexual maturity, which usually takes a decade. Subsequently, flowering occurs 

seasonally in springtime (Cronk et al., 2015). The shoot architecture accommodates 

vegetative buds, leaves and reproductive buds, which later will produce an 

inflorescence known as catkin (Figure 4b). Poplar catkins will only develop one floral 

sexual structure, either carpels (female) or stamens (male). There are no rudimentary 

or non-functional floral organs from the opposite sex (Boes and Strauss, 1994; Diggle et 

al., 2011). 
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FIGURE 4. ARBORETUM AT THE THÜNEN INSTITUTE OF FOREST GENETICS IN GROßHANSDORF, GERMANY. (A) ASPEN 

TREES MARKED FOR SAMPLING. (B) MALE AND FEMALE CATKINS OF P. TREMULA. 

While several biological traits are best studied in established model systems such as 

Arabidopsis thaliana L., trees present unique physiological and genetic aspects that are 

better investigated in trees themselves (Bradshaw et al., 2000; Cronk, 2005). A female 

black cottonwood P. trichocarpa Torr. & A. Gray, genotype Nisqually-1, was the first 

woody species and the third plant after Arabidopsis and rice with its nuclear genome 

fully sequenced and assembled (Tuskan et al., 2006). Sequencing a Populus genome was 

possible due to its relatively compact genome size of approximately 500 mega bases 

(Mb) (Bradshaw et al., 2000; Cronk, 2005; Tuskan et al., 2006). Additional characteristics 

such as the remarkably fast growth rate, ease of vegetative propagation, and potential 

for genetic manipulation have been explored (Bradshaw et al., 2000; Cronk, 2005; 

Strauss and Martin, 2004) establishing poplars as a prominent model plant in forest 

genetics. The highly efficient Agrobacterium-mediated transformation system available 

for poplar (Fladung et al., 1997; Kumar and Fladung, 2001) is unmatched by any other 

forest tree offering a unique advantage to forest geneticists. When paired with the 

exceptional early flowering system established for different aspen lines at the Thünen 

Institute of Forest Genetics (Hoenicka et al., 2016), it allows the experimental 

confirmation of genetic and genomic hypothesis regarding floral development and 

enables the elucidation of the genetic basis of poplar dioecy. 

Early flowering aspen lines 

Species from the genus Populus present a long vegetative phase and regularly take a 

decade to reach sexual maturity. Due to minimal sexual dimorphism (McKown et al., 
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2017; Renner and Müller, 2021; Robinson et al., 2014) it is only possible to determine the 

sex of an individual at the time of flowering. This long generation time is an obstacle to 

practical breeding and selection. A transgenic approach allied to the discovery of the 

genetic factors controlling the flowering network can advance breeding programs or 

the development of strategies for conservation, for example.  

Studies of flowering time genes added an extra layer to the potential of poplars in plant 

biology. The genetic and molecular characterization of different flowering phenotypes 

in A. thaliana mutants allowed the identification of several flowering time control genes, 

including the FLOWERING LOCUS T (FT) (Kardailsky et al., 1999; Koornneef et al., 1991; Pin 

and Nilsson, 2012). The manipulation of flowering time in Populus tremula L. has been 

achieved at the Thünen Institute of Forest Genetics via an Agrobacterium-mediated 

system (Hoenicka et al., 2016) utilizing the construct HSP::AtFT with the A. thaliana FT 

gene. Short- and long read sequencing of two transgenic early-flowing poplar lines 

confirmed vector-free single-locus integration of the T-DNA including the FT gene 

(Kersten et al., 2020). In this artificial early flowering aspen lines, the time to flowering 

is reduced to less than one year. The control of FT expression by the heat inducible HSP 

promoter derived from soybean (Hoenicka et al., 2012) allows flower induction upon a 

heat shock treatment (Figure 5). 

 

FIGURE 5. AGROBACTERIUM-MEDIATED TRANSFORMATION SYSTEM AND EARLY FLOWER INDUCTION IN POPLAR. 

AFTER AGROBACTERIUM-MEDIATED TRANSFORMATION AND REGENERATION, PLANTS ARE CULTIVATED IN VITRO UNTIL 

READY FOR TRANSPLANTATION INTO SOIL. UPON THE HEALTHY GROWTH OF THE PLANTS, A HEAT SHOCK TREATMENT 

(40 °C FOR 2 HOURS DAILY) IS APPLIED, AND FLOWERING STARTS AFTER ONE MONTH. AFTERWARDS, THE PLANTS 

MUST BE PLACED UNDER A COLD TREATMENT FOR PROPER FLOWER AND POLLEN DEVELOPMENT. 

Genetics of sex determination in Populus  

The mechanism of sex determination in the genus Populus remained unknown despite 

active investigation during the last one and a half decades. Genetic mapping revealed 

sex-linked markers consistently associated to the linkage group XIX (Gaudet et al., 2007; 
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Pakull et al., 2009; Paolucci et al., 2010; Yin et al., 2008) indicating the sex determination 

system in the genus Populus is genetically controlled by chromosome 19. With the 

employment of new genomic technologies, at least two different genomic architectures 

of sex determination were observed. While a relatively small (~100 kb) SDR is located at 

the very beginning of chromosome 19 in the balsam poplars P. trichocarpa and P. 

balsamifera L. (Geraldes et al., 2015; Yin et al., 2008), a much larger (~1 Mb) SDR resides 

within the centromeric region of chromosome 19 in the quaking aspen P. tremuloides 

Michx. and European aspen P. tremula (Kersten et al., 2014; Pakull et al., 2011, 2009; 

Müller et al., 2020). Whereas the aspens P. tremula and P. tremuloides share the same 

genetic architecture of sex determination in a XY system (Pakull et al., 2009), the white 

poplar P. alba L. sex-linked region was suggested to exhibit yet another genomic locus 

and a different heterogametic system, i.e. a ZW system (Paolucci et al., 2010). 

Among the efforts to elucidate the sex-determining system in Populus, the sex-linked 

region in P. tremuloides was screened for potential candidate genes for sex 

determination (Kersten et al., 2014). A total of seven candidate genes were identified. 

Among those, a homologue of the P. trichocarpa gene (Potri.019G047300) showing 

similarity with TORMOZEMBRYO DEFECTIVE of A. thaliana captured attention due to its 

predicted role in flower development (Kersten et al., 2014; Pakull et al., 2015). Next 

generation sequencing identified it as a male-specific gene, located within the SDR. This 

sex-linked gene, named TOZ19, is missing completely (P. tremuloides) or partially (P. 

tremula) in females (Pakull et al., 2015). It should be noted that the TOZ19 gene is a 

pseudogene in the aspens. Several premature stop codons and a large truncation 

preclude any coding function, therefore indicating that it is not directly involved in the 

process of sex determination. Nevertheless, the TOZ19 gene has been validated as a 

marker to identify sex in aspens (Pakull et al., 2015).  

Genome-wide association studies in P. balsamifera and P. trichocarpa, also searching for 

potential candidate genes underlying sex determination in Populus, revealed a 

candidate gene with a high number of sex-linked single nucleotide polymorphisms 

(SNPs) (Geraldes et al., 2015; McKown et al., 2017). The gene (Potri.019G133600) is 

homologous to the A. thaliana gene pair ARABIDOPSIS RESPONSE REGULATOR 16/17 

(ARR16/ARR17), further referred just as ARR17, which is annotated as a type-A response 
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regulator supposedly involved in cytokinin signaling (Geraldes et al., 2015; Kieber and 

Schaller, 2018; To et al., 2004). Intriguingly, in P. trichocarpa the position of the SDR at 

the beginning of the chromosome did not match the position of the ARR17 gene, located 

at the end (Geraldes et al., 2015). Preliminary analyses of short-read sequencing data 

from a TOZ19-probed bacterial artificial chromosome (BAC) clone of one male aspen 

individual (Kersten et al., 2017) and of existing data in balsam poplars revealed additional 

partial ARR17 duplicates on the Y chromosome in these species. Additionally, initial data 

analysis from pool-seq data of male and female white poplars indicated that males did 

not exhibit any ARR17 sequences in contrast to females, suggesting that ARR17 might be 

a feminizing factor. But then, how do the additional partial ARR17duplicates in male 

aspen and balsam poplars elicit male flower development? Is ARR17 a master sex 

determinant shared across the genus Populus? And what is the function of ARR17?  

Objectives and hypotheses 

In addition to representing an exciting model system for the evolution of sex 

determination, as presented in the previous sections, the collective genetic, genomic, 

and biotechnological amenability of Populus is absolutely unique among dioecious plant 

species. Therefore, it offers exceptional possibilities for studying the evolution of sex 

determination, not only because dioecy occurs throughout the entire genus but also 

because it allows to unambiguously test the hypothesis of a single gene-based 

mechanism. The dissection of the genetic mechanisms underlying sex determination in 

Populus will allow several evolutionary, developmental, and economic questions to be 

resolved. Therefore, the aim of this thesis was to explore the genes underlying dioecy 

in Populus and to link the high-level regulators to the underlying sex-differentiating gene 

network(s). The specific aims were to i) resolve the genetics underlying sex 

determination in aspen and white poplar, ii) clarify the role of ARR17 in dioecy across the 

genus Populus, iii) identify sex-specific differential expression potentially pinpointing 

the sex-differentiating gene network(s) and iv) develop genetic markers for different 

Populus species. 
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In particular, the following hypotheses were tested: 

(i) Y-specific partial ARR17 duplicates are responsible for sex determination in 

aspen and balsam poplars. 

(ii) Sex determination in white poplar is based on a ZW system with a Z-specific 

deletion of ARR17. 

(iii) ARR17 is a feminizing factor in aspen. 

(iv) ARR17 is a master sex switch shared across the genus Populus. 

(v) Sex-specific expression networks will provide first clues on the molecular 

connection of ARR17 to floral phenotypes. 

(vi) The SDR of white poplar shows suppressed recombination and it is linked to 

a segregation distorter. 

(vii) Genetic markers for sex determination in Populus can be developed based on 

W-specific ARR17 in ZW systems and on Y-specific partial ARR17 duplicates in 

XY systems. 

In short, Chapter 1 offers a broad context review of the current literature concerning 

the sex-determining genes and mechanisms in various dioecious plants. Chapter 2 

demonstrates the experimental validation of ARR17 as a master regulator of sex 

determination in poplar. Chapter 3 explores possible recombination suppression along 

the white poplar SDR. Chapter 4 reports an example of convergent evolution of sex 

determination in Populus and demonstrates the application of the W-specific ARR17 as 

molecular sex marker in ZW systems while the Y-specific partial ARR17 duplicates can be 

employed in a XY system. Finally, Chapter 5 investigates the molecular function of ARR17, 

and the genetic networks connected to the floral phenotype.  

In summary, dioecy doesn’t always require two segregating alleles linked together in 

the SDR. A segregating mutation in a single gene suffices for dioecy to be expressed. In 

poplars, a single gene, annotated as an A-type response regulator named ARR17, 

controls sex determination in a switch-like manner. Additionally, ARR17 has a highly 

targeted function on specifying floral organ identity. When ARR17 is active, female 

development is initiated, while, if ARR17 is inactive, B class MADS-box genes are 

expressed, and male development occurs. 
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Abstract 

The diversity of inflorescences among flowering plants is captivating. Such charm is not 

only due to the variety of sizes, shapes, colors, and flowers displayed, but also to the 

range of reproductive systems. For instance, hermaphrodites occur abundantly 

throughout the plant kingdom with both stamens and carpels within the same flower. 

Nevertheless, 10% of flowering plants have separate unisexual flowers, either in 

different locations of the same individual (monoecy) or on different individuals (dioecy). 

Despite their rarity, dioecious plants provide an excellent opportunity to investigate the 

mechanisms involved in sex expression and the evolution of sex-determining regions 

(SDRs) and sex chromosomes. The SDRs and the evolution of dioecy have been studied 

in many species ranging from Ginkgo to important fruit crops. Some of these studies, 

for example in asparagus or kiwifruit, identified two sex-determining genes within the 

non-recombining SDR and may thus be consistent with the classical model for the 

evolution of dioecy from hermaphroditism via gynodioecy, that predicts two successive 

mutations, the first one affecting male and the second one female function, becoming 

linked in a region of suppressed recombination. On the other hand, aided by genome 

sequencing and gene editing, single factor sex determination has emerged in other 

species, such as persimmon or poplar. Despite the diversity of sex-determining 

mechanisms, a tentative comparative analysis of the known sex-determining genes and 

candidates in different species suggests that similar genes and pathways may be 

employed repeatedly for the evolution of dioecy. The cytokinin signaling pathway 

appears important for sex determination in several species regardless of the underlying 

genetic system. Additionally, tapetum-related genes often seem to act as male-

promoting factors when sex is determined via two genes. We present a unified model 

that synthesizes the genetic networks of sex determination in monoecious and 

dioecious plants and will support the generation of hypothesis regarding candidate sex 

determinants in future studies. 

Keywords: dioecy, monoecy, hermaphroditism, sex determination via one gene, sex 

determination via two genes, sex chromosomes, sex-determining region 
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Introduction 

Contrary to most animals, hermaphroditism occurs widely in plants (Westergaard 1958; 

Bawa 1980; Renner 2014). However, the separation of the sexes, either in different 

locations of the same individual (monoecy), or in different individuals (dioecy) has been 

recognized in varying frequencies across the numerous plant species (Renner and 

Ricklefs 1995; Renner 2014). Unisexual gametophytes are widespread within the 

bryophyte lineages, with 68% of mosses, 57% of liverwort and 40% of hornwort species 

(Villarreal and Renner 2013). Among the seed plants there is a striking discrepancy: while 

in gymnosperms 65% of the species are dioecious (Walas et al. 2018), in angiosperms, 

dioecy is a comparatively uncommon phenomenon, comprising only 5-6% of all species 

(Renner 2014). However, even though dioecy is considered rare among flowering plants, 

its occurrence has been reported in several phylogenetic taxa (around 15,600 species 

spread over 175 families and 987 genera), suggesting that its evolution occurred 

independently hundreds if not thousands of times (Westergaard 1958; Renner 2014).  

In humans, mammals, some insects and several plants, the males are heterogametic, 

meaning that males carry two different sex chromosomes denoted as X and Y, while 

females carry two X chromosomes. In many insects, the X:O system exists, where 

females carry two X chromosomes but the males only one. The second sex chromosome 

is absent in males. In birds, some reptiles and a few plants, the females are the 

heterogametic sex, represented by ZW, while males are ZZ. In bryophytes, with a 

predominant haploid phase, the male sex chromosome is referred to as U while the 

female is referred to as V (Bachtrog et al. 2014; Capel 2017; Renner et al. 2017). In contrast 

to animals, sex chromosomes in plants have been identified in very few species to date 

(Ming et al. 2011; Renner 2014; Muyle et al. 2017), especially because of the low number 

of species with heteromorphic sex chromosomes. Figure 1 presents dioecious plant 

species with cytogenetic and/or molecular evidence for the presence of sex 

chromosomes and their sex determination systems in a phylogenetic perspective. 

Among these plant species, male heterogamety (XY) is predominant (84.7%), while 

female heterogamety (ZW) only comprises 15.3%.  

Interestingly, turnovers in the heterogametic systems have been reported in several 

plant families and genera. For instance, the genera Dioscorea, Populus, Salix and Silene 
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all comprise species with XY and ZW systems (Figure 1). One theory suggested that 

transitions between heterogametic systems may be selected when the sex 

chromosome is degenerated and the heterozygous sex has low fitness (Blaser et al. 

2014), and another possibility is when sexually antagonistic polymorphism is maintained 

on an autosome, a new sex-determinant that arises in the region becomes 

advantageous (Doorn and Kirkpatrick 2007). Recent findings indicated that these 

transitions among heterogametic systems can be favored by haploid selection (Scott et 

al. 2018). Shifts between different sex chromosome systems (XY « ZW) are also well 

documented across several clades of animal species and appear to be a common 

phenomenon, especially in reptiles, frogs and fishes (Vicoso et al. 2013; Bachtrog et al. 

2014; Zhou et al. 2014; Jeffries et al. 2018; Pennell et al. 2018; Kottler et al. 2020).  

This diversity of sexual systems in plants has an important impact on evolutionary 

biology as well as importance for seed and fruit production (Renner 2016). Despite the 

extensive amount of theoretical work regarding the evolution of dioecy and the possible 

resulting sex-determining systems, experimental data are only recently becoming 

available. This review aims to explore and synthesize the diversity of sex-determining 

mechanisms in several dioecious plant species. A unified model of sex determination is 

presented and possibly enriched functional categories of sex-determining genes are 

highlighted. 
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Figure 1. Phylogenetic tree of species with known sex determination systems and sex chromosomes. 
Plant classification (inner circle): bryophytes (green), gymnosperms (blue) and angiosperms (orange); 
Sexual systems (outer circle): male heterogametic system XX/XY (green), female heterogametic system 
ZW/ZZ (pink), haploid U/V system (yellow). The phylogenetic tree was built using phyloT v2: a tree 
generator (based on NCBI taxonomy)1. The list of the species with their respective references is presented 
in the Supplementary Table 1 (Table S1). 

Genetic mechanisms of sex determination 

The numerous independent evolutionary origins of dioecy suggest that many different 

genetic and molecular mechanisms are involved in the separation of the sexes in plants 

(Diggle et al. 2011). Studies in diverse species aimed at clarifying these mechanisms and 

ultimately explaining the evolution of dioecy and switches between sexual systems. The 

 
1 https://phylot.biobyte.de/ 
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recent advances in molecular techniques are making this increasingly possible. By 

identifying and functionally characterizing the genes underlying sex determination, 

possible evolutionary pathways to dioecy can be inferred. 

For dioecy to evolve, either from a hermaphroditic or a monoecious state, at least two 

changes, i.e. mutations, are necessary. The most influential work proposing a model for 

the evolution of dioecy, (Charlesworth and Charlesworth 1978), concludes that the most 

likely evolutionary pathway from hermaphroditism to dioecy involves two successive 

mutations with a gynodioecious intermediate. First, a recessive male-sterility mutation 

gives rise to a gynodioecious population (co-existence of females and hermaphrodites). 

Second, a dominant female-sterility mutation, which needs to be linked with the first 

mutation into a region of suppressed recombination, results in dioecy. While it is stated 

that both mutations might occur in a single gene, the most likely outcome of the 

“gynodioecy pathway” is two sex-determining genes in the SDR, one regulating female 

floral organ development and the other one male floral organ development. On the 

other hand, a single-gene sex-determining system can evolve if the factors regulating 

female and male function are connected by an epistatic genetic interaction rather than 

physical linkage (Golenberg and West 2013).  

We will first review studies that indicate two sex-determining genes at the SDR, 

followed by work indicating a single sex-determining gene. 

Sex determination via two genes 

Strong experimental support for two sex-determining genes at the SDR has been shown 

for kiwifruit (Actinidia deliciosa) and asparagus (Asparagus officinalis). Additionally, in 

date palm (Phoenix dactylifera) and grapevine (Vitis vinifera) sex determination via two 

genes appears likely and may thus also be consistent with the “gynodioecy pathway”.  

Kiwifruit (A. deliciosa) is a major fruit crop with an XY system of sex determination. 

Studies in kiwifruit demonstrated that two genes are responsible for sex determination, 

one affecting ovule production, and another one the production of pollen. A male-

specific type-C cytokinin response regulator called “SHY GIRL” (SyGI) was identified as a 

suppressor of feminization (SuF). The model systems Arabidopsis thaliana and Nicotiana 
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tabacum were used to validate the functionality of this gene. Transgenic expression of 

SyGI resulted in a stable suppression of carpel development (Akagi et al. 2018). 

Subsequently, the male-promoting factor (M1), called “FRIENDLY BOY” (FrBy) was 

identified as the second Y-encoded gene responsible for sex determination in kiwifruit, 

specifically for the development of androecia. This gene is related to the MICROSPORE 

AND TAPETUM REGULATOR 1 (MTR1) protein family, which, in rice, contributes to tapetum 

degradation affecting male fertility (Tan et al. 2012). The function of this second gene 

was validated in model plants as well as in kiwifruit. The artificial introduction of the FrBy 

gene into a female kiwifruit cultivar resulted in hermaphrodites (Akagi et al. 2019).  

Similar to kiwifruit, in garden asparagus (A. officinalis) two genes were identified as the 

sex-determining genes: one of which is the Y-specific SUPPRESSOR OF FEMALE FUNCTION 

(SOFF) gene, acting as suppressor of femaleness. Experimental validation was achieved 

using a gamma irradiation knockout that resulted in the conversion of males to 

hermaphrodites (Harkess et al. 2017). The DEFECTIVE IN TAPETUM DEVELOPMENT AND 

FUNCTION 1 (TDF1), encoding a MYB transcription factor and expressed only in males, 

was recognized by different research groups as a strong candidate for sex 

determination acting as a promoter of male function (Harkess et al. 2017; Murase et al. 

2017; Tsugama et al. 2017). Ethyl methanesulfonate (EMS) mutagenesis of aspTDF1 

resulted in the conversion of males to asexual neuters. The knockout of both genes 

(SOFF and aspTDF1) converted males to females (Harkess et al. 2020).  

These results show functional evidence that two sexually antagonistic genes at the SDR 

are necessary to determine sex in asparagus and in kiwifruit. Both species reveal distinct 

male-promoting factors (FrBy in kiwifruit and aspTDF1 in asparagus), yet both having 

functions in the tapetum which is essential for male flower fertility.  

The date palm (P. dactylifera), an important commercial fruit crop, presents a male 

heterogametic system (XY), and all 14 known species from the genus Phoenix are 

dioecious (Cherif et al. 2016). Recent work has identified sex-linked markers and a sex-

linked region of ~6 Mb (Hazzouri et al. 2019) although candidates for sex-determining 

genes remained unidentified until recently. Torres et al. (2018) uncovered male-specific 

sequences in 13 species of Phoenix whereas no unique female-specific sequences were 

observed. Candidate genes potentially involved in sex determination in P. dactylifera 
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were revealed with similarity to CYTOCHROME P450 (CYP450), ortholog of CYP703A3 from 

rice (Oryza sativa), GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 3-LIKE (GPAT3-like), an 

ortholog of GPAT3 from A. thaliana and the gene LONELY-GUY (LOG). The identified genes 

have known functions in sexual development in other monocot species. Both CYP and 

GPAT3-like are expressed only in Phoenix males and seem to be important for male 

flower development and fertility. In rice, both CYP703 and GPAT3 are expressed in 

tapetal cells and have functions in pollen formation and anther development. The 

deletion of the homologs of CYP703 in rice, maize, and A. thaliana (Morant et al. 2007; 

Yang et al. 2014) and of GPAT3 in rice (Men et al. 2017) led to male sterility. LOG genes 

are a family of genes with an important role in cytokinin activation and a potential role 

for female flower development (Kurakawa et al. 2007). In rice, LOG mutants presented 

flowers without ovules (Yamaki et al. 2011). While the functionality of these genes in 

date palm remains to be tested, the data are consistent with sex determination via two 

genes.  

All grapevines (V. vinifera) are dioecious, however, during domestication, humans have 

generated a hermaphroditic grapevine subspecies (Vitis vinifera ssp. vinifera) (Fechter 

et al. 2012; Coito et al. 2018). Different models have been proposed to explain the genetic 

basis of sex determination in grapevines, but only recently evidence was put together 

to help clarifying these hypotheses. A genetic map demonstrated the sex-determining 

region contains several genes with potential involvement in flower development 

(Fechter et al. 2012; Picq et al. 2014). Haplotype-resolved genomes of hermaphrodite, 

female and male grapevines finally resolved the sex-determining region which spans 

approximately 260 kb on chromosome 2 (Zhou et al. 2019; Massonnet et al. 2020). The 

gene content and variability were characterized, and candidate genes proposed. Of ten 

genes with female-specific single nucleotide polymorphisms (SNPs), the INAPERTURATE 

POLLEN 1 (INP1) gene was revealed as a likely candidate for the male-promoting factor 

(Massonnet et al. 2020). In A. thaliana, INP1 is necessary for fertile pollen (Dobritsa and 

Coerper 2012). The results also showed that all individuals with female flowers were 

homozygous for an eight bp deletion in VviINP1 indicating that this may be the causal 

polymorphism leading to male-sterility. In contrast, all individuals with male flowers 

carried one functional and one non-functional copy of VviINP1. Convincing candidate 

genes for the dominant female suppressor include the ADENINEPHOSPHORIBOSYL 
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TRANSFERASE (APRT3), a cytokinin regulator (Coito et al. 2018; Badouin et al. 2020) and 

the transcription factor YABBY3 (Massonnet et al. 2020) that belongs to a gene family 

previously implicated in the development of carpels in A. thaliana (Villanueva et al. 1999). 

While future studies are necessary to understand the specific roles and connections of 

these different factors, the current data provide strong evidence for sex determination 

via (at least) two genes.  

Artificial generation of dioecy via monoecy 

Dioecy was artificially engineered in the monoecious species maize (Zea mays) and 

melon (Cucumis melo). Nearly a century ago, two genetically interacting genes were 

identified to control sex expression in monoecious maize: the TASSEL SEED (Ts) gene, 

which is a female suppressor, and the SILKLESS (Sk) gene, which protects female floral 

organ development from the action of Ts. In a sk mutant background, a single 

segregating ts mutation could be employed for the artificial production of dioecious 

maize (Jones 1934). In the monoecious melon, a network of three genes controls sex 

expression (Boualem et al. 2008, 2015). CmACS11 controls the development of pistillate 

flowers, just like Sk in maize. CmWIP1 suppresses female flower development, just as Ts 

in maize. Finally, CmACS7 represses male flower development. The 1-

AMINOCYCLOPROPANE-1-CARBOXYLIC ACID SYNTHASE (ACS) genes are key enzymes in 

ethylene synthesis in plants, while WIP is a zinc finger transcription factor (Appelhagen 

et al. 2010). Just as in maize, the artificial conversion from monoecy to dioecy was 

achieved by producing a population with a non-functional acs11 gene and a segregating 

wip1 mutation (Boualem et al. 2015). Both examples demonstrate a potential pathway 

for the evolution of dioecy that results in the fixation of one mutation and a single 

segregating mutation controlling sex determination (Muller 1932; Westergaard 1958; 

Golenberg and West 2013; Renner 2016; Cronk and Müller 2020). 

Sex determination via one gene 

In several non-plant taxa, a single regulator gene is the primary mechanism for sex 

determination. For instance, the SEX-DETERMINING REGION Y (SRY) is the master switch 

of sex determination in most mammals (Gubbay et al. 1990; Kashimada and Koopman 
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2010; Li et al. 2014). Additionally, one single gene, that is DOUBLESEX AND MAB-3 RELATED 

TRANSCRIPTION FACTORS (DMRT), can control sex in several different groups of animals 

(e.g. birds, fish, frogs) (Hodgkin 2002; Smith et al. 2009).  

The diversity of sexual systems in plants indicates various mechanisms, including sex 

determination via a single sex switch (female « male). Experimental support for such 

switches in dioecious plant species was provided by Akagi et al. (2014) in the Caucasian 

persimmon and by Müller et al. (2020) in Populus spp. (Figure 2).  

 
Figure 2. Single-gene sex determination enables turnovers between XY and ZW systems. (A) The 
feminizing sex switch (magenta box), i.e. ARR17 and MeGI in poplar and persimmon, respectively, is 
located outside of the sex-determining region (SDR, indicated by grey shading), because a hairpin RNA-
encoding Y-chromosomal sequence (blue box) controls its activity in trans via small RNAs, via a dominant 
repressing action. (B) Intriguingly, the same sex gene appears to be a sex-determining gene in a ZW 
system in white poplar (P. alba). Copies of the gene are found in the SDR of this species, and its absence 
from the Z chromosome (dashed grey box) leads to recessive loss of female and activation of male 
function.  

 

The genus Diospyros contains approximately 475 species of which all are dioecious 

(Renner 2016). A male-specific sex-determining gene was described in the Caucasian 

persimmon (Diospyros lotus), that presents a male heterogametic system (XY) and a 

small SDR (Akagi et al. 2014). The male-specific Oppressor of MeGI (OGI) produces an RNA 

hairpin and, through a small RNA-based mechanism apparently causing DNA 

methylation, represses the autosomal MALE GROWTH INHIBITOR (MeGI) gene, allowing 

male development (Figure 2A; Table 1). Since no transformation protocol is available for 
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D. lotus, the functional characterization of OGI and MeGI was performed in Nicotiana 

benthamiana, N. tabacum and A. thaliana, showing that the overexpression of OGI 

suppressed the expression of MeGI and the overexpression of MeGI inhibited male 

flower function (Akagi et al. 2014). MeGI is a homolog of the HOMEODOMAIN LEUCINE 

ZIPPER PROTEIN (Vrs1), a gene from barley (Hordeum vulgare) (Komatsuda et al. 2007) 

that, when mutated, produces a group of three fertile flowers instead of a single central 

one. In persimmons, male flowers are composed by stamens, organized in groups of 

three, and non-developed carpels, suggesting the strong influence of this gene on sex 

determination and flower development (Akagi et al. 2016). Although experimental data 

only confirm the influence of the OGI/MeGI module on androecia and not gynoecia 

development, the D. lotus system has been suggested to function via the single OGI/MeGI 

sex switch. Recently, a gene network analysis identified the pathways regulating male 

and female sexual organ development. Furthermore, expression levels of cytokinin-

related genes during gynoecium differentiation are correlated with MeGI expression 

levels (Yang et al. 2019). This suggests the cytokinin signaling pathway could play a role 

in the gynoecium differentiation in persimmon flowers.  

In the genus Populus, the SDR was identified on chromosome 19 in different species 

(Gaudet et al. 2008; Paolucci et al. 2010; Kersten et al. 2014; Geraldes et al. 2015). 

Genome-wide association studies (GWAS) revealed the ortholog of the ARABIDOPSIS 

RESPONSE REGULATOR 17 gene (ARR17) as a strong candidate for sex determination in 

the closely related balsam poplars P. balsamifera and P. trichocarpa (Geraldes et al. 2015; 

McKown et al. 2017). Further analysis identified partial duplicates of ARR17 in the male-

specific region of the Y chromosome (MSY) (Müller et al. 2020). Notably, these 

duplicates are present in aspens and balsam poplars, which represent two different 

sections of the genus, suggesting the possibility of a shared mechanism of sex 

determination. Despite these commonalities, phylogenetic analysis indicated that the 

sex-linked ARR17 duplicates evolved independently (Müller et al. 2020; Zhou et al. 

2020b). Long read sequencing showed that the partial duplicates are arranged as 

inverted repeats, giving rise to small RNAs and apparently causing DNA methylation and 

silencing of the ARR17 gene, reminiscent of the OGI/MeGI system of persimmon (Figure 

2A) (Bräutigam and Cronk 2018; Müller et al. 2020). Most importantly, the functionality 

of ARR17 as a sex switch was demonstrated by CRISPR/Cas9-mediated arr17 knockout in 
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early flowering aspen lines, reverting females to fully functional males (Müller et al. 

2020). This complete sex reversal, rather than a reversion to hermaphrodites or neuters, 

demonstrates that ARR17 functions as a single-gene sex switch. 

Interestingly, white poplars (P. alba) present a female heterogametic system (ZW) 

(Paolucci et al. 2010). Long read sequencing and de novo assembly of a female white 

poplar identified a W chromosome-specific contig with three complete copies of ARR17 

(Müller et al. 2020). Male white poplars do not carry any ARR17 sequences in their 

genome. Sex determination in white poplars thus appears to be based on a simple 

presence/absence mutation of ARR17 (Figure 2B). Intriguingly, the single-gene-based 

mechanism of dioecy provides a simple and elegant means of changing the 

heterogametic system. The transition from a dominant suppressor, which acts in trans, 

to a recessive presence/absence mutation, which acts in cis, leads to the switch in the 

heterogametic system from XY to ZW (Figure 2) (Müller et al. 2020).  

Unified model of sex determination 

Interestingly, all currently known molecular mechanisms underlying sex determination 

can be represented in a single genetic network consisting of suppressors and promoters 

of femaleness and maleness connected either via genetic linkage or an epistatic genetic 

interaction (Figure 3). For monoecious species and dioecious species that determine sex 

via one gene, an additional high-level sex switch is needed. This switch (ASC11 in melon, 

ARR17 in poplar and MeGI in persimmon) represses a female suppressor (WIP1 in melon) 

that in turn represses a male suppressor (ACS7 in melon) by genetic interaction. In sex-

determining systems via two genes, there is no genetic interaction, but the female 

suppressor and male promoter are linked into the sex-determining region. This unified 

model of plant sex determination emphasizes the differences and commonalities of the 

different systems and highlights the reason why one might hypothesize that single-gene 

sex-determining systems could be common in dioecious species that evolved via 

monoecy.  
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Figure 3. Unified model of sex determination in monoecious and dioecious plants. All experimentally 
proven systems of sex determination can be combined into a single genetic network comprising female 
and male suppressors, female and male promoters and high-level sex switches. In the “sex switch 
systems”, i.e. monoecy and sex determination via one gene, indicated in yellow, an epistatic genetic 
interaction connects the development of female and male flowers making them in principle mutually 
exclusive. In sex determination via two genes (“gynodioecy model”) indicated in grey, instead of a genetic 
interaction, the linkage between the female suppressor (SOFF in asparagus and SyGI in kiwifruit) and a 
male promoter (TDF1 in asparagus and FrBy in kiwifruit) are essential for connecting female and male 
flower development. Female and male floral organs are controlled independently, therefore requiring 
genetic linkage to avoid hermaphrodites or asexual neuters. Female promoters, represented by “F”, have 
not been identified for any of the studied species to date.  

Experimental findings in selected other species 

Sex determination has been studied in many other plant species. In the following 

paragraphs we review studies that provide robust data on sex-determining regions and 

potential candidate genes. 

The early-diverged lineage of land plants represented by Ginkgo biloba exhibits an 

ancient origin of dioecy. Recent data indicate a male heterogametic system (XY) (Zhang 

et al. 2019). The species has a large (10.61 Gb) and repetitive genome (Guan et al. 2016), 

which was assembled into 12 chromosomes with approximately 9 Gb (Zhang et al. 2019). 
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A large region (~4.6 Mb) on chromosome 2 was identified as the SDR. Within this region, 

16 protein-coding genes were found, and from those, five were suggested as potential 

sex-determining genes mainly due to their connection to previously reported functions 

in sex determination in other species: homologs of RESPONSE REGULATOR 12 (RR12) and 

RESPONSE REGULATOR 2 (RR2) (Gb_15883 and Gb_15884, respectively), both previously 

reported to be related to cytokinin and sex determination in kiwifruit (Akagi et al. 2018); 

a homolog of EARLY FLOWERING 6 (ELF6) (Gb_15885), which encodes a H3K4 

demethylase involved in the regulation of flowering time; a homolog of 

BRASSINOSTEROID-RELATED ACYLTRANSFERASE 1 (BAT1) (Gb_15886), which regulates 

sex determination in maize (Hartwig et al. 2011); and a homolog of AGAMOUS-like 6 

(AGL6) (Gb_28587), reported to specify floral organ identity in rice (Li et al. 2010). To 

further explore sex determination in G. biloba, data of gene expression in different 

developmental stages should reveal clues to advance the investigations on this non-

model gymnosperm species.  

Fragaria spp. may display various sexual systems (e.g. hermaphrodite, gynodioecy, 

subdioecy and dioecy) across the species providing a great opportunity for new insights 

into the evolution of unisexuality in plants. The dioecious octoploid wild strawberry (F. 

virginiana) was characterized as having homomorphic sex chromosomes with a female 

heterogametic system ZW (Spigler et al. 2008; Goldberg et al. 2010; Tennessen et al. 

2016). Strikingly, a small female-specific sequence (13 kb) was recognized as the SDR 

“cassette”, which is located at different genomic positions in three related Fragaria 

species (Wei et al. 2017; Tennessen et al. 2018). The translocation of the SDR cassette 

demonstrates a possible way of sex chromosome turnover (Wei et al. 2017; Tennessen 

et al. 2018). Interestingly, only two protein-coding genes, GMEW (GDP-mannose 3,5-

epimerase 2, GME) and RPP0W (60S acidic ribosomal protein P0, RPP0), were found in this 

“cassette”. Nevertheless, it remains unclear how these candidate genes act in sex 

determination (Tennessen et al. 2018). Moreover, the SDR “cassette” might only control 

male function, while female function is controlled by a second locus (Spigler et al. 2008).  

In willow (Salix spp.), the SDR was identified on chromosome 15 with female 

heterogamety (ZW) in S. viminalis (Pucholt et al. 2015), S. suchowensis (Hou et al. 2015; 

Chen et al. 2016), S. purpurea (Zhou et al. 2018) and S. triandra (Li et al. 2020). A recent 
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study revealed large palindromic structures on the W chromosome of S. purpurea and 

an ortholog of ARR17 (Salix purpurea RESPONSE REGULATOR 9, SpRR9) was suggested as 

a strong candidate gene for sex determination (Zhou et al. 2020a). In contrast, in 

another species, S. nigra, a relatively small SDR (~2 Mb) was identified on chromosome 

7 presenting a male heterogametic system (XY) (Sanderson et al. 2020). The underlying 

mechanisms for sex determination in Salix remain unclear; however, there is a possibility 

of a shared mechanism of sex determination despite the dynamic turnover of sex 

chromosomes in Salicaceae species.  

Sex determination has also been investigated in Nepenthes pitcher plants (Scharmann 

et al. 2019). The species of this genus are all dioecious and carnivorous. Based on wild 

populations of males and females of three different species (N. pervillei, N. gracilis, N. 

rafflesiana), data supporting a male heterogametic system (XY) were presented. Two 

expressed sex-linked genes were identified: the homologs of the A. thaliana genes 

DYSFUNCTIONAL TAPETUM 1 (DYT1) and SEPALLATA 1 (SEP1); The first with important role 

in tapetum development and pollen fertility and the second as a regulator of floral organ 

identity. The DYT1 gene functions in the tapetum, similar to the male-promoting genes 

in kiwifruit and asparagus. This opens the possibility of sex determination via two genes, 

where DYT1 could function as the male-promoting factor. 

Silene latifolia, (white campion), is a widely studied species and a model for studying sex 

chromosome evolution. It presents heteromorphic sex chromosomes and a male 

heterogametic system (XY) (Blackburn 1923; Bernasconi et al. 2009; Kejnovsky and 

Vyskot 2010; Muyle et al. 2012). Over the years, several genes have been discussed as 

potential sex determining factors: S. latifolia X/Y-gene 1 (SIX/Y1), encoding a WD-repeat 

protein and likely involved in cell proliferation and SlX/Y4, encoding a fructose-2,6-

bisphosphatase (Atanassov et al. 2001); the floral organ identity gene APETALA 3 (SlAP3) 

(Cegan et al. 2010), which is specifically involved in the development of androecia, and 

orthologs of SHOOT MERISTEMLESS (STM) (named SlSTM1 and SlSTM2) and CUP-SHAPED 

COTYLEDON 1 (CUC1) and CUC2 (denoted as SlCUC) (Zluvova et al. 2006), both activators 

of cytokinin biosynthesis (Yang et al. 2019). The function of either of these genes 

remains to be tested. Recent deletion mapping in Silene (Kazama et al. 2016) improved 



 40 

the locations of the sex-determining loci on the Y chromosome and could help to 

identify candidate sex-determining genes for further testing.  

For details including other species, Supplementary Table 1 presents a more complete list 

with respective references. 

Summary of sex-determining genes in different dioecious plant species 

Although there are still numerous species of which the molecular and physiological 

mechanisms of sex determination remain elusive, the recent progress described above 

is remarkable and finally allows first comparative analyses. Despite multiple origins of 

dioecy, there might still be similar genes and pathways employed repeatedly for the 

independent evolution of dioecy. Such similarities can only be identified now that 

several systems can be analyzed together. 

Interestingly, a first tentative analysis revealed a remarkably high number of genes 

involved in cytokinin signaling (Table 1; Figure 4). Cytokinin is a plant hormone known to 

be important for gynoecium formation (Marsch-Martinez et al. 2012). This also becomes 

evident by exogenous application of cytokinin, which can initiate carpel development in 

several species, including grapes (Wang et al. 2013), persimmon (Yonemori et al. 1993) 

and kiwifruit (Akagi et al. 2018). In this regard it is noteworthy that in monoecious 

species plant hormones play an essential role in sex determination (West and Golenberg 

2018). For instance, in maize, flower development is connected to the jasmonic acid 

signaling pathway (Acosta et al. 2009), whereas in melon, ethylene appears to be the 

major player (Boualem et al. 2015). In dioecious species, hormones appear to influence 

sexual differentiation as well. For example, the sex switch ARR17 in poplar is a type-A 

cytokinin response regulator (Müller et al. 2020). Moreover, a network analysis 

identified the cytokinin pathway as an important component of flower development in 

persimmon (Yang et al. 2019). Interestingly, in species that determine sex via two genes, 

several of the genes encoding suppressors of female development (SuF) are involved in 

cytokinin signaling as well. These genes include, among others, SyGI in kiwifruit, which 

encodes a cytokinin response regulator (Akagi et al. 2018), the candidate gene LOG in 

date palm (Torres et al. 2018), which encodes a cytokinin-activating enzyme, and the 
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candidate gene APRT3 in grapes (Badouin et al. 2020), which encodes an enzyme 

involved in the inactivation of cytokinin. Finally, two cytokinin response regulators are 

located in the SDR of Ginkgo (Zhang et al. 2019). Together these data strongly suggest 

an important role of cytokinin signaling for sex determination (Figure 4). Despite the 

single-gene-based mechanism of sex determination in persimmon, it might be 

interesting to note that a cytokinin response regulator is located in the persimmon SDR 

as well (Akagi et al. 2014). Notably, the unified model (Figure 3) already indicates that 

the female suppressors may be closer to the genetic pathways found in monoecious 

species, thus explaining the potential excess of hormone-related genes.  

The male-promoting factors, on the other hand, appear to include several genes that act 

in tapetum formation and are thus much more directly involved in floral organ 

development (Table 1; Figure 4), which again appears consistent with the unified model 

of sex determination (Figure 3). The genes encoding the male promoters in kiwifruit and 

asparagus, i.e. FyBy and TDF1, respectively, and the candidate genes CYP and GPAT3 in 

date palm and DYT1 in Nepenthes all function in the tapetum potentially influencing male 

fertility. The putative male promoter in grapes (VviINP1) functions in pollen development 

and is thus also very directly involved in floral organ functioning, rather than in more 

general hormone signaling.  

Despite the small number of candidate sex-determining genes identified to date, there 

appear to be some overarching patterns. In species that determine sex via two genes, 

the male-promoting factors seem to act specifically in the androecium to allow 

functional male floral organ development. From the other candidate genes, including 

female suppressors and sex switches, several seem to function in similar hormone 

response pathways. The many cytokinin-related genes in different dioecious species 

(Table 1; Figure 4), suggest that cytokinin signaling may be especially important in the 

regulation of sex determination predestinating it for the evolution of dioecy. It will be 

exciting to extend the comparison with further sex-determining genes in the future to 

assess whether these first generalizations remain valid. 
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Table 1. Candidate genes for sex determination with or without functional validation in 

different dioecious plant species. 

Species Original 
gene name Function of ortholog/original name Species of ortholog Reference 

Actinidia deliciosa 
Shy girl ARABIDOPSIS RESPONSE REGULATOR 24 (ARR24) Arabidopsis thaliana 

Akagi et al. 
2018, 2019 Friendly 

boy FAS1 DOMAIN PROTEIN (FAS1) Nicotiana 
benthaminana 

Asparagus 
officinalis 

SOFF DOMAIN OF UNKNOWN FUNCTION 247 (DUF247)  Medicago truncatula 
Harkess et al. 
2017, 2020 

aspTDF1 DEFECTIVE IN TAPETAL DEVELOPMENT AND FUNCTION 1 
(TDF1) Arabidopsis thaliana 

Diospyros lotus MeGI HOMEODOMAIN LEUCINE ZIPPER CLASS (HD-Zip I) PROTEIN 
(HB40)  Hordeum vulgare Akagi et al. 

2014 

Fragaria virginiana  

Fragaria chiloensis 

GMEW GDP-MANNOSE 3,5-EPIMERASE 2 (GMEW) Not applicable 
Tennessen et 
al. 2018 

RPP0W 60S ACIDIC RIBOSOMAL PROTEIN P0 (RPP0W) Not applicable 

Ginkgo biloba 

gb_15883 ARABIDOPSIS RESPONSE REGULATOR 12 (ARR12) Arabidopsis thaliana 

Zhang et al. 
2019 

gb_15884 ARABIDOPSIS RESPONSE REGULATOR 2 (ARR2) Arabidopsis thaliana 

gb_15885 EARLY FLOWERING 6 (ELF6) Arabidopsis thaliana 

gb_15886 BRASSINOSTEROID-RELATED ACYLTRANSFERASE1 (BAT 1) Arabidopsis thaliana 

gb_28587 AGAMOUS-LIKE 6 (AGL6) Arabidopsis thaliana 

Nepenthes gracilis 

Nepenthes 
rafflesiana 

Nepenthes pervillei 

DYT1 DYSFUNCTIONAL TAPETUM 1 (DYT1) Arabidopsis thaliana 

Scharmann et 
al. 2019 SEP 1 SEPALLATA1 (SEP1) Arabidopsis thaliana 

Phoenix dactylifera 

CYP CYTOCHROME P450 HYDROXYLASE (CYP703A3) Oryza sativa 

Torres et al. 
2018 GPAT3-like GLYCEROL-3-PHOSPHATE ACYLTRANSFERASE 3-LIKE 

(GPAT3) Oryza sativa 

LOG LONELY GUY (LOG) Oryza sativa 

Populus tremula 

Populus alba 

ARR17 ARABIDOPSIS RESPONSE REGULATOR 17 (ARR17) Arabidopsis thaliana Müller et al. 
2020 

Silene latifolia 

SlAP3 APETALA 3 (AP3) Arabidopsis thaliana 
Cegan et al. 
2010 

SlSTM SHOOT MERISTEMLESS (STM) Arabidopsis thaliana Zluvova et al 
2006 SlCUC CUP-SHAPED COTYLEDON 1 and 2 (CUC1 / CUC2) Arabidopsis thaliana 

Salix purpurea SpRR9 
(ARR17) ARABIDOPSIS RESPONSE REGULATOR 17 (ARR17) Arabidopsis thaliana Zhou et al. 

2020 

Vitis vinifera 

VviINP1 INAPERTURATE POLLEN 1 (INP1) Arabidopsis thaliana 
Massonnet et 
al. 2020 APRT3 ADENINEPHOSPHORIBOSYL TRANSFERASE (APT3) Arabidopsis thaliana 

VviYABBY3 YABBY DOMAIN CLASS TRANSCRIPTION FACTOR (YAB1) Arabidopsis thaliana 
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Figure 4. Evolutionary relationship of dioecious species with known sex-determining genes or strong 
candidate genes for sex determination (based on Table 1). Marked with a green tick the species with 
genes that were functionally validated in the species, in pink the cytokinin-related genes and in blue the 
tapetum-related genes. The phylogenetic tree was built using phyloT v2: a tree generator (based on NCBI 
taxonomy)1. 

Conclusions and outlook 

Dioecy has evolved numerous times independently. Despite elegant theoretical models 

for the evolution of dioecy (Charlesworth and Charlesworth 1978; Renner 2016), only 

recently, powerful experimental work is providing empirical data for further assessing 

different possible trajectories (Harkess et al. 2017; Akagi et al. 2019; Harkess et al. 2020; 

Müller et al. 2020). These data highlight the diversity of sex-determining mechanisms 

and emphasize the need for considering more than just one theoretical model. 

A first tentative comparative analysis of sex-determining and candidate genes in 

different dioecious species suggests that similar genes and pathways may be employed 

repeatedly for the independent evolution of dioecy. Cytokinin-related genes appear to 

be important in sex determination of several dioecious species, irrespective of whether 

 
1 https://phylot.biobyte.de/ 
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sex is determined via one or two genes. Moreover, tapetum-related genes were 

identified as male-promoting factors in several two-gene systems.  

The expanding number of studies related to sex chromosome evolution and sex-

determining systems in crop plants may contribute to enhancing their agricultural value. 

Studies in model systems provide further important biological insights into 

chromosome evolution and the molecular mechanisms of flower development. Novel 

molecular techniques such as long read sequencing, transformation protocols or gene 

editing approaches are rapidly becoming available to support the identification of the 

sex-determining genes and the underlying genetic mechanisms leading to the evolution 

of dioecy. Thus, it is likely that several sex-determining systems will be resolved in the 

next couple of years. Furthermore, the pathway connecting these high-level regulators 

to floral phenotype is largely unknown, and work in this area is urgently required if we 

are to fully understand dioecy (Feng et al. 2020; Cronk and Müller, 2020). These data will 

allow exciting further generalizations and improve our understanding of the molecular 

control and the evolution of dioecy in flowering plants. 
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Abstract1 

Although hundreds of plant lineages have independently evolved dioecy, i.e. separation 

of the sexes, the underlying genetic basis remains largely elusive1. Here we show that 

diverse poplar species carry partial duplicates of the ARABIDOPSIS RESPONSE 

REGULATOR 17 (ARR17) ortholog within the male-specific region of the Y chromosome. 

These duplicates give rise to small RNAs apparently causing male-specific DNA 

methylation and silencing of the ARR17 gene. Excitingly, CRISPR/Cas9-induced mutations 

demonstrate that ARR17 functions as a sex switch triggering female development when 

‘on’ and male development when ‘off’. Despite repeated turnover events, including a 

transition from the XY to a ZW system, sex-specific regulation of ARR17 is conserved 

across the poplar genus and likely beyond. Our data reveal how a single-gene-based 

mechanism of dioecy can enable highly dynamic sex-linked regions and contribute to 

maintaining sex chromosome recombination and integrity. 

Main text 

Sexual reproduction is pervasive throughout nature and enhances the rate of 

adaptation2. Whereas gonochorism (unisexuality) is most common in animals, most 

plant species are hermaphrodites3. Although the separation of female and male flowers 

on different individuals, called dioecy, has evolved independently in diverse plant 

lineages hundreds if not thousands of times4, the genetic basis of the implied transitions 

remains largely elusive. The principal model assumes that two linked mutations on one 

chromosome, one affecting female and one male function, are necessary and initiate 

the formation of suppressed recombination and sex chromosome divergence5. Recent 

experimental data support this classic view6,7. A single-gene-based mechanism 

represents an intriguing alternative8 but has been difficult to unambiguously test9-11. 

Here we employ poplar (Populus) natural variation to resolve the genetic basis and the 

evolutionary trajectory of an ancient but highly variable system of sex determination. 

 
1Copyright: Müller et al. (2020). A single gene underlies the dynamic evolution of poplar sex 
determination. Nature Plants 6, 630-637. https://doi.org/10.1038/s41477-020-0672-9. Version of record in 
whole reproduced with permission from Springer Nature. 
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The genus Populus exhibits at least two distinct sex-determining regions (SDRs). While 

the SDR of the aspens P. tremuloides and P. tremula comprises the pericentromeric 

region of chromosome 19 (ref. 12) (Supplementary Fig. 1), the SDR of the balsam poplars 

P. trichocarpa and P. balsamifera spans only a small part of the distal end of the same 

chromosome13. Genome-wide association studies (GWAS) in balsam poplars13,14 

identified the highest number of sex-linked single nucleotide polymorphisms (SNPs) in 

a type-A cytokinin response regulator (Potri.019G133600), orthologous to the 

Arabidopsis gene pair ARABIDOPSIS RESPONSE REGULATOR 16 (ARR16) / ARR17. We 

subsequently refer to this gene as ARR17 for consistency with previous work. Using 

genome re-sequencing data13, we identified a male-specific duplication of exons 1-4 (Fig. 

1a), exactly coinciding with the sex-linked SNPs (Supplementary Fig. 2). Since the 

available P. trichocarpa reference genome is derived from a female individual15, reads 

from the male-specific partial ARR17 duplicates can only map to the ARR17 gene. 

Strikingly, P. tremula DNA-seq data16 also revealed male-specific partial ARR17 duplicates 

(Fig. 1b). This opens the exciting possibility of a shared mechanism of sex determination 

in aspens and balsam poplars despite 15 million years of independent evolution. 

 

Figure 1. Male-specific partial ARR17 duplicates arranged as inverted repeats are present in distantly 
related poplar species. (a, b) Mean normalized DNA-seq coverage of female (magenta line and shading) 
and male (cyan line and shading) (a) balsam poplars (P. trichocarpa and P. balsamifera) (n=52 biologically 
independent female samples and n=34 biologically independent male samples) and (b) European aspens 
(P. tremula) (n=12 biologically independent female samples and n=12 biologically independent male 
samples) in 100 bp windows along the ARR17 gene region of the respective reference genomes15,44. ARR17 
is depicted by a gray arrow; exons are indicated by black vertical lines. (c) Schematic representation of 
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the Y-chromosomal sex-determining regions (indicated in yellow) and the comprised male-specific partial 
ARR17 duplicates (blue arrows) derived from long-read assemblies of representative cottonwood (P. 
deltoides, upper panel) and aspen (P. tremula, lower panel) (Methods). In both cases, the male-specific 
partial ARR17 duplicates are arranged as inverted repeats and located immediately adjacent to previously 
reported sex-linked genes, i.e. HEMA1 (Potri.009G080600) in the cottonwood and TOZ19 
(Potri.019G047300) in the aspen. (d) Upper part: mean small RNA-seq coverage (solid black line) of n=7 
biologically independent male P. tremula samples along the Y-chromosomal ARR17 inverted repeat region 
of the new male P. tremula genome assembly (Methods). Shaded areas indicate the standard deviation. 
Alignments for the forward and reverse strands are shown above and below the line, respectively. Data 
are from two independent experiments. Lower part: estimated positional entropy for secondary RNA 
structures (Supplementary Fig. 4). Low entropy regions expected to form double-stranded RNA are 
marked by gray boxes. 

 

To elucidate the genomic structure of the male-specific partial ARR17 duplicates, we 

employed single-molecule long-read sequencing data, allowing us to assemble highly 

contiguous Y-chromosomal contigs. To this end we used publically available sequencing 

data of a representative cottonwood species (P. deltoides), which shares the genetic 

basis of sex determination with balsam poplars13, but also generated Oxford Nanopore 

data for a male aspen (P. tremula) clone. These assemblies revealed that the male-

specific partial ARR17 duplicates are located immediately adjacent to established sex-

linked genes13,17 and are arranged as inverted repeats (Fig. 1c). The inversely repeated 

structure suggested the possibility that double-stranded RNA (dsRNA) may be formed 

if the inverted repeats are actively transcribed. This dsRNA could then be processed into 

small interfering RNAs (siRNAs) that may affect expression of the ARR17 gene. In line 

with this, we identified male-specific non-coding transcripts of the ARR17 inverted 

repeat in aspens (Extended Data Fig. 1 and Supplementary Fig. 3). RNA folding 

prediction highlighted two regions of about 1,000 bp, corresponding to the two arms of 

the inverted repeat, expected to form dsRNA as indicated by very low entropy levels 

(Fig. 1d and Supplementary Fig. 4). Remarkably, small RNAs, and in particular 24-nt 

RNAs, precisely mapped to those two regions (Fig. 1d, Extended Data Fig. 2 and 

Supplementary Fig. 5,6). These small RNAs provide a potential link to the male-specific 

DNA methylation patterns of the ARR17 locus, which have been previously reported for 

P. balsamifera18 (Extended Data Fig. 3a). Newly generated bisulfite sequencing data of 

P. tremula males and females revealed male-specific methylation of the ARR17 locus in 

aspens as well (Extended Data Fig. 3b). Although the causal relationship remains to be 

experimentally tested in future studies, our data indicate that Y-chromosomal ARR17 
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inverted repeats apparently trigger RNA-directed DNA methylation (RdDM), which is 

known for mediating epigenetic gene silencing19. 

To explore whether silencing of ARR17 may in fact influence sex determination, we first 

analyzed ARR17 expression. Expression was minimal across various P. tremula tissues 

(Supplementary Note 1) but present in developing flower buds (Extended Data Fig. 4). 

Notably, this expression was limited to female clones, supporting the hypothesis that 

silencing of ARR17 may be important for male flower development. To experimentally 

test the role of ARR17 in poplar sex expression, we generated CRISPR/Cas9-mediated 

arr17 mutations in early-flowering male and female aspen lines. Excitingly, all female 

arr17 CRISPR plants developed functional stamens and mostly failed to develop carpels 

(Fig. 2, Extended Data Fig. 5 and Supplementary Table 1), confirming the feminizing role 

of ARR17. Additionally, these data demonstrate that ARR17 functions as a master sex 

switch triggering female development when ‘on’ and male development when ‘off’. In 

line with ARR17 being naturally silenced in males, the flowers of the male arr17 CRISPR 

lines did not show any difference compared to the controls (Supplementary Fig. 7). 

Although occasional hermaphrodite flowers occurred on masculinized arr17 lines 

(Supplementary Table 1 and Supplementary Fig. 7), similar to previously reported early 

flowering aspen males20, the complete sex switch of the majority of flowers rather than 

a reversion to hermaphrodites or neuters, as observed in Silene, asparagus or kiwi6,7,21, 

strongly argues for a single-gene sex-determining system. 

 

Figure 2. ARR17 represents a sex switch triggering female development when ‘on’ and male 
development when ‘off’. (a, b) Flowers of a female P. tremula (‘Brauna11’) early-flowering HSP::FT 
transgenic line with (a) the wild type ARR17 gene or (b) a CRISPR/Cas9-induced arr17 mutation. Photos 
show 40⨯ magnifications of selected flowers of representative four-month-old plants. Floral organs are 
indicated: St = stigma, Ov = ovary, An = anther. The experiment included five independent arr17 lines and 
was repeated twice with similar results. 
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White poplar (P. alba) represents an exception in the genus Populus as it exhibits female 

heterogamety, i.e. a ZW system of sex determination22. A sex chromosome turnover 

event must have occurred during the evolution of this species, changing the XY to a ZW 

system. We wondered whether a new gene acquired control of sex determination 

during this transition, or whether ARR17 retained its sex-determining function. To 

address this question, we set out to precisely localize the SDR of white poplar and to 

define the W chromosome-specific sequence. We first sequenced a group of female and 

a group of male P. alba clones. Scanning these data for hemizygous regions, i.e. W 

chromosome-specific sequences only present in ZW females but not ZZ males, 

highlighted a single genomic region on chromosome 19 missing in white poplar males 

(Extended Data Fig. 6). Remarkably, ARR17 is located exactly in the middle of this region. 

Sequencing and de novo assembly of a female P. alba clone yielded a W-chromosomal 

contig comprising three female-specific complete copies of ARR17 (Fig. 3a). Comparison 

of that W-chromosomal contig with the corresponding Z-chromosomal sequence (i.e. 

part of chromosome 19) showed that precisely this ARR17 region is deleted from the Z 

chromosome (Fig. 3b). Finally, SNPs differentiating the Z and W chromosomes indicated 

that the white poplar SDR may be just as small as the one of balsam poplars and may 

comprise less than 200 kbp (Fig. 3c). The male-specific deletion of ARR17, which we 

confirmed in 53 additional P. alba individuals (Supplementary Table 2), provides a simple 

explanation for the switch from male to female heterogamety. Instead of dominantly 

silencing ARR17 in trans by Y-chromosomal inverted repeats, loss of the ARR17 gene from 

the Z chromosome leads to a recessive inactivation in cis. 
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Figure 3. The ARR17 gene is deleted in white poplar males causing a switch from an XY to a ZW system. 
(a) DNA-seq coverage of a pool of seven female (magenta line and shading) and seven male (cyan line 
and shading) white poplar (P. alba) individuals in sliding windows (window=1,000 bp, step=500 bp) along 
the W-chromosomal contig of a new female P. alba genome assembly (Methods). Copies of the complete 
ARR17 gene are depicted as arrows. (b) Alignment of the W-chromosomal contig and the corresponding 
Z-chromosomal region of pseudo-chromosome 19 of P. alba. Forward and reverse alignments are shown 
as yellow and gray dots, respectively. The region entirely deleted from the Z chromosome is indicated by 
white background. (c) Number of ZW SNPs, exhibiting heterozygosity (i.e. allele frequencies between 40% 
and 60%) in the female pool but homozygosity in the male pool, in 100 SNP windows along chromosome 
19. The Z-chromosomal region from (b) is marked by gray shading. The dashed line indicates the 
chromosome-wide top 1% cutoff. 

 

Finally, having determined ARR17 as the master regulator of dioecy in Populus, we 

wanted to clarify the evolutionary trajectory of the different sex-determining regions 

and the turnover events that occurred during the more than 15 million years of poplar 

evolution. We therefore analyzed the sequences of the ARR17 gene and the ARR17 

inverted repeat in seven poplar species. For this we employed publically available 

genomic data but also our de novo assembled male P. tremula and female P. alba 

genomes and a P. tremuloides BAC clone sequence. A phylogenetic analysis revealed 

two independent origins of the ARR17 inverted repeat, one of which appears to predate 

poplar speciation (Fig. 4a). Additionally, one transition from male to female 

heterogamety (XY to ZW) can be observed (Fig. 4a,b). The results from the phylogenetic 

analysis are further supported by the genomic structure of the inverted repeats. The 

distantly related poplar species P. trichocarpa, P. deltoides, P. euphratica and P. pruinosa 

all harbor the partial HEMA1 sequence in the middle of the ARR17 inverted repeat, as 
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depicted in Fig. 1c. This indicates a common evolutionary origin dating far back in the 

evolution of the genus. The ARR17 inverted repeat in the aspens, on the other hand, has 

no similarity besides the inversely repeated arrangement of the partial ARR17 sequences, 

making a shared origin unlikely even in the potential event of gene conversion. The sex 

chromosome turnover events in Populus thus appear to be characterized by newly 

formed SDRs taking over sex determination, unlike the ‘jumping’ SDR of strawberries23. 

Nevertheless, the underlying molecular mechanism is preserved. Although independent 

formation of ARR17 inverted repeats seems unlikely at first, evidence for a special 

predisposition of this sequence to evolve is provided by the genome of the sister species 

Salix purpurea. An inverted repeat of the first half of ARR17 is also present in the Salix 

genome (Fig. 4a). However, this sequence is not sex-linked and likely non-functional24. 

Mechanistically this predisposition may be explained by retrotransposons within and 

around the ARR17 gene (Supplementary Note 2), which are known for their ability to 

mediate gene duplication25. Our results add to the growing evidence of the importance 

of sequence duplications in the evolution of sex determination6,26,27. 

 

Figure 4. Independently evolved sex-determining regions regulate ARR17 expression across the Populus 
genus. (a) Phylogeny of the ARR17 gene and ARR17 inverted repeat sequences from seven Populus and 
one Salix species analyzed by the Maximum Likelihood method. The two inverted repeat sequences are 
numbered (1) and (2) and marked by blue shading; ARR17 gene sequences are marked by magenta arrows. 
The left arm (1) of the ARR17 inverted repeat of P. tremula was excluded from the analysis because it is 
truncated. Numbers at the nodes indicate support values based on 1,000 bootstrap replications. Black 
vertical bars mark groups of species with different independently evolved sex-determining regions. (b) 
Schematic representation of the sex chromosomes of the three groups shown in (a). ARR17 inverted 
repeats on the male Y chromosome dominantly repress ARR17 expression in the P. trichocarpa and P. 
tremula groups. Deletion of the ARR17 gene from the male Z chromosome recessively inactivates ARR17 
and female development in P. alba causing the switch to a ZW system. 
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In summary, our data reveal ARR17 as a master regulator of sex determination across the 

poplar genus (Fig. 4b). ARR17 acts as a switch, reminiscent of the master regulators of 

sex in mammals and birds28. Whenever ARR17 is ‘on’, female development is initiated. 

Only when ARR17 is ‘off’, male development occurs. This switch can be either controlled 

directly, by a presence/absence mutation, or remotely via a putative sRNA/RdDM-based 

mechanism. Our results demonstrate that not only can a single segregating mutation be 

employed for the artificial generation of dioecy29,30 but also for the evolution of a natural 

system. ARR17 is a type-A response regulator implicated in negative regulation of the 

plant hormone cytokinin31. Plant hormones have well established roles in floral 

development and the regulation of monoecy32. A transition from monoecy to dioecy 

while maintaining the underlying genetic pathways for unisexual flower development 

would be an intriguing explanation for the single-gene based mechanism and the 

apparent lack of suppressed recombination. 

Remarkably, genomic data of basket and purple willows (Salix viminalis and S. purpurea, 

respectively) also highlighted W chromosome-specific ARR17 homologs24,33, indicating 

that the molecular basis of sex determination may predate the split of the two genera 

Populus and Salix. Considering their evolutionary distance34, the initial sex chromosomes 

would have had more than 60 million years to evolve suppressed recombination and 

genetic divergence as predicted by evolutionary theory5,35. Instead, Salicaceae sex 

chromosomes are highly dynamic and appear to stay ever young. The single-gene-based 

mechanism facilitating frequent sex chromosome turnover likely represents part of 

their ‘fountain-of-youth’. Together with the lack of sexual conflict minimizing selection 

for sexual dimorphism14,36, poplar sex chromosomes circumvent runaway expansion of 

the sex-determining region. Similar evolutionary patterns may more generally 

contribute to the surprising abundance of ‘young’ plant sex chromosomes6,13,26,37-40. 

Recent sex chromosome divergence and even different heterogametic systems do not 

exclude conservation of the underlying molecular mechanism. The highly dynamic sex-

determining regions and the lack of suppressed recombination in Populus highlight a 

striking alternative for sex chromosome evolution compared to the established 

theoretical frameworks35. The genetic elucidation of dioecy in further species will allow 

exciting comparisons and will reveal how different systems may impact species 

evolution. 
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Methods 

Plant material, growth conditions and phenotyping 

For phenotyping sexual floral organs in plants with and without CRISPR-induced arr17 

mutations, we used the early-flowering male P. tremula clone ‘W52’ (ref. 41). Additionally 

we transformed the female P. tremula clone ‘Brauna11’ with the previously described 

HSP::FT transgene20 kindly provided by O. Nilsson. To induce early flowering, we used a 

protocol described before41. In short, in vitro-grown plants were transferred to soil and 

cultivated under 16/8 hours light/dark and 22/17 °C temperature cycles for 1.5 months. FT 

expression was then activated by heat-shocking the plants for 2 hours at 40 °C every 

morning for four weeks. Finally, plants were grown under cold conditions (16/8 hours 

light/dark and 12/6 °C temperature cycles) for up to two months to allow development 

of fertile flowers. Especially anther development largely fails under heat shock 

conditions. All plants were randomized and shuffled within the growth chambers. They 

were watered daily and repotted and fertilized when necessary. Flowers were 

phenotyped using a Zeiss binocular microscope. Pollen viability was assessed using 

Fluorescein diacetate (FDA) staining as described previously41,42. 

Mapping re-sequencing data of balsam poplars and aspens 

Re-sequencing data from P. trichocarpa/P. balsamifera and P. tremula were downloaded 

from NCBI’s SRA BioProjects PRJNA276056 and PRJNA297202, respectively (see 

Supplementary Table 3 for detailed information)13,16. Reads were trimmed using 

Trimmomatic v0.35 (ref.43) with the following parameters: ILLUMINACLIP: TruSeq3-PE-

2.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. Trimmed paired 

reads were mapped to the according reference genome (Potri v3.0 and Potra v2.2, 

available on phytozome.jgi.doe.gov and popgenie.org, respectively)15,44 using Bowtie2 

v2.3.2 with default parameters45.  
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Re-sequencing of female and male aspen and white poplar pools 

Pool-sequencing of the two aspen species has been described before17. For the white 

poplar P. alba pool-seq we followed the same strategy. DNA of seven female and seven 

male genotypes was pooled in equal amounts. Illumina sequencing libraries were 

prepared and 150 bp paired-end sequencing was performed on the Illumina HiSeq2000 

platform by GATC (GATC Biotech GmbH, Konstanz, Germany). 

Genome-wide association study (GWAS) for sex in the Swedish Aspen 

collection 

The sex of 75 genotypes of the Swedish Aspen (SwAsp) collection46 was determined 

using the second TOZ19 PCR marker previously reported17 (Supplementary Table 4). 

Briefly, leaf material was collected from mature leaves of three clonal replicates per 

genotype. The test was confirmed as accurate in our aspen populations by examining 

flowers under a hand lens from 39 aspen trees in comparison to the same replicated PCR 

test in an outgroup of mature, flowering aspen trees sampled around Umeå, Sweden. 

Re-sequencing data47 was mapped against the new male P. tremula genome assembly 

(see below) and SNP calling and filtering was performed as detailed before47. Genome-

wide association mapping was conducted using GEMMA v 0.98.1 (ref. 48) following the 

methods described previously47 and with sex used as a binary phenotype. Significant 

associations were determined using a 5% false discovery rate (qvalue) calculated using 

the function in the qvalue package in R49. 

Genome sequencing and de novo assembly  

1) Male P. tremula ‘W52’ (with HSP::FT transgene) 

DNA for Oxford Nanopore long-read sequencing was extracted using the CTAB method 

with a sorbitol pre-wash50. Importantly, lysis was done for one hour at 56 °C instead of 

65 °C. Phase separation with chloroform:isoamyl alcohol was performed twice, 

precipitation was done by adding 0.66 volumes of ice-cold isopropanol. The extracted 

DNA was further processed by a subsequent cleanup step using an optimized SPRI 
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beads solution51. As a final step, we removed short DNA fragments by employing the 

Short Read Eliminator Kit (Circulomics Inc, Baltimore, MD, USA) according to the 

manufacturer’s instructions. DNA for Illumina sequencing was extracted as previously 

described52. Illumina 350 bp insert sequencing libraries were prepared and sequenced 

on the Illumina HiSeq2000 platform by Novogene (Novogene Europe, Cambridge, UK). 

All long-read sequencing was done with Oxford Nanopore kits and devices (Oxford 

Nanopore Technologies, Oxford, UK). The sequencing library was prepared using the 

Ligation Sequencing Kit (SQK-LSK109) following the manufacturer’s instructions, with 1 

µg of DNA as input and an extended adapter ligation step of one hour. We used R9.4.1 

MinION Flow Cells primed with the Flow Cell Priming Kit (EXP-FLP002). Sequencing was 

performed on a MinION Mk1B device (MIN-101B) connected to a MinIT computer (MNT-

001). Each flow cell was run for 48 hours. We used the MinIT software version 19.06.8 

and selected accurate basecalling using the guppy ‘flip-flop’ mode, which produces 

higher read and consensus accuracy53. Reads generated with the older MinIT software 

version (19.01.1) not including the accurate basecalling option were re-basecalled on the 

MinIT GPUs using guppy v3.0.6. 

Sequencing data (fastq-files) of two runs were assembled with Canu v1.8 (ref. 54) using 

default settings, except ‘useGrid=false’. The input data consisted of 1.13 million reads 

totaling 21.06 Gbp. The initial assembly was polished by two rounds of Pilon55 using 60⨯ 

150 bp paired-end Illumina data of the same individual, which was trimmed using 

Trimmomatic v0.35 (ref. 43) with the following parameters: ILLUMINACLIP: TruSeq3-PE-

2.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20 MINLEN:50. The resulting 

genome assembly was slightly inflated with a size of 605 Mbp. Estimates based on flow 

cytometry are around 480 Mbp34. This inflation appears to be due to haplotype splitting. 

A coverage analysis with the Purge Haplotigs pipeline56 revealed a substantial amount 

of contigs representing single haplotypes. A BUSCO v3.0.2 analysis57 with AUGUSTUS v 

3.3.2 corroborated this indication but also demonstrated a high level of genome 

completeness: C:95.4% [S:51.0%,D:44.4%], F:0.8%, M:3.8%, n:1440. Also, the assembly 

contiguity was relatively high with a contig N50 of 1.26 Mbp. 
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We removed haplotypic contigs with the Purge Haplotigs pipeline56. To produce 

reference-guided pseudochromosomes we employed RaGOO58 together with the 

chromosome-level female P. tremula ‘Asp201’ assembly44. 

2) Female P. alba ‘14P11’ 

DNA extraction and sequencing was performed as described above for the male P. 

tremula individual. This time we additionally performed a nuclease flush after 24 hours 

of sequencing following the protocol available from Oxford Nanopore Technologies. 

This generated 1.15 million reads totaling 18.66 Gbp, which were again assembled using 

Canu v1.8 (ref. 54) and polished by two rounds of Pilon55. This assembly was 548 Mbp 

with a contig N50 of 836 kbp. Since heterozygous SNP frequencies along the genome 

will be confounded by split haplotypes, we ran the Purge Haplotigs pipeline56 to remove 

haplotypic contigs. To produce reference-guided pseudochromosomes we employed 

RaGOO58 together with the chromosome-level female P. tremula ‘Asp201’ assembly44. 

The resulting assembly had a size of 365 Mbp with a contig N50 of 1.89 Mbp. 

Interestingly, the gene space completeness, as assessed by BUSCO, remained almost 

identical – initial assembly: C:95.4% [S:66.6%,D:28.8%], F:0.8%, M:3.8%, n:1440; purged 

assembly: C:94.6% [S:81.5%,D:13.1%], F:1.1%, M:4.3%, n:1440. 

For visualizing the global alignment of two sequences, e.g. the Z- and W-contigs, we 

used MUMmer 3 (ref. 59) employing the mummer and mummerplot programs. 

3) Male P. deltoides ‘ILL101’ 

To explore the genomic structure of the male-specific region of the Y chromosome 

(MSY) of P. deltoides, we downloaded PacBio and Illumina sequencing data of clone ILL-

101 from NCBI’s SRA (BioProject: PRJNA443297). These sequence data were produced 

by the US Department of Energy Joint Genome Institute http://www.jgi.doe.gov/ in 

collaboration with the user community. We assembled and polished the genome as 

described above, using Canu and Pilon. Here we only describe the contig containing the 

MSY (Supplementary Data 1), since whole-genome analyses are reserved under the JGI 

data usage policy.  
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Bisulfite-sequencing and methylation analysis 

Whole-genome bisulfite sequencing of P. balsamifera has been described before18. 

Briefly, 125 bp paired-end sequences were quality and adapter trimmed, aligned to the 

P. trichocarpa reference genome (v3.0), and 5-methyl cytosine methylation was 

calculated as percentage relative to all cytosines per position. Only reads with a mapping 

quality (MQ) above 30 were considered to ensure that only the actual ARR17 locus and 

not the partial duplicates are represented. Reads originating from the partial duplicates 

exhibit mapping quality scores below 30.  

For P. tremula, methylation levels were estimated using bisulfite sequencing data of six 

individuals from the Swedish Aspen (SwAsp) collection46. All individuals were bisulfite 

sequenced using two biological replicates per individual on an Illumina HiSeq X 

instrument using paired-end libraries with 300 bp insert sizes. The sequencing was 

performed at the National Genomics Infrastructure facility at Science for Life Laboratory 

in Uppsala, Sweden. Samples were sequenced to an average depth of 60⨯ as 

approximately 50% of the bisulfite sequencing data cannot be mapped uniquely due to 

excessive damage induced by the bisulfite treatment. Raw sequencing reads were 

trimmed using trimGalore v. 0.4.4 (https://github.com/FelixKrueger/TrimGalore), a 

wrapper around Cutadapt60 and FastQC61, using a paired-end trimming mode and 

otherwise default settings. Polymorphic substituted versions of the P. tremula v2.2 

assembly were created for all samples separately to ensure as accurate methylation calls 

as possible. Trimmed reads for all individuals were mapped against the corresponding 

converted reference genomes using Bowtie2 (ref. 45) and optical duplicates were 

subsequently removed from the BAM files. Finally, methylation levels were called and 

extracted using Bismark62. Coverage-files were filtered for low (< 5) and high (> 44) 

coverage observations to remove spurious results due to low coverage or collapsed 

duplicate genomic regions, respectively. Following filtering, coverage files for all 

samples were merged and the different contexts of methylation (GpG, CHG and CHH) 

were extracted from the Bismark context files.  
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sRNA- and mRNA-sequencing 

Plant material for sRNA and mRNA analysis was obtained from tissue culture-grown 

plants. Three to five plants per jar were collected and snap frozen in liquid nitrogen after 

cleaning any media and stored in -80 °C until further use. The frozen material was 

pulverized using a pestle and mortar in liquid nitrogen and the powder was immediately 

used for RNA extraction. RNA was extracted using a modified version of Chang et al.63 

as detailed previously64, and the Qiagen RNeasy Kit. The final elution of the modified 

Chang et al. protocol was performed using RLT buffer from the RNeasy kit and the kit 

instructions were then followed to perform additional RNA cleanup, including DNase 

treatment, to obtain total RNA to be used for RNA-Seq library construction. The first 

elution was kept as this contained the short RNA fraction. This first elution flow through 

was added with 0.65 volumes of absolute ethanol, mixed thoroughly and loaded onto 

Qiagen MinElute columns. The manufacturer’s instructions were then followed to 

obtain clean short RNAs, which were subsequently used to construct sequencing 

libraries. RNA was quantified using a Qubit fluorometer (Thermo Fisher Scientific), 

purity was checked using a Nanodrop and RNA integrity was determined using an 

Agilent Bioanalyzer using the plant specific protocol for calculating an RNA Integrity 

Number (RIN). All samples had RIN > 8. 

Illumina mRNA-Seq and sRNA-Seq library construction was performed by Novogene 

(Novogene Europe, Cambridge, UK). Strand-specific mRNA-Seq libraries were produced 

using standardized procedures that included mRNA isolation, subsequent degradation, 

first strand cDNA synthesis using random hexamer primers, second strand cDNA 

synthesis and subsequent terminal repair, sequencing adapter ligation and size 

selection. The prepared library was sequenced as 2x150 bp reads with an insert size of 

~300 bp on a Novaseq 6000 to a target depth of 10 million paired-end reads per sample. 

sRNA-Seq libraries were produced using the Illumina Small RNA Sample Pre kit and 

sequenced as 50 bp reads with an insert size of ~40 bp on a Novaseq 6000 to a target 

depth of 10 million reads per sample. For both datasets sequencing reads were filtered 

before alignment using the Novogene standard pipeline that, briefly, removes reads 

containing adapters (mRNA-Seq) or trims adapters (sRNA-Seq), removes reads 

containing > 10% N and reads where > 50% of bases have Qscore < 5. For sRNA-Seq, 
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additionally reads with 5' primer contaminants, reads without 3' primer or the insert tag 

and reads with polyA/T/G/C are removed. 

mRNA-sequencing data was aligned to the male P. tremula 'W52' genome assembly (see 

above) using STAR v2.6.1d (ref. 65). Gene level read counts were estimated using HTSeq 

v0.11.2 and coverage values were obtained from STAR by using the `--outWigType 

bedGraph` flag. sRNA-sequencing data was aligned to the male P. tremula 'W52' genome 

assembly (see above) using Bowtie v1.2.3 allowing for zero mismatches against the 

reference and a maximum of 100 multimapping locations for each read. RNAfold v2.4.14 

from the Vienna RNA package66 was used to analyze the folding dynamics of the ARR17 

inverted repeat. The CENSOR tool67 on the giri Repbase website was used for repeat 

annotation of the “TOZ19/ARR17 inverted repeat region”. The Integrative Genomics 

Viewer (IGV)68 was used for visualization of RNA-Seq mappings. 

Counts for sequenced and mapped read are given in Supplementary Table 5 and 6 for 

mRNA and sRNA-sequencing, respectively. 

Expression analysis of ARR17 in aspen flower buds 

Young aspen (P. tremula) flower and leaf buds were collected in the field at the Thünen 

Institute of Forest Genetics on September 12, 2019, from four female and four male 

genotypes. Flower buds could be easily distinguished from leaf buds by their round 

shape. Bracts, which severely compromised subsequent RNA extraction, were quickly 

removed before freezing the samples in liquid nitrogen. The dissected flower buds 

yielded tiny catkins (with a length of about 5-10 mm) with the individual flowers and 

even the floral organs already visible under a binocular microscope.  

RNA was extracted with the Spectrum Plant Total RNA Kit (Sigma-Aldrich Chemie GmbH, 

Munich, Germany) according to the manufacturer’s manual using ‘Protocol B’ including 

the On-Column DNase I Digestion Set step. RNA was quantified using a Nanodrop 1000 

spectrophotometer (Peqlab Biotechnologie GmbH, Erlangen, Germany), and RNA 

quality was assessed by OD260/OD280 and OD260/OD230 ratios and by native agarose 

gels. cDNA was synthesized from 2 µg of RNA using Oligo(dT)20 primers and SuperScript 
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IV reverse transcriptase (Invitrogen) following the manufacturer’s user guide, using 10 

µl reactions without RNaseOUT.  

qRT-PCR reactions were run in triplicates on a CFX96 Touch Real-Time PCR Detection 

System (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) using the SsoAdvanced 

Universal SYBR Green Supermix and a two-step PCR program with an 

annealing/extension temperature of 60 °C. Melting curve analysis was carried out to 

confirm the specificity of the amplification. Calibration curves using a dilution series of 

the cDNA were made to confirm that PCR amplification efficiencies for each quantified 

gene were between 95 and 100%. Relative expression levels were calculated using the 

delta CT method69. Primers are given in Supplementary Table 7. 

CRISPR/Cas-induced mutations 

We employed the CRISPR/Cas9 system to generate arr17 mutations. Guide RNAs 

(gRNAs) were designed using the CRISPR-P v2.0 web tool70. We selected two highly 

ranked gRNAs mapping to two different ARR17 exons: gRNA1: 

GCAGTGACCACAGCAGAAAA; gRNA2: TACCATGAAGGAGATACCGG. These gRNAs were 

cloned by DCS (DNA Cloning Service, Hamburg, Germany) into a binary vector with a 

35S-driven Cas9 nuclease under the control of the Arabidopsis thaliana U6 promoter 

(p6ioR-35sCasWT). This construct was transformed into the Agrobacterium tumefaciens 

strain GV3101-pMP90RK, which we then used for plant transformation. We transformed 

poplar explants following the established leaf disc method71. CRISPR mutations were 

determined by Sanger sequencing of the two target sites. Primers are given in 

Supplementary Table 7. In all but one line both alleles were mutated. The type of 

mutations ranged from single nucleotide insertions or deletions to more complicated 

rearrangements (Supplementary Table 8). 

BAC clone sequencing 

 Isolation of BAC clone 1D3, containing the ARR17 inverted repeat, was based on 

screening of a P. tremuloides BAC library72. The BAC library (55,296 clones, 8⨯ haploid 

genome equivalents) was spotted on Hybond N+ membranes (GE Healthcare, Freiburg, 

Germany). Screening of the library was performed using a DIG-dUTP PCR partial-labelled 
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probe. Probe amplification was carried out using the Roche DIG DNA Labelling Kit 

(Merck, Darmstadt, Germany) according to manufacturer’s instructions with genomic 

DNA of Turesson141 and the TOZ19-specific primers (Supplementary Table 7). Seven BAC 

clones were identified, four of which could be confirmed via TOZ19 PCR. BAC DNA was 

isolated from overnight cultures using the Ψ Clone BAC DNA-Kit (Princeton Separations, 

Adelphia, USA). 

The BAC DNA was sequenced on an Ion Torrent Personal Genome Machine (PGM) 

Sequencer. All used devices and consumables were from Life Technologies, USA. 100 ng 

of DNA were used to prepare an IonXpress_001 (CTAAGGTAAC)-barcoded sequencing 

library with the Ion Xpress Plus Fragment Library Kit following Ion Torrent PGM 

protocol. An equimolar library pool of 25 pM was amplified and enriched on the Ion 

OneTouch 2 System using the Ion PGM Template OT2 400 Kit. The sample was loaded 

onto one PGM Ion 314 Chip v2 and sequenced using the Ion PGM Hi-Q Sequencing Kit 

according to manufacturer’s protocol.  

Bioinformatic analyses were performed using CLC Genomics Workbench v.7.0.4 

(QIAGEN Bioinformatics, Aarhus, Denmark). After removing duplicates with the 

“remove duplicates reads”-plugin, adapter sequences were trimmed using the “trim 

sequences”-tool with default parameters. Resulting reads were assembled using the 

“de novo assembly”-tool with default parameters. The resulting contig that included 

part of TOZ19 and two inversely repeated fragments of ARR17 was further extended 

based on terminal sequence overlaps with two other contigs. The resulting sequence 

was refined by three rounds of mappings of the trimmed reads using the “map reads to 

reference”-tool with default parameters but with a length fraction of 0.97 and a 

similarity fraction of 0.99 and subsequent consensus sequence calling with the “extract 

consensus sequence”-tool. 

Variant calling 

To call putatively heterozygous SNPs in the P. tremula, P. tremuloides and P. alba pool-

sequencing data, which are expected to differentiate the two sex chromosomes in the 

heterogametic sex, we marked duplicates with the MarkDuplicates (Picard) tool and 

produced gVCF files using the GATK HaplotypeCaller. The gVCF files were jointly called 
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using the CombineGVCFs and GenotypeGVCFs tools73. The final VCF file was filtered 

using the R package vcfR74. Only bi-allelic variants with a minor allele frequency of 5% 

were kept. Additionally, all variants with a coverage below the 0.1 or above the 0.9 

quantile of the respective pool were excluded. The remaining variants were screened 

for putative sex-specific heterozygous variants with allele frequencies between 40% and 

60% in the heterogametic and 0% or 100% in the homogametic sex. 

Phylogenetic analysis 

For the phylogenetic analysis, we extracted the ARR17 gene sequences from published 

genome assemblies: Potra v1.1 for P. tremula34, PopEup v1.0 for P euphratica75, draft 

assembly for P. pruinosa76, Potri v3.0 for P. trichocarpa15, WV94 v2.1 for P. deltoides and 

v1.0 (Clone 94006) Scaffold0922 for Salix purpurea (the P. deltoides and S. purpurea 

sequence data were produced by the US Department of Energy Joint Genome Institute 

http://www.jgi.doe.gov/ in collaboration with the user community). The ARR17 gene 

sequence of P. tremuloides is represented by the consensus sequence of the female 

pool-seq data (see above) mapped against Potri v3.0. The ARR17 gene sequences of P. 

alba is represented by the consensus of the three W-chromosomal copies of our new 

‘14P11’ genome assembly (see above). We extracted the ARR17 inverted repeat 

sequences from the same published genome assemblies for P. euphratica and P. 

pruinosa. The P. tremuloides sequences were extracted from the BAC clone described 

above. The P. tremula sequence was taken from our new male ‘W52’ assembly and the 

P. deltoides from an ILL-101 assembly (see above). Finally, the P. trichocarpa inverted 

repeat was extracted by mapping all male re-sequencing data13 (Supplementary Table 

3) against the Potri v3.0 genome complemented with the contig representing the P. 

deltoides MSY (Supplementary Data 1). From these mappings we called SNPs as 

described above and filtered the resulting vcf file for variants with an alternative allele 

frequency above 50%. We then used the bcftools consensus command to apply those 

variants to the P. deltoides sequence. 

All sequences were trimmed to the left half of ARR17 of P. trichocarpa (v3.0) starting 

with the ATG and ending at position 1500. The resulting sequences can be found in 

Supplementary Data 2. The subsequent alignment with MUSCLE and phylogenetic 
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analysis inferred by the Maximum Likelihood method based on the Tamura-Nei model77 

were done using MEGA7 with 1,000 bootstrap replications and including indels (“use all 

sites” option) with otherwise default parameters78. 

Data analysis and visualization 

All additional data analyses and visualization were done in R79. The following packages 

were used: Rsamtools, GenomicAlignements80, seqinr81 and ggplot282. 

Data availability 

DNA- and RNA-seq data have been deposited in NCBI’s SRA under the accession number 

PRJNA542603. Genome assemblies have been deposited at 

ftp://plantgenie.org/Publications/Muller2019/. 
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Abstract 

Suppressed recombination if often defined as a hallmark of sex chromosome evolution. 

However, its role in sex chromosomes with low levels of differentiation and small sex-

determining regions (SDR) remains largely unexplored. In this study, we assessed the 

potential suppression of recombination along the white poplar SDR. To this end, cleaved 

amplified polymorphic sequences (CAPS) markers were placed flanking the edges of the 

SDR and analyzed in an F1 mapping population. This analysis highlights a possible allelic 

incompatibility between Z1 and W. Hemizygosity of the W-specific poplar sex-

determining gene ARR17 may cause the recombination suppression between Z and W in 

the single-gene sex-determining system. 

Introduction 

More than a century has passed since genetic sex determination (i.e. sex chromosomes) 

was discovered (Allen, 1917; Stevens, 1905; Wilson, 1905). Yet, interesting questions 

about sex chromosome evolution remain open, especially how they evolve over time 

and what drives this process. 

Sex chromosomes are chromosomes that carry sex-determining regions (SDRs) of 

varied differentiation (Hobza et al., 2018). Theory indicates that selection against 

recombination results in a nonrecombining region necessary to maintain the 

coinheritance of two sex-linked genes, which in turn are responsible for sequential 

mutations affecting female and male fertility, as per the two-gene model for the 

evolution of dioecy (Charlesworth and Charlesworth, 1978). The linkage of the two sex-

determining genes is the starting point for recombination suppression in the SDR, which 

blocks the exchange of genetic material between the heterogametic chromosomes 

(Stapley et al., 2017). Recombination suppression is expected to spread over time and 

lead to chromosome differentiation (i.e. sequence divergence and accumulation of 

repetitive sequences) and degeneration (i.e. deletion of genes). However, empirical 

data show that SDRs and sex chromosomes can be highly variable (Furman et al., 2020). 

In case of single-gene sex determination, the SDR might differ by only a single nucleotide 

polymorphism (SNP) (Kamiya et al., 2012). On the other hand, SDRs can also present 

larger differences, for example, due to chromosomal rearrangements such as 
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translocations, inversions, duplications or transposable elements (TEs) that accumulate 

near the sex-determining locus (Charlesworth et al., 2005; Furman et al., 2020; Stapley 

et al., 2017). There are different scenarios in which suppressed recombination may 

develop and the rates of recombination may vary between species and between and 

within sex chromosomes (Rifkin et al., 2021; Sardell and Kirkpatrick, 2020; Stapley et al., 

2017). Sex-determining regions recently formed are often small, but they can occur 

within larger non-recombining regions (Charlesworth, 2021). These regions can remain 

small over long evolutionary times (Renner and Müller, 2021), or evolve to large regions 

where recombination is suppressed, following the theoretical prediction (Charlesworth, 

2021). 

Experimental evidence is highlighting an increasing number of exceptions to the classic 

views. There are various dioecious plant species (e.g. asparagus, grapevine, poplar, 

strawberry or willow) that exhibit a near lack of genetic differentiation between the two 

sex chromosomes, which is often interpreted as evidence for the evolutionary young 

age of these sex chromosomes (Fechter et al., 2012; Geraldes et al., 2015; Pucholt et al., 

2017; Tennessen et al., 2018). While this may be true in some cases, e.g. the garden 

asparagus (Harkess et al., 2017), a meta-analysis revealed that there is no correlation 

between the size and the age of plant SDRs (Renner and Müller, 2021). In fact, an 

alternative evolutionary trajectory of sex chromosome evolution where a single gene 

suffices to control dioecy (Akagi et al., 2014; Müller et al., 2020), suggests that selection 

against recombination may not always be necessary – “the two-gene model with male 

sterility followed by a female suppressor was proposed in order to understand why 

recombination often becomes suppressed in genome regions carrying sex-determining 

loci” (Charlesworth, 2019). Single-gene systems, however, rely on co-expression instead 

of coinheritance to define sexual development (Golenberg and West, 2013; Leite 

Montalvão et al., 2021; Renner and Müller, 2021; Yang et al., 2019). 

The genus Populus is comprised of dioecious tree species with homomorphic sex 

chromosomes. Genome sequencing and linkage mapping revealed a strikingly diverse 

genetic architecture of sex determination in Populus, with independently evolved SDRs 

with different sizes and in different genomic locations (Geraldes et al., 2015; Kersten et 

al., 2014; Müller et al., 2020; Yang et al., 2021). For instance, although balsam poplars and 

aspens exhibit male heterogamety (XY system), the SDR of P. trichocarpa Torr. & A. Gray 
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and P. balsamifera L. is small (100 kb) and positioned at the beginning of chromosome 

19, (Geraldes et al., 2015), while the aspens P. tremula L. and P. tremuloides Michx. 

present a larger SDR (~1 Mb) located in a pericentromeric region of chromosome 19 

(Kersten et al., 2014; Müller et al., 2020). Conversely, a turnover event gave rise to a 

female heterogametic system (ZW system) in the white poplar P. alba L. which presents 

a small (~200 kb) centrally located SDR also on chromosome 19 (Müller et al., 2020; 

Paolucci et al., 2010; Yang et al., 2021). Importantly, sex determination in both the XY 

and ZW systems rely on ARR17 expression (Müller et al., 2020). In poplars with XY 

systems, Y-specific partial ARR17 duplicates apparently trigger RNA-directed DNA 

methylation (RdDM) mediating silencing of the ARR17 gene (Müller et al., 2020). On the 

other hand, in ZW systems, the male-specific absence of ARR17 from the Z chromosome 

mediates sex determination. Comparing these contrasting systems from closely related 

species can provide insights regarding the evolution of the SDRs and suppression of 

recombination in the genus Populus. 

Here, we explore the potential recombination suppression along the SDR of the white 

poplar P. alba. Using re-sequencing data from the male and female parents and a 

reference genome assembly we developed markers flanking the SDR to determine the 

recombination frequencies and segregation patterns in an F1 mapping population. We 

also examine how these correlate with the evolution of the SDR in this species. Our 

results highlight that suppressed recombination occurs in the heterogametic parent 

(ZW) only in a small region, where the W-specific sex-determining gene ARR17 is located. 

Material and methods 

Plant material 

Genomic DNA (gDNA) from the F1 population was used to assess recombination 

frequencies and the potential of recombination suppression in white poplar SDR. The F1 

population is a result from the cross between 14P11 (female parent) × 6K3 (male parent) 

and consisted of 60 individuals, which have their sex phenotypically identified as either 

male or female. 
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Re-sequencing of white poplar and SNP calling 

The genomes of the female (14P11) and male (6K3) parents of white poplar were re-

sequenced using next generation sequencing (NGS). Libraries were generated by 

Novogene (Novogene (UK) Company Ltd., Cambridge, UK) and whole-genome 

sequenced to a depth of 60x and 30x, respectively, using the Illumina HiSeq platform 

and paired end reads (PE 2 x 150 bp). The reads were filtered to remove ffffadapters, 

reads containing bases that cannot be determined (N>10%) and low-quality reads 

(Qscore ≤ 5). The quality of the raw reads was assessed using FASTQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Following that, reads 

were trimmed using Trimmomatic (Bolger et al., 2014) with the following parameters: 

ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 

MINLEN:36. The reads from 14P11 and 6K3 were mapped to a female P. alba 14P11 

assembly (Müller et al., 2020). The SNPs were identified using GATK (McKenna et al., 

2010) and filtered based on read depth (DP) to exclude low coverage variants. To reach 

a normal distribution, the DP was set to a minimum of 30 and a maximum of 100 for both 

clones using the R package vcfR (Knaus and Grünwald, 2016). 

Marker development, PCR, and agarose gel genotyping 

Cleaved amplified polymorphic sequences (CAPS) markers were designed to flank the 

SDRs of each parent using a custom R script to select heterozygous (i.e. 1/0 or 0/1) single 

nucleotide polymorphisms (SNPs) for one parent and homozygous (i.e. 1/1 and 0/0) for 

the other. The CAPS markers allow simple genotyping of the progeny using PCR, 

enzymatic digestion, and agarose gels. Essentially, in the case of the heterozygote SNP, 

two (sometimes three) different PCR products will be obtained, because they are 

cleaved by the restriction enzymes in specific sites. When fractionated by gel 

electrophoresis, the PCR products digested by the restriction enzyme gives readily 

distinguishable patterns. Comparing the markers placed on the same chromosome for 

a given sample means that whenever the two markers show differences a 

recombination event took place between the two markers. 

The PCR experiments were performed in 10 µl reactions. Primer sequences and 

respective restriction enzymes are given in Table 1. For all PCR reactions, 100 ng of gDNA, 
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200 µM of dNTP, primers at 0.10 µM and 1 unit of Taq polymerase were used. The PCR 

started with a 3 min denaturation at 95 °C, followed by 40 cycles of 20 sec denaturation 

at 95 °C, 30 sec annealing at 53 °C or 55 °C (depending on the primer pair), 1 min extension 

at 72°C and a final extension of 10 min at 72 °C. Restriction enzyme digestion for each 

primer pair was performed at 37 °C for 1 hour. Following that, all PCR products were 

checked by gel electrophoresis at 70 volts for 2 hours using a 2% agarose gel with 0.5 x 

TAE as a running buffer. The DNA was stained with RotiSafe from Roth (Karlsruhe, 

Germany). 

Table 1. PCR primer sequences designed and used to determine recombination 

frequencies in the white poplar SDR. 

Marker ID Sequence (5’→ 3’) Tm (°C) Amplicon 
size (bp) 

Restriction 
enzyme 

Expected 
fragment 
size (bp) 

1 
#3159 GAGGGGAAGGAAAAGGTACA 55.88 

397 BamHI 275,122 
#3160 TTTGAAGCACAACATTAGCACA 57.21 

2 
#3087 CCAGGGAGTGATAGGAGTAGAAAA 60.02 

466 EcoRI 366,100 
#3088 TCAGGAAGATGGTGTGTGGA 60.09 

3 
#3034 GTCTCATTTTTATGACCATGTTCACC 61.20 

353 HindIII 184,169 
#3035 GCACAAAAACCACGAAAACTTG 61.18 

4 
#2954 CAAGGAAGAAGACATGCTTGA 58.09 

216 BamHI 154,62 
#2955 TTTTGGTTCGCATAGGTGAG 58.27 

Results and discussion 

Genetic mapping and molecular markers are commonly used approaches employed to 

detect sex-linked regions (Charlesworth, 2021). A genetic map revealed the sex-linked 

region in white poplar to be positioned on linkage group XIX and suggested a ZW system 

of sex determination (Paolucci et al., 2010). Recently, a single sex-determining gene, the 

poplar response regulator ARR17, was recognized as the sex-determining gene in both 

XY and ZW systems (Müller et al., 2020; Yang et al., 2021). Nevertheless, insights 

regarding the evolution of the SDR in white poplar remained largely unexplored. Thus, 

in this study, we assessed the potential suppression of recombination along the white 

poplar SDR. We screened a subset of an F1 population utilizing cleaved amplified 

polymorphism sequences (CAPS) markers. 

The F1 population was generated from a P. alba cross (14P11 x 6K3). Two markers per 

genomic position were placed at the edges of the SDR, for each chromosomal 



  

 81 

combination, that is Z1/Z2 and WZ3 (Figure 1a). This resulted in a set of four markers, 

hereafter referred to as markers 1 to 4 (Figure 1b).  

The recombination frequencies along the white poplar SDR in male and female meiosis 

were estimated by analysing the segregation patterns resulting in four possible gametic 

combinations (Figure 2). 

 

 

Figure 1. Molecular markers to assess recombination along the white poplar SDR. (a) Marker locations 
flanking the white polar SDR (~200 kb) located in the middle of chromosome 19. The red arrow represents 
the W-specific ARR17 gene. (b) The parents have two markers each that can be differentiated after PCR, 
restriction enzyme digestion and visualized on agarose gels. Ladders: 50 bp and SL (smart ladder). The 
unique fragments of the haplotypes were highlighted: cyan for Z1, yellow for Z3 and magenta for W. 
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Figure 2. Possible chromosomal combinations in the offspring from a white polar Z1/Z2 and WZ3 cross. 
Populus alba ZZ-males crossed with P. alba WZ-females should produce 50% female and 50% male offspring. 
The segregation patterns can produce four different gametic combinations: Females: WZ1, WZ2 and males 
Z1Z3 and Z2Z3. 

 

Thus, we can follow the different chromosomes into the progeny and look for 

recombination between WZ and ZZ (Figure 3). 

 

Figure 3. Genotyping after enzymatic digestion in the Populus alba F1 population. Markers 1 and 2 assess 
recombination of Z1 and Z2, while markers 3 and 4 of W and Z3. A set of 60 samples, 30 females (pink) and 
30 males (blue) were genotyped. ZZ recombinants are highlighted with a red arrow. No recombinants 
were found for WZ. Outlier individuals are marked with a yellow asterisk. 
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From a total of 60 individuals (30 females and 30 males), it was possible to analyze the 

recombination frequencies and segregation patterns in 56. Our results show 9 samples 

as possible recombinants of Z1 and Z2, while no recombination was found among the W 

and Z (Figure 3). The absence of ARR17 from the Z chromosome characterizes a small 

hemizygous SDR and results in recombination suppression between Z and W. 

Suppression of recombination can facilitate the evolution of the sex chromosomes 

(Stapley et al., 2017). For instance, the translocation of a hemizygous sex-determining 

region (SDR) results in recombination repression in strawberries (Tennessen et al., 

2018). In persimmon, a duplication event resulted in supressed recombination and the 

maintenance of a small SDR (Akagi et al., 2014). Here, the turnover event in P. alba 

facilitated the change in heterogamety and the evolution of a new sex-determining 

region (Charlesworth, 2021) favouring a precise and flexible sex-determining 

mechanism, and the use of the W-specific ARR17 as a robust molecular sex marker (Kim 

et al., 2021). Moreover, since there is no antagonistic sex-linked gene, a larger SDR in 

white poplar is not likely to evolve, similarly to what has been noted in persimmon 

(Akagi and Charlesworth, 2019). 

Additionally, based on the fragments unique to one of the haplotypes (Figure 1b) we can 

identify the gametic segregation patterns of Z1/Z2 and WZ3 in the samples (Table 2). 

Table 2. Resulting gametic combinations of each sample (Figure 2) based on the 

experimental results (Figure 3). The column ‘sex’ represents the phenotype of each 

individual, where F means female and M male. Outlier samples are marked with an 

asterisk. 

F1 sample Sex Z1 or Z2 W or Z3 

14P11 F - WZ 

6K3 M ZZ - 

25 F Z2 W 

26 F Z2 W 

27 F Z2 W 

28 F Z2 W 

29 F Z2 W 

30 F Z2 W 
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31 F Z2 W 

33 F Z2 W 

73 F Z2 W 

84 F Z2 W 

86 F Z2 W 

87 F Z2 W 

92 F Z2 W 

97 F Z2 W 

122 F Z2 W 

127 F Z2 W 

134 F Z2 W 

135 F Z2 W 

137 F Z2 W 

140 F Z2 W 

143 F Z2 W 

60 F Z1 W 

96 F Z1 W 

104 F Z1 W 

108 F Z1 W 

126 F Z1 W 

128 F Z1 W 

141 F Z1 W 

145 F Z1 W 

89 F - - 

54 M Z1 Z3 

59 M Z1 Z3 

61 M Z1 Z3 

64 M Z1 Z3 

69 M Z1 Z3 

74 M Z1 Z3 

76 M Z1 Z3 

77 M Z1 Z3 

80 M Z1 Z3 

88 M Z1 Z3 

100 M Z1 Z3 
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118 M Z1 Z3 

136 M Z1 Z3 

138 M Z1 Z3 

139 M Z1 Z3 

152 M Z1 Z3 

79* M Z1 W 

117* M Z1 W 

56 M Z2/Z1 Z3 

62 M Z2/Z1 Z3 

75 M Z2/Z1 Z3 

82* M Z2/Z1 W 

95 M Z2/Z1 Z3 

110 M Z2/Z1 Z3 

111 M Z2/Z1 Z3 

142 M Z2/Z1 Z3 

144 M Z2/Z1 Z3 

116 M - - 

125 M - - 

109 M - - 

 

In markers 1 and 2, the (undigested) upper band is defined as Z1 (Figure 1b). Based on 

this, any offspring with the Z1 fragment in both markers does not recombine. 

Recombination occurs if the Z1 fragment is present for one of the markers but not for 

the other marker, which can either be Z1/Z2 or Z2/Z1 (Table 2). Notably, all 9 recombinant 

haplotypes are Z2/Z1. Theoretically, both recombination patterns should be equally 

frequent. Upon a closer look, it is possibly that an artifact in the female Z3 allele results 

in the upper band not being specific to Z1. Thus, we cannot yet draw conclusions 

whether recombination is suppressed or not in the region between Z1 and Z2. 

In marker 3, the unique fragment represents Z3 (Figure 1b). Thus, only males in marker 3 

present an upper band (Figure 3). All females only have the lower band, and no Z3, 

meaning that only Z1 or Z2 comes with the W. On the other hand, in marker 4 the upper 

fragment represents the W chromosome (Figure 1b). Clearly, all females present the 
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upper band for this marker (Figure 3). There would be only a recombinant if a given 

sample presents W and Z3 together.  

Interestingly, the individuals 79, 82 and 117 represents exceptions. Even though these 

individuals were phenotypically identified as males, our analysis demonstrated an 

opposite situation since they carry a W chromosome (upper band for marker 4). While 

we cannot ignore the possibility of a technical mistake with the DNA, it is also 

conceivable that in this population the genotype is not totally fixed by the genetics, and 

inconstant males occur. This phenomenon has been previously reported in different 

dioecious plant species, including Populus. Recently, a long-term study revealed F1 

individuals that started as males, and gradually turned females (Sabatti et al., 2020). 

Apart from the identification of recombinants, the segregation patterns also give 

insights regarding incompatibility between maternal and paternal alleles. Among the 

females, 21 individuals presented the Z2W pattern compared to only 8 individuals with 

Z1W, suggesting a potential quantitative incompatibility of Z1 and W. Among the males, 

16 individuals presented Z1. However, no Z2 chromosome was observed together with 

the Z3 inherited from the mother, which again appears to be caused by a potential 

problem with marker 2. Incompatibilities between gametes can also lead to biased sex 

ratios, which has been reported also for our mapping population (Tuskan et al., 2012). 

For instance, allelic incompatibility has been shown to be responsible for a biased sex 

ratio in Salix viminalis L. (Pucholt et al., 2017). Even though our work considered a subset 

of the F1 population of this P. alba cross in equal numbers of males and females, a male-

sex ratio bias was reported, with 2 times more males than females (Pakull et al., 2011). 

Further screenings utilizing these CAPS markers in larger populations are necessary to 

confirm these hypotheses. 

Finally, further research about the evolution of the SDRs in the genus Populus should 

also target the aspen SDR, in which the recombination is suppressed in similar rates 

between the X chromosomes in females and between X and Y in males (Kersten et al., 

2014). Preliminary attempts to design CAPS markers resulted in inconsistent patterns so 

far, probably, due to the central position which shows reduced mapping efficiency, likely 

because the proximity to the centromere (Stapley et al., 2017). It will be exciting to 

investigate whether recombination suppression was indeed the ancestral state in the 

region where the SDR in aspens evolved (Charlesworth, 2021; Rifkin et al., 2021).  
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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 individual 

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. 

tremuloides, 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 

Turanga demonstrating a remarkable example of convergent evolution. 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 methylation. In the 

ZW system, female-specific copies of ARR17 appear to regulate dioecy. With this detailed 

information on the genetic basis of sex determination it was possible to develop 

molecular markers that can be utilized to determine the sex in seedlings 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. trichocarpa, P. deltoides and P. nigra. These 

markers can be useful for poplar ecologists, geneticists and breeders. 

Keywords: Populus, poplar breeding, dioecy, sex-determining region, ARR17, sex 

chromosome evolution, female and male heterogamety, sex markers, convergent 

evolution.  

Introduction 

Unisexuality in plants can be regulated through different molecular 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), persimmon (Akagi et al., 2016, 2014) or 

poplar (Müller et al., 2020), have started to clarify some of the molecular mechanisms 
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of sex determination, improving our knowledge about the evolution of dioecy (Carey et 

al., 2021; Feng et al., 2020; Leite Montalvão et al., 2021; Renner and Müller, 2021). Populus, 

an economically 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 

termed aspens. Sex determination in poplars and aspens is genetically controlled by sex-

determining regions (SDRs) on different 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 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 Populus (Bhat and Bindroo, 1980; Cormier et al., 2019; He et 

al., 2021; Martin et al., 2019; Müller et al., 2020; Paolucci et al., 2010; Sanderson 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 different 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; Robinson 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-specific ARR17 inverted repeat as a male-specific marker in P. 
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grandidentata, 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. 

Material and methods 

Re-sequencing data analysis 

Raw sequencing reads were downloaded from NCBI’s SRA (Bioproject 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. adenopoda. 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 

parameters: ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10 LEADING:3 TRAILING:3 

SLIDINGWINDOW:4:15 MINLEN:36, and subsequently mapped to the reference genome 

of female P. tremula (Schiffthaler 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 

(Arora 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 
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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 

TOZ9-2) and 0.16 µM (TOZ13-1) and 0.2 units of Taq polymerase were used with the 

exception that proofreading DNA polymerase (i.e., Phusion™ High-Fidelity DNA 

Polymerase) 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 started 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 extension 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. 
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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 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 fragments 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 

RotiSafe from Roth (Karlsruhe, Germany). 

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’ à 3’) 

Reverse primer 
(5’ à 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 chromosome) 

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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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; Paolucci 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 reference genome assembly 

for the section Populus. This allowed us to specifically analyze the region where the 

master regulator 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 pattern 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. 
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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. adenopoda) (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.  

 

To provide further evidence for the putative female heterogametic 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 Chinese white poplar 

P. × tomentosa (Figure 2b), which is considered a hybrid between P. alba and P. 
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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 individuals, 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 determination of P. alba, P. adenopoda 

and P. qiongdaoensis might have a shared origin. Nevertheless, further phylogenetic and 

synteny analyses should be performed to precisely characterize the SDRs of P. 

adenopoda and P. qiongdaoensis. In any case, our results demonstrate that ARR17 can be 

used as a sex marker in P. alba, P. adenopoda and their hybrids.  

 

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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The Y chromosome specific ARR17 inverted repeat as a sex marker in P. 

grandidentata 

Few studies have been carried out in the bigtooth aspen Populus grandidentata. The 

described male-specific aspen sex-linked marker TOZ19 (Pakull et al., 2015) did not yield 

successful PCR amplification in this species. Therefore, to develop an alternative 

molecular sex marker for P. grandidentata, we decided to test the ARR17 inverted repeat 

sequences (ARR17_IR), which are located in the male-specific region of the Y 

chromosome 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 homozygous (G/G) in all 48 females. These results indicated an 

XY system of sex determination. Since the male-specific heterozygous 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. tremuloides. We 

therefore tested several ARR17 primer pairs comprising 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). 
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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. Fragment sizes of the DNA ladder 
are given on the left side.  

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. tremuloides 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).  
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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. 

 

Another sex-linked marker has been developed for genotyping 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 reproducible. 
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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 (HEMA1_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. 

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 
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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. adenopoda 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 phylogenetic 

relationship of the three species is consistent with a single origin early in the evolution 

of the section Populus (Figure 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 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 evolution. The genus Populus is characterized by a diversity of different 

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 regions 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 
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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. qiongdaoensis. Strikingly, this new XY system is mechanistically identical to the much 

older system found in several species of the Populus sections Tacamahaca, Aigeiros and 

Turanga, demonstrating a remarkable example of convergent evolution (Figure 6). 

 

 

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. 

 

To summarize all poplar sex markers in one paper (Figure 7), we included results from 

PCR amplification utilizing previously described sex markers. The male-specific aspen 

homologue 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.  
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Figure 7. Summary of poplar sex markers. (a) Marker ARR17 in P. alba, P. adenopoda and P. × tomentosa. 
(b) Marker TOZ19-2 in aspens (P. 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.  
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There are few studies involving the bigtooth aspen (P. grandidentata) making it difficult 

to determine its exact phylogenetic 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 amplification of the TOZ19 gene does not work in this 

species. As an alternative, the ARR17 inverted repeat was used as a male-specific 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. grandidentata 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 conservation for the 

siRNAs to specifically target the ARR17 locus for RNA-directed DNA methylation, the 

siRNAs are rather generic (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 species. 

In conclusion, our work reveals new details on the evolution 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 chromosome turnover. It will be interesting to elucidate potential 

biological reasons for these evolutionary dynamics in future studies. 
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Summary 

The number of dioecious species for which the genetic basis of sex determination has 

been resolved is rapidly increasing. Nevertheless, the molecular mechanisms 

downstream of the sex determinants remain largely elusive. Here, by RNA-sequencing 

early-flowering isogenic aspen (Populus tremula) lines differing exclusively for the sex 

switch gene ARR17, we show that a narrowly defined genetic network controls 

differential development of female and male flowers. Although ARR17 encodes a type-A 

response regulator supposedly involved in cytokinin hormone signaling, CRISPR-Cas9-

mediated arr17 knockout only affected the expression of a strikingly small number of 

genes indicating a specific role in the regulation of floral development rather than a 

generic function in hormone signaling. Notably, the UNUSUAL FLORAL ORGANS (UFO) 

gene, encoding an F-box protein acting as a transcriptional co-factor with LEAFY (LFY) to 

activate B class MADS-box gene expression, and the B class gene PISTILLATA (PI), 

necessary for male floral organ development, were strongly de-repressed in the arr17 

CRISPR mutants. Our data highlight a cytokinin-independent role of the poplar response 

regulator ARR17 and further emphasize the minimal differences between female and 

male individuals. 

Keywords: cytokinin, dioecy, flower development, poplar, sex determination 

Introduction 

Poplars are dioecious trees with a genetically controlled system of sex determination 

(Cronk, 2005). The genomic architecture of sex determination varies between species. 

The sex-determining regions (SDRs) have different locations and sizes (Geraldes et al., 

2015; Kersten et al., 2014; Müller et al., 2020; Yang et al., 2021), and different species even 

exhibit different heterogametic systems (Müller et al., 2020; Paolucci et al., 2010; Yang 

et al., 2021). Several studies have characterized the genetic basis of sex determination 

in poplars (Geraldes et al., 2015; Kersten et al., 2014; McKown et al., 2017; Müller et al., 

2020; Yang et al., 2021) including an experimental validation of a single-gene sex switch, 

named ARR17, in early-flowering aspens (Populus tremula L.) (Müller et al., 2020). This 

gene likely underlies sex determination in both XY and ZW systems (Müller et al., 2020; 
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Yang et al., 2021). Although previous RNA-sequencing studies in different Populus 

species provided valuable insights into sexual development (Chen et al., 2018; Cronk et 

al., 2020; Sanderson et al., 2019), the molecular function of ARR17 and the downstream 

regulatory pathways remained largely elusive. In particular, the possible involvement of 

cytokinin hormone signaling and the molecular pathways connecting ARR17 and B class 

MADS-box gene expression represent open questions. 

Cytokinin (CK) is a phytohormone that plays a crucial role in plant growth and 

development including sexual development, especially the gynoecium (Leuendorf and 

Schmülling, 2021). Cytokinin is perceived via a two-component system in which signal 

transduction is achieved by phosphorylation of response regulators (RRs) by histidine 

kinases (HKs), similar to the two-component systems employed by bacteria to respond 

to environmental stimuli (Kieber and Schaller, 2018; Stock et al., 2000). The response 

regulators are particularly interesting as they cause cytokinin-dependent transcriptional 

reprogramming (Brenner and Schmülling, 2015; Kieber and Schaller, 2018). Since the 

poplar sex switch gene ARR17 is homologous to the ARABIDOSPIS RESPONSE REGULATOR 

17, one of the type-A response regulators which are reported to negatively regulate the 

CK signaling cascade (To et al., 2004), a connection between ARR17 and the cytokinin 

pathway might be expected. Differential sexual development may be controlled by 

differential hormone signaling. 

The separation of the sexes in dioecious species with type II flowers, that is flowers that 

are unisexual from inception (Diggle et al., 2011), are thought to depend on proper 

temporal and spatial expression of floral homeotic genes (Cronk and Müller, 2020; Liu 

and Mara, 2010). According to the ABC model of floral development (Coen and 

Meyerowitz, 1991), floral organs (i.e. sepals, petals, stamens and carpels) are arranged 

in four distinct whorls, and within a regulatory network the whorl-specific combination 

of homeotic gene expression determines floral organ identity. Different genes were 

found for each class encoding MADS-box transcription factors in Arabidopsis thaliana L. 

(Murai, 2013). The A-class gene APETALA 1 (AP1) is responsible for sepal development. 

The B class genes PISTILLATA (PI) and APETALA 3 (AP3) specify the petals and stamens 

depending on whether they are expressed together with A-class or C-class genes. 
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Finally, the C-class gene AGAMOUS (AG) determines carpel development (Coen and 

Meyerowitz, 1991; Liu and Mara, 2010; Murai, 2013). 

The B class genes PI and AP3, which are essential for stamen development, were 

highlighted as differentially expressed male-biased genes in different dioecious species, 

such as the persimmon Diospyros lotus (Yang et al., 2019) and the balsam poplar Populus 

balsamifera (Cronk et al., 2020). However, the molecular pathways connecting the sex 

switch genes MeGI in persimmon or ARR17 in poplar with the floral MADS-box genes 

remained unclear. In this study, we aimed to specifically characterize the molecular 

function of the poplar sex switch ARR17. To this end, we generated transcriptomic data 

of isogenic early-flowering male and female aspen lines only differing for a point 

mutation in the ARR17 gene. These data allowed us to investigate the molecular 

mechanisms downstream of ARR17 without the confounding effects of different genetic 

backgrounds. We find that, in poplar, ARR17 functions independently of cytokinin and 

triggers female development by repressing the UFO-PI cascade suggesting a direct role 

of ARR17 on the specification of floral organ identity. 

Material and methods 

Plant material, growth, and sampling 

The plant material (flower buds) was obtained from one female early-flowering line 

(T222-3), which expresses the Arabidopsis thaliana FLOWERING LOCUS T (FT) gene under 

the control of the heat-inducible promoter derived from the soybean gene hs6871 

(Schöffl et al., 1984) encoding a heat shock protein (HSP) , and three independent T222-

3-based isogenic arr17 CRISPR mutants (N500-1, N500-3 and N500-5) previously 

described (Müller et al., 2020). Each of these lines contains a CRISPR-induced mutation 

disrupting the open reading frame of ARR17. In vitro-grown plants were transferred to 

soil and cultivated under 16/8 h light/dark and 22/17 °C temperature cycles for 1.5 months. 

To induce FT expression and the consequential development of generative buds, a heat 

shock treatment was applied for 2 h at 40 °C every day for one month. The plants were 

randomized and watered daily. The experiments were conducted in two batches, under 

the same conditions. For the first batch, the flower buds were sampled every five days 
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after the start of the heat shock treatment until fully formed flowers were observed. 

Samples from days 5, 10, 15, and 20 were used for RNA-sequencing. For each time point, 

three biological replicates were collected for each sex (female: 3x T222-3, arr17 CRISPR: 

1x N500-1, 1x N500-3 and 1x N500-5). Each replicate consisted of flower buds pooled 

from three plants. For the second batch was prepared the same way, however, only 

samples from day 20 were used for RNA-sequencing. For P. alba, flower buds from a 

female (clone Jap1) and a male (clone Monrepos) field-grown tree (three samples per 

tree) were collected at a single time point on 22nd July 2020. All flower buds were snap 

frozen in liquid nitrogen and stored at -70 °C until RNA extraction. 

RNA extraction, cDNA synthesis and qRT-PCR 

The frozen flower buds were ground in a Retsch mill (Retsch GmbH, Germany) at 25 Hz 

for 30 seconds to a fine powder that was used for RNA extraction. Total RNA was 

extracted with the Spectrum Plant Total RNA kit (Sigma-Aldrich, USA) according to the 

manufacturer’s manual, Protocol A. Following that, DNase I digestion was performed 

using the Turbo DNA-free kit (Invitrogen, USA). The RNA concentration and purity were 

assessed using a Nanodrop 1000 spectrophotometer (Peqlab Biotechnologie GmbH, 

Germany) and by native agarose gels. The RNA Integrity Number (RIN) was determined 

using the plant specific protocol of Agilent Bioanalyzer (Agilent Technologies, Inc., 

USA). All samples presented RIN > 7. For cDNA synthesis, 2 µg of RNA, Oligo (dT) primers 

and SuperScript IV reverse transcriptase (Invitrogen, USA) were used following the 

manufacturer’s protocol, using 10 µl reactions without RNaseOUT. Reverse 

transcriptase quantitative PCR (qRT-PCR) was carried out in duplicates on a CFX96 

Touch Real Time PCR Detection System (Bio-Rad Laboratories GmbH, USA) using the 

SsoAdvanced Universal SYBR Green Supermix (Bio-Rad Industries, Inc., USA) and a two-

step PCR program with annealing temperature of 60 °C. Relative expression levels were 

calculated using the 2-ΔΔCt method (Schmittgen and Livak, 2008). The primers are given 

in Supplementary Table 1. 
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RNA-sequencing and data analysis 

Strand specific RNA-seq libraries were generated by Novogene (Novogene (UK) 

Company Ltd., Cambridge, UK) and sequenced using the Illumina HiSeq platform. Paired 

end 150 bp reads to a target depth of 30 million paired end reads per sample were 

produced. The filtering of sequenced reads consisted of removing reads containing 

adapters, reads containing undetermined bases (N >10%) and low-quality reads (Qscore 

≤ 5). The quality of the raw reads was assessed using FASTQC. The reads were mapped 

to the P. tremula v2.2 genome (Schiffthaler et al., 2019) using STAR aligner (version 

2.7.1a) with default settings and with the annotation gene file and subsequently used to 

calculate read counts with the R package Rsubread (Liao et al., 2019) and the command 

featurecounts. Differential expression (DE) analyses between the lines was performed 

in R version 4.0.4 using the DESeq2 package (version 1.30.1) (Love et al., 2014). The raw 

data set was filtered by removing genes for which the sum of reads for all samples was 

below 10. From the second experiment, an outlier sample was removed from further 

analysis, since no reads of ARR17 were detected (Supplementary Figure 1). The remaining 

samples and genes were used for the differential expression analysis using DESeq 

function (design = ~batch + sex). The adjusted p-value (padj < 0.05) and an absolute 

Log2FoldChange > 1.5 were used to assess significance and identify differentially 

expressed genes. The variance-stabilizing rlog was used and the counts were normalized 

using DESeq2's own normalization method for exploratory analyses such as Principal 

Component Analysis (PCA). Batch effects were removed using the removeBatchEffect 

function from the R package limma (version 3.46.0) (Ritchie et al., 2015). The raw read 

counts are given in Supplementary Table 2.  

Gene set enrichment analysis based on gene ontology (GO) 

A GO term enrichment analysis was performed utilizing the topGO package in R (version 

2.42.0) (Alexa and Rahnenfuhrer, 2020) with default settings as well as the optional 

function nodeSize = 10, which removes terms with less than 10 annotated genes. We 

considered 24,464 genes (out of the 29,549 expressed genes used for the DE analyses) 

that had a GO annotation for P. tremula (Schiffthaler et al., 2019). The analysis was 

performed with differentially expressed genes at our standard cut-off (p<0.05 & 
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|log2FC|>1.5) and using a relaxed significance level of p<0.1 to avoid false negatives and 

to control for random effects due to threshold choice (Pan et al., 2005). 

Cytokinin treatment 

Female and male heat-inducible early-flowering aspen lines were grown for one month 

in tissue culture and subsequently transferred to Magenta plant incubation boxes 

(Sigma-Aldrich, USA) containing woody plant medium (WPM) with and without 6-

benzylaminopurine (BAP), which is a synthetic cytokinin that promotes growth and is 

involved in various developmental processes such as cell division, shoot formation and 

promotion of flowering. Different concentrations of BAP were used: 110 µM, 220 µM, 

440 µM and 880 µM, in four individuals per sex, totalling 32 treated plants. Moreover, 

six plants of each sex were used as a control (without BAP). Following a three-week 

incubation in a climate room at 21 °C and constant light, the cultures were placed under 

a daily heat treatment (2h at 40°C) to trigger flowering as described above. Flowers were 

analysed after 45 days, and the numbers were recorded. 

Data availability 

The RNA-sequencing data were deposited in NCBI’s SRA under the bioproject accession 

number PRJNA773612. 

Results and discussion 

Expression of ARR17 in poplar is tissue-specific, occurring only in female flower buds 

(Müller et al., 2020; Ramírez-Carvajal et al., 2008). Thus, to identify the downstream 

genes controlled by ARR17 we analyzed transcriptome datasets of female and male 

flower buds collected at different times of development. For reliable sample collection, 

we took advantage of an artificial flower induction system, which utilizes the 

Arabidopsis thaliana FLOWERING LOCUS T (FT) gene under the control of a soybean heat 

shock protein (HSP) promoter. This system enables heat-inducible early-flowering and 

allows poplar flower development, which in nature takes almost one year and is 

inconsistent between individuals and years (Boes and Strauss, 1994; Hoenicka et al., 
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2016), to be compressed into one month by heat shock-mediated induction of FT 

expression (Hoenicka et al., 2016; Müller et al., 2020). During this month, we repeatedly 

sampled the developing flower buds of female and male early-flowering aspen (Populus 

tremula) lines. Importantly, these female and male lines (henceforth referred to as 

female and arr17 CRISPR) are genetically identical, except for a CRISPR-Cas9-inducued 

arr17 mutation. This single induced mutation, which disrupts the open reading frame of 

ARR17, changes females to males (Müller et al., 2020). These isogenic lines provide a 

unique possibility to study the genetic networks downstream of the sex-determining 

gene without any confounding effects from different genetic backgrounds which 

usually complicate comparisons between female and male individuals. 

To assess differentially expressed genes downstream of ARR17, samples from days 5, 10, 

15 and 20 after the start of flower induction were employed for RNA-sequencing, with 

three replicates per sex and day. Initially, we analyzed the general patterns of 

transcriptome variation with a principal component analysis (PCA) (Figure 1a). The PCA 

indicated rapid and dynamic changes in the transcriptome consistent with the 

transitioning from vegetative to generative development. PC1 and PC2 represented 71% 

and 11% of the total variance, respectively, and most of the variation in the transcriptome 

can be accounted for by the sampling day. Nevertheless, a marked separation between 

female and arr17 CRISPR lines occurred at day 20 (Figure 1a) suggesting that this may be 

the earliest stage of sexual differentiation. In line with this, day 20 was the first time-

point with robust ARR17 expression in a qRT-PCR expression time-course (Figure 1b). 

ARR17 expression was present in a narrow temporal window during the developmental 

trajectory from vegetative buds to fully developed flowers. These results highlight that 

ARR17 expression is not only tissue-specific but also time-specific. Considering that 

ARR17 represents a single-gene sex switch, differences between females and males 

could not be less. 

While ARR17 expression is female-specific in the natural sex-determining systems (Cronk 

et al., 2020; Müller et al., 2020), we see expression at day 20 also in our male arr17 CRISPR 

lines (Figure 1b). This can, however, be explained by the fact that the arr17 CRISPR lines 

present a male phenotype due to a loss of function mutation of the ARR17 gene at the 

protein level and not due to transcriptional silencing or gene absence. The peak of ARR17 
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expression corresponds to an early stage of flower development (Supplementary Figure 

2a). Notably, no sex-specific differences in flower bud morphologically or any other 

floral structures could be observed between female and arr17 CRISPR lines at time-point 

20 (Supplementary Figure 2b). A study in P. balsamifera demonstrated that in nature the 

highest expression of ARR17 also occurs at the earliest stages of reproductive 

development (Cronk et al., 2020). Together these data suggest that ARR17 may 

determine sex early on during flower development. 

 

Figure 1. Transcriptome variation and ARR17 expression in female and male flower buds of early-
flowering aspen lines. (a) Principal component analysis (PCA) of transcriptome variation of early-
flowering female (magenta) and male arr17 CRISPR (blue) aspen (P. tremula) lines. Different symbols 
indicate different sampling days (i.e. days 5, 10, 15 and 20 after the start of flower induction). The first 
principal component PC1 explains 71% and the second principal component PC2 11% of the total variance. 
(b) ARR17 expression occurs in a narrow temporal window during poplar flower development. Average 
relative expression (n=3) of ARR17 expression determined via qRT-PCR over a developmental time-course 
in the same two genotypes shown in (a). ARR17 expression peaks at day 20. Error bars indicate the 
standard error of the mean (SEM). 
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Since our developmental RNA-seq and ARR17 qRT-PCR time-courses demonstrated that 

the earliest substantial sex-specific differences are expected for day 20, we focused 

further differential gene expression analyses on that time-point. It must be noted, 

however, that three biological replicates limit the statistical power to identify sex-

specific differences. We only found two significantly (p<0.05, |log2FC|>1.5) differentially 

expressed genes (DEGs), i.e. Potra2n2c5701 (PI) and Potra2n4c8755 (BGLU13) 

(Supplementary Figure 3). We therefore generated a second identical RNA-seq dataset 

for day 20. The combination of replicates from both experiments should provide 

sufficient statistical power and allow the reliable identification of differentially 

expressed genes. A total of 29,549 expressed genes were analyzed for differential 

expression (Supplementary Table 3). To get a first overview of the biological processes 

that may be involved in sex determination, we performed a gene ontology (GO) term 

enrichment analysis. For this analysis we selected DEGs based on different significance 

thresholds (using a relaxed setting: p<0.1, and a more stringent setting: p<0.05 & 

|log2FC|>1.5), since the threshold choice can have a relevant effect on the results (Pan 

et al., 2005). With both settings we identified the biological processes “positive 

regulation of transcription by polymerase II” (GO:0045944) and “maintenance of 

meristem identity” (GO:0010074) among the top five categories (Supplementary Tables 

4 and 5). Strikingly, almost 90% (15/17) of the DEGs (p<0.1) involved in positive regulation 

of transcription were MIKC-type MADS-box genes, which play prominent roles in the 

control of reproductive development (Gramzow and Theissen, 2010; Kaufmann et al., 

2005). Particularly all APETALA 3 (AP3) and PISTILLATA (PI) paralogs, which are essential 

for stamen development, were up-regulated in the arr17 CRISPR mutants 

(Supplementary Table 5). The three identified meristem identity genes included both 

UNUSUAL FLORAL ORGANS (UFO) paralogs, which encode F-box proteins acting as 

transcriptional co-factor with LEAFY (LFY) to activate B class MADS-box gene expression 

and are reported to provide the spatial cues for the expression of AP3 and PI (Honma 

and Goto, 2000; Ng and Yanofsky, 2001). No category related to the cytokinin signaling 

pathway, such as “response to cytokinin” (GO:0009735), was enriched. These results 

argue against a function of ARR17 in modulating cytokinin signaling to control sex 

determination in poplar but rather highlight the importance of ARR17 in repressing 

MIKC-type MADS-box transcription factors to specify floral organ identity. 
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The differential gene expression analysis of the combined dataset with a standard 

significance cut-off (i.e. p<0.05 & |log2FC|>1.5) resulted in a strikingly small set of 33 DEGs 

(Table 1, Figure 2), indicating minimal changes in the transcriptome upon arr17 knockout. 

Among those 33 DEGs, 13 are upregulated in the arr17 CRISPR mutants. Two of these 

genes stand out compared to all others: PISTILLATA (Potra2n2c5701) required for 

stamen development (Theißen and Saedler, 2001) and UFO (Potra2n1c1412), which 

activates B class MADS-box gene expression (Chae et al., 2008; Lee et al., 1997; Parcy et 

al., 1998; Souer et al., 2008). Both these genes are strongly upregulated in the arr17 

CRISPR mutants (Figure 2). It should be noted that their paralogs are also differentially 

expressed (Table 1, rows 6 and 7). We were wondering whether the same genes may be 

differentially expressed in poplar species with independently evolved systems of sex 

determination. For example, Populus alba features a ZW system of sex determination in 

which ARR17 is located in the female-specific region of the W chromosome (Müller et al., 

2020; Yang et al., 2021). Populus balsamifera exhibits an XY system similar to the one 

found in the aspens but with a different genomic architecture and an independent 

evolutionary origin (Geraldes et al., 2015; Müller et al., 2020; Zhou et al., 2020). For P. 

balsamifera, 854 DEGs in early developing female and male floral buds (July 2017) have 

been reported before (Cronk et al., 2020). For P. alba, we generated RNA-seq data to 

assess differential gene expression (p<0.05 & |log2FC|>1.5) in female and male samples 

collected at an early stage of reproductive development (July 2020) as well. These data 

identified a total of 1,725 DEGs (Supplementary Table 6). All three datasets, which are 

not expected to share any gene by chance, shared exactly two differentially expressed 

genes representing the two PI paralogs (Supplementary Figure 4, Supplementary Table 

7). UFO was not assessed in P. balsamifera but was shared between P. tremula and P. 

alba (Supplementary Table 7). These additional data further highlight the prominent role 

of PI and UFO and suggest that the molecular mechanism of sex determination may be 

shared between species with independently evolved SDRs. 
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Table 1. Differentially expressed genes (DEGs) at day 20. For each gene, the Log2FoldChange 

(female vs. arr17 CRISPR), the adjusted p-values, the respective P. trichocarpa and A. thaliana 

gene identifiers and as well as the A. thaliana synonym are given. 

Potra_v2.2_ID Log2FoldChange P adjusted Potri_v3.0_ID A. thaliana ID A. thaliana synonym 
Potra2n2c5701 -3.56254 1.99E-24 Potri.002G079000 AT5G20240 Pistillata (PI) 
Potra2n1c1412 -1.61664 1.01E-20 Potri.001G160900 AT1G30950 Unusual floral organs (UFO) 
Potra2n10c20292 -2.04511 3.17E-11 Potri.010G236300 AT3G21510 Histidine-containing phosphotransmiter 1 (AHP1) 
Potra2n2c4152 -2.09616 7.15E-10 Potri.002G250000 AT3G25400 dCTP pyrophosphatase 
Potra2n4c8755 1.647911 7.41E-07 Potri.004G040700 AT5G44640 Beta glucosidase 13 (BLU13) 
Potra2n3c7869 -2.35103 8.11E-06 Potri.003G074100 AT1G30950 Unusual floral organs (UFO) 
Potra2n5c11227 -2.11149 3.66E-05 Potri.005G182200 AT5G20240 Pistillata (PI) 
Potra2n16c29771 1.947375 4.83E-05 Potri.016G058500 AT4G38180 Far1-related sequence (FRS5) 
Potra2n2c5611 -1.77295 6.07E-05 Potri.002G088200 AT1G37140 MEI2- C terminal RRM only like 1 
Potra2n18c32797 2.520892 8.14E-05 Potri.018G053600 AT5G56860 GATA transcription factor 21 (GATA21/GNC) 
Potra2n9c19634 -1.79274 0.000513 Potri.009G055700 AT5G13790 Agamous like 15 (AGL15) 
Potra2n10c21177 2.17995 0.000764 Potri.010G141000 AT5G49330 MYB domain protein 111 (MYB111) 
Potra2n299s35250 -1.8207 0.002193 Potri.008G131100 AT1G70890 Major latex protein like 43 (MLP43) 
Potra2n1c1097 1.68173 0.002836 Potri.003G106800 AT5G51330 Switch 1 (SWI1) 
Potra2n6c13866 1.523646 0.003592 Potri.006G165900 AT4G30190 Plasma membrane protein ATPase 2 (PMA2) 
Potra2n15c28326 1.720965 0.006144 Potri.005G036600 AT1G54820 Protein Kinase superfamily protein 
Potra2n5c12526 1.589281 0.006144 Potri.015G095900 AT5G50400 Purple acid phosphatase 27 (PAP27) 
Potra2n2c5221 1.687623 0.007187 Potri.014G038500 -  
Potra2n11c23459 1.933203 0.010079 Potri.011G031800 AT3G25820 Terpene synthase-related protein (TPS-CIN) 
Potra2n5c12753 1.945979 0.011358 Potri.005G014900 AT4G21390 S-locus lectin protein kinase family protein (B120) 
Potra2n6c13588 1.872412 0.014159 Potri.006G199300 AT1G68450 Pigment defective 337 (PDE337) 
Potra2n5c12584 1.531046 0.015329 Potri.005G028200 AT3G26040 HXXXD-type acyl transferase 
Potra2n2c4059 -1.71657 0.016211 Potri.014G195800 AT5G44070 Phytochelatin synthase 1 (PCS1) 
Potra2n6c14378 1.534229 0.016528 Potri.006G107700 AT2G30400 Ovate family protein 2 (OFP2) 
Potra2n10c20471 1.605425 0.016988 Potri.008G043900 AT1G07900 LOB domain-containing protein 1 
Potra2n12c23975 -1.86887 0.020274 Potri.012G032300 AT5G15290 Domain of unknown function (DUF588) 
Potra2n13c25563 -1.95196 0.021018 Potri.013G084400 AT3G26120 Terminal ear1-like (TEL1) 
Potra2n432s35661 1.757162 0.021045 Potri.001G015400 AT3G45140 Lipoxygenase 2 (LOX2) 
Potra2n1c775 1.583641 0.021279 Potri.003G138400 AT5G42800 Dihydroflavonol 4 reductase (DFR4) 
Potra2n6c15208 1.986666 0.026446 Potri.006G019800 -  
Potra2n3c7698 2.028289 0.029643 Potri.003G091200 AT4G17810 Zinc finger protein 1 (ZP1) 
Potra2n18c32253 1.629004 0.04113 Potri.018G113300 AT4G02050 Sugar transporter protein 7 (STP7) 
Potra2n14c27869 -1.54097 0.041274 Potri.014G179400 AT1G32450 Nitrate transporter 1.5 (NRT1.5) 

 

 
Figure 2. PISTILLATA (PI) and UNUSUAL FLORAL ORGANS (UFO) are strongly upregulated in arr17 CRISPR 
mutants on day 20. Volcano plot showing 29,549 expressed genes. Significantly differentially expressed 
genes (female vs. arr17 CRISPR lines) at day 20 (padj < 0.05 and abs(Log2FoldChange > 1.5)) are depicted 
in red. PI and UFO are highlighted by filled symbols. The dashed grey line indicates the p-value significance 
threshold. 
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Interestingly, key genes from the cytokinin signaling pathway such as the type-B 

response regulators ARR1, ARR10, and ARR12 are not differentially expressed indicating 

that ARR17 may not be involved in cytokinin signaling (Supplementary Figure 5). This is 

in line with the GO term enrichment analyses, which also failed to detect any connection 

of arr17 mutation with cytokinin signaling. Cytokinin-independent roles of type-A 

response regulators have been described before. For instance, in A. thaliana the type-A 

response regulators ARR3 and ARR4 play cytokinin-independent roles in the circadian 

clock (Salomé et al., 2006). To further explore the potential role of cytokinin signaling in 

poplar sex determination, we adapted our early-flowering system to generate poplar 

plants flowering in vitro with a height of only 10 cm. This system allowed us to test the 

effect of exogenous application of synthetic cytokinin into the growth medium on 

flower development. In particular, we wanted to assess whether treatment with 6-

benzylaminopurine (BAP) may have any effect on sexual development. While we 

observed an increase in the total number of flowers (Supplementary Figure 6), there 

was no effect on flower sex. This is in contrast with other dioecious species where an 

exogenous application of cytokinin in male flowers stimulates the induction of carpel 

development converting them to hermaphrodites (Akagi et al., 2018; Wang et al., 2013; 

Yonemori et al., 1993).  

In summary, our results suggest a specific function of the poplar sex switch gene ARR17 

on floral organ identity rather than a generic function in the cytokinin signaling pathway. 

The poplar ARR17 gene is orthologous to the A. thaliana gene pair ARR16/ARR17. There is 

no one-to-one orthology. In A. thaliana, overexpression of the ARR16 and ARR17 genes 

slightly affects flowering time but does not appear to change floral organ identity (Ren 

et al., 2009). Additionally, the ARR16/ARR17 gene pair appears to be specifically involved 

in regulating cell divisions of the stomatal lineage (Vatén et al., 2018). In contrast, our 

results in poplar highlight UFO and PI as major downstream factors and thus the 

regulation of floral organ identity as the key function of the sex determinant ARR17. In 

the absence of ARR17 activity, expression of UFO is ensured and as a transcriptional co-

factor with LEAFY (LFY) it activates B class MADS-box genes (Chae et al., 2008; Zhao et 

al., 2001). On the other hand, in females ARR17 prevents the expression of UFO and 

therefore represses male development (Figure 3). 
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Figure 3. Potential downstream pathway of the sex switch ARR17. For the development of male flower 
organs (i.e. stamens), the B class MADS-box genes PISTILLATA and APETALA 3 are essential as they form 
a heterodimer (dashed square) with C-class and E-class genes AGAMOUS and SEPALLATA, respectively. 
These genes are regulated transcriptionally by genes such as LEAFY and the co-factor UFO (as part of the 
SCF complex), which potentially represses a factor (depicted as “X”) via degradation (Zhao et al., 2001) 
that would repress B class gene expression.  

 

Remaining open questions concern the mechanism by which ARR17 prevents UFO 

expression in females, the linearity of the pathway and the presence of possible 

additional factors on the male Y chromosome that might contribute to differential 

sexual development in nature. ARR17 is a single-domain response regulator because it 

contains only a receiver domain (Jenal and Galperin, 2009). The C-terminal extension in 

ARR17 of P. tremula is short (only 9 amino acids in Potra000483g02981.1; Supplementary 

Figure 7) similar to ARR16 and ARR17 in A. thaliana (D’Agostino et al., 2000). The absence 

of any kind of effector domain at the C-terminus in ARR17 argues against direct 

transcriptional control of UFO by ARR17. Single-domain response regulators may rely on 

protein-protein interactions to exert their downstream biological effects, after 

phosphorylation by a histidine kinase and conformational change of the receiver domain 

(Sarkar et al., 2010). Thus, one mode of action could be that ARR17 interacts at the 

protein level with a transcriptional regulator of UFO. Regarding the linearity of the 

pathway, ARR17 could be involved in the repression of UFO and PI only, or it could fulfil 

additional essential functions to determine the sex of poplars. This question should be 

addressed in future experiments by knocking out the poplar genes UFO and PI. In case 

of a linear pathway, ufo and pi mutations should convert males to females. 

Conclusions 

RNA-sequencing of developing flower buds of early-flowering isogenic female and male 

aspen lines only differing for a CRISPR-induced mutation in the sex determinant ARR17 

identified differentially expressed genes likely involved in poplar sex determination. 
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During poplar development, ARR17 is only expressed in floral buds and only in a narrow 

temporal window during flower bud development. The difference between females and 

males could hardly be smaller, which is in line with sexual homomorphism reported in 

different poplar species (McKown et al., 2017; Renner and Müller, 2021; Robinson et al., 

2014). Despite being a type-A response regulator, ARR17 does not appear to control 

cytokinin signaling. Instead, UFO and the B class MADS-box gene PI were highlighted by 

several analyses as key components of the gene network downstream of ARR17 (Figure 

3) indicating a highly targeted role of ARR17 in specifying floral organ identity. It will be 

exciting to further explore the proposed pathway and generate ufo and pi knockouts to 

test whether the modulation of additional signaling cascades is essential or whether the 

repression of UFO and PI alone are sufficient to specify differential sex expression. 
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Figure S1. Principal Component analysis of day 20 with RNA-seq data from two batches (i.e. Batch A and 
Batch B). The black arrow marks the outlier sample which was excluded from the differential expression 
analysis because it did not present any reads of ARR17, and therefore was in a different developmental 
stage compared to all other samples.  

 

 
Figure S2. (a) Morphological observation of flower buds collected for RNA-seq for days 5, 10, 15 and 20. 
(b) No morphological differences at day 20 between flowers from arr17 CRISPR mutants (blue contour) 
and a female flower (pink contour).  
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Figure S3. Volcano plot for the time series (Batch A). Only two genes – PISTILLATA (Potra2n2c5701) and 
BETA GLUCOSIDASE 13 (Potra2n4c8755) – appear as differentially expressed (p adjusted < 0.05 and 
absolute Log2 Fold Change > 1.5). 

 

 
Figure S4. Overlapping sex-differential expressed genes between our early-flowering isogenic aspen (P. 
tremula) lines at day 20, our P. alba collected in July 2020 and P. balsamifera collected in July from Cronk 
et al. (2020).  
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Figure S5. Read counts for arr17 CRISPR mutants and female highlights no differential gene expression 
for the type-A response regulators ARR1, ARR10 and ARR12 that are key components of the cytokinin 
signaling pathway.  

 

 
Figure S6. Total number of flowers observed after cytokinin overexpression under different 
concentrations in male and female flowers of early flowering aspen lines. 
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Figure S7. The type-A response regulator ARR17 can be considered as a single-domain response 
regulator. 
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General discussion 

During this PhD project, I took advantage of the natural variation in the genus Populus 

to resolve the genetic basis and regulatory mechanisms involved in dioecy. This has been 

possible after i) studying the theoretical background of sex determination in flowering 

plants, ii) investigating Populus sex chromosomes utilizing publicly available genomes as 

well as newly generated data, including long-read sequencing, iii) experimentally testing 

whether sex determination in poplars is controlled by a single gene acting as a sex 

switch, iv) profiling gene expression to describe the molecular function of ARR17, v) 

using experimental populations to assess recombination frequencies along the SDR in 

white poplar and vi) exploring the system turnovers in Populus and testing the practical 

uses of ARR17 as a sex marker. I now discuss and connect the results from each chapter 

to highlight the implications of the genetic basis and molecular mechanism of dioecy in 

poplars controlled by ARR17.  

Sex determination in dioecious plants 

Sex determination of monoecious and dioecious plant species has been investigated for 

over a century and despite progress, there are still several open questions surrounding 

the evolutionary dynamics and the genetic basis underlying unisexuality in plants. As an 

increasing number of plant systems are being studied, the emerging experimental data 

provide new insights and alternatives to the classical theoretical frameworks reinforcing 

the view that the mechanisms of sex determination in dioecious plants are diverse 

(Diggle et al., 2011; Golenberg and West, 2013; Leite Montalvão et al., 2021; Ming et al., 

2011; Renner, 2016). 

Although most studies shown in the Chapter 1 were targeted at identifying a region of 

suppressed recombination comprising two sex-determining genes involved in female 

and male sterility, such as SOFF and aspTDF1 in asparagus (Harkess et al., 2020) or FrBy 

and SyGl in kiwifruit (Akagi et al., 2019) the artificial generation of dioecy from monoecy 

in maize (Jones, 1934) and melon (Boualem et al., 2015) demonstrated a possible 

alternative pathway for the evolution of dioecy, and outlined an important contrast 

between two evolutionary pathways to dioecy (Chapter 1: Figure 3). There can be either 
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physical linkage by having two sex-determining factors within a non-recombining SDR, 

which was long considered the most likely scenario, or alternatively genetic linkage 

(Leite Montalvão et al., 2021). In the latter case only a single sex-determinant is needed 

in the SDR since the other factor is connected via an epistatic genetic interaction 

(Boualem et al., 2015; Golenberg and West, 2013; Leite Montalvão et al., 2021), 

establishing the feasibility of a single gene controlling the development of unisexual 

flowers. Among dioecious angiosperm species, MeGI in persimmon (Akagi et al., 2014) 

and ARR17 in poplar (Müller et al., 2020) (Chapter 2) represents the currently known 

naturally occurring single-gene systems, functioning as master regulators of sex 

determination, similar to sex-determining region of the Y (SRY) in placental and 

marsupial mammals (Gubbay et al., 1990; Kashimada and Koopman, 2010). 

Sex chromosomes, SDRs and suppression of recombination  

A major theoretical hypothesis for sex chromosome evolution is centered on the two-

gene model and states that selection against recombination favors the coinheritance of 

the two sex-linked antagonistic genes (Bachtrog et al., 2014; Charlesworth, 2021; 

Charlesworth et al., 2005; Ming et al., 2011). Still, sex chromosomes and SDRs can evolve 

in single-gene systems in which there is no need to select for suppressed recombination 

since a second genetically linked factor is not required (Renner and Müller, 2021).  

Different regions of the sex chromosomes have been nonrecombining over different 

amounts of time (Charlesworth et al., 2005) resulting in sex chromosomes with SDRs of 

varied differentiation (Hobza et al., 2018). While some SDRs evolve and stay conserved 

across all species in some genera such as in Vitis (Zou et al., 2021), others such as in 

Populus present a strikingly dynamic genetic architecture characterized by frequent sex 

chromosome turnover. The accumulating data describe various genomic locations for 

the SDRs and distinct sizes in different Populus species. Besides the two SDRs initially 

reported (in balsam poplar and aspens), two more distinct SDRs (in white poplar and 

desert poplar) were revealed and at least two turnover events (XY « ZW) occurred 

(Figure 6) (Geraldes et al., 2015; Kersten et al., 2014; Kim et al., 2021; Müller et al., 2020; 

Yang et al., 2021), indicating an independent evolution of the SDRs across the genus. 
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This is comparatively different from the jumping SDR cassette that occurs in 

strawberries (Tennessen et al., 2018).  

 

FIGURE 6. DIFFERENT GENOMIC ARCHITECTURE OF SEX DETERMINATION ACROSS THE GENUS POPULUS. A 
SMALL SDR IN BALSAM POPLAR IS LOCATED AT THE BEGINNING OF CHROMOSOME 19, WHILE IN ASPEN 
THE SDR IS LARGER AND LOCATED IN A PERICENTROMERIC REGION OF CHROMOSOME 19 (BOTH WITH XY 
SYSTEM). DESPITE THE SMALL SDR IN WHITE POPLAR ALSO BEING LOCATED IN THE MIDDLE OF 
CHROMOSOME 19, IT PRESENTS A FEMALE HETEROGAMETIC SYSTEM (ZW). IN THE DESERT POPLAR, THE 
SMALL SDR IS LOCATED AT THE BEGINNING OF CHROMOSOME 14 IN A XY SYSTEM. THE SDRS ARE 
REPRESENTED BY THE ORANGE RECTANGLE. 

 

Aspens and white poplar belong to the same section (sect. Populus) within the genus, 

although they exhibit different heterogametic systems (XY and ZW, respectively). 

Turnover events between XY and ZW systems have been well documented in animals, 

especially snakes, fishes and amphibians (Furman et al., 2020), but also in other plant 

genera such as Dioscorea, Salix and Silene (Carey et al., 2021; Leite Montalvão et al., 2021; 

Ming et al., 2011). In Populus, these transitions suggest a convergent evolution of sex 
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determination within the genus (Chapter 4: Figure 6). The XY system from aspens seems 

to have re-evolved from the ZW system present in P. alba (and possibly P. adenopoda 

Maxim. and P. qiongdaoensis T. Hong & P. Luo), and it is mechanistically highly similar to 

the much older XY system present in balsam poplars (Kim et al., 2021) (Chapter 4). 

All poplar species evaluated to date present homomorphic sex chromosomes. 

Interestingly, aspens present a centrally located larger SDR (~1 Mb) (Kersten et al., 2014; 

Müller et al., 2020) compared to evolutionarily older species such as P. euphratica Oliv., 

P. balsamifera L., P. trichocarpa and P. alba in which the SDR ranges between 100 and 

300 kb (Geraldes et al., 2015; Kim et al., 2021; Müller et al., 2020; Yang et al., 2021). 

Comparing the patterns of SDR evolution in closely related species can provide insights 

regarding sex chromosome evolution in the genus Populus. 

Thus, to test the hypothesis that the SDR of white poplar shows suppressed 

recombination and it is linked to a segregation distorter, the recombination frequencies 

and segregation patterns of a white poplar F1 mapping population were investigated in 

Chapter 3. While it was not possible to draw conclusions whether recombination is 

suppressed between the paternal alleles Z1 and Z2, Z3 and W did not recombine at all 

(Chapter 3: Figure 3). From the multiple possible scenarios in which sex-determining 

genes and SDRs can arise (Charlesworth, 2021), the turnover event changing 

heterogamety in white poplars seem to have a direct effect on recombination 

suppression enabling the evolution of a small hemizygous SDR (~200 kb) based on the 

single-gene sex-determining system. Hemizygosity of the W-specific poplar sex-

determining gene ARR17 may directly cause the recombination suppression between Z 

and W (Chapter 3). A relatively small SDR (~1.3 Mb) was also identified in persimmon, 

which is another species with a single-gene system of sex determination (Akagi et al., 

2014). In the persimmon SDR there is no antagonistic sex-linked gene, thus a large SDR 

is not likely to evolve (Akagi and Charlesworth, 2019). Physically small SDRs in 

homomorphic sex chromosomes are not an exclusive characteristic of single-gene 

systems. Species consistent with the two-gene model such as kiwifruit, asparagus and 

grapes also present relatively small SDRs (Akagi et al., 2019; Carey et al., 2021; Fechter et 

al., 2012; Harkess et al., 2017; Picq et al., 2014). 
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The expansion of the non-recombining region and heteromorphy have been often 

considered as hallmarks of sex chromosome evolution (Ming et al., 2011). Large SDRs on 

heteromorphic sex chromosomes have been identified in a few species such as Cannabis 

sativa L. (Prentout et al., 2020), Coccinia grandis (L.) Voigt (Sousa et al., 2013) and Silene 

latifolia Poir. (Papadopulos et al., 2015), although most plant species have retained 

homomorphic sex chromosomes (Carey et al., 2021). Those with small SDRs have often 

been interpreted to be evolutionary young (Fechter et al., 2012; Geraldes et al., 2015; 

Pucholt et al., 2017; Tennessen et al., 2018). Nevertheless, the size of the SDRs and their 

age do not seem to be correlated (Renner and Müller, 2021). In fact, the existence of 

homomorphic sex chromosomes with small SDRs in many dioecious plant species may 

be a result of reduced selection for linked sexually antagonistic alleles (in genes involved 

in sexually antagonistic traits) in non-recombining regions, which in turn, may favor 

keeping sex determination precise and flexible (Renner and Müller, 2021) challenging 

the established idea that expansion of SDRs is an inevitable result of sex chromosome 

evolution (Charlesworth, 1991). 

Sex-determining genes may also evolve within an already physically larger non-

recombining region (Charlesworth, 2021). For instance, in aspens the SDR evolved within 

the pericentromeric region (Kersten et al., 2014), considered to be a non-recombining 

region (Stapley et al., 2017). Considering the widespread occurrence of non-recombining 

haplotype blocks (Todesco et al., 2020), the evolution of an SDR in an already 

recombination-suppressed region does not appear unlikely. Further research on the 

evolution of the aspen SDR is necessary to confirm this hypothesis.  

More generally, the identification of sex-linked non-recombining regions is still a crucial 

first step in narrowing down putative sex-determining genes for in-depth analysis of 

their sex-related functions.  

Sex-determining genes and their functional validation 

The progress made in investigating the genetic basis of sex determination in several 

dioecious plants in the past years exposed the many different sex-determining genes 

recruited in the different species (Carey et al., 2021; Henry et al., 2018; Leite Montalvão 

et al., 2021; Ming et al., 2011; Renner and Müller, 2021). Many different genes and 
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pathways can be potential targets of the sex determinants. Their expression can affect 

pollen viability, ovule formation, embryo sac, tapetum cells, or other key tissues 

involved in gamete formation and function (Renner and Müller, 2021). 

Sex determination in species consistent with the two-gene model (e.g. kiwifruit, 

asparagus) involve independent DNA polymorphisms affecting male and female sterility 

functions (Charlesworth and Charlesworth, 1978). The functional validation of sex-

determining genes can be limited, since not all plant species can be genetically 

transformed, and it thus sometimes performed in model plants such as A. thaliana or 

Nicotiana tabacum L. The characterization of the biological function of the sex-

determining genes consistent with the two-gene model has been demonstrated in these 

model plants either suppressing carpel development (i.e. SyGl in kiwifruit, SOFF in 

asparagus and possibly LOG-like in date palm and VviYABBY3 in grapes) or promoting 

pollen development (i.e. FrBy in kiwifruit, aspTDF1 in asparagus and VviINP1 in grapes) 

(Chapter 1).  

In the single-gene system in persimmon, the function of MeGI has been validated in the 

model system Nicotiana benthamiana Domin, N. tabacum, and A. thaliana (Akagi et al., 

2014). In contrast, in Chapter 2 the early flowering aspen lines were instrumental to 

experimentally validate the sex-determining function of ARR17 directly in poplars (i.e. P. 

tremula).  

The evolution of dioecy in single-gene systems may involve whole-genome duplication 

events giving rise to the sex-determining gene (Akagi et al., 2020; Carey et al., 2021; Zhou 

et al., 2018; Hou et al., 2019). Comparative genomics revealed that numerous gene 

duplication events occurred during plant speciation, and thousands of paralogous genes 

were formed, e.g. in Populus (Tuskan et al., 2006).  

The single-gene system in Populus, which is conserved despite millions of years of 

independent evolution, offers a high level of flexibility. This flexibility is a consequence 

of genome duplication events, which in turn allows functional differentiation between 

paralogs (i.e. neofunctionalization of the sex-determining genes), and establishment of 

a new sexual system (Akagi et al., 2020; Henry et al., 2018). Similarly, the persimmon SDR 

evolved due to a duplication event of a pre-existing gene causing suppression of 



 136 

recombination in the male-specific region (Akagi et al., 2014). The persimmon MeGI 

acquired a new function allowing control of sex determination, whereas its paralog, 

sister of MeGI (SiMeGI), did not evolve any sex-related functions. Instead, a second 

segmental-duplication gave rise to the Y-specific gene, OGI (Akagi et al., 2020).  

Notwithstanding the evolutionary pathway, the accumulating data indicate that most 

of these sex-determining genes (and candidate genes in other plant species) may be 

involved in similar signaling pathways (e.g. cytokinin pathway) or have expression 

patterns in specific tissues (e.g. tapetum cells for pollen development) causing similar 

changes of the underlying genetic networks (Chapter 1: Figure 4) (Carey et al., 2021; 

Feng et al., 2020; Leite Montalvão et al., 2021).  

The poplar sex switch ARR17 

In line with the hypothesis that ARR17 is a feminizing factor in aspen, the poplar ARR17 is 

a high-level sex switch, and its biological function is to “make” female flowers. 

Essentially, by default male development occurs, unless ARR17 is expressed, which 

initiates female development instead (Cronk and Müller, 2020; Müller et al., 2020) 

regardless the sexual system – XY or ZW (Chapter 2). The underlying mechanism of sex 

determination in Populus seems to have been preserved, supporting the hypothesis that 

ARR17 is a master sex switch shared across the genus Populus, and it is regulated simply 

through different expression patterns of the same high-level factor – the poplar ARR17 

gene, which may or may not be located at the SDR. 

In poplars with XY system, the ARR17 gene is not at the SDR. Instead, there is a dominant 

negative regulator – the Y-specific partial ARR17 duplicates – responsible for sex 

determination in aspen and balsam poplars by targeting and repressing the ARR17 gene 

at the end of the chromosome (Geraldes et al., 2015; Müller et al., 2020) (Chapter 2). 

These Y-specific duplications form an RNA hairpin structure that is processed into small 

RNAs (particularly 24-nt), which in turn down-regulate ARR17 expression, thereby 

allowing male development (Akagi et al., 2014; Müller et al., 2020) (Chapter 2). The 

silencing mechanism by trans silencing via non-coding RNAs (e.g. sRNA, lncRNAs) 

triggers DNA methylation of the target sequence via RNA-directed DNA Methylation 

(RdDM) (Erdmann and Picard, 2020; Muskens et al., 2000; Wambui Mbichi et al., 2020). 
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Male-specific DNA methylation in the ARR17 locus was reported in P. balsamifera 

(Bräutigam et al., 2017) and P. tremula (Müller et al., 2020). Collectively, these factors 

support the hypothesis of trans silencing of ARR17 via RdDM. On the other hand, sex 

determination in white poplar is based on a ZW system with a Z-specific deletion of 

ARR17 whereas three copies of the W-specific ARR17 are located within the SDR (Müller 

et al., 2020; Yang et al., 2021). The location of the sex switch i.e. at the end or the middle 

of the chromosome exerts the same control over sex determination regardless the 

position (Chapter 1: Figure 2).  

Sex-determining genes as molecular sex markers 

Phenotypic differences (i.e. sexual dimorphism) in dioecious plants are more subtle than 

in animals. A few dioecious plant species, such as Mercurialis annua L. (Cossard et al., 

2019) show differences in the plant architecture earlier during development, allowing to 

discriminate among the sexes. Most dioecious plant, however, show minimal sexual 

differences before flowering (Renner and Müller, 2021). 

Genetic mapping of sex determination and the identification of sex-specific markers is 

not only biologically important, but also has great practical relevance in guiding plant 

breeding and management strategies (Charlesworth and Mank, 2010). Female 

individuals are often valued in agriculture due to the production of seeds and fruits, 

while male individuals might be desired due to biomass production, fiber or chemical 

content (Charlesworth and Mank, 2010; Milewicz and Sawicki, 2013). Moreover, the 

obligatory outcrossing nature of dioecious species results in hybrid vigor of the 

offspring, which is an advantageous consequence of dioecy (Henry et al., 2018) and 

pursued characteristic in several breeding programs. Thus, molecular sexing of juveniles 

can maximize gains and can be performed in several economically important crops such 

as date palm (Ali et al., 2018), yam (Tamiru et al., 2017), spinach (Qian et al., 2017), 

kiwifruit (Zhang et al., 2015) and tree species, such as Populus (Gaudet et al., 2007; 

Geraldes et al., 2015; Kim et al., 2021; Pakull et al., 2015) (Chapter 4).  

Essentially, a male-specific molecular marker indicates an XY system, while the presence 

of a female-specific marker indicates a ZW system (Gamble and Zarkower, 2014). In the 

genus Populus, besides the previously established Y-specific sex marker TOZ19 in aspens 
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(Pakull et al., 2015), genetic sex markers for sex determination in Populus can be 

developed based on W-specific ARR17 in ZW systems and on Y-specific partial ARR17 

duplicates in XY systems (Chapter 4). The white poplar P. alba is to date the only species 

in the genus Populus with confirmed female heterogamety (ZW system) (Müller et al., 

2020; Paolucci et al., 2010; Yang et al., 2021). Since the female SDR is hemizygous and 

contains basically only the sex-determining gene ARR17 in three copies, this minimal 

sexual difference allows using this gene as a molecular marker to differentiate between 

males and females (robust PCR-based marker) (Kim et al., 2021). Moreover, the 

presence/absence pattern of ARR17 in P. alba (Müller et al., 2020; Yang et al., 2021) not 

only explains the turnover event and change in heterogamety, but also provides 

preliminary evidence for other ZW systems within the genus. For instance, the DNA-seq 

coverage from publicly available data indicates that female-specific hemizygous regions 

(including the ARR17 gene) are shared in species closely related to P. alba (Chapter 4: 

Figure 1). Thus, the ARR17 gene can be also employed as a sex marker (Chapter 4: Figure 

2) in the closely related species P. adenopoda and the hybrid between the two i.e. P. × 

tomentosa (Kim et al., 2021).  

On the other hand, the Y-specific partial ARR17 duplicates may be employed to develop 

PCR-based genetic sex markers in Populus species with XY systems, as has been shown 

so far for P. grandidentata Michx. (Chapter 4: Figure 3). Although, a final proof for an XY 

system is still pending in this species, the results - applying the developed PCR-based 

marker - suggest a male heterogametic system in this species (Kim et al., 2021). In other 

Populus species with XY systems, genes that are linked to the ARR17 partial duplicates 

but are not involved in sex determination, have been used as genetic sex markers, such 

as TOZ19 in aspens (Pakull et al., 2015) and HEMA1 in P. trichocarpa, P. deltoides Marshall 

and P. nigra L. (Geraldes et al., 2015). 

Floral organ identity  

The origin of separate sexes in plants is often associated with the evolution of varying 

levels of sexual dimorphism which is pronounced within the flowers. Flowering is a 

complex process, normally connected with the regulation of multiple genetic and 

environmental factors. Genetically, the transition between vegetative to reproductive 
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development is initiated based on the expression of FLOWERING LOCUS T (FT), 

FLOWERING LOCUS D (FD), and SUPRESSOR OF OVEREXPRESSION OF CO 1 (SOC1) genes. 

Once activated, these genes initiate expression of floral meristem identity genes 

(Blázquez et al., 2001; Melzer et al., 2008). To date, five meristem identity genes in 

Arabidospsis have been identified i.e. LEAFY (LFY), APETALA 1 (AP1), CAULIFLOWER (CAL), 

FRUITFULL (FUL) and UNUSUAL FLORAL ORGANS (UFO) controlling the initiation of floral 

primordia (Pidkowich et al., 1999; Weigel et al., 1992; Ferrándiz et al., 2000). 

Subsequently, the floral meristem genes activate homeotic genes e.g. APETALA 3 (AP3), 

PISTILLATA (PI), AGAMOUS (AG) and SEPALLATA (SEP), which are based on the general 

ABC model (Figure 7), and define floral organ identity (Coen and Meyerowitz, 1991; 

Murai, 2013; Parcy et al., 1998).  

The genes from the ABC model, later expanded to the ABCE model (Ditta et al., 2004; 

Honma and Goto, 2000; Pelaz et al., 2001), were originally identified in A. thaliana and 

Antirrhinum majus L. based on mutant phenotypes (Krizek and Fletcher, 2005; Krizek 

and Meyerowitz, 1996). Several of these genes encode MADS-domain transcription 

factors, which are essential for correct organ identity in a similar manner to the HOX 

genes in vertebrate body-plan formation (Gramzow and Theissen, 2010; Kaufmann et 

al., 2005; Krizek and Fletcher, 2005; Mallo et al., 2010). MADS-box family transcription 

factors contain a number of conserved domains. Those involved in floral organ 

identification are the Type II MADS proteins which share the MIKC domain structure. 

The N-terminal MADS domain (M) which is highly conserved and is required for protein-

DNA interactions, is followed by the Intervening (I), Keratin-like (K), and C-terminal (C) 

domains (Becker and Ehlers, 2016). 

The theory behind the ABCE model of flower identity assumes that different whorl-

specific classes of genes, when combined, control the formation of the structures that 

comprise a typical hermaphrodite flower, such as sepals, petals, stamens and carpels 

(Coen and Meyerowitz, 1991). Class A+E genes are responsible for sepal development; 

A+B+E specify petals; B+C+E account for stamen development and C+E for carpels. The 

class E genes encode proteins redundantly required to specify the other classes of genes 

(Ditta et al., 2004; Zahn et al., 2005). Moreover, while the B class functions 

independently, the functions of A and C classes are mutually exclusive, thus the absence 
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of one result in the expansion of the other. The variation in the expression of the ABC 

genes (e.g. loss of function) account for different mutant phenotypes (Figure 7).  

 

FIGURE 7. ABCE MODEL OF FLOWER ORGAN IDENTITY. THE COMBINATION OF EACH WHORL-SPECIFIC 
CLASS OF HOMEOTIC GENES DETERMINES THE FLORAL ORGAN IDENTITY. DIFFERENT GENES WERE FOUND 
FOR EACH CLASS ENCODING MADS-BOX TRANSCRIPTION FACTORS IN ARABIDOPSIS THALIANA (A CLASS: 
APETALA 1, APETALA 2; B CLASS: PISTILLATA, APETALA 3; C CLASS: AGAMOUS; E CLASS: SEPALLATA). THE 
WILD TYPE CONSISTS OF FOUR WHORLS OF ORGANS; THE LOSS OF A FUNCTION RESULTS IN THE 
EXPANSION OF CLASS C TO THE FIRST WHORL AND FORMATION OF STAMENS IN THE SECOND AND THIRD 
WHORLS; THE LOSS OF B FUNCTION PRODUCES FEMALE FLOWERS, WITH CARPELS IN THE THIRD AND 
FOURTH WHORLS AND SEPALS IN THE FIRST AND SECOND; THE LOSS OF C FUNCTION RESULTS IN THE 
EXPANSION OF CLASS A, AND ONLY PETALS AND SEPALS ARE FORMED.  
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Sex-determining genes and flower organ development 

In two-gene systems, the connection between the sex-determining genes and the floral 

phenotype allows the development of floral organs to be activated or repressed 

separately. While a mutation in the female suppressor converts males into 

hermaphrodites, a mutation in the male activator converts males into neuters (Renner 

and Müller, 2021). In contrast, in single-gene systems, such as in poplar, there is only one 

factor to switch between male and female development (Müller et al., 2020). However, 

the knowledge of the molecular function of such high-level regulators and how they are 

associated with the floral phenotype is limited (Cronk and Müller, 2020; Yang et al., 

2019). While the formation of neuters in males might occur downstream of the flower 

organ identity by interrupting the genetic cascade responsible for pollen formation, the 

development of hermaphrodites remains unclear.  

The molecular machinery of flower organ identity is associated with the correct 

expression of MADS-box genes, according to the ABC model (Coen and Meyerowitz, 

1991). Unisexual flowers may present an early stage of selective suppression (e.g. 

Asparagus officinalis L., Actinidia deliciosa (A. Chev.) C.F Liang & A.R.Ferguson, Vitis 

vinifera L.) leaving rudimentary and non-functional floral organs. Appropriate 

expression of MADS-box genes is expected to occur so that both male and female 

sexual structures initiate development. Nevertheless, these genes do not seem to be 

instrumental for the process of sex determination, since further blocking of the correct 

development of one of the structures occurs downstream of the ABC genes (Cronk and 

Müller, 2020). Instead, ABC genes are more likely to be involved in the differentiation of 

structures at a very early stage, even before the development of stamens and carpels 

(e.g. Populus spp. or Spinacia oleracea L.) allowing only one sexual structure to be 

initiated (Boes and Strauss, 1994; Cronk and Müller, 2020; Diggle et al., 2011; Mao et al., 

2017; Sather et al., 2010). The loss of function of specific MADS-box genes (i.e. B class) 

allows a clean deletion of one of the sexual structures (Figure 7) (Cronk and Müller, 

2020). 

In the case of Populus, while the genetic basis of sex determination mediated by ARR17 

has been resolved in Chapter 2 the molecular function of ARR17 and its connection to 

flower phenotype remained unexplored. It has been previously proposed that the 
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expression of the B class gene pair PI and AP3 is expected in males, as first described in 

Arabidopsis (Krizek and Meyerowitz, 1996). Since males appear to be the default sex, 

the presence of ARR17 would downregulate these B class genes, allowing female 

development (Cronk and Müller, 2020). However, the molecular pathway connecting 

the poplar ARR17 gene and the MADS-box genes was not clarified. To test the hypothesis 

that sex-specific expression networks can provide clues on the molecular connection of 

ARR17 to floral phenotypes, Chapter 5 explored the downstream genetic networks that 

are specifically controlled by ARR17 to elucidate its molecular mechanism as well as 

potential connections between ARR17 and sex expression (i.e. flower organ 

development). A major advantage of this study was the use of isogenic early flowering 

lines, which is comparable to using a monoecious species (Yang et al., 2019). This 

strategy allows exploring gene expression without associated background effects that 

typically separate female and male genotypes.  

Interestingly, during poplar development, the ARR17 gene is highly regulated on the 

transcriptional level. It is only expressed in a certain tissue (female flower buds) in a 

specific narrow time window during poplar flower development, in line with the minimal 

sexual dimorphism observed in poplars (McKown et al., 2017; Renner and Müller, 2021; 

Robinson et al., 2014) (Chapter 5: Figure 1). Additionally, ARR17 does not seem to follow 

its predicted function in the cytokinin signaling pathway based on its annotation as a 

type-A response regulator in A. thaliana. At least in aspens, the differential gene 

expression analysis (Chapter 5: Figure S5) and an experimental assay utilizing different 

concentrations of cytokinin did not reveal any connection between ARR17 and cytokinin 

signaling (Chapter5: Figure S6). The poplar ARR17 gene appears to have a more specific 

function connected to flower organ identity (Chapter 5). To activate female 

development and repress male formation simultaneously, the poplar ARR17 likely 

controls the expression of UFO. Among the different functions of UFO is the regulation 

of B class MADS-box genes AP3 and PI (Krizek and Meyerowitz, 1996). The regulation of 

B class gene expression was also suggested to control the evolution of dioecy in spinach 

S. oleracea (Sather et al., 2010). The genes PI and AP3 are expressed in early stages of 

development in male flowers, but not in female ones (Pfent et al., 2005). Additionally, 

in the mechanism for sex determination in spinach the GIBBERELIC ACID INSENSITIVE 

(SpGAI) is critical for feminization while its inhibition results in maleness implying an 
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epistatic connection between female and male functions, similar to poplar. Moreover, 

the SpGAI acts upstream of the B class genes. Altogether, this suggests SpGAI as an 

important regulator in a single-gene system of sex determination in spinach (West and 

Golenberg, 2018). The regulation of B class genes was also identified in the monoecious 

persimmon Diospyros kaki L.f., in which one of the pathways regulated by the sex-

determining gene MeGI involves a direct control of the expression of SHORT VEGETATIVE 

PHASE (SVP) gene, which in turn represses PI expression (Yang et al., 2019).  

As mentioned above, the molecular function of ARR17 appears to be a dominant 

suppress0r of UFO to establish dioecy, and perhaps even monoecy (Chapter 5: Figure 3). 

It could be that ARR17 already neofunctionalized to act specifically in the flower organ 

formation in a monoecious ancestor, perhaps to establish gynomonoecy or monoecy (if 

it was differentially expressed in separate parts of the plant), pondering the question 

when exactly ARR17 evolved the function of a sex switch. The unanswered question 

concerns the mechanism by which ARR17 represses UFO. The small set of differentially 

expressed genes in aspens do not offer promising candidates for mediating a 

transcriptional regulation (Chapter 5: Table 1), the more so ARR17 is a single-domain 

response regulator containing only a receiver domain and missing any kind of effector 

domain (Chapter 5: Figure S7). Therefore, a direct transcriptional regulation of UFO by 

ARR17 appears unlikely (Chapter 5). A future screen for protein-protein interaction e.g. 

via yeast 2 hybrid assays using ARR17 as bait could help in narrowing down, e.g. a 

potential positive regulator (or a repressor) of UFO that is inactivated (or activated) by 

ARR17 via protein-protein interaction.  

Another relevant question concerns whether repressing UFO is the only function that 

ARR17 has or if a secondary pathway may be triggered by ARR17. Further knockout 

experiments of PI and UFO will help answering this question (Chapter 5). In D. kaki for 

instance, MeGI regulates two independent pathways, one for androecium and another 

for gynoecium development (Yang et al., 2019).  
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Transitions between sexual systems  

New sex determination loci may be formed due to transitions in the sex chromosomes 

(Charlesworth, 2021). The evolutionary pathways are described in Chapter 1 (Leite 

Montalvão et al., 2021). 

The domestication process of some plant species also contributed to favor sexual 

transitions, including reverse transitions away from dioecy. These transitions have been 

studied in a few species, such as grapevine (Zou et al., 2021), persimmon (Yang et al., 

2019) and papaya (Chae et al., 2021). Environmental factors such as temperature and 

hormones have also been reported to favor these sexual transitions (Chae et al., 2021; 

Furman et al., 2020; Golenberg and West, 2013). In cultivated cucurbits, for instance, the 

most common sexual system is monoecy, although variations in temperature triggers 

an epigenetic regulation of sex expression, contributing to different phenotypes, 

including hermaphroditism (Lai et al., 2018; Li et al., 2019).  

The conventional theory asserts that hermaphrodites evolve genetically determined 

dioecy via a gynodioecious intermediate (Charlesworth and Charlesworth, 1978). 

However, the alternative evolutionary trajectory from monoecy to dioecy seems to be 

most common (Renner and Müller, 2021; Renner and Ricklefs, 1995). Would it be 

possible that the genetic networks differentially regulating female and male flower 

development are shared between related monoecious and dioecious species? In theory, 

the separation of unisexual flowers already occurred in the monoecious ancestor (Cronk 

and Müller, 2020; Renner and Müller, 2021). Thus, the evolution towards dioecy lies on 

separating the regulatory mechanism to different individuals. This may be accomplished 

by a single master regulator gene. Thus far, only the Oriental Persimmon (D. kaki) 

provides some evidence for such shared molecular basis of monoecy and dioecy (Akagi 

et al., 2016).  

Sex determination in poplar and evidence for a path to dioecy via monoecy 

Pretty much like a toggle switch in an electrical circuit, single-gene systems for sex 

determination have a simple design: they either fully turn on or off. To determine sex, 

the switch ensures continuity of a signaling pathway for the development of one sex 
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while blocking the other. An important practical difference compared to the two-gene 

systems is that a sex switch will only shift between female and male development. As 

demonstrated in Chapters 2 and 5 the poplar sex switch ARR17 activates female 

development and at the same time represses male formation by regulating the 

expression of B class genes. Nonetheless, there have been reports of sex lability in 

poplars (Fladung et al., 2019; Lester, 1963; Schlenker, 1953). Additionally, after screening 

one hundred catkins from 44 different female P. tremula clones in the arboretum at the 

Thünen Institute, three catkins presented a single hermaphroditic flower with the 

presence of a stamen and a carpel within a flower at the base of the catkin (Figure 8). 

 

FIGURE 8. HERMAPHRODITIC P. TREMULA. IN A P. TREMULA CATKIN FROM A CLONE TAKEN FROM THE ARBORETUM AT 

THE THÜNEN INSTITUTE IN GROßHANSDORF, A STAMEN (MALE SEXUAL ORGAN) CAN BE IDENTIFIED IN A SINGLE 

FLOWER AT THE BASE OF THE OTHERWISE FEMALE CATKIN. 

 

Considering that ARR17 is a sex switch and can only be “on” or “off”, how can a 

hermaphrodite possibly happen? Tissue/cell-specific gene expression seems to have 

major importance. If UFO and the B class genes are not completely repressed by ARR17 

but instead are activated in some cells of the floral meristem, the development of 

flowers with both carpel and stamen may be possible. In contrast, the differential 

regulation of the expression of the sex switch in different parts of the plant, e.g. by 

spatiotemporal signals would lead to monoecy. Considering that the stamens were 
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found at the base of the female catkin, could this distribution represent a manifestation 

of a monoecious developmental trajectory suggesting potential conservation of the 

underlying molecular networks and evidence of a pathway to dioecy via monoecy 

(Renner and Müller 2021)?  

As previously mentioned, in single-gene systems the male and female functions are 

connected via an epistatic genetic interaction, like in monecious species, suggesting that 

single-gene systems of dioecy might have evolved from monoecy (Renner, 2016; Leite 

Montalvão et al., 2021). In monoecious plants, hormones such as jasmonic acid or 

ethylene play a major role to control unisexual flower development in different parts of 

the individual (Boualem et al., 2008; Acosta et al., 2009). Spatially variable levels of 

hormones within a single plant can thus explain the evolution of monoecy (Golenberg 

& West 2013). In the monoecious persimmon, gene network analysis suggested that 

some cytokinin, auxin, and gibberellin signaling genes function cooperatively during 

gynoecium differentiation (Yang et al., 2019). Even though a direct connection in Populus 

between ARR17 and cytokinin tested in Chapter 5 was not established, the dioecious 

Populus species could have originated from a monoecious ancestor which may have had 

a base-to-apex cytokinin gradient (Renner and Müller 2021), activating ARR17 and linked 

female development only in apical parts of the plant. Thus, investigating hermaphroditic 

and monoecious poplar relatives could shed light on whether the function of ARR17 in 

the aspens could turn out to be conserved in a monoecious relative.  

Transitions between sexual systems in the Salicaceae 

The ARR17 gene is the only sex-associated homologous sequence found in the sex 

chromosomes in several reported species in the Salicaceae family (e.g. P. euphratica, P. 

alba, P. trichocarpa, P. deltoides, P. tremula, and Salix purpurea L.) (Almeida et al., 2020; 

Geraldes et al., 2015; Müller et al., 2020; Xue et al., 2020; Yang et al., 2021; Zhou et al., 

2020). Although in Populus the ZW system seems to be infrequent, it is, on the other 

hand, the predominant system found in the species of its sister genera Salix studied so 

far. Similarly to the situation in P. alba, several copies of ARR17 were found in the S. 

purpurea genome (Zhou et al., 2020). Although there are no functional studies yet, 

recent work found a female-specific region harboring ARR17 copies in the W 
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chromosome in Salix viminalis L. (Almeida et al., 2020) and S. purpurea (Zhou et al., 2018). 

This raises the intriguing possibility that not only Populus but other genera from the 

Salicaceae family might employ the same evolutionary solution for sex determination.  

In line with that, based on preliminary analysis of a draft assembly, one copy of the gene 

ARR17 has also been identified in Poliothyrsis sinensis Oliv. (data not published), the only 

monoecious genus closely related to Populus (Cronk et al., 2015). This again supports 

ARR17 as likely candidate gene for sex determination in the Salicaceae family. In this 

case, instead of allowing ARR17 activity only in female individuals, ARR17 activity would 

be controlled along the inflorescence axis, perhaps with the additional layer of a 

hormonal gradient mediated by cytokinin.  

Future research focusing on the molecular evolution of plant sexual systems by 

exploring the transitions between hermaphroditism, monoecy and dioecy in the 

Salicaceae will verify whether the function of ARR17 has remained conserved across 

these different sexual systems. This will also help to understand when ARR17 may have 

acquired its feminizing function (i.e. before the evolution to dioecy).  

Conclusions and perspectives 

The evolution of the diversity in sexual systems in angiosperms is related to the 

evolution of genetic regulatory networks. The few dioecious systems in which sex 

determination is well-documented already provides important insights in the diversity 

of sex determination systems, even though only a small number of pathways are known 

so far. Although there are indications that similar sex-determining genes and pathways 

are being used, further studies in more systems are necessary. Additionally, the patterns 

of expression of sex-determining genes and the phenotype of the homeotic mutations 

in flower meristem seem to be key to understand the way these genes direct sex 

expression.  

Combined, the results from the five chapters of this thesis explain and highlight how the 

poplar ARR17 gene acts as a feminizing factor and no additional antagonistic factor is 

necessary for sex determination in poplars. Besides, transcriptomic analysis 

demonstrated a highly targeted function of ARR17 on specifying floral organ identity, 
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controlling sex determination in a switch-like manner. Future studies are needed to 

clarify the open questions regarding the poplar ARR17. The timing of the evolution of 

ARR17 function as a switch and the molecular mechanism by which ARR17 controls dioecy 

by repressing UFO are of particular interest. Additionally, since Populus and Salix seem 

to share the underlying mechanism of sex determination in both XY and ZW systems, 

mediated by ARR17, future research in functional genomics is needed to further support 

the possibility that ARR17 might be conserved across the Salicaceae family, in 

monoecious and dioecious species alike.  

To fill these knowledge gaps and considering that several dioecious species are among 

crop species with economic value, the path moving forward is to continue working on 

more systems, including non-dioecious ones, to elucidate the biological reasons for the 

different evolutionary dynamics. As the genomics technologies improve, high-quality 

genome assemblies, pangenomes, gene co-expression networks and gene editing 

methods are rapidly becoming available. It is likely that in the next few years the sex 

determination systems in several species will be resolved and geneticists, botanists and 

breeders will all have a better understanding of the molecular control leading to the 

evolution of dioecy.  
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