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SUMMARY

In the angiosperm mating system of heterodichogamy, two hermaphroditic morphs temporally alternate be-
tween male and female flowering phases, promoting disassortative mating between morphs. Heterodichog-
amy is widespread within Juglandaceae and is controlled by distinct ancient structural variants in Juglans
and Carya. Here, we identify a novel inherited basis in two additional Juglandaceae genera, Pterocarya
and Cyclocarya. In Pterocarya, we map dichogamy types to an ~70 kb trans-species structural variant over-
lapping a single candidate gene, GFAFL, with a dominant haplotype for female-first flowering. Heterodichog-
amy in Cyclocarya is associated with a distinct pair of ancient haplotypes at the same locus but with a domi-
nant allele for male-first flowering. Both sets of alleles are ancient (ca. 45 and 50 Ma, respectively), but their
divergence postdates the divergence between the genera. GFAFL expression in staminate flowers in both
systems reveals trans-regulation of the recessive allele by the dominant haplotype, which in both systems
contains tandem duplicates of sequence in the 3’ region of GFAFL. We suggest that reciprocal sex matching
in heterodichogamy can result from a combination of cis-regulatory divergence and trans-regulation
involving “fast” and “slow” alleles at a single flowering-time gene, yielding “early” vs. “late” sex-specific
flowering. Our findings shed light on the molecular basis of heterodichogamy and contribute to an emerging
view that diverse genetic pathways can be co-opted during its evolution and facilitate turnover in its genetic

control.

INTRODUCTION

The timing of reproduction is a critical aspect of fitness and is
shaped by adaptive evolution.'™ In hermaphroditic organisms
that can produce both types of dimorphic gametes or gameto-
phytes, the optimal timing of their development, i.e., reproduc-
tion through “male” vs. “female” pathways, may differ as a
result of resource trade-offs, sex-specific changes in fecundity
through time, and costs associated with self-fertilization and
gamete interference. These factors are thought to underlie
the evolution of diversity in sex-specific temporal mating strate-
gies, such as sequential hermaphroditism in animals and di-
chogamy (temporal separation of male and female function) in
flowering plants.*”’

Simultaneously with individual-level trade-offs, sex-specific
temporal strategies are also shaped by sex-ratio selection acting
within a population.?° Heterodichogamy, found in at least 13
angiosperm families, refers to a stable dimorphism for the tem-
poral order of staminate vs. pistillate flowering (i.e., male and fe-
male).'®"" Protandrous (PA; male-first) individuals release pollen
prior to their stigmas being receptive, whereas protogynous (PG;

female-first) individuals show the complementary pattern. Pollen
dispersal of one morph thus occurs synchronously with stigma
receptivity of the other. This promotes disassortative outcross-
ing,'? such that the rare mating type is favored and a 1:1 ratio
of two morphs is expected at equilibrium.’® This mating system
is thus analogous to dioecy and heterostyly, in which discrete
floral morphs are maintained by negative-frequency-dependent
selection resulting from disassortative mating between
morphs.'*'> Heterodichogamy is suggested to facilitate the
evolutionary transition from hermaphroditism to dioecy,'®'®
yet it can also persist stably over long evolutionary timescales. ®
Although this mating system has likely evolved at least 13
times,"" to date its genomic basis has been characterized in
very few systems. 2! As with dioecy and heterostyly, heterodi-
chogamy appears to commonly be controlled by single-locus
mechanisms, where the dominant haplotype contains sequence
that is not shared by its counterpart (i.e., typically hemizygous)
and with limited recombination between haplotypes,'®*° sug-
gesting generalities regarding the regulation and genomic con-
sequences of different mating systems. However, the mecha-
nisms of gene regulation controlling heterodichogamy remain
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poorly understood and may show distinct features from other
dimorphic mating systems.

A classic example of heterodichogamy is its widespread
occurrence in the walnut family (Juglandaceae).?>~2° This system
is present in the many species of walnuts (Juglans) and hickories
(Carya, e.g., pecan) examined to date, and in both genera it is
controlled by Mendelian segregation of a dominant allele for pro-
togyny (G dominant, g recessive).'>? In our previous work, we
investigated the molecular basis and evolutionary history of het-
erodichogamy within Juglandaceae and found that two distinct
genomic regions, with no shared homologous genes, control
the mating system in Juglans and Carya.'® The Carya locus re-
sembles a supergene, with a region of reduced recombination
spanning ~20 protein-coding genes, several of which have pre-
dicted roles in flowering processes. The Juglans system involves
regulatory divergence of one clear candidate gene (TPPD1T)
linked to trehalose-6-phosphate signaling, a known flowering-
time pathway.?” Both systems are ancient (ca. 40 and 59 mya)
(Figure 1D), yet the loci span relatively narrow genomic regions
(~20-400 kb), unlike some heteromorphic sex chromosomes.
Within Juglandaceae, heterodichogamy has been reported in
two additional genera (Cyclocarya and Platycarya)®**°; however,
we previously showed that the genetic basis of the mating sys-
tem in these genera was not shared with either Juglans or
Carya,'® hypothesizing that additional genetic mechanisms con-
trol heterodichogamy in these other genera.

Here, we focus on the flowering behavior of two Juglandaceae
genera known as wingnuts—Pterocarya, in which heterodichog-
amy had not been previously documented to our knowledge,
and the sister genus Cyclocarya (wheel wingnut). Wingnuts are
so named for their fruits (Figure 1D), which are suited for wind
dispersal, unlike the animal-dispersed husked seeds of Juglans
and Carya. As in Juglans and Carya, unisexual flowers of Ptero-
carya and Cyclocarya are born in separate staminate and pistil-
late inflorescences (Figures 1A and 1B) or, rarely, in the same
inflorescence®® (Figures S1A and S1B), and pollen is wind
dispersed. Macrofossils of Cyclocarya appear in the early Paleo-
cene,”® whereas fossil Pterocarya fruits are not known prior to
the Oligocene.®*" The fossil diversity and distribution of these
genera throughout Neogene sediments of North America, Eu-
rope, and Asia indicate that wingnuts were once considerably
more diverse and geographically widespread than today.®'**
Pterocarya remains present in the fossil record of North America
and Europe through the Pliocene, and appears to have gone
extinct in these regions during the Pleistocene glaciations.***
The current distribution is accordingly thought to reflect loca-
tions of glacial refugia; of the six recognized species, five are
restricted to East Asia and a single species (Caucasian wingnut,
P. fraxinifolia) is endemic to the Caucasus region. P. stenoptera is
the most widespread species, being found across China, and itis
used in urban landscaping in both Europe and North America.
Cyclocarya contains a single modern representative native to
China (C. paliurus), which consists of both diploid and autotetra-
ploid lineages that diverged ~570,000 years ago.>**°

We combined de novo chromosome-level assemblies, rese-
quencing of phenotyped flowering individuals, and gene expres-
sion data in order to characterize the evolutionary history and
molecular basis of heterodichogamy in Pterocarya and Cyclo-
carya. Our study identifies a novel inherited basis underpinning
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this mating system in Pterocarya and parallel use of the same
gene in Cyclocarya, with a different set of alleles and a
reversed-dominance pattern. Together with a concurrent study
from Liu et al.>” on heterodichogamy in Pterocarya, our results
inform models for the genetic regulation of heterodichogamy
and further contribute to a picture of dynamic genetic control
of heterodichogamy in Juglandaceae, despite the evolutionary
stability of the mating system and conserved inheritance mech-
anisms within genera.

RESULTS

Pterocarya exhibits heterodichogamous flowering

We studied flowering of 89 individuals of Pterocarya stenoptera
from germplasm collections, urban plantings, and “volunteer”
trees to assess the relative timing of development of staminate
and pistillate flowering structures. Individuals generally showed
clear dichogamy of two types. Protandrous (male-first) individ-
uals (Figure 1A) released pollen prior to stigma maturity, whereas
protogynous (female-first) individuals showed mature stigmas
prior to pollen release (Figure 1B). Among plants at the same lo-
cality, these timing differences resulted in the reciprocal match-
ing of pollen release of one morph with stigma receptivity of the
other.

The offset timing of staminate and pistillate flowering of the
two morphs (approximately 1 week) was reflected in measure-
ments of inflorescence size (Figure 1C). Female inflorescences,
which progressively lengthen throughout flowering and post
fertilization, are longer in protogynous individuals mid-season.
On the other hand, male inflorescences, which begin develop-
ment in the season prior to flowering, enter dormancy at a larger
size in protandrous individuals (Figure 1C), a pattern that has also
been observed in heterodichogamous Cyclocarya,®® Ju-
glans,'?* and Carya.*’

Protandrous and protogynous morphs were common across
sites and segregate among maternal siblings from mother trees
from different collection sources (Figure S1C). Among all flower-
ing individuals examined across sampling localities, we identi-
fied 36 protandrous individuals, 36 protogynous individuals,
and 17 individuals whose dichogamy type could not be assessed
due to limited observation.

We observed flowering in a single individual from each of
two sister species, P. macroptera and P. rhoifolia. The
P. macroptera individual showed protogynous flowering,
whereas the P. rhoifolia individual exhibited protandrous flower-
ing. Segregating dichogamy types in two clades spanning the
deepest divergence within Pterocarya (Figure 1D), together
with the prevalence of the mating system throughout Juglanda-
ceae, strongly suggests that heterodichogamy occurs in all spe-
cies of Pterocarya.

Genome assembly and annotation

To facilitate investigation into the molecular basis and evolu-
tionary history of heterodichogamy in wingnuts, we generated
haplotype-resolved chromosome-scale genome assemblies
from three species of Pterocarya and from their sister group, Cy-
clocarya paliurus, using PacBio HiFi sequencing and scaffolding
to Hi-C aided long-read assemblies from the same genera.*’*
Pterocarya assembly samples originated from a single flowering
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Figure 1. Heterodichogamy in Pterocarya and the phylogeny of Juglandaceae

(A and B) Individuals of Pterocarya stenoptera show either protogynous (A) or protandrous (B) dichogamy. In (A), mature stigmas (pink) are visible on the pistillate
inflorescence, while anthers on the staminate inflorescence have not yet released pollen. In (B), anthers have released pollen, and pistillate flowers are beginning
to reach maturity.

(C) Protandrous (gold) and protogynous (purple) individuals show reversed dimorphism for developmental stage of staminate (male) and pistillate (female) in-
florescences. Density plots for each inflorescence type are shown at top and right. Developmental size of staminate buds (PC1 from length and width) and
pistillate inflorescences are overall negatively correlated due to the dimorphism but are positively correlated within each type.

(D) Fossil-calibrated phylogeny of Juglandaceae. Time (mya) shown at top with abbreviations of geological periods and epochs at bottom. Full posterior dis-
tributions on node ages are shown in blue. Node labels indicate bootstrap support from maximum-likelihood analysis and local posterior probability values from
ASTRAL. Pink circles indicate nodes with priors specified on the basis of fossil information (STAR Methods; Figures S1C and S1D). Colored rectangles at right
indicate the type of dichogamy observed in each taxon. Absence of colored rectangles means dichogamy types have not been reported. Full genus names and
common names (where relevant) are written on the right with numbers of accepted species in parentheses and a representative seed structure. Colored stars
indicate the origins of separate genetic systems controlling heterodichogamy in Juglandaceae, with estimates and 95% credible intervals.

Photos in (A), (B), and (D) by J.S.G.

See also Figure S1 and Data S1.
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individual each of P. stenoptera, P. macroptera var. insignis
(both protogynous flowering types), and a non-reproductive
P. fraxinifolia individual of unknown flowering type. The diploid
C. paliurus individual from Sonoma Botanical Garden (formerly
Quarryhill Botanical Garden) used for assembly showed protog-
ynous flowering and is one of two known trees of this species es-
tablished in North America.*

Our assembilies are highly contiguous; for example, haplotype
1 of P. stenoptera has a contig N50 of 32.14 Mb, with 97.9% of
the 551.2 Mb assembled genome contained within 16 chromo-
some-scale scaffolds, the expected number from cytological
counts,** and an average of 2.38 contigs per chromosome. After
masking repetitive sequences (54% of the genome), we anno-
tated our P. stenoptera assemblies, leveraging extrinsic evi-
dence from protein homology and RNA sequencing (RNA-seq)
datasets from 7 tissues (data from this study and Zhang
et al.*"), resulting in 30,681 gene models for haplotype 1 and a
BUSCO completeness score of 98.4% (OrthoDBv10, eudicots).
Other assemblies showed similarly favorable metrics (Data S1A).

A time-calibrated phylogeny of Juglandaceae

Although Pterocarya is well-resolved as monophyletic, recent
studies using different molecular data types have reported con-
flicting intrageneric relationships.®'+*° Furthermore, although the
Pterocarya-Cyclocarya divergence has been assumed to have
occurred by the early Paleocene, based on Cyclocarya fossils
(e.g., Lyson et al.>® and Zhang et al.“®), the lack of definitive Pter-
ocarya fossils prior to the Oligocene® (30 Ma later) leaves
considerable uncertainty over the crown age of extant Ptero-
carya. The extensive fossil record of Juglandaceae®’ presents
an opportunity to place our findings in a robust time-calibrated
phylogenetic framework together with other Juglandaceae het-
erodichogamy systems.’® We therefore used genome-wide
data (5,089 orthologs) for 7 of the 9 extant genera sensu APG
IV*® to infer a species phylogeny (using both ASTRAL and
maximum likelihood) and performed Bayesian time calibration*®
using fossil-informed prior distributions on internal nodes (STAR
Methods).

The time-calibrated phylogeny (Figure 1D; Data S1B) supports
an origin of crown Juglandaceae in the Late Cretaceous (94 mya,
95% credible interval [Cl] 86-99 mya), with a subsequent diver-
gence of the various tribes occurring near the K-Pg boundary.
This topology shows intergeneric relationships largely consistent
with previous phylogenies of Juglandaceae®®>? and resolves
Carya rather than Platycarya as the outgroup within subfamily Ju-
glandoideae. The Pterocarya-Cyclocarya divergence is esti-
mated at 55 mya (95% CIl 43-66 mya), despite specifying a prior
favoring a minimum divergence of 65 mya (with soft bounds) on
the basis of the earliest known Paleocene Cyclocarya fossil*
(Figure S1E). This signal in the molecular data favoring a younger
Cyclocarya-Pterocarya divergence, together with morphological
divergence between Paleocene and extant Cyclocarya,”® sug-
gests the possibility that the oldest Cyclocarya fossils may repre-
sent stem lineages to both modern genera and that Pterocarya
could have evolved from an ancestor with Cyclocarya-like fruit
morphology. Within Pterocarya, we infer an early Oligocene or
late Eocene crown age (31 mya, 95% Cl 20-47 mya) and subse-
quent radiation during the Miocene epoch. Our results support
reciprocal monophyly of the morphologically recognized
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intrageneric sections Pterocarya (P. stenoptera, P. hupehensis,
and P. fraxinifolia) and Platyptera (P. macroptera and
P. rhoifolia),>® in agreement with Song et al.**

Ancient haplotypes at a single locus control
heterodichogamy throughout Pterocarya

To identify the genetic basis of dichogamy type within
P. stenoptera, we resequenced 20 phenotyped individuals (lllu-
mina, mean depth 27x), combined with existing data from 10
additional individuals'® with newly assigned dichogamy pheno-
types. Our mapping population consists of a mixture of wild-
derived seed collections and recently wild-derived material
from several sources (Data S1C) and contains multiple sets of
maternal siblings segregating for dichogamy type (Figure S1C).

Using a genome-wide association study (GWAS) with
11,663,910 called SNPs, we identified a single clear association
peak on chromosome 11 (Figure 2A), consistent with a single-lo-
cus Mendelian inheritance mechanism. This region is not syn-
tenic with Juglans chromosome 11 (Figure S2A) and does not
contain homologs of any of the genes present in the Juglans or
Carya heterodichogamy loci. The association peak is contained
within single assembly contigs in each P. stenoptera haplotype
assembly and does not appear close to the putative centromere
(Figure S2B). The peak contains a set of SNPs perfectly predic-
tive of dichogamy type spanning a 65.5 kb region in haplotype 2
of the assembly (Figures 2B and S3A) (vs. 77.2 kb in haplotype 1;
Figures S3B-S3E). We refer to this as the G-locus. Gene annota-
tion identified a single reliably predicted protein-coding gene
within this region of haplotype 2 (STAR Methods), a member of
the FANTASTIC-FOUR (FAF) superfamily (red; Figure 2B), with
a reciprocal ortholog at the syntenic location in haplotype 1.
We return to a possible functional role of this gene below.

Genotypes at these SNPs are consistent with a dominant allele
(G) determining protogyny and indicate that our haplotype as-
semblies 1 and 2 represent the recessive (g) and dominant (G)
alleles, respectively. In our GWAS sample, all 15 protandrous in-
dividuals are gg homozygotes, and, of the 15 protogynous indi-
viduals, 14 are Gg heterozygotes while one is a GG homozygote.
This deficit of homozygotes for the dominant allele is expected to
result under disassortative mating. We tested this hypothesis by
combining our data (15 PA, 15 PG, 1 unknown) with published re-
sequencing data from nine additional P. stenoptera individuals
sampled from its current natural range.®* Consistent with disas-
sortative mating between morphs, we identified only two domi-
nant allele homozygotes (out of 40 total), a significant deviation
away from the Hardy-Weinberg expectation under random mat-
ing (p=1.27 x 1078, = 32.38, d.f. = 1). This test is conservative
with respect to population structure, which would increase the
proportion of homozygotes in the sample.

Patterns of read depth across this region showed clear strati-
fication by phenotype (Figure 2C). Protogynous heterozygotes
appear hemizygous for a set of indels with respect to both
assembled haplotypes, whereas protandrous individuals almost
completely lack read depth across the entirety of the G haplo-
type but show typical read depth across the g haplotype
(Figure S3F). These patterns point to structural differences
and/or high divergence between the two haplotypes. Indeed,
compared with the genome-wide average level of polymorphism
per base pair (r = 0.008), the divergence between haplotypes is
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Figure 2. A single genetic locus controls heterodichogamous mating types across Pterocarya

(A) GWAS for dichogamy type in 30 individuals of P. stenoptera reveals a single clear peak on chromosome 11 (shown for reads aligned to haplotype 2, which
contains the dominant allele). Chromosomes are arranged in increasing number, alternating black and gray.

(B) Zoomed-in view of the GWAS peak (G-locus). Predicted gene models are shown at bottom with a FAF-like gene (GFAFL) in red.

(C) Normalized average read depth in 1 kb windows across the G-locus. Lines are colored by each individual’s dichogamy type.

(D) Nucleotide divergence in 1 kb windows across the region. Dashed and dotted lines show the genome-wide mean and 99% quantile, respectively. Colored tick
marks at bottom show positions of SNPs from a comparison of P. stenoptera and P. macroptera haplotypes where alleles group by species (gold) or are shared

across species and group by haplotype (blue).

(E) Individuals in four Pterocarya species from published datasets’®*

segregate for the shared SNP haplotypes identified in (D) between P. stenoptera and

P. macroptera. Bars show 95% confidence intervals of the proportion (Agresti-Coull method).
(F) Nucleotide diversity is reduced among G haplotypes compared with g haplotypes in three species.

See also Data S1 and Figures S1-S3 and S6.

exceptionally high in this region (Dy, = 0.126), falling in the top
1% of windowed 1 kb values (for windows with >500 aligned
bp and <50% repeat content) genome wide (Figure 2D). High
divergence between the two assembled haplotypes extends
beyond the GWAS peak in a region of high repeat content and
could in part reflect alignment error.

The high divergence across the G-locus suggests that it could
be an ancient balanced polymorphism. We leveraged our haplo-
type assemblies from the protogynous P. macroptera individual
and identified a high concentration of trans-species polymorphic
SNPs at the GWAS peak (blue; Figure 2D), whereas SNPs immedi-
ately adjacent to the GWAS peak group by species (yellow;
Figure 2D). We next examined heterozygosity at this set of trans-
species polymorphic SNPs in published whole-genome rese-
quencing data from multiple individuals of each of three species
(P. stenoptera, P. macroptera, and P. hupehensis).>* We find mul-
tiple individuals within each species that are highly heterozygous at
this set of SNPs, as expected if these individuals were heterozy-
gous (Gg) for the same pair of haplotypes, while others showed
low heterozygosity across these SNPs, as expected if they were

5196 Current Biology 35, 5192-5209, November 3, 2025

homozygous for one haplotype (Figure 2E). Furthermore, the latter
were homozygous for the recessive allele SNP (gg) seen in
P. stenoptera and P. macroptera, with only one homozygote for
the dominant allele (GG) seen in this dataset (in P. stenoptera).
These genotypes suggest that the phenotypic morphs may be
close to their 1:1 predicted ratio under disassortative mating in
these species. We also detected shared polymorphism at these
SNPs in one of two previously sequenced individuals of
P. fraxinifolia'® (Figure 2E) and confirmed that a previously
sequenced protandrous P. rhoifolia individual lacked shared poly-
morphism at these SNPs. We used estimates of species diver-
gence times from the genome-wide phylogeny— together with
divergence at 4-fold-degenerate coding sites or intronic se-
quences—to calibrate a molecular clock for this region (described
in STAR Methods), inferring that the Pterocarya haplotypes
diverged 45 mya (95% CI: 32-61 mya) in the common ancestor
of all extant Pterocarya.

The region tightly linked to the G allele is predicted to
share evolutionary features with Y-linked regions in XY sex-deter-
mination systems (or W-linked regions in ZW systems). As
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disassortative mating maintains the G haplotype at lower fre-
quency compared with the g haplotype, under a neutral model
we expect a 3-fold reduction in diversity among G vs. g haplotypes
with perfect disassortative mating. In addition, the physical extent
of conserved trans-species polymorphism indicates a lack of his-
torical recombination between G and g haplotypes, and G may
also rarely recombine with itself because GG homozygotes are
rare. Thus, effects of Muller’s ratchet and/or hitchhiking should
be stronger for G haplotypes. Using phased resequencing data
across the coding sequence of the FAF-like gene, we find support
for these predictions, with G haplotypes showing a 2- to 6.6-fold
reduction in several species (Figure 2F). Y-linked regions and other
permanently heterozyogous supergenes often accumulate repet-
itive sequences at higher rates than autosomally inherited re-
gions.®*°® Despite the fact that the G haplotype is nearly always
heterozygous, the G and g haplotypes are of similar lengths in
both Pterocarya species. G-locus haplotypes are only modestly
enriched in the percentage of repeat content compared with their
local genomic context, and this enrichment is not stronger for the G
haplotype (Figure S2C). The lack of considerable expansion of the
dominant haplotype suggests that the degenerative impacts of
heterodichogamous mating on molecular variation are limited in
Pterocarya.

Allele-specific regulation of a single flowering gene at
the Pterocarya G-locus

The region of trans-species G-locus SNPs coincides closely
with the transcribed region of a FAF-domain-containing gene,
which we refer to here as G-LOCUS-FAF-LIKE (GFAFL)
(Figure 3A). The FAF domain (Figure S4A) is a plant-specific
domain of unknown molecular function named for a group of
four Arabidopsis genes identified as regulators of shoot meri-
stem size.”® Other FAF-domain-containing (FAF-like) genes
have since been found to regulate diverse developmental pro-
cesses, including abscisic acid signaling, abiotic stress toler-
ance, endosperm starch metabolism,®®? and flowering
time.®® We identified FAF-like paralogs in several embryo-
phytes and found that all previously functionally characterized
members of this group are distant paralogs of GFAFL
(Figure 3C). Nonetheless, orthologs of GFAFL in Cyclocarya,
Juglans, and Arabidopsis show clear expression in flowers or
pollen and little or no expression in other tissues
(Figures S4C-S4H), supporting the idea that GFAFL orthologs
are plausibly involved in flowering.

Inthe coding region of GFAFL, we see only one nonsynonymous
SNP difference between haplotypes that is polymorphic in both
P. stenoptera and P. macroptera—a nonconservative K-to-N
replacement in the recessive haplotype lineage at an otherwise
conserved amino acid site (Figure S4A). Within species, the haplo-
types show greater divergence across several conserved regions;
the P. macroptera haplotypes are ~2.5% diverged at the level of
amino acid sequence (Z—’g’ = 0.58), while the P. stenoptera haplo-
types are (~8%) diverged in amino acid sequence (% = 0.65).Us-
ing phased resequencing data, we did not detect any signal of
adaptive molecular evolution, as there was no excess of nonsy-
nonymous vs. synonymous substitutions between the haplotypes
using nonsynonymous and synonymous polymorphism among g
haplotypes as a control (MacDonald-Kreitman test).
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To investigate the role of gene-expression regulation in the
developmental basis of heterodichogamy, we performed RNA-
seq on both staminate (male) and pistillate (female) flower tissues
of both morphs collected on the same day during flowering
(March 20), as well as on pre-dormant staminate catkin buds
(on August 2) in the same year and pistillate buds just prior to
bud break in the following season (February 18). These tissues
show distinct genome-wide expression patterns across biolog-
ical replicates (Figure S5A), and we see a signal of transcrip-
tome-wide differentiation between morphs within mature flower-
ing tissues (Figure S5B-S5D). Examining RNA-seq read
alignments from both reproductive and vegetative tissues,'®*
we found that GFAFL is the only gene in the G-locus region
with (1) unequivocal evidence of expression in floral tissue and
(2) conserved presence across multiple G-locus haplotypes of
Pterocarya (STAR Methods).

In P. stenoptera, we found expression of GFAFL in staminate
catkins and no other tissues (Figure S5E), with a large increase
in expression between the bud stage and floral maturity
(Figure 3B). Neither overall expression levels nor splicing pat-
terns of the gene appear to differ between morphs. However,
we identified patterns of allele-specific expression using
G-locus SNPs within RNA-seq reads. In early development of
staminate flowers, heterozygotes for the G-locus show a strong
bias toward expression of the G allele of GFAFL (o < 0.01, 32 =
7.11,d.f. =1). Indeed, expression of g in heterozygotes is entirely
lacking, which is significantly less than what would be expected
compared with half the expression level seen in gg homozygotes
(0 <0.001, ¥2 = 15.11, d.f. = 1). The highest expression of G was
seen in the only GG homozygote, which could suggest a dosage-
sensitive effect, but this effect is weak and not statistically signif-
icant. In mature staminate flowers, the pattern of allele-specific
expression in heterozygotes appears to weaken or even reverse,
and the level of expression of g is not reduced compared with its
expectation from the gg homozygote.

In the early stages of staminate flower development, despite
the lack of g expression of GFAFL in heterozygotes, we see clear
expression of the G copy (Figure 3B). These facts suggest a
mechanism of allele-specific trans-silencing of the g copy of
GFAFL by the G haplotype. This result is further supported by in-
dependent data by data from a concurrent study by Liu et al.,®”
which identified the same candidate gene for heterodichogamy
in Pterocarya using different methods. Furthermore, the apparent
lack of expression of GFAFL in both early stage (i.e., before bud
break) and mature pistillate flowers suggests that G-locus haplo-
types might regulate the female timing difference through differ-
ential regulation of additional genes not found in the GWAS peak.

Heterodichogamy in Cyclocarya is also associated with
GFAFL but with reversed dominance

The protogynous C. paliurus individual we used for assembly is
not heterozygous for the two Pterocarya dichogamy haplotypes
described above, nor is it homozygous for the dominant haplo-
type seenin Pterocarya. This implied that there must be a distinct
inheritance mechanism for heterodichogamy in Cyclocarya.
Remarkably, we find evidence that a distinct pair of haplotypes
at the same locus (G7 and G2) with reversed dominance control
heterodichogamy in both the diploid and tetraploid lineages of
Cyclocarya.
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Figure 3. Trans-species polymorphism and allele-specific regulation at GFAFL underlie heterodichogamy in Pterocarya

(A) Outside the region of copy number variation, trans-species polymorphic SNPs at the Pterocarya G-locus localize to the transcribed region of GFAFL. Each
horizontal bar represents a haplotype alignment to the P. stenoptera G reference, with gray portions showing aligned regions. Positions with colored tick marks
are biallelic SNPs (singletons not shown) with the alleles in two different colors. Above, we show the implied tree sequence, noting that across sites either allele
may be the derived mutation. The dotted vertical line on the right indicates the start position of the region homologous to the repeats contained within the

dominant haplotype (G-0).

(B) GFAFL shows allele-specific expression in developing staminate flowers. Each vertical bar represents a unique individual whose genotype is shown at the
bottom, as determined from genomic sequence data. The total height of each bar represents the combined transcript counts of both GFAFL alleles, and the

contribution of each allele is represented by the height of the portion shaded purple (G) or orange (g).

(C) Maximum-likelihood phylogeny of FAF-like genes in a selection of embryophytes from a codon-based alignment of the FAF domain, rooted using a single-
copy gene in Marchantia. The subclade highlighted in blue contains the canonical Arabidopsis FANTASTIC FOUR genes (black points at tips). GFAFL is a member
of a different subclade (maroon), which we infer is related to the previous via gene duplication in the ancestor of angiosperms. Copies in Pterocarya and Cy-
clocarya are indicated with red diamonds. Alignment across a larger coding region in this subclade reveals that GFAFL shows closer homology to the Arabidopsis
gene AT1G22110 than to AT1G77932 (Figure S4A). Node labels give bootstrap support (only shown for values >70%). Branch lengths represent substitutions per

codon.
See also Figures S4 and S5 and Data S1.
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Figure 4. A distinct pair of ancient GFAFL alleles in Cyclocarya are associated with dichogamy type and show allele-specific regulation in
flowers

(A) Phylogeny of the GFAFL intron across Pterocarya and Cyclocarya assemblies, rooted with Carya illinoinensis as an outgroup (not shown). Tip labels from left to
right indicate species name, followed by ploidy and phenotype of the individual used for assembly (Cyclocarya only), followed by G-locus allele (Pterocarya and
Cyclocarya only). Tip shapes and colors further indicate the flowering type and ploidy of the individual from which each Cyclocarya GFAFL copy derives; see
legend for (B).

(B) Segregation of the G2 allele in both diploid and tetraploid lineages of C. paliurus. Each point represents a unique individual. The y axis shows relative read
depth across alternative alleles of the GFAFL transcribed region from a competitive mapping to both alleles. Diploids show either zero or ~ % relative depth over
G2, while tetraploids show either zero or ~ %. The x axis shows ascertained segregating sites from short reads aligned to an assembly containing a single copy of
GFAFL, with a correction applied for variable sequencing depth. Levels of variation among the GFAFL sequences within individuals are much higher for in-
dividuals carrying a copy of the G2 allele. The higher numbers of segregating sites in tetraploids vs. diploids can be explained by the sampling of four vs. two total
copies of GFAFL.

(C) Expression of the two GFAFL alleles across both pistillate and staminate flower development in protandrous and protogynous morphs of C. paliurus. Points
show biological replicates and lines connect means across replicates.

Data reanalyzed from Qu et al.,*® with three points in right two panels added in this study.

See also Figures S6 and S7.

In published RNA-seq data from C. paliurus,®* we detected  mya), younger than the inferred divergence time between Cyclo-

flower-specific expression of two deeply diverged copies of
GFAFL orthologs (termed G7 and G2), both of which map to
the syntenic location of GFAFL in our assembly and previous as-
semblies*® of this species. Divergence at 4-fold-degenerate
sites and intronic sequence (STAR Methods) gives a diver-
gence-time estimate for these alleles of 50 mya (95% CIl 35-66

carya and Pterocarya (55 Ma, 95% CIl 43-66 mya). These alleles
do not differ at either of the two conserved GFAFL coding-
sequence polymorphisms ancestral to Pterocarya (Figure 3A),
and they cluster together as a separate clade, sister to the Pter-
ocarya alleles, in a phylogeny of the GFAFL intron (Figure 4A).
These Cyclocarya GFAFL alleles are also associated with
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Figure 5. Parallel structural variation at Pterocarya and Cyclocarya GFAFL haplotypes

(A) Simplified schematic of the G-locus repeat structure in both genera. Solid arrows indicate the transcription start site of GFAFL. Green triangle and pink
pentagon represent hypothetical intronic cis-regulatory elements that differ between haplotypes. Dotted arrow indicates a hypothesized trans-interaction be-
tween the alleles whereby the dominant allele regulates expression of the recessive allele.

(B and C) Alignment dot plots between the dominant and recessive G-locus haplotypes of two Pterocarya species. The gray region in (B) indicates the region
associated with dichogamy type in P. stenoptera. Pink rectangles at bottom left in (B) and (C) show the position of GFAFL in each assembly. Insets on the right
show a zoomed-in view of the tandem repeats. Red arrows indicate the location of homology in the recessive haplotypes to an inverted-repeat structure found in
the dominant haplotypes of both species.

(D) Predicted secondary RNA-folding structures for two selected inverted repeats P. stenoptera G-7 (top) and P. macroptera G-0 (bottom).

(E) Alignment dot plot between dominant and recessive heterodichogamy haplotypes of C. paliurus across the region of segregating copy number variation
downstream of GFAFL.

(legend continued on next page)
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structural variation downstream of the GFAFL coding region
(Figure 5E). The presence of this ancient structural variant at
the same locus that controls heterodichogamy in the sister
genus Pterocarya suggested that these Cyclocarya alleles could
be associated with the regulation of heterodichogamy and main-
tained by long-term balancing selection.

We found that these alleles also show an association with
known dichogamy types. One allele (G7) appears in both assem-
bled haplotypes of our diploid protogynous C. paliurus individual,
as well as in a published assembly from another known diploid
protogynous individual.*> The G2 sequence was not found in
the raw assembly reads of either sample; thus, both protogynous
individuals appear to be homozygous for the G7 allele. The other
allele (G2) appears at the syntenic location in a published assem-
bly from a diploid protandrous individual (we also confirmed this
individual possessed G17) and at the syntenic location in one of
four published haplotype-resolved assemblies from a protan-
drous tetraploid (the other three haplotypes having G7). Thus,
both protandrous assemblies derive from individuals heterozy-
gous for the G7 and G2 alleles. In a separate flower RNA-seq da-
taset,*® we detected expression of G2 only in labeled protan-
drous samples and not in protogynous samples, whereas G1
was expressed in both types (representing 9 individuals of each
type). Although we lack the samples for a GWAS, the available
data are consistent with an association between GFAFL alleles
and dichogamy type, where protogynous individuals are G7 ho-
mozygotes and protandrous individuals are heterozygous for
G1 and G2. Strikingly, the association of these alleles with di-
chogamy types shows a reversed-dominance pattern compared
with that of Pterocarya, where here adominant allele (G2) appears
associated with protandry rather than protogyny.

We next examined segregation patterns of these alleles in
published genomic resequencing data from a larger sample of
both diploids and tetraploids®® of unknown flowering type.
Among all diploids examined (n = 13), genotypes were either
G1/G1 (n = 4) or G1/G2 (n = 9), with zero G2/G2 homozygotes
seen despite the high frequency of the G2 allele. This deficit of
the G2/G2 homozygote deviates from the expectation under
random mating (p = 0.056, x* = 3.64, d.f. = 1). Although this result
shows borderline statistical significance, note that the complete
absence of G2/G2 is the most extreme observation possible for a
given frequency of G2. This is consistent with the prediction un-
der disassortative mating between G717 homozygotes and G1/G2
heterozygotes. Among tetraploids (n = 36), individuals appear to
possess either zero or at most one copy of G2 for every three
copies of G171 (Figure 4B), consistent with the segregation of G1
and G2 alleles at a single locus during meiosis.

Cyclocarya GFAFL alleles show specialized expression
in male and female flowers

To explore the possible functional role of GFAFL in heterodichog-
amy in Cyclocarya, we next examined expression of the two alleles
in a published RNA-seq dataset representing a developmental
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time series of staminate and pistillate flowers of both protandrous
and protogynous morphs.*® The two alleles show striking patterns
of unisexual flower-specific expression (Figure 4C). In protandrous
heterozygotes, G2 is more highly expressed during development
of pistillate flowers, whereas G7 is more highly expressed during
development of staminate flowers. The expression of G2 in pistil-
late flowers is consistent with neo-functionalization, as expression
of the GFAFL orthologs in Pterocarya, Juglans, and Arabidopsis
appears restricted to staminate flowers or the androecium
(Figures S4C-S4H and S5E).

The expression of both alleles in C. paliurus heterozygotes is
strongly correlated, suggesting they could have similar regulato-
ry roles in flowering. Yet the transcripts show ~8% divergence in
amino acid sequence (*N/4s = 0.53). Several substitutions occur
in conserved regions, in addition to a change in the location of
the start codon, indicating that they could encode proteins
with partially divergent functions (Figure S4A). These patterns
suggest a model wherein both alleles regulate the develop-
mental rate of flowering structures, but one acts as a “fast” allele
(G17), while the other acts as a “slow” allele (G2). For this model to
be a sufficient basis for heterodichogamy, it would also predict
upregulation of the fast allele in staminate flowers of protandrous
morphs. Consistent with this, we see that the G7 allele is highly
upregulated in staminate flowers of protandrous morphs hetero-
zygous for G1 compared with protogynous morphs homozygous
for G1, despite its lower relative copy number in heterozygotes.

Together, these expression patterns illustrate the potential for
heterodichogamy to be controlled by regulatory variation at a
single locus with multiple effects on the expression of a single
gene. If two alleles differ quantitatively in the rate of promoting
the transition to flowering, the combination of (1) sex-specific
expression in heterozygotes and (2) morph-specific expression
of the recessive allele may be sufficient to generate reciprocal
matching of sexes between morphs.

In summary, several lines of evidence support the idea that
ancient haplotypes at the GFAFL locus control heterodichogamy
in Cyclocarya. (1) The Cyclocarya GFAFL locus shows ancient
balanced polymorphism for two alleles. (2) A similar structural
variant at the orthologous locus controls heterodichogamy in
the closest living relative (Pterocarya). (3) Alleles at this locus
show an association with flowering types (albeit with low sample
size). (4) Genotype frequencies at this locus are biased in the di-
rection predicted by disassortative mating. Finally, (5) GFAFL al-
leles show morph-specific expression patterns in flowers. We
cannot formally exclude the alternative hypothesis that a
different locus controls heterodichogamy in Cyclocarya. Howev-
er, the above facts are best explained by the hypothesis that the
GFAFL polymorphism is the causal determinant.

Convergent genomic structure of the dominant
haplotype in Pterocarya and Cyclocarya

Patterns of allele-specific GFAFL expression in G-locus hetero-
zygotes of both Pterocarya and Cyclocarya suggest the

(F) Maximum-likelihood phylogeny of repeat motifs in each assembly rooted with Juglans as an outgroup. Pterocarya G-locus haplotype sequences are high-
lighted in purple (G) and salmon (g). Also highlighted are Cyclocarya G2 repeats 1-3 (dark blue) and G7-0 sequences (light blue). All Cyclocarya G2 sequences are

indicated with points at tips.

Scale bar indicates substitutions per site. Node labels indicate bootstrap support.

See also Figure S6 and Data S1.
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existence of both cis-regulatory divergence between G-locus
haplotypes as well as trans-acting allele-specific regulation.
We noted a striking parallel in haplotype structure between the
dominant G-locus haplotypes in both genera that could reflect
similar mechanisms of gene regulation.

In Pterocarya, pairwise alignments between the dominant and
recessive haplotypes in both P. stenoptera and P. macroptera
revealed the presence of an array of 14-15 ~2 kb tandem re-
peats in both dominant haplotypes (Figures 5B and 5C). These
tandem repeats do not overlap any predicted genes but are ho-
mologous to sequence present ~1.5 kb downstream of GFAFL
in both the dominant and recessive haplotypes of these Ptero-
carya species. Similarly, in Cyclocarya, we detected tandem re-
peats within the dominant haplotype showing homology to the
same location downstream of the transcribed region of GFAFL
(Figure 5E). The repeated motifs in Pterocarya and Cyclocarya
show ~80% sequence homology to one another over ~1.5 kb.
In Cyclocarya, the repeated sequence occurs in at least three
copies in the putative dominant haplotype of a protandrous
tetraploid (Figure 5E) and at least two copies in the collapsed as-
sembly from a protandrous diploid (Figure S6B).

To understand the evolutionary relationships between these
sequence motifs, we next constructed a phylogeny of the domi-
nant haplotype repeats and the homologous sequences in the
recessive haplotypes downstream of GFAFL (Figure 5F). All Pter-
ocarya sequences form a well-supported clade (98% bootstrap
support), with G haplotype sequences and g haplotype se-
quences forming two reciprocally monophyletic sister groups
(85% and 100% bootstrap support). We found no signal of
phylogenetic conservation of specific repeats within the tandem
array across the two Pterocarya species, indicating considerable
turnover in repeat sequence content within species. One or
possibly two protogynous individuals of P. stenoptera appear
to lack at least part of this repeat array (Figures S6D and S6E),
potentially reflecting ongoing contraction and expansion. In Cy-
clocarya, we see a well-supported clade of recessive G7 haplo-
type sequences and a well-supported clade of the repeats in the
dominant G2 haplotype (100% bootstrap support); both of these
clades are reciprocally monophyletic with respect to Pterocarya
sequences. However, we note that the Cyclocarya G2 repeats
(G2-1, G2-2, and G2-3) appear phylogenetically closer to the Cy-
clocarya G1-0 sequence than to the syntenic sequence present
on the same haplotype as the repeats themselves (G2-0).
Despite turnover of these repeats within and across genera,
the parallelism of this haplotype structure (and the lack of other
notable shared haplotype features) highlights these repeats as
potential candidates for regulating GFAFL.

Considering that RNA-seq data in both genera suggest a
mechanism of trans-regulation of the recessive copy of GFAFL
by the dominant haplotype, we considered the possibility that
the repeats on the dominant haplotype encode a trans-acting
RNA intermediary that either post-transcriptionally regulates
the recessive copy of GFAFL or that transcriptionally regulates
GFAFL by targeting a cis-regulatory element of GFAFL present
on the recessive haplotype. Here, it is interesting to note a strik-
ing parallel to the molecular structure of the Juglans G-locus. In
that case, the dominant haplotype contains tandem duplicates
of the 3’ region of TPPD1, and small RNAs (sRNAs) are tran-
scribed from these repeats in developing staminate flowers,
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corresponding with allele-specific regulation of TPPD1 in the
same tissue.'®

Intriguingly, we noted the presence of a shared ~300 bp in-
verted-repeat structure present in multiple copies within the
repeat region of both P. stenoptera and P. macroptera dominant
haplotypes (Figures 5B and 5C). These inverted repeats are ho-
mologous to the same region in the respective recessive haplo-
type from each species that is not within the transcribed region of
GFAFL. Furthermore, they are predicted to form thermodynam-
ically stable hairpin structures (Figure 5D),%° suggesting that they
could act as precursors for the production of regulatory micro-
RNAs (miRNAs). Although miRNAs often act as post-transcrip-
tional regulators, they can also act as transcriptional regulators
by directing methylation to cis-regulatory elements.®® This
sequence motif and its possible role in directing methylation
are promising avenues for further research into the molecular
mechanism underlying heterodichogamy in these genera.
Notably, a concurrent study by Liu et al.®” identifies the presence
of sRNAs closely matching the sequence within the hairpin pre-
dicted here that could plausibly target the recessive haplotype to
cause allele-specific silencing in trans.

Alternative mechanisms not involving an RNA intermediary
may be possible.®” For instance, an alternative hypothesis for
the expression data in Pterocarya is that an enhancer region
within the G haplotype outcompetes the g haplotype for recruit-
ment of a limiting shared transcription factor, which transiently
promotes GFAFL transcription during a specific developmental
stage of flowering. Whatever the specific mechanism, these
repeated homologous sequences found downstream of
GFAFL within dominant haplotypes of both Pterocarya and Cy-
clocarya are a promising link for further investigation into the
molecular-genetic mechanisms of gene regulation that underlie
heterodichogamy.

DISCUSSION

In this work, we documented the occurrence of heterodichog-
amy in Pterocarya. Thus, all five genera within subfamily Juglan-
doideae have been confirmed to possess this mating system.
Remarkably, our results now demonstrate that, among these,
at least three distinct genetic loci control heterodichogamy.'®
In three genera (Juglans, Pterocarya, and Carya), a dominant
allele controls female-first flowering (protogynous heterogame-
ty), while only Cyclocarya appears to show protandrous hetero-
gamety. The genetic basis of heterodichogamy in Platycarya has
not yet been identified and may involve a separate mechanism.
To our knowledge, there are no reports of the temporal flowering
behavior of subfamily Engelhardiodeae, but considering the sim-
ilarities of inflorescence structure and pollination mode with Ju-
glandoideae, it seems plausible that heterodichogamy may be
found there also.

Neither the Pterocarya nor Cyclocarya GFAFL alleles, nor the
other genetic systems we have previously mapped,'® are esti-
mated to be old enough to have originated in the common
ancestor of this group. Thus, we cannot definitely rule out
convergent evolutionary origins of heterodichogamy in these
different genera. However, considering the occurrence of heter-
odichogamy in all of subfamily Juglandoideae, together with its
apparent scarcity in related families, it is reasonable to suggest
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that phenotypic heterodichogamy evolved in the common
ancestor of Juglandoideae®® and has been maintained for
>70 Ma. If that is the case, the ancestral heterodichogamy mech-
anism was controlled by a mechanism that was susceptible to
subsequent invasion by novel dichogamy-determining alleles
at unlinked loci. Why might this occur? One possible adaptive
explanation could be that heterodichogamy morphs controlled
by an ancestral genetic system showed imperfect temporal
matching between opposing sexual phases. Such temporal mis-
matches might arise due to environmental changes that differen-
tially affected male and female flowering time. A novel dichog-
amy-determining allele conferring closer sex matching to the
other morph under these conditions could then gain a fitness
advantage and take over control of dichogamy type, analogous
to a popular model of sex chromosome turnover.®® Such alleles
may be predisposed to arise at genes that already participate in
regulatory networks underlying morph-specific flower develop-
ment. Consistent with this idea, we see morph-specific temporal
expression patterns among previously identified candidate
genes in Juglans and Carya in the flower expression data of Cy-
clocarya (Figure S7).

In the wingnut genera Pterocarya and Cyclocarya, the same
gene (GFAFL) appears to regulate heterodichogamy. Reciprocal
monophyly of the GFAFL alleles in each genus and a lack of
shared polymorphisms indicate that both sets of alleles diverged
after the divergence of these genera (Figure 4). Although this
could be consistent with convergent evolution of heterodichog-
amy via the same gene, it seems likely that polymorphism at this
gene controlled heterodichogamy in the common ancestor of
these sister genera. In this scenario, i.e., allelic turnover, one or
both pairs of alleles replaced an ancestral pair of alleles at this
locus, while phenotypic heterodichogamy was maintained (an
analogous model has been offered for mimicry polymorphism
in Papilio butterflies®). If the ancestor of these two genera was
indeed heterodichogamous, as seems likely, the apparent
male-first dominance of Cylocarya would require that dominance
reversal must have occurred. Given that Cyclocarya may be the
only case of protandrous heterogamety in Juglandoideae, this
could represent a derived state. The expression of GFAFL in
pistillate flowers of Cyclocarya also appears to be derived.
Thus, if GFAFL controlled heterodichogamy in the ancestor of
these genera, the molecular mechanism might have more
closely resembled that of the Pterocarya system.

Dominance reversals are also known in various sex-determi-
nation systems.”®"? This can even occur while retaining the
same gene as the key sex regulator. For example, a transition
from XY to ZW sex determination in poplar was mediated by
different means of silencing the feminizing factor ARR77 in
males.” In contrast, the alleles in both the Pterocarya and puta-
tive Cyclocarya heterodichogamy systems are functional copies
of the same protein-coding gene, both of which are expressed in
flowers and likely differ quantitatively in their regulatory effects
on flowering time rather than on sex allocation.

Although genetic control of heterodichogamy naturally paral-
lels that of dioecy, it may differ in other key ways. For example,
although many plant sex-determining regions lack heteromor-
phism,”* perhaps as a result of purifying selection in the haploid
phase,”>’° the current data suggest that heteromorphism might
be even less pronounced in heterodichogamy. Two factors could
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contribute to such a pattern. First, the apparent lack of pheno-
typic specialization of dichogamy morphs, other than in their
timing, suggests that there may be limited genetic variation
with morph-antagonist effects (e.g., protogynous beneficial/
protandrous deleterious alleles or vice versa), precluding an
adaptive advantage of recombination suppression that would
subsequently trigger differential degeneration and heteromor-
phism."® In this regard, heterodichogamy may be more similar
to heterostyly, where both morphs are hermaphroditic but differ
in the relative heights of male and female floral organs. Interest-
ingly, in all known cases, convergently evolved distyly loci sys-
tems involve hemizygosity for a small number of protein-coding
genes in the dominant haplotypes of short-styled morphs,
without chromosome-scale heteromorphism between haplo-
types.””®° Second, although disassortative mating renders the
dominant homozygote rare in heterodichogamy, some level of
intra-morph mating evidently occurs, as viable dominant homo-
zygotes are now known in several genera with mapped heterodi-
chogamy systems (Juglans, Carya, and Pterocarya). Moreover,
heterodichogamy morphs are not associated with self-incom-
patibility, unlike in heterostyly, where this is often the case.®®
This may enable occasional recombination between dominant
haplotypes and a higher rate of purging of deleterious insertions
or deletions compared with permanently heterozygous sex
chromosomes.

As mentioned above, rather than wholesale silencing of one
sex in dioecy, the molecular basis of heterodichogamy requires
quantitative regulatory control of both male and female flowering
in each morph in order to achieve reciprocal temporal sex
matching. How might this be achieved at the genetic level?
One possibility (pleiotropy hypothesis) is that pleiotropy of a sin-
gle regulatory change could simultaneously delay flowering of
one sex while advancing the other through a resource trade-
off.’ However, if such a trade-off were to exist, then the devel-
opmental rates of male and female flowering structures would
likely be negatively correlated within dichogamy types. Our
data on the relative developmental rates of male and female in-
florescences in Pterocarya show the opposite pattern, where
male and female developmental rates within each dichogamy
type are positively correlated (Figure 1C). Although the sex-
specific phenology variation we see within types is only a subset
of the total variation, it is difficult to imagine how the direction of
pleiotropy would reverse over some threshold shift in flowering
time of either sex. A second possibility is that variants across
multiple genes with sex-specific effects on either male or female
flowering time become coupled together on the same haplotype,
enabling co-inheritance of variation that delays flowering of one
sex while advancing that of the other. The clear evidence of
recombination suppression across multiple genes putatively
involved in flowering at the Carya G-locus haplotypes lends sup-
port to this model."®

Our findings in the wingnut group suggest a third possibility. If
alleles at a single gene regulating the developmental transition to
flowering vary quantitatively in their effect, heterodichogamy can
result from a combination of sex-specific cis-regulatory diver-
gence and trans-regulation of one allele by the other. The Cyclo-
carya data are consistent with this model; the G2 allele found in
protandrous heterozygote individuals shows higher relative
expression in cis in pistillate (female) flowers, while the G2
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haplotype upregulates the G17 allele in trans in staminate (male)
flowers, such that G7 shows higher relative expression. These
patterns are consistent with the G7 copy of GFAFL acting as a
fast protein allele, while the G2 copy acts as a slow allele, corre-
sponding to early vs. late flowering. Such a model would allow
the G2 allele found only in the protandrous heterozygote to
slow the development of pistillate flowers, while also driving
higher expression of the G17 allele in trans to accelerate the devel-
opment of staminate flowers relative to the protogynous G7 ho-
mozygotes, thereby reversing the order of sex-specific flowering
to generate intermorph synchronization. If trans-regulation of the
G1 allele by the G2 haplotype is key to the acceleration of stami-
nate flowering in the protandrous morph of Cyclocarya, this pre-
dicts that a G2/G2 individual would show delayed staminate
flowering relative to a protandrous G7/G2 individual. In this
way, the deficit of G2/G2 homozygotes per se could be a cause
as well as a consequence of disassortative mating in this system.

The data from staminate flowers Pterocarya are also consis-
tent with this model, but the data for pistillate flowers are not.
The G haplotype found in protogynous heterozygotes seems to
cause allele-specific silencing in trans of the g copy of GFAFL
in early staminate flower development, while the G allele of
GFAFL is itself expressed. In this case, the G allele may thus
be acting as a slow allele compared with a fast counterpart, g.
However, this model does not seem to explain the pistillate flow-
ering offset, as we did not detect GFAFL expression in pistillate
flower tissue of Pterocarya—neither at the time of bud break nor
at the time of flowering. Although we cannot exclude the possi-
bility of expression in pistillate flowers during a narrow develop-
mental window, the data suggest that GFAFL regulation is not
likely the causal basis for the female timing difference at the
G-locus in Pterocarya. One or both of the G-locus haplotypes
may be controlling female flowering through a trans-acting
mechanism (for example, small RNAs) differentially regulating
flowering-time genes elsewhere in the genome. Results from a
concurrent study by Liu et al.®” suggest that small RNAs tran-
scribed from the dominant haplotype of Pterocarya could plau-
sibly regulate the expression of additional flowering-time genes
that show morph-specific expression patterns. We additionally
note that the current data for the Juglans locus could also be
consistent with this model'®; however, further study is needed.

It is natural to suggest that the trans-regulatory effects of the
dominant haplotype on the expression of the recessive copy of
GFAFL in both Pterocarya and Cyclocarya is directly related to
the molecular mechanism of dominance. Furthermore, the
convergent structure of the dominant haplotypes in both genera,
together with our identification of tandem duplicates of a hairpin
structure in the dominant haplotype of Pterocarya matching
sequence on the recessive haplotype, hints that sRNAs could
potentially mediate dominance in these systems. Together with
data from Juglans, where tandem repeats of the 3’ region of a
flowering-time candidate gene (TPPD1) occur in the dominant
haplotype and encode putative regulatory sRNAs, these findings
suggest that this type of regulatory architecture could be a more
general feature of heterodichogamy; however, data from more
systems are needed. If the tandem duplicate structure in the
dominant G-locus haplotypes of wingnuts is responsible for
trans-regulation of GFAFL, it is possible that dominance was es-
tablished gradually, and perhaps secondarily, after the original

5204 Current Biology 35, 5192-5209, November 3, 2025

Current Biology

appearance of balanced polymorphism at the locus. Indeed,
balanced polymorphisms are classic models where dominance
modifiers are suggested to evolve secondarily®”°* Direct evi-
dence for the evolution of dominance modifiers per se at mating
type loci comes from the self-incompatibility systems of Brassi-
caceae, where trans-acting sRNAs encoded by dominant haplo-
types mediate transcriptional silencing of recessive haplotype
genes at the same locus.®>%°

Our findings show that heterodichogamy can be achieved
through diverse genetic pathways, which may facilitate its evolu-
tionary turnover. In wingnuts, and perhaps walnuts, it appears
that changes affecting a single protein-coding gene may be suf-
ficient to control reciprocal temporal matching of opposing sex-
ual phases. Given this, why then have the current-day systems
been conserved over vast time periods? Perhaps the molecular
architectures of these systems—that is, the putative regulatory
repeats—enable sufficient flexibility for adaptation of finely
tuned reciprocal matching, making these systems robust to
invasion.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We examined phenotypes or collected tissue from live plants of the following species: Pterocarya stenoptera P. macroptera,
P. rhoifolia, P. fraxinifolia, and Cyclocarya paliurus. Plants were growing outdoors, not under controlled conditions. Metadata asso-
ciated with sequenced plants are provided in Data S1A and S1C. We examined published fossil descriptions and sequence data from
additional species in Juglandaceae as described in STAR Methods.

METHOD DETAILS

Phenotyping

Flower structures were examined in spring of 2024 and dichogamy types were assigned based on the relative developmental stages
of pistillate and staminate flowers. We studied P. stenoptera trees, all offspring from open-pollination, at four localities. Brief descrip-
tions of each site follow. (1) Davis, CA. A subset of trees occurred on UC Davis campus and were evidently planted near the mid-20th
century. One of these, at the Chancellor’s residence, is attributed to Knowles Ryerson (appointed at UC Davis 1937-1977) and is
thought to be among the first trees of this species planted in North America (Hunter Wilson, UC Davis, personal communication).
Another stand of trees was identified in a marginal agricultural habitat at the outskirts of campus; these were not likely intentionally
planted, and appear to be closely related to the campus trees (Figure S1C), perhaps even direct descendants. (2) Winters, CA. These
trees are part of the USDA National Clonal Germplasm Repository housed at Wolfskill Experimental Orchard. Records indicate that
many of these trees are derived from wild-direct seed collections, in several cases with multiple accessions being collected from
different seeds from the same maternal tree. (3) Sacramento, CA. A handful of trees were located among the city-maintained trees.
These were clearly intentionally planted and were plausibly several decades old; we could not find further historical information. (4)
Sonoma Botanical Garden, Glen Ellen, CA. These trees consisted of two sets of wild-direct seed collections (from two different
maternal trees) from different localities in Sichuan Province, China. In addition, a single tree each of P. macroptera, P. rhoifolia,
and C. paliurus were observed for flowering phenotype at Sonoma Botanical Garden. Accession numbers of trees, where available,
are given in Data S1A and S1C.

Most trees in flower that were observed over multiple time points across the flowering season could be confidently assigned to one
dichogamy type. Others were observed on a single day during flowering, and for these dichogamy type was often nonetheless clear
but not in all cases. Certainty in the phenotype was greater for trees growing nearby others of the same species experiencing the
same local conditions. Binoculars were sometimes required to view flowering structures in the canopy, and here the pink tinge of
stigmas was found to be a reliable indicator of the pistillate flowering phase. In concert with an overall assessment of dichogamy
type, we took two quantitative measurements for a subset of trees observed. Pistillate catkin lengths of trees in Winters and Davis,
CA were measured using a hand ruler within a two-day period in early April near the middle of the flowering season. Staminate catkin
buds on the same set of individuals were measured on Dec. 17 of the same year (during dormancy) under a dissecting microscope,
and both length and width were measured using the software ToupView. As a measure of male catkin size, we used each tree’s value
along the first principal component from a principal components analysis of both length and width (Figure 1C). We found this to be a
more useful measure of size at this developmental stage, when variation in bud length and width are comparable in magnitude (bud
length was on average 2.2x bud width).

Genome assembly and annotation

We assembled chromosome-level genomes of one individual each of Pterocarya stenoptera, P. fraxinifolia, P. macroptera, and Cy-
clocarya paliurus (Data S1A). The P. macroptera and P. fraxinifolia assemblies represent the first complete genome assemblies of
these species to our knowledge.

Fresh leaf tissue was collected in the field and immediately flash frozen in liquid nitrogen. High Molecular Weight DNA extraction,
library preparation, and sequencing on a PacBio Revio machine was performed by MedGenome Inc. (Foster City, CA). For our
C. paliurus assembly the DNA was extracted instead from staminate catkin tissue prior to anther dehiscence. HiFi reads for each
individual were assembled into contigs using hifiasm 0.19.9.°” As Cyclocarya paliurus can be either diploid or polyploid, we first visu-
alized a k-mer count distribution and saw only 2 clear peaks, one at the expected coverage for a haploid complement given the
amount of sequence data generated and previous estimates of the haploid complement genome size, and another peak at half of
this count value corresponding to heterozygous regions (additional peaks would be expected for a tetraploid). Thus, we concluded
this individual was diploid and proceeded with the same assembly pipeline as for Pterocarya.

Contig assemblies were then scaffolded using a reference-guided approach®® using a recent chromosome-level assembly of
P. stenoptera which incorporated Hi-C data in scaffolding.”" It is possible that the use of P. stenoptera to scaffold assemblies of
P. fraxinifolia and P. macroptera could lead to assembly errors if there have been large-scale chromosome rearrangements between
these species. We expect these to be minimal as chromosome number and synteny over broad chromosomal regions is strongly
conserved within Juglandaceae.®**° For example, our P. stenoptera assembly shows few rearrangements relative to the J. hindsii
walnut genome (Figure S2A).

We assessed the quality of assemblies using continuity measures (e.g. N50) and completeness metrics (e.g. BUSCO). Assembly
metrics are reported in Data S1A. We also checked for canonical telomeric repeats (CCCTAAA/TTTAGGG) within 5kb of the chro-
mosome-scale scaffolds, which is also reported in Data S1A.
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We used the BRAKERS pipeline'’ to annotate our P. stenoptera assemblies. The BRAKERS pipeline incorporates both external
evidence from RNA-seq alignments and protein sequences from related species together with ab initio predictions. We first identified
and soft-masked repetitive sequence in assemblies using the combination of RepeatModeler2 and RepeatMasker.'’

We used as input RNA-alignments generated from 12 sequencing libraries derived from male and floral tissue from 10 individuals
(this study), combined with 4 published RNA-seq libraries from P. stenoptera derived from leaf, stem, root, and fruit.*" We first used
STAR'? to perform splice-aware alignment of RNA-seq reads; these alignment files were used as input for BRAKERS. As additional
external evidence we used the Viridiplantea partition of the protein OrthoDB v11 protein sequence database'®® hosted at https:/
bioinf.uni-greifswald.de/bioinf/partitioned_odb11/. We note this database includes protein coding sequence from some close rela-
tives, including two species of Juglans. To account for the possibility of differential gene content at the locus of interest, we performed
annotation separately for our two haplotype resolved assemblies. The annotation pipeline does not predict UTR regions. For the
candidate gene GFAFL, we manually annotated the UTRs by viewing the coverage extent of RNA-seq reads from our floral tissue
libraries. We manually inspected the annotations across haplotypes at the focal locus using gene expression and comparison to
other haplotypes in other species STAR Methods. For the annotation shown in Figure 2B, we note one small predicted gene in
gray, other than GFAFL in red, shown within the G-haplotype which appeared to be an annotation error STAR Methods.

We further annotated transposable elements (TEs) in each assembly using the EDTA pipeline.'®* Spatial distributions of TE classes
along a subset of chromosomes are visualized in (Figure S2B) and identify putative centromeric regions. We used bedtools'®® to
merge overlapping repeat annotations to compute repetitive sequence content in predefined genomic windows. For example in
Figure S2C we compare the repetitive content of G-locus haplotypes to their local genomic context calculated content across 50
flanking windows of equivalent size on either side of each haplotype.

Species tree inference

We inferred a well-resolved fossil-calibrated phylogeny using whole-genome sequence data for twenty species within Juglandaceae.
Taxon sampling

Our sample includes five out of six recognized species of Pterocarya (according to Plants of the World Online database, https://powo.
science.kew.org/, accessed January 2025). A recent study of relationships within Pterocarya using reduced representation
sequencing of the nuclear genome“® recovered monophyly of two sections traditionally recognized on the basis of morphology.>®
Here, we included five Pterocarya species for which whole genome sequencing data are available. Three have long-read genome
assemblies presented here, P. rhoifolia was shotgun sequenced in Groh et al.,’® and P. hupehensis was shotgun sequenced in
Geng et al.**

In addition to our sampling of Pterocarya, we selected taxa with available whole-genome-sequence data from across Juglanda-
ceae in order capture the phylogenetic diversity within the family. For Juglans, we chose species representing four sections tradition-
ally recognized within the genus.® (1) Sect. Juglans: J. regia'®®; (2) sect. Rhysocaryon (black walnuts): J. hindsii,'® J. californica,"”
J. microcarpa,'°® and J. nigra'®®; (3) sect. Cardiocaryon: J. mandhsurica''’; (4) sect. Trachycaryon: J. cinerea.""" For Carya, we chose
taxa spanning the North American - East Asian divergence.’® Species representing the North American clade were pecan
(C. illinoinensis)®® and C. ovata,'® and species representing the East Asian clade were C. sinensis and C. cathayensis.''? Other ge-
nomes were from the following sources: Cyclocarya paliurus,*” Platycarya strobilaceae''*; Engelhardia roxburghiana and Rhoiptelea
chiliantha.*”

Data preparation

The input to our phylogeny inference was a set of orthogroups of protein-coding sequences. For species with published annotations
that incorporated RNA-seq data, we used annotations of protein-coding genes directly. For species with no published annotations or
having annotations that did not incorporate RNA-seq data from multiple tissues, we used liftoff' '* to identify coding sequence co-
ordinates of protein-coding genes in target assemblies using a reference annotation from a closely related species. For genes with
multiple annotated slice variants, we filtered coding sequences so that each gene model was represented by the primary transcript.
The final number of transcripts used as input for the orthology search across all species ranged from 27962 to 35370.

For the two species of Pterocarya for which we relied on short read resequencing datasets, we constructed pseudo-haploid se-
quences across annotated exons in our P. stenoptera reference genome. To do this, we generate a vcf containing both variant and
invariant sites filtered for minimum genotype quality 30 (variant sites only) and a sequencing minimum depth of 5 (all sites). We then
used the vcf to extract genotypes within the CDS coordinates of the primary transcripts for all gene models of our P. stenoptera anno-
tation using bcftools consensus, encoding sites with zero coverage after filtering (-e ‘FMT/GT=="./."" -a “N” -M “N” —-mark-del “N”)
as ‘N’ in the output files and using IUPAC ambiguity codes to represent heterozygous sites. Consensus sequences were then reverse
complemented if the gene annotation was present on the reverse strand in the reference sequence. We then used a custom python
script to replace ambiguous IUPAC codes representing heterozygote sites with an appropriate nucleotide chosen at random from the
possible bases (except for ‘N’s, which were kept in place). The same procedure was used to construct a pseudohaploid sequence of
Carya ovata using the C. illinoinensis reference genome.

We then ran OrthoFinder 2.5.5"'° with DNA sequence as input (option -d) to identify ortholog groups. 96.0 % of genes were clas-
sified into 35,260 orthogroups with a median orthogroup size of 19. OrthoFinder identified 5,089 single-copy orthologs, and 13,652
orthogroups in which all species were represented. The first set of single-copy orthologs was used for the basis of the phylogeny
results presented in the main text, and the second set was used as input for a complementary phylogenetic method applied.
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Phylogeny inference

We used both coalescent-based and concatenation approaches to infer the phylogeny. Trees were rooted with Rhoiptelea chiliantha
as the outgroup. In order to run ASTRAL, for each single copy ortholog group, we performed alignment using muscle,''® and inferred
gene trees in IQ-tree,""” specifying a GTR+I+G substitution model and 1000 ultrafast bootstrap replicates. We collapsed nodes with
low bootstrap support (<10%) to polytomies ' '® using newick tools https://github.com/xflouris/newick-tools, and then ran ASTRAL-IV
v1.19.4.6""? on the resulting gene trees to infer a species tree under a model consistent with incomplete lineage sorting. We report
Local Posterior Probabilities for internal nodes computed by ASTRAL in the main text.

Separately, to perform maximume-likelihood inference, we concatenated alignments of single-copy orthologs to obtain an align-
ment with 443,387 parsimony-informative sites. The maximum likelihood phylogeny was found in IQ-tree 2.2.5""” and in the maintext
we report bootstrap confidence values for internal nodes from 1000 replicates of the ultrafast bootstrap implemented in IQ-tree.

Finally, as a complementary approach for phylogenetic inference, we examined the tree inferred by STAG, '?° which is incorporated
into the OrthoFinder pipeline. STAG is a gene tree summary method using all ortholog groups in which all species are represented.

All three of these methods inferred the same topology (Figure 1) with high confidence. The ASTRAL tree had Local Posterior Prob-
abilities of 1 at each internal node, and the maximum likelihood tree had boostrap values of 100% at all internal nodes. Given the
strong support for this topology, we treated the topology as fixed in a second step of time-calibration.

Time-calibration

We performed Bayesian estimation of divergence times using MCMCTree.“®'?" Briefly, this method allows the user to specify priors
on node ages, and obtains posterior distributions through Markov-Chain-Monte-Carlo (MCMC) sampling that makes use of an
approximation to the likelihood around the maximum likelihood estimate (MLE). We specified a HKY85 + I" substitution model with
5 discrete rate categories, and an independent-rates relaxed-clock model of substitution rates. The MCMC algorithm was run
with a burnin of 50,000 steps, a sampling frequency of 100 steps, and a sample size of 100,000. We ran two separate chains to check
for convergence. We also simulated under the prior (Figure S1D) and compared posterior distributions to prior distributions for nodes
of interest (Figure S1E). We use fossil information to specify prior distributions on internal nodes of the Juglandaceae phylogeny. In
each case, distributions were specifically tailored reflect our uncertainty in both fossil age and assignment. We also implemented
MCMCTree’s ability to use ‘soft’ bounds by placing a small prior mass below the minimum and/or above the maximum bounds, ac-
counting for the possibility that nodes are actually younger (i.e. due to inaccurate fossil assignment) or older (i.e. due to a sparse pres-
ervation/detection of fossils) than the specified bounds. MCMCTree then uses a birth-death model to generate a joint prior on all in-
ternal node ages lacking manually specified priors. Seven fossil-calibrated nodes are listed below in order from oldest to youngest.

We note that in general, specifying a minimum age constraint for a daughter node implies the same minimum age constraint for a
parent node. In this sense, a fossil constraining the minimum age of the parent node, which is no older in age to a fossil constraining
the daughter node, would provide no additional information. However, if the minimum bound on a daughter node is ‘soft’, this re-
laxes the constraint on parent nodes, and a younger fossil constraining the parent node with a *hard’ minimum bound can provide
non-redundant information. Following this logic, here we use minimum age constraints on both the Juglandoideae-
Engelhardiodeae divergence (parent node) and the Pterocarya-Cyclocarya divergence (daughter node) based on fossils of similar
age, but treat the minimum constraint on the former as ‘hard’ and the minimum age constraint on the latter as ‘soft’ (justification
provided below). We used the R package MCMCTreeR'?? to identify parameters specifying the desired prior distributions. The
joint prior on all internal nodes is shown in Figure S1D, with a subset of nodes numbered in correspondence with the list of cali-
bration points below.

Crown age of Juglandaceae.

Min: 70 Mya
Max: 96.5 Mya

Here, we follow the Angiosperm Phylogeny Group IV classification of Juglandaceae which includes Rhoiptelea.*® Elsewhere,
Rhoiptelea is regarded as the sole member of the family Rhoipteleaceae; unlike other Juglandaceae it possesses morphologically
cosexual flowers (and pistillate flowers) and a superior ovary.

Juglandaceae is considered to have likely derived from members of the Normapolles complex, a diverse fossil assemblage of the
Late Cretaceous and tertiary with morphological affinities to the modern order Fagales.'?® Normapolles pollen and associated flower
structures first appear in the Upper Cenomanian and are abundant throughout the remainder of the Cretaceous.'>*'%* Considering
Fagales (which includes 6 other families in addition to Juglandaceae) to have derived from the members of the Normapolles complex,
pollen of which is common in late Cretaceous sediments, we set the Upper Cenomanian as a maximum age for this node, as this
represents the earliest occurrence of Normapolles fossils.

Fossil flowers of Budvaricarpus from the Late Turonian-Santonian (minimum age 83.6 Mya) as described by Hefmanova et al.'**
bear close resemblance to those of extant Rhoiptelea. These authors suggested these flowers and those of Caryanthus, an affiliated
member of the Normapolles group, as possible basal lineages of Juglandaceae (here, including Rhoiptelea). Other workers have
noted close affinity of pollen from the Late Cretaceous to that of Rhoiptelea e.g. Wolfe.'?* Reliable fossils of other genera within Ju-
glandaceae have not been confirmed prior to the Teriary but nonetheless appear close in time to the Cretaceous-Paleogene bound-
ary.*” Thus, we consider it highly likely that the divergence between Rhoiptelea and other Juglandaceae genera occurred prior to the
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end of the Cretaceous, and set 70 Mya as a minimum age for this node. We specify a modified uniform prior on the node, with 2.5% of
the prior mass below the minimum and similarly 2.5% of the mass above the maximum bound.
MRCA of (Juglandoideae, Engelhardiodeae).

Min: 65 Mya (hard bound)

Fossils of Polyptera manningii and Cyclocarya brownii are recorded from the Paleocene.??**'2® Both are known from the Fort
Union Formation, which has associated radiometric date estimates ranging from 61.03-64.73 Mya.'?” Both of these taxa are mem-
bers of Juglandoideae, judged on the basis of well-preserved vegetative and floral structures.'?®'?8 Similarly, the earliest known fos-
sil fruit assigned to Cyclocarya is recorded within a stratigraphic series encompassing the first 1 million years after the K-Pg mass
extinction event with multiple associated radiometric dates.?® We thus set 65 Mya as a hard minimum bound for the divergence be-
tween Juglandoideae and Engelhardiodeae, specifying a truncated Cauchy prior distribution in MCMCTree with a heavy right tail.

MRCA: ((Juglans, (Pterocarya, Cyclocarya)), Platycarya).

Min: 47 Mya

The fossil genus Cruciptera from Eocene and Oligocene sediments of Western North America has been assigned with reasonable
confidence to the crown group of Juglandeae (extant Juglans, Pterocarya, Cyclocarya)®'?® on the basis of morphology. Radiometric
dating of associated formations range from 43 to 47 million years old.*° We set this as the minimum age constraint for the stem age of
Juglandeae (divergence from Platycarya) using a truncated Cauchy distribution with a hard lower bound at 43 Mya and a heavy
right tail.

MRCA of (Cyclocarya, Pterocarya).

Min: 65 Mya (soft bound)

Cyclocarya possess distinctive radially symmetric winged fruits, which are recognizable within the first one million years after the
Cretaceous—Paleogene mass extinction.”” However, as reliable fossils of Pterocarya are not known prior to the Oligocene (30 million
years later than the earliest records of Cyclocarya fruits), we considered it plausible that early Cyclocarya fossils could represent stem
lineages of extant Cyclocarya and Pterocarya. To reflect this uncertainty, we used a truncated Cauchy distribution with a ‘soft’ min-
imum bound at 65 Mya, a heavy right tail, and a mode at approximately 66 Mya. We allowed 20% of the prior mass for this node to fall
below 65 Mya using a decaying exponential function over younger possible ages. Thus, the prior still strongly favors an older diver-
gence for these taxa, as implied by the current taxonomic treatment of fossils assigned to Cyclocarya.

Juglans crown age.

Min: 28 Mya
Max: 56 Mya

Manchester’” reviews multiple fossil fruits attributable to sections Rhysocaryon (black walnuts, e.g. J. siouxensis) and section Car-
diocaryon (butternuts, e.g. J. lacunosa) from the Early to Mid Oligocene. The divergence of these two sections represents the deepest
divergence within the crown group of Juglans. Juglans hindsii represents a member of the black walnuts, while J. mandshurica rep-
resents a member of the butternuts. We therefore consider that the divergence of these sections occurred prior to the middle of the
Oligocene period, and set a minimum age constraint for the MRCA of extant Juglans at 28 Mya. The first unambiguous Juglans fossil
fruits are from the Mid Eocene, so we set the start of the Eocene as a maximum age constraint for this node.

We used a gamma distribution for the prior on this age, numerically finding the shape and scale parameters such that the prior
mean was placed at 42 Mya, 2.5% of the prior mass was below the lower bound, and 10% of the prior mass was above the upper
bound.

Carya crown age.

Min: 23 Mya
Max: 56 Mya

As discussed in Manchester,*” pollen of Caryapollenites appears in the Upper Paleocene and is similar to that of modern Carya,
however its comparatively smaller size, together with the absence of definitive Carya macrofossils, suggest the crown Carya emerged
after the Paleocene. We thus set the end of the Paleocene as an upper bound on this node. Carya is traditionally divided into four
sections (Carya, Apocarya, Sinocarya, and Ramphocarya), with extant members of the former two distributed in North America,
and extant members of the latter two distributed in East Asia. Molecular phylogenies have supported monophyly of North American
and East Asian clades.'®*®""> Manchester?’ reviews several fruit fossils which bear close affinity to recognized sections. For
example, C. quadrangula, known from the Middle Oligocene appears to represent section Apocarya, while C. strychnina, known
the Upper Oligocene, appears to represent section Sinocarya. The presence of fossils assigned to these two sections by the end
of the Oligocene implies a divergence before the end of the Oligocene, so we set 23 Mya as a lower bound on this node. We specified
a uniform prior between the minimum and maximum with soft bounds (2.5% prior mass below the lower and above the upper bound).
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MRCA: (Pterocarya sect. Pterocarya, Pterocarya sect. Platyptera)

Min: 5.3 Mya
Max: 56 Mya

Traditional classification of Pterocarya®® groups species into two sections, Pterocarya (e.g. P. stenoptera) and Platyptera (e.g.
P. macroptera). These two sections were recently supported as monophyletic in what we consider the most comprehensive molec-
ular phylogeny of the genus to date based on multiple nuclear loci.*® Pollen similar to that of modern Pterocarya occurs in Eocene,
and becomes more abundant through the Oligocene and Miocene.*” There are some isolated reports of Pterocarya-like pollen from
the Paleocene, but these warrant reinvestigation.”” Unambiguous fossil fruits of Pterocarya are not known prior to the Oligocene.
Fossils that bear close affinity to the two modern sections (e.g. P. smileyi, sect. Pterocara and P. asymmetrosa, sect. Platyptera)
are known from the Miocene.”” We thus specify a uniform prior for the age of this node, with soft lower and upper bounds between
the start of the Eocene and the end of the Miocene.

Short read sequence alignment, variant identification and filtering

For short read data, reads were mapped to the haplotype assemblies of P. stenoptera using bwa 0.7.17."%° Variants were called in
beftools 1.17"%° and genotypes were filtered depending on the purposes of the analysis. SNPs tested for an association with dichog-
amy type were filtered using criteria of GQ 30 and minimum depth 10. For direct ascertainment of segregating sites in GFAFL copies
within individuals, we used allele counts directly, setting a frequency cutoff of 0.05 for reads matching the within-individual minor
allele.

Investigation of candidate genes

To investigate possible functional candidates within the G-locus, we manually cross referenced our denovo automated annotations
of the P. stenoptera haplotypes, with RNAseq data from all available tissues of P. stenoptera from this study (multiple developmental
stages of both male and female flower tissue) and previous studies including vegetative tissues.'®*" We used the following criteria for
considering any predicted protein-coding gene model as a causal determinant for the control of heterodichogamy. (1) Unambiguous
evidence that the gene is transcribed and encodes a functional protein and (2) conserved presence in two haplotypes of the same
allele in different species. Our analysis here is focused on expressed protein-coding genes, and we cannot rule out that non-coding
regulatory sequences not captured by our sequencing strategy could be causal factors. The possibility of small RNAs transcribed
from the dominant haplotype is discussed in the main text.

GFAFL is the only annotated gene that is conserved across all G-locus haplotype assemblies. In addition, the automated annota-
tion predicted one unique gene in each of the P. stenoptera haplotypes. Because hemizygous genes are known to control other mat-
ing type systems, we carefully examined these for possible expression and putative function.

In the G haplotype, the automated annotation pipeline had predicted an additional 93 amino-acid open reading frame that was not
present in the recessive haplotype annotation. A BLAST search revealed sequences with high similarity in variable numbers (~2-6
copies across Pterocarya assemblies), but no other assemblies showed similar sequence at the syntenic location on chromosome
11. Given that this predicted gene model is unique to this assembly (specifically, it is not found in the dominant haplotype of
P. macroptera), it does not meet criterion (2) above. Examining RNAseq data from protogynous individuals, we found that only 5
out of 17 samples showed any evidence of reads aligning here. These 5 samples were not from the same tissue, and there was
no tissue where all protogynous samples showed read alignments over this predicted gene. Among these 5 samples, we saw at
most 3 non-duplicate properly-aligned reads that did not show significant read clipping. All of these were aligned to the same sub-
region of the predicted exon with numerous sequence mismatches. In none of these samples did we see expression spanning the
entirety of the predicted exon. All of the reads that overlapped one particular location within the first half of the predicted single-exon
gene showed a 2-bp indel that would render an early stop codon if translated. Thus, this predicted gene does not satisfy criterion (1).
Most importantly, we saw these same patterns of read alignments to this region from protandrous individuals, which we confirmed do
not possess this haplotype using whole genome sequence data. Therefore these RNAseq reads cannot have originated from this
predicted gene that is unique to the G haplotype. These facts led us to conclude that this predicted gene model was a false positive,
which we note is a widespread problem in genome annotation. We therefore omitted this predicted gene in the main text (Figure 1B).

Turning to the expression data for the recessive g haplotype of P. stenoptera, we investigated a predicted gene that was not an-
notated in the dominant haplotype. This predicted gene contains a single predicted exon with a 116 codon reading frame. A BLAST
search identified homologous sequences in Juglans and Carya annotated as ‘glutathione S-transferase T3-like’. We did not see any
evidence of expression of this gene in any available floral or vegetative tissues from P. stenoptera. Therefore this gene does not
satisfy criterion (1). Using BLAST we identified homologous sequence in both the dominant and recessive G-locus haplotypes of
P. macroptera, and the recessive haplotype of P. fraxinifolia. However, each of these contained stop codon mutations when trans-
lated, so these do not encode functional proteins. Therefore it cannot satisfy criterion (2). We consider this gene prediction to most
likely reflect a false positive and that this sequence is an unlikely candidate for the causal basis of heterodichogamy.

Lastly, using IsoSeq transcripts of P. stenoptera from Groh et al.,'® we did find compelling evidence for an additional gene, not
annotated by the automated pipeline, within the recessive haplotype of P. stenoptera. IsoSeq transcripts were detected in two repli-
cate samples of bark tissue, but we did not see any expression in floral tissue. A BLAST search of this sequence identified homologs
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across eudicots, monocots, and magnoliids with the annotation ‘AtMg00810-like’ based on homology to an Arabidopsis gene.
Closely homologous sequences were detected in over 10 copies in each Pterocarya assembly, but importantly, none were found
within the respective G-locus regions. Because this gene is not present in other recessive haplotypes in other species, it does
meet criterion (2), and the pattern of bark-specific expression (and lacking in any floral tissue) does not suggest a probable link to
flowering.

In contrast, GFAFL shows a conserved reading frame across all Pterocarya G-locus assemblies, and shows clear expression in
staminate floral buds and mature staminate catkins, making it strong candidate for the regulation of heterodichogamy.

In RNAseq data of staminate catkin buds of P. macroptera, we detected negligible transcription of the GFAFL ortholog (<5
sequencing reads). However, we note that this particular sample was collected in late November, well after the growth season
had completed. Expression of GFAFL is noticeably reduced in dormancy in Cyclcoarya (Figure 4C), and transcript counts in staminate
buds in P. stenoptera collected in late summer were fairly low to begin with. Thus, it seems likely that we did not detect meaningful
expression of GFAFL P. macroptera simply due to having sampled the tissue at the wrong time.

Supporting this idea, we did not detect biologically meaningful expression of GFAFL in dormant staminate buds of Cyclocarya pal-
iurus collected on the same day in late November (Figure 4C), however we did detect clear expression of the GFAFL ortholog in
mature staminate catkins prior to anthesis from the same individual tree (Figure 4C). Analysis of published datasets of Cyclocarya
confirmed that GFAFL is expressed in flowers, but not during dormancy (Figures 4C and S4C) (we later determined this represented
expression of two divergent alleles, described in main text). We also note that the GFAFL ortholog is clearly expressed in staminate
floral tissue of two Juglans species (Figures S4D and S4E). In summary, GFAFL shows clear evidence of flower-specific expression in
several systems, and together with its conserved presence in more than one of the same haplotype in different species, appears to be
the strongest functional candidate for heterodichogamy among protein-coding sequences within the G-locus.

Genetic structure and GWAS

We explored genetic structure in our association panel using Principal Components Analysis (PCA) on biallelic SNPs after pruning
pairs of sites with genotypic linkage disequilibrium of r*> > 0.2. Samples cluster by sampling locality and according to known family
relationships (Figure S1C). Both protandrous and protogynous morphs were observed at each sampling locality.

GWAS was performed in GEMMA 0.98.5, which implements a linear mixed effect model to control for relatedness, filtering out sites
with MAF < 0.10 or with over 10% of samples having missing data. GWAS was done for alignments of short reads to both haplotypes
of the diploid P. stenoptera individual which were assembled with hifiasm. Initial results appeared markedly different in that the GWAS
against haplotype 2 revealed a single clear association peak (Figure 2A), while the GWAS against haplotype 1 revealed many scat-
tered peaks throughout the genome. In the course of our previous work,'® we observed a similar pattern when performing GWAS
against assemblies containing the dominant vs. recessive haplotypes of the pecan G-locus, and determined this was a result of dif-
ferential transposable element content between the haplotypes at the causal locus. Consistent with this hypothesis, for the GWAS
against haplotype 1 where there were multiple peaks, we filtered SNPs that fell within annotations of repetitive sequence and
observed that this removed the majority of peaks, while the peak at the syntenic location to that observed against haplotype 2 re-
mained the most consistent with a true association (Figures S3B-S3E). A small number of high association SNPs remained at other
locations but these lacked a gradual decline in association strength moving outwards from the associated SNP as would be expected
based on linkage disequilibrium around a true causal locus embedded within a chromosome. As a further test of the differential TE
hypothesis, we extracted local regions around the putative spurious associations in haplotype 1 and used BLAST to detect homology
to regions in the haplotype 2 assembly. As expected, those regions we tested showed homology to sequence at the G-locus iden-
tified in haplotype 2. All of our subsequent analyses examining the G-locus shown in Figures 2 and 3 gave us high confidence that this
peak is the true causal locus for heterodichogamy in Pterocarya.

Analysis of polymorphism and divergence within and between haplotypes

We performed whole-genome alignment using anchorwave'®' with settings -R 1 -Q 1°. We calculated nucleotide divergence in 1 kb
windows from the anchorwave alignments using a custom R script. In visualizing the divergence in the G-locus region, we filtered out
divergence windows containing fewer than 500 aligned bp in or where >50% of the window was annotated as repeat content in the
reference coordinates. We also removed windows that fell within the boundaries of the repeat-rich structural variant after identifying
the boundaries using a dotplot from BLAST alignments.

We used minimap2 ' to obtain alignments of focal haplotypes in fixed coordinates of one haplotype assembly (i.e. Figure 3A) and
called SNPs in bcftools setting ploidy to 1. For SNPs identified between long-read assemblies, we filtered out any singletons in the
sample to focus on sites containing information about the topology of the local genealogy. To precisely locate the boundary of trans-
species polymorphism, we manually examined SNPs near the border of the region where polymorphism transitions between a spe-
cies tree topology to one of trans-species polymorphism. A small number of SNPs that occurred within 3-bp of indels were consid-
ered errors and filtered out.

We extracted a set of trans-species polymorphic SNPs between the P. stenoptera and P. macroptera haplotypes (Figure 3) and
measured the fraction of these sites at which individuals were heterozygous in a set of independent samples from several Pterocarya
species from.'®>* As many of these sites were missing in the short read variant calls we considered these fractions as estimates from
a larger number of sites and computed confidence intervals using the Agresti-Coull method.

e7 Current Biology 35, 5192-5209.e1-e11, November 3, 2025



Current Biology ¢? CelPress

To compare levels of polymorphism within and between G-locus haplotypes, we phased short-read sequencing data using Beagle
5.4."%° Phasing was done within species for three species represented by multiple individuals. Phasing results were manually
checked for phasing errors across the coding sequence of GFAFL by checking for phase switch errors in heterozygotes. We
computed pairwise diversity using all pairs of phased haplotypes within each species sample for each haplotype using a custom
R script (Figure 2F).

We computed pairwise dN/dS values bewteen the coding sequence regions of GFAFL using the R package ape. We used a custom
R script to perform a MacDonald-Kreitman test, where nonsynonymous and synonymous divergence between long-read assemblies
of GFAFL were compared to the levels of nonsynonymous and synonymous polymorphism seen within g haplotypes after phasing
the data. We used polymorphism within g haplotypes as limited polymorphism within G haplotypes restricted the power of the test,
nonetheless the result was not significant.

In the above analyses, we omitted a single sample of P. stenoptera which showed evidence of chimerism. This sample was derived
from a protandrous tree and showed non-zero coverage over the hemizygous region whereas all other protandrous showed effec-
tively zero coverage, but still lower coverage than protogynous samples (Figure 2C). Outside of the CNV, we directly examined SNPs
with the aligned reads for this sample and observed numerous sites where the sample appeared heterozygous for SNPs associated
with dichogamy type, but allelic depths at these SNPs deviated from what would be expected for an individual heterozygous for the
two G-locus haplotypes. To formally test this, we first ascertained a set of high confidence SNPs where all protogynous Gg hetero-
zygotes were heterozygous. We then measured the average across sites of the relative read depths of the reference vs. alternative
alleles within each individual and compared these values among samples. Consistent with our hypothesis that the above protandrous
sample was chimeric, we observed it showed a bias in allelic depth distinct from all other samples which showed heterozygosity at
these SNPs (see Figures S3G and S3H and associated caption).

To examine segregation of GFAFL alleles in Cyclocarya, we combined our denovo assembly with assembly and resequencing data
of C. paliurus from Qu et al.** We first identified GFAFL syntenic regions in these assemblies and plotted average read depth in
genomic windows from resequencing samples across these regions, observing a segregating CNV in both diploids and tetraploids
(Figures S6A-S6C). We used two complementary approaches to specifically test for segregation of the G7 and G2 alleles of GFAFL.
First, we aligned all reads of both diploids and tetraploids to a chimeric haploid assembly containing both alleles. In this competitive
mapping approach, given the high divergence between the alleles we observed GFAFL reads mapped to one or the other alleles with
high affinity. For each sample, we took the average depths across the transcribed region of these two alleles and measured the rela-
tive depth across the two alleles to infer copy number in each sample. Second, we aligned all reads to an assembly containing only a
single haploid copy of GFAFL to identify segregating sites within the GFAFL transcribed region, among all GFAFL copies in each sam-
ple, in order to test whether samples contained similar or highly diverged copies of GFAFL. We ascertained a site as segregating
within an individual if the within-individual frequency of the minor allele within at least 0.05. As these samples varied widely in
sequencing depths (<5 to >100) and we observed that the number ascertained segregating sites correlated with read depth, we
applied a depth correction for the number of segregating sites as follows. The observed number of ascertained segregating sites
Sobs is divided by the average across L sites (invariant and variant) of the probability of ascertainment at site ¢, conditioned on
site ¢ segregating and the observed read depth at site ¢:

; Sobs
S=1

Z £ [ 1 tascertained | 1 tsegregating s D E]
=1

(Equation 1)

The denominator is the probability of ascertainment for site € conditioned on site ¢ segregating and the observed read depth at site €.
This is computed under a binomial sampling model of sequencing reads where p is the within-individual allele frequency (across all
copies aligned to the single-copy GFAFL region). For diploids, p = 0.5. For tetraploids, p € (0.25,0.5) and will vary across sites
depending on whether a variant exists between homologs or homeologs. For tetraploids with one G2 allele which is highly divergent
from G1, there will be only a small proportion of sites where p = 0.5 as most segregating sites will be variants in one of four copies,
suchthatp = 0.25. For tetraploids with zero copies of G2, there will be fewer segregating sites but a greater proportion of these will
have p = 0.5. However we do not see a strong signal of divergence between homeologs in the phylogeny and for simplicity we use
p = 0.25 for all tetraploids, noting that this choice of p did not qualitatively impact our results.

0 D, € (0,1)
(Equation 2)

k = [0.05D;]

E [ 1 tascertained | 1 tsegregating » DE] = [0.95D | D,
k

)pk(‘l —p)’ kD>t

Haplotype age estimation

To infer the divergence times between the haplotypes in Pterocarya and Cyclocarya, we used two complementary approaches. First,
we used a calibration based on relative numbers of substitutions at fourfold degenerate sites within the coding sequence of GFAFL.
We first obtained estimates of the number of substitutions at fourfold degenerate sites from codon alignments between pairs of
haplotypes using ape, corrected these for multiple hits using the Jukes-Cantor substitution model, averaged these across multiple
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pairwise comparisons, and then applied the molecular clock formula (i.e. t; = t2< )). For Pterocarya, we used the average diver-

S1
S2
gence between the comparison of P. stenoptera haplotypes and the comparison of P. macroptera haplotypes. Pterocarya-Cyclo-
carya divergence estimates were averages across both comparisons of both alleles in P. stenoptera with both alleles in Cyclocarya,
and the Pterocarya-Juglans estimate was an average of comparisons between both P. stenoptera haplotypes and J. regia.

Using Pterocarya-Cyclocarya and Pterocarya-Juglans as values sy, together with generic divergence times inferred from our
genome-wide phylogeny as values for t,, gave estimates for the Pterocarya haplotype divergence at 40 Mya (95% CI 31-49) and
44 Mya (95% CI 35-52), respectively. Confidence intervals were obtained by propagating uncertainty from the 95% CI upper and
lower bounds on generic divergence times for values of t,.

For Cyclcocarya, the estimate for haplotype divergence at fourfold degenerate sites was an average of two different comparisons
involving G7 and G2 alleles from different assemblies. Using the same generic divergence estimates as above (Cyclcoarya-Ptero-
carya and Cyclcoarya-Juglans) we obtained age estimates for the Cyclocarya haplotypes at 51 Mya (95% Cl 40-61) and 55 Mya
(95% Cl 44-66).

As a complementary approach, we used a calibration based on the intron of GFAFL. We first produced an alignment of the intron
containing 281 parsimony informative sites across orthologs in Juglandoideae (note the fourfold degenerate substitution estimates
above ranged from 5-12 substitutions). We first inferred a maximum likelihood tree in IQtree, then used the least-squares dating al-
gorithm implemented in IQtree, ' specifying the age of an internal node. We calibrated this tree using the inferred divergence time of
Pterocarya and Cyclocarya from our genome-wide species tree inference. Confidence intervals were obtained by repeating this cali-
bration using the 95% credible interval bounds for the genus divergence time. This gave estimates of 51 Mya (95% CI 40-61) and
45 Mya (95% CI 35-54) for the Pterocarya and Cyclocarya haplotypes, respectively.

To summarize across these estimates, we take the mean of the point estimates, and report the minimum and maximum for the
lower and upper bounds, respectively, of the credible intervals across these estimates.

Finally, we revisited our date estimates of the divergence ages between haplotypes at both the Juglans and Carya loci. We used the
same molecular clock approaches described in Groh et al.,"® recalibrated using posterior means and 95% credible intervals for the
respective species divergence times that were used in previous calibrations. We obtain estimates of 40.48 (95% Cl 33.44-47.12) for
the Juglans G-locus and 59.47 Mya (95% CI 49.13-69.23) for the Carya G-locus, consistent with our previous estimates.

Relatedness and investigation of function of GFAFL homologs

We ran the predicted amino acid sequence of GFAFL through InterProScan, which identified a conserved FAF domain (PFAM entry
PF11250) in amino acid residues 112-170. The FAF domain is a plant-specific domain of unknown molecular function named for a
group of FANTASTIC FOUR paralogs in Arabidopsis that were originally identified as regulators of meristem size.* Since then, FAF-
like genes have been identified in diverse vascular plants including gymnosperms and lycophytes.'® While very few FAF-like genes
have been functionally characterized, they have been found to regulate diverse developmental processes including meristem
growth,”® seed germination, drought tolerance, and primary root growth®® and endosperm starch metabolism.®?

To examine whether GFAFL showed close homology to any FAF-like genes of known function, we inferred a maximum likelihood
phylogeny of FAF-like paralogs. We first identified paralogs within our newly assembled Pterocarya genomes using a protein blast
search with the FAF domain of GFAFL as the query sequence. This identified 11 clear paralogs in P. stenoptera (blastp E Value <=8e-
04). We repeated this paralog search procedure in Juglans regia and identified 11 paralogs using the same E value cutoff. We used a
similar procedure targeting species in which FAF-like genes have been functionally characterized (Arabidopsis, maize, and tomato)
and species selected to represent the diversity of embryophytes (Selaginella and Amborella and Marchantia) in order to provide in-
formation about the relatedness of GFAFL to functionally characterized FAF-like genes. We found a single copy FAF-like gene in
Marchantia polymorpha, indicating that this gene family was present in the common ancestor of embryophytes (land plants). This
sequence was used as an outgroup to root the tree. We performed codon-based alignment of nucleotide sequence encoding the
FAF domain (~150 nt) using kc-align (https://github.com/davebx/kc-align) and inferred a maximum-likelihood phylogeny in IQtree
using a GY+F model of codon evolution and 1000 ultrafast bootstrap replicates.”'” We also visualized a pre-constructed gene
tree for this gene family in the Panther database (pantherdb.org) which suggested GFAFL is a member of FAF subfamily 17
(SF17, F2E2.18-related).

We then analyzed expression of orthologs of GFAFL in closely related species to provide further information about a conserved
biological function. We examined expression data from multiple tissues of the sister genus Cyclocarya.®* In this dataset which con-
tains vegetative tissues and floral tissue, the GFAFL ortholog is uniquely expressed in flowers (Figure S4C). We note that we later
identified expressed GFAFL transcripts in this dataset to originate from both G7 and G2 Cyclocarya alleles. We then looked in
two species from the next most closely related genus, Juglans. In J. regia we examined expression in 20 tissues using data from
Chakraborty et al.,'*® provided by Houston Saxe, UC Davis. The J. regia ortholog is predominantly expressed is staminate catkins
(Figure S4D). We also examined a dataset from J. nigra'®’ and found a similar pattern of staminate flower-specific expression
(Figure S4E).

We then looked further out to the two closest homologs of GFAFL in Arabidopsis. We note that in the phylogeny shown in Figure 3
constructed from only the FAF domain, AT1G22110 and AT1G77932 appear equally related to GFAFL. However, alignment over a
broader region indicates that AT1G22110 shows much greater sequence similarity (Figure S4A). In the expression atlas available at
https://www.arabidopsis.org/ showing data from Klepikova et al.,"*®* AT1G22710 shows high expression in anthers and weak
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expression in other tissues (Figure S4F). Expression data for this gene from a separate developmental map study'*® also show high

expression in mature pollen and comparatively low or no expression other tissues (Figure S4G). This suggests that orthologs of
GFALF might have a conserved functional role in relation to pollen development. The other homolog AT71G77932 shows high expres-
sion in flower petals and little or no expression in other tissues (Figure S4H). Expression data for this gene were not found in the
Schmid et al.’*® dataset.

Gene expression analysis

Sampling

We sampled mature or nearly mature flower tissues from near the middle of the flowering season from multiple individuals of each
type of Pterocarya stenoptera in Davis, CA on March 20, 2024. Separately, we sampled pre-dormant staminate catkin buds from mul-
tiple individuals of each type from the same species on August 2nd, 2024. This latter sample was comprised of 10 individuals from
Wolfskill Experimental Orchard in Winters, CA, plus a single tree from Davis, CA. We also sampled dormant staminate catkin buds
from a single individual each of Cyclocarya paliurus and Pterocarya macroptera (the same individuals used for genome assembly) on
November 24, 2024, and mature floral tissue from the same Cyclocarya paliurus individual on May 20, 2024. Locations, sampling
dates, and tissue descriptions are given in Data S1D.

Analysis

RNAseq reads were first trimmed using skewer.'*® We directly aligned RNA-seq reads to the transcriptome using salmon.'*" To
study allele-specific expression of GFAFL alleles and mitigate impacts of reference bias, we used a competitive mapping approach
by including both GFAFL alleles in the reference transcriptome. To validate this approach, we separately used STAR'%? to perform
splice-aware alignment of RNAseq reads to both assembly haplotypes and examining SNPs within these reads at sites differing be-
tween the two GFAFL alleles.

We first visualized transcript count estimates by tissue and flowering type, and finding that GFAFL was only expressed in staminate
flower tissue proceeded to test for differential expression only for pre-dormancy staminate catkin buds. We used DESeq2'*? to
obtain transcript counts under a generalized linear model that corrects for library size and other RNAseq biases. To test for differential
expression of the g allele between gg homozygotes and Gg heterozygotes, we required a separate significance test to account for the
difference in copy number. To obtain transcript estimates for a single copy of g we divided the normalized counts for gg homozygotes
by two, then fit a generalized linear model to these counts using a negative binomial distribution model and dichogamy type as a
predictor. We used a likelihood ratio test from a comparison of this model to one without dichogamy type included as a predictor.

We lacked biological replicates of mature staminate catkin tissue for protandrous morphs of P. stenoptera, as this tissue was
sampled on a date when the majority of protandrous individuals had already completed pollen shed. Thus, it is possible that overall
levels of GFAFL expression may differ between morphs in this tissue at other points during the season.

To test for allele-specific expression in heterozygotes, we used the R function prop.test to test whether the proportion of estimated
read counts of each allele differed from 0.5 (two-tailed test). For staminate bud samples, we ran the test for the two G-locus hetero-
zygotes with sufficient transcript counts for the test to have power. The result was significant in both cases. We report the more con-
servative P value in the main text, while also noting that the sample with the highest raw transcript count (values shown in the main text
apply a library size correction) had 30 estimated transcript counts for GFAFL, all of which were derived from the G allele. In the other
two heterozygotes with low transcript counts for the G copy of GFAFL, we still see the same direction of effect, with zero counts of the
g copy of GFAFL. The same procedure was done for the mature staminate catkin tissue, and the result was significant for two out of
three heterozygote samples (in the reverse direction).

In the Cyclocarya expression data from Qu et al.,*>> we used salmon to quantify allele-specific transcript counts and DESeq2 to
obtain counts corrected for variation in library size.

Analysis of the GFAFL region in Cyclocarya

To investigate the possibility that heterodichogamy in C. paliurus may be controlled by variation at the GFAFL locus, we examined
short read sequencing depth against the diploid protandrous and protogynous assemblies from*? and our assembly of a diploid pro-
togynous individual. This analysis revealed a segregating copy number variant (CNV) at the location syntenic with the Pterocarya
G-locus. Depth of long reads from individuals of known type indicates that this CNV shows an association with dichogamy type
(Figures S6A and S6C).

We found that the diploid protandrous assembly from Qu et al.*” possessed an annotated copy of GFAFL (CpaM1st14242), and an
unannotated copy ca. 100 kb away on the same chromosome. The latter was soft-masked in the original assembly, but we verified it
encodes a functional copy of GFAFL using RNAseq (see below). This copy was not found in the assembly of our protogynous indi-
vidual from the same study, nor in our assembly from a protogynous individual in this study. We determined on the basis of read depth
and heterozygosity patterns from short read samples that this haplotype was likely incorrectly assembled and appears to have
stitched adjacently together homologous portions of two divergent haplotypes. To further support this, we remapped the long reads
from Qu et al.“” o this regions and found discontinuities in coverage between the duplicates, with zero reads spanning a 3-gene clus-
ter that appeared to have a tandem duplication in the assembly (Figures S6A and S6B). As this diploid protandrous assembly was
generated using a methodology which returns a single collapsed assembly, we concluded that this region was assembled as a
chimera from the two divergent haplotypes. We then examined the tetraploid protandrous assembly from Qu et al.,*”* which was
generated using a haplotype-specific assembly methodology. We found 4 copies of GFAFL, one of which clustered phylogenetically

Current Biology 35, 5192-5209.e1-e11, November 3, 2025 e10




¢? CellPress Current Biology

with the unannotated copy from the diploid protandrous assembly (Figures 4A and S4B). This haplotype in the tetraploid showed no
evidence of tandem duplication here, further supporting that GFAFL is single copy in the two haplotypes which are ancestral to the
divergence of diploid and tetraploid lineages.

We next examined in detail four published RNAseq expression datasets including flower tissue from C. paliurus. We found that the
samples sequenced in Chen et al.*® represent a single time point of the samples reported in the larger time series of Qu et al.,*? using
PCA to confirm sample identities. Likewise, we noted that the samples sequenced in Qu et al.'*® appear to be a subset of the data
from Qu et al.,*? so we did not treat this dataset as independent.

RNAseq data sets from Zhang et al.*' were not associated with flowering type metadata, and it is not specified whether the
sampled tissue originated from staminate or pistillate flowers. However these data showed clear expression of both GFAFL alleles
and confirmed that the expression of GFAFL is flower-specific.

Analysis of haplotype structure

We used BLAST'* to align G-locus regions of different haplotypes to infer haplotype structure. We extracted the coordinates of
repeat regions in G haplotypes and their homologous sequence in g haplotypes from the BLAST alignments, aided by a between-
haplotype dotplot showing the aligned regions. The same procedure was done for the Cyclocarya haplotypes. These extracted re-
gions were used as BLAST queries to assembilies of Juglans and Carya to identify orthologous sequence at syntenic regions in other
assemblies. As in Pterocarya the sequences identified in Juglans and Carya are located approximately 1 kb downstream of the 3’ UTR
of the GFAFL orthologs. We used muscle''® to align these sequences and then manually curated these alignments to remove aligned
regions where homology was dubious, namely in regions with indels and at the edges of the alignments. A maximum likelihood phy-
logeny was inferred from this alignment using IQ-tree’"” with 1000 ultrafast bootstrap replicates.

Given the apparent trans-acting allele-specific regulation associated with the presence of the G haplotype repeats in Pterocarya
and the G2 repeats in Cyclocarya, we considered the possibility of post-transcriptional silencing, and so tested for possible sequence
homology over at least 20 bp between the repeated regions in the dominant haplotypes of both Pterocarya and Cyclocarya and the
transcribed regions of GFAFL on both haplotypes using a blastn-short search with lenient alignment parameters to detect homology
between short sequences. In Cylocarya, we found no compelling matches between the entire hemizygous region and the transcribed
region of either GFAFL allele.

In P. stenoptera, we identified no regions that showed sequence matching between any part of the transcribed region of the domi-
nant haplotype copy of GFAFL and the entirety of the G-repeat region. We saw that several G-repeats showed exact sequence
matching over 25-30 bp to a site within the 5’ UTR intron of only the recessive copy of GFAFL, roughly 770 bp upstream of the start
codon. At the same local location within the GFAFL intron in P. macroptera, we found several G-repeats matching the recessive but
not dominant FAFL intron over 20-21 bp. This sequence motif (TTTCACATAAAATATAATAAATAATTCAC) is not unique to this
genomic region, occurring in 5099 copies in P. stenoptera, and it is significantly enriched (p < 2.2e-16) within both upstream and
downstream 2 kb flanking regions (but not 300 bp flanking regions) of genes. However, despite similarly high copy number in ge-
nomes of two Juglans species, we detected few or no sequences matching the motif in small RNA sequencing libraries derived
from the homologous tissue'® in these species.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are described in the STAR Methods, method details section, in the main text and Figure/Table legends. Scripts for
all analyses are available as detailed in the data and code availability statement.
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Figure S1. Inflorescences and genetic structure of the P. stenoptera mapping population, and Juglandaceae
time calibration. Related to Figure 1, Figure 2, and STAR Methods. A,B) Examples of bisexual inflorescences of

Pterocarya stenoptera uncommonly observed during the course of this study (inflorescences are typically u nisexual). Staminate

flowers are borne at the distal end of the rachis while pistillate flowers (visible by pink stigmas) are borne near the proximal end.

The inflorescencesin ( A) and ( B) s how p rotandrous and p rotogynous fl owering, re spectively. Photos by J.S.G. C) Principal

Components Analysis (PCA) of genome-wide SNP variation in our mapping population of P. stenoptera. Families here are
sets of offspring from t he s ame m aternal t ree. D) V isualization o f t he j oint p rior d istribution o n d ivergence t imes u sed in

the MCMCTree analysis. Prior distributions were manually specified for a subset of nodes based on fossil information (STAR

Methods), and the joint prior on all nodes is subsequently generated by a birth-death model of speciation in MCMCTree. Note
that the marginal prior for a given node may deviate slightly from its specified d istribution d ue t o c onstraints o f t he birth

death model that is used to specify the joint prior. E) Diagnostics of Bayesian estimation of divergence times in Juglandaceae
using MCMCTree. We show the marginal prior density (from sampling, in gray) vs. marginal posterior density (black and blue
show two chains run separately) and traces of a single MCMC chain for four nodes of interest. The priors for Juglans crown
age and Cyclocarya, Pterocarya divergence were manually set, while the priors for Pterocarya crown age and Carya crown age
are derived from the birth-death model within MCMCTree. The molecular data appear highly informative for a more recent
divergence between Cyclocarya and Pterocarya than what is reflected in the prior.
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Figure S2. Genome synteny and repeat content. Related to Figure 2. A) Chromosome-level synteny between our
denovo assembly of Pterocarya stenoptera and an assembly of Juglans hindsii from Groh et alSl. P. stenoptera was
scaffolded by alignment to an assembly from the same species 52 which incorporated Hi-C data, and chromosome names
(shown in dark gray facet labels) match those of the reference used in scaffolding. The J. hindsii was reference-scaffolded to
the high-quality assembly of J. regia which also incorporated Hi-C data, and follows the chromosome naming scheme for
that species. The broad-scale 1:1 synteny between chromosomes reflects a known pattern of strong synteny conservation in
Juglandaceae (e.g.%%). Axis units are 10 Megabases. B) Distributions of annotated repetitive sequences (from EDTA) along 6
chromosomes from the P. stenoptera haplotype 1 assembly. In this assembly, chromosomes 2, 3, 8, 9 and 16 were assembled
as single contigs and all contained telomeric sequence at both ends. Chromosome 11 (top panel) in this assembly was
comprised of 2 contigs (contig break shown with black dashed line) and showed telomeric sequence at both ends. The
position of the G-locus is indicated by the red line. C) Repeat content of G-locus regions (red) compared with 100
neighboring genomic windows of equivalent size.
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Figure S3. Genomic identification of the G-locus in P. stenoptera. Related to Figure 2. A) SNP genotypes across
the G-locus region in the GWAS sample. Each row represents an individual and each column a biallelic SNP. Individuals
are grouped by dichogamy type: top - protandrous, bottom - protogynous. Sites are colored according to whether they are
homozygous reference (gold), heterozygote (red), or homozygous alternate (blue). The reference assembly here is the dominant
haplotype of P. stenoptera. Missing genotypes are not filled (white s pace). Vertical green lines s how t he o utermost positions

of the GWAS peak shown in Figure 2B in the main text. Black lines show the region we identified t o contain SNPs perfectly

associated with dichogamy type. The minor discrepancy between these lines can be explained by our SNP ascertainment criteria
allowing for a variable and greater extent of missingness across samples while retaining perfect SNP associations (at least 5
individuals of each type required). We also note that this ascertainment excluded one sample which we identified t o b e likely

contaminated or chimeric (see ‘Analysis of Polymorphism and Divergence Within and Between Haplotypes’ in STAR Methods)
and panels G,H. Purple tick marks at bottom show positions of SNPs where the dominant haplotypes of P. stenoptera and
P. macroptera share one allele, and the recessive haplotypes share the other allele. The individual in the lowermost row we
identified as t he only d ominant allele h omozygote in our G WAS s ample. B) G WAS for d ichogamy t ype using variants called

against haplotype 1 of P. stenoptera (recessive). The GWAS was considerably noisier in this case with many spurious peaks (vs.
variant calls against haplotype 2, see Figure 2). This pattern is not expected for a binary trait, as these peaks all show perfect
SNP associations across many different chromosomes that segregate i ndependently. Furthermore, these strongly associated sites

show P values with considerably stronger associations than what we saw for variants called against haplotype 2. Examining
the set of SNPs with the strongest associations, we identified t hat t hey all showed zero missing d ata, and an allele frequency

of exactly 0.25 (our GWAS sample was 50/50 of each type). Given that our coverage analysis indicated that at individual
was homozygote for the dominant allele, this result was unexpected. Many of these peaks occurred at isolated SNPs with
little association signal at surrounding loci, as would be expected for a true causal locus in linkage disequilibrium with closely
physically linked alleles. We therefore hypothesized these patterns could be the result of reads derived from portions of the
associated region in haplotype 2 that do not have homologous sequence at the syntenic position in haplotype 1. C) Consistent
with this, after filtering o ut any p ositions w ithin r egions a nnotated as r epetitive sequence by either R epeatMasker or EDTA,

many of these strong associations disappear, leaving only two on chromosome 4 and chromosome 11. Furthermore, we extracted
the local region within haplotype 1 around the strongly associated SNP on chromosome 4, and used this as a BLAST query
against haplotype 2. This sequence showed a strong match to the G-locus region on chromosome 11 of haplotype 2, but we
did not see a match to this region when BLASTing this query sequence against haplotype 1. D) Here, the y-axis is truncated,
hiding the most extreme association values on chromosome 4 and chromosome 11 seen in the above panel. E) Zoomed in view
of the GWAS peak with gene annotations at bottom. We found no evidence of expression for the predicted gene in the center
of the associated region and considered it an annotation error (STAR Methods). F) Normalized average read depth in 1 kb
windows for 30 phenotyped individuals. The individual with near zero read depth in the associated region was also identified as
a GG homozygote on the basis of SNP genotypes and read depth against the G haplotype. G,H) Allelic depths at a set of 255
SNP sites with fixed differences between G-locus haplotypesin P. st enoptera. One protandrous sample (D V_134) was excluded
in the ascertainment. We used this to investigate the possibility of this sample being chimeric as the basis for exclusion in
analyses involving haplotype phasing. This sample showed non-zero depth of the reference (G) allele at many of these sites.
Allele-specific r ead d epth s uggests t hisindividual is n ot a h eterozygote b ut r ather w as a ffected by sa mple co ntamination or

the original sample contained material from two cell populations with different G-locus g enotypes. G iven t he d eep divergence

between haplotypes, heterozygotes should show a bias toward expression of the reference allele (here, G), which we do see for
heterozygous protogynous samples (purple). In contrast, DV_134 shows the reverse bias in allelic depth, which is not consistent
with this individual being a heterozygote. This individual was confidently phenotyped as male-first so we consider this pattern
to reflect either a contaminated or chimeric sample and excluded it from a subset of analyses.
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Figure S4. Alignment, phylogeny, and expression of GFAFL orthologs. Related to Figure 3. A) Amino acid
alignment of G-LOCUS-FAF-LIKE orthologs from Pterocarya Cyclocarya and outgroups. We highlight four regions showing
amino acid sequence conservation to the closest ortholog in Arabidopsis, one of which is the FAF domain. An asterisk marks the
location of a nonconservative substitution within a conserved region which is the only nonsynonymous polymorphism between
G-locus alleles shared across Pterocarya. At each site, amino acids are colored according to the conservation of amino acid
properties in the sample acid properties using the default coloring scheme for Clustal X. B) Maximum likelihood phylogeny
of GFAFL orthologs in Juglandoideae constructed from an alignment of the coding sequence region. C) Expression of the
annotated ortholog of GFAFL in Cyclocarya paliurus. Raw data from Zhang et al.%*. The original reference does not indicate
whether the flower samples originated from pistillate or staminate flowers. d) Expression of the GFAFL ortholog across 20
tissues sampled from Juglans regia. Here, ‘catkins’ refers to the staminate inflorescences. Transcript quantifications were
made available by Houston Saxe (UC Davis) (raw data from Chakraborty et al.>®). Expression is measured as Fragments
Per Kilobase of transcript per Million mapped reads. These data are from a single individual (‘Chandler’) which is protandrous.
E) Expression of GFAFL across multiple tissues from two individuals of J. nigra. Both individuals are protogynous
heterozygotes. Raw data are from Hardwood Genomics Team % . F,G) Expression atlas for the Arabidopsis gene
AT1G22110, which is the closest Arabidopsis homolog of GFAFL (see panel A). Data are from Klepikova et al. (F)
and Schmid et al.%® (G). H) Expression atlas for the Arabidopsis gene AT1G77932, a more distantly related homolog.
Data are from Klepikova et al.’ . Results for (F-H) were visualized at https://bar.utoronto.ca/eplant/; details of the
quantification methods used are found at the provided link and in the original papers.
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Figure S5. Analyses of RNA-seq data from P. stenoptera flowers. Related to Figure 3. A) Principal Components
Analysis (PCA) biplots of variance-stabilized transcript counts for biological replicates across three floral tissue types of P.
stenoptera. Within each tissue type, each point represents a different individual; some individuals were sampled for multiple
tissue types. Samples cluster group by tissue type. Samples of pistillate (female) catkins and mature staminate (male) catkins
were sampled on the same day during the middle of the flowering season (March 20th, 2024), while samples of pre-dormant
male catkin buds were sampled on August 274 of the same year at the end of the growth season. B-D) Separate PCA plots for
each tissue run separately, shapes same as in (A). There is some clustering by morph for the two floral tissues collected during
flowering, particularly in (D), where samples also group by sampling date. E) Expression of GFAFL transcripts across all
Pterocarya stenoptera flower samples in this study. See STAR Methods for details of allele-specific transcript count
estimation. Note that each tissue is represented by a unique set of samples, although some individuals were sampled for
multiple tissues. Each column on the x-axis represents a distinct individual. The sampled individuals for each tissue are
indicated with black dots at bottom. Across all female flower tissue samples from multiple developmental stages, only one
sample showed a single non-duplicate read pair aligning to the GFAFL coding region.
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Figure S6. Coverage analyses of the G-locus in Cyclocarya and Pterocarya. Related to Figures 2, 4, and 5.
A) Read depth from 13 diploid Cyclocarya paliurus against the diploid collapsed assembly from a protandrous C. paliurus
individual from Qu et al.®. Ten individuals (Tllumina samples, dark blue and gold lines) are of unknown type, and three
individuals (PacBio samples, light blue, green and maroon lines) are of known type. This assembly appears to contain two
tandem duplicated blocks of 3 genes each (turquoise and blue rectangles at bottom), including an unannotated duplicate
of GFAFL (blue, asterisk). However, we determined that the assembly in this region is chimeric, with two heterozygous
haplotypes placed adjacent to another, and these duplicate blocks are in fact orthologous single-copy alleles. The dashed
vertical line indicates the inferred location of a contig break; no long reads from the individual used for assembly (red line) span
this junction. B) Dotplot alignment between the protandrous diploid assembly (x-axis) and one haplotype of our protogynous
diploid assembly (y-axis). Horizontal gray line indicates the position on the y-axis of GFAFL. C) Read depth of C. paliurus
individuals over the G2 haplotype from a haplotype-resolved assembly from a protandrous tetraploid individual of the same
species. The short read samples in tan and purple (unknown phenotypes) correspond exactly to samples that fall into the two
tetraploid genotypic clusters shown in Figure 4B, indicating that this copy number variant co-segregates with the G2 copy of
GFAFL. We also show sequencing depth from long-read Pacbio sequencing of four individuals of known type. The red line shows
depth for the same individual used for assembly . Blue lines correspond to our PacBio HiFi assembly of a diploid protogynous
individual and the assembly reads for the diploid protogynous assembly from Qu et al.5°, the salmon line shows the protandrous
diploid assembly reads from the same study. For each color, we indicate the inferred G-locus genotype. D,E) Read depth
patterns of protogynous individuals suggest structural diversity of G haplotypes in P. stenoptera. The individual DPTE 1.5
lacks depth across a portion of the G haplotype in whole genome-resequence data, suggesting it may possess a G haplotype
that is structurally distinct from others in the sample. The sample DPTE_17.1, which we determined to be a GG homozygote,
shows a partial reduction in read depth across the same region, within the range of read depth seen in heterozygotes. This may
indicate that one of its two G haplotypes lacks this portion, however it could simply reflect poor read mapping to this region.
We additionally note that one protandrous sample shows non-zero read depth across this region of the G haplotype. We show
elsewhere that this sample shows evidence of contamination or chimerism on the basis of skewed allele depth ratios across this
region (see methods and Figure S3G,H).
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Figure S7. Temporal expression of Cyclocarya orthologs of candidate genes found in other genera. Related
to Figure 4. A,B) Expression of Juglans G-locus genes across a developmental time series dataset of gene expression from
protandrous and protogynous morphs of Cyclocarya paliurus $19. Note that the x-axis shows developmental stage rather
than time, so some difference between morphs could reflect either sampling noise or expression changes that depend on time
in the season rather than developmental stage. C,D) Expression of two candidate genes from the Carya G-locus across a
developmental time series dataset of gene expression from protandrous and protogynous morphs of Cyclocarya paliurus S'°.
These two genes show complementary patterns of expression between staminate flowers of one morph and pistillate flowers of
the other morph. These data suggest that, in Cyclocarya, EMS1 could be negatively regulating flowering, while
DETOXIFICATION 49-like could be positively regulating flowering.
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