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Background Waterhemp (Amaranthus tuberculatus (Moq.) Sauer) and Palmer amaranth (Amaranthus palmeri S.
Wats.) are two dioecious and important weed species in the world that can rapidly evolve herbicide-resistance traits.
Understanding these two species'dioecious and sex-determination mechanisms could open opportunities for new
tools to control them. This study aims to identify the differential expression patterns between males and females in A.
tuberculatus and A. palmeri. Multiple analyses, including differential expression, co-expression, and promoter analyses,
used RNA-seq data from multiple tissue types to identify putative essential genes for sex determination in both dioe-

Results Genes were identified as potential key players for sex determination in A. palmeri. Genes PPR247, WEX, and
ACD6 were differentially expressed between the sexes and located at scaffold 20 within or near the male-specific Y
(MSY) region. Multiple genes involved with flower development were co-expressed with these three genes. For A.
tuberculatus, no differentially expressed gene was identified within the MSY region; however, multiple autosomal class
B and C genes were identified as differentially expressed and possible candidate genes.

Conclusions This is the first study comparing the global expression profile between males and females in dioecious
weedy Amaranthus species. Results narrow down putative essential genes for sex-determination in A. palmeri and A.
tuberculatus and also strengthen the hypothesis of two different evolutionary events for dioecy within the genus.
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Background

Contemporary agriculture must evolve to meet the
challenges of achieving high yields sustainably to feed
a growing population. Among these challenges, weed
management continues to be of high priority due to the
constant evolution and adaptation of weeds to chemical
management practices [1, 2]. Collectively, waterhemp
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(Amaranthus tuberculatus (Moq.) Sauer) and Palmer
amaranth (Amaranthus palmeri S. Wats.) are consid-
ered pervasive weed species throughout much of the US.
Recent surveys by the Weed Science Society of America
(WSSA) classified these two weeds as the most trouble-
some in corn and two of the three most troublesome in
soybean [3].

Waterhemp and Palmer amaranth are herbaceous,
annual plants native to the American Midwest and
Southwest, respectively [4], and with many attributes
contributing to weediness, including high photosynthetic
rates, rapid growth rates, and germination periods that
extend throughout much of the growing season [5, 6].
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However, the main attribute that makes these weeds so
troublesome is their ability to evolve resistance rapidly
and repeatedly to herbicides [7]: to date, waterhemp and
A. palmeri have evolved resistance to herbicides span-
ning seven and eight sites of action, respectively [8].

The A. tuberculatus and A. palmeri weediness char-
acteristics are shared by many of the other Amaran-
thus weeds [6, 9]. However, setting A. tuberculatus and
A. palmeri apart is their dioecy characteristic. Whereas
most other Amaranthus species are monoecious and
predominantly self-pollinated, separate female and male
plants of the dioecious species ensure outcrossing. This
high outcrossing rate promotes genetic diversity, rapid
adaptation, and efficient "stacking" of multiple herbicide-
resistance traits, leaving producers with few effective her-
bicide choices [10, 11].

Dioecy can be defined as the presence of male and
female individuals within a plant species. Dioecy is not
common, present in about 6% of angiosperms [12, 13].
Despite its infrequency, however, dioecy has evolved
independently in several lineages and is found in many
important species [e.g., spinach (Spinacia oleracea),
asparagus (Asparagus spp.), hops (Humulus spp.), can-
nabis (Cannabis spp.), kiwifruit (Actinidia spp.), papaya
(Carica papaya), fig (Ficus carica), persimmon (Diospy-
ros kaki), grape (Vitis vinifera), strawberry (Fragaria spp.)
and willow (Salix spp.)] [12, 14—17]. The dioecy condi-
tion is derived from ancestral hermaphrodite flowers,
and the evolution of dioecy has multiple and independ-
ent pathways across a diversity of angiosperm species
[14, 18-20]. Two possible venues have been hypothesized
for the evolution of dioecious plants from hermaphrodite
ancestors: via monoecious or gynodioecious (i.e., female
and hermaphrodite plants co-exist within the species)
pathways [21].

Dioecy provides several advantages and potential dis-
advantages to the success of a species. Separate sexes
enforce outcrossing, favor high heterozygosity and asso-
ciated heterosis, and can lead to plants being more effi-
cient in their reproductive role [21]. For example, female
plants could invest more energy into seed production,
providing more resources to their progeny [22]. An obvi-
ous disadvantage of being dioecious is that a single plant
cannot colonize a new area. Also, as population density
decreases, the chances of reproductive success decrease,
which could lead to local extinction. This disadvan-
tage can potentially be used to control dioecious weeds
by removing one sex within an area via a gene drive
approach, leading to the local extinction of populations
[23, 24]. However, for this gene-drive weed management
approach to be developed, the first step is to identify the
sex determination mechanism within the species.
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Identification of sex-determination genes in dioecious
plants is inherently challenging. The lack of recombina-
tion within the sex-specific region precludes genetic
mapping, sex-specific genes are derived from — and
therefore homologous to — genes that might also be pre-
sent in the other sex, and accumulation of highly repeti-
tive DNA sequences due to non-recombination hinders
the analysis of the sex-specific region [25]. Despite these
challenges, progress is being made for several species.

For instance, Silene latifolia (white campion) is a
model for studying sex chromosome evolution. It has
heteromorphic sex chromosomes and a male hetero-
gametic system (XY) [26, 27]. Several genes have been
discussed as potential sex-determining factors: S. latifo-
lia X/Y-gene 1 (SIX/Y1), encoding a WD-repeat protein
and likely involved in cell proliferation, SIX/Y4, encod-
ing a fructose-2,6-bisphosphatase [28], the floral organ
identity gene APETALA3 (SIAP3) [29], which is spe-
cifically involved in the development of androecia, and
orthologs of SHOOT MERISTEMLESS (STM) (named
SISTM1 and SISTM2) and CUP-SHAPED COTYLEDON
1 (CUCI) and CUC2 [30-32], which are both activators
of cytokinin biosynthesis [33]. A physical map of the Y
chromosome has narrowed down the regions carrying
the sex-determination genes [34], and identifying the
pseudo-autosomal boundaries [35] should greatly aid in
gene identification. Recently, a gene specific to males in
white campion named CLAVATA-3 was also identified as
a major gynoecium repressor [36].

Papaya (Carica papaya) has also emerged as a model
for dioecy [14]. This species is sub-dioecious in that
males, females, and hermaphrodites exist. Sub-dioecy,
in this case, is due to two different Y regions: one result-
ing in males (XY) and the other in hermaphrodites (XY™
[37]. Kiwifruit (A. deliciosa) is a major fruit crop with
an XY system of sex determination. Studies in kiwifruit
demonstrated a two-factor model for sex determination,
with one gene affecting ovule production and another
pollen production. A male-specific type-C cytokinin
response regulator called SHY GIRL (SyGI) was identified
as a suppressor of feminization. More recently, a second
Y-encoded gene named Friendly Boy (FrBy) was found
to cause male flower production. Those two genes were
found to act independently as female suppressor and
male promoter genes, respectively [38—40].

A similar system as found in kiwifruit was documented
in asparagus (A. officinalis), which contains two sexu-
ally antagonistic genes in linkage disequilibrium on the
Y chromosome. The first gene is the Y-specific SUP-
PRESSOR OF FEMALE FUNCTION (SOFF), which acts
as a suppressor of femaleness, while the second gene,
aspTDF1I, acts as a male promotion agent [15].
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Although the two-factor model is well accepted, it is
not the only path to dioecy; sex determination can also
occur via a single-factor model in which the factors regu-
lating female and male function are connected by an epi-
static genetic interaction rather than physical linkage [41,
42]. This single factor model for sex determination is con-
sidered a monomorphic pathway in which the dioecy sys-
tem potentially evolves from hermaphroditism through
a population including monoecious individuals [22, 43].
Interestingly, one of the most characterized dioecious
species uses a single-factor model. Both single- and two-
factor models can occur within a genus. For instance, the
Populus genus has at least two distinct sex-determining
regions located in the same chromosome among multi-
ple Populus species, suggesting multiple dioecy evolu-
tionary events within a genus [44-46].

Regarding sex determination in dioecious Amaran-
thus spp., several decades ago it was reported that sex
determination is under genetic control, with males and
females typically occurring in a 1:1 ratio and males being
the heterogametic sex [47]. Cytological observations
have failed to identify heteromorphic sex chromosomes
in dioecious amaranths [48], suggesting a relatively
small region of a chromosome determines sex. Because
all known Amaranthus species are monoecious or dioe-
cious, dioecy is thought to have evolved from monoecy
and is thought to be relatively recent since dioecious and
monoecious species can produce viable hybrids [4, 49].
Recent advances were made to identify male-specific
Y (MSY) regions within A. tuberculatus and A. palmeri
utilizing male-specific markers and the draft genomes.
The MSY regions in A. palmeri and A. tuberculatus span
about 1.3 Mbp and 4.6 Mbp, respectively. Consistent with
the hypothesis that dioecy evolved separately in the two
species, synteny was not detected between the two spe-
cies’ MSY regions [50—52]. Even though the MSY identi-
fication led to a considerable advance towards elucidating
the dioecious mechanism, no precise candidate gene
was identified. This gap can be filled by transcriptom-
ics comparisons between sexes to narrow down further
putative candidates for sex-determination in dioecious
weedy Amaranthus species. In this paper, we report a
comprehensive transcriptomics comparison between
females and males in both A. tuberculatus and A. palmeri

Table 1 Transcriptome assembly statistics
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utilizing transcriptome assemblies from floral and veg-
etative tissues to identify putative essential genes for sex
determination.

Results

Transcriptome assembly and reads quantification
Twenty-four 150 bp pair-read libraries were sequenced
for each species using Illumina Novaseq 6000 technology.
From each sex of each species, three tissue types, each
with four biological replicates, were collected for RNA
extraction. Tissues were shoot-apical-meristem (SAM),
floral meristem, and mature flowers. After data preproc-
essing, an average of 63 million reads were obtained per
library (Supplemental table 1). In order to conduct the
transcriptome comparison in both species, a genome-
guided de novo transcriptome assembly was conducted
using Trinity for each species [53] (Table 1). Assembled
transcripts were further annotated using Uniprot and
Pfam databases, and the top three hits from each data-
base were returned. Reads were pseudo-aligned back to
transcriptomes using Kallisto [54]. The final transcript-
expression count matrix was summarized to gene level
prior to analysis, leading to a final read-count matrix
containing 40,857 genes for A. tuberculatus and 26,121
genes for A. palmeri that were used for further analyses.

Amaranthus palmeri transcriptome comparison

Principal component analysis

A principal component analysis (PCA) was conducted to
identify the overall expression patterns and driver genes.
Quantified read counts were loaded into R, summa-
rized to gene level, and normalized via DESeq2 method
for analysis [55]. PC plots were generated by mapping
samples based on sex and tissue to identify major driver
genes.

Scree plot showed that PCs 1 to 3 explained 80% of
expression variation within A. palmeri samples. A clear
separation across tissues was noticed between SAM, flo-
ral meristem, and mature male flowers. However, female
flowers were not well differentiated from the floral mer-
istem tissues, indicating a greater variation in expres-
sion in male flower transition. PC3 and PC2 reduced the
distance between mature flowers, clustering all samples
closely (Supplemental figure 1).

Trinity Functionally annotated
Species Average Contig N50 (bp) BUSCO score  GC (%) transcripts genes transcripts genes
(bp) (%)
A. tuberculatus 1193.28 2,293 99.7 36.78 782414 321,945 234,086 40,857
A. palmeri 1596.21 3,055 97.7 36.37 441,665 176,412 203,372 26,121
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The top 30 gene loadings for the first 3 PCs were
extracted (Supplemental figure 2). Among top-loading in
PC1 and PC2 were the genes Scarecrow-like 32, ACCEL-
ERATED CELL DEATH 6 (ACD6), HOTHEAD, MEN-8,
and EP2/ERF transcription factors MADS-box SOCI
and AGL24, which are known to modulate class B and C
homeotic genes regulating flowering time and floral tis-
sue identity [56, 57]. Other enriched genes, such as the
pollen tube guide FERONIA, were previously associated
with pollen development [58]. For PC3, multiple genes
involved with chromatin remodeling, transposons, and
post-transcriptional regulation were identified, indicat-
ing the potential involvement of these mechanisms in sex
identity for A. palmeri [59, 60].

Differential expression analysis

To identify the differentially expressed (DE) genes, a dif-
ferential expression analysis was conducted within the
previously generated gene-level read-count matrix from
both species using EdgeR [61]. Contrasts were generated
to compare between sexes for each tissue and between
tissues within each sex (Table 2). Genes with low expres-
sion in more than 80% of samples were filtered, and the
remaining genes were subjected to normalization via the
trimmed mean of M-values (TMM) method. Over-repre-
sented and conditional gene ontology (GO)-term enrich-
ment analyses were conducted using TopGO to identify
enriched terms [62].

As observed in the PCA, the comparison across tis-
sues showed the most significant number of DE genes,
indicating a considerable influence of tissue type over
the expression profile. The comparisons between sexes
showed that the major differential expression is observed
in mature flowers, while less than 100 genes were DE
between the sexes in the two other tissue types. Among
the DE genes between the sexes, about 1% (17) were
DE in all three tissue types (Fig. 1). Two genes encod-
ing pentatricopeptide repeat-containing proteins (PPR),
PPR247 and PPR94, were highly up-regulated in all male
tissues (Fig. 2), and ACD6 and Werner Syndrome-like
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exonuclease (WEX) were highly up-regulated in females
(Fig. 2).

When mapped to the A. palmeri genome, PPR247,
ACD6, and WEX aligned to scaffold 20, where the MSY
region was predicted [51]. PPR247 was located within
the MSY region, ACD6 was located at the beginning of
the scaffold, and WEX was identified at 200 kb before the
predicted MSY starting point. PPR94 was mapped to one
of the male-specific regions [51] in scaffold 259.

Within floral meristems, 59 genes were DE between the
sexes (38 up-regulated and 21 down-regulated in males).
The most significant was ACD6, which was down-regu-
lated in all male tissues. The PPR247 and PPR94 genes
were also highly up-regulated in males in this compari-
son (>8 and>3 logFC, respectively). Other key genes
annotated with flower development function were also
identified, such as AGAMOUS MADS-box AP1, lateral
organ boundary (LOB31), and PISTILLATA MADS2-like.
API was also located within scaffold 20, where the MSY
region is located, while the other genes were located
within autosomal regions.

Enrichment analysis was conducted to identify key
genes differentiating female and male mature flowers
(Supplemental table 2). A total of 219 GO terms were
significant in the enrichment analyses, with 33 GO terms
(comprised of 431 genes) involving flower development,
floral identity, or hormone responses. Within the up-
regulated genes in males compared to females, PPR94
and PPR247 were identified as well as multiple genes
involved in tapetum and pollen maturation, such as the
transcriptional activator PHD-finger MALE STERILITY
1 [63, 64], the transcription factor GAMYB [65], tapetum
and pollen formation regulator MYB80 [66], FLOWER-
ING LOCUS C, and multiple transcription factors from
the bHLH family [67, 68]. Down-regulated genes in
males compared to females included the two-component
response regulator 24 (ORR24) involved in cytokinin reg-
ulation, LOB31, gibberellin-regulated 4 (GASA4), ACD6,
WEX, and the transcription activator SHI RELATED
SEQUENCE 1 (SHI), which is known to be involved

Table 2 Pairwise comparisons made in all analyses for both Amaranthus species

Across sex Within sex

Tissue 1 Tissue 2 Tissue 1 Tissue 2

& Mature flower S Q@ Mature flower 3 SAM S & Floral meristem

& Floral meristem S Q Floral meristem 3 SAM VS & Mature flower

3 SAM Vs Q SAM & Floral meristem VS 3 Mature flower
Q SAM Vs Q Floral meristem
Q SAM Vs Q@ Mature flower

Q Floral meristem Vs Q@ Mature flower




Bobadilla et al. BMC Plant Biology (2023) 23:339

A Amaranthus palmeri

SAM

Mature Flower

Floral meristem
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Amaranthus tuberculatus

Mature Flower SAM

0
(0.0%)

3879
(99.4%)

Floral meristem

B Amaranthus palmeri

SAM vs Floral meristem

Female Male Female

4055
(39.6%)

SAM vs Mature Flower

Floral meristem vs Mature Flower

Male Female Male

Amaranthus tuberculatus

SAM vs Floral meristem

Female Male Female

SAM vs Mature Flower

Floral meristem vs Mature Flower

Male Female Male

5343

(100.0%)

Fig. 1 Venn diagrams showing numbers of differentially expressed genes (% of total). A differentially expressed genes between sexes for each
tissue type. B differentially expressed genes between tissue types within each sex. SAM; shoot apical meristem

in multiple flowering processes such as regulation of
gynoecium, stamen and flowering timing [69]. Multi-
ple DE genes were enriched for the term "maintenance
of meristem identity," such as SOC1, CLAVATA2, AP2,
and AGL24 [57, 70-72]. Interestingly, two genes encod-
ing SOC1 were identified as being DE, one up-regulated
(located in scaffold 13) and the other down-regulated

(located in scaffold 80) in male flowers, indicating poten-
tial sex-regulated SOCI copies in late floral development.

The comparisons between tissue types within sex high-
light interesting patterns (Fig. 1). Within each sex, when
comparing SAM with the other two tissue types, all com-
parisons yielded many DE genes (>5,000 genes). The
male SAM and mature flower comparison yielded the
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Fig. 2 Log-normalized expression profile in Amaranthus palmeri (A) of genes for the two pentatricopeptide repeat-containing proteins (PPR),
PPR247 and PPR94, the accelerated cell death protein (ACD6), Werner Syndrome-like exonuclease (WEX), Agamous-like APT, PISTILLATA (MADS9)
and MYB35. B Log-normalized expression profile of Amaranthus tuberculatus genes for lateral-organ boundary 31 (LOB31), MADS-box protein CMB2,
MADS-box transcription factor 18 (MADS18), floral homeotic protein PISTILLATA (PMADS2), SUPERMAN (SUP) and two-component response regulator

24 (ORR24), MYB35 and Agamous MADS-box (MADS2)

highest number of DE genes, comprising about 20% of
the transcriptome, indicating a significant shift in expres-
sion pattern during male floral development. Enrichment
analyses were conducted to identify reproduction and
hormone-related terms within each sex.

SAM and floral meristem comparisons were used to
identify early flowering process genes uniquely DE for
males or females. Within this comparison, 2222 DE genes
were DE only in the female comparison. These genes
were identified in 37 scaffolds, with 878 within scaffold
1, including genes involved with general organogenesis,
hormone signaling, and stress responses (Supplemen-
tal table 1). Interestingly, scaffolds 8 and 4 each con-
tained a set of physically clustered genes involved with
meristem identity, flower development, and hormone
signaling. A total of 195 genes were associated with the
shoot system development term, including LOB31, FT-
interacting 1, AP1, and ORR24. Within the male SAM/
floral meristem comparison, a total of 195 terms were
enriched, including terms involved with pollen devel-
opment, stamen and petal identity specification, and

hormone-related terms. Some key genes identified were
ACD6, SHI, floral homeotic PMADS 2, BEL-1, and the
transcriptional corepressor LEUNIG.

For the SAM and mature flower comparison, a total of
2,679 genes were uniquely identified within the female
comparison, from which enrichment analysis identified
225 significant GO terms associated with flowering pro-
cesses (Supplemental table 2). For the comparison within
the male sex, 3,503 DE genes with 216 enriched terms
were identified, most involving pollen development and
auxin-related terms. Interestedly, terms involved with
epigenetic modifications, such as miRNA silencing, his-
tone modifications, and RNA-directed DNA methylation,
were identified, highlighting their potential importance
for flower development [73, 74].

Floral meristem and mature flower comparison within
sexes were used to identify late-flowering genes unique
for males or females (Fig. 1). Interestingly, of the 2356
genes DE between floral meristems and mature flowers,
only 76 (3%) were unique to females. Genes uniquely DE
in the female comparison included a class A floral gene
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AP2/ERF AINTEGUMENTA (ANT), located at Scaf-
fold 6 and involved with the fusion of carpels and of
medial ridges leading to ovule primordia [75-77]. From
the genes uniquely DE in the male comparison, enrich-
ment analysis indicated 233 significant terms with some
involved with floral development or hormone responses.
Three hundred twenty-two genes were associated with
those key terms, including multiple genes encoding MYB
transcription factors, auxin- and gibberellin-related pro-
teins, and multiple pollen-development-related proteins.
Genes encoding proteins involved with epigenetic regula-
tion were also identified within this comparison.

Co-expression network analysis

A weighted co-expression network analysis (WGCNA)
was conducted using the WGCNA package [78] to iden-
tify gene co-expression patterns and correlate them with
sex and tissues. Read counts were normalized using the
DESeq2 method and converted to a log2 scale prior to
fitting to WGCNA models. Genes with high co-expres-
sion patterns were further assigned to expression groups
denominated as modules named using colors. From each
module, hub genes (genes having high connectivity with
most other genes within the module) were identified via
intra-modular analysis correlating gene-trait significance
and module membership. Module-trait associations were
made by running a biweight midcorrelation within mod-
ule eigengenes and the comparisons previously described
(Table 2).

A total of 32 modules were identified, ranging from 57
to 3051 genes within each module (Supplemental figure 3
and Supplemental table 3). Module eigengene values cor-
relate each module with all comparisons where for each
comparison, the first level of the comparison name was
used as the reference level (Fig. 3). Modules Blue, Cyan,
and Salmon had a clear correlation (biweight midcor-
relation; p-value<0.05) with almost all comparisons.
Two other modules, Tan and Brown, were highly corre-
lated with both SAM and floral meristem comparisons
between sexes. The Brown module was positively corre-
lated with most comparisons indicating that it potentially
carries genes more related to tissue differentiation. Inter-
estingly, modules Red and Turquoise were highly nega-
tively correlated with most comparisons, and since male
tissues were used as the reference groups in all between-
sex comparisons, these are likely female-biased modules.
The correlation within modules was also estimated via
the Pearson correlation model (Supplemental figure 4).

The Tan module showed a clear male-biased pattern
(Fig. 3 and Supplemental figure 5), due to the constant
large eigenvalues in male tissues and included some key
genes identified in the differential expression analy-
sis, such as PPR247 and PPR94. Another interesting
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candidate within the Tan module is the gene MYST
which encodes a histone acetyltransferase protein and
was already characterized as an epigenetic regula-
tor for flowering in other species by the repression of
the genes FLOWERING LOCUS C and other MADS-
box genes [79, 80]. Similar to MYST, two other genes
encoding proteins involved in flower epigenetic regu-
lation were identified within the Tan module: genes
encoding the two histone methyltransferases ASHR1
and ASHR2 (Supplemental figure 6), which are known
to play a crucial role in reproduction organ develop-
ment and chromatin remodeling [81].

Among the genes within the Tan module, 50 were
found to be DE in at least one comparison. The primary
genes identified within this final list were PPR247, PPR94,
and LOB22. The genes MYST, ASHR2, and PPR247, were
identified as hubs. Since PPR247 was also identified as
male-specific, a network was built to identify genes co-
expressed with it using genes from the Tan module and
the Cyan module due to its correlation with the Tan
module (Fig. 4). Within genes highly correlated with
PPR247, PPR94 was highly co-expressed with MYST,
ASHR2, ASHR1, and LOB22.

The Blue module was highly associated with all tissue
comparisons; however, since it encompassed 3,051 genes,
a GO term enrichment analysis was conducted to iden-
tify the primary GO terms. A total of 273 GO terms were
significant, from which genes containing terms involved
with floral development, hormones, programmed cell
death, and transcription regulation were further ana-
lyzed. Within those terms, 305 genes were identified and
included genes encoding multiple MADS-box proteins,
ERF transcription factors, flowering-promoting factors,
and LOB, BEL1, and NAC transcription factors. Genes
identified as hubs included the transcription factors
NACS56, NAC73, ERF34, a LOB, MADS4, MYB36, and
MYBS58 (Supplemental figure 7). Most genes identified as
keys for the Blue module network topology were flower-
ing-related. Intra-module analysis showed that the Blue
module carries essential genes for flower development
in both sexes, with a clear bias toward males. The central
hub within the Blue module is the class B gene encoding
a MADS4 protein, whose homologs were already char-
acterized in other species to play critical roles in flower
identity [82]. MADS4 is located within scaffold 81, close
to a region containing male-specific reads [51]. Among
Blue module genes, 1718 were DE in at least one com-
parison and 1131 genes had enriched GO terms. A LOB-
encoding gene within scaffold 7 was identified as a hub
and was only DE for floral meristem and mature flower
comparisons to SAM in males. MADS4, ERF34, MYB:s,
and BEL1 were DE in both female and male comparisons
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Fig. 3 Weighted co-expression network analysis module-trait correlation from two dioecious Amaranthus species. Values represent correlation
values within each comparison, with p-values for the biweight midcorrelation test shown in parenthesis. Each column refers to a comparison
described in Table 1, with red colors indicating a correlation bias to males and blue a bias to females for the between-sex comparisons (columns
1 1o 3). For tissue comparison within sexes (columns 4 to 9), red colors indicate a correlation towards the first tissue and blue colors a correlation
towards the second tissue listed in the comparison
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indicating that they play roles for flowering development
in both sexes.

For the Red module, most enriched terms were found
to be associated with photosynthesis and chloroplast
development and had only three genes associated with
the term negative regulation of flower development.
Interestingly, the ACD6 gene identified previously in
the DE analysis, involved in programmed cell death, and
located close to the MSY region in scaffold 20, was part
of this female-biased module.

The Turquoise module was identified as a major mod-
ule related to floral development, from which enrich-
ment analysis identified 482 genes related to flowering,
hormonal responses, and plant organ development. One
of the key genes identified was APETALA AP2, a tran-
scriptional activator that promotes early floral meristem
identity and regulation of AGAMOUS genes and recruit-
ing the TOPLESS gene, which was also present within
the Turquoise module [83]. One of the major hubs in the
Turquoise module was annotated as homologous to the
rice gene CRLS5, which was found to work in the repres-
sion of cytokinin signaling by positively regulating the

two-component response regulator [84]. CRL5 was co-
expressed with another hub in this module, ORR24. The
floral-development genes SOCI and MADS-Box AGL24
were also identified as hubs, with both having roles in
flower identity [57, 70].

The WEX gene was found within the Turquoise mod-
ule, which contains essential genes for floral development
and tissue identity, indicating its potential function for
female flower identity. From genes highly co-expressed
(weight>0.15) with WEX, multiple were functionally
annotated as post-transcriptional epigenetic regulators
or involved with chromatin modeling, floral identity,
flowering time, or gametophyte formation (Fig. 5).

Another interesting set of genes within the Turquoise
module include the HENI, HEN2, and HEN4 genes,
which are known to work in association with floral deter-
minacy specification via AGAMOUS regulation, mRNA
degradation, and sRNA methylation, repressing class
B and C genes [85-87]. HENI encodes an enhancer of
genes HUAI and HUA2, which specify reproductive
organ identities, repress A gene function, and can con-
trol floral determinacy and carpel formation via SRNA
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silencing [88-91]. HEN2 encodes a DExH-box RNA
helicase that acts redundantly with HENI, HUAI, and
HUAZ2 in the specification of floral organ identity in the
third whorl; HEN4 encodes a K homology (KH) domain-
containing, putative RNA-binding protein that interacts
with HUA1, a CCCH zinc finger RNA-binding protein
in the nucleus [85]. Multiple copies of HENIand HEN4
were identified, and a single HEN2. Regarding expres-
sion patterns, none of the HEN genes were differentially
expressed in any of the between-sex comparisons, indi-
cating that they are equally important in both sexes.
On the other hand, one of the copies each of HEN4 and
HENI were only DE in the female SAM vs. mature flower
comparison.

Trans factor and promoter analysis

Promoter analysis (Supplemental table 4) was conducted
using the list of identified DE and essential genes to iden-
tify enriched motifs for predicting regulatory function
and putative transcription factors (TF) involved. Pro-
moter sequences (1500 bp before the TSS) were used in
PlantRegMap [92] Arabidopsis thaliana transcription
factors motif database. The regulatory prediction was
made via an over-representation of transcription factor
motif enrichment.

A total of 182 TFs were found enriched for DE genes.
Results point to multiple MYB TF motifs being enriched
within the DE genes in the floral meristem tissue compar-
ison between sexes. The most significant hits were motifs
from the TF MYB30, MYB31, and MYB22, all known to
be involved with tissue differentiation and flower devel-
opment. Other TF with enriched motifs (Supplemental
figure 8) included a member from the TEP family (bHLH
binding protein—protein interaction) known to play a role
in flower symmetry, and the HD-ZIP family, which can
function in meristem identity, organ development, and
hormonal responses.

One hundred fifty TF motifs were enriched within
the DE genes’ promoter regions for the SAM compari-
son between sexes. Most enriched TF were from the
MYB family, followed by TCP and MADS-box families.
This gene was annotated as 7SOI, which is required
for male and female tissue development [93]. TSOI
was found to have an identical expression pattern in
both male and female tissues, being up-regulated in
floral meristem tissues, indicating that this gene works
as a general TF in both sexes for flower development.
However, the top enriched motif TF was from the
CPP family, which is known to play an essential role
in developing reproductive tissue and controlling cell
division in plants.
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MADS-box and MYB TF motifs were also largely pre-
dicted among the promoter regions. Even though no DE
MYB TF was detected in the SAM comparison, MYB
35 and MYB36 were identified as highly up-regulated in
mature male flowers, indicating a potential role in main-
taining the expression of crucial genes later in flower
development.

A total of 13,935 potential regulatory interactions
between 599 TFs and 469 DE genes were identified for
DE genes in mature flower tissue comparison between
sexes, with 279 TFs having over-represented motifs in
their promoter regions. Among the top five enriched
TFs for DE genes in mature flower comparison, three
MYBs, one MADS-box, and one GATA were found.
The most significant TF, with 86 binding motifs, was
annotated as MYB30, which is known to play a role in
programmed cell death, flower development, and flow-
ering time control. The genes MYB35 and MYB36 were
among the most up-regulated genes in mature male
flowers. Among the top TFs, motifs for the MADS-box
genes AGAMOUS AGLI15, AGL66, and MADS2 were
all among the DE genes.

Among the critical genes identified within all analy-
ses, the promoter regions from those genes were ana-
lyzed for predicting the putative regulatory agents.
PPR247 was identified with motifs for multiple ERF TFs
indicating a likely regulation by ERF TF. Interestingly, a
specific MADS-box motif was identified 25 base pairs
before the PPR247 TSS. This motif was predicted to be
the binding site for the MADS-box genes SEPALLATA/
PISTILLATA and API, indicating a likely regulation by
those genes. Both AP and PISTILLATA were identified
among the DE genes.

Amaranthus tuberculatus transcriptome comparison
Principal component analysis

Like A. palmeri, A. tuberculatus had significant expres-
sion variation primarily attributed to mature male
flowers and represented by PCI1. PC2 represented
the differences across the other tissues (Supplemen-
tal figure 9). PC3, on the other hand, mainly described
experimental variation across replications. Among the
significant loading genes (Supplemental figure 4) for the
first three PCs, the majority were related to pollen devel-
opment. Genes involved in programmed cell death were
identified for PC1 loading. Another gene among PCl1
loading genes and in common with A. palmeri was the
gene AP2-like ethylene-responsive transcription factor,
indicating its importance for flower identity [94]. Within
PC2 loading genes, more genes in common with A.
palmeri PCA were identified, including the MADS-box
genes SOCI and AGL24. Multiple other genes encod-
ing MADS-box proteins, including API and AGL3I,
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previously characterized as important genes for flower
development [70, 95], were identified in A. tuberculatus.

Differential expression analysis

Similar to the results observed from the A. palmeri difter-
ential expression analysis, the largest number of DE genes
between sexes was found in mature flowers (Fig. 1 and Sup-
plemental tab). Also similar to A. palmeri, SAM and floral
meristem tissue comparisons between sexes of A. tuber-
culatus yielded a low number of differentially expressed
genes. In fact, only one gene was DE when comparing SAM
tissues between sexes and was down-regulated in males.
This gene was annotated as MADS-box 18 (MADSI18),
which was previously characterized as involved in multiple
flowering processes, including floral identity [96].

From the floral meristem tissue comparison between
sexes, 23 DE genes were identified, including MADSI8
(Fig. 2). The genes PISTILLATA/MADS2 (MADS2), AGA-
MOUS, SOCI, a bHLH transcription factor, MYB-like
transcription factor EOBII, and LOB 31 were also DE and
play critical roles in floral development [57, 67, 97]. Most
genes were down-regulated in males except for MADS2,
CYP710A1, MADS-box CMB2, and transcription fac-
tors bPHLH60 and bHLH91. All the 23 genes were also DE
in mature flowers. The gene encoding the floral home-
otic protein MADS2 was predominantly up-regulated in
male floral tissues and is homologous to Petunia hybrida
MADS2 and the PISTILLATA MADS9 (MADS9) from
Vitis vinifera, which was previously characterized as a
class B transcription factor that might play a role in speci-
fying stamen and petal organ identity [98, 99].

Among the enriched terms for the mature flower
results, the most general term found was reproduc-
tion and was accompanied by flowering development,
hormone-related, transcriptional regulation, and post-
transcriptional regulation (Supplemental table 5). On
hundred thirty two DE genes were enriched with the
flower development GO term. The DE genes leucine-
rich repeat receptor-like serine/threonine-protein
kinase (BAMI), cullin-1 (CULI1), SEUSS, LEUNIG,
agamous-like MADS-box protein AGLI15, SHI, ethyl-
ene-responsive transcription factor (CRF2), transcrip-
tion factor (DUOI), and MADS18 were among the DE
genes with enriched GO terms. Most of the enriched
DE genes were down-regulated in males and are mainly
involved in gynoecium and female embryo develop-
ment based on annotations.

Comparisons between tissues of each sex were con-
ducted to identify DE genes at early and late tissue transi-
tion that are unique for each sex (Fig. 1). From SAM and
floral meristem comparisons, 949 genes were uniquely
DE in the female comparison, while 903 genes were
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unique to males. Within the set of unique female genes,
114 GO terms were enriched, including the key terms
cytokinin-activated signaling pathway, response to auxin,
regulation of transcription, and regulation of flower
development. These 114 enriched GO terms were com-
prised of 235 genes, including ARR24, LOB31, MADS18,
multiple ERF transcription factors, and the class A tran-
scriptional regulator STERILE APETALA (SAP). Another
interesting gene was the transcriptional regulator
SUPERMAN (SUP), which was found to be up-regulated
in female floral meristem and mature flowers (Fig. 2) and
known to prevent the B class homeotic proteins from
acting in the gynoecia whorl and also up-regulated in
females in multiple dioecious species [100—103].

For the male-unique set of DE genes, about 280 terms
were enriched, including multiple pollen development
terms, specification of floral organ identity, and posi-
tive regulation of flower development. Among genes
annotated with flowering-related terms were ABORTED
MICROSPORES, SOCI, AP2, ANT, BELI, and the gene
HEN?2, involved in the maintenance of homeotic B and
C gene expression in the reproductive whorls [104]. DE
genes were mapped to the A. tuberculatus genome; how-
ever, no specific DE genes with clear floral identity roles
were identified within the contigs previously identified as
a putative part of the A. tuberculatus MSY region [51].

Comparison between floral meristem and mature
flower mainly yielded genes uniquely DE in males. This
was expected due to PCA results showing that mature
flowers were overlapping with floral meristems in females
while mature male flowers were leading the main PC,
indicating that male flower development could occur ear-
lier than in females, leading to more prominent differen-
tial expression in mature male flowers.

Co-expression network analysis
The WGCNA results for A. tuberculatus analysis yielded
24 modules ranging from 4340 to 49 genes per module
(Supplemental figure 3 and Supplemental table 6). Unlike
the A. palmeri analysis, no module showed a clear cor-
relation pattern across all comparisons; however, some
patterns can be observed (Fig. 3). For instance, female-
biased modules such as Lightgreen and Grey60 were
identified among all tissue comparisons. Other modules
were female-biased within only a specific tissue com-
parison across the sexes, such as Lightyellow, Yellow,
and Darkgreen modules. Some male-biased modules
were also identified, especially in the mature flower com-
parison across sexes, such as the Green, Red, Cyan, and
Darkred modules.

The Turquoise module was correlated with most tis-
sue comparisons, indicating genes essential for flower-
ing development in both sexes (Fig. 3). The Turquoise
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module contained floral identity-related genes identi-
fied in the DE analysis, such as PISTILLATA-like SOC],
MADSI8, and LOB31. Blue and Yellow modules also
appeared to be late-flowering developing modules and
contained critical genes such as the DE AGAMOUS
MADS-box, MADS?2, and SUP genes.

The Blue module was one of the most significant mod-
ules, the one to which most DE genes were assigned, and
was identified as a male-bias module. The Blue module
was enriched for multiple flowering-related terms. A
total of 517 DE genes were located within the Blue mod-
ule, with 93 genes enriched for some flowering-related
GO term (Supplemental figure 13). Genes included
agamous-like MADS2 and the floral homeotic AGA-
MOUS, both of which were also identified as hub genes.
Another identified hub gene was UFO, which is known
to positively regulate class B genes and negatively regu-
late class C genes [105]. UFO was also previously found
to be a downstream gene for sex determination in pop-
lar, in which an ARR gene represses it, triggering female
organ development [106]. Among the critical genes
within the Blue module, the AGAMOUS-like MADS2
was among the hub genes. Based on connectivity, the
most co-expressed genes with AGAMOUS-like MADS2
were the transcription factor NAC92, highly involved
with programmed cell-death and flowering senescence,
the NRT1/ PTR FAMILY 5.2, UFO, and multiple flower-
ing/hormone-related genes (Fig. 5).

The Brown module also contained a large number of
genes that were DE. Analysis showed that this module
was mainly enriched for terms related to ABA, regula-
tion of transcription, and anther development terms.
The brown module contained 105 DE genes, including
SHORT INTERNODES (SHI), CLAVATA, and WUSHEL,
which are known to play a role in late gynoecium and
anther development [71]. SHI was identified as one of the
main hubs within the Brown module, indicating that the
Brown module likely contains genes co-expressed along
the flower development process in both sexes.

The Turquoise module was significantly correlated
with multiple comparisons (Fig. 3), indicating that essen-
tial flowering genes were assigned to it. It contained
215 DE genes, including the female-specific MADSIS.
Enrichment analysis from the Turquoise module iden-
tified multiple terms related to flower development,
regulation of meristem development, and megagame-
togenesis. Interestingly, the genes MADSI8 and LBD31
were identified as two outliers among the hub genes
with high gene-trait significance correlation in the
intra-modular analysis (>0.99 correlation); however, the
genes were found with low module membership indicat-
ing that those genes are likely specific for their function
and removing them would not affect the overall network
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topology. Among the hub genes, the transcription fac-
tor TCP5 was identified, which plays a pivotal role in
the control of morphogenesis of shoot organs and ovule
development by negatively regulating the expression of
boundary-specific genes via miRNA regulation [107].
Other transcription factors were identified as hubs: the
corepressor SMAXI-LIKE 3 and the Zinc finger protein
JAGGED control the morphogenesis of lateral organs
and flower whorl shape [108, 109]. For the two central
genes within this module, MADS18, and LOB31, a net-
work with the most connected genes was built to iden-
tify the central genes co-expressed with them (Fig. 5).
Both networks included genes involved with gynoecium,
including SOCI, JAGGED, and HEN2, which regulate
classes B and C via miRNA, and the ANT gene, which is
crucial for developing gynoecium marginal tissues [85].
The Turquoise module captured multiple genes involved
with gynoecium and flower organ patterning, indicating
potential candidates for a female inducer gene.

Trans factor and promoter analysis

The same promoter analysis conducted for A. palm-
eri was conducted for A. tuberculatus (Supplemental
table 4). For the floral meristem tissue between-sex com-
parison, 917 potential regulatory relationships between
338 TFs and 25 DE genes were identified. From those
identified TFs, 167 possess over-represented motif targets
in the DE genes. The top ten enriched motifs were eight
MADS-box TFs and two MYB TFs. The most significant
TF was an AGL16 MADS-box gene, which participates in
the repression of FT expression and floral transition. The
second most significant TF was a floral homeotic protein
AGAMOUS, which is involved in the control of organ
identity during the early development of flowers [101].
The two MYB TFs identified were annotated as MYB96,
which encodes an R2R3 type MYB TF whose expression
is strongly induced by abscisic acid, and MYB61, which
coordinates a small network of downstream target genes
required for several aspects of plant growth and devel-
opment [110]. Other AGAMOUS MADS-box TFs were
also identified, including SEPALLATA, PISTILLATA, and
AGL13, which play a crucial role in gametophyte mor-
phogenesis [111].

A total of 4,989 potential regulatory relationships
between 580 TFs and 265 genes were identified from
the DE genes identified in the mature flower com-
parison between sexes, from which 265 TFs possess
over-represented target motifs (Supplemental table 6).
MYB was the most present family (Supplemental fig-
ure 16). The top three consisted of the TFs MYB15 and
MYBI3, known to be involved in enhancing expression
levels of genes involved with abscisic acid signaling,
and a TF from the SRS family SHI, which was found
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up-regulated in mature female flowers. A TF from
the AP2 family was also identified among the most
enriched. The TF family ERF was the second most fre-
quent among the enriched TF predicted regulation.
ERF has essential functions in the transcriptional regu-
lation of various biological processes related to growth
and development and various responses to environ-
mental stimuli [112].

Promoter analysis was done on each of six main
genes identified in A. tuberculatus analysis (Fig. 6). A
total of 148 specific TF motifs in the promoter region
were identified. Interestingly, all genes showed different
predicted regulatory patterns. For instance, MADSI8
showed many motifs for bZIP TF while ORR24 showed
mainly WRKY TF motifs. PMADS2, one of the most
up-regulated PISTILLATA in male tissues, also showed
the presence of MADS-box motifs, indicating a poten-
tial auto-regulation. ORR24 was identified with some
distinct motifs, such as SBP TF, which is involved in
development and floral organogenesis. Other inter-
esting patterns were noticed, such as the significant
presence in the SUP promoter region of motifs for the
BBR-BPC TF family, which is known to be involved in
developmental processes [113].

MADS-box and LOB evolutionary analysis

Multiple MADS-boxes and LOB genes were DE and co-
expressed with multiple flowering development genes in
both species, indicating a potential commonality. Phy-
logeny trees were built using the protein sequences from
all DE genes encoding MAD-box and LOB of A. palmeri,
and A. tuberculatus (Fig. 7). Analysis was conducted in
MEGA11 [114] using the Maximum Likelihood method
and Le Gascuel model [115]. The bootstrap consensus
tree inferred from 500 replicates [116] represents the
evolutionary proximity between the sequences indicating
putative similarities.

Results from MADS-box phylogeny show interesting
similarities across the two species. For instance, the most
differentially expressed MADS-box in A. tuberculatus,
annotated as homologous to MADS-box 18 (MADSIS),
was identified with strong similarities with the A. palm-
eri AGAMOUS-like AP1 (API) located at scaffold 20.
MADS18 and API were up-regulated in female mature
flowers and floral meristematic tissues, suggesting that
both MADS-box genes play a similar role in gynoecium
development in both species. Also, there was 45% boot-
strap support for phylogeny between these two MADS-
box genes and another MADS-box gene from A. palmeri
homologous to AGL24, an essential transcription activa-
tor that mediates floral transition and floral tissue iden-
tity working in a dosage-dependent way, mainly when
associated with an API gene [117-119].
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Two other MADS-box genes identified with high evo-
lutionary similarities (99% bootstrap support) were the A.
palmeri AGL11 and the A. tuberculatus floral homeotic
AGAMOUS gene. These two genes were also up-regu-
lated in female floral tissues. Previous studies with AGL11
in Vitis vinifera identified it as the major gene for seedless
cultivars, indicating that this gene may play a role later in
the development of embryos and seeds in both Amaran-
thus species [120]. Another A. tuberculatus MADS-box
identified with some divergence from AGLII and AGA-
MOUS (29% bootstrap) was annotated as homologous
to SOCI; however, this gene was differentially expressed
only in the within-sex tissue comparisons.

A set of MADS box genes annotated as PISTILLATA
were also conserved across the two species. Two PISTIL-
LATA genes from A. palmeri, MADS2, and MADS9, were
highly similar, indicating a potential duplication event
since both were mapped to scaffold 80 but with differ-
ent coordinates. Also, both genes were up-regulated in
male tissues, and MADS2 was among one of the most
up-regulated genes in A. palmeri between-sex compari-
sons. The A. tuberculatus MADS2 PISTILLATA gene was
highly similar to A. palmeri MADS2 and MADS9 (100%
bootstrap support) and was also highly up-regulated in
male compared to female floral tissues. Previous studies
characterized PISTILLATA genes as central class B genes,
indicating their importance for staminate flower forma-
tion and their potential role at the end of the male flower
formation pathway [98, 121, 122].

For LOB phylogeny topology, additional ramifications
were noticed. A more significant number of LOB genes
were differentially expressed in A. palmeri compared to
A. tuberculatus (Fig. 7). Results show that most LOBs
from A. palmeri have multiple copies in the genome.
For instance, three copies of LOB31 were identified in A.
palmeri, one showing considerable divergence from the
other two (57% bootstrap), with all three predominantly
up-regulated in female floral tissues. Intriguingly, the
A. tuberculatus LOB31 was highly similar to the three
LOB31 genes from A. palmeri and showed the same
expression pattern with up-regulation in female floral
tissues. LOB36 showed strong similarities between the
two species and was up-regulated in male floral tissues
in both species.

Discussion

The dioecious nature of A. palmeri and A. tuberculatus
provides them a robust evolutionary advantage as weeds
making them very adaptable to agricultural manage-
ment practices [123]. Understanding the nature of the
dioecy mechanism of these two species could ultimately
yield strategies to manipulate sex as a novel genetic con-
trol strategy. Our results indicate a putative single-gene
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Fig. 7 The evolutionary history of differentially expressed MADS-box genes (A) and LOB genes (B) in Amaranthus palmeri (Ap) and Amaranthus
tuberculatus (At). Protein sequences were used to fit the Maximum Likelihood method and Le Gascuel model. Values represent the percentage of
bootstraps (n=>500) from the fitted model, indicating the proximity level across protein sequences

model within the previously identified MSY for sex deter-
mination in A. palmeri, while for A. tuberculatus, results
indicate the involvement of crucial autosomal TFs.

Amaranthus palmeri single-gene mechanism model
Results for A. palmeri show distinct differentiation
regarding the expression patterns between females and
males. Transcriptome comparative results point to a
sex determination mechanism involving a male fertil-
ity restorer gene (PPR247) in males and a post-tran-
scriptional regulation gene (WEX) with a controlled
cell death mechanism (ACD6) in females. PPR247 was
only expressed in male tissues (Fig. 2) and was identi-
fied in a previously characterized male-specific region
[51]. PPR is an interesting candidate due to its previ-
ous characterization as a major cytoplasmatic male
fertility restorer [124]. PPR genes are also necessary
for embryogenesis, indicating another key reproduc-
tion role [125]. The fact that it is exclusively expressed
in males and present in the MSY region could indicate
that it can serve as an inducer for male organ formation
by blocking genes repressing male organ formation.
Co-expression network analysis showed that PPR247
is co-expressed with multiple flower-related genes
(Fig. 4), indicating its likely involvement with male fer-
tility restoration.

On the other hand, within the female tissues, two genes
were uniquely expressed, ACD6 and WEX, both located
in scaffold 20 in linkage with the MSY region. ACDE6 is
known to play a role in accelerated cell death responses,
indicating that a specific programmed cell death mech-
anism could prevent the formation of male organs in

females but is likely repressed in males due to a repres-
sor within the MSY region. Multiple studies of the dioecy
mechanism in other species show that controlled cell
death can regulate sex identity [66, 126, 127]. Interest-
ingly, previous electron microscopy work identified that
developing staminate flowers contained vestigial female
organs, while pistillate flowers did not have vestigial
male organs [128]. The constant sex-specific expression
of ACD6 and other genes, even in SAM tissues, suggests
that the production of male tissue is constantly repressed,
resulting in no vestigial tissues in pistillate flowers. How-
ever, in staminate flowers, the repression of one or more
repressors could lead to the formation of male tissues and
the halting of pistil organs (Fig. 8). This scenario can also
be translated into the ABC flowering model [129], where
ACD6 and WEX could work with class B repressor genes,
such as AGAMOUS MADS-box encoding genes, leading
to no formation of staminate tissue.

Among putative class B and C genes involved with
PPR247, ACD6, and WEX, multiple MADS-box genes
were identified as differentially expressed and co-
expressed with the critical candidate genes. For instance,
a gene identified as down-regulated in males within scaf-
fold 20 was annotated as an AGAMOUS-like API gene,
which is known to be essential for flower meristem
identity class C genes in other species [98, 121]. Other
PISTILLATA genes, known as class B genes, were also
identified as up-regulated in male floral tissues and co-
expressed with the three genes, further indicating their
putative involvement in the sex-determination of A.
palmeri [98].
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Fig. 8 Proposed model for sex-determination in Amaranthus palmeri. Three genes, PPR247, WEX, and ACD6, play potential roles in
sex-determination, with PPR247 encoding an RNA binding protein working as a post-transcriptional repressor of ACD6 and WEX, leading to a
cascade of events resulting in staminate flower formation. In the absence of a male-specific region (MSY), female plants express ACD6 and WEX,
leading to the repression of male tissue formation via programmed cell death and epigenetic regulation of putative class B genes such as PISTILLATA

Epigenetics regulatory mechanisms are also likely to
play a role in sex-determination in A. palmeri and were
already characterized as essential for general floral devel-
opment in other species [73, 74]. Co-expression network
analysis identified three epigenetic regulators highly co-
expressed with PPR247: the histone acetyltransferase
MYST domain and two histone methyltransferases,
ASHRI and ASHR2. MYST regulates chromatin avail-
ability and modulates gene expression; it is also essen-
tial for gametophyte and floral tissue development [80].
ASHRI and ASHR2 encode two SET domain-containing
proteins involved in protein—protein interactions related
to flowering time, development, and embryogenesis via
the repression of floral homeotic genes such as AGA-
MOUS [101]. PPR genes are known to encode protein-
RNA binding proteins indicating that they are likely to be
regulating the expression of genes like ACD6 and WEX
via a post-transcriptional regulation [130]. These results
indicate that PPR247 is potentially involved at the top of
the regulation of genes with epigenetic regulation and

programmed cell death functions leading to the control
of class B gene expression resulting in staminate flowers
(Fig. 8).

Results also suggest that A. palmeri follows a single-
gene model with potentially PPR247 as the single regu-
lator working via a post-transcriptional regulation. The
best known plant XY system containing a single-gene
mechanism for sex determination was found in poplar
species, where a gene within the sex-determining region
can suppress the expression of feminizing genes [131].
We hypothesize that in A. palmeri, WEX is the feminiz-
ing gene.

Other candidate genes within the A. palmeri autoso-
mal part of the genome could also play a role. Multiple
MADS-box genes were identified (Fig. 2). MADS-box
genes are known as class B or C genes within the flow-
ering pathway in multiple species [56]. Two MADS-box
genes, AGL1I1 and API, were identified with female-
biased expression. Agamous-like proteins are essential
for gynoecium development, and the fact that API was



Bobadilla et al. BMC Plant Biology (2023) 23:339

located within scaffold 20 also indicates that it can play a
regulatory role in gynoecium flower determination. Pro-
moter analysis identified multiple MADS-boxes motifs
within DE genes’ promoter regions, indicating a likely
interaction among them. A PISTILLATA MADS-box
gene was also identified as up-regulated in A. palmeri
males, indicating that this class B gene could also play a
role in determining staminate flower formation.

The next step for confirming the hypothesis that
PPR247 is the actual sex-determinant factor for A. palm-
eri, and the role of the other identified genes, will be
functional validation. Because these genes are involved
with dioecy, using model plants such as Arabidopsis and
tobacco for validation is unlikely to give the whole picture
of the sex determination mechanism. The ideal scenario
would be transforming the homologous species; however,
no transformation protocol for A. palmeri is available yet,
creating a demand for protocol development.

Amaranthus tuberculatus autosomal candidate genes
for sex determination
Differently from A. palmeri, no candidate DE gene
was identified within the previously identified MSY
region [51]. However, multiple candidates were identi-
fied within autosomal regions. The sex determination
mechanism involving the repression of autosomal genes
to define sex was already characterized within other
dioecious species. For instance, persimmon (Diospyros
lotus), which also possesses an XY system, has a mecha-
nism where the autosomal MALE GROWTH INHIBI-
TOR (MeGI) gene is repressed via an RNA hairpin
and, through a small-RNA-based mechanism causing
DNA methylation, leads to staminate flower develop-
ment [132]. A similar story may be happening for A.
tuberculatus sex-determination since the leading can-
didates were located in autosomal regions. Among the
candidates, the most prominent one is the MADS-box
MADSI18, which was highly up-regulated in females
and not detected in males. MADSI8 was identified as
homologous to an agamous-like APETALA gene, which
is known to play a role in regulating class B genes [83].
On the other hand, two PISTILLATA genes (PMADS2
and CMB2) and the agamous-like MADS2 were up-
regulated in males (Fig. 2), indicating that they are likely
working as class B genes for staminate flower formation.
PISTILLATA genes were already classified as the central
genes for floral organ identity in multiple species when
associated with APETALA3 for stamen development
[121, 121]. However, it is expected that PISTILLATA
is involved near the end of the sex-determination path-
way, leading to the hypothesis that a sex-determination
gene that is down-regulating MADSI8 in males causes
increased expression of PISTILLATA genes. This scenario
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was already observed in other dioecious species, such as
Populus tremula [106].

The AGAMOUS-like MADS2 gene was co-expressed
with multiple essential flowering genes, including epige-
netic and post-transcriptional regulator genes, highlight-
ing its potential function as a modulator of male organ
formation. AGAMOUS-like genes are mainly involved
with late male flower and pollen development, indicating
that this gene is likely playing a role later in floral devel-
opment [111, 133]. The AGAMOUS-like gene was also
found containing a k-box domain, which was previously
identified to play a critical role in the dimerization of
APETALA and PISTILLATA genes to define floral organ
identity [134]. Other key genes were identified, such as
the SUP and CLAVATA genes, which were mainly iden-
tified as up-regulated in females. A previous study has
shown that Agamous-like SUP and CLAVATA can inter-
act to define meristem identity [101], suggesting that
these genes are within the sex-determination pathway for
A. tuberculatus. SUP was mainly expressed in female flo-
ral tissues, which was already observed in other dioecious
species, such as Silene latifolia [102], indicating that this
gene is likely essential for gynoecium flower formation.

The current A. tuberculatus genome is still too frag-
mented, making the proposed MSY region a prediction of
multiple contigs with putative boundary regions identified
based on synteny with A. hypochondriacus [50]. The lack
of a chromosome-level genome and a complete under-
standing of the MSY region makes it challenging to define
whether a gene is autosomal or part of the MSY region.
In fact, some of our candidates could still be within a sex-
determinant region that is present in both sexes but with
a different chromosomal structure, such as an inversion
region. Previous studies in animals and plants have iden-
tified chromosomal inversion as an important evolution-
ary event for sex-determination [135, 136]. Even though
multiple putative autosomal genes were identified as DE
expressed across sexes, it is likely that a sex-determinant
factor within the MSY region may play a role in repressing
feminizing genes such as MADSI8 and inducing male-
ness genes such as PISTILLATA, leading to sex deter-
mination in A. tuberculatus (Fig. 9). An extensive set of
DE genes involved with epigenetic regulation and post-
transcriptional regulation, such as miRNA silencing, his-
tone modification, and protein—protein interaction, were
also identified, indicating that the repression of feminiz-
ing genes is likely via post-transcriptional regulation. The
identity of the main sex-determination factor for A. tuber-
culatus is still unclear; however, the assembly of a chro-
mosome-level genome may open new doors to further
elucidate the sex-determination mechanism of A. tuber-
culatus. Future research will consist of the development
of a chromosome level A. tuberculatus genome and the
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development of transformation protocol for subsequent
gene functional validation.

A. palmeri and A. tuberculatus have different evolution
pathways for dioecy, but some essential genes are shared
Results point to a more detailed description of putative
candidates for sex determination in A. palmeri, with a
putative single-gene model located in the MSY region.
However, for A. tuberculatus, DE genes were only iden-
tified at autosomal regions, indicating that the two spe-
cies likely had different evolutionary events to dioecy.
This hypothesis was previously suggested when the MSY
regions from both species were identified and found
to lack synteny [51]. Amaranthus species are known
to hybridize; however, A. palmeri and A. tuberculatus
do not hybridize readily, consistent with the possibility
that they have distinct sex-determination mechanisms
[47, 137]. Nuclear phylogenetic studies also support
independent dioecy evolution in A. tuberculatus and A.
palmeri in that the two species are grouped into distinct
clades separated by several monoecious Amaranthus
species [49]. The gene sequences identified in A. palmeri
were also mapped to the A. tuberculatus genes to iden-
tify homologous genes. No PPR-encoding genes were
DE in A. tuberculatus males, and no homologous gene
to PPR247 was identified in A. tuberculatus, indicating
that this gene is unique to A. palmeri. Multiple copies of
WEX and ACD6 were identified (all located at the auto-
somal region) in A. tuberculatus; however, none were DE
in the between-sex comparisons. The separate origins
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for dioecious and the potential involvement of PPR247
for sex determination in A. palmeri are further sup-
ported by a recent genomic comparison across multiple
dioecious Amaranthus species [138]

Major similarities between the two species that were
observed in our gene-expression analyses likely were
related to downstream floral development rather than
the sex determination. For instance, most DE genes
were predicted with similar regulations containing
MYB and MADS-box motifs, indicating that those two
gene families are likely involved in the floral identity
pathway (Supplemental figures 15 and 16). Phylogeny
across DE MADS-boxes also shows that A. tubercu-
latus MADS18 and A. palmeri AP1 (Fig. 7) are highly
similar, indicating homology across the two protein
sequences. The expression pattern was also highly
similar between the two species (Fig. 2), indicat-
ing that the AP1-like encoding gene is important for
gynoecium development in both species. PISTILLATA
DE genes were also highly conserved across the two
species (Fig. 7), with A. palmeri showing two copies
of PISTILLATA encoding genes, indicating that these
class B genes are likely within the staminate floral
determination pathway in both species.

Two other classes of genes were shared across the two
species, MYB and LOB genes. MYB genes were identified
as major regulators of the DE genes in both species, with
the gene MYB35 identified to be up-regulated in mature
male flowers in both species. MYB TFs are critical fac-
tors in regulatory networks controlling development,
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Fig. 9 Proposed model for sex-determination in Amaranthus tuberculatus. A single-sex determination factor within the male-specific region (MSY)
represses the feminizing MADS18 gene, leading to the expression of crucial class B genes and inducing the production of staminate flowers. Based
on gene expression results, regulation of the PISTILLATA and MADS-box genes is likely due to post-transcriptional regulation via miRNA silencing and

epigenetic modifications
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metabolism, and responses to biotic and abiotic stresses
[110]. The homologous gene to MYB35 in Arabidopsis
was previously identified to play a crucial role in anther
development and was regulated by miRNA [139, 140].

Multiple LOB TFs were identified in both species,
including the gene LOB35. LOB TFs were previously
thought to only play a role in lateral organ development
leading to the gene family name. However, recent studies
identified that LOB TFs are involved in other functions,
such as flowering control, meristematic tissue differentia-
tion, and hormone regulation [97]. LOB35 was identified
as up-regulated in females in both species indicating a
potential role in gynoecium development. A phylogeny
analysis was conducted to identify the similarities across
the LOB DE genes in both species. Similar to the MADS-
box phylogeny, A. palmeri was identified with two copies
of LOB31, while A. tuberculatus had only one copy, and
both genes were grouped together in the phylogeny tree
(Fig. 7). Among the LOBs grouped by phylogeny, only
LOB36 was highly similar between the two species and
was up-regulated in males of both species.

Conclusions

This study represents the first overall characterization of
expression variation across males and females in the two
major dioecious species within the Amaranthus genus.
Key candidates were identified for A. palmeri sex deter-
mination, with PPR247 hypothesized to be the key gene
in a single-gene model. The sex-determination mecha-
nism for A. tuberculatus is still unclear, but key autosomal
genes were identified as putative players for sex determi-
nation in this dioecious species. Results strengthen the
hypothesis of multiple evolutionary events for dioecy
within the Amaranthus genus but with retained similari-
ties across the floral development and identity pathways.
Results advance our current knowledge about dioecious
evolution within the Amaranthus genus and lead us one
step further towards understanding the sex-determina-
tion mechanisms in dioecious weedy amaranths. Future
studies will include the development of transformation
protocols, enhancement of genomic resources, and the
functional validation of the identified candidate genes.

Methods

Plant materials

Seeds from an A. tuberculatus population (GRIN ID: PI
698,378:  https://npgsweb.ars-grin.gov/gringlobal/acces
siondetail?id=2099571) and A. palmeri population (GRIN
ID: PI 632,235: https://npgsweb.ars-grin.gov/gringlobal/
accessiondetail?id=1031358) were used. All seeds were
subjected to a 50% commercial bleach treatment for
10 min and rinsed twice with water for 10 min each. Seeds
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were suspended in a 0.1 g L™! agarose solution and placed
in a 4 C refrigerator for four weeks [141]. After stratifi-
cation, seeds were germinated in Petri dishes contain-
ing blotting paper with 2.0 ml of water. Petri dishes were
closed with sealing film to avoid water loss and placed in
a growth chamber for 48 h set for 12/12 h day/night and
32/15 C temperature regimes.

Germinated seedlings were transplanted into plas-
tic greenhouse flat inserts containing a soil mixture of
Sunshine LC1 (Sun Gro Horticulture, Agawam, MA,
USA), soil, peat, and torpedo sand (3:1:1:1 by weight)
plus 13-13-13 Osmocote fertilizer (The Scotts Company,
Marysville, OH, USA). Plants were grown in a growth
chamber at 30/25C day/night with a 16/8-h photoperiod.
At 15 days after germination (DAG), leaf tissue was col-
lected to determine sexes using male-specific markers
[50]. Tissues were harvested, placed into 1.5 mL Eppen-
dorf tubes, and stored at —80 C. DNA was extracted using
a standard CTAB buffer protocol [142]. The nucleic acid
concentration was estimated by a spectrophotometer
(NanoDrop 1000 Spectrophotometer, Thermo Fisher Sci-
entific, 81 Wyman Street, Waltham, MA 02,451). At 20
DAG, four male and female plants of each species were
transplanted into 3.75 L pots until flowering.

RNA extraction and sequencing
For each sex of each species, three tissue types were col-
lected from four biological replicates for RNA extrac-
tion (24 libraries per species): shoot apical meristem
(SAM), floral meristem, and mature flowers. At 25 DAG,
SAM tissue was collected, resulting in increased plant
branching and subsequently generating numerous floral
meristems. SAM tissues consisted of undifferentiated
meristematic regions at the top of each plant. Between
50 to 60 DAG, floral meristematic tissue was collected.
The remaining flowers were allowed to differentiate, and
mature floral tissues were collected. Floral meristematic
tissues consisted of 1-2 days of recently differentiated
SAM where no sex differentiation was visible, whereas
mature flowers consisted of floral tissues where differen-
tiation between males and females was clearly visible.
Immediately after collection, all tissues were frozen in
liquid nitrogen and stored at -80 C until RNA extraction.
RNA was extracted using a Trizol-based method [143]
with a DNase I treatment following extraction. Samples
were checked for quality and quantity by running them
on a Qubit analyzer, a 1% agarose gel, and a bioanalyzer.
Samples were sent to the Roy J. Carver Biotechnology
Center at the University of Illinois, Urbana-Champaign,
for Illumina library construction and sequencing. Librar-
ies were prepared using the Illumina TruSeq Stranded
mRNAseq Sample Prep kit (Illumina Inc., San Diego,
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CA). 150 bp pair reads were sequenced using a NovaSeq
6000 system using one NovaSeq S4 flow cell (Supplemen-
tal table 1).

Data pre-processing

All fastq files were filtered for low-quality reads, and
adapters were trimmed using the software Trimmomat-
ics [144]. Reads were further filtered to remove rRNA
using the software SortMeRNA [145]. Two samples from
mature female flowers from both species were removed
due to sequencing and alignment quality issues. With
the filtered data from both species and sexes, two de-
novo genome-guided transcriptome assemblies were
conducted. Reads were mapped to the A. tuberculatus
draft genome [146] using STAR [147], and all bam files
were combined using the Samtools merge tool [148]. A
merged bam file was used as input in Trinity for the tran-
scriptome assembly (Table 1) [53]. Functional annota-
tion of the transcriptome was done using the Trinotate
pipeline [149], and the final transcriptome was generated
using the annotated transcripts. Both female and male
reads were used in the assembly to form a comprehensive
transcriptome assembly for each species. Transcriptome
quality was assessed by using BUSCO [150] completeness
score as done based on the viridiplantae_odb10 data-
base, and overall quality was accessed by mapping a set of
samples to it with Bowtie2 [151] and obtaining the N50
parameter using Trinity custom script (https://github.
com/trinityrnaseq/trinityrnaseq/blob/master/util/Trini
tyStats.pl). The transcriptome was later mapped back
to the genome to identify their genomic locations using
GMAP [152]. All reads were pseudo-aligned to their
respective assembled transcriptome using Kallisto for
read counts quantification [153].

Principal component analysis

Principal component analysis (PCA) was conducted using
the package pcaExplorer [154] to identify overall expres-
sion differences across tissues and sexes from each species.
Quantified read counts from Kallisto were loaded into R
and summarized to gene-level using the Tximport pack-
age [155]. The reads matrix was converted into a DESeq2
object and normalized using the variance stabilized trans-
formation algorithm from DESeq2 [55]. Normalized reads
were then loaded into pcaExplorer for analysis.

Differential expression analysis

Pseudo-aligned read counts were loaded into R and sum-
marized to gene-level using Tximport. EdgeR was used
to run the differential expression analysis [61]. Genes
with low expression in more than 80% of samples were
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filtered, and the remaining genes were subjected to nor-
malization via the trimmed mean of M-values (TMM)
method. Common, trended, and tagwise dispersions
were estimated using a quantile-adjusted conditional
maximum likelihood. Multiple comparisons between
sexes and within each tissue were conducted using a
quasi-likelihood negative binomial model to account for
gene-specific variability from biological and technical
sources. P-value correction was applied using the FDR
correction method. Genes were considered differentially
expressed if log fold-change (logFC) was equal or above
four and FDR was equal or lower than 0.05. Over-rep-
resented and conditional GO-term enrichment analyses
were conducted using TopGO with the Fisher algorithm
to identify the most enriched terms within the differ-
entially expressed genes [62]. Generated gff file from
GMAP was later used to identify differentially expressed
genes within autosomal and the MSY regions.

Co-expression network analysis

A weighted co-expression network analysis (WGCNA)
was conducted using the WGCNA package [78]. Gene
expression counts were normalized using the DESeq2
method and converted to a log2 scale. Hierarchical clus-
tering was used to identify outlier samples, and the con-
stant-height tree cut function was used to remove the
outliers. Soft-threshold power was estimated to approxi-
mate network topology to a free-scale model. A signed
adjacency matrix was estimated via bi-weight mid-corre-
lation followed by a signed topological overlap matrix by
dissimilarity. Genes were clustered via hierarchical clus-
tering, and the dynamic tree-cutting algorithm was used
to separate genes into modules. Module eigengenes were
calculated to merge similar modules and identify mod-
ules associated with sex differentiation across tissues. An
intra-modular analysis was conducted to identify hub
genes within modules correlated with sex differentiation.
Genes were considered hubs if module membership and
gene-trait significance were above 80%. Network visuali-
zation was done using Cytoscape [156].

Trans factor and promoter analysis

To predict the potential regulatory players for the iden-
tified differentially expressed genes, the promoter
regions of those genes were extracted from the refer-
ence genomes. A promoter region was considered the
1,500 bp upstream of the transcription start site of each
gene. Promoter sequences were input in PlantRegMap
[92] Arabidopsis thaliana TFs motif databases. The regu-
latory prediction was made via an over-representation of
TF motif enrichment (q-value < =0.05).


https://github.com/trinityrnaseq/trinityrnaseq/blob/master/util/TrinityStats.pl
https://github.com/trinityrnaseq/trinityrnaseq/blob/master/util/TrinityStats.pl
https://github.com/trinityrnaseq/trinityrnaseq/blob/master/util/TrinityStats.pl

Bobadilla et al. BMC Plant Biology (2023) 23:339

MADS-boxes and LOB evolutionary analysis

Coding sequences from differentially expressed MADS-
boxes and LOB genes from both species’ comparisons
were used to predict protein sequences using TransDe-
coder (https://github.com/TransDecoder/TransDecoder).
Protein sequences containing complete ORFs were used,
and sequences containing SRF-type TF or LOB domains
were used for phylogenetic comparison. Evolutionary anal-
yses were conducted in MEGA11 [114]. The evolution-
ary history was inferred using the Maximum Likelihood
method and Le Gascuel model [115]. The bootstrap con-
sensus tree inferred from 500 replicates [116] represents
the evolutionary history of the genes analyzed. Branches
corresponding to partitions reproduced in less than 50%
of bootstrap replicates were collapsed. The percentage
of replicate trees in which the associated genes clustered
together in the bootstrap test (500 replicates) was cal-
culated [116]. Initial tree(s) for the heuristic search were
obtained by applying Neighbor-Join and BioNJ algorithms
to a matrix of pairwise distances estimated using the JTT
model and then selecting the topology with a superior log
likelihood value. A discrete Gamma distribution was used
to model evolutionary rate differences among sites (5 cat-
egories: + G, parameter =2.7397).

RNA-seq validation via qPCR

To validate the differential analysis results, a set of two
differentially expressed genes was tested by quantitative
PCR (qPCR) in the samples used for RNA-seq analysis
and an additional three individuals. The genes selected
were PMADS2-PISTILLATA and MYB35 because those
two genes were differentially expressed in all tissues and
only in mature flowers, respectively, for both species.
Primers were designed to achieve an 80 to 180-bp prod-
uct size and target an exon/exon junction (Supplemental
table 7). Initial primer efficiency was tested by conduct-
ing a qPCR assay using a 5-step log-scale cDNA dilution.
Only primer sets ranging from 95 to 100% efficiency were
used. One housekeeping gene (GAPDH) was used as a
reference for relative expression. New mature flowers,
floral, and shoot apical meristem tissues were collected,
and RNA was extracted as described previously. From
each species, four distinct biological replicates per tis-
sue were collected. RNA was converted to cDNA using
an iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc.
Hercules, CA). qPCR was performed in triplicates on
each sample for each primer set by combining 5ul of iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories,
Inc. Hercules, CA), 0.5 ul forward primer (10 uM), 0.5 ul
reverse primer (10 uM), 3 ul of nuclease-free water, and 1
ul of cDNA. Relative expression was calculated using the
2-DDCt method [157] (Supplemental figure 16).
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Additional file 1: Supplemental figure 1. Principal component analysis
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first four primary PCs showing genes driving dispersion. Supplemental
Figure 3. WGCNA module cluster dendrograms and soft threshold power
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Amaranthus palmeri WGCNA modules correlation. Supplemental

figure 5. WGCNA Tan co-expression network from A. palmeri analysis.
Red nodes represent the identified Hub genes within the network, and
hubs were defined based on their module membership and gene-trait
significance. Labels refer to Uniprot IDs from homologous annotated
genes. Supplemental Figure 6. Amaranthus palmeri ASHR1, ASHR2 and
MYST genes expression profiles. Supplemental Figure 7. Co-expression
network from blue module key hubs from Amaranthus palmeri. Node
size represents gene trait significance. Supplemental figure 8. Promoter
analysis results from A. palmeri. Analysis conducted using genes that
were differentially expressed within tissues and across genders. Promoter
regions extracted from reference genome were used for the analysis.
Results summary of total of transcription factors per family showing motif
enrichment on the extracted promoter region. Supplemental figure 9.
Principal component analysis for Amaranthus tuberculatus transcriptome
data. Supplemental figure 10. Principal component (PC) gene loading
in Amaranthus tuberculatus for the first four primary PCs showing genes
driving dispersion. Supplemental Figure 11. Module correlation for
Amaranthus tuberculatus WGCNA. Supplemental Figure 12. WGCNA
palmer intra-modular analysis to identify hub genes within main modules
identified in Amaranthus palmeri analysis. Supplemental Figure 13.
WGCNA generated blue module for Amaranthus tuberculatus. Network
indicates most co-expressed genes involved in putative flower develop-
ment functions. Supplemental Figure 14. WGCNA palmer intra-modular
analysis to identify hub genes within main modules identified in Amaran-
thus tuberculatus analysis. Supplemental figure 15. Promoter analysis
results from A. tuberculatus. Analysis was conducted using differentially
expressed genes within tissues and across genders. Promoter regions
extracted from the reference genome were used for the analysis. Results
summary of total of transcription factors per family showing motif enrich-
ment on the extracted promoter region. Supplemental Figure 16. gPCR
results for RNA-seq validation.

Additional file 2: Supplemental table 1. Sequenced libraries
information.

Additional file 3: Supplemental Table 2. A. Amaranthus palmeri
enriched GO terms present in DE genes for mature flower comparison
within genders. B. Amaranthus palmeri between sexes mature flower
comparison genes within significant Goterms. C. Genes identified
uniquely in Amaranthus palmeri SAM vs floral meristem female compari-
son containing key enriched GO terms. D. Genes identified uniquely in
Amaranthus palmeri SAM vs floral meristem male comparison containing
key enriched GO terms. E. Amaranthus palmeri SAM and mature flower
comparison female biased enriched GO Terms and genes in across tissue
comparison. F. Amaranthus palmeri SAM and mature flower comparison
female bias enriched genes. G. Amaranthus palmeri SAM and mature
flower comparison male biased enriched GO Terms and genes in across
tissue comparison. F. Amaranthus palmeri SAM and mature flower com-
parison male biased enriched genes.

Additional file 4: Supplemental table 3. A. Amaranthus palmeri WGCNA
results: Tan module genes and their differentially expression significance.
B. Amaranthus palmeri WGCNA results: Salmon module genes and their
differentially expression significance. C. Amaranthus palmeri WGCNA
results: Cyan module genes and their differentially expression significance.
D. Amaranthus palmeri WGCNA results: Midnightblue module genes and
their differentially expression significance. E. Amaranthus palmeri WGCNA
results: Blue module genes and their differentially expression significance.
F. Amaranthus palmeri WGCNA results: Turquoise module genes and their
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differentially expression significance. G. Amaranthus palmeri WGCNA
results: Red module genes and their differentially expression significance.

Additional file 5: Supplemental table 4. A. Regulation prediction
analysis results with differentially expressed genes from SAM comparison
in Amaranthus palmeri. B. Regulation prediction analysis results with
differentially expressed genes from Floral meristem comparison in Ama-
ranthus palmeri. C. Regulation prediction analysis results with differentially
expressed genes from mature flower comparison in Amaranthus palmeri.
D. Regulation prediction analysis results with differentially expressed
genes from Floral meristem comparison in Amaranthus tuberculatus. E.
Regulation prediction analysis results with differentially expressed genes
from mature flower comparison in Amaranthus tuberculatus. F. Transcrip-
tion factor binding site prediction results using identified key genes for
sex determination in Amaranthus palmeri. F. Transcription factor binding
site prediction results using identified key genes for sex determination in
Amaranthus tuberculatus.

Additional file 6: Supplemental table 5. A. Enrichment GO term analysis
for genes differentially expressed in mature flower comparison across
sexes in Amanrathus tuberculatus. B. Genes containing enriched GO term
for genes differentially expressed in mature flower comparison across
sexes in Amanrathus tuberculatus. C. Differentially expressed genes in

A. tuberculatus floral meristem tissue comparison across genders. D.

SAM vs Floral meristem tissue enrichment analysis results within female
A. tuberculatus. E. A. tuberculatus female SAM vs Floral meristem tissue
comparison enriched genes. F. SAM vs Floral meristem tissue enrichment
analysis results within male A. tuberculatus. G. A. tuberculatus male SAM
vs Floral meristem tissue comparison enriched genes. H. SAM vs Mature
flower tissue enrichment analysis results within female A. tuberculatus.

. Female A. tuberculatus SAM vs Mature flower tissue enriched genes. J.
SAM vs Mature flower tissue enrichment analysis results within male A.
tuberculatus. . Male A. tuberculatus SAM vs Mature flower tissue enriched
genes.

Additional file 7: Supplemental table 6. A. GO enrichment analysis with
Blue module in WGCNA analysis for Amaranthus tuberculatus. B. Module
membership - Gene trait corralation hub genes for the blue module in
WGCNA for Amaranthus tuberculatus. C. GO enrichment analysis with Yel-
low module in WGCNA for Amaranthus tuberculatus. D. Module member-
ship-Gene trait corralation hub genes for the yellow module in WGCNA for
Amaranthus tuberculatus. E. GO enrichment analysis with turquoise mod-
ule in WGCNA for Amaranthus tuberculatus. F. Module membership-Gene
trait corralation hub genes for the turquoise module in WGCNA for Ama-
ranthus tuberculatus. G. GO enrichment analysis with brown module in
WGCNA for Amaranthus tuberculatus. H. Module membership-Gene trait
corralation hub genes for the brown module in WGCNA for Amaranthus
tuberculatus. . GO enrichment analysis with red module in WGCNA for
Amaranthus tuberculatus. J. Module membership-Gene trait corralation
hub genes for the red module in WGCNA for Amaranthus tuberculatus. K.
GO enrichment analysis with green module in WGCNA for Amaranthus
tuberculatus. L. Module membership-Gene trait corralation hub genes for
the green module in WGCNA for Amaranthus tuberculatus.

Additional file 8: Supplemental Table 7. A. Primers sequences used for
RNA-seq validation via gPCR.
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