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Abstract

Whole genome duplication (WGD) is a powerful evolutionary mechanism in plants. Autopolyploids have been com-
paratively less studied than allopolyploids, with sexual autopolyploidization receiving even less attention. In this work,
we studied the transcriptomes of neotetraploids (2n=4x=32) obtained by crossing two diploid (2n=2x=16) plants
of Medicago sativa that produce a significant percentage of either 2n eggs or pollen. Diploid progeny from the same
cross allowed us to separate the transcriptional outcomes of hybridization from those of WGD. This material can

help to elucidate events at the base of the domestication of cultivated 4x alfalfa, the world’s most important legu-
minous forage. Three 2x and three 4x progeny plants and 2x parental plants were used for this study. The RNA-seq
data revealed that WGD did not dramatically affect the transcription of leaf protein-coding genes. The two parental
genotypes did not contribute equally to the progeny transcriptomes, and genome-wide expression level dominance
of the male parent was observed. A large majority of the genes whose expression level changed due to WGD pre-
sented increased expression, indicating that the 4x state requires the upregulation of approximately 2.66% of the pro-
tein-coding genes. Overall, we estimated that 3.63% of the protein-coding genes were transcriptionally affected

by WGD and may contribute to the phenotypic novelty of the neotetraploid plants. Pathway analysis suggested

that WGD could affect secondary metabolite biosynthesis, which in turn may influence forage quality. We found four
times as many transcription factor genes among the polyploidization-affected genes than among those affected
only by hybridization. Several of these belong to classes involved in stress response. Small RNA-seq revealed that very
few miRNAs were significantly associated with WGD, but they target several hundred genes, and their role in the WGD
response may be relevant. Integrated network analysis led to the identification of putative miRNA: mRNA interactions
potentially involved in transcriptome reprogramming. Allele-specific expression analysis indicated that parent-of-ori-
gin bias was not a significant outcome of WGD, but we found that parentally biased RNA editing may be a significant
source of variation in neopolyploids.
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Introduction

Polyploidy is the presence of more than two complete
sets of chromosomes within a nucleus. Polyploids are
generally classified into two main categories: autopoly-
ploids, arising from intraspecific whole genome dupli-
cation (WGD), and allopolyploids, deriving from the
merging of the genomes of two (or more) species. More
realistically, merging genomes creates a continuum based
on how closely related the original genotypes are, from
closely related genotypes creating polyploids containing
sets of completely homologous chromosomes to poly-
ploids containing sets of highly divergent homoeologous
chromosomes.

Alterations in meiosis are considered the main path
to polyploidy in natural populations through a process
known as sexual polyploidization, which occurs when
one or both gametes involved in fertilization are not
reduced [1]. In particular, bilateral sexual polyploidi-
zation results from the fusion of a 2n egg cell and a 2n
sperm nucleus, resulting in 4x offspring, which may ini-
tiate the establishment of a neopolyploid lineage [2]. In
plants, polyploidy has long been recognized as a major
force for evolution and speciation as well as a driver
of genomic novelty and plasticity [3-7]. Barker et al
[8] estimated that among 4003 plant species of 47 gen-
era, 11% are allopolyploid, and 13% are autopolyploid;
moreover, most, if not all, extant diploid plant species are
paleopolyploid, that is, they derive from the diploidiza-
tion of ancient polyploids [9]. WGD probably favoured
the domestication of agricultural plants [10]. About 50%
of economically important crop species are polyploid,
including alfalfa, banana, cotton, coffee, oilseed rape,
potato, sweet potato, sugarcane, tobacco, and wheat [11,
12] emphasizing the importance of polyploid research for
agriculture. In crop plants, the improvement of economi-
cally important traits by artificial polyploidy has long
been investigated. There are examples of agricultural suc-
cess of induced autopolyploids (banana, clover, ryegrass,
sugar beet) and allopolyploids (festulolium, triticale).

In allopolyploids, combining different homoeoalleles
from parental species can lead to new allelic interactions
contributing to intergenomic heterozygosity and hetero-
sis, which in turn can improve crop plasticity under envi-
ronmental fluctuations and stressful conditions [13—15].
In autopolyploids, the possible presence of more than
two alleles per locus can allow for higher-order gene
interactions [16]. In 4x alfalfa, the positive effects of
multiple alleles on biomass yield have been clearly dem-
onstrated [17]. These allelic interactions are considered
the basis for “progressive heterosis’, that is, higher vigour
of double crosses (AxB) x (CxD) with respect to single
crosses AxB or CxD, as demonstrated in potato, alfalfa
and maize [18-20]. Consistent with this hypothesis,
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autopolyploids from somatic WGD (sometimes termed
colchiploids because they are most frequently obtained
by colchicine treatments) may not be more vigorous in
terms of biomass and are sometimes less vigorous than
the original diploids [21-23]. For example, in Solanum
commersonii and S. bulbocastanum, synthetic autotetra-
ploids showed significant gene expression alterations and
morpho-anatomical changes, but these changes did not
consistently result in phenotypic superiority over dip-
loids, suggesting variable effects of polyploidy depending
on the species and genotype [24]. Recently, a thorough
phenotypic characterization of the effects of somatic
WGD on Arabidopsis plants at 2x, 4x, 6x, and 8x ploidies
showed that, at the 4x level, the growth rate decreased,
cell size increased, stem biomass at flowering increased
and the cell wall composition was modified [25]. Auto-
tetraploids from sexual polyploidization likely contain
more than two alleles per locus if they originate from
unrelated diploid parents; thus, they can functionally be
considered an intermediate condition between somatic
autopolyploids and allopolyploids. Compared with their
diploid parents, these tetraploids can display greater bio-
mass and fertility [26, 27].

Polyploidization can cause rapid genomic structural
changes, such as chromosomal rearrangements, gene
loss, and genome fractionation, sometimes resulting in
greater loss of genes from one of the subgenomes (sub-
genome dominance) [28-30]. WGD can also alter the
associations among chromosomes in the nucleus [31,
32]. WGD has been demonstrated to affect transcription,
resulting in deviations from the parental mean (nonaddi-
tive expression), expression level dominance, transgres-
sive expression, and allele-specific expression (ASE) bias
[30, 33-35]. ASE is defined as the differential expression
of two alleles of a gene and is commonly observed in both
plants and animals [35, 36]. It can arise through several
different mechanisms: gene loss and silencing, activation
of transposable elements, epigenetic modifications, and
interactions between the divergent regulatory networks
of the parents [35-38]. Among the transcriptional out-
comes of WGD, the impact of WGD on the expression
of small RNAs (smRNAs), including nonadditive expres-
sion, has been reported [39-43].

When studying the effects of polyploidization, an
important issue is the need to differentiate the impact of
hybridization from those of WGD [30, 44, 45]. Hybridi-
zation, both intraspecific and interspecific, has generally
been demonstrated to influence gene expression more
than WGD alone [22, 23, 44, 46—48]. In fact, interspecific
hybridization combines two genomes with suites of par-
tially diverged cis- and trans-regulatory elements [35, 49—
52], that can interact and alter the transcriptional balance
between parental genomes. In the case of autopolyploids
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from sexual polyploidization, separating the impacts of
hybridization and WGD is extremely relevant.

Compared with allopolyploidization, autopolyploidi-
zation is expected to cause fewer alterations in gene
expression [53]. Limited gene expression imbalance was
observed in some autopolyploids relative to their diploid
parents [27, 46, 54—56].

Alfalfa (Medicago sativa L., 2n=4x=32) is an impor-
tant leguminous forage crop worldwide. The origin of
cultivated 4x alfalfa can be found in sexual polyploidiza-
tion events within and between the two wild diploid sub-
species, M. sativa ssp. caerulea and ssp. falcata, which
gives rise to cultivated M. sativa ssp. x varia [26, 57-59].
In previous work by our group, a M. sativa ssp. falcata
plant (PG-F9, 2n=2x=16) and a ssp. falcata x caeru-
lea hybrid (12P, 2n=2x=16) producing significant per-
centages of 2n eggs and pollen, respectively, were selected
and characterized [27, 60, 61]. Three 2x and three 4x
plants (2n=4x=32) were randomly selected from among
the progeny of the PG-F9Xx12P cross. These six plants
are full sibs at different ploidy levels and are well suited
for separating the effects of hybridization from those of
polyploidization at the phenotypic and molecular levels.
Compared with their diploid full siblings, the three neo-
tetraploids presented increased biomass, earlier flow-
ering, higher seed set in crosses with unrelated plants,
higher seed weight, and larger leaves with larger cells.
Microarray analyses revealed that the expression levels
of several hundred genes related to diverse metabolic
functions changed in response to polyploidization alone
[27]. In this work, we further investigated the transcrip-
tomes of these plant materials via RNA-seq and smRNA-
seq. We conducted allele-specific expression analyses to
gain further insight into the short-term transcriptional
consequences of sexual tetraploidization in M. sativa.
We show quantitatively limited but qualitatively relevant
nonadditive mRNA expression and almost no significant
allele-specific expression bias that can be ascribed spe-
cifically to WGD. Small RNA expression changes were
also limited but potentially relevant. We conclude that
the gene expression shifts induced by sexual polyploidi-
zation involving divergent alfalfa genotypes are not large
but can impact several pathways involved in adaptation
and phenotypic traits.

Materials and methods

Plant material and experimental conditions

Eight genotypes were used in this work [27]: the two 2x
parental plants PG-F9 and 12P described above, three 2x
progeny plants (S8, S16, S24) and three 4x progeny plants
(529, S48, S60). They were maintained by yearly cloning
through stem cuttings. Three plants per genotype (bio-
logical replicates) were grown in pots filled with field soil,
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sand and peat moss 2:1:1 and randomized on benches
within a bee-proof cage under natural conditions at the
departmental experimental station (S. Andrea d’Agliano,
Perugia, Italy). All the plants were clipped at the begin-
ning of flowering. Three-week-old shoots (vegetative
growth stage) of the regrowth were sampled by taking the
first three fully expanded leaves from several shoots of
each of the three cloned plants per genotype. The leaves
were then immediately flash-frozen in liquid nitrogen and
stored at -80 °C until DNA or RNA extraction. Genomic
DNA was extracted using the GenElute Plant Kit (Sigma-
Aldrich, St. Louis, MO, USA). RNA isolation was per-
formed using the RNeasy Plant Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
Acid nucleic purity and concentration were first assayed
using the NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). For sequencing, RNA
quantification was performed using Bioanalyzer (Agilent)
and equal amounts of total RNA per sample were used.

RNA-seq

RNA-seq (Novaseq6000 2x150 bp, ~18 million frag-
ments per sample) was performed by Sequentia Biotech
(Barcelona, Spain). The raw fastq files were cleaned
and trimmed with Cutadapt 4.6 [62], using default
parameters for Illumina sequencing. FastQC 0.11.9
was applied to check for quality of both the raw and
the clean sequences. To reduce bias for multiple copies
of the same exact gene in polyploid genomes, cleaned
reads were aligned with STAR 2.7.10b [63] to a non-
redundant (collapsed) version of the alfalfa genome
sequence of Chen et al. [64], produced by Sequentia
as described below. Bam files from the alignment were
managed with samtools 1.19 [65] and a count matrix,
accounting only for uniquely mapped reads, produced
with FeatureCounts, from the subread package [66]
with the help of the annotation previously produced.
This matrix was then imported into R (R Code Team
2024) [67] and processed with DESeq2 [68] with an
in-house built script. The raw matrix was first purged
from low-expressed genes, and DESeq2 best practices
were applied to retrieve differentially expressed genes.
The hierarchical clustering map for differential expres-
sion genes is shown in Supplementary Fig. S1A. Genes
were considered differentially expressed between geno-
types or ploidy levels when their log, fold change (FC)
was + 1.0 with Padj <0.05; P values were adjusted using
the Benjamini and Hochberg’s approach for control-
ling the false discovery rate [69]. The iTAK tool (ver-
sion 1.6) was used for transcription factor prediction
with default parameters (http://itak.feilab.net/cgi-bin/
itak/index.cgi) [70]. Pathway enrichment analysis of
nonadditively expressed or differentially expressed
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genes was conducted using the ShinyGO V0.80 online
tool [71], with M. truncatula used as the reference gene
set. To achieve comprehensive gene functional annota-
tion, M. sativa NCBI non-redundant protein IDs were
converted into M. truncatula orthologs using gProfiler
(https://biit.cs.ut.ee/gprofiler/convert). KOBAS (v 3.0
version, adjusted P<0.05) was used to test the statisti-
cal enrichment of differentially expressed genes (DEGs)
in KEGG pathways [72].

Small RNA (smRNA) sequencing

Small RNA libraries were generated and sequenced by
Novogene Co., Ltd. Twenty-four sequencing libraries
were constructed (eight samples X three biological rep-
licates) using the smRNA Library Prep Kit (Illumina, San
Diego, CA, USA) following the manufacturer’s recom-
mendations. Briefly, 3’ and 5 adaptors were ligated to
the 3’ and 5’ ends of smRNA. The first strand of cDNA
was subsequently synthesized after hybridization with
a reverse transcription primer. The double-stranded
c¢DNA libraries were generated through PCR enrich-
ment and checked with a Qubit fluorometer (Thermo
Fischer Scientificc MA, USA) and real-time PCR for
quantification and a sensitive Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) for size
distribution detection. The libraries with inserts between
18 and 40 bp were pooled and sequenced on the Illu-
mina NovaSeq 6000 platform to generate 50 bp single-
end reads. Raw fastq format reads were first processed
through custom Perl and Python scripts to remove low-
quality reads, adapter sequences or the insert tag, which
contained poly A, T, G, or C. At the same time, the Q20,
Q30, and GC contents of the raw data were calculated.
All downstream analyses were based on clean, high-qual-
ity data. The smRNA tags were mapped to the M. sativa
reference genome [64] by Bowtie (bowtie-0.12.9 version)
[73] without mismatches. Mapped smRNA tags were
used to search for known or conserved miRNAs against
miRbase (version 20.0). miRDeep2 (mirdeep2_0_0_5 ver-
sion) [74] and srna-tools-cli (https://github.com/sRNAw
orkbenchuea/UEA_sRNA_Workbench) were used to
identify candidate miRNAs and draw their second-
ary structures. Then, smRNA tags were mapped to the
RepeatMasker (version 4.0.3) [75] and Rfam [76] data-
bases to exclude reads originating from protein-coding
genes, repetitive sequences, rRNAs, tRNAs, snRNAs and
snoRNAs. The resulting reads were used for novel miR-
NAs prediction based on the hairpin structure of miRNA
precursors using miREvo (miREvo_v1.1 version) [77] and
miRDeep2 (mirdeep2_0_0_5 version) [74]. The miRNA
target genes were predicted using psRobot (psRobot_v1.2
version) [78].
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Small RNA differential expression, gene ontology

and KEGG enrichment

The expression levels of known and unique miRNAs
estimated via transcripts per million were statistically
analysed and normalized [79]. The read counts of each
gene were used as input data for DESeq2 (1.12.0) to
obtain differentially expressed miRNAs (DEMs) [68].
The resulting P values were adjusted using the Benjamini
and Hochberg’s approach to control the false discovery
rate [69]. The significant genes (Padj <0.05) with corre-
sponding log, fold change values of +1.0 were consid-
ered differentially expressed. A correlation analysis was
performed to demonstrate experimental repeatability
and reveal differences in gene expression among sam-
ples (Supplementary Fig. S1B). Hierarchical clustering
was performed using the read counts of each sample as
input data. The GO enrichment analysis of the DEMs’
target genes was implemented using the ShinyGO online
tool (8.08 version, Padj<0.05) [71] with M. truncatula as
the reference species. Gene functions were determined
using the KEGG pathway database. KOBAS (3.0 version,
Padj<0.05) was used to test the statistical enrichment of
the target genes in KEGG pathways [72].

Gene coexpression network analysis

The integrated network analysis between miRNA-target
pairs with negative regulatory relationships was imple-
mented using the SWIM tool [80, 81]. The read counts
from both mRNA- and miRNA-related genes were used
as input data to identify statistically significant master
regulators between diploids and tetraploids. An adjusted
p-value cutoff of 0.05 and a log,fold change (log,FC)
threshold of + 1 were adopted to construct a gene coex-
pression network based on Pearson correlation.

Allele-specific expression analysis (ASE)

A custom reference genome was constructed for allele-
specific expression analysis on the basis of a recently pub-
lished allele-aware chromosome-level genome assembly
for cultivated alfalfa [64]. This genomic assembly consists
of 32 allelic chromosomes (8 chromosomes with four
copies each) generated by the combination of high-fidel-
ity single-molecule sequencing and Hi-C data. Since vari-
ant calling and RNA-Seq tools require a linear reference
genome, we constructed a unified reference genome that
includes all unique genes without redundancy, to avoid
losing information due to possible gene content differ-
ences between the four haplotypes. To this end, two tools
were combined: MashMap (https://github.com/marbl/
MashMap) [82], a fast mapper specifically designed to
work with long DNA sequences such as genome assem-
blies, and OrthoFinder (https://github.com/davidemms/
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OrthoFinde) [83], which identifies orthogroups and
orthologous genes. MashMap alignments allowed to
identify shared regions between haplotypes and cross-
references gene annotations to determine whether genes
overlap these regions and should be considered homolo-
gous. Homology was assessed by checking if genes from
different haplotypes occupy similar genomic positions
and share alignment features. Additionally, OrthoFinder
results were integrated to refine homology assessment,
based on the principle that if two or more loci belong
to the same orthogroup defined by OrthoFinder and are
also located in the same homologous region identified by
MashMap, they can be considered allelic. This combined
approach ensured that each gene present in multiple
haplotypes is represented only once in the final refer-
ence, providing a comprehensive yet non-redundant gene
catalog for downstream analyses. Finally, a virtual linear
chromosome was built by concatenating the chromo-
somal region of one allele for each protein-coding gene
and separated by 50 Ns.

Genome sequencing of parental plants at low cover-
age (212) was performed by Sequentia. Illumina library
preparation was carried out according to the manufac-
turer’s instructions following the TruSeq DNA PCR-
free Library Construction (insert size 350 bp) protocol.
Libraries were then sequenced on a NovaSeq 6000 plat-
form, which produced paired-end reads of 150 bp. Vari-
ants (SNPs) were identified between parents, and those
that were homozygous in each parent were selected. A
quality check was performed on the raw RNA-seq data
using the software BBDuk, which removes low-quality
portions while preserving the longest high-quality part
of the NGS reads. The minimum length was set to 35 bp,
and the quality score was 35. The sequences were aligned
with the parental genomes to identify the parent-of-ori-
gin of the variants. To assess RNA editing, the variants
found in the variant calling of the DNA-seq analysis for
the parental individuals were compared with those found
in the variant calling of the RNA-seq analysis of the same
individuals.

High-quality RNA-seq reads were mapped against
the custom linear reference using STAR (2.7.3a version)
(https://github.com/alexdobin/STAR) [63]. Sambamba
(0.6.7 version) (https://lomereiter.github.io/sambamba/)
was used to identify and mark duplicate reads in the
resulting BAM files [84], whereas Picard (2.21.1 version)
(https://broadinstitute.github.io/picard/command-line-
overview.html#AddOrReplaceReadGroups) was used to
assign read group names. BAM files with RNA-seq reads
were further processed with Opossum (https://github.
com/BSGOxford/Opossum) to pre-process the RNA-seq
reads before variant calling [85]. Freebayes (1.3 version)
(https://github.com/ekg/freebayes) [86] was employed to
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detect SNPs between parents using either DNA-seq or
RNA-seq data with the following settings: ploidy 2, mini-
mum quality filters for both mapping and base quality of
30, and a minimum coverage threshold of 12. The result-
ing VCF files were further filtered to keep only the SNPs
located within exons. Freebayes was used to count reads
mapped to each allele of the variants previously identified
in parental samples using DNA-seq. VCF files used as
references were further filtered to keep only the variants
with a genotype that allowed us to determine the parental
origin in the progeny analysis, that is, variants between
parents that were homozygous in each parent and nec-
essarily heterozygous in the progenies. These analyses
allowed us to identify parent-of-origin bias in progeny
gene expression. In the case of unbiased expression, 50%
of reference and variant alleles are expected in the prog-
enies. The reference allele frequency was calculated as
reference reads (reads supporting the allele observed in
the reference genome) divided by total reads (reference
reads + alternative reads).

Results
Identification of differentially expressed genes (DEGs)
RNA-seq resulted in an average of 10,825,743 unique
reads per sample (Supplementary Table S1A). We filtered
out genes with low expression levels by setting the thresh-
old for the minimum number of counts to 10, resulting
in the retention of 53,053 transcripts out of the initial
75,092 across the entire dataset. Hierarchical cluster-
ing of the correlation matrix revealed that, as expected,
both 2x and 4x full-sib progenies were more similar to
each other than the parental genotypes (Supplementary
Fig. S1A). The two parental genotypes showed signifi-
cantly different transcription levels for as many as 9,700
genes, approximately 18.3% of all genes (Fig. 1A; Sup-
plementary Table S2); this is to be expected for geneti-
cally unrelated plants. Most of these DEGs (59.6%) were
expressed at lower levels in PG-F9 than in 12P.

The percentage of DEGs between individual progeny
plants and their parents was considerably lower, rang-
ing from 7.9 to 12.3% of all genes. Clear trends were
observed between parents compared with the progenies:
both 2x and 4x progenies presented a greater number of
DEGs with PGF-9 than with 12P (Fig. 1A). Another con-
sistent difference between parental genotypes in these
comparisons was that the ratio between the number of
upregulated and downregulated genes was reversed: the
high transcriptional divergence between progenies and
the PG-F9 female parent was due mainly to increased
transcription levels in the hybrids, whereas the rela-
tively lower divergence between the progenies and 12P
was due mainly to decreased transcription levels in the
hybrids. This finding is consistent with the ratio between
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Fig. 1 Differentially expressed gene analysis in M. sativa. A Number of differentially expressed genes between progenies and single parents.
B Number of nonadditively-expressed genes (NAGs) between progenies and the parental mean. Nonadditivity was assumed when the mean
expression of the progeny was significantly different from the parental average. A log2 fold change threshold of + 1 with Padj<0.05 was adopted

up- and downregulated genes between the parents and is
evidence of genome-wide expression level dominance of
the male parent 12P in this cross, which occurs at both
ploidy levels of hybrids.

Identification of nonadditively expressed genes (NAGs)
Nonadditive gene expression was assessed by compar-
ing the expression levels of single progeny plants with the
parental mean. Deviations from the parental mean were
detected for a low percentage of genes (3.13-6.47%), cor-
responding to 1660—3435 genes per progeny (Fig. 1B).
Individual progenies within ploidy level showed sto-
chastic differences, but across all individual progenies at
both ploidy levels, a strong prevalence of downregulated
genes was observed. Notably, a greater number of NAGs
were found on average for 2x(1509) progenies than for
4% (1273) progenies (significantly different according
to the contingency two-tailed Fisher’s exact test with
Padj<0.05; Fig. 1B; Supplementary Table S2).

Identification of genes affected by polyploidization
In our previous work [27], we defined the NAGs emerg-
ing from the 2x progeny—parent comparison as “hybrid-
ization sensitive” (HS), the NAGs found in the 4x
progeny—parent comparison as “hybridization+ poly-
ploidization sensitive” (HPS), and the DEGs found in the
4x-2x progeny comparison as “polyploidization sensi-
tive” (PS). The genes identified in this work belonging to
these three groups are listed in Supplementary Table S3.
Within the two groups of NAGs, the HS group (pink
circle in Fig. 2) contained 254 upregulated genes and

1,255 downregulated genes, for a total of 1,509 genes,
which were nonadditive in 2x progenies (Supplemen-
tary Table S3). The HPS group (green circle in Fig. 2)
contained 378 up- and 895 downregulated genes, for a
total of 1,273 genes (Supplementary Table S3). These
genes represent a low proportion of progeny genes
deviating from the parental mean, regardless of ploidy
(2.4-2.8). The genes of these two groups differed mark-
edly in that the ratio of up- to downregulated genes
was twice as high in the 4x progeny (0.42 for HPS
genes vs. 0.20 for HS genes). This suggests a possi-
ble impact of WGD. The 515 genes unique to the HPS
group (HPS_515, Fig. 2) may be associated with ploidy-
induced transcriptional novelty.

The DEGs between the 4x and 2x progenies (1518
PS genes, blue circle in Fig. 2) were similar in number
to those of the HS and HPS genes, but the upregulated
(4x>2x) genes were largely predominant, with an up/
down ratio of 2.12 (Supplementary Table S3). This obser-
vation suggests that WGD mostly triggers increased tran-
scription levels. Among the PS genes, 714 (PS_714) were
exclusive to this group, that is, their transcription levels
differed between the 2x and 4x progenies but not with
respect to the parents. This subset of genes, as well as
the HPS_515 genes mentioned above, may be the basis of
polyploidization-induced novelty. Finally, 231 genes were
common between the PS and HPS groups; thus, they
were both nonadditively expressed with respect to the
parents and differentially expressed between the 2x and
4x progenies. These HPS&PS_231 genes are candidates
for being particularly ploidy affected.
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Fig. 2 Venn diagram indicating the numbers of genes that were either nonadditively or differentially expressed. The pink and green circles contain
the numbers of nonadditively expressed genes (NAGs) with respect to the mean expression in parents in 2x (hybridization-sensitive, HS) or 4x
progenies (hybridization + polyploidization sensitive, HPS); the blue circle contains the number of genes whose expression differed between 2x
and 4x progenies (polyploidization-sensitive DEGs, PS). The upwards green arrows indicate upregulated genes, and the downwards red arrows

indicate downregulated genes

Functional classification and enrichment analysis of NAGs
and DEGs

We performed an enrichment analysis of Gene Ontol-
ogy (GO) terms for the three groups of genes defined
above (HPS_515, PS_714, and HPS&PS_231) in com-
parison with the genes solely affected by hybridization
(HS_429) (Supplementary Table S4). The GO terms
enriched exclusively in the PS_714 group, each con-
taining more than 25 genes, were “Plasma membrane”
(G0O:0005886), “Transport” (GO:0006810), “Endo-
membrane system” (GO:0012505), “Protein-contain-
ing complex” (GO:0032991), followed by “Plastid”
(GO:0009536), “Chloroplast” (GO:0009507), highlight-
ing the strong association between plasma membrane
categories with the photosynthetic apparatus as a
result of WGD. Focusing on the GO terms enriched
across all three groups of genes related to WGD
(HPS_515, PS_714, and HPS&PS_231), we identified
“Cell periphery” (GO:0071944), “Response to chemi-
cal” (GO:0042221), “Regulation of molecular function”
(GO:0065009), “Cell communication” (GO:0007154)
and “Molecular function regulator” (GO:0098772)
as the key terms associated with more than 60 genes
each. Among the most enriched GO terms, we also
identified “DNA-binding transcription factor activ-
ity” (GO:0003700), “Transcription regulator activity”

(GO:0140110) and “Sequence-specific DNA binding”
(GO:0043565).

We observed a clear trend regarding the ratio between
the number of up- and downregulated genes related to
each enriched GO term (Supplementary Table S4). For
the HS_429 group, the average up/down ratio was 0.51,
demonstrating that the transcription level in 2x progeny
was lower than the parental average for the vast major-
ity of these genes. Similar results were observed for the
HPS_515 group, although with a more balanced up/down
ratio of 0.82. For the PS_714 group, the up/down ratio
was 1.69, and for the PS+HPS_245 group, it was 2.50,
showing that the majority of ploidy-sensitive genes con-
tributing to GO term enrichment had a higher transcrip-
tion level in the 4x progenies than in the 2x progenies.

These four groups of genes were mapped against the
Kyoto Encyclopaedia of Genes and Genomes (KEGG)
database to detect any WGD-responsive metabolic
pathways. The distribution of KEGG pathways for
DEGs in the four datasets is shown in Supplementary
Table S5A. Very few genes were found within path-
ways identified to be affected by hybridization (HS_429
group). Some pathways, such as “metabolic pathways’,
were specifically associated with the HPS_515 (59
genes), PS_714 (65 genes) and HPS&PS_231 (27 genes)
subsets. These findings suggest that WGD triggered
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metabolic changes. The “Starch and sucrose metabo-
lism”, “Protein processing in endoplasmic reticulum”
and “Ribosome biogenesis in eukaryotes” pathways
were specifically enriched in the HPS_515 subset, while
“Plant hormone signal transduction’, “Amino sugar and
nucleotide sugar metabolism” and “Fatty acid metabo-
lism” were specifically found in the PS_714 group (Sup-
plementary Table S5A). In the HPS&PS_231 group,
15 genes were included in the KEGG pathway “Bio-
synthesis of secondary metabolites”, and 7 genes were
involved in the pathway “alpha-Linolenic acid metabo-
lism” Finally, a few genes associated with the “Vitamin
B6 metabolism”, and “Glucosinolate biosynthesis” path-
ways, which are known to play a role in the defence
response, were identified [87-89].

To gain further insight into the pathways influenced
by WGD, the MapMan approach (version 3.6.0RC1)
was applied (Supplementary Table S5 B). We noticed
upregulation of genes of the “Protein homeostasis”
functional class in the HPS_515 and PS_714 group
compared to the HS_429 group. Consistent with the
results of the KEGG mapping, upregulated genes
related to “secondary metabolism” were identified
among the PS_714 and HPS&PS_231 groups. The “Phy-
tohormone action” and “Redox homeostasis” path-
ways were also identified as potentially associated with
WGD. Notably, five genes associated with “chromatin
organization” category were found in the PS_714 group,
thus corroborating the impact of WGC on chromatin
structure and arrangement [32].
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Identification of transcription factors responsive
to polyploidization

We assessed the effect of WGD on transcription fac-
tor (TF) expression by examining the numbers of TFs
present within the WGD-related groups (HPS 515,
PS_714, and HPS&PS_231) in comparison with those in
the HS_429 group, which were affected only by hybridi-
zation (Supplementary Table S6; Fig. 3). TFs were sig-
nificantly more represented in the WGD-related groups
(110 vs. 27 genes). This phenomenon was evident across
several TF families, including MYB (13 vs. 3), AP2/ERF
(12 vs. 3), bHLH (10 vs. 2) and WRKY (9 vs. 1) families.
Tify TFs were represented only within the WGD-related
groups with 7 genes, 5 of which were in the HPS&PS
group. Finally, MYB, AP2/ERF, bHLH and WRKY TFs
were overrepresented in the PS group (Supplementary
Table S6) [90, 91]. Focusing on the HPS&PS_231 subset,
we observed the upregulation of a putative WRKY TF 40
(LOC11435998), which is reported to be a transcriptional
repressor of abscisic acid (ABA) signalling [92]. Addition-
ally, a gene encoding the Medicago truncatula transcrip-
tion factor bHLH35 (LOC11441152), which regulates
stomatal development [93], was found to be specifically
upregulated (Supplementary Table S6). The general pic-
ture of TF modulation by WGD may imply an effect of
WGD on stress tolerance.

Small RNA-seq
Sequence analyses were performed on approximately
253 million filtered reads (Supplementary Table S1B;
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Supplementary Table S7A, B). To assess assembly con-
sistency, filtered unique reads were mapped to the refer-
ence M. sativa genome [64] using the alignment software
Bowtie2, and an average mapping rate of 68.44% was
obtained. The overall length distribution of smRNAs
revealed that 21- and 24-nt smRNAs were the most rep-
resented classes (Supplementary Fig. S2). The different
smRNA species mapped to distinct functional regions
(Supplementary Fig. S3).

Identification of conserved and novel miRNAs

The smRNA sequences were compared with known
miRNAs in miRBase to identify conserved miRNAs.
Overall, a total of 257 unique mature miRNAs belong-
ing to 154 different families were identified. The details
of conserved miRNAs and miRNA precursors for each
genotype are reported in Supplementary Table S7B.
No quantitative differences were found between ploidy
levels for the number of miRNAs, although marked
genotype-specific expression patterns were observed
(Supplementary Fig. S4). Among the highly conserved
miRNA families, the miR2592 family was the most
numerous, with 13 miRNAs. Among the nonannotated
smRNAs, a total of 336 (286—314 per genotype) were
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5
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predicted as putative novel miRNAs (Supplementary
Table S8); 28 of the 336 novel miRNAs were sequenced
more than 100 times, whereas only 8 were sequenced
more than 500 times. These 8 most abundant novel
miRNAs were common to all genotypes (Supplemen-
tary Table S9), suggesting that they are miRNA candi-
dates with a high level of confidence.

Differential expression analysis of miRNAs

In the PG-F9 vs. 12P comparison, 199 (83 upregulated
and 116 downregulated) differentially expressed miR-
NAs (DEMs) were detected (Supplementary Table S10).
As expected, due to genetic relatedness and stochas-
tic variation between progeny genotypes within ploidy
levels, fewer miRNAs were detected when compar-
ing progeny with parents: 21 HS miRNAs (7 up- and
14 downregulated) and 18 HPS miRNAs (8 up- and
10 downregulated) were found to be nonadditively
expressed when comparing the 2x progeny and 4x
progeny with parents, respectively (Fig. 4A). In the 4x
vs. 2x progeny comparison, 26 PS miRNAs (14 up- and
12 downregulated) were identified (Supplementary
Table S10).
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Fig. 4 Distribution and integrated network analysis of differentially expressed miRNAs for the three comparisons (Padj < 0.05). A Venn diagram

of miRNAs identified in the three groups of genes. Upwards red arrows indicate significantly upregulated miRNAs, whereas green downwards
arrows indicate significantly downregulated miRNAs. The yellow and blue circles contain the numbers of nonadditively expressed miRNAs

with respect to the mean expression in parents in 2x (hybridization-sensitive, HS) or 4x progenies (hybridization + polyploidization sensitive,

HPS); the blue circle contains the number of miRNAs whose expression differed between 2x and 4x progenies (polyploidization-sensitive, PS).

The upwards green arrows indicate upregulated genes, and the downwards red arrows indicate downregulated genes. B Heat cartography map
generated by SWIM for the PS dataset. APCC: average Pearson correlation coefficient. The R 1-7 regions are defined by two topological properties:
the claustrophobic coefficient Kim and the within-module degree Zg. R1 and R2 are populated by ‘peripheral nodes, that is, genes that mainly
interact within their own community (low Km) and have varying degrees of connection within their community (low to moderate Zg). R3 contains
‘nonhub connectors, which are characterized by nodes interacting with different communities (moderate Km) but are not local hubs (moderate Zg).
R4 is characterized by high K and low Zg, indicating that nodes primarily interact outside their own community [81]
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Prediction and functional classification of WGD-associated
miRNA target genes

We attempted to identify miRNA target genes spe-
cifically affected by polyploidization (Supplementary
Table S11). A total of 94 target genes were identified for
the HPS_9 miRNAs, 482 for the PS_19 miRNAs, and as
many as 526 target genes for the HPS&PS_4 group miR-
NAs. These findings suggest that a substantial impact of
WGD on gene expression can be mediated by a small
number of differentially expressed miRNAs (Supple-
mentary Table S11). The maximum number of targets
was found for mtr-miR7696a-3p (237 target genes) and
mtr-miR7696¢-3p (232 target genes), which were exclu-
sive to the HPS&PS_4 group. It is worth noting that
both mtr-miR7696a-3p and mtr-miR7696c-3p miRNAs
have been previously reported for their role in response
to drought stress in M. sativa seedlings [94, 95]. Seven
instances of negative correlations between these miRNAs
and some target genes were found (Table 1). Among these
miRNA~-target pairs, a gene encoding the E3 ubiquitin-
protein ligase MBR2, a key player in the final step of the
ubiquitination process, was identified as a putative target
of mtr-miR7696a-3p; ubiquitination has been shown to
affect plant development [96]. Supporting this finding, a
gene encoding for Medicago truncatula FBD-associated
F-box protein At4gl10400-like (LOC11446934), which
contributes to the formation of E3 ubiquitin ligase com-
plexes [97], was downregulated and targeted by three
different miRNAs (Table 1). This suggests a combined
regulation of ubiquitination by multiple miRNAs trig-
gered by WGD, possibly affecting protein stability and
function. We also observed the targeting of the M. trun-
catula putative P-loop containing nucleoside triphos-
phate hydrolase, leucine-rich repeat domain, L gene, a
disease resistance protein known to be involved in rec-
ognizing pathogens and activating defence responses in
plants [98].
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The search for key regulatory miRNA genes involved
in complex biological networks was performed using the
SWIM tool [81] (Fig. 4B). A topological role was assigned
to each node by intramodule (z,) and intermodule (K)
connections and the average Pearson correlation coef-
ficient (APCC) between the expression patterns of each
node in the coexpression network [80]. The heat car-
tography maps show the topological properties of the
coexpression network for the miRNAs and their targets
(Fig. 4B; Supplementary Table S12). Integrated network
analysis identified 264 miRNA-target pairs with negative
correlations, specifically in the PS and HPS&PS groups
(Supplementary Table S12).

The functional annotation of these 264 downregu-
lated mRNAs revealed GO terms associated with the
regulation of biosynthetic and metabolic processes, enzy-
matic and metabolic activities, and protein catabolism
(Fig. 5A). Four novel upregulated miRNAs were specific
to the PS_19 group: novel_198, novel_217, novel_252 and
novel 710. In addition, 3 upregulated miRNAs were spe-
cific to the HPS&PS_4 group and were negatively corre-
lated with 26 genes: mtr-miR7696a-3p, mtr-miR7696a-5p
and mtr-miR7696c¢-3p.

To predict any affected metabolic pathways, all tar-
get genes of the HS_13, HPS_9, PS_19 and HPS&PS_4
miRNA groups were mapped to the KOBAS database to
assign their corresponding KEGG enrichment pathways
(Fig. 5B). The pathways enriched in the HPS 9 group
included several pathways associated with secondary
metabolism, such as “isoquinoline alkaloid biosynthesis”
and “biosynthesis of secondary metabolites’, which was
consistent with the RNA-seq results (Supplementary
Table S5A). In the PS_19 group, “ABC transporters” and
“glycerophospholipid metabolism” emerged as the only
two pathways, suggesting a focus on lipid transport and
membrane transport (Fig. 5B). Additionally, the path-
ways ‘ether lipid metabolism’ and ‘inositol phosphate

Table 1 Negatively correlated miRNA-target pairs are putatively affected by polyploidization

miRNA id Targetgenes miRNAlog, mRNAlog, Targetgene annotation
fold change fold change
mtr-miR7696a-3p  MS.gene053533 1.0792 -1.5523 Medicago truncatula E3 ubiquitin-protein ligase MBR2 (LOC11446940)
MS.gene66626 -1.0136 Medicago truncatula FBD-associated F-box protein At4g10400-like (LOC11446934)

mtr-miR7696a-5p MS.gene84547  1.0817 -1.4728 Medicago truncatula putative P-loop containing nucleoside triphosphate hydrolase,
leucine-rich repeat domain, L

mtr-miR7696c-3p  MS.gene66626  1.0792 -1.0136 Medicago truncatula FBD-associated F-box protein At4g10400-like (LOC11446934)

mtr-miR7696¢-5p MS.gene84547  1.5252 -1.4728 Medicago truncatula putative P-loop containing nucleoside triphosphate hydrolase,
leucine-rich repeat domain, L

mtr-miR7696d-5p MS.gene84547  1.5221 -1.4728 Medicago truncatula putative P-loop containing nucleoside triphosphate hydrolase,
leucine-rich repeat domain, L

novel_335 MS.gene66626 14816 -1.0136 Medicago truncatula FBD-associated F-box protein At4g10400-like (LOC11446934)
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Fig.5 Enrichment analysis of target genes. A GO enrichment analysis of the miRNAs in common between the PS_19 and HPS-PS_4 groups. The
Y-axis indicates the subcategories, and the X-axis shows the numbers related to the total number of GO terms. BP, biological process; MF, molecular
function; CC, cellular component. B Distribution of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for target genes of the HS_13,

HPS_9; PS_14 and HPS&PS_4 groups

metabolism’ identified for the HPS&PS_4 group suggest
that WGD may have affected lipid metabolism and mem-
brane functions.

Allele-specific expression

To determine whether parental allele-specific expression
was affected by WGD, a custom linear reference genome
(available at: https://doi.org/10.5281/zenodo.14354046)
was assembled as described above and used to identify
parental alleles. This reference genome contained 75,092
protein-coding genes, approximately half the number of
total genes in the source genome (158,894) [64], instead
of the expected quarter. In fact, many genes were not
present in all four homologues but were present in only
three, two or even one chromosome (Supplementary
Table S13). The number of single-copy genes, genes pre-
sent in only one of the four homologues in the source
genome, was 12,657 (432—-2922 per chromosome).

A total of 480,991 variants (SNPs) between parental
genomes were identified via DNA sequencing, and only
homozygous variants in parental genomes were used in
ASE analysis. The RNA-seq data yielded 239,474 vari-
ants, and the filtered clean reads were mapped back to
each parental allele. The reference allele frequencies
in progeny mRNAs were calculated as reference reads
(reads corresponding to the allele present in the reference
genome) divided by total reads (reference reads+ alter-
native reads). The genes with at least one variant having
a reference allele frequency of 0 or 100 (genes exhibit-
ing complete parent-specific expression) were 377 in 2x
progenies, 272 in 4x progenies, and 1,177 in both 2x and
4x progenies (Supplementary Table S14). The reference
allele frequencies for all SNPs of each individual sample

were calculated. Histograms for each sample type were
plotted (Supplementary Table S15A, Fig. 6A, B, C). As
expected, the parents essentially expressed their respec-
tive alleles (Fig. 6A). However, genes with reference allele
expression frequencies different from 0 to 100 were
observed, although at very low frequencies; we hypoth-
esize that RNA editing is the likely explanation for this
observation (see below). As expected, most of the prog-
eny, 2x or 4x, expressed both alleles. Parental expres-
sion bias was widespread but showed the same pattern
between the 2x and 4x progenies (Fig. 6B, C), indicating
that WGD was not a factor driving ASE.

To compare the allele expression frequencies of the
2x vs. 4x progeny, the nonparametric Wilcoxon test was
used because of the lack of normality of the frequency
values. Overall, 925 variants were significantly differ-
ent (P<0.05) between the 2x and 4x progenies (Sup-
plementary Table S15B). No variant showed significant
differences when the P values were adjusted using the
Benjamini and Hochberg’s correction (FDR<0.05). We
conducted a Gene Ontology (GO) enrichment analy-
sis of the genes with at least one variant with a signifi-
cant nonadjusted P<0.05 (Supplementary Table S15B).
Considering the 2x dataset, the most significantly
enriched GO terms included “small molecule bind-
ing” (GO:0036094), “anion binding” (GO:0043168),
“nucleotide binding” (GO0:0000166), and “nucleoside
phosphate binding” (G0O:1901265), followed by “purine
ribonucleotide binding” (GO:0032555), “purine nucle-
otide binding” (GO:0017076), “ribonucleotide bind-
ing” (G0:0032553), “carbohydrate derivative binding”
(G0O:0097367) and “purine ribonucleoside triphosphate
binding” (G0O:0035639) (Supplementary Table S16). The
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Fig. 6 Allele-specific expression analysis. A-C Allele-specific expression in parental genotypes (A), diploid (B) and tetraploid (C) progenies. In

the absence of ASE, the two alleles are expected to be equally expressed (50% reference allele). D Reference allele frequency alluvial plot of each
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shows the variants as reference/alternative pairs; for example, AC means that the reference is A and the alternative is C
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4x group presented a distinct set of enriched GO terms:
“biological_process” (GO:0008150), “catalytic activity”
(GO:0003824), “metabolic process” (GO:0008152), “cel-
lular process” (GO:0009987), “organic substance meta-
bolic process” (GO:0071704), “cellular metabolic process”
(GO:0044237) and “transferase activity” (GO:0016740)
(Supplementary Table S16). An alluvial plot was used to
visualize the average reference allele frequency of each
variant across the 3 experimental groups: 2x parents, 2x
progenies and 4x progenies (Fig. 6D). The white boxes
representing allele frequency intervals are approximately
the same size when 2x and 4x progenies were compared.
The sizes change dramatically if we focus on the parental
“25-50" box, which is almost double the size of the same
2x progeny box. The parental “25-50” box was almost
split in half to become the “25-50” and “50-75" 2x boxes
(Fig. 6D). Quantitatively, the number of variants with dif-
ferent expression intervals between parents and 2x prog-
enies (6,398) or parents and 4x progenies (6,538) was
almost the same but was much lower (4,054) between 2x
and 4x progenies (Supplementary Table S15A). This fur-
ther indicates a preponderant effect of hybridization over
WGD on allele-specific expression.

RNA editing

Differences were observed when the variants found
between parental genomes were compared with those
found in the RNA-seq analysis of the same individuals
(Fig. 6E). The variants found in the RNA-seq data but not
in the DNA-seq data of the parental genotypes are likely
to be bona fide RNA editing events. We counted 91,867
variants in mRNAs that were not present in the genomes
(Fig. 6F). Of these, 55,142 were identified only in 12P,
suggesting parent-biased RNA editing. In fact, the refer-
ence allele frequencies of the 12P parent presented high
levels of variant heterozygosity at the mRNA level (Sup-
plementary Fig. S5). A high number of C-to-T (U), A-to-
G, and reciprocal transitions were observed, as described
in the literature for plant organelles [99-101].

Discussion

In this work, we investigated the transcriptional effects
of WGD by using 4x progenies obtained via bilateral
sexual polyploidization from two 2x alfalfa parental
plants. Since 2n gametes are the main route for poly-
ploid formation in nature, we believe that our data can
contribute to the knowledge of the putative advantages of
WGD, possibly favouring domestication. Using control
2x plants obtained by crossing the same parental plants
allowed us to separate the effects of WGD from those
of hybridization. Overall, our data indicate that sexual
autotetraploidization does not dramatically affect the
transcription of leaf protein-coding genes in M. sativa,
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despite its clear effect on the phenotype [27]. Allario et al.
[102] came to the same conclusions in a study on Citrus
limonia. Nonadditive gene expression was present for a
limited percentage of genes in the progeny plants stud-
ied, and for these genes, lower expression with respect
to the parental mean prevailed. Microarray data from
the same genotypes [27] revealed much lower percent-
ages than we observed using RNA-seq: 0.28% HS, 1.45%
HPS, and 1.36% PS genes. We assume that the sensitivity
of RNA-seq allowed us to detect differential expression
more reliably. Palumbo et al. [103] recently published a
transcriptomics study using three 2x and three 4x prog-
eny plants from the PG-F9X12P cross without includ-
ing the parental plants. Although they concentrated on
reproductive tissue, they also used leaf tissue as a control.
In leaves, 949 “ploidy-dependent” DEGs (509 upregu-
lated, 440 downregulated), defined as “ploidy-sensitive”
(PS) genes in this work, were detected; in our study
(using three 2x and three 4x progeny plants but with dif-
ferent genotypes), more DEGs were detected (1518, 1031
upregulated, 487 downregulated). We searched for the
core gene set deregulated by polyploidization in both
studies and found only 33 genes. Among these genes,
20 were up- or downregulated in both studies, whereas
13 exhibited the opposite behaviour (Supplementary
Table S17). Such little overlap between the genes identi-
fied in these two studies points to large transcriptional
differences among full-sib plants and to a strong effect
of the environmental conditions. Further studies with a
larger number of genotypes tested in different environ-
ments may help to detect a larger set of ploidy-affected
genes. Among the 20 genes showing consistent transcrip-
tional behaviour in the two studies, five putative tran-
scription factors (XP_013443539.1, XP_024637947.1,
XP_003611347.1, XP_003623638.1, XP_003608660.2)
were strongly upregulated; one of them, a putative ethyl-
ene responsive AP2-EREBP TF (XP_003608660.2), had a
log,_fold change > 2 in both studies. This finding suggests
a possible effect of WGD on the stress response, which is
consistent with the results of the above-described mRNA
functional enrichment analysis.

We found that the two parental genotypes did not con-
tribute equally to the progeny transcriptomes, with the
male parent 12P being more similar to the progenies
than PG-F9 at both ploidy levels (Fig. 1A). This can be
explained by the fact that 12P is a ssp. falcata x caeru-
lea hybrid, as are the progenies, which contain % of the
genes from caerulea. Liu and Wang [30] re-examined and
questioned the evidence for gene expression dominance
and subgenome dominance in hybrids and polyploids,
emphasizing the influence of parental legacy. In this
work, a direct comparison between 2x parents and their
2x and 4x full sibling progenies provided solid evidence
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of the presence of genome-wide expression level domi-
nance of the male parent 12P, irrespective of ploidy.

Stochastic differences in the numbers of nonadditively
expressed genes were present between progeny geno-
types of both ploidy levels and were more evident in 2x
progenies, confirming previous microarray data [27].
Interestingly, 4x progenies deviated less than 2x prog-
enies from the parental mean. Even though 2n gametes
can transmit different amounts of heterozygosity to prog-
eny depending on the mechanism of their formation (first
or second division restitution) [104], it can be assumed
that the 4x progenies carry all four parental alleles for a
significant percentage of their genes. Therefore, it can be
expected that 4x progenies are more genetically similar
and deviate less from the parental mean than 2x prog-
enies, which randomly receive only one allele per gene
from each parental plant.

We observed that the ratio between up- and down-
regulated genes among the nonadditive or differentially
expressed genes increased when ploidy came into play,
with a sharp increase for PS genes. This trend was rein-
forced when only the genes involved in GO term enrich-
ment were considered. In other words, a large majority
of the genes whose expression level changed due to
WGD presented relatively high expression levels. Since
the transcription levels were measured on a per-genome
basis (equal total RNA amounts were used per sample),
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upregulation in 4x plants indicates that genes respond
more than proportionally to WGD. Considering that the
epidermal leaf cell surface area increased by approxi-
mately 70% and leaf size 83% in 4x vs. 2x hybrids [27],
we suggest that in neopolyploids, the 4x state requires
some extra metabolic effort through the upregulation of
some genes, which we estimated to constitute approxi-
mately 2.66% of the protein-coding genes (from Fig. 2:
37841031 =1409; 1409/53053 =0.0266).

We propose an interpretation of the patterns of dif-
ferential transcription (Table 2). While the large major-
ity of the protein-coding genes were unaffected by either
hybridization or WGD (line A), small percentages of
genes were affected, which can contribute to the perfor-
mance of the hybrids via different mechanisms, on the
basis of the accepted hypothesis that quantitative changes
in gene transcription can play a role in heterosis. Over-
all, we estimated that 3.63% of the protein-coding genes
could contribute to heterosis and polyploidy-induced
novelty.

Among the most enriched KEGG pathways, secondary
metabolite biosynthesis was pinpointed by both KEGG
and MapMan analyses. There are examples of WGD
affecting the concentration of specific secondary metabo-
lites [105-107]. In alfalfa, saponins are secondary metab-
olites that directly affect forage quality [108] and have
diverse biological effects [109]. Metabolomic analyses

Table 2 Interpretation of different transcriptional responses to hybridization and to sexual polyploidization

Categories of protein- Comparison

Interpretation Effects in Neopolyploids

coding genes based on

transcriptional responseto ~ 2XProgeny vs. 4x progenyvs. 4x progeny
WGD parental mean parental mean vs.2x
progeny
A. Additive 95.7% = = = Transcription level of parents Do not contribute to heterosis
does not vary in hybrids irre- and polyploid novelty
spective of ploidy level
B. Hybridization-Sensitive (HS) <> = The presence of alleles Can contribute to heterosis
0.81% from genetically distant at the 2x, not the 4x level,
parents in 2x hybrids pertur- do not contribute to polyploid
bates transcription, whereas novelty
the copresence of both (coad-
apted) alleles from each parent
in the 4x hybrids stabilizes
transcription
C. Hybridization + Polyploidiza- = <> = The 4x state of hybrids Can contribute to heterosis
tion-sensitive (HPS) 1.41% amplifies transcription level at the 4x, not the 2x level,
differences from the parental and to polyploid novelty
average
D. Polyploidization-Sensitive = = <> Higher allelic diversity in 4x Can contribute to heterosis
(PS) 1.78% hybrids causes transcription at the 4x, not the 2x level,
differences from the parental and to polyploid novelty
average in the opposite direc-
tion with respect to 2x hybrids
E. Shared between C and D = <> <> Higher allelic diversity in the 4x  Can contribute to heterosis

(HPS&PS) 0,44%

at the 4x, not the 2x level,
and to polyploid novelty

hybrids perturbates transcrip-
tion levels
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could be conducted on these materials to investigate the
novelty of the secondary metabolite composition result-
ing from WGD.

We examined TF expression as affected by WGD and
found four times as many TF genes as those affected
by hybridization alone. Several of these belong to the
TF classes involved in the stress response. Seven TFs
of the Tify family were represented only among WGD-
related genes. This family is involved in ABA signalling
and stress responses [110-112]. The substantial increase
in the expression of ABA-related TFs in tetraploids sug-
gests that WGD may increase stress tolerance by pre-
activating the ABA signalling cascade [90]. Recently,
Janko et al. [52] introduced a thermodynamic model that
emphasizes the role of regulatory divergence between
parental species in shaping gene expression patterns in
hybrids and polyploids. The model suggests that nonad-
ditive gene expression, including expression-level domi-
nance, arises primarily from constrained interactions
between inherited regulatory networks rather than from
adaptive changes post-polyploidization. These regulatory
constraints, where transcription factors from each paren-
tal genome exhibit differential affinities for homologous
and heterologous promoters, can lead to transcriptome
downsizing and parental genome dominance.

There were no quantitative differences in the num-
bers of miRNAs between 2x and 4x plants. This find-
ing is consistent with evidence from maize, where the
effect of ploidy per se did not trigger differential miRNA
expression [113]. This contrasts with the observation that
miRNA abundance is negatively correlated with ploidy
in A. thaliana [114]. Large, significant differences were
observed, instead, between genotypes within ploidies,
and consequently, very few miRNAs were significantly
associated with WGD. The potential impact of these
few miRNAs should not be disregarded since they tar-
get more than 1000 genes. In particular, the 4 HPS&PS-
specific miRNAs were collectively associated with more
than 500 target genes, including 469 targeted by two
drought stress-related miRNAs previously isolated from
alfalfa seedlings [94, 95]. Overall, smRNA-seq and coex-
pression network analyses reinforce the hypothesis that
WGD had an impact on stress tolerance stemming from
RNA-seq. The potential of polyploidy to improve stress
tolerance has been demonstrated [7, 14]. Recently, an
increased ABA content and drought tolerance in 4x
over 2x plants were demonstrated in Lycium ruthenicum
[115]. Together, our results encouraged us to investigate
the ability of neotetraploids to better tolerate abiotic
stresses.

At least in the limited sample of neopolyploids exam-
ined here, parent-of-origin bias in allele-specific gene
expression was not a significant outcome of alfalfa
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sexual tetraploidization. Hybridization appears to be a
much more important source of expression bias. Inter-
estingly, we found that parentally biased RNA editing
may be a significant source of variation. In plants, RNA
editing is well known in plant organelles [99, 101, 116].
Our hypothesis of parent-of-origin-biased RNA edit-
ing demands confirmation through further study. Our
ASE analysis required to assemble a custom reference
genome including one copy of all protein-coding genes
identified by Chen et al. [64]. In doing so, we observed
extensive presence/absence variation between the four
homologues, and we identified 12,657 single-copy genes
in 158,894, or 7.97%. This finding is consistent with many
studies in diploid and polyploid plants [117], but the scale
appears to be larger than that reported in other stud-
ies. Zhou et al. [118] reported that in diploid potato (a
highly heterozygous, clonally reproducing species), 1,878
out of a total of 76,394 protein-coding genes (2.46%)
were present in only one of the two homologous chro-
mosome sets. In a pairwise comparison between three
maize inbred lines, only 22-75 protein-coding genes
were line-specific [119]. A possible explanation for the
comparatively high presence/absence variation between
homologous chromosomes in tetraploid alfalfa is the high
genome redundancy of autopolyploids, making them
especially prone to post-WGD gene loss with respect to
diploids. This hypothesis prompted us to sequence the
genomes of our neopolyploids and their advanced gen-
erations to investigate early gene loss with respect to the
diploid parents.
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