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Transcriptional divergence of duplicated genes after whole genome duplication (WGD)
has been described in many plant lineages and is often associated with subgenome
dominance, a genome-wide mechanism. However, it is unknown what underlies the
transcriptional divergence of duplicated genes in polyploid species that lack subgenome
dominance. Soybean is a paleotetraploid with a WGD that occurred 5 to 13 Mya.
Approximately 50% of the duplicated genes retained from this WGD exhibit transcrip-
tional divergence. We developed accessible chromatin region (ACR) datasets from leaf,
flower, and seed tissues using MNase-hypersensitivity sequencing. We validated enhancer
function of several ACRs associated with known genes using CRISPR/Cas9-mediated
genome editing. The ACR datasets were used to examine and correlate the transcriptional
patterns of 17,111 pairs of duplicated genes in different tissues. We demonstrate that
ACR dynamics are correlated with divergence of both expression level and tissue specific-
ity of individual gene pairs. Gain or loss of flanking ACRs and mutation of cis-regulatory
elements (CREs) within the ACRs can change the balance of the expression level and/ or
tissue specificity of the duplicated genes. Analysis of DINA sequences associated with
ACRs revealed that the extensive sequence rearrangement after the WGD reshaped the
CRE landscape, which appears to play a key role in the transcriptional divergence of
duplicated genes in soybean. This may represent a general mechanism for transcriptional
divergence of duplicated genes in polyploids that lack subgenome dominance.

gene duplication | transcriptional divergence | accessible chromatin region |
MNase hypersensitivity | CRISPR/Cas

Whole genome duplication (WGD) is a universal phenomenon associated with the evo-
lution of higher eukaryotes and has been reported widely in plants (1-5). WGDs, also
known as polypoid events, double the number of genes in eukaryotes and therefore provide
abundant genetic materials to adaptation and evolution for the new species (1, 3, 6).
WGD events may generate classical polyploids, including both autopolyploids and allopo-
lyploids (2). Due to functional redundancy, duplicated genes often fractionate (are lost)
and/or diverge after a WGD event. Duplicated gene pairs may reach several different
evolutionary fates: 1) one copy loses its function (pseudogenization); 2) one copy acquires a
new function (neofunctionalization); 3) two copies partition functions of their ancestor
(subfunctionalization); and 4) both copies retain functions of their ancestor (5, 7-9).

Divergence of duplicated genes often occurs at the transcriptional level, which may
create a condition favorable for the retention of both copies of the gene (8, 10, 11).
Transcriptional divergence of duplicated genes in polyploids can be resulted from “subge-
nome dominance,” in which genes from one of the parental genomes (subgenomes) are
preferentially retained or gain higher levels of expression than those from other subgenomes
(12). Subgenome dominance has been documented in diverse polyploids (12—20). For
example, maize is an ancient tetraploid and experienced a WGD 5 to 12 Mya (21). The
maize genome has undergone uneven loss of genes from the two ancestral subgenomes
(22) and exhibits overexpression of genes from the subgenome that has experienced less
gene loss (15, 20). This subgenome dominance can be attributed to subgenome-specific
DNA methylation and distribution of transposable elements (TEs) (12, 23) or response
to pathogen infection (24, 25). Nevertheless, not all polyploids exhibit subgenome dom-
inance (12), and the lack of subgenome dominance was proposed to be skewed toward
autopolyploids (26). It remains unknown what causes the transcriptional divergence of
duplicated genes in autopolyploids or allopolyploids with highly similar subgenomes that
lack subgenome dominance.

Soybean (Glycine max) is one of the most important crops in the world and is a major
legume source of oil and protein. Soybean has gone through two rounds of WGDs that
occurred at ~59 and 5 to 13 Mya, respectively (27). Nearly 75% of soybean genes have
more than one copy in the genome (27). In addition, approximately 50% of the duplicated

PNAS 2023 Vol.120 No.44 2303836120

https://doi.org/10.1073/pnas.2303836120

Significance

We analyzed the transcriptional
regulation of 17,111 pairs of
duplicated genes in soybean,
which were derived from a whole
genome duplication (WGD) that
occurred about 5 to 13 Mya. We
demonstrate that gain or loss of
flanking regulatory sequences
and mutation of cis-regulatory
elements within the sequences
can change the balance of the
expression level and/or tissue
specificity of duplicated genes.
These results support our
hypothesis that dynamics of the
cis-regulatory sequences after
the recent WGD event has
played an important role in
transcriptional divergence of
duplicated genes in soybean,
which may represent a general
mechanism for divergence of
duplicated genes in polyploids
that lack subgenome dominance.

Author contributions: C.F.,, F.M., and JJ. designed
research; C.F., M.Y., Y.T., L.Z.,, and H.N. performed
research; Q.C. contributed new reagents/analytic tools;
C.F., H.Z,, F.M., and J.J. analyzed data; and C.F. and J.J.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

To whom correspondence may be addressed. Email:
mengfanli@iga.ac.cn or jiangim@msu.edu.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2303836120/-/DCSupplemental.

Published October 23, 2023.

l1of11


https://orcid.org/0000-0002-4519-6997
https://orcid.org/0009-0005-3055-1297
https://orcid.org/0000-0002-2708-1176
https://orcid.org/0000-0003-0235-6126
https://orcid.org/0000-0002-2634-5360
https://orcid.org/0000-0002-3714-9066
https://orcid.org/0000-0002-0942-1798
mailto:
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mengfanli@iga.ac.cn
mailto:jiangjm@msu.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2303836120/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2303836120/-/DCSupplemental

Downloaded from https://www.pnas.org by MICHIGAN STATE UNIVERSITY LIBRARIES SERIALS ACQUISITIONS on December 8, 2023 from IP address 35.21.86.133.

2of 11

genes from the last WGD exhibit transcriptional divergence (28).
Unlike maize, subgenome dominance was not detected in soybean
(26), which was attributed to the fact that the two subgenomes
were likely genetically highly similar prior to the polyploidization
event (29). Thus, soybean provides a useful model to investigate
the mechanisms underlying transcriptional divergence of highly
similar duplicated genes. We hypothesized that dynamic mutation
and rearrangement of the cis-regulatory sequences after WGD is
a potential force for the transcriptional divergence of duplicated
genes in soybean. We used MNase-hypersensitivity sequencing
(MH-seq) to develop genome-wide datasets for accessible chro-
matin regions (ACRs) in the soybean genome. ACR datasets were
then used to examine and correlate the transcription patterns of
duplicated gene pairs in different soybean tissues. We demonstrate
that dynamics of cis-regulatory elements (CREs) within the ACRs,
including CRE mutations and gain/loss of ACRs, play an impor-
tant role in the transcriptional divergence of the duplicated genes
in soybean.

Results

Development of MH-Seq Datasets in Soybean. We performed
MH-seq (30) to detect ACRs in the soybean genome. We
developed two MH-seq libraries from each of three tissues (leaves,
flowers, and seeds) from soybean cultivar Williams 82. A total of
256 million MH-seq sequence reads were obtained and mapped
to the Williams 82 reference genome (27). The MH-seq reads were
clearly enriched toward the distal ends of all soybean chromosomes
that are more enriched with genes than the pericentromeric regions
(27) (SI Appendix, Fig. S1). In addition, a strong correlation
(r=0.83 to 0.93) was found between the two biological replicates
of each tissue. Therefore, data from two biological replicates were
combined for identification of MNase hypersensitive site (MHS)

using F-seq (31). We identified 97,993, 87,407, and 105,381
MHSs in leaf, flower, and seed tissues, respectively.

We grouped the MHSs into four categories: 1) “upstream MHSs,”
which are located within 1 kb upstream of the transcriptional start
site (TSS); 2) “genic MHSs,” which are located within the 5’UTR,
exon, intron, and 3'UTR; 3) “downstream MHSs,” which are
located within 1 kb downstream of the transcriptional terminal site
(TTS); and 4) the remaining MHSs were designated as “intergenic
MHSs.” MHSs located in genic and +1 kb flanking regions
accounted for 52 to 56% of the total MHSs (S Appendix, Fig. S2).

Comparative Analysis of Soybean ACRs Detected by MH-Seq
and ATAC-Seq. We recently found in Arabidopsis thaliana that
MH-seq has superior resolution and reveals ACRs that cannot
be identified by the ATAC-seq technique (32). To investigate
a potentially similar phenomenon in soybean, we downloaded
~470 million sequence reads of two ATAC-seq libraries generated
from Williams 82 (33). We compared the ACRs identified by
MH-seq and ATAC-seq, respectively, since leaf tissues from
Williams 82 at the same developmental stage (V2) were used
in both MH-seq and ATAC-seq experiments. We found that
~87% of ATAC-seq peaks were covered by MHSs. Strikingly,
only 23% of MHSs were covered by ATAC-seq peaks (Fig. 14),
which are referred to as “common MHS” (¢tMHSs). Nearly 77%
(75,581) of the MHSs were not covered by ATAC-seq peaks,
which were referred to as “specific MHS” (sMHSs). Huang et al.
(2022) recently reported ATAC-seq datasets from six soybean
tissues (34). The leaf, flower, and seed tissues used in the study
were at the similar developmental stages as the same tissues used
in our study. Again, we found that a high proportion of ATAC-
seq peaks (leaf: 96%; flower: 87%; seed: 84%) were covered by
MHSs, but only a low proportion of MHSs (leaf: 32%; flower:
28%; seed: 33%) were covered by ATAC-seq peaks.
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Fig. 1. Identification of MHSs in the soybean genome. (A) A selected genomic region of soybean chromosome 1 showing MHSs identified in leaf, flower, and seed
tissues and ATAC-seq peaks in leaf. ATAC-seq data derived from Lu et al. (33). Pink boxes mark sMHSs identified by MH-seq only. Blue boxes mark cMHSs
identified by both MH-seq and ATAC-seq. (B) Sensitivity to MNase (Left) or Tn5 (Right) of genomic regions associated with cMHSs and sMHSs, respectively. Note:
genomic regions associated with sMHSs showed a very low level of Tn5 sensitivity. (C) Nucleosome occupancy of the genomic regions associated with cMHSs and

sMHSs, respectively.
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To further confirm the lack of ATAC-seq sequence enrichment
at the sSMHSs, we mapped the ATAC-seq reads (33) to the
Williams 82 reference genome and identified ~250 million
uniquely mapped reads. The numbers of MH-seq reads and
ATAC-seq reads associated with each cMHS and sMHS peak
were compared after being normalized by the total number of
uniquely mapped reads. This comparison revealed that the Tn5
sensitivity associated with sMHSs is significantly lower than the
MNase sensitivity with sMHSs (Fig. 1B). We also analyzed the
nucleosome occupancy of sMHSs using histone H3 chromatin
immunoprecipitation-sequencing (ChIP-seq) dataset from the
same study (33). A clear eviction of nucleosomes was associated
with both sMHSs and cMHSs (Fig. 1C), confirming that genomic
regions containing the sMHSs indeed lack nucleosomes.

To further analyze the soybean ACRs that were not detected by
ATAC-seq, we examined gene expression using the RNA-seq data
provided by the same ATAC-seq study using leaf tissue from
Williams 82 (33). We identified 40,269 expressed genes (FPKM
> 0) and classified these active genes into three groups: 1) Expressed
genes associated with ATAC-seq peaks, which were named as
“ATAC-seq genes” (n = 13,926) (SI Appendix, Fig. S34). The
ATAC-seq genes showed an average FPKM of 21.73; 2) Expressed
genes that were not associated with ATAC-seq peaks, but were
associated with sMHSs, which were named as “sMHS genes”
(n=19,648). The sMHS genes showed an average FPKM of 13.72;
3) The remaining genes are not associated with either ATAC-seq
peaks or sMHSs and were named “Peak-free genes” (n = 6,695).
The peak-free genes showed an average FPKM of 5.94. Thus, the
expression level of sSMHS genes is substantial, although lower than
the ATAC-seq genes (SI Appendix, Fig. S34). We also examined
the MNase/Tn5 sensitivity levels around 5' regions of the genes.
The ATAC-seq genes showed a high sensitivity level for both Tn5
and MNase (S7 Appendix, Fig. S3B). However, an appreciable level
of MNase sensitivity, but not TnS sensitivity, was detected at the
5" of the SsMHS genes (SI Appendix, Fig. S3B).

Collectively, the comparative MH-seq and ATAC-seq analysis
supported our previous conclusion in 4. thaliana that MNase is
capable of accessing chromatin regions that are not accessible to
Tn5 (32). Notably, only ~22% of MHSs were not covered by
ATAC-seq peaks in 4. thaliana (32), whereas nearly 67 to 77%
of the MHSs were not covered by ATAC-seq peaks in soybean,
suggesting that ATAC-seq is particularly less effective in identify-
ing ACRs in soybean. This could be due to a reduced Tn5 activity
in soybean cells and/or unique characteristics associated with soy-
bean chromatin.
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Functional Validation of MHSs Related to Flowering and Seed
Development. The in vivo function of MHSs can be validated by
deletion analysis using CRISPR/Cas-based genome editing (35, 36).
We attempted to validate the function of a few selected MHSs
associated with known soybean genes. E/ is a soybean-specific
maturity gene and encodes a B3-like protein. £/ has the largest
effect on flowering time in soybean (37, 38). Transcription of £/
is activated in leaves under long day-length (LD) conditions and
inhibits flowering by down-regulating F72a and F75a, which are
the orthologues of the A. thaliana FLOWERING LOCUS T (FT)
gene (37, 39). Although the expression of £/ has been profiled
extensively, the transcriptional regulation of this gene is largely
unknown.

We identified four MHSs associated with £/ from the leaf
MH-seq dataset, two at the 5’ and two at the 3" of £/, respectively
(Fig. 24). One MHS (123 bp, an sMHS) is located ~3.6 kb down-
stream of £/ and was not detected by the ATAC-seq datasets. This
MHS contains a GGGACCAC motif related to the TEOSINTE
BRANCHED 1, CYCLOIDEA, and PCF (TCP) transcription
factors (TFs) (Fig. 24), which are known for their roles in regu-
lating flowering in A. thaliana (40, 41). We developed three
homozygous deletion lines using CRISPR/Cas9. The deletions
span 163 to 330 bp, including the TCP-binding motif (Fig. 24).
We grew the deletion lines under LD conditions and collected
leaf tissues at 35 days after germination (DAG) for gene expression
analysis. E/ expression decreased by 29 to 53% in the deletion
lines compared to the wild type (Fig. 2B). Concordantly, the
expression of F72a and FT5a was significantly higher (P < 0.05,
t test) in the deletion lines than in the wild type (Fig. 2B). We
counted the number of days from sowing to flowering for all
plants. The deletion lines flowered 2 to 4 d earlier than the wild
type (Fig. 2 C=E). These results showed that this target MHS plays
a role in regulating £/ expression under LD condition, which is
likely controlled by the TCP TFs in soybean.

Glyma.03g229700 encodes an amino acid transporter protein
(42) and is highly expressed in seed tissues (S/ Appendix, Fig. S4B).
A single MHS at the putative promoter region was detected in leaf
and seed tissues. However, five additional MHSs around and within
the gene were detected only in the seed MH-seq dataset
(ST Appendix, Fig. S44), suggesting that these MHSs are likely
responsible for the seed-specific expression of this gene. We selected
a 144-bp MHS (an sMHS), which is located upstream of the puta-
tive promoter and was not detected in ATAC-seq datasets, for
CRISPR/Cas experiment. We developed three homozygous dele-
tion lines, including T22 (270 bp, loss of all 144 bp of the MHYS),

WT k09-24

k17-20

Fig. 2. Functional validation of an MHS associated with the E1 gene. (A) Development of three homozygous CRISPR/Cas deletion lines (purple rectangles)

spanning the target MHS. The red arrowhead indicates the position of a TCP motif within the MHS. (B) Expressions of E1, FT2a, and FT5a in leaf tissue of wild type
(n =3)and three deletion lines (n = 3) at 35 DAG. (C) Numbers of flowering days of wild type (n = 18) and three deletion lines (n =9 to 10) at 35 DAG. *P < 0.05, **P <
0.01, and ***P < 0.001, t test. (D) Plant phenotype of wild type and three deletion lines under LD condition at 45 DAG. One raceme from each of the deletion lines is
exemplified. (E) Phenotype of a part of soybean plants containing two racemes at 45 DAG.
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T2 (175 bp, loss of 92 bp of the MHS), and T27 (117 bp, loss of
54 bp of the MHS) (S7 Appendix, Fig. S44). R4-stage seeds from
the deletion lines were collected for gene expression analysis. The
expression levels of Glyma.03g229700 decreased by 10 to 63% in
the deletion lines compared to the wild type (SI Appendix,
Fig. S4C). These results validated the contribution of this MHS to
the seed-specific expression of Glyma.03g229700.

Tissue-Specific MHSs and Gene Expression. We further explored
the role of MHSs in tissue-specific gene expression. Tissue-specific
MHSs are defined as MHSs exhibiting significantly higher levels
of MNase sensitivity in one tissue than in both of the two other
tissues (Materials and Methods). We identified 1,036, 459, and
2,086 MHSs that are specific to the leaf, flower, and seed tissue,
respectively. We then compared the expression levels of genes
associated with the tissue-specific MHSs. Genes associated with
tissue-specific MHSs showed significantly high levels of expression
in the respective tissue, while the genes associated with MHSs
shared by three tissues showed similar expression levels in different
tissues (S7 Appendix, Fig. S5A4). To test whether both cMHSs and
sMHSs play a similar role in tissue-specific gene expression, we
separated the leaf-specific MHSs into leaf-specific cMHSs and
leaf-specific SMHSs, respectively. We then examined the impact
of these two types of MHSs on gene expression. Genes associated
with either leaf-specific cMHSs or leaf-specific sSMHSs showed
higher expression levels in leaves than in flowers and seeds
(ST Appendix, Fig. S64).

We used the MEME tool (43) to search for enriched DNA
sequence motifs in the tissue-specific MHSs using the shared MHSs
as a control. A total of seven enriched DNA motifs were identified
from the leaf-specific MHSs. Four of these motifs are related to
regulation of leaf development or flowering time (S/ Appendix,
Fig. S5B). For example, one of the enriched motifs, TGGTCC
(P = 4.3¢-2), is associated with TCP TFs, which are known to be
involved in leaf development (44). We identified a motif CTRGCT
(ST Appendix, Fig. S5B). Genes, which are associated with
CTRGCT-containing MHSs and are differentially expressed in the
leaf tissue, were found to be associated with leaf development, pho-
tosynthesis, and photomorphogenesis (SI Appendix, Fig. S5C and
Table S1). For example, Glyma.17g055200 encodes a GATA TF
and plays an important role in regulating chlorophyll biosynthesis
in soybean (45). A leaf-specific MHS containing a CTRGCT motif
was identified in the 1.8 kb upstream of this gene (SI Appendix,
Fig. S5D). This gene is highly expressed in leaf tissue and shows only
minimum transcription in flowers and most seed tissues (SI Appendix,
Fig. SSE). Similarly, significantly enriched DNA motifs were also
identified in flower- and seed-specific MHSs, and these motifs were
related to TFs associated with flower/seed development (SI Appendix,
Fig. S7).

Chromatin Accessibility and Transcriptional Divergence of
Duplicated Genes. To investigate the impact of ACR variation
on transcriptional divergence of duplicate genes, we first identified
17,111 pairs of soybean genes derived from the recent WGD.
These duplicated genes were classified into “divergent” and
“nondivergent” pairs based on the differential expression levels
between each pair of genes. For example, we identified 5,254
pairs of genes that show >2 differential expression levels in the leaf
tissue. The 5' region of the highly expressed copy of each divergent
pair showed a higher chromatin accessibility level than the lower
expressed copy (Fig. 34). In contrast, gene pairs with nondivergent
expression exhibited a similar chromatin accessibility level in the 5’
regions (Fig. 34). Similar results were also observed for duplicated
genes expressed in flower and seed tissues (SI Appendix, Fig. S8).

https://doi.org/10.1073/pnas.2303836120

To further examine the ACR dynamics between duplicated
genes, we identified all MHSs located within £1 kb regions of each
pair of genes and performed sequence alignment of the MHSs.
MHS pairs with highly similar sequences (e-value < 0.01) were
considered as “syntenic MHSs”. We calculated the ratio of syntenic
MHSs to all MHSs and used it as the proxy for the “similarity
level” of the MHSs associated with each pair of genes (S7 Appendix,
Fig. S94). The duplicate pairs were classified into five subgroups
according to the similarity levels of their associated MHSs. Only
21 to 28% of the duplicated genes showed identical orthologous
MHSs (Fig. 3B and SI Appendix, Fig. S8 C and F). The MHS
similarity of duplicate genes is also correlated with the level of
transcriptional similarity between the duplicated genes (Fig. 3C).
Furthermore, we identified 5,757 duplicated genes associated with
cMHSs. We used these cMHSs to calculate the MHS similarity
between these duplicated genes. Similarly, we identified 13,562
duplicated genes associated with sMHSs, and these SMHSs were
used to calculate the MHS similarity between these duplicated
genes. The MHS similarity levels derived from either cMHSs or
sMHSs were correlated with the level of transcriptional similarity
of the duplicated genes (SI Appendix, Fig. S6B).

Collectively, these results showed that ACR divergence is poten-
tially an important force for the expression divergence of dupli-
cated genes derived from the most recent WGD in soybean.

CRE Mutations and ACR Divergence between Duplicated Genes.
Besides the syntenic MHSs, the remaining MHSs do not have a
homologous MHS associated with the corresponding duplicated
gene. These MHSs were considered as “solo-MHSs.” To investigate
the origin of the solo-MHSs, we aligned the sequences of the solo-
MHSs with the soybean genome to identify their paralogous regions.
We found that the best-matched sequences (BMSs) of ~20% solo-
MHSs are not located in the regions around the corresponding
duplicated genes (S Appendix, Fig. S104). The BMSs of ~65% of
the solo-MHSs are located around the corresponding duplicated
genes; however, these BMSs were not identified as ACRs by MH-
seq (S Appendix, Fig. S104).

We were intrigued by how the BMSs of solo-MHSs lost their
capacity as ACRs. We hypothesized that mutations of the CREs
within the BMSs may have abolished or altered the binding of
regulatory proteins and changed the chromatin accessibility of the
regions. To test this hypothesis, we selected 1,432 solo-MHSs (leaf
data) and the BMSs associated with their corresponding duplicated
genes. We also selected 1,432 pairs of syntenic MHSs (leaf data)
as a control. FIMO (46) was used to identify CREs within the
sequences. A significantly higher number of motifs (P = 1.9¢-10,
Mann—Whitney U test) was identified in the solo-MHSs than in
their BMSs (Fig. 44). In contrast, a similar number of CREs was
identified in the 1,432 pairs of syntenic MHSs (Fig. 44). Similar
results were also obtained from the solo-MHSs and their BMSs
based on MH-seq datasets from flower and seed tissues (S Appendix,
Fig. S10B). Furthermore, we separated the solo-MHSs (leaf data)
into solo-cMHSs and solo-sMHSs, respectively. We obtained sim-
ilar results from comparisons of the motif numbers between the
two groups of solo-MHSs and their BMSs (S1 Appendix, Fig. S6C).
These results suggest that CRE mutations within the BMSs play a
role in losing their capacity as ACRs.

To further investigate the CRE dynamics within solo-MHSs and
their BMSs in duplicated genes, we analyzed the enrichment of the
TCP-binding motif GGACC, which is highly enriched in leaf-specific
MHSs (ST Appendix, Fig. S5B). We used a random sequence GAGCC
(not a known motif) as a negative control in the analysis. The number
of GGACC motifs was significantly higher (P = 3e-6, Mann—
Whitney U test) in the solo-MHSs than in their BMSs (Fig. 4B8). In
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contrast, we identified a similar number of GGACC motifs between ~ of GGACC motifs were also significantly higher in both solo-cMHSs
the syntenic MHS pairs (Fig. 4B). In addition, we identified similar ~ and solo-sMHSs than in their BMSs (S7 Appendix, Fig. S6D).

numbers of the GAGCC control sequence between solo-MHSs and Single nucleotide polymorphisms (SNPs) and small insertions/
their BMSs, and between the syntenic MHSs (Fig. 4B). The numbers deletions (indels) (1 to 32 bp) were found to contribute to the
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Fig. 4. Mutations of CREs and ACR divergence between duplicated genes. (A) Comparison of the numbers of DNA motifs identified within solo-MHSs vs. their
best-matched sequencesinthe corresponding duplicated genes or between syntenic MHS pairsin leaf tissue. The numbers of motifs were counted for each MHS or
best-matched sequence and normalized by its sequence length. ***P < 0.001, Mann-Whitney U test. (B) Comparison of the number of GGACC and GAGCC
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Mutation of CREs and ACR dynamics associated with a duplicated pair of genes Glyma.19g188900 and Glyma.03g188700. Two MHSs were identified in the 5’ region
of Glyma.19g188900, and only one MHS was associated with Glyma.03g188700. One TCP-binding motif GGACC was identified in the solo-MHS associated with
Glyma.19g188900. A G/A SNP was detected in this motif in the matched sequence associated with Glyma.03g188700, which may impact the sensitivity to MNase in
this region. (D) Expression of Glyma.19g188900 and Glyma.03g188700 in 12 different leaf tissues from young (Left) to old (Right).
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mutation of the TCP-binding motifs in the BMSs. For example, we
identified three MHSs (leaf data) associated with one pair of dupli-
cate genes: Glyma.19g188900 and Glyma.03g188700. These two
genes encode protein kinase family proteins and share highly similar
protein sequences (94% identity), but are associated with different
MHS profiles (Fig. 4C). One solo-MHS (317 bp) was identified
419 bp upstream of Glyma.19g188900. We identified the BMS of
this solo-MHS in the 5’ end of Glyma.03g188700, which is 318 bp
long and 564 bp upstream of the TSS (Fig. 4C). We identified a
single GAGCC motif in the solo-MHS of Glyma.19g188900.
However, a G/A SNP within the motif was identified in the BMS
of Glyma.03g188700 (Fig. 4C). The expression of Glyma.19g188900
was found to be either equal to or significantly higher than
Glyma.03g188700 in 12 different RNA-seq datasets derived from
leaf tissue (Fig. 4D). Thus, the solo-MHS likely serves as a distal
enhancer to Glyma.19g188900 in leaf tissue.

Deletions and ACR Divergence between Duplicated Genes. We
were not able to identify a BMS (e-value < 1e-5) in the Williams
82 genome for approximately 14% (7,388) of solo-MHSs, which
were named as “orphan solo-MHSs” (orMHSs) (SI Appendix,
Fig. S104). We hypothesized that the origin of orMHSs is resulted
from deletions of their BMSs, which occurred during sequence
rearrangements after WGD. We predicted that some deletion
events could be validated by comparing with the common bean
(Phaseolus vulgaris) sequences. The common bean diverged from
soybean ~19.2 Mya, which predated the last soybean WGD
(5 to 13 Mya) (47). We were able to identify orthologous sequences
for 18% (1,315/7,388) of the orMHSs in the reference genome
of P vulgaris (48). We further validated the hypothesized deletion
events by examining the reference pan-genomes from 26 soybean
lines, including 3 wild accessions of Glycine soja, 9 landraces, and
14 cultivars of G. max (49). We identified a BMS for only 328
(4.4%) of the 7,388 orMHSs in at least one of the 26 genomes.

These results supported our hypothesis on the origin of orMHSs
due to sequence deletions.

We next investigated the impact of the orMHSs on gene expres-
sion. The 7,388 orMHSs consist of 2,281 leaf orMHSs, 2,327
flower orMHSs, and 2,780 seed orMHSs. The 2,281 leaf orMHSs
are associated with 2,117 genes. Nearly 28% of these genes showed
twofold higher expression levels than their duplicated genes. We
randomly selected 2,117 genes that are expressed in leaf tissue but
are not associated with an orMHS. Only 14% of the 2,117 genes
showed 2-fold higher expression levels than their duplicated genes,
which is significantly lower (P < 2.2e—-16, chi-square test) than
the comparison of gene pairs with orMHSs. Similar results were
found for the genes associated with flower orMHSs (31% vs. 16%)
and seed orMHSs (23% vs. 12%). Collectively, these results
showed that deletions of MHS-related sequences have impacted
the transcriptional divergence of a large number of duplicated
genes in soybean.

For example, we identified a total of eight orMHSs in three dif-
ferent tissues between the 3’ end of gene Glyma. 13g356400 and the
5" end of gene Glyma. 13g356500 on chromosome 13 (Fig. 54). The
duplicated region of these two genes was found on chromosome 15
in the Williams 82 genome, including genes Glyma. 15g017600 and
Glyma.15g017700 (Fig. 54). The 5'UTR of Glyma.15g017600 over-
laps with 3°UTR of Glyma.15g017700 due to a ~2.5-kb deletion of
the intergenic sequence between the two genes. This deletion resulted
in loss of the homologous sequences of the eight orMHSs (Fig. 54).
Interestingly, this deletion was found in eight landraces and 13 cul-
tivars of soybean. In contrast, it was not identified in the correspond-
ing chromosome 15 region of the three wild soybean accessions
(Fig. 5B). The two genes on chromosome 15 (Soyw01.15g017900
and Soyw01.15¢017800) and two genes on chromosome 13
(Soyw01.13g348400 and Soyw01.13g348500) shared similar inter-
genic sequences in the Soyw01 genome. These results confirmed the
predicted deletion in chromosome 15 in Williams 82.
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Fig.5. Deletionsand MHS dynamics between duplicated genes. (A) Identification of MHSs associated with two pairs of duplicated genes on chromosomes 13 and 15
in Williams 82. A total of eight orMHSs were identified in three different tissues between the 3’ of gene Glyma.139356400 and the 5’ of gene Glyma.13g356500 on
chromosome 13. No MHS was detected in the duplicated region on chromosome 15, including genes Glyma.15g017600 and Glyma.15g017700. (B) Schematic
presentation of the homologous regions in Soyw01 genome. The red box indicates the homologous region of the sequence between Glyma.13¢356400 and
Glyma.13g356500 in (A). The blue box indicates the orthologous region, which was deleted in the Williams 82 genome.
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We next analyzed the expression patterns of the two pairs of
duplicated genes in different tissues of Williams 82. Both pairs of
genes (Glyma.13g356400 and Glyma.15g017700; Glyma.13g356500
and Glyma.15g017600) showed differential expression patterns in
leaf, flower, and seed tissues (SI Appendix, Fig. S11). Compared to
Glyma.15g017700, its duplicated gene Glyma. 13g356400 showed
higher expression levels in most flower and seed tissues but a lower
level in leaf tissue (SI Appendix, Fig. S11A4). Glyma.13g356500 and
Glyma.15g017600 showed similar expression levels in leaf tissues,
but they showed different expression patterns in flower and seed
tissues (SI Appendix, Fig. S11C). Although only a limited number
of transcriptional datasets were available in wild soybean accession
SoywO1, both pairs of duplicated genes showed relatively similar
transcriptional patterns (S Appendix, Fig. S11 B and D). For exam-
ple, Glyma.13g356500 and Glyma.15g017600 showed 1.6-fold
transcriptional difference in Williams 82 leaf tissues. In contrast,
their corresponding pair of genes, Soyw01. 132348500 and Soyw01.
15g017800, showed only 0.98-fold difference in leaf tissues in
SoywO1 (SI Appendix, Fig. S11E). These results support that the
loss of the eight orMHSs significantly altered the expression patterns
of both duplicated pairs of genes in Williams 82.

Identification of Neo-MHSs Associated with Duplicated Genes. The
BMSs of 11,065 (~20%) solo-MHSs were located near unrelated
genes rather than the corresponding duplicated genes (S Appendix,
Fig. S104). We speculated that some of these solo-MHSs were
transferred from a donor gene to one copy of the duplicated genes.
Thus, these solo-MHSs are potentially acquired MHSs, or “neo-
MHSs,” for duplicated genes (S7 Appendix, Fig. S9B). We developed
a computational pipeline to further validate the neo-MHS nature of
these solo-MHSs, which resulted in a final set of 2,138 neo-MHSs
(S Appendix, Fig. S9B). These neo-MHSs originated from two
possible modes: 1) The neo-MHSs were originally associated with
donor genes and were transferred to the duplicated genes. Thus,
these are true neo-MHSs (S Appendix, Fig. S9B); 2) the syntenic
MHSs (or BMSs) of the neo-MHSs were originally associated with
the duplicate genes but were transferred to other genomic regions,
which resulted in the loss of MHS/BMS of a duplicated gene, rather
than gaining of a neo-MHS.

We next aligned the 2,138 neo-MHSs to the common bean
genome to identify orthologous sequences and their flanking
genes. If the flanking gene is orthologous to a putative donor gene
in the soybean genome, it would suggest that the solo-MHS was
truly associated with the donor gene and was transferred to the
duplicated gene as a neo-MHS. This comparative analysis con-
firmed a total of 159 neo-MHSs (SI Appendix, Tables S2—S4). We
next investigated the impact of these neo-MHSs on expression of
the orthologous gene pairs. The 159 neo-MHSs consist of 63 leaf
MHSs, 44 flower MHSs, and 52 seed MHSs. The 63 leaf
neo-MHSs are associated with 62 genes. We analyzed the expres-
sion patterns of these gene pairs in 12 RNA-seq samples derived
from leaf tissues. We found that 25 gene pairs show twofold dif-
ferential expression in at least one of the 12 RNA-seq datasets.
Similarly, 12 and 22 duplicated gene pairs associated with flower
and seed neo-MHSs showed diverged gene expression in flower
and seed tissues, respectively.

Functional Validation of a Neo-MHS Associated with Soybean
Nodulation. Glyma.05g029800 on chromosome 5 and Glyma.
17g097000 on chromosome 17 are a pair of duplicated genes.
We identified two MHSs (a, 237 bp; B, 231 bp) at the 5’ of
Glyma.05g029800 (Fig. 64). A sequence homologous to the a
MHS (o) was identified in the upstream of Glyma.17g097000
(Fig. 64). However, a sequence homologous to the B MHS

PNAS 2023 Vol.120 No.44 2303836120

(B") was identified in the upstream of Glyma.17g096900, a
nonhomologous gene flanking Glyma.17g097000 (Fig. 64). In
common bean, the homologous sequence of the f MHS (B")
is located at the 5’ of 0032194400, which is orthologous to
Glyma. 172096900 (Fig. 64). Therefore, the f MHS is a neo-MHS
for Glyma.052029800, possibly resulting from deletion of a gene
on chromosome 5, which is homologous to Glyma.17g096900
(Fig. 64). This sequence arrangement was detected in all 3
wild accessions, 9 landraces, and 14 cultivars of soybean (49),
indicating that this arrangement was generated immediately after
the last WGD.

We next investigated whether acquisition of the f MHS (an
sMHS) to Glyma.052029800 has impacted its expression pattern.
Glyma.05g029800 showed high levels of expression in leaf tissues
and low levels of expression in seed tissues compared to its dupli-
cate Glyma.17g097000 (Fig. 6B). Interestingly, their orthologous
gene in common bean (003g792700) showed high expression in
seeds and low expression in leaf tissue (Fig. 6C), which resembles
Glyma.17g097000. In addition, gene Glyma.17g096900 and its
orthologous gene in common bean (003g194400) exhibited a
higher expression in leaf tissue than in flower and seed tissues
(ST Appendix, Fig. S124), a pattern resembling Glyma.05g029800.
These results suggested that the acquisition of the f MHS may
have contributed to the increased expression of Glyma.05g029800
in the leaf tissues. To validate its cis-regulatory function in leaf
tissue, the f MHS was cloned into vector pPCAMBIA-CRE-LUC
(50), which contains the minimal cauliflower mosaic virus
(CaMV) 358 (mini35S) promoter (=50 to —2 bp) followed by a
firefly luciferase reporter gene. The construct was infiltrated into
Nicotiana benthamiana leaves. The construct containing the [
MHS showed significantly higher bioluminescence signals
(P=1.7e—4, t test) than the construct containing only the mini35S
promoter (SI Appendix, Fig. S12 B and C), confirming the potential
regulatory activity of the p MHS in the leaf tissue.

Glyma.05g029800 belongs to the SPFH/B and 7/PHB domain-
containing membrane-associated protein family. A previous study
showed that it is highly expressed in nodules and potentially interacts
with a known nodulation gene GmFWLI (51). Glyma.05g029800
showed a significantly higher level of expression in nodules than both
Glyma.17g097000 and Glyma.17g096900 based on the RNA-seq
datasets developed from nodules at different developmental stages
(52) (Fig. 74). We identified a sequence motif (tctcgctgetgtaaa)
within the B MHS that is associated with the NODULE
INCEPTION-Like PROTEIN (NLP) TF (Fig. 7B). The NLP TFs
are involved in nodulation by negatively regulating nodule numbers
(53). Interestingly, this motif is not located within the > MHS asso-
ciated with Glyma. 17g096900 (SI Appendix, Fig. S12D).

We predicted that the B MHS may contribute to the higher
expression of Glyma.05g029800 in nodules. To test this hypoth-
esis, we developed two deletion lines using CRISPR/Cas9. The
two deletions, Q2 and Q30, spanned 216 bp and 625 bp, respec-
tively, including the NLP-binding motif (Fig. 7B). Seedlings of
the deletion lines were inoculated with rhizobia and grown in
vermiculite with 2 mM KNO,. Leaf tissues and nodules were
collected from the deletion lines for gene expression analysis and
phenotyping at 14 dpi (day postinoculation). The expression level
of Glyma.05g029800 in the deletion lines decreased by 26 to 27%
in leaves and dramatically reduced by 81 to 91% in nodules com-
pared to the wild type (Fig. 7C). In addition, the deletion lines
had significantly higher numbers of nodules per plant (P < 0.05,
t test) (Fig. 7 D and E). This phenotype is correlated with the loss
of NLP-binding motif in the deletion lines. However, the deletion
lines had a similar total weight of all nodules per plant compared
to the wild type.
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Collectively, our data suggest that the acquisition of the B MHS
changed the expression pattern of Glyma.052029800. Most notably,
the expression level of Glyma.05g029800 is substantially higher than
Glyma.17g096900 in nodules (Fig. 74). The  and B’ MHSs span
295 bp and 231 bp, respectively. Sequence homology was detected

only within ~150 bp in the middle of the two sequences (SI Appendix,
Fig. S12D). Most importantly, the NLP-binding motif is not located
within the B’ MHS. Therefore, the NLP-binding motif was likely
recruited to be part of the ACR after the transfer of f MHS to
Glyma.05g029800 and became a key CRE for this gene.
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Glyma.17g096900 in nodules at three different development stages. “dpi” indicates day postinoculation. (B) Development of two CRISPR/Cas deletion lines
spanning the p MHS. The red arrowhead indicates a motif related to the NLP TF. The red bars indicate the positions of the deleted regions. (C) Comparison of the
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Discussion

Transcriptional divergence of duplicated genes after WGD has
been identified in many polyploid species (11, 19, 28, 54-58).
However, the contribution of CRE dynamics to this transcrip-
tional divergence was investigated in few studies (11, 59-62). A
classic example is the liguleless related sequencel (Irs1) and liguleless2
(Ig2) genes, which are a duplicated pair of maize genes. The pro-
teins encoded by /g2 and /rs/ are nearly identical. However, only
lg2, but not Irsi, exhibits a role in ligule development (59, 63).
Comparative sequence analysis of /rs/ and /g2 together with their
rice ortholog revealed 30 conserved noncoding sequences (CNSs)
surrounding this duplicated gene pair (59). Fractionation of some
of these CNSs was proposed to explain the functional divergence
of g2 and Irs1 (59). CNSs were found to be enriched with known
TFs or other cis-acting binding sites in plants (64). However, less
than 50% of the CNSs are associated with ACRs in rice (65).
Thus, a high false-positive rate would be expected if a functional
CRE is predicted exclusively based on CNSs.

A. thaliana experienced at least three ancient WGD events with
the most recent one occurring ~24 to 40 Mya (66—69). More than
two-thirds of the duplicated genes in A. thaliana showed transcrip-
tional divergence (11). A systematic analysis of the promoter
sequences of the duplicated genes indicated that the transcriptional
neo- and subfunctionalization is restricted to only a fraction of the
CREs associated with the duplicated gene pairs (11). Analysis of
duplicated genes related to stress responses revealed that the dupli-
cated genes losing most of their stress responses are those that also
lost more of the putative CREs in the promoter regions (60). These
early studies showed the correlation between promoter sequence
variation and the transcriptional divergence of duplicated genes.
These studies relied on the traditional assumption that functional
CREs are located mostly in the promoter regions, typically within
1 kb upstream of the TSSs of genes. However, mapping of ACRs
in several different plant species showed that the promoter regions
contain only a fraction of the CREs surrounding genes (65, 70-72).
In soybean, ACRs located in the promoter regions account only
for ~20% of total ACRs (SI Appendix, Fig. S2). It has been demon-
strated in A. thaliana that >70% of the ACRs located in introns
and intergenic regions show enhancer activities (35, 73). Thus,
analysis of promoter sequence alone will understate the role of
CRE:s in transcriptional divergence of duplicated genes.

We demonstrate that the dynamics of ACRs is well correlated
with divergence of both expression level and the tissue specificity
of duplicated soybean genes (Fig. 3 and S/ Appendix, Fig. S5). We
found that nearly 45% of the MHSs (39% in leaf, 47% in flower,
and 48% in seed) associated with 17,111 pairs of duplicated genes
are solo-MHSs. Analysis of the solo-MHSs revealed several differ-
ent types of ACR dynamics: 1) An ACR associated with one copy
of a duplicated gene pair may lose its function due to mutation
of the CREs located within the ACR (Fig. 4); 2) Deletion of ACRs
associated with one copy of duplicated genes (Fig. 5); and 3)
Acquisition of a neo-ACR to one copy of a duplicated gene pair
(Fig. 6). These three classes of ACR dynamics can be used to
explain the transcriptional divergence of 16% (16% for leaf; 18%
for flower; 15% for seed) pairs of duplicated genes. However, this
number can be significantly underestimated because the solo-
MHSs were identified based on a computational threshold. Leaf,
flower, and seed tissues used in this study contain multiple cell
types and cells at different developmental stages. ACRs associated
with a single cell type may not be detected using bulk tissue-based
techniques (35). There are additional classes of ACR/CRE dynam-
ics that may not be found by the current methodology. For exam-
ple, it has recently been demonstrated in 4. thaliana that each
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ACR often contains multiple CREs (35). Thus, mutation of a
single CRE may not alter the chromatin accessibility, but the
mutation may alter the expression pattern of the associated gene.

We found that nearly 14% (7,388 total) of solo-MHSs associ-
ated with duplicated genes do not have the BMSs in the Williams
82 reference genome. In addition, only 328 (4.4%) of these
solo-MHSs were found to have a BMS in at least one of the 26
available soybean genome sequences. These results indicate that
the majority of these solo-MHSs may have been deleted in one
copy of the duplicated genes after the recent WGD. Manual exam-
ination of several of the solo-MHSs confirmed the presence of
their homologous sequences in wild soybean and/or in common
bean (Figs. 5 and 6). These results showed that extensive sequence
rearrangements may have occurred after the recent WGD and
contributed to the divergence of ACRs associated with a large
number of duplicated genes in soybean.

In summary, our results collectively support the hypothesis that
reshaping of the CRE landscape after the recent WGD is an
important force for the transcriptional divergence of duplicated
genes in soybean. This may represent a general mechanism for
transcriptional divergence of duplicated genes in polyploids that
lack subgenome dominance.

Materials and Methods

Construction of MH-Seq Libraries. Soybean plants of Williams 82 were grown
in a greenhouse and experimental station of Michigan State University. Trifoliate
leaves were collected from seedlings at stage V2 (74). The seeds were collected
from plants at stage R4 (74). Soybean plants were grown in a greenhouse with
12 hlight (28 °C) and 12 h dark (25 °C). Flower tissues were collected from the R1
stage plants grown in the experimental station. Collected materials were ground
into fine powder in liquid nitrogen. The powder (0.5 g for leaf and 1 g for flower
and seed) was fixed with 1% of final concentration of formaldehyde for 10 min
and followed by neutralization with 0.125 M glycine for 5 min. Nuclei were then
prepared following published protocols (75). Purified nuclei were suspended
in 0.8 mL MNase digestion buffer (MNB, 10% sucrose, 50 mM Tris-HCl, pH 7.5, 4
mM MgCl2, and 1 mM CaCl2) and divided into four 1.5-mL Eppendorf tubes. The
aliquoted nuclei were digested at 37 °C for 10 min using a series of MNase
(N3755-50UN, Sigma) in 0,0.01, 0.03, and 0.1 unit, respectively. After terminat-
ing digestion with 10 mM EDTA, the MNase-treated nuclei with 200 mM NaCl
were incubated at 65 °C for 4 h to reverse the cross-linking. DNA was extracted
by adding 400 pL CTAB and incubated at 65 °C for 15 min following the CTAB
method (76). The extracted DNA was then separated by running 2% agarose gel
in 1x TAE buffer. DNA fragments <100 bp were excised from the agarose gel
to prepare MH-seq library by following standard Illumina library preparation
procedures. Two biological replicates were performed for each tissue.

MHS Analyses and Development of CRISPR/Cas Lines. Detailed procedures
for MHS analyses and CRISPR/Cas experiments are included in S/ Appendix,
Supplemental Methods.

Data, Materials, and Software Availability. MH-seq datasets and MHSs
were deposited in NCBI Gene Expression Omnibus (GEO) under accession num-
ber GSE167578 (77). ATAC-seq data and respective RNA-seq data as well as
H3 ChiIP-seq data were downloaded from NCBI GEO under accession number
GSE128434 (78) and BioProject accession number PRINA751745 (79). RNA-seq
data from tissues at similar stages with samples used for MH-seq were down-
loaded from NCBI SRA under the following accession numbers: SRR1174229
(leaf), SRR1174220 (flower), and SRR1174208 (seed) (80). The remaining RNA-
seq datasets of leaf, flower, and seed tissues were summarized in S/ Appendix,
Table S5.The 26 soybean genome datasets were downloaded from the National
Genomics Data Center under PRICA002030 (https://ngdc.cncb.ac.cn/bioproject/
browse/PRJCA002030) (81).
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