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Dear Editor,

Enhancers are noncoding DNA sequences that can activate
distal gene expression via transcription factor-mediated in-
teractions with proximal promoters (Weber et al. 2016).
Being generally located in poorly mapped regions of the
genome, knowledge about these noncoding sequences
and their mechanisms of action is limited, especially in
crop species. Light is the primary energy source for plants
and an essential environmental cue for plant development
and survival (Chen et al. 2004). Thus, understanding how
plants regulate gene expression in response to light and
the potential roles of enhancers, is crucial for improving
crop production. Using the assay for transposase-accessible
chromatin with sequencing (ATAC-seq) and other molecu-
lar techniques, we generated molecular evidence for inter-
actions among specific enhancers, promoters, and
transcription factors (TFs) in the soybean (Glycine max)
genome for modulating gene expression in response to
different light regimens.

Ten-day-old soybean seedlings grown under a normal
light/dark cycle (light grown) or in complete darkness
(dark grown) differed drastically in their hypocotyl lengths
and cotyledon chlorophyll contents (Fig. 1A; Supplemental
Methods), making them convenient for investigating pos-
sible light-responsive enhancers. Since ATAC-seq has been
well adopted for identifying distal regulatory elements
(e.g. enhancers) in plants (Lu et al. 2019), we performed
ATAC-seq and RNA-seq on light- and dark-grown cotyledons
(LC and DC, respectively) and hypocotyls (LH and DH,

respectively) (Fig. 1B; Supplemental Figs. S1 and S2 and
Table S1; Supplemental Methods). ATAC-seq signals were
enriched at the transcription start site (TSS) and were posi-
tively associated with gene expression levels in both light-
and dark-grown cotyledons and hypocotyls, as previously
reported (Supplemental Fig. S3A and Table S2; Huang et al.
2021a, 2021b; Huang et al. 2022). We identified 38,441,
36,688, 46,504, and 46,196 enriched accessible chromatin
regions (ACRs) in LH, DH, DC, and LC, respectively
(Supplemental Fig. S3B and Table S3).

Comparing ACRs between light- and dark-grown tissues,
we identified 5,884 (3,738 upregulated in LC and 2,146 upre-
gulated in DC) and 5,388 (3,093 upregulated in DH and 2,295
upregulated in LH) differentially accessible chromatin regions
(DACRs) (Fig. 1G; Supplemental Fig. S4A and Tables S4 and
S5). “Photosynthesis” was the only Gene Ontology (GO)
term associated with DACR-associated genes (DACRGs) en-
riched in both hypocotyls and cotyledons (Supplemental
Fig. S4B and S4C), supporting the importance of DACRs for
regulating downstream gene expression related to carbon fix-
ation in the presence of light. To pinpoint TF binding prefer-
ences at these DACRs, we conducted ATAC-seq footprint
analysis (Bentsen et al. 2020) for genome-wide TF motif scan-
ning (Supplemental Fig. S5 and Table S6; Supplemental
Methods). Several TF binding motifs (TFBMs) showed signifi-
cantly different ATAC-seq footprint scores between light and
dark conditions, suggesting these TFs might play important
roles in forming the DACRs (Supplemental Figs. S6 and S7
and Tables S7 and S8).
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Figure 1. Transcription factor-mediated enhancer—promoter interactions during light response in soybean. A) Effects of light on chlorophyll con-
tent in cotyledons and hypocotyl lengths of 10-day-old soybean seedlings. Upper panel: light (L)- and dark (D)-grown cotyledons of soybean seed-
lings and their respective chlorophyll contents. Lower panel: light (L)- and dark (D)-grown soybean seedlings and their respective hypocotyl lengths.
Scale bar =4 cm. Error bar: standard deviation of 15 seedlings. **P < 0.01, by Student’s t-test. B) Examples of ATAC-seq signal distributions in
chromosome 1 (Gm01). Bottom track: gene models. r1 and r2 indicate 2 biological replicates. LC, light-grown cotyledon; LH, light-grown hypocotyl;
DG, dark-grown cotyledon; DH, dark-grown hypocotyl. C) Heatmap showing the clustering of DACRs between different light conditions in the coty-
ledon or the hypocotyl. D) Transcription activities of 4 selected distal DACR candidates in transient expression experiments. Upper left panel: sche-
matics of various constructs. LUC, firefly luciferase reporter; Ren, Renilla luciferase reporter; M, empty vector containing the mini 35S only; P, positive
control with the firefly luciferase reporter driven by the full-length 35S promoter. Upper right panel: diagram of the layout of the Agrobacterium

(continued)
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Enhancer-promoter interactions in soybean seedlings

Among these DACRs, 35.2% of those found in cotyledons
and 40.1% of those found in hypocotyls were localized at
the distal intergenic region (>2 kb from the nearest gene)
and thus classified as light-responsive enhancer candidates
(Supplemental Tables S4 and S5). We identified conserved
TFBMs in enhancers associated with homologous genes in soy-
bean and Arabidopsis (Arabidopsis thaliana; Sullivan et al.
2014), partially supporting evolutionary conservation of light-
responsive enhancers in these species (Supplemental Figs. S8
and Table S9). Long terminal repeat (LTR) insertion was asso-
ciated with increased distance from the enhancer to the asso-
ciated gene (Supplemental Fig. S8), consistent with previous
observations (Lu et al. 2019). Many light-responsive enhancers
in hypocotyls (1,661) and cotyledons (1,735) overlap with
enhancer loci in several soybean tissues (Huang et al. 2021a,
2022), indicating that these might also be involved in light-
responsive or tissue-specific functions (Supplemental Fig.
S9 and Table S10). To further verify whether these distal
DACR sequences possess enhancer activities, we selected
10 candidates (labeled E1-E10) with greater enrichment of
the ATAC-seq signal under light conditions than in the
dark (Supplemental Fig. S10). These candidates were cloned
into a STARR-like vector (Zhang et al. 2022) upstream of a
firefly luciferase (LUC) reporter gene and agroinfiltrated
into Nicotiana benthamiana (N. benthamiana) leaves
(Supplemental Methods). Compared with the empty vector
control (Mini35S:LUC without the addition of an enhancer se-
quence; M), 7 candidates strongly activated LUC expression
under light conditions (Supplemental Fig. S10). Activities of
4 candidates (E2, E5, E6, and E8) with high-LUC activation le-
vels were further tested under dark conditions. As expected,
these 4 candidates had significantly higher activities in the
light than in the dark, supporting that they were bona fide en-
hancers that play important roles in regulating gene expres-
sion in the light (Fig. 1D and E).

Figure 1. (Continued)
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Enhancer—promoter interactions mediated by TFs are im-
portant for downstream gene regulation. We therefore inves-
tigated the E2 enhancer candidate associated with the
promoter DACR (pDACR) of Glutamate Synthase (GS), a key
gene in light responses (Forde and Lea 2007). According to
the ATAC-seq footprint, both E2 and its associated pDACR
harbor binding motifs for WRKY (Glyma.03G220800) and
SBP (Glyma.19G146000) TFs (Fig. 1F). Similar to the GS gene,
expression of genes encoding this WRKY and SBP was also
higher in LH than in DH (Fig. 1F).

Both WRKY and SBP bound directly to E2 and pDACR
in yeast 1-hybrid assays (Fig. 1G). WRKY and SBP could
also induce E2 activity following transient expression in
N. benthamiana leaves, supporting the enhancer role of E2
(Supplemental Fig. S11). We observed protein—protein inter-
actions between WRKY and SBP using bimolecular fluores-
cence complementation (BiFC) (Fig. 1H; Supplemental
Methods). Quantitative analysis of chromosome conform-
ation capture (3C-qPCR; Hagege et al. 2007) using an anchor
primer (AP) on the pDACR and several primers (P1-P5) be-
tween E2 and the pDACR (Fig. 11; Supplemental Methods)
detected the chromatin interactions P1-AP, P2-AP, and P4-AP
in LH but only P1-AP and P2-AP interactions in DH (Fig. 11).
Moreover, P1-AP, P2-AP, and P4-AP interaction signals were sig-
nificantly higher in LH compared with those in DH (Fig. 11), pos-
sibly resulting from greater enhancer activity of E2 mediated by
more highly expressed TFs (e;g. WRKY and SBP) under light-
grown conditions. Reanalysis of soybean leaf Hi-C data from a
recent study (Wang et al. 2021) revealed that E2 and pDACR
are located in the same topologically associating domain
(TAD), a genomic region with high frequency of sequence inter-
action. This partially supports the E2-pDACR interaction
(Supplemental Fig. $12). E2 might also interact with other genes
in this TAD through DNA loops (Supplemental Fig. $12), indi-
cating multiregulatory roles for E2 in gene expression.

infiltration (agroinfiltration) sites of the different constructed vectors on a N. benthamiana leaf. P, positive control; M, empty vector. The numbers 2,
5, 6, and 8 correspond to the selected enhancer candidates. The vertical line represents the midrib of the leaf. Lower panel: bioluminescence images
showing LUC activities driven by the enhancer candidates under light or dark conditions after agroinfiltration. E) Measurement of the relative LUC/
Ren activity under light or dark conditions after agroinfiltration. Asterisk (*) indicates a significant difference between light and dark conditions
(Student's t-test, P < 0.05). Error bars indicate the standard deviations of 5 biological replicates. F) IGV screenshot showing the locations of E2 (rect-
angle outline on the left) and pDACR (rectangle outline on the right) in the region ~8 kb upstream of the Glutamate Synthase (GS) gene. The right
upper panel showed the WRKY (Glyma.03G220800) and SBP (Glyma.19G146000) binding motifs (TFmatrixID_0442 and TFmatrixID_0410, respect-
ively) predicted by the ATAC footprint (ATAC FP). In the right bottom panel, the expression levels (in FPKM) of WRKY and SBP in LH and DH are
shown in the heatmap. r1 and r2 indicate 2 biological replicates. G) Yeast 1-hybrid results showing the binding of WRKY and SBP to pDACR and E2.
AD, transcription activation domain; SD-Leu, synthetic defined media without leucine. H) Bimolecular fluorescence complementation (BiFC) results
showing the interactions between WRKY and SBP in vivo. Scale bar = 100 um. I) The chromatin loop between E2 and pDACR associated to GS can
be detected by chromosome conformation capture (3C)-gPCR in both light- and dark-grown hypocotyls (LH and DH, respectively). Upper panel: the
genomic structure between E2 and pDACR. Blue curve indicated the loops (P1-AP, P2-AP, and P4-AP) detected in LH, while the gray curve (P1-AP
and P2-AP) indicated the loops detected in DH in 3C-qPCR. Primers on the pDACR served as the anchor primer (AP), while primers P1-P5 were
designed to avoid the Dpnll restriction site. Lower panel: the relative DNA interaction signal in 3C-qPCR. Total genomic DNA was used as the control
template. The relative DNA interaction signal was normalized to the amplification signal of |1 and AP. Asterisks (*) indicate significant differences
between light and dark conditions (P < 0.05, by Student’s t test). Error bar, standard deviation of 3 biological replicates. J) A simple model describing
how the transcription factor (TF)-mediated promoter—enhancer interaction can regulate gene (e.g. Glutamate Synthase) expression. E, enhancer; P,
promoter.
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Collectively, this study provides clear molecular evidence
for enhancer-promoter and enhancer/promoter-TF, and
TF-TF interactions, in mediating enhancer functions and
chromatin loop formation to regulate downstream gene ex-
pression (e.g. GS) in response to changes in environmental
stimuli such as light availability (Fig. 1)).
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