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Abstract

Cis-regulatory elements are regions of noncoding DNA that regulate the transcription of neighboring genes. The study of cis-element ar-
chitecture that functions in transcription regulation are essential. AAAG and ACGT are a class of cis-regulatory elements, known to interact
with Dof and bZIP transcription factors respectively, and are known to regulate the expression of auxin response, gibberellin response, flo-
ral development, light response, seed storage proteins genes, biotic and abiotic stress genes in plants. Analysis of the frequency of occur-
rence of AAAG and ACGT motifs from varying spacer lengths (0-30 base pair) between these 2 motifs in both possible orientations—
AAAG () ACGT and ACGT () AAAG, in the promoters and genome of Arabidopsis thaliana which indicated preferred orientation of
AAAG () ACGT over ACGT () AAAG across the genome and in promoters. Further, microarray analysis revealed the involvement of these
motifs in the genes downregulated under jasmonic acid response in an orientation-independent manner. These results were further con-
firmed by the transient expression studies with promoter-reporter cassettes carrying AAAG and ACGT motifs in both orientations.
Furthermore, cluster analysis on genes with AAAG ) ACGT and ACGT () AAAG motifs orientations revealed clusters of genes to be in-
volved in ABA signaling, transcriptional regulation, DNA binding, and metal ion binding. These findings can be utilized in designing syn-
thetic promoters for the development of stress-tolerant transgenic plants and also provides an insight into the roles of these motifs in tran-
scriptional regulation.
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Introduction

Cis-regulatory elements are short, functional noncoding DNA
sequences, clustered within the promoter region of genes (Wray
et al. 2003). These motifs play a key role in regulating the spatio-
temporal expression of downstream genes at the transcriptional
level. By providing binding sites to the sequence-specific cognate
transcription factors (TFs), they lead to the activation or repres-
sion of the gene (Stormo 2000). The overall binding specificity of
TFs to these short sequences depends upon a variety of factors
including distance from the transcription start site (TSS), inter-
motif distance, spacer sequence, copy number, and orientation
related to the gene. Two motifs that we studied in this present
study are AAAG and ACGT. It has been shown that the Dof bind-
ing proteins bind to AAAG sequences and the flanking sequences
have limited effects (Yanagisawa 2002). However, this is not the
case with ACGT core sequences, wherein flanking sequences

influence the gene expression (Izawa et al. 1993). Dof proteins are
shown to be involved in a multitude of functions. The role
includes stress responses (Kang and Singh 2000; Ma et al. 2015a;
Wang et al. 2017a), light responses (Yanagisawa and Sheen 1998),
response to auxin (Baumann et al. 1999), gibberellins (Washio
2001), tissue-specific expression in endosperms (Vicente-
Carbajosa et al. 1997; Mena et al. 1998), floral development (Rojas-
Gracia et al. 2019). bZIP family of TFs is involved in abscisic acid
(ABA) response (Zong et al. 2016), salicylic acid (SA) response (Li
et al. 2019), auxin (Weiste et al. 2017), anaerobiosis (Sell and Hehl
2004), jasmonic acid (JA) (Liu et al. 2019), and UV responsiveness
(Binkert et al. 2014).

bZIP and Dof interaction has been shown in the promoter of a
seed storage protein gene (Zein) from maize. This promoter con-
tains P-box (Yanagisawa 2000; Mehrotra et al. 2014) a highly
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conserved 7-bp sequence cis-element with TGTAAAG conserved
sequence and OCS element (ACGT) which are binding sites for
Dof (P-box binding factors) and bZIP (O2) TFs, respectively (Chen
et al. 1996). Members of the bHLH family of TFs such as MYC2,
MYC3, and MYC 4 are also known to interact with Dof, These
interactions are crucial for mediating JA transcriptional
responses in Arabidopsis thaliana (Ferndndez-Calvo et al. 2011;
Zhuo et al. 2020). The motivation for this study is to decipher the
interaction between Dof and bZIP TFs if any in stress gene regula-
tion through cis-element binding. In this study, we performed a
genome-wide and a promoter-wide analysis by employing vari-
ous in silico approaches to determine the frequency of occur-
rence and to identify patterns of occurrence of these motifs in
tandem gradually increasing spacers from 0 to 30 base pair (bp),
in both possible orientations-AAAG () ACGT and ACGT () AAAG,
in the genome of model plant A. thaliana. Optimum inter-motif
distance has great importance as promoter activation by ACGT is
differentially regulated by the spacing between the 2 motifs
(Mehrotra and Mehrotra 2010). Furthermore, a TF binding site
(TFBS) analysis was performed to determine the binding sites for
several TFs using ConSite: The functional software (Sandelin et al.
2004). Following this, microarray data analysis was performed us-
ing the genes upregulated/downregulated by hormones (ABA,
auxin, ethylene, gibberellin, JA, and SA), environmental condi-
tions (at baseline growth temperature, disease, drought, low wa-
ter potential, at optimum photosynthetic temperature, salt, 20%
inhibition from optimum photosynthetic temperature, 30% inhi-
bition from optimum photosynthetic temperature) with the view
to uncover the pattern of AAAG and ACGT distribution in the pro-
moter of stress-induced genes (Mehrotra et al. 2013). The data
suggested the involvement of AAAG and ACGT motifs in genes
downregulated during JA responses in either orientation. Further,
transient expression studies have been carried out to confirm the
in silico findings. The gene ontology (GO) and cluster analysis
revealed clusters of genes to be involved in ABA signaling, tran-
scriptional regulation, DNA binding, and metal ion binding. The
data obtained in this study highlights the importance of spacer
lengths and orientation which can be used for designing induc-
ible promoters. It also provides an understanding of the involve-
ment of ACGT and AAAG sequences in the transcriptional
regulation of stress-induced genes.

Materials and methods
DNA sequence retrieval

Genome-wide and promoter analysis was performed in A. thali-
ana genes (27,416) and promoters. For genome-wide analysis, the
DNA sequence for all chromosomes was retrieved from TAIR
(The Arabidopsis Information Resource, version 10; Huala et al.
2001; Lamesch et al. 2012). Further, Python code was used to ex-
tract 1kb upstream promoter region of all genes across 5 chromo-
somes of A. thaliana.

The spacer frequency analysis was aimed at searching for co-
occurring AAAG and ACGT elements of varying length increasing
from 0 to 30bp in the entire genome and 1kb regions of pro-
moters. We calculated the enrichment of these motifs by dividing
frequency with the genomic coverage in genome and promoter
regions respectively from O to 30bp spacer in both orientations.
As it has been hitherto reported that binding of corresponding
TFs to the DNA sequence are usually spaced within 25-30bp, we
restricted our analysis to 30bp spacer distance between AAAG
and ACGT motifs (Mehrotra et al. 2013). The nucleotide sequence
of each spacer between AAAG and ACGT motifs was extracted

and the total number of occurrences for each spacer length was
determined.

Spacer sequence analysis

Further, another Python code was executed on the extracted
sequences to determine the frequency of occurrence of AAAG
and ACGT motifs in tandem, for varying spacer lengths from 0 to
30bp, in both possible orientations, i.e. AAAG (y ACGT and ACGT
oy AAAG. Further, exact nucleotide sequences, for all spacer
lengths from 0 to 30bp of AAAG () ACGT and ACGT () AAAG,
were also determined. Since flanking sites of the core sequence is
essential for binding of TFs so we performed an analysis on flank-
ing sites of the motifs: TAAAG and GACGTC, TGTAAAG and
GACGTC in both the possible orientation. A comparison of core
motifs to a longer motif was done in order to identify whether
flanking sequences are predominating or not. There are many
reports which show that any flanking sites can alter the binding
site of TFs (Guiltinan et al. 1990; Morin et al. 2006). Further, to test
the significance of AAAG () ACGT and ACGT () AAAG sequences,
we used 12 random combinations of the 2 sequence sets: AAGA,
AGAA, GAAA and CATG, GCAT, GTAC, TCAG as controls gener-
ated by shuffling AAAG and ACGT in all possible ways. Using the
PLACE database, we ensured that each of these tetramer sequen-
ces is not conserved cis-element themselves (Higo et al. 1999). By
performing a similar analysis on each control sequence, we com-
pared the frequency of the AAAG () ACGT motif with the corre-
sponding frequency of control sequences for the same N=0-
30bp.

Frequency of occurrence of exact sequences for all spacers 0-
30bp were extracted, and consensus sequences for all spacer
lengths were generated by calculating percentage A, C, G, T con-
tent at each position in all spacers. After calculating the percent-
age content of the 4 nucleotides, thresholds on percentage
content are set for considering a nucleotide at a particular posi-
tion to be conserved. Since the % G/C content of A. thaliana is
about 36% (Mishra et al. 2009), we have taken the thresholds as
25% for G/C and 40% for A/T. If the frequency of G or C was more
than 25% of the GC-content, we assumed that G or C is the pre-
ferred base. Similarly, if A or T had a frequency of occurrence of
more than 40% at that particular position, then A or T is the pre-
ferred base.

Statistical analysis

A paired Student’s t-test was conducted using the standard pro-
tocol to test the statistical significance of the results (McDonald
2014). For this, the frequency of occurrence from 0 to 30bp be-
tween AAAGACGT and ACGT)AAAG were compared with var-
ious combinations of sequences AAGA, AGAA, GAAA, CATG,
GCAT, GTAC, TCAG, and paired student t-test was applied to test
the statistical significance of the sequences.

TFBS analysis

We wanted to decipher the biological significance of the cis-ele-
ments along with its spacer contributing to the high level of ex-
pression at the transcriptional level. For this, TF binding site
analysis was performed using ConSite, a tool used to predict the
TF binding site (TFBS) on regulatory elements (Sandelin et al
2004). Prediction of TF binding sites on highly occurring spacer
sequences between AAAG and ACGT motifs obtained through
our spacer sequence analysis was carried out by prefixing a 139
nucleotide-long minimal promoter sequence (MPS) before those
sequences (Kiran et al. 2006). Generally, MPS is a minimal pro-
moter sequence that is merely required to achieve a basal level of
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gene expression in vivo. Other sequences along with the MPS are
required to achieve a high level of gene expression. The sequence
of MPS is as follows:

TCACTATATATAGGAAGTTCATTTCATTTGGAATGGACACG
TGTTGTCATTTCTCAACAATTACCAACAACAACAAACAACAAA
CAACATTATACAATTACTATTTACAATTACATCTAGATAAACA
ATGGCTTCCTCC. TFBSs present on the highly occurring spacer
sequences between AAAG (0-30bp) ACGT and ACGTg-30 bp)AAAG
motifs and MPS were compared and contrasted to check for
binding suitability for TFs. The cut-off score for binding specif-
icity was set to 80%.

Functional analysis

Microarray data of genes upregulated and downregulated under
various environmental conditions (at baseline growth tempera-
ture, disease, drought, low water potential, at optimum photo-
synthetic temperature, salt, 20% inhibition from optimum
photosynthetic temperature, 30% inhibition from optimum pho-
tosynthetic temperature) or by hormones (ABA, auxin, ethylene,
gibberellin, JA, and SA) were retrieved from EBI expression atlas
(Kapushesky et al. 2010) to analyze whether genes containing
multiple core AAAG and ACGT cis-elements were upregulated or
downregulated during these conditions. By comparing genes reg-
ulated by a condition with genes containing multiple AAAG ()
ACGT and ACGT ) AAAG elements, we calculated the likelihood
of occurrence by the following formula:

Likelihood of occurrence = X/Y for a particular spacer length(N
= 0-30bp)

where X = (AN B)/Band Y =P(A);

A = event that a given gene is regulated (up/down) by a partic-
ular condition B = event that a given gene contains multiple
AAAG-ACGT elements separated by N bps. Further, we calculated
the overall likelihood of occurrence for each condition (for N=0-
30bp). We set the threshold value as > 1.25 for the likelihood of
occurrence for all conditions. This was followed by our previous
work (Mehrotra et al. 2013).

GO and cluster analysis on the basis of functional
characteristics of genes

We intended to perform GO analysis on the genes downregulated
under the JA condition with ACGTAAAG and AAAGuACGT
motifs within their promoters using DAVID (The Database for
Annotation, Visualization and Integrated Discovery, v6.8) tool
(Huang et al. 2009b). We further refined the data by doing func-
tional clustering on the data. The functional annotation cluster-
ing on GO term analysis results was conducted using the DAVID
(Huang et al. 2009a). Each gene was represented using gene set
enrichment analysis (GSEA) to identify GO: biological processes,
molecular functions, and cellular components. For each orienta-
tion of motifs, clusters were created based on the similarity in
functional analysis. Within each cluster, the genes were further
sub-clustered based on the similarity between their category and
term functions. An enrichment score was fetched for each clus-
ter. Since within sub-clusters several genes were repeated, we
took only unique gene identifiers and visualized the clusters.
Similarly, cluster analysis of genes based on spacer sequence
analysis was also conducted. As discussed above, spacer se-
quence analysis was conducted on genes for varying spacer
lengths from 0 to 30bp in both AAAG () ACGT and ACGT ()
AAAG orientations. We further performed multidimensional
clustering on 74 genes downregulating under JA in both

orientations based on their spacer lengths. We found 34 and 33
such genes in AAAG () ACGT and ACGT () AAAG orientations re-
spectively. We also discard the spacers that have 0 occurrences
across all genes making them insignificant for the clustering. We
found 10 and 4 such spacers in AAAG (g ACGT and ACGT g
AAAG orientations, respectively. We used the K-means clustering
algorithm to fit or train our model (Kanungo et al. 2002). Since the
number of K clusters in K-means is user-generated and some-
times can lead to poor clustering if not selected based on the
data. Therefore, we use Silhouette Score (Gat-Viks et al. 2003) to
identify the number of optimal clusters. The silhouette score is a
well-known and commonly practiced metric to identify the value
of K. It uses the concept of mean inter-similarity and mean intra-
cluster similarity and ranges from —1 to 1. It iteratively computes
these distances/similarities for different values of K. The aim is
to increase the intracluster similarity (cohesion) and decrease the
inter-similarity (representing the separation from genes in other
clusters).

Preparation of promoter-reporter cassette

A minimal promoter Pmec sequence containing a TATA-box, a
TSS, and the reporter gene gusA cloned in the plasmid pUC19
was used. A random sequence of 50 nucleotides
(GGATCCGGCTATGGCGGAGCAAGATTCACTCTGCGAGGCCAAAG
CTTACCCCGGAAGGATCC), was cloned at the BamH1 site of
the Pmec. Further, this promoter-reporter cassette was cloned in
the pBluescript SK (*) Phagemid (Stratagene, USA). Upstream of
the 50 random nucleotide sequence, different combinations of
the AAAG and ACGT motifs: AAAGAAAG; N=0, 5, 25bp,
ACGTpACGT; N=0, 5, 25bp, AAAGy, ACGT; N=0, 5, 25bp
ACGTqAAAG; N=0, 5, 25 bp were inserted at the Xbal site
(Supplementary Table 1 and Supplementary Fig. 1). The AAAG/
ACGT-Pmec-gusA cassettes were coated on gold microparticles
and bombarded onto tobacco leaves at 1100 psi, using a biolistic
gun (Bio-Rad PDS-1000/He).

Transient expression studies under JA

To study the expression of the reporter gene gusA using different
minimal promoter cassettes (MPSs) under JA, the bombarded
leaves were kept in the Petri dishes with Hoagland solution sup-
plemented with 50 pM MeJA (methyl jasmonate). After treatment,
the plates were kept in the plant growth chamber at a tempera-
ture of 25°C, 16 h light/8h dark period for 48h. The transient ex-
pression studies using a biolistic system were performed as
described by Mehrotra et al. (2005). In brief, treated leaves were
incubated at 25°C and 16h light/8h dark photoperiod for 48h.
Subsequently, the leaves were immediately frozen, grounded in
liquid nitrogen, and treated with GUS extraction buffer (50 mM
Na,HPO4 pH 7.0, 1mM EDTA, 0.1% v/v Triton X-100, 1.0mM DTT
and 0.1% SLS). The glucuronidase activity was assayed in cell-
free extracts using 4-methyl umbelliferyl glucuronide (Jefferson
et al. 1987). Relative fluorescence of 4-methylumbelliferone (MU)
was determined using the Perkin Elmer Spectrofluorometer with
excitation at 365nm and emission at 455nm. The expression
data were analyzed statistically using a t-test.

Cloning of full-length promoter and introduction
of mutation in ACGT region

We cloned the full-length promoter of PP2C-like gene (Gene id:
AT5G59220) (Supplementary Fig. 2) using the Forward primer (5'-
CGTCTAGAAAGTATTCACGCACCAAGGT-3') and reverse primer
(5'-GCTCTAGAACAAACACACTCCATCAC-3'). The mutated
construct (bold in Supplementary Table 2 and Supplementary
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Fig. 2) of it was cloned using site-directed primer: 5'-
CCGGATCCATGAAAGTGATGACC' TAATTAGTTGTATTTATAG-3'.
We carried out transient expression studies using the GUS as a
reporter gene for the full-length promoter of the gene AT5G59220
and its mutated version where ACGT was mutated.

Results

AAAG () ACGT orientation is preferred over ACGT
o) AAAG orientation

We performed an analysis of promoters from A. thaliana to deter-
mine the frequency of occurrence of AAAG and ACGT motifs in
tandem with varying spacer lengths from O to 30bp between
them. Results indicated preferred orientation of AAAG (v — o-30bp)
ACGT over ACGT (y — o-30bp) AAAG orientation (Fig. 1a). However,
we also got similar results when the analysis was performed
across the genome of A. thaliana (Fig. 1b).

Enrichment of AAAG and ACGT motifs in
promoters of A. thaliana

We found an average enrichment of 2 folds for most of the spacer
length from 0 to 30bp. We calculated the normalized frequency
using the following formula :

(a) [ ——AAAG_ACGT—— ACGT_AAAG]

1000 —

400 o

Frequency of occurrence

200 4

T
o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Spacer distance (bp)

_ Frequency of occurrence of the motif AAAG — ACGT or ACGT — AAAG (from 0 to 30 bp)
B Size of the genome

On normalizing the frequency of occurrence to the genome
coverage we found an enrichment of around 2 folds in the pro-
moter regions in AAAG-ACGT (range: 1.7-2.0) and ACGT-AAAG
orientation (range: 1.5-2.0) (Fig. 1c).A Student t-test was con-
ducted to test the significance of the results which showed that
frequencies of occurrences are statistically significant (P-val-
ue <0.001, t=4.832). At all spacer lengths, except N=1, the fre-
quency of occurrence of AAAGq)ACGT orientation is more than
ACGTAAAG orientation. Moreover, it can be interpreted from
Fig. 1a that at certain spacer lengths, there is a very high degree
of correlation between the occurrence of common peaks and
dips. Common peaks and dips were observed from spacer lengths
6-11, showing a good correlation between 2 orientations (Pearson
correlation coefficient of 0.51). A paired student t-test was also
performed between 2 spacer sequences from 6 to 11 which also
showed the difference was significant (P-value=0.0012). Apart
from spacer lengths 6-11, common peaks were observed at
N =15 and 24, and a common dip was observed at N =25. For the
orientation AAAG () ACGT, the highest frequency of occurrence
was at spacer lengths of N=6, 10, and lowest for N=1. Similarly,
for ACGT () AAAG orientation, the highest frequency of occur-
rence was observed at a spacer length of N=10, and lowest at
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Fig. 1. a) Frequency of occurrence of AAAG (o_3obp) ACGT and ACGT (p_sobp) AAAG motifs in tandem with varying spacer lengths in the promoters of A.
thaliana. Arrows exhibit common peaks and dips. b) Comparison of frequency of occurrence of AAAG (g_3obp) ACGT and ACGT (p_30bp)AAAG In the
genome and promoter regions of A. thaliana. c) Normalized frequency of occurrence of AAAG (o-30bp) ACGT and ACGT (o_30bp) AAAG in the genome and
promoter regions of A. thaliana showing the enrichment of motifs in promoters.
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N=0 (Fig. 1a). Student 2-tailed t-test indicated the difference be-
tween the 2 orientations AAAG () ACGT, ACGT () AAAG was
highly significant. The t-value at 30 df for the test samples was
3.73 while the t critical is 2.04. We also did analysis using flanking
sites of AAAG and ACGT motifs with the following sequences
TAAAGGACGTC and GACGTCTAAAG which revealed signifi-
cant peaks (spacer = 2, 8, 10, 13, 15, 17, 21, 24, 29)
(Supplementary Fig. 3). The higher frequencies at various spacer
lengths indicate the importance of these spacers in the binding of
TFs to these sites which we confirmed through TFBS analysis on
24 spacer lengths.

Low preference for AAAG and ACGT motifs in
tandem as compared to other random motifs in
tandem

Spacer sequence analysis and frequency of occurrence analysis
were also conducted for some control motifs in tandem. Control
motifs selected were AAGA, AGAA, and GAAA for AAAG gener-
ated by shuffling AAAG sequence in all possible ways likewise
ACGT was shuffled to generate: CATG, GCAT, GTAC, and TCAG.
It was ensured that control motifs are themselves not cis-regula-
tory elements and are completely random 4-nucleotide long
sequences. The following charts (Fig. 2, a and b) show a compari-
son of frequencies of occurrence for AAAG and ACGT motifs in
both orientations with control motifs from spacer lengths 0 to
30bp. AAAG (v ACGT (Fig. 2a) and ACGT () AAAG (Fig. 2b) both
occur moderately less number of times as compared to control
motifs, thereby, showing a limited preference for AAAG and
ACGT motifs in tandem. Through paired student t-test we found
statistically significant differences in these 2 orientations and
among the control sequences only these AAAG () GCAT, TCAG
o AGAA, are not statistically significant.

“A” is the most conserved nucleotide in spacer
sequences

The spacer sequences were obtained for all 0-30 spacer lengths
for both orientations. Further, consensus sequences, based on
threshold conditions for percentage A, T, G, C content (Mishra
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et al. 2009) were drawn for all spacer lengths for both possible ori-
entations. It was observed that nucleotide “A” occurred the most
number of times; highlighting the fact that “A” is the most con-
served nucleotide in the consensus spacer sequences. In the ori-
entation AAAGqACGT, “A” nucleotide occurred at the first
position in 14 spacer sequences (out of a possible 30), the third
position in 4 spacer sequences, and at a few other positions in
several other sequences. Whereas, the second most occurring nu-
cleotide in consensus spacer sequences was “G” (Table 1). In the
orientation ACGTnAAAG, nucleotide “G” occurred at the first po-
sition in a total of 5 spacer sequences: 1, 3, 6, 25, 27, while, nucle-
otide “A” occurred the most at 6 places, and nucleotide “T” at 1
instance (Table 2).

A 24-bp spacer sequence
TTGGGCTTTCAAAATTGTTAACTC between AAAG
and ACGT has the maximum number of TF
binding sites

TF binding sites on highly occurring spacer sequences, along with
MPS were determined using ConSite software as described in the
Materials and Methods section. 139-nucleotide long MPS was ob-
served to have only 27 plant-specific TF binding sites for 9 TFs:

Agamous-like MADS-box protein (AGL3) -2, A. thaliana
homeobox-leucine zipper protein (Athb-1)-2, A. thaliana
homeobox-leucine zipper protein (Athb)-5-2, and DOF3-1,

Gibberellin- and abscisic acid-regulated MYB (GAMYB)-5, High
mobility group box 1 protein (HMG-1)-6, HMG-1/Y-6, Avian mye-
loblastosis virus MYB TF from Petunia hybrida (MYB.ph3)-1, and
SQUAMOSA (SQUA)-2.

A 24-nucleotide long spacer sequence between AAAG and
ACGT-AAAGTTGGGCTTTCAAAATTGTTAACTCACGT, was
reported to have 43 TF binding sites, a total of 16 additional sites
than MPS: Athb-1-1, DOF2-2, DOF3-4, HMG-1-1, and 2 each of
Maize nuclear factor binding protein 1A (MNB1A), MYB.ph3,
Prolamine-box binding factor (PBF), and SQUA. In the other orien-
tation, a 14-nucleotide long spacer sequence,
ACGTGGATGCTATTAT TAAAAG, was reported to have the maxi-
mum number of TF binding sites at 39 sites, a total of 12 more
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Fig. 2. Comparison of frequency of occurrences of AAAG and ACGT motifs to random 4 bp control sequences. a) Comparison of frequency of
occurrences of AAAG () ACGT to random 4 bp control sequences. Frequency of occurrence of AAAGACGT and several control motifs shows limited
preference for AAAG)ACGT motif as compared to random motifs. Red dots exhibit AAAG () ACGT while black dots represent various control
sequences. b) Comparison of frequency of occurrences of ACGT () AAAG to random 4 bp control sequences. Frequency of occurrence of ACGT n)AAAG
and several control motifs shows limited preference for ACGT ) AAAG motif as compared to random motifs. Red dots exhibit ACGT oAAAG, while black

dots represent various control sequences.
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Table 1. Conserved sites in consensus spacer sequences for the orientation AAAG () ACGT.

Spacer length Position in consensus spacer sequence

®p) 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1 N

2 G/C N

3 G N N

4 G N N N

5 N N G N C

6 N N N N N N

7 N N N A NN N

8 A NN NNN N N

9 A N NNNNNN N

10 A N NNNNNN A N

11 A N A NANNNNN N

12 N N NNNNNNNN N N

13 A N NNNNNNNN N N N

14 A N ANANNNNNNN N N

15 A N NNNNNNNNN N N N N

16 N N ANNNANNNNNN N N N

17 N N NNNANNNNNNNN N N N

18 A NNDNNANNNNNNNN N N N N

19 A N NNNNNNNNNNNNNNN N N

20 A NNDNNNNNNNNNNNNNNN N N

21 N NNANNNNNNNNNNNNNNN N N

22 N NNANNNNNNNNNNNNNNNN N N

23 N NNNNANNNNNNNNNNNNNNN N N

24 A N NNNNNNNNNNNNNNNNNNNN N N

25 N N NNNNNNNNNNNNNNNNNNNNN N N

26 N N NNNNNNNNNNNNNNNNNNNNNN N N

27 A N NNNNNNNNNNNNNNNNNNNNNNNN N
28 N NNDNNNNNNNNNNNNNNNNNNNNNNN N N
29 N NANNNDNNNNNNNNNNNNNNNNNNNA AN AN
30 A NANNNNNNNNNNNNNNNNNNNNNNNNN N N

Nucleotides A and T are marked in bold, while nucleotides G and C are marked in bold italics.

than MPS-1 sites of SQUA, and 1 site each for AGL3, Athb-1, Athb-
5, bZIP 910, DOF2, DOF3, MNB1A, MYB.ph3, and PBF. Many other
sequences between spacer 2, 3, 4, 5, 6, 7, 10, 21, 23, 24, 29, 30 in
AAAG)ACGT orientation while 0, 1, 2, 10, 14, 16, 17, 19, 26, 27, 29
in ACGTq)AAAG orientation had more number of TF binding
sites than MPS (Supplementary data sheet 1). Spacer 3, 4, 5, 7, 23,
24, 29 in AAAG () ACGT orientation and spacer 0, 1, 10, 14, 16, 19,
26, 27, 29 had statistically significance than other sequences
(Supplementary data sheet 1). This means that along with the
distance between binding motifs there has been a selection for
the sequence of the spacer in transcriptional regulation. We per-
formed a similar TFBS analysis on Glycine max and found these
TFs binding: AGL3, Athb-1, Athb-5, bZIP 910, bZIP 910, DOF2,
DOF3, MNB1A, MYB.ph3, PBF, SQUA, Agamous, AGL3, GAMYB,
HMG-IY, HMG-1, suggesting that the process of transcription reg-
ulation has essentially being conserved in eukaryotes
(Supplementary data sheet 1).

JA response is mediated by AAAG and ACGT
repeat elements preferentially in an orientation
independent manner

We identified the genes upregulated, downregulated by specific
environmental conditions, or by hormones containing an up-
stream AAAG () ACGT and ACGT () AAAG elements. By compar-
ing genes regulated by a condition with genes containing
multiple ACGT ) AAAG and AAAG () ACGT elements, we calcu-
lated the likelihood of occurrence for each condition
(Supplementary data sheets S2 and S3). We calculated the overall
likelihood of occurrence for each condition, with a likelihood of 1
being that of random chance. Accordingly, conditions greater

than 1.25 or above were selected. Results unveil that likelihood of
occurrence value for AAAGACGT and ACGTqAAAG motif in
promoters downregulated in response to JA is 1.29 and 1.35, re-
spectively (Fig. 3, a and b). This points out that AAAG () ACGT
and ACGT (n) AAAG being high in occurrence might play a crucial
role in the promoters of genes downregulated during the JA re-
sponse in both the orientation as their values are above the
threshold by a significant margin. These observations suggest
that AAAG and ACGT motifs are involved in the regulation of
genes participating in abiotic and biotic stress conditions inde-
pendent of their orientation. It was observed that the value of the
likelihood of occurrence of none of the other conditions displayed
any significant deviation.

GO analysis reveals the presence of AAAG and
ACGT in genes involved in ABA signaling, metal-
ion binding, and transcription regulation

GO term analysis revealed that among 34 genes with
AAAGaACGT orientation, 33 overlapping genes (97.1%) were of
cellular components, 28 overlapping genes (82.4%) were found to
be involved in biological processes and 24 overlapping genes
(70.6%) were associated with molecular function in the cell. In
the case of 33 genes with ACGT)AAAG orientation, all 33 genes
(100%) were represented in cellular component, 24 overlapping
genes (72.7%) were found to be associated with biological pro-
cesses and 22 overlapping genes (66.7%) were found to be in-
volved with molecular functions. We further refined the data by
doing functional clustering on the data. Figure 4 represents 4
clusters for ACGT (ny AAAG orientation. Terms attributed to ABA
signaling, transcription regulation, extracellular region, and
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Table 2. Conserved sites in consensus spacer sequences for the orientation ACGT\AAAG.

Spacer length (bp)

Position in consensus spacer sequence
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Most conserved nucleotides A and T are marked in bold, while most conserved nucleotides G and C are marked in bold italics.

(@)

Conditions

00 02 0.4 06 0.8 10 L2
Likelihood of occurrence

(b)

Conditions

0.0 0.2 04 0.6 0.8 10 12 14

Likelihood of occurrence

Fig. 3. AAAG and ACGT containing promoters and their regulation under specific conditions. Using microarray-based expression data in A. thaliana, an
analysis of promoters upregulated/downregulated/up-down regulated under 14 different conditions: environmental conditions (at baseline growth
temperature, disease, drought, low water potential, at optimum photosynthetic temperature, salt, 20% inhibition from optimum photosynthetic
temperature, 30% inhibition from optimum photosynthetic temperature) and hormones (ABA, auxin, ethylene, gibberellin, JA, SA) revealed
downregulation of AAAG)ACGT containing promoters by JA. a) AAAG () ACGT containing promoters and their regulation under specific conditions
showing downregulation in response to JA. b) ACGT (v AAAG containing promoters and their regulation under specific conditions showing

downregulation in response to JA.

metal-ion binding were highly represented in the genes downre-
gulated under JA with the ACGT-AAAG orientation with statisti-
cal significance. This reveals that all clusters are balanced since
they have evenly distributed genes. The graph illustrates the re-
spective gene in the clusters. Furthermore, each cluster was

assessed using an Enrichment score (Huang et al. 2009a)
(Supplementary Table 3). Overlapping gene ids among all clusters
are shown in a 4-set Venn diagram (Supplementary Fig. 4). The
cluster diagram shows 2 common genes (AT2G38390,
AT4G19230) among clusters C1, C3, and C4, 3 common genes
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Fig. 4. Cluster representation of JA downregulated genes with ACGT () AAAG orientation based on functional characteristics. Cluster 1 represents
genes involved with ABA signaling, cluster 2: TF activity, cluster 3: extracellular region, cluster 4: metal-ion binding.

AT5G57050, AT5G01270, AT3G11410 between cluster 2 and 4 and
Cl and C3 have 6 common genes AT2G38390, AT5G22460,
AT4G19230, AT4G14010, AT4G27520, ATS5G59845, AT2G38530,
AT1G07720 while C2 and C4 have a total 6 and 2 unique genes re-
spectively.

Figure 5 represents the cluster diagram for the genes downre-
gulated under JA with AAAG () ACGT orientation. As the figure
reveals, in AAAG () ACGT orientation, out of 35 genes, no genes
were identified as outliers and all of them were clustered into 6
groups. While clusters C1, C2, C3, and C4 are well-balanced (rela-
tively evenly distributed), clusters C5 and C6 are significantly im-
balanced consisting of 3 and 4 genes, respectively. In both the
orientations of AAAG and ACGT [AAAGACGT and
ACGT)AAAG], only 1 cluster was found to be significant with an
enrichment score >2 (Supplementary Tables 3 and 4). This hap-
pened due to the overlapping properties among genes resulting in
a soft clustering. A 6-set Venn diagram of the overlapping genes
within clusters represents that every cluster has at least one
overlapping gene with other clusters (Supplementary Fig. 5).
However, no common gene has been found out among all the

clusters. Cluster pairs of (C1, C2) have a total of 6 overlapping
genes (AT5G01270, AT3G11410, AT5G59220, AT1G18100,
AT5G57050, and AT5G52300) among which ATS5G01270,
AT5G59220 are also present in C4. In cluster pairs of C2, C3 there
are 2 genes in common: AT2G38390, AT2G38530. Furthermore,
other than the cluster triplets of (C1, C2, and C4) which have 2
genes in common (i.e. AT5G01270 and AT5G59220), no other trip-
lets or larger intersection sets have a common gene. In both ori-
entations, some genes were identified with O The individual
clusters C1, C2, C3, C4, C5, and C6 have 1, 3, 3, 5, 1, and 0 unique
genes.

A larger Silhouette value indicates that clusters are signifi-
cant. Silhouette score elbow curve for AAAG () ACGT and ACGT
o AAAG orientations are shown in Supplementary Figs. 6 and 7
respectively. The optimal value of K for genes in AAAG () ACGT
orientation is 5 (Supplementary Fig. 6). Even though K=7, 8, and
9, have higher Silhouette scores than K=5 but those are bad
picks for the optimal value of K due to wide fluctuation in the
score. The fit time represents the time taken (in seconds) to fit
the unsupervised model on the given data. Figure 6 shows the
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Fig. 5. Cluster representation of JA downregulated genes with AAAG () ACGT orientation based on function characteristics. Cluster 1 represents genes
involved with ABA signaling; cluster 2: extracellular region; 3: transcription regulation; cluster 4: metal-ion binding; cluster 5: DNA binding; cluster 6:

integral component of membrane.

cluster representation of JA genes downregulated in AAAG
ACGT orientation. Among 34 genes: 18, 4, 3, 5, and 5 genes were
grouped in clusters 0, 1, 2, 3, and 4 respectively with a mean
Silhouette score of 0.242. Figure 6 reveals that there are no outlier
genes with any similarity from other genes. Each cluster has a
minimum of 3 genes. Furthermore, except for cluster 0, all
remaining clusters are well-shaped and equally distributed.

We found 7 optimal clusters in ACGT (; AAAG orientation
(Supplementary Fig. 7). The Silhouette score is small due to the
small number of resultant genes and sparse data with respect to
27 spacer values. The time graph shows that the algorithm took
minimum time to fit the model for K=7. Figure 7 shows the clus-
ter representation of genes with respect to ACGT () AAAG orien-
tation. The graph reveals that the clusters C1 and C3 have only

one gene (AT3G11410 and AT4G21440, respectively) making them
an outlier. AT3G11410 has occurrences on a total of 5 spacers, i.e.
14, 16, 18, 20, and 22 whereas; AT4G21440 has occurrences on 13
and 22 spacer values. The graph reveals that cluster 0 has a max-
imum number of genes (18) having similar behavior evident for
higher values of spacers. Similar to AAAGACGT orientation, 3
clusters are well-shaped and equally distributed identifying one
gene as an outlier and the remaining genes as highly similar
forming a dense cluster.

In order to gain insight into the regulatory functions of spacer
sequences (0-30bp) between the motifs, we identified the loca-
tion of AAAG and ACGT motifs in both the orientation: AAAG (y —
0-30) ACGT (Supplementary Table 5) and ACGT ( — o-30) AAAG
(Supplementary Table 6) respectively on the promoters of the
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Fig. 6. Scatter plot illustrating clustering of genes downregulated under JA response with AAAG () ACGT orientation.

genes downregulated under JA response followed by their catego-
rization according to the spacer lengths. For AAAG-ACGT orienta-
tion, 4 genes each were identified for the spacer 7 and 10. Group
of the genes at spacer 7, are majorly cellular components. At
spacer 10, 3 out of 4 genes are involved in the biological process
with enriched term metabolic process.

For ACGT-AAAG orientation, we also got the highest frequency
of occurrences ie. 4 at the spacer length 20, 22, 23. GO term
analysis reveals that these 4 genes at spacer length 20 are cellular
components, enriched with the term metal-ion binding. Genes at
spacer 22 are involved in biological processes, enriched with the
term responses to osmotic stress. All 4 genes at spacer 23 are cel-
lular components, enriched with the term nucleus.

Transient expression analysis of AAAG and ACGT
reporter cassette

The expression of the gusA gene in tobacco leaves bombarded
with promoter-reporter cassette carrying a single AAAG and
ACGT motif, in tandem and separated by a spacer of 5 and 25
nucleotides under JA was analyzed. The expression of the re-
porter gene driven by AAAG with ACGT motif separated by 5 and
25 nucleotides in both orientations was also studied. The leaves
bombarded with a 50 + Pmec reporter cassette without any AAAG
or ACGT motif were regarded as a control.

The data (as shown in Table 3) clearly shows a gradual in-
crease in the reporter gene expression, expressed under the effect
of a minimal promoter (50 + Pmec) carrying AAAG or ACGT acti-
vator motif as a single copy or 2, in tandem separated by a spacer
length of 5, 25 in uninduced conditions. Under JA conditions, the
constructs carrying (AAAG) (ACGT) in tandem or separated by a
spacer length of 5, 25 decreased the reporter gene expression by
2.58, 2.82, 3.05 folds respectively. A similar trend of reduction
was also observed for (ACGT) (AAAG) with the increasing spacer
length of 0, 5, 25bp by 2.34, 3.02, 3.48 folds, respectively, as com-
pared to the control construct.

GUS activity of the protein phosphatase 2C
(PP2C)-like promoter (AT5G59220) under JA
response in tobacco leaves

Fluorometric assay was performed for the measurement of GUS
activity. The expression of GUS in the full-length PP2C-like pro-
moter (AT5G59220) was found to be high in uninduced conditions
while in response to MeJA, approximately ~6.5-fold decrease
in GUS expression was observed (4048 = 286) (Table 4). However,
in the mutated construct, the readings are comparable in both
the uninduced (18,000 = 768) and induced (16,072 +207) condi-
tion revealing a similar yet not significant expression.
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Fig. 7. Scatter plot illustrating clustering of genes downregulated under JA response with ACGT () AAAG orientation.

Table 3. Transient expression data showing promoter constructs carrying AAAG and ACGT motifs.

C6

S.No. Promoter cassette Uninduced (pmoles/min/mg Fold activity as JA (pmoles/min/mg
protein *+ SD) compared to protein * SD)
50 + Pmec

Fold

induction

P-value

50 + Pmec 1,797 = 26.8 1 1,805 + 140
(ACGT) + 50+ Pmec 2,683 =107 1.49 2,988 +122
(AAAG) + 50 + Pmec 2,530 = 95 1.40 3,013 =89

( 2+ 50+ Pmec 3,208+ 130 1.78 8,280+ 137.2
( 5+ 50+ Pmec 2,980 = 99.8 1.65 7,623 +182
(ACGT)(AAAG) + 50+ Pmec 4282 +102 238 1,829 + 112
(
(
(
(
(

ACGT)ns (AAAG) + 50 + Pmec 5,999 = 180.22 333 1,983 + 169
x5 (ACGT) + 50 4 Pmec 5,860 = 129 3.26 2,072 +113
ACGT)nps (AAAG) + 50+ Pmec 6,300 = 228 3550 1,807 + 89

AAAG)xs (ACGT) + 50 + Pmec 5,900 = 193 3.28 1,930 + 118

)
)
AAAG)(ACGT) + 50 + Pmec 4,462 +119 248 1,726 =112
)
)

R 2 O00NOUTd WN -

0
1

1.00
111
1.19
2.58
2.55
0.42
0.38
0.33
0.35
0.28
0.32

P=0.477
P=0.11
P=0.06

P =0.0008"
P=0.01%
P=0.013?
P=0.0134%
P=0.0132
P=0.010%
P=0.0122
P=0.0122

2 Indicates P-value < 0.05 and Pindicates P-value < 0.001.

Table 4. Transient expression data of the promoter-reporter constructs.

S. No. Promoter cassette Uninduced (pmoles/min/mg protein + SD) JA (pmoles/min/mg protein * SD)

Fold reduction

P-value

1 Full-length promoter 26,000 = 1038 4,048 + 286
2 Mutated construct 18,000 + 768 16,072 + 207

6.4
5.85

0.001%
0.07

@ Indicates P-value < 0.001.
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Discussion

Cis-regulatory elements, AAAG and ACGT are known to play a vi-
tal role in regulating several processes including floral develop-
ment (Rojas-Gracia et al. 2019), gibberellin response (Washio
2001), light response (Yanagisawa and Sheen 1998), tissue-
specific expression (Vicente-Carbajosa et al. 1997), biotic and abi-
otic stress responses (Le Hir and Bellini 2013; Mehrotra et al. 2013;
Ma et al. 2015; Wang et al. 2017). Previously we have done analysis
on ACGT (Mehrotra et al. 2013) and AAAG (Mehrotra et al. 2014)
cis-elements separately. In this present analysis, we have taken
both the elements together with an attempt to decipher their in-
teraction if any in stress response as these 2 cis-regulatory ele-
ments are known to interact with each other synergistically to
regulate the expression of certain genes in specific stress condi-
tions and also in the expression of seed storage protein genes
(Singh 1998). Analyses performed on the extracted data revealed
AAAG () ACGT as the preferred orientation of these motifs for TF
binding. An interesting observation was that the spacer lengths 6
and 10 occur at a maximum frequency in AAAGACGT orienta-
tion, while spacer length 10 also occurs maximally in
ACGTAAAG orientation. These sequences occur more than the
other spacer sequences suggests that these lengths might serve
as optimal lengths for TF binding (Kim and Maniatis 1997) also
observed from TF binding site analysis (Supplementary data
sheet 1). This indicates that along with the distance between
motifs there has been a selection for the sequence of the spacer
in transcriptional regulation. Further, 2 orientations show a cor-
relation in peaks and dips for certain consecutive spacer lengths,
as mentioned above, also point to the reversibility of TF binding
or coevolution because of the high synergistic functionality of the
2 motifs (Yamamoto et al. 2006). Also, a probable reason for the
dips could be that certain lengths might cause steric hindrance in
the binding of TFs explaining the reason for the lower preference
for certain specific sequences despite an optimal length
(Yamamoto et al. 2006; Spitz and Furlong 2012). We found 1.5-2.0
folds enrichment of AAAG and ACGT motifs in promoters of A.
thaliana as compared to its genome. On comparing the occurrence
of 2 motifs—AAAG and ACGT in tandem with the other control
sequences in the promoter region, it was revealed that these 2
motifs in tandem are less preferred than most of the control
cases (Supplementary data sheet 1). From spacer sequence
analysis, consensus sequences were drawn for each spacer
length in both possible orientations. Consensus sequences
showed a high degree of conservation of nucleotide “A.” In addi-
tion to this, “A” also occurred at the first position in 14 spacer
sequences in the orientation AAAG () ACGT. Also, “A” was found
at the last position in the spacer sequence in 4 spacer lengths.
These observations are in synchronization with the other infer-
ences as AAAGA and AAAAG act as binding sites for several Dof
family of TFs (Lijavetzky et al. 2003). Further, it was revealed that
nucleotide “G” is preferred at the first position in 4 spacer sequen-
ces in the orientation ACGT () AAAG.

Microarray analysis was carried out to determine the function
of these motifs in upregulated or downregulated genes under en-
vironmental conditions and in response to phytohormones. Since
AAAG and ACGT motifs are enriched in the genes getting downre-
gulated in response to JA it could be deduced that these motifs
are involved in the downregulation of genes taking part in JA
responses in an orientation independent manner. The data sug-
gest that the binding of the repressor seems to be distance-
dependent rather than sequence-dependent so as to bring down-
regulation under JA response in an orientation-independent

manner (Teif and Rippe 2011). GO analysis followed by cluster
analysis revealed that the genes downregulated under JA condi-
tions with AAAG and ACGT motifs in both the orientations are as-
sociated mainly with biological functions (ABA signaling,
transcriptional regulation) cellular component (extracellular re-
gion) and molecular functions (metal-ion binding).

Cluster analysis on genes downregulated under JA with AAAG )
ACGT and ACGT() AAAG motifs were conducted for all spacer
lengths. In ACGT ) AAAG orientation, cluster O has the maximum
number of genes. These genes are mostly present on one spacer
only. For example, AT5G22460, AT3G45530, AT5G01270,
AT2G38390, AT4G19230, AT1G18100, AT4G14010, AT1G18900,
AT4G13190, AT1G16500, AT5G59845, ATSG06760, AT2G30550, and
AT4G32020 are present only on 7, 30, 2, 25, 27, 24, 12, 18, 4, 10, 26,
22, 21, and 11 respectively. Cluster 0 also has 4 genes (AT5G57050,
AT5G25270, AT3G55120, and AT1G68450) which are present in
more than 1 spacer but have similar spacers as other genes in their
cluster. Surprisingly, there is no cluster that has genes all present
on only 1 spacer length. We found an interesting insight that all the
IDs present in cluster 2 (AT3G25620, AT3G25710, and AT4G02380)
are present on spacer lengths 9 and 29 with 1 overlapping gene.
AT3G11410 and AT4G21440 are identified as outliers in clusters 1
and 3 since these are the only genes with unique behavior.
AT3G11410 appears on 5 spacer lengths while AT4G21440 appears
twice on 1 spacer itself. In AAAG () ACGT orientation, cluster 1 has
the maximum number of genes grouped together ie. 18. All the
genes are present on at least 1 spacer while only 2 IDs are present
on 2 spacers i.e. AT3G60080 (spacer 3 and 19), AT3G55120 (spacer 3
and 18). In cluster 2, all genes (AT1G18100, AT3G25620, and
AT2G24740) are present on exactly 1 spacer length, i.e. 15 and do
not appear anywhere else. In cluster 4, all the genes except
AT1G20640 are present on 2 spacers and share a common spacer
too. For example, while AT1G67340, AT3G03170, AT1G20640 are
present on spacer length 2, AT3G03170 if further present with
ATS5G52300 and AT2G38530 at spacer 28. Except for AT5G57050
AT4G34860, all IDs in cluster 3: AT3G11410, AT1G10370,
AT3G45530, AT1G18900 are present on spacer 7 while AT5G57050is
present on spacer 29 and 30. Similarly, except AT4G34860, all gene
ids in cluster 1: AT2G38390, AT5G06760, AT2G30550 are present at
10 spacers while AT4G34860 is also present at spacer 20. This analy-
sis reveals that most of the genes in the clusters belong to a particu-
lar spacer length suggesting the importance of spacer length
between AAAG and ACGT in the promoters of the genes involved in
the biological processes in plants or function as cellular compo-
nents.

The transient expression studies strengthened our in silico
findings that the AAAG and ACGT motifs downregulate the gene
expression under JA responses irrespective of their orientation.
The data further suggests that the AAAG and ACGT motifs
might be acting as a negative regulator leading to reduced
reporter gene expression in response to JA in (AAAG)ns(ACGT),
(AAAG)25(ACGT), (ACGT)ns(AAAG), (ACGT)ns(AAAG) constructs.
Our transient expression studies on full-length PP2C- like pro-
moter and its mutated version indicate that the region between
AAAG (TGATG) ACGT of this promoter is responsible for downre-
gulation under JA treatment. As the expression of any gene,
largely relies upon the cis-regulatory elements arranged within
the promoter regions, so in order to modulate the expression of
the transgene, the role of AAAG and ACGT motifs as the negative
regulator in JA responses could be taken into consideration in the
designing of synthetic promoters. The results of this study can
assist in the promoter designing, as spacer lengths and specific
sequences between AAAG and ACGT motifs for binding are
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required for triggering a stress response (Mehrotra et al. 2017).
Conservation of spacer lengths of sequences between motifs and
their copy number is vital for promoter designing (Mehrotra et al.
2011, 2017; Dhatterwal et al. 2019).

Conclusion

This study was aimed at analyzing patterns of ACGT and AAAG
cis-regulatory elements in the A. thaliana genome. We established
preferences for specific orientation, specific spacer lengths, and
specific conserved nucleotides in the promoter region for the
above-mentioned 2 motifs in tandem. Further, the interplay of
these 2 motifs was observed to have an effect on downregulation
of genes under JA responses in an orientation-independent man-
ner. This information would be crucial for designing stress-
inducible synthetic promoters for the development of highly pro-
ductive and stress-resistant transgenic crops.
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