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Abstract

Background Identification of the motifs bound by a transcription factor (TF) is important to reveal the function of TF.
Previously, we built a transcription factor centered yeast one hybrid (TF-Centered Y1H) that could identify the motifs
bound by a target TF. However, that method was difficult to comprehensively identify all the motifs bound by a TF.

Results Here, we build an improved TF-Centered Y1H to comprehensively determine the motifs bound by a target
TF. Recombination-mediated cloning in yeast was performed to construct a saturated prey library that contains 7
random base insertions. After TF-Centered Y1H screening, all the positive clones were pooled together to isolate
pHIS2 vector. The insertion regions of pHIS2 were PCR amplified and the PCR product was subjected to high-
throughput sequencing. The insertion sequences were then retrieved and analyzed using MEME program to identify
the potential motifs bound by the TF. Using this technology, we studied the motifs bound by an ethylene-responsive
factor (BpERF2) from birch. In total, 22 conserved motifs were identified, and most of them are novel cis-acting
elements. Both the yeast one hybrid and electrophoretic mobility shift assay verified that the obtained motifs could
be bound by BpERF2. In addition, chromatin immunoprecipitation (ChIP) study further suggested that the identified
motifs can be bound by BpERF2 in cells of birch. These results together suggested that this technology is reliable and
has biological significance.

Conclusion This method will have wide application in DNA-protein interaction studies.
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Background

The interaction between a protein and DNA plays an
essential role in many molecular and cellular processes,
such as transcriptional regulation, transcription, DNA
modifications, chromosome segregation at mitosis, DNA
replication and repair, cell cycle progression, chromo-
somal stability, and epigenetic silencing [1]. This interac-
tion also plays a key role in gene expression regulation.
Transcription factors (TFs) bind to motifs in the pro-
moters of genes to activate or silence them. Therefore,
the identification and characterization of TFs and their
interacting cis-acting regulatory elements are essential to
understand gene expression regulation [2, 3].

To date, several methods to identify the interactions
between DNA and TFs have been developed. These
methods can be classified into two complementary
approaches. One is the protein-to-DNA (TF-centered)
approach, which uses a TF of interest to determine the
DNA targets that it binds. The TF-centered approach
includes the methods such as chromatin immunopre-
cipitation (ChIP), systematic evolution of ligands by
exponential enrichment (SELEX), and the DNA adenine
methyltransferase identification (DamlID) [4, 5]. The
other is the DNA-to-protein (Gene-centered) approach,
which uses one or more regulatory DNA elements of
interest and determines which TFs can bind to them.
Among the gene-centered approach methods, Yeast one
hybrid (Y1H) is an important technology to identify
protein-DNA interactions. It has become an important
technique to detect physical interactions between the
regulatory DNA elements and TFs.

The classical Y1H system has two components. One
component is a reporter construct harboring the DNA
sequence of interest cloned upstream of a reporter gene
that can be detected; the DNA of interest is called the
“bait” The other component is an effector construct that
contains a fusion between a yeast transcription activa-
tion domain (AD) and a TF of interest, and the TF is usu-
ally called the “prey”. Both bait and prey components are
introduced into a suitable yeast strain, and the AD will
induce reporter protein expression when the TF can bind
to the DNA of interest [6].

However, the classical Y1H method can only determine
the TFs that bind to the DNA sequence of interest, and
cannot screen the motifs bound by a TF of interest. Pre-
viously, we built a TF-centered yeast one hybrid system
(TF-Centered Y1H) that also contains two components,
the prey constructs harboring a random DNA insertion
library, and the bait construct comprising a cloned TF of
interest [7]. This method can determine the motifs bound
by a target TE. However, it suffered from a disadvantage
of low efficiency in determining the motifs, and thus the
positive clones have to be sequenced one-by-one using
Sanger sequencing technology. In addition, TF-Centered
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Y1H cannot identify the frequency of different bases at
certain position of motif, as in ChIP-Seq. Therefore, it
is difficult to screen the motifs of a TF comprehensively
using this method.

In the present study, we first constructed a high-quality
prey library, and then combined this method with high-
throughput sequencing technology to screen the motifs
bound by a TF of interest. We found that this method
could identify the motifs that bind a TF efficiently, and
could be used to determine the frequency of different
bases at certain position of motif. Therefore, this method
will have a wide application in the complete determina-
tion of the motifs that are bound by a TF.

Results

The principle and procedure of the improved TF-Centered
Y1H

The classic YIH using a DNA sequence cloned into
pHIS2 as the bait, and a cDNA library cloned into
pGADT7-Rec2 as the prey library. Conversely, in TE-
Centered Y1H, a random DNA sequence library in
pHIS2 was generated as the prey library, and the aim TF
was cloned into pGADT7-Rec2 as the bait (Fig. 1). Y1H
hybridization was performed, and the positive clones
were harvested and pooled together. Then, the vector of
pHIS2 was isolated. The insertion region of pHIS2 was
PCR amplified using pHIS2 library as the template, and
the PCR product was analyzed using high-throughput
sequencing. The insertion sequences were retrieved from
reads and further analyzed using MEME or other pro-
gram to identify the DNA motifs potentially bound by
the studied protein (Fig. 1).

Construction of the random DNA insertion prey library

The random DNA insertion library was constructed as
follows. The SsInS (single strand insertion sequence)
sequence and the complementary primer (CP) for SsInS
was designed to synthesize the double stranded DNA
using Taq enzyme with one cycle only (Table 1). Then,
the synthesized DNA was infused with linearized pHIS2
to construct the prey library using the yeast recombina-
tion method. After selection on synthetic defined (SD)
yeast medium (without Histidine, Leucine and Trypto-
phan), we further randomly selected 30 plates, and each
plate randomly selected 1 clone to determine whether
the insertion had been correctly inserted in pHIS2
using Sanger sequencing. The results showed that all
the selected colonies contained the random insertion
sequence with correctness position, indicating that the
SsInS had been successfully integrated into pHIS2. The
colonies that grew on plates (12 cm in diameter) were
washed using a yeast extract peptone dextrose (YPD)
liquid medium. In total, 300 plates were washed contain-
ing about 150,000 colonies. The 7 nt random insertion
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Fig. 1 The principle and procedure of the improved Transcription Factor-Centered yeast one hybrid (TF-Centered Y1H). A 7 bp random DNA sequence
was inserted into pHIS2 at the digestion site of Sma | to form a library using the yeast recombination method, which was served as prey. The studied TF
was cloned into pGADT7-Rec2 and was used as bait. After Y1H screening, all the positive clones were harvested and pooled together for pHIS2 isola-
tion. The truncated pHIS2 containing the insertion sequence (125 bp in length) was PCR amplified, and the PCR products were analyzed using high-
throughput sequencing. The insertion sequences were retrieved from the reads. The reads were further analyzed using MEME or other programs to find
the conserved DNA maotifs, which are potentially bound by the aim TF
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Table 1 The primers used to construct the prey library and PCR primers used to amplify the insertion sequences

Names Sequence (5" -3’)

SsinS TGTAAAACGACGGCCAGTGAATTGTAATACGACTCACTATAGGGC-
GAATTCCCNNNNNNNNNGGGGAGCTCACGCGTTCGCGAATCGATC-
CGCGGTCTAGAAATTCCTGGCATTATCACATAATG (the insertion of
“NNNNNNN"was underlined)

CcP CATTATGTGATAATGCCAGG

P1 TGTAAAACGACGGCCAGTG

p2 CATTATGTGATAATGCCAGG

BpERF2-F GTATCAACGCAGAGTGGCCATTATGGCCGGGATGTGTGGGGGTGCTATCAT

BpERF2-R ATTCTAGAGGCCGAGGCGGCCGACATGCTAATACATGAGCTTCAGTT

library contained 47 = 16,384 colonies; therefore, 150,000
colonies should include all the sequences of 7 nt ran-
dom insertion with high probability. These results indi-
cated that the random insertion library was constructed
successfully.

Screening and identification of the motifs bound by
BpERF2

For analysis of the motifs bound by BpERF2, pGADT7-
Rec2-ERF2 was transformed into yeast harboring the ran-
dom DNA insertion library (prey library), and selected
SD/-Leu/-Trp/-His medium supplied with 30 mM 3-AT.
The positive colonies were harvested by spreading on
plates and pooled together for isolation of pHIS2, then
the truncated DNA of pHIS2 containing the insertion
sequence were PCR amplified. The PCR products were
sequenced on an Illumina Hiseq 2000 instrument. In
total, after removing low-quality sequences, 2,134,920
high-quality reads were obtained. Of them, 2,031,510
(95.16%) reads were successfully identified and used for
further analysis. The raw data are available at https://fig-
share.com/articles/dataset/Short_ DNA_sequence_rec-
ognized by ERF2/19164662, and the DOI number was
https://doi.org/10.6084/m9.figshare. 19,164,662.v1l. The
insertion sequences were extracted from the clean reads,
and were subjected for further analysis.

ERF family members can bind to a GCC-Box ("*AGCC-
GCC”) and a DRE/CRT motif (“A/GGCCGA”); therefore,
we first screened the GCC-Box and DRE/CRT sequences
among the insertion sequences. The results showed that
there were 89 reads representing the GCC-Box, and
294 reads representing the DRE/CRT motif (data DOI:
https://doi.org/10.6084/m9.figshare. 19,164,662.v1).
These results indicated that the GCC-Box and DRE/CRT
motifs, which are known to bind BpERF2, had been suc-
cessfully identified.

To further study whether BpERF2 can bind other
motifs, the insertion sequences were assembled to obtain
the unique insertion sequences, which were aligned
using the MEME program, and 22 motifs were obtained
(Fig. 2), representing the motifs that are potentially
bound by BpERF2.

Yeast one hybrid (Y1H) analysis of the motifs bound by
BpERF2

Y1H was first used to study whether the identified motifs
(Fig. 3) could bind by BpERF2. Eight motifs were ran-
domly selected from the 22 motifs for analysis. Three tan-
dem copies of motifs were separately cloned into pHIS2
vector and used for Y1H analysis. The identified motifs
were then interacted with BpERF2. The Y1H results
showed that BpERF2 could bind to all the eight selected
motifs.

EMSA analysis

To further validate the binding of BpERF2 to these iden-
tified motifs, EMSA was performed. The EMSA results
indicated that the BpERF2 protein could interact with
all eight selected motifs, to displaying retarded bind-
ing bands (Fig. 4). In addition, the binding signals were
gradually decreased when the competitor (unlabeled
probe) was continually added to the system. However,
no retarded binding bands were detected when using the
mutant probe (Fig. 4). Therefore, these results showed
that all the studied motifs could be bound by BpERF2,
which was consistent with the results of YIH. The Y1H
and EMSA results together suggested that these eight
motifs could be bound by BpERF2.

Chromatin immunoprecipitation (ChlIP) analysis

To further confirm whether these identified motifs
and the bindings of BpERF2 to these motifs are really
occurred in birch cells. In total, 8 motifs studied in MESA
were further studied. For each of these motifs, two pro-
moters (containing only this motif without any other
identified motifs and GCC-Box and DRE/CRT) were
selected for ChIP analysis. The ChIP-PCR were analyzed
using agarose electrophoresis. The results showed that
all the ChIP-PCR product (ChIP+) can be amplified with
the aim bands (Fig. 5); meanwhile, the negative control
(using no antibody for immunoprecipitation) failed in
amplifying the aim bands, and Input (positive control)
can also amplify the aim bands (Fig. 5). These results sug-
gested that the binding of BpERF2 to these motifs were
really occurred in birch cells.


https://figshare.com/articles/dataset/Short_DNA_sequence_recognized_by_ERF2/19164662
https://figshare.com/articles/dataset/Short_DNA_sequence_recognized_by_ERF2/19164662
https://figshare.com/articles/dataset/Short_DNA_sequence_recognized_by_ERF2/19164662
http://dx.doi.org/10.6084/m9.figshare
http://dx.doi.org/10.6084/m9.figshare

Jingwen et al. BMC Plant Biology

Forward

]CCQICCQ .

Forward

Forward

.......

(2023) 23:236

CCCTCCY (1)

reverse complement

~~~~~~~~~~~~~~

ST XCE:ACAG(S)

reverse complement

_______

~~~~~~~

CCACAAC ( 7)
!‘onvard verse complement
=
_________ L TT0Ts!
AC.AGAG ( 9)
Forward reverse complement

ﬂACA“AH

bas

JACAGGAG

CTCTCT

- . m e e @ - W e S

AGAGGAG (11)

reverse complement

“CTCCTCT

——————————————

ACGCACA (13)

reverse complement

iACﬁM@A”%?LG;T
JoATcAcA TeToaTe

]

bits

06 1062+

- " e e =

“Chg<C

- @ o w @ @

GAATAAA (19)

Forward reverse complement

JAATARA “[TTTATTe

~~~~~~~~~~~~

ACCCACC(21)

Forward reverse complement

olS

Fig. 2 Analysis of the motifs potentially binding by BpERF2 using the MEME method. The unique clean reads were aligned using MEME program to

identify the conserved mot

0]

~~~~~~~~~~~~~~

ifs. In total, 22 motifs were identified

“JAAACC

CAGGAGA (2)
Forward ,reverse complement
KAGCACA “TCTeCTS
GCCCACC (4)
Fonrard reverse complement
0CCACC “6T5660
CCCAGCC (6)
Forward reverse complement
eeacee Jeceret
GGGCGGA (8)
Forward reverse complement
50505 Ca =irCCLCCC
CGTGCGC (10)

F)on'a.rd :;:everse complement
5TE05C JCECAC
AAACG(12)

Forward reverse complement

JOGTIT

- e~ - = - - w WSS

CTATCTC (14)

Forward reverse complement
77 aTacac(ie)
Forward reverse complement

JATACAG “CTGTAT

ACACCAT (18)

reverse complement

e hTer

CAGACAC (20)

Cacacac rerer.

~~~~~~~~~~~~~~

AGGCAGC (22)

bits
bns

reverse complement

Forward reverse complement

Wieace FersCCT

--------------



Jingwen et al. BMC Plant Biology (2023) 23:236

SD/-Trp-Leu-His

SD/-Trp-Leu +30mM 3-AT

o
&

Motif 1/BpERF2 ©
Motif 2/BpERF2

Motif 3/BpERF2
Motif 4/BpERF2

Motif S/BpERF2

Motif 6/BpERF2
Motif 7/BpERF2

Motif 8/ BpERF2
p53HIS2/BpERF2

o9 e 0 0 ¢ 0 O

P33HIS2/p53

1 10! 10% 10° 1 10! 10% 10°
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dem copies of each motif were cloned into pHIS2 and analyzed by using
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Discussion

Previously, we built a TF-Centered Y1H method, which
could identify the motifs bound by a TF of interest [7].
In the present study, we improved this TF-Centered Y1H
method on library construction, positive clones har-
vested (all positive clones were harvested for analysis),
DNA sequencing and DNA motif analysis (Fig. 1). Com-
pared with the previous method, the following aspects
were improved: (1) The prey library used for TFCentered
Y1H had been improved to incorporate many random-
ized motif sequences; (2) high-throughput sequencing
was used to determine the insertion sequences; (3) bio-
informatic analysis was performed to determine the con-
served motifs, and the DNA motifs were identified with
high throughput, enabling that the motifs bound by a TF
can be identified comprehensively.

The prey library had been improved

In the previous study, the prey library was constructed
by inserting a DNA sequence into vector pHIS2 using
T4 DNA ligase, which has low efficiency compared with
recombination-mediated cloning in yeast. Moreover,
in previous study, the insertion sequence is a truncated
sequence of pHIS2 containing a random DNA sequence
between Sma 1 sites; therefore, there were some repeat
sequences in the constructed prey library (Supplemen-
tary Fig. 1). However, the newly constructed library com-
prises an array of short random DNA sequences inserted
into Sma 1 site (“GGG” and “CCC”), and has no repeat
sequences (Supplementary Fig. 1). The new prey library
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contains about 150,000 colonies and is a saturated library.
However, the previous library contained only about
30,000 clones. Therefore, compared with the previous
library, this library had the following advantages: (1) No
repeat sequences in the prey library, making the library
easy to analyze; (2) it harbors nearly all types of insertion
sequences; therefore, it could detect more motifs than
the previous library.

The reason why we constructed the 7 bp random inser-
tion library is that this library contains only 16,384 inde-
pendent sequences, and can be easily constructed with
a saturated library. In addition, many known motifs are
less than 8 bp, and therefore a 7 bp sequence can meet
the requirements of most studies. The limitation of 7 bp
random insertion is that it cannot detect the cis-acting
element more than 7 bp. However, of course, if needed,
a longer insertion library can be constructed using the
method described in this article.

TF-centered Y1H combined with high-throughput
sequencing is powerful to determine TF binding motifs
The previous TF-Centered Y1H found it difficult to iden-
tify the motifs bound by a TF comprehensively. In the
previous study, the positive clones needed to be picked
onebyone and sequenced using Sanger sequencing. At
the same time, many motifs may have different bases at
one position of a motif; however, this kind of sequence
is difficult to be discovered using Sanger sequencing
one-by-one. In the present study, combined with high-
throughput sequencing, the newly developed method
could identify the motifs more efficiently, and could
be used to discover the motifs with different bases at
one position of a motif (Fig. 2). Therefore, this method
enables us to comprehensively understand the motifs
bound by as TF of interest. Another advantage of usage
of high-throughput sequencing method is that can elimi-
nate empty vector contamination easily, for the reason
that only insertion sequences can be retrieved and ana-
lyzed. Therefore, this method can even adapt the prey
library with low quality.

Therefore, the TF-Centered Y1H combined with
high-throughput sequencing technology provides a tre-
mendous increase in the throughput of DNA-Protein
interaction identification compared with the previous
TF-Centered Y1H method. In theory, it can detect all the
DNA-Protein interactions (if the insertion sequence in
the prey library is large enough) and could be used for all
the proteins from any organism species.

All the sequences obtained using TF-Centered Y1H
can be bound by the target TF in theory. However, there
may inevitably be some false positives in TF-Centered
Y1H. Commonly, these false positive clones will not be
too many. Therefore, the sequence with more repetitions
is more likely to be the cis-acting elements bound by
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the target TFE. In this study, to found the sequence with
more repetitions, MEME was used, and the sequences
that potentially bound by BpERF2 were identified (Fig. 2).
ChIP, Y1H and EMSA assays all showed that the identi-
fied sequences could be bound by BpERF2 in vivo or in
vitro (Figs. 3, 4 and 5), suggesting that MEME analysis
was reliable to determine the motifs. In this study, 30
mM 3-AT was used for selection. For the reason that
selection of library needs moderate selection strength to
obtain ideal results. Generally, 30 mM 3-AT is a moder-
ate selection strength, which can be used to screen the
library efficiently [7].

This improved TF-Centered Y1H can efficiently iden-
tify the motifs bound a target TF; however, it still has
some limitation. One is that it can not detect the cis-
acting element with discontinuous. The other limitation
is that as many reads were generated, it needs a powerful
tool to identify the motifs. Although MEME analysis can
work well to identify the conserved motifs, it cannot be
guarantee that all the sequences bound by the target TF
could be detected using MEME analysis. For instance, the
GCC-Box and DRE/CRT motifs that had been included
in the reads with a relative high frequency, but they can-
not be detected by MEME analysis according to the
E-value. Therefore, some parameters need to be adjusted
in MEME analysis or a suitable tool to identify the con-
served motifs needs to be exploited for TF-Centered
Y1H.

The application of TF-centered Y1H

This method can be used to detect the motifs bound by
a defined TF systematically, which will help to reveal the
function of TFs and the mechanisms of DNA-protein
interactions. Although the all the possible protein and
DNA interactions can be quickly determined using this
method, it cannot indicate whether the DNA-protein
interaction really occurs in the organism and the iden-
tified motif has a biological function or not. Therefore,
for the biological significance, the identified motifs need

1: Input; 2: the PCR product using ChIP product as PCR template (ChIP+); 3: the PCR
product with the template using no antibody for immunoprecipitation (ChIP-)

to be screened in the promoters of genes to determine
their overall occurrence. ChIP-PCR, based on transient
transformation [8], can be performed to study whether
the target TF can bind with these motifs. Moreover, this
method could be combined with ChIP-seq to investigate
the motifs. First, the motifs potentially bound by the TF
of interest could be identified comprehensively using TE-
Centered Y1H, and whether these motifs whether can
map with the peaks identified from ChIP-seq or not (i.e.,
those peaks containing the motifs or not) could be ana-
lyzed, which will illustrate the role of the motifs identified
by TF-centered analysis in gene expression regulation,
and allow cross-confirmation between ChIP-Seq and TF-
Centered Y1H.

The motifs bound by BpERF2

The reason that we used BpERF2 in this study is that we
found it can be induced by drought stress; at the same
time, BpERF2 can regulate a serial of genes to confer
drought tolerance [9]. Therefore, it is necessary to inves-
tigate the motifs bound by BpERF2, which will be help-
ful to reveal the drought tolerance mediated by BpERF2
in depth. Previous studies showed that ERF protein can
bind to the different motifs, including GCC-Box and
DRE/CRT motifs [10, 11]. In the present study, we found
that BpERF2 also can bind 22 other motifs in addition
to binding to GCC-Box and DRE/CRT motifs. These
results indicated that the ERF transcription factor might
have more binding motifs than previously assumed, and
revealing these motifs is helpful to investigate the func-
tion of TFs. Therefore, to reveal the function of TFs in
depth, it is necessary to study their binding motifs using
this newly developed method.

Conclusion

In the present study, we improved the TF-Centered yeast
one hybrid technology by using the yeast recombination
method to construct a prey library and combine it with
high-throughput sequencing to completely determine
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the motif. These improvements substantially increased
the efficiency to detect motifs bound by a defined TF,
because this method can not only detect the motifs with
high-throughput sequencing, but also can determine dif-
ferent types of motifs. Therefore, this method makes it
is possible to reveal the motifs bound by a TF of interest
comprehensively.

Materials and methods
Construction of a random insertion prey library using
recombination in yeast
To construct an DNA random insertion library, a single
strand DNA sequence (125 nt in length) (single strand
insertion sequence, SsInS) with a 7 nt random sequence
that was inserted at the Sma I digestion site to form
“CCCNNNNNNNGGG” in the vector of pHIS2 (Clon-
tech, CA, USA) was designed (Table 1). At the same time,
a primer (complementary primer of SsInS, termed as
CP primer) (Table 1) was designed. Both SsInS and CP
primer were synthesized chemically by Shanghai Sangon
Biotechnology (China). The complementary DNA strand
of SsInS was synthesized using SsInS as template and CP
as the initial primer to form DsInS (Double strand inser-
tion sequence, DsInS). In detail, DNA synthesis reaction
was carried out using 5 ul of SsInS (10 uM), 6 ul of CP10
uM), 2 pul 10 x PCR buffer, 0.5 pl Taq with sterile distilled
water to a total volume of 20 pl. The reaction thermal
profile for synthesizing DsInS was: 94 °C for 3 min and
then at 68 °C for 3 min.

pHIS2 linearized by digestion of Sma I, and 3 pl of lin-
earized pHIS2 (0.5 ug/pl), together with 2.0 pg of DsInS,
10 pl of Herring Testes Carrier DNA (denatured), add
600 pl of competent Y187 yeast cells to the DNA, gen-
tly mix by vortexing and add 1.5 ml PEG/LiAc Solution.
The procedure of yeast transformation was according to
the user manual of Yeastmaker™ Yeast Transformation
System 2 (Clontech) with large scale transformation.
The transformed cells were grown on SD/-His/-Leu/-Trp
(TDO) medium supplied with 30 mM 3-AT (3-Amino-1,
2, 4-triazole) at 30 °C. After the colonies grew, the plates
were washed with 10 ml of potato dextrose agar (PDA)
liquid buffer, and all the wash buffer were collected
together to form the random DNA insertion library,
which was used as the prey library in TF-Centered Y1H.

Construction of the bait vector

To construct the bait vector for TF-Centered Y1H, the
coding sequence of BpERF2 (birch ethylene-responsive
factor 2) was amplified and cloned into vector pGADT7-
Rec2-ERF2 using the yeast recombination method.
The PCR reaction to amplify BpERF2 comprised 0.5 pl
of ¢cDNA template, 0.5 uM of primers BpERF2-F and
BpERF2-R (Table 1), 2.5 mM each dN'TP, 2 ul of 10 X buf-
fer, 0.5 U Taq, with sterile distilled water to a volume of
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20 pl. The PCR thermal profile was 94 °C for 3 min; fol-
lowed by 25 cycles of 94 °C for 30 s, 58 °C for 30 s, and
72 °C for 2 min. The PCR product was purified using a
Column PCR product purification kit (Qiagen, Hilden,
Germany) according to the supplier’s protocol. pGADT7-
Rec2 was linearized using Sma 1. The linearized
pPGADT7-Rec2 and the PCR product of BpERF2 were
cotransformed into Y187 using the Yeastmaker™ Yeast
Transformation System 2 with small scale transforma-
tion to generate the recombined pGADT7-Rec2-ERF2.
The recombined pGADT7-Rec2-ERF2 was isolated from
yeast cells using an Easy Yeast Plasmid Isolation Kit
(PT4073-1, Clontech), and was transformed into DH5«
Escherichia coli. The recombined pGADT7-Rec2-ERF2
vector was isolated from E. Coli using E.Z.N.A.TM Plas-
mid Mini Kit (OMEGA).

Screening the random DNA insertion library

The recombined vector pGADT7-Rec2-ERF2 was trans-
formed into the yeast strain harboring the random DNA
insertion prey library using Yeastmaker™ Yeast Transfor-
mation System 2. The transformed cells were selected on
SD/-His/-Leu/-Trp+30 mM 3-aminotriazole (3-AT).
The yeast transformants on each plate were harvested
by washing using YPD Plus liquid medium, and pooled
together to form the hybridization library. The plasmid
was isolated using an Easy Yeast Plasmid Isolation Kit
(Takara, Dalian, China), and was used as template for
PCR amplification using primers P1 and P2 (Table 1). The
PCR reaction system comprised 1 pl of plasmid (10 ng),
0.5 uM each of P1 and P2 primers, 2.5 mM of each ANTP,
2 ul of 10 X buffer, 0.5 U Taq, with sterile distilled water
to a volume of 20 pl. The PCR thermal profile was 94 °C
for 3 min; followed by 30 cycles of 94 °C for 30 s, 58 °C for
30, and 72 °C for 2 min.

High-throughput sequencing

The PCR products were sequenced on the Illumina Hiseq
2000 (Illumina, San Diego, CA, USA) with 150 bp paired-
end reads by Novogene Biotech (Tianjin, China). The raw
data were filtered using the Trimmomatic v0.30 program
and FastQC to remove low-quality reads, including the
adaptor reads, reads with N>5% (N indicates a base that
cannot be determined), and sequences with Q<10, to
obtain the clean reads. After obtaining the clean reads,
the random insertion sequences were extracted from
these reads. The insertion reads were assembled to obtain
the unique insertion reads, and then analyzed using
MEME program (https://meme-suite.org/meme/tools/
streme) with default parameters to identify the potential
sequences bound by BpERF2.
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Verification of the binding of motifs to TF using yeast one
hybrid

Three tandem copies of the different cis-acting element
were respectively cloned into pHIS2 vector as reporter
vectors, and the primers used were shown as Supplemen-
tary Table 1. The reporter vector was transformed into
yeast strain Y187 together with pGADT7-Rec2-ERF2,
and were plated on DDO(SD/-Leu/-Trp) and TDO (SD/-
Leu/-Trp/-His) media supplemented with 30 mM 3-AT
for yeast one hybrid.

Electrophoretic mobility shift assay (EMSA)

The full coding sequence (CDS) of BpERF2 was ampli-
fied with specific primers (Supplementary Table 2), and
was cloned into the pMAL-5 vectors (NEB, Ipswich,
MA, USA) to fuse with the maltose-binding protein
(MBP) to generate the vector MBP-ERF2. Vector MBP-
ERF2 was transformed into E. coli ER2523 and was puri-
fied according to the instruction manual of the pMAL™
Protein Fusion & Purification System (NEB). The probes
were synthesized and labeled with biotin (Supplementary
Table 3). Different concentrations of non-labeled probe
were added to the reactions for competition. The EMSA
was carried out using a Chemiluminescent EMSA kit
(Beyotime, Jiangsu, China). The sequences of the probes
are shown as Supplementary Table 3.

In brief, the E. coli cells were harvested and resus-
pended in a buffer containing 20 mM Tris-HCI, 0.2 M
NaCl, 1 mM EDTA (pH 8.0), and then sonicated to
release the protein. Amylose resin (NEB) was used to
isolate the protein by affinity and the fusion protein was
eluted using maltose. SDSPAGE was used to check the
recombinant BpERF2 protein. The probes were labeled
using an EMSA Probe Biotin Labeling Kit (Beyotime,
China) following the user manual. The same unlabeled
probe served as the competitor. The mutated probes were
also biotin labeled and served as negative controls. The
probes were incubated with the recombinant BpERF2
protein and analyzed using the Chemiluminescent EMSA
kit (Beyotime).

ChIP-PCR analysis

To determine whether the identified interaction was
actually occurred in plants, ChIP-PCR was performed.
BpERF2 was fused with Flag tag in frame, and transient
transformed into birch for overexpression. The transfor-
mation procedure was followed by Zang et al. [12]. After
transformed for 48 h, the plants were harvested and was
used for ChIP analysis. ChIP was conducted with anti-
Flag antibody according to the method of Zhao et al
[13], and the ChIP product was used as PCR template for
ChIP-PCR. The identified motifs were screened in the
promoters of genes from the birch genome, and the trun-
cated promoters containing only one of the identified
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motifs, and without any known motif bound by ERF
(such as GCC-Box and DRE/CRT) were used for ChIP-
PCR. The PCR reaction system comprised 1 ul of ChIP
product, 0.5 pM each of primers, 2.5 mM of each ANTP,
2 ul of 10 X buffer, 0.5 U Taq, with sterile distilled water
to a volume of 20 pl. The PCR thermal profile was 94 °C
for 3 min; followed by 30 cycles of 94 °C for 30 s, 58 °C for
30, and 72 °C for 2 min.
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