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Abstract

Tissue/organ-specific promoters are important tools in genetic engineering and crop molecular breeding. They are well
characterized in dicots, such as Arabidopsis, tobacco, and tomato, but not sufficiently in monocots, especially in wheat.
In this study, the genes specifically expressed in seven different tissues, including coleoptile, root, leaf, pistil, anther,
embryo, and endosperm were identified through analyzing the public transcriptome data from a wheat microarray using
the ROKU method. The expression patterns of selected genes were validated by reverse transcription polymerase chain
reaction. The results showed that these selected genes were expressed specifically or preferentially in each representative
tissue/organ. Moreover, the function of their promoters was verified by transient expression in wheat or stable
transformation in Arabidopsis. The results showed that these promoters can efficiently and predominantly drive uidA (B-
glucuronidase) reporter gene expression in different tissues. Due to their tissue-specific nature, these promoters can be

used as potential candidates in plant genetic engineering.
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Introduction

Promoters can drive gene expression in different spatial
and temporal patterns and play a great role in plant genetic
engineering. Among different promoters, constitutive
promoters such as CaMV 35S from cauliflower mosaic
virus (Covey et al. 1981), ZmUbil from maize
polyubiquitin gene (Christensen et al. 1992), OsActl
(McElroy et al. 1990) and OsAct2 (He et al. 2009) from
rice actin genes have been widely used. However,
continuous overexpression of transgenes driven by these
constitutive promoters may not be advantageous because
of undesirable side effects and unfavourable phenotypes
generated. In some cases, constitutive promoters can even
be harmful to the host plants because they can cause extra
metabolic burden or toxicity (Hsieh et al. 2002, Li et al.
2011, Kong et al. 2014, Li et al. 2015). In addition, the
expression of several transgenes controlled by one

promoter could be unpredictable in transgenic plants, due
to, for example, homology-based transgene silencing
(Jorgensen 1992, Butaye et al. 2005, Rocha et al. 2005,
Furtado et al. 2009). These problems can be avoided by
using tissue-specific promoters which can control gene
expression in a desirable tissue at a specific time point.
Therefore, more spatiotemporal specific or inducible
promoters need to be exploited to drive transgene
expression more precisely and efficiently. Until now,
many tissue-specific promoters have been identified and
isolated (Kato et al. 2010, Yang et al. 2012, Jeong and
Jung 2015, Yan et al. 2015, Zhang et al. 2016, Ali et al.
2017, Xu et al. 2018). Studies on these promoters could
not only help the understanding of gene regulation but also
provide more available promoters for genetic engineering
(Hernandez-Garcia and Finer 2014, Cong et al. 2009).
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Wheat is an important cereal crop in the world, but
research on tissue-specific promoters in this plant species
is limited compared to the other two cereal crops rice and
maize, due to its complex allohexaploid genome and low
transformation efficiency (He et al. 2015). Previous works
demonstrated that TaPT2 and TaPT2-1 promoters are
exclusively active in roots and their activities are
phosphate-dependent in transgenic wheat, Arabidopsis, or
tobacco (Tittarelli et al. 2007, Cui et al. 2011), while
TaPSG719 and TaPSGO76 are pollen-specific promoters
(Chen et al. 2010, 2012). The TaHMWGIulD and
TaHMWGIu1Bx17 promoters have been reported to drive
GUS specific expression in the endosperm of transgenic
wheat (Lamacchia et al. 2001, Oszvald et al. 2007). To
meet the need of efficient wheat genetic engineering and
avoid various types of unpredictable expression driven by
homologous promoters from other species, more tissue-
specific native promoters should be isolated and studied in
wheat.

Materials and methods

Microarray data analysis: A public microarray data
(NCBI GSE12508) (Schreiber et al. 2009), which contains
61 127 probe sets representing 55 052 transcripts from
seven wheat tissues, namely coleoptile, root, leaf, pistil,
anther, embryo, and endosperm, were analyzed. After
normalizing the expression intensities by arithmetic RMA
normalization method, the microarray data were processed
to remove genes with constitutive or low expression. Then
tissue-specific genes were selected by the ROKU method
with gene entropy H < 1 and maximum expression level
> 10. The ROKU method was used because of its
advantages in selecting genes specific to tissues of interest
(Kadota et al. 2006, Chishima et al. 2018). Redundant
probes representing the same genes were deleted. The
chromosomal distribution of candidate genes was located
on genetic maps using Genome Zipper V5 at IWGSC
(http://www.wheatgenome.org/) and presented by MapDraw.

Plants and growth conditions: Arabidopsis thaliana L.
ecotype Columbia (Col-0) was used. The transgenic
Arabidopsis seeds were surface sterilized with 75 % (v/v)
ethanol for 1 min followed by disinfection with 10 % (v/v)
H,O> for 8 min. The seeds were rinsed with distilled water
3 - 5 times and placed on Murashige and Skoog (1962;
MS) medium containing 0.8 % agar (m/v) and kanamycin
(50 mg dm) and grown at a temperature of 22 °C, a 16-h
photo-period, and an irradiance of 150 pmol m2s°!.

The seeds of wheat (Triticum aestivum L. cv. Chinese
Spring) were germinated in the dark under a temperature
of 22 °C. Then the seedlings were transferred in pots
containing a mixture of soil and Vermiculite (3:1) to the
greenhouse (a temperature of 22 °C, an irradiance of
350 pmol m?s™!, a 16-h photoperiod, and an air humidity
of 60 %).

TISSUE-SPECIFIC PROMOTERS IN WHEAT

Tissue/organ-specific genes and promoters can be
commonly screened by microarray and next-generation
sequencing (NGS) technology with high efficiency (Endo
et al. 2004, Ye et al. 2012, Nguyen et al. 2016). For
instance, the organ-specific genes and promoters in seven
tissues were efficiently isolated in rice by using
microarrays (Chae et al. 2016). This method was also used
in a genome-wide analysis of gene expression in wheat but
these studies were performed only on one or two target
tissues (Crismani et al. 2006). However, high-throughput
studies of tissue-specific gene expression and promoter
prediction in wheat have not been reported and need an in-
depth scrutiny. For this aim, publicly available microarray
data from seven different wheat tissues were retrieved for
high-throughput transcriptome analysis. Preferentially and
abundantly expressed genes were identified and candidate
genes were chosen for validation. Some promoters were
also validated by transient expression in wheat or stable
transformation in Arabidopsis.

Semi-quantitative RT-PCR and real-time qPCR
analysis: Thirty-six tissue-specific genes were chosen for
validation of their expression patterns by reverse
transcription (RT)-PCR. For convenience, these genes
were named according to their expression patterns shown
in microarray data and the amplification order. The coding
sequences of these genes were obtained from the PLEXdb
database based on the accession numbers of their probes
(Dash et al. 2012) and used for designing specific primers
as listed in Table 1 Suppl. TaActin (GenBank accession
No. AB181991) was used as the internal control to
normalize the expressions of tested genes.

For RNA extraction, root and young leaf tissues were
collected from two-week-old seedlings of wheat Chinese
Spring. Mature leaf, pistil, and anther were collected at
flowering stage. Immature embryo and endosperm were
obtained at approximately 15 d after anthesis. All samples
were immediately frozen in liquid nitrogen and then stored
at -80 °C. Total RNA was extracted from frozen tissues
with a plant total RNA extraction kit according to the
manufacturer’s instructions (ZOMANBIO, Beijing,
China). The first-strand cDNAs were synthesized using the
first-strand cDNA synthesis kit (Fermentas, Waltham,
USA). Semi-quantitative RT-PCR was used to detect the
expression of candidate genes in different wheat organs.
The amplification program was as follows: pre-
denaturation at 95 °C for 3 min, then 30 cycles of 95 °C
for 30 s, 56 - 60 °C for 30 s, and 72 °C for 10 s. Real-time
quantitative PCR (qPCR) was performed to determine the
gene expression, using the SYBR Green kit (Tiangen,
Beijing, China) and the CFX Connect™ Optics module
real-time system (Bio-Rad, Hercules, USA). The qPCR
conditions were 95 °C for 15 min followed by 40 cycles of
95°C for 10s,55-60 °C for 15 s, and 72 °C for 30 s. The
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relative gene expressions were calculated using the 2-2ACt
formula (Livak and Schmittgen 2001). Each experiment
was repeated three times.

Promoter cloning and vector construction: Three tissue-
specific genes TaColl, TaLeafl, and TaRoot2 (GenBank
accession numbers: CA675646, CA623997, and
BQ294913) were selected for the analyses of their
expression patterns in transformation assays. Their
upstream sequences were obtained in Ensembl database by
searching their coding sequences (Kersey et al. 2018). The
upstream fragments (-1349/-1, -963/-1, -1399/-1, relative
to translation start site, TSS) of genes TaColl, Taleafl,
and TaRoot2 were amplified by PCR and verified by
sequencing. Then the promoter fragments were digested
and inserted into pBI121 plasmid to replace the CaMV 35S
promoter. The constructed vectors were named
pColl::GUS, pLeafl::GUS and pRoot2::GUS, respecti-
vely, and they were transferred into Agrobacterium
tumefaciens strain EHA105 by the freeze-thaw method.
Sequences of primers used for amplifying promoters are
listed in Table 2 Suppl.

Agrobacterium-mediated transformation of Arabidopsis:
Agrobacterium strain EHA105 separately harbouring
pLeafl::GUS and pRoot2::GUS vectors, were introduced
into Arabidopsis, using the Agrobacterium-mediated
floral-dip transformation method according to the
procedure described previously (Clough and Bent 1998).
The transgenic seeds were germinated on kanamycin
selective medium, then the positive transformants were
confirmed by PCR followed by further analysis of T; - T3
generations.

Transient expression analysis of the TaColl promoter
in wheat tissues: For GUS transient expression analysis,
wheat seeds were surface sterilized with 0.1 % (m/v)
HgCl, for 8 min, and then washed with sterile water 5 - 6
times. The seeds were then germinated in sterilized Petri
dishes with sterile water in the culture room (22 °C, dark)
for 2 - 3 d. Then, wheat seedlings with coleoptiles were
collected and infected by 10 c¢cm® of Agrobacterium
suspension harbouring the construct pColl::GUS and
containing 100 pM acetosyringone. After incubation for
approximately 5 - 6 h (25 °C, 70-80 rpm shaking), wheat
seedlings were co-cultured in solid MS medium for 2 d
(25 °C, dark). Wheat seedlings transformed with or
without pBI121 were used as positive or negative controls,
respectively.

Analysis of GUS activity: Qualitative analysis of
B-glucuronidase (GUS) activity was performed as
described previously (Jefferson et al. 1987). All organs or
tissues were immersed in GUS staining solution, which
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contained 50 mM sodium phosphate buffer (pH 7.0),
0.5 mM each of potassium ferrocyanide and potassium
ferricyanide, 0.5 mg cm? 5-bromo-4-chloro-3-indolyl-
B-D-glucuronide (X-Gluc), 0.1 % (v/v) Triton X-100 and
20 % (v/v) methanol. Carbenicillin (500 mg dm™) was
added to the staining solution to avoid non-specific GUS
expression from residual Agrobacterium and endophytes
in wheat tissues (Dhadi et al. 2012). After incubation in
the dark at 37 °C overnight, the chlorophyll was cleared
off from the samples by gradient treatment with 70 - 90 %
(v/v) ethanol.
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Fig. 1. Expression profile analysis of representative specific
genes in seven tissues of wheat using microarray data. The genes
presented include 4 candidate specific genes from coleoptile and
the top 5 genes highly expressed specifically in tissues including
root, leaf, pistil, anther, embryo, and endosperm, respectively.
Each row represents the candidate gene, each column represents
a tissue. The colour bar at the right shows the degree of
expression: blue - low expression, red - high expression.



Results

To identify wheat tissue/organ-specific genes, microarray
data (NCBI GSE12508) from seven wheat tissues/organs,
namely coleoptile, root, leaf, pistil, anther, embryo, and
endosperm, were analyzed using the ROKU method. The
results showed that genes from different tissues with high
expressions were obviously clustered together in the target
specific tissue. The heatmap depicting the expression
profiles of representative genes from each tissue was
shown in Fig. 1. In total, 604 probes displayed specific
expression patterns (Fig. 1 and Table 3 Suppl.). Among
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them, 235 probes covering over one-third of the whole
probes were found in anthers, whereas 157 probes
accounting for one-fourth of the total number of probes
were detected in endosperms. Besides, 78, 86, and
37 probes were found in roots, leaves, and pistils,
respectively. Only 4 and 7 probes were detected in
coleoptiles and embryos, respectively. These results
indicate that the number of genes preferentially expressed
in anther or endosperm tissues was greater than the
numbers found in the other five tissues.
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Fig. 2. Semi-quantitative RT-PCR analysis of selected genes in seven different tissues of wheat: coleoptile, root, leaf, pistil, anther,
embryo, and endosperm. TaActin was used as an internal reference control.

In addition, the loci of 330 genes predicted from tissue-
specific probes were identified and mapped to the wheat
genetic linkage map. These genes were unevenly located
on different chromosomes. Some gene loci representing
the same tissue were identified to be clustered in the same
sites on the chromosome. For example, BJ249627,
BJ252359, BQ169477, BQ169653, and BJ254190
representing the anther tissue were found clustered on
chromosome 1B, whereas BQ804326, BQS805009,
CK205651, BIJ239761, BIJ237853, BQS804999, and
CA713323, endosperm-specific gene loci, were clustered
on chromosome 7D (Fig. 1 Suppl.). Interestingly, the

sequences of some genes were found on multiple
chromosomal sites in the genome. For instance, CB412210
(TaAffx.128473.1.A1 s_at) was found on chromosome
1D and 3D while CK215309 (Ta.345.1.S1_at) was found
on chromosome 4B and 4D. The duplication may
contribute to high gene expressions, which may be caused
by the tandem and segmental duplication events that
always evolve in sub-functionalization or neo-
functionalization under selective environmental pressures
(Wei et al. 2014, Chen et al. 2016). The probes and their
corresponding loci on the chromosome are shown in Table
4 Suppl.

81



PP.SU et al.

For validation of gene expression patterns, thirty-six
predicted organ-preferential genes were selected from
coleoptile (4), root (3), leaf (5), pistil (7), anther (10),
embryo (1), and endosperm (6) microarray data and tested
by semi-quantitative RT-PCR. Some genes showed very
high specific expression in target tissues. For example,
three (Coll, 2, 3) of the four genes displayed high
expression only in coleoptiles. Two (Rootl, 2) of the three
genes showed exclusive expression in roots. Em1 was
confirmed to be exclusively expressed in embryos. Eight
(Anthl, 2,3,4,6,7,9, 10) of ten genes were found only in
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anthers, which was in corroboration with the
computational microarray expression data (Fig. 2). It is
worth noting that some genes were detected as preferential
in one tissue but with slight expression in other tissues. For
example, all seven genes preferentially expressed in pistils
were also slightly expressed in anthers and/or coleoptiles.
Similarly, the five genes showing preferentially high
expression in endosperms were slightly expressed in pistils
and embryos except for gene End4. Nevertheless, the four
leaf-preferential genes (Leaf2, 3, 4, 5) were also found in
coleoptiles with high expression levels, especially Leaf2
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Fig. 3. Relative expression analysis of selected genes in different tissues/organs of wheat by real-time qPCR method. The tissues used
are: coleoptile (C), root (R), young leaf (Y1), mature leaf (Ml), pistil (P), anther (A), embryo (Em), and endosperm (En). The coleoptiles
were sampled 2 d after seed germination, the roots and young leaves in two-week-old seedlings, the mature leaf, pistil, anther, embryo,
and endosperm in mature plants. Means + SDs of three independent replicates.
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and Leaf4 genes (Fig. 2).

The spatial and temporal expression patterns of thirty-
six genes were further analyzed by real-time qPCR
method. All the genes were tested with highly specific
transcript abundances in the target tissues although their
expressions varied significantly among each other (Figs. 3
and 4). Indeed, the expressions of Col1-4, Rootl, 2, Leafl,
Anth1-10 obtained from qPCR showed high consistency
with the semi-quantitative RT-PCR results. As an
example, anth10 transcript was not detected in leaf tissue
but showed specifically high transcript abundance in
anther tissue, which was more than 130 thousand-fold
higher compared with the basic expression level detected
in other tested tissues (Fig. 4). The expression patterns of
other genes obtained from qPCR experiment were also
consistent, to some extent, with the semi-quantitative
RT-PCR results. For example, two genes (Leaf2, 3)
showed high expressions in coleoptiles and leaves in
RT-PCR experiment (Fig. 2). Real-time qPCR results also
showed a certain degree of expression of these genes in
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coleoptile, but the expressions were lower (about 1/9)
compared to those in the leaf tissue. The results of real-
time qPCR and RT-PCR conformed with the high-
throughput microarray data to some degree.

As coleoptile is a tissue of monocots, especially the
gramineous plants, the activity of TaColl promoter was
verified in wheat coleoptile by transient expression assay.
The vector pCol1::GUS was constructed by fusing TaColl
promoter and the GUS reporter gene (Fig. 5), and was
introduced into germinated wheat seeds by Agrobacterium-
mediated transformation. GUS histochemical analysis
showed high GUS expression in wheat coleoptiles (Fig.
6B). On the contrary, no GUS expression was detected in
coleoptiles of the negative controls (Fig. 6A,C), while
strong GUS staining was observed in roots and coleoptiles
of the positive control (Fig. 6D). The above-mentioned
results indicated that the TaColl promoter can regulate
GUS gene preferential expression in wheat coleoptiles. It
also indicates that it is feasible to isolate new promoters by
searching microarray data in wheat.
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Fig. 4. Relative expression analysis of selected genes in different tissues/organs of wheat by real-time qPCR method. The tissues used
are: coleoptile (C), root (R), young leaf (Y1), mature leaf (Ml), pistil (P), anther (A), embryo (Em), and endosperm (En). The coleoptiles
were sampled 2 d after seed germination, the roots and young leaves in two-week-old seedlings, the mature leaf, pistil, anther, embryo,
and endosperm in mature plants. Means + SDs of three independent replicates.
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Next, we investigated the spatial and temporal
regulation patterns of gene promoters during the life cycle
of stable transgenic plants. Based on the restriction enzyme
sites and the quality of designed primers, 963 and 1399 bp
fragments of TaLeafl and TaRoot2 gene promoters were
amplified by PCR, respectively, using wheat genomic
DNA as template. To confirm the activity of TalLeafl and
TaRoot2  promoters, vectors plLeafl::GUS and
pRoot2::GUS were constructed (Fig. 5) and transformed
into Arabidopsis by floral-dip transformation method. For
each construct, three to five independent transformants
were subjected to GUS staining. GUS activity was found
in all tissues including root, leaf, inflorescence, and silique
of transformants harboring pBI121. On the contrary, no

BamH|

GUS expression was detected in wild-type plants (Fig. 7).
In transformants containing plLeafl::GUS, strong blue
staining was found in young leaves. High GUS expression
was also observed in mature leaves. In addition, slight
GUS staining was detected in siliques and inflorescences.
No GUS activity was visible in young roots and mature
roots (Fig. 7F-J). The results indicated that the TalLeafl
promoter can drive GUS gene expression in a leaf-
preferential pattern. In transgenic lines harbouring
pRoot2::GUS, GUS signals were only detected in young
roots and mature roots, but not in mature leaves,
inflorescences or siliques (Fig. 7K-O). This result indicates
that the TaRoot2 is a root-preferential promoter in
Arabidopsis.
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Fig. 5. Schematic representation of vector construction of the transformation plasmids. Promoter::GUS expression vectors. The 35S
promoter of pBI121 was replaced by the TaColl, TaLeaf,1 or TaRoot2 promoter fragment. Nos-Ter, Agrobacterium tumefaciens

nopaline synthase (NOS) terminator.

Fig. 6. Transient expression of pCol1::GUS in germinating wheat seeds. A - Wild-type with MS medium incubation as a negative
control. B - Germinating seeds infected with EHA105 harboring pCol1::GUS. C - Germinating seeds infected with EHA105 as a
negative control. D - Germinating seeds infected with EHA 105 harboring the pBI121 expression vector as a positive control.
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Discussion

Numerous developmental and physiological processes,
such as organelle organization, transport, and energy
consumption, are all constant in the entire life cycle of
plants. This requires constitutive expression of a
considerable number of genes in organs. Tissues/organs
are distinguished by gene expression patterns, which
implies that distinct tissue-specific genes play important
roles in controlling tissue/organ morphogenesis and the
maintenance of relevant functions. Isolation and functional
analysis of these genes and promoters shed light on
understanding the regulatory mechanism of plant

TISSUE-SPECIFIC PROMOTERS IN WHEAT

development. Microarray and NGS technologies have
been proven to be effective tools on screening such genes
and promoters (Sharma et al. 2012, Liu et al. 2014). To
search tissue/organ-specific genes and promoters in wheat,
a public microarray data was analyzed and 604 probes
which represent putative tissue-specific genes were
obtained according to the selection criteria set for
computational predictions of gene-specificity expression
(Fig. 1). As expected, in the list of candidate anther-
specific genes which matched to probes, we found that
TaPSGO76  (Ta.10341.1.S1 at, AY451239.1) and

Fig. 7. GUS staining in different organs of transgenic A. thaliana harboring pLeafl::GUS or pRoot2::GUS compared with WT and
positive control of pBI121. The organ samples stained by GUS staining solution include whole seedlings, mature roots, mature leaves,
inflorescences, and siliques. A to E - Different tissues/organs from wild-type plant. F to J - Different tissues/organs from Arabidopsis
transformed with pLeafl::GUS vector. K to O - Different tissues/organs from Arabidopsis transformed with pRoot2::GUS vector.
P to T - Different tissues/organs from Arabidopsis transformed with PBI121 vector as a positive control.
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TaPSG719 (Ta.30672.1.S1 at, AY451238.1) genes were
also screened out successfully by the ROKU method
employed in this research. These two genes have been
confirmed as pollen-specific expression genes (Jin and
Bian 2004a,b). Our previous studies showed that
TaPSGO076 and TaPSG719 are pollen-specific promoters
in transgenic tobacco (Chen et al. 2010, 2012). The
expression of TaPSGO076 was higher than that of
TaPSG719 based on the results from the microarray data
analysis (Table 3 Suppl.). The expression of probes
representing TaPSG076 and TaPSG719 ranked 70% and
138" among the candidate anther-specific probe sets
(235 probes in total) (Table 3 Suppl.). This was in
agreement with the results from the RT-PCR analysis of
TaPSG076 and TaPSG719 genes and the activity of
promoters demonstrated in transgenic tobacco (Jin and
Bian 2004a,b, Chen et al. 2010, 2012).

To verify the results of microarray data analysis, thirty-
six putative tissue-specific genes were selected for
experimental confirmation. The results of RT-PCR and
real-time qPCR showed that most of these genes are
tissue/organ-specific or preferentially expressed genes,
which confirmed the microarray analysis data (Figs. 2, 3, 4).
However, some differences were found between the results
from microarray analysis and those from the RT-PCR. For
example, Leaf2 exhibited relatively high expression in
leaves and coleoptiles based on the results of RT-PCR and
qPCR (Figs. 2, 3). In contrast, the expression of this gene
in coleoptiles was lower than that in leaves but comparable
with the expressions in roots, pistils, anthers, embryos, and
endosperms according to the microarray analysis
(Ta.20830.1.A1 at in Table 3 Suppl.). The differences
observed may be caused by the following reasons:
different sensitivity and algorithm exist between the two
analysis methods (Fan et al. 2011, Chae et al. 2016), the
samples were not collected precisely at the same time, or
the highly homologous genes are not easy to be
distinguished.

To get tissue-specific promoters, the upstream
sequences of three tissue-specific genes were verified in
transient or stable transformation systems. The results
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