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Abstract

Background: Plant root apex is the major part to direct the root growth and development by responding to vari-
ous signals/cues from internal and soil environments. To study and understand root system biology particularly at a
molecular and cellular level, an Arabidopsis T-DNA insertional enhancer trap line J3411 expressing reporters (GFP) only
in the root tip was adopted in this study to isolate a DNA fragment.

Results: Using nested PCR, DNA sequencing and sequence homology search, the T-DNA insertion site(s) and its
flanking genes were characterised in J3411 line. Subsequently, a 2000 bp plant DNA-fragment (E;;) upstream of
the insert position of the coding T-DNA was in silico analysed, revealing certain putative promoter/enhancer cis-
regulatory elements. Cloning and transformation of this DNA fragment and its truncated segments tagged with or
without 35S minimal promoter (35Smini), all of which were fused with a GFP or GUS reporter, allowed to detect GFP
and GUS expression mediated only by E; +35mini (Peipy435smind) SPECIfiCally in the Arabidopsis root tip region. The
Perip1-3ssmini aCtivity was further tested to be strong and stable under many different growth conditions but sup-
pressed by cold, salt, alkaline pH and higher ammonium and phosphorus.

Conclusion: This work describes a promising strategy to isolate a tissue-/cell-specific enhancer sequence from the
enhancer trap lines, which are publically available. The reported synthetic promoter i.e. Peio1 4 355mini May provide a

valuable and potent molecular-tool for comprehensive investigation of a gene function related to root growth and
development as well as molecular engineering of root-architectural formation aiming to improve plant growth.
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Background

One of the most important biological functions of a root
system is to effectively explore soils for water and nutri-
ents ensuring plant adaptive growth. There are three
major processes involved in the development of root sys-
tem: the cell division at the primary root (PR) meristem
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to add new cells enabling root growth; the generation of
lateral roots (LR) to increase the exploratory capacity of
the root system; the enlargement of the total surface of
PR and LRs through root-hair growth [1]. Such processes
are known to be greatly affected by varied environmental
factors including nutrients, water, pH and temperature,
etc., thus conferring a high degree of morphological-
plasticity of root growth in adaptive response to often
changed environmental cues [2]. Regarding the morpho-
logical plasticity, for instance, a spectrum of responses
at physiological and cellular levels occurred when the
roots are under water stress [3]; Arabidopsis LR develop-
ment was strongly promoted to the soil with rich nitrate
(NO;7) [4]; a profound effect of the combined supply

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/

publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13007-019-0393-0&domain=pdf

Zhang et al. Plant Methods (2019) 15:8

of phosphorus and magnesium on the development of
root system morphology was observed in Arabidopsis
via auxin signaling, which regulates the elongation and
directional growth of the primary root [5].

Morphologically and functionally, along the (primary)
root axis, four zones can be divided: root cap, meris-
tematic region, elongation-and maturation-zone. The
root apex or tip represents the most critical part required
for sensing and adaptively responding to environmen-
tal stimuli [6]. A study with Arabidopsis showed that
the treatment with 5 mM KNO; could inhibit the pri-
mary root growth by 30-100% in 3 days, depending on
an effect associated with a significant increase in auxin
concentration at the root apex [7]. Recently, Medici et al.
[8] described that a reasonable molecular gate integrating
phosphate (Pi)- and NO; ™ -signalling via AINIGT1/HRS1
actions might exist at the Arabidopsis root apex, regulat-
ing the response of root system growth to environmen-
tal Pi and NO;™. Besides, there is also an evidence that
exogenous L-glutamate at micromole concentrations can
act as a highly specific signal molecule sensed by the root
tip to modify root growth and branching [9]. However,
physiological and molecular determinants necessary for
the architectural formation of root system, directed by
the root apex in response to varied environment cues, are
largely unknown.

To evaluate and/or manipulate a function of an inter-
ested genetic component (or gene) involved in the root
growth at cellular and molecular levels, the application
of a particular promoter driving the gene expression in
root cell-type-specific organs (e.g. the root tip) should
be a promising strategy. Methodologically, it has been
documented that a reporter- or marker protein-based
enhancer-trap line (e.g. consisting of GAL4/GFP system)
would provide one of the most powerful means for the
exploration of a biological event(s) associated with a gene
of interest in a cell-specific manner [10]. Basically, in
the GAL4/GFP enhancer trap system, a given T-DNA is
introduced randomly into a host genome; as the T-DNA
integrates downstreamly near an enhancer-dependent
or -activated promoter, the activity of the promoter and/
or enhancer could be detected by the visualization of
the green fluorescent signals derived from GFP, whose
expression is GAL4-responsive [11]. To date, GAL4/GFP
enhancer-trap lines of some plant species (e.g. Arabidop-
sis and rice) were created and publically available [11,
12]. The use of these transgenic lines greatly favoured
many excellent studies elucidating biological processes at
organ/tissue/cell levels [12—14]. An additional significant
contribution of such enhancer-trap lines to biological
study is that some promoters with different cell-specific
activities were molecularly identified based on finding
of cell-type specific genes [15-17], allowing a precise
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assessment and manipulation of a gene function with a
cell- and developmental-specificity.

The precise temporal-spatial regulation of gene expres-
sion is pivotal for the prosperous production of highly-
specialized organs/cells and their abilities to respond to
environmental signals [18]. At a molecular level, this is
greatly completed by the activation and/or repression of
the related cis-regulatory elements (e.g. transcriptional
enhancers and silencers) at the correct place and time
[19, 20]. Generally, the promoter together with its up- or
down-stream distal sequence (e.g. enhancer) is crucial
cis-components required to control the expression of
its target gene(s) [21], contributing to the regulation of
plant growth and development. Thus, the isolation and
subsequent application of the valuable promoter and/or
enhancer allow a molecular manipulation of plants by
miss- or over-expression of a functional gene of inter-
est [22]. As documented, despite the wide application of
strong and constitutive promoters (e.g. ubiquitin gene
promoter and CaMV 35S RNA promoter), they triggered
the gene overexpression in all tissues might impair the
host plant growth and development [23, 24]. In contrast,
a tissue-specific promoter can accurately control the
transcription within a given plant part, possibly avoid-
ing undesirable or negative effects from expressing a for-
eign gene [25]. Previously, although an approach through
finding tissue-specific expressing genes was widely used
to isolate related promoters from Arabidopsis, rice, sweet
potato and soybean [26-29], this method seems fairly
tedious and inefficient because of the requirement of
experimental identification and confirmation of cell-type
specific expression patterns of the genes [29], and some
tissue-specific promoters isolated based on this way
might have a low activity or specificity [29]. Regarding a
promoter with its activity confined only to the root apex/
tip, related publications are hitherto very limited, most
probably due to people’s interest in its patent protection.

We report here a simple, direct and precise method for
the isolation of a putative enhancer (E,;,;) for the root
apex-specific transcription from a GAL4/GFP enhancer
trap line J3411. The activity of the enhancer (fused with
or without a 35S minimal promoter) was monitored by
the expression and detection of reporter proteins (i.e.
GFP and GUS) in Arabidopsis transgenic plants, show-
ing its strong and specific action only in the root apex/
tip zone. Furthermore, to evaluate the stability of this
enhancer activity, GFP-indicated fluorescent signals were
tested under varied growth conditions, revealing that the
enhancer-facilitated reporter expression was strongly and
rapidly suppressed by certain external stimuli. Thus, such
a cell/tissue-specific enhancer and its synthetic promoter
(like Ppyip14355mini COnstructed in the work) should pro-
vide a valuable and potent molecular tool to favour the
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intensive investigation of root system biology as well as
manipulation of root growth and function.

Methods

Plant materials and growth conditions

A GAL4/GFP line J3411 (Arabidopsis C24 background)
was obtained from the Haseloff and Poethig collections,
(http://data.plantsci.cam.ac.uk/Haseloff/tools/gal4s
ystem/pagel38.html). Transgenic plants harbouring
putative promoters/enhancers fused with GFP or GUS
were generated in this work (see “Generation of trans-
genic lines”).

For Arabidopsis aseptic growth, surface-sterilized
seeds were germinated and cultivated vertically for
7 d on the basic medium i.e. a half-strength MS agar
(0.8%)-medium (containing 1% sucrose and 0.5 mM
NH,NO;) in a growth room (19-22 °C, 16 h/8 h light/
dark period, 120 pmol m~2 S™! light intensity); there-
after, seedlings were transferred to the basic medium
(except for N- or P-treatment) plate for further 1 d
growth under 20 different treatments as shown below:
IAA (Indo-3-acetic acid, 60 nM), ABA (Abscisic acid,
200 nM), GA (Gibberellic acid or Gibberellin, 500 nM),
ACC (1-Aminocyclopropane-1-carboxylic acid, 500 nM),
6-BA (6-Benzylaminopurine, 100 nM), L-Glu (0.5 mM),
L-Leu (0.5 mM), r-Lys (0.5 mM), L-Met (0.5 mM), pH
(4.5 and 8), P (phosphorus, high-2.5 mM, low-50 uM; in
the form of KH,PO,), NH," (high-10 mM, low-10 puM;
in the form of (NH,),SO,), NO;~ (high-10 mM, low-
10 puM; in the form of KNO3), AICI,; (50 uM), Salt (NaCl,
80 mM), and cold (4 °C). Above chemical solutions were
filter-sterilized and added to the autoclaved agar-medium
(at about 60 °C). 7-d-old plants were transferred to the
basic medium and grown for 1 d were used as a reference
(CK) in the GFP assay. Except for those treated with cold
(4 °C), all plants were grown under normal growth condi-
tions as described above. Exception of pH treatment (4.5
and 8 adjusted respectively by using HCl or KOH), the
medium pH was set to 5.8 by KOH. Under conditions of
cold, salt, higher-pH, -salt, -NH,* and -P, GFP expression
in the transgenic plants harbouring Pp,1355minit GFP
was particularly measured at different time point within
24h (i.e.0h, 1 h,6h,24h).

To check the GFP/GUS expression in other upper-part
tissues/organs (e.g. flower and silique), homozygous lines
harbouring all individual truncated promoter/enhancer
versions fused with GFP/GUS were cultivated in pot-soils
for 70 d in the growth room.

Detection of the T-DNA insert position and its flanking
sequence/gene

Genomic DNA was isolated from 2-week-old J3411 seed-
lings (around 100 mg) by using CTAB (cetyltrimethyl
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ammonium bromide) extraction buffer (1% CTAB,
100 mM Tris—HCI (pH 8.0), 20 mM EDTA (pH 8.0),
1.5 M NaCl and water) and was then precipitated with
isopropanol and washed with 70% alcohol. The Nest PCR
(according to the protocol from http://signal.salk.edu/T-
DNArecovery.pdf) was conducted with degenerate prim-
ers and a set of nested primers designed from the T-DNA
left border (Additional file 1: Table S1). The Nest-PCR
products were subsequently cloned into pGEM-T vector
(Promega) and sequenced. Sequence homology search
was carried out by using BLAST in the NCBI or TAIR
(www.ncbi.nlm.nih.gov;  https://www.arabidopsis.org/
Blast/index.jsp).

Sequence motif prediction

The sequence motifs or cis-regulatory elements in the
putative promoter/enhancer E,;,; were inspected using
PLACE and PLANTCARE [30, 31]. The predicted impor-
tant cis-regulatory elements are listed in Additional file 2:
Table S2.

Generation of transgenic lines

The putative promoter/enhancer E;, E.yp; +35Smini,
Erip» Eripp+35Smini and E;; (Fig. 2a) were PCR-
amplified using specific primers (see Additional file 1:
Table S1). All primers contain the Spel site. PCR products
were digested by Spel and cloned into a plant expression
vector pBI101-GUS and pBI101-GFP using compat-
ible Xbal/Spel cohesive ends, yielding constructs termed
here: E,,;,:GFP or :GUS, E,,;,;+ 35Smini:GFP or :GUS,
E,;»GFP or :GUS, E;,,+35Smini:GFP or :GUS and
E,3:GFP or :GUS. Arabidopsis (Col-0) was transformed
by floral dipping into a cell suspension (OD¢,,=0.61) of
agrobacterium strain GV3101 consisting of the above
constructs. Plant transformants were selected by kana-
mycin resistance (50 pug L7'); at least two independ-
ent homozygous lines harbouring the above individual
constructs were created in the T, or T, generation for
experimental use. Exact numbers of independent trans-
genic lines generated for each of the five constructs are
described in Additional file 3: Table S3. Three or six lines
harbouring respectively E,;;,;+35Smini:GUS or :GFP
show in fact their corresponding reporter expression only
in the root tip (Additional file 3: Table S3 and Additional
file 4: Fig. S1).

GUS histochemical staining and GFP microscopic
observation

For the detection of PB-glucuronidase (GUS) activity,
plant tissues were vacuum-infiltrated (for 10 min) and
incubated further for 35 h at 37 °C in a staining solu-
tion (25 mM sodium phosphate buffer at pH 7.0, 10 mM
EDTA, 0.5 mM ferricyanide, 0.5 mM ferrocyanide, 0.1%
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Triton X-100, and 2 mM X-Gal i.e. 5-bromo-4-choro-3-
indolyl-B-d-glucuronide cyclohexylamine salt). Thereaf-
ter, tissues were washed with 75% ethanol twice over a
24 h period to remove chlorophyll from leaves or flow-
ers. Samples were visualized under a microscope (BX51,
Olympus, Japan).

For the observation of GFP localization, whole seed-
lings or tissues were mounted in water or 30% sucrose
under a glass coverslip, and GFP signals were scanned
with an energy excitation at between 488 and 535 nm
by confocal laser scanning microscope (OLYMPUS
FluoView ' FV1000, Japan). Brightness and contrast pic-
tures were adjusted using the Olympus FV1000 Viewer
software.

The intensity of green fluorescence photographed by
a fluorescence microscope-camera device (BX51, Olym-
pus, Japan) was quantified using Image] (https://www.
youtube.com/watch?v=nLfVSWcxMKw%26lc=UgjP3
p6wpnEcOXgCoAEC). Every picture was taken at the
same exposure time (i.e. 20 ms), where pixel values range
from 0 to 255. The value of a non-fluorescing root image
was taken as a background intensity.

Statistical analysis

The data are given in the form of a mean value with a
standard deviation of replicates. Statistical test was per-
formed using the statistical software program SPSS ver-
sion 16.0 (Beijing, China). Significant differences between
treatments were determined by one-way analysis of vari-
ance (ANOVA), and post hoc comparisons were done
using Tukey’s multiple range test at P <0.05.

Results and discussion

Identification of a genomic region involved in GFP
specific-expression in the root apex of an enhancer trap
line

To isolate a putative root tip-specific promoter or
enhancer, we inspected T-DNA-containing GAL4-
VP16/UAS-GFP enhancer trap plants in the “Haseloft”
database and obtained a valuable line (i.e. J3411) (http://
data.plantsci.cam.ac.uk/Haseloff/tools/gal4system/
pagel38.html), where GAL4-dependent GFP occur-
rence is specifically restricted to the root tip area (also
see Fig. 3f). Since the T-DNA of this enhancer trap sys-
tem harbours only a CaMV 35S RNA minimal promoter
(containing TATA-boxes), which is not strong enough to
drive the transcription of GAL4 and further GFP, unless
the T-DNA is integrated proximally to an enhancer or a
promoter of a certain plant gene [14]. Thus, we applied
nested PCR, DNA-sequencing as well as sequence
homology search to characterize the position(s) of the
T-DNA insert(s) in the J3411 genome and the genes
flanking each insert(s). Resulting data indicated that
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there were two T-DNAs introduced respectively in the
chromosome 1 and 2 of J3411 plant (Fig. 1a). The first
T-DNA insert (termed here as T-DNA_1) is located
between the coding sequences of At1g25340 (position
8885020-8886777, for a transcription factor MYB116
with deduced 283 amino acid residues) and At1g25350
(position 8889018-8894306, for a putative glutamine-
tRNA ligase with 800 amino acids but without detailed
functional description); and the second T-DNA (ie.
T-DNA_2) is flanked by the coding region of At2g36370
(position 15247768-15252980, for a predicted ubiqui-
tin-protein ligase consisting of 940 amino acids) and
At2g36380 (position 15257418-15263808, for a ABCG-
transporter with putative 1453 amino acids, contrib-
uting to a defense against necrotrophic pathogens by
mediating the secretion of camalexin [32]. This result is
partially consistent with that reported by Radoeva et al.,
in which only one T-DNA (corresponding to the above
stated “T-DNA_2’) was detected in J3411 by using the
TAIL-PCR method [33]. Moreover, sequence alignment
implied that the first T-DNA was coding in the oppo-
site or same direction respectively to the flanking gene
At1g25340 or Atlg25350 (Fig. la), and the second was
coding in the opposite direction to both the flanking
genes ie. At2g36370 and At2g36380 (Fig. la). Survey-
ing gene expression patterns in public microarray data-
bases [34] revealed that among the above four genes,
only At2g36380 was highly transcribed in root tissues
during plant development (Fig. 1b). Such data therefore
proposes that the 4258 bp intergenic sequence (i.e. from
T-DNA_2 insert site to the coding start of At2g36380,
Fig. la) might contain a promoter and/or enhancer
region to regulate the expression of both GAL4/GFP and
At2g36380 in the root tip/apex.

Certain important cis-acting regulatory elements are
predicted in the 2-kb plant intergenic region upstream

of the coding T-DNA_2

To assess a possible root tip-specific activity of the
T-DNA flanking region, based on our T-DNA mapping
and inspection of flanking gene expression patterns
(Fig. 1), a two kb plant DNA (named here E ;,;; Fig. 2b;
containing more root-specific elements than the region
between 2-kb and 4258-bp, see below description)
upstream of the insertion site of the coding T-DNA_2
was PCR-amplified from J3411, sequenced and ana-
lysed for the presence of a putative promoter as well
as cis-regulatory elements. Sequence similarity search
via BLAST indicated that the isolated E,;,; sequence
from J3411 (ecotype C24) was identical to that from
Col-0 in the Arabidopsis database (Chr.2, 15255323-
15253324). In silico analysis using online-software from
Plant CARE [30] and PLACE [31] allowed to predict
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Fig. 1 Identification of T-DNA inserts in J3411 and inspection of expression patterns of the T-DNA-flanking genes. a Two T-DNA insertion
sites were detected at two different positions in the genome of the enhancer-trap line J3411.1n J3411 plants, GAL4/UAS-dependent green
florescent protein-derived signal was shown in the root tip region (Fig. 3f). Nest PCR, DNA sequencing and sequence homologous BLAST search
were performed to characterize the position(s) of the T-DNA insert and its flanking genes (see “Methods" section). Arrows indicate the coding
direction. b Transcriptional patterns of the T-DNA flanking genes i.e. At1g25340, At1g25350, At2g36370 and At2g36380 in varied tissues or at
different developmental stages. Only At2g36380 was shown to be highly transcribed in roots. Transcript data were extracted from AtGenExpress
(http://jsp.weigelworld.org/expviz/expviz.jsp. [34])

several promoter-related cis-acting elements in the
E,p1 (Fig. 2, Additional file 2: Table S2), including the
basal element TATA-box (occurring 20 times) [35], and
cis-acting element CAAT-box (presence of 5 times) that
was reported to be responsible for the tissue-specific
promoter activity [36]. Interestingly, certain root tip-
specific cis-acting regulatory domains were identified
in the E,;,;, which includes two OSE2ROOTNODULE-
domains and five ROOTMOTIFTAPOX1-boxes that
is important for a strong expression in roots [37-39];
eight DOFCOTEZM elements required for the binding
of Dof proteins involved in plant-/tissue-specific tran-
scription enhancement [40] (Additional file 2: Table S2,
Fig. 2). Moreover, some hormone-responsive cis-regu-
latory elements were also detected: AGCBOXNPGLB
and GCCCORE (involved in the ethylene responsive-
ness), CPBCSPOR (related to the cytokinin action),
ABRE (dealing with the ABA action), TATC and
GAREAE (involved in the gibberellin responsiveness)
(Additional file 2: Table S2). Using such data leads
to a suggestion that the E;,, might be a promoter
or enhancer or consist of at least certain important

cis-elements contributing the root-tip specific expres-
sion of GFP in the J3411 line.

E,1ip1 €xhibits no promoter activity but enhances
aT-DNA-derived 35S minimal promoter action only in the
Arabidopsis root apex
To assess if and how E,;,; could play a role in the event
of a root tip-specific gene expression, the E.;,; sequence
and its two truncated segments (E,;), Eqp3) as well as
E.ip1 and E, tagged with the 35S minimal promoter
including TATA-box (termed here as 35Smini) from the
T-DNA (i.e. E,y,; +35Smini (Additional file 5: Fig. S2),
Eiip> +35Smini, Fig. 2) were cloned immediately before
the GUS- and GFP-reporter into the promoter-lacking
plant vectors (pBI101-GUS, pBI101-GFP, see “Meth-
ods” section), yielding constructs termed as E,;,;:GUS/
GFP, Ertip1+358mini:GUS/GFP (or Pryip1435sminit GUS/
GFP) E,ip2:GUS/GFP, E,,+355mini:GUS/GFP  and
E tips: GUS/GFP Transformation of these constructs into
Arabidopsis (Col-0), and subsequent histochemical-
assay and fluorescence microscopic-analysis allowed to
effectively evaluate the transcriptional activity of E;,
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Ertip2 +355Smini and 3, DNA fragments (with 2000 bp, 2093 bp, 955 bp, 1048 bp and 1040 bp) derived respectively from the plant genomic DNA
2000 bp upstream of the insert site of the coding T-DNA, the 2000 bp sequence plus 93 bp from the T-DNA across the right border and minimal 35S
promotor TATA-box (termed here as 35S mini), 955 bp upstream of the insert site of the coding T-DNA, the 955 bp sequence tagged with 93 bp 355
mini, 2000 bp to 906 bp upstream of the insert site of the coding T-DNA. Arrows indicate the coding direction of genes (e.g. GAL4 and GFP) in the
T-DNA. b Prediction of cis-acting elements in a putative root-tip specific promoter/enhancer E;,;. Sequence motif prediction was conducted using
"PLACE"and “PlantCARE" online-service (see “Methods” section). OSE2ROOTNODULE, a sequence motif related to the promoter activated in infected
cells of root nodules; AGCBOXNPGLB and GCCCORE, elements involved in the ethylene responsiveness; ARRTAT, a binding element of the response
regulator ARR1; CPBCSPOR, dealing with cytokinin response; DOFCOREZM, for the binding of Dof proteins involved in tissue-specific transcriptional

enhancement; TATAPVTRNALE, involved in transcription re-initiation; ROOTMOTIFTAPOX1, related to root-specific gene expression; ABRE,
involving the ABA function; TCA, a cis-element dealing with salicylic-acid action; TATC and GAREAE, a binding domain related to the gibberellin
responsiveness. Such critical cis-elements with their rough positions in the putative root-specific enhancer(s) are indicated using different color bars

and its related DNA segments in a tissue-/cell-specific
manner. Of all transgenic lines, only plants carrying
Prip1+35sminit GFP/GUS showed a remarkable expression
of the reporters. As presented in Fig. 3, the GUS activity
was mainly detected only in the tip region of the primary-
and lateral-root but not in other parts of the root, leaf
and hypocotyl (Fig. 3a—d); the blue colour derived from
GUS-staining did not occurred in flowers, siliques and
seeds (data not shown). Further confocal microscopic
observation revealed that strong green-fluorescence sig-
nals were confined also mostly to the root-apical meris-
termatic domain of the transgenic line introduced only
with Ppio 4 sssmin:GFP, in agreement with that of visu-
alized in J3411 (Fig. 3e, f. http://data.plantsci.cam.ac.uk/
Haseloft/tools/gal4system/page138.html), affirming the

action of E,,; +35Smini is specific to the root apex of
Arabidopsis.

Since the activity of E,,; along or its truncated DNA
fragments with or without the 35Smini in triggering
GUS/GFP expression could not be detected in their cor-
responding transgenic lines (data not shown), the E;,
should be considered as a potent enhancer responsi-
ble for the expression limited to root-tip cells when
tagged with 35Smini. This finding can be emphasized
by the observation that the specific GAL4/GFP expres-
sion in J3411 was not replicated by the expression of
pAt2G36360-3nGFP [33], because the authors, based on
knowing of the same coding direction of the T-DNA and
flanking gene At2G36360 (Fig. la, [33]), just took 3.9 kb

fragment (not including our identified E;,;) upstream
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i\ W\
Fig. 3 Detection of reporter expression in an Arabidopsis line only transformed with £,;,, 4+ 35Smini:GUS or :GFP. Plant expression vectors harboring
respectively Eppy= Erpr +355mini-, Eyoo Erigy +355mini- and E,p5-fused GUS or GFP were constructed and their corresponding transgenic
Arabidopsis (Col-0) lines were generated (till T2 or T3 generation, see “Methods” section). The enhancer/promoter activity was indicated by the GUS
expression assayed via GUS-staining of transgenic plants grown on agar-plates (for 8 d) or pot-soil (over 2 months) (see “Methods” section). Except
for the line transformed with E o, +355mini:GUS (termed here as Perng 1 355min:GUS), the GUS expression could not be detected in any tissue/
organ of lines harboring respectively other individual constructs (data not shown). GUS-indicated enhancer/promoter activity was not detectable

B-glucuronidase. A bar scale =100 um for a—f; the bar in 3 mm for d

in flower organs and seeds of Pe i1 4355min:GUS plants (data not shown). a The primary root (PR). b A mature zone of the PR. ¢ The lateral root. d
Plant upper parts (e.g. leave and hypocotyl). Green fluoresce observation of the PR tip of Peo14355min:GFP containing line (e) and J3411 (f). GUS,

of the At2G36360 coding start as a putative promoter to
test its activity [33]. This leads to a speculation that the
GAL4/GFP specific-expression in the root apex of J3411
might be attributed to regulatory elements located in
the genomic DNA immediately upstream of the T-DNA
insertion [33]. Regarding the possible target gene of the
E p1> since it was documented that enhancers can be
interacted with multiple transcription factors (TFs) to
activate the transcription of genes located up to many
kb or even several Mb away [41, 42], and can function
in an orientation-independent manner [42], we propose
that the E,;,; might target to At2G36380 or At2G36360
or the both, being responsible for the specific GAL4/GFP
expression pattern in J3411. Thus, it would be interest-
ing to test the effect of the E,;,; on specificity of the pro-
moter in the root tips of these two genes in our future
work.

The specific activity of Ey,; in the root apex is responsive
to varied growth conditions

The root tip/apex represents a crucial part equipped
with exquisite molecular processes and responsive to
various signals from internal and soil environments,
contributing to the ability of the plant to grow adap-
tively. To test the stability of the E;,, activity in the
root tip, green fluorescence signals were measured in
the Ppyip1435sminit GFP-containing  plants, which were
transferred for 24 h growth under 20 different condi-
tions after 7 d pre-culture on normal agar-medium
(Fig. 4, see “Methods” section). In the most cases tested
(see “Methods” section. e.g. factors affecting the root
growth, such as certain phytohormones, macro-nutrients
and amino acids found to influence Arabidopsis root

system formation in our recent study [9], and some abi-
otic stresses), the fluorescence intensity remained strong
and stable in the root apex (Fig. 4), very similar to the
control (CK, no treatment, Fig. 4). This property in terms
Of Ppiip14355mini aCtivity might be involved in the role of
E,iip1-containing cis-acting regulatory elements i.e. OSE-
2ROOTNODULE, ROOTMOTIFTAPOX1 and DOF-
COTEZM (Fig. 2b), which were reported to be critical for
the abundant root-expression and tissue-/organ-specific
transcription enhancement [37, 40, 43]. Under supply
with 6-BA (a type of cytokinin) and ACC (a precursor for
ethylene biosynthesis), the GFP expression was signifi-
cantly up-regulated (Fig. 4), assuming that cytokinin and
ethylene action-related cis-elements (AGCBOXNPGLB
and GCCCORE, CPBCSPOR, Fig. 2b) in the E,;,; might
be molecular players but needed to be experimentally
examined later.

Remarkably, when subjected to certain stresses e.g.
cold (4 °C), higher pH (8), salt (Nat, 80 mM), higher
phosphorus (P, 2.5 mM) and ammonium (NH,",
10 mM) in particular, the fluorescence intensity was
strongly decreased by 10.9-, 8.9-, 8.4-, 7.2- and 8.7-
fold, respectively (Fig. 4); besides, aluminium (A,
50 uM) and low pH (4.5) also obviously (but not much
strongly) supressed GFP transcription driven by the
Prtip1+35smini i the root apical area (Fig. 4). To further
comprehend the sensitivity of Pp,1355mini activity in
response to the above stress stimuli, fluorescence sig-
nals were quantified in a time depend manner (Fig. 5).
Compared to the untreated plants, within 24 h the fluo-
rescence intensity in the root tip was rapidly decreased
by cold, salt, higher pH or P or NH,™, for instance, 1 h
or 6 h treatment with these abiotic stresses could reduce
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Fig. 4 Effect of twenty different growth conditions on GFP-intensity in the root tip of Perin; 4 355min:GFP-expressing plants. Plants were pre-cultured
vertically on medium agar-plates for 7 d and then transferred to the medium plates with 20 different treatments for 24 h growth (see “Methods”
section). The treatments are shown below: IAA (60 nM), ABA (200 nM), GA (500 nM), ACC (500 nM), 6-BA (100 nM), .-Glu (0.5 mM), L.-Leu (0.5 mM),
(-Lys (0.5 mM), .-Met (0.5 mM), pH (4.5 and 8), P (phosphorus, high-2.5 mM, low-50 uM), NH,* (high-10 mM, low-10 uM; in the form of (NH,),SO,),
NO;™ (high-10 mM, low-10 pM; in the form of KNO;), AICI; (50 uM), NaCl (80 mM), cold (4 °C). Control plants (CK) were grown on a half-strength of
MS medium, which was also used as basic nutrients in the different treatment experiments (except for N- or P-treatment). All plants were cultivated
under normal growth conditions, except for those treated with 4 °C. The intensity of green fluorescence photographed by using a fluorescence
microscope-camera device was quantified using ImageJ (see “Methods" section). GA, gibberelin. 6-BA, 6-Benzylaminopurine (a type of cytokinins).
ACC, 1-Aminocyclopropanecarboxylic acid (a precursor for ethylene biosynthesis). Mean values SE (n=8) were potted.”*" or “**"indicates statistically
significance calculated by using one-sided paired t test at P <0.05 or P<0.01

(See figure on next page.)

Fig.5 Down-regulation of E;,,-dependent root-tip GFP expression by five environmental cues within 24 h. Growth of transgenic plants

harboring Peio1.435smini:GFP, microscopic observation and quantification of fluorescence signals derived from GFP are described as that in Fig. 4. a
Representative image of green fluorescence signals from GFP in the root apex. Pictures were taken after exposure of plants to the treatments i.e.
cold (4 °C), NH,™ (10 mM), salt (80 mM), P (2.5 mM) and pH 8 for 0 h, 1 h, 6 h, 12 h or 24 h. Bars =50 um. b-g Quantification of green fluorescence
intensity in the root apex of plants without the treatment (CK) or with the treatment of cold (4 °C), NH,™ (10 mM), Na™ (80 mM), P (2.5 mM) or pH 8.
Means of 6 biological replicates = SD (n=6) were plotted and different letters above the bars indicate statistically significant differences (P<0.05 by
one-way ANOVA and a multiple comparison test)

GFP signals by approximately 25% and 50%, respectively
(Fig. 5a, b). This intensive and fast repression of the
fluorescence signals would indicate that the enhancer

[44, 45], several hormonal action-related domains (e.g.
AGCBOXNPGLB, GCCCORE, CPBCSPOR, ABRE,
TCA and GAREAE) predicted in the E,; might be

E p1 should contain some particular domains, which
are required for down-regulation of the E,, activity
in the root apex of plants when subjected to such envi-
ronmental stimuli tested. Since the plant (root) growth
in response to varied external stresses and nutri-
ents (including N and P) are largely modulated by the
action of different phytohormones at a molecular level
including a dramatic alteration of the gene expression

putative cis-regulatory elements, which involve the
activity reduction of this enhancer by the stress factors
such as cold, salt, and higher P and N examined. In this
study, although we have addressed on the characterisa-
tion of the overall activity and stability of the root tip
specific enhancer E,y;,;, the possible stress-responsive or
regulatory elements embedding in this enhancer remain
puzzled and are worthy to be studied in the future.
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Conclusion

The present work describes an uncomplicated and valu-
able process for the successful isolation and charac-
terisation of a transcriptional enhancer E.,; specific
for the root tip from an enhancer trap plant J3411. The
root apex-specific activity of the E,;,; was proven by the
expression of both GFP and GUS reporters under the
control of E;,;+35Smini (functioning as a promoter
Prip1+35sming) in Arabidopsis. Interestingly, among 20 dif-
ferent growth conditions tested, the E,,; activity in the
root tip cells remained stable in most cases, but was rap-
idly reduced under cold, salt, alkaline pH, higher ammo-
nium and phosphorus. From an application viewpoint,
we deem that the identified enhancer E,;,; and its related
synthetic promoter (e.g. Prp1355miny Additional file 5:
Fig. S2) should provide potent molecular means to favour
comprehensive study and manipulation of any interested
functional gene at the root apex, which may involve root-
system formation and biological function in response to
external and environmental cues.

Additional files

Additional file 1: Table S1. Primers used in this study.

Additional file 2: Table S2. Putative cis-acting elements predicted in the

enhancer £y

Additional file 3: Table S3. Summary of independent transgenic lines
generated for each of five constructs.

Additional file 4: Fig. S1. Generation of independent transgenic lines

Of Eyyipr +355mini:GUS or :GFP. Three independent transgenic lines of

Ertip1 +355mini:GUS show GUS expression in the root apex (a-c. Line a was
used in the Fig. 3a-d). Six independent lines of Ey; +35Smini:GFP exhibit
GFP expression in the root tip region (d-h. Line d was used in the Fig. 3e).
A bar scale=100 um.

Additional file 5: Fig. 52. The nucleotide sequence of E,,; +355mini.
The uppercase letters and the letters underlined indicate respectively
the 35S minimal promoter and 93 bp sequence from the T-DNA insert of
J3411 line. The TATA-box in the 35Smini is boxed.
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GFP: green fluorescent protein; GUS: B-glucuronidase; GAL4: a transcription
factor positively regulating expression of galactose-induced genes; RB and LB:
T-DNA right- and left-border; NPTII: a marker for bacterial kanamycin-resist-
ance selection; UAS: GAL4 upstream activation sequence; IAA: indo-3-acetic
acid; ABA: abscisic acid; GA: gibberellin; ACC: 1-aminocyclopropane-1-car-
boxylic acid; 6-BA: 6-benzylaminopurine; CTAB: cetyltrimethyl ammonium
bromide; FT: transcription factor.

Authors’ contributions

ZL, LNQ and ZRZ performed major experiments and statistical analysis, ZL
participated in the draft preparation. YYG and CZW contributed to the plasmid
construction. LHL and FQC designed general study and prepared the manu-
script. All authors read and approved the final manuscript.

Author details

! Key Laboratory of Plant-Soil Interaction, MOE, Center for Resources, Environ-
ment and Food Security, College Resources and Environmental Sciences,
China Agricultural University, Beijing 100193, China. > Zhaoyuan Agricultural

Page 10 of 11

Technology Extension Centre, Zhaoyuan 265400, Shandong, China. * Key
Laboratory of Cotton and Rapeseed, Ministry of Agriculture, The Institute
of Industrial Crops, Jiangsu Academy of Agricultural Sciences, Nanjing 210014,
China. * Shanghai Centre for Plant Stress Biology of Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences, Shanghai 201602, China.

Acknowledgements

We would like to thank professor Jim Haseloff from Department of Plant Sci-
ences at Cambridge University (England) for gifting some valuable GAL4/GFP
enhancer trap lines.

Competing interests
The authors state that they have no competing interests.

Availability of data and materials
The data and materials generated from this work can be offered only by the
corresponding author (s) upon request.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding

This study was supported by the National Natural Science Foundation of
China (NSFC, No. 31270881,Y333ZA1D11), and the Doctoral Research Fund
Project of the Ministry of Education (No. 20134320110015).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 31 July 2018 Accepted: 21 January 2019
Published online: 31 January 2019

References

1. Herreraestrella L. The role of nutrient availability in regulating root archi-
tecture. Curr Opin Plant Biol. 2003;6:280-7.

2. Osmont KS, Sibout R, Hardtke CS. Hidden branches: developments in root
system architecture. Annu Rev Plant Biol. 2007;58:93-113.

3. Zhu JK.Salt and drought stress signal transduction in plants. Annu Rev
Plant Biol. 2002;53:247-73.

4. Zhang H, Forde BG. An Arabidopsis MADS box gene that controls
nutrient-induced changes in root architecture. Science. 1998;279:407-9.

5. NiuY,JinG,Li X, Tang C, Zhang Y, Liang Y, Yu J. Phosphorus and magne-
sium interactively modulate the elongation and directional growth of pri-
mary roots in Arabidopsis thaliana (L.) Heynh. J Exp Bot. 2015,66:3841-54.

6.  XuW,lJiaL, ShiW, Liang J, Zhou F, Li Q, et al. Abscisic acid accumulation
modulates auxin transport in the root tip to enhance proton secretion
for maintaining root growth under moderate water stress. New Phytol.
2013;197:139-50.

7. Vidal EA, ArausV, Lu C, Parry G, Green PJ, Coruzzi GM, Gutiérrez RA.
Nitrate-responsive miR393/AFB3 regulatory module controls root system
architecture in Arabidopsis thaliana. PNAS. 2010;107:4477-82.

8. Medici A, Marshallcolon A, Ronzier E, Szponarski W, Wang R, Gojon A,
Crawford NM, Ruffel S, Coruzzi GM, Krouk G. AtNIGT1/HRS1 integrates
nitrate and phosphate signals at the Arabidopsis root tip. Nat Commun.
2015;6:6274.

9. Walch-Liu P, Liu LH, Remans T, Tester M, Forde BG. Evidence that
L-glutamate can act as an exogenous signal to modulate root growth and
branching in Arabidopsis thaliana. Plant Cell Physiol. 2006;47:1045-57.

10. Brand AH, Perrimon N. Targeted gene expression as a means of alter-
ing cell fates and generating dominant phenotypes. Development.
1993;118:401-15.

11. Wu G, Li X, Yuan W, Chen G, Kilian A, Li J, Xu C, Li X, Zhou DX, Wang S.
Development of enhancer trap lines for functional analysis of the rice
genome. Plant J. 2003;35:418-27.


https://doi.org/10.1186/s13007-019-0393-0
https://doi.org/10.1186/s13007-019-0393-0
https://doi.org/10.1186/s13007-019-0393-0
https://doi.org/10.1186/s13007-019-0393-0
https://doi.org/10.1186/s13007-019-0393-0

Zhang et al. Plant Methods

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

(2019) 15:8

Laplaze L, Parizot B, Baker A, Ricaud L, Martiniere A, Auguy F, Franche

C, Nussaume L, Bogusz D, Haseloff J. GAL4-GFP enhancer trap lines for
genetic manipulation of lateral root development in Arabidopsis thaliana.
J Exp Bot. 2005,;56:2433-42.

Weijers D, Offringa R. Diphtheria toxin-mediated cell ablation reveals
interregional communication during Arabidopsis seed development.
Plant Physiol. 2003;133:1882-92.

Gardner MJ, Baker AJ, Assie JM, Poethig RS, Haseloff JP, Webb AA. GAL4
GFP enhancer trap lines for analysis of stomatal guard cell development
and gene expression. J Exp Bot. 2009;60:213-26.

Tsubota T, Uchino K, Suzuki TK, Tanaka H, Kayukawa T, Shinoda T, Sezutsu
H. Identification of a novel strong and ubiquitous promoter/enhancer in
the silkworm Bombyx mori. G3. 2014;4:1347.

Vijaybhaskar V, Subbiah V, Kaur J, Vijayakumari P, Siddiqi I. Identification of
a root-specific glycosyltransferase from Arabidopsis and characterization
of its promoter. J Biosci. 2008;33:185-93.

Liu PP, Koizuka N, Homrichhausen TM, Hewitt JR, Martin RC, Nonogaki

H. Large-scale screening of Arabidopsis enhancer-trap lines for seed
germination-associated genes. Plant J. 2005;41:936-44.

Waddington CH. The genetic control of wing development in Drosophila.
J Genet. 1940;41:75-113.

Sakabe NJ, Savic D, Nobrega MA. Transcriptional enhancers in develop-
ment and disease. Genome Biol. 2012;13:238.

Kolovos P, Knoch TA, Grosveld FG, Cook PR, Papantonis A. Enhancers and
silencers: an integrated and simple model for their function. Epigenetics
Chromatin. 2012;5:1.

Ogbourne S, Antalis TM. Transcriptional control and the role of silencers
in transcriptional regulation in eukaryotes. Biochem J. 1998;331:1-14.
Venter M. Synthetic promoters: genetic control through cis engineering.
Trends Plant Sci. 2007;12:118.

Kasuga M, Miura S, Shinozaki K, Yamaguchishinozaki K. A combination

of the Arabidopsis DREBTA gene and stress-inducible rd29A promoter
improved drought- and low-temperature stress tolerance in tobacco by
gene transfer. Plant Cell Physiol. 2004;45:346-50.

Pino M-T, Skinner JS, Park E-J, Jekni Z, Hayes PM, Thomashow MF, Chen
THH. Use of a stress inducible promoter to drive ectopic AtCBF expres-
sion improves potato freezing tolerance while minimizing negative
effects on tuber yield. Plant Biotechnol J. 2007;5:591-604.

Popa C, Nicola A, Riide U. Targeting transgene expression in research,
agricultural, and environmental applications: promoters used in plant
transformation. Vitro Cell Dev Biol Plant. 2004;40:1-22.

Yang Y, Costa A, Leonhardt N, Siegel RS, Schroeder JI. Isolation of a strong
Arabidopsis guard cell promoter and its potential as a research tool. Plant
Methods. 2008:4:6.

LiYY, Liu SJ, Yu ZM, Liu Y, Wu P, Isolation and characterization of two novel
root-specific promoters in rice (Oryza sativa L.). Plant Sci. 2013,207:37-44.
Tanabe N, Tamoi M, Shigeoka S. The sweet potato RbcS gene (IbRbcST)
promoter confers high-level and green tissue-specific expression of the
GUS reporter gene in transgenic Arabidopsis. Gene. 2015;567:244-50.
Chan JL, Lee HY, Kim WB, Lee BS, Kim J, Ahmad R, Kim HA, Yi SY, Hur CG,
Kwon SY. Screening of tissue-specific genes and promoters in tomato by
comparing genome wide expression profiles of Arabidopsis orthologues.
Mol Cells. 2012;34(1):53-9.

Postel D, Vanlemmens P, Gode P, Ronco G, Villa P. PlantCARE, a database
of plant cis-acting regulatory elements and a portal to tools for in silico
analysis of promoter sequences. Nucleic Acids Res. 2002;30:325-7.

Higo K, Ugawa Y, Iwamoto M, Korenaga T. Plant cis-acting regulatory DNA
elements (PLACE) database. Nucleic Acids Res. 1999;27:297-300.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Page 11 of 11

. Khare D, Choi H, Huh SU, Bassin B, Kim J, Martinoia E, Sohn KH, Paek

KH, Lee Y. Arabidopsis ABCG34 contributes to defense against necro-
trophic pathogens by mediating the secretion of camalexin. PNAS.
2017,114:E5712.

Radoeva T, Ten Hove CA, Saiga S, Weijers D. Molecular characterization

of Arabidopsis GAL4/UAS enhancer trap lines identifies novel cell-type-
specific promoters. Plant Physiol. 2016;171:1169-81.

Schmid M, Davison TS, Henz SR, Pape UJ, Demar M, Vingron M, Scholkopf
B, Weigel D, Lohmann JU. A gene expression map of Arabidopsis thaliana
development. Nat Genet. 2005;37:501-6.

Grace ML, Chandrasekharan MB, Hall TC, Crowe AJ. Sequence and
spacing of TATA box elements are critical for accurate initiation from the
beta-phaseolin promoter. J Biol Chem. 2004;279:8102.

Shirsat A, Wilford N, Croy R, Boulter D. Sequences responsible for the tis-
sue specific promoter activity of a pea legumin gene in tobacco. Mol Gen
Genet. 1989;215:326.

Elmayan T, Tepfer M. Evaluation in tobacco of the organ specificity and
strength of therolD promoter, domain A of the 35° promoter and the 35>
promoter. Transgenic Res. 1995;4:388-96.

Fehlberg V, Kister H. The promoter of the leghaemoglobin gene VfLb29:
functional analysis and identification of modules necessary for its activa-
tion in the infected cells of root nodules and in the arbuscule-containing
cells of mycorrhizal roots. J Exp Bot. 2005;56:799-806.

Vieweg MF, Friihling M, Quandt HJ, Heim U, Baumlein H, Pihler A,

et al. The promoter of the Vicia faba L. leghemoglobin gene VfLb29 is
specifically activated in the infected cells of root nodules and in the
arbuscule-containing cells of mycorrhizal roots from different legume
and nonlegume plants. Mol Plant Microbe Interact. 2004;17:62.
Yanagisawa S, Schmidt RJ. Diversity and similarity among recognition
sequences of Dof transcription factors. Plant J. 1999;17:200.

Lettice LA, Horikoshi T, Heaney SJ, van Baren MJ, Hc VDL, Breedveld

GJ, Joosse M, Akarsu N, Oostra BA, Endo N. Disruption of a long-

range cis-acting regulator for Shh causes preaxial polydactyly. PNAS.
2002;99:7548-53.

Benko S, Fantes JA, Amiel J, Kleinjan DJ, Thomas S, Ramsay J, Jamshidi N,
Essafi A, Heaney S, Gordon CT. Highly conserved non-coding elements
on either side of SOX9 associated with Pierre Robin sequence. Nat Genet.
2009;41:359-64.

Stougaard J, Sandal NN, Grgn A, Kihle A, Marcker KA. 5" Analysis of the
soybean leghaemoglobin Ibc(3) gene: regulatory elements required for
promoter activity and organ specificity. EMBO J. 1987;6:3565-9.

Krouk G, Ruffel S, Gutiérrez RA, Gojon A, Crawford NM, Coruzzi GM, et al.
A framework integrating plant growth with hormones and nutrients.
Trends Plant Sci. 2011;16:178-82.

Durbak A, Yao H, Mcsteen P. Hormone signaling in plant development.
Curr Opin Plant Biol. 2012;15:92-6.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Molecular identification of a root apical cell-specific and stress-responsive enhancer from an Arabidopsis enhancer trap line
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Methods
	Plant materials and growth conditions
	Detection of the T-DNA insert position and its flanking sequencegene
	Sequence motif prediction
	Generation of transgenic lines
	GUS histochemical staining and GFP microscopic observation
	Statistical analysis

	Results and discussion
	Identification of a genomic region involved in GFP specific-expression in the root apex of an enhancer trap line
	Certain important cis-acting regulatory elements are predicted in the 2-kb plant intergenic region upstream of the coding T-DNA_2
	Ertip1 exhibits no promoter activity but enhances a T-DNA-derived 35S minimal promoter action only in the Arabidopsis root apex
	The specific activity of Ertip1 in the root apex is responsive to varied growth conditions

	Conclusion
	Authors’ contributions
	References




