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Abstract

Background: Genetically encoded fluorescent proteins are often used to label proteins and study protein function
and localization in vivo. Traditional cloning methods mediated by restriction digestion and ligation are time-consum-
ing and sometimes difficult due to the lack of suitable restriction sites. Invitrogen developed the Gateway cloning sys-
tem based on the site-specific DNA recombination, which allows for digestion-free cloning. Most gateway destination
vectors available for use in plants employ either the 35S or ubiquitin promoters, which confer high-level, ubiquitous
expression. There are far fewer options for moderate, cell-type specific expression.

Results: Here we report on the construction of a Gateway-compatible cloning system (SWU vectors) to rapidly tag
various proteins and express them in a cell-type specific manner in plants. We tested the SWU vectors using the HIS-
TONE (H2B) coding sequence in stable transgenic plants.

Conclusions: The SWU vectors are a valuable tool for low cost, high efficiency functional analysis of proteins of inter-

est in specific cell types in the Arabidopsis root.
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Background

Since the invention of microscopy, imaging has been
one of the central focuses of biology. The production
and use of fluorescently labelled antibodies enabled
the visualization of specific cellular components and
proteins in situ. However, the examination of fixed and
stained cells provides only a static snapshot of protein
localization. The discovery of genetically encoded
fluorescent proteins (FPs) has revolutionized cell
biology by allowing for the direct fusion of a fluorescent
protein to a protein of interest, thus enabling the non-
destructive localization and tracking of the fluorescently
labeled protein in vivo. A broad range of FPs have been
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produced, spanning nearly the entire visible spectrum [1].
The combination of different fluorescent markers enables
simultaneous detection of multiple proteins within a
cell; striking examples of this technique are presented by
Livet et al. (2007 and at http://cbs.fas.harvard.edu/scien
ce/connectome-project/brainbow). In addition to cyan,
green, yellow and red fluorescing proteins exemplified
by CFP (or cearulean), GFP, YFP and RFP (or mCherry)
respectively, several photoconvertible proteins (proteins
can be transformed from one color to another in response
to a specific wavelength of light) are also available [2—6].
For example, Dendra2 isolated from coral is green in
its native state and switches to red when irradiated by
405 nm laser. Both Dendra2 and mEosFP have proved to
be powerful tools in the study protein dynamics, protein
trafficking and protein—protein interaction [2—6].

The utilization of genetically encoded fluorescent
proteins (FPs) relies on DNA cloning techniques that
enable the in-frame fusion of the coding sequence of the
EP to the coding sequence of the protein of interest within
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a DNA cassette that contains a promoter appropriate
for expression in the system of interest. Many studies in
plant systems utilize constitutive promoters (e.g. 35S and
ubiquitin promoters). This is particularly useful when
the native promoter has not been determined or when
over expression is the goal. In addition, some techniques
such as BIFC, which are performed in heterologous plant
systems are benefitted by the broad host range that the
35S or ubiquitin promoters provide [6—9]. Despite their
wide usage, constitutive promoters have their drawbacks.
Proteins that are overexpressed may promiscuously
associate with cellular compartments or mislocalize. In
addition, the phenotypes generated via overexpression
may confound imaging. Two of the biggest problems
that we have encountered with the use of constitutive
promoters in transgenic lines are the issues of transgene
silencing and co-suppression (Additional file 1: Figure
S1). For the 35S and the UBQ10 promoters, we have
found this to be particularly true in the root meristem.
For these reasons, we often choose to use promoters that
show cell or tissue specific patterns of gene whenever
possible. Even when the regulatory sequences of a gene
are not known, it is often possible to query its pattern
of expression in publically accessible databases (e.g.
AtGENExpress). Known cell specific promoters therefore
could be used to approximate normal gene expression,
which may be preferable to constitutive expression. To
this end, we have developed a flexible series of Gateway
enabled plant expression vectors for cell specific gene
transcription in the root of Arabidopsis thaliana.

The destination vectors (described in detail below) use
a modified pGreenBarT backbone in which the attR4/
attR3 cassette is replaced with an attR1/attR2 cassette
to alleviate the need for 3-way reactions and facilitate
high-throughput cloning. All destination vectors contain
a cell-type specific promoter and a florescent tag for
in-frame fusion to the C-terminus of the gene of interest.
These destination vectors can be used for a wide range
of purposes including protein localization, protein
function analysis, protein dynamics, protein movement
and protein/protein interactions. As we include a multi-
cloning site at the 5’ end of gateway cassette, the vectors
can also be easily modified by adding other promoters
that are active in leaves, flowers and other tissues.

Results

Constructing multi-color gateway-compatible binary
vectors for cell-type specific expression

We chose to use the pGreenBarT binary vector as the
backbone for our constructs because of its small size
(7035 bps), and because it confers spectinomycin resist-
ance, which is different from the commonly used kana-
mycin resistance in most pDONR entry clones. As
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previously described, the pGreenBarT destination vec-
tor was designed for multisite gateway cloning [10]. As
such, pGreenBarT contains the ccdB and the CmR genes
flanked by attR4 and attR3 recombination sites that react
simultaneously with three different entry clones—gener-
ally pDONR P4-P1R containing the promoter fragment,
pDONR 221 containing the gene of interest and pDONR
P2R-P3 encodes a protein tag—to create a construct
that drives marked, promoter specific expression of the
gene of interest. In our hands, however the efficiency of
the three-way recombination reaction is often low. In
addition, these reactions require LR clonase II plus and
commercial competent cells such as TOP10 cells (Add
supplier), which are a significant added expense and limit
the production of recombinant fusion proteins on a large
scale. To avoid those hurdles, we adapted this vector by
replacing attR4/attR3 gateway cassette with attR1/attR2
sites flanked by two multiple cloning sites (MCS) (Fig. 1a).
To do this, the attR1/attR2 gateway cassette was ampli-
fied from a previously reported vector, pMDC7, with the
first set of primers including the half of the two MCS at
each end [11]. The product was then reamplified using
a second set of primers, which included the MCS and
introduced into pGreenBarT (see “Method” section for
details). The obtained intermediate vector (pSWUO001)
and the sequence for both MCS are shown in Fig. 1. The
whole plasmid map is shown in Fig. 2a.

To generate the specific expression in stele, endoder-
mis, cortex, epidermis and QC cells, we cloned the pro-
moters of SHORT-ROOT (SHR), ENDODERMIS7 (EN7),
CORTEX2 (CO2), WEREWOLF (WER) and WUSCHEL-
LIKE HOMEOBOX 5 (WOX35) into the MCS upstream of
gateway cassette (Fig. 3).

As the expression of pSHR was excluded from the
phloem, we also constructed the promoter of Cytokinin
Responsel (pWOL) that has a strong expression pattern
in all vascular tissues in root meristem (Additional
file 2: Figure S2a and b) Cytokinin Responsel. Down-
stream of the attR1/attR2 each vector contains either
Yellow Fluorescent Protein (YFP), monomeric Cherry
(mCherry), Cyan Fluorescent Protein (CFP), Dendra2 or
ER localized Green Fluorescent Protein (erGFP). These
fluorescent proteins cover a wide spectrum of visible
light; additionally, Dendra2 is photoconvertible.

Imaging fusion proteins in stable transformed plants

As proof of concept, we tested the functionality of
the pSWU vectors in-planta using the histone, H2B
(At3g45980) coding sequence [4]. The H2B protein
localizes to the nucleus and does not move between
cells, making the protein a widely used cell-autonomous
marker of gene expression [8, 12]. Here using our expres-
sion system, we expanded the markers into different
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Fig. 1 Cloning procedure of the intermediate vectors. a The backbone of dpGreenBarT was modified with attR4/attR3 gateway cassette replaced
by attR1/attR2 gateway cassette being flanked by two multi-cloning sites (MCS-1 and MCS-2). The resulting vector was named as pSWUQ0O1.
Different fluorescent proteins (FPs) and cell-specific promoters (labelled as promoter) were sequentially introduced into MCS-2 and MCS-1 of
pSWUO001 respectively. The complete sequences for MCS-1 and MCS-2 are shown in b

colors, which is particularly useful when imaging more
than one protein at a time. As shown in Fig. 4, H2B-YFP
was localized to the root cell nuclei; the expression pat-
tern of H2B-YFP in each of these lines was consistent
with the published patterns of expression for these pro-
moters in the Arabidopsis root. The cellular organization
of the root meristem was visualized using propidium
iodide (PI) staining (Fig. 4). Because of overlap in the
emission spectra of mCherry and PI, the root cellular
patterning in the H2B-mCherry lines is shown using dif-
ferential interference contrast (DIC) microscopy Fig. 5.
In both the H2B-mCherry and H2B-YFP lines the locali-
zation of H2B and expression was consistent with pub-
lished results. Furthermore, we saw no evidence for
transgene silencing or partial suppression of expression
(e.g. silencing in the initial cells) that would affect the
domain of activity.

To test the functionality of Dendra2, we expressed
H2B-Dendra2 in root epidermis using the WER pro-
moter. To photoconvert Dendra, we used the “Bleach-
ing” mode on a Ziess LSM 710 confocal; 60 iterations of
405 nm laser (8% of the full power) were performed prior
to imaging. The green and red signals were then col-
lected by the dual-channel (GFP/mCherry) [5]. The con-
verted Dendra2 (now red) was clearly seen in the selected

regions indicated by the enclosed dotted lines in Fig. 6.
The selective photo-conversion of Dendra2 can be used
not only to study protein dynamics but also to monitor
plant growth over time. For example, H2B:mEosFP was
previously exploited to assess changes in nuclear DNA
content during the cell cycle in Arabidopsis [4].

Discussion

Compatibility analysis of gateway-compatible vectors

The root is a nearly ideal system for cell and develop-
mental biology. It has clear radial patterning with stele
in the innermost surrounded by one layer of endoder-
mis and one layer of cortex. Outside of these cell layers
lays the epidermis and lateral root cap. Several promot-
ers have been identified to express specifically in certain
cell types in Arabidopsis root. Promoter of SHORT-
ROOT (pSHR) is expressed in stele cells and promoter
EN7 and CO2 (pEN7 and pCO2) have been found to
be active in cortex and endodermis respectively [10,
13]. WEREWOLF promoter (pWER) has been shown
to express specifically in epidermis [14]. WOXS gene
(pWOXS5) expression is in the quiescent center [15].
However, to express various genes under those promot-
ers using traditional cloning mediated by digestion and
ligation is laborious and sometimes difficult due to lack
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Fig. 2 Map of the intermediate vector pSWUOO1. Restriction enzyme cutting sites are indicated. Features including antibiotic resistant genes,

of digestion sites. Gateway cloning technology, which
relies on recombination, allows swapping DNA frag-
ment into the vector in a digestion-independent man-
ner. Particularly multisite gateway cloning technology
allows three entry clones, containing promoters, gene
of interest and FPs respectively, recombine into a des-
tination vector simultaneously. However, the efficiency
of three-way recombination is low and high-efficient
competent E. coli and expensive LR clonase II plus are
indispensable. In many situations, even commercial
competent cells do not guarantee successful recombi-
nation. Gel-purified entry vectors and freshly isolated
destination vectors are often required, which makes the
cloning process tedious. To facilitate high-throughput
expression of genes in different cells, we established a
gateway compatible cloning system to express fluores-
cent fusion proteins under cell-type specific promoters.

Our destination vectors contain an attR1/attR2 gate-
way cassette with cell-type specific promoters (pSHR,
pPEN7, pCO2, pWER and pWOX5) at upstream the cas-
sette and FPs (YFP, mCherry, CFP, Dendra2 and eGFP)
at downstream the cassette (Fig. 3). These destina-
tion vectors can be used for a wide range of purposes
including protein localization, protein function analy-
sis, protein dynamics, protein movement and protein/
protein interactions. As we include a multi-cloning site
at the 5’ end of gateway cassette, the vectors can also
be easily modified by adding other promoters that are
active in leaves, flowers and other tissues. Here we pro-
vide 5 tissue-specific expression promoter vectors in
roots. At the same time, 5 types of FPs-tagged vectors
with multiple cloning sites at the upstream the cassette
are provided, which can provide users with conveni-
ence in constructing different specific expression vec-
tors in other tissues of plants.
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Fig. 3 A summary of available Gateway-compatible vectors. a Modified pSWU001 vectors with fluorescent proteins (FPs) inserted into the MCS-2
at 3 terminus of the gateway cassette. b The vectors shown in a were further modified by adding pSHR into MCS-1 at 5 terminus of the gateway
cassette. € The vectors shown in a were further modified by adding pEN7 into MCS-1 at 5 terminus of the gateway cassette. d The vectors shown
in a were further modified by adding pCO2 into MCS-1 at 5 terminus of the gateway cassette. e The vectors shown in a were further modified by
adding pWER into MCS-1 at 5 terminus of the gateway cassette. f The vectors shown in a were further modified by adding pWOX5 into MCS-1 at 5

terminus of the gateway cassette
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Fig. 4 Expression of H2B-YFP in different cell layers of Arabidopsis roots. The primary root meristems were counterstained using Pl (red) to show
the cellular structure. Confocal images show that H2B-YFP exhibits nuclear localization in a cell specific manner. a-d The confocal images are
respectively of pWER:H2B-YFP (a), pCO2:H2B-YFP (b), pEN7:H2B-YFP (c), pSHR:H2B-YFP (d)

pPSWU105

Conclusions

Here we reported the construction of Gateway (Invitro-
gen) compatible cloning system for cell-specific expression
in roots of Arabidopsis thaliana. Our system alleviates
the need for 3-way recombination, reduces the chances
of transgene silencing and is adaptable for use in tissues

outside of the Arabidopsis root. The relatively low cost
of the system and ease of use facilitates the comparative
study of protein localization, protein functions, protein
dynamics and protein interactions in a cell-specific man-
ner. Although presented the results using H2B and YFP
in this manuscript, pSWU vectors have also been used in
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Fig. 6 Photo-conversion of H2B-Dendra2 in the epidermis (EPI) and lateral root cap (LRC) of the primary root meristem. The dotted lines indicate
the region of interest for photoconversion. The unconverted Dendra2 is shown in green and imaged (10% power of the 488 nm laser with 900 V
master gain); and photoconverted Dendra2 is red and was imaged (30% power of the 561 nm laser with 1000 V master gain)

a variety of other functional proteins [16-20]. We believe
our system can be applied to all different cloning strategies
and simply modified for various expression purposes.

Methods

Vector construction

To generate the pSWU vectors, the full Gateway cas-
sette—attR1/attR2 sites flanking the ccdB and CmR genes
was amplified from pMDC7 in two steps. In the first step,
two primers with partial MCS adapters were used to
amplify the Gateway cassette. The PCR product was then
reamplified using a second pair of primers containing the
rest of MCS. The primers are listed in Additional file 3:
Table S1. The resulting PCR product was then inserted
into Kpnl and HindIII digested pGreenBarT vector to
replace the attR4/attR3 gateway cassette in pGreenBar.
To introduce the various FPs into the pSWU vectors, YFP,
mCherry, CFP, Dendra2 and erGFP coding sequences
were amplified FROM using primer pairs that are listed
in Additional file 3: Table S1. The amplified FP sequences
were digested with Xbal and HindIII and then ligated into
the pSWU vectors. The resulting vectors were named
pSWUO011 (YFP), pSWUO012 (mCherry), pSWUO013
(CFP), pSWUO014 (Dendra2), pSWUO015 (erGFP) (Fig. 3).
Tissue specific promoters: pSHR, pEN7, pCO2, pWER
were amplified and ligated into MCS-1of each of the
SWU vectors using the Kpnl/Xhol restriction sites. The
pWOXS5 was ligated into the MCS-1 via Kpnl/Xhol used
In-Fusion cloning technique. The primers used to amplify
the promoter sequences are listed in Additional file 3:
Table S1. The resulting vectors were then renumbered

as indicated in figure. All plasmid maps were included
in Additional file 4.

Testing the SWU vectors with H2B

H2B was amplified from Arabidopsis thaliana genomic
DNA and recombined into pDONR221 using standard
Gateway protocols (Invitrogen). The resulting entry
clone was then recombined into the various destination
vectors. In brief, 2-5 pl entry clone plasmid DNA and
1-2 pl destination vector plasmid DNA mix with 1-2 ul
LR clonase II (5X). The reaction mixture was brought to
a final volume of 5 pl or 10 pl with TE buffer (pH 8.0)
and incubated at room temperature for 1-6 h before the
transformation. After the LR reaction, and Proteinase K
treatment the plasmid was transformed into DH5a for
selection and amplification.

Plasmid DNA amplification and isolation

The E. coli strain, DB3.1 (reference) was used for clon-
ing and amplification of the pSWU vectors containing
the intact gateway cassette (ccd-CM). Transformed bac-
teria were selected on solid LB media containing 30 pg/
ml chloramphenicol and 100 pg/ml spectinomycin. For
plasmid isolation, 2 ml of overnight culture was spun
down and the pellet was resuspened in a 250 ml solu-
tion containing mM EDTA, 25 mM Tris, pH 8.0. After a
brief incubation 250 ml solution of 0.2 N NaOH with 1%
SDS was added followed by 350 ml of 3 M KOAc, pH 6.0.
After centrifuge for 10 min, the supernatant was trans-
ferred to a new tube and mixed with and equal volume
(700 ul) of isopropanol. The mixture was centrifuged for
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30 min to pellet the plasmid DNA. 500 pl of 70% etha-
nol was used to wash the DNA pellet. After air drying for
20 min, the pellet was dissolved in ddH,O.

Agrobacterium mediated transformation

All of the H2B destination vectors were transformed into
Agrobacterium strain, GV3101-pSoup-pMP. 5 pl of plas-
mid was mixed with 50 pl chemically competent Agrobac-
terium (prepared by what method-citation) and incubated
on ice for 30 min. The mixture was then heat-shocked at
37 °C for 5 min followed by incubation on ice for 10 min.
After incubation on ice, 500 pl of LB medium was added
and the bacterial cells were incubated for 2 h at 30 °C on
a shaking incubator. The bacterial cultures were spread
onto solid LB medium with antibiotics (50 pg/ml rifampi-
cillin, 100 pg/ml spectinomycin, 30 pg/ml gentamycin
and 5 pg/ml tetracycline) for selection. The transformed
cells were grown at 28 °C for 2-3 days until colonies
appeared. The Agrobacterium strains were used to trans-
form Arabidopsis (Col-0) following the floral dip method
[21]. Transgenic plants were screened by using resistance
to glufosinate-ammonium (Basta) in soil.

Plant materials and growth condition

Arabidopsis thaliana Columbia line (Col-0) was used as
the wild type throughout the experiments. Plants were
germinated and grown vertically on 0.5x MS medium
(Caisson, www.caissonlabs.com) containing 0.05% (w/v)
Mes (pH5.7), 1.0% (w/v) Sucrose, and 1% Granulated
agar (DIFCO, www.bd.com) in a growth chamber at
23 °C under 16 h light/8 h dark cycle. Plants were imaged
5-6 days after plating unless otherwise stated.

Confocal microscopy

Arabidopsis seedlings with intact roots were counter-
stained in 0.01 pg/ml propidium iodide (PI) and then
placed on slides in a drop of water for confocal imag-
ing. Confocal images were collected on a Leica TCS SL
microscope using a 20 x water-immersion lens or a Zeiss
LSM 710 laser scanning confocal microscope using a
Zeiss LD C-Apochromat 40x/1.1 NA water immersion
objective lens (Carl Zeiss Microimaging Inc.). To convert
Dendra2, we followed the previously described method
[11]. In brief, on the Ziess LSM 710 confocal, we used
the bleaching mode with ZEN 2009 software (Carl Zeiss
Microimaging Inc.) with 10% of the 405 nm laser power.
The iteration for photo-conversion was 60X in both epi-
dermis and LRC. The pixel dwelling time for photocon-
version was set to 1 ps. The green and red fluorescence
of Denda2 was observed using 10% power of the 488 nm
laser with 900 V master gain and 30% power of the
561 nm laser with 1000 V master gain.
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Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513007-020-00635-z.

Additional file 1: Figure S1. Previously reported 35S:SIEL-YFP often shows
transgene silencing in the meristem. Dotted line and arrow heads indicate
the silenced cells.

Additional file 2: Figure S2. The Gateway-compatible vectors of pWOL.
(a) The vectors shown in A were further modified by adding pWOL into
MCS-1 at 5/ terminus of the gateway cassette. (b) The confocal iamges are
pWOL:erGFP.

Additional file 3: Table S1. List of primers used for cloning.

Additional file 4: Maps of all constructed plasmids in this paper.
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