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Cell-type-specific gene expression is essential to distinguish between the numerous cell types of multicellular organism. Therefore,
cell-type-specific gene expression is tightly regulated and for most genes RNA transcription is the central point of control. Thus,
transcriptional reporters are broadly used markers for cell identity. In Arabidopsis (Arabidopsis thaliana), a recognized standard for
cell identities is a collection of GAL4/UAS enhancer trap lines. Yet, while greatly used, very few of them have been molecularly
characterized. Here, we have selected a set of 21 frequently used GAL4/UAS enhancer trap lines for detailed characterization of
expression pattern and genomic insertion position. We studied their embryonic and postembryonic expression domains and
grouped them into three groups (early embryo development, late embryo development, and embryonic root apical meristem
lines) based on their dominant expression. We show that some of the analyzed lines are expressed in a domain often broader
than the one that is reported. Additionally, we present an overview of the location of the T-DNA inserts of all lines, with one
exception. Finally, we demonstrate how the obtained information can be used for generating novel cell-type-specific marker lines
and for genotyping enhancer trap lines. The knowledge could therefore support the extensive use of these valuable lines.

Differences among the numerous cell types of
multicellular organism are instructed by unique cell-
type-specific gene expression. Understanding how cell
identities are genetically controlled is therefore a major
challenge in developmental biology. While epigenetic,
transcriptional, and posttranscriptional mechanisms all
contribute to cell-type-specific gene expression, gene
activity primarily depends on being actively transcribed.
Hence, transcriptional reporters, such as gene promoter-
reporter fusions or enhancer trap lines, are widely used
markers for cell identity in model organisms (De Rybel
et al., 2013; Levesque et al., 2006; Fendrych et al., 2014).
Marker genes are thus essential tools for determining
identity in for example mutant cells (Sabatini et al., 2003;
Wolters et al., 2011; Mylona et al., 2002). The need for ro-
bust identity markers is especially urgent in plants, where

cell identity is very flexible and can easily be repro-
grammed during regeneration (Sugimoto et al., 2010;
Sena et al., 2009), somatic embryo induction (de Vries
et al., 1988), or even under influence of environmental
signals (e.g. hydropatterning or stress; Ikeda-Iwai et al.,
2003). In addition, cell-type-specific markers are often
used to drive ectopic gene expression as part of studying
gene function (Weijers et al., 2006; Waki et al., 2013).

Many markers have been generated in the model
plant Arabidopsis (Arabidopsis thaliana), but in plant
developmental biology, a collection of GAL4/UAS
enhancer trap lines has become an accepted standard
for cell identities. These so-called “Haseloff” lines
(Haseloff, 1999), as well as later derivations of the same
principle (Ckurshumova et al., 2009; Gardner et al.,
2009), thus provide an essential resource in Arabidopsis
biology. The GAL4/UAS system is a two-component
gene expression system widely used for targeted gene
misexpression. It was first developed for use in Dro-
sophila melanogaster (Brand and Perrimon, 1993) and later
also successfully optimized for Arabidopsis (Haseloff,
1999) and other model organisms (Scheer and Campos-
Ortega, 1999; Kawakami et al., 2004; Ornitz et al., 1991;
Hartley et al., 2002). The two-component system re-
quires two lines: one that contains GAL4-VP16, the
DNA-binding domain of the yeast GAL4 transcriptional
activator fused to the potent Herpes simplex VP16 tran-
scriptional activation domain (Sadowski et al., 1988),
which can be driven by a (characterized) cell-type-specific
promoter. Another line carries a selected target gene
placed under control of a GAL4-dependent promoter
(UpstreamActivation Sequence [UAS]) that is silent in the
absence of GAL4. Genetic crossing between these two
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lines will specifically activate the target gene in particular
tissue or cell types.

The “Haseloff”GAL4/UAS collection (Haseloff, 1999)
consists of around 250 plant lines. In these lines, a T-
DNA carrying GAL4-VP16 and modified UAS-driven
GFP-gene (mGFP5ER) is randomly inserted into the
Arabidopsis genome. A minimal CaMV 35S promoter
is placed upstream of GAL4-VP16, and expression de-
pends on insertion near an endogenous enhancer ele-
ment. Thus, GFP expression in these enhancer trap lines
reports the activity of genomic enhancer sequences in
the proximity of minimal promoter elements (Haseloff,
1999). The set of 250 lines was selected based on GFP
expression in the root. From this set, a number of lines,
expressed in defined domains of the root, have risen to
prominence as very widely used tools in root biology
(Sabatini et al., 1999; Levesque et al., 2006; DeRybel et al.,
2013; Xu et al., 2013). In addition, as the lines cell-
specifically express GAL4-VP16, introduction of a sec-
ond UAS-driven gene will target expression of that gene
in the GFP-marked domain. This strategy has also been
widely used for local misexpression (Weijers et al., 2006;
Kang et al., 2013; Sabatini et al., 2003).

Yet, while the “Haseloff” lines are extensively used in
theArabidopsis community, very few of themhave been
molecularly characterized (Cary et al., 2002; Laplaze
et al., 2005; Gardner et al., 2009). Thus, it is not known
where the insertions are located and what gene expres-
sion these lines actually report or if perhaps the insertion
disrupts the gene it is inserted in. A specific caveat is that
the lines were generated in an ecotype (C24) that is no
longer commonly used, and intercrossing with other
ecotypes such as Columbia causes strong phenotypic
variation, including extreme delay of flowering in the F1
generation. Knowledge of insertion sites would allow
migration of the useful expression driver into other
ecotypes. Finally, knowing insertion sites in these lines
would facilitate introgression in mutant backgrounds as
plants could be easily tested for homozygosity or het-
erozygosity of the marker using PCR.

Here, we selected a set of the 21 most commonly used
GAL4/UAS-GFP enhancer trap lines for a detailed char-
acterization of expression and transgene insertion. Given
that most of the cell identities in the root are specified
during embryogenesis, we extended the description of
expression to the embryo. In addition, we explored other
seedling organs for GFP expression. We report the ge-
nomic insertion sites of these enhancer trap lines and show
that this information can be used to infer expression of
neighboring genes, as well as to generate novel cell-type-
specific markers, as well as to genotype enhancer trap
lines. We expect that this resource will aid the extensive
use of these important identitymarkers in the community.

RESULTS AND DISCUSSION

Twenty-one GAL4/UAS-GFP enhancer trap lines
from the “Haseloff” collection (Haseloff, 1999) were se-
lected based on their widespread use in the Arabidopsis

community (Mylona et al., 2002; Webb et al., 2002;
Weijers et al., 2006; Møller et al., 2009; Tsugeki et al.,
2010; Rademacher et al., 2012; Wenzel et al., 2012; De
Rybel et al., 2013; Waki et al., 2013) and on their docu-
mented expression pattern (Haseloff 1999; http://data.
plantsci.cam.ac.uk/Haseloff/). For each line, we first
confirmed and extended the expression analysis and
determined the genomic coordinates of the T-DNA in-
sertion. As a proof of concept, we show how this in-
formation can be applied to generate cell-type-specific
reporter lines and for genotyping of enhancer trap lines.

Expression Patterns of GAL4/UAS Enhancer Trap Lines

We preselected GAL4/UAS lines for root and em-
bryo expression that are among the most used/popular
ones from the “Haseloff” collection (Mylona et al., 2002;
Webb et al., 2002; Weijers et al., 2006; Møller et al., 2009;
Tsugeki et al., 2010; Wenzel et al., 2012; De Rybel et al.,
2013; Waki et al., 2013). Although the expression pat-
terns of some of the selected enhancer trap lines were
previously described with respect to embryo develop-
ment and/or root development (e.g. J0571, Q0990, and
J0121; Laplaze et al., 2005; Wenzel et al., 2012), the ex-
pression of all 21 lines was systematically characterized
in detail at different stages of development and in dif-
ferent parts of the plant (including embryo, root, leaf,
shoot apical meristem [SAM], and cotyledons; Table I).

Based on confocal microscopy observations, 15 out
of 21 GAL4/UAS enhancer trap lines showed GFP ex-
pression during embryo development (Table I), while
three (J0121, Q0171, and RM1000) were expressed
only later during postembryonic development (Table I;
Supplemental Fig. 1, F–J). In the remaining three lines
(J2501, J2661, and M0136), no GFP signal could be
detected. In previous studies, the expression pattern of
J2661 and J2501 was described to be restricted to the
pericycle (Levesque et al., 2006; Petersson et al., 2009). A
plausible explanation for the lack of GFP expression in
our analysis might be a gene silencing event or differ-
ences in growth conditions between labs.

In the following, we describe in detail the expression
patterns observed for the remaining 18 lines, catego-
rized by their dominant expression domain. All ex-
pression patterns are summarized in Table I.

Early Embryo Development

A first group, consisting of three lines (M0171, Q0990,
andQ2500), showed cell-type-specific expression during
early embryo development (Fig. 1). The GFP expression
ofM0171was observed as early as the octant cell stage in
all suspensor cells, and only later on,when the suspensor
is no longer present, the expression was switched on
in the cotyledon junction (Fig. 1, A–D; Supplemental Fig.
1A). Subsequently, during postembryonic development,
M0171 expression remained cotyledon junction specific
(Fig. 1D). Expression of the Q0990 line commenced at
dermatogen stage in the inner basal cells (Fig. 1E),
which are the precursors of ground and vascular tissues
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(Peris et al., 2010; ten Hove et al., 2015). The expression
of this line remains vascular tissue specific later during
embryogenesis aswell as postembryonically (Fig. 1, F–H).
This line has been extensively used as vascular marker
(De Rybel et al., 2013; Levesque et al., 2006; Donner et al.,
2009) and in misexpression studies (Wenzel et al., 2012;
Weijers et al., 2006).

In Q2500 embryos, very weak expression was first
detected during late globular stage in the ground tissue
precursors (Fig. 1I). Additional expression foci were
found with the progression of embryogenesis (at heart
stage) in the mesophyll precursors and protoderm of
future cotyledons. Expression extended through the
ground tissue of the hypocotyl and root and also in-
cluded the pericycle and quiescent center (QC; Fig. 1J).
Postembryonically, theGFP expression ofQ2500 is found
in the root ground tissue, pericycle, QC (Fig. 1K), and
cotyledon junction as predicted by its expression during
embryogenesis, but also in the leaf marking the guard
mother cells (Fig. 1L; Supplemental Fig. 1C). In contrast
to the other two lines in this group, Q2500 has broader
expression domain found in multiple tissue types.

Late Embryo Development

The second group consists of six lines (J0571, J2731,
M0148, M0164, M0167, and M0223) whose expres-
sion marks specific embryonic tissues during late em-
bryo development. The first line in this group is J0571,
which is widely used as ground tissue specific marker
(Mylona et al., 2002; Tsugeki et al., 2010; Xu et al., 2013;
Zhang et al., 2015) and for targeted gene expression
studies (Haseloff, 1999; Wenzel et al., 2012; Waki et al.,
2013). Indeed, starting from heart stage, GFP expression

in J0571 was observed in the ground tissue, but weak
expression could be also seen in the basal protoderm
cells (Fig. 2, A and B). In addition to the ground tissue
expression in the postembryonic root, GFP could
detected in some, but not all, QC cells, and this line
showed strong GFP expression in the shoot meristem
margins, young leaf primordia and in the leaf epidermis
(guard and pavement cells; (Fig. 2, C and D;
Supplemental Fig. 1D). The expression pattern in line
J2731 is very remarkable. In developing embryos, its
expression was first observed in vascular tissue at early
heart stage, but at a distance of one to two cells from the
QC (Fig. 2, E and F). This pattern is exactly opposite to
that of recently reported “stem cell” zone markers,
which are expressed in the cells closest to the lens-
shaped cell, but not in the cells above it (Wendrich
et al., 2015b). Strikingly, J2731 roots reveal a GFP signal
in the cells immediately above the QC (Fig. 2G), which

Figure 2. GFP expression in late embryogenesis lines. GFP fluores-
cence in globular stage embryos (A, E, I, M, Q, and U), heart stage
embryos (B, F, J, N, R, and V), root tips (C, G, K, O, S, andW) and shoot
apex (D, H, L, P, T, and X) of J0571 (A–D), J2731 (E–H), M0148 (I–L),
M0164 (M–P), M0167 (Q–T), and M0223 (U-X) lines. Magenta coun-
terstaining in (A, B, E, F, I, J, M, N, Q, R, U, and V) is Renaissance fluo-
rescence, propidium iodide in C, G, K, O, S, and W, and chlorophyll
autofluorescence in D, H, L, P, T, and X. Bars = 10 mm.

Figure 1. GFP expression in early embryogenesis lines. GFP fluores-
cence in preglobular or globular stage embryos (A, E, and I), late
globular or heart stage embryos (B, F, and J), root tips (C, G, and K), and
shoot apex (D, H, and L) of M0171 (A–D), Q0990 (E–H), andQ2500 (I–L)
lines. Magenta counterstaining in A, B, E, F, I, and J is Renaissance
fluorescence, propidium iodide in C, G, and K, and chlorophyll auto-
fluorescence in D, H, and L. Bars = 10 mm.
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suggests that expression shifts toward more juvenile
vascular cells as development progresses. Very strong
expression was also detected in the guard mother
cells and in the pavement cells, similar to line Q2500
(Supplemental Fig. 1, C and E).

During embryogenesis, expression of M0148 was
found in two narrow files of cells surrounding the SAM,
while postembryonically, the marker was expressed
in pericycle cells in the differentiation zone of the root
(Fig. 2, I–K) and in a broad domain surrounding the
SAM (Fig. 2L). M0164 marks the vascular strands in the
embryonic cotyledon primordia (Fig. 2N). Like M0148,
GFP signal of M0164 was detected in the root pericycle
(Fig. 2O). Furthermore, strong expression was found
in shoot vascular tissues (Fig. 2P). Finally, lines M0167
and M0223 have similar expression in the intersection
of the two cotyledon primordia (Fig. 2, Q–X).

Embryonic RAM Lines

Six lines (J1092, J3281, J3411,M0028,Q0680, andQ1630)
are expressed mainly or specifically in the embryonic
root meristem. All lines in this group show similar ex-
pression patterns observed in the future RAM cells and
in the case of J1092 and J3411 extended to the lateral
root cap (LRC) precursors (Fig. 3, C and I). The marked
cell types originate from the uppermost suspensor cell,
specified as hypophysis at early globular stage of em-
bryonic development. An asymmetric division of the
hypophysis then generates a lens-shaped cell from
which the QC will form and a basal cell, which is the

Figure 4. Identification of T-DNA insertion sites and
validation of neighboring gene expression. A to C,
Schematics illustrating the insertion site of the en-
hancer trap T-DNA in Q0990 (A), J0571 (B), and
J3411 (C) lines. Neighboring genes are indicated as
gray arrows, starting at the gene’s ATG and pointing
toward the gene’s stop codon. The schematics are not
drawn to scale and distances (in base pairs) are indi-
cated. The orientation of the T-DNA insertions is in-
dicated by an arrow over the T-DNA map (starting
from the right border). D to O, Expression of tran-
scriptional fusions of gene promoters to nuclear
lamina-localized GFP (D–F) or nuclear 3xGFP (G–O)
in globular stage embryos (D, G, J, andM), heart stage
embryos (E, H, K, and N), and root tips (F, I, L, and O).
D to F, pZLL-GFP (related to Q0990). G to L, short
version (G–I) or long version (J–L) of the At4G39900
promoter fused to n3GFP (related to J0571). M to O,
pAt2G36360-n3GFP (related to J3411). Magenta
counterstaining in D, E, G, H, J, K, M, and N) is Re-
naissance fluorescence and propidium iodide in F, I,
L, and O. Bars = 10 mm.

Figure 3. GFP expression in embryonic root meristem lines. GFP fluores-
cence in globular stage embryos (A, D, G, J, M, and P), heart stage embryos
(B, E, H, K,N, andQ), and root tips (C, F, I, L,O, and R) of J1092 (A–C), J3281
(D–F), J3411 (G–I), M0028 (J–L), Q0680 (M–O), and Q1630 (P–R) lines.
Magenta counterstaining inA, B,D, E,G,H, J, K,M,N, P, andQ isRenaissance
fluorescence and propidium iodide in C, F, I, L, O, and R. Bars = 10 mm.
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precursor of the root cap (Scheres et al., 1994; ten Hove
et al., 2015). The expression of these lines during post-
embryonic root development fully recapitulates their
embryonic expression domain (Fig. 3) and could not be
found in other parts of the plant body, except J3281,
whose expression in the postembryonic root extends to
include the young vascular tissue (Fig. 3F). Hence, the
lines in this group are excellent candidates for RAM/
columella markers.

Even though lines J0121, Q0171, and RM1000 did not
fall in any of the above-described groups, they possess
interesting expression patterns. J0121 is one of the
most frequently used xylem pole pericycle marker lines
(Laplaze et al., 2005; Parizot et al., 2008; Sugimoto
et al., 2010), but we could also detect a very distinct
GFP signal in the seed coat and young leaf primordia
(Supplemental Fig. 1, H and F). The remaining two
lines, Q0171 and RM1000, show very specific expression
in the postembryonic root cap and in the leaf margins,
respectively (Supplemental Fig. 1, I and J).

Identification of Insert Location

Tomolecularly characterize the GAL4/UAS enhancer
trap lines, as well as to identify novel cell-type-specific
promoters during embryo development, we determined
the genomic coordinates of the T-DNA insertion. To am-
plify the genomic DNA flanking the T-DNA inserts, we
performed thermal asymmetric interlaced PCR (TAIL-
PCR; Liu et al., 1995) with degenerate primers and a set
of nested primers in the T-DNA left border. The TAIL-
PCR products were subsequently sequenced.

The insert location in lines J0571, J0121, J2731, M0167,
andM0223 were previously reported (Miyashima et al.,
2011; Laplaze et al., 2005; Møller et al., 2009; Cary et al.,
2002), yet, as the description of some were not very
explicit, we included these lines as well. In the follow-
ing, we will focus on notable cases only. However, a
detailed overview of all insert locations and the flank-
ing genes is presented in Table I.

Wewere able tomap the T-DNA insert positions in all
lines (Table I; Supplemental Fig. 2), with one notable
exception. Despite repeated attempts, we did not man-
age to amplify a T-DNA flank from theM0171 line. Since
the line clearly expresses GFP, has been used to trans-
activate other genes (Rademacher et al., 2012), and is
kanamycin resistant, the T-DNA must be intact. There-
fore, the inability to amplify flanking regions may be
related to the genomic location (e.g. high GC content or
repeats). We also included the three lines (J2501, J2661,
and M0136), which did not show any GFP expression,
but identified insertion sites for each, suggesting that the
lackGFP expression is not due to absence of an insertion.

Identification of Insert Location in the Early Embryo
Development Lines

Intriguingly, in the vascular-specific Q0990 line, the
insertion is mapped to a large intergenic region 15.4 kb

upstream of the ATG of AT5G43810 and 3 kb upstream
of the ATG of AT5G43790 (Fig. 4A). The T-DNA is
in the same coding direction as AT5G43810, which
encodes ARGONAUTE10 (AGO10; known also as
ZWILLE [ZLL]; Moussian et al., 1998), a member of the
AGO/ELONGATION INITIATION FACTOR 2C class
of proteins. The other gene, AT5G43790, is in the op-
posite coding direction to the T-DNA insertion and
encodes putative pentatricopeptide repeat superfamily
protein. In addition, a hypothetical transposable ele-
ment (AT5G43800) is located between the Q0990 in-
sertion and the ZLL gene. In theory, the insertion
should report on the activity of local enhancer elements
that normally drive expression of one or both of the
adjacent genes. According to microarray data (Brady
et al., 2007; Belmonte et al., 2013), expression of both
genes is found in the vasculature in the root, but only
ZLL is expressed during embryogenesis (Moussian
et al., 1998; Tucker et al., 2008).We generated a construct

Figure 5. Genotyping GAL4/UAS transgenes. A to C, Schematics il-
lustrating the insertion site of the enhancer trap T-DNA in J0571 (A),
J0121 (B), and Q0680/Q1630 (C) lines. Neighboring genes are indi-
cated as gray arrows, starting at the gene’s ATG and pointing toward the
gene’s stop codon. Primers used for genotyping are indicated as red
arrows. In each case, the transgene should be amplified using primers
1 and 3, while the wild type is amplified with primers 1 and 2. D and E,
PCR amplification of the wild-type fragment (D; primers 1 and 2) or the
insert-specific fragment (E; primers 1 and 3) in genomic DNA from
plants homozygous (2/2), heterozygous (+/2), or wild-type (wt) for the
J0517, J0121, Q0680, and Q1630 lines. Note that fragments of the
appropriate size are amplified according to the expected genotype of
each line.
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containing the promoter region of ZLL fused to GFP
and tested its expression pattern in wild-type plants.
As shown in Figure 4, the pattern of expression
of pZLL-GFP is identical to the one of Q0990 (Fig. 1,
E–H), which suggests that a regulatory element(s)
in the ZLL promoter (downstream of the insertion)
is responsible for the GFP expression pattern in
Q0990.
Q2500 enhancer trap line is inserted on chromosome

IV in the third exon of UNFERTILIZED EMBRYO
SAC12 (UNE12; AT4G02590), 1.1 kb downstream of
its ATG and coding in the same direction (Table I;
Supplemental Fig. 2). UNE12 is a bHLH transcription
factor involved in the double fertilization event forming
the zygote and the endosperm (Pagnussat et al., 2005).
The other gene flanking the T-DNA, in the opposite di-
rection, is AT4G02600. The latter encodes MLO1, a mem-
ber of a largeplant-specific family of seven-transmembrane
domain proteins. As shown by microarray experiments
(Brady et al., 2007; Moussian et al., 1998), both UNE12
andMLO1 are expressed in the ground tissue, including
pericycle, but only UNE12 is expressed during embryo
development with a peak at heart stage and might thus
be responsible for the specific expression pattern in
Q2500. Interestingly, the T-DNA insertion in this line
(third exon of UNE12) does not induce the develop-
mental defects that were reported for loss of function
alleles (Pagnussat et al., 2005).

Identification of Insert Location in the Late Embryo
Development Lines

The T-DNA insert in line J0751 is, as reported pre-
viously by Miyashima et al. (2011), in the intergenic
region between AT4G39900 and AT4G39910, which
encode an unknown protein and a nuclear ubiquitin-
specific protease (UBP3), respectively. The insert is lo-
cated in the promoter region of AT4G39900, 732 bp
upstream of the start codon and oriented in the same
direction (Fig. 4B), which makes it more likely to have
ground tissue-specific expression. To test if this is true,
we made reporter lines using 3- and 1.7-kb fragments
upstream of the start codon of AT4G39900 and fused
both to sensitive nuclear-localized 3xGFP (n3GFP). Both
short and long promoter fusions showed slightly
broader expression patterns compared to J0571 (Fig. 4,
G–L). During embryogenesis, weak expression of
pAT4G39900-n3GFP was first detected in globular-
stage embryos in the protoderm and in the ground
tissue precursor cells (Fig. 4J). Later on, during heart
stage, the expression is seen in the same domains with
a peak in the ground tissue (Fig. 4, H and K). In the
postembryonic root, GFP expression in the epidermis
was not observed, but in addition to the ground tissue,
a very weak expression could be detected in the vas-
culature, yet the occasional QC expression in J0571
was not observed in these lines (Fig. 4, I and L). Fusion
of a shorter genomic DNA fragment, adjacent to the
insertion point, may help to limit expression to the
ground tissue. In addition, thorough examination of

the AT4G39900 promoter using deletions should help
to elucidate this point.

M0164 is the only line in our selection that harbors
two insertions, one on chromosome I and another on
chromosome IV. On chromosome I, the T-DNA insert
is oriented in the same direction and 4.5 kb upstream of
AT1G09520 and 733 bp upstream of the start codon
of AT1G09530, but in reverse orientation. AT1G09520
encodes an unknown protein, which possesses zinc-
finger and PHD-type domains, whereas AT1G09530
encodes PHYTOCHROME INTERACTING FACTOR3
(PIF3), which is bHLH transcription factor that interacts
with photoreceptors phyAandphyB (Ni et al., 1998; Table
I; Supplemental Fig. 2). On chromosome IV, M0164 en-
hancer trap T-DNA was inserted between AT4G00440
andAT4G00430, encoding TONRECRUITINGMOTIF15
(TRM15) and PLASMA MEMBRANE INTRINSIC
PROTEIN 1;4 (PIP1;4), respectively. The GAL4 T-DNA
insertion was about 1.8 kb upstream of and with the
same orientation as TRM15. Based on the microarray-
predicted expression patterns (Brady et al., 2007) and in-
cluding the fact thatM0164 has two insertions ondifferent
chromosomes, it is very challenging to predict which
gene(s) underlies the specific expressionpattern ofM0164.
Interestingly, we mapped M0167 enhancer trap T-DNA
insertion on chromosome I to exactly the same position
as one of the insertions identified in M0164 (Table I;
Supplemental Fig. 2). Thus, because M0164 has a broader
expression pattern thanM0167 (Fig. 2,M–P andQ–T), it is
likely that M0167 is a derivative of M0164.

Identification of Insert Location in the Embryonic RAM Lines

In line J3281, the T-DNA insertion was positioned 424
bp downstream of the start codon and in reverse orien-
tation of AT5G62220 and 6.8 kb upstream of AT5G62230
(in the same orientation; Table I; Supplemental Fig. 2). The
latter encodes ERECTA-LIKE1 (ERL1; Shpak et al., 2004),
an ERECTA (ER) family Leu-rich repeat-receptor-like
kinase, which together with ER and ERL2 specifies
aerial organ size by promoting cell proliferation (Shpak
et al., 2004). In addition, ERL1 is involved in specification
of stomatal stem cell fate and differentiation of guard cells
(Shpak et al., 2005). As reported previously, the expres-
sion of ERL1 marks the actively proliferating organs like
shoot meristem, leaf primordia, and young developing
flowers (Shpak et al., 2004). According tomicroarray data,
expression of ERL1 can be also found in the root vascular
tissue (Brady et al., 2007) consistent with the observed
pattern of expression in J3281.

J3411 enhancer trap T-DNA is inserted in an inter-
genic region between AT2G36370 and AT2G36380 and
is coding in the opposite direction to the two flanking
genes (Table I; Figure 4C). AT2G36370 and AT2G36380
encode ubiquitin-protein ligase and ATP-BINDING
CASETTE G34 (also known as PLEIOTROPIC DRUG
RESISTENCE6), respectively. Both flanking genes have
broad expression domains as shown by microarray
experiments (Birnbaum et al., 2003), and it is therefore
less likely that one of them is responsible for the specific
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GAL4-GFP expression pattern in J3411. However, the
T-DNA was inserted upstream and it was in the same
orientation as AT2G36360 (Fig. 4C). The latter encodes
Gal oxidase/kelch repeat superfamily protein with un-
known function. To determine if the J3411 expression
pattern is due to regulatory DNA sequence in the
AT2G36360 promoter, a 3.9-kb fragment upstream of
the AT2G36360 ATG was fused to n3GFP and was
subsequently introduced in wild-type Col-0 plants.
pAT2G36360-n3GFPwas detected in both embryos and
roots. In embryos, the GFP signal was first detected at
early heart stage, in the future QC and columella cells,
and expanded to include the ground tissue and the
protoderm later on (Fig. 4, M and N). In the postem-
bryonic root, the expression was broader including the
vasculature and columella initials, but it was absent
from the distal columella cells (Fig. 4O). Thus, the
specific GAL4 expression of J3411 is not replicated by
the expression of pAT2G36360-n3GFP. A possible sce-
nario is that the expression pattern observed in line
J3411 may be due to regulatory elements located in the
genomic DNA instantly upstream of the T-DNA insert.
A similar case has been previously reported, where the
expression of AT5G65590, a Dof zinc-finger transcrip-
tion factor, which is flanking the insert in the guard
cell specific line E1728, did not match the expression
of E1728. Alternatively, fusion of a DNA fragment
neighboring the T-DNA insert in E1728 and the GAL4
TATA box to uidA reporter gene showed strong GUS
activity in guard cells (Gardner et al., 2009).

In line M0028, the T-DNA insert was found to be
1.46 kb upstream from the ATG of GIBBERELLIN3-
OXIDASE3 (GA3OX3), in the same coding direction
(AT4G21690) and 6.2 kb upstream from the ATG of
NITRATE TRANSPORTER 1.8 (NRT1.8; also known as
NPF7.2), being in the opposite direction of the T-DNA
(AT4G21680; Supplemental Fig. 2). The expression of
GA3OX3 has been studied in detail and it was found
in heart and torpedo stage embryos, near the junction
between the embryo axis and cotyledons (Hu et al.,
2008). Although, the T-DNA insert inM0028 is in a very
close proximity of GA3OX3 and in the same orientation,
GA3OX3 has very different expression pattern. Further
analysis on the intergenic region between GA3OX3 and
NPF7.2 will provide more information about the ele-
ments responsible for the observed columella-specific
M0028 expression pattern.

The last two lines in this group, Q0680 and Q1630,
report the same expression pattern (Fig. 3, M–O and
P–R). Moreover, the TAIL-PCR mapping results in-
dicated that insert position of the enhancer traps in
both lines is the same, located between AT2G45200 and
AT2G45210, which code for GOLGI SNARE12 (GOS12)
and SMALL AUXIN UPREGULATED 36 (SAUR36),
respectively. The GAL4 gene was found 1.75 kb up-
stream of the start codon of AT2G45200 (GOS12), in
the same coding orientation, and only 494 bp upstream
of the start codon of AT2G45210 (SAUR36), but in the
opposite orientation (Table I; Supplemental Fig. 2).
GOS12 is predicted to be expressed in the root tip with

a peak in the columella initials, while SAUR36 is ex-
pected to be more specific to the vasculature (Brady
et al., 2007). It is difficult to speculate which gene is
more likely to report the cell-specific GAL4 expression
of Q0680/Q1630 based on the predicted expression
patterns, since both genes are generally expressed. In
this case, the T-DNA insert is closer to SAUR36, al-
though it is in the opposite orientation. In line M0223,
the T-DNA was also found to be in the opposite orien-
tation, upstream of CUC1 (AT3G15170; see also Table I;
Supplemental Fig. 2), and Cary et al. (2002) showed that
this is the gene reporting the expression of M0223.

Ambiguous Insertion Sites

In line J2501, the T-DNA insertion is located on
chromosome I between a gene encoding 3-phospho-
glycerate dehydrogenase (AT1G17745) and a plasma
membrane Leu-rich repeat receptor kinase (PERP2;
AT1G17750). In this case, the T-DNA is oriented in the
opposite direction to the two flanking genes (Table I;
Supplemental Fig. 2). Both genes are expressed in the
root stele (including also the ground tissue), as shown
by microarray experiments (Birnbaum et al., 2003), and
it is not clear which might be responsible for the GAL4
expression pattern in J2501. The next gene, which is
4.3 kb downstream and in the same orientation, is an
unknown gene, AT1G17744. In J2661, the T-DNA was
located in a duplicated region present in both chro-
mosomes II and III. In chromosome II, the insert is
found in the very end of the chromosome between
the first and the second gene, namely, AT2G01008
(unknown gene) and AT2G01010 (18S rRNA), and the
T-DNA was in the same direction as both genes. Since
the T-DNA is only 129 bp upstream of the second gene,
it is possible that this gene is preferentially of exclu-
sively expressed in the pericycle. The situation in chro-
mosome III is similar with the T-DNA inserted between
AT3G41768 and AT3G41761, encoding 18S rRNA and
other RNA, respectively. The same as in chromosome II,
the T-DNA is 129 bp upstream of the 18S rRNA. The
T-DNA insert in M0136 is positioned in the opposite di-
rection, between a transcription factor bZIP68 (AT1G32150)
and an unknown protein (AT1G32160), but it is in the
same direction and 3.6 kb upstream of an F-box family
protein (AT1G32140; Table I; Supplemental Fig. 2).

Genotyping Enhancer Trap Lines

We have characterized the expression patterns and
the insert locations of 21 GAL4 enhancer trap lines. This
information can now be used for several purposes, one
of which being the development of primer pairs that
can identify presence and absence of the insertion,
which is useful for PCR genotyping during introgres-
sion. As a proof of principle, we designed genotyping
primers for four lines. We chose two of the most used
GAL4 driver lines, J0121 and J0571, and Q0680 and
Q1630, where we can verify the suggestion that these
two lines harbor the same enhancer trap insertion.
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For all four lines, two pairs of primers were gener-
ated. One pair binds to the genomic sequence flanking
the left and the right border of the T-DNA insert and it
should amplify DNA only in absence of insertion (Fig.
5, A–C). The other pair of primers uses a primer in the
left border of the T-DNA (the same as the third specific
primer used for the TAIL-PCRs) and a primer in the
genomic sequence in the proximity of the left T-DNA
border. Contrary to the first primer pair, this one should
amplify DNA only in presence of insertion. We have
tested the primers on wild-type plants as well as on
homo- and heterozygous plants and the results were as
expected (Fig. 5, D and E).

Concluding Remarks

We have selected 21 widely used GAL4/UAS en-
hancer trap lines for detailed characterization of ex-
pression pattern and genomic insertion site. First, we
systematically documented their expression patterns
and grouped them into three groups based on their
dominant expression domains. Our microscopic ob-
servations demonstrate that the expression patterns of
many of the selected GAL4 enhancer trap lines are often
expressed in a domain that extends beyond the one that
is often reported. This finding should be taken as a
cautionary note in two ways. First, the expression may
not be taken as evidence for a cell type in its strictest
sense, but rather as a regional marker in the local con-
text. Second, when using these GAL4/UAS drivers to
target local misexpression, one should be aware that the
target gene is in fact misexpressed in a broader domain,
which might cause more pleiotropic effects that could
otherwise be interpreted as non-cell-autonomous ef-
fects of misexpression. Furthermore, we present an
overview of the genomic positions of the T-DNA in-
sertion of all lines, with one exception: M0171. This
identified two duplications: Line M0167 is likely a de-
rivative of M0164, and lines Q0680 and Q1630 share
exactly the same expression pattern as well as the same
insert position. In addition, the detailed insertion maps
should help to rationalize the cause of local gene ex-
pression and as such will provide a useful tool in
studying the genes close to the insertion sites. In addi-
tion, the expression patterns can now in principle be
migrated to other ecotype backgrounds or used to
generate simpler promoter-reporter fusions based on
the genes close to the insertion site.

MATERIALS AND METHODS

Plant Material and Growth Conditions

TheGAL4-GFP enhancer trap lines used here (Table I) are part of a collection
of Arabidopsis (Arabidopsis thaliana) lines generated in C24 ecotype (Haseloff,
1999) and are available from the Nottingham Arabidopsis Stock Center. The
new transgenic lines generated in this study are Columbia (Col-0) ecotype.

All Arabidopsis seeds were surface-sterilized and dried seeds were subse-
quently grown on half-strength Murashige and Skoog plates with or without
antibiotics selection at 22°C in standard long-day (16:8 h light:dark) growth
conditions. After 2 weeks of growth, the seedlings were transferred to soil and
further grown under the same conditions.

Microscopy

Confocal microscopy was performed as according to Llavata-Peris et al.
(2013) with minor modifications. Briefly, for imaging of embryos, ovules were
isolated andmounted in a 4%paraformaldehyde/5% glycerol/13 PBS solution
including 1.5% SCRI Renaissance Stain 2200 (R2200; Renaissance Chemicals)
for counterstaining of embryos. After applying the coverslip, the embryos were
squeezed out of the ovules, and R2200 andGFP fluorescence were visualized by
excitation at 405 and 488 nm and detection between 430 to 470 and 500 to 535
nm, respectively. For imaging of roots, 5-d-old-seedlings were incubated in 10
mg/mL propidium iodide solution for 1 to 2 min, and GFP and propidium
iodidewere visualized by excitation at 488 nm and detection between 500 to 535
nm and 630 to 700 nm, respectively. All confocal imaging was performed on a
Leica SP5 II system equipped with hybrid detectors.

Mapping of the T-DNA Insertion Sites

Genomic DNAwas isolated from all GAL4-GFP enhancer trap line seedlings
using CTAB (cetyltrimethylammonium bromide) extraction buffer (1% CTAB,
100mM Tris-HCl, pH 8.0, 20mMEDTA, pH 8.0, and 1.5 MNaCl, water) andwas
afterward precipitated with isopropanol and washed with 70% ethanol. TAIL-
PCR was performed as described previously (Liu et al., 1995) with minor
modifications using the specific left border primers listed in Supplemental
Table S1. Some PCR products were cloned into pGEM-T vector (Promega), and
the PCR products were then sequenced for identification of the T-DNA inser-
tion sites. Database searches were done using the BLAST through the NCBI
website (www.ncbi.nlm.nih.gov).

Cloning and Plant Transformation

For generating transcriptional fusions, up to 4-kb fragments upstream of the
ATG were amplified from genomic DNA using Phusion Flash PCRMaster Mix
(Thermo Scientific) and cloned into vector pPLV104 using ligation-independent
cloning (Wendrich et al., 2015a) and primers listed in Supplemental Table S1.
All inserts were completely sequenced and transformed into Col-0 wild-type
Arabidopsis plants by simplified floral dipping (De Rybel et al., 2011).

Genotyping of the GAL4-GFP Enhancer Trap Lines

Genomic DNA from homozygous and heterozygous GAL4-GFP plants and
C24 wild-type plants was isolated as mentioned above using CTAB extraction
buffer. Four microliters of the isolated DNA was subsequently used for PCR
amplificationwith homemade purified recombinant TaqDNApolymerase. The
programwas as follows: 35 cycles (95°C, 30 s; 65°C, 30 s; 72°C, 30 s). The primers
used for genotyping are listed in Supplemental Table S1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Additional GFP expression patterns.

Supplemental Figure S2. Schematic representation of the GAL4 insertion
positions.

Supplemental Table S1. Oligonucleotides used in this study.
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