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Photorespiration is essential for the detoxification of glycolate and recycling of carbon to the Calvin Benson Bassham cycle. Enzymes
participating in the pathway have been identified, and investigations now focus on the regulation of photorespiration by transporters
and metabolites. However, regulation of photorespiration on the gene level has not been intensively studied. Here, we show that
maximum transcript abundance of Glu:glyoxylate aminotransferase 1 (GGT1) is regulated by intron-mediated enhancement (IME) of
the 59 leader intron rather than by regulatory elements in the 59 upstream region. The intron is rich in CT-stretches and contains the
motif TGTGATTTG that is highly similar to the IME-related motif TTNGATYTG. The GGT1 intron also confers leaf-specific
expression of foreign promoters. Quantitative PCR analysis and GUS activity measurements revealed that IME of the GGT1
59UTR intron is controlled on the transcriptional level. IME by the GGT1 59UTR intron was at least 2-fold. Chromatin
immunoprecipitation experiments showed that the abundance of RNA polymerase II binding to the intron-less construct is reduced.

A central step in the evolution of photosynthesis was
the evolution of the CO2-fixing enzyme Rubisco 3.5
billion years ago (Sage, 2004). Rubisco accepts O2 as an
alternative substrate. O2 and CO2 compete for binding
to the same catalytic center. Even though the affinity of
Rubisco for CO2 is 100 times higher than for O2 (Jordan
and Ogren, 1984), every fourth reaction that is cata-
lyzed by Rubisco is an oxygenation reaction (Sharkey,
2001). The fixation of O2 leads to the formation of
3-phosphoglycerate and 2-phosphoglycolate. The sub-
sequent dephosphorylation of the latter produces the
toxic intermediate glycolate, which needs to be detox-
ified in the pathway of photorespiration (Stabenau and
Winkler, 2005; Peterhänsel et al., 2010). Since the path-
way of photorespiration was resolved by an EMS
mutant screen in Arabidopsis (Arabidopsis thaliana;
Somerville and Ogren, 1979; Somerville, 2001), inten-
sive research has been done on the characterization of
the different enzymes involved. To date, the focus of

research turns toward the regulation of photorespira-
tion on different levels, such as transport (Eisenhut
et al., 2013) and metabolites (Timm et al., 2013). How-
ever, little is known about the coordinated regulation of
photorespiration on gene level.

A central compartment of higher plant photorespira-
tion is the peroxisome in which glycolate is metabolized
by the key enzyme glycolate oxidase (Igamberdiev and
Lea, 2002). The product of this reaction, glyoxylate, is
the substrate of Glu:glyoxylate aminotransferase (GGT;
Liepman and Olsen, 2003). In Arabidopsis, two per-
oxisome located GGT isoforms exist (Liepman and
Olsen, 2003; Igarashi et al., 2003). Even though GGT1
(At1g23310) and GGT2 (At1g70580) show 97.9% simi-
larity on protein level, the major function in photores-
piration can be attributed to GGT1. This is indicated by
the observation that the severe growth phenotype of ggt1
knockout mutants (Igarashi et al., 2003; Verslues et al.,
2007; Dellero et al., 2015) cannot be rescued by GGT2.
However, the phenotype can be alleviated by the addi-
tion of Suc and salvaged by high CO2 concentrations
(Igarashi et al., 2003), implying a direct connection to
photorespiration. Analyses of ggt1 knockout mutants in
the last decade have underlined the importance of pho-
torespiration for detoxifying glycolate and recycling
carbon to the Calvin Benson Bassham cycle. Despite the
high energy costs of this process, photorespiration has
been found to play a central role in the control of amino
acid biosynthesis and metabolism. It has been estimated
that ammonia fixed by photorespiration is 50 times
higher than the primary assimilation of nitrogen that is
fixed by nitrate reduction (Keys, 2006). Igarashi et al.
(2006) confirmed a direct interaction of amino acid ac-
cumulation and photorespiration. Recently, it was shown
that ggt1 mutants have a 50 times lower CO2-fixation rate
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compared to the wild type (Dellero et al., 2015). As a
consequence, nitrogen assimilation became limited by
lownet CO2 assimilation rates, which subsequently led to
a decrease of leaf Rubisco content. In addition, GGT1was
found to have an indirect effect on stress and abscisic acid
(ABA) response due to the accumulation of hydrogen
peroxide in ggt1 knockout mutants (Verslues et al., 2007).
The authors assumed that the reduced sensitivity of ggt1
mutants toward stress and ABA was caused by the high
level of hydrogen peroxide and, therefore, led to pertur-
bation of the basal stress response of the plants.

However, nothing is known about the regulation of
GGT1 on gene level. Eukaryotic gene regulation is not
only driven by cis-elements in the 59 upstream region of
genes but is alsomediated by elements and features in the
untranslated regions and other noncoding sequences
(Barrett et al., 2012). According to the TAIR (Huala et al.,
2001) and Athena databases (O’Connor et al., 2005),
GGT1 contains a 59 upstream region of approximately
1,500 bp relative to the transcription initiation start. This
region is terminated by the next upstream lying gene. A
characteristic of theGGT1 gene structure is an intron in its
59UTR. 59 proximal introns of genes have been found to
be associated with intron-mediated enhancement (Callis
et al., 1987; Mascarenhas et al., 1990). Introns have been
shown to be required for high expression of many genes
in several organisms including plants (Callis et al., 1987),
mammals (Furger et al., 2002), Saccharomyces cerevisiae
(Moabbi et al., 2012), nematodes (Okkema et al., 1993),
and insects (Jiang et al., 2015). Moreover, 79% of all
Arabidopsis genes contain introns (ArabidopsisGenome
Initiative, 2000). Thus, introns are thought to be of great
importance for gene regulation through mechanism like
alternative splicing (Nilsen and Graveley, 2010).

Based on this, organ specificity and diurnal of the
GGT1 gene was investigated by analyzing the two
characteristics in both 59 upstream deletion::gusA mu-
tants and amutant lacking the intron in theGGT1 59UTR
(GGT1D5I::gusA). Data revealed thatGGT1 transcription
was elevated by intron-mediated enhancement by its
59UTR intron (5I). GGT1 5I was able to substitute the
endogenous 59UTR intron of the second GGT isoform
GGT2 and mediated leaf expression of the chimeric
construct. Intron-mediated enhancement (IME) of GGT1
5I was associated with higher abundance of RNA poly-
merase II on the gusA coding sequence.

RESULTS

Transgenic GGT1::gusA and Endogenous GGT1
Transcripts Display the Same Regulation

To investigate regulatory features of the GGT1 pro-
moter, the GGT1 (At1g23310) 59 upstream sequence
(1,454 bp) as well as the 59UTR (604 bp) was cloned
upstream of the gusA gene into the pSAG vector (Adwy
et al., 2015), resulting in GGT1::gusA. GusA, formally
known as uidA, encodes for the bacterial reporter pro-
tein b-glucuronidase. Transgenic lines were produced
by floral dip and independent transformation events

were used for further analyses. Both endogenous GGT1
(Fig. 1A) and transgenic gusA mRNA (Fig. 1B) levels
were analyzed for two parameters: (1) tissue specific
expression in leaves and roots and (2) diurnal regulation.
GAPDHmRNAwasmeasured as a control (Fig. 1C). Leaf
and root material used to determine tissue-specific ex-
pression was harvested from hydroponically grown
plants because both tissue types could be harvested

Figure 1. GusA expression levels driven by the GGT1 59 upstream se-
quence in transgenic plants resemble regulatory features of the en-
dogenousGGT1. Relative transcript levels of (A) endogenousGGT1, (B)
transgenic GGT1::gusA, and (C) GAPDH levels were measured in leaf
and root tissue throughout the day. Arabidopsis transgenic plants were
grown under short-day conditions for either 6 weeks in hydroponical
cultures (tissue specificity) or 16 d onMS plates (diurnal). Plant material
was harvested either 1 h after illumination (tissue specificity) or at the
time points given. Data for diurnal regulationwere generated from plant
material presented in Figure 3D. Data represent 8–10 individual
transformation events 6 SD. Student’s t test significance levels are as
followed: **P # 0.05, ***P # 0.01. 1hL, 1 h light; 7hL, 7 h light.

314 Plant Physiol. Vol. 172, 2016

Laxa et al.



separately in sufficient amounts. Diurnal transcript
abundance was studied in 16-d-old plants.
Figure 1 shows that endogenous GGT1 mRNA was

much more abundant in leaves over roots (Fig. 1A,
tissue specificity). This pattern was also observed for
gusA mRNA levels, whereas GAPDH levels were
identical in both tissues (Fig. 1, A and B, tissue speci-
ficity). GGT1 mRNA transcript abundance was higher
in the morning (1hL) compared to the end of the day
(7hL) (Fig. 1A, diurnal). GusAmRNA levels showed an
identical diurnal regulation (Fig. 1B, diurnal). Again,
control mRNA levels of GAPDH were identical at both
time points (Fig. 1B, diurnal).
In summary, the GGT1::gusA construct reproduced

the expression patterns of the endogenous GGT1 and,
thus, was a suitable tool to investigate regulatory ele-
ments of the GGT1 gene.

59 Upstream Deletion Mutants Did Not Identify a Region
of Positive GGT1 Gene Regulation

In a second step, the influence of 59 upstream sequences
on the regulation of theGGT1 gene was tested. Therefore,
three sequential 59 upstream deletionsmutants (59UDMs)
at positions 21122, 2684, and 2157 relative to the tran-
scription initiation site were generated (Fig. 2A).
After cloning the constructs into the GUS expres-

sion vector pSAG, stable Arabidopsis plants were
produced by Agrobacterium-mediated transformation.
Again independent transformation events were used
for analyzing tissue specificity by GUS staining and
diurnal regulation of gusA mRNA levels, respectively.
Supplemental Figures S1 and S2 summarize all indi-
vidual transformation events that have been generated
and used in the data set of Figure 2.
GGT1::gusA plants showed a deep blue GUS staining

in leaves and cotyledons in 98% of all tested transfor-
mation events, while root expressionwas only visible in
50% of the plants and was generally much weaker (Fig.
2, B and C). Similar to the pattern found in GGT1::gusA
plants, the GUS staining pattern in leaves was identical
in the 59UDM constructs. Root expression was detected
in 70 to 80% of the individual transformation events of
the 59UDMs (Fig. 2B and C). Thus, expression in leaves
and roots was not disturbed in 59UDMs.
Figure 2D illustrates diurnal mRNA levels of GGT1::

gusA and the three 59UDMs. Importantly, none of the
59UDMs showed significant changes in diurnal regu-
lation compared to the full length construct (Fig. 2D).
For clarity, individual data on the diurnal rhythm of the
individual transformation events are summarized in
Supplemental Table S1.
Taken together, deletionof the 59 upstreamsequencedid

not identify sequences required for GGT1 gene regulation.

The 59UTR Intron of GGT1 Is Involved in the Regulation
of Maximum Transcript Abundance

Bioinformatic analysis of the GGT1 genomic sequence
revealed that GGT1 contains an intron in its 59UTR. It is

known that introns that are located close to the tran-
scription initiation site enhance transcription via a
mechanism called IME (Callis et al., 1987; Mascarenhas
et al., 1990; Parra et al., 2011). Thus, we hypothesized
that the 59UTR intron (5I) of GGT1 has a positive influ-
ence on GGT1 transcript levels. To test this hypothesis,
the intron was deleted from the 59UTR sequence of
GGT1::gusA, resulting inGGT1 D5I::gusA (Fig. 3A). After
stable transformation into Arabidopsis and selection of
independent transformation events, GGT1::gusA and
GGT1D5I::gusA lines were analyzed for tissue specificity
and diurnal expression. Supplemental Figures S1 and S3
summarize all individual transformation events that
have been generated and used in the data set of Figure 3.

Figure 3B illustrates the tissue specificity of both
constructs. It was obvious that transgenic plants car-
rying theGGT1 D5I::gusA construct showed less intense
GUS staining in leaves compared toGGT1::gusA plants.
Secondly, expression in leaves and roots was qualita-
tively analyzed (Fig. 3C). It was observed that only 70%
of the 27 individual transformation events of Ggt1 D5I::
gusA but 98% of the 44 Ggt1::gusA transformation
events showed GUS activity in leaves. Furthermore,
GUS staining was not observed in roots of GGT1 D5I::
gusA plants, while 50% of the roots from GGT1::gusA
transformed plants stained for GUS. However, staining
of GGT1 D5I::gusA plants was very inhomogeneous in
general. To validate the influence of GGT1 5I on gene
expression further, all experimentswereperformedusing
only those plants that showed a deeper blue staining
(Supplemental Fig. S1, Ggt1 D5I::gusA plants 18–27).

In a next step, changes in diurnal expression were
analyzed in the transgenic plants. Figure 3D shows
gusA mRNA levels of GGT1::gusA and GGT1 D5I::gusA
plants 1 h and 7 h after illumination. Diurnal regulation
was observed for both constructs. One hour after illu-
mination, gusA mRNA levels were approximately 5.1-
fold higher in GGT1::gusA plants compared to the Ggt1
D5I::Gus plants. For clarity, individual data on the di-
urnal rhythm of the individual transformation events
are summarized in Supplemental Table S1

Taken together, the data suggested a role of GGT1 5I
in the enhancement of promoter activity as well as the
regulation of maximum transcript abundance.

GGT1 5I Drives Leaf Expression of GGT2 When
Substituted for the GGT2 59UTR Intron

In Arabidopsis, a second GGT isoform exists, GGT2
(At1g70580; Igarashi et al., 2003, Liepman and Olsen,
2003). GGT1 and GGT2 show 97.9% similarity on pro-
tein level and share the same gene structure. According
to in silico predictions, both isoforms include an intron
in their 59UTR. A prediction by the TAIR database
(Huala et al., 2001) revealed four different splice forms
ofGGT2 that (1) differ in the length of the 59UTR and (2)
in the position and length of the 59UTR intron
(Supplemental Fig. S4). To identify the most abundant
splice form of GGT2, splice form specific primers were
designed that allowed to distinguish between the four
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splice forms on cDNA level (Supplemental Fig. S4).
cDNA of both 16-d-old and 5-week-old plants was used
to exclude any developmental effects on the abundance
of the splice forms. In this experiment, splice form 1was
determined as the most abundant splice form at the
developmental stages tested (Supplemental Fig. S5).

Publications by Igarashi et al. (2003), Verslues et al.
(2007), and Dellero et al. (2015) have shown that a ggt1
knockout led to a severe growth phenotype that could
be rescued by high CO2 concentrations as expected for a
gene or enzyme involved in photorespiration. Thus,
GGT2 could not fully compensate for the loss of GGT1
in photorespiration. Expression of the gusA gene under
the control of the GGT2 59upstream region and the en-
dogenous 59UTR showed that the GGT2 promoter was
mainly active in the vascular system and in cotyledons
(Fig. 4C). However, GGT1 and GGT2 both contain an
intron in their 59UTR. Thus, we wanted to test the hy-
pothesis whether GGT1 5I would be able to enhance
expression of GGT2 in leaves and roots when
substituted for the endogenous GGT2 5I (Fig. 4A). On
the other hand, we also aimed testing the functionality
of the GGT2 5I using a GGT2 D5I mutant and an

equivalent intron swap mutant to the one described
above inwhich the endogenousGGT1 5Iwas substituted
by GGT2 5I (Fig. 4A).

The chimeric constructsGGT1 25I::gusA (endogenous 5I
substituted byGGT2 5I) andGGT2 15I::gusA (endogenous
5I substituted by GGT1 5I) were amplified in a series of
overlapping extension PCRs (Supplemental Fig. S10).
Stable Arabidopsis plants were generated, and indi-
vidual transformation events were selected. Supplemental
Figures S1 and S6 summarize all individual transfor-
mation events that have been generated and used in the
data set of Figure 4 and Figure 5. All transgenic lines were
analyzed for both tissue specificity anddiurnal regulation.

Before analyzing the plants, it was tested whether
the transgenic introns were correctly spliced from the
59UTRs in the chimeric constructs. Figure 4B shows the
amplification of the splice products from cDNA 1 h after
illumination. The natural 59UTR introns of GGT1 and
GGT2 were fully spliced as were the introns in the chi-
meric constructs. However, splicing was partially in-
complete in GGT2 15I::gusA plants. This was indicated
by a faint PCR product at approximately 500 bp that
reflected the unspliced GGT2 15I version. Because the

Figure 2. The 59 upstream deletions could not identify regulatory cis-elements for tissue specificity, diurnal expression, and
maximum promoter activity in the GGT1 promoter. A, Schematic overview over the different GGT1 59 upstream deletion con-
structs. B, GUS staining of 16-d-old transgenic plants. The images show a representative seedling of the GUS staining pattern of
plants originating from 10 individual transformation events of each construct (Supplemental Fig. S2). C, Tissue specificity of
GGT1::gusA and 59 deletion constructs as observed in the individual transformation events. Black bar, expression in leaves/roots;
white bar, no expression. Relative gusA mRNA transcript levels of 16-d-old plants were quantified by qPCR (D, diurnal). Indi-
vidual transformation events of each construct are visualized by open circles while the mean of the data are indicated by a black
square in the dot plot. Themean represents the average of 8-10 individual transformation events. Student’s t test significance levels
are as followed: **P # 0.05, ***P # 0.01. 1hL, 1 h light; 7hL, 7 h light; TIS, transcription initiation start.
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GGT1 5I is 110 bp shorter than theGGT2 5I, the unspliced
PCR product was smaller than that of our genomic DNA
control used in this experiment (Fig. 4B, unsplicedGGT2
sequence).
First, the GUS staining pattern was analyzed in the

different constructs (Fig. 4C). As observed before, a
strong GUS expression was visible in the GGT1::gusA
construct, while the intensity was slightly reduced in
the intron-less version GGT1 D5I::gusA (Figs. 3B and
4C). GUS staining of the plant carrying the substitution
of the endogenous GGT1 5I by GGT2 5I was indistin-
guishable from the intensity observed for GGT1::gusA
plants (Fig. 4C). The deletion of GGT2 5I completely
abolished GUS staining in all tissues (Fig. 4C). How-
ever, the substitution of GGT2 5I by GGT1 5I led to (1)
expression of the GGT2 promoter in leaves and in roots
and (2) further enhancement of GGT2 expression in the
vasculature (Fig. 4C). Because the observation that
GGT2 is only weakly expressed in leaves contradicts an
observation by Igarashi et al. (2006), we additionally
proved successful transformation of the individual
transformation events used in this experiment. For this,
the bacterial neomycin phosphotransferase (nptII) gene
that confers kanamycin resistance of the transgenic

lines was amplified by qPCR. All lines showed a good
expression of nptII (Supplemental Fig. S7). Thus, the
weak GUS staining of GGT2::gusA and GGT2 D5I::gusA
lines was not due to an inefficient transformation.

Qualitative analysis of GUS staining in leaves and roots
underlined the activation of theGGT2 promoter byGGT1
5I in leaves and roots of GGT2 15I::gusA transgenic lines
(Fig. 4D).While 52% of the 21 individualGGT2 transgenic
lines showed weak GUS staining in leaves, 87% of the
transgenic lines carrying GGT2 15I::gusA showed a sig-
nificant increase in staining in this tissue type (Fig. 4D). In
roots, GGT2 expression was activated in 38% of the
transgenic lines carrying GGT2 15I::gusA, while no stain-
ing was observed in roots of GGT2::gusA lines (Fig. 4D).

In a next step, the diurnal regulation of the two GGT::
gusA constructs was analyzed in comparison to their
respective intron deletion mutants and chimeric intron
swap constructs. The enhancing effect of GGT1 5I in the
chimeric GGT2 15I::gusA lines was also confirmed on
the transcript level for diurnal regulation (Fig. 5B). As
indicated by the GUS staining, gusA mRNA transcript
was hardly detectable in GGT2::gusA and GGT2 D5I::
gusA lines (Figs. 4C and 5B). In GGT2 15I::gusA plants,
mRNA levels were elevated 10- and 21.1-fold compared

Figure 3. GGT1 expression is enhanced by its 59UTR intron (5I). A, Schematic overview over the GGT1 5I deletion construct in
comparison to the nonmutated 59UTR region. B, GUS staining of 16-d-old plants. The images show a representative seedling of
the GUS staining pattern of plants originating from 10 individual transformation events of each construct (Supplemental Fig. S3).
C, Plot of GUS levels in leaves and roots of individual transformation events as observed after GUS staining. Black bar, Expression
in leaves/roots; white bar, no expression. Relative gusA mRNA transcript levels of 16-d-old transgenic plants were quantified by
qPCR (D, diurnal). Arabidopsis plants were grown under short-day conditions for 16 d on MS plates. Individual transformation
events of each construct are visualized by open circles while the mean of the data are indicated by a black square in the dot plot.
Themean represents the average of 7–10 individual transformation events. Student’s t test significance levels are as followed: *P#
0.1, **P # 0.05. 1hL, 1 h light; 7hL, 7 h light; TIS, transcription initiation start.
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to GGT2::gusA 1 h and 7 h after illumination, respec-
tively. This was approximately 0.1-fold of the gusA
mRNA transcript levels in GGT1::gusA plants 1 h after
illumination. Quantitative qPCRs data revealed that
GGT2 5I can substitute for the endogenous GGT1 5I to a
certain extent (Fig. 5). However, this effect could not be
seen on the level of GUS staining (Fig. 4; Supplemental
Fig. S6). For clarity, individual data on the diurnal
rhythm of the individual transformation events are
summarized in Supplemental Table S1

In summary, GGT1 5I drove expression of GGT2 in
leaves when substituted for the endogenous GGT2 5I.
However, GGT2 5I was only shown to significantly
mediated enhancement of its endogenous promoter.

CT-Stretches Are Highly Abundant in the 59UTRs and the
Imbedded Intron Sequences of GGT1 and GGT2

The mechanism of IME is still largely unknown, and
many different models have been proposed since its
discovery in plants 1987 by Callis and colleagues (Callis

et al., 1987; Gallegos and Rose, 2015). Along with this,
the aim was to define DNA sequence motifs that are
linked to IME. Here, T-rich sequences have been pro-
posed to be important for controlling gene expression
(Huang et al., 1997). Furthermore, CT-richness in both
the 59UTR and the enhancing intron has been reported
in spinach and petunia (Bolle et al., 1994; Mun et al.,
2002). Bioinformatic analysis of enriched motifs in en-
hancing introns with the IMEter software (Rose et al.,
2008) revealed two similar motifs in Arabidopsis with
the consensus sequences TTNGATYTG (Rose et al.,
2008) and CGATT (Parra et al., 2011).

Thus, the GGT1 and GGT2 59UTRs and imbedded
intron sequences were screened for the existence of
CT-rich regions and motifs predicted by the IMEter
software. Figure 7 shows that both GGT sequences are
highly enriched in CT-rich regions both in the 59UTR
and the intron. A motif similar to TTNGATYTG
(TGTGATTTG) was found at the promoter proximal
site of GGT1 5I. However, GGT1 5I did not contain the
IME-related sequence motif CGATT. In contrast to

Figure 4. GGT1 5I drives leaf expres-
sion of GGT2 when substituted for
GGT2 5I. A, Schematic overview over
the different constructs. B, PCR con-
firming the correct splicing of the introns
located in the 59UTRs. C, GUS staining
of 16-d-old plants. The images show
a representative seedling of the GUS
staining pattern of plants originating from
10 individual transformation events of
each construct (Supplemental Fig. S6).
D, Plot of GUS levels in leaves and roots
of individual transformation events as
observed by GUS staining. Black bar,
Expression in leaves/roots; white bar, no
expression. 15I, GGT1 59UTR intron;
25I, GGT2 59UTR intron; D5I, deletion
of the 59UTR intron; Gdna, genomic
DNA; TIS, transcription initiation start.
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GGT1, two CGATT motifs are located in the GGT2
59UTR intron sequence, one motif at the beginning of
the intron and one at the end of the intron (Fig. 6).
Introns that functions in intron-mediated enhance-

ment are located in close vicinity to the transcription
initiation site (TIS; Rose, 2004). Rose et al. (2008) de-
veloped the IMEter software that is based on structural
differences between introns that are located close to TIS
compared to introns that are located further down-
stream in the gene sequence. The bioinformatic analysis
revealed that the 59UTR introns of GGT1 and GGT2
have IMEter scores of 12.62 and 17.30, respectively,
according to the version v2.1 of the IMEter software (Parra
et al., 2011).Hence, according to a correlation byRose et al.
(2008), an increase inmRNA abundance of approximately
4- to 5-fold can be predicted for the GGT 5Is.
In summary, the existence of both important IME

features in the complete 59UTR sequences, and the high
IMEter scores of the GGT 5Is additionally point to-
ward a function of these introns in intron-mediated
enhancement.

The GGT1 59UTR Intron Changes Tissue-Specific
Expression of Selected Promoters

The intron swap experiment showed that GGT1 5I
drives leaf expression of the GGT2 promoter (Fig. 4C).
We wanted to analyze this phenomenon in more detail.
First, GUS staining was analyzed side by side with
plants carrying 35S::gusA. The 35S promoter is known
to be strongly expressed in most tissue types of Arabi-
dopsis (Odell et al., 1985). Thus, it is a suitable tool to
study the GUS staining pattern in a time-dependent
manner. Furthermore, a ferricyanide concentration of
2.5 mM instead of 1 mM was used in the GUS staining
buffer. The increase in the concentration of ferri- and
ferrocyanide further accelerates the formation of the

blue, insoluble GUS reaction product (Vitha et al., 2007)
and, hence, minimizes the diffusion of the primary re-
action product 5-bromo-4-chloro-3-indolyl from the
side of its production. Thus, if a GUS staining in GGT2
15I plants is observed in leaves in the presence of a
2.5 mM ferri- and ferrocyanide, it can be excluded that
5-bromo-4-chloro-3-indolyl has diffused from the vas-
cular system to the surrounding leaf tissue.

Figure 7A shows the GUS staining pattern of plants
carrying 35S::gusA and GGT2 15I::gusA. GUS staining
in 35S::gusA plants was visible after 1 h at 37°C. How-
ever, the staining was first restricted to the vascular
system of the plants. After 2 h at 37°C, a weak GUS
staining was also visible in leaves and roots, respec-
tively. From here, GUS staining intensity successively
increased with time. An identical time-dependent
staining pattern was observed for two individual
GGT2 15I::gusA lines (Fig. 7A).

Thus, the leaf expression observed in GGT2 15I::gusA
plants is most likely due to an activation of the pro-
moter by GGT1 5I rather than a matter of 5-bromo-4-
chloro-3-indolyl diffusion from the vascular system to
the surrounding leaf tissue.

Secondly, the influence of GGT1 5I on the tissue
specificity on three other promoters was tested. Introns
involved in IME are known to increase expression of
foreign promoters (Callis et al., 1987). To test whether
GGT1 5I is able to drive leaf expression of other pro-
moters than GGT2, the promoter and 59UTRs of three
additional genes were cloned into the GUS expression
vector. CATALASE3 (At1g20620, Zimmermann et al.,
2006) andGLDP1-P2 (At4g33010, Adwy et al., 2015) are
known to be mainly expressed in the vascular system,
while the expression of a PEROXIDASE (At3g01190,
Winter et al., 2007) is restricted to roots.

First, the tissue-specific expression of the three genes
was tested in 16-d-old seedlings (Fig. 7B). GLDP1-P2

Figure 5. Quantification of the IME effect in the chimeric GGT constructs. Relative gusA mRNA transcript levels of 16-d-old
transgenic plantswere quantified by qPCR in the diurnal rhythm. Individual transformation events of each construct are visualized
by open circles, while the mean of the data are indicated by a black square in the dot plot. The mean represents the average of
7–10 individual transformation events. Student’s t test significance levels are as followS: *P# 0.1, **P# 0.05, ***P# 0.01. 15I,
GGT1 59UTR intron; 25I, GGT2 59UTR intron; D5I, deletion of the 59UTR intron; 1hL, 1 h light; 7hL, 7 h light.
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showed the reported expression pattern in the vascular
system (Adwy et al., 2015), while CAT3was expressed in
the vascular system but also weakly in the entire leaf
tissue as described by Zimmermann and colleagues
(2006). As expected, the PEROXIDASEwas proofed to be
root-specific (Winter et al., 2007). The cloning of GGT1 5I
downstream of the three genes necessitated the inser-
tion of a multiple cloning site (MCS) into the linker se-
quence between the 59UTRs and gusA. Plants carrying the
promoter-MCS::gusA constructs showed a similar tissue-
specific expression and GUS staining intensity when
compared to the respective promoter::gusA lines (Fig. 7B).

The effect of GGT1 5I on the foreign promoters was
very different. CAT3 15I::gusA and CAT3::gusA lines
showed no difference in the intensity of GUS staining
(Fig. 7B; Supplemental Fig. S8). As observed inGGT2 15I::
gusA lines,GGT1 5I activated leaf expressionofGLDP1-P2,
which is exclusively expressed in the vascular system
(Adwy et al., 2015). However, GGT1 5I was not able to
drive expression of the PEROXIDASE in leaves but en-
hanced its expression in roots. Interestingly, 50% of the
transformation events ofPEROXIDASE 5I::gusA showed
a staining in trichomes (Fig. 7B; Supplemental Fig. S8).

The data indicate once more that IME and its effect in
gene expression and tissue specificity is not only
depending on the intron itself but is more likely deter-
mined by sequences both in the promoter and the
intron.

The 59UTR Intron of GGT1 Enhances Expression by IME
on the Transcriptional Level

IME can take place on various levels of gene ex-
pression, including both transcription and posttrans-
criptional processes (Samadder et al., 2008; Callis et al.,

1987). To test which levels were affected by GGT1 and
GGT2 5I mediated enhancement, gusA unspliced RNA
levels as well as GUS protein activity were measured in
samples originating from plant material analyzed in
Figures 4 and 5.

Table I summarizes the percentages of unspliced
RNA,mRNA, andGUS activity detected inGGT1::gusA
and GGT2::gusA plants compared to both their intron-
less versions and the 59UTR intron swap constructs. For
this, values of GGT1::gusA and GGT2::gusA were set to
100%. Relative unspliced RNA levels and GUS activity
data are shown in Supplemental Figure S9.

The analysis of gusA unspliced RNA accumulation in
GGT1 D5I::gusA plants revealed that IME already takes
place on transcriptional level (Table I). The effect of
GGT1 5I IME is constant at the different levels investi-
gated. We observed remaining gusA unspliced RNA,
gusA mRNA and GUS activity levels of 56.3% 6 53.9,
40.3% 6 39.2, and 60.2% 6 40.5, respectively, in GGT1
D5I::gusA plants (Table I). Substitution of the endoge-
nousGGT1 5I byGGT2 5I compensated for the loss of 5I
both on gusA unspliced RNA and mRNA, but not on
the level of GUS activity. We recorded data of 123.2%6
81.2, 96.9%6 69.1, and 50.9%6 43.3 forGGT1 25I::gusA
on gusA unspliced RNA, gusA mRNA, and GUS ac-
tivity level, respectively (Table I). Thus, because the
consequence of IME is always an increase in protein
activity levels independently of the level IME takes
place primarily, GGT2 5I was not able to substitute for
the endogenous GGT1 5I.

In the case of GGT2, a reduction of gusA unspliced
RNA accumulation was observed in GGT2 D5I::gusA
lines (30.4% 6 35.0). Furthermore, the loss of GGT2 5I
had a stronger effect on the levels of mRNA accumu-
lation and GUS protein activity. While gusA mRNA

Figure 6. IME related motives in the
GGT1 and GGT2 59UTRs and their
imbedded introns. Gray, 59UTR se-
quence; white, 59UTR intron sequence;
black box, C/T-stretches; dashed box,
TTNGATYTG motif (Rose et al., 2008);
underlined, CGATT motif (Parra et al.,
2011). As an indication of C/T nucleo-
tide accumulation, only C/T stretches of
a nucleotide length of n $ 4 have been
marked.
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levels of 15.2%6 16.3 were still detectable in GGT2 D5I
plants, no GUS activity was measurable (Table I).GGT1
5I strongly enhances expression of the GGT2 promoter.
As observed for GGT2::gusA lines, expression was

mainly enhanced on gusA unspliced RNA level. We
measured an intron-mediated enhancement of 1265.7%6
1436.5, 1005.6% 6 505.7, and 323.0% 6 395.0 on gusA
unspliced RNA, gusA mRNA, and GUS activity levels,
respectively (Table I). Thus, even though GGT1 5I
mediates IME on all levels in its endogenous constel-
lation, it fails to drive IME on all levels evenly in the
GGT2 background.

In summary, the data indicated that IME by GGT1 5I
mainly takes place on the level of transcription.

RNA Polymerase II Is a Possible Target of IME by Ggt1 5I

In the previous section, GGT1 5I IME was assign to
transcription. It was assumed before that changes in
chromatin modifications and RNA polymerase II (RNA
Pol II) binding are associated with IME (Meinhart et al.,
2005; Rose, 2008; Gallegos and Rose, 2015). To test the
hypothesis that GGT1 5I had an influence on both the
abundance of activating chromatin modifications RNA
Pol II binding a chromatin immunoprecipitation (ChIP)
experiment was performed using GGT1::gusA and
GGT1 D5I::gusA lines. In this experiment, plants were
grown for 5weeks to produce sufficient leafmaterial for
ChIP. To confirm that the loss of GGT1 5I also had an
impact on gusA mRNA levels in 5-week-old plants,
transcript levels were determined by qPCR from plants
that were grown in parallel (Fig. 8B). Data confirmed
the results shown for 16-d-old seedlings (Fig. 1).

To discriminate between chromatin modifications and
RNA Pol II abundance on the endogenous GGT1 locus
and the reporter gene, the position P1 on the gusA gene
was measured, which is centered +146 bp relative to the
gusA ATG (Fig. 8A). ChIP analysis was performed for
the activating modifications histone 3 Lys 9 acetylation
(H3K9ac) and histone 3 Lys 4 trimethylation (H3K4me3;
Santos-Rosa et al., 2002;Heintzman et al., 2007;Wang et al.,
2009), as well as for the C terminus of histone 3 (H3C),
which reflects nucleosomedensity at the positionmeasured
(Burlingame et al., 1985). In addition, an antibody directed
against the C-terminal YSTPSPS repeat of the largest sub-
unit of RNA Pol II was used (Nawrath et al., 1990).

Figure 8C summarizes the ChIP data recorded. Nucle-
osome density, expressed as H3C at P1, was lowered by
20% in theGGT1 D5I::gusA lines (37% of input) compared
to GGT1::gusA (29% of input). Both activating modifica-
tions remained largely unchanged in GGT1 D5I::gusA
plants compared to GGT1::gusA plants when standard-
ized for H3C. Interestingly, an almost 4-fold reduction of
the amount of RNA Pol II bound to P1 was observed
between to GGT1::gusA and GGT1 D5I::gusA lines.

This suggests that RNA Pol II might be a possible
target of IME by GGT1 5I on transcriptional level.

DISCUSSION

We studied regulatory features of the GGT1 pro-
moter and found that the regulation of promoter
strength could be attributed to the 59UTR intron (5I) of

Figure 7. The 59UTR intron of GGT1 can drive leaf expression of indi-
vidual promoters. A, Time dependence of GUS staining of theGGT2 15I
swap construct indicating leaf-specific expression of theGGT2when the
endogenous 5I is substituted by GGT1 5I. GUS staining was stopped by
exchanging the GUS staining solution by 70% ethanol at the time points
indicated. The 35S promoter was used as a control to observe the process
of GUS staining driven by promoter that drives leaf expression. B, GUS
staining of 16-d-old plants. The images show a representative seedling of
the GUS staining pattern of plants originating from 8–16 individual
transformation events of each construct (Supplemental Fig. S8). 15I,
GGT1 59UTR intron; MCS, multiple cloning site.
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GGT1 rather than being controlled by cis-elements in
the 59 upstream region of the gene. Furthermore, GGT1
5I was able to drive leaf expression of GGT2 and
GLDP1-P2. Bioinformatics revealed high IMEter scores
for GGT1 5I and GGT2 5I, respectively. Furthermore,
the 59UTR and the imbedded intron of both GGT1
and GGT2 contain IME-related motifs. We identified
changes in RNA polymerase II binding as a character-
istic of GGT1 5I-mediated enhancement on the tran-
scriptional level.

GGT1 is an important component of plant photo-
respiration (Liepman and Olsen, 2003; Igarashi et al.,

2003; Verslues et al., 2007). Loss-of-function mutants
suffer from increased hydrogen peroxide concentra-
tions and are sensitive to light (Verslues et al., 2007).
Thus, tissue-specific expression in leaves and diurnal
regulation are key regulatory features of the GGT1
promoter. Diurnal and tissue specific expression have
been analyzed previously by Igarashi et al. (2006). In
line with their results, we found that GGT1 transcripts
were high in themorning and lower in the evening (Fig.
1A). In addition, diurnal expression was confirmed by
the software tool “Diurnal” (Mockler et al., 2007). The
analysis of transcript abundances in leaves and roots

Figure 8. A lower abundance in RNA Pol II binding is a possible consequence of IME by GGT1 5I. A, Scheme of the
position P1 (+146 bp downstream of ATG) measured on the gusA gene. B, Relative gusAmRNA levels in bothGGT1::gusA
and GGT1 D5I::gusA transgenic lines measured by qPCR. C, Chromatin analysis of GGT1::gusA and GGT1 D5I::gusA
lines. Antibodies used were directed against the C terminus of histone 3 (H3C), histone 3 Lys 9 acetylation (H3K9ac),
histone 3 Lys 4 trimethylation (H3K4me3), and RNA polymerase II (RNA Pol II). Plant material of 5-week-old plants was
crosslinked 1 h after illumination. Data represent the average of four biological replicates 6 SE in which each sample is a
pool of two individual transformation events which sums up to eight different lines used per construct. Detailed infor-
mation on calculations is given in “Materials and Methods.” Student’s t test significance levels are as follows: *P # 0.1,
**P # 0.05.

Table I. Intron-mediated enhancement of GGT1 5I affects the transcriptional level

RNA levels and GUS activity of 16-d-old plants were determined 1 h after onset of light under short-day
conditions. Values of relative RNA transcript levels originate from data generated from plant material
investigated in Figure 5. GUS activity (nmol/min/mg protein) was measured by the production of the
fluorescent 4-methylumbelliferone according to Jefferson et al. (1987). Data represent the average of 8–10
individual transformation events 6 SD. 15I GGT1 59UTR intron, 25I: GGT2 59UTR intron, D5I: deletion of
the 59UTR intron. Values measured for GGT1 15I and GGT2 25I lines were set to 100%. Student’s t test
significance levels are as follows: *P # 0.1.

Construct gusA Unspliced RNA Accumulation (%) gusA mRNA Accumulation (%) GUS Activity (%)

GGT1 15I 100 100 100
GGT1 D5I 56.3 6 53.9 40.3 6 39.2 60.2 6 40.5
GGT1 25I 123.2 6 81.2 96.9 6 69.1 50.9 6 43.3
GGT2 25I 100 100 100
GGT2 D5I 31.4 6 35.0 15.2 6 16.3 0 6 0 *
GGT2 15I 1265.7 6 1436.5* 1005.6 6 505.7 323.0 6 395.0
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showed that GGT1 was much higher expressed in
leaves over roots (Fig. 1, A and B). Quantitative data of
endogenous and transgenic GGT1 expression were
consistent with GUS staining intensities in leaves and
roots in our study.
Expression of photorespiratory genes in roots has

been investigated recently (Nunes-Nesi et al., 2014).
Herein, the authors discuss a function of photo-
respiratory genes in heterotrophic tissues like roots.
According to the Arabidopsis EFP Browser (Winter
et al., 2007), GGT1 is expressed marginally in roots.
Using the pep2pro proteome database (Baerenfaller
et al., 2008), the normalized quantity spectra revealed
values for about 50 and below 10 for leaves and roots of
GGT1, respectively. This means that there is a low ex-
pression of GGT1 in roots. The corresponding normal-
ized quantity spectra for GGT2 in both tissue types
were below 4 and approximately 2, respectively. Thus,
it can possibly be that GGT1 5I is important for root-
specific expression in combination with its endogenous
and the foreign GGT2 promoter. However, the function
of GGT1 in roots remains to be elucidated.

Promoter Strength Is Mediated by the 59UTR Intron of
GGT1 Rather than by cis-Elements in the 59
Upstream Region

Eukaryotic gene regulation is not only driven by cis-
elements in the promoter of genes, but is also mediated
by elements in untranslated regions like the 59UTR and
introns (Barrett et al., 2012). This holds true for GGT1
gene regulation.
Promoter strength of GGT1 is not determined by

regulatory features in the 59 upstream sequence of
GGT1 (Fig. 2D). These features are attributed toGGT1 5I
(Fig. 3D). However, diurnal regulation of GGT1 was
impaired neither in the 59UDMs nor in GGT1 D5I::gusA
lines (Figs. 2D and 3D). Both the shortest 59UDM (-157::
gusA) and the GGT1 D5I::gusA construct still contain a
putative CCA1-binding site motif 287 to 294 bp rela-
tive to the transcription initiation start of GGT1. The
CCA1 motif has been associated with circadian clock
function and, therefore, diurnal regulation (Michael
and McClung, 2002). In contrast to the GGT1 5I dele-
tion, the series of 59 upstream deletions had no influ-
ence on maximum transcript abundance of GGT1 (Fig.
2D). This phenomenon has been described before. In
Arabidopsis, the 59 upstream region of FERREDOXIN
A could be deleted up to 2143 bp relative to the trans-
lation start without any changes in expression or tissue
specificity (Vorst et al., 1993). In accordance with our
finding, the Unc-54 gene in C.elegans functions with its
promoter deleted but not without its introns (Okkema
et al., 1993).

GGT1 and GGT2 Are Both Regulated by IME

GGT2 encodes the second isoform of the two
GGTs that are located in peroxisomes in Arabidopsis
(Liepman and Olsen, 2003). In our experiments, GGT2
expression was restricted to the cotyledons and the

vasculature in 16-d-old GGT2::gusA plants (Fig. 4C).
These data contradict the GUS expression pattern of
GGT2 published by Igarashi and colleagues in which
GUS expression was clearly visible in leaves and roots
of 2-week-old plants (Igarashi et al., 2006). However,
analysis of GGT2 expression in different databases,
EIN3 seq browser (Chang et al., 2013), GeneAtlas
(Kapushesky et al., 2010), and Genevestigator (Hruz
et al., 2008) confirmed that GGT2 is much lower
expressed in different tissues and developmental stages
relative to GGT1, except during senescence. Further-
more, it was shown that a ggt1 knockout led to a severe
growth phenotype, indicating that GGT2 could not
fully compensate for the loss of GGT1 in photorespira-
tion (Igarashi et al., 2003; Verslues et al., 2007; Dellero
et al., 2015). GGT1 and GGT2 show 97.9% similarity on
protein level. Thus, it is likely that expression of GGT2
in the leaf would replace GGT1 function in a ggt1
knockout. However, GGT2 transcripts were not in-
duced in ggt1 mutant lines (Dellero et al., 2015). In
addition, a ggt1 knockdown (SALK_064982) with a
remaining GGT1 transcript level of 20% displays no
photorespiratory phenotype (N. Lange, C. Peterhänsel,
andM. Laxa, unpublished data) indicating that a fifth of
the natural GGT1 activity is enough for normal growth.

We found that bothGGT1 andGGT2 are regulated by
their 59UTR introns (Figs. 3–5). Both introns have high
IMEter scores and contain CT-stretches as well as IME-
related motifs (Fig. 6). Besides other features, the nu-
cleotide composition of an intron rather than sequence
motifs was suggested to be important for IME (Clancy
and Hannah, 2002). CT-stretches have been identified
as important elements for transcription in general (Bolle
et al., 1994; Bolle et al., 1996; Huang et al., 1997). Im-
portantly, CT-rich sequences were found in the 59UTR
and front sequence of the leader intron of petunia
Adf1 whose expression in vegetative tissue is intron-
dependent (Mun et al., 2002). In Arabidopsis, the effect of
IMEwas enhanced by increasing the T-contentwithin the
intron (Rose, 2002). GGT1 5I contains the sequence
TGTGATTTG that is highly similar to the IMEter con-
sensus motif TTNGATYTG and not present in GGT2 5I
(Rose et al., 2008). However, the second motif related to
IME, CGATT (Parra et al., 2011), was found twice in
GGT2 5I while it is missing in GGT1 5I (Fig. 6). Parra and
colleagues showed that the addition of 11 copies of
CGATT to theweakly enhancingCor15a intron increased
the enhancement by 4-fold relative to the control (Parra
et al., 2011). Conversely, the deletion of this motif from
the UBI10 intron only led to a 2-fold decrease of en-
hancement (Parra et al., 2011). Whether the IME-related
motifs found in GGT1 5I and GGT2 5I play a significant
role in the mechanism of IME, remains to be analyzed.

GGT1 5I Enhances the Expression of Foreign Promoters
and Defines Tissue Specificity

GGT1 5I can drive leaf and root expression of GGT2
when substituted forGGT2 5I (Fig. 4). Furthermore, leaf
expression was also observed for GLDP1-P2 15I::gusA
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lines (Fig. 7). In contrast, GGT1 5I was unable to drive
leaf expression of the root-specific PEROXIDASE but
induced the expression of the PEROXIDASE in tri-
chomes in 50% of the transgenic lines (Fig. 7).

The ability of GGT1 5I to switch tissue-specific ex-
pression of foreign promoters showed that there is no
specific link between introns and promoters for en-
hancement to take place. Introns can have a stronger
influence on tissue specific expression than promoters
have. In Arabidopsis, the first intron of UBIQUITIN10
disturbed the tissue-specific expression of CNGC2 and
YAB3 and led to an expression of both genes in roots
(Emami et al., 2013). Giani and colleagues found that
the leader intron of rice beta-tubulin 4 regulates tissue-
specific expression. They entitled the way of regulation
with the term “intron dependent spatial expression,” or
IDSE (Giani et al., 2009). Similar to our findings, the
introns of Arabidopsis PRF2 and petunia Adh1 drive leaf
expression of their respective promoters (Jeong et al.,
2006; Mun et al., 2002).

The same intron can enhance expression of multiple
genes (Emami et al., 2013; Callis et al., 1987). Indepen-
dently from the ability of GGT1 5I to change tissue-
specific expression, this holds true for GGT1 5I. With
the exception of CAT3, GGT1 5I enhanced the promoter
activity of all genes tested in this study (Figs. 4, 5, and 7).

The data underline the enormous spectrum of IME
function in dependence of the intron sequence in com-
bination with a specific promoter sequence.

GGT1 5I Mediated Enhancement Targets RNA Polymerase
II on Transcriptional Level

GGT1 5I led to an enhancement on the transcriptional
level in combination with its endogenous promoter in
GGT1::gusA lines and the GGT2 promoter in GGT2 15I::
gusA lines, respectively (Table I). IME targeting the
level of transcription has been poorly described in the
literature, but include mammals, yeast, and plants
(Furger et al., 2002; Moabbi et al., 2012; Samadder et al.,
2008). IME on the transcriptional level is rather weak,
leading to fold changes that did not exceed 3-fold
(Furger et al., 2002; Samadder et al., 2008). In line with
this, we measured a 2- to 5.1-fold enhancement of gusA
mRNA in stable GGT1::gusA lines compared to GGT1
D5I::gusA lines (Figs. 3D and 5A; Table I). However,
GGT1 5I led to a strong transcriptional enhancement of
12.7-fold inGGT2 15I::gusA lines relative toGGT2::gusA
lines (Fig. 5C, Table I). Callis and colleagues suggested
that the weaker the promoter, the stronger the en-
hancement by introns (Callis et al., 1987). Recently, it
was reported that the first intron of UBI10 led to dif-
ferent levels of enhancement when different promoters
were used (Emami et al., 2013). In our case, it addi-
tionally needs to be taken into consideration that GGT1
5I changed the tissue specificity ofGGT2 in the chimeric
GGT2 15I::gusA plants (Fig. 4, C and D). Thus, the ob-
served high level of induction on transcript level was
also caused by GGT2 15I::gusA expression in leaves.

RNA Pol II and activating histonemodifications have
been associated with IME. The idea that histone modi-
fications are linked to IME came from the observation
that activating histone modifications are enriched at
the 59 boundaries of first introns in human genes
(Bieberstein et al., 2012). Furthermore, Gallegos and
Rose found a high similarity between the distribution of
IMEter scores and activating histone modifications in
Arabidopsis (Gallegos and Rose, 2015). The authors
also suggested that introns might affect the chromatin
state because introns have a tendency to be associated
with fewer nucleosome compared to exons (Spies et al.,
2009). However, no significant changes of activating
histone modifications were found between GGT1::gusA
and GGT1 D5I::gusA plants (Fig. 8B). But, the presence
of GGT1 5I had an impact on the abundance of RNA
Pol II binding to the gusA gene (Fig. 8B). Further ex-
periments are necessary to unravel themolecular basis of
how GGT1 5I affects RNA Pol II binding to a gene locus.

MATERIALS AND METHODS

Plant Material and Growth

Experiments were done with Arabidopsis (Arabidopsis thaliana) ecotype
Columbia-0 (Col-0). Col-0 was also used for stable transformations. Plants were
grown on one-half-strength Murashige and Skoog (MS) medium including 13
vitamins and 0.7% agar (both Duchefa) in a Plate Percival (CU-41L5/D; CLF
Plant Climatics) for 16 d under short-day conditions (115 mE, 8 h light/16 h
darkness; 22/20°C). For the selection of positively transformed plants, kana-
mycin (25 mg/mL) was added to the medium. After 16 d, plants were either
harvested for qPCR/ChIP analysis, transferred to soil (1 part soil and 1.5 parts
sand), or placed in Araponics for hydroponical cultures. Plants were grown in
Araponics in one-half-strength MS including 13 vitamins under oxygenous
conditions. Plants were further grown under short-day conditions (115 mE, 8 h
light/16 h darkness; 21/18°C; BB-XL3, CLF Plant Climatics) and harvested at
the age of either 5 (ChIP experiments) or 6 (hydroponics) weeks. For prolonged
darkness experiments, plates were transferred to darkness for 64 h before the
onset of light at day 14.

RNA Isolation, cDNA Synthesis, and qPCR Analysis

Plantmaterialwas ground in liquid nitrogen. RNAwas isolatedwith aRNA-
DNA isolation method as follows: Ground plant material of either three to four
16-d-old plantlets or two spoons (;40 mg) of 5-week-old plants was dissolved
in DNA/RNA extraction buffer (0.05 M Tris-HCl, pH 7.6, 0.5% SDS). An equal
volume of water-saturated phenol was added, and the suspension was mixed.
After centrifugation, nucleic acids in the upper aqueous phase were precipi-
tated with 3 M sodium acetate (pH 5.2) and 96% ethanol in an additional cen-
trifugation step. The pellet was washed with 70% ethanol (5 min, top speed,
4°C) and resuspended in 100 mL distilled, deionized water. Two microliters
were used for cDNA synthesis. After DNaseI treatment (EN0521; Thermo Sci-
entific), a nonamer random primer was annealed and first-strand synthesis was
performed using MMLV (M1705; Promega). Each experimental setup contained
control samples lacking MMLV to ensure successful digestion of genomic DNA
by the DNaseI treatment prior to cDNA synthesis. qPCR analysis was done on an
ABI 7300 Real Time PCR System (Applied Biosystems). A typical 20 mL qPCR
sample contained 2 mL of cDNA template, 0.4 mL of each primer (10 mM stock),
and 7.2 mL Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen).

The PCR reaction was started with a carryover protection step at 50°C for
2min followed by inactivation of uracil-DNA glycosylase at 95°C for 2min. The
main PCR program was 40 cycles of denaturation (95°C for 15 s) and annealing/
elongation (60°C for 1 min). The run was finalized by recording the melting
curves. Primers used for qPCR analysis are listed in Supplemental Table S2.
Relative transcript levels were determined by quantifying the amount of mRNA
and unspliced RNA according to an equation determined by a 1:4 dilution series
of a cDNA standard.
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Approval of Correct Splicing of the 59UTR Introns

To verify correct splicing in the two intron swap constructs, DNA fragments
were amplified from cDNA using the following primer combinations:
GGT1 25I_fw: 59-CTTCGTCAATTTCAGTGGCTC-39; GGT2 15I_fw: 59-
GTCTTTCTTACTTGCCCTGC-39; and GGT1 25I/GGT2 15I_rv: 59-
GGGGTTTCTACAGGACGTAAC-39, with the latter binding to a sequence in
the gusA gene. Splicing was verified by two different methods. First, DNA
fragments were ligated into pCR4-Topo (Invitrogen), and positive clones were
selected for plasmid isolation. Sequencing verified correct splicing of the dif-
ferent promoter::gusA constructs tested. Second, splicing was proofed by PCR.

Construction and Cloning of Promoter::gusA Constructs

The 59 upstream and coding sequences were obtained from Phytozome
v9.1. For construction of the 59 deletion mutants, the GGT1 59 upstream region
was analyzed for putative cis-elements with the software program Athena
(O’Connor et al., 2005). TheGGT1 (At1g23310; TAIRAccession, Locus: 2028000)
and GGT2 (At1g70580; TAIR Accession, Locus: 2026841) 59UTR intron deletion
(D5I) were generated by simple PCR using a primer that binds to the adjacent 59
upstream region of the intron. In addition, the primer included the 39 down-
stream region of the intron (44 bp upstream of the start codon). The 5I substi-
tution of the corresponding GGT isoform was performed by overlapping
extension PCR (Supplemental Table S3). To test the effect of GGT1 5I on tissue
specificity, primers were designed to amplify the 59 upstream sequences of
CATALASE3 (At1g20620; TAIR Accession, Locus: 2034357), GLDP1-P2
(At4g33010; TAIR Accession, Locus: 2123777; Adwy et al., 2015), and a root-
specific peroxidase (At3g01190; TAIRAccession, Locus: 2102087). Furthermore,
cloning GGT1 5I downstream of the promoter sequences necessitated the in-
troduction of anMCS into the linker region between the promoter and the gusA
gene. This was realized by adding the MCS sequence to the respective reverse
primers of each of the 59 upstream sequences. CaMV 35Swas cloned as a control
to observe time-dependent GUS staining side by side with the GGT2 15I::Gus
construct. DNA fragments were amplified with Phusion polymerase (F-530;
Thermo Scientific), purified with the MSBSpin PCRapace Kit (Stratec Molecu-
lar) according to the manufacturer’s instructions, and cloned into pENTR/
D-Topo (Invitrogen). Sequence accuracy was verified by sequencing. Cloned
DNA sequences were recombined into the binary GUS expression vector
pSAG (Adwy et al., 2015) with Gateway LR clonase II (Invitrogen). Plasmids
were transformed in agrobacteria (GV3101::pMP90RK) by electroporation.
Positive clones were selected and stored at 280°C for plant transformation.
Primers used for cloning are listed in Supplemental Table S3.

Stable Arabidopsis Transformation

Stably transformed Col-0 plants were produced via floral dip according to
Clough and Bent (1998). Agrobacteria (GV3101::pMP90RK) were grown to an
OD600 of 1.0, collected by centrifugation, and resuspended in transformation
medium (2.2 g/L MS medium, 5% Suc, 0.5 g/L MES, 0.03% Silwett L-77; pH
5.7). Arabidopsis flower buds were dipped for 6 min. Positive plants were se-
lected by screening seeds on one-half-strength MS medium including 13 vi-
tamins and kanamycin (25 mg/mL). Individual transformation events were
further screened by a segregation analysis to identify single insertion lines
according to the Mendelian Law as shown for the example of GGT1 D5I::gusA
lines in Supplemental Table S1. However, plotting the x2 values of the segre-
gation analysis to corresponding standardized gusA transcript levels of the
individual transformation events revealed that there is no correlation between
single insertion and transcript levels (Supplemental Fig. S11). This suggests that
the positional effect does influence the individual lines at least to the same
degree as multiple insertions might. Thus, we decided to test 7–10 transfor-
mation events per line to overcome positional and multiple insertion effects.

ChIP Analysis

ChIP analysiswasperformed according to Jaskiewicz et al. (2011)withminor
modifications. Precleared chromatin was diluted 1:4 for ChIP analysis. Pre-
cipitated DNA was purified with the MSBSpin PCRapace Kit (Stratec Molec-
ular) withminormodifications. An amount of 400mL binding buffer was added
to the de-crosslinked samples before they were loaded on the columns. After
centrifugation, a secondwashing stepwith 500mL binding buffer was included.
DNAwas eluted from the columnwith 80 mL elution buffer. Purified DNAwas
diluted 1:4 before qPCR analysis.

Antibodies used for ChIP analysis were as follows: histone 3 C terminus
(H3C; 1 mL, ab1791; Abcam), histone 3 Lys 9 acetylation (H3K9ac; 5 mL, 07-352;
Merck), histone 3 Lys 4 trimethylation (H3K4me3; 2.5 mL, 04-745; Merck), and
RNA polymerase II (RNA Pol II; 7 mL, ab817; Abcam). An unrelated rabbit
antiserum directed against starch branching protein from potato (Solanum
tuberosum) was used as a control for background precipitation. Nucleosome
density was expressed as percentage of input, with both acetylation and
methylation as levels per H3C.

GUS Staining

Sixteen-day-old plantlets were stained for GUS activity by vacuum infil-
trationwith GUS staining solution [GUS buffer containing 0.1 M Tris-HCl, pH 7.0,
and 0.05 M NaCl, 100 mM hexacyanoferrate(III), 100 mM hexacyanoferrate(II),
50 mg/ml X-Gluc, 0.1% Triton X-100], followed by an incubation at 37°C for at
least 12 h. Time-dependent GUS staining of 35S::gusA and GGT2 15I::gusA lines
was done in the presence of 2.5 mM hexacyanoferrate. Chlorophyll was washed
out with 70% ethanol, and plants were transferred to 10% glyercol. Images were
taken using a binocular (Olympus SZ2-ILST) connected to a camera (Color View;
Soft Imaging System) and visualized with the associated software program
AnalySIS getIT Stereo.

GUS Activity Assay

GUS activity of 16-d-old plantlets was determined according to Jefferson et al.
(1987) using the fluorogenic substrate 4-methylumbelliferyl b-D-glucuronide.

Supplemental Data

The following supplemental materials are available.

Supplemental Table S1. Diurnal expression of the individual transforma-
tion events used to generate the data in Figures 2D, 3D, and 5.

Supplemental Table S2. List of primers used for quantitative real-time
PCR analysis.

Supplemental Table S3. Primer used for the amplification of the promoter::
gusA constructs used in this study.

Supplemental Table S4. Segregation analysis of GGT1 D5I::gusA trans-
genic lines (F2-generation) used to generate the data in Figures 4 and 5.

Supplemental Figure S1. GUS staining of all available transformation
events that have been generated for the constructs GGT1::gusA, GGT1
D5I::gusA, and GGT2::gusA.

Supplemental Figure S2. GUS staining of all transformation events that
have been used to generate the quantitative qPCR data presented in
Figure 2, C and D.

Supplemental Figure S3. GUS staining of all transformation events that
have been used to generate the quantitative qPCR data presented in
Figure 3, C and D.

Supplemental Figure S4. Alignment of the four predicted GGT2 splice
forms (SF).

Supplemental Figure S5. Splice form 1 is the most abundant splice form of
GGT2.

Supplemental Figure S6. GUS staining of all transformation events that have
been used to generate the quantitative qPCR data presented in Figure 5.

Supplemental Figure S7. NptII expression indicates successful transforma-
tion of all transformation events chosen to generate the quantitative
qPCR data presented in Figure 5.

Supplemental Figure S8. GUS staining of all transformation events that
have been used to evaluate the effect of 59UTR intron of GGT1 on the
tissue specificity of CAT3, GLDP1-P2 (Adwy et al., 2015), and a root-
specific PEROXIDASE.

Supplemental Figure S9. Relative gusA unspliced RNA transcript level
and GUS activity in transgenic GGT1 and GGT2 lines.

Supplemental Figure S10. Scheme of the different steps of the overlapping
extension PCRs performed to generate the fragments GGT1 25I and
GGT2 15I, respectively.
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Supplemental Figure S11. GusA mRNA levels standardized to GAPDH
correlate to the corresponding x2-test values of the individual transfor-
mation events of GGT1 D5I::gusA transgenic plants.
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