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Leu-Leu-Met (LLM)-domain B-GATAs are a subfamily of the 30-membered GATA transcription factor family from Arabidopsis.
Only two of the six Arabidopsis LLM-domain B-GATAs, i.e. GATA, NITRATE-INDUCIBLE, CARBON METABOLISM-
INVOLVED (GNC) and its paralog GNC-LIKE/CYTOKININ-RESPONSIVE GATA FACTOR1 (GNL), have already been
analyzed with regard to their biological function. Together, GNC and GNL control germination, greening, flowering time,
and senescence downstream from auxin, cytokinin (CK), gibberellin (GA), and light signaling. Whereas overexpression and
complementation analyses suggest a redundant biochemical function between GNC and GNL, nothing is known about the
biological role of the four other LLM-domain B-GATAs, GATA15, GATA16, GATA17, and GATA17L (GATA17-LIKE), based on
loss-of-function mutant phenotypes. Here, we examine insertion mutants of the six Arabidopsis B-GATA genes and reveal the
role of these genes in the control of greening, hypocotyl elongation, phyllotaxy, floral organ initiation, accessory meristem
formation, flowering time, and senescence. Several of these phenotypes had previously not been described for the gnc and
gnl mutants or were enhanced in the more complex mutants when compared to gnc gnl mutants. Some of the respective
responses may be mediated by CK signaling, which activates the expression of all six GATA genes. CK-induced gene
expression is partially compromised in LLM-domain B-GATA mutants, suggesting that B-GATA genes play a role in CK
responses. We furthermore provide evidence for a transcriptional cross regulation between these GATAs that may, in at least
some cases, be at the basis of their apparent functional redundancy.

Transcription factors of the GATA family contain
a type IV zinc-finger DNA-binding domain (C-X2-
C-X17-20-C-X2-C), which is predicted to bind the con-
sensus DNA sequence WGATAR (where W is T, or A
and R is G or A) (Reyes et al., 2004). The genomes of
higher plants encode approximately 30 GATA tran-
scription factors, which are classified as A-, B-, C-, and
D-GATAs according to their primary amino-acid se-
quence, the conservation of their GATA DNA-binding
domains, the conservation of protein domains outside

of the GATA DNA-binding domain, and their exon-
intron structures (Reyes et al., 2004). We recently
showed that the Arabidopsis B-GATAs can be further
subdivided into two structural subfamilies with either a
HANABATARANU (HAN)- or a Leu-Leu-Met (LLM)-
domain located N- or C-terminally of the GATADNA-
binding domain (Behringer et al., 2014; Behringer
and Schwechheimer, 2015). The HAN-domain was
initially identified as a conserved domain in the floral
morphology regulator HAN (Zhao et al., 2004; Nawy
et al., 2010; Zhang et al., 2013); the LLM-domain was
named after the invariant LLM motif in the conserved
C terminus of the respective B-GATAs (Richter et al.,
2010; Behringer et al., 2014).

A recent comparative analysis of B-GATAs from
Arabidopsis, Solanum lycopersicon (tomato),Hordeum vulgare
(barley), and Brachipodium distachyon (Brachipodium)
revealed that HAN-domain and LLM-domain B-GATAs
have different biological and biochemical activities:
the expression of HAN-domain B-GATAs under the
control of an LLM-domain B-GATApromoter could not
complement LLM-domain B-GATA loss-of-function
mutants and the overexpression of HAN- and LLM-
domain B-GATAs inArabidopsis differentially affected
plant growth (Behringer et al., 2014; Behringer and
Schwechheimer, 2015). The existence of the Brassicaceae-
specificGATA23, which has a degenerate LLM-domain,
as well as the existence of monocot-specific HAN-domain
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B-GATAs, reveal that expansions of the B-GATA family
have been used during plant evolution to control specific
aspects of plant development (De Rybel et al., 2010;
Whipple et al., 2010; Behringer and Schwechheimer, 2015).

The Arabidopsis LLM-domain B-GATA family is
comprisedofGATA15,GATA16,GATA17, andGATA17L
(GATA17-LIKE) as well as GNC (GATA, NITRATE-
INDUCIBLE, CARBON METABOLISM-INVOLVED;
GATA21; hitherto GNC) and GNL (GNC-LIKE/
CYTOKININ-RESPONSIVE GATA FACTOR1;
hithertobGNL) (Behringer et al., 2014; Behringer and
Schwechheimer, 2015). Among these, the paralogous
GNC and GNL are already well characterized with
regard to their biological function and their upstream
regulation: gnc and gnc gnl mutants are defective in
greening and chloroplast biogenesis, and they germinate
and flower slightly earlier than the wild type (Bi et al.,
2005; Richter et al., 2010; 2013a,b; Chiang et al., 2012).
Conversely, overexpression of the two GATAs results
in a strong increase in chlorophyll accumulation and
delayed germination and flowering (Richter et al., 2010;
2013a,b; Behringer et al., 2014). In addition, GNC and
GNL overexpression promotes hypocotyl elongation in
light-grown seedlings, alterations in leaf shape, and an
increased angle between the primary and lateral inflo-
rescences (Behringer et al., 2014). Importantly, deletion
or mutation of the LLM-domain of GNC or GNL com-
promises some but not all phenotypes when these de-
letion ormutant variants are overexpressed inArabidopsis
and the effects of the overexpression transgenes are com-
pared to the effects of the overexpression of the wild-type
proteins (Behringer et al., 2014). The fact that the over-
expression of every LLM-domain B-GATA factor tested to
date results in highly comparable phenotypes, suggested
that LLM-domain B-GATAs have conserved biochemical
functions (Behringer et al., 2014).

A range of studies have already addressed the up-
stream signaling pathways controlling GNC and GNL
expression: GNC was initially identified as a nitrate-
inducible gene with an apparent role in the control of
greening (Bi et al., 2005). GNL was originally identified
based on its strong CK- (cytokinin-)regulated gene expres-
sion and therefore designated CYTOKININ-RESPONSIVE
GATA FACTOR1 (Naito et al., 2007). The expression
of GNC and GNL is also controlled by the DELLA regula-
tors of the GA signaling pathway as well as by the light-
labile PHYTOCHROME INTERACTINGFACTORS (PIFs)
of the phytochrome signaling pathway, which are them-
selves negatively regulated by DELLAs (Richter et al., 2010;
Leivar and Monte, 2014). Furthermore, the auxin sig-
naling regulators AUXIN RESPONSE FACTOR2 and
AUXIN RESPONSE FACTOR7, the flowering regulator
SUPPRESSOR-OF-OVEREXPRESSION-OF-CONSTANS1,
and the floral development regulators APETALA3 and
PISTILLATA have been implicated in GNC and GNL
transcription control (Mara and Irish, 2008; Richter
et al., 2010; 2013a,b). Thus, multiple signaling pathways
converge on GNC and GNL expression and the two
genes control a broad range of developmental responses
in plants.

To date, nothing is known about the regulation and
biological function of the four Arabidopsis LLM-domain
B-GATAs, e.g.GATA15,GATA16,GATA17, andGATA17L.
Here, we examine the entire LLM-domain B-GATA
gene family through the analysis of single gene inser-
tionmutants and a range of mutant combinations. These
analyses reveal mainly overlapping roles for these
B-GATAs in the control of previously known B-GATA-
regulated processes such as greening, hypocotyl elon-
gation, flowering time, and senescence, but they also
reveal previously unknown functions of LLM-domain
B-GATAs in phyllotactic patterning, floral organ initi-
ation, and accessory meristem formation. Several of
these responses may be mediated by CK signaling and
CK treatments induce the expression of all six GATA
genes. CK-induced gene expression is partially com-
promised in LLM-domain B-GATA mutants, suggest-
ing that B-GATA genes play a role in CK responses.
Furthermore, we provide evidence for a cross regula-
tion of the different LLM-domain B-GATA genes at the
transcriptional level.

RESULTS

Evolutionary Conservation of the LLM-Domain B-GATAs
within the Brassicaceae

The Arabidopsis genome encodes six LLM-domain
GATA transcription factors, namely GNC (AtGATA21),
GNL (AtGATA22), GATA15 (AtGATA15), GATA16
(AtGATA16), GATA17 (AtGATA17), and GATA17L
(AtGATA17-LIKE) (Behringer et al., 2014; Behringer and
Schwechheimer, 2015). Phylogenetic analyses showed
that these proteins can be grouped into three pairs of
highly homologous proteins comprised of the, with
regard to the length of their N termini, long B-GATAs
GNC and GNL and the short B-GATAs GATA15 and
GATA16 as well as GATA17 and GATA17L, respec-
tively (Fig. 1, A and B; Supplemental Fig. S1; Behringer
et al., 2014; Behringer and Schwechheimer, 2015). It had
previously become apparent that the respective sub-
families of long and short B-GATAs were conserved in
different plant species but that gene duplications in
individual subfamilies may have led to a differential
expansion of these subfamilies in different species
(Behringer et al., 2014). To gain an insight into the con-
servation of theseGATAswithin the family ofBrassicaceae,
we searched for LLM-domain B-GATAs in the fully
sequenced genomes of Arabidopsis lyrata, Capsella rubella,
Eutrema salsugineum, and Brassica rapa. We retrieved
orthologs for each of the six Arabidopsis B-GATAs
within each Brassicaceae species (Supplemental Figs. S1
and S2). Whereas the Arabidopsis lyrata, Capsella rubella,
and Eutrema salsugineum genomes contained exactly one
apparent ortholog for each of the six Arabidopsis genes,
the Brassica rapa genome, known to have undergone
hexaploidization followed by genome fractionation,
retained at least two orthologs each for GNC, GNL,
GATA17, and GATA17L and one ortholog of GATA15
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and GATA16 (Supplemental Figs. S1 and S2; Wang
et al., 2011; Tang et al., 2012). In summary, we con-
cluded that the six LLM-domain B-GATAs are conserved

in the different Brassicaceae examined here, and that
four members of the gene family were present in mul-
tiple copies in Brassica rapa.

Figure 1. LLM-domain B-GATAs redundantly control greening in Arabidopsis. A, Domain architecture of short and long LLM-
domain B-GATAs based on the alignment of family members from Arabidopsis. Protein regions with restricted sequence con-
servation or gaps in the alignment are depicted as lines; regions with low (#50%) sequence similarity, gray boxes; regions with
high ($80%) sequence similarity, black boxes. Scale bar = 30 amino acids in a conserved part of the protein. B, MUSCLE
alignment with sequence logo of the B-GATA domain and the LLM-domain of the Arabidopsis LLM-domain B-GATAs. C,
Schematic representation of the gene models of the six Arabidopsis LLM-domain B-GATA genes with exons (boxes) and introns
(lines). The 59-UTR (untranslated region) of GNL and the 39-UTR of GATA16 were previously unknown and derived from RNA
sequencing data available in the laboratory. The sequences coding for the GATA DNA-binding domain and the LLM-domain are
represented as black and blue boxes, respectively. The T-DNA insertion positions are shown. The position in brackets of the
GATA15 insertion refers to the original misannotation of this insertion (www.signal.salk.edu). D, Photograph of 14-d-old plants
with the genotypes as specified in comparison to the Columbia-0 (Col-0) wild-type control. E, Result of the quantification of
chlorophyll A and B from different gata single and complex mutants. The experiment was performed in two rounds, as indicated
by the lines above the genotypes, to reduce the complexity of the experiment; the Col-0 wild-type reference was included in both
rounds. F, Representative photographs of 7-d-old seedlings (top panel) and confocal images (bottom panel) of these seedlings to
visualize differential chloroplast accumulation in these mutants.
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Characterization of Insertion Mutants of the Six
LLM-Domain B-GATA Genes

All previously published genetic analyses of the
LLM-domain B-GATAs genes fromArabidopsis focused
on GNC and GNL (Behringer and Schwechheimer, 2015).
As yet, nomutants have been described for the remaining
four LLM-domain B-GATAs and their biological function
remains elusive. We therefore identified homozygous
lines of T-DNA insertion mutants for each of the six
genes (Fig. 1C; Supplemental Fig. S3) and subsequently
analyzed these lines with regard to the effects of the
respective mutations on gene expression using quanti-
tative real-time PCR (qRT-PCR) and semi-qRT-PCR
(Supplemental Fig. S3B): The analysis of the gnc allele
(Salk_001778), which had already been used in several
publications, suggested that neither the full-length tran-
script nor regions downstream from the insertion site
were transcribed (Fig. 1C; Supplemental Fig. S3B)
(Richter et al., 2010; Bi et al., 2005). Similarly, analyses of
the gnl insertion mutant (Salk_003995) using primers
spanning the entire transcript or flanking the T-DNA
harbored in the intron suggested that theGNL full-length
transcript was absent (Fig. 1C; Supplemental Figure S3B)
(Bi et al., 2005; Richter et al., 2010). Although one of the
selectedGATA15 insertion alleles (gata15-1, SAIL_618_B11)
was annotated as an in-gene insertion (www.signal.salk.
edu), we found no evidence for a change of GATA15 gene
expression in the homozygous insertion line (Fig. 1C;
Supplemental Fig. S3B). Sequencing of the insertion site
then revealed that the insertion was downstream from
the gene’s 39-UTR (untranslated region), indicating that
the GATA15 gene was intact in SAIL_618_B11 (Fig. 1C;
Supplemental Fig. S3B). The analysis of a second allele
(gata15-2, WiscDsLox471A10) with an exon-insertion
revealed a strong down-regulation of GATA15 expres-
sion in both RT-PCR analyses (Fig. 1C; Supplemental
Fig. S3B). In a GATA16 allele with a T-DNA insertion in
the gene’s 39-UTR (gata16-1, Salk_021471), transcript
abundance was partially reduced (Fig. 1C; Supplemental
Fig. S3B). The abundance of GATA17 was also partially
reduced in Salk_101994 (gata17-1), which harbored a
T-DNA insertion in the gene’s 59-UTR and was strongly
reduced in SALK_049041 (gata17-2), which carried an
insertion in the LLM-domain-encoding gene region
(Fig. 1C; Supplemental Fig. S3B). Finally, we detected no
transcript in our analyses of a GATA17L exon insertion
allele (gata17l-1, Salk_026798) when using primer pairs
spanning the insertion or located downstream from the
insertion site (Fig. 1C; Supplemental Fig. S3B). When an-
alyzing this allele with a primer combination upstream of
the insertion, we were able to detect residual transcript in
gata17l-1 but judged that this may not give rise to a fully
functional protein since the insertion was upstream of
the LLM-domain (Fig. 1C; Supplemental Fig. S3B). We
concluded that the expression of the respective GATA
genes was absent or at least strongly reduced in alleles
for GNC (gnc), GNL (gnl), GATA15 (gata15-2), GATA17
(gata17-2), andGATA17L (gata17l-1) alleles.Thegata16-1and
gata17-1 alleles were only partially impaired in the

expression of the respective genes whereas the gata15-1
allele was not affected in GATA15 expression. The
gata15-2 and gata17-2 alleles became available to us only
later in this study and, for strategic reasons, could not be
included in the generation of the complex mutant com-
binations described below. Any of the phenotypes de-
scribed in the following sections for the more complex
mutant combinations were not apparent in the gata15-2
and gata17-2 single mutants. We, therefore, exclude the
possibility that these genes are by themselves responsible
for any of the phenotypes described here for the higher-
order mutants.

LLM-Domain B-GATAs Redundantly Control Greening

We did not observe any obvious defects in the gata
single mutants apart from the already well-documented
defects in greening of the gnc mutants (Bi et al., 2005;
Richter et al., 2010; Chiang et al., 2012). To generate
higher-order mutants in the closely related B-GATA
genes, we combined the alleles gnc, gnl, gata15-1, gata16-1,
gata17-1, and gata17l-1. For simplicity, we will subse-
quently omit the respective allele numbers. Since the
presence of the misannotated gata15-1mutation does not
provide information about the loss ofGATA15,we refer to
this allele as GATA15.

Through genetic crosses, we obtained gata17 gata17l
double mutants, GATA15 gata16 gata17 gata17l, gnc gnl
GATA15 gata16, and gnc gnl gata17 gata17l triple and
quadruple mutants as well as a gnc gnl GATA15 gata16
gata17 gata17l quintuple mutant. In the following, we
will refer to the gata quintuple mutant as the quintuple
mutant and to the GATA15 gata16 gata17 gata17l triple
mutant that does not include the gnc and gnl alleles as
the (complementary) triplemutant. In all other cases, we
will specify the allele combinations.

To examine a possible redundant function among the
B-GATAs in the control of greening, we analyzed
greening and chlorophyll content in 14-d-old light-
grown gata mutant plants (Fig. 1, D and E). Although
therewas no indication for a defect in greening in gata17
gata17l or in the triplemutant, we found that the greening
defect of gnc gnl was further enhanced in the gnc gnl
gata17 gata17l quadruple mutant and even more in the
quintuple mutant (Fig. 1, D and E). At the same time,
greening defectswere not obvious in any of the gata single
mutants (Fig. 1E). In the case of the gata15 and gata17 al-
leles, this was not due to the fact that weak alleles had
been chosen for the complex mutants because also the
severe alleles gata15-2 and gata17-2 showed no reduction
in chlorophyll levels when compared to the wild type
(Fig. 1E).

The further reduction in chlorophyll accumulation in
the quintuple mutant was also apparent when we ana-
lyzed chlorophyll abundance by fluorescence micros-
copy; here, we found reduced chloroplast fluorescence
when comparing the quintuple mutant to gnc gnl (Fig.
1F). Furthermore, we noted that the greening defect
gradually disappeared in gnc gnl mutants after the
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seedling stage; however, it remained apparent in the
quintuple mutants in adult plants (Supplemental Fig.
S4). Taken together, this suggested that all mutated
GATA genes participate in the control of greening and
chlorophyll accumulation and that the defects of mu-
tants defective in only a single gene may be suppressed
by the presence of the other family members.

Gene Expression Regulation of the
LLM-Domain B-GATAs

GNC and GNL had been in the focus of several
studies based on the strong regulation of their gene
expression by light and CK (Bi et al., 2005; Naito et al.,
2007; Richter et al., 2010, 2013a,b). We were therefore
interested in evaluating to what extent light and CK
regulate the expression of the other GATA genes. In the
case of light regulation, we found that far-red, red, and
blue light strongly induced the expression of GNL, and
to some extent the expression of GNC (Fig. 2). In blue
light, we noted a subtle but significant induction of
GATA15 and GATA16 (Fig. 2C). Importantly, this reg-
ulation was not observed in the red and far-red light
receptor mutant phyA phyB or in the blue light receptor
mutant cry1 cry2 (Fig. 2). Furthermore, light-induced
gene expression changes in red light were impaired
in the quadruple mutant for the PHYTOCHROME
INTERACTING FACTOR (PIF) genes PIF1, PIF3, PIF4,
and PIF5 (pifq), indicating that the light-dependent
regulation in red light was mediated by the phyto-
chrome and PIF signaling pathways (Supplemental Fig.
S5; Leivar et al., 2008).
The CK experiments indicated that CK induces the

expression of all six GATA genes (Fig. 3). With an ap-
proximately 3-fold increase in transcript abundance,
this induction was strongest for GNL but could be ob-
served for each of the other GATA genes after a one-to-
four h CK treatment (Fig. 3). Thus, CK promotes the
expression of all six LLM-domain B-GATAs.

Mutants of LLM-Domain B-GATAs Are Impaired in
Hypocotyl Elongation

Due to the strong regulation particularly of GNL but
also of GNC in far-red, red, and blue light conditions,
we examined the contribution of the GATA genes to
hypocotyl elongation by analyzing mutant seedlings in
the different light conditions in two different light in-
tensities (Fig. 4). Here, we found that quintuple mutant
seedlings had a shorter hypocotyl than wild-type
seedlings in white light as well as in red, far-red, and
blue light (Fig. 4). Notably these phenotypes were not
apparent, or at least not significant, in the gnc gnl
double mutant or the triple mutant, suggesting that the
respective other GATA genes may contribute to the
hypocotyl elongation phenotype in these backgrounds
(Fig. 4). At the same time, hypocotyl length of dark-
grown mutant seedlings was indistinguishable in all

Figure 2. GATA gene expression in far-red, red, and blue light condi-
tions. A, B, C, Averages and SEs of three replicate qRT-PCR analyses of
4-d-old dark-grown seedlings after transfer to (A) far-red (0.35
mmol s21 m22), (B) red (7.2 mmol s21 m22), and (C) blue light (4.25
mmol s21 m22). ThephyA phyB and cry1 cry2 light receptormutantswere
used to control the specificity of the respective treatment, and to control
for background gene expression. Gene expression data were normal-
ized to the transcript abundance detected in the dark sample of the
respective genotype. Student’s t test for selected time points: * P# 0.05;
** P # 0.01; *** P # 0.001; n.s. = not significant.
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genotypes from that observed in the wild type (Fig. 4, E
and G). The short hypocotyl phenotype of the GATA
gene mutants was also interesting because we previ-
ously observed that the LLM-domain B-GATA over-
expressors had a longer hypocotyl than the wild type
when grown in white light (Behringer et al., 2014).
When analyzed in the different light conditions,we found
the long hypocotyl phenotype of theGNL overexpression
line (GNLox)was alsopresent in far-red andblue light but
interestingly not in red light, where hypocotyls were even
shorter than in the wild type or the mutants when grown
in weak red light conditions (Fig. 4).

GATA Gene Mutants Have Differential Gene
Expression Defects

The strong induction of GNL gene expression by CK
was already repeatedly described and is the reason for
the gene’s original designation GNC-LIKE/CYTOKININ-
RESPONSIVE GATA FACTOR1 (Naito et al., 2007;
Köllmer et al., 2011). In order to examine the role of the
GATA genes in CK-responsive gene expression, we per-
formed microarray experiments with 14-d-old wild-type
plants, gnc gnl and triple mutants as well as quintuple mu-
tants treated for 60 min with the CK 6-benzylaminopurine

(6-BA) or a corresponding mock solvent control (Figs. 5
and 6; Supplemental Tables S1 and S2). We then ana-
lyzed the resulting data with regard to differences in
basal gene expression (Fig. 5) and with regard to gene
expression differences after the CK treatment in com-
parison to the mock control (Fig. 6). For technical rea-
sons, the experiment was conducted in two rounds. The
first experiment included the Col-0 (1) wild-type con-
trol, the gnc gnl double mutant, and the quintuple mu-
tant; the second experiment included an independent
Col-0 (2) wild-type control and the triplemutant. When
we examined the expression of the CK-inducedA-TYPE
RESPONSE REGULATORS of the CK signaling path-
way, we could confirm that the respective CK induc-
tion experiments were comparably efficient between
the two experiments and in all genotypes tested
(Supplemental Fig. S6A). We also examined the micro-
array dataset with regard to the expression of a previ-
ously defined so-called “golden list” of CK-regulated
genes (Bhargava et al., 2013). Greater than 70% of the
331 entities derived from this list were significantly
CK-regulated in our experiments (Supplemental Table
S3). When applying a 2-fold expression change as ad-
ditional filter criterion, 71 of these 331 entities were
identified as up-regulated (Col-0 1 and Col-0 2), and 39
(Col-0 1) and 25 entities (Col-0 2) as down-regulated after
CK treatment (Supplemental Fig. S6B; Supplemental
Table S3). We thus concluded that the CK treatments in
both experiments were similarly efficient and that the
data sets could be used for comparative analyses.

The comparison of the basal gene expression profiles
of thewild-type samples and themutants indicated that
the (untreated) quintuple mutant seedlings had by far
the largest number of differentially regulated genes
with 4722 down-regulated and 976 up-regulated enti-
ties when compared to the Col-0 (1) wild type (Fig. 5;
Supplemental Table S1). Furthermore, the gnc gnl dou-
ble mutant contained 2458 down- and 294 up-regulated
entities, respectively (Fig. 5; Supplemental Table S1). In
comparison, the number of differentially expressed
genes was comparatively minor in the triple mutant,
which had only 323 down- and 278 up-regulated enti-
ties in this particular experiment and selected physio-
logical growth conditions (Fig. 5).

The comparatively strong gene expression differ-
ences in the gnc gnl double and the quintuple mutants,
and the fact that both mutants shared the gnc gnl loss-
of-function at the genetic level, was reflected by the
large overlap between the differentially expressed gene
sets of the two genotypes. Specifically, 1922 of the 2458
down-regulated entities from gnc gnl were also down-
regulated in the quintuplemutant (Fig. 5B), and 98 of the
294 entities up-regulated in gnc gnlwere also up-regulated
in the quintuplemutant (Fig. 5B). Conversely, the overlap in
gene expression defects between the triplemutant and the
quintuple mutant was higher than that between the triple
mutant and gnc gnl (Fig. 5B). We therefore concluded that
the gene expression differences between the different
GATA genemutants was strongest in the quintuplemutant
and that the strong increase in the number of differentially

Figure 3. GATA gene expression is induced by cytokinin. Averages and
SEs of three replicate qRT-PCR analyses of 10-d-old seedlings that had
been treated for the times indicated with 10 mM 6-BA. Expression
changes for CKX4 are shown to verify the effectiveness of the hormone
treatment. The expression values for each time point were normalized
to those of an untreated mock sample. The fold change is shown relative
to time point 0, which was set to 1. Student’s t test for selected time
points: * P # 0.05; ** P # 0.01; *** P # 0.001; n.s. = not significant.
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regulated genes exceeded by far the differences seen
in the gnc gnl double mutant and the triple mutant.
This supported our conclusion from the phenotypic
analyses that the GATA genes act in a functionally
redundant manner.
Since we had observed increased gene expression of

all six GATA genes after CK-treatment, we expected
that CK-induced gene expression may be compromised
in the gata mutants (Fig. 6). Indeed, of the 996 entities
that were down-regulated after CK-treatment in the
wild type (Col-0 1), only 173 (18%) and 89 (9%) remained
CK-regulated in the quintuple and gnc gnl mutants, re-
spectively (Fig. 6A; Supplemental Table S2). At the same
time, of the 188 entities that were down-regulated after
CK treatment in the wild-type sample of the second ex-
periment (Col-0 2), 83 (44%) remained CK-regulated in
the gata triple mutant (Fig. 6B). The differential effect on
gene expression between the different mutants was less
pronounced when examining the CK-induced genes.
Here, 49% (quintuple mutant), 59% (gnc gnl), and 63%
(triple mutant) of the CK-induced entities from the re-
spective wild types remained CK-regulated in the mu-
tants (Fig. 6, A and B). In summary, we concluded that
CK-regulated gene expression is impaired in the GATA
gene mutants.

GATA Gene Mutants Are Defective in CK-Regulated
Developmental Processes

Based on the strong defects of gata mutants in
CK-regulated gene expression, we searched for phe-
notypes that could be explained by defects in CK re-
sponse. CK signaling was described as a regulator of
phyllotactic patterning in the shoot apical meristem of
Arabidopsis (Besnard et al., 2014). In line with a role
of the LLM-domain B-GATA genes in this process, we
observed frequent aberrations from normal phyllotactic
patterning in flower positioning in triple and quintuple
mutant inflorescences (Fig. 7). Quantitative analyses
revealed aberrations from the canonical angle of ap-
proximately 137.5° in approximately 30% of the petioles
in triple and quintuple inflorescences (Fig. 7D). At the
same time, this patterning defect was not apparent in
the gnc gnl double mutant. Since we also did not ob-
serve a quantitative increase in the severity of this
phenotype between the triple and the quintuple mutant,
we concluded that GATA16, GATA17, and GATA17L
may be responsible for this phenotype (Fig. 7D).

Leaf senescence is another CK-regulated process
(Hwang et al., 2012). In the wild type, CK levels are
reduced during senescence, and positive or negative

Figure 4. GATA factors contribute to
hypocotyl elongation. A, B, C, D, E,
Representative photographs; and F, G, H,
I, J, K, L, M, averages and SEs from hy-
pocotyl measurements of 5-d-old seed-
lings (n$ 50) grown in white light (A and
F), weak and strong red light (B, H, I),
weak and strong far-red light (C, J, K),
weak and strong blue light (D, L, and M),
and in the dark (E andG). Scale bar =2mm.
Student’s t test: datasets with no statistical
difference fall in one group and were
labeled accordingly.
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interference with the decrease in CK levels can promote
and delay senescence, respectively (Hwang et al., 2012).
Senescence can be induced by shifting light-grown
plants to the dark; we had previously already shown
that leaf senescence is delayed in overexpression lines
of LLM-domain B-GATAs (Behringer et al., 2014). To
examine possible senescence defects in the gata mu-
tants, we floated leaves of wild-type and mutant plants
in the dark on a mock solution or on a solution con-
taining 0.05 mM or 0.1 mM 6-BA (Fig. 8, A–F) (Weaver
and Amasino, 2001). In line with the expectation that
the presence of CK in the medium would suppress the
senescence process, we observed decreased senescence
in CK-treated wild-type leaves, which we quantita-
tively assessed by measuring chlorophyll levels in the
mock- and CK-treated leaves (Fig. 8F). Here, we found
that the effects of the senescence treatment were less
efficiently suppressed by CK treatments in the gnc gnl
double and in the quintuplemutant than in thewild type
or the triplemutant (Fig. 8, A–F). Similarly, we observed
a stronger effect on the decreases in chlorophyll and

total protein levels in the gnc gnl as well as the quintuple
mutant when we transferred light-grown plants for
4 d to the dark (Fig. 8, G–I). As previously reported,
GNL overexpressing plants (GNLox) had senescence
phenotypes that were antagonistic to the ones observed
with the mutants (Fig. 8) (Behringer et al., 2014). In the
case of the leaf floating assay, CK-treatment had a
stronger effect on greening and chlorophyll abundance
in GNLox than in the wild type (Fig. 8, A–F). When we
transferred plants from the light to the dark, GNLox
seedlings remained visibly green and did not display
the strong decrease in total protein abundance that we
observed in the wild type or the GATA gene mutants
(Fig. 8, G–I). We thus concluded that GATA gene mu-
tants and overexpressors have antagonistic effects
with regard to the regulation of senescence, and that
GNC and GNL contribute particularly strongly to this
phenotype.

CK induces greening in light-grown seedlings
(Kobayashi et al., 2012). To examine to what extent CK
can induce chlorophyll accumulation in the gata mu-
tants, we grew plants for 2 weeks in constant light on
medium containing CK (5 nM BA) or a corresponding
CK-free medium. As expected, chlorophyll content was
increased in wild-type plants but this increase was
neither significant in the gnc gnl nor the triple or the
quintuple mutants (Supplemental Fig. S7). We thus
concluded that the GATA factors are required for
CK-induced greening in Arabidopsis seedlings.

It was previously reported that hypocotyl elongation
could be repressed by incubating dark-grown seedlings
in the presence of CK (Su and Howell, 1995). Since the
GATA gene mutants had displayed a hypocotyl elon-
gation defect in light-grown seedlings (Fig. 4), we also
explored the link between hypocotyl elongation and
CK. However, when we tested the effects of CK on
hypocotyl elongation in dark-grown seedlings, we did
not detect any significant differences in the response
between the different genotypes tested (Supplemental
Fig. S8). It is thus unlikely that the GATA genes par-
ticipate in this elongation response.

Branching is another phenotype that has been at-
tributed to defects in CK biosynthesis and response
(El-Showk et al., 2013). When we analyzed the general
habitus of the quintuplemutants, we noted that they had
an increased number of secondary branches combined
with a reduced plant height (Fig. 9, A–C). Occasionally,
we also observed the outgrowth of inflorescences in the
axils of lateral inflorescences in themutants whereas we
had not noted this phenotype in the wild type (Fig. 9, D
and E). A quantitative analysis of these phenotypes
over all gata mutant phenotypes revealed that the
number of first- and second-order lateral branches in-
creased with increasing mutant complexity (Fig. 9B).
Here, we observed strong effects already in the gata17
gata17lmutant as well as the gnc gnl double mutant but
strongest defects in the triple and the quintuple mutant;
thus, all five GATA genes may contribute to this phe-
notype (Fig. 9B). At the same time, plant height was
reduced to a significant but still minor level in these

Figure 5. Differential basal gene expression in gata mutants. A, Heat
maps of differentially expressed genes from 10-d-old light-grown Col-0
seedlings and the gnc gnl, quintuple, and triple mutants. The experi-
ment was performed in two rounds with two independent wild-type
controls referred to as Col-0 (1) and Col-0 (2). Down-regulated and up-
regulated genes are shown in the top and bottom panels, respectively. B,
Venn diagrams showing the overlap in differential gene expression for
down- and up-regulated genes between the three different gata mutant
backgrounds using the respective Col-0 wild-type control as a refer-
ence. Gene expression identities and data are shown in Supplemental
Table S1.
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mutants, suggesting that decreases in plant height,
which may have indirect consequences on the general
plant habitus and branching, are not the primary cause
for altered branching patterns in the gata mutants (Fig.
9C). It is further important to note that the higher-order
GATA genemutants initiated fewer vegetative buds but
had a higher number of growing buds as reflected by
the increased branch numbers (Fig. 9F). Thus, axillary
bud formation is promoted and bud outgrowth is re-
pressed by the GATAs in the wild type.
Another phenotype that became apparent during our

analysis of the gata mutant plant habitus was an in-
crease in the angle formed between the primary inflo-
rescence and the lateral inflorescences (Fig. 9, G and H;
Supplemental Fig. S9). The gatamutants had a decreased
angle formed between the primary inflorescence and
lateral inflorescences and this phenotype was strongest
in the quintuple mutant and intermediate in the gnc gnl
and triple mutants (Fig. 9, G and H; Supplemental Fig.
S9). Interestingly, we had previously observed increased
branch angles in GATA overexpression lines such as
GNLox (Supplemental Fig. S9) (Behringer et al., 2014).

We thus concluded that GATA gene mutants and over-
expressors antagonistically regulate branch angles in
Arabidopsis.

GATA Genes Regulate Petal and Sepal Numbers as well as
Silique Length

CK signaling has recently been implicated in the
control of floral development (Han et al., 2014). When
we analyzed gata mutant flowers in more detail, we
noted with interest aberrations in floral organ numbers
in comparison to the wild type (Fig. 10A). Whereas
wild-type flowers have generally four sepals and four
petals and only rarely deviate from this pattern (in our
study in around 2% of the cases), a strong increase in
flowers with more than four (generally five, in rare
cases six) petals and sepals became apparent in the
higher-order gata mutants (Fig. 10A and Supplemental
Fig. S10A). In the gata17 gata17l mutants, we observed
flowers with more than four sepals and petals in 12% of
all flowers, and this number was slightly enhanced in

Figure 6. Cytokinin-responsive gene expression is
impaired in gata mutants. A, B, Heat maps and
Venn diagrams of differentially expressed genes
from Col-0 and the gata mutants after 60-min CK
treatment. The experiment was performed in two
rounds with two independent wild-type controls
referred to as Col-0 (1) and Col-0 (2). Down- and
up-regulated genes are shown in the top and bot-
tom panels, respectively. Venn diagrams showing
the overlap in differential gene expression for
genes that were down- and up-regulated following
CK treatment in the respective Col-0 wild type and
their expression in the respective gata mutants.
Gene expression identities and data are shown in
Supplemental Table S2.
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the triple mutant (13% petals) and the quintuple mutant
(14% petals) (Fig. 10A and Supplemental Fig. S10A).
Importantly, the single mutants with the clearest ap-
parent effect were the gata17 and gata17l mutants and,
inversely, mutations in GNC and GNL contributed only
to a minor extent to this phenotype (Supplemental Fig.
S10A). In summary, this analysis revealed thatGATA17
and GATA17L make a particularly strong contribution
to the floralmorphology phenotype of the gatamutants.

Since we had previously noted that overexpression
lines of LLM-domain B-GATAs have short siliques and
a reduced number of seeds per silique, we also ana-
lyzed silique length and seed set in the gata mutants
(Supplemental Fig. S10, B–D). In line with an antago-
nistic regulation of these traits in the gata mutants, we
measured significant increases in seed set in the siliques

of the gnc gnl, the triple as well as the quintuplemutants,
and we detected significant increases in silique length
in allmutant backgrounds (Supplemental Fig. S10, B–D).
We thus concluded that the GATA genes repress silique
elongation and seed set in the wild type, at least to a
minor extent. A differential contribution of individual
GATAs to these phenotypes could, however, not be re-
solved here.

GATA Gene Mutants Have Antagonistic Effects on
Flowering Time in Long and Short Days

Accelerated flowering in plants grown under long-
day conditions was another phenotype previously de-
scribed for gnc gnlmutants (Richter et al., 2010, 2013a,b).
Conversely, overexpression of the LLM-domainB-GATAs
causes a strong delay in flowering (Richter et al., 2010,
2013a,b; Behringer et al., 2014). To examine the contri-
bution of the other GATA factors to the flowering time
phenotype, we grew the gatamutant series in long- and
short-day conditions with a 16 h and 8 h light period,
respectively (Fig. 10, B and C; Supplemental Fig. S11).
Interestingly, we observed a gradual acceleration of
flowering in long-day-grown plants that was weakest
in the single mutants, more pronounced in the double,
triple, and quadruple mutants, and strongest in the
quintuplemutants (Fig. 10, B and C; Supplemental Figs.
S11 and S12). We thus concluded that all LLM-domain
B-GATA genes examined here may contribute to the
repression of flowering in long-day-grown plants.

Interestingly, the effects of the reduced GATA gene
function on flowering time in short-day conditions
were antagonistic to those observed in long day-grown
plants in that the complex GATA gene mutants flow-
ered much later than the wild type or the less complex
mutant combinations when flowering was counted in
days (Fig. 10, B and C; Supplemental Figs. S11 and S12).
We thus concluded that the LLM-domain B-GATAs
factors regulate flowering time in long- and short-day
conditions but, in view of the antagonistic nature of this
regulation, their contribution to flowering time control
may be complex.

Cross Regulation of GATA Gene Expression

Since several of our genetic analyses had suggested a
functional redundancy between the GATA genes, we
looked for evidences of a cross regulation ofGATA gene
expression in the gnc gnl double mutant background.
There, we detected indeed an increased transcript abun-
dance of GATA16, GATA17, and GATA17L in the gnc gnl
mutant,which could be compensatory for the loss ofGNC
andGNL (Fig. 11A). At the same time,GATA15,GATA16,
and GATA17L gene expression levels were significantly
reduced inGNL overexpression lines (GNLox) suggesting
that GNL may regulate the expression of these genes.

Since these observations indicated that molecular
mechanisms may exist that compensate for the loss of

Figure 7. Phyllotaxis patterns are impaired in GATA gene mutants. A,
Representative photographs of mature inflorescences. Arrowheads
point at events of aberrant silique positioning. B, Measurement of silique
angles along the primary inflorescence of representative wild-type and
quintuple mutant plants. Note the particularly strong deviation from the
ideal silique angle of 137.5˚ at the base of the inflorescence.C, Frequency
distribution of silique divergence angles in wild-type and gata triple as
well as quintuple mutant plants. Arrowheads mark examples for in-
stances where mutant angles strongly deviate from wild-type angles. D,
Overview over the number of siliques with a noncanonical angle as
observed in the wild type and GATA gene mutants.
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individual LLM-domain B-GATA genes, e.g. in the gnc
gnl mutants, we examined the binding of GNL to the
LLM-domain GATA gene promoters after ChIP-seq
analysis (chromatin immunoprecipitation followed by
DNA sequencing). Here, we found that at least three of
the six LLM-domain B-GATA genes were bound by
GNL after immunoprecipitation of HA-tagged GNL
from transgenic plants expressing a functional GNL:HA
transgene from aGNL promoter fragment in the gnc gnl
background (pGNL::GNL:HA gnc gnl; Fig. 11B). Through
subsequent ChIP-PCR studies targeting selected regions
upstream from GNC, GNL, and GATA17, we could con-
firm this binding through independent analyses (Fig.
11C). Thus, LLM-domain B-GATA factors may directly
regulate their own expression as well as that of other
family members.

DISCUSSION

In this study, we have characterized the six-membered
family of LLM-domain B-GATAs from Arabidopsis.
Whereas the family has divergedwhen compared among
Arabidopsis, tomato, barley, and Brachypodium, a clear
conservation of this protein family can be observedwithin
the Brassicaceae family (Supplemental Fig. S1; Behringer
et al., 2014). Within the Brassicaceae, GNC and GNL,
GATA15 andGATA16 as well as GATA17 andGATA17L
form closely related LLM-domain B-GATA pairs. In a
previous study, we had comparatively analyzed trans-
genic Arabidopsis lines expressing different members of
the LLM-domain B-GATA gene family from Arabidopsis,
barley, and tomato, and concluded that these genes are
functionally redundant at the biochemical level since their
overexpression resulted in highly similar phenotypes
(Behringer et al., 2014). Several of the phenotypes analyzed
here, namely greening (Fig. 1, D–F), hypocotyl elongation
(Fig. 4), plant height, branching patterns (Fig. 9), branch
angles (Fig. 9 and Supplemental Fig. S9), silique length,
seed set (Supplemental Fig. S10), flowering time (Fig. 10),
and senescence (Fig. 8) are strongest in the gata quintuple
mutant andweaker, or in some cases not even apparent, in
the less complex gata mutant combinations. Thus, in line
with this previous study, our present analysis shows that
the LLM-domain B-GATA genes fromArabidopsis have a
shared biological function in the control of multiple de-
velopmental pathways.

Due to the high complexity of the available range of
single, double, triple, quadruple, and quintuple mu-
tants, we restricted many of our phenotypic analyses to
the gnc gnl double, the complementary triple, and the

Figure 8. Cytokinin-effects on senescence are impaired in gata mu-
tants. A–E, Representative photographs of leaves from 21-d-old plants.
Leave nos. 3 and 5 were detached and kept in the dark for 4 d in liquid
medium to monitor senescence in the presence and absence of the
cytokinin 6-benzylaminopurin (BA). Scale bar = 1 cm. F, Averages and
SD after quantification of chlorophyll abundance of the leaves shown in

(A–E) (n = 3). Student’s t test: * P # 0.05; ** P # 0.01; *** P # 0.001;
n.s. = not significant. G, Representative photographs of 33-d-old plants
that had transferred from the light to the dark for 4 d. Scale bar = 1 cm.
H, I, Averages and SDs after quantification of chlorophyll measurements
(H) and total protein determination (I) of plants shown in (G). n $ 3.
Student’s t test was performed for dark samples: datasets with no sta-
tistical difference fall in one group and were labeled accordingly.
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Figure 9. GATA gene mutants have altered branching patterns and branch angles. A, Representative photographs of 7-week-old
Col-0 and quintuplemutant plants. Arrowheads indicate positions of second-order lateral branch formation (white) and first-order
branches from nodes in the rosette (blue). Scale bar = 5 cm. B, C, and F, Quantitative analysis of branch numbers (first-order
branch from cauline leaves, first o. br. cauline; second-order branches, second o. br.; and first-order branches from the rosette, first
o. br. rosette). B, Plant height and C, vegetative bud formation along the shoot (F) in the wild-type and gatamutant backgrounds.
n = 15. Student’s t test: datasets with no statistical difference fall in one group andwere labeled accordingly. D, E, Photographs (D)
and scanning electron micrographs (E) of floral meristems and siliques formed in the axils of second-order lateral branches of
quintuple mutants, which are typically not found in the wild type. Scale bar = 1 mm. F, Quantitative analysis of branch angles
measured on 5-week-old Arabidopsis plants. n = 19. Student’s t test: * P# 0.05; ** P# 0.01; *** P# 0.001; n.s. not significant. G,
Representative photographs of lateral inflorescences branching from the primary inflorescence in the wild type. H, The arrows
indicate the angles measured for the analysis shown in (G). Scale bar = 1 cm.
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quintuple mutants. It can nevertheless be suggested,
based on the presently available data, that some phe-
notypes are predominantly controlled by a single LLM-
domain B-GATA or rather an LLM-domain B-GATA
gene pair. Phyllotactic patterning as assessed here in
the inflorescence is impaired in the gata triple but not in
the gnc gnl double mutant (Fig. 7). Similarly, the in-
creases in floral organ numbers are already very
prominent in the gata17 gata17l double mutants and not
much more enhanced in the gata triple or quintuple
mutant that includes the gata17 gata17l mutations (Fig.
10A; Supplemental Fig. S10A). Thus, the LLM-domain
B-GATA genes have shared overlapping but distinct
roles in the control of plant development. The fact that
GATA15 gene function is not impaired in the selected
GATA15 gene insertion allele does not allow us to draw
any direct conclusions on the biological function of this

gene based on the data presented here. Furthermore,
the fact that the mutant alleles of GATA16 and GATA17
used in the complex mutants are only partially defec-
tive in GATA gene expression could suggest that even
stronger phenotypes may be observed if loss-of-function
alleles were used. The two strong alleles for GATA15
(gata15-2) and GATA17 (gata17-2) isolated here but ana-
lyzed only as single mutants may help in the future to
understand the biological function of these GATA genes
at further depth.

It is interesting that the overexpression lines and the
mutants of these GATA genes frequently have antago-
nistic phenotypes. This study in combination with a
previous study identifies such antagonistically regu-
lated phenotypes in the control of greening, hypocotyl
elongation, branch angle formation, flowering time,
and senescence (Richter et al., 2010; Behringer et al.,
2014). Particularly, in the case of transcription factors
where the loss-of-function or overexpression may affect
the expression of many downstream targets genes and
developmental responses triggered by these target
genes, one may not expect such a clear antagonistic
relationship between mutants with reduced gene func-
tions and the overexpressors. In view of the fact that
overexpressors likely control the expression of genes that
are normally not targeted by this transcription factor
when expressed from their native promoter (off-targets),
this observation is even more striking. It may suggest
that the GATAs examined here control developmental
responses in a dosage-dependent manner together with
other critical factors. In this context, the presence and
abundance of the GATAs would just modulate the re-
sponse but would by itself not be sufficient to trigger it.
Further analyses will be required to gain amore detailed
understanding of themode of action of the LLM-domain
B-GATA factors in the control of gene expression.

We had previously shown that the LLM-domain
B-GATAs GNC and GNL repress flowering since their
loss-of-function mutants and overexpressors displayed
an early and late flowering phenotype, respectively,
when plants were grown in long-day conditions
(Richter et al., 2010; 2013a,b). We furthermore showed
that the control of flowering is partially mediated
by the flowering time regulator SUPPRESSOR-OF-
OVEREXPRESSION-OF-CONSTANS1, which acts down-
stream from GNC and GNL and whose promoter can be
directly bound by GNC and GNL (Richter et al., 2013a,b).
In line with these previous observations, we show here
that the complexGATA genemutantsflower even earlier
than the gnc gnl mutant, further substantiating our
conclusion that LLM-domain B-GATAs are flowering
time regulators in Arabidopsis (Fig. 10B; Supplemental
Fig. S11). Surprisingly, the complex gata mutants flow-
ered late when grown in short-day conditions and their
phenotype was thereby antagonistic to the phenotype
observed in long days (Fig. 10C; Supplemental Fig. S9).
The reason for this antagonistic flowering time behavior
remains to be resolved but a complex scenario may be
envisioned. We also do not want to rule out that physi-
ological parameters become limiting in the induction of

Figure 10. gata mutants have impaired floral morphology and flower-
ing time. A, Phenotypic analysis of sepal and petal numbers in the wild-
type and the gata gene mutant backgrounds. Percentages indicate the
penetrance of the displayed floral phenotype. The wild-type flower
phenotype represents about 98% of all flowers analyzed; the frequency
of aberrant flowers is similar to that of the gnc gnl mutant. B, C, Rep-
resentative photographs (side and top views) of wild-type and gata gene
mutants grown for 5 weeks in long-day (16 h light/8 h dark) (B) or for
10 weeks in short-day (8 h light/16 h dark) conditions (C). Scale bar = 5 cm.
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flowering in the gata mutants. Long-term defects as a
result of their reduced greening may play a limiting role
during the extended growth in short days with short il-
lumination periods that are not limiting when plants are
grown in long days.

Several of our phenotypic analyses suggested that the
LLM-domain B-GATAs act in concert to control specific
phenotypes. The fact that at least some of the pheno-
types were most pronounced in the quintuple mutant
and not apparent or only weak in the less complex
mutants suggests that the LLM-domain B-GATAs may

cross regulate their expression, and that presence and
absence of one GATA could interfere with the abun-
dance of other GATA family members. We have ana-
lyzed this hypothesis here by examining the expression
of the LLM-domain B-GATAs GATA15, GATA16,
GATA17, andGATA17L in the gnc gnlmutant and in the
GNL overexpression line (Fig. 11A). In both cases, we
found the expression of three of the four analyzed genes
to be differentially regulated in the two genetic back-
grounds suggesting that the GATAs can cross regu-
late their gene expression and supporting again the

Figure 11. GATA gene expression is cross regulated in gnc gnl mutants and GNLox transgenic lines. A, Result from qRT-PCR
analyses of the GATA genes GATA15, GATA16, GATA17, and GATA17L in the gnc gnl mutant and GNLox background. Gene
expression data were normalized to the transcript abundance detected in the Col-0 wild type. B, Read coverage over the six
LLM-domain B-GATA genes and 30-kb upstream region after chromatin immunoprecipitation of GNL:HA from a pGNL::GNL:HA
gnc gnl transgenic line (blue line) and the gnc gnlmutant (red line) followed by next-generation sequencing.GATA gene models
and, where applicable, the genemodels of the neighboring genes are indicated in the figure, different GATA-sequence-containing
motifs are indicated below the gene models. C, Result from qRT-PCR analyses for selected amplicons (gray boxes) upstream from
the GNC, GNL, and GATA17 gene promoters after chromatin immunoprecipitation of GNL:HA from a pGNL::GNL:HA gnc gnl
transgenic line and the gnc gnl mutant. Student’s t tests: * P # 0.05; ** P # 0.01; *** P # 0.001; n.s. = not significant.
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hypothesis that the GATAs have a repressive activity
on the transcription of the other GATA genes. Further
support for such a hypothetical cross regulation came
from a ChIP-seq analysis with GNLwhere we observed
a strong binding of GNL, when expressed from its own
promoter, to the three GATA gene loci, GNC, GNL, and
GATA17 (Fig. 11B). Additional studies are needed to
disentangle the interplay of the different LLM-domain
B-GATAs in the control of plant growth and the mutual
transcriptional control of the different GATA gene
family members, and to get a full understanding of
their biochemical and biological function during plant
growth and development.

MATERIALS AND METHODS

Biological Material

All experimentswere performed inArabidopsis ecotypeColumbia. Insertion
mutants for GNC (SALK_001778) and GNL (SALK_003995) and their double
mutant were previously described (Richter et al., 2010). Insertion mutants for
GATA15 (SAIL_618B11 and WiscDsLox471A10), GATA16 (SALK_021471),
GATA17 (SALK_101994 and SALK_049041), and GATA17L (SALK_026798)
were obtained from the Nottingham Arabidopsis Stock Center. Homozygous
single- and higher-order mutant combinations were isolated from segregating
populations by PCR-based genotyping. In the context of this analysis, it became
apparent that the insertion position for one GATA15 allele (SAIL_618B11) was
misannotated and that the correct position of this insertion was downstream of
the gene’s 39-untranslated region. A list of genotyping primers is provided in
Supplemental Table S4. In addition, the previously describedmutants phyA-211
phyB-9 (Reed et al., 1994), cry1 cry2 (Mockler et al., 1999), and pifq (pif1 pif3 pif4
pif5) were used (Leivar et al., 2008).

Protein Alignment and Phylogeny

LLM-domain B-GATA protein sequences of different Brassicaceae genomes
were identified in the ENSEMBL database (http://plants.ensembl.org/index.
html). Sequences were filtered for proteins containing the LLM-domain and
alignments were performed using the ClustalW2 alignment tool (http://www.
ebi.ac.uk/Tools/msa/clustalw2/). Two Brassica rapa genes, Bra037421 and
Bra035633, were not included in the analysis because no expressed sequence
tags could be detected for these annotations and theymay represent pseudogenes
(http://www.plantgdb.org/BrGDB/). The phylogenetic treewas generatedwith
MEGA6.06 (http://www.megasoftware.net) using the Neighbor-joining method
and the bootstrap method with 1000 bootstrap replications, as well as the Jones-
Taylor-Thornton model with gaps/missing data treatment set to pairwise de-
letion, based on an alignment of trimmed B-GATAs using the entire B-GATA
DNA-binding domain and the C termini with the LLM-domain (Supplemental
Fig. S2).

Physiological Assays

Unless otherwise stated, all plantswere cultivated on sterile 1/2MSmedium
without sugar under continuous white light (120 mmol m22 s21). For hypocotyl
length measurements, seedlingswere grown for 5 d inwhite light (80mmolm22 s21),
far-red light (weak: 0.35 mmol s21 m22; strong: 0.6 mmol s21 m22), red light
(weak: 7.2 mmol s21 m22; strong: 11 mmol s21 m22), and blue light (weak:
4.25 mmol s21 m22; strong: 10 mmol s21 m22). Hypocotyl length was measured
from scanned seedlings using ImageJ software (National Institutes of Health,
Bethesda, MD). Chlorophyll measurements were performed with 14-d-old
plants and chlorophyll content was determined as previously described and
normalized to the chlorophyll content of the wild-type seedlings grown in the
same conditions (Inskeep and Bloom, 1985). To visualize chloroplast accumu-
lation and auto-fluorescence, pictures of 7-d-old seedlings were taken with a
model no. FV1000 confocal microscope (Olympus, Hamburg, Germany) with
an excitation of 405 nm and a detection from 631 to 729 nm. The experiments
were repeated three times with comparable outcomes; the result of one repre-
sentative experiment is shown. For flowering time analyses, plants were grown

on soil in 100 mmol m22 s21 in 16 h light/8 h dark long-day conditions or
in 130 mmol m22 s21 8 h light/16 h short-day conditions. For CK treatments,
10-d-old seedlings were preincubated for 4 h in liquid 1/2 MS medium and
treatments were started by adding hormone-containingmedium to reach a final
concentration of 10 mM 6-benzylaminopurin (6-BA). To examine the effects of
CK on hypocotyl elongation growth, seedlings were grown in the dark for
5 d on medium containing 0.05 or 0.1 mM 6-BA or a corresponding mock so-
lution. Silique angles were determined as previously described (Besnard et al.,
2014). To this end, a round gaugewas built in such away that it could bemoved
up the main inflorescence to measure the angles of consecutive siliques. The
experiment was repeated in two rounds and both datasets were combined.
Senescence assays were performed as previously described (Weaver and
Amasino, 2001). In brief, detached leaves nos. 3 and 5 of 21-d-old light-grown
plants were floated on liquid 1/2 MS in absolute darkness, containing either
0.05 or 0.1 mM BA or a mock solution. After 4 d, chlorophyll was extracted as
described above. Alternatively, whole plants were transferred into darkness for
4 d, chlorophyll was determined as described above, and total protein con-
centration was determined using a Bradford assay. To assess the branching
phenotype of gata mutants, the numbers of branches of at least 0.5 cm length
were determined from nodes in the rosette and from cauline nodes as well as
those of vegetative buds (leaf-bearing nodes) along the shoot. For scanning
electron microscopy of floral buds, samples were mounted on prefrozen plat-
forms and pictures were taken with a TM-3000 table top scanning electron
microscope (Hitachi, Krefeld, Germany). Numbers of floral organs were
counted at the time of anthesis (stage 13). This measurement was repeatedly
performed with all plants after new flowers had formed. Siliques were har-
vested from different plants from a comparable section of the main inflores-
cence. Length and seed number was determined for each silique separately. To
determine flowering, plants were monitored on a daily basis for the presence of
a visible inflorescence bud (time to bolting) or petals (flowering time). The
numbers of rosette and cauline leaves after bolting were counted.

Microarray Analyses

For microarray analyses, 14-d-old plants grown in continuous white light
(120 mmol m22 s21) were treated for 60 min with CK (20 mM 6-BA) or a corre-
sponding mock solvent control treatment. Total RNA was extracted with the
NucleoSpin RNA Plant Kit (Machery-Nagel, Düren, Germany) and 150 ng total
RNA was labeled with Cy3 using the Low Input Quick Amp Labeling Protocol
(Agilent Technologies, Böblingen, Germany). Three biological replicate samples
were prepared for each genotype and Arabidopsis arrays (V4, design ID 21169;
Agilent Technologies) were hybridized at 65°C for 17 h in rotating hybridiza-
tion chambers (Agilent Technologies). Subsequently, the arrays were washed
and scanned using a Microarray Scanner (Agilent Technologies). Total RNA
and probe quality were controlled with a Bioanalyzer 2100 (Agilent Technol-
ogies). Raw data were extracted using the Feature Extraction software
v. 10.7.3.1 (Agilent Technologies). Raw data files were imported into GeneSpring
GX (v. 12) and normalized choosing the scale-to-median and baseline-to-
median algorithms. Data were then subjected to an ANOVA analysis (P ,
0.05) with an S-N-K post hoc test and filtered for genes with fold expression
differences to the respective wild-type controls as specified (Supplemental
Table S2). Microarray data were deposited as GSE71828 into the Gene
Expression Omnibus database (www.ncbi.nlm.nih.gov/geo/).

Quantitative Real Time-PCR

Tomeasure transcript abundance, total RNAwas extracted with an RNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). A quantity of 2 mg total RNA was
reverse-transcribed with an oligo(dT) primer and M-MuLV Reverse Tran-
scriptase (Fermentas, St. Leon-Rot, Germany). The transcript levels were
detected using a CFX96 Real-Time System Cycler with iQ SYBR Green Super-
mix (Bio-Rad, Freiburg, Germany). The results were normalized to PROTEIN
PHOSPHATASE SUBUNIT2A; AT1G13320 in red and far-red light and to
ACTIN2 (AT3G18780) in blue light. Expression in the dark samples was set to
one. Normalization for the hormone treatments was performed with ACTIN8
(AT1G49240). Primers for qRT-PCRs are listed in Supplemental Table S4.

ChIP-seq

For ChIP, three biological replicate samples (2 g tissue) of 10-d-old pGNL::
GNL:HA gnc gnl or gnc gnl control plants grown on GM medium under con-
stant white light were fixed for 20 min in 1% formaldehyde. The samples were
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subsequently processed as previously described using anti-HA antibodies
(Abcam, Cambridge, UK; Kaufmann et al., 2010) and prepared for DNA se-
quencing with aMiSeq sequencer (Illumina, San Diego, CA). The data from this
analysis are accessible under PRJNA288918 at NCBI-SRA (http://www.ncbi.
nlm.nih.gov/sra/). Sequencing reads were then mapped to the Arabidopsis
genome (TAIR10) using SOAPv1 (Li et al., 2008) and the following settings:
three mismatches, mapping to unique positions only, no gaps allowed, itera-
tively trimming set to 41–50. Subsequent analysis for peak identification was
performed with CSAR, retaining only peaks with an FDR, 0.05 as statistically
significant peaks (Muiño et al., 2011). ChIP-seq results for GATA genes were
independently verified using ChIP-PCR. The primers for ChIP-PCRs are listed
in Supplemental Table S4.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers AT5G56860 (GNC, GATA21); AT4G26150
(GNL/CGA1,GATA22);AT3G06740 (GATA15);AT5G49300 (GATA16); AT3G16870
(GATA17); AT4G16141 (GATA17L).

Supplemental Materials

The following supplemental materials are available.

Supplemental Figure S1: Evolutionary conservation of LLM-domain
B-GATAs within the Brassicaceae.

Supplemental Figure S2: Sequence alignment of the GATA-domain and
the LLM-domain.

Supplemental Figure S3: GATA insertion mutant analysis.

Supplemental Figure S4: Mature plant phenotypes of gata gene mutants.

Supplemental Figure S5: GATA gene expression in red light conditions is
PIF-dependent.

Supplemental Figure S6: The effects of CK-induction in the two micro-
array data sets are comparable.

Supplemental Figure S7: CK cannot efficiently induce greening in GATA
gene mutants.

Supplemental Figure S8: The effect of CK on hypocotyl elongation is not
impaired in GATA gene mutants.

Supplemental Figure S9: GATA gene dosage affects lateral inflorescence
angles.

Supplemental Figure S10: Floral morphology and silique parameters are
influenced in GATA gene mutations.

Supplemental Figure S11: Quantitative analysis of flowering time in long-
and short-day conditions.

Supplemental Figure S12: GATA gene mutations alter flowering time in
long- and short-day conditions.

Supplemental Table S1: Differentially expressed genes in GATA gene
mutants.

Supplemental Table S2: Differentially expressed genes in GATA gene mu-
tants after CK-treatment.

Supplemental Table S3: Abundance of CK-regulated genes after
CK-treatment in the wild type and GATA gene mutants.

Supplemental Table S4: Primers used in this study.
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