


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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