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Abstract: The plant-specific receptor-like cytoplasmic kinases (RLCKs) form a large, poorly
characterized family. Members of the RLCK VI_A class of dicots have a unique characteristic:
their activity is regulated by Rho-of-plants (ROP) GTPases. The biological function of one of these
kinases was investigated using a T-DNA insertion mutant and RNA interference. Loss of RLCK VI_A2
function resulted in restricted cell expansion and seedling growth. Although these phenotypes could
be rescued by exogenous gibberellin, the mutant did not exhibit lower levels of active gibberellins nor
decreased gibberellin sensitivity. Transcriptome analysis confirmed that gibberellin is not the direct
target of the kinase; its absence rather affected the metabolism and signalling of other hormones
such as auxin. It is hypothesized that gibberellins and the RLCK VI_A2 kinase act in parallel to
regulate cell expansion and plant growth. Gene expression studies also indicated that the kinase
might have an overlapping role with the transcription factor circuit (PIF4-BZR1-ARF6) controlling
skotomorphogenesis-related hypocotyl/cotyledon elongation. Furthermore, the transcriptomic
changes revealed that the loss of RLCK VI_A2 function alters cellular processes that are associated
with cell membranes, take place at the cell periphery or in the apoplast, and are related to cellular
transport and/or cell wall reorganisation.

Keywords: Arabidopsis thaliana; cell expansion; gibberellins; hypocotyl growth; transcriptomic
analysis; plant hormones; plant size; receptor-like cytoplasmic kinase; skotomorphogenesis

1. Introduction

Eukaryotic protein kinases form a large superfamily, and are associated essentially with all
cellular functions. During evolution, protein kinase families have evolved independently in the
lineages of eukaryotes. In consequence, the various kinase families are unevenly represented in
the different eukaryotic organisms, which also have specific kinase classes. The number of protein
kinase coding genes is especially high in plant genomes. In Arabidopsis thaliana, ~4% of the protein
coding genes code for protein kinases while this percentage is ca. 2% in Homo sapiens [1]. This high
number of protein kinases is likely due to the importance of cell-to-cell communication during the
post-embryonic development of plants that is strongly influenced by the environment. In addition,
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plant defence and immunity depend on the specific recognition of pathogen-associated molecular
patterns. In plants, cell-to-cell communication as well as innate immunity rely on plant receptor-like
kinases (RLKSs), which account for more than half of protein kinases in Arabidopsis (>600 RLK genes
out of >1000 kinase-coding genes). RLKs resemble the receptor kinases of animals. The sequence
of their kinase domain indicates that they are rather related to the animal cytoplasmic Pelle and
interleukin receptor-associated kinases [2]. Moreover, RLKs exhibit serine/threonine kinase specificity
in contrast to animal receptor kinases that are almost exclusively tyrosine kinases. This indicates that
ancient RLK/Pelle kinases were co-opted for transmembrane signalling in plants after their divergence
from animals.

RLKSs can be classified into several families based on their various extracellular ligand-binding
and slightly divergent cytoplasmic kinase domains [2]. There are also a number of RLK-like kinases
that have only cytoplasmic kinase domain but no extracellular ligand-binding domain (only a few
of them have a transmembrane domain) [3]. These cytoplasmic protein kinases are referred to as
receptor-like cytoplasmic kinases, or receptor-like cytoplasmic kinases (RLCKs). The 149 RLCKs
of Arabidopsis were divided into 17 subfamilies (RLCK-II and RLCK-IV to RLCK-XIX), based on
sequence homology [3]. RLCKSs often associate with RLKs to mediate cellular signalling in response to
various RLK-sensed environmental and/or developmental signals [4]. Most of the RLCKs, however,
have unknown functions.

The Arabidopsis RLCK-VI family is divided into two groups, with seven members each:
RLCK VI_A and RLCK VI_B [5]. RLCK VI_A but not RLCK VI_B kinases were shown to bind plant
Rho-type small GTPases (ROPs) in their GTP-bound state [6-9]. This binding results in augmented
in vitro kinase activity [6,8,9]. Regulation of kinase activity by Rho-type GTPases is well known in animal
and yeast cells as well. In these organisms, the kinase classes regulated by Rho-type Rho/Rac/Cdc42
GTPases are the p21-activated kinases (PAKs), the Rho-kinases (ROKs), the mixed-lineage kinases
(MLKs), the myotonin-related Cdc42-binding kinases (MRCKs), the citron kinases (CRIKs), and the
novel protein kinase (PKN) [10]. However, plant genomes code for none of these kinases [11]. It seems
that, during the evolution of land plants, a sub-group of plant-specific RLCKs were co-opted to
mediate ROP GTPase signalling [12]. While the GTPase-binding ability of yeast and animal Rho-type
GTPase-regulated kinases is due to the presence of defined structural elements outside of their kinase
domains (such as the Cdc42/Rac-interactive binding -CRIB- motif of PAKs), RLCK VI_A kinases use
conserved amino acids widely distributed in the kinase domain to form a binding surface for ROPs [12].

At present, the members of the RLCK VI_A group are the only known plant kinases for which the
activity is directly regulated by ROP GTPases, at least in vitro [6,8,9]. This fact is rather surprising,
considering the wide role of animal Rho-type GTPases in kinase signalling [10], as well as the
central role of ROP GTPases in a variety of cellular functions [13]. Despite their unique regulation,
the biological function of RLCK VI_A kinases has hardly been investigated so far [11]. The barley
HvRBK1 kinase (homologue of the Arabidopsis RLCK VI_A3 kinase) was shown to have a role
in basal disease resistance [6]. Transient silencing of the gene decreased the stability of cortical
microtubules and promoted fungal penetration into barley epidermal cells. Mutation in the gene
coding for the Arabidopsis homologue of HvRBK1, AtRLCK VI_A3 was reported to support fungal
reproduction [9]. Arabidopsis AtRBK1 (RLCK VI_A4) and AtRBK2 (RLCK VI_A6) genes were shown
to have augmented expression following pathogen infection, supporting the general role of RLCK
VI_A kinases in pathogen responses. The atrick vi_a3 mutant also exhibited reduced plant size and an
increase in the ratio of trichomes with high branch numbers, while the AtRBK1 (RLCK VI_A4) kinase
was found to be a member of a kinase cascade regulating auxin-mediated cell elongation, consistent
with a developmental/morphogenic role [14].

Here, we report the involvement of the AtRLCK VI_A2 gene in the regulation of plant growth
and (skoto)morphogenesis. T-DNA insertion into the gene resulted in reduced hypocotyl elongation
and smaller rosette size, which could be ascribed to limited cell expansion. These mutant phenotypes
were complemented by the exogenous application of gibberellic acid. Measurements could not reveal
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differences neither in the gibberellin content nor in the gibberellin sensitivity of the mutant. Transcript
analysis indicated that the kinase might indirectly affect gibberellin-dependent responses during
skotomorphogensis, by overlapping with the action of the central transcription factor network regulating
hypocotyl growth, and interfering with hormone signalling, cell wall organisation, and cellular
transport processes.

2. Results

2.1. Molecular Characterization of the RLCK VI_A2 T-DNA Insertion Mutant and the Transgenic Plants Used
in the Study

In order to reveal possible biological functions of the ROP GTP-ase binding AtRLCK VI_A2
(At2G18890) kinase [8], we carried out a search in the GABI-Kat Arabidopsis T-DNA insertional
mutant collection [15]. Two lines with predicted T-DNA insertion in the 5" untranslated region
(GABI_676D12) or in the second intron of the At2G18890 gene (GABI_435H03), respectively, could be
identified. Seeds of the T-DNA mutants were obtained from the Nottingham Arabidopsis Stock Centre
(NASC) [16]. Expression of the At2G18890 gene was tested in the homozygous lines using a specific PCR
primer pair, amplifying the whole transcript by RT-PCR. It could be established that the GABI_435H03
line does not produce RLCK VI_A2 transcripts in contrast to the line GABI_676D12 (Figure 1a). In order
to determine the exact T-DNA insertion site, the junction region of the At2G18890 gene and the T-DNA
was amplified from the genomic DNA of the GABI_435H03 line using a T-DNA-specific reverse primer
and an At2G18890 second exon specific forward PCR primer. Sequencing of the PCR product verified
that the T-DNA insertion was located not in the second intron but in the third exon (at the ninth codon
after the intron/exon junction) (Figure 1b). Mapping transcript reads of the rick vi_a2 mutant by next
generation sequencing (NGS) to the reference Arabidopsis thaliana genome confirmed that, although the
first two exons are transcribed in the mutant, full length functional transcripts are not produced and
therefore the mutant can be considered as a knock out (Supplementary Figure S1).

AtRLCK VI_A2 (At2G18890)

AtGAPC-2 (At1G13440)

T-DNA

-  ECTPTPTRPRRERE =
AG18890 gene structuze

T-DNA

piw g AP i W

A2G18890 3d exon start

Figure 1. Expression of the receptor-like cytoplasmic kinase (RLCK) VI_A2 gene in various Arabidopsis
lines used in the study. (a) RT-PCR results using RLCK VI_A2 (upper row) and GAPC-2 specific
(lower row) primers in wild type (1), T-DNA insertion line GABI_435H03 (2), T-DNA insertion line
GABI_676D12 (3), and the GABI_435H03 line expressing the RLCK VI_A2 cDNA transgene under the
control of the 35S promoter (complemented mutant) (4). (b) Site of the T-DNA insertion in the third
exon of the At2G18890 gene coding for the AtRLCK VI_A2 kinase in the GABI_435H03 line.

To validate the mutant phenotypes, various transgenic Arabidopsis lines were produced.
The rick vi_a2 mutant was complemented with 355-promoter-driven expression of the At2G18890
cDNA N-terminally fused, with a TAP-tag that allows co-immunoprecipitation of kinase interacting
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proteins [17]. Based on gene expression verification, a representative line was selected for further
studies (Figure 1a). Furthermore, estradiol-induced RNA-interference [18] was used to knock down
RLCK VI_A2 expression (Supplementary Figure S2a) to further verify some of the experimental findings
obtained with the mutant line.

2.2. The RLCK VI_A2 Kinase Controls Seedling and Plant Growth

The rick vi_a2 mutant seedlings that were grown under 8 h/16 h light/dark periods for 5 days
exhibited significantly shorter hypocotyls as compared to the wild type (Figure 2a,c). Ectopic
expression of the kinase in the mutant background restored hypocotyl growth to normal (Figure 2a,c).
The cotyledons were also smaller in the mutant, although this difference was not statistically significant
(Figure 2b). Since hypocotyl growth is accelerated in the dark, seeds were also germinated and cultured
under continuous darkness for 16 days, and the size of the hypocotyls and cotyledons was compared
(Figure 2d—f).
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Figure 2. The rick vi_a2 mutation affects hypocotyl and cotyledon elongation. Hypocotyl (a,d) and
cotyledon (b,e) length were measured for 5-days-old short-day (SD; 8/16h light/dark cycle) and
16-days-old dark-grown (cDark; continuous dark) seedlings. WT—wild type; MUT—T-DNA insertion
mutant line; CO—complemented mutant line. Three biological replicates were made with 15-25 plants
per line. Averages and standard errors are shown. Corresponding representative images are displayed
on (¢ f). ** p < 0.005 (Student’s t-test; comparison to WT).



Int. ]. Mol. Sci. 2020, 21, 7266 50f 20

The hypocotyl of the mutant was found to be significantly shorter under this condition as well,
while the wild type and complemented lines exhibited similar hypocotyl sizes (Figure 2d,f). The length
of cotyledons, especially that of their petioles, were significantly reduced in the mutant but was restored
to the wild type level in the complemented line (Figure 2e,f). The phenotypes of mutant seedlings
could be recreated via estradiol-induced silencing of the RLCK VI_A2 gene in transgenic seedlings
(Supplementary Figure S2b).

Seedlings were also grown into plants in pots in the greenhouse under short-day condition (8 h
light, 16 h dark). A significant difference in the size of the rosettes was observed: it was decreased in
the mutant, but restored to the normal level in the complemented transgenic line as compared to the
wild type control (Figure 3).
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Figure 3. Greenhouse-grown mutant (MUT) plants exhibited smaller plant size, as evidenced by
measuring the rosette diameter. Normal size of the wild type (WT) plants was restored by expressing
the kinase cDNA in the mutant background (complemented, CO line). Rosette diameters in mm are
shown in (a), and representative images of the measured 4-weeks-old plants in (b). The plants were
grown in short day conditions (SD). Averages and standard errors were calculated and are shown on
(a). n =15-25,** p < 0.005 (Student’s t-test; comparison to WT).

Altogether, these data indicate that the RLCK VI_A2 kinase is required for normal plant growth
under light as well as in dark; in seedlings as well as in greenhouse plants.

2.3. The RLCK VI_A2 Kinase Controls Cell Size

Microscopic investigations revealed that epidermal cell size was significantly smaller in both
investigated organs of the mutant seedlings (Figure 4). In the mutant, hypocotyl epidermal cells were
less elongated (Figure 4a,b), while the epidermal cells of the cotyledon were not only smaller in area,
but their shape was also different; their circularity index was much higher (Figure 4c,d), indicating
limited planar polarity [19].
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Figure 4. The sizes of hypocotyl (a,b) and cotyledon (c,d) cells are significantly smaller in the mutant
(MUT) than in the wild type (WT) plants. Fluorescent (a) and scanning electron microscopic (c) images
are shown for the epidermal cells of the hypocotyl (a) and the cotyledon (c), respectively, of 5-day-old
seedlings. The white bars indicate 100 um (a), and 10 um (b), respectively. For the quantitative
comparison of cell size (b,d), 150-200 cells were measured for each of three randomly selected seedlings
per line. Averages and standard errors are shown on the histograms. * p < 0.05; ** p < 0.005 (Student’s
t-test; comparison to WT).

2.4. Gibberellic Acid Treatment Rectifies the rick vi_a2 Mutant Phenotypes

In order to test whether the mutant phenotype can be linked to the disturbed action of plant
hormones, seedlings were grown in the presence of various plant growth regulators (5 nM indoleacetic
acid, 1 uM brassinolide, 100 uM ethephon (Ethrel) or 20 uM gibberellic acid (GA3)) and hypocotyl,
cotyledon and rosette sizes were measured (Supplementary Figures S3 and S4). Of the investigated
hormones, exogenous gibberellin (GA3) was found to rectify the growth defects of the rlck vi_a2 mutant
(Figure 5) and the RNAi-silenced lines (Supplementary Figure S4).
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Figure 5. Exogenous gibberellin treatments complemented the mutant phenotypes. Wild type (WT) or
rlck vi_a2 mutant (MUT) seedlings grown in vitro in short days (SD; 8 h/16 h light/dark) for 6 days (a)



Int. ]. Mol. Sci. 2020, 21, 7266 7 of 20

or in continuous dark (cDark) for 17 days (b,c) and plants grown at short days in greenhouse (d) were
or were not treated with 20 uM gibberellic acid (GA3). Hypocotyl length (a,b), cotyledon length (c)
or rosette diameter (d) were measured in 15-25 seedlings or plants, respectively, in three repetitions.
Averages and standard errors are shown. ** p < 0.05 (Student’s ¢-test; comparison to WT).

2.5. The Effect of the rick vi_a2 Mutation on Gibberellic Acid Level, Synthesis, and Signalling in Seedlings

Endogenous level of gibberellins (GAs) having biological activity was determined in the case of
wild type, and mutant and complemented mutant seedlings (Figure 6a). The major bioactive GAs
include GA1, GAj3, GA4, and GAy, but GAs and GAg4 have also been indicated to have biological
activities [20]. In 9-day-old seedlings, among these GAs, GAj5 exhibited the highest concentration,
GA1, GA4 and GAy was found to have lower levels, while GA3 and GAg¢ could not be detected.
No significant differences were found in the concentration of active GAs in the seedlings of the various
Arabidopsis lines tested. The GA sensitivity of the mutant was also compared to that of the wild type
control. It was found that hypocotyl growth was not less responsive to exogenous GAjz in the mutant
than in the wild type (Figure 6b).
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Figure 6. Gibberellin content and gibberellin sensitivity of the mutant and the wild type. (a) Endogenous
content of active gibberellins was measured in 9-days-old seedlings of wild type (WT), rick vi_a2
mutant (MUT), and complemented mutant (CO) lines. Seedlings were grown in vitro under short
day (SD; 8 h/16 h light/dark) conditions in a growth chamber. Samples were collected from three
independent experiments. Averaged data are shown with the standard deviations. No statistically
significant differences could be observed among the tested Arabidopsis lines (p < 0.05 Student’s t-test;
comparison to WT). (b) Relative hypocotyl length was determined in response to a range of GAj
concentrations (0-100 uM), in the case of wild type and mutant seedlings (9-days-old; grown under
low intensity continuous white light).
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2.6. Transcriptome Analysis Indicated a Gibberellin-Independent Role for the RLCK VI_A2 Kinase
in Skotomorphogenesis

To clarify the role of the RLCK VI_A2 kinase in seedling growth and cell elongation,
the transcriptome of 18-days-old dark-grown wild-type and rlck vi_a2 mutant seedlings were
compared in three biological replicates. 1203 statistically highly significant (g < 0.05; fold change > 1.5)
DEGs (differentially expressed genes) were identified, among which 406 were upregulated and 707
downregulated (Supplementary Table S1). Gene ontology (GO) enrichment analysis (Plant GOSlim
ontologies) indicated the involvement of the kinase in the responses to various exogenous and
endogenous stimuli including biotic and abiotic stresses and plant hormones as well as in lipid,
carbohydrate, and secondary metabolism (Table 1). A more detailed GO analysis (complete GO
ontologies) showed that the kinase might modulate the signalling, metabolism and transport of several
hormones, including auxin, abscisic acid, jasmonic acid, and salicylic acid, but gibberellic acid-related
DEGs were not significantly enriched in the mutant (Supplementary Tables S2 and S3).

Table 1. Gene ontology classification (Plant GOSlim) of the DEGs for 17-days-old dark-grown rick vi_a2
mutant seedlings without roots in comparison to wild type.

GO Term Ontology Description p-Value EDR
GO:0050896 P response to stimulus 8.6 x107%  27x107%3
GO:0006950 P response to stress 14x107%  22x107%
GO:0009605 P response to external stimulus 1.8x107% 2,00 x 10734
GO:0009607 P response to biotic stimulus 1.9 x 107 1.6 X 10727
GO:0009628 P response to abiotic stimulus 12x107%7  74x107%
GO:0051704 P multi-organism process 22x107% 1.2 x 10722
GO:0009719 P response to endogenous stimulus 8.1 x 107* 3.7 x 10722
GO:0019748 P secondary metabolic process 26x1072  1.00x 10718
GO:0007154 p cell communication 37x107°  13x1078
GO:0009056 P catabolic process 6.3x 10712 2.00x 10710
GO:0007165 P signal transduction 28x10711  83x 10710
GO0:0009987 P cellular process 27x10710  72x107°
GO:0008152 P metabolic process 22x1077 54x1078
GO:0051179 P localization 33x107° 7.6 %1078
GO:0009991 P response to extracellular stimulus 1.5 x 1078 3.1x1077
GO:0006629 P lipid metabolic process 2.1x1078 41x1077
GO:0006810 P transport 32 x1078 6.1x 1077
GO:0051234 P establishment of localization 4.7 x 1078 8.4 x 1077
GO:0005975 P carbohydrate metabolic process 22x1077 3.7 x 107°
G0:0008219 P cell death 7.9 x107° 0.00013
GO:0065008 P regulation of biological quality 2.00 x 107 0.00031
GO:0065007 p biological regulation 2.7 x1075 0.00039
GO:0042592 P homeostatic process 5.6 x 107> 0.00078
GO:0040007 P growth 0.0009 0.012
GO:0009606 p tropism 0.0011 0.014
GO0:0032502 p developmental process 0.0017 0.021
GO:0050789 P regulation of biological process 0.002 0.024
GO:0050794 P regulation of cellular process 0.0025 0.029
GO:0048856 P anatomical structure development 0.0038 0.042
GO:0003824 F catalytic activity 13x1072 13x1073
GO:0005215 F transporter activity 42x107° 2.1x1077
GO:0016740 F transferase activity 1.9 x 1078 6.4 %1077
GO0:0008289 F lipid binding 1.2x1077  3.00x107®
GO:0030246 F carbohydrate binding 5.7 x 1070 0.00012
GO:0016787 F hydrolase activity 1.2x107° 0.0002
GO:0019825 F oxygen binding 1.9 x107° 0.00027
G0:0016301 F kinase activity 25x1075 0.00032
GO:0000166 F nucleotide binding 0.00014 0.0016
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Table 1. Cont.

GO Term Ontology Description p-Value FDR
GO:0005488 F binding 0.00021 0.0021
GO:0060089 F molecular transducer activity 0.00041 0.0034
GO:0004872 F receptor activity 0.00041 0.0034
GO-0016772 F transferase activity., t.ransferring 0.0012 0.009

phosphorus-containing groups
GO:0005576 C extracellular region 86x107%  1.6x107%
GO:0030312 C external encapsulating structure 6.7 x 1073* 4.2 x 10732
GO:0005618 C cell wall 6.7x1073* 4.2 %107
GO:0005886 C plasma membrane 75x10732  35x107%
GO:0016020 C membrane 13x1072°  49x107
GO:0005773 C vacuole 41x107° 0.0013
GO:0005783 C endoplasmic reticulum 8.8x 107> 0.0023
GO:0012505 C endomembrane system 0.0018 0.043

FDR—false discovery rate; P—biological process; F—molecular function; C—cellular compartment.

9 of 20

Browsing the annotation of those DEGs that have the GO “hormone response” for the key word
“gibberellin” revealed a small number of GA-regulated proteins (Table 2 and Supplementary Table S3),
including the GAI DELLA-type transcriptional regulator, which exhibited an app. 1,5-fold increased
expression in the mutant. The expression of other DELLA protein genes showed a slightly but not
statistically significant increase in this line. GA-related DEGs also included the AtHB23 homeobox

protein that is involved in light-regulated hypocotyl growth and cotyledon expansion [21] and the GA
catabolic enzyme GA20x6 [22] (Table 2 and Supplementary Table S3). GA transport is considered to
be mediated by NPF (NRT1/PTR FAMILY) transporters [23-25]. The NPF family has 53 members in
Arabidopsis [26], but the expression of only 6 of them was altered in the rlck vi_a2 mutant. Interestingly,
four out of these 6 NPFs have already been implicated in GA transport (Table 2 and Supplementary
Table S3) [24,25,27]. Expressions of selected GA-related transcripts in the mutant and wild type
background were also tested by qRT-PCR (Supplementary Figure S5a). The results supported the

validity of the transcriptomic data.

Table 2. Manually identified DEGs implicated in gibberellin metabolism/response/transport in

dark-grown 17-days-old rick vi_a2 mutant seedlings (see Supplementary Table S3 for more details).

Gene_ID Annotation Fold Change  g_Value Significant
DEGs Implicated in GA Metabolism/Response *
AT1G26960  AtHB23 homeobox protein 23 2.25 0.026242 yes
AT1G74670  GASAG6 Gibberellin-regulated family protein 2.07 0.001941 yes
AT2G37640  EXP3 Barwin-like endoglucanases superfamily protein 1.95 0.001941 yes
AT5G15230  GASA4 GAST1 protein homolog 4 1.88 0.001941 yes
AT2G14900  AT2G14900 Gibberellin-regulated family protein 1.70 0.001941 yes
AT1G14920  GAI GRAS family transcription factor family protein 1.46 0.00859 yes
AT3G11280  AT3G11280 Duplicated homeodomain-like superfamily protein 0.69 0.00859 yes
AT4G19700  RING SBP (S-ribonuclease binding protein) family protein 0.68 0.038936 yes
AT1G75750  GASA1 GAST1 protein homolog 1 0.56 0.003506 yes
AT5G44610  MAP18 microtubule-associated protein 18 0.55 0.001941 yes
AT1G02400 GA20X6 gibberellin 2-oxidase 6 0.58 0.044627 yes
DEGs of NPF (NRT1/PTR FAMILY) Gibberellin Transporters **
AT1G52190  AT1G52190 Major facilitator superfamily protein, NPF1.2 ab 1.60 0.001941 yes
AT3G16180  AT3G16180 Major facilitator superfamily protein, NPF 1.1 2 1.79 0.001941 yes
AT5G46050  PTR3 peptide transporter 3, NPF 5.2 2 0.55 0.001941 yes
AT5G62680  GTR2 Major facilitator superfamily protein, NPF 2.11 ¢ 0.65 0.031474 yes
DEGs of DELLA Transcription Regulators ***
AT1G14920  GAI GRAS family transcription factor family protein 1.46 0.00859 yes
AT2G01570  RGL1 RGA-like 1 125 0.483175 no
AT1G66350 RGA1 GRAS family transcription factor family protein 111 0.773976 no
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Table 2. Cont.

Gene_ID Annotation Fold Change q_Value Significant
AT3G03450 RGL2 RGA-like 2 1.58 0.496428 no
AT5G17490  RGL3 RGA-like protein 3 121 0.819669 no

* Manually selected based on the presence of the word “gibberellin” in the annotations of DEGs implicated in
“hormone response” by the AgriGO v2.0 tool. ** NPF transporters that were reported to transport gibberellins by
a[24]; b [27]; € [25]. *** Note that only the differential expression of GAI was statistically significant.

Although only a few of them were directly GA-related, the RLCK VI_A2-dependent DEGs showed
an overlap (15%), with the DEGs identified in the GA synthesis defective mutant ga1-3 [28,29] (Figure 7
and Supplementary Table S4) suggesting an indirect and limited effect of the kinase on GA signalling.

Hypocotyl elongation is coordinated by the light and GA-regulated PIF transcription factors [30],
as well as by the brassinosteroid- and auxin-controlled transcription factors BZR1 and ARF6,
respectively [31]. The transcription factors were shown to interact with each other, forming a central
growth regulatory circuit [31]. Promoters of thousands of genes were identified to be direct and partly
common targets of the PIF4, BZR1 and ARF6 factors in relation to hypocotyl cell elongation [31].
Among the 1019 DEGs affected by the rick vi_a2 mutation, 317 (31%) belong to direct PIF4 targets,
359 (35%) is the direct target of BZR1 and 176 (17%) of ARF6, respectively, and 100 (9.8%) of them bind
all three TFs (Figure 7 and Supplementary Table S5). PIF4 itself was found to be slightly upregulated
(1.5-fold) in the mutant. Expressions of selected transcripts involved in the regulation of hypocotyl
elongation during skotomorphogenesis were also tested in the mutant and the wild type by qRT-PCR
(Supplementary Figure S5b). The obtained results supported the validity of the transcriptomic data.

a

tick vi_a2 gal-3

1052 151 1019

(47.3%) (6.8%) (45.9%)

b

PIF4 target BZR1 target

rlck vi_a2 ARFb6 target

1034
(12.9%)

Figure 7. Overlaps of the DEGs of the rlck vi_a2 mutant with the DEGs of the gal-3 gibberellin synthesis
mutant [28,29] (a) and with those genes for which the promoters are direct targets of the cell/hypocotyl
elongation regulatory transcription factors PIF4, BZR1, and/or ARF6 [31] (b).
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Altogether, these data imply that GA level/signalling is not the primary target of the RLCK VI_A2
kinase, at least not at the gene transcription level.

2.7. Transcriptome Analysis Revealed the Role of the RLCK VI_A2 Kinase in Cellular Transport and Cell
Wall Organisation

High number of the RLCK VI_A2-related DEGs code for proteins with catalytic, transport,
transducer or binding activities, respectively (Table 1). Considering cellular localisation, proteins
with extracellular (279, 23%) or cell periphery (395, 33%) localisation, and with association to
cellular membranes (530, 44%), including the endomembrane system (118, 10%), were significantly
overrepresented by the DEGs (Table 1 and Supplementary Tables 52 and S6). Moreover, 6% (72) of the
DEGs are implicated in cell wall organisation and biogenesis (Supplementary Tables S2 and S6). Of note
is the upregulation of several expansin and xyloglucan endotransglucosylase/hydrolase coding genes
and the downregulation of those coding for extensin-like family proteins in the mutant background
(Supplementary Table S6; for gRT-PCR validation Supplementary Figure S5c). Eight percent of DEGs
(101) code for proteins that have transmembrane transport activities, including ion, nutrient or hormone
transporters (Supplementary Table S6). Worth mentioning of the upregulation of several tonoplast
intrinsic proteins and a number of auxin transporters, such as PIN4, PIN7, EIR1, ABCB19, LAX2, and the
downregulation of many ion transporters (phosphate, sulphate, potassium etc.). These data indicate
that RLCK VI_A2-mediated protein phosphorylation is required for the proper cellular transport of a
wide variety of ions, nutrients, structural and regulatory molecules.

3. Discussion

Plant growth and development have to be continuously harmonized with external conditions.
Protein kinases have central roles in sensing environmental signals, as well as in coordinating
cellular and developmental responses. Plants possess a large superfamily of diverse protein kinase
types, including the signal-sensing transmembrane receptor kinases, RLKs, and various types of
downstream intracellular signal-transducing kinases. Among the latter, receptor-like cytoplasmic
kinases (RLCKSs) have recently gained increasing interest as potential mediators and modulators of
RLK signalling [4,32,33]. Nevertheless, only a few of the 149 Arabidopsis and 187 rice RLCKs have
been characterized and have known functions. Here, we describe the characterization of a T-DNA
insertion mutant of AtRLCK VI_A2 that implies roles for the kinase in the regulation of cell/plant
growth and morphogenesis.

3.1. The RLCK VI_A Kinases Are Required for Cell Elongation and Organ Growth in Addition to Their Role in
Stress Responses

The RLCK VI_A3 kinase of Arabidopsis and its barley homologue, HvRBK1, have been implicated
in ROP-GTPase-dependent pathogen resistance/susceptibility reactions [6,7,9], while the AtRLCK
VI_A4/AtRBK1 and AtRLCK VI_A6/AtRBK?2 kinases were shown to be expressed in response to
pathogen infection [7], suggesting their primary role in plant defence. A considerable number of DEGs
of the rlck vi_a2 mutant are also related to plant defence (Table 1), strengthening this view. In addition,
the transcript analysis indicated that the kinase might function during abiotic stress responses as well
(Table 1). However, the involvement of several RLCK VI_A kinases in the regulation of plant growth
and development has also been reported: the T-DNA mutant of the related AtRLCK VI_A3 kinase is
stunted and has over-branched trichomes [9]; the Arabidopsis RBK1 protein kinase (RLCK VI_A4) has
been implicated in auxin-responsive cell expansion, due to the reduced auxin responsiveness of its
T-DNA insertion mutant [14].

Our results show that the mutant seedlings producing no full length RLCK VI_A2 kinase (Figure 1)
have limited cell expansion as compared to the wild type (Figure 3) resulting in shorter hypocotyls
and cotyledons (Figure 2). Independent experiments using RNA interference to reduce RLCK VI_A2
expression (Supplementary Figure 52), as well as the complementation of the T-DNA-caused mutation
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in transgenic lines (Figure 2) confirmed that the observed phenotypes are indeed associated with the
absence of the kinase. Greenhouse-grown mutant plants also exhibited smaller rosette/leaf size than
the wild type similarly to the reduced plant size of the related AtRLCK VI_A3 kinase [9].

Altogether, these observations strengthen the view that RLCK VI_A members have a general role
in cell expansion and plant growth. Interestingly, while mutation in AtRBK1/AtRLCK VI_A4 resulted
in increased auxin sensitivity, in our experiments, the atrick vi_a2 mutant showed no altered auxin
response (Supplementary Figure S3), but the mutant phenotypes could be rescued by exogenous GA3
(Figure 5 and Supplementary Figure 54). This indicates that the various RLCK VI_A kinases might
influence cell expansion via various pathways.

3.2. How the RLCK VI_A2 Kinase May Affect Cell Expansion?

How RLCK VI_A2 kinase regulate cell expansion is not known at present. It has to be
mentioned that the barley HvRBK1/HvRLCK VI_A3 kinase has been shown to be required for
proper cortical microtubule organisation; the silencing of HvRBK1 was shown to result in a fragmented
cortical microtubule network [6]. Since cortical microtubules are known to control directional cell
elongation [34,35] in a ROP GTPase-dependent manner [36], the ROP-binding kinases might be involved
in this process. Transcriptome analysis during the skotomorphogenesis of rlck vi_a2 mutant seedlings
indicates that high portion of the DEGs modulated in the mutant code for proteins located at membranes,
at the cell periphery or in the apoplast, and may have a role in transport or cell wall organisation (Table 1
and Supplementary Tables S2 and S6). Therefore, it is conceivable that the RLCK VI_A2 kinase has a
regulatory role in these processes in relation to cell elongation. The transcriptomic data, however, do not
provide a clear view about the role of the kinase in cell elongation. The upregulation of several expansins
and xyloglucan endotransglucosylase/hydrolase coding genes implicated in cell wall loosening [37,38]
and the downregulation of those coding for extensin-like family proteins rather contributing to cell
wall stiffening [39,40] are not consistent with the observed phenotype of the mutant having restricted
cell elongation. Moreover, PIF4, a positive regulator of skotomorphogenesis including hypocotyl
cell elongation is upregulated in the rick vi_a2 mutant, despite its short-hypocotyl phenotype [30].
These contradictions might be resolved by keeping in mind that the kinase primarily modulates
posttranslational and not transcriptional regulation. The observed transcriptional changes might be
indirect responses to the missing kinase function: blocking cell elongation at the posttranslational
level (e.g., phosphorylation-dependent degradation of PIF4 or other regulators) might give a feedback
to increase the transcription of genes promoting cell expansion. For example, PIF4 has been shown
to be phosphorylated by the brassinosteroid signalling kinase BRASSINOSTEROIDINSENSITIVE
2 (BIN2), marking it for proteasomal degradation [41]. Considering the number of genes affected
by the rilck vi_a2 mutation, and being at the same time the direct targets of the PIF4/BZR1/ARF6
transcriptional factor circuit that centrally controls cell expansion and hypocotyl growth (Figure 7 and
Supplementary Table S5), one can suppose that the kinase directly and/or indirectly modulates the
downstream processes controlled by these factors.

3.3. Gibberellin might Indirectly Complement for the Missing Kinase Function

Although exogenous GAj treatment could rectify the absence of RLCK VI_A2 function (Figure 5
and Supplementary Figure 54), the kinase mutant exhibited similar bioactive GA levels than the wild
type (Figure 6a). Moreover, there was no decrease in the GA sensitivity of the mutant (Figure 6b) despite
a ca. 1.5-fold increase in the expression of the GRAS-domain GAI protein gene (Table 2, Supplementary
Figures S3 and S5a), a negative regulator of GA signalling. Transcriptomic analysis confirmed that
genes implicated in gibberellin metabolism are hardly affected by RLCK VI_A2 expression. However,
the same analysis indicated the misregulation of 15% of RLCK VI_A2-dependent DEGs also in the
GA synthesis defective mutant gn1-3 [28,29] (Figure 7a and Supplementary Table S4). Furthermore,
the RLCK VI_A2 kinase might be involved in the modulation of GA transport, since the expression of
four potential GA transporters [25,26,28] was found to be regulated in the mutant background (Table 2).
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The above observations indicate that, although RLCK VI_A2 functions interfere with GA action,
this is likely not through the direct modulation of the synthesis of bioactive GAs. Transcriptomic
analysis revealed that the absence of the RLCK VI_A2 kinase affected the signalling of auxin and BR,
the two other hormones also centrally involved in the light and developmental regulation of hypocotyl
elongation [31]. Both the auxin and BR hormones are well known to crosstalk with GA modulating
each other’s metabolism and signalling [37-39]. Although all three hormones (GA, BR and auxin) act
on distinct TFs governing hypocotyl elongation (PIF4, ARF6, and BZR1, respectively), the target genes
of these transcription factors largely overlap [31] (Figure 7b). A considerable fraction of the DEGs of
the rick vi_a2 mutant (31.6%) are direct targets of at least one of the above TFs, while 10% of the DEGs
is direct target of all three. The observed gene expression changes might be indirect consequences
of blocked cell expansion/seedling growth. The data support the view that the RLCK VI_A2 kinase
might control basic cell elongation processes downstream of the PIF4/BZR1/ARF6 TFs, rather than the
regulatory proteins themselves.

Why exogenous GA3, but not auxin or brassinosteroid, rescue the rickvi_a2 mutant phenotypes is
not known. Exogenous GA3 might induce parallel pathways that can overcome the cell elongation
defects caused by missing protein phosphorylations in the absence of the RLCK VI_A2 kinase
(e.g., via other kinases and/or microtubule/protein stability and/or cell wall organisation, etc.). One of
such shared pathways is the regulation of auxin transport, since several auxin transport protein genes
are regulated in the mutant background (Supplementary Table S3), and GA is known to affect auxin
transport stabilizing these proteins [42].

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Seeds of Arabidopsis thaliana (L.) Columbia-0 and mutant lines of the GABI-Kat Arabidopsis
T-DNA insertional mutant collection [15], GABI_435H03 and GABI_676D12, were obtained from the
Nottingham Arabidopsis Stock Centre (NASC).

The full-length cDNA of At2G18890 was obtained from the Arabidopsis Biological Resource
Centre (ABRC, Columbus, OH, USA; stock number U67191). The cDNA was amplified (denaturation
94 °C 10 s, annealing temperature 62 °C for 30 s, elongation 1 min at 72 °C) by the proof-reading
PHUSION™ II polymerase (Thermo Fisher Scientific, Waltham, MA, USA), using specific primers,
having added EcoRI and Xhol sites (Supplementary Table S7). The gel-purified PCR fragment was
digested by FastDigest™ EcoRI and Xhol enzymes (Thermo Fisher Scientific) and inserted into similarly
cut and purified pENTR2B vector (Thermo Fisher Scientific). The cDNA was cloned into the plant
expression vectors pN-TAPa (Gene bank accession: AY788908 [17]) and pMDC?7 [18,43] via Gateway
recombination, using standard LR Clonase™ II (Thermo Fisher Scientific, catalogue number: 11791019)
reaction, as recommended by the supplier. The binary vectors were transformed into GV3101/pMP90
Agrobacterium strain with tri-parental mating [44], which were used for transgenic Arabidopsis thaliana
(GABI_435H03 and/or Col-0) production via floral dip agroinfiltration [45]. Seeds were selected using
appropriate antibiotics (gentamycin and hygromycin, respectively). Plants (including the T-DNA
insertion mutants) were characterized for RLCK VI_A2 (AT2G18890) expression, using the same primers
as for cloning in reverse transcription polymerase chain rection (RT-PCR) (see later). Transgenic lines
with appropriate expression were selfed and propagated. Stable, homozygous T3/T4 transgenic plants
were used in the experiments.

Seeds of the wild type, mutant and transgenic lines were sterilized in 2% bleach, resuspended in
sterile water and stratified (4 °C for 48 h). Germination was performed in vertically oriented square
Petri dishes with half strength Murashige and Skoog (MS) medium containing 0.5% sucrose 0.8% agar,
pH 5.7 (Duchefa Biochemie, Haarlem, The Netherlands). When estradiol inducible lines were used,
the growth medium contained 5 M 3 estradiol (E2758, Sigma, St. Louis, Mo, USA) for gene expression
induction. The experiments were done in growth chambers (Aralab, Rio de Mouro, Portugal) under
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short days (8 h 22 °C, 120 uE light intensity and 16 h 21 °C darkness); in complete darkness at 22 °C
to investigate skotomorphogenesis; or in continuous low white light at 60 pE for the gibberellin
sensitivity assay.

4.2. Analysis of Hypocotyl Length and Rosette Size Measurement

The hypocotyl and cotyledon lengths were measured from digital photographs by the Image]
software (NIH, Bethesda, MD, USA). At least 60 wild-type and mutant seedlings were analysed in
three biological replicates. For the determination of plant rosette size, 28 or 33-days-old Arabidopsis
plants grown in pots were photographed, and rosette diameters were measured with the “straight line”
function of the Image] software [46]. The distance between the tips of the two longest rosette leaves
were measured and exported to MS Excel file for further analysis. Images were taken with a digital
camera (Fuji FinePix 51000fd) using the same parameters (focus distance, resolution, ISO).

4.3. Cell Size and Shape Analysis

The analysis of hypocotyl cell length was done after Acridine orange (100 pg/mL) staining. Images
on the three different part of the hypocotyls (basal, middle, top) were taken by confocal laser scanning
microscopy (TCS SP5, Leica Microsystems, Heidelberg, Germany), and the cell length was determined
using the Image] software [46].

Cotyledon epidermal cell size and shape were visualized uncoated in a JSM-7100F/LV scanning
electron microscope (JEOL Ltd., Akishima, Tokyo, Japan) at low-vacuum, by detecting backscattered
electrons according to [47]. The images were taken from the same zone of the cotyledons (at the
centre, next to the main vein) and perimeter, area, and circularity of cells were analysed using the
Image] software [46].

Altogether, 150200 cells were measured per line, in three repetitions.

4.4. Gibberellin Content Measurement by Ultra-High Performance Liquid Chromatography-Tandem
Mass Spectrometry

The sample preparation and analysis of GAs were performed according to the method described
in [48] with some modifications. Briefly, tissue samples of 26-60 mg DW (three independent technical
replicates of each of the tree biological samples) were ground to fine consistency using 3-mm
zirconium oxide beads (Retsch GmbH & Co. KG, Haan, Germany) and an MM 301 vibration mill at
a frequency of 30 Hz for 3 min (Retsch GmbH & Co. KG, Haan, Germany), with 1 mL of ice-cold
80% acetonitrile, containing 5% formic acid as extraction solution. The samples were then extracted
overnight at 4 °C using a benchtop laboratory rotator Stuart SB3 (Bibby Scientific Ltd., Staffordshire,
UK), after adding 17 internal GA standards ([2H2]GA1, [2H2] GA3, [2H2]GA4, [2H2]GAS5, [2H2]GAS6,
[2H2]GA?) purchased from OlChemIm, Olomouc, Czech Republic. The homogenates were centrifuged
at 36,670x g and 4 °C for 10 min; corresponding supernatants further purified using reversed-phase
and mixed mode SPE cartridges (Waters, Milford, MA, USA) and analysed by ultra-high performance
liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS; Micromass, Manchester, UK).
GAs were detected using multiple-reaction monitoring mode of the transition of the ion [M-H]- to the
appropriate product ion. Masslynx 4.1 software (Waters, Milford, MA, USA) was used to analyse the
data and the standard isotope dilution method [49] was used to quantify the GAs levels.

4.5. Hormone Treatments

For hypocotyl and cotyledon measurements, the plants were germinated in vertically oriented
square Petri dishes in 22 °C, under SD conditions or in continuous darkness as indicated. 6-day-old
seedlings were moved to 5nM IAA (12886 Sigma, St. Louis, MO, USA)-containing medium for additional
6 days before measured. Epibrassinolid (1 uM; E1641 Sigma) or Ethrel (100 uM; Bayer CropSience,
Gent, Belgium) or GA3 (20 uM; G7645 Sigma) were included into the medium from the beginning of
culture. Hormone concentrations not inhibiting hypocotyl elongation were selected based on previous
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studies [50-53]. Transgenic RNAi seedlings and corresponding controls were grown in the presence of
5 uM f estradiol in addition to the hormones.

For the gibberellic acid sensitivity assay, constant 60 pE white light was used to limit dark-induced
elongation at 22 °C. GA3z was included into the growth medium in concentrations indicated on
the figure.

For the complementation of the rosette size, 14-day-old, soil-grown plants were sprayed with
20 uM GA3 solution supplemented with 0.01% Silwet L-77 (Kwizda, Vienna, Austria). The treatment
was repeated at 4-day intervals. The control plants were sprayed with 0.01% Silwet L-77 solution.
The GAj3 was dissolved in DMSO:methanol solution (1:1) and stock solutions were prepared at 1 uM
(GAj3) concentrations for further dilution in water. Rosette size was determined as described earlier,
19 days following the start of the treatment (33-day-old plants).

4.6. Characterization of Mutant/Transgenic Plants by RT-PCR

The Quick-RNA Plant Miniprep Kit (Zymo Research, Irvine, CA, USA) was used to isolate
total RNA from whole seedlings. Total RNA was treated by RNase-free DNase I (Thermo Fisher
Scientific) and cDNA templates were generated from 0.5 mg RNA samples by RevertAid M-MuLV
reverse transcriptase (Thermo Fisher Scientific). The full length transcript of the RLCK VI_A2 gene
was amplified with primers that were planned for cloning the cDNA in standard PCR reaction
(denaturation 94 °C for 30 s, annealing temperature 55 °C for 30 s, elongation 1 min at 72 °C) with
DreamTaq polymerase (Thermo Fisher Scientific). AtGAPC-2 (AT1G13440) transcripts were used as
internal reference. See primers in Supplementary Table S7.

Genomic DNA of the GABI_435H03 T-DNA insertion mutant was isolated with the Phire Plant
Direct PCR Kit (Thermo Fisher Scientific) and the T-DNA insertion site was amplified with an
At2G18890-specific forward primer (VIA2mid_F) and a T-DNA-specific reverse primer (T-DNA LB
out), according to the supplier’s instructions. The purified PCR products were sequenced using the
same primers. For the primer sequences, see Supplementary Table S7.

4.7. RNA-Seq and Data Analysis

The Quick-RNA Plant Miniprep Kit (Zymo Research, Irvine, CA, USA) was used to isolate
total RNA from 18-day-old dark-grown seedlings after removing their roots. The RNA preparations
were quality checked and quantified using the Agilent RNA 6000 Nano Kit in an Agilent 2100
Bioanalyzer capillary gel electrophoresis instrument (Agilent, Santa Clara, CA, USA). For sequencing
library preparation, polyA RNAs were selected from 800 ng total RNA using NEBNext Poly(A)
mRNA Magnetic Isolation Module, then strand specific indexed libraries were prepared with
NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich,
MA, USA). Libraries were validated and quantified with an Agilent DNA 1000 kit in a 2100 Bioanalyzer
instrument, then after pooling and denaturing, library pools were sequenced in an Illumina MiSeq
instrument with MiSeq Reagent Kit V3-150 (Illumina Inc., San Diego, CA, USA), generating 2 X 75 bp
paired-end reads. Fasq files were trimmed and adapter sequences removed with Trimmomatic
0.33 in paired-end mode [54]. Paired sequences were aligned to the TAIR10 Arabidopsis reference
genome using TopHat2 [55]. Binary alignment (*.bam) files were sorted and deduplicated with
SAMtools (http://samtools.sourceforge.net/), then differential expression analysis was done with
Cufflinks (http://cufflinks.cbcb.umd.edu/), using Araport 11 transcript annotation [56]. Differential
expression was considered as significant with a q value lower than 0.05.

The RNA-seq data used for the analysis have been deposited in the NCBI Sequence Read Archive
(SRA) (https://www.ncbi.nlm.nih.gov/sra) under the accession PRINA644816.

4.8. Real-Time Quantitative PCR (gqRT PCR)

For qRT PCR, total RNA was purified and converted to cDNA as described under 4.6.
The oligonucleotide primers are listed in Supplemental Table S7. A few of them have been previously
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published in [53]. qRT-PCR reactions were performed using an ABI PRISM 7700 sequence detection
system (Thermo Fisher Scientific) and the gqPCRBIO SyGreen Mix Hi-ROX master mix (PCR Biosystems
Ltd., London, UK) using standard protocol (denaturation 95 °C for 10 min, 40 cycles of 95 °C for 10's,
and 62 °C for 60 s). Ct values were analysed using the RQ manager software (Thermo Fisher Scientific),
and then exported to Microsoft Excel for further analysis. The ratio of each mRNA relative to the
mRNA of the Arabidopsis thaliana UBIQUITIN EXTENSION PROTEIN 1 gene (UBQ1, AT3G52590) was
calculated using the 2722CT method. UBQ1 gene expression was uniform in the wild type and mutant
background, as shown by the RNA-seq analysis (see in Supplementary Table S1). The average of the
three technical repeats of the WT control was used as reference (unit 1) to calculate relative expression
for each gene in the mutant background.

4.9. Statistical Analysis

Plant culture experiments were carried out in three independent replicates. The number of
investigated individuals per replicate is given in each figure legend. Averages with standard errors
are shown in the histograms for growth parameters having high and variable sample numbers
(e.g., cell, hypocotyl and cotyledon length measurements). In qRT-PCR experiments, two independent
biological samples each, with three technical replicates, were amalgamated and analysed together.
Student’s t-test was used for pairwise statistical comparison of the mutant/treated samples to the
corresponding wild type/control ones (* indicates p-value < 0.05, ** indicates p-value < 0.005).

5. Conclusions

Decreased level or absence of the RLCK VI_A2 kinase in transgenic Arabidopsis lines resulted in
restricted cell expansion and organ/plant size under short day conditions, as well as in continuous
dark (skotomorphogenesis), in seedlings as well as in greenhouse plants, indicating the general role of
the kinase in plant growth. Transcriptomic analysis confirmed that the kinase might be involved in the
modulation of processes that are associated with cell membranes, and take place at the cell periphery
or in the apoplast, such as cellular transport and cell wall organisation. Although exogenous GA3
could rescue the mutant phenotypes, hardly any changes in gibberellin metabolism and/or signalling
could be observed in the mutant, indicating that the RLCK VI_A2 kinase and gibberellin might act
parallel on the same/similar processes. To clarify the exact role of the kinase in cell expansion and its
hormonal regulation, the identification of its in vivo substrates is required.
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Abbreviations

ABCB ATP-binding cassette B protein

ARF auxin response factor

AtHB Arabidopsis thaliana homeobox-leucine zipper protein
AtRBK Arabidopsis thaliana ROP-binding kinase

BZR brassinazole-resistant

DEG differentially expressed gene

DELLA protein domain of the key negative regulators of GA action (DELLA proteins)
EIR ethylene insensitivity of the root

FDR false discovery rate

GA gibberellin

gal gibberellic acid 1-gibberellin synthesis mutant

GAI gibberellic acid-insensitive protein

GAPC-2 glyceraldehyde 3-phosphate dehydrogenase C-2

GO gene ontology
GRAS GA INSENSITIVE (GAI), REPRESSOR of gal-3 (RGA), and SCARECROW (SCR) protein domain
GTP guanosine-5’-triphosphate

HvRBK Hordeum vulgare ROP-binding kinase

LAX Like auxinl

MtRRK1  Medicago truncatula ROP-activated Receptor-like Kinase 1
NPF NRT1/PTR family

NRT nitrate transporter

PCR polymerase chain reaction

PIF phytochrome interacting factor
PIN PINNOID protein

PTR peptide transporter

RLCK receptor-like cytoplasmic kinase
RLK receptor-like kinase

ROP Rho-of-plants

SD short day

T-DNA transfer-DNA

TF transcription factor

References

1. Lehti-Shiu, M.D.; Shiu, S.-H. Diversity, classification and function of the plant protein kinase superfamily.
Philos. Trans. R. Soc. B Biol. Sci. 2012, 367, 2619-2639. [CrossRef] [PubMed]

2. Shiu, S.H.; Bleecker, A.B. Receptor-like kinases from Arabidopsis form a monophyletic gene family related to
animal receptor kinases. Proc. Natl. Acad. Sci. USA 2001, 98, 10763-10768. [CrossRef] [PubMed]

3. Shiu, S.-H.; Karlowski, WM.; Pan, R.; Tzeng, Y.-H.; Mayer, K.EX,; Li, W.-H. Comparative analysis of the
receptor-like kinase family in Arabidopsis and rice. Plant Cell 2004, 16, 1220-1234. [CrossRef] [PubMed]

4. Liang, X.; Zhou, J.-M. Receptor-Like Cytoplasmic Kinases: Central players in plant receptor kinase-mediated
signaling. Annu. Rev. Plant Biol. 2018, 69, 267-299. [CrossRef] [PubMed]

5. Jurca, M.E,; Bottka, S.; Fehér, A. Characterization of a family of Arabidopsis receptor-like cytoplasmic kinases
(RLCK class VI). Plant Cell Rep. 2008, 27, 739-748. [CrossRef]

6. Huesmann, C.; Reiner, T.; Hoefle, C.; Preuss, J.; Jurca, M.E.; Domoki, M.; Fehér, A.; Hiickelhoven, R. Barley

ROP binding kinasel is involved in microtubule organization and in basal penetration resistance to the
barley powdery mildew fungus. Plant Physiol. 2012, 159, 311-320. [CrossRef]


http://dx.doi.org/10.1098/rstb.2012.0003
http://www.ncbi.nlm.nih.gov/pubmed/22889912
http://dx.doi.org/10.1073/pnas.181141598
http://www.ncbi.nlm.nih.gov/pubmed/11526204
http://dx.doi.org/10.1105/tpc.020834
http://www.ncbi.nlm.nih.gov/pubmed/15105442
http://dx.doi.org/10.1146/annurev-arplant-042817-040540
http://www.ncbi.nlm.nih.gov/pubmed/29719165
http://dx.doi.org/10.1007/s00299-007-0494-5
http://dx.doi.org/10.1104/pp.111.191940

Int. ]. Mol. Sci. 2020, 21, 7266 18 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.

24.

25.

26.

27.

Molendijk, A.J.; Ruperti, B.; Singh, M.K.; Dovzhenko, A.; Ditengou, F.A.; Milia, M.; Westphal, L.; Rosahl, S.;
Soellick, T.; Uhrig, J.; et al. A cysteine-rich receptor-like kinase NCRK and a pathogen-induced protein kinase
RBK1 are Rop GTPase interactors. Plant J. 2008, 53, 909-923. [CrossRef]

Dorjgotov, D.; Jurca, M.E.; Fodor-Dunai, C.; Szfics, A.; Otvos, K.; Klement, E.; Bir6, J.; Fehér, A. Plant Rho-type
(Rop) GTPase-dependent activation of receptor-like cytoplasmic kinases in vitro. FEBS Lett. 2009, 583,
1175-1182. [CrossRef]

Reiner, T.; Hoefle, C.; Huesmann, C.; Ménesi, D.; Fehér, A.; Hiickelhoven, R. The Arabidopsis ROP-activated
receptor-like cytoplasmic kinase RLCK VI_A3 is involved in control of basal resistance to powdery mildew
and trichome branching. Plant Cell Rep. 2015, 34, 457-468. [CrossRef]

Zhao, Z.; Manser, E. PAK and other Rho-associated kinases—effectors with surprisingly diverse mechanisms
of regulation. Biochem. ]. 2005, 386, 201-214. [CrossRef]

Fehér, A ; Lajko, D.B. Signals fly when kinases meet Rho-of-plants (ROP) small G-proteins. Plant Sci. 2015,
237,93-107. [CrossRef] [PubMed]

Lajko, D.B.; Valkali, I.; Domoki, M.; Ménesi, D.; Ferenc, G.; Ayaydin, F.; Fehér, A. In silico identification and
experimental validation of amino acid motifs required for the Rho-of-plants GTPase-mediated activation of
receptor-like cytoplasmic kinases. Plant Cell Rep. 2018, 37, 627-639. [CrossRef]

Feiguelman, G.; Fu, Y.; Yalovsky, S. ROP GTPases structure-function and signaling pathways. Plant Physiol.
2018, 176, 57-79. [CrossRef] [PubMed]

Enders, T.A.; Frick, EIM.; Strader, L.C. An Arabidopsis kinase cascade influences auxin-responsive cell
expansion. Plant J. 2017, 92, 68-81. [CrossRef]

Kleinboelting, N.; Huep, G.; Kloetgen, A.; Viehoever, P.; Weisshaar, B. GABI-Kat SimpleSearch: New features
of the Arabidopsis thaliana T-DNA mutant database. Nucleic Acids Res. 2012, 40, D1211-D1215. [CrossRef]
[PubMed]

Scholl, R.L.; May, S.T.; Ware, D.H. Seed and molecular resources for Arabidopsis. Plant Physiol. 2000, 124,
1477-1480. [CrossRef] [PubMed]

Rubio, V.; Shen, Y,; Saijo, Y.; Liu, Y.; Gusmaroli, G.; Dinesh-Kumar, S.P.; Deng, X.W. An alternative tandem
affinity purification strategy applied to Arabidopsis protein complex isolation. Plant J. 2005, 41, 767-778.
[CrossRef]

Zuo, J.; Niu, Q.W.; Chua, N.H. Technical advance: An estrogen receptor-based transactivator XVE mediates
highly inducible gene expression in transgenic plants. Plant J. 2000, 24, 265-273. [CrossRef] [PubMed]
Ivakov, A.; Persson, S. Plant cell shape: Modulators and measurements. Front. Plant Sci. 2013, 4, 439.
[CrossRef]

Yamaguchi, S. Gibberellin metabolism and its regulation. Annu. Rev. Plant Biol. 2008, 59, 225-251. [CrossRef]
Choi, H.; Jeong, S.; Kim, D.S; Na, HJ.; Ryu, ].S; Lee, S.S.; Nam, H.G.; Lim, PO.; Woo, H.R.
The homeodomain-leucine zipper ATHB23, a phytochrome B-interacting protein, is important for
phytochrome B-mediated red light signaling. Physiol. Plant. 2014, 150, 308-320. [CrossRef]

Hedden, P.; Thomas, S.G. Gibberellin biosynthesis and its regulation. Biochem. ]. 2012, 444, 11-25. [CrossRef]
Waulff, N.; Ernst, H.A,; Jorgensen, M.E.; Lambertz, S.; Maierhofer, T.; Belew, Z.M.; Crocoll, C.; Motawia, M.S.;
Geiger, D.; Jorgensen, FS.; et al. An optimized screen reduces the number of GA transporters and provides
insights into Nitrate Transporter 1/Peptide Transporter family substrate determinants. Front. Plant Sci. 2019,
10, 1106. [CrossRef] [PubMed]

Chiba, Y.; Shimizu, T.; Miyakawa, S.; Kanno, Y.; Koshiba, T.; Kamiya, Y.; Seo, M. Identification of Arabidopsis
thaliana NRT1/PTR FAMILY (NPF) proteins capable of transporting plant hormones. J. Plant Res. 2015, 128,
679-686. [CrossRef] [PubMed]

Tal, I.; Zhang, Y.; Jorgensen, M.E.; Pisanty, O.; Barbosa, I.C.R.; Zourelidou, M.; Regnault, T.; Crocoll, C.;
Erik Olsen, C.; Weinstain, R.; et al. The Arabidopsis NPF3 protein is a GA transporter. Nat. Commun. 2016,
7,11486. [CrossRef] [PubMed]

Corratgé-Faillie, C.; Lacombe, B. Substrate (un)specificity of Arabidopsis NRT1/PTR FAMILY (NPF) proteins.
J. Exp. Bot. 2017, 68, 3107-3113. [CrossRef]

Kanno, Y.; Oikawa, T.; Chiba, Y.; Ishimaru, Y.; Shimizu, T.; Sano, N.; Koshiba, T.; Kamiya, Y.; Ueda, M.; Seo, M.
AtSWEET13 and AtSWEET14 regulate gibberellin-mediated physiological processes. Nat. Commun. 2016,
7,13245. [CrossRef]


http://dx.doi.org/10.1111/j.1365-313X.2007.03384.x
http://dx.doi.org/10.1016/j.febslet.2009.02.047
http://dx.doi.org/10.1007/s00299-014-1725-1
http://dx.doi.org/10.1042/BJ20041638
http://dx.doi.org/10.1016/j.plantsci.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26089155
http://dx.doi.org/10.1007/s00299-018-2256-y
http://dx.doi.org/10.1104/pp.17.01415
http://www.ncbi.nlm.nih.gov/pubmed/29150557
http://dx.doi.org/10.1111/tpj.13635
http://dx.doi.org/10.1093/nar/gkr1047
http://www.ncbi.nlm.nih.gov/pubmed/22080561
http://dx.doi.org/10.1104/pp.124.4.1477
http://www.ncbi.nlm.nih.gov/pubmed/11115863
http://dx.doi.org/10.1111/j.1365-313X.2004.02328.x
http://dx.doi.org/10.1046/j.1365-313x.2000.00868.x
http://www.ncbi.nlm.nih.gov/pubmed/11069700
http://dx.doi.org/10.3389/fpls.2013.00439
http://dx.doi.org/10.1146/annurev.arplant.59.032607.092804
http://dx.doi.org/10.1111/ppl.12087
http://dx.doi.org/10.1042/BJ20120245
http://dx.doi.org/10.3389/fpls.2019.01106
http://www.ncbi.nlm.nih.gov/pubmed/31632416
http://dx.doi.org/10.1007/s10265-015-0710-2
http://www.ncbi.nlm.nih.gov/pubmed/25801271
http://dx.doi.org/10.1038/ncomms11486
http://www.ncbi.nlm.nih.gov/pubmed/27139299
http://dx.doi.org/10.1093/jxb/erw499
http://dx.doi.org/10.1038/ncomms13245

Int. ]. Mol. Sci. 2020, 21, 7266 19 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Sun, T.P; Kamiya, Y. The Arabidopsis GA1 locus encodes the cyclase ent-kaurene synthetase A of gibberellin
biosynthesis. Plant Cell 1994, 6, 1509-1518.

Archacki, R.; Buszewicz, D.; Sarnowski, T.J.; Sarnowska, E.; Rolicka, A.T.; Tohge, T.; Fernie, A.R.; Jikumaru, Y.;
Kotlinski, M.; Iwanicka-Nowicka, R.; et al. BRAHMA ATPase of the SWI/SNF chromatin remodeling complex
acts as a positive regulator of gibberellin-mediated responses in arabidopsis. PLoS ONE 2013, 8, e58588.
[CrossRef]

Li, K;; Yu, R;; Fan, L.-M.; Wei, N.; Chen, H.; Deng, X.W. DELLA-mediated PIF degradation contributes to
coordination of light and gibberellin signalling in Arabidopsis. Nat. Commun. 2016, 7, 11868. [CrossRef]
Oh, E.; Zhu, ].Y;; Bai, M.Y.; Arenhart, R.A.; Sun, Y.; Wang, Z.Y. Cell elongation is regulated through a central
circuit of interacting transcription factors in the Arabidopsis hypocotyl. eLife 2014, 2014, 03031. [CrossRef]
[PubMed]

Vij, S.; Giri, J.; Dansana, PK.; Kapoor, S.; Tyagi, A.K. The receptor-like cytoplasmic kinase (OsRLCK) gene
family in rice: Organization, phylogenetic relationship, and expression during development and stress.
Mol. Plant 2008, 1, 732-750. [CrossRef]

Lin, W.; Ma, X.; Shan, L.; He, P. Big Roles of Small Kinases: The Complex Functions of Receptor-like
Cytoplasmic Kinases in Plant Immunity and Development. J. Integr. Plant Biol. 2013, 55, 1188-1197.
[CrossRef] [PubMed]

Chen, X.; Wu, S,; Liu, Z.; Friml, J. Environmental and endogenous control of cortical microtubule orientation.
Trends Cell Biol. 2016, 26, 409-419. [CrossRef] [PubMed]

Ma, Q.; Wang, X.; Sun, J.; Mao, T. Coordinated regulation of hypocotyl cell elongation by light and ethylene
through a microtubule destabilizing protein. Plant Physiol. 2018, 176, 678-690. [CrossRef]

Fu, Y,; Xu, T;; Zhu, L.; Wen, M.; Yang, Z. A ROP GTPase signaling pathway controls cortical microtubule
ordering and cell expansion in Arabidopsis. Curr. Biol. 2009, 19, 1827-1832. [CrossRef]

Cosgrove, D.]J. Loosening of plant cell walls by expansins. Nature 2000, 407, 321-326. [CrossRef]

Van Sandt, V.S.T.; Suslov, D.; Verbelen, ].-P.; Vissenberg, K. Xyloglucan endotransglucosylase activity loosens
a plant cell wall. Ann. Bot. 2007, 100, 1467-1473. [CrossRef]

Sadava, D.; Chrispeels, M.]. Hydroxyproline-rich cell wall protein (extensin): Role in the cessation of
elongation in excised pea epicotyls. Dev. Biol. 1973, 30, 49-55. [CrossRef]

Passardi, F; Penel, C.; Dunand, C. Performing the paradoxical: How plant peroxidases modify the cell wall.
Trends Plant Sci. 2004, 9, 534-540. [CrossRef]

Bernardo-Garcia, S.; de Lucas, M.; Martinez, C.; Espinosa-Ruiz, A.; Daviere, ].-M.; Prat, S. BR-dependent
phosphorylation modulates PIF4 transcriptional activity and shapes diurnal hypocotyl growth. Genes Dev.
2014, 28, 1681-1694. [CrossRef] [PubMed]

Willige, B.C.; Isono, E.; Richter, R.; Zourelidou, M.; Schwechheimer, C. Gibberellin regulates PIN-FORMED
abundance and is required for auxin transport-dependent growth and development in Arabidopsis thaliana.
Plant Cell 2011, 23, 2184-2195. [CrossRef]

Curtis, M.D.; Grossniklaus, U. A gateway cloning vector set for high-throughput functional analysis of genes
in planta. Plant Physiol. 2003, 133, 462—-469. [CrossRef] [PubMed]

Koncz, C.; Martini, N.; Szabados, L.; Hrouda, M.; Bachmair, A.; Schell, ]. Specialized vectors for gene tagging
and expression studies. In Plant Molecular Biology Manual; Gelvin, S.B., Schilperoort, R.A., Eds.; Springer:
Dordrecht, The Netherland, 1994; pp. 53-74, ISBN 978-94-011-0511-8.

Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium -mediated transformation of
Arabidopsis thaliana. Plant J. 1998, 16, 735-743. [CrossRef]

Schneider, C.A.; Rasband, W.S.; Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods
2012, 9, 671-675. [CrossRef] [PubMed]

Talbot, M.J.; White, R.G. Cell surface and cell outline imaging in plant tissues using the backscattered electron
detector in a variable pressure scanning electron microscope. Plant Methods 2013, 9, 40. [CrossRef]
Urbanova, T.; Tarkowska, D.; Novék, O.; Hedden, P; Strnad, M. Analysis of gibberellins as free acids by ultra
performance liquid chromatography-tandem mass spectrometry. Talanta 2013, 112, 85-94. [CrossRef]
Rittenberg, D.; Foster, G.L. A new procedure for quantitative analysis by isotope dilution, with application
to the determination of amino acids and fatty acids. J. Biol. Chem. 1940, 133, 737-744.

Wu, G.; Carville, ]J.S.; Spalding, E.P. ABCB19-mediated polar auxin transport modulates Arabidopsis
hypocotyl elongation and the endoreplication variant of the cell cycle. Plant |. 2016, 85, 209-218. [CrossRef]


http://dx.doi.org/10.1371/journal.pone.0058588
http://dx.doi.org/10.1038/ncomms11868
http://dx.doi.org/10.7554/eLife.03031
http://www.ncbi.nlm.nih.gov/pubmed/24867218
http://dx.doi.org/10.1093/mp/ssn047
http://dx.doi.org/10.1111/jipb.12071
http://www.ncbi.nlm.nih.gov/pubmed/23710768
http://dx.doi.org/10.1016/j.tcb.2016.02.003
http://www.ncbi.nlm.nih.gov/pubmed/26951762
http://dx.doi.org/10.1104/pp.17.01109
http://dx.doi.org/10.1016/j.cub.2009.08.052
http://dx.doi.org/10.1038/35030000
http://dx.doi.org/10.1093/aob/mcm248
http://dx.doi.org/10.1016/0012-1606(73)90047-X
http://dx.doi.org/10.1016/j.tplants.2004.09.002
http://dx.doi.org/10.1101/gad.243675.114
http://www.ncbi.nlm.nih.gov/pubmed/25085420
http://dx.doi.org/10.1105/tpc.111.086355
http://dx.doi.org/10.1104/pp.103.027979
http://www.ncbi.nlm.nih.gov/pubmed/14555774
http://dx.doi.org/10.1046/j.1365-313x.1998.00343.x
http://dx.doi.org/10.1038/nmeth.2089
http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1186/1746-4811-9-40
http://dx.doi.org/10.1016/j.talanta.2013.03.068
http://dx.doi.org/10.1111/tpj.13095

Int. ]. Mol. Sci. 2020, 21, 7266 20 of 20

51.

52.

53.

54.

55.

56.

Ortufio, A.; Rio, ].D.D.; Casas, J.; Serrano, M.; Acosta, M.; Sanchez-Bravo, J. Influence of ACC and Ethephon
on cell growth in etiolated lupin hypocotyls. dependence on cell growth state. Biol. Plant. 2008, 33, 81.
[CrossRef]

Alabadi, D.; Gil, J.; Blazquez, M.A.; Garcia-Martinez, J.L. Gibberellins repress photomorphogenesis in
darkness. Plant Physiol. 2004, 134, 1050-1057. [CrossRef] [PubMed]

Baba, A.L; Valkai, I; Labhane, N.M.; Koczka, L.; Andrasi, N.; Klement, E.; Darula, Z.; Medzihradszky, K.F;
Szabados, L.; Fehér, A.; et al. CRK5 Protein Kinase Contributes to the Progression of Embryogenesis of
Arabidopsis thaliana. Int. J. Mol. Sci. 2019, 20, 6120. [CrossRef] [PubMed]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef]

Kim, D.; Pertea, G.; Trapnell, C.; Pimentel, H.; Kelley, R.; Salzberg, S.L. TopHat2: Accurate alignment
of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 2013, 14, R36.
[CrossRef] [PubMed]

Cheng, C.-Y,; Krishnakumar, V.; Chan, A.P.; Thibaud-Nissen, F.; Schobel, S.; Town, C.D. Araportl11: A complete
reannotation of the Arabidopsis thaliana reference genome. Plant . 2017, 89, 789-804. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/BF02897783
http://dx.doi.org/10.1104/pp.103.035451
http://www.ncbi.nlm.nih.gov/pubmed/14963246
http://dx.doi.org/10.3390/ijms20246120
http://www.ncbi.nlm.nih.gov/pubmed/31817249
http://dx.doi.org/10.1093/bioinformatics/btu170
http://dx.doi.org/10.1186/gb-2013-14-4-r36
http://www.ncbi.nlm.nih.gov/pubmed/23618408
http://dx.doi.org/10.1111/tpj.13415
http://www.ncbi.nlm.nih.gov/pubmed/27862469
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Molecular Characterization of the RLCK VI_A2 T-DNA Insertion Mutant and the Transgenic Plants Used in the Study 
	The RLCK VI_A2 Kinase Controls Seedling and Plant Growth 
	The RLCK VI_A2 Kinase Controls Cell Size 
	Gibberellic Acid Treatment Rectifies the rlck vi_a2 Mutant Phenotypes 
	The Effect of the rlck vi_a2 Mutation on Gibberellic Acid Level, Synthesis, and Signalling in Seedlings 
	Transcriptome Analysis Indicated a Gibberellin-Independent Role for the RLCK VI_A2 Kinase in Skotomorphogenesis 
	Transcriptome Analysis Revealed the Role of the RLCK VI_A2 Kinase in Cellular Transport and Cell Wall Organisation 

	Discussion 
	The RLCK VI_A Kinases Are Required for Cell Elongation and Organ Growth in Addition to Their Role in Stress Responses 
	How the RLCK VI_A2 Kinase May Affect Cell Expansion? 
	Gibberellin might Indirectly Complement for the Missing Kinase Function 

	Materials and Methods 
	Plant Material and Growth Conditions 
	Analysis of Hypocotyl Length and Rosette Size Measurement 
	Cell Size and Shape Analysis 
	Gibberellin Content Measurement by Ultra-High Performance Liquid Chromatography-Tandem Mass Spectrometry 
	Hormone Treatments 
	Characterization of Mutant/Transgenic Plants by RT-PCR 
	RNA-Seq and Data Analysis 
	Real-Time Quantitative PCR (qRT PCR) 
	Statistical Analysis 

	Conclusions 
	References

