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Abstract:  Arabidopsis trichomes are large branched single cells that protrude from the epidermis. The first mor-
phological indication of trichome development is an increase in nuclear content resulting from an initial cycle of en-
doreduplication. Our previous study has shown that the C2H2 zinc finger protein GLABROUS INFLORESCENCE
STEMS (GIS) is required for trichome initiation in the inflorescence organ and for trichome branching in response to
gibberellic acid signaling, although GIS gene does not play a direct role in regulating trichome cell division. Here, we
describe a novel role of GIS, controlling trichome cell division indirectly by interacting genetically with a key endore-
duplication regulator SIAMESE (S/M). Our molecular and genetic studies have shown that G/S might indireclty control
cell division and trichome branching by acting downstream of SIM. A loss of function mutation of SIM signficantly
reduced the expression of GIS. Futhermore, the overexpression of G/S rescued the trichome cluster cell phenotypes of
sim mutant. The gain or loss of function of GIS had no significant effect on the expression of SIM. These results
suggest that GIS may play an indirect role in regulating trichome cell division by genetically interacting with SIM.
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1 Introduction

Trichomes are present on most aerial organs of
the plant including leaves, stems, and flower in Ara-
bidopsis, and exist as a parrying barrier to protect
plants from biotic and abiotic stress (Johnson, 1975;
Marks, 1997; Rodney and Mark, 1997). Trichome
cells provide an excellent model system to study the
interplay of different development processes and
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cellular functions (Hiilskamp et al., 1994). Trichomes
are initiated in the epidermis of developing organs,
and their distribution is well regulated; in wild type
(WT) leaves, the clustering of trichomes is rare
(Hilskamp et al., 1994; Larkin et al., 2003). Cells
destined to become trichomes stop mitotic division
and enter into an endoreduplication cycle. The tri-
chome cells undergo four endoreduplication cycles,
resulting in protrusion from the leaf surface, which is
followed by two successive branching events
(Hiilskamp et al., 1994; 1999; Schnittger et al., 2002a;
Larkin et al., 2003; Bramsiepe et al., 2010). Ulti-
mately, the mature trichome develops into a three-
branched structure with a DNA content of 32C. The
process of trichome development is complex and
involves many different genes that regulate their
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spacing, density, and morphology (Hiilskamp et al.,
1994; Szymanski and Marks, 1998; Hiilskamp et al.,
1999; Larkin et al., 2003; Bramsiepe et al., 2010).
SIAMESE (SIM) is a plant-specific cyclin-dependent
kinase (CDK) inhibitor, and acts as a key regulator
required for endoreduplication during trichome de-
velopment (Walker et al., 2000; Churchman et al.,
20006). SIM is considered to function as a repressor of
cellular division in the endoreduplication cell cycle,
because loss-of-function mutations of SIM display
multicellular trichomes, in contrast to the unicellular
trichome of WT plants (Walker et al, 2000;
Churchman et al., 2006). The SIM protein has a motif
similar to inhibitor/interactor of cyclin-dependent
kinase/Kip-related proteins (ICK/KRP) proteins, and
can interact with D-type cyclins (CYCDs) and A-type
CDK (CDKA) (Churchman et al., 2006), which are
typically considered to function at the G1/synthesis
transition (Schnittger et al., 2002a). The overexpres-
sion of CYCD in trichomes produces multicellular
trichomes and the sim mutant phenotype is rescued
when CDK inhibitor ICK1/KRP1 is expressed in the
trichomes (Weinl et al., 2005). These results suggest
that SIM acts within the CYCD-CDKA complexes to
repress mitotic cycles. In addition, overexpression of
the B-type cyclin (CYCB), which regulates the G2/M
transition (Lilly and Duronio, 2005), results in a
phenotype similar to that of the sim mutant
(Schnittger et al., 2002b). The detection of the CYCB
transcript in the sim mutant, but not WT trichomes,
indicates that S/M may inhibit CYCB expression
(Schnittger et al., 2002b). Furthermore, SIM has been
shown to cooperate with CCS52/Fizzy-Related (FZR)
family protein, which functions as an activator of
anaphase-promoting complex, to establish endore-
duplication in the trichome (Cebolla ef al., 1999;
Kasili et al., 2010).

Mutations that affect the number of endoredup-
lication cycles also lead to trichomes with supernu-
merary or reduced numbers of branches (Hiilskamp et
al., 1994). Generally, DNA content correlates well
with trichome branching, such that mutants with a
reduced DNA content have fewer branches, and mu-
tants with increased ploidy levels have more branches
(Hilskamp et al, 1994; Folkers et al, 1997,
Bramsiepe et al, 2010). GLABRA3 (GL3) and
TRIPTYCHON (TRY) regulate not only trichome
initiation, but also endoreduplication cycles

(Hiilskamp et al., 1994; Szymanski and Marks, 1998;
Payne et al., 2000). GL3, which encodes a helix-
loop-helix transcription factor, is thought to facilitate
the rapid growth of the trichome cell; mutation of the
213 locus results in an average DNA content of 16C,
reduced trichome branching, and reduced trichome
size (Hiilskamp et al., 1994). Further evidence indi-
cates that GL3 acts upstream of FURCA4 (FRC4),
which positively regulates the trichome branching
(Luo and Oppenheimer, 1999; Plett ez al., 2009). TRY,
which encodes a small single R3-MYB-repeat protein
(Szymanski and Marks, 1998), regulates lateral sup-
pression during the process of trichome fate deter-
mination. Trichomes of the ##y mutant have increased
branching and an average DNA content of 64C,
which suggests an additional endoreduplication cycle
has occurred (Szymanski and Marks, 1998; Rao and
Venkatachalam, 1999; Schellmann et al., 2002).
Genes which influence the branch number
without affecting endoreduplication have also been
identified. The STICHEL (STI) gene, which encodes
a novel protein containing a domain similar to eu-
bacterial DNA-polymerase III y subunits (Bertram et
al., 1998; llgenfritz et al., 2003), is considered to be
one of the most important contributors for trichome
branching. All trichomes are unbranched in the sti
mutant, but endoreduplication levels were not af-
fected in both s#i mutants and S77 overexpressors
(Ilgenfritz et al., 2003). BRANCHLESS TRI-
CHOMES (BLT) gene, which encodes a protein of
hitherto unknown function, was also reported to play
a key role in trichome branch cell endoreduplication
(Kasili et al., 2010). blt mutant was found to enhance
the multicellular trichome phenotype of mutants in
the SIAMESE (SIM) gene and BLT interacts both
genetically and physically with S77 to regulate tri-
chome branch, although b/t mutants show normal
trichome DNA content (Kasili et al., 2010).
Previously, we reported the discovery and iden-
tification of four Arabidopsis C2H2 zinc finger pro-
tein genes, GIS, GIS2, ZFP5, and ZFP8, which
through hormone signalling, stimulate trichome ini-
tiation in inflorescence organs and cauline leaves
(Gan et al., 2006; 2007). As stated above, in general, a
correlation exists between the trichome branch
number and the DNA content (Hiilskamp et al., 1994;
Folkers et al., 1997; Bramsiepe et al., 2010); however,
GIS functions to suppress trichome branching, but it
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not required for endoreduplication (An ef al., 2012).
Thus, the aim of this study is to investigate further the
role of GIS in the regulation of trichome cell division,
by exploring the genetic interaction between GIS and
SIM.

2 Materials and methods
2.1 Plant materials and growth condition

Arabidopsis thaliana ecotype Columbia Col-0
was used for all experiments. Seeds were surface-
sterilized and sown on Murashige and Skoog (MS)
medium containing 4.4 g/l MS powder (Sigma), 1%
sucrose (Sigma), and 0.5% agar. Seeds were imbibed
for 2 d at 4 °C, before being transferred to long day
conditions (16 h light/8 h dark) at 22 °C. Seedlings of
a similar size were transferred to soil 7-8 d after
germination on MS media (Gan et al., 2006). Tri-
chome branching phenotypes were analyzed at 35 d
after sowing, when the plants had bolted. The numbers
of trichome branches on the adaxial surface of the 3rd,
4th, and 8th rosette leaves were recorded. At least 16
plants per genotype were used for the trichome branch
counting analysis. All experiments were duplicated.
The sim mutant was a gift from Prof. Martin
HULSKAMP (University of Cologne, Germany).

2.2 Construction of double mutant

The gis sim double mutant was constructed by
crossing gis and sim homozygous mutants. F2 popu-
lations were screened for homozygous double mu-
tants on selective MS medium containing sulfadiazine
(50 mg/L) for gis mutant, and then verified by ge-
nomic polymerase chain reaction (PCR). The homo-
zygous double mutant was also self-crossed to ensure
that the homozygous double mutant gis sim did not
exhibit a trichome segregation phenotype.

2.3 RNA extraction and real-time reverse tran-
scription PCR (RT-PCR)

RNA was extracted using the TRIzol™ reagent
(Invitrogen) according to the manufacturer’s instruc-
tions. All RNA was isolated from pooled samples of
at least eight 21-d old plants. The primers used for
quantitative RT-PCR analysis were as follows: GIS
(GISQF1: 5-TTCATGAACGTCGAATCCTTCTC-3"
GISQRI1: 5-ACGAATGGGTTTAGGGTTCTTATC

T-3"), SIM (SIMQF: 5'-CCATCTTGAATTTCCCAC
CAGCCATC-3"; SIMQR: 5'-GCAGCCGCCGCC
GTCATCATCTC-3'), UBQ10 (UBQI0F1: 5'-GGT
TCGTACCTTTGTCCAAGCA-3'; UBQI0OR1: 5'-
CCTTCGTTAAACCAAGCTCAGTATC-3'). cDNA
synthesis and RT-PCR were conducted as described
by Gan et al. (2010). Optimization experiments were
performed to establish the optimal concentration of
primers. Melt curve analysis and gel electrophoresis
of the PCR products were used to confirm the absence
of non-specific amplification products. Transcripts
from an ubiquitin gene (UBQ10) were detected and
used as an endogenous control. Relative expression
levels were calculated by subtracting the C; (threshold
cycle) values for UBQ10 from those of the target gene
(to give AC)) and then calculating 2! (Gan et al.,
2005).

2.4 Molecular cloning

The cloning of the 35S:GIS construct has been
previously reported (Gan et al., 2006). In brief, the
358:GIS construct was introduced into Agrobacte-
rium tumefaciens strain GV3101. Agrobacterium-
mediated transformation of all Arabidopsis genotypes
was performed using the floral dip method (Clough
and Bent, 1998), and transgenic seeds were selected
using hygromycin (Gan et al., 2006).

2.5 Statistical analyses

All presented data were tested for significance
by means of analysis of variance using Statistix pro-
gram Version 3.5 (Analytical Software, USA). A
Student’s #-test was calculated at the probability of
either 5% (P<0.05) or 1% (P<0.01) as previously
described (Bao et al., 2011; Gan et al., 2011).

3 Results
3.1 Knockout of SIM affects the expression of GIS

The expression of GIS in the sim mutant was
determined, which was significantly reduced in sim
mutant plants in comparison to that in WT plants
(Fig. 1a). However, the expression of SIM in GIS loss
of function mutants was not significantly different
from the WT control (Fig. 1b). The expression of SIM
in 35S:GIS transgenic plants was also measured and
results show that the SIM transcript was not
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Fig. 1 Gene expression patterns of GIS and SIM
(a) GIS relative expression level in the sim mutant in comparison to that of the wild type; (b) SIM relative expression level in gis
mutant in comparison to that of the wild type; (c) Expression levels of GIS and SIM in 35S: GIS transgenic plants in comparison to
those of the wild type. The relative gene expression value (meantstandard deviation (SD), n=3) was calculated by using UBQ10
as the housckeeping gene against the wild type. The #-test was calculated at either 5% (© P<0.05) or at 1% (* P<0.01) probability

Fig. 2 Frozen scanning electron microscope images of
genetic interactions between GIS and SIM

Trichome branching phenotypes were observed on the 8th
rosette leaves of different genotypes. (a) In wild type, most of
the trichomes are three-branched; (b) sim mutants frequently
produce cluster trichomes; (c¢) Trichomes possess five-
branched in gis background; (d) In trichome branching
phenotype of 35S:GIS-sim transgenic plants, no cluster tri-
chomes could be found

significantly affected (Fig. 1c). These results suggest
that GIS acts downstream of SIM to regulate trichome
branching.

3.2 GIS functions downstream of SIM to regulate
trichome branching

In the WT plants, most of the trichomes on ro-
sette leaves are three-branched (Fig. 2a; Tables 1-4).
However, in the gis mutant background, five-
branched trichomes were observed on the 8th rosette
leaves (Fig. 2c; Tables 1 and 2), which confirms that
GIS acts to suppress trichome branching (An et al.,
2012). The sim mutant exhibited abundant trichome

clustering on the rosette leaves (Fig. 2b; Tables 1 and
3). These clusters are considered to be an abnormal
trichome phenotype (Hillskamp ez al., 1994; Larkin et
al., 2003). To assess the genetic interaction between
GIS and SIM further, GIS was overexpressed in a sim
background. The abnormal branching phenotype of
the sim mutant on the rosette leaves was rescued by
this GIS overexpression (Fig. 2d; Tables 1 and 3). In
358:GIS-sim transgenic plants, we did not observe
any trichome clusters on the 3rd, 4th, and 8th rosette
leaves (Tables 1-3). Furthermore, the results show
that the percentages of one- and two-branched tri-
chomes in 35S:GIS-sim plants were significantly
increased while those of the three-branched trichomes
on the 3rd and 4th rosette leaves in 35S:GIS-sim
plants were significantly decreased in comparison to
those of the WT and sim mutant (Table 4). In the case
of the 8th rosette leaves, the percentage of
one-branched trichomes was also significantly in-
creased, while the percentage of four-branched tri-
chomes was significantly decreased (Table 2). These
results are consistent with our previous findings that
the overexpression of GIS suppresses trichome
branching (An et al., 2012). These results indicate a
genetic interaction between GIS and SIM to control
the trichome branching.

To further study the genetic relationship between
GIS and SIM, the clustering and branching of tri-
chomes in the sim, gis, and gis sim double mutants
were analyzed. As shown in Tables 1 and 3, the
clustering of trichomes was not found in the gis sim
double mutant on either of 3rd, 4th, and 8th rosette
leaves. The trichome branching pattern of gis sim
plants most closely resembled that of gis single
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Table 1 Frequency of trichome branching phenotypes observed at the 8th rosette leaves of different genotypes

Number of branches®

Line

1 2 3 4 5 Cluster
Wild type (Col) 0+0 4.0£13 22.246.2 1.5+0.8 0+0 0+0
gis 0+0 2.4+1.5" 20.7+4.0 6.5£1.5" 0.2+£0.4" 0+0
sim 1.040.5" 2.7+1.17 26.4+5.7 1.5+0.5 0+0 1.7+1.9™
35S:GIS-sim 1.141.3" 4.8+1.8 32.4+7.5" 0+0 0+0 040
gis sim 0+0 2.4+1.5" 22.245.7 5.4+1.3" 0+0 0£0

* Trichomes were counted on the adaxial surface of the 8th rosette leaves of 16 plants. Values indicate mean+standard deviation (SD)
(n=16). All significant test analyses were done using the corresponding wild type data as the control. The experiment was repeated at least
once with similar results. r-test was calculated at the probability of either 5% (" P<0.05) or 1% (" P<0.01)

Table 2 Percentage of each trichome branching phenotype on the 8th rosette leaves of different genotypes

Percentage of trichome branches®

Line
1 2 3 4 5 Cluster
Wild type (Col) 0+0 14.843.3 81.6+7.2 3.6+1.8 0+0 0+0
gis 0+0 8.242.4" 69.243.0" 21.942.5" 0.7+0.4" 0+0
sim 2.9+0.5" 8.0£1.17 79.4+6.7 45423 0+0 5.242.0"
358:GIS-sim 2.9+1.8" 12.542.8 84.6+5.1 00" 0+0 0+0
gis sim 0+0 7.9+5.5" 74.2+7.4" 17.945.9" 0+0 0+0

* Trichomes were counted on the 8th rosette leaves adaxial of 16 plants. Values indicate meantstandard deviation (SD) (n=16). All
significant test analyses were done using the corresponding wild type data as the control. The experiment was repeated at least once with
similar results. #-test was calculated at the probability of either 5% (* P<0.05) or 1% (" P<0.01)

Table 3 Frequency of trichome branching phenotypes observed at the 3rd and 4th rosette leaves of different
genotypes

Number of branches®

Line
1 2 3 4 5 Cluster
Wild type (Col) 2.2£1.2 9.243.4 59.4+11.7 040 0+0 040
gis 1.0+1.1 8.342.7 63.149.9 8.1+3.3" 0+0 0+0
sim 1.9+1.6 7.143.4 52.4+7.9" 2.0+1.8" 0+0 9.6+3.3"
358:GIS-sim 14.6+5.2™ 57.1x17.7" 94.3+26.7" 040 0+0 040
gis sim 0.9+1.5 8.4+2.5 60.149.1 4.7+1.9" 040 0+0

* Trichomes were counted on the adaxial surface of the 3rd and 4th rosette leaves of 16 plants. Values indicate mean+standard deviation
(SD) (n=16). All significant test analyses were done using the corresponding wild type data as the control. The experiment was repeated at
least once with similar results. #-test was calculated at the probability of either 5% (" P<0.05) or 1% (" P<0.01)

Table 4 Percentage of each trichome branching phenotype on the 3rd and 4th rosette leaves of different genotypes

Percentage of trichome branches®

Line
1 2 3 4 5 Cluster
Wild type (Col) 2.9+13 18.7+7.9 78.4+7.3 0+0 0+0 0+0
gis 1.3+0.8" 10.3+3.7" 78.443.8 10.043.0" 0+0 0+0
sim 2.6+1.2 9.7+1.8™ 71.9+5.1° 2.7+1.4" 0+0 13.123.5"
358:GIS-sim 8.8+2.0" 34.445.6" 56.8+5.2" 0+0 0+0 0+0
gis sim 1.2+2.7° 11.3+4.3" 81.2+3.7 6.3+3.8" 0+0 0+0

* Trichomes were counted on the adaxial surface of the 3rd and 4th rosette leaves of 16 plants. Values indicate mean+standard deviation
(SD) (n=16). All significant test analyses were done using the corresponding wild type data as the control. The experiment was repeated at
least once with similar results. #-test was calculated at the probability of either 5% (* P<0.05) or 1% (" P<0.01)
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mutant phenotype (Tables 2 and 4). Taken together
with results from gene expression data and genetic
interaction analyses, we conclude that GIS acts
downstream of SIM to control trichome branching
and cell division in an indirect manner.

4 Discussion and conclusions

The development of eukaryotes requires coor-
dinated cell division and growth to produce specific
organs and tissues (Churchman et al., 2006). The cell
cycle is essential in the establishment of develop-
mental procedures, because it determines the cell type
and function, as well as the types and functions of the
organs and tissues (Lilly and Duronio, 2005). In
Arabidopsis, no differentiation of the epidermal cells
of aerial organs is apparent until cells switch from
mitotic division to endoreduplication, which initiates
the differentiation into trichome cells, where endo-
reduplication levels also influence the degree of tri-
chome branching (Hiilskamp et al., 1994; Ishida et al.,
2008; Bramsiepe et al., 2010; Tominaga-Wada et al.,
2011). Reduced endoreduplication rates result in
smaller trichomes with fewer branches, while an in-
creased level of endoreduplication leads to larger
trichomes with more branches (Hiilskamp et al., 1994;
Folkers et al., 1997; Bramsiepe et al., 2010). These
results indicate that the endoreduplication rate is re-
gulated precisely and functions to regulate trichome
development.

A role for the C2H2 zinc finger protein GIS in
controlling trichome initiation and branching through
gibberellic acid signaling has been established pre-
viously (Gan et al., 2006; An et al., 2012). This cur-
rent study demonstrates that GIS acts downstream of
the key endoreduplication regulator, SIM, to regulate
trichome branching. Furthermore, GIS may regulate
the endoreduplication pathway indirectly by geneti-
cally interacting with SIM (Fig. 2; Tables 1 and 2).
Further research is needed to explore the mechanism
and components involved in this genetic interaction.
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