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Abstract: The STOREKEEPER (STK) family of DNA-binding proteins work as transcription factors and the ectopic expression of two stk-like genes
from Arabidopsis thaliana, stk01 (At1961730) and stk03 (At4g00238), in tobacco increased the number of vegetative internodes and
promoted plant and leaf size, stem diameter and sturdiness. The development of these plants started with rosette formation while
pronounced shoot elongation and flowering was delayed. Moreover, when the STKO1 and STK03 proteins were fused to the Herpes
Simplex Virus VP16 transcriptional activation domain and expressed in tobacco the vigorous storekeeper-phenotype did not appear
indicating that transgenic STK-like proteins in part worked as repressors of tobacco reproductive development. Furthermore, Yeast
Two-Hybrid screenings proved that STKO1 and STK03 can form homodimers and heterodimers with further members of the STK-
like family. Therefore, we assume that interactions between transgenic Arabidopsis STKs and resident tobacco STKs could have
contributed to the observed developmental changes in transgenic tobacco. Our findings open up promising applications for over-
expression of stk-like genes in crops that benefit from increased sturdiness and vegetative organ development, such as tobacco

in molecular farming approaches, biomass-based energy crops and medicinal plants that produce bioactive compounds in leaves.
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i.e. an enlarged or more robust stem in relation to plant

1. Introduction
height [3]. In the last century, plant breeding efforts to

Genetic engineering in order to prolong the vegetative
development of a plant is an attractive business since
several crops profit from increased biomass, e.g. crops
used for fibre production and molecular or energy farming
[1,2]. One aspect that coincides with increased biomasses
of annual crops is the reduced capacity of the plant to
withstand environmental challenges such as storms
and heavy rains that often cause lodging. Therefore, a
favourable trait is an increased sturdiness of the crop,

* E-mail: mueller@molbiotech.rwth-aachen.de

generate sturdier crops that are also able to carry heavier
fruit loads were mainly generated by introgression of
dwarf mutations into commercial varieties, e.g. wheat
[4]. Obviously, dwarfism is a counterproductive trait when
increased biomass is one goal of a breeding program and
here we describe an option to genetically engineer both
prolonged vegetative development and sturdiness of
tobacco by single gene manipulations using storekeeper-
(stk-) like genes from Arabidopsis.
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The plant specific STOREKEEPER protein was first
reported to bind to the B-box of promoters of potato
patatin genes that participate in the regulation of storage
protein production in tubers [5]. Subsequently, GEBP
(Glabrous1 enhancer binding protein) of Arabidopsis
was found to be a STK-like protein involved in
epidermal cell determination. Furthermore, GEBP was
up-regulated nearly 20-fold in knox7 homeobox gene
over-expressing 35S::KNAT1 plants and shut down
in the corresponding brevipedicellus (bp) Arabidopsis
mutant indicative for a broader role of GEBP in the
regulation of Arabidopsis development. In addition,
21 sequences were identified making up the STK-like
family of DNA binding proteins in Arabidopsis. More
important with respect to the data presented, the over-
expression of GEBP in Arabidopsis did not result in a
phenotype deviating from the wild type [6]. Recently,
GEBP and three STK-like proteins (At2g25650,
At2g36340 and At5g14270, also termed GEBP-like
proteins: GPL1, 2 and 3) were shown to form homo-
and heterodimers via unconventional leucine zipper
motifs and to participate in the regulation of cytokinin
response in Arabidopsis thaliana [7]. We have
started characterizing stk-like genes after screening
Arabidopsis expression libraries in the Yeast One-
Hybrid system using as a bait 700 bp of the 5°-silencer
region within intron 2 of the Arabidopsis floral homeotic
gene agamous (ag; [8]). This screen resulted in the
isolation of four stk-like genes (At1g61730 [stkO7],
At4g25210 [stk02], At4g00238 [stk03] and At4g00270
[GEBP]) when the plant-specific GAGA-factor BPC3
(At1g68120) was co-expressed in yeast (J.F. Uhrig and
K.J. Miiller, unpublished data). Here we demonstrate
that the ectopic expression of STKO1 and STKO03 in
tobacco increased stem diameter, foliage, plant height
and sturdiness. In contrast, when the two STK-like
proteins were fused to the VP16 transcriptional
activation domain and expressed in tobacco, the
phenotypes remained wild type. Furthermore, protein
interaction screenings in yeast indicated that STK
proteins can dimerize and we speculate that these
characteristics of the STK-like proteins contributed
to the phenotypes observed in tobacco upon ectopic
expression.

2. Experimental Procedures

2.1 Gene cloning

For stkO1 (At1g61730) and stkO3 (At4g00238) cDNA
fragments were amplified by RT-PCR from Arabidopsis
total seedling RNA (4 weeks after germination) using
5’-and 3’- primers elongated by Ncol and Xbal restriction

sites, respectively, (sk01_fw: AAA ACC ATG GGA ATG
ACG AAG AAA CTC AAT CCACTG; sk03_fw: AAAACC
ATG GCT TCT TTG GAA AAT CCA GCA) (sk01_bw:
AAA ATC TAG ACT ATG TAT CTAATG GCT TGT TCT
TA; sk03_bw: AAA ATC TAG ATT AGT TGG TTT GAG
TAA GCA CTG AAG) and cloned in 5" to 3" orientation
using Ncol and Xbal under control of the CaMV 35S
promoter and terminator sequences in pRT104 [9].
Sequences were authenticated according to database
accessions for At1g61730 and At4g00238. To attach to
the 5°-end of the stkO1 and stkO3 cDNAs the sequence
encoding the HSV V16 transactivation domain it was
amplified by PCR from the plasmid pcDNA3-VP16
(kindly provided by Dr. Andreas Hecht, Institute of
Molecular Medicine and Cell Research, University of
Freiburg, Germany) using the Ncol-elongated primers
VP16-5 (AAAACC ATG GGT GAC GAG CTC CAC TTA
GAC GGC) and VP16-3 (AAAACC ATG GCACCACCG
TACT CGT CAATTC CC) and cloned by Ncol. For the
derived clones the orientations of VP16 sequences
were checked by PCR and sequencing, thus confirming
the exact fusions of the VP16-STK01 and VP16-STKO03
peptides. Subsequently, 35S::stk01::T, 35S::stk03::T,
35S::vp16-stk01::T and 35S::vp16- stk03:: T fragments
were released from the pRT104 vectors by Pstl and
cloned into the unique Pstl site of the multiple cloning
site of the binary vector pCambia2300 (http://www.
cambia.org/daisy/cambia/585#dsy585_Description ).

2.2 Stable and transient plant transformation
and protoplast assays

The binary pCambia2300 constructs were electroporated
in Agrobacterium tumefaciens EHA105 and prepared for
standard leaf disc transformation of Nicotiana tabacum
Petite Havana SR1 [10] and the Arabidopsis floral dip
transformation [11]. Tobacco Nicotiana tabacum Petite
Havana SR1 protoplasts were prepared and transiently
transformed [12] and GUS assays were performed
according to established protocols [13].

2.3 Standard molecular biology

The Southern and northern analyses of selected
transgenic plants were carried out according to [14]. RT-
PCR expression analysis was realized with Superscript
II' (Invitrogen, Karlsruhe, Germany) according to the
manufacturers’ instruction, oligo dT primer described
[15] and 30 cycles using the gene specific primers
that amplified DNA fragments of expected sizes for the
S-plants and the VP16-5 primer together with the 3"
gene specific primer for the VS-plants. Primers of the
tobacco gapdh gene to normalize the RT-PCRs were
GAPDHfw (AGC TCA AGG TTA AGG ATG AC) and
GAPDHbw (TGG CCAAGG GAG CAA GGC).
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2.4 Cloning of Gus reporter plasmid

The CaMV35S::Gus::Terminator cassette was
released by Pstl from pRT103GUS [16] and inserted
into the Pstl site of pUC19 to obtain pUC103GUS.
Subsequently, the 35S promotor was removed
from pUC103GUS by Hindlll and Xhol and the
vector re-ligated to form pUC103GUSD35S after
a Klenow fill-in reaction. In a next step the vector
pUC103GUSD35SD3'PCS was constructed by
removing Pstl to Sacl restriction sites by restriction
and Klenow enzyme exonuclease reaction prior to
re-ligation. Finally, the 35S promoter was re-inserted
by Hindll-Ncol to obtain pUC103GUSDPCS (35SGus
in Figure 3). Based on this vector the 35SminGUS
construct was obtained by removing the 35S enhancer
through restriction by EcoRV and Hincll followed by
re-ligation.

2.5 Yeast Two-Hybrid Screening

Yeast strains AH109 [17] and Y187 [18] were
maintained in standard yeast full media or selective
drop-out media (Clontech) using standard conditions.
Transformation of plasmids into yeast was done
according to the LiAc transformation method [19].
STKO01 and STKO03 constructs were cloned into the
bait vector pAS2.1 (Clontech), and yeast-2-hybrid
screening of an Arabidopsis cell suspension culture
cDNA library in pACT2.1 [20] was carried out according
to [21].

3. Results

3.1 Analyses of primary tobacco storekeeper
transformants
From tissue culture we transferred a total of 11
S1 (35S::stk01), 21 S3 (35S::stk03), 25 VS1
(35S::vp16stk01) and 14 VS3 (35S::vp16stk03,
Figure 1a) independent kanamycin-resistant tobacco
transformants (T )tothe greenhouse. The mostobvious
traitofthe primary storekeeper-transgenic S-plantswas
a substantially increased stem diameter in comparison
to wild type tobacco (Figure 1b). Furthermore, the
T,-generation of S1- and S3-plants developed
increased numbers of foliar leaves. In order to
confirm transformation events and expression
levels of the transgenes at least four plants for each
construct were subjected to Southern and northern
hybridizations (Supplemental Figure 1): The selected
plants derived from independent transformation
events each carried one to three T-DNA insertions.
However, levels of transgene expression
were detectable in only few cases by northern

experiments, namely S1-4, S1-11, S83-1, S3-9,
S3-10, VS1-5, VS1-2, VS1-9, VS3-5. As exemplified
for the randomly selected S1- and S3-plants transgene
expression levels were not correlated with increased
stem diameters (Table 1).
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Figure 1. DNA-constructs and stem diameters of primary
storekeeper-transgenic tobacco plants. (a) Schematic
display of the T-DNAs transformed in tobacco
based on the binary vector pCambia 2300. LB and
RB: left and right T-DNA borders, respectively; npt:
neomycinphosphotransferase.  35S:  CaMV 35S
promoter. (b) Means of stem diameters of primary
tobacco transformants (T -plants). 12 wild type plants
were measured in comparison to 11 S1, 21 S3, 25 VS1
and 14 VS3 plants. Individual plant stem diameters
were determined 1 cm above ground as means of 3
measurements with a digital gauge.

Plant lines Stem diameter (mm) Tﬁ;zgggi ?ﬁg&iﬁgn
S3-1 18.8 + +

S3-5 20.6 -

S3-9 23.9 +

S3-10 20.7 + +

S1-4 20.1 +

S1-5 23.1 -

S1-11 20.5 +

WTmax 18.0 n.d.

WTmin 13.4 n.d.

Table 1. Selected T, S-plant lines, stem diameters and expression
levels of transgenes. The levels of storekeeper transgene
expression (see Supplemental Figure 1) were not
correlated with increased stem diameters of 35S:stk07 (S1)
and 35S::stk03 (S3) plants.
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3.2 Developmental features of 35S::stk07 and
358::stk03 plants
The growth and development of the T,- and T,-progeny
of storekeeper-transgenic tobacco plants was monitored
and compared: VS-plants developed similar to the
wild type but shoot elongation was blocked in S1- and
S3-plants until VS- and the wild type plants flowered
(Figure 2a). Subsequently, shoot elongation also became
obvious for S-plants: S1- and S3-progenies grew taller,
flowered 3-4 weeks later than VS-plants and wild type,
carried more and enlarged foliar leaves and initially no
prominent lateral shoots (Figure 2b). A gross inspection
of shoot cross sections showed that all tissues of the
stems in the S-plants were enlarged in comparison to wild
type tobacco (Figure 2c). Further T.- and T,-progenies
were cultivated to assure the data obtained yet (Table 2):
S-Plants developed 22-25 leaves before flowering while
VS-plants and the wild type carried 14-15 foliar leaves.
Moreover, when lateral shoots emerged on S-plants
later in development they carried 10-13 leaves while in
wild type plants there were only 5-7 (data not shown).
Furthermore, it was confirmed that the expression level
of the transgenes in S-plants was not correlated with the
severity of the phenotypes. The ratio shoot height over
stem diameter revealed that most S-Plants developed an
increased sturdiness (ratios ranging from 49.2 to 61.2)
in comparison to VS-plant and wild type tobacco (ratios

ranging from 59.4 to 80.4; Table 2). Thus, the S-plants not
only increased foliage but also sturdiness in comparison
to wild type and VS-plants.

In contrast to S-plants the VS-plants did not develop
phenotypes deviating from wild type tobacco and thus
we wanted to know whether the VP16-STK fusion was
functional. Transient transformation experiments using
tobacco protoplasts revealed that the fusion protein
of the HSV-VP16 transcriptional activation domain to
STKO1 was able to strongly activate transcription of the
Gus-reporter gene when a Cauliflower Mosaic Virus
35S minimal promoter was cloned in cis (Figure 3). We
therefore concluded that the VP16-STK fusions were also
functional peptides in the transgenic VS-tobacco plants.

Furthermore, we analysed the expression of
putative target genes in our storekeeper-transgenic
tobacco plant material by RT-PCR but neither identified
mis-regulated expression of Nicotiana agamous (NAG
[22]) nor saw alterations of expression levels of patatin-
and centroradialis-like genes (data not shown; see
introduction and discussion).

3.3 STOREKEEPER-like proteins interact

In order to identify potential interaction partners of the STK
proteins we performed Yeast Two-Hybrid-screenings using
as baits STKO1 and STKO03: Both proteins were able to
form homodimers in this system and, in addition, interacted

Figure 2. Phenotypes of storekeeper-transgenic tobacco. T,-progenies of T -plants positive in northern and Southern experiments were grown
in comparison to wild type plants. In (a) an overview is given 80 days post germination with S-plants to the left, VS-plants to the right
and wild type in the middle. In (b) and (c) S-plants are depicted in comparison to the wild type 120 days after germination. The cross

section in ¢ was taken 1 cm above ground.
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. Time to flowering (days Leaves to Shoot height Stem diameter Shoot height / Transgene
Plant line L2 . . .
after germination) inflorescence (mm) (mm) Stem diameter expression
S1-4F | 24 1470 26.1 56.3 m
S1-4F |l 22 1450 23.7 61.2 -
~100
S1-4F 1l 23 1500 279 53.8 -
S1-4F IV 25 1320 22.7 58.2 D
S1-11B 25 1470 27.2 54 =
~100
S1-11B 1l 24 1280 23 55.7 _
S3-1FI 23 1530 26.3 58.2 m
~100
S3-1F Il 23 1520 23.5 64.7 D
S3-9EI 23 1670 31.8 52.5 =
~100
S3-9EIl 25 1460 29.7 49.2 =
VS1-2 A 15 1250 17.2 72.7
VS1-2B 14 1120 175 64
~ 70
VS1-2C 15 1240 18.1 68.5 :1
VS1-2D 14 1140 19.2 59.4 -
VS3-5A 15 1000 15.3 65.4 -
VS3-5B 15 1030 15 68.7 -
~75
VS3-5C 15 960 15.2 63.2
VS3-5D 14 1230 15.3 80.4 -
WT-A 15 1040 15.4 67.5 -
WT-B ~ 75 14 1100 14.9 73.8 -
WT-C 15 1150 18 63.9 -

Table 2. Phenotypic traits of S- (T,) and VS- (T,)- tobacco plants. The phenotypic traits were measured during winter 2007/2008 in the greenhouse:
Flowering time “deadline” was the appearance of the first tobacco flower per plant and shoot height was measured when the inflorescence
was fully developed. The stem diameter was calculated as the means of three measurements with a digital gauge 1 cm above ground.
Transgene expression was determined by RT-PCR (30 cycles). A standardization for S- and VS-plants was done prior by detection of a
uniform expression level of the tobacco gapadh gene in the relevant samples (Supplemental Figure 2).

with STK05. Furthermore, STKO3 interacted with STK06
and further proteins from an Arabidopsis expression library
were identified as potential interaction partners of STK01
and STKO3 that could serve as future candidates to study
their effects on vegetative plant development upon over-
expression or knock-down (Table 3).

4. Discussion

We demonstrated that in tobacco the ectopic expression
of two storekeeper-like genes from Arabidopsis initially

induced the development of a rosette followed by
pronounced internode growth and development of
vegetative organs resulting in plants taller than the
wild type and with increased foliage and sturdiness. In
contrast, over-expression of the STK-like proteins fused
to the VP16 transcriptional activation domain did not
affect tobacco development.

From the phenotypes of storekeeper-transgenic plant
lines S1 and S3 we concluded that STK-like proteins
participated in the repression of flowering time and / or in
the activation of vegetative growth that lead to increased
stem diameters and more internodes and leaves. In
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Bait Isolated Gene Ne of clones Description

STKO1 At1g61730 15 STKO1
At19g44810 2 Storekeeper-like (,,STK05%)
At4g00390 1 Storekeeper-like (,,STK06%)
At4g30200 2 similar to VIN3 (VERNALIZATION INSENSITIVE 3)
At2g20310 2 RIN13 (RPM1 INTERACTING PROTEIN 13)
At2g03400 1 hypothetical protein
At2g03390 1 uvrB/uvrC motif-containing protein
At2g35920 1 ATP-dependent RNA helicase A like protein

STKO03 At4g00238 9 STKO03
At1g44810 2 Storekeeper-like (,,STK05%)
At5g22000 1 RING-H2 finger protein RHF2a
At1g49475 1 similar to Transcriptional factor B3

Table 3. Interactions of STKO1 and STK03 revealed by Yeast Two-Hybrid screens. Using STKO1 and STKO03 as baits in the Yeast Two-Hybrid system
interacting proteins were identified and their identities are displayed. From the numbers of clones isolated for each gene we concluded
that STKO1 and STKO03 preferentially formed homodimers. However, heterodimerization with other STK-like proteins was observed and,
in addition, we present potential interaction partners of STKO1 and STKO03 other than STK-like proteins that will serve as targets to study

their impact on vegetative plant development.

this sense, the VS-plants suggested that repression of
flowering time in S-plants was not mediated through the
activation of a floral repressor. A further intriguing finding
was the rosette-like phenotype in S-plants at early stages
of development that prompted us to the speculation that
stk-like genes could be involved in the establishment of
the Arabidopsis rosette. However, it became clear that the
severity of the phenotypes of the S-plants did not follow the
dosage of transgene expression and that expression of the
stk-transgenes at levels that were undetectable by northern
or RT-PCR triggered the developmental consequences
mentioned. Therefore, we deduced that a low threshold
value existed for the transgenic gene product to realize the
heterochronic and morphological responses observed in
358::stk01- and 358S::stk03-transgenic tobacco. We and
others [7] observed that STK-like proteins were able
form homo- and heterodimers and therefore it appeared
likely that also interactions occurred between transgenic
Arabidopsis and resident tobacco STK-like proteins. To
date, ten STK-like sequences have been identified in
tobacco and deposited within the TOBFAC database.
Thus, a disrupted homeostasis of resident STK-like
proteins could have contributed to the generation of the
phenotypes of S1- and S3-plants. In the future we will
expand target gene screenings of our STK proteins to
identify further factors involved in the development of the
sturdy S-plants. Putative targets may not only include
genes identified by our Yeast Two-Hybrid screenings but
also along the pathway of cytokinin signalling since a triple
mutant in stk-like genes of Arabidopsis was affected in a
subset of cytokinin responses [7].

50
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nMol 4-Mug / ug x min

10

o I
35S 35Smin
Gus Gus

35Smin
Gus +
STKO1

35Smin
Gus +
VP16-
STKO01

Figure 3. Functional fusion of the HSV VP16 domain to the STKO1
protein. Displayed are the results of GUS assays of
tobacco protoplasts (means of three measurements)
transformed with a plasmid harbouring the full length
CaMV 35S promoter (35S) and a CaMV 35S minimal
promoter (35Smin) fused to the uida reporter gene (Gus)
of E. coli. Co-transformations of the plasmid 35SminGus
with plasmids driving stkO7 and vp16::stk07 from the
35S promoter were analysed: The assays revealed that
STKO1 can slightly activate transcription of the uida
reporter gene and that the activation was substantially
higher for the fusion construct indicative for a functional
truncation of STKO1 by the HSV VP16 transcriptional
activation domain.

One pathway involved in the phase change from
vegetative to reproductive development in tobacco is
governed by genes homologous to centroradialis (CEN)
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of Antirrhinum: Over-expression of CEN in tobacco
dramatically prolonged vegetative development and
increased foliage [23]. We analysed the expression of four
CEN-like genes from tobacco (CET) in our storekeeper-
transgenic material but could not detect altered CET
expression levels in comparison to the wild type. We
therefore speculate that the influence of transgenic
STK-like proteins on tobacco development was mediated
through another pathway involved in flowering time
determination or maintenance of vegetative development.
Moreover, mis-regulation of four patatin (pat)-like genes of
tobacco [24,25] did not become obvious in our S- and VS-
plants. STOREKEEPER is known to bind to promoters of
pat-like genes [5] and over-expression of pat-like genes
lead to increased sturdiness in Arabidopsis [3].

We found that the ectopic expression of stk07 and
stk03 did not result in aberrant phenotypes in transgenic
Arabidopsis (data not shown). Similarly, Curaba et al.
[6] were not able to detect abnormal phenotypes in
Arabidopsis upon over-expression of the stk-like gene
GEBP. Apparently, tobacco and Arabidopsis differ in their
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Supplemental Figure 1. Southem- and northem-hybridizations of selected T, storekeeper-transgenic tobacco. (a) $1/VS1-Southern
blot; plant lines with respect to the indicated lanes were: 1: VS1-11; 2: VS1-10; 3: VS1-5; 4: VS1-2;
5. S1-11; 6: S1-4; 7: S1-3; 8: S1-2. 15-20 ug of genomic DNA was digested with Sacl; probe corresponded
to a 35S-vp16-stk01-T-fragment; M: 1kb ladder (Invitrogen). The uniform band at 1,6 kb (arrow) was due
to an internal Sacl fragment of the transformed T-DNA construct. (b) S3/VS3-Southern blot; plant lines with
respect to the indicated lanes were: 1: S3-1; 2: S3-9; 3: S3-10; 4: S3-12; 5: S3-16; 6: VS3-2; 7: VS3-4;
8: VS3-5; 9: VS3-6; 10: VS3-8. 15-20ug of genomic DNA was digested with EcoRlI; probe corresponded to a
35S-vp16-stk03-T-fragment. (c) S1/VS1-northern blot; positive clones are indicated, probe as in a; analysed
were 20ug total RNA of the following plants: 1: VS1-1, 2: VS1-10, 3: VS1-9, 4: VS§1-5, 5: VS1-4, 6: VS1-2,
7:VS1-1, 8: 81-11, 9: S1-9,10: S1-8, 11: S1-5, 12: 81-4, 13: S1-3, 14: S1-2, 15: S1-1. (d) S3/VS3-northern
blot; positive clones are labelled, probe as in b; analysed were 20ug total RNA of the following plants: 1:
VS3-9, 2: VS3-8, 3: VS3-6, 4: V83-5, 5: VS3-4, 6: VS3-3, 7: VS3-2, 8: VS3-1, 9: S3-18, 10: S3-17, 11: S3-15,
12: 83-12, 13: 83-10, 14: §3-9, 15: S3-5, 16: §3-1.
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Supplemental Figure 2. RTPCR transgene expression analyses of T, and T, VS- and S-plants, respectively. RT-PCR transgene
expression analyses of S- (a) and VS-plants (b) according to Table 2; Plant S1-11BlIl died in the course of the
experiment and was not included in Table 2. WT-A and WT-B were analysed with VS1 specific primers; WT-C
with VS3 specific primers. DNA size marker (left on each gel) was Invitrogen 1kb ladder.



