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Abstract

Euphorbia pulcherrima, poinsettia, is a non-food and non-feed vegetatively propagated ornamental plant. Appropriate plant
height is one of the most important traits in poinsettia production and is commonly achieved by application of chemical
growth retardants. To produce compact poinsettia plants with desirable height and reduce the utilization of growth
retardants, the Arabidopsis SHORT INTERNODE (AtSHI) gene controlled by the cauliflower mosaic virus 35S promoter was
introduced into poinsettia by Agrobacterium-mediated transformation. Three independent transgenic lines were produced
and stable integration of transgene was verified by PCR and Southern blot analysis. Reduced plant height (21-52%) and
internode lengths (31-49%) were obtained in the transgenic lines compared to control plants. This correlates positively with
the AtSHI transcript levels, with the highest levels in the most dwarfed transgenic line (TL1). The indole-3-acetic acid (IAA)
content appeared lower (11-31% reduction) in the transgenic lines compared to the wild type (WT) controls, with the
lowest level (31% reduction) in TL1. Total internode numbers, bract numbers and bract area were significantly reduced in all
transgenic lines in comparison with the WT controls. Only TL1 showed significantly lower plant diameter, total leaf area and
total dry weight, whereas none of the AtSHI expressing lines showed altered timing of flower initiation, cyathia abscission or
bract necrosis. This study demonstrated that introduction of the AtSHI gene into poinsettia by genetic engineering can be
an effective approach in controlling plant height without negatively affecting flowering time. This can help to reduce or
avoid the use of toxic growth retardants of environmental and human health concern. This is the first report that AtSHI gene
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was overexpressed in poinsettia and transgenic poinsettia plants with compact growth were produced.
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Introduction

The ornamental industry is one of the fastest growing industries
worldwide, especially in Japan and China. Global production of
ornamental potted plants and cut flowers comprises about 50
billion €, corresponding to an estimated global consumption
between 100 and 150 billion € [1,2]. The market for cut flowers
and potted ornamental plants is not only determined by producers’
choices but also by a continuously growing demand for novelties
and high quality [3,4]. Compaction of plants is one of the most
important traits in many ornamental potted plants, e.g. poinsettia
[2].

Euphorbia pulchernma Willd. Ex Klotzsch, poinsettia, is a non-
food, non-feed and vegetatively propagated ornamental plant,
known as a contemporary symbol of Christmas in many parts of
the world [3]. It is a short day plant and flowering is initiated when
the day length is shorter than a critical length [6]. Generally,
poinsettia has an elongated natural growth habit. Dwarf
characteristics can be obtained either by directly using dwarf
cultivars or by grafting cultivars on dwarf rootstocks [7]. Similarly,
spraying with growth retardants such as CCC (chlormequat
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chloride) or alar (dimethylaminosuccinamic acid), that among
others inhibit the biosynthesis of the plant hormone gibberellin
(GA), results in compact ornamental potted plants [8]. However,
growth retardants are expensive, time consuming to apply and
have negative impact on human health as well as the environment.
Moreover, the growth regulators will likely be banned in EU
countries in the near future [9-11].

In the poinsettia industry, alternative strategies like manipula-
tion of temperature, light quality and light duration have
previously been tested to control elongation growth of poinsettias
[12-15]. In northern areas short term diurnal temperature drops,
obtained by opening vents in the morning, are commonly used to
reduce shoot elongation. However, in warmer periods and warmer
areas of the world this is not applicable. Furthermore, in poinsettia
phytoplasma is introduced to induce free-branching and this can
also result in compact growth [16]. However, the phytoplasma is
lost upon exposure of the plant materials to heat treatment as well
as meristematic and somatic embryogenesis tissue culture, which is
commonly used to obtain disease free plants by removing
pathogens such as the poinsettia mosaic virus (PnMV) [16].
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Figure 1. Gene construct: pKanintron-35S-SH/ used for Agrobacterium-mediated transformation of poinsettia.

doi:10.1371/journal.pone.0053377.g001

Genetic engineering is increasingly adopted as an important
alternative to conventional breeding [1,17]. Recently, it was
shown that introduction of the Arabidopsis thaliana SHORT
INTERNODES (SHI) gene into Kalancho¢ and Populus resulted in
dwarfed growth without any morphological abnormalities [18,19].
However, in Populus the dwarfing effect on the stem was only very
weak, although the internode and petiole lengths were significantly
reduced. On the other hand, overexpression of GAZ2-oxidase genes,
which control GA inactivation, resulted in dwarfed plants with
delayed flowering time in Solanum and Arabidopsis [20,21]. Also,
antisense silencing of the GA biosynthesis gene GAZ20-oxidase
resulted in smaller leaves, delayed flowering time and reduced
fertility in Arabidopsis [8]. Overexpression of the Arabidopsis GA
signalling gene GIBBERELLIN INSENSITIVE (GAI) in apple and
Chrysanthemum reduced plant height, but was correlated with
reduced rooting ability and delayed flowering in the respective
species [7,22]. In light of these observations, introduction of the
AtSHI gene to poinsettia might be highly interesting as a means to
control elongation growth without introducing undesired mor-
phological or developmental changes. SHI gene is a plant specific
transcription factor belonging to the SHI gene family, and it has
been identified in different plants species like tomato, rice, soybean
and Medicago truncatula [23]. The Arabidopsis SHI gene family
consists of 10 members; SHI, STYLISH 1 (STY1) and STY12,
LATERAL ROOT PRIMORDIUM 1 (LRPI) and SHI-RELATED
SEQUENCE 3 to 8 (SRS3 to SRS8) [18,23-25]. These correspond-
ing proteins have two highly conserved regions, a RING-like zinc
finger motif positioned in the N-terminal end and an IGGH
domain of unknown function in the C-terminal part of the protein
[23,25,26].

All genes could be amplified from all tissues of Arabidopsis, except
SRS8, indicating it might be a pseudogene [25]. STY1 is the closest
paralog of SHI having two identical domains in the N and C
terminal. The SHI family genes have both diverse and redundant
functions in plant growth and are involved in shoot apical region
development as well as flower and leaf development [23,25,26]. In
these respects SHI/STY-related genes appear important in
gynoecium development, vascular formation and organ identity
in floral whorls two and three [25]. It has been documented that
SHI and STY are expressed in the apical region of the developing
gynoecium [25,27-29]. Overexpression of SRS7 conferred dwar-
ted growth in Arabidopsis with small and curled leaves, anther
dehiscence and abnormal floral development [30].

SHI family members act as DNA binding transcription
activators and may act on plant growth and development by
affecting phytohormones like auxin and GA, which among other
things control shoot elongation in response to different stimuli
[31-35]. Plants overexpressing SHI are dwarfed, but a normal,
more elongated phenotype can be restored by application of auxin
[27,28]. Also, the YUCCA4 (YUC4) auxin biosynthesis gene is
induced by the SHI/STY family proteins. However, SHI and
STY appear to differ slightly in function as shown by lower aflinity
of SHI than STY1 to the YUC4 promoter in the yeast two-hybrid
system [36]. Application of indole-3-acetic acid (IAA) to the apical
meristem has been shown to increase biosynthesis of bioactive GA
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[37-39]. SHI overexpressing Arabidopsis plants show increased
levels of the inactive GAj; compared to wild type plants [24].
Furthermore, in Brassica SHI-related genes have been identified as
negative regulators of GA-induced cell division [40].

In this study, we report for the first time successful use of genetic
engineering as a tool to control elongation growth in poinsettia,
which is among the economically most important potted
ornamental plants worldwide. Compact growth was obtained by
overexpressing the A#SHI gene by using a recently developed
Agrobacterium-mediated transformation method for poinsettia [41].
Apart from the desired dwarfed growth habit, no developmental
abnormalities were scored and flowering time was unaffected.

Materials and Methods

Plant Materials

Poinsettia  (Euphorbia  pulcherimma Willd. ex Klotzsch) cv.
Millenium cuttings were grown in the greenhouse under 16 h
photoperiod provided by high pressure sodium (HPS) lamps
(400W, GAN 4-550, Gavita, Superagro, Andebu, Norway) at
21+2°C with an average relative air humidity (RH) 70+5%. For
Agrobacterium  tumefaciens-mediated transformation 5-15 mm long
internode stem explants were excised from 8-10 weeks old
poinsettia plants. The explants were surface sterilized with 70%
ethanol (1 min), 1% NaOCI (10 min) and then rinsed thoroughly
three times with sterile deionized and autoclaved water for 3, 10
and 20 min. After sterilization, stem segments (1-1.5 mm
thickness) were excised and utilized for Agrobacterium transforma-
tion.

Transformation, Selection and Plant Regeneration

Plasmid vector pAt35S:SHI was constructed and introduced
into Agrobacterium tumefaciens strain GV3850 as previously described
in details by Liitken et al. [19]. A brief schematic drawing of the
SHI gene expression cassette is shown in Figure 1. The
Agrobacterium culture and subsequent transformation were carried
out basically as described by Clarke et al. [41]. The stem segments
were inoculated in the Agrobacterium suspension for 10 min with
gentle shaking. The stem segments were then blotted on sterile
filter paper and transferred to callus induction medium (CIM) (MS
medium supplemented with 0.2 mg 1~ ' BAP, 0.2 mg1~ ! CPA and
30 g 17! sucrose) for co-cultivation up to 72 h in the dark at 24°C.
After co-cultivation, the explants were transferred to the CIM
medium with antibiotic selection containing 10 mg 1~ " kanamycin
and 400 mg 17" claforan (Aventis Pharma Ltd, Norway) for about
10 days. The embryogenic calli were subsequently transferred after
every three weeks to somatic embryo induction medium (SEIM)
(MS medium contains 0.3 mg1~' NAA, 0.15 mg 1" 2ip and 30 g
17" sucrose) supplemented with antibiotics 25 mg 1" kanamycin
and 400 mg 17" claforan. Shoots and plantlets which derived from
the somatic embryos were transferred to root induction (RI)
medium (1/2 strength MS with 20 g 17" sucrose) with or without
hormones (1 mg 17! TAA or IBA). The pH was 5.7-5.8 in all MS
media. Regenerated plants were transferred to soil and grown in
a greenhouse once the root system was developed.
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Figure 2. PCR analysis of poinsettia transformed with the AtSH/
gene (genomic DNA was extracted from leaves). Lane 1:100 bp
marker, lane 2: plasmid control, lane 3: blank, lanes 4-11: eight plants
from independent transgenic lines 1 (TL1) (individuals 1-8), lane 12: TL2,
lane 13: TL3 and lane 14: WT control line. The arrow indicates the
500 bp band.

doi:10.1371/journal.pone.0053377.9g002

Light conditions provided by fluorescent tubes (Philips Master
TL-D Super 58W/840, Eindhoven, The Netherlands) for in vitro
cultures were 23 pmol m~? s~ ! for callus induction and 30 umol
m~ % s for the SEIM and RI media, respectively, under a 16 h
photoperiod at 24°C.

PCR Analysis

Genomic DNA was isolated from the putative transgenic
poinsettia plants using the DNeasy Plant Mini Kit (Qiagen
GmbH, Hilden, Germany) according to the manufacturer’s
instructions. PCR reactions (20 ul) were performed using 100 ng
DNA, 0.2 uM of each primer, and 2xHotStarTaq Mastermix and
supplied water from HotStarTaq® Plus Master Mix Kit (Qiagen
GmbH, Hilden, Germany). Primer sequences used to amplify
a fragment of approximately 500 bp for the A#SHI gene
(At5g66350) were 5'-ACTCTAACGCTGACGGTGGA-3" (for-
ward) and 5'-TGCTGACCGGTAGAAAGCTG-3" (reverse).
PCR amplification was performed in a C1000™ thermal cycler
(BIO-RAD, Singapore) using the following conditions: 15 min at
95°C (1 cycle) followed by 30 s at 95°C, 45 s at 56°C, and 1 min
at 72°C (35 cycles) with a final extension of 7 min at 72°C (1
cycle). PCR products were analysed by ultraviolet light after
electrophoresis on 0.8% (W/V) agarose gels.

Southern Blot Analysis

Total genomic DNA was isolated from the leaves of the WT
control plants and the PCR positive transgenic poinsettia lines
using the DNeasy Plant Maxi Kit (Qiagen GmbH, Hilden,
Germany). Southern blot analysis was performed according to
Sambrook et al. [42]. Ten micrograms of genomic DNA were
digested with HindlIl for 5 h and separated on 1% (W/V) TBE
agarose gel overnight at 37 V, and subsequently transferred onto
Genescreen Plus(™) Hybridization Transfer membrane (NEF
988001 PK, Boston, MA, USA). The 500 bp PCR product
representing the coding region of the A4SHI gene as described
above was used as a probe for hybridization. Membranes were
hybridized with the **P-labelled probe overnight at 65°C. After
hybridization the membranes were washed and then exposed to
film as described by Clarke et al. [41].

RNA Isolation and cDNA Synthesis

Young leaves of transgenic poinsettia and control plants were
harvested for RNA extraction with E.Z.N.A Plant RNA Mini Kit
(Omega bio-tek, Norcross, GA, USA) according to the manufac-
turer’s instructions. RNAs were subsequently treated with Turbo
DNA-fiee™" kit (Ambion Inc., Austin, TX, USA) to eliminate
DNA contamination. RNA quality and quantity were evaluated
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using agarose gel electrophoresis and Nanodrop 2000 Spectro-
photometer (Wilmington, Delaware, USA), respectively. Two
micrograms total RNA from each sample was used to synthesize
¢DNA in a 20 ul reaction using the cDNA SuperScript® VILO™
synthesis kit from Invitrogen (Carlshad, CA, USA) according to
the manufacturer’s instructions.

Real-Time Quantitative PCR

Real- time quantitative PCR analysis was performed in a 25 pl
reaction volume, using 2.5 pl twentyfold diluted cDNA as
a template with 12.5 Ul of 1x Power SYBR® green PCR master
mix (Applied Biosystems, Warrington, UK) and 0.4 uM of each
primer. Primers were designed using Primer3 online software and
sequences are listed in Table 1.

Reactions were conducted in an Applied Biosystems 7900HT
Real-time PCR system combined with SDS 2.3 version software
(Applied Biosystems, Singapore). The PCR conditions were as
follows: 50°C for 2 min and 95°C for 10 min, followed by 40
cycles of 95°C for 15 s, 60°C for 1 min. Dissociation curve
analysis was carried out to verify the specificity of the PCR
amplification. PCR efficiencies were calculated from a dilution
series of genomic DNA of transgenic plants for each primer pair of
target gene and endogenous gene by following the equation
E=10"""P° There were three replications for all samples
including the control samples except the TL2, and a no template
control was included for each primer pair. The transcript level was
estimated by threshold cycle (C,) values of each sample. The
differences of C; values between the endogenous o—tubulin and the
target gene were normalized using the formula 9 AACH 43] The
relative transcript levels (fold-differences) of the genes were
converted to scale log,o values.

Phenotypical Analysis of Transgenic Lines (AtSHI)
Compared to Control Plants

The independent transgenic lines, TL1-6 from TL1, TL2, TL3
and control plants were vegetatively propagated. After root
formation, the plants were potted in 13 cm plastic pot filled with
Sphagnum peat (Veksttorv, Ullensaker Almenning, Nordkisa, Nor-
way). The plants were kept at 21+2°C, 70£5% RH in the
greenhouse under a 16 h photoperiod (8 h darkness) at an
irradiance of 15025 umol m™?s™" provided by HPS lamps
(400W, GAN 4-550). The plants were pinched over 3—4 leaves
allowing three shoots to grow per plant. Four plants from each
transgenic line including WT control plants were transferred to
growth chambers (controlled environment) without any natural
light. Light was provided by General Electric company, Fairfield,
CT, USA at an irradiance of 10020 umolm ™ ?s~ ' (measured by
LI-COR  Quantum/Radiometer/Photometer, Model LI-250,
Lincoln, Nebraska, USA) under a 10 h photoperiod for flowering.
The temperature was 21°C and the RH was 70£5%.

The plants were watered daily during the growth period with
commercial nutrient solutions. The side shoots developed during
the growth period were removed and counted and only three
shoots were allowed to grow per plant. The length of these three
shoots was measured from the base of the stem to the shoot apical
meristem every fourth day until flowering. At the end of the
experimental period (after flowering) petiole length of four mature
leaves was measured. The number of leaves and bracts (namely
the transition leaves which formed red color more than 40%) were
counted and the average internode lengths were calculated by
dividing the shoot height by the number of leaves and bracts.
Relative chlorophyll content was measured from the middle leaf of
the three side shoots on each plant by a chlorophyll content meter
(Model CL-01, Hansatech instruments, Norfolk, England). Leaf
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Table 1. Primers for real-time PCR expression analysis of AtSHI in poinsettia.

Target gene Forward primer (5'-3')

Reverse primer (5'-3')

Product size

AtSHI AGCTATGGCAACACCCAAAC

a-tubulin TGGAGCTCTCTTTGCTTCAA

ATCCAGCCTTTGTTGCTGTT 71
CCAACAAAGCTGCATAGCAA 81

doi:10.1371/journal.pone.0053377.t001

and bract areas were measured by an area meter (Model 3100
area meter, LI-COR, Lincoln, Nebraska, USA). Specific leaf and
bract area (SLA and SBA, respectively) were each determined
from area/dry weight. After recording the fresh weight, the dry
weight was recorded after drying at 65°C until a constant mass was
reached. The number of days until visible bracts and cyathia was
counted. At the selling stage plants were moved to a postharvest
test room to compare differences in cyathia abscission and bract
necrosis. The climate in the test room was 21°C, 30-40% RH and
an irradiance of 10 pmol m™?s~" was provided 12 h daily by
fluorescent tubes (Philips Master TL-D 58W/830).

Three replicate experiments in growth chambers were carried
out in which phenotypic observations were performed, samples for
auxin analysis collected and postharvest quality tested. In addition
to the growth chamber experiments, two to four plants from each
line were grown in the greenhouse with conditions as described
above for evaluation of the morphological performance of
transgenic plants under long day conditions (16 h). Both short
and long day treatment experiments were conducted during
November 2011 through January 2012.

Auxin Measurements

In the growth chamber experiment, elongating shoot tips were
harvested after three weeks of starting short day conditions and
immediately placed in liquid Ny. The samples were freeze-dried
using a freeze dryer machine (Heto Holten A/S, Allerod,
Denmark). For each genotype, 3 replicate samples, each contain-
ing 3 shoot tips (elongating parts of the stem) were used for auxin
analysis. The frozen plant materials were ground in a mortar and
extracted for 5 min with 1 ml cold phosphate buffer (50 mM,
pH 7.0) containing 0.2% sodium diethyldithiocarbomate. '°N and
?Hs-labeled internal standards of indole -3-acetic acid (IAA) and
IAA metabolites were obtained from OlChemlm (Olomouc,
Czech Republic). The measurements were performed in duplicate.
The samples were processed according to Péncik et al. [44] using
high performance liquid chromatography (HPLC) coupled to
a tandem triple-quadrupole mass spectrometer (MS/MS).

Statistical Analysis

Different growth parameters of transgenic and W control
plants were subjected to analysis of variance (General Linear
Model procedure) and Tukey’s pair wise comparison test (p=0.05)
using Minitab version 16 (Minitab Inc., State College, PA, USA).

Results

PCR Screening and Southern Blot Analysis of Transgenic
Poinsettia Plants

To generate stable compact growth transgenic poinsettia plants
by overexpressing the AtSHI gene, Agrobacterium-mediated trans-
formation experiments were carried out using stem segment
explants. After selection and regeneration through somatic
embryogenesis, regenerated poinsettia plants were obtained and
established in the greenhouse. Using AtSHI specific primers,
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genomic DNA of putative transgenic poinsettia plants was
screened by PCR analyses for presence of AtSHI. Three
independent transgenic lines were confirmed, one plant was
selected for each line except the transgenic line one (TLI) of which
eight plants from the same clone were used (Figure 2). Transgenic
lines were further analyzed by Southern blot hybridization. Results
of Southern blot analysis confirmed the stable integration of
transgene into the poinsettia genome (Figure 3). Of the three
transgenic lines analyzed, line TL1 (with three individual trans-
genic plants) showed single copy of the transgene whereas TL2
and TL3 with one transgenic plant each showed two copies of the
transgene integration (lanes 2-4, 5 and 6 in Figure 3). Lane 7 is the
WT negative control, whereas lane 1 is the positive control.

AtSHI Expression in the Transgenic Lines

AtSHI transcript levels were analysed by real-time quantitative
PCR in AtSHI-expressing transgenic poinsettia lines and the W'T
controls. Three transgenic lines (TL) were analyzed. Of these, two
plants (TL1-4 and TL1-6) were from TLI, while TL2 and TL3
with one plant each were included for the quantitative real time
PCR. AtSHI transcript levels varied among the transgenic lines as
shown in Figure 4. The highest relative levels of transcript were
found in TL1-6, whereas the lowest expression was found in TL3.

Kb 1

3.0 —

2.0 —

1.56—

0.5 — . P

Figure 3. Southern blot analysis of PCR positive transgenic
poinsettia lines overexpressing the AtSH/ gene. Hindlll-digested
total genomic DNAs were hybridized with a AtSHI probe (the 500 bp
PCR product). Lane 1: positive control, the 500 bp PCR product; lane 2-
4: TL1-3, TL1-4, TL1-6 of the transgenic line one (TL1); lane 5: TL2; lane
6: TL3, lane 7: WT control.

doi:10.1371/journal.pone.0053377.g003
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Figure 4. Quantitative real-time PCR analysis of AtSH/ trans-
gene in different transgenic lines of poinsettia. Two microgram
total RNAs from transgenic poinsettia lines and the endogenous
control, a-tubulin gene were used for synthesize cDNAs prior the real-
time gPCR analysis. Values are means of three technical replications
except TL2 (n=2). Data were analyzed using the ZfAACT method and
represented as logq, values. Vertical bars represent the = SE (standard
error).

doi:10.1371/journal.pone.0053377.9g004

Reduced Growth Elongation without Change in
Flowering Time and Keeping Quality in AtSHI Expressing
Transgenic Lines

Over-expression of A#SHI in poinsettia significantly reduced
plant height compared to WT control plants. When grown under
short day (SD) conditions, the TLI transgenic line showed the
strongest height reduction response (52%) whereas the TL2 and
TL3 plants were reduced in height by 49% and 30%, respectively,
compared to WT control plants (Figures 5A, 6A). Under long day
(LD) conditions, the height reduction was 25%, 21% and 23% in
TL1, TL2 and TL3, respectively, compared to control plants
(Figure 5B). No differences were observed in leaf color or leaf
shape, and there was no significant difference in petiole length
(Figure 6 B, C).

As investigated under SD conditions, overexpression of the
AtSHI gene significantly reduced the internode lengths and the
internode number compared to WT control plants (Figure 7A, B).
On average, internode lengths were significantly reduced by 49%,
41% and 31% and the internode number by 32%, 41% and 33%
for TL1, TL2 and TL3, respectively. The transgenic plants had
significantly lower bract number and reduced bract area as shown
in Figure 7C and D. The average bract number was reduced by
44%, 50% and 40% and the bract area by 68%, 62% and 47% for
TL1, TL2 and TL3, respectively. In TLI the total dry weight of
stems, leaves and bracts, specific leaf area, total leaf area and shoot
diameter differed significantly from the W' control plants
(Table 2). No significant difference in relative chlorophyll content
was found between the transgenic and control plants (Table 2).

Bract formation started after four weeks when plants were kept
under SD conditions and visible cyathia were observed after 5
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weeks. No significant difference in time to initiation of flowering
was observed between the transgenic and control plants. The
development of bract color formation appeared a bit faster in
control plants compared to transgenic plants. Bract necrosis was
not observed and no significant differences in cyathia abscission or
keeping quality between the transgenic plants and control plants
were observed (data not shown). In the postharvest room, the
cyathia abscission started after three weeks and one week later
about 90% of the bracts were abscised from all plants (data not
shown).

Reduced Height and Internode Lengths Correlate with
Reduced IAA Levels

To investigate the mechanism of the reduced plant height
and internode lengths in A#SHI overexpressed plants, the levels
of IAA were investigated in shoot tips of transgenic poinsettia
lines as well as the WT control plants. In the transgenic plants
the IAA levels showed a reduction of 11-31% compared to the
WT control plants as shown in Table 3. The lowest IAA levels
(31% less) were recorded in the transgenic line TLI.

Discussion

In this study we have demonstrated that the over-expression of
the AtSHI gene is an efficient tool to reduce plant height in the
economically highly important ornamental plant poinsettia. PCR
analysis verified the AsSHI-expressing transgenic poinsettia lines,
while Southern blot analysis further confirmed the transgene
integration into the poinsettia genome. With the vegetatively
propagated nature of poinsettia, the desired compact growth
characteristic in the transgenic poinsettia lines over-expression of
the AtSHI gene will be maintained and propagated by cuttings,
a clear advantage over sexually propagated plants. Recently,
a dwarfing effect of this gene was shown also in Kalanchoé and
Populus [18,19]. SHI gene has among others been suggested to act
to control contents of plant hormones involved in control of shoot
elongation [27,31,36,45].

AtSHI Expression in Poinsettia Results in Reduced

Internode Elongation

AtSHI gene expression resulted in a significant reduction of
shoot height compared with the control plants under SD as well as
LD conditions (Figures 5, 6A). The strongest shoot length
reductions were observed in TLI, which compared to control
plants showed 52% and 25% reduction under SD and LD,
respectively. In all three transgenic lines, the reduction in shoot
lengths was more pronounced under SD compared to LD. This
could be ascribed to a generally more vigorous height growth
under the higher light sum of the LDs of 16 h. Under LD plants
were vegetatively growing whereas under SD conditions shoot
elongation ceased due to floral induction. The overexpression of
AtSHI in poinsettia is comparable with observations made in
Populus, Kalanchoé and Arabidopsis [18,19] where it also significantly
reduced the height. In this study, the largest reduction in internode
length in transgenic poinsettia was 49% compared to WT control
plants.

In our current study, the number of internodes was reduced in
the AtSHI overexpressed transgenic poinsettia plants. Such in-
formation is available from neither Kalanchoé¢ nor Arabidopsis, which
is a rosette plant and does not have elongated internodes, but the
result is in contrast to the results from Populus [18,19]. On the
other hand, the petiole length was reduced in the Populus [18,19].
In poinsettia, bract number and bract area were reduced
significantly in the transgenic plants compared to the control
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Figure 5. Height comparison among the different transgenic lines (TL) of AtSH/ overexpressing poinsettia and untransformed
control plants grown under short day (10 h) (A) and long day conditions (16 h) (B). Vertical bars represent the = SE (standard error),

n=11-12 and 6-12 in A and B, respectively.
doi:10.1371/journal.pone.0053377.g005

plants. A reduction of 47 to 67% in bract area was observed in the
different transgenic lines (Figure 7D). The reduced bract size may
have impact on the ornamental value of poinsettia. About 41%
higher total leaf area and 8% lower specific leaf area were
observed in the transgenic line TL1 compared to control plants
(Table 2). Leaf colour and alterations were visually observed where
the transgenic lines did not show any differences from the control
plants. In Figure 6C, both serrate lobed and non-serrate lobed
leaves are present. We have observed both types of leaves in the
same plants of three transgenic lines and the control plants. Thus,
there was no difference in leaf shape of transgenic and control
plants. Fridborg et al. [24] observed darker green leaves in
Arabidopsis, whereas Liitken et al. [19] did not observe any
differences in leaf colour in Kalanchoé¢ but AtSHI was over-expressed
in both plants. The overexpression of AtSHI caused pleiotropic
changes during the developmental stages of Arabidopsis. The reason
for differences of phenotypic characteristics might be due to the
different habits of growth and flowering stage of Arabidopsis and
Kalanchoé as well as poinsettia. Life span and vegetative stage are
very short in Arabidopsis compared to Kalanchoé¢ or poinsettia. No
significant difference in relative chlorophyll content was observed
among the transgenic lines and control plants. This might suggest
that the AtSHI overexpression does not reduce photosynthesis in
plants. Rather, the relative chlorophyll mean value was higher in
the transgenic lines compared to the WT control plants. However,
56% total dry weight in TL1 was significantly lower compared to
the WT controls. About 23% reduction in shoot diameter in TLI
was observed compared to the control plants. This result is similar
to SHI overexpressing Kalanchoé, but in contrast to Arabidopsis
[19,24]. There was no significant difference of branching among
the transgenic A#SHI poinsettias and control plants (data not
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shown). This is in contrast to the shz mutant in Arabidopsis, where
more branches were observed in SHI overexpressing plants [24].

Reduced Elongation Growth Correlates with Reduced IAA
and Higher Expression Levels of AtSHI

The reduced stem extension of the plants expressing the AtSHI
gene was correlated with reduced endogenous levels of IAA levels
(Tables 2, 3), with the lowest levels in the shortest lines (TL1).
SHI/STY family members regulate plant development. In
Arabidopsis the STYI interacts with the promoter of the auxin
biosynthesis gene YUC4 and induces its transcription [36,46].
YUC family proteins act as rate limiting enzymes of the
tryptophan-dependent auxin biosynthesis pathways [47,48]. In
Arabidopsis it was shown that the SHI/STY family controls the
developmental process through regulation of auxin biosynthesis
[27]. Our results with reduced height and reduced IAA levels in
poinsettia overexpressing AtSHI are similar to those obtained in
a previous study of the moss Physcomutrella patens [27]. Two genes of
PpSHI reduced elongation and reduced endogenous auxin levels in
this moss [45]. The Arabidopsis auxin mutant (ettin-1) 1s affected by
SHI/STY family mutants [27,49]. It is also reported that
elongation involves cell division and cell elongation due to cell
wall modification activated by auxin among others [50]. Elonga-
tion is also well known to be related to GA levels or sensitivity to
GA [20,51,52]. However, it has been reported that IAA promotes
the biosynthesis of active gibberellin (GA) and that auxin transport
inhibitors reduce the active GA content in pea and Arabidopsis
[37,38,53,54]. This reduction of shoot length and internode length
1s also consistent with results obtained in the moss P. patens [43].
The transgenic moss lines showed reduced levels of auxin
presumably related to the overexpression of PpSHI.
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Figure 6. Transgenic AtSH/ overexpressing poinsettia plants (A), petioles (B) and leaves (C). In each figure: from the left different
transgenic lines; TL1, TL2, TL3 and non-transformed control plants are shown. The plants were grown at 21+2°C, a 10 h photoperiod at an irradiance

of 100+20 umol m~2s~",
doi:10.1371/journal.pone.0053377.g006

In AtSHI overexpressing lines of Populus, the internode number
and the concentration of cytokinin were increased. The height and
number of shoot apical meristems (SAM) was reduced due to
reduced content of cytokinins [55]. The auxin level was also lower
in transgenic plant tissue. This supports the Arabidopsis data where
auxin levels and biosynthesis were reduced by the introduction of
the SHI family member gene styl [27,36]. In contrast, AtSHI
expressing Populus did not show any change in auxin concentra-
tion, but the cytokinin levels were decreased [18]. No significant
difference was observed in the petiole length in poinsettia and
a similar result was obtained in Arabidopsis.

The AtSHI transcript levels correlated well with the observed
phenotype. Plants that contained relatively high levels of the AtSHI

transcript were severely dwarfed, whereas less dwarfed plants
contained lower transcript levels (Figures. 4, 5A).

Flowering Time and Keeping Quality are Not Affected in

the AtSHI Overexpressing Transgenic Poinsettia Plants
In the ornamental industry, the most important feature is
flowering. The attractive part of poinsettia is the bract colour
(formation of red anthocyanin pigment in the transition leaves)
formation, which was observed at nearly the same time in both
control and transgenic plants. The completion of bract colour
formation was a little bit faster in control plants compared to
transgenic plants. This is quite similar to previous studies, where
no difference in flowering time was found in sty/—2 and wild type

Table 2. Comparison of growth parameters among transgenic (T) lines of poinsettia overexpressing the AtSHI gene, TL1, TL2, TL3
and control plants under short day conditions of a 10 h photoperiod in a controlled environment.

Line TL1 Line TL2 Line TL3 Control
Height (mm) 71577 b 753+88 b 104.5+82 b 148.8+16.3 a
Relative chlorophyll content 27.7*10 a 28.0*2.1a 255*2.1a 246*22 a
Shoot diameter (mm) 10206 b 120*1.1 a 13.9%03 a 13203 a
Total leaf area (cm?) 199.8%£17.3 ¢ 247.6*32.3 bc 385.1+29.0 a 341.0£27.0 ab
Specific leaf area (cm? g~ ") 2833+3.7 a 271.9+6.6 ab 265.1+5.8 b 262.7+5.0 b
Total dry weight (g) 1.2+0.1b 1.8+0.3 ab 27*+03 a 27*03 a

doi:10.1371/journal.pone.0053377.t002
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Different letters within a parameter indicate significant differences (Tukey's test at p<<0.05). n=11-12. Mean value * SE (standard error) are given.
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Figure 7. Effects of AtSH/ overexpression on internode length (A), total internode number (sum of bracts and leaves) (B), bract
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at p=0.05. Vertical bars represent the * SE (standard error).
doi:10.1371/journal.pone.0053377.g007

Arabidopsis plants [46]. Multiple inputs like photoperiod, light
quality and GA converge to regulate flowering [56,57]. GA
promotes flowering in some LD plants like Arabidopsis and Lolium
and inhibits flowering in SD plants such as rice [58,59]. However,
GA’s involvement in floral initiation is complex and varies from
species to species [60,61]. The bract formation was visible after
four weeks when plants were kept under SD conditions. Cyathia
abscission was observed in the postharvest room under standard
conditions. The cyathia abscission started after three weeks and at
the end of 4 weeks about 90% bracts were abscised in both
transgenic and W'T control plants (data not shown). Furthermore,
no negative effects were seen on cyathia abscission or bract
necrosis or the postharvest quality due to AtSHI overexpression in

PLOS ONE | www.plosone.org

poinsettia. In Arabidopsis a negative effect of SHI overexpression is
late flowering, but this was not observed in either Kalanchoé¢ or in
our study of poinsettia [19].

Conclusions

The economic importance of poinsettia provides a driving force
to improve this important ornamental plant by using genetic
engineering. With respect to control of plant morphology, this
method is time saving, convenient and environmentally friendly
compared to conventional breeding and application of hazardous
chemical growth retardants. We have here demonstrated that
compact poinsettia plants without delay in flowering or change in
keeping quality can be obtained by using ectopic AtSHI expression
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Table 3. Endogenous levels of auxin and their metabolites
(pmol g~ DW) in transgenic lines and control plants of
poinsettia grown under a short photoperiod of 10 h.

Line IAA IAA-Asp IAA-Glu Total auxin
Transgenic line 2004.8+14.2 a169.9+23 a 99.6*+75a 22743*353 a
TL1

Transgenic line 25751104 a 240.3+29.7 a 89.4*+4.0 ab 2905*+127 a
TL2

Transgenic line 2290*+371a 171.8+63 a 62.63*+4.6 b 2524*+375 a
TL3

WT control 2892+328 a 2043*10a 98.19+9.59 a 3194£340 a

Different letters within a parameter indicate significant differences (Tukey’s test
at p=0.05). Mean value * SE (standard error) are given; Three shoots of one
plant were treated as one replicate and three separate replicates were analyzed.
doi:10.1371/journal.pone.0053377.t003

as a tool. For poinsettia, dwarf characteristics with good keeping
quality are required for high ornamental and market value. Dwarf
plants are also convenient for handling and transportation
compared to more elongated plants, and need less space in
expensive production facilities. Although there is generally,
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especially in Europe, a negative attitude towards genetic
engineering of food crops which are consumed by humans, the
attitude might be less negative for plants grown for other purposes
such as non-food, non-feed ornamental plants. Hence, the use of
Agrobacterium-mediated transformation to introduce A#SHI into
commercially grown poinsettia cultivars can be very promising in
the poinsettia industry, being environmentally friendly, beneficial
to the economy and to human health by avoiding hazardous
effects of plant growth retardant application. Due to the vegetative
propagation nature of poinsettia, the acquired dwarfing effect and
other desirable characteristics will be stably inherited in vegetative
cuttings used in propagation.

Acknowledgments

Thanks are due to Erling Floistad for his practical support. We are grateful
for Dr Nicholas Clarke for linguistic correction.

Author Contributions

Conceived and designed the experiments: MAI HL. DRB ST SKR JEO
JLC. Performed the experiments: MAI HL SH JR. Analyzed the data:
MAI HL DRB ST JR SKR JEO JLC. Contributed reagents/materials/
analysis tools: MAI HL JR. Wrote the paper: MAI HL. DRB ST SKR JEO
JLC.

gibberellin inactivation and induces dwarfism in Solanum species. Plant Cell Rep
27: 463-470.

21. Curtis IS, Hanada A, Yamaguchi S, Kamiya Y (2005) Modification of plant
architecture through the expression of GA 2-oxidase under the control of an
estrogen inducible promoter in Arabidopsis thaliana L. Planta 222: 957-967.

22. Petty L, Thomas B, Jackson S, Harberd N (2001) Manipulating the gibberellin
response to reduce plant height in Chrysanthemum morifolium. Acta Hort 560: 87—
90.

23. Fridborg I, Kuusk S, Robertson M, Sundberg E (2001) The Arabidopsis protein
SHI represses gibberellin responses in Arabidopsis and barley. Plant Physiol 127:
937.

24. Fridborg I, Kuusk S, Moritz T, Sundberg E (1999) The Arabidopsis dwarf mutant
shi exhibits reduced gibberellin responses conferred by overexpression of a new
putative zinc finger protein. The Plant Cell 11: 1019-1032.

25. Kuusk S, Sohlberg JJ, Eklund DM, Sundberg E (2006) Functionally redundant
SHI family genes regulate Arabidopsis gynoecium development in a dose dependent
manner. The Plant J 47: 99-111.

26. Kuusk S, Sohlberg JJ, Long JA, Fridborg I, Sundberg E (2002) ST17 and STY2
promote the formation of apical tissues during Arabidopsis gynoecium development.
Development 129: 4707-4717.

27. Sohlberg JJ, Myrenas M, Kuusk S, Lagercrantz U, Kowalczyk M, et al. (2006)
STYI regulates auxin homeostasis and affects apical-basal patterning of the
Arabidopsis gynoecium. The Plant J 47: 112-123.

28. Staldal V, Sohlberg JJ, Eklund DM, Ljung K, Sundberg E (2008) Auxin can act
independently of CRC, LUG, SEU, SPT and STY1 in style development but
not apical basal patterning of the Arabidopsis gynoecium. New Phytol 180: 798-808.

29. Smyth DR, Bowman JL, Meyerowitz EM (1990) Early flower development in
Arabidopsis. The Plant Cell 2: 755-767.

30. Kim SG, Lee S, Kim YS, Yun DJ, Woo JC, et al. (2010) Activation tagging of an
Arabidopsis SHI-FRELATED SEQUENCE gene produces abnormal anther de-
hiscence and floral development. Plant Mol Biol 74: 337-351.

31. Fujita T, Sakaguchi H, Hiwatashi Y, Wagstaff SJ, Ito M, et al. (2008)
Convergent evolution of shoots in land plants: lack of auxin polar transport in
moss shoots. Evol Dev 10: 176-186.

32. Stavang JA, Lindgird B, Erntsen A, Lid SE, Moe R, et al. (2005)
Thermoperiodic stem elongation involves transcriptional regulation of gibber-
ellin deactivation in pea. Plant Physiol 138: 2344-2353.

33. Stavang JA, Gallego-Bartolomé J, Gomez MD, Yoshida S, Asami T, et al. (2009)
Hormonal regulation of temperature-induced growth in Arabidopsis. The Plant J
60: 589-601.

34. Yamaguchi S (2008) Gibberellin metabolism and its regulation. Annu Rev Plant
Biol 59: 225-251.

35. Zhao Y (2010) Auxin biosynthesis and its role in plant development. Annual Rev
Plant Biol 61: 49-64.

36. Eklund DM, Staldal V, Valsecchi I, Cierlik I, Eriksson C, et al. (2010) The
Arabidopsis  thaliana STYLISHI1 protein acts as a transcriptional activator
regulating auxin biosynthesis. The Plant Cell 22: 349-363.

37. Ross JJ, O’neill DP, Smith JJ, Kerckhoffs LH]J, Elliott RC (2000) Evidence that
auxin promotes gibberellin A biosynthesis in pea. The Plant J 21: 547-552.

January 2013 | Volume 8 | Issue 1 | 53377



38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Frigerio M, Alabadi D, Pérez-Gomez J, Garcia-Carcel L, Phillips AL, et al.
(2006) Transcriptional regulation of gibberellin metabolism genes by auxin
signaling in Arabidopsis. Plant Physiol 142: 553-563.

Wolbang CM, Chandler PM, Smith JJ, Ross JJ (2004) Auxin from the
developing inflorescence is required for the biosynthesis of active gibberellins in
barley stems. Plant Physiol 134: 769-776.

Hong JK, Kim JS, Kim JA, Lee SI, Lim MH, et al. (2010) Identification and
characterization of SHI family genes from Brassica rapa L. ssp. pekinensis. Genes
Genom 32: 309-317.

Clarke JL, Spetz C, Haugslien S, Xing S, Dees MW, et al. (2008) Agrobacterium
tumefaciens-mediated transformation of poinsettia, Euphorbia pulcherrima, with virus-
derived hairpin RNA constructs confers resistance to Poinsettia mosaic virus. Plant
cell Rep 27: 1027-1038.

Sambrook J, Fritsch E, Maniatis T (1989) Molecular Cloning: A Laboratory
Manual, 2nd edn.: Cold Spring Harbor Laboratory Press, Cold Spring Harbor,
NY.

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using
real-time quantitative PCR and the 274 method. Methods 25: 402-408.

Péncik A, Rolcik J, Novak O, Magnus V, Bartak P, et al. (2009) Isolation of

novel indole-3-acetic acid conjugates by immunoaffinity extraction. Talanta 80:
651-655.

. Eklund DM, Thelander M, Landberg K, Staldal V, Nilsson A, et al. (2010)

Homologues of the Arabidopsis thaliana SHI/STY/LRPI genes control auxin
biosynthesis and affect growth and development in the moss Physcomitrella patens.
Development 137: 1275.

Staldal V, Cierlik I, Chen S, Landberg K, Baylis T, et al. (2012) The Arabidopsis
thaliana transcriptional activator STYLISHI regulates genes affecting stamen
development, cell expansion and timing of flowering. Plant Mol Biol 78: 545—
559.

Cheng Y, Dai X, Zhao Y (2006) Auxin biosynthesis by the YUCCA flavin
monooxygenases controls the formation of floral organs and vascular tissues in
Arabidopsis. Genes Develop 20: 1790-1799.

Zhao 'Y, Christensen SK, Fankhauser C, Cashman JR, Cohen JD, et al. (2001) A
role for flavin monooxygenase-like enzymes in auxin biosynthesis. Sci 291: 306
309.

PLOS ONE | www.plosone.org

10

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

AtSHI Overexpressed in Poinsettia

Nemhauser JL, Feldman LJ, Zambryski PC (2000) Auxin and ETTIN in
Arabidopsis gynoecium morphogenesis. Development 127: 3877-3888.

Taiz L, Zeiger E (2010) Plant Physiology (5th edition), Chapter 19 Auxin: The
Growth Hormone. Sinauer Associates Inc., Publishers, Sunderland, Massachu-
setts USA, 545-578.

Fleet CM, Sun T (2005) A DELLAcate balance: the role of gibberellin in plant
morphogenesis. Current Opi Plant Biol 8: 77-85.

Sakamoto T, Morinaka Y, Ishiyama K, Kobayashi M, Itoh H, et al. (2003)
Genetic manipulation of gibberellin metabolism in transgenic rice. Nature
Biotech 21: 909-913.

O’Neill DP, Ross JJ (2002) Auxin regulation of the gibberellin pathway in pea.
Plant Physiol 130: 1974-1982.

Ross J (1998) Effects of auxin transport inhibitors on gibberellins in pea. ] Plant
Growth Reg 17: 141-146.

. Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H, et al. (2003)

Cytokinin-deficient transgenic Arabidopsis plants show multiple developmental
alterations indicating opposite functions of cytokinins in the regulation of shoot
and root meristem activity. The Plant Cell 15: 2532-2550.

Simpson GG, Dean C (2002) Arabidopsis, the Rosetta stone of flowering time?
Science 296: 285-289.

Mouradov A, Cremer F, Coupland G (2002) Control of flowering time:
interacting pathways as a basis for diversity. The Plant Cell Online 14: S111—
S130.

Eriksson S, Bohlenius H, Moritz T, Nilsson O (2006) GA, is the active
gibberellin in the regulation of LEAFY transcription and Arabidopsis floral
initiation. The Plant Cell Online 18: 2172-2181.

Izawa T, Oikawa T, Sugiyama N, Tanisaka T, Yano M, et al. (2002)
Phytochrome mediates the external light signal to repress FT orthologs in
photoperiodic flowering of rice. Genes and Develop 16: 2006-2020.
Koorneef M, Elgersma A, Hanhart C, Loenen-Martinet EP, Rijn L, et al. (1985)
A gibberellin insensitive mutant of Arabidopsis thaliana. Physiol Plant 65: 33-39.
Mutasa-Géttgens E, Hedden P (2009) Gibberellin as a factor in floral regulatory
networks. J Expt Bot 60: 1979-1989.

January 2013 | Volume 8 | Issue 1 | 53377



