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Abstract

Bioactive gibberellins (GAs) are involved in many developmental aspects of the life cycle of plants, acting either
directly or through interaction with other hormones. Accumulating evidence suggests that GAs have an important
effect on root growth; however, there is currently little information on the specific regulatory mechanism of GAs dur-
ing adventitious root development. A study was conducted on tobacco (Nicotiana tabacum) plants for altered rates
of biosynthesis, catabolism, and GA signalling constitutively or in specific tissues using a transgenic approach. In the
present study, PtGA20ox, PtGA20ox1, and PtGAI were overexpressed under the control of the 35S promoter, vascular
cambium-specific promoter (LMX5), or root meristem-specific promoter (TobRB7), respectively. Evidence is provided
that the precise localization of bioactive GA in the stem but not in the roots is required to regulate adventitious root
development in tobacco. High levels of GA negatively regulate the early initiation step of root formation through
interactions with auxin, while a proper and mobile GA signal is required for the emergence and subsequent long-term
elongation of established primordia. The results demonstrated that GAs have an inhibitory effect on adventitious root
formation but a stimulatory effect on root elongation.

Key words: Adventitious root formation, auxin—gibberellin interaction, gibberellin, Nicotiana tabacum, root elongation, vascular
tissue.

Introduction

Gibberellins (GAs) are tetracyclic diterpenoid phytohor-
mones that control a wide range of growth and develop-
mental processes throughout the plant life cycle, acting
either directly or through interactions with other hormones.
Recently, impressive advances through molecular studies
have elucidated the vital role of GAs in coordinating seed
development and germination, seedling growth, stem elonga-
tion, leaf development and bud outgrowth, flower induction,
and xylem expansion (Stavang et al., 2005; Gabriele et al.,
2010; Ikezaki et al., 2010; Mauriat et al., 2011; Nadeau et al.,
2011; Zhao et al., 2011). However, understanding the role of

GAs in root formation and growth (Osmont et al., 2007) has
progressed at a slower rate. This is probably due to the fact
that GAs, compared with auxin, often exhibit an indetermi-
nate or have an indistinguishable effect on root development.
The effects of exogenous GA and inhibitors related to this
hormone on root development vary depending on the plant
species and the experiment. However, recent advances in
molecular biology and plant physiology open up new hori-
zons for regulation of root growth by GAs in plants. Several
lines of evidence support the hypothesis that active GAs are
critical for root development.

Abbreviations: GA, gibberellic acid, gibberellin; GAI, 35S::PtGAl; 35:G20, 35S::PtGA200x; 35:G2, 35S::PtGA20x1; L:G20, LMX5::PtGA200x; L:G2,
LMX5::PtGA20x1; NAA, a-naphthyl acetic acid; T:G20, TobRB7::PtGA200x; T:G2, TobRB7::PtGA20x1.
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GAs have been demonstrated to have a positive effect
on primary root growth. A variety of GA-deficient mutant
plants have been crucial for establishing the role of GAs
in primary root development. Study of GA-deficient muta-
tions in Arabidopsis shows that mutants have reduced lev-
els of active GAs in roots compared with wild-type (WT)
plants and this is associated with impaired root elongation
(Fu and Harberd, 2003; Griffiths ez al., 2006; Ueguchi-
Tanaka et al., 2007; Willige et al., 2007). The flux of bio-
active GAs is regulated by three dioxygenase enzymes,
namely GA20-, GA3-, and GA2-oxidases. GA20-oxidases
and GA3-oxidases catalyse the final steps in the synthesis
of bioactive GAs, whereas GA2-oxidase is the major GA
deactivation enzyme (Yamaguchi, 2008). Ectopic expres-
sion of the SoGA20x3, OsGA20x5, and OsGA20x6 genes
markedly inhibits root elongation in transgenic tobacco.
Differences in root growth between WT and transgenic
seedlings were most pronounced under continuous light
(Lee and Zeevaart, 2005; Lo et al., 2008). Similarly, root
morphology of transgenic Arabidopsis seedlings overex-
pressing CmGA7ox and CmGA3oxI changed dramatically.
CmGA7o0x overexpressors develop much longer primary
roots compared with WT plants. However, CmGA3ox1
transgenic lines develop more lateral roots that are thicker
compared with WT plants (Radi et al., 2006). Recently,
molecular studies have advanced our understanding of
the regulatory mechanism and clearly suggest that GAs
are involved in the control of root cell elongation (Ubeda-
Tomas et al., 2008) and cell proliferation (Achard et al.,
2009; Ubeda-Tomas et al., 2009). GA biosynthetic mutants
are unable to increase their cell production rate and meris-
tem size after germination, indicating that GA signalling
controls cell division activity in the root meristem, thereby
contributing to the regulation of root meristem growth
(Ubeda-Tomas et al., 2009).

Nevertheless, reports from various plant species suggest that
in comparison with the primary root, GAs have an inhibitory
effect on the regulation of lateral roots and adventitious root
development. Several studies have examined GA responses
in root formation using transgenic and physiological experi-
ments, and provide insight into its regulatory mechanisms. It
was shown that accelerated lateral root or adventitious root
formation are common behaviours in GA-deficient mutants
(Eriksson et al., 2000; Gou et al., 2010, 2011; El-Sharkawy
etal.,2012). Overexpression of GA2o0x led to increased lateral
root proliferation and transcriptome changes consistent with
increased growth and lateral root initiation in the transgenic
roots, and RNA interference (RNAI1) suppression of these
genes led to a decrease in root biomass (Gou et al., 2010,
2011). Correspondingly, a deficiency of GAs in rice increased
adventitious root formation, while exogenous application
of GA; suppressed it (Lo et al., 2008). In contrast, overex-
pression of A1GA20ox1 and exogenous GA applications in
aspen led to an increased concentration of bioactive GAs
and suppression of lateral and adventitious root formation
(Eriksson et al., 2000). A similar effect was also described
in citrus plants overexpressing CcGA20ox1 (Fagoaga et al.,
2007). Similarly, several studies suggest that inhibitors of GA

biosynthesis can stimulate lateral roots (Berova and Zlatev,
2000; Chaney, 2003; Gilman, 2004).

Considerable progress was made recently in elucidation
of the molecular basis of GA action. DELLA proteins
(DELLAs), major negative regulators of GA signalling, play
a central role in GA response and appear to be a point of
cross-talk with other signals (Achard et al., 2006; Nemhauser
et al., 2006; Harberd et al., 2009). GA response in the endo-
dermis and the effects of GA-regulated DELLAs on root
growth have been well characterized recently (Ubeda-Tomas
et al., 2012). Blockage of GA signalling via heterologous
expression of DELLA-less versions of GAIl and RGLI in
Populus elicited an increase in root biomass (Busov ef al.,
2006; Han et al., 2011). Previously, it was shown that GAs
appear to affect cell expansion in the root elongation zone via
destabilizing the DELLA-like repressor of GA;. DELLAs
restrain growth of organs, such as leaves and primary roots,
by first decreasing the rate of division of proliferating cells,
then by altering the rate of elongation of differentiated cells
(Achard et al., 2009). Targeting the expression of gai (a non-
GA-degradable mutant form of GAI) in the root meristem
disrupts cell proliferation. Moreover, expressing gai in divid-
ing endodermal cells was sufficient to block root meristem
enlargement (Ubeda-Tomas et al., 2009). Subsequent studies
revealed that the GA-mediated removal of DELLA repressor
proteins only in the endodermis promotes anisotropic growth
in the surrounding root tissues (Ubeda-Tomas et al., 2008).

A number of physiological observations suggest cross-talk
between GA signalling and auxin transport. It has long been
known that indole acetic acid (IAA) can stimulate the expres-
sion of GA biosynthetic genes in various plants (Wolbang
etal., 2001, 2004; Frigerio et al., 2006) and GAs also apparently
mediate increased rates of polar IAA transport (Bjorklund
et al., 2007). Auxin signalling was shown to induce the deg-
radation of the negative GA signalling element RGA, thereby
promoting GA signalling and root growth (Fu and Harberd,
2003). In GA-deficient and GA-insensitive transgenic Populus,
modification of a differentially expressed gene encoding two
efflux and one influx carrier involved in auxin transport sug-
gests that modulation of lateral root development by GAs is
at least partly imparted by polar auxin transport modification
(Gou et al., 2010). Recent work implicated GAs and DELLAs
in the control of auxin transport and the coordination between
cell division and cell differentiation during this stage of root
growth and differentiation (Moubayidin ef al., 2010).

To improve understanding of the role of GAs in root
development, pharmacological and genetic approaches were
used to investigate the effects of modification of the levels
of bioactive GAs in specific tissues during root development
in model tobacco (Nicotiana tabacum) plants. In this study,
PtGA200x and PtGA20xI were expressed under the control
of two well-studied promoters, namely LM X5 and TobRB7,
respectively, leading to expression on the xylem side of the
cambial zone in the stem (Bjorklund ez al., 2007) and the
meristem and central cylinder regions in the root (Yamamoto
et al., 1991). The results show that the precise tissue localiza-
tion of GAs regulates adventitious root initiation and elonga-
tion in tobacco. These findings provide a more comprehensive
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insight into understanding the role of GAs in root growth
and development.

Materials and methods

Plant material and chemical treatments

The previously characterized PtGA20x1, PtGA20ox, and PtGAI
genes (Busov et al., 2003; Israelsson et al., 2005; Han et al., 2011)
were isolated from 1316 clones of Chinese white poplar (Populus
tomentosa Carr.). Genetic studies were carried out using clone W38
from tobacco (N. tabacum cultivar Wisconsin 38).

All plants were grown in hormone-free half-strength MS medium
(Murashige and Skoog, 1962) containing 0.7% carrageenan and 2%
sucrose, and maintained at 25 °C under a 16:8h photoperiod. For
GA, paclobutrazol (PAC), and TAA treatments, preliminary experi-
ments for the WT were carried out to determine suitable concentra-
tions. The WT and transgenic tobacco plants were transferred to
media containing 10 uM PAC, 10 uM GA;, and 1 uM TAA, respec-
tively, for 2-3 weeks.

RNA extraction and cDNA synthesis

Plant material was ground to a fine powder with a mortar and pes-
tle in liquid N,. Approximately 100 mg of ground tissue were used for
RNAextraction,usinganSV Total RNATIsolationKit(Promega, USA).
A 2 pg aliquot of total RNA was used to synthesize single-stranded
cDNA using the M-MLYV reverse transcriptase kit (Promega). cDNA
samples were diluted to a total volume of 100 pl.

Plasmid constructs

The open reading frames of PtGA2ox1, PtGA20ox, and PtGAI
were amplified from the cDNA of P tomentosa vegetative tis-
sue using Pyrobest DNA polymerase and the primers described
in Supplementary Table S1 available at JXB online. The products
were cloned into pYL322-d1-TobRB7, pYL322-d1-CaMV35S,
or pYL322-d1-LMXS5 and then recombined into pYLTAC380H,
which contained the HPTII gene as a selectable marker with the Cre/
loxP system.

The constructs were transformed into Agrobacterium strain
LBA4404 via the freeze/thaw method (Holsters ez al., 1978).

Plant transformation

Nicotiana tabacum plants were transformed with the seven constructs
following a previously described protocol (Dayan et al., 2010). The
leaves were transferred to fresh solidified MS medium containing
2mg I'! 6-benzyladenine (6-BA), 0.1mg I'! a-naphthyl acetic acid
(NAA), 300mg I"! cefotaxime, and 25mg I"! hygromycin B every 2
weeks until shoot regeneration. Regenerated shoots that rooted in
the presence of 20mg I'! hygromycin B were potted. The presence
and expression of the inserted genes were confirmed by PCR and
reverse transcription-PCR (RT-PCR), respectively. At least three
lines with the highest expression of the respective transgene were
selected by qPCR with the primers described in Supplementary
Table S1 at JXB online. Once again, shoots were regenerated from
leaves of these screened plants to produce homozygous and aseptic
transgenic plants. Regenerated plants were then transferred to anti-
biotic-free half-strength MS medium. Three independent lines and at
least 10 ramets per line were used for the analysis in all experiments.

Biometric measurements

To measure root development, 4cm cuttings were grown in vitro.
Roots from 2- or 3-week-old treated plants were harvested. The
number of adventitious roots was counted and the primary root
length was measured. Each experiment was repeated three times and

performed with at least three events and 10 ramets per event. Two-
tailed ¢-tests were performed with Microsoft Excel software.

Culture of petiole sections in vitro

Petioles of mature leaves were harvested and incubated on plates
of MS medium containing 1 mg I"' IAA at 25 °C under a 16:8 h pho-
toperiod. For application of GA, leaf sections were incubated on MS
medium with 1mg 1" TAA and 1 mg 1! GA,.

Phytohormone analysis

A 3g aliquot of roots and expanding leaves was harvested from
1-month-old transgenic plants, each line represented by three inde-
pendent plants. The samples were immediately weighed (fresh), fro-
zen, powdered in liquid nitrogen, and later analysed with a liquid
chromatography-mass spectrometry (LC-MS) system in the biotech-
nology laboratory of the forestry administration of China. The same
approach had been previously described (Gou et al., 2010, 2011).

Histology and microscopy

Rooting stem cuttings from WT and transgenic plants were sam-
pled and immediately fixed in FAA solution [containing 5% (v/v)
formalin, 5% (v/v) acetic acid, and 50% (v/v) ethanol]. Samples
were embedded in paraffin using a method described previously
(Nakayama et al., 2002). The sections were stained with safranin
fast-green for general tissue structure observation. Sections were
analysed using a light microscope (modelBA210; Motic, China).

GenBank accession numbers

Sequence data from this article can be found in the GenBank data
libraries under accession numbers: AJ001326 (PtGA200x), JX102472
(PtGA2o0x1), JX102471 (PtGAI), AB125232.1 (NtGA2o0xI), and
ABO016083.1 (NtGA200x1).

Results

Effects of GA and auxin and their interaction in
adventitious root development

The effects of GA and auxin in regulation of adventitious
root formation in WT tobacco stem cuttings were examined.
Exogenous application of bioactive GA (GA;) in the medium
significantly reduced the total number of adventitious roots
in stem cuttings under the control conditions over 3 weeks
(Fig. la, c). However, application of the GA biosynthesis
inhibitor PAC (Rademacher, 2000) also reduced the num-
ber of adventitious roots, but to a lesser degree than GA;
(Fig. 1a, c). Interestingly, exogenous application of IAA did
not reverse the effects of GA; and PAC; simultaneous treat-
ment with IAA and PAC has a marked effect on adventitious
root formation similar to the individual and combined effects
of GA; and TAA. In fact, WT tobacco stem cuttings with
an apical bud can be easily rooted on hormone-free medium
(100%). Application of exogenous auxin retarded root devel-
opment in a dose-dependent manner; root elongation is more
sensitive to auxin than root density (Fig. 1). GA; and PAC
have opposite effects on root elongation (Fig. 1b). Treatment
with TAA and PAC and with IAA and GA resulted in compa-
rable phenotypes, but through different mechanisms.

For root elongation, exogenous application of GA; signifi-
cantly stimulated primary root elongation while PAC had the


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert186/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert186/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert186/-/DC1

3414 | Niu et al.

(

o
~

(=2
J
*

[3,]
I

s

N

-
1

Primary root length (cm)
.° w

IAA4PAC

Fig. 1. Effects of GA and auxin on adventitious rooting of tobacco stem cuttings. (a) Average adventitious root number of WT plants
grown in vitro on media with different treatments for 3 weeks. (b) Average length of the three longest primary roots of WT plants grown
in vitro on media with different treatments for 3 weeks. Bars show the means and standard error over three events (at least 10 ramets
per event). * and ** indicate significance as determined by Student’s t-test at P < 0.05 and P < 0.01, respectively. (c) Roots of differently
treated plants. The length of the sides of the square grids is 0.5 inches.

opposite effect (Fig. 1b). Application of IAA+GA; signifi-
cantly reduced primary root length, indicating that an appro-
priate amount of bioactive GAs and auxin is essential for
root elongation (Fig. 1b). Taken together, these observations
demonstrate that GAs have a significant effect on adventi-
tious root development in tobacco.

Alteration of GA synthesis and signalling in different
tissues using the transgenic approach

To establish a causative relationship between GAs and the
observed root phenotypes caused by exogenous application of
GA; and PAC and to gain insight into the specific regulatory
mechanism of GAs during adventitious root development,
the levels of bioactive GAs were modified in specific tissues

of tobacco with PtGA20ox, PtGA2oxI, and PtGAI under
the control of the promoters Cauliflower mosaic virus 3558,
LMX5, and TobRB7, respectively. Transgenic tobacco plants
were generated, namely 35S::PtGA200x, 35S.:PtGA2o0x],
358::PtGAI, LMX5::PtGA20ox, LMX5::PtGA20x1,
TobRB7::PtGA200x, and TobRB7::PtGA20oxI (hereafter
referred to as 35:G20, 35:G2, GAI, L:G20, L:G2, T:G20,
and T:G2, respectively). These plants exhibited phenotypes
similar to those found in earlier studies that used the same
technique (Eriksson and Moritz, 2002; Israelsson ez al., 2005;
Mauriat and Moritz, 2009). 35:G20 plants exhibited the
greatest increase in internode length and corresponding plant
stature, typical of GA overproduction syndrome, while 35:G2
and GAI plants exhibited dwarfism and had small, dark
green leaves, phenotypic hallmarks of GA-deficient mutants.



Gibberellin regulate adventitious root development in tobacco | 3415

The phenotypes of L:G20 and T:G20 plants resembled that
of 35:G20, but to a lesser extent; however, these responses
were much lower in the L:G2 and T:G2 plants, which exhib-
ited only a marginal decrease in height relative to WT plants
(Fig. 2; Supplementary Fig. S1 at JXB online).

To determine if the phenotype observed in transgenic
plants corresponds to expression changes in exogenous genes
and GA concentrations, the expression patterns of exog-
enous genes and their orthologues in the leaves, stems, and
roots of WT and transgenic plants were assessed by qPCR
(Fig. 3). A feedback and feed-forward regulatory mecha-
nisms of the tobacco GA genes were identified as expected.

\ . | \

|
WT 35:G20 35:G2 T:G20 T:G2 L:G20 L:G2 GAI

Fig. 2. Phenotypic characterizations of WT and transgenic
plants. One-month-old WT and transgenic plants grown in vitro
are pictured. The top and bottom panels show the same plants
with leaves and defoliated, respectively. The transgenic plants
were significantly affected in terms of internode elongation.
Bar=10cm in the top panel and 5¢cm in the bottom panel. WT,
wild-type; 35:G20, 35S::PtGA200x transgenic plants; 35:G2,
35S::PtGA20x1 transgenic plants; T:G20, TobRB7::PtGA200x
transgenic plants; T:G2, TobRB7::PtGA20x1 transgenic

plants; L:G20, LMX5::PtGA200x transgenic plants; L:G2,
LMX5::PtGA20x1 transgenic plants; GAIl, 35S::PtGAl transgenic
plants. (This figure is available in colour at JXB online.)

Because all these genes are responsive to active GAs, the
expression changes are the result of active GA content altera-
tion. The GA concentrations were assessed using an LC-MS
system (Fig. 4; Supplementary Fig. S2 at JXB online). The
changes in concentration of bioactive GA, closely mirrored
the observed phenotypic changes in the respective organs of
predominant expression (Fig. 4). Interestingly, concentra-
tions of GA, also increased and decreased in stems of T:G20
and T:G2 plants, respectively (Fig. 4c), and feedback regu-
lation of NtGA20o0x1 (Fig. 3f) and NtGA2o0xI (Fig. 3e) was
observed; however, PtGA200x and PtGA20x1 expression was
not detected in the stems (Fig. 3c). It is thought that this gene
affects GA biosynthesis in other tissues, and the high levels
of GA, in the other tissues move in a non-polar fashion to
the stem. Analysis of the effect of excision of developing and
mature leaves from cuttings on stem elongation indicated
that these signals were not derived from the developing and
mature leaves (Supplementary Fig. S3). Bioactive GA, exhib-
ited more complex changes (Supplementary Fig. S2); how-
ever, it is generally a minor active GA in tobacco. Therefore,
the phenotype of the transgenic plants is related more to
changes in GA; concentration. The inactive GAg, converted
from GA,, is the most abundant gibberellin in both wild-type
and transgenic plants. It is noteworthy that the GA, content
is relatively stable in roots, stems, and leaves; however, very
substantial increases in GAg content from roots to leaves were
identified in both WT and transgenic plants (Fig. 4b, d, f).
These results indicate that different tissues may play dis-
parate roles in GA homeostasis in the whole plant, and that
exogenous gene expression induces homeostasis responses.

Down-regulation of GA level in the vasculature but not
in roots altered adventitious rooting

Stem cuttings of transformed lines and WT controls were cul-
tured in the same medium for 2 weeks to examine rooting abil-
ity. Similar to the effect produced by exogenous application
of GA; and PAC, constitutive overexpression of PtGA200x
and PtGA2ox1 significantly reduced root number to varying
degrees (Fig. 5).

Interestingly, not all of the combinations of the PtGA200x
and PtGA2o0xI genes with the two tissue-specific promoters
resulted in similar changes in rooting ability in overexpressing
plants. Neither T:G20 nor T:G2 plants showed any obvious phe-
notypic changes in root number compared with the WT (Fig. 5).
However, L:G2 and GAI transformants had similar rooting
traits to 35:G2 (Fig. 5). This indicates that the presence of GAs
in the vasculature is necessary for adventitious root formation.

Additionally, the results indicate that GA plays a role in
lateral root development (Fig. 5b) and root tip diameter regu-
lation. Lateral root development was delayed for more than
a week in L:G2 plants. Root tips of transgenic plants were
observed under a microscope (n >150). The results indicated
that GA negatively regulates the root tip diameter (data not
shown). The root tip diameters of 35:G20 and 35:G2 were
314+44nm and 367x49nm, respectively, compared with
338+ 34nm in the WT. This difference can be reversed by
exogenous application of GA; or PAC.
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Fig. 3. Expression levels of PtGA20ox, PtGA2ox1, PtGAI, and their orthologous genes in leaves, stems, and roots of wild-type and
transgenic tobacco. (a—i) gRT-PCR analysis of PtGA20ox, PtGA2ox1, PtGAI (a, d, i), NtGA20ox1 (b, e, h), and NtGA2ox1 (c, f, i) in
leaves (a, b, c), stems (e, d, f), and roots (g, h, i), respectively. The expression levels are relative to the Ntactin, and to the PtGA200x of
35:G20 value (set at 1). Values are means +SE of three biological replicates.

To improve understanding of the role of GAs in the vascu-
lature during root formation, the initiation and development
of adventitious roots in tobacco were examined histologically.
The results showed that in both WT and transgenic plants,
all adventitious roots originated from the vascular cambium
(Fig. 6). These findings reveal that a threshold level of GAs is
required for adventitious root development.

Up-regulation of GA level in the vasculature arrests
adventitious root formation in conjunction with high
levels of auxin

A remaining open question was why both L:G20 and T:G20
did not display similar effects to 35:G20 and whether GAs
have an inhibitory effect on adventitious root formation
in conjunction with auxin or polar auxin transport. To
answer this, the rooting ability of these transgenic plants
grown in media supplemented with exogenous auxin was
examined. The expected results were obtained using high
levels of NAA-treated L:G20 plants, in terms of the sub-
stantial decreases in the adventitious rooting rate (Fig. 7a).
Intriguingly, application of high levels of IAA (1mg1™') did

not produce similar results (data not shown). However, a
very substantial increase in endogenous IAA levels occurred
in the lowest stem section in 35:G20 plants (Fig. 7b). High
levels of IAA or NAA and GA result in arrest of adven-
titious root formation with greater callus formation at the
base of the stem cutting (Supplementary Fig. S4 at JXB
online). Considering the promoter used, it was no surprise
that the phenotype of the L:G20 plants did not show any
major modifications under normal conditions. Auxin is
synthesized in the apical meristems of shoots and in young
leaves, and moves in a polar fashion, preferentially down-
ward, through phloem parenchyma cells of the stem to the
base of the plant (Jacobs and Gilbert, 1983), and the effect
of GAs on polar auxin transport is not found on the xylem
side of the cambial zone.

GA inhibited adventitious root formation by repressing
primordium initiation

When petiole sections from wild-type plants were incu-
bated on MS medium containing 1 mg I"! IAA, adventitious
roots were often regenerated from the base of the sections.
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Fig. 4. Gibberellin concentration in leaves, stems, and roots of wild-type and transgenic tobacco. Wild-type and transgenic plants

were grown in vitro on hormone-free medium for 4 weeks. GA; (a, c,

e) and GAg (b, d, f) concentrations in stems (c, d), roots (g, f), and

leaves (a, b) were assessed using an LC-MS system. Values are means +SE of three biological replicates.

The formation of adventitious roots from petioles and mid-
vein sections was inhibited by GA; and overexpression of
PtGA200x (Fig.8; Supplementary Fig. S5 at JXB online).
When petiole sections of WT, 35:G2, and GAI plants were
incubated under the above-described conditions with the
addition of GAj;, root regeneration was significantly inhib-
ited. Moreover, WT and 35:G2 petiole sections from plants
pre-cultured in GA-containing medium were similarly inhib-
ited in terms of root regeneration (Supplementary Fig. S5);
incubation of 35:G20 petiole sections on PAC-containing
medium did not relieve this inhibition (Fig. 8).

To investigate whether the effect of GAs on adventitious
root formation was a result of the suppressed initiation of
root primordia or the arrest of already initiated root primor-
dia, WT plant cuttings were transferred from hormone-free
medium to a GA-containing medium in the first 0-5 d after
pre-culture. Quantitative analysis of primary root num-
bers showed that the inhibitory effect of GAs dramatically
attenuated to normal levels when the pre-culture time was
>3 d (Fig. 9a). In addition, WT plant cuttings in hormone-
free medium transferred from GA-containing medium still
showed a significant GA-mediated inhibitory effect. Pre-
culture in PAC-containing medium rescued root formation in
35:G20 plants (Fig. 9b).

Taken together, these data suggest that the deleterious
action of GAs is manifested at a very early stage of adven-
titious root formation and established primordia were least
affected by GAs.

A mobile GA signal is required for the emergence and
subsequent long-term elongation of adventitious roots

When each of the above-mentioned GA mutants was exam-
ined with regard to root elongation, it was noted that mutants
containing PtGA2oxI or PtGAI exhibited compromised pri-
mary root elongation compared with the WT control. In con-
trast, all transgenic types of PtGA20o0x expressers displayed
an increase in primary root length relative to the WT con-
trol (Fig. 10a, d). Although these results are not significant
except for 35:G20 plants, they were reproducible; further-
more, exogenous application of GA; and PAC had similar
effects (Fig. 1b). The distinct effects of GAs on tissue-specific
expressers in terms of adventitious root formation and elon-
gation suggest that root elongation relative to root formation
is a long-term process and GAs are mobile elongation-pro-
moting signals.

Further evidence confirmed this view; WT plant cuttings
transferred from hormone-free medium to a GA-containing


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert186/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert186/-/DC1

3418 | Niuet al.

(@) 13-
> 121
wid -

114

10

Adventitious root densi

|

Fig. 5. The primary and lateral roots of wild-type and transgenic plants. (a) Average primary root density of wild-type and transgenic
plants. Wild-type and transgenic plants were grown in vitro on hormone-free medium for 2 weeks. Adventitious roots were harvested

and quantitatively analysed. Bars show the means and standard errors over three events (at least 10 ramets per event). (b) The
phenotype of primary and lateral roots of wild-type and transgenic plants. The length of the sides of the square grids is 0.5 inches.
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Fig. 6. The anatomy of root initiation in stem cuttings of wild-type control and transgenic tobacco plants. Wild-type and transgenic
plants were grown in vitro on hormone-free medium for 5 d and then harvested for analysis. It is evident that all adventitious roots
originated from the vascular cambium in both wild-type and transgenic plants, and proper GA localization in this zone is required for
development of adventitious roots. X, xylem; P, phloem; VC, vascular cambium; V, vessels; AR, adventitious root. Scale bars represent

100 pm. (This figure is available in colour at JXB online.)
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Fig. 7. Effect of exogenous NAA application on adventitious root development and endogenous IAA concentration in the lowest stem
section of transgenic and wild-type plants. (a) The rooting rate of stem cuttings of wild-type control and transgenic tobacco plants after
3 weeks of NAA treatment. Bars represent the means and standard errors of three independent experiments where each experiment
included at least 10 ramets per event. (b) IAA concentrations of the three lowest internodes were assessed using an LC-MS system.

Values are means +SE of three biological replicates.

medium in the first 0-5 d after pre-culture did not show a
decrease in root length (Fig. 10b). Upon application of PAC
rather than GAs, cuttings of treated plants exhibited grad-
ual and slight PAC-mediated inhibition of root elongation
(Fig. 10c, d).

Discussion

Recent advances in molecular biology and plant physi-
ology show that active GAs are important regulatory

phytohormones in root development. Accumulating evidence
suggests that GAs have an opposite effect on primary root
growth (Fu and Harberd, 2003; Griffiths ez al., 2006; Ueguchi-
Tanaka et al., 2007; Willige et al., 2007) relative to lateral root
and adventitious root development (Eriksson et al., 2000;
Gou et al., 2010, 2011; El-Sharkawy et al., 2012). To gain
insight into the specific regulatory mechanism of GAs during
root development, tobacco plants were examined for altered
GA synthesis, catabolism, and signalling in different tissues
using a transgenic approach. It was demonstrated that GAs



3420 | Niu et al.

IAA/GA3 IAA/PAC

Fig. 8. GA inhibited adventitious root formation from petioles and midvein sections of transgenic and wild-type plants. The petioles
and midvein sections from the transgenic and wild-type plants were cut into 10mm long segments and cultured for 3 weeks on MS
medium. The concentrations of IAA, GA,, and PAC were each 1mg I”!. The explants did not generate roots on hormone-free medium.
Bars=10mm.
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Fig. 9. The inhibitory effect of GA is manifested in the early stages of adventitious root formation. (a) Quantitative analysis of adventitious
root numbers of wild-type plant cuttings transferred from hormone-free medium to a GA-containing medium in the first 0-56 d of a 14 d
period. (b) Quantitative analysis of adventitious root numbers of wild-type and 35:G20 plant cuttings grown on hormone-free medium
transferred to GA-containing medium or PAC-containing medium.
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Fig. 10. GAs are required for the emergence and subsequent long-term elongation of adventitious roots. (a) Average length of the three
longest primary roots of wild-type and transgenic plants. Transgenic plants were grown in vitro on hormone-free medium for 2 weeks.
Adventitious roots were harvested and quantitatively analysed. (b) Quantitative analysis of the three longest primary roots of wild-type
plant cuttings transferred from hormone-free medium to a GA-containing medium in the first 0-5 d of a 14 d period. (c) Quantitative
analysis of the three longest primary roots of wild-type plant cuttings transferred from hormone-free medium to a PAC-containing
medium in the first 0-5 d of a 14 d period. (d) Quantitative analysis of adventitious root length of wild-type and 35:G20 plant cuttings
grown on hormone-free medium transferred to GA-containing medium or PAC-containing medium.

have an inhibitory effect on adventitious root formation but a
stimulatory effect on root elongation.

In this study, striking differences were found between
transgenic tobacco and WT plants regarding adventitious
root development. On the one hand, GA inhibits adventitious
root formation. GA20ox overexpressers had poorer rooting
capacity than their control counterparts; this was reported
previously in trees (Eriksson ez al., 2000; Gou et al., 2011).
However, the negative effect on rooting efficiency during
initial establishment of young plantlets in the growth cham-
ber did not significantly affect root growth at later stages
(Eriksson et al., 2000). Moreover, consistent with previous
observations (Smith and Fedoroff, 1995; Busov et al., 2006)
of the response to GA; treatment, the formation of adven-
titious roots in the WT, GA20x-, and GAI-overexpressing
plants was reduced dramatically. Therefore, a plausible expla-
nation for the phenotype is that GAs negatively regulate the
early initiation step of root formation, while PAC inhibits the
emergence (and hence scoring) of roots, rather than their ini-
tiation. Consistent with this hypothesis, the distinct effects of
GAs depend on the time of application. While it is an inhibi-
tor during the pre-initiation phase, it strongly enhances root-
ing if applied at a time coincident with the first observable

stage of root initiation (Smith and Thorpe, 1975). GA treat-
ment seemed mainly to reduce intraprimordial cell division,
the continued development of which the established primor-
dia mostly depend on (Haissig, 1972). A previous study dem-
onstrated that GAs primarily suppress lateral root formation
at the early stages of lateral root primordium initiation (Gou
et al., 2010). Tt is believed that reduced GA levels are nec-
essary for maintenance of undetermined meristem cell fate
(Sakamoto et al., 2001), whereas high GA concentrations
promote cell differentiation and expansion (Jasinski et al.,
2005; Shani et al., 2006). In contrast, GAs have a stimula-
tory effect on root elongation. Increases in endogenous GA
content can induce significant increases in root elongation.
Conversely, reduction of GA levels results in a decreased root
growth rate (Lee and Zeevaart, 2005; Lo et al., 2008; Rieu
et al., 2008). GA biosynthesis inhibitors are also known to
inhibit root elongation, which is overcome by application of
GA, providing further evidence that GAs are important for
root growth (Yaxley ez al., 2001). Subsequent studies revealed
that regulation of GA-dependent elongation is restricted to
cells of the root meristem and is not observed in the elonga-
tion or differentiation zone of the root (Ubeda-Tomas et al.,
2008, 2009; Achard et al., 2009; Willige et al., 2011).
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Little information on the specific regulatory mechanism
of GAs during adventitious root development is available.
Studies on the effect of GAs on plant growth and develop-
ment have been hindered by their low abundance and varia-
tion in form, time, and localization (El-Sharkawy ez al., 2012).
Modifying the levels of bioactive GAs in specific tissues by
the expression of genes encoding enzymes involved in GA
biosynthesis and catabolism provides an alternative approach
to such investigations (Mauriat et al., 2011). To gain new
insights into the role of GAs, transgenic plants with increased
rates of biosynthesis and catabolism of GAs in specific parts
of the vascular tissue and the root meristem, respectively, were
investigated. The results showed that the presence of GAs in
the vasculature is necessary for adventitious root formation.
The main reason for this is that in both WT and transgenic
plants, all adventitious roots originate from the vascular cam-
bium and this process requires GA biosynthesis and DELLA
repressor-mediated GA signalling. Earlier research suggested
that the presence of bioactive GAs in the xylem is crucial for
adventitious rooting (Mauriat ez al., 2011). As mentioned
above, GA treatment has an inhibitory effect on adventitious
root formation; interestingly, the GA, levels are increased
in all G20 lines but the effect on adventitious root density
is just shown for 35:G20. The L:G20 and T:G20 lines have
no reduction in adventitious root density. Previous studies
had suggested that the GAs cannot transfer freely between
different cell layers of the stem (Bjorklund ez al., 2007), and
their concentration is not distributed evenly between differ-
ent types of cells in stem (Israelsson ef al., 2005). In addition,
the GAs have been shown to be a mobile signal (Ragni et al.,
2011), and a new homeostasis will soon be achieved with
the environmental change (Benschop et al., 2006; Toh et al.,
2008). Therefore, as the sources of signal were different, it is
speculated that the mechanisms in L:G20 and T:G20 plants
are also different. These unexpected results regarding L:G20
may be due to interactions between GAs and auxin because
of the well-known cross-talk between auxin and GA signal-
ling at both the molecular and phenotypic levels (Wolbang
and Ross, 2001; Bjorklund et al., 2007; Weiss and Ori, 2007).
This case, therefore, raised the question as to whether the
inhibitory effect of GAs on adventitious root formation is
in conjunction with auxin, polar auxin transport, or both.
Auxin moves down through phloem parenchyma cells to the
base of the plant (Jacobs and Gilbert, 1983); therefore, GAs
do not affect polar auxin transport located on the xylem side
of the cambial zone. Based on the observation that NAA-
treated L:G20 plants showed very substantial decreases in
the total number of adventitious roots, the results support
the hypothesis that the up-regulation of GAs, and the con-
sequent auxin transport enhancement, and auxin-gibberel-
lin interactions in the vasculature, is causative of the 35:G20
phenotypes reported in the previous study. Therefore, the
relationship between GAs and auxin appears to be both com-
plex and context specific. Much progress has recently been
made in corroborating auxin’s promotion of root growth by
enhancing the GA-induced destabilization of RGA, and per-
haps of other DELLA proteins (Fu and Harberd, 2003; Gou
et al., 2010; Moubayidin et al., 2010). However, the degree to

which the specific effects of GAs are involved in root develop-
ment remains unclear. Indeed, despite recent progress, there
remains much to be learnt about these issues.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Phenotypic characterizationof WT and trans-
genic plants grown in the greenhouse.

Figure S2. Gibberellin concentrations in leaves, stems, and
roots of wild-type and transgenic tobacco.

Figure S3.The effects of excision of developing and mature
leaves on stem elongation.

Figure S4. The high levels of IAA or NAA and GA arrest
adventitious root formation with more callus formation at
the base of the stem cutting.

Figure S5. The formation of adventitious roots from peti-
oles and midvein sections of WT, 35:G20, and 35:G2 plants
pre-cultured in GA3 or PAC-containing media.

Table S1. Sequence information of PCR primers used for
plasmid construction and qRT-PCR.
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