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bHLH093/NFL and bHLH061 are required for apical meristem function in Arabidopsis
thaliana
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ABSTRACT
The basic Helix-Loop-Helix (bHLH) transcription factors SCREAM/ICE1 and SCREAM2 have well-characterized
roles in the terminal differentiation of stomatal guard cells in Arabidopsis thaliana. Here we report on the
characterization of the functional roles of the remainingmembers of sub-group IIIB, bHLH093 and bHLH061.
The bhlh093/bhlh061 double mutant failed to produce a primary inflorescence shoot and displayed greater
phenotypic severity than bhlh093 and bhlh061 single mutants. An ultrastructural investigation revealed
structural defects that develop in tissues surrounding the meristem prior to inflorescence emergence. The
transition to flowering was restored in bhlh093/bhlh061 with the application of gibberellin to the apex. We
also demonstrate that gibberellin application alleviates structural defects that develop in tissues surrounding
the meristem and restore meristem activity. Furthermore, the bhlh093/bhlh061 double mutant was affected
by delayed flowering, and the severity of the phenotype correlatedwith photoperiod and light intensity. Our
results indicate that bHLH093 and bHLH061 function in the gibberellin-mediated establishment of func-
tional apical meristems during the transition from vegetative to reproductive growth.
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Introduction

Basic helix-loop-helix (bHLH) transcription factors harbor char-
acteristic segments of 10–15 basic amino acids and two amphi-
pathic α-helices separated by a variable loop region (about 40
amino acids). The basic region forms the main interface where
contact with DNA occurs, whereas the two helices promote the
formation of homo- or heterodimers between bHLH proteins, a
prerequisite for DNA binding to occur.1 bHLHs are ubiquitous
throughout the Eukarya, where they form sizable gene families
with, for example, 100–170 members in land plants. The
Arabidopsis thaliana genome contains 133 bHLH genes, which
are divided into 25 sub-groups.2 The interaction with multiple
partners endows bHLHs with the potential to function in a variety
of capacities within different organs, tissues and cell types.

Two paralogous bHLHs of the sub-group IIIb, SCREAM/ICE1
(At3g26744) and SCREAM2 (At1g12860), act redundantly to
coordinate cell fate transitions during stomatal development by
forming heterodimers with SPCH, MUTE and FAMA.3 The IIIb
sub-group contains two additional genes, bHLH093 (At5g65640)
and bHLH061 (At5g10570), which share high sequence identity
with SCREAM/ICE1 and SCREAM2 in the DNA binding and
ACT domains but lack conserved domains 4 and 6.4 bHLH093
was identified as a potential interaction partner of FAMA through
a bimolecular fluorescence complementation screen, but ectopic
expression of bHLH093 was reported to generate only a weak
fama phenotype in a fraction of the plants investigated.5 Because

bhlh093mutants also do not display obvious defects in epidermal
patterning,5 it is likely that the predominant functions of
bHLH093 and bHLH061 are not directly related to that of
SCREAM/ICE1 and SCREAM2.

Sharma et al.6 recently demonstrated that mutation of
bHLH093 leads to delayed flowering under short day conditions,
with a corresponding decrease in gibberellin (GA) levels within
apical tissues. Additionally, the transition to flowering in bhlh093
mutants can be restored with exogenous GA application or upon
crossing with a della quadruple mutant, indicating that bHLH093
likely functions upstream of GA signaling. GA promotes the
transition to flowering in an FT-dependent pathway under long
day and a separate FT-independent pathway under short day
growth conditions, when FT expression is at low levels,7 indicating
that bHLH093 may function in the FT-independent, GA-
mediated, transition to flowering.

The goal of the present study was to investigate whether
bHLH093 may also have roles in floral transition under long
day growth, and to further investigate the involvement of
bHLH093 (and the thus far uncharacterized bHLH061) in floral
transition. To this end, we evaluated the growth of bhlh093,
bhlh061 and bhlh093/bhlh061 mutants under long day growth
conditions with varying light intensities. We also investigated
the developmental and ultrastructural changes prior to flowering
to investigate the cause of delayed flowering in mutants. Here we
present evidence that bHLH093 functions in conjunction with
bHLH061 to facilitate the transition to flowering. The delay in
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flowering in the bhlh093/bhlh61 mutant was due to the develop-
ment of structural defects that developed within tissues surround-
ing the shoot apical meristem prior to the establishment of an
inflorescence meristem. These defects could be reversed by GA
treatment. We also demonstrate that the severity of the flowering
delay in the bhlh093/bhlh61mutant is dependent on both photo-
period and light intensity.

Results

Impaired expression of bhlh093 and bhlh061 causes
several light intensity-dependent developmental defects

The T-DNA knock-out lines for bHLH093 (termed bhlh093-1
(within first exon), bhlh093-2 (within first exon), bhlh093-3

(upstream of coding sequence)) and bHLH061 (termed
bhlh061-1 (within second intron), bhlh061-2 (within third
intron), bhlh061-3 (upstream of coding sequence)) were
PCR-analyzed to confirm the T-DNA insertion site
(Figure 1A). A phenotypic analysis of all T-DNA insertion
mutants and the bhlh093-1/bhlh061-1 double-mutant showed
no differences compared with wild-type controls under long
day growth conditions with relatively low light intensities
(90–120 µmol m−2 s−1). However, under higher light intensi-
ties (150–250 µmol m−2 s−1), bHLH093 and bHLH061
mutants were affected in several developmental characteris-
tics, including a downward curling of rosette leaves
(Supplemental Fig. 1) and impaired bolting and stem growth
as compared with wild-type controls (Supplemental Fig. 2).
The phenotypic appearance of the bhlh093-1 and bhlh093-2

Figure 1. Phenotype of mutants impaired in the expression of bHLH transcription factors. A Intron-exon structure of the bHLH093 and bHLH061 genes in the
Arabidopsis genome and location of T-DNA insertion sites. The box with dotted line indicates the promoter region. B RT-PCR with primers designed to amplify the
bHLH093 and bHLH061 genes (note the absence of transcript for bHLH093 in the bhlh093-1 mutant, for bHLH061 in the bhlh061-1 mutant, and for both bHLH093 and
bHLH061 in the bhlh093-1/bhlh061-1 double mutant). C Delayed bolting phenotype in bhlh mutants (size bar 1 cm). D Biometric evaluation of bhlh093-1/bhlh061-1
double mutant (striped bars) and wild-type controls (hollow bars) (standard deviation is indicated). Asterisks indicate P-value < 0.01 in a two-way ANOVA. There is no
difference in the stomatal density on leaves of wild-type control (E) and the bhlh093-1/bhlh061-1 double mutant (F). In the lower panels, black dots are added to
indicate the position of stomata. G Transformation of the bhlh093-1/bhlh061-1 double mutant with a functional copy of bHLH093 partially complements the bolting
phenotype, while bHLH093 overexpressors do not have an obvious phenotype (size bar 1 cm).
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mutants was essentially identical, with bhlh093-3 displaying
less severe growth defects, and all further experiments were
therefore performed with the bhlh093-1 line as a representa-
tive allele (Supplemental Fig. 2). All bhlh061 mutants dis-
played delayed bolting to varying degrees, and bhlh061-1
was selected as the representative allele for future studies.
Reverse transcription PCR confirmed the absence of
bHLH093 and bHLH061 transcripts in the bhlh093-1 and
bhlh061-1 lines (Figure 1B), respectively, thus confirming
that these are transcript null alleles. To investigate a potential
functional redundancy between bHLH093 and bHLH061, a
cross was performed to generate a bhlh093-1/bhlh061-1 dou-
ble mutant, which was demonstrated to lack both the
bHLH093 and bHLH061 transcripts (Figure 1B). The
bhlh093-1/bhlh061-1 double-mutant had a more severe phe-
notype than either of the single-mutants, exhibiting an almost
complete loss of bolting (Figure 1C, D) and thicker rosette
leaves (reflected in a significantly (2.9-fold) higher weight
than in wild-type controls) (Figure 1D).

We then investigated if bHLH093 and bHLH061 may play
roles in stomatal guard cell differentiation, akin to those
demonstrated for their bHLH sub-group IIIb homologues,
SCREAM/ICE1 and SCREAM2. No obvious effects of
impaired expression of bHLH093 alone were reported in a
previous study,5 and we thus focused on an analysis of sto-
mata in mature rosette leaves of bhlh093-1/bhlh061-1 double-
mutant plants. The overall density of stomata was essentially
identical in wild-type controls and mutants (Figure 1D).
There was also no apparent clustering of stomata or aberrant
cell division, which are characteristic of the fama loss-of-
function phenotype, in the bhlh093-1/bhlh061-1 mutant
(Figure 1E, F). When the functional bHLH093 allele was
reintroduced into the bhlh093-1/bhlh061-1 double mutant,
the developmental defects were complemented, as indicated
by a growth habitus with proper bolting and stem length
similar to that of wild-type controls (Figure 1G). bHLH093
T2 overexpression lines had a phenotype similar to that of
wild-type controls (Figure 1G).

The developmental characteristics of the bhlh093-1/bhlh061-
1 double mutant were then investigated in more detail.
Compared to wild-type controls, the double mutant showed no
significant differences in seed germination rates and etiolated
and de-etiolated seedling growth at 10 d post-germination.
Rosette leaf growth was also normal at 24 d after germination
(Figure 2A). Phenotypic differences began to manifest when the
primary inflorescence shoot emerged in wild-type controls
(transition from growth stage 5.0 to 6.0 at 28 d after
germination,8 (Figure 2B). Besides delayed bolting, a severe
downward curling of seemingly rough rosette leaves was the
most striking phenotype observed with bhlh093−1/bhlh061−1
mutant plants, while the appearance of cauline leaves in the
double mutant was the same as in wild-type controls
(Figure 2C, D). The emergence of small axillary inflorescences
was not observed until approximately 52 d post-germination
with the bhlh093−1/bhlh061−1 mutants (Figure 2E) which is
indicative of a loss of apical dominance. Rosette leaves of
bhlh093−1/bhlh061−1 plants entered senescence late, and
small, greatly deformed, leaves continued to emerge under the
original rosette even at 66 d after germination (Figure 2F).

Delayed flowering in the bhlh093-1/bhlh061-1 mutant is
caused by impairment of meristem development

In Arabidopsis, the vegetative shoot apical meristem (SAM) tran-
sitions to an inflorescence meristem prior to bolting (the emer-
gence of a primary inflorescence stem), which marks the
transition to reproductive growth. Since bhlh093−1/bhlh061−1
mutants fail to produce a primary inflorescence stem, a micro-
scopic investigation was initiated to further evaluate defects in
apical meristem function. Tissue was harvested just before bolting
in wild-type controls (growth stage 5.0),8 and serial sections were
generated to explore meristem structure and organization. Based
on observations made with longitudinal sections, the shoot apical
meristem (SAM) in bhlh093-1/bhlh061-1mutants appeared to be
severely curtailed (Figure 3A-C). When compared to wild-type
controls, leaf primordia within the peripheral zone of mutant
SAM were only barely visible. The typical dome structure of the
SAM (as observed in wild-type controls) was also lacking in the
double mutant. Further structural aberrations were observed in
the region beneath the SAM. More specifically, a region of thick-
ening growth was observed in bhlh093-1/bhlh061-1 plants, with
notably larger cells than in the corresponding wild-type controls
(Figure 3A-C). Cross sections of bhlh093-1/bhlh061-1 mutants at
40 d and 60 d post-germination revealed the presence of a cavity
of increasing size within the center of rosettes, at a location where
the SAM would be located prior to bolting in wild-type controls
(Figure 3D, E).

Gibberellin application restores shoot apical meristem
function in the bhlh093-1/bhlh061-1 double mutant

It is well established that hormones such as auxin, cytokinin and
GA9,10 are required for SAM function and maintenance. We thus
applied these hormones directly to the shoot apex of the bhlh093-
1/bhlh061-1 mutant (untreated double mutants (Figure 4A) and
wild-type (Figure 4B) as negative and positive controls, respec-
tively). Administration of neither indole 3-acetic acid (auxin) nor
N6-benzyl adenine (synthetic cytokinin) to the apical region
rescued the mutant phenotype (Figure 4C), whereas treatment
with 20 µMGA3 (applied directly to the SAM every 24 h) partially
rescued the bolting phenotype (Figure 4D). Interestingly, GA3

treatment did not reverse the SAM to its typical dome shape
(Figure 4E). In wild-type plants, GA3 treatment promoted both
early transition from a vegetative SAM to an inflorescence mer-
istem and early growth of axillary meristems. No alterations in the
structure of surrounding tissues were observed (Figure 4F).

Following up on the observation that GA3 application to the
apical region partially rescues the bhlh093-1/bhlh061-1 mutant
phenotype, we assessed if the impaired bolting was associated
with a loss of apical dominance (central shoot tip is dominant
over axillary bud outgrowth). We assessed apical dominance as
the percentage of plants where the main stem grewmore strongly
than side stems. Apical dominance was 100% in wild-type con-
trols but 0% in the double mutant. Apical dominance was
restored in the double mutant with GA3 treatment (100% at
bolting) (Figure 5A). However, approximately 25% of mutant
plants receiving GA3 lost apical dominance at a later develop-
mental stage (60 d post-germination), when one of the axillary
stems surpassed the length of the primary inflorescence shoot.
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Figure 2. Emergence of phenotypic characteristics over a developmental time course. A Rosette leaves before bolting (growth stages 1.02 to 5.10 according to Boyes
et al. 2001). B Lack of primary bolt in bhlh093-1/bhlh061-1 double mutant. Wild-type control (C) and bhlh093-1/bhlh061-1 double mutant (D) rosettes at 42 d post-
germination (note the pronounced downward curling of double mutant leaves). E Phenotype of bhlh093-1/bhlh061-1 double mutant at 72 d post-germination
(inflorescences emerge only from axillary meristems; green leaves continue to emerge below the original rosette). F Scheme depicting the aberration of the
developmental program in the bhlh093-1/bhlh061-1 double mutant (compared to wild-type controls). The size bars for panels A – E correspond to 1 cm.
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Leaf applications of GA3 led to a partial rescue of apical dom-
inance (about 50% at bolting) (Figure 5A). The severity of the
bolting phenotype (loss of apical dominance) in the bhlh093-1/
bhlh061-1mutant increased with the intensity of illumination and
photoperiod length (Figure 5A). The timing of the transition
from vegetative to reproductive growth, which was severely
delayed in the bhlh093-1/bhlh061-1 mutant, was re-established
by GA3 application (at both 20 µM and 100 µM) to the shoot apex
(Figure 5B). However, the length of the primary inflorescence
shoot remained about 30% shorter in the GA3-treated double
mutant when compared to wild-type controls (Figure 5C).

Discussion

Sub-group IIIb bHLH transcription factors are involved in
controlling the functionality of meristems, but operate in
different types of stem cells

The roles of SCREAM/ICE1 and SCREAM 2 in stomatal differ-
entiation are well established.3 Promoter:GUS assays, localization
of GFP fusion proteins (expressed fromnative promoters) and cell
type-specific transcriptome analyses all demonstrated a signifi-
cantly enriched presence of SCREAM/ICE1 and SCREAM 2 in
the stomatal cell lineage,3,11 consistent with their functions in
these cells. In contrast, the gene coding for bHLH093 (no previous
data available for bHLH061), another sub-group IIIb member, is
very highly expressed in the SAM11–14 (Supplemental Fig. 3;
expression level is comparable only in hypocotyl), which is con-
sistent with the phenotype (loss of SAM functionality) reported

here. Based on analyses of fluorescence patterns obtained by
expressing bHLHL093:YFP or GFP:bHLH093 under control of
the cauliflower mosaic virus 35S promoter, we and others demon-
strated that bHLH093 localizes to nuclei (Supplemental Fig. 4),6

which is in accordance with the subcellular localization reported
for SCREAM/ICE1 and SCREAM 2.3

During the first 28 d post-germination under long-day growth
conditions (16 h day/8 h night), the growth and development of
rosette leaves occurred normally in a bhlh093-1/bhlh061-1 loss-of-
function mutant. However, at the time when bolting occurred in
wild-type controls, the bhlh093-1/bhlh061-1 double mutant began
to exhibit numerous defects. In particular, we observed a region of
unusual thickening growth in the rib and elongation zones
beneath the central zone of the SAM. Later in development (60
d post-germination), the SAM appeared to have been entirely
aborted, thus leading to the formation of a cavity at the center of
the rosette (Figure 3). Although the bhlh093-1/bhlh061-1 mutant
lacked a primary inflorescence shoot, axillary stems were pro-
duced late in development (starting on average at 52 d after
germination), indicating a full loss of primary meristem function
and impaired growth from axillary meristems in the axils of
rosette leaves. Transformation of the bhlh093-1/bhlh061-1mutant
with a constitutively expressed bHLH093 copy led to a partial
rescue towards wild-type phenotype (Figure 1), indicating that the
defects are caused by impaired expression of bHLH093 (with
bHLH061 as a secondary contributor to the phenotype).

In summary, the currently available evidence suggests that all
members of the IIIb sub-group of bHLH transcription factors play

Figure 3. Structural characteristics of the shoot apex. Longitudinal sections of the shoot apex) from wild-type control (A) and bhlh093-1/bhlh061 double mutant (B
and C) note the region of thickening growth below the meristem. Wild-type control (D) and bhlh093-1/bhlh061 double mutant (E) at 60 d post-germination. Note
the cavity (arrow pointing toward it) located in the region beneath the SAM in the double mutant. Scale bars = 300 µm. Abbreviations: CZ, central zone; LP, leaf
primordium; PZ, peripheral zone.
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important roles in determining the functionality of meristematic
cells in Arabidopsis. However, while SCREAM/ICE1 and
SCREAM 2 are required for proper differentiation of the stomatal
stem cell lineage, we present evidence here that bHLH093 and
bHLH061 have essential functions in maintaining the identity of
SAM, indicating that the closely related subgroup IIIb bHLH
proteins in Arabidopsis have evolved differential, cell type-specific
roles in maintaining meristem function.

GA deficiency within the shoot apex is partly responsible
for structural defects in bhlh093-1/bhlh061-1 mutants,
resulting in delayed flowering

According to the classical model, the auxin indole 3-acetic acid is
produced in the central zone of the shoot apex and then trans-
ported basipetally via polar auxin transport. Further down the
stem it inhibits axillary bud growth by blocking cytokinin

Figure 4. Application of gibberellin (GA3) rescues the bhlh093-1/bhlh061-1 double mutant toward a wild-type phenotype. Representative images of plants at 30 d
post-germination. A untreated bhlh093-1/bhlh061-1 double mutant (negative control); B mock-treated wild-type plants as positive controls; C bhlh093-1/bhlh061-1
double mutant with SAM-applied auxin (left two pots) and cytokinin (right two pots) (note that these plants were photographed at 42 d post-germination (when
severe curling occurs in wild-type plants as well) to test if a longer application may rescue the bolting phenotype); D bhlh093-1/bhlh061-1 double mutant with SAM-
applied GA3. The size bars for panels A – D correspond to 1 cm. Microscopic images: GA3 treatment of the bhlh093-1/bhlh061-1 double mutant (applied to shoot
apex) partially rescues the phenotype (D); GA3 treatment of wild-type plants (E) leads to early development of inflorescence meristem and stem growth, as well as
early initiation of axillary meristem growth. Scale bars = 300 µm. Abbreviations: AM, axillary meristem; FM, floral meristem.
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biosynthesis, thereby promoting growth of the primary stem.15

However, cytokinin not only regulates the formation of axillary
buds but also induces the expression of the master regulator
WUSCHEL within the central zone of the SAM.16 It is thus
notable that our exogenous application of either hormone to
the shoot tip had no effect on the impaired bolting phenotype in
bhlh093-1/bhlh061-1 loss-of-function plants. In contrast, exo-
genous application of GA3 to the shoot apex was sufficient to
restore bolting in bHLH093-1/bHLH061-1 mutants (Figure 4).

This result may seem surprising, as it is generally accepted
that gibberellin biosynthesis is repressed in the central zone, at

the level of GA 20-oxidase expression, by KNOTTED1-like
homeobox (KNOX) transcription factors, thereby promoting
meristematic activity.17,18 It has further been established that
KNOX proteins promote the transcription of the GA 2-oxidase
gene, which encodes an enzyme responsible for gibberellin
turnover to inactive forms of the growth regulator.19,20

However, KNOX expression is comparatively low from the
rib zone of the SAM and the elongation zone immediately
beneath,17,18 which coincides with relatively high transcript
levels of the GA 3-β-hydroxylase gene (encoding the enzyme
responsible for the formation of bioactive gibberellins) in these

Figure 5. The bhlh093-1/bhlh061-1 double mutant is affected by a light-dependent loss of apical dominance. A Apical dominance in as a function of light intensity
and photoperiod. B Developmental time line of bolting and silique ripening (dotted bar; hollow bar indicates duration of vegetative growth) is restored by GA3
application to the shoot apex (standard deviation is indicated for n = 6–8). C Time course of primary inflorescence shoot elongation in untreated wild-type controls
(black circles), mock-treated wild-type controls (hollow circles), untreated bhlh093-1/bhlh061 double mutant (hollow triangles), bhlh093-1/bhlh061-1 double mutant
with GA3 applied to the shoot apex (hollow squares), and bhlh093-1/bhlh061-1 double mutant with GA3 applied to rosette leaves (black squares) (standard deviation
is indicated for n = 3–4; note that some bars are smaller than symbols).
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cell types.21 Interestingly, the defects caused by impaired
expression of bHLH093/bHLH061 included enlarged cells in
the rib meristem and elongation zone at the time when bolting
occurred in wild-type controls. Later in development, the SAM
was aborted and a cavity appeared in its place (Figure 3).
Application of GA3 was sufficient to partially rescue structural
defects in bhlh093-1/bhlh061-1 plants, preventing atypical cell
enlargement. We therefore hypothesize that GA3 applied to the
shoot tip was absorbed and then diffused to the rib and elonga-
tion zones, thereby restoring a gibberellin deficiency in the
bhlh093-1/bhlh061-1 mutant. It further appears that KNOX
activity was sufficient to maintain low gibberellin levels in the
central zone and thus SAM functionality.

Progress toward understanding bhlh093 and bhlh061
function

Defective bolting, as observed with the bhlh093-1/bhlh061-1
mutant, is consistent with the lack of stem growth reported
for gibberellin biosynthetic mutants,22 and it is thus possible
that bHLH093 and bHLH061 serve functions in regulating
gibberellin biosynthesis in the shoot apex. Sharma et al.6

reported that the gibberellin profile was affected significantly
in the apex of bhlh093 mutant plants, which provides further
support for the role of GA imbalances in producing the
observed phenotype. However, insufficient GA supply in bio-
synthetic mutants results in leaves of dramatically reduced
size22 and not the increased biomass and substantial curling
observed with the bhlh093-1/bhlh061-1 line. As an additional
control experiment, we treated wild-type controls with the
gibberellin biosynthesis inhibitor uniconazole-P (applied to
shoot apex only) and observed the expected bolting pheno-
type but no visible effects on leaf shape (Supplemental Fig. 5).
Uniconazole-P treatment of leaves causes growth retardation,
as reported in numerous studies,23 indicating that the leaf
deformation of the bhlh093-1/bhlh061-1 line is unlikely to be
caused directly by a defect in GA biosynthesis or perception
in leaves.

The observation that GA3 application to the shoot apex
alleviates the bolting defect in the bhlh093-1/bhlh061-1 line
indicates that the mutant is not impaired in GA perception.
This assessment is further supported by the fact that a leaf
application of GA3 resulted in a partial rescue towards the
wild-type bolting phenotype. The fact that only a partial
rescue of the phenotype was achieved by treating leaves with
GA3 is likely a reflection of an inefficient uptake, long-dis-
tance transport from leaves to the shoot apex and/or subse-
quent recognition.24–27 Interestingly, the leaf phenotype of the
bhlh093-1/bhlh061-1 mutant (curling and increased biomass)
was not rescued by GA3 applications to the shoot apex or
leaves. One might therefore hypothesize that the mutant is
affected by a defect in GA perception in leaves. However,
gibberellin-unresponsive mutants have a leaf phenotype
(dwarf) similar to that of biosynthetic mutants,28 and it
would thus appear unlikely, as stated before, that the
bhlh093-1/bhlh061-1 mutant is defective in gibberellin percep-
tion in leaves.

It was recently reported that bHLH093 is likely acting
upstream of gibberellin signaling to promote flowering

under short day conditions.6 In that study, bhlh093 mutants
failed to flower when grown under short day conditions (8h
light/16h dark) with relatively high light intensity
(200 µmol m−2 s−1), but displayed normal growth under
long day conditions (16h light/8h dark) with lower light
intensity (120 µmol m−2 s−1). Expression analysis of genes
within apical tissues of a bhlh093 mutant at 60 days of
growth (short day conditions) revealed decreased expres-
sion levels of GA biosynthetic genes (GA20ox1, GA3ox1
and GA3ox2) and increased expression of GA catabolic
genes (GA2ox2 and GA2ox7).6 Expanding on these pre-
viously established effects of bHLH093 on regulating GA
biosynthesis, the data sets presented here indicate that the
functions of the bHLH093 and bHLH061 transcription fac-
tors are contingent on both photoperiod and light intensity.

In Arabidopsis, GA is absolutely required for bolting, as
indicated by observations with mutants defective in GA bio-
synthesis and perception, which are severely dwarfed, regard-
less of photoperiod.29–31 An exception from this rule are
mutants impaired in the expression of the GA response repres-
sors GAI and RGA.32 In contrast, flower initiation, which
precedes bolting in Arabidopsis, is highly dependent on the
photoperiod. Although the CONSTANS (CO)/FLOWERING
LOCUS T (FT) pathway is generally thought to dominate
under long day conditions, there is evidence that gibberellins
may contribute to flower induction as well (in an FT-depen-
dent and independent fashion).33 While the relative impor-
tance of GA signaling for flower initiation is a matter of
debate,34 differences in light quality and intensity employed
in experiments by different investigators may explain conflict-
ing results.33 This is consistent with our data, which document
a light intensity-dependent bolting and flowering phenotype
that is partially rescued by GA3 applications to the apex or
leaves.

While our observations and those of Sharma and
colleagues6 are not conflicting, our data allow us to pre-
sent an updated interpretation for the primary role of
bHLH093. In our model, bHLH093 and bHLH061 act
partially redundantly in the translation of a light inten-
sity-dependent mobile signal that is required for the
proper accumulation of GA in apical meristems, thereby
supporting the transition to reproductive growth
(Figure 6A). In bhlh093-1/bhlh061-1 mutant plants, gib-
berellin biosynthesis and catabolism are impaired under
high light intensities, thus resulting in the failure to estab-
lish functional apical meristems. A secondary outcome of
impaired bHLH093 and bHLH061 expression is that, when
reproductive growth cannot be established, another mobile
signal affects processes that lead to the downward curling
leaf phenotype, increased vegetative growth and a delay in
leaf senescence (Figure 6B). This phenotype is reminiscent
of that reported for plants in which the shoot apex or
reproductive organs have been removed, which leads to a
disruption in source – sink relationships (demonstrated in
soybean,35 Arabidopsis,36 wheat,37 and cotton38). The gene
targets of the bHLH093 and bHLH061 transcription fac-
tors, and their relationship to light intensity, are as yet
unknown, and pursuing these mechanistic questions will
now be highly instructive.
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Materials and methods

Selection of homozygous T-DNA insertion lines

T-DNA insertion lines bhlh093-1 (SALK_104582), bhlh093-2,
(SALK_121082), bhlh093-3 (SALK _045619), bhlh061-1
(SAIL_569_E06), bhlh061-2 (SALK_142632) and bhlh061-3
(SALK_041271) were obtained from the Arabidopsis
Biological Resource Center (ABRC).39 PCR genotyping was
performed to confirm that the T-DNA insertion lines obtained
from ABRC were homozygous for the T-DNA insertion allele.
Genotyping was again used to identify segregation patterns in
an F2 T-DNA insertion population generated through genetic
crosses between bhlh093-1 and bhlh061-1 homozygotes.
Oligonucleotide primers were designed using the Signal
T-DNA server (http://signal.salk.edu/cgi-bin/tdnaexpress) to
assess the allele state at T-DNA insertion sites: bHLH093-1F,
5ʹ-TTTTCGATGGACGAATCTGTC-3ʹ, bHLH093-1R, 5ʹ-TA
CTGATTTTTGGGACGATGG-3ʹ and bHLH061, F, 5ʹ-GATT
AGAAACCGAGGGGTCAG-3ʹ, bHLH061R, 5ʹ- AAGGTCAG
CCTTCGAAGAATC-3ʹ, SALK lines; LBa1, 5ʹ- TGGTTCACG
TAGTGGGCCATCG-3ʹ, SAIL lines; SAILLB1 5ʹ- GCCTTTTC
AGAAATGGATAAATAGCCTTGCTTCC-3ʹ. The following
primers were used to assess transcript presence/absence by
Reverse Transcription Polymerase Chain Reaction (RT-PCR):
bHLH93RT-PCRF1, 5ʹ-GGATTTGATCATCATCATCATCA-
3ʹ; bHLH93RT-PCRR1, 5ʹ-ACTGAACTCATAATGTTTTCC
CCTA-3ʹ; bHLH61RT-PCR-F1, 5ʹ-CTCATCTAAGCACCCTC
ATTACA-3ʹ; bHLH61-RT-PCR-R1, ATCTCCTTATGAAAT
ATCATACT-3ʹ. Taq polymerase (New England Biolabs,
Ipswich, MA, USA) was used to perform gene fragment

amplifications. PCR cycling conditions were: initial denatura-
tion at 94°C for 2 min; 40 cycles of 94°C for 30 s, 55°C for 20 s
and 72°C for 90 s; and final extension for 5 min at 72°C.

Bhlh093 overexpression and complementation

An open reading frame (ORF) clone of bHLH093 (stock
#U82500) was obtained from ABRC and amplified in High-
Fidelity PCR Master Mix (Finnzymes, Waltham, MA, USA)
using the following oligonucleotides: bHLH093FL-L,
5ʹ AAAAAGCAGGCTCCACCATGGAACTGTCGACTCAA-
AT-3ʹ, bHLH093FL-R, 5ʹ- AGAAAGCTGGGTCTTACAAGC
AGCTTCCACCAT-3ʹ. PCR was used to incorporate Gateway
recombination sites onto the ORF using the following pri-
mers; ATTBL, 5ʹ- GGGGACAAGT TTGTACAAAAA
AGCAGGCT −3ʹ, and ATTBR, 5ʹ- GGGGACCACTTTGTA
CAAGAAAGCTGGGT −3ʹ. The ORF fragment was then
cloned into the pDONR221 vector using a Gateway BP
Clonase (Invitrogen, Carlsbad, CA, USA) reaction. DNA
sequencing using M13F and M13R primers was used to verify
the sequence of this construct before an LR reaction was
employed to clone the bHLH093 ORF into the plant expres-
sion vector pH7WG2.40 The bHLH093 overexpression con-
struct was transformed into Agrobacterium tumefaciens strain
GV3101 by electroporation, which was then used to transform
Arabidopsis Col-0 wild-type and the bhlh093-1/bhlh061-1
double knock-out line by the floral dipping method.41

Selection of homozygous transformants was achieved through
plating of seeds on half-strength MS media containing 0.95%
(w/v) agar and 20 µg mL−1 hygromycin.

Figure 6. Proposed model of bHLH093/bHLH061 function. A bHLH093 and bHLH061 act upstream of GA signaling within the apex, integrating a light intensity-
dependent signal to regulate growth within the apex and promote the transition to flowering. B Loss of bHLH093/bHLH061 function leads to a decrease in
endogenous GA levels, disrupting tissue development and resulting in the termination of the SAM. Delayed transition to reproductive growth causes aberrant rosette
leaf growth as a secondary effect.
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Intracellular localization of bhlh093

The coding sequence of bHLH093 was amplified as described
above and cloned into the pDONR/Zeo vector using a
Gateway BP (Invitrogen, Carlsbad, CA, USA) reaction.
Following sequence verification, the coding sequence of
bHLH093 was then transferred into the pMDC43 vector by
a Gateway LR reaction, thus creating an N-terminal GFP:
bHLH093 fusion construct. Gold particles (1 μm diameter)
were coated with 0.5 μg of plasmid DNA containing the GFP:
bHLH093 construct (or pMDC43 vector alone as a negative
control) and bombarded into onion epidermal peel cells with
a helium-gas-driven particle accelerator (PDS-1000/He; Bio-
Rad, Hercules, CA, USA) operated at a pressure of 76 bar and
a chamber vacuum of 0.8 bar. Samples were kept at 25°C in
darkness for 24 h and fluorescence was observed by fluores-
cence microscopy data using a LSM 510 META Confocal
microscope (Zeiss, Thornwood, NY, USA).

Biomass measurements and other phenotyping

Seeds were moved to a dark cold room (4⁰C) for 2 weeks to
break dormancy, sterilized with two wash steps using 96%
ethanol and one wash step consisting of 20% (v/v) hypochlor-
ite and 0.1% Tween-20, and rinsed five times with sterile
water. The seeds were then spread onto plates containing
1% (w/w) agar in half-strength MS salts and stored in the
dark for 2 d. An LI-189 light meter (LI-COR, Lincoln, NE,
USA) was used to measure photosynthetic photon fluence rate
over the waveband 400–700 nm, hereby referred to as “light
intensity”. Following determination of seed germination rates,
plates were moved into a growth chamber (16 h day/8 h night
cycle; 250 µmol m−2 s−1 light intensity; 24°C; 70% humidity)
and seedling growth was assessed for 7 d. Alternatively, seeds
were germinated in 75-mm pots on Sunshine professional
growing mix and maintained under the same growth condi-
tions as listed above. For biomass measurements, the three
largest rosette leaves were harvested from each plant at 42 d
after germination and placed in an oven at 50°C for 7 d to
ensure complete desiccation. Two developmental checkpoints
(growth stages as defined previously)8 were employed to
obtain information about the life-cycle progression of
mutants: (1) bolting (transition from growth stage 5.0 to
5.1) and (2) silique ripening (growth stage 8.00 (first silique
shattered)). Measurements of stem height were performed
every 4 d by recording the length of the primary stem and
longest axillary stem for each plant. Plants with an axillary
stem of greater length than the primary stem were considered
to have lost apical dominance.

Stomatal density was calculated based on a morphometric
analysis of light microscopic images. Epidermal peels were
generated by coating the abaxial leaf surface of the second
longest leaf with top coat nail polish (Sephora, Paris, France),
air-drying for 5 min and removing impressions with Scotch
sealing tape (3M, Maplewood, MN, USA). The impressions
were then mounted on slides and viewed under a DMLB
fluorescent microscope (Leica, Wetzlar, Germany). Photos at
200-fold magnification were taken with an Eos Rebel T5
camera (Canon, Tokyo, Japan) and analyzed using ImageJ

software (National Institute of Health). Leaf areas were calcu-
lated by calibration of ImageJ using a stage micrometer.

Microscopy

To examine meristem topology leading up to flowering, rosettes
were harvested at 12, 15 and 17 days of growth from wild-type,
bhlh093-1/bhlh061-1, and GA-treated bhlh093-1/bhlh061-1
plants (100 µM GA3 applied every 4 d to meristem). Rosettes
were dissected to remove young developing leaves, exposing the
meristem at the center. Samples were mounted on stubs with
carbon tape and visualized using a Quanta Environmental
Scanning Electron Microscope (FEI, Hillsboro, OR, USA)
under low vacuum and 20 kV accelerating voltage. To investigate
the properties of the meristem region leading up to flowering,
entire rosettes were harvested prior to the establishment of an
inflorescence meristem. Rosettes were held upside-down and a
razor blade was used to remove the leaves by cutting the petioles
along the axis of the primary root. The approximately 2 mm
wide tissue fragment remaining at the center of the original
rosette, which contained the SAM, was dissected in half along
the vertical axis with an ultra-sharp razor blade and the two
halves were fixed and embedded separately. The fixation was
performed with formalin–acetic acid–alcohol (50% (v/v) etha-
nol, 5 % (v/v) acetic acid, and 3.7% (v/v) formaldehyde in water)
using three rounds of vacuum infiltration (1.4 bar for 20 min
each round). The samples were then embedded in Spurr’s resin
according to existing protocols,42 using ethanol for tissue dehy-
dration and acetone as the intermediate solvent for resin infil-
tration. Embedded samples were sectioned to a thickness of
700 nm using an ultra-cut microtome (Reichert-Jung, Wien,
Austria). Serial sections were generated to facilitate navigation
through the Z-axis of the plant tissue, ensuring that the section
obtainedwas centered within themeristem region. Sections were
then transferred to gelatin-coated microscope slides, air-dried
for 10 min, and stained with 0.1% (w/v) toluidine blue and 1%
(w/v) sodium borate in water. An Aristoplan light microscope
(Leitz, Wetzlar, Germany) was used to view sections and a DFC
425C camera (Leica Biosystems, Buffalo Grove, IL, USA)
employed to capture photographic images. Scale bars were
added using ImageJ software (National Institutes of Health).

Hormone and inhibitor applications

Plants were grown in 75-mm pots under a 16 h light/8 h dark
cycle, with high pressure sodium lamps (250 μmol m−2 s−1) as
primary light source. Chemical treatments were performed at
3 PM on experimental days. Experiment 1: wild-type positive
controls (Col-0 ecotype) and bHLH093-1/bHLH061-1 nega-
tive controls received no chemical treatment; benzyl adenine
(synthetic cytokinin) treatments (direct application to shoot
apex with mutant plants only): (1) 30 µL of a 50 µM solution
in water, applied every 2 d; (2) 30 µL of a 150 µM solution in
water, applied every 2 d. Experiment 2: wild-type positive
controls (Col-0 ecotype) and bHLH093-1/bHLH061-1 nega-
tive controls received no chemical treatment; indole 3-acetic
acid (auxin) treatments (direct application to shoot apex with
mutant plants only): (1) 30 µL of a 5 µM solution in water,
applied every 2 d directly to shoot apex; (2) 30 µL of a 50 µM
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solution in water, applied every 2 d. Experiment 3: wild-type
positive controls (Col-0 ecotype) and bHLH093-1/bHLH061-1
negative controls received a mock treatment of shoot apex-
applied 0.1% (v/v) Tween-80 and GA3 (bioactive gibberellin):
(1) 30 µL of a 20 µM GA3 solution in 0.1% (v/v) Tween-80,
applied every 24 h directly to shoot apex; (2) 30 µL of a
100 µM GA3 solution in 0.1% (v/v) Tween-80, applied every
4 d directly to shoot apex; (3) 100 µL of a 100 µM GA3

solution in 0.1% (v/v) Tween-80, applied to leaves with a
brush every 4 d. Experiment 4: wild-type positive controls
(Col-0 ecotype) and bHLH093-1/bHLH061-1 negative con-
trols received a mock treatment of shoot apex-applied 0.05%
(v/v) Tween-80; uniconazol-P (gibberellin biosynthesis inhi-
bitor) treatments (wild-type plants only): (1) 30 µL of a 10 µM
solution in 0.05% (v/v) Tween-80, applied daily directly to
shoot apex; (2) 30 µL of a 1 µM solution in 0.05% (v/v)
Tween-80, applied daily directly to shoot apex.
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