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a  b  s  t  r  a  c  t

Gibberellins  (GAs)  affect  flowering  in  a  species-dependent  manner:  in  long-day  and  biennial  plants  they
promote  flowering,  whereas  in other  plants,  including  fruit  trees,  they  inhibit  it. The  mechanism  by  which
GAs  promote  flowering  in  Arabidopsis  is not  fully  understood,  although  there  is  increasing  evidence  that
they  may  act  through  more  than  one  pathway.  In  citrus,  GA  treatment  during  the  flowering  induction
period  reduces  the  number  of  flowers;  the  mechanism  of flowering  inhibition  is not  clear;  the  hormone
may  act  directly  in the  bud  to determine  its  fate toward  vegetative  growth,  generate  a  mobile  signal,  or
both.  However,  bud metabolic  and  regulatory  pathways  are expected  to be altered  upon  GA treatment.
We  investigated  the  effect  of  GA treatments  on  global  gene  expression  in  the  bud  during  the  induction
period,  and  on  the  expression  of  key  flowering  genes.  Overall,  about  2000  unigenes  showed  altered
expression,  with  about  300  showing  at least  a  two-fold  change.  Changes  in flavonoids  and  trehalose
T
ibberellinl
lobal gene expression

metabolic  pathways  were  validated,  and  among  other  altered  pathways,  such  as  cell-wall  components,
were  discussed  in  light  of  GA’s  inhibition  of  flowering.  Among  flowering-control  genes,  GA treatment
resulted  in  reduced  mRNA  levels  of  FT,  AP1 and  a few flower-organ-identity  genes.  mRNA  levels  of FLC-
like  and  SOC1  were  not  altered  by the treatment,  whereas  LEAFY  mRNA  was  induced  in  GA-treated  buds.
Surprisingly,  FT expression  was  higher  in  buds  than  leaves.  Overall,  our  results  shed  light  on  changes
taking  place  in  the  bud  during  flowering  induction  in response  to  GA  treatment.
. Introduction

Gibberellins (GAs) comprise hundreds of compounds, some of
hich regulate different aspects of plant growth and development,

ncluding seed germination, stem elongation, leaf expansion and
ower and seed development. They may  act alone or in association
ith other hormones [1]. In recent years, much progress has been
ade in understanding GA metabolism and signaling pathways,
ainly through the identification and analysis of GA-response
utants (reviewed in [2–6]). These studies revealed that the GA

rowth-regulatory mechanism is dependent on DELLA proteins,
dentified as growth inhibitors that act in two ways: they inter-
ere with the activity of growth-promoting transcription factors
nd they activate the promoters of several genes that upregu-
ate the abscisic acid (ABA) pathway, which is antagonistic to

A. When present, the GA molecule binds to its cellular recep-

or, GID1, which facilitates conformational changes allowing the
inding of the N-terminal region of DELLA. The GA-GID1-DELLA

∗ Corresponding author. Tel.: +972 3 9683343; fax: +972 3 9683416.
E-mail  address: vhasadka@volcani.agri.gov.il (A. Sadka).

168-9452/$ – see front matter ©  2012 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.plantsci.2012.09.012
© 2012 Elsevier Ireland Ltd. All rights reserved.

complex inactivates DELLA, mainly by promoting DELLA proteo-
somal degradation via interaction of DELLA with SCFSLY1/GID2 E3
ubiquitin ligase, which allows its polyubiquitination. The effect of
GA on flowering induction is complex as it is species-specific: in
long-day, biennial plants, it usually promotes bolting and flower-
ing initiation under non-permissive conditions, whereas in many
perennials it inhibits flowering [7,8]. The effects of GA, positive or
negative, might be operational at several developmental stages,
such as during acquisition of floral competence, floral induction
and/or reproductive meristem formation [9].

The floral induction period in citrus starts in mid  November
and lasts until approximately the end of December–mid January
in the Northern Hemisphere [10]. Following induction, the shoot
apical meristem (SAM) differentiates into a floral bud [11,12]. Not
all SAMs become floral; some continue the vegetative growth of
the tree. Thus, in parallel to the floral shoot flush, there is a flush
of vegetative shoot growth, which continues through June. Flow-
ering in citrus is induced by low temperature and water stress,

while day length has a relatively minor effect [10]. Other factors,
such as crop load, bud age and its position along the shoot affect
flowering intensity [13,14]. There is extensive cross-talk between
autonomous and vernalization flowering pathways and ample

dx.doi.org/10.1016/j.plantsci.2012.09.012
http://www.sciencedirect.com/science/journal/01689452
http://www.elsevier.com/locate/plantsci
mailto:vhasadka@volcani.agri.gov.il
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vidence that genes associated with flowering regulation are highly
onserved across species [15]. Indeed, citrus genes homologous
o Arabidopsis flowering control genes possess most likely simi-
ar functions. For instance, overexpression of the citrus Flowering
ocus T (FT), Arabidopsis Leafy (LFY) and Arabidopsis Apetala1 (AP1)
enes in citrus greatly reduced the juvenile period, allowing flow-
ring at the seedling stage [16–18]. FT was induced during the
nnual transition to floral development [19]. In addition, FT and
P1 transcripts accumulated in trees subjected to low-temperature
oral-inductive conditions [15,18,20]. Overexpression of the citrus
enes LFY, AP1 and Suppressor of Overexpression of Constans1 (SOC1)
n Arabidopsis resulted in phenotypes similar to those observed

hen the endogenous genes were overexpressed, and LFY and AP1
escued Arabidopsis mutants in their respective genes [15,18,20].
imilar findings were demonstrated for citrus Terminal Flower (TFL)
21]. Inverse relationships were found between fruit load and the
xpression of FT, AP1 and SOC1 in the leaves and buds, especially
uring flowering induction period [22–24]. The inhibitory effect
f GA on perennial flowering has been studied mostly in fruit
rees, where its external application during the flowering induc-
ion period inhibits flowering [7,8]. Successive applications of the
ormone in citrus from the beginning of November until the begin-
ing of January significantly reduced the number of flowers, thus
llowing a determination of the flowering induction period [10,25].
owever, whether GA acts endogenously to inhibit flowering is still
n open question. It has been suggested that seeds are the source
f the GA, which moves into the buds and inhibits flowering [8].
n addition, or alternatively, indole acetic acid (IAA), also produced
n the seeds, might induce GA biosynthesis [8]. The mechanism of
ction of GA on floral transition in Arabidopsis and other model
lants is thought to follow a complex, and as yet not fully elucidated
ode of regulation. It has been suggested that GA acts directly to

nduce floral transition at the shoot apex by inducing the expres-
ion of SOC1 and LFY via DELLA-mediated pathways [9]. In addition,
A might also act by promoting formation of FT in the leaf in a
hotoperiod-independent pathway [9].

The inhibitory effect of GA on flowering in citrus has been well
ocumented, also at the anatomical level [12], but the molecular
echanisms underlying its effect are still unknown. Recently, it

as been shown that GA, applied during the flowering induction
eriod, reduced the expression of CiFT and CsLFY in the leaves while
aclobutrazol reversed the effect [26]. Previous works have shown
hat the bud might receive external flowering stimuli indepen-
ently of leaves presence [10,27,28]. Therefore, it is reasonable to
ssume that externally applied GA is directed into the bud where it
nduces its flowering-inhibitory action, although an indirect effect
annot be excluded. Regardless of whether the effect is direct or
ndirect however, the GA treatment must result in a series of events
hat take place in the bud itself. To identify metabolic and regulatory
athways that are altered in the buds upon GA treatment during
he flowering induction period, we analyzed global gene expression
sing Affymetrix Citrus DNA array. In addition, we  investigated GA’s
ffect on the expression of key flowering-control genes to identify
hose with altered expression following the GA treatment.

.  Materials and methods

.1.  Plant material and GA treatment

Ten-year-old Orri mandarin (Citrus reticulata Blanco × Citrus
emple Hort. ex Y. Tanaka) trees grafted on Troyer (Citrus sinensis

L.) Osbeck × Poncirus trifoliata (L.) Raf.) rootstock grown in the cen-
ral coastal region of Israel (31◦58′10.58′′N; 34◦52′11.36′′E) were
hosen for the experiments based on their uniformity and flower-
ng intensity during the first year of the experiment. The average
 Science 198 (2013) 46– 57 47

climatic  conditions during 3 years of experiments and during the
treatment period are shown in Supp. Table 1. GA and control
treatments were performed over the course of 3 years in four ran-
domized blocks, each containing seven trees (three control trees,
three treated trees and one border tree). Within the same plot,
different trees were treated every year. GA3 (Pro-Gibb, Valent Bio-
sciences, Libertyville, IL, 0.1 M active compound) was sprayed at
a concentration of 150 ppm solution containing 0.1% (v/v) phos-
phoric acid and 0.025% (v/v) Triton X-100 as surfactant. Control
trees were sprayed with a solution containing only the acid and
surfactant. Four sprays were applied, starting from Nov 15, at
2-week intervals. The numbers of inflorescences and vegetative
shoots were determined on all branches splitting from one major
50–60 mm in diameter-branch located at the south-east side of the
tree during peak blossom, usually during the first third of April
of the consecutive year. About 15 branches from the spring flush
(8–10-months-old), collected from the south-east side of the tree,
were taken to the laboratory on ice. Samples were collected at
the end of November (2 weeks following the first treatment), mid-
December (a few days following the third treatment), mid-January
(two weeks following the last treatment) and mid-February. At
least 10 buds, were removed from the 2–3 most distal nodes and
immediately frozen in liquid nitrogen. Samples were kept at −80 ◦C
until processing.

2.2.  RNA isolation and qPCR analyses

Total RNA was  extracted from buds by means of the
phenol-chloroform procedure as described previously [29], with
modifications. For buds, approximately 0.2 g of frozen tissue was
ground (using mortar and pestle) in liquid nitrogen and added to
180 �l of grinding buffer containing 60 �l of phenol saturated with
TLE (0.2 M Tris–HCl, pH 8.2, 0.1 M LiCl, and 5 mM EDTA). Chloro-
form (60 �l) was then added, followed by incubation for 20 min  at
50 ◦C with occasional shaking. The mixture was then centrifuged at
10,000 × g for 30 min  at 4 ◦C and the upper phase was re-extracted
with 100 �l TLE-saturated phenol and 100 �l chloroform, and re-
centrifuged. The upper phase was  extracted with 0.2 ml chloroform,
and centrifuged (10,000 × g, 30 min, 4 ◦C). LiCl was  then added to
the upper phase to a final concentration of 2 M (from 8 M stock solu-
tion), followed by overnight incubation at 4 ◦C and centrifugation
at 10,000 × g for 40 min  at 4 ◦C. When leaves and stems were used,
about 2 g of tissue was grounded, and the volumes of the above solu-
tions was  increased 10-fold, accordingly. The pellet was dissolved
in 50 �l H2O, and precipitated by the addition of 0.1 volume of 3 M
sodium acetate, pH 5.2, and 2.5 volumes of cold ethanol, followed by
30 min  incubation at −80 ◦C. DNA was  removed from the samples
using RQ1 RNAse-Free DNase (Promega, Madison, WI)  according
to the manufacturer’s instructions. cDNA synthesis was  performed
using iScript cDNA synthesis kit (BioRad, Hercules, CA) according to
the manufacturer’s instructions. The quality of the RNA was deter-
mined using Agilent RNA 6000 Nano Kit and Agilent Bioanalyzer
2100 (Agilent Technologies, Palo Alto, CA). Quantitative (q) PCR
(real-time PCR) analyses were carried out with a SYBR Green qPCR
Kit (Finnzymes, Espoo, Finland) according to the manufacturer’s
instructions in a Qiagen Rotor-Gene Q (Corbett Rotor-Gene 6000)
real-time analyzer (Qiagen, Doncaster VIC, Australia) using gene-
specific primers (Supp. Table 2). qPCR analyses were performed
using RNA extracted from samples of the Year 3 of the experiment.

2.3. nCounter analysis
The  RNA levels of trehalose biosynthetic genes and flavonoid
biosynthesis genes, and the reference genes,  ̌ Actin, Cyclophilin and
Polyubiquitin 2, were determined using nCounter analysis (Nanos-
tring Technologies, Seattle, WA,  USA) in VIB MicroArrays Facility
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ig. 1. Effect of GA treatment on the number of flower and vegetative buds. GA was
egetative buds was  counted during the following spring in control and GA-treated

Leuven, Belgium), according to manufacturer’s instructions using
NA extracted from samples of the Year 3 of the experiment
30]. Probes design was carried out based on genomic sequences
http://www.phytozome.net/, Supp. Table 3).

.4.  Statistical analyses

Analysis  of variance was performed on data, and means were
eparated using Duncan’s new multiple-range test using JMP  (SAS
nstitute, Cary, NC, USA).

.5.  Affymetrix GeneChip® hybridization and data-processing
nalyses
For global gene expression, the citrus GeneChip (Affymetrix, Inc.,
anta Clara, CA) carrying 30,171 probes was used. The array is esti-
ated to represent about 15,500 genes. RNA samples pooled from

he end of November–mid-January of Year 1 (GA treatment) and
ed during the fall of three consecutive years. The number of generative, mixed and
. Values are the mean ± SE (n = 4). Stars denote a significant difference (P ≤ 0.05).

Year  2 (control) were processed as recommended by Affymetrix
(Affymetrix GeneChip Expression Analysis Technical Manual) at
the Center for Genomic Technologies of the Hebrew University
of Jerusalem. Total RNA was quantified and then adjusted to a
final concentration of 1 �g/�l. Single-stranded and then double-
stranded cDNA was synthesized from total RNA (0.5 �g total
RNA for each reaction) using oligo-dT primer and the Affymetrix
One-Cycle Labeling kit and control reagents. The resulting double-
stranded cDNA was  column-purified and then used as a template
to generate biotin-tagged cRNA from an in vitro transcription
reaction performed with the Affymetrix GeneChip IVT Labeling
Kit. The resulting biotin-tagged cRNA (15 �g) was  fragmented
to strands of 35–200 bases in length following published proto-
cols (Affymetrix GeneChip Expression Analysis Technical Manual)

and then hybridized at 45 ◦C with rotation for 16 h (Affymetrix
GeneChip Hybridization Oven 320) with the Affymetrix Citrus
Genome array. The arrays were washed and then stained (EukGE-
WS2v5 protocol, p 2.3.11), using SAPE and biotinylated anti-SA

http://www.phytozome.net/
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ig. 2. Effect of GA treatment on general metabolism. Differentially expressed pro
hile red squares represent genes with reduced expression. Genes encoding trehal

n Affymetrix Fluidics Station 450 followed by scanning in a
eneChip Scanner 3000. Hybridizations were carried out in trip-
icate, each replicate representing one experimental block. Data
rocessing, including signal analyses, normalization and back-
round subtraction were carried out using Robust Chip Analysis
RMA), as described previously [31]. Statistical test for significantly

able 1
Oa categorization of genes induced in GA-treated buds.

GO term Description Number in
input  list

Num
BGb

GO:0016103 Diterpenoid catabolic process 2 2
GO:0051273  beta-Glucan metabolic process 2 2
GO:0051274  beta-Glucan biosynthetic process 2 2
GO:0006075 1,3-beta-Glucan  biosynthetic process 2 2
GO:0006074  1,3-beta-Glucan metabolic process 2 2
GO:0045487  Gibberellin catabolic process 2 2
GO:0016129  Phytosteroid biosynthetic process 3 7
GO:0016132  Brassinosteroid biosynthetic process 3 7
GO:0009250  Glucan biosynthetic process 7 44
GO:0006694  Steroid biosynthetic process 9 75
GO:0008202  Steroid metabolic process 11 94
GO:0009733  Response to auxin stimulus 15 157
GO:0006952  Defense response 30 412
GO:0006118  Electron transport 30 454
GO:0006468  Protein amino acid phosphorylation 36 550

a Gene ontology.
b Background.
c Reference.
d False discovery rate.
ere analyzed by MapMan. Blue squares represent genes with induced expression,
zymes are marked. Full gene description is given in Supp. Table 6.

differentially expressed probes was carried out with the Linear
Model for Microarray (limmaGUI) as described previously [32].
Gene ontology analysis was  performed using AgriGo
(http://bioinfo.cau.edu.cn/agriGO/index.php). Two analysis tools
were used: singular enrichment analysis (SEA) which lists enriched
Gene Ontology (GO) terms, and parametric analysis of gene set

ber  in
/Refc

P-value FDRd % in list % in Ref Enrichment
fold

 0.0012 0.048 0.27 0.01 28.5
 0.0012 0.048 0.27 0.01 28.5
 0.0012 0.048 0.27 0.01 28.5
 0.0012 0.048 0.27 0.01 28.5
 0.0012 0.048 0.27 0.01 28.5
 0.0012 0.048 0.27 0.01 28.5
 0.0014 0.048 0.40 0.03 12.2
 0.0014 0.048 0.40 0.03 12.2

 0.0008 0.048 0.94 0.21 4.5
 0.0013 0.048 1.20 0.35 3.4
 0.0005 0.048 1.47 0.44 3.3

 0.0005 0.048 2.01 0.74 2.7
 0.0002 0.048 4.02 1.94 2.1
 0.001 0.048 4.02 2.13 1.9
 0.0004 0.048 4.82 2.58 1.9

http://bioinfo.cau.edu.cn/agriGO/index.php
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Fig. 3. GA treatment results in the induction of 2-OG-oxidase genes. The relative
expression  of two  2-OG-oxidase genes in control and GA-treated buds as analyzed
0 R.  Goldberg-Moeller et al. 

nrichment (PAGE), which uses central limit theorem in statistics,
nd takes expression level into account. Differentially expressed
robe sets were displayed on diagrams of metabolic and other
rocesses using MapMan [33].

. Results

.1. GA treatment results in a bud population with reduced
robability of flowering

GA  was applied several times to ‘Orri’ mandarin trees from
ovember to December of three consecutive years. Buds were col-

ected 2 weeks after each treatment, and the blossom was  counted
he following spring to assess treatment effectiveness. The cit-
us trees bore three types of buds: generative (leafless flower
uds), mixed (leafy, flowers and leaves in various ratios) and
egetative (Fig. 1, lower panel). As expected, the most dramatic
ffect of the treatment was seen on the generative buds: during the
rst year, their numbers was reduced by about two orders of mag-
itude, during the second year they were reduced about sevenfold,
nd during the third year they were reduced by 100% (Fig. 1, left
anels). A less dramatic effect was detected on the mixed blossom:

 three- to four-fold reduction in bud number during the first and
hird years, whereas there was no treatment effect during the sec-
nd year (Fig. 1, left panels). While reducing flowering, GA is known
o induce vegetative growth; however, there was a relatively minor
ffect on the number of vegetative buds during the second and third
ears (Fig. 1, left panels). Unlike other alternate-bearing citrus vari-
ties characterized by a clear biennial cycle of consecutive “On” and
Off” years, the alternate bearing in ‘Orri’ was not characterized by

 classical biennial cycle: whereas the first year was  characterized
y a moderate number of inflorescences in control trees (about 550
enerative and mixed-type per branch), inflorescence number in
he second year was very high (about 2200 generative and mixed-
ype per branch), and dropped sharply to about 50 in the third year.
verall, the GA treatment resulted in a variable reduction in the
ercentage of flowering buds out of total buds during the 3 years:
rom 57% to 23%, from 95% to 84% and from 69% to 17% during
he first, second and third years, respectively (Fig. 1, right panels).
uds collected during the 3-year experiment therefore contained
opulations with various probabilities of flowering, allowing com-
arative analyses. The effectiveness of the GA treatment was also
vident at the yield level (Supp. Fig. 1).

.2. Effect of GA treatment on global gene expression in buds

As  first and second year treatments resulted in bud populations
ith relatively marginal differences in their probability to flower,

he effect of GA on global gene expression was analyzed using non-
reated buds (95% probability of flowering, buds from Year 2) and
reated buds (23% probability of flowering, buds from Year 1). RNA
f GA-treated or control buds, pooled from November to January
rom the same biological replicate (i.e., experimental block), was
ybridized to Affymetrix Citrus DNA array. Overall, 2124 probes
ere reduced under GA treatment, with 297 showing an at least

wo-fold reduction, while 2505 probes were induced, with 341
howing at least two-fold induction at a P-value (BH) ≤ 0.005 (Supp.
able 4). Overall, 21,286 out of 30,395 probes on the microar-
ay were GO-annotated by AgriGo: 1809 and 1741 reduced and
nduced genes, respectively, were GO-annotated (Biological Pro-
esses) (Supp. Table 5). Induced and reduced genes were analyzed

y SEA as well as with MapMan. Interestingly, reduced genes were
lassified into more biological processes by SEA than induced genes,
.e., 59 vs. 17 (Tables 1 and 2 and Supp. Table 5). This was also evi-
ent from the general metabolism, which showed more reduced
by  nCounter technology (upper panel). Fold change (FC) between the relative expres-
sions of the corresponding probes on the microarray is shown in the lower panel.
Values  are the mean ± SE (n = 3). Stars denote a significant difference (P ≤ 0.05).

genes than induced ones, especially secondary metabolism, amino
acid metabolism, glycolysis, fermentation and minor carbohydrate
metabolism (Fig. 2, Supp. Table 6). Among the induced genes, two
probes belonging to the GA catabolic process were present in GA-
treated buds (Table 1). Four probes on the DNA  microarray showed
homology to gibberellin-2-oxidase (GA2-Ox), the first enzyme of
GA catabolism. Two  of the probes showed three- and four-fold
induction under GA treatment (Fig. 3, lower panel). The induction
in the expression of these genes was confirmed by nCounter anal-
yses (Fig. 3, upper panel). Changes in some of the major pathways
are described below.

3.2.1.  Secondary metabolism
There  was a mixed trend for the expression of genes asso-

ciated with secondary metabolism (Supp. Fig. 2 and Supp.
Table 7): whereas chalcone metabolism genes were usually
induced, those of the phenlypropanoid, lignin, flavonols and
isoflavonoid pathways were generally reduced. Five genes asso-
ciated with flavonoids metabolism; 4-coumarate-CoA ligase (4CL),
cinnamate-4-hydroxylase (C4H), flavonone 3-hydroxylase (F3H),
dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase
(AS) showed induction by the GA treatment, and were validated
by nCounter technology (Fig. 4). Overall, changes in the relative
expression of 4 genes, AS, 4CL, C4H and DFR, were in a good
agreement with the fold change of their corresponding probes
in GA-treated and control buds. Only F3H showed about 1.5-
fold increase in GA treated buds, while its corresponding probe
showed about 2.7-fold induction. Two  side-branch enzymes of
the pathway, isoflavone reductase (IFS) that leads to isoflavonoid
biosynthesis, and UF3GT that leads to anthocyanin glucoside

biosynthesis, were reduced by the GA treatment. In addition, a
side branch of the pathway leading to the cell-wall component
lignin seemed to be reduced in GA-treated buds, as three genes,
including caffeoyl-CoA O-methyltransferase (CCoAOMT), caffeate
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Table 2
GOa categorization of genes reduced in GA-treated buds.

GO term Description Number in
input  list

Number in
BGb/Refc

P-value FDRd % in list % in Ref Enrichment
fold

GO:0046505 Sulfolipid metabolic process 2 2 0.0014 0.034 0.25 0.01 26.9
GO:0046506 Sulfolipid  biosynthetic process 2 2 0.0014 0.034 0.25 0.01 26.9
GO:0000305  Response to oxygen radical 2 2 0.0014 0.034 0.25 0.01 26.9
GO:0000303  Response to superoxide 2 2 0.0014 0.034 0.25 0.01 26.9
GO:0042550  Photosystem I stabilization 2 2 0.0014 0.034 0.25 0.01 26.9
GO:0010321  Regulation of vegetative phase

change
2 2 0.0014 0.034 0.25 0.01 26.9

GO:0010876 Lipid  localization 4 5 9.30E−06 0.0021 0.51 0.02 21.6
GO:0005992 Trehalose  biosynthetic process 6 14 6.20E−06 0.0021 0.76 0.07 11.5
GO:0005991  Trehalose metabolic process 6 18 3.40E−05 0.0045 0.76 0.08 9.0
GO:0009247  Glycolipid biosynthetic process 4 13 0.001 0.033 0.51 0.06 8.3
GO:0042548  Regulation of photosynthesis,

light  reaction
4  15 0.0019 0.041 0.51 0.07 7.2

GO:0010109 Regulation  of photosynthesis 4 15 0.0019 0.041 0.51 0.07 7.2
GO:0046351 Disaccharide  biosynthetic

process
6  23 0.00016 0.01 0.76 0.11 7.0

GO:0043467 Regulation  of generation of
precursor metabolites & energy

4 16 0.0024 0.047 0.51 0.08 6.7

GO:0009312  Oligosaccharide biosynthetic
process

6  25 0.00026 0.014 0.76 0.12 6.5

GO:0009644  Response to high light intensity 6 32 0.001 0.033 0.76 0.15 5.1
GO:0016138 Glycoside  biosynthetic process 8 49 0.00043 0.019 1.01 0.23 4.4
GO:0009642  Response to light intensity 7 51 0.0027 0.049 0.89 0.24 3.7
GO:0010035 Response  to inorganic

substance
12  99 0.00033 0.017 1.52 0.47 3.3

GO:0009813  Isoflavonoid biosynthetic
process

11  91 0.00059 0.023 1.39 0.43 3.3

GO:0009698  Phenylpropanoid metabolic
process

18  151 1.60E−05 0.0027 2.28 0.71 3.2

GO:0009812  Isoflavonoid metabolic process 11 95 0.00085 0.032 1.39 0.45 3.1
GO:0009699 Phenylpropanoid biosynthetic

process
16  142 9.10E−05 0.0095 2.03 0.67 3.0

GO:0034641  Cellular nitrogen compound
metabolic  process

47  507 2.60E−08 1.70E−05 5.95 2.38 2.5

GO:0042398  Cellular amino acid derivative
biosynthetic  process

23  259 0.00014 0.01 2.91 1.22 2.4

GO:0009791  Post-embryonic development 22 252 0.00024 0.014 2.78 1.18 2.4
GO:0019438  Aromatic compound

biosynthetic process
20  245 0.001 0.033 2.53 1.15 2.2

GO:0019748  Secondary metabolic process 30 375 0.0001 0.0095 3.80 1.76 2.2
GO:0006575 Cellular  amino acid derivative

metabolic  process
30 377 0.00011  0.0095 3.80 1.77 2.1

GO:0045449  Regulation of transcription 50 868 0.0023 0.045 6.33 4.08 1.6
GO:0010556  Regulation of macromolecule

biosynthetic  process
55  966 0.0019 0.041 6.96 4.54 1.5

GO:0006350  Transcription 53 937 0.0025 0.047 6.71 4.40 1.5
GO:0009889  Regulation of biosynthetic

process
55  975 0.0023 0.045 6.96 4.58 1.5

GO:0031326  Regulation of cellular
biosynthetic  process

55  975 0.0023 0.045 6.96 4.58 1.5

GO:0031323  Regulation of cellular
metabolic  process

61  1090 0.0017 0.04 7.72 5.12 1.5

GO:0044249 Cellular  biosynthetic process 143 2811 0.00036 0.017 18.10 13.21 1.4
GO:0009058  Biosynthetic process 150 2993 0.0005 0.021 18.99 14.06 1.4

a Gene ontology.
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c Reference.
d False discovery rate.

-methyltransferase (COMT) and hydroxycinnamoyl:CoA trans-
erase (C3H) showed reduced expression (Supp. Fig. 3). In contrast
o lignin biosynthesis, there seemed to be induction of genes
nvolved in the synthesis of �-glucan, another cell-wall compo-
ent composed of cellulose and callose. Three cellulose synthase
nd two callose synthase genes were reduced in GA-treated buds
Supp. Table 4).
.2.2.  Defense response and protein amino acid phosphorylation
Many induced genes belong to the defense-response pathways

Supp. Table 4 and Supp. Table 5), including a few chitinase genes,
enes for heat-shock and pathogenesis-related (PR) proteins, and
some genes encoding resistance proteins (Supp. Table 5). MapMan
revealed a similar picture, with a clear increase in the expression of
pathogenesis-related (PR) proteins, and glutathione-S-transferase
metabolism and peroxidase genes (Supp. Fig. 4 and Supp. Table
8). In addition, there seemed to be an increase in the signaling
pathways of biotic and abiotic stress responses. Many of the genes
involved in the stress responses were associated with amino acid
phosphorylation, as also evidenced by the SEA results (Table 2).
3.2.3.  Trehalose
Trehalose metabolism is composed of two enzymes, trehalose

phosphate synthase (TPS) which synthesize trehalose phosphate
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Fig. 4. Effect of GA treatment on the phenylpropanoid pathway. Genes with induced expression following the GA treatment are in black squares while genes with reduced
expression are in gray squares, chalcone synthase (CHS), cinnamate 4-hydroxylase (C4H), 4-coumarate:coenzyme A ligase (4CL), chalcone isomerase (CHI), flavanone 3-
hydroxylase (F3H), dihydroflavonol 4-reductase (DFR), isoflavone reductase (IFS), flavonol synthase (FLS) and UDP-glucose:flavonoid-3-O-glucosyltransferase (UF3GT). The
expression  of the specified genes was analyzed by nCounter technology in control- (dark column) and GA-treated (light column) buds. Fold change (FC) in the expression of
the  corresponding probe on the microarray between GA-treated and control buds is given below each graph. Values are the mean ± SE (n = 3). The expression of all tested
g
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enes showed significant difference (P ≤ 0.05).

nd trehalose phosphate phosphatase (TPP) that converts trehalose
hosphate into trehalose. Probes for TPS were induced upon GA
reatment, while these of TPP were reduced. Therefore, the expres-
ion of the genes was investigated from November until January
n control- and GA-treated buds (Fig. 5). The transcript level of
PS remained relatively constant in control buds during the tested
eriod, while in the GA treatment induced its levels by about 2.5-
old from November until January, with a reduction to the basal
evel from January to February. TAA mRNA levels were also constant
rom November until February in control buds, but in GA-treated
uds they were gradually reduced from December to February by
bout 4-fold.

.3.  Effect of GA treatment on flowering gene expression in buds

As  many flowering-control genes contain a MADS box, we
earched for these in the microarray (Supp. Table 9). About 45
ADS-box probes were identified, belonging to 28 genes in Citrus

lementina (http://www.phytozome.net/). Interestingly, more than

0%  of these genes’ expression was reduced in the GA-treated buds
Fig. 6A). In fact, only two MADS-box genes showed slight induction
n the GA-treated buds. The expression of 5 genes, 3 reduced and the

 induced was validated, and these results were in agreement with
the  microarray results (Fig. 6A). The effect of the GA treatment was
examined on the expression of probes homologous to flowering
genes from Arabidopsis. These genes were selected based on their
functionality, or based on homology with their Arabidopsis homo-
logues (at least 60% identity). Models describing flowering control
in Arabidopsis assume the involvement of many genes in four dif-
ferent pathways. Most of their homologous genes from citrus did
not show altered expression following the GA treatment (Fig. 6B).
FT-like and AP1-like genes showed a five- and two-fold reduction
in expression, respectively, following GA treatment. The expres-
sion of PIE1-like, ELF7-like and ELF8-like was induced twofold, by
about 30% and by about 40%, respectively, in treated buds. In con-
trast, most of the genes homologous to those involved in flower
development (flower-organ-identity genes) showed a clear reduc-
tion in GA-treated buds (Fig. 6C): PI-like with a four-fold reduction,
STK-like with a two-fold reduction, SEP3(1/2)-like with a five-fold
reduction and AP1 with a two-fold reduction. SHP1/2-like showed
a smaller, albeit significant reduction, and AP2-like and AG showed
no reduction with GA treatment.
Validation  of the results with qRT-PCR was performed for each
month separately, using RNA extracted from year 3. Five key flow-
ering genes were analyzed in control and GA-treated buds (Fig. 7).
As described in the Introduction, while there are some functional

http://www.phytozome.net/
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Fig. 5. Effect of GA treatment on the expression of trehalose metabolism genes. The
mRNA levels of trehalose phosphate synthase (TPS) and trehalose phosphate phos-
phatase (TPP) was  analyzed in the indicated time points in control- and GA treated
b
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uds.  In the inset, fold change (FC) in the expression of the corresponding probes
n  the microarray between GA-treated and control buds. Values are the mean ± SE
n = 3). Stars denote a significant difference (P ≤ 0.05).

nalyses which demonstrate the function of FT, LFY, AP1 and SOC1
n citrus flowering control, the function of FLC in citrus was  not
emonstrated. We  analyzed a gene that showed 47% identity and
9% homology with the Arabidopsis FLC gene, At5g10140.1. FT
howed a. four-fold induction in mRNA level from November to
anuary, and a sharp decrease toward February, at bud brake. In
greement with the results obtained from the microarray analyses,
A treatment clearly inhibited the induction of FT mRNA levels.
he pattern of FLC-like gene expression was similar in control and
A-treated buds, showing a two-fold induction from November

o December and then a reduction toward flowering time. The
xpression of SOC1 barely changed during the induction period,
ith a slight reduction in February, and no remarkable difference
etected between control and GA-treated buds. The expression of
FY remained constant from November to January, and showed a
hree- to four-fold induction from January to February. Interest-
ngly, unlike the other examined genes, expression of this gene in
ecember and January was higher in GA-treated buds than in con-

rols, but was almost unchanged later on. As LFY was  not present
n the microarray, but showed an exceptional expression pattern,
ts expression was investigated in RNA extracted from 2 years, with
imilar results. The relatively high expression of FT in the buds was
omewhat surprising considering the accepted model of FT tran-
cription in the leaf, and its translocation as a protein into the apical

eristem where it induces flowering. Therefore, we  examined the

elative expression of FT in leaves, stems and buds from trees during
he flowering induction period. We  found that during this 3-month
eriod, FT mRNA levels were highest in the buds and stems, while
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relatively  low levels were detected in the leaves (Fig. 8). However,
in the three organs, transcript levels were induced from November
to December.

4. Discussion

The inhibitory effect of GA on flowering induction has been thor-
oughly investigated in citrus, and has been described in a number
of studies (reviewed in [10,34]). The timing of effective treatment is
probably dependent on the local environmental conditions, which
determine the exact point at which flowering induction initiates
and terminates, as well as on the cultivar. Moreover, it is highly
likely that the impact of GA treatment differs according to the
developmental stage at which it is applied. Early winter application
(usually until the end of December) has been suggested to reduce
flowering by inhibiting flowering induction [13]. Late application
(mid January until February), when bud differentiation can already
be observed under a microscope (with sepal initiation), results in
inhibition of bud sprouting [12]. Other effects of GA might also exist,
such as, suppression of axillary buds development, which might
induce the proportion of terminal buds but overall reduces flo-
ral intensity. In the current work, treatments were applied from
mid November until the end of December, presumably before the
onset of bud sprouting, thus testing its effect on flowering induc-
tion. However, as for the individual bud flowering induction period
might be as short as two weeks [25], and the induction is not nec-
essarily synchronized among all the buds, other effects of the GA
treatment cannot be excluded. In all 3 years, the most dramatic
effect of GA treatment was  the evident reduction in generative
buds. In the first and third years, there was also a significant effect
on mixed-type buds, with ca. three- and six-fold decreases, respec-
tively, in their numbers. Apart from a slight increase in their number
during the third year, there was no effect of GA on the vegetative
buds. While there is general agreement on the effects of GA treat-
ments on the reduction of generative shoot production, there are
contrasting reports on the treatment’s effects on vegetative and
mixed-type shoots [13,35–37]. In most studies, the number of veg-
etative shoots was  not affected by the treatment, but a few studies
reported that GA increased vegetative shoot production. Similarly,
no effect on the number of mixed-type shoots or a reduction in their
number was  also reported. It is possible that these discrepancies are
due to differences in local environment and/or growth conditions,
as well as to cultivar-dependent differential responses. Moreover, it
has been suggested that the applied concentration and the method
of application greatly affect results [8]. When applied at relatively
high concentrations, such as those used in the current work, a high
proportion of the hormone is conjugated or metabolized. Indeed,
GA application resulted in an increase in the mRNA levels of two
GA2-Ox genes, whose products deactivate various GAs. Although
GA2-OX is not known to catabolize GA3, the induction of its mRNA
levels might indicate GA perception [38].

As mentioned above, control- and GA-treated buds of Year 1
and 2 presented relatively marginal differences in their probabil-
ity to flower, which could result in a small number of differentially
expressed probes (DEPs), if at all. Therefore, for the genomic analy-
sis we  used buds from two years, displaying the highest difference
in their probabilities to flower. Validation of these results was
performed using RNA extracted from the same year. Although
we cannot exclude the possibility that some of the DEPs result
from year-to-year variations, it should be considered that there
were no significant climatic variations between the tested years

(Supp. Table 1). Moreover, validations by qPCR or nConuter anal-
yses using RNA from the third year of the experiment confirmed
the microarray data. Although, as discussed below, alternations in
a few metabolic and regulatory pathways, observed here, were also
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Fig. 6. Effect of GA treatment on the expression of MADS-box, flowering-control and floral-identity genes. The relative expression of MADS-box probes (numbers correspond
t umber
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o  genes listed in Supp. Table 9). The expression of genes corresponding to probes n
s  numbers on top of the probes (A), flowering-control genes (B) and floral-organ-id

 consequence of the On- and Off-alternation [24], changes in gene
xpression between time points in the same year could have also
ontributed to the differences in expression between treatments.

The  effects of GA on flower induction, and the mechanisms
ssociated with GA action in annual/biennial long-day plants, has
een studied in model plants, especially Arabidopsis, using mutants
efective in GA biosynthesis, and those with altered responses to
A [9]. Results of these studies showed that although FT dominates

ong-day flowering, GA contributes to flowering in Arabidopsis

nder both long-day and short-day conditions. The current model
uggests that GA, synthesized in the leaf, acts in two  ways: (i) it
nhances the expression of FT, via CONSTANS, and (ii) it is translo-
ated into the shoot apex where it promotes, directly or indirectly,
 1, 2, 4, 27 and 28 was  analyzed by nCounter technology, and the results are shown
 genes (C) is shown in control and GA-treated buds. Values are the mean ± SE (n = 3).

the  expression of SOC1and LFY via DELLA-mediated pathways [39].
LFY has been shown to contain GA-responsive cis-acting elements
in its promoter [9]. Because of the lack of practical genetic tools in
citrus, monitoring changes in the expression of flowering and other
genes can provide a means to understand flowering control by GA.
Previously, the effects of GA on the expression of flowering control
genes in the leaf was  described [26]. Also, gene expression pro-
files in leaves and buds of On- and Off-crop trees were described
[22–24]. However, the current work provides, a study describing

the effects of GA on the bud transcriptome and on the expression
of flowering control genes within the bud. Since GAs alter flow-
ering, the comparison between the results presented in this work
and those detected in buds and leaves of On- and Off-crop trees
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ig. 7. Effect of GA treatment on the expression of flowering-control genes in the 

FY  were quantified using qPCR analysis in control and GA-treated buds. Values are

isplaying different probabilities to flower is valuable. For instance,
t could be assumed that GA-treated buds would behave similarly
o buds of On-crop trees, and vice versa. A result of the microar-
ay experiments is that the GA treatment resulted in the reduced
xpression of many MADS-box genes in the bud. Although the func-
ions of most of these genes are not yet clear, it might be assumed
hat at least some of these genes are involved in floral meristem
nd floral organ development. Five flowering control genes ana-
yzed in the current work, FT, LFY, AP1, SOC1 and FLC-like, were also
nalyzed by Muñoz-Fambuena et al. [22,23,26], but it was  recently
hown that the primers used by the later authors for AP1, SOC1 and
LC-like recognized wrong genes [40]. Therefore, we could only
ompared the expression of FT and LFY (Fig. 7 and [24]) and the
ther published work [22,23,26]. As a result of the GA treatment,
here was a reduction in the mRNA levels of FT during the flow-
ring induction period both in the buds and in the leaves (Fig. 7
nd [26]). The expression of the gene was up-regulated in buds
nd leaves of Off- versus On-crop trees, demonstrating its impor-
ance in flowering induction [22–24]. Similarly to FT, the expression
f AP1 during the flowering induction period was also reduced in
A-treated buds and in buds of On-crop trees [24]. The specific
ffect of the treatment on FT and AP1 expression, with no detectable

ffect on genes showing homology to upstream Arabidopsis genes,
uggests that GA acts directly on FT and AP1. As already noted,
n Arabidopsis GA induces the expression of LFY and SOC1. Over-
ll, the above results are compatible with the notion that GA
uring flowering induction period. The mRNA levels of FT, AP1, FLC-like, SOC1 and
ean ± SE (n = 3). Stars denote a significant difference (P ≤ 0.05). NS, not significant.

treatment  during winter reduces transcript levels of FT and AP1
that in turns does not reach high enough levels to induce LFY and
promote floral transition. Similar to buds of On- and Off-crop trees,
we could not detect any effect on SOC1 mRNA levels [24]. How-
ever, a noticeable result, confirmed in two  treatment years, was  the
induction of LFY upon GA treatment during December and January,
while during February, control buds displayed higher expression
levels of the gene. While compared to previous reports, this result
seems to be exceptional, but only in part. During February, close
to bud break, the increase in control buds was  compatible with
what was  described previously, i.e., LFY expression was higher
in leaves and buds of Off- than On-crop trees [22,23]. However,
during the winter, December and January, GA induced the expres-
sion of the gene specifically in the buds, but not in the leaves,
which displayed higher expression levels upon paclobutrazol treat-
ment [26]. In addition, during the winter, buds of Off-crop trees
displayed higher expression levels of LFY than buds of On-crops
[24]. This would suggest that, similarly to the Arabidopsis gene,
LFY expression is induced by GA specifically in the bud. However,
the induction in GA treated buds during the winter was too early
to induce flowering in the spring. Also, the GA treatment could
induce other factors, which mask LFY flowering-promoting activ-

ity. Using PLACE (http://www.dna.affrc.go.jp/PLACE/), we searched
for GA-responsive cis elements in the citrus LFY promoter. A few
elements could be identified, but only partial sequence of the Ara-
bidopsis LFY promoter element was  identified (CAACTC in citrus vs.

http://www.dna.affrc.go.jp/PLACE/


56 R.  Goldberg-Moeller et al. / Plant

F
fl
a

C
W
r
l
r
d
c
l
fl
i
l
t

t
fl
e
I
b
p
f
a
d
A
f
d
b
c
h
d
e
t
v
d
r
s

i
i
t
f

e
p

ig. 8. FT expression is higher in the bud and in the stem than in the leaf during the
owering induction period. The mRNA levels of FT were quantified in buds, stems
nd leaves in the indicated months. Values are the mean ± SE (n = 3).

AACTGTC in Arabidopsis), questioning its functionality [41].
hether this or another element(s) is functional, or the mode of

egulation of LFY by GA specifically in the bud (and not in the
eaf) is different, requires further investigation. Overall, the above
esults provide support to the idea that, depending on the repro-
uctive status of the tree, the hormonal control of flowering in
itrus depends upon the levels of GAs during the winter [8]. Regard-
ess of the mechanism by which GA exerts its inhibitory effect on
owering, a few genes which control floral organ development,

ncluding PI-like, AP3-like, STK-like, SHP1/2-like and SEP1/2(3(1/2))-
ike, exhibited a significant reduction in mRNA levels with GA
reatment.

The results shown in Fig. 8, confirmed previous reports that FT
ranscript levels were induced in the leaves during the period of
owering induction [19,22]. However, among the tested organs, FT
xpression was highest in the buds, far exceeding that in the leaves.
n a recent report, the mRNA levels were analyzed also in leaves and
uds but it is not clear whether the analyses of the two organs were
erformed in a single qPCR experiment [23]. The accepted model
rom Arabidopsis, which has been confirmed in other plant species
s well, is that FT expression is induced in the leaves upon long
ay conditions, and the FT protein moves to the apical meristem.
s mentioned above, citrus is relatively day-length neutral, there-

ore, other factors, such as hormonal status of the bud might help
etermining FT expression level. Whether FT is transcribed in the
ud itself is not yet clear. In fact, one report claimed that FT mRNA
an be detected in the apical meristem of citrus bud using in situ
ybridization [42], although the presented results did not allow
rawing any firm conclusions. Although the bud also contains veg-
tative tissues (leaf primordia), our results give some support to
he latter work. Previous work demonstrated that while cultured in
itro, isolated buds could flower upon cold treatment [27,28], and
efoliation did not affect flowering intensity [10]; these and our
esults suggest that the bud might receive independent flowering
ignals, such as hormonal cues, and respond to them.

Regardless of whether GA plays an endogenous role in flowering
nhibition, its exogenous application inhibits flowering, thus forc-
ng most of the bud population toward vegetative growth, and the
ree to an Off-crop year. In light of this, we propose explanations

or some of the changes in specific metabolic pathways.

Flavonoid biosynthesis: The GA treatment resulted in increased
xpression of genes related to the major flavonoid biosynthetic
athway, accompanied by a reduction in two of its side branches,
 Science 198 (2013) 46– 57

leading  to isoflavonoid and lignin biosynthesis (see also below).
Increase in flavonoid biosynthetic pathways and metabolite levels
were detected in buds of Off trees [24]. Inhibition of flowering by
GA imposes an Off year, which due to the low number of fruits, is
characterized by a general increase in storage molecules in various
tree organs. In agreement with previous reports, flavonoids might
act in the bud as storage molecules [43,44].

Trehalose metabolism: Another noteworthy result is the altered
expressions of trehalose biosynthetic genes TPS and TPP. While
TPS that condenses glucose-6-P with UDP-glucose to generate
trehalose-6P, is induced, TPP that dephosphorylate trehalose-6P to
generate trehalose, is reduced by the GA treatment. Although in
higher plants it is usually below detection levels, it is present at
high levels in resurrection plants, where it serves as an osmopro-
tectant [45]. Changes in the trehalose biosynthetic genes and/or
enzymes, and not necessarily trehalose levels themselves, were
postulated to play a signaling or regulatory role in stress-response
pathways, in normal vegetative growth and in the transition to the
flowering phase [46,47]. The altered pathway in GA-treated buds
might, therefore, suggest that the pathway is also involved in main-
taining vegetative growth in citrus bud. An increase in trehalose
biosynthetic pathway was also detected in buds of ON-crop trees
[24].

Cell-wall metabolism: GA treatment resulted in the altered
expression of some genes associated with �-glucan and lignin
biosynthesis, two  cell-wall components. Whereas genes of �-
glucan metabolism (cellulose and callose) seemed to be induced,
those of lignin metabolism were reduced. �-1,4-glucan (cellu-
lose) comprises the core component of the plant cell wall [48],
while �-1,3-glucan (callose) is a component of specialized walls or
wall-associated structures at a particular stage of growth and dif-
ferentiation [49]. Lignin is crucial for the structural integrity of the
cell wall, contributes to the stiffness and strength of the stem [50].
Changes in the ration between cellulose and lignin were recorded
in other systems, and in a few cases these changes were induced
upon GA treatment [51–53]. Therefore, it is suggested that in the
GA-treated buds, which display reduced flowering, the reduced
lignin-to-cellulose ratio is required for bud vegetative growth, as
in other cases [54,55].

In  summary, the current work sheds light on some of the pro-
cesses, especially in secondary metabolism, that occur in citrus
buds during flowering induction period in response to GA treat-
ment. As expected, GA reduced the mRNA levels of FT, AP1 and
some floral-organ-identity genes, but it induced that of LFY. Sur-
prisingly, the expression of FT in the bud far exceeded that in the
leaf. Some of these findings warrant further investigation, espe-
cially with regard to the phenomenon of alternate bearing, resulting
in biennial alternations in yield.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.plantsci.
2012.09.012.
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