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ABSTRACT

Plants adapt to phosphorus (P) deficiency through a complex of biological processes and many genes are involved. Tomato
(Solanum lycopersicum L. ‘Hezuo906’) plants were selected to grown hydroponically to study the temporal and spatial gene expression
patterns of the 14-3-3 gene family and their roles in response to P deficiency in tomato plants. Using real-time reverse-transcriptase
polymerase chain reaction (RT-PCR), we investigated the expression profiles in different tissues (root, stem and leaf) at short-term
and long-term P-deficient stress phases. Results revealed that i) four members of 14-3-3 gene family (TFT1, TFT4, TFT6 and TFT7)
were involved in the adaptation of tomato plants to P deficiency, ii) TFT7 responded quickly to P deficiency in the root, while TFT6
responded slowly to P deficiency in the leaf, iii) expression response of TFT/ to P-deficient stress was widely distributed in different
tissues (root, stem and leaf) while TFT8 only displayed stem-specific expression, and iv) temporal and tissues-specific expression
patterns to P deficiency suggested that isoform specificity existed in tomato 14-3-3 gene family. We propose that TFT7 (one member
of e-like group in tomato 14-3-3 family) is the early responsive gene and may play a role in the adaptation of tomato plants to short-
term P deficiency, while TFT6 (one member of non-¢ group in tomato 14-3-3 family) is the later responsive gene and may play a role
in the adaptation of tomato plants to long-term P deficiency.
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INTRODUCTION

Phosphorus (P) deficiency is one of the major fac-
tors limiting plant growth in many ecosystems and a
major soil constraint for agricultural productivity (De-
vaiah et al., 2007b; Schachtman and Shin, 2007). In
order to survive, plants have developed flexible strate-
gies to cope with soil P deficiency, and thus improve
P mobilization and uptake from the soil (Vance et al.,
2003; Wu et al., 2003; Hoffland et al., 2006). These
strategies include the production of enzymes, such
as phosphatases and nucleases; symbiotic relation-
ship with mycorrhizal fungi; increased synthesis and
secretion of organic acids; enhanced expression of
high-affinity P transporters; plasma membrane HT-
ATPase-dependent proton extrusion; a larger root sys-
tem capable of exploring greater soil volume to ensure
a sufficient uptake of P; and a differential distribution
of photosynthates between shoots and roots, which re-

sults in increased root-shoot ratios due to the prolific
growth of lateral roots. Researches in this area in re-
cent decades have led to the identification of structural
genes of primary importance for P acquisition and uti-
lization (Desnos, 2008). Further, it is apparent that P
acquisition and utilization are a highly regulated and
complex set of processes relying not only on P trans-
porters and enzymes involved in P assimilation and uti-
lization, but also on powerful regulatory mechanisms
controlling the abundance and activity of transporters
and enzymes (Sanchez-Calderén et al., 2006; Devaiah
et al., 2007a).

14-3-3 proteins (a family of regulatory proteins)
are phosphoserine-binding proteins that regulate the
activities of a wide array of targets via direct protein-
protein interactions (Chevalier et al., 2009). Plant 14-
3-3 proteins bind to a range of transcription factors
and other signaling proteins, and play roles in regula-
ting plant development and stress responses (Roberts,
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2003; Xu et al., 2008). Some recent studies have sug-
gested that in higher plants, 14-3-3 proteins may play
an important role in response to P deficiency. For exa-
mple, the activities of P transporters are modulated
by signaling proteins in response to P starvation in
higher plants. Signaling proteins are known to inte-
ract with P-deficiency-response factors such as protein
kinases, phosphatases, and 14-3-3 proteins (Baldwin
et al., 2008). Apart from their well-established roles in
regulating the activity of the plasma membrane H*-
ATPase, which plays an important role in P acquisition
(Yan et al., 2002), 14-3-3 proteins are also regulatory
partners of ion channels (Véry and Sentenac, 2003). In
addition, in higher plants, 14-3-3 proteins are thought
to be involved in carbohydrate metabolism and phy-
tohormone signaling, which play important roles in P-
deficient responses (Comparot et al., 2003).

Tomato is becoming the model plant for studying
the physiological, biochemical, and molecular biologi-
cal mechanisms of vegetables (Fei et al, 2006). In
tomato plants, 14-3-3 proteins are encoded by a multi-
gene family. To date, at least 12 genes, predicted
to encode 14-3-3 proteins, named TFTI1-TFT12,
have been identified (see http://www.lancs.ac.uk/
staff /robertmr/tft_ests.htm). Although the 14-3-3 gene
family in tomato is highly conserved, tomato 14-3-3
gene family comprises two major groups, a non-€ group
and a e-like group: the TFT1/TFT10, TFT5/ TFT6,
TFT2/TFTS3, and TFT}/TFT11 genes form the non-¢
group, and the TFT7/TFT12 and TFT8/ TFT9 genes
form the e-like group (Xu and Shi, 2006). Northern
blot analysis of the expression of the 14-3-3 gene fami-
ly in response to fusicoccin stress in tomato leaves re-
vealed that 14-3-3 genes have different expression pat-
terns in leaves after challenge (Roberts and Bowles,
1999). In addition, the expression of TFT7 (X95905),
one of the 14-3-3 gene family members, was induced by
phosphorus, potassium and iron deficiencies in tomato
roots (Wang et al., 2002; Xu and Shi, 2006). Further-
more, recent results showed that TFT7 positively regu-
lates immunity-associated programmed cell death by
enhancing protein abundance and signaling ability of
mitogen-activated protein kinase kinase a (Oh et al.,
2010). Although the expression of genes encoding 14-
3-3 proteins under biotic and abiotic stresses has been
investigated (Roberts et al., 2002), expression profiling
of the entire 14-3-3 gene family in response to P defi-
ciency in tomato plants (roots, stems, and leaves) has
not been reported.

Previously, Cao et al. (2007) reported the gene ex-
pression of 14-3-3 gene family in the whole-plant tissue
under a single P-deficient treatment point (P-deficient
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stress for 7 d) using northern blotting; however, lit-
tle is known about their temporal and spatial expres-
sion patterns in response to P deficiency in higher
plants. Elucidation of temporal (time-dynamic) and
spatial (tissue-specific or cell-specific) expression pat-
terns would lead to a better understanding of the plant
14-3-3 proteins response to P-deficient stress. There-
fore, the primary objective of this study was to investi-
gate the expression profiles of 14-3-3 gene family in re-
sponse in different tomato tissues (root, stem, leaf) to
different P-deficient stress phases (short-term or long-
term phase) using real-time reverse-transcriptase poly-
merase chain reaction (RT-PCR).

MATERIALS AND METHODS
Ezxperimental

Tomato (Solanum lycopersicum L. ‘Hezuo906’)
plants were grown hydroponically in black pots con-
taining 3 L of modified 20% Hoagland’s solution (con-
trol). Plants were grown in a controlled environmental
growth chamber with the light period of 250 mol m~2
s~! photosynthetic photon flux at 25 °C, 70% relative
humidity for 16 h (from 6 a.m. to 10 p.m.); and a dark
period at 21 °C and 70% relative humidity for 8 h (from
10 p.m. to 6 a.m.). The pH of the solution was adjusted
to 6.0 every day, and the solution was renewed every 3
d. After three weeks of growth, nutrient solution to the
treatments was deprived of P. Plants were harvested at
0, 0.5, 1, 3, 6, and 9 d after exposed to P deficiency.
Control plants grown under nutrient-sufficient condi-
tions were also harvested at the same time points. The
root, stem, and leaf of the plants were then separated,
frozen, and stored at —80 °C until later analysis.

Measurements

When the above experimental treatments were fini-
shed, tomato plants (roots, stems and leaves) were sep-
arated and roots were washed, and then placed in an
oven at 105 °C for 0.5 h to inactivate enzymes. To ob-
tain the dry weight, harvested plant parts were dried
to a constant weight at 70 °C. The P concentrations of
plant tissues were determined colorimetrically by the
phosphovanadate method (Hanson, 1950) after diges-
tion in a mixture of HNOs, HClOy4, and HoSOy4 (3:1:1,
v/v/v).

Net photosynthesis rates were measured on the
youngest fully expanded leaf using a portable photo-
synthesis system (Li-6400, Li-COR Inc., Lincoln, NE,
USA). For the carbohydrate determination, plant sam-
ples were extracted with 0.5 mL of 80% ethanol (v/v)
for 20 min at 70 °C, and glucose, fructose, and sucrose
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were determined as described by Stitt et al. (1989).
Starch was extracted from the residue by grinding in
0.5 mL of 50 mol m™3 sodium acetate (pH 4.8) con-
taining a-amylase (10 U) and amyloglucosidase (6 U).

After harvesting, the primary root length, late-
ral root length, root surface area, and root volu-
me were measured using a root analysis instrument
(WinRHIZO; Regent Instruments Inc., Quebec, ON,
Canada). The proton extrusion rate of tomato roots
was analyzed following the method of Jin et al. (2009).

Real-time RT-PCR was performed in 25 uL reac-
tion mixture composed of cDNA by using the DNA En-
gine Opticon 2 system (MJ Research, USA) for conti-
nuous fluorescence detection (Xu and Shi, 2006). RNA
extraction, cDNA preparation and primer pairs for
real-time RT-PCR followed the method of Xu and Shi
(2006). Since a-tubulin is a strong and constitutively
expressed housekeeping gene in tomato plants (Wang
et al., 2001; Coker and Davies, 2003), quantification of
the mRNA levels was based on comparison with the
level of o-tubulin mRNA. As an additional control,
the mRNA levels of a moderately expressed housekee-
ping gene, phosphoglycerate kinase (Coker and Davies,
2003), were monitored. a-Tubulin mRNA, which was
defined as 100 REU (relative expression units), was
used as an internal standard in all experiments. The
expression level of a gene was defined as the ratio of the
copy number of the studied gene to the copy number
of a-tubulin multiplied by 100 REU.

Statistical analysis

For each treatment, three replicates were included
in the analysis. In addition, the complete experiment
was repeated twice at different time under the same
growth conditions. Statistical analysis was conducted
using SigmaPlot V8.0. Changes in the relative expres-
sion levels of gene mRNA and other physiological data
were analyzed for statistical significance according to
Student’s ¢-test (P < 0.05).

RESULTS

Tomato growth under P-sufficient and P-deficient con-
ditions

In this study, the dry weight, P concentration and
content in tomato roots, stems, and leaves were ana-
lyzed under P-sufficient and P-deficient conditions at
different days after treatment (0, 0.5, 1, 3, 6, and 9 d)
(Table I). During the first 3 d, no significant differences
in dry weight, P concentration and P content were ob-
served between P-sufficient and P-deficient conditions.
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However, the stem weight, leaf weight, P concentration
and content were significantly lower under P-deficient
than under P-sufficient conditions during the experi-
ment time period from 6 to 9 d of P starvation.

TABLE 1

Dry weights, P concentrations, and P contents of tomato roots,
stems, and leaves under P-sufficient (+P) or P-deficient (—P)
conditions at different days after treatment (DAT)

Treatment DAT Dry weight P concentration P content

d mg plant—! mg P g~! mg P plant—!
Root (+P) 0 50.141.08)  5.50+0.19 0.2740.02
0.5 50.3£2.1 5.51£0.24 0.28+0.01
1 51.6+1.6 5.62+0.27 0.2940.02
3 55.0£2.5 5.59£0.28 0.3140.02
6 59.1£1.0 5.56+0.21 0.3340.02
9 61.2+1.1 5.58+0.22 0.3440.01
Root (—P) 0 50.1£1.9 5.51+ 0.21 0.2740.02
0.5 50.2£2.1 5.50+ 0.19 0.2840.01
1 51.9+1.4 5.45+0.20 0.284+0.02
3 55.2+1.2 5.08+0.26 0.284+0.01
6 58.5+1.3 4.504+0.22* 0.26+£0.01%*
9 60.3+1.8 4.01+£0.23* 0.24+0.02%*
Stem (+P) 0 126.5+2.1 6.03£0.22 0.7640.03
0.5 126.6+1.9 6.014+0.29 0.7640.04
1 127.2+1.8 6.1240.26 0.7840.05
3 128.3+1.4 6.08+0.20 0.7840.03
6 133.8£1.1 6.06+£0.18 0.8140.05
9 139.6+1.5 6.10£0.21 0.8540.06
Stem (—P) 0 126.5£2.0 6.02+0.29 0.7640.04
0.5 126.5+1.3 6.00+0.27 0.76+0.05
1 127.0£1.2  5.98+0.25 0.7640.03
3 128.1+1.4 5.69£0.28 0.7340.06
6 129.241.0% 5.38+0.23* 0.6940.03*
9 130.14+1.3% 5.02+0.24* 0.65+0.05*
Leaf (+P) 0 209.8+1.9 6.5040.26 1.36+0.16
0.5 209.8+42.1 6.5240.23 1.37+0.10
1 210.5+1.5 6.614+0.27 1.3940.11
3 213.2+1.4  6.584+0.28 1.40+0.13
6 219.1+£1.3  6.56+0.20 1.4440.12
9 226.9+1.1 6.5940.22 1.50+0.15
Leaf (-P) 0 209.8+1.8 6.5240.25 1.36+£0.15
0.5 209.9+2.0 6.5040.19 1.36+0.16
1 210.5+1.3  6.39+0.24 1.35+0.12
3 211.94+1.4 6.084+0.30 1.2940.14
6 212.8+1.1* 5.5240.19* 1.17£0.10*
9 213.9£1.0% 5.014+0.21* 1.07+0.13*

*Significant at P < 0.05 between P-sufficient and P-deficient
treatments for a given test day.
a) Meanststandard deviations (n = 6).

The net photosynthesis rate (Pn) and various car-
bohydrate (non-structural carbohydrate, glucose, fruc-
tose, sucrose, and starch) contents in tomato leaves
were also analyzed under P-sufficient and P-deficient
conditions for 0, 0.5, 1, 3, 6, and 9 d (Fig.1). There
were no significant differences in Pn and carbohydrate
content between the two treatments for the first 3 d.
However, after 6 and 9 d of P starvation, the Pn was



738

Photosynthesis rate
(Mmol m™s™)

15 1 1 1 1 I

1.6

1.0t

Glucose content
(mmol m™ of
glucose equivalents)
N

08 1 1 1 1 1
0 2 4 6 8 10
10 ¢
0
c < 8}
o5 L *
‘E~.°§ *
8ES
0o g 6
2 e
o € o
cEQ
5~ 8 5
o = 4C
)
2 1 1 1 1 1
0 2 4 6 8 10

W. F. XU et al.

. 70}
(=)
— C
—_ oo
CEw
i =
©—5
Seg
7532
C >0
o
Z5S
25
O u—
O O
10
-— :-Q\
oy oy
(Du—g
E'Nog
o5
o ES
0o—=0
I}
8Eo
0O Ew
S5<—0
— [&]
L S
=)
13 1 1 1 1 1
0 2 4 6 8 10
50 r
»
. = 40
g5 g
Eez 30
°Cs5 T
SE L
SEQ
nh 8
= 10
o)
0 1
0 2 4 6 8 10

Days after changing phosphate concentration

Fig. 1 Net photosynthesis rate and various carbohydrate (non-structural carbohydrate, glucose, fructose, sucrose, and starch) contents
in tomato leaves under P-sufficient (+P) and P-deficient (—P) conditions over 0, 0.5, 1, 3, 6, and 9 d. One asterisk (*) indicates
significant difference at P < 0.05 between P-sufficient and P-deficient treatments for a given test day. Error bars represent the

standard deviations of the means (n = 6).

significantly lower in P-deficient than in P-sufficient
conditions. In addition, in 6 and 9 d treatments, the
contents of non-structural carbohydrate and starch in
tomato leaves were significantly higher in P-deficient
than in P-sufficient conditions; whereas, the sucrose
content of tomato leaves was significantly lower in P-
deficient than in P-sufficient conditions.

As presented in Fig.2, during the first 3 d, no
significant differences in root volume, primary root
length, lateral root length, root surface area and root
sucrose content were observed between P-sufficient and
P-deficient conditions. However, in 6 and 9 d treat-
ments, root sucrose content, the lateral root length
and the root surface area were significantly higher
in P-deficient than in P-sufficient conditions, and the

primary root length was significantly lower under P-
deficient conditions than under P-sufficient conditions.
The rate of root proton extrusion was significantly
higher under P-deficient than under P-sufficient con-
ditions.

Real-time RT-PCR analysis of 14-3-3 gene expression
in tomato plants

To avoid bias, real-time RT-PCR is typically refe-
renced to a housekeeping gene as the internal control
gene. Using a-tubulin as the internal control gene (=
100 REU), no significant change was found in phospho-
glycerate kinase mRNA levels in tomato plants under
P-sufficient and P-deficient conditions over the entire
treatment (Fig. 3). These results suggested that the se-
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Fig. 2 Morphological response, proton extrusion, and sucrose content in tomato roots under P-sufficient (+P) or P-deficient (—P) con-
ditions over 0, 0.5, 1, 3, 6, and 9 d. One asterisk (*) indicates significant difference at P < 0.05 between P-sufficient and P-deficient
treatments for a given test day. Error bars represent the standard deviations of the means (n = 6).

lection of the housekeeping genes for real-time RT-
PCR in our experimental systems was reliable and ac-
curate.

Subsequently, the expression patterns of all twelve
14-3-3 genes were analyzed under P-sufficient or P-
deficient conditions using real-time RT-PCR (Figs.4
and 5, Table II). Irrespective of P-nutritional status of
the plant, no TFT12 mRNA was detected in tomato
plants using two different primer pairs (Figs.4 and
5). Further, although no TFT8 expression was detected
in tomato roots or leaves using two different primer
pairs, it was detected in the stems; however, no sig-
nificant change was found under P-sufficient and P-
deficient conditions throughout the treatment period.
In addition, except for TFT8 and TFT12, there was no

significant difference in the expression of 14-3-3 genes
in the roots, stems, or leaves under P-sufficient condi-
tions over the entire treatment.

Under P-deficient stress, the steady-state trans-
cript levels of most of the 14-3-3 gene family members
appeared relatively unchanged, but significant diffe-
rences in four genes, TFT1, TFT4, TFT6, and TFT7,
were observed in roots, stems, and leaves. The expre-
ssion of TFT1 was up-regulated in stems under P-
deficient over the first 3 d of treatment, and down-
regulated in leaves under P deficiency throughout the
entire treatment. Under P deficient conditions, the
mRNA level of TFT/ was up-regulated in roots over
the first 3 d of treatment and up-regulated in stems
over the entire treatment; whereas, down-regulated in
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deficient (—P) conditions over 0, 0.5, 1, 3, 6, and 9 d. Relative expression levels were calculated and normalized with respect to
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bars represent the standard deviations of the means (n = 6). ND = not detectable.
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Fig. 5 Expression of 14-3-3 gene family members in the roots, stems, and leaves of tomato plants under P-deficient conditions over 0,
0.5, 1, 3, 6, and 9 d. Relative expression levels were calculated and normalized with respect to o-tubulin mRNA (= 100 REU). Error
bars represent the standard deviations of the means (n = 6). ND = not detectable.

leaves during the entire treatment. The mRNA level of
TFT6 was up-regulated in stems and down-regulated
in leaves under P deficiency over the entire treatment.
Finally, the mRNA level of TFT7 was up-regulated in
roots under P deficiency in the first 3 d of treatment
only.

DISCUSSION
Response of tomato to P deficiency

Our results (Table I, Figs. 1 and 2) suggested that
the response of tomato plant to P deficiency was a

progressive process and could be divided into two
different phases which are characterized by different
morphological and physiological adaptations. The first
phase (short-term response phase) was from the begin-
ning to 3 d of P starvation. During this time, the P
concentration and content of all studied plant tissues
remained relatively constant (Table I). Correspond-
ingly, plant did not show any morphological differences
in the dry weight of root, stem and leaf or in root length
and root surface area (Table I, Fig. 2). Also, there was
no difference in carbohydrate metabolism such as pho-
tosynthesis rate, sugar content or starch content of lea-
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Summary of expression profile of 14-3-3 gene family of tomato plant in response to short-term and long-term® P deficiency

Gene mRNA level in root, stem and

mRNA level®) in response to P deficiency

leaf under short- or long-term

P-sufficient condition Root Stem Leaf
Short-term Long-term Short-term Long-term Short-term Long-term

TFT1 — — — ) — ! !
TFT2 — — — — — — —
TEFTS3 — — — — — — —
TFTY — T - T T ! !
TEFTS5 — — — — — — —
TFTG - - - T T ! !
TFET7 — ) — — — — —
TFTS8 — ND ND — — ND ND
TET9 — — — — — — —
TFT11 — — — — — — —
TFT12 ND ND ND ND ND ND ND

a)Short-term means P deficiency over 0, 0.5, 1, or 3 d, and long-term means P deficiency over 6 or 9 d.
b)1 indicates up-regulation of mRNA level; | indicates down-regulation of mRNA level; — indicates no change in mRNA level; ND

indicates that mRNA level is not detectable.

ves as well as sucrose content of roots between P-
deficient and P-sufficient plants (Figs.1 and 2). How-
ever, after P starvation for 12 h, proton extrusion rate
of roots was significantly increased in comparison with
that of roots supplied with P (Fig. 2). Thus, the main
adaption of tomato plants to short-term P deficiency
was to increase the root proton extrusion. The second
phase (long-term response phase) occurred after 6 d
of P deficiency stress (from 6 to 9 d). This phase was
characterized by significant decrease in P concentra-
tion and content in root, stem and leaf (Table I). In
addition, the dry weight of stem and leaf was signifi-
cantly decreased after 6 d P starvation (Table I). Fur-
ther, the length of primary root was significantly re-
duced (Fig. 2), while the lateral root length and the to-
tal root surface area were increased during P deficiency
(Fig.2). For carbohydrate metabolism in leaves, there
was significant decrease in photosynthesis rate and su-
crose content, while the starch and non-structural car-
bohydrate contents were increased due to P deficiency
(Fig.1). The main adaption of tomato plants to long-
term P starvation was to increase the root growth and
adjust leaf carbohydrate metabolism.

Members of tomato 14-3-3 gene family in response to
P deficiency

The genes responding to P deficiency can be
grouped into ‘early’ genes that respond rapidly and
may play a role in P-deficient sensing and signaling
pathways, and the ‘late’ genes that respond slowly and
may alter the morphology, physiology or metabolism
of plants upon prolonged P deficiency (Hammond et

al., 2004; Lambers et al., 2006; Richardson, 2009).
In this study, the response of all members of 14-3-
3 gene family to P-deficiency was significantly diffe-
rent. Four members of the 14-3-3 gene family (TFT1,
TFT4, TFT6, and TFT7) showed differential expres-
sion, while the others members did not show any
changes in transcriptional expression during the entire
experiment period of 9 d (Fig.5, Table II). The ex-
pression of TFT/ showed a short-term up-regulation
response in the roots, and this gene was always up-
regulated in stems and down-regulated in leaves un-
der either short-term or long-term P-deficiency stress.
Thus, expression response of TFT/ to P-deficient stress
is widely found in different tomato tissues. These re-
sults indicated that TFT4 might mediate a cross-talk
between P-deficient adaptations among tomato root,
stem or leaf.

Accumulation of starch in leaves has been shown to
be a typical response to P deficiency, and 14-3-3 protein
may play an important role in this process (Comparot
et al., 2003; Cao et al., 2007). In leaves, TFT1, TFT4
and TFT6 expression level continuously decreased in
response to P deficiency. This trend correlated not
only with the continuously decreased photosynthesis
activity but also with the starch accumulation in the
leaves of P-deficient tomato plants (Fig.1). In partic-
ular, starch accumulation showed a close inverse cor-
relation to TFT6 transcription after P starvation for
6 or 9 d (Figs.1 and 5). According to the two-phase
mode for the P-deficient response of tomato plant (Ta-
ble I, Figs. 1 and 2) and the definition of ‘early’ or ‘late’
genes to P deficiency, our results suggested that TFT6
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(one member of non-¢ group in tomato 14-3-3 family)
belonged to the ‘late’ responsive member of 14-3-3 gene
family to P deficiency and might play a role in the
adaption of tomato plants to long-term P-deficiency
stress. In addition, these results provide some evidence
towards the hypothesis that TFT6 might be involved
in preventing the long-term P-deficient responses.

14-3-3 proteins play a key role in the activation of
plasma membrane H"-ATPase (Chevalier et al., 2009);
in turn plasma membrane HT-ATPase is involved in
the release of proton and possibly plays a central role
in the adaption of plants to P deficiency (Yan et al.,
2002). In roots, the transcriptional up-regulation was
observed for both TFT4 and TFT7, in particular, for
TFT7 (Fig.5). After the beginning of P starvation for
12 h, the expression intensity of TFT7 was almost dou-
bled and reached 2.5 times higher level after 24 h P
starvation. During this time there was no change in P
concentration, morphology, carbohydrate metabolism
in roots and shoots (Table I, Figs.1 and 2). In con-
trast, root proton extrusion responded quickly to P
starvation treatment. A marked increase in proton ex-
trusion was recorded for P-deficient tomato roots after
12 h and reached the maximum after 3 d P starva-
tion (Fig.2). Proton extrusion showed a close positive
correlation to TFT7 transcription after short-term P
starvation (Figs.2 and 5). According to the two-phase
mode for the P-deficient response of tomato plant (Ta-
ble I, Figs. 1 and 2) and the definition of ‘early’ or ‘late’
genes to P deficiency, our results suggested that TFT7
(one member of e-like group in tomato 14-3-3 family)
belonged to the ‘early’ responsive member of 14-3-3
gene family to P deficiency and might play a role in
the adaptation of tomato plants to short-term P de-
ficiency. Furthermore, these results provide some evi-
dence towards the hypothesis that TFT7 might play a
role in P-deficient sensing and signaling pathways by
activating plasma membrane HT-ATPase.

Isoform specificity in tomato 14-3-3 gene family

14-3-3 proteins possess a highly conserved target-
binding domain, which is able to recognize several
short consensus amino acid sequence motifs contai-
ning phosphoserine or phosphothreonine (Fu et al.,
2000). However, data suggesting that individual 14-
3-3 isoforms do have specific functions in higher plants
are accumulating in the literature (Sehnke et al., 2002;
Alsterfjord et al., 2004; Paul et al., 2005). Our results
also support the notion that isoform specificity existed
in the 14-3-3 gene family in tomato (Figs. 4 and 5, Ta-
ble II). In this study, we found that the 14-3-3 pro-
teins exhibited diverse patterns of gene expression in

743

response to P deficiency in tomato plants (roots, stems,
and leaves). In tomato roots, short-term P deficiency
greatly increased the expression of TFT/ and TFT7.
In tomato stems, short-term P deficiency caused a sig-
nificant up-regulation of three genes (TFT1, TFT/,
and TFT6). The up-regulation of two genes, TFT/ and
TFT6, was also observed in tomato stems under long-
term P deficiency. In tomato leaves, significant down-
regulation of three genes, TFT1, TFT4, and TFT6,
was observed under both short-term and long-term P
deficiency. So, our results suggested specific functions
for particular 14-3-3 genes in the adaption of tomato
plants to P deficiency.

There are several potential reasons for isoform
specificity existing in the 14-3-3 gene family in tomato.
First, although the 14-3-3 protein sequences are highly
conserved, variation does exist within the N- and
C-terminal domains. It was suggested that the N
and C termini have functions in isoform specificity
(Bornke, 2005). Second, there is increasing evidence
that the promoter is associated with gene-specific ex-
pression patterns in higher plants. In potato, the speci-
ficity of 14-3-3 gene expression in response to stress
is promoter-dependent (Aksamit et al., 2005). Third,
in many published studies on plants, tissue- and cell-
specific expression was observed in the 14-3-3 gene
family. For example, in Arabidopsis thaliana, 14-3-3
gene expression exhibited cell- and tissue-specific lo-
calization (Paul et al., 2005). Our results also showed
that tissue-specific expression occurred in the 14-3-3
gene family. For example, no TFT8 expression was
detected in tomato roots or leaves, but it was detected
in tomato stems.

In conclusion, using real-time RT-PCR, we per-
formed a detailed analysis of the temporal and tissue-
specific expression patterns of the entire set of the 14-
3-3 gene family in response to P deficiency in tomato
plants. Our results suggested that some members of
the tomato 14-3-3 gene family (TFT1, TFT4, TFT6,
and TFT7) might play important roles in the adap-
tation of tomato to P deficiency. In particular, TFT7
responded quickly to P deficiency in tomato root tissue
and belonged to the ‘early’ responsive 14-3-3 gene to
P-deficient stress. Moreover, TFT6 responded slowly
to P deficiency in tomato leaf tissue and belonged to
the ‘late’ responsive 14-3-3 gene to P-deficient stress.
The expression response of TFT4 to P-deficient stress
was widely found in different tissues (root, stem, leaf),
while the expression of TFT8 was only detected in stem
irrespective of P-sufficiency or deficiency. Thus, tem-
poral and tissue-specific expression patterns to P defi-
ciency also indicated that isoform specificity existed
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in the 14-3-3 gene family in tomato plants. However,
the actual roles and complexity of interactions of the
14-3-3 proteins in the manipulation of P availability in
tomato plants are challenging goals for future research.
To our knowledge, this is the first comprehensive study
of temporal and tissue-specific expression profiles of
14-3-3 gene family response to P deficiency in higher
plants. Therefore, it would make a substantial contri-
bution to the research of the adaption of higher plant
to P deficiency.
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