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Abstract
The plant’s response to abiotic stress involves protein phosphorylation cascades. The 
14-3-3 protein family binds to phosphorylated proteins thereby situating itself in 
numerous signal transduction cascades making it highly likely that 14-3-3’s are involved 
in stress adaptation. In this study we used six members (three closely related pairs) of 
the Arabidopsis non-epsilon 14-3-3 branch to investigate the 14-3-3 involvement in 
abiotic stress adaptation in relation to primary root growth and elongation. For this, 
six single, three double (of the closely related pairs), 12 triples and three quadruple 
mutants were used. We demonstrated that the double mutant un shows less reduction in 
primary root growth on plates containing 100 mM salt but does not show a difference 
in ion homeostasis indicating that un is involved in the osmotic stress component of 
salt stress. When un is grown on medium containing mannitol the primary root growth 
response is similar to salt. This data is underlined using LEH (the Length of the first 
Epidermal cell with visible root Hair bulge) where un also shows an LEH larger than 
WT on mannitol. The LEH shows that there is isoform specificity and redundancy 
among the six 14-3-3 proteins studied. Unequal redundancy was shown between the 
closely rated pairs NU and UPSILON where nu was involved in mannitol insensitivity 
and upsilon was not. A larger LEH on 1-aminocyclopropane-1-carboxylic acid (ACC) 
was seen in the double mutant KAPPA/LAMBDA compared to WT, while the single 
mutants are indistinguishable from WT indicating full redundancy. In addition, 14-3-3’s 
from single to quadruple mutants showed larger LEH compared to WT on ABA plates. 
However, the single mutant chi and the double mutant pc did not seem to be involved 
in any stress tested in this study. A pull-down assay using recombinant 14-3-3 and total 
protein extract from roots treated with mannitol showed that 14-3-3 targets become 
phosphorylated during mannitol treatment, showing an increased number of new targets 
in mannitol treated samples. In conclusion, phenotypic and root pull-down assays show 
that 14-3-3’s are involved in abiotic stress and that 14-3-3’s show isoform specificity 
and redundancy. 
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Introduction
Plants are sedentary organisms and consequently cannot escape environmental stresses 
such as cold, drought and salinity. Instead, plants have evolved elaborate response 
mechanisms to deal with abiotic stresses e.g. changes at the transcript- and on post-
translational-level, compartmentalization of toxic ions and the removal of reactive 
oxygen spieces (ROS) (Kreps et al. 2002; Zhu 2002; Cramer et al. 2011). These 
mechanisms are complex with cross-talks between different phyto-hormones and 
signalling cascades (Takahashi et al. 2004; Wilkinson and Davies 2010; DeRose-Wilson 
and Gaut 2011; Singh et al. 2011; Zhang et al. 2012). One important mechanism for 
transducing the environmental signals in the plant cell is by protein phosphorylation. 
Members of the CIPK, SnRK, MAPK and CDPK protein kinase families are known to 
be positively regulated by abiotic stresses (Ichimura et al. 2000; Zhu 2002; Boudsocq 
and Lauriere 2005; Zou et al. 2010; Coello et al. 2011; Franz et al. 2011; Fujii and Zhu 
2012; Boudsocq and Sheen 2013). 14-3-3 Proteins or known 14-3-3 targets, have been 
linked to members of the abovementioned kinase families situating 14-3-3’s in abiotic 
stress signalling pathways. 
 Drought and salinity are two abiotic stresses with overlapping pathways (Zhu 
2002). In both stresses, the phytohormone abscisic acid (ABA) is elevated and both 
have an osmotic stress component (Zhu 2002; Wang et al. 2003). For salt, there is, 
in addition to osmotic stress, an ionic component. Na+ accumulates in the plants over 
time thereby disturbing the ion homeostasis and ultimately reaching toxic levels. The 
ionic stress component triggers elevation of cytosolic Ca2+ and activates the Salt Overly 
Sensitive (SOS)-pathway which is involved in exclusion and compartmentalization of 
toxic ions (Zhu 2002; Qiu et al. 2004). 
 In addition to ABA, ethylene synthesis is induced upon salt and osmotic stress 
(Felix et al. 2000; Zhao and Schaller 2004; Achard et al. 2006; Rosado et al. 2006). 
Different components of the ethylene signalling pathway have been shown to be 
involved in salt tolerance. ABA and ethylene are intertwined at different processes like 
seed germination and root growth (Zhou et al. 1998; Beaudoin et al. 2000; Ghassemian 
et al. 2000; Cheng et al. 2009). Depending on the plant tissue, different outcomes have 
been found between ABA and ethylene. In root tissue, it appears that ABA and ethylene 
act in parallel while in seed germination they work antagonistically (Beaudoin et al. 
2000; Ghassemian et al. 2000; Cheng et al. 2009). 
 In this study, the 14-3-3 double mutant lines from Chapter 2 were screened for 
their response to elevated salt levels, which triggers both ionic and osmotic stress and 
in addition both stresses involve ABA and ACC (Felix et al. 2000; Zhu 2002; Zhao and 
Schaller 2004; Achard et al. 2006; Rosado et al. 2006; Wang et al. 2008; Mehlmer et al. 
2010; Skirycz et al. 2011). Mutant plants were studied for primary root growth on 0.5x 
MS plates containing 100 mM NaCl. The results obtained from the plate assay were 
verified and extended to all 14-3-3 mutant lines from Chapter 2 by using “The Length 
of the first Epidermal cell with visible root Hair bulge” viewed from the root tip (LEH) 
(Le et al. 2001). Addition of hormones or abiotic stress like NaCl or mannitol reduces 
the epidermal cell elongation or LEH (Cnodder et al. 2007). Although this method is 
based on short term stress, it correlates to primary root growth inhibition under long 
term stress (Le et al. 2001). Next to answering the question of 14-3-3 involvement 
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during stress adaption, an additional question will be answered namely whether or not 
there is isoform specificity among the 14-3-3 isoforms or if redundancy is involved. In 
this study, three different types of redundancy full redundancy, partial redundancy and 
unequal redundancy are considered. Full redundancy is appointed to mutants where 
neither parental line  shows a phenotype while the progeny does. In partial redundancy, 
both parent lines show a phenotype and the progeny shows a stronger phenotype. In 
unequal redundancy, one parent line shows a phenotype while the other line is equal to 
WT and the progeny of these lines show an stronger phenotype (Briggs et al. 2006). 

Results
Double mutant un shows enhanced root growth on salt and mannitol 
To elucidate the possibility of 14-3-3 involvement in adaptation to abiotic stress a pilot 
assay was performed to observe primary root growth of the 14-3-3 double mutants 
described in Chapter 2 (Fig. 1A). To make sure that the six 14-3-3’s were transcribed 
during the assay their transcripts were detected using RT-PCR. Fig. 1B shows that all 
six 14-3-3’s were indeed expressed in roots during the course of the experiment. For 
the pilot assay, WT, kl, un and pc seedlings were grown for 10 days on plates with and 
without 100 mM NaCl. On control plates, no difference was seen between the double 
mutants and WT. However, the double mutant un showed less reduction in primary root 
growth on 100 mM NaCl compared to WT (2 way ANOVA interaction P<0.05), while 
the other two double mutants were indistinguishable from WT (Fig. 1C-E). 
 To determine if this reduced sensitivity to salt is due to differences in ion 
homeostasis, atomic absorption spectroscopy (AAS) was used to analyse the potassium 
(K+) and sodium (Na+) content of double mutant seedlings grown for 10 days on 0.5x 
MS agar plates containing 100 mM NaCl. No significant differences in ion content 
were found either in the control situation or in plants grown on 100 mM NaCl (data 
not shown). This raises the question whether the reduced salt sensitivity phenotype 
of the un double mutant is caused by the osmotic component of salt stress. To address 
this question a plate assay supplemented with different concentrations of mannitol (0 
mM, 50 mM, 100 mM, 150 mM and 200 mM) was performed on WT and un plants. In 
fact a similar trend was seen where primary root growth of un plants was less reduced 
than that of WT plants on plates supplemented with 150 mM and 200 mM mannitol 
(200 mM mannitol is iso-osmotic to 100 mM NaCl; (Torabi and Niknam 2011)) (Fig. 
1F).This data, combined with the AAS data, illustrates that the reduced sensitivity of 
primery root growth of un found on 100 mM NaCl is due to osmotic stress and not ionic 
stress, linking the 14-3-3’s to the osmotic stress pathway.



14-3-3 Isoform specificity during adaption to abiotic stress

71

4

Figure 1. 14-3-3 expression in roots and double mutant 14-3-3 primary root phenotypes on salt and 
mannitol. 
A) Schematic overview of the 14-3-3 mutants used in this Chapter. The inner triangle depicts as circles the 
single mutants (grey) and the outer corners the double mutants (orange). The outer triangle depicts at the 
sides the triple mutants (blue) while on the corners the quadruple mutants (red). B) Expression of KAPPA, 
LAMBDA, NU, UPSILON, PHI and CHI were determined by RT-PCR with RNA isolated from WT roots 
at seven and 14 days after stratification (DAS). C-E) Plants were grown on 0.5x MS plates for four days 
after stratification (DAS) after which they were transferred to medium with or without 100 mM NaCl and 
grown an additional 10 days. Root growth was measured using EZ-Rhizo (Armengaud et al. 2009). Main 
root growth is (total length day 10) – (total length day 3) set relative to control root growth. C and D) Root 
growth of kl and pc p≥0.05, for un (E) p<0.05 for 2 way ANOVA interaction. Bars indicate SEM; n=3. F) 
Main root growth of double mutant un on different concentrations of mannitol. Bars indicate SEM 2-way 
ANOVA interaction p=0.005 and p=0.003 for 150 mM and 200 mM respectively (n=2). 
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Isoform specificity among the 14-3-3’s at different abiotic stresses 
The plate assay data indicates isoform specificity or redundancy among the 14-3-3’s 
since only the double mutant un shows a phenotype. To test this possibility all 14-3-
3 mutants described in Chapter 2 were screened using LEH for mannitol, ABA and 
ACC (Le et al. 2001; Cnodder et al. 2007). LEH (the Length of the first Epidermal cell 
with a visible root Hair bulge) is a quantitative method to measure fast changes in cell 
elongation using the size of the trichoblasts at the moment of root hair forming (Le et 
al. 2001; Cnodder et al. 2007; Staal et al. 2011; Tsang et al. 2011) (Fig. 2A). For all the 
stresses tested, the WT roots showed a reduction in LEH compared to plants grown on 
control plates (Fig. 2A; Cnodder et al. 2007). The robustness of the LEH compared to 
primary root growth on plates was tested for un on 200 mM mannitol and un showed 
an increase of 30% in LEH (23% on plate) compared to the WT while the other double 
mutants showed no effect (Figs. 2B-C). On mannitol all quadruple mutants, klun, klpc 
and unpc, showed a significantly larger LEH compared to WT (30, 44 and 25%, resp.), 
which indicated that un is not the only mutant background in which reduced sensitivity 
to mannitol occurred (Figs. 2C and F).

Next, the LEH was measured on mannitol for the triple mutants in the 
background of each of the three double mutants. In the kl background, addition of the 
upsilon mutation (= ukl) had no effect on LEH, whereas addition of each of the other 
three remaining mutations (nu, phi and chi) resulted in LEH phenotypes similar to that 
of un (Figs. 2C and F; 2 way ANOVA interaction P>0.05 between un and nkl, pkl and 
ckl). This indicated that upsilon by itself is not involved in mannitol insensitivity. 

In fact, adding upsilon to the pc background (= upc) did not affect LEH 
compared to the double mutant pc or its WT. In contrast, addition of kappa, lambda and 
nu to pc (= kpc, lpc, npc) did enhance LEH on mannitol significantly as compared to 
WT (18, 23 and 25% resp.; Figs. 2C and F). 

For the triple mutants in the un background adding the remaining four single 
mutants showed a larger LEH compared to the WT (Figs. 2C and F). However, they did 
not significantly differ from un itself (2 way ANOVA interaction P>0.05). The single 
mutants, kappa and nu showed a significantly enhanced LEH compared to the WT, 13% 
and 12% respectively. Taken together it appears that UPSILON is by itself not involved 
in mannitol insensitivity. Although, when UPSILON was mutated together with NU 
they showed a stronger mannitol insensitivity which could indicate unequal redundancy.

 
 Figure 2. Root epidermal cell elongation (LEH) of 14-3-3 mutants on 200 mM mannitol, 50 µM 

ABA and 5µM ACC after 3 hours. 
WT was set 100% and the mutants are relative to WT. % difference was calculated as mutant – WT. 
A) Representative pictures of WT LEH on control, 200 mM mannitol, 50 µM ABA and 5 µM ACC. Scale 
bar is 100 µm. B) Comparison between LEH and plate assay for the double mutant un showing similar % 
differences compared to WT. C) LEH of single, double, triple and quadruple mutants on 200 mM mannitol. 
D) LEH of single, double, triple and quadruple mutants on 50 µM ABA. E) LEH of single, double, triple 
and quadruple mutants on 5 µM ACC. F-H) Overview of LEH results of the 24 14-3-3 mutants on 200 mM 
mannitol (green), 50 µM ABA (yellow) and 5 µM ACC (red), coloured boxes show a significant difference 
compared to WT, the significance level can be seen in figure C-E. 2-way ANOVA interaction * p < 0.05, ** 
p < 0.01, *** p < 0.005 error bars indicate SEM (n=3).
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14-3-3 Mutants show reduced ABA sensitivity, apart from single chi and double 
mutant pc 
Osmotic-stress quickly induces the production of the phytohormone ABA (Christmann 
et al. 2005; Christmann et al. 2007). Applying mannitol to WT Arabidopsis roots 
reduced the LEH and something similar took place when ABA was applied (Cnodder et 
al. 2007 and Fig 2A). To investigate if there is a difference between mannitol perception/
signalling and ABA perception/signalling in the 14-3-3 mutants a LEH assay with 
ABA was performed. On ABA, all single and double mutants showed a larger LEH 
compared to the WT apart from single mutant chi and double mutant pc (Figs. 2D and 
G). However, adding different 14-3-3 single mutants to the pc background (Figs. 2D and 
G) enhances LEH compared to the WT, in a similar fashion as the single mutants (2 way 
ANOVA interaction P>0.05 between single and their corresponding triple mutants in pc 
background). Interestingly, the pc mutant plants exposed to ABA behaved similarly to pc 
plants grown on mannitol plates, where pc is indistinguishable from WT in its response 
to osmotic stress (Figs. 2F and G). Two triple mutants, namely nkl and npc, were not 
significantly different from their WT (Figs. 2D and G). This was similar to upsilon on 
mannitol where ukl and upc were indistinguishable from WT. The quadruple mutants 
showed no further increase in LEH compared to the double mutants kl and un indicating 
that removing more of these six 14-3-3’s does not enhance the ABA insensitivity (2 way 
ANOVA interaction p >0.05) between kl and klun or klpc and un vs unpc). The results 
indicate isoform specificity towards ABA and in addition show that in roots there is a 
difference between ABA and mannitol sensitivity in the 14-3-3 mutants.

The kl double mutant is involved in ACC sensitivity 
Next to the production of ABA upon osmotic stress perception, the phytohormone 
ethylene is elevated (Felix et al. 2000; Zhao and Schaller 2004; Rosado et al. 2006; 
Wang et al. 2008; Mehlmer et al. 2010; Skirycz et al. 2011). A precurser of ethylene, 
1-Aminocyclopropane-1-carboxylic acid (ACC), induced a reduction in LEH in WT 
Arabidopsis roots as compared to plants on control plates (Fig. 2A, Le et al. 2001; 
Cnodder et al. 2007; Staal et al. 2011; Tsang et al. 2011). The kl double mutant showed 
a 27% increase in LEH on ACC plates compared to the WT (Fig. 2E). At the single 
mutant level neither kappa nor lambda differed significantly from the WT, indicating 
full redundancy (Figs. 2E and H). The quadruple mutants in the kl background (klun and 
klpc) showed a larger LEH compared to WT but similar to the kl double mutant (2 way 
ANOVA interaction P>0.05) while unpc is indistinguishable from WT (Figs. 2E and 
H). Only the triple mutants in the kl background or those that contained either kappa or 
lambda (kun, lun, kpc and lpc) showed a similar increase on ACC as kl (Figs. 2E and H). 
This shows that both un and pc enhance the kappa and lambda single mutant phenotype 
but that un and pc themselves are not involved in ACC since unpc is indistinguishable 
from WT. These results indicate that both kappa and lambda are involved in reduced 
sensitivity towards exogenous ACC and show redundancy. 
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In silico microarray data showed no difference in 14-3-3 gene expression under 
abiotic stress
Our phenotypic analysis demonstrates that there is isoform specificity and redundancy 
among the six 14-3-3’s investigated in this study. In literature there are indications that 
the expression of plant 14-3-3’s is up-regulated by salt and ABA in potato, and by salt in 
tomato (Aksamit et al. 2005; Xu and Shi 2006). We used publicly available microarray 
data to get an impression whether Arabidopsis 14-3-3 expression is also up-regulated 
under abiotic stress and whether this correlates to the phenotypes seen. Since we used 
loss-of-function mutants, up-regulation in WT plants could explain why for certain 
mutants like nu an insensitivity is seen towards mannitol when NU is involved in LEH 
under osmotic stress. Vice versa when certain 14-3-3’s are down-regulated in WT the 
loss-of-function mutant will resemble WT. 
 Data was collected from two different experiments. For hormones the dataset 
provided by Goda et al. was used. This group used seven-day old seedlings exposed to 
different hormones for 0h, 30 min, 1h and 3h (Goda et al. 2008). The other dataset used 
was by Kilian et al. (2007); these authors used 18-day old plants (days after sowing) 
and exposed them to various abiotic stresses for a time period ranging from 0h to 24h 
after which the roots and shoots were separately analysed (Kilian et al. 2007). Both 
groups used Affymetrix ATH1 gene chip. The Arabidopsis efp browser (Winter et 
al. 2007) was used to get insight into the expression behaviours of 14-3-3 KAPPA, 
LAMBDA, NU and UPSILON. Unfortunately, the probe set 255079_s_at found on the 
gene chip can hybridize both CHI and PHI and was left out of the analysis (Paul et al. 
2012). The probe sets for the other 14-3-3’s are unique. An arbitrary cut-off of a 2-fold 
change was used and showed no indication of major transcript changes for shoots and 
hormones (Figs. 3A-C). However, a 2-fold decrease is seen for KAPPA and LAMBDA 
when stressed by salt at time points 3 and 6 hours after salt application in roots; after 6 
hours both transcripts go back up (Fig. 3B). These results indicate that Arabidopsis 14-
3-3’s are not transcriptionally up-regulated by abiotic stress or ABA or ACC treatments 
as seen in other plant species (Aksamit et al. 2005; Xu and Shi 2006).
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Figure 3. Expression patterns of 14-3-3 in Arabidopsis (Col-0) under various abiotic and exogenous 
applied hormones from publicaly avialable microarray data. 
(A) and (B) treatments used; Cold treatment at 4°C, Osmotic is 300 mM mannitol, Salt is 150 mM NaCl, 
Drought 14 min in an air stream with loss of approximately 10% fresh weight, Heat 3 h 38°C and recovered 
at 25°C. (A) At14-3-3 expression in shoots of 18 days after sowing during abiotic stress. (B) At14-3-3 
expression in roots of 18 days after sowing during abiotic stress. (C) At14-3-3 expression in seven day old 
seedlings stressed with 10 μM ACC, 1 μM IAA and 10 μM ABA. Dashed lines indicate a 2-fold change in 
14-3-3 expression.
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In vivo 14-3-3 pull-down assay in extracts of roots treated with(out) mannitol
Since abiotic stress does not seem to up-regulate 14-3-3’s transcript level, we investigated 
changes in the 14-3-3 interactome of soluble root proteins during mannitol stress at 3 
different time points: 0 min (= control), 10 min and 3 hours. The mannitol treatment 
was chosen because it induces osmotic stress and the elevation of both ABA and ACC 
((Felix et al. 2000; Zhao and Schaller 2004; Christmann et al. 2005; Christmann et al. 
2007). In addition, 14-3-3 binding to target proteins is phosphorylation dependent and 
it is known that osmo-stress activated kinases families like SnRK, CDPK and MAPK 
are activated by salt and mannitol on a 10 minute time scale (Ichimura et al. 2000; 
Boudsocq et al. 2004; Franz et al. 2011). For the pull-down assay nickel-beads were 
coated with N-terminally His-labelled 14-3-3 KAPPA, LAMBDA, NU, UPSILON 
and PHI in equimolar ratios (1:1:1:1:1). The non-phosphorylated peptide R18 was 
used for specific elution of target proteins by competing with targets that bind to the 
14-3-3 binding groove. After the R18 elution, the stronger bound targets were eluted 
using imidazole. Eluted proteins were separated by SDS-PAGE electrophoresis and the 
identity of the proteins was determined by MS/MS spectrometry. The experiment was 
conducted three times with independent biological replicas meaning that in the end each 
treatment has six profiles (3 times R18 and 3 times imidazole). Table 1 shows the list of 
proteins identified in at least two independent samples of the triple pull-down. A total 
number of 73 proteins was identified at the different time points. In table 1 we grouped 
the proteins in three categories according to the following criteria:

1. proteins identified at all-time points (1-21), 
2. proteins disappearing at the 10 min and/or 3h time points (22-36), 
3. proteins absent before the stress-treatment (t=0 min) and appearing at 10 min 

and/or 3 h time point (37-73).
The list includes known targets or proteins found in other 14-3-3 pull-down assays 
e.g. nitrate reductase (Bachmann et al. 1996; Chang et al. 2009; Shin et al. 2011) and 
cytosolic invertase (Chang et al. 2009) (both in category 1), CRA1 and SESA2 in 
category 2 (Chang et al. 2009), and in category 3 CPK3 (Lachaud et al. 2013). There 
were 9 proteins exclusively found in the control plants, indicating that the interaction of 
these proteins with 14-3-3’s is negatively affected by mannitol. A total of 22 proteins was 
found solely in the 10-minute treatment; this indicates that during a 10 minute mannitol 
treatment, phosphorylation of these 14-3-3 targets occurs. Among these proteins are 
stress related proteins like Peroxidase, EARLY-RESPONSIVE TO DEHYDRATION 2 
and CATALASE2. Next to the aforementioned 22 proteins found solely after 10-minute 
treatment, an additional 15 proteins were only found in samples that were exposed to 
mannitol for 10-minutes and/or 3-hours; among these are CPK3, a WD40 repeat family 
protein, Tubulin beta-2/beta-3 chain and Tubulin alpha-2/alpha-4 chain. Taken together, 
the 14-3-3 interactome is clearly affected by mannitol treatment of the roots, which 
shows that 14-3-3 proteins are involved in osmotic stress adaptation. The mannitol 
phenotypes of the 14-3-3 mutant plants, as shown in Fig. 2, are therefore likely due to 
the fact that the 14-3-3 proteins interact in wild-type plants with some of these targets, 
changing their overall state. This is lacking in the mutant plants.



C
ha

pt
er

 4

14
-3

-3
 Is

of
or

m
 sp

ec
ifi

ci
ty

 d
ur

in
g 

ad
ap

tio
n 

to
 a

bi
ot

ic
 st

re
ss

78

Ta
bl

e 
1.

 P
ro

te
in

s i
de

nt
ifi

ed
 in

 p
ul

l-d
ow

n 
as

sa
y 

w
ith

 A
t1

4-
3-

3 
co

at
ed

 b
ea

ds
 a

nd
 m

an
ni

to
l t

re
at

ed
 r

oo
t e

xt
ra

ct
s. 

R
oo

ts
 w

er
e 

tre
at

ed
 w

ith
 2

00
 m

M
 m

an
ni

to
l f

or
 0

h,
 1

0 
m

in
ut

es
 a

nd
 3

h.
 U

nu
se

d 
va

lu
es

 a
re

 sh
ow

n 
as

 a
ve

ra
ge

 o
f t

hr
ee

 in
de

pe
nd

en
t b

io
lo

gi
ca

l r
ep

lic
as

.



14
-3

-3
 Is

of
or

m
 sp

ec
ifi

ci
ty

 d
ur

in
g 

ad
ap

tio
n 

to
 a

bi
ot

ic
 st

re
ss

79

4

Ta
bl

e 
1 

co
nt

in
ue

d



Chapter 4

80

Discussion 
One of the main discussion points in 14-3-3 literature is whether or not there is 
redundancy and/or isoform specificity among 14-3-3 protein members. In this study, 
phenotypic analysis of 14-3-3 insertion mutants were used to dissect 14-3-3 redundancy 
and isoform specificity under abiotic stress in roots. In addition, a 14-3-3 pull-down 
study using root extract from plants treated with mannitol will give insight into the role 
of 14-3-3 proteins in abiotic stress adaptation.

Both full and unequal redundancy are found in the 14-3-3 mutant lines 
For Arabidopsis 14-3-3 proteins, both redundancy and isoform specificity have been 
shown (Mayfield et al. 2007; Mayfield et al. 2012; Tseng et al. 2012). The preliminary 
results from the root growth assay of the double mutants on salt, indicate isoform 
specificity since only un and not kl nor pc showed a phenotype. Further research showed 
that the double mutant un was involved in the osmotic component of salt stress since 
AAS showed no difference in ion content. The LEH results supported the un root 
phenotype on mannitol and therefore the LEH was used to screen all 24 mutants of 
Chapter 2. 
 The LEH showed both redundancy and isoform specificity for the 14-3-
3 members under abiotic stress. Two types of redundancy were distinguished: full 
redundancy between KAPPA and LAMBDA for ACC (Figs. 2E and H) and unequal 
redundancy for NU and UPSILON in the case of mannitol (Figs. 2C and F). Isoform 
specificity was observed for NU and KAPPA both involved in insensitivity towards 
osmotic stress. Only the kl background is involved in ACC insensitivity. Interestingly, 
both in ABA and mannitol there appear to be antagonistic effects between 14-3-3 
isoforms. The single mutant chi and the double mutant pc did not seem to be involved 
in any hormone treatment or stress tested in this study, while phi did show a phenotype 
on ABA (Fig. 2). Where upsilon together with nu showed a larger LEH on mannitol, 
adding upsilon to kl or pc showed no larger LEH while adding nu did (Fig. 2C and 
F). In ABA, while the nu single mutant showed a larger LEH, adding this mutant to 
the kl or pc background reduced the LEH back to WT (Figs. 2D and G). These data 
indicate antagonistic effects among the 14-3-3 isoforms. The “loss” of single mutant 
phenotypes in higher order mutants has been seen before. One such example is the 
Type-A Arabidopsis response regulators (ARR) gene family where the single mutant 
arr5 manifests a reduced petiole size. The mutant of its closely related gene ARR6 is 
indistinguishable from WT, while the double mutant arr5/arr6 is indistinguishable from 
WT (To et al. 2004). Another example is found in 1-aminocyclopropane-1-carboxylate 
synthase (ACS), where both single mutants acs6-1 and acs7-1 are early flowering 
compared to WT, but the double mutant acs6-1/acs7-1 is late flowering (Tsuchisaka et 
al. 2009). 

Different responses in 14-3-3 mutants for mannitol, ABA and ACC
The 14-3-3 mutants showed different responses to the mannitol, ABA and ACC treatment, 
which could indicate that: 1) there is isoform specificity, or different hetero-dimers are 
involved in different stress perceptions/signalling, 2) the pathways that regulate LEH 
are differently regulated by different stresses. Some targets of 14-3-3 are known to be 
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involved in the ABA-signalling pathway (Schoonheim et al. 2009; Sirichandra et al. 
2010). 14-3-3’s Are found to stabilize members of the early responsive transcription 
factor family AREB/ABF. The C-terminal tip (T451) of AtABF3 is phosphorylated by 
SnRK2.6/OST1, a kinase activated by ABA and mannitol (Sirichandra et al. 2010). 
The AREB/ABF gene family consists of nine members in Arabidopsis. The areb1 
areb2 abf3 triple mutant shows ABA insensitivity on primary root growth (Yoshida et 
al. 2010). Although the LEH is a short term cell elongation phenotype, it does correlate 
with root growth under long term stress, shown by the un double mutant on mannitol 
(Fig. 2B and Le et al. 2001). Because the ABF triple mutant showed primary root 
growth insensitivity to ABA it is very well possible that the ABA insensitive phenotype 
of the LEH is the result of the degradation of members of the ABF family due to the 
absence of certain 14-3-3 isoforms. 
 The ACC phenotype of kl is intriguing because kl is the only isoform 
combination showing reduced ACC sensitivity. For mannitol and ABA, the quadruple 
mutants all show larger LEH while for ACC only the quadruple mutants in the kl 
background show a larger LEH as compared to WT plants. Cell elongation is driven by 
cell wall acidification through the activity of the plasma membrane H+-ATPase which 
activates cell wall expansins. ACC reduces cell elongation because it reduces the 
activity of the H+-ATPases (Staal et al. 2011). A further reduction in the cell expansion 
occurs through peroxidase-mediated cross-linking activity in the cell wall. A micro-
array study showed an increase in peroxidase 59 (PER59) expression in roots incubated 
for 3h on ACC (Markakis et al. 2012). Interestingly, PER59 has been identified in 
a 14-3-3 KAPPA pull-down study (Shin et al. 2011). For 14-3-3’s to be involved 
in peroxidase-mediated cross-linking they need to reside outside the cell, which has 
clearly been demonstrated (Voigt and Frank 2003; Wen et al. 2007). It is tempting to 
speculate that the 14-3-3 kl mutant shows reduced ACC sensitivity because PER59 
cannot interact with these 14-3-3 isoforms. Our 14-3-3 pull-down analysis provides 
further evidence that 14-3-3 proteins can bind to cell wall proteins as after 10 minutes 
mannitol, the peroxidase 69 (PER69) was identified (Table 1). In addition, this PER69 
has been identified as a cell wall protein in Arabidopsis (Irshad et al. 2008). Because 
only mutants harbouring kappa, lambda and kl mutant plants showed larger LEH, we 
conclude that 14-3-3 shows isoform specific redundancy in the ACC phenotyping. 

14-3-3 Interactome differs during mannitol stress in roots
Although there is evidence of plant 14-3-3 transcripts being up-regulated during abiotic 
stress, no indication was found for Arabidopsis 14-3-3’s (Fig. 3). Therefore, a pull-
down assay using recombinant 14-3-3’s and total protein extract from roots treated with 
200 mM mannitol was performed. A total of 37 (out of 73) proteins were exclusively 
identified during mannitol treatment. Included in the list are known targets or proteins 
previously found in 14-3-3 pull-down assays, like nitrate reductase (Bachmann et al. 
1996; Chang et al. 2009; Shin et al. 2011), CPK3 (Lachaud et al. 2013), CATALASE 
(Chang et al. 2009), CINV1 (Chang et al. 2009), Tubulin TUB8, and TUA6 (Chang et 
al. 2009), and seed storage proteins CRU3, and SESA4 (Swatek et al. 2011). Members 
of the universal stress protein like PHOS32 and PHOS34 are known to be involved in 
abiotic stress and are known targets of MAPK MPK3 and MPK6 (Merkouropoulos et 
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al. 2008). In addition a MAPKKK, VH1-INTERACTING KINASE (VIK), was found 
in the pull-down assay. It is noteworthy that the protein list from a 14-3-3 pull-down 
assay is a collection of primary 14-3-3 targets and secondary proteins (which are in 
complex with the primary target) and therefore not all proteins found in the list are 
primary 14-3-3 targets. In addition, although 14-3-3 targets were specifically eluted 
with the R18 peptide and 14-3-3 was released from the beads by imidazole, we cannot 
fully exclude the presence of unspecifically bound proteins. The pull-down assay using 
five 14-3-3 isoforms showed 22 proteins found solely at 10-minute mannitol treatment. 
Since 14-3-3 binds phosphorylated targets this result indicates that phosphorylation 
of 14-3-3 targets is rapidly increased through the activation of osmo-stress activated 
kinases (Ichimura et al. 2000; Boudsocq et al. 2004). 

In conclusion, this study shows that in addition to 14-3-3 isoform specificity 
there is full and unequal 14-3-3 isoform redundancy. Full redundancy can be seen 
between the single mutants kappa and lambda where the progeny shows a reduced 
ACC sensitivity while the parents do not show a phenotype. Unequal redundancy can 
be found for the double mutant un where on 200 mM mannitol the single mutant nu 
shows a larger LEH while upsilon does not show a phenotype, but together they show 
a clear larger LEH. Although it is clear from this study and from the literature that 14-
3-3’s are involved in abiotic stress, the transcripts of 14-3-3 are not upregulated during 
abiotic stress and so a 14-3-3 pull-down assay was undertaken to clarify the 14-3-3 
stress interactome during mannitol treatment in roots. From this pull-down it can be 
concluded that 14-3-3 targets become either dephosphorylated or phosphorylated in 
a 10-minute time frame. More research needs to be conducted to elucidate the role of 
these 14-3-3 targets in stress adaptation and the function of these interactions in the 
physiology of the plant. 
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Material and Methods
Plant growth and material
Seeds (Arabidopsis thaliana Columbia ecotype (Col-0)) were surface sterilized by rinsing the seeds in 
70% ethanol (10 min), followed by 10 min 25% bleach + 0.1% Tween-20. Thereafter, the seeds were 
washed 3 times with sterilized MQ and resuspended in 0.1% sterile agarose. Seeds were plated on 0.5 x 
MS medium (pH 5.8) solidified with 12 g L-1 of plant agar (Sigma A1296) and stratified for 3 days at 4°C. 
For germination, plates were placed vertically in a growth chamber with 14 hours light (22°C)/ 10 hours 
dark (18°C), 170 µmol.m-2.sec-1.

Root growth assay 
Seeds were sterilized as mentioned above. Four days after stratification (DAS), 2 seedlings of WT and 2 
seedlings of mutant plants were transferred to 120 mm x 120 mm petri dishes containing 0.5x MS medium 
(pH 5.8) solidified with 12 g L-1 of plant agar (Sigma A1296) with or without abiotic stress (=day 0). Plates 
were scanned using a flatbed scanner at day 7, 9, 11 and 14 after transfer. Root phenotypes were analysed 
using EZ-Rhizo (Armengaud et al 2009). Statistical analysis was performed in SPSS (version 21).

Root RNA isolation and RT-PCR
Seeds were sterilized an plants were grown as mentioned above. At day 7 and 14 roots were harvested. RNA 
was isolated using Total RNA isolation form plant (NucleoSpin® RNA plant) according to manufactures 
manual. 1 µg of RNA, an oligo(dT) primer and SuperScript™-II Reverse Transcriptase (Invitrogen) was 
used to convert RNA into first strand cDNA. Primers and PCR conditions for 14-3-3 transcripts can be 
found in Chapter 2.

Root cell length measurement using the Length of the first Epidermal cell with a visible root Hair 
bulge (LEH)
The LEH was first described in Le et al. 2001 and is the value of epidermal cell length of trichroblast 
cells which is very stable. Seeds were surface sterilized as described previously. Four DAS seedlings were 
transferred to 0.5x MS-0.5% sucrose solidified with 12 g L-1 of plant agar (Sigma A1296) and further grown 
vertically under the same conditions for three days. Typically 12 plants per genotype were transferred to 
0.5x MS-0.5% sucrose in the presence or absence of abiotic stress. After transfer the plates are placed back 
vertically into the growth chamber. Pictures were made 3 hours after treatment with a stereomicroscope 
(Leica MZPLIII). Distances between the first visible root hair bulge from the tip and the root hair of the 
adjacent cell in the same cell file were measured using ImageJ (Schneider et al. 2012). The LEH value is 
the average value of three independent experiments and is set relative to WT. To obtain the % difference 
compared to WT the mutant LEH value is subtracted from the WT value. Statistical analysis was performed 
in SPSS (version 21).

AAS
Plants were harvested from plate and dried overnight at 80°C. Per 1 mg of dry material 400 µl of MQ water 
was added and samples were boiled for 1 hour. Supernatant was filtered using Acrodisc® 0.2 μm PITE 
syringe filters. Na+ and K+ concentrations were determined by atomic absorption spectroscopy (Perkin 
Elmer AAS100).

Root extract 14-3-3 pull-down assay
Seeds were sterilized and stratified as mentioned above. Eleven DAS plants were transferred to 0.5x 
Hoagland (pH 5.5). At day 31 the plants were treated with 200 mM mannitol for 0 hours, 10 min and 3 
hours. The roots were harvested, dried with paper tissue and weighed, after which they were snap frozen 
in liquid nitrogen. Total root protein was extracted by grinding the plant material in liquid nitrogen after 
which per gram root material, 2 ml ice-cold extraction buffer was added (50 mM HEPES-NaOH (pH 
7), 10 mM MgCl2*6H2O, 1 mM Na2*EDTA, 2 mM DTT, 10% ethylene glycol, 0.02% Triton, 1 tablet 
protease inhibitor EDTA free (Roche) per 30 ml buffer and 1 tablet PhosSTOP (Roche) per 10 ml buffer). 
The extract was centrifuged for 2 times 20 min 20,000 x g at 4°C. Protein concentration was measured 
using Bradford (Biorad) and a total of 5 mg protein / 2 ml root extract was used per pull-down assay. 
PureProteome™ Nickel magnetic Beads (Millipore) were coated with 50 μg of total recombinant His-14-
3-3 (10 μg His-KAPPA, 10 μg His-LAMBDA, 10 μg His-NU, 10 μg His-UPSILON and 10 μg His-PHI) 
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according to manufactures’ protocol. Per pull-down assay 100 μl of coated beads were used to incubate 
with the root extract while gently rocking overnight at 4°C. The beads were washed in 1 ml wash buffer 
containing 10 mM imidazole for 5 min and repeated 5 times. Thereafter, the beads were eluted for 20 
min with 100 μl 100 μM NIP (14-3-3 non-interacting peptide, ERYMGICMRKQYNNFVPVCLRS) 
minus 10 mM imidazole (to reduce the background protein loss), followed by 100 μl 100 μM R18 (14-
3-3 interacting peptide, PHCVPRDLSWLDLEANMCLPP) in wash buffer without imidazole. R18 is a 
peptide with high affinity for the 14-3-3 groove. Thereafter, the 14-3-3 beads were eluted with 100 μl 
wash buffer containing 50 mM imidazole for 20 min. 10% SDS-page gel was loaded with 25 μl of NIP, 
R18 and imidazole elutions. Gels where stained with Coomassie (Bio-Rad) and each gel lane was cut in 4 
slices. The gel slices were transferred to 1.5 ml eppendorf tubes and cut in smaller pieces. All incubation 
steps are while vortexing unless stated otherwise. The gel particles were incubated for 20 min in 1 ml 25 
mM NH4HCO3/50% Acetonitril to destain the gel particles. This step was repeated until the gel particles 
were transparent. The solution was removed and gel particles were incubated for 20 min in 100 μl 100% 
Acetonitril. Supernatant was removed and gel particles were dried in speed-vac for max 30 min. 1 ml of 
10 mM Dithiothreitol (DTT) was added and incubated for 1h at 56°C without vortexing, cooled to RT and 
replaced by 1 ml of 55 mM iodoacetamide (IAM) and incubated for 45 min in the dark with vortexing every 
15 min. The gel particles were washed 2 times 10 min with 1 ml 50 mM NH4HCO3 followed by 1 time 10 
min 25 mM NH4HCO3/50% Acetonitril. Thereafter, the gel particles were dried in the speed-vac and stored 
at -80°C. Gel particles were thawed and re-swelled with 10 ng/ml Sequencing Grade Modified trypsin 
(Promega) in 50 mM NH4HCO3 for 45 min at 4°C enough to cover gel particles. Afterwards 20 μl of 50 
mM NH4HCO3 was added to cover the pieces and digested overnight at 37°C. Peptides were extracted twice 
in 0.1% acetic acid/50% Acetonitril for 20 min while vortexing; the peptides were dried in Speed-vac and 
dissolved in 50 μl 0.1% acetic acid in HPLC water and vortexed for 20 min. Samples were cleared from gel 
particles using a 0.45 μm low protein binding spin column (Millex-HV) and samples were run on MALDI-
TOF-MS (ABI5800). MS/MS spectra were searched against an IPI Arabidopsis database (ipi.ARATH.
v3.85) with the ProteinPilotTM software (version 3.0; Applied Biosystems, Foster City, CA, USA; MDS 
Sciex) using the Paragon algorithm (version 3.0.0.0) as the search engine. The search parameters were set 
to cysteine alkyation with acrylamide, and digestion with trypsin. Detected protein threshold was set in 
protein summary to 0.5 achieving a 20% confidence.



14-3-3 Isoform specificity during adaption to abiotic stress

85

4

Acknowledgement
The authors would like to thank Riet Vooijs (VU, Amsterdam) for her help with the 
AAS. This work was supported by a grant from the Netherlands Organization for 
Scientific Research (NWO; 817.02.006) to A.H. de Boer.



Chapter 4

86

References
Achard, P., H. Cheng, L. De Grauwe, J. Decat, H. Schoutteten, T. Moritz, D. Van Der 

Straeten, J. Peng and N. P. Harberd (2006). Integration of plant responses to 
environmentally activated phytohormonal signals. Science 311: 91-94.

Aksamit, A., A. Korobczak, J. Skala, M. Lukaszewicz and J. Szopa (2005). The 14-3-3 gene 
expression specificity in response to stress is promoter-dependent. Plant Cell Physiol 
46: 1635-1645.

Bachmann, M., J. L. Huber, P. C. Liao, D. A. Gage and S. C. Huber (1996). The inhibitor 
protein of phosphorylated nitrate reductase from spinach (Spinacia oleracea) leaves is 
a 14-3-3 protein. FEBS Lett 387: 127-131.

Beaudoin, N., C. Serizet, F. Gosti and J. Giraudat (2000). Interactions between abscisic acid 
and ethylene signaling cascades. Plant Cell 12: 1103-1115.

Boudsocq, M., H. Barbier-Brygoo and C. Lauriere (2004). Identification of nine sucrose 
nonfermenting 1-related protein kinases 2 activated by hyperosmotic and saline stresses 
in Arabidopsis thaliana. J Biol Chem 279: 41758-41766.

Boudsocq, M. and C. Lauriere (2005). Osmotic signaling in plants: multiple pathways mediated 
by emerging kinase families. Plant Physiol 138: 1185-1194.

Boudsocq, M. and J. Sheen (2013). CDPKs in immune and stress signaling. Trends Plant Sci 
18: 30-40.

Briggs, G. C., K. S. Osmont, C. Shindo, R. Sibout and C. S. Hardtke (2006). Unequal genetic 
redundancies in Arabidopsis--a neglected phenomenon? Trends Plant Sci 11: 492-498.

Chang, I. F., A. Curran, R. Woolsey, D. Quilici, J. C. Cushman, R. Mittler, A. Harmon and 
J. F. Harper (2009). Proteomic profiling of tandem affinity purified 14-3-3 protein 
complexes in Arabidopsis thaliana. Proteomics 9: 2967-2985.

Cheng, W. H., M. H. Chiang, S. G. Hwang and P. C. Lin (2009). Antagonism between abscisic 
acid and ethylene in Arabidopsis acts in parallel with the reciprocal regulation of their 
metabolism and signaling pathways. Plant Mol Biol 71: 61-80.

Christmann, A., T. Hoffmann, I. Teplova, E. Grill and A. Müller (2005). Generation of Active 
Pools of Abscisic Acid Revealed by In Vivo Imaging of Water-Stressed Arabidopsis. 
Plant Physiology 137: 209-219.

Christmann, A., E. W. Weiler, E. Steudle and E. Grill (2007). A hydraulic signal in root-to-
shoot signalling of water shortage. The Plant Journal 52: 167-174.

Cnodder, T., J.-P. Verbelen and K. Vissenberg (2007). The Control of Cell Size and Rate 
of Elongation in the Arabidopsis Root. The Expanding Cell. J.-P. Verbelen and K. 
Vissenberg, Springer Berlin Heidelberg. 6: 249-269.

Coello, P., S. J. Hey and N. G. Halford (2011). The sucrose non-fermenting-1-related (SnRK) 
family of protein kinases: potential for manipulation to improve stress tolerance and 
increase yield. J Exp Bot 62: 883-893.

Cramer, G. R., K. Urano, S. Delrot, M. Pezzotti and K. Shinozaki (2011). Effects of abiotic 
stress on plants: a systems biology perspective. BMC Plant Biol 11: 163.

DeRose-Wilson, L. and B. S. Gaut (2011). Mapping salinity tolerance during Arabidopsis 
thaliana germination and seedling growth. PLoS One 6: e22832.

Felix, G., M. Regenass and T. Boller (2000). Sensing of osmotic pressure changes in tomato 
cells. Plant Physiol 124: 1169-1180.

Franz, S., B. Ehlert, A. Liese, J. Kurth, A.-C. Cazalé and T. Romeis (2011). Calcium-
Dependent Protein Kinase CPK21 Functions in Abiotic Stress Response in Arabidopsis 
thaliana. Molecular Plant 4: 83-96.

Fujii, H. and J. K. Zhu (2012). Osmotic stress signaling via protein kinases. Cell Mol Life Sci 
69: 3165-3173.



14-3-3 Isoform specificity during adaption to abiotic stress

87

4

Ghassemian, M., E. Nambara, S. Cutler, H. Kawaide, Y. Kamiya and P. McCourt (2000). 
Regulation of abscisic acid signaling by the ethylene response pathway in Arabidopsis. 
Plant Cell 12: 1117-1126.

Goda, H., E. Sasaki, K. Akiyama, A. Maruyama-Nakashita, K. Nakabayashi, W. Li, M. 
Ogawa, Y. Yamauchi, J. Preston, K. Aoki, T. Kiba, S. Takatsuto, S. Fujioka, 
T. Asami, T. Nakano, H. Kato, T. Mizuno, H. Sakakibara, S. Yamaguchi, E. 
Nambara, Y. Kamiya, H. Takahashi, M. Y. Hirai, T. Sakurai, K. Shinozaki, K. 
Saito, S. Yoshida and Y. Shimada (2008). The AtGenExpress hormone and chemical 
treatment data set: experimental design, data evaluation, model data analysis and data 
access. Plant J 55: 526-542.

Ichimura, K., T. Mizoguchi, R. Yoshida, T. Yuasa and K. Shinozaki (2000). Various abiotic 
stresses rapidly activate Arabidopsis MAP kinases ATMPK4 and ATMPK6. Plant J 
24: 655-665.

Irshad, M., H. Canut, G. Borderies, R. Pont-Lezica and E. Jamet (2008). A new picture 
of cell wall protein dynamics in elongating cells of Arabidopsis thaliana: confirmed 
actors and newcomers. BMC Plant Biol 8: 94.

Kilian, J., D. Whitehead, J. Horak, D. Wanke, S. Weinl, O. Batistic, C. D’Angelo, E. 
Bornberg-Bauer, J. Kudla and K. Harter (2007). The AtGenExpress global stress 
expression data set: protocols, evaluation and model data analysis of UV-B light, 
drought and cold stress responses. The Plant Journal 50: 347-363.

Kreps, J. A., Y. Wu, H. S. Chang, T. Zhu, X. Wang and J. F. Harper (2002). Transcriptome 
changes for Arabidopsis in response to salt, osmotic, and cold stress. Plant Physiol 
130: 2129-2141.

Lachaud, C., E. Prigent, P. Thuleau, S. Grat, D. Da Silva, C. Briere, C. Mazars and V. 
Cotelle (2013). 14-3-3-regulated Ca(2+)-dependent protein kinase CPK3 is required 
for sphingolipid-induced cell death in Arabidopsis. Cell Death Differ 20: 209-217.

Le, J., F. Vandenbussche, D. Van Der Straeten and J. P. Verbelen (2001). In the early 
response of Arabidopsis roots to ethylene, cell elongation is up- and down-regulated 
and uncoupled from differentiation. Plant Physiol 125: 519-522.

Markakis, M. N., T. De Cnodder, M. Lewandowski, D. Simon, A. Boron, D. Balcerowicz, 
T. Doubbo, L. Taconnat, J. P. Renou, H. Hofte, J. P. Verbelen and K. Vissenberg 
(2012). Identification of genes involved in the ACC-mediated control of root cell 
elongation in Arabidopsis thaliana. BMC Plant Biol 12: 208.

Mayfield, J. D., K. M. Folta, A. L. Paul and R. J. Ferl (2007). The 14-3-3 Proteins mu 
and upsilon influence transition to flowering and early phytochrome response. Plant 
Physiol 145: 1692-1702.

Mayfield, J. D., A. L. Paul and R. J. Ferl (2012). The 14-3-3 proteins of Arabidopsis regulate 
root growth and chloroplast development as components of the photosensory system. 
J Exp Bot 63: 3061-3070.

Mehlmer, N., B. Wurzinger, S. Stael, D. Hofmann-Rodrigues, E. Csaszar, B. Pfister, R. 
Bayer and M. Teige (2010). The Ca(2+)-dependent protein kinase CPK3 is required 
for MAPK-independent salt-stress acclimation in Arabidopsis. Plant J.

Merkouropoulos, G., E. Andreasson, D. Hess, T. Boller and S. C. Peck (2008). An 
Arabidopsis protein phosphorylated in response to microbial elicitation, AtPHOS32, 
is a substrate of MAP kinases 3 and 6. J Biol Chem 283: 10493-10499.

Paul, A. L., F. C. Denison, E. R. Schultz, A. K. Zupanska and R. J. Ferl (2012). 14-3-
3 phosphoprotein interaction networks - does isoform diversity present functional 
interaction specification? Front Plant Sci 3: 190.



Chapter 4

88

Qiu, Q. S., Y. Guo, F. J. Quintero, J. M. Pardo, K. S. Schumaker and J. K. Zhu (2004). 
Regulation of vacuolar Na+/H+ exchange in Arabidopsis thaliana by the salt-overly-
sensitive (SOS) pathway. J Biol Chem 279: 207-215.

Rosado, A., I. Amaya, V. Valpuesta, J. Cuartero, M. A. Botella and O. Borsani (2006). ABA- 
and ethylene-mediated responses in osmotically stressed tomato are regulated by the 
TSS2 and TOS1 loci. J Exp Bot 57: 3327-3335.

Schneider, C. A., W. S. Rasband and K. W. Eliceiri (2012). NIH Image to ImageJ: 25 years of 
image analysis. Nature Methods 9: 671-675.

Schoonheim, P. J., D. D. C. Pereira and A. H. De Boer (2009). Dual role for 14-3-3 proteins 
and ABF transcription factors in gibberellic acid and abscisic acid signalling in barley 
(Hordeum vulgare) aleurone cells. Plant Cell and Environment 32: 439-447.

Shin, R., J. M. Jez, A. Basra, B. Zhang and D. P. Schachtman (2011). 14-3-3 proteins fine-
tune plant nutrient metabolism. FEBS Lett 585: 143-147.

Singh, K., S. L. Singla-Pareek and A. Pareek (2011). Dissecting out the crosstalk between 
salinity and hormones in roots of Arabidopsis. OMICS 15: 913-924.

Sirichandra, C., M. Davanture, B. E. Turk, M. Zivy, B. Valot, J. Leung and S. Merlot (2010). 
The Arabidopsis ABA-activated kinase OST1 phosphorylates the bZIP transcription 
factor ABF3 and creates a 14-3-3 binding site involved in its turnover. PLoS One 5: 
e13935.

Skirycz, A., H. Claeys, S. De Bodt, A. Oikawa, S. Shinoda, M. Andriankaja, K. Maleux, N. B. 
Eloy, F. Coppens, S. D. Yoo, K. Saito and D. Inze (2011). Pause-and-stop: the effects 
of osmotic stress on cell proliferation during early leaf development in Arabidopsis and 
a role for ethylene signaling in cell cycle arrest. Plant Cell 23: 1876-1888.

Staal, M., T. De Cnodder, D. Simon, F. Vandenbussche, D. Van der Straeten, J. P. Verbelen, 
T. Elzenga and K. Vissenberg (2011). Apoplastic alkalinization is instrumental for 
the inhibition of cell elongation in the Arabidopsis root by the ethylene precursor 
1-aminocyclopropane-1-carboxylic acid. Plant Physiol 155: 2049-2055.

Swatek, K. N., K. Graham, G. K. Agrawal and J. J. Thelen (2011). The 14-3-3 isoforms 
chi and epsilon differentially bind client proteins from developing Arabidopsis seed. J 
Proteome Res 10: 4076-4087.

Takahashi, S., M. Seki, J. Ishida, M. Satou, T. Sakurai, M. Narusaka, A. Kamiya, M. 
Nakajima, A. Enju, K. Akiyama, K. Yamaguchi-Shinozaki and K. Shinozaki 
(2004). Monitoring the expression profiles of genes induced by hyperosmotic, high 
salinity, and oxidative stress and abscisic acid treatment in Arabidopsis cell culture 
using a full-length cDNA microarray. Plant Mol Biol 56: 29-55.

To, J. P. C., G. Haberer, F. J. Ferreira, J. Deruère, M. G. Mason, G. E. Schaller, J. M. 
Alonso, J. R. Ecker and J. J. Kieber (2004). Type-A Arabidopsis Response Regulators 
Are Partially Redundant Negative Regulators of Cytokinin Signaling. The Plant Cell 
Online 16: 658-671.

Torabi, S. and V. Niknam (2011). Effects of Iso-osmotic Concentrations of NaCl and Mannitol 
on some Metabolic Activity in Calluses of Two Salicornia species. In Vitro Cellular & 
Developmental Biology - Plant 47: 734-742.

Tsang, D. L., C. Edmond, J. L. Harrington and T. S. Nuhse (2011). Cell wall integrity controls 
root elongation via a general 1-aminocyclopropane-1-carboxylic acid-dependent, 
ethylene-independent pathway. Plant Physiol 156: 596-604.

Tseng, T. S., C. Whippo, R. P. Hangarter and W. R. Briggs (2012). The role of a 14-3-3 
protein in stomatal opening mediated by PHOT2 in Arabidopsis. Plant Cell 24: 1114-
1126.



14-3-3 Isoform specificity during adaption to abiotic stress

89

4

Tsuchisaka, A., G. Yu, H. Jin, J. M. Alonso, J. R. Ecker, X. Zhang, S. Gao and A. Theologis 
(2009). A Combinatorial Interplay Among the 1-Aminocyclopropane-1-Carboxylate 
Isoforms Regulates Ethylene Biosynthesis in Arabidopsis thaliana. Genetics 183: 979-
1003.

Voigt, J. and R. Frank (2003). 14-3-3 Proteins Are Constituents of the Insoluble Glycoprotein 
Framework of the Chlamydomonas Cell Wall. The Plant Cell Online 15: 1399-1413.

Wang, W., B. Vinocur and A. Altman (2003). Plant responses to drought, salinity and extreme 
temperatures: towards genetic engineering for stress tolerance. Planta 218: 1-14.

Wang, Y., T. Wang, K. Li and X. Li (2008). Genetic analysis of involvement of ETR1 in plant 
response to salt and osmotic stress. Plant Growth Regulation 54: 261-269.

Wen, F. S., H. D. VanEtten, G. Tsaprailis and M. C. Hawes (2007). Extracellular proteins in 
pea root tip and border cell exudates. Plant Physiology 143: 773-783.

Wilkinson, S. and W. J. Davies (2010). Drought, ozone, ABA and ethylene: new insights from 
cell to plant to community. Plant Cell Environ 33: 510-525.

Winter, D., B. Vinegar, H. Nahal, R. Ammar, G. V. Wilson and N. J. Provart (2007). An 
"Electronic Fluorescent Pictograph" browser for exploring and analyzing large-scale 
biological data sets. PLoS One 2: e718.

Xu, W. F. and W. M. Shi (2006). Expression profiling of the 14-3-3 gene family in response to 
salt stress and potassium and iron deficiencies in young tomato (Solanum lycopersicum) 
roots: analysis by real-time RT-PCR. Ann Bot 98: 965-974.

Yoshida, T., Y. Fujita, H. Sayama, S. Kidokoro, K. Maruyama, J. Mizoi, K. Shinozaki and 
K. Yamaguchi-Shinozaki (2010). AREB1, AREB2, and ABF3 are master transcription 
factors that cooperatively regulate ABRE-dependent ABA signaling involved in drought 
stress tolerance and require ABA for full activation. Plant J 61: 672-685.

Zhang, H., B. Han, T. Wang, S. Chen, H. Li, Y. Zhang and S. Dai (2012). Mechanisms of 
plant salt response: insights from proteomics. J Proteome Res 11: 49-67.

Zhao, X. C. and G. E. Schaller (2004). Effect of salt and osmotic stress upon expression of the 
ethylene receptor ETR1 in Arabidopsis thaliana. FEBS Lett 562: 189-192.

Zhou, L., J. C. Jang, T. L. Jones and J. Sheen (1998). Glucose and ethylene signal transduction 
crosstalk revealed by an Arabidopsis glucose-insensitive mutant. Proc Natl Acad Sci U 
S A 95: 10294-10299.

Zhu, J. K. (2002). Salt and drought stress signal transduction in plants. Annu Rev Plant Biol 53: 
247-273.

Zou, J. J., F. J. Wei, C. Wang, J. J. Wu, D. Ratnasekera, W. X. Liu and W. H. Wu (2010). 
Arabidopsis calcium-dependent protein kinase CPK10 functions in abscisic acid- and 
Ca2+-mediated stomatal regulation in response to drought stress. Plant Physiol 154: 
1232-1243.


