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Abstract
A lack of phenotype in a loss-of-function mutant could be caused by genetic redundancy 
in which a closely related gene compensates for the loss of the mutant allele(s). In this 
Chapter, we show the involvement of six non-epsilon Arabidopsis 14-3-3 members 
(three most similar pairs) in root and shoot growth/ development. The root phenotyping 
on all 24 14-3-3 loss-of-function mutants (Chapter 2) has shown that 14-3-3’s are 
involved in Root System Architecture (RSA). However, the effects of isoform specific 
gene mutations are strongly affected by the mutant background they are made in; e.g. 
pkl but not nkl, ukl and ckl demonstrate a shorter primary root (PR) phenotype. Another 
example is found within the total lateral root size (TRL) where the TRL of the quadruple 
mutant klpc is reduced just like the triple mutant pkl, whereas the triple mutant ckl 
showed an increased TRL. The twelve triple and three quadruple mutants show a linear 
relationship between PR and TRL length, which indicates that 14-3-3’s are equally 
involved in both PR and TLR growth. The shoot phenotyping was performed in long 
day (LD) and short day (SD) conditions and on the double and quadruple mutants. This 
revealed that the quadruple mutant klun is delayed in bolting under LD conditions and 
does not bolt under SD conditions. Moreover, the non-bolting klun phenotype under 
SD conditions was accompanied by a reduced total exposed leaf area, and fewer leaves 
were produced. The double mutants kl, pc and the quadruple mutants klpc and unpc are 
early flowering under SD conditions. The root and shoot phenotyping results clearly 
show the involvement of 14-3-3 proteins in Arabidopsis development and growth.
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Introduction
Plant development and growth are tightly controlled by intrinsic and external cues that 
involve 14-3-3 proteins. The function of dimeric 14-3-3 is the binding of target proteins in 
a phosphorylation dependent manner. 14-3-3 Binding translates into multiple outcomes 
such as protein stability, changes in activity, differences in subcellular localization. 
 To date, few phenotypes have been described for Arabidopsis 14-3-3 mutants 
in the literature and the phenotypes described showing the role of 14-3-3 in plant 
development. The single mutants of 14-3-3 mu and upsilon both show a delayed 
flowering phenotype under long day conditions (Mayfield et al. 2007). Analysis of the 
At14-3-3 omicron mutant phenotype during iron stress showed that 14-3-3 OMICRON 
is necessary for the induction of Fe-deficiency-tolerance mechanisms (Yang et al. 2013). 
Isoform specificity has been shown in two cases for Arabidopsis 14-3-3’s. The 14-3-
3 mutant mu, but not upsilon, demonstrates a shorter root compared to the WT under 
continuous light (Mayfield et al. 2012). The isoform specific role of 14-3-3 LAMBDA 
in PHOT2 mediated stomatal opening was demonstrated, whereas LAMBDA’s closely 
related gene KAPPA had no effect (Tseng et al. 2012). Further phenotypic evidence for 
a role of 14-3-3 proteins in growth and development is provided by the phenotype of 
Arabidopsis plants ectopically over-expressing wheat 14-3-3 genes (Ta14-3-3): these 
plants showed shorter primary roots, delayed flowering and retarded growth rates (Li et 
al. 2013).
 In addition to the phenotypes mentioned above, 14-3-3’s and their targets have 
been shown to play a role in hormone controlled plant development and in metabolism 
(Cotelle et al. 2000; Jaspert et al. 2011; de Boer et al. 2013; Yoon and Kieber 2013). 
Analysis of the 14-3-3 interactome in Arabidopsis, showed the presence of many target 
proteins functioning in various primary metabolic pathways, including nitrate, carbon 
and sulphur metabolism (Chang et al. 2009; Diaz et al. 2011; Shin et al. 2011). For 
nutrient ion uptake a proton motive force generated by members of the H+-ATPase 
family across the plasma membrane is necessary (Palmgren 2001; Sondergaard et al. 
2004; Elmore and Coaker 2011). Activation of these H+-ATPases is achieved through 
binding of 14-3-3 proteins at the extreme C-terminus of the ATPases (Svennelid et 
al. 1999). A well-known 14-3-3 interactor involved in nitrogen assimilation is nitrate 
reductase (NR). At night, AtNR is phosphorylated by a spinach Calcium Dependent 
Protein Kinase (CPK) with high similarity to AtCPK3 at S534; subsequent binding of 
14-3-3 causes inhibition of NR activity (MacKintosh and Meek 2001). 14-3-3 Proteins 
are involved in carbon metabolism through their interaction with sucrose-phosphate 
synthase (SPS) and cytosolic invertase (CINV). SPS, like NR, becomes phosphorylated 
at S229 and inactivated by subsequent 14-3-3 binding (Toroser et al. 1998). In Chapter 
6 of this thesis we show that cytosolic invertase is positively regulated upon 14-3-
3 binding. Interestingly, the binding of 14-3-3 to NR and SPS is lost when cells are 
starved of sugars resulting in the degradation of the above-mentioned 14-3-3 targets. 
In addition, sugar starved cells show reduced nitrate assimilation and sugar synthesis, 
implying the role of 14-3-3’s in these pathways (Cotelle et al. 2000).
 In plants, there is an extensive interplay between sugars and hormones. 
During plant development sugar signalling intertwines with multiple hormones 
like ABA, ethylene, auxin and cytokinin (Rolland et al. 2006). An example of the 
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connection between sugar and hormones is the induction of flowering under short day 
conditions in dependence of gibberellin (GA) biosynthesis and increased sucrose levels 
(Gomez-Mena et al. 2001; Eriksson et al. 2006). 14-3-3 Proteins are involved in the 
GA signalling pathway. In tobacco, the bZIP transcription factor REPRESSION OF 
SHOOT GROWTH (RSG), activates the transcription of GA biosynthesis genes which 
results in an increase in cellular GA (Fukazawa et al. 2000). 14-3-3’s Are involved in 
the feedback loop by exporting RSG out of the nucleus, thereby reducing the cellular 
GA levels (Igarashi et al. 2001; Ishida et al. 2004). 
 In Arabidopsis, 13 expressed 14-3-3 genes have been identified (de Boer 
et al. 2013) and just as is the case with many multigene families, the question of 
isoform specificity and/or redundancy is still largely unanswered (Paul et al. 2012). 
To understand the functions of individual genes of such a multigene family presents a 
challenge, because mutant phenotypes may not be uncovered in a genetic analysis when 
redundant functions are provided by related gene members. One solution to the problem 
of redundancy is to use reverse genetics and systematically "knockout" all members 
of a multigene family one at a time. If a single loss-of-function mutant does not show 
a phenotype, genetic crosses can be made to create double mutants carrying loss-of-
function alleles of two different members of the gene family (Lloyd and Meinke 2012). 
 We selected six members of the non-epsilon group of the Arabidopsis 14-3-3 
family to analyze redundancy using reverse genetics. These six genes are phylogenetically 
grouped into three groups of two closely related genes and accordingly double loss-
of-function mutant plants were generated (three lines). Subsequently, crossing single 
and double mutants, 12 triple and three quadruple mutant lines were generated (see 
Chapter 2). With these 24 mutant lines we intend to pinpoint which combination of 14-
3-3 proteins is involved in a particular phenotype. Since 14-3-3 proteins are involved in 
many processes, the absence of a phenotype in the mutants obtained in Chapter 2 does 
not necessarily mean that there is redundancy. Possibly, these genes are not involved in 
the process looked at. In this study, genes are considered redundant when a phenotype 
occurs in the mutant with the lowest number of mutated genes. For example, in this 
study the double mutants are the closely related gene pairs, which we assume to be 
paralogs. When we make quadruple mutants of these doubles and one quadruple mutant 
shows a phenotype, we assume redundancy. Since we also have the four triple mutants, 
which are made up by the genes of the quadruple mutant, we can dissect the possibility 
of full redundancy or whether a specific combination of 14-3-3’s causes the phenotype 
(isoform specific redundancy). When one triple mutant shows a phenotype, and the 
other three do not, we know which three genes are involved in the phenotype looked 
at. However, this does not mean that in another phenotypic assay these genes will be 
redundant again.
 This Chapter will present and discuss the phenotypic assays conducted under 
normal growth conditions for root and shoot to bring forward the role of 14-3-3 proteins 
in developmental processes. The root phenotypic analysis was performed on plates 
concentrating on two parameters: primary root length and total lateral root length. The 
shoot phenotypic analysis were conducted under long and short day. Leaf number, total 
exposed rosette area and flowering time were monitored. All these parameters give us 
clues as to which extent 14-3-3’s are involved in plant growth and development and 
whether there is isoform specificity and/or redundancy. 
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Results 
14-3-3 Mutants in Arabidopsis have shown phenotypic alterations in both root length 
and flowering time (Mayfield et al. 2007; Mayfield et al. 2012). If genetic redundancy 
exists in the 14-3-3 gene family, closely related genes are more likely to show 
redundancy than more distant genes. That is why, three groups of two related genes 
in the non-epsilon 14-3-3 group were selected for our mutant analysis, viz. KAPPA 
and LAMBDA (kl), PHI and CHI (pc) and UPSILON and NU (un) (Fig. 1A). Three 
double, 12 triple and three quadruple mutants were subsequently made by genetic 
crosses (Chapter 2; Fig. 1B). To understand the role and mutual relationship of these 
six 14-3-3 genes in the development of Arabidopsis thaliana, we analysed root growth 
in a vertical plate assay for all 24 mutants (six single, three double, 12 triple and three 
quadruple mutants) while shoot growth and flowering time under long and short day 
conditions were conducted on the double and quadruple mutants. 
 Microarray data collected in the Arabidopsis eFP browser, show the expression 
patterns of KAPPA, LAMBDA, NU, UPSILON and CHI/ PHI throughout plant 
development and it is clear that these six 14-3-3’s are expressed throughout the plant’s 
life cycle (Fig. 1C) (Winter et al. 2007). Unfortunately, the probe set 255079_s_at 
found on the gene chip is able to hybridize both CHI and PHI (Paul et al. 2012). To 
validate the expression of the six 14-3-3’s during the root growth assay, their transcripts 
were detected by RT-PCR (Fig. 1D). This analysis shows that all six 14-3-3’s were 
expressed in roots during the course of the experiment. 
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Figure 1. Arabidopsis 14-3-3 mutants and expression profile. 
A) Phylogeneic tree of 13 expressed Arabidopsis 14-3-3 proteins based on amino acid sequence; boxed 
are the six 14-3-3 proteins used in this study. B) 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 are depicted (red). C) Absolute expression levels of Arabidopsis 14-3-3 KAPPA, 
LAMBDA, NU and UPSILON during plant development from microarray data publicly available. PHI and 
CHI are not depicted since the 255079_s_at probe hybridizes with both PHI and CHI. D) 14-3-3 KAPPA, 
LAMBDA, NU, UPSILON, PHI and CHI expression in roots at 7 and 14 days after stratification (DAS). 
Expression was determined by RT-PCR with RNA isolated from WT roots at 7 and 14 DAS.
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Root phenotyping
For the root phenotyping, seeds were germinated on agar plates after three days of 
stratification. At four days after stratification (DAS), two WT and two mutant plants 
were transferred to new plates and root growth on vertical plates was monitored by 
scanning the plates at seven, nine, 11 and 14 DAS. Plants were grown under long day 
conditions. Root phenotypes were analysed using EZ-Rhizo (Armengaud et al. 2009). 
The parameters chosen in this study are: 

1) Primary Root (PR) path length, 
2) Total Root Size (TRS = the length of the primary root plus the total length 
of the lateral roots), 
3) Total length of the Lateral Roots (TLR),
4) growth rate (Xend-Xbegin) of the TRL and PR. 

TLR and TRS were measured at seven, nine and 11 DAS and PR was measured until 
14 DAS. 

Primary Root length 
14-3-3 Proteins have been linked to differences in primary root length in various plant 
species (Mayfield et al. 2012; Li et al. 2013; Yang et al. 2013). The single and double 
mutants, used in this study, were indistinguishable from WT in relation to the primary 
root length at any of the time points (data not shown). However, the PR length at 14 
DAS of the three quadruple mutants was significantly reduced as compared to WT (8 
to 11%; Figs. 2A-B). To dissect which combinations of 14-3-3’s could cause a similar 
effect, all 12 triple mutants were set on plate. The results were grouped according to 
their double mutant background to enable the comparison of different added mutations. 
To ensure that the reduced PR length seen was not due to root length differences at 
the start of the assay, PR length was calculated between day seven and 14 (Figs. 2B-
E). Clearly, the background to which the mutations are added determines the growth 
phenotype. The growth reduction of the klun quadruple mutant is solely due to the 
kun combination, because in the un background the kappa mutation alone results in a 
significant growth reduction (Fig. 2D; kun) whereas nkl, ukl and lun do not. 

The addition of phi and chi in the un background and nu and upsilon in the 
pc background shows either redundancy or a dosage dependent effect between these 
four genes since reduced root growth is seen in all triple mutants and in the quadruple 
mutant unpc (Fig. 2D; pun, cun, E; npc, upc). The pc background (Fig. 2E) shows no 
redundancy between kappa and pc or lambda and pc since both kpc and lpc do not show 
a reduced root growth. Interestingly, in the kl background, phi does contribute to root 
growth reduction whereas chi does not (Fig 2C). Consequently, the reduced root growth 
of klpc can be traced back to the klp phenotype since klc, kpc and lpc do not show a 
reduced root growth. So, 14-3-3phi has an isoform specific role in primary root growth 
in the kl background, but in the un background the contribution of both 14-3-3phi and 
14-3-3chi are equal (Fig. 2C-D).
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Figure 2. Primary root growth of 14-3-3 triple and quadruple mutants during 7 days shows mutant 
specific inhibition and time dependent growth. 
A-I) Two wild-type (WT) and two mutant seedlings were grown vertically on plates under long day 
conditions and root growth was measured as described in M&M. Figures show mutant root growth data 
compared to the WT on the same plate. A) 14-3-3 Quadruple mutants exhibited a shorter primary root 
compared to WT at 14 days after stratification (DAS). B) Primary root growth between 7 and 14 DAS of 
the three 14-3-3 quadruple mutants depicting shorted mutant roots. C) Primary root growth for mutants 
in the kl mutant background shows that only the growth of pkl is significantly reduced. D) Three triple 
mutants in the un background (kun, cun and pun) show a reduction in primary root growth. E) Primary root 
growth for pc background plants shows that the triples npc and upc are impaired, whereas kpc and lpc are 
indistinguishable from WT. F-I) Primary root growth rates were calculated between two measuring days: 
DAS 7-9 or early (E), 9-11 or middle (M) and 11-14 or late (L) show overall a time-dependency in growth 
for most triple and quadruple mutants. F) Quadruple mutants klun, klpc and unpc show an inhibition in 
growth rate. G) kl background; pkl is inhibited in PR length in both middle and late growth period, H) un 
background plants showing pun and cun to be inhibited between day 9 and 11, I) pc background plants 
where upc and npc show a growth inhibition between day 11 and 14. Bars show average of three biological 
replica’s and the error bars depicts SEM. Statistical analysis paired t-test * < 0.05 p > 0.01, ** < 0.01 p > 
0.005,*** p < 0.005.
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Time dependency in primary root growth
Since root growth inhibition was seen between seven and 14 DAS in the higher order 
mutants, we further dissected root growth rates in this period to establish a time point 
of deviation between mutants and WT. For that reason, we evaluated the growth rates 
during two measuring days: day 7-9 (early), 9-11 (middle) and 11-14 (late). The growth 
rates are obtained by Xend-Xbegin (Figs. 2F-I). As shown in these figures, the effect of the 
mutants on root growth is time-dependent. Among the quadruple mutants the growth 
inhibition of unpc steadily increases over the seven day measuring period (Fig. 2F), 
whereas the inhibition in the klpc and klun mutant is strongest in the middle section (day 
9-11). Like the quadruple mutants, most triple mutants show time dependency in root 
growth with the strongest decrease in growth rates in the late part of root growth (Figure 
2G-I). In addition, Figs. 2G-I show a time-dependent growth effect in the triple mutants 
that are indistinguishable from WT after 14 days. Here differences can also been seen 
where growth rate is affected in time. For example in the kl background ckl shows 
a reduced growth rate in the late growth period, while ukl and nkl show a gradually 
reduced growth rate over the total growth period (Fig 2G). So, for the PR growth of 
14-3-3 mutants we observe time-dependency, isoform specificity and isoform specific 
redundancy.

Length of lateral roots (TLR)
Whereas the primary root (PR) is established during embryogenesis, the lateral roots 
(LR) originate from the PR and develop post-embryonically (Osmont et al. 2007). 
Although the auxin fluxes originating from basal root meristem are important for the 
pre-initiation step of the lateral roots, other intrinsic signals and environmental cues 
affect LR initiation, emergence, meristem activation and elongation (Dastidar et al. 
2012). So, mutations that affect the growth of the primary root do not necessarily affect 
the initiation and growth of lateral roots, and vice versa. Therefore, we also measured 
the number and growth of lateral roots in the same 14-3-3 mutants. The number of 
lateral roots (NLR) at 11 DAS of all mutants were the same as in WT plants (data not 
shown). However, interesting phenotypes were found when looking at the total length 
of lateral roots (TLR) measured between seven and 11 DAS (Fig. 3A-D). Whereas TLR 
of the klun quadruple mutant is indistinguishable from that of WT plants, the growth of 
lateral roots in the other quadruple mutants is significantly reduced (Fig. 3A). In the kl 
double mutant background (Fig. 3B), phi and chi show a striking opposite effect: -23 
and +45% TLR in the pkl and ckl mutants, respectively. Combined in the quadruple 
mutant klpc, the negative effect of phi dominates over the positive effect of chi (-13%). 
In the un background the phi mutation inhibits TLR, whereas mutation of the closest 
gene pair of phi, chi, has no effect on TLR in the same background (Fig 3C). A similar 
difference between phi and chi was observed for PR growth in the kl background (Fig. 
2B). So, phi shows isoform specificity with respect to chi in different double mutant 
backgrounds. 
 An interesting question is whether there is a correlation between the effect that 
the different mutants have on PR and TLR length. For example, does a plant in which 
PR length is reduced, ‘invest’ in increased growth of lateral roots, as observed in some 
Arabidopsis accessions during K+-starvation (Kellermeier et al. 2013) or do the 14-3-3 
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proteins control a mechanism that controls both the growth of the primary and lateral 
roots? In that case the effects of the mutations on PR and TLR length may show a 
linear relationship. Fig. 3E shows that there is indeed a linear relationship between 
both parameters (r2=0.83), with a stronger effect of the mutations on TLR than on the 
PR. This relationship is clearest for those genes that make up the klpc mutant (r2=0.93), 
and where the klp and klc mutants show strong and contrasting effects (Fig. 3F). This 
suggests that these 14-3-3’s control a process or processes that underlie both the primary 
and the lateral root growth.

In summary, the root phenotyping of the 14-3-3 mutants shows that 14-3-3 
proteins have a clear function in Root System Architecture (RSA) and that the effects of 
isoform specific gene mutations are strongly affected by the mutant background they are 
made in. Some mutant phenotypes show time-dependence e.g. overlap in the PR growth 
inhibition in the quadruple mutants klun, klpc and unpc was observed between day 9 and 
11, and for unpc also between day 11 and 14 (Figure 2B). Other differences between the 
quadruple mutants are that klun does not affect TRS and TLR while klpc and unpc do 
(Figure 3). Analysis of the triple mutants shows isoform specific redundancy of phi and 
chi for PR and TLR in the kl background. 

Figure 3. Total lateral root (TLR) growth of 14-3-3 triple and quadruple mutants during 5 days. 
A-D) Two wild-type (WT) and two mutant seedlings were grown vertically on plates under long day 
conditions and root growth was measured as described in M&M. Figures show mutant root growth 
data compared to the WT on the same plate. TLR growth was calculated between 7 and 11 days after 
stratification (DAS). A) Quadruple mutants show the inhibition of klpc and unpc in TLR growth while klun 
is not affected. B) Genotypes within the kl background show that pkl is inhibited in TLR while ckl shows 
enhanced TLR growth. C) Genotypes within the un background show that pun is inhibited in TLR growth. 
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D) TLR growth rate within the pc background showing that only upc is negatively affected in TLR growth. 
E-F) Relationship between the TLR and PR length at 11 DAS. E) shows a linear relationship between PR 
and TLR length for triple and quadruple mutants tested (r2=0.83). F) Shows a linear relationship for the klpc, 
pkl, ckl, kpc and lpc mutants (r2=0.92). Bars show average of three biological replica’s and the error bars 
depict SEM. Statistical analysis paired t-test * < 0.05 p > 0.01, ** < 0.01 p > 0.005,*** p < 0.005

Shoot phenotyping 
14-3-3’s Have been found to play a role in flowering time where both single mutants 
upsilon and mu manifest a delayed flowering phenotype during long day (LD) conditions 
and are indistinguishable from WT during short day (SD) conditions (Mayfield et al. 
2007). More 14-3-3 related flowering phenotypes have been found in tomato and rice 
(Pnueli et al. 2001; Purwestri et al. 2009). In addition, 14-3-3 has been found to interact 
with various proteins involved in floral initiation like FLOWERING LOCUS T (FT), 
CONSTANS (CO) and FLOWERING LOCUS D (FD) (Pnueli et al. 2001; Mayfield 
et al. 2007; Purwestri et al. 2009; Taoka et al. 2011). To investigate whether flowering 
time and shoot development/ growth is affected by mutations in the non-epsilon 14-3-
3 genes, WT, double mutants and quadruple mutants were transferred to soil and the 
following parameters were measured: 

1) increase in the number of rosette leaves during two day intervals (number of 
leaves day 2- number of leaves day 0), 

2) total exposed leaf area (mm2) (number of green pixels), 
3) relative growth rates for total exposed leaf area (1/t x ln(area2/area1), 
4) bolting time (the day of bolt appearance), 
5) stem length/growth rate (measured 4 days after bolting when stem elongation 

was measurable) 
6) flowering time (number of rosette leaves after 1 cm stem elongation) 

In order to correct for potential start differences, both parameters, increase in number of 
rosette leaves and stem length, were calculated by Xday4-Xday2. Rosette tracker was used 
to measure total exposed leaf area (De Vylder et al. 2012). 
 Seeds were germinated on plates under LD, plantlets were transferred to soil 
on 16 DAS and grown under controlled LD and SD conditions. The first measurements 
were taken at 18 DAS for both day length conditions. Flowering time and rosette growth 
during long and short day conditions were regulated through different pathways (Cookson 
et al. 2007; Amasino 2010; Srikanth and Schmid 2011; Andres and Coupland 2012; 
Brambilla and Fornara 2013). Accordingly, long and short day phenotypes may arise 
from different combinations of 14-3-3 mutations with differences in isoform specificity 
and/or redundancy. In case of full redundancy one might expect a stronger phenotype 
in the quadruple mutants compared to double mutants and WT. However, when isoform 
specificity is involved in the phenotypes the double mutants will be comparable to the 
quadruple mutants. 
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14-3-3 Mutant plants in long day 
Arabidopsis is a long day plant, so flowering occurs earlier under long day conditions 
compared to short day. Since flowering time is measured as number of rosette leaves at 
bolting, Arabidopsis generates fewer leaves under LD as compared to SD. At 18 DAS 
the total exposed leaf area is significantly different between klun (281 mm2) and unpc 
(233 mm2) plants (Fig. 4A). While at 28 DAS, the total exposed leaf area of the klun 
mutant (3807 mm2) is significantly larger than that of kl (3251 mm2), un (2613 mm2) and 
unpc (3067 mm2) (Figs. 4B-C). This indicates that there is redundancy between kl and 
un as the combination of both double mutants in the klun mutant results in an increase 
in total exposed leaf area. However, the relative growth of the rosette area shows no 
significant difference among the mutants over the measured days (Fig. 4D). Therefore 
we concluded that the size of the leaves or overall shape of the rosette differs.
The number of leaves at bolting were indistinguishable from WT throughout the LD 
experiment indicating that these 14-3-3 isoforms were not involved in flowering time 
in LD (Fig. 4E). 
 Interestingly, the mutant line with the largest rosette at 28 DAS (klun mutant) 
is the only line that shows a delay in bolting time (2.3 days on average) as compared to 
all genotypes tested (Fig. 4E). However, the number of leaves at bolting was the same 
for all genotypes (Fig. 4E) and this suggests that klun shows a meristemic switch delay 
by which the transition from vegetative phase to floral induction is slowed down. 

After bolting, the length of the inflorescence stem of each plant was measured 
at four, six and eight days after bolting (DAB) and the growth rates during the 4-6 DAB, 
6-8 DAB and the 4-8 DAB period was calculated. Since klun was delayed in bolting a 
time correction was performed on stem elongation of klun. Over the whole measuring 
period (4-8 DAB) a growth rate difference was observed for un, pc and unpc (Fig 4F; 
right). As observed in the root growth assay, a time dependent effect can be seen for stem 
elongation as well. The stem growth rate of un, pc and unpc is significantly higher than 
that of WT plants during 4-6 DAB and this difference has disappeared in the 6-8 DAB 
period (Fig. 4E; middle). Although klun was delayed in bolting time, stem elongation 
growth rate was the same as that of wild-type plants. So, the growth rate differences 
observed for some of the mutants over the whole measuring period (4-8 DAB) are the 
result of growth differences in the early stage of bolting. 

 Figure 4. Shoot phenotypes of 14-3-3 double and quadruple mutant under long day conditions. 
A-F) Plants were transferred 16 days after stratification (DAS) from plates to soil in long day (LD) 
conditions after which every other day pictures were made and leaf numbers and/ or stem length was 
measured. A) Total exposed leaf area at 18 DAS stage for LD was significantly different between klun and 
unpc. B) Total exposed leaf area after bolting for LD. The quadruple mutant klun is larger compared to unpc 
and the two double mutants kl and un. C) WT, kl, un, klun rosette at 28 DAS showing differences between 
the genotypes klun and WT, kl, un. D) Relative growth of exposed leaf area calculated using 1/t x ln(area2/
area1) under LD conditions showing that there is no difference in relative growth of the total exposed leaf 
area. E) Bolting time vs Number of leaves at bolting shows that klun is delayed in bolting but at the time of 
bolting it has the same number of leaves as the earlier bolting genotypes. This indicates that klun exhibits a 
developmental phenotype instead of a flowering phenotype. F) Stem growth rate between 2 days under LD 
conditions showing that the growth difference seen over four days (right) originates between day 4-6 (left). 
Statistical analysis Multiple comparison results after welch ANOVA significance; * < 0.05 p > 0.01, ** < 
0.01 p > 0.005,*** p < 0.005. Bars show average of 12 plants and error bars depict SEM. 
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14-3-3 Mutants in short day conditions 
A difference between Arabidopsis flowering under LD and SD conditions is that 
flowering during LD is controlled by CONSTANS (Srikanth and Schmid 2011; Andres 
and Coupland 2012) and flowering under SD conditions is controlled by GA and sucrose 
production (Eriksson et al. 2006; Srikanth and Schmid 2011). Therefore it is likely 
that different phenotypes will be seen in the different 14-3-3 mutants during different 
day length conditions. At 18 DAS the total exposed leaf area is significantly different 
between klun (210 mm2) and klpc (179 mm2) plants (Fig. 5A). However, the major 
phenotypic difference observed during SD is the non-flowering phenotype of the klun 
mutant plants: whereas all genotypes bolted between 44 and 48 DAS, klun plants never 
bolted over a 78 DAS measuring period. Differences that accompany the klun bolting 
phenotype are: i) a much smaller rosette size at the time when the other genotypes 
bolted (Figs. 5B and D), ii) a reduction in relative rosette growth rate (Fig. 5C) and 
iii) linear production of leaves between 18-38 DAS period (= increase in number of 
leaves per two days), whereas all other genotypes showed an exponential increase in the 
production of leaves starting at around 26 DAS (Fig. 5E). In addition, at 26 DAS klun 
plants started to produce axillaire leaves and showed concave leaves (Fig. 5G).

Significant differences between the other genotypes and WT plants were also 
found with respect to the number of leaves at the time of bolting (Fig. 5F): kl, pc, klpc 
and unpc had fewer leaves at bolting than WT plants. Contrasting to LD conditions, in 
SD no differences were seen in stem length growth among the genotypes that did flower 
(data not shown).

In summary, for the root assay, the three quadruple and the triple mutants kun, 
pkl, pun, cun, npc and upc showed reduced primary root growth compared to WT. The 
total lateral root size (TRL) of the quadruple mutant klpc was reduced just like the 
triple mutant pkl whereas the triple mutant ckl showed increased TRL. The twelve 
triple and three quadruple mutants showed a linear relationship between PR length and 
TRL indicating that 14-3-3’s were equally involved in both PR and TLR growth. The 
quadruple mutant klun showed dramatic shoot phenotypes under SD namely no bolting, 
a reduced total leaf area and fewer rosette leave numbers. Under long day conditions 
klun showed a delay in bolting. 
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Figure 5. Shoot phenotypes of 14-3-3 double and quadruple mutant under SD conditions. 
A-F) Plants were transferred 16 days after stratification (DAS) from plates grown under LD conditions 
to soil in short day conditions after which every other day pictures were taken and leaf numbers and/or 
stem length was measured. A) Total exposed leaf area at 18 DAS stage for short day where significant 
differences can be seen between klun and klpc. B) Total exposed leaf area after bolting in short day (54 
DAS). The total exposed leaf area of klun mutant is the smallest compared to the genotypes tested. C) 
Relative growth of exposed leaf area calculated using 1/t x ln(area2/area1) showing that under SD klun 
grows slower compared to the genotypes tested. D) Picture of WT and klun rosette at day 54 showing the 
smaller total exposed leaf area of klun as compared to that of WT. E) Number of leaves produced between 2 
days for the mutants under SD conditions. While most mutants show an exponential growth the klun mutant 
shows a linearity in leaf production. F) Number of leaves at bolting indicating that the double mutants kl 
and pc and quadruple mutants klpc and unpc are early flowering since they have fewer leaves at the time 
of bolting. For A-F, symbols and bars are the average of 12 plants and the error bars show SEM. Statistical 
analysis Multiple comparison after welch ANOVA, * < 0.05 p > 0.01, ** < 0.01 p > 0.005,*** p < 0.005. 
G) The appearance of concave leaves in the klun mutant. 
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Discussion 
There are various causes why a single mutant plant lacks a clear phenotype. One 
possibility is redundancy in which the function of the disrupted gene is compensated by 
a closely related gene (Briggs et al. 2006; Lloyd and Meinke 2012). In this Chapter, we 
show redundancy in root and shoot growth/development among six non-epsilon 14-3-3 
members (three most similar pairs) in Arabidopsis. 

14-3-3 Root phenotypes 
14-3-3 Proteins have been linked to root growth, notably to primary root (PR) length 
(Mayfield et al. 2012; Li et al. 2013). To further elucidate 14-3-3 involvement in root 
growth, we analysed the mutants described in Chapter 2 for PR length, and total lateral 
root (TLR) length. The six single and three double mutants (three most similar pairs) 
were indistinguishable from WT. The root assay revealed shorter PR length compared 
to WT for the three quadruple mutants and for six triple mutants (pkl, kun, pun, cun, 
npc and upc). Overall, the root growth of the aforementioned mutants showed a time 
dependency whereby at specific time points growth rates were delayed resulting in 
shorter primary root lengths. Differences in TLR length were seen for a selection of 
mutants. The most striking difference was found for pkl and ckl which showed a reduced 
and increased TRL respectively, while the quadruple mutant klpc showed a reduced 
TRL. This result indicates opposing effects between phi and chi in the kl background. 
Root phenotypes have been found for proteins interacting with 14-3-3 like ARR and 
ACS (Dortay et al. 2008; Jaspert et al. 2011; Yoon and Kieber 2013). A study of genetic 
interaction of ARR genes showed that highly similar genes can have different effects 
and suppress each other’s gene function. The study was conducted on six genes of 
three highly related gene pairs (ARR3/ARR4, ARR5/ARR6, ARR8/ARR9). The single 
mutant arr5 shows a reduced petiole size while arr6 is indistinguishable from WT. The 
double mutant arr5,6 and quadruple mutant arr5,6,8,9 are indistinguishable from WT 
indicating that arr6 suppresses the arr5 reduced rosette size mutant phenotype (To et al. 
2004). This is similar to our TRL results of pkl, ckl and klpc. The increased TRL in ckl is 
suppressed by the addition of phi. Whether the phenotypes found in the 14-3-3 mutants 
tested here were caused by the inability of 14-3-3 to bind to targets, like ARR or ACS, 
needs further investigation. 
 The root assay showed interesting effects where the PR length was reduced but 
not the TLR (for klun and kun), where both PR and TLR length were reduced (pkl, klpc, 
unpc) or where in one mutant PR length was not affected but TRL was increased (ckl). 
Primary root and lateral root elongation are controlled by intrinsic and environmental 
cues (Malamy 2005; Dastidar et al. 2012; Saini et al. 2013). The difference between 
primary root and lateral root is that the primary root is formed during embryogenesis 
while lateral roots are initiated post-embryonically. Examples of Arabidopsis mutants 
are known in which both primary and lateral root are affected relating to meristem 
cell differentiation and size (Aida et al. 2004; Lucas et al. 2011). However, our 14-3-
3 mutants were not affected in cell number or size within the root meristem (data not 
shown). Another possibility could be that the 14-3-3 mutants are differently impaired 
in nutrient availability. 14-3-3 Proteins are known to be involved in ion uptake and 
nutrient metabolism like potassium, nitrate and sulphur (Shin et al. 2007; Shin et al. 
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2011). Recently, it was shown that under potassium deficiency different Arabidopsis 
accessions showed two types of root growth strategies. In Type I (Col-0) the PR keeps 
growing while the lateral root elongation is reduced. Type II (Catania-1) showed a 
decrease in PR elongation and invested in lateral root elongation (Kellermeier et al. 
2013). However, as we found a linear relationship between PR and TLR in the higher 
14-3-3 mutants (Figs. 3E and F) it appears that 14-3-3’s are involved in a pathway that 
affects both PR and lateral root elongation. What the exact mechanism of reduced root 
elongation is remains unknown and further research is needed. 

14-3-3 Shoot phenotypes 
In addition to root growth, 14-3-3 proteins are also involved in flowering time. Mayfield 
et al. showed that single mutants mu and upsilon are delayed in flowering under long 
day (LD) but not under SD (Mayfield et al. 2007). 14-3-3 Binds to flowering time 
regulators like FLOWERING LOCUS T (FT), CONSTANS (CO) and FLOWERING 
LOCUS D (FD) (Pnueli et al. 2001; Mayfield et al. 2007; Purwestri et al. 2009; Taoka 
et al. 2011). Different mechanisms underlie flowering under LD and SD and therefore 
the double and quadruple 14-3-3 mutants were tested at both day lengths (Cookson, 
Chenu et al. 2007, Amasino 2010, Srikanth and Schmid 2011, Andres and Coupland 
2012, Brambilla and Fornara 2013). In addition to flowering time, rosette area and stem 
elongation were also measured. 
 The quadruple mutant klun demonstrated the most severe bolting time 
phenotype under both LD and SD (Figs. 4 and 5). In LD, the bolting was delayed by 
2.3 days while the total leaf number and stem elongation was indistinguishable from 
WT (after time correction). A different bolting phenotype was seen under SD where no 
bolting was seen for klun, which was accompanied by fewer rosette leaves generated 
and a smaller rosette area (Fig. 5). Few examples have been described in literature 
where the time of bolting changed and the number of rosette leaves is the same as WT 
plants. The examples we found show dysregulation of hormones as underlying cause. 
One such example involves Arabidopsis thaliana histidine phosphotransfer proteins 
(AHPs), which are involved in cytokinin signalling. The quintuple mutant ahp1,2,3,4,5 
plants showed a similar phenotype as 14-3-3 klun with delayed bolting in LD and the 
same number of leaves at flowering (Hutchison et al. 2006). Another cytokinin related 
mutant, amp1 (altered meristem program) encoding a glutamate carboxypeptidase, 
shows an early bolting phenotype also in LD, however, with more leaves produced 
at bolting compared to WT (Chaudhury et al. 1993; Helliwell et al. 2001). Another 
hormone playing a role in flowering is GA. The GA-deficient mutant, ga1-3, never 
flowers in SD and makes twice as many leaves as WT (Wilson et al. 1992). The leaf 
number is in contrast with the 14-3-3 mutant klun which makes fewer leaves at least 
till 37 DAS. The non-flowering phenotype of ga1-3 is due to a reduced expression of 
LEAFY (LFY) (Eriksson et al. 2006). LFY is a floral meristem-identity gene involved 
in the switch from vegetative to inflorescence meristem (induce flowering) (Parcy 2005; 
Andres and Coupland 2012). In both cytokinin and GA hormone regulation pathways 
14-3-3 has been implicated (Fukazawa et al. 2000; Igarashi et al. 2001; Ishida et al. 
2004; Dortay et al. 2008; Černý et al. 2011; Jaspert et al. 2011). 
 LD and SD Arabidopsis flowering are differently regulated: LD is due to CO 
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and FT while SD is due to LFY, GA and sucrose. 14-3-3 Has been show to provide a 
bridge between FT and FD, but the consequence of this binding (active or inactive form 
of FT in this complex) is unknown (Taoka et al. 2011). Whether the delayed bolting 
phenotype in klun is due to dysregulation of the cytokinin or GA levels/signalling, or 
affects the switch from vegetative to inflorescence growth is unknown. 

Time dependency in 14-3-3 mutants in both root and shoot growth 
At different time points a change in growth rate was seen in some 14-3-3 mutants. This 
may have been caused by a change in sugar levels, hormonal synthesis/signalling or 
nutrient levels. 14-3-3 Proteins have been implicated in all aforementioned processes. 
It could very well be that removing 14-3-3’s causes to tip the plant over to become 
imbalanced in the abovementioned pathways. For example, in 14-3-3 loss-of-function 
mutants some 14-3-3 targets could become less active when 14-3-3 interaction increases 
their activity, e.g. CPK1 (Camoni et al. 1998), or become more active when 14-3-3 
inhibits their activity, e.g. NR (MacKintosh and Meek 2001). Another possibility is 
that, 14-3-3 targets are active for a shorter period when 14-3-3 binding prevents their 
degradation, as is the case for ABF3 (Sirichandra et al. 2010). These differences in 
14-3-3 target activity status may cause the change in growth rate seen in the root assay 
(Figs. 2F-I), stem length in LD (Fig. 4F) or the decrease in the number of leaves under 
SD conditions of the quadruple mutants between day 32 and 34 (Fig. 5E). 
 A time dependent effect has been seen in other genetic interaction studies as 
well. The study using Arabidopsis thaliana histidine phosphotransfer proteins (AHPs), 
which are involved in cytokinin signalling, showed that primary root elongation 
between WT and ahp1,2,3,4,5 was normal in the first days and after that growth was 
slowed down (Hutchison et al. 2006). Another example is the phenotype of the At14-
3-3mu-1 mutant, in which the roots of the mutant plants showed no further increase in 
root greening after 10 days as the root of WT plants did (Mayfield et al. 2012). Also, in a 
genetic interaction study of 1-aminocyclopropane-1-carboxylate synthase genes (ASC), 
a growth difference was seen in the height of plants. After 30 days all double mutants 
were taller compared to single mutants, but the difference disappeared after 50 days of 
growth (Tsuchisaka et al. 2009). 
 In our study it becomes clear that specific combinations of the six 14-3-3’s 
investigated behave redundantly during developmental process. It also shows that 
full redundancy amongst 14-3-3’s is not a general phenomenon as different mutant 
combinations give different phenotypic outcomes. More research is needed to see if 
other mutant combinations, single and triple mutants for flowering and different double 
mutants for root growth, do show similar developmental changes, as do the triple and 
quadruple mutants in this study.
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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 0.5xMS medium 
(pH 5.8) solidified with 12 g L-1 of plant agar (Sigma A1296) (=4 DAS). Plates were scanned using a flatbed 
scanner at 7, 9, 11 and 14 DAS. 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 and plants were grown as mentioned above. At DAS 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.

Long day and short day growth assay 
Seeds were sterilized and grown on plates as mentioned above. At 16 days after stratification (DAS) 24 WT 
plants and 26 plants from each mutant were transferred to 8 cm pots with 15 pots per tray containing soil 
(Potgrond No 6, Blue label, Jongkind Grond B.V.) and divided into 2 groups: one group was transferred 
to a long day growth chamber (14 hours light (22°C)/ 10 hours dark (18°C), 80 µmol.m-2.sec-1) and the 
other group to a short day growth chamber (10 hours light (22°C)/ 14 hours dark (18°C), 170 µmol.m-2.
sec-1). Every other day pictures were taken with Canon PC1857 and rosette leaves were counted for both 
experiments. When the SD plants reached 40 leaves the plants were only checked for bolting and thereafter 
total rosette leaf number was counted. The stem length was measured with a ruler. Total exposed leaf area 
was measured using Rosette Tracker (De Vylder et al. 2012). Statistical analysis was performed in SPSS 
(version 21).
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an Interaction Map of the Two-Component Signaling Pathway of Arabidopsis thaliana. 
Journal of Proteome Research 7: 3649-3660.

Elmore, J. M. and G. Coaker (2011). The role of the plasma membrane H+-ATPase in plant-
microbe interactions. Mol Plant 4: 416-427.

Eriksson, S., H. Bohlenius, T. Moritz and O. Nilsson (2006). GA4 is the active gibberellin in 
the regulation of LEAFY transcription and Arabidopsis floral initiation. Plant Cell 18: 
2172-2181.



14-3-3 Isoform specific redundancy in Arabidopsis development

63

3

Fukazawa, J., T. Sakai, S. Ishida, I. Yamaguchi, Y. Kamiya and Y. Takahashi (2000). 
REPRESSION OF SHOOT GROWTH, a bZIP Transcriptional Activator, Regulates 
Cell Elongation by Controlling the Level of Gibberellins. The Plant Cell Online 12: 
901-915.

Gomez-Mena, C., M. Pineiro, J. M. Franco-Zorrilla, J. Salinas, G. Coupland and J. M. 
Martinez-Zapater (2001). early bolting in short days: an Arabidopsis mutation that 
causes early flowering and partially suppresses the floral phenotype of leafy. Plant Cell 
13: 1011-1024.

Helliwell, C. A., A. N. Chin-Atkins, I. W. Wilson, R. Chapple, E. S. Dennis and A. Chaudhury 
(2001). The Arabidopsis AMP1 Gene Encodes a Putative Glutamate Carboxypeptidase. 
The Plant Cell Online 13: 2115-2125.

Hutchison, C. E., J. Li, C. Argueso, M. Gonzalez, E. Lee, M. W. Lewis, B. B. Maxwell, T. 
D. Perdue, G. E. Schaller, J. M. Alonso, J. R. Ecker and J. J. Kieber (2006). The 
Arabidopsis Histidine Phosphotransfer Proteins Are Redundant Positive Regulators of 
Cytokinin Signaling. The Plant Cell Online 18: 3073-3087.

Igarashi, D., S. Ishida, J. Fukazawa and Y. Takahashi (2001). 14-3-3 Proteins Regulate 
Intracellular Localization of the bZIP Transcriptional Activator RSG. The Plant Cell 
Online 13: 2483-2497.

Ishida, S., J. Fukazawa, T. Yuasa and Y. Takahashi (2004). Involvement of 14-3-3 Signaling 
Protein Binding in the Functional Regulation of the Transcriptional Activator 
REPRESSION OF SHOOT GROWTH by Gibberellins. The Plant Cell Online 16: 
2641-2651.

Jaspert, N., C. Throm and C. Oecking (2011). Arabidopsis 14-3-3 proteins: fascinating and 
less fascinating aspects. Frontiers in Plant Science 2.

Kellermeier, F., F. Chardon and A. Amtmann (2013). Natural Variation of Arabidopsis Root 
Architecture Reveals Complementing Adaptive Strategies to Potassium Starvation. 
Plant Physiology 161: 1421-1432.

Li, J., S. S. Song, Y. S. Zhao, W. W. Guo, G. H. Guo, H. R. Peng, Z. F. Ni, Q. X. Sun and Y. 
Y. Yao (2013). Wheat 14-3-3 Protein Conferring Growth Retardation in Arabidopsis. 
Journal of Integrative Agriculture 12: 209-217.

Lloyd, J. and D. Meinke (2012). A comprehensive dataset of genes with a loss-of-function 
mutant phenotype in Arabidopsis. Plant Physiol 158: 1115-1129.

Lucas, M., R. Swarup, I. A. Paponov, K. Swarup, I. Casimiro, D. Lake, B. Peret, S. Zappala, 
S. Mairhofer, M. Whitworth, J. Wang, K. Ljung, A. Marchant, G. Sandberg, M. J. 
Holdsworth, K. Palme, T. Pridmore, S. Mooney and M. J. Bennett (2011). SHORT-
ROOT Regulates Primary, Lateral, and Adventitious Root Development in Arabidopsis. 
Plant Physiology 155: 384-398.

MacKintosh, C. and S. E. Meek (2001). Regulation of plant NR activity by reversible 
phosphorylation, 14-3-3 proteins and proteolysis. Cell Mol Life Sci 58: 205-214.

Malamy, J. E. (2005). Intrinsic and environmental response pathways that regulate root system 
architecture. Plant Cell Environ 28: 67-77.

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.

Osmont, K. S., R. Sibout and C. S. Hardtke (2007). Hidden branches: Developments in root 
system architecture. Annual Review of Plant Biology. 58: 93-113.



Chapter 3

64

Palmgren, M. G. (2001). PLANT PLASMA MEMBRANE H+-ATPases: Powerhouses for 
Nutrient Uptake. Annu Rev Plant Physiol Plant Mol Biol 52: 817-845.

Parcy, F. (2005). Flowering: a time for integration. Int J Dev Biol 49: 585-593.
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.

Pnueli, L., T. Gutfinger, D. Hareven, O. Ben-Naim, N. Ron, N. Adir and E. Lifschitz (2001). 
Tomato SP-interacting proteins define a conserved signaling system that regulates 
shoot architecture and flowering. Plant Cell 13: 2687-2702.

Purwestri, Y. A., Y. Ogaki, S. Tamaki, H. Tsuji and K. Shimamoto (2009). The 14-3-3 Protein 
GF14c Acts as a Negative Regulator of Flowering in Rice by Interacting with the 
Florigen Hd3a. Plant and Cell Physiology 50: 429-438.

Rolland, F., E. Baena-Gonzalez and J. Sheen (2006). Sugar sensing and signaling in plants: 
conserved and novel mechanisms. Annu Rev Plant Biol 57: 675-709.

Saini, S., I. Sharma, N. Kaur and P. K. Pati (2013). Auxin: a master regulator in plant root 
development. Plant Cell Rep 32: 741-757.

Shin, R., S. Alvarez, A. Y. Burch, J. M. Jez and D. P. Schachtman (2007). Phosphoproteomic 
identification of targets of the Arabidopsis sucrose nonfermenting-like kinase SnRK2.8 
reveals a connection to metabolic processes. Proceedings of the National Academy of 
Sciences 104: 6460-6465.

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.

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.

Sondergaard, T. E., A. Schulz and M. G. Palmgren (2004). Energization of Transport 
Processes in Plants. Roles of the Plasma Membrane H+-ATPase. Plant Physiology 136: 
2475-2482.

Srikanth, A. and M. Schmid (2011). Regulation of flowering time: all roads lead to Rome. Cell 
Mol Life Sci 68: 2013-2037.

Svennelid, F., A. Olsson, M. Piotrowski, M. Rosenquist, C. Ottman, C. Larsson, C. Oecking 
and M. Sommarin (1999). Phosphorylation of Thr-948 at the C terminus of the plasma 
membrane H(+)-ATPase creates a binding site for the regulatory 14-3-3 protein. Plant 
Cell 11: 2379-2391.

Taoka, K.-i., I. Ohki, H. Tsuji, K. Furuita, K. Hayashi, T. Yanase, M. Yamaguchi, C. 
Nakashima, Y. A. Purwestri, S. Tamaki, Y. Ogaki, C. Shimada, A. Nakagawa, C. 
Kojima and K. Shimamoto (2011). 14-3-3 proteins act as intracellular receptors for 
rice Hd3a florigen. Nature 476: 332-U397.

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.

Toroser, D., G. S. Athwal and S. C. Huber (1998). Site-specific regulatory interaction between 
spinach leaf sucrose-phosphate synthase and 14-3-3 proteins. FEBS Lett 435: 110-114.

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 specific redundancy in Arabidopsis development

65

3

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.

Wilson, R. N., J. W. Heckman and C. R. Somerville (1992). Gibberellin Is Required for 
Flowering in Arabidopsis thaliana under Short Days. Plant Physiology 100: 403-408.

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.

Yang, J. L., W. W. Chen, L. Q. Chen, C. Qin, C. W. Jin, Y. Z. Shi and S. J. Zheng (2013). The 
14-3-3 protein GENERAL REGULATORY FACTOR11 (GRF11) acts downstream of 
nitric oxide to regulate iron acquisition in Arabidopsis thaliana. New Phytologist 197: 
815-824.

Yoon, G. M. and J. J. Kieber (2013). 14-3-3 regulates 1-aminocyclopropane-1-carboxylate 
synthase protein turnover in Arabidopsis. Plant Cell 25: 1016-1028.


