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At protein level, environmental changes are managed through post-translational 
modifications e.g. protein phosphorylation. Protein phosphorylation is a dynamic 
interplay between the activity of kinases (adding phosphate-groups) and phosphatases 
(removing phosphate-groups), which mostly results in activation or inactivation 
of proteins. One protein that stabilizes protein phosphorylation through binding of 
phosphorylated sequences, and “protects” the protein from dephosphorylation, is 14-
3-3. A total of 13 14-3-3 genes are expressed in Arabidopsis. Because of the high 
homology between the 14-3-3’s at the core region (e.g. the phospho-protein binding 
groove), they could, in theory, take over each other’s function (redundancy). This has 
been shown for the two 14-3-3 proteins in Saccharomyces cerevisiae. Mutating both 
genes is lethal. This lethal phenotype is rescued by adding one 14-3-3 gene of another 
species including human or plant. This shows that 14-3-3’s behave redundantly and are 
highly conserved among species. 
 In order to investigate the extent of 14-3-3 redundancy in Arabidopsis, we 
obtained six single insertion mutants belonging to three pairs of closely related genes 
and generated higher order mutants. Three double mutants were generated with three 
pairs of closely related genes. Using these three double mutants, 12 triple and three 
quadruple mutants were further generated. The transcript abundance of two wild-type 
(WT) 14-3-3 genes were investigated in the quadruple mutants and none of the two WT 
transcripts studied in these mutants showed differences in expression compared to WT 
plants (Chapter 2).
 Since 14-3-3 proteins have been associated with different targets, they have a 
function in multiple traits and pathways. To make sure that we could answer the question 
of redundancy, different traits were assayed. All 24 mutants were screened for primary 
root growth on control plates (Chapter 3) and for “The Length of the first Epidermal cell 
with visible root Hair bulge” (LEH) under different abiotic stresses (Chapter 4). The 
double and quadruple mutants were further screened for rosette growth, flowering time 
and stem elongation under both long and short day conditions (Chapter 3). In addition, 
the single, double and quadruple mutants were screened for root potassium (K+) and 
proton (H+) fluxes after salt application (Chapter 5). In general, isoform specificity and 
redundancy among specific combinations of 14-3-3’s was observed. In addition, the 
“loss” of lower order mutant phenotypes (single, double and triple, Chapter 4 and 5) in 
higher order mutants could indicate antagonistic effects between different 14-3-3’s. 
 The trait of root architecture showed 14-3-3 involvement (Chapter 3). Only the 
triple mutant klp but not klc, kpc or lpc showed a shorter primary root phenotype which 
is also seen in the quadruple mutant klpc. In addition, the triple mutant kun but not kln, 
klu or lun showed a similar reduced primary root as klun. Interestingly, the triple mutants 
pun, cun, npc and upc are similar to unpc with respect to a shorter primary root. The first 
two cases (klp and kun) show that specific combinations of 14-3-3’s act redundantly. 
Therefore, we concluded that for the root growth trait there is no full redundancy (i.e. all 
14-3-3’s act redundantly) in the kl background. However, the genes upsilon, nu, phi and 
chi seem to show full redundancy or dosage dependence, since all combinations of these 
four genes and the quadruple mutants show a reduced primary root growth. Therefore, 
the background defines the type of redundancy observed. 
 The above-ground phenotypic analysis showed that only a specific combination 
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of 14-3-3’s behave redundantly (Chapter 3). The quadruple mutant klun shows a very 
different phenotype compared to the three doubles, two quadruples and WT plants. 
In long day conditions, klun shows a delay in bolting with no changes in leaf number 
compared to WT and other genotypes tested. In addition, this genotype shows a strong 
short day phenotype; 1) there is no bolting seen after 78 days; 2) the amount of rosette 
leaves is linear while the increase in the other genotypes is exponential; 3) the overall 
rosette size is reduced compared to the other genotypes. Since the other genotypes 
studied show an early flowering phenotype under short day conditions, we can conclude 
that 14-3-3’s do not show full redundancy, since different genotypes result in different 
phenotypes.
 14-3-3’s Have been shown to be involved in abiotic stress. Since abiotic stress 
can easily be monitored in root elongation assays, the double mutant plants were 
studied for root elongation on medium containing salt (Chapter 4). Here too, a specific 
combination of 14-3-3 mutants showed an increased insensitivity towards salt, namely 
un. Since no difference in ion content was observed between the double mutant and 
WT, un was grown on mannitol to induce osmotic stress. The mannitol root growth 
assay showed that un has increased insensitivity towards osmotic stress. A pull-down 
assay was performed using root extract and recombinant 14-3-3’s coated on beads. The 
root extract was made from roots that were incubated for 10 minutes or 3 hours with 
mannitol. Our pull-down showed that the 14-3-3 interactome changes during mannitol 
applications. There are 37 out of 73 proteins found only after mannitol application. These 
results indicate that protein phosphorylation changes after mannitol application and that 
14-3-3 proteins interact with different proteins during abiotic stress in comparison to 
control situations. In addition to a change in the root interactome, we show isoform 
specificity for kappa and nu on mannitol, resulting in a larger LEH compared to WT 
(13% and 12%, respectively). Furthermore, there is unequal redundancy between the 
upsilon and nu in the double mutant un, since nu shows a phenotype, while upsilon 
does not. However, the double mutant shows a larger LEH compared to nu. With the 
exception of chi, pc, nkl and npc, all other 14-3-3 mutants, show a larger LEH on 
ABA. Another interesting effect is seen for ACC, when we look at the LEH, neither 
single kappa and lambda mutants shows a phenotype while the double mutant kl does. 
Interestingly, only the higher order mutants with mutated KAPPA or LAMBDA or both 
show this larger LEH on ACC.
 Abiotic stress also involves ion homeostasis. In Chapter 5, we investigated the 
possible direct interaction between 14-3-3 and ionchannels. The ionchannels chosen 
were members of the two-pore potassium channel (TPK) and the Shaker channel GORK. 
A yeast-two-hybrid assay showed that TPK1, 3 and 5 are able to bind 14-3-3 proteins. 
In addition, the amino acids surrounding the 14-3-3 binding motif are important for 
14-3-3 binding (TPK2 mutation analysis). The yeast-two-hybrid assay between 14-3-
3 and GORK showed no direct interaction, but a pull-down using the C-terminal part 
of GORK and a protein extract did pull down endogenous 14-3-3. This result implies 
the presence of a third factor. We hypothesised that this third factor was a kinase of 
the CDPK family since members of this kinase family are known to phosphorylate ion 
channels and 14-3-3 binding motives. In addition, 14-3-3’s can enhance the activity of a 
member of the CDPK family, namely CPK1. We show that 14-3-3 can also enhance the 
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activity of CPK21 and CPK23 but not of CPK3 or CPK6. The interaction between 14-
3-3 and CPK21 and CPK6 occurs at the plasma membrane, like the interaction between 
GORK and CPK21. To see if there was a direct link between 14-3-3, CPK21 and GORK, 
we used a non-invasive method to measure potassium (K+) and proton (H+) fluxes from 
roots after salt application. The potassium fluxes for gork show three striking differences 
compared to WT; 1) smaller maximum peak flux; 2) a delay in peak time; 3) a delay 
in restoring the K+ flux to baseline. The AHA2 mutant (the major contributor of proton 
influx in roots), showed similarities with the cpk21 in both proton and potassium fluxes. 
These results indicate a possible link between these two proteins.. Two 14-3-3 single 
mutants, phi and chi, showed gork-like K+ fluxes in respect to maximum fluxes for both 
mutants and maximum flux time for chi. In conclusion, gork-like phenotypes have been 
found in 14-3-3 mutants indicating a possible 14-3-3 function in GORK regulation.
 The pull-down assay described in Chapter 4, identified cytosolic invertases 
which have also been found in other 14-3-3 pull-down or yeast two hybrid screens. 
Chapter 6, shows the study of direct association between 14-3-3 and a cytosolic 
invertase (CINV1) and the outcome of this interaction on recombinant protein and plant 
level. In a yeast-two-hybrid assay, we demonstrated that the binding between 14-3-3 
and CINV1 occurs at S547. Using anisotropy measurements and in vitro pull-down 
assays, we show that the phosphorylation of S547 could be facilitated by CPK3 and 
enhanced recombinant invertase activity. The recombinant invertase activity can be 
further enhanced by binding of 14-3-3. In planta, the reduced primary root growth of 
klpc can be complemented by growing plants on 2% sucrose. In addition, the activity of 
total cytosolic invertase is reduced by 22% compared to WT and so are both invertase 
products, glucose and fructose. Interestingly, the reduced root growth of klp (which is 
the triple mutant responsible for the klpc quadruple root phenotype (Chapter 3)) is not 
rescued by growing this genotype on 2% sucrose and the total activity of root cytosolic 
invertase is not changed compared to WT. These results indicate that the 14-3-3’s 
KAPPA, LAMBDA, PHI and CHI are involved in cytosolic root invertase activity and 
that 14-3-3’s positively regulate the activity of CINV1. 
 In summary, this thesis shows that 14-3-3 proteins are important contributors 
to plant life. The Arabidopsis 14-3-3-protein family shows no full redundancy but it 
did show redundancy among specific 14-3-3 isoforms for the traits looked at in this 
study. In general, the results show that different combinations of 14-3-3’s are needed in 
different organs and at different developmental stages, thereby proving 14-3-3’s diverse 
functions. 
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