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Abstract 19 

Members of 14-3-3 protein family are involved in the proper operation of Fe acquisition 20 

mechanisms at physiological and gene expression levels in Arabidopsis thaliana. To 21 

more directly and effectively observe whether members of 14-3-3 non-epsilon group 22 

have a function in Fe-deficiency adaptation, three higher order quadruple KOs, 23 



kappa/lambda/phi/chi (klpc), kappa/lambda/upsilon/nu(klun), and upsilon/nu/phi/chi 24 

(unpc) were generated and applied for physiological analysis in this study. The mutant 25 

plants that combine kl with un (klun) or kl with pc (klpc) mutations showed a better Fe 26 

uptake than Wt plants at low medium Fe, while this phenotype was absent in unpc 27 

mutant. The higher Fe uptake by klun correlated with a higher Fe-deficiency induced 28 

expression of selected Fe-related genes. The dynamics of 14-3-3-client interactions 29 

analysis showed that a subset of 27 proteins differentially interacted with 14-3-3 in 30 

roots caused by Fe deficiency. Many of these Fe responsive proteins have a role in 31 

glycolysis and TCA cycle, the FoF1-synthase and in the cysteine/methionine synthesis. 32 

Also, the 14-3-3 interactome of the klun roots showed significant differences with that 33 

of Wt roots under Fe sufficient conditions, where most of these differential binding 34 

proteins showed enhanced binding in the klun mutant. Nevertheless, a clear explanation 35 

for the observed phenotypes awaits a more detailed analysis of the functional aspects 36 

of 14-3-3 binding to the target proteins identified in this study.  37 

Introduction 38 

Iron deficiency may lead to decreases in vegetative growth and quality losses, also 39 

known as "lime-induced chlorosis". Although iron is the fourth most abundant element 40 

in the earth’s crust, it is mainly in the Fe3+ form and not soluble in soils. To cope with 41 

low Fe availability, plants have evolved two distinct strategies to enhance the uptake of 42 

the poorly soluble iron compounds from soil. One of them, known as the “reduction 43 

strategy” (Strategy I) involves a number of key genes, e.g. FRO2 and IRT1, which co-44 

regulate the root high-affinity iron uptake system 1,2.  45 

14-3-3 proteins are a class of molecular chaperones that bind to and thereby influence 46 

the function of phosphorylated proteins 3. The members of the 14-3-3 proteins, known 47 

as important regulators in osmotic stress and salt stress responses in plants, were also 48 

found as a key regulator required for the proper operation of Fe acquisition mechanisms 49 

at physiological and gene expression levels in Arabidopsis thaliana 4. Loss-of-function 50 



of grf11 (14-3-3 chi) resulted in failure of rhizosphere acidification and ferric chelate 51 

reductase (FCR) induction, and thus decreased Fe uptake. Moreover, expression of 52 

IRT1, FRO2, and AHA2, were repressed in the grf11 mutant both under Fe-deficient 53 

and under Fe-sufficient conditions. Recently, Singh et al. have demonstrated that a key 54 

factor, NON-RESPONSE TO Fe-DEFICIENCY2 (NRF2)/ EARLY FLOWERING8 55 

(ELF8), controls Fe- deficiency response via GRF11 by the activation of histone H3 56 

lysine 4 trimethylation (H3K4me3) in plant roots5. In detergent-resistant membranes 57 

(DRMs) of sugar beet roots, the Fe deficiency induced a decrease in abundance of six 58 

14-3-3 like proteins, which would be in line with the decreases in relative abundance 59 

of an important number of kinases, e.g. CDPK (calcium dependent protein kinase). It 60 

is tempting to speculate that Fe deficiency induces the signaling cascades during 61 

phosphorylation processes at the plasma membrane level which are involved in 62 

interactions with 14-3-3 proteins 6.  63 

Growing evidence demonstrates that 14-3-3 proteins play different affinities in the 64 

interaction with specific target proteins, what suggests that the large number of 14-3-3 65 

isoforms in plants may reflect functional specificity 7. It has been proposed that the 66 

interaction specificity of certain 14-3-3 isoforms may involve the outer surface of 14-67 

3-3, which shows variation between isoforms 8. For instance, 14-3-3 isoforms from 68 

tobacco (Nicotiana tabacum L.) present a difference in affinity towards Sucrose-6-69 

phosphate synthase (SPS) in the yeast two-hybrid system 9. Compared to 14-3-3 70 

isoforms belonging to the epsilon group，non-epsilon 14-3-3 isoforms were more active 71 

in the interaction and activation of H+-ATPase 10. Furthermore, a large scale proteomics 72 

investigation showed that 14-3-3 target proteins bound differentially to 14-3-3 isoforms 73 

chi and epsilon during Arabidopsis seed development 7. Quantitative proteomics 11,12, 74 

as well as a phosphoproteomics profile 13 of plants exposed to Fe deficiency, show that 75 

some putative 14-3-3 targets, such as fructose-bisphosphate aldolase, cytosolic alkaline 76 

invertase 1 (CINV1), nitrate reductase (NR) and H+-ATPase were subject to change by 77 

Fe deficiency in Arabidopsis roots. 78 



Since 14-3-3 proteins regulate so many proteins with a function in Fe acquisition 79 

process, it is to be expected that knock-out mutations in 14-3-3 genes will result in Fe-80 

deficiency stress related phenotypes. However, the Arabidopsis genome contains 81 

thirteen expressed 14-3-3 genes and redundancy may exist between these isoforms 14,15. 82 

According to amino acid sequence data and gene structure, the 14-3-3 members break 83 

into two major branches, the epsilon group and the non-epsilon group. The epsilon 84 

members are found in all organisms and are thought to be involved in basal eukaryotic 85 

14-3-3 functions, while the non-epsilon group may be responsible for organism-specific 86 

regulatory aspects 14. Both phosphate(P) and nitrate(N) deprivation cause isoform-87 

specific and organ specific 14-3-3 transcript alterations. For instance, under phosphate 88 

efficiency, epsilon-group members are more affected compared to non-epsilon group 89 

members. Transcripts of PSI, MU, OMICRON and PI are decreased while CHI, 90 

LAMBDA and KAPPA are unchanged 16. KAPPA expression is increased in leaves after 91 

K+-deprivation but not in roots and the expression of CHI did not change under nutrient 92 

deprivation 17. Van Kleeff et al. conducted a series of growth experiments with higher 93 

order Arabidopsis 14-3-3 mutants and showed gene specificity and functional 94 

redundancy among non-epsilon group members in primary root elongation under 95 

control and abiotic stress conditions 18. Previous studies have demonstrated that root 96 

growth, hormone sensitivity and more specifically the activation of a neutral cytosolic 97 

invertase, indeed showed both specificity and redundancy amongst 14-3-3 non-epsilon 98 

group members, kappa, lambda, phi, chi, upsilon and nu 18. As other 14-3-3 member 99 

may take over the role of the mutated gene, a large number of 14-3-3 single mutant 100 

plants may lack a phenotype 18-20. To investigate whether members of the non-epsilon 101 

group have a function in Fe-deficiency adaptation, higher order mutants must be 102 

obtained by combining the respective single mutant. Three higher order quadruple KOs, 103 

kappa/lambda/phi/chi (klpc), kappa/lambda/upsilon/nu(klun), and upsilon/nu/phi/chi 104 

(unpc) were generated and applied for physiological analysis in this study. 105 



In this work, we comprehensively investigate plant growth, Fe uptake, gene expression 106 

and quantitative 14-3-3 interactomics to define the biological role of a sub-class of 14-107 

3-3 (non-epsilon group) in the response of A. thaliana wild-type and 14-3-3 mutant 108 

plants to Fe deficiency. 109 

RESULTS 110 

Physiological responses of the 14-3-3qKO lines to Fe deficiency. To investigate 111 

whether members of the non-epsilon group have a function in Fe-deficiency adaptation, 112 

three 14-3-3 quadruple KOs, kappa/lambda/phi/chi (klpc), kappa/lambda/upsilon/nu 113 

(klun), and upsilon/nu/phi/chi (unpc), were used in this study. The quadruple mutants 114 

were generated by crossing two double mutants: kl*pc, kl*un and un*pc. T-DNA 115 

insertions were monitored using PCR and the mutants were scored on full length 14-3-116 

3 transcripts (for details see 18). To measure the effect of Fe deficiency on biomass 117 

production, wild-type (Wt) and 14-3-3 qKO plants were grown on hydroponics (½ 118 

strength Hoagland)with 20 µM Fe-EDTA for 2 weeks and then transferred to a medium 119 

with different Fe concentrations (0 µM, 2 µM, 5 µM and 20 µM) for 12 days before 120 

harvest. All genotypes maintained fresh weight production when grown at 5 µM Fe as 121 

compared to the control plants (20 µM Fe) (Figure 1). All genotypes present iron 122 

chlorosis when grown at 0 µM and 2 µM Fe (Figure S1). At 2 µM Fe, klpc showed a 123 

significant growth reduction of both shoot and root and at 0 µM Fe all genotypes 124 

produced less biomass, whereat unpc showed the strongest growth reduction of shoot 125 

and root growth; 40 and 33% resp. All genotypes grown at 0 µM Fe also showed Fe-126 

deficiency symptoms in the young leaves, which were pale green or yellow.  127 

 128 



Figure 1. Growth performance of Wt and 14-3-3 qKOs under different Fe deficiency 129 

treatment. After two weeks of growth on ½ strength Hoagland solution, plants were grown 130 

for an additional 12 days at 0, 2, 5 and 20 μM (= sufficient) Fe. Fresh weight of roots (A), 131 

shoots (B) were measured from Wt and 14-3-3 qKOs plants. Each bar represents the mean 132 

of 10 biological replicates. The line above each bar is the SE. Means with different 133 

superscripts are significantly different at P<0.05, by two-way ANOVA followed by 134 

Bonferroni’s post hoc test. 135 

In the same plants as described above, the Fe contents of dry shoot and root material 136 

were measured. Overall, the Fe contents were decreased two- to three-fold in the shoot 137 

of Fe-starved plants (Figure 2) and the Fe content of Wt shoot was overall lower than 138 

that of the mutants. Notably, klun plants had significantly more Fe in their shoots than 139 

Wt plants at 0, 2 and 5 µM Fe-EDTA. The Fe content of roots, grown at ½ strength 140 

Hoagland with 20 µM Fe was more than 23-fold higher than that in the corresponding 141 

shoots (Figure 2A and 2B). Another difference between roots and shoots is that growth 142 

under Fe-starvation conditions induces a much stronger decrease in root Fe than in the 143 

shoot Fe content: up to 25-fold reduction. The comparison between the genotypes 144 

shows that also in the roots, klun has a significantly higher Fe content at 0 and 2 µM Fe 145 

as compared to Wt: at 0 µM the difference is 2-fold. As a measure of Iron-Utilization 146 

Efficiency (IUE) we calculated the ratio between fresh weight and the Fe content of the 147 

shoot and root (Figure 2C and D). Strikingly, the IUE of Wt shoot and root at 0 µM Fe 148 

is much higher than that of the 14-3-3 mutants, what points to a more efficient use of 149 

available Fe in the Wt plants. Moreover, the root IUE of klun at 0 and 2 µM and that of 150 

klpc at 2 µM Fe is significantly lower than that of the other genotypes (Figure 2D). 151 

Thus, the uptake of Fe by some mutants is clearly better than that of Wt, whereas the 152 

use of Fe by Wt plants to sustain growth is better at the lowest Fe concentrations. 153 



 154 

Figure 2. Fe content of shoots and roots of WT and 14-3-3 qKOs plants. After two 155 
weeks of growth on ½ strength Hoagland solution, plants were grown for an additional 12 156 
days at 0, 2, 5 and 20 μM (= sufficient) Fe. Shoots and roots were harvested, weighed and 157 
pooled per two for the Fe-determination. A and B, Fe-content of roots and shoots; C and D, 158 
Iron Use Efficiency (IUE) of roots and shoots. Each bar represents a mean of observations 159 
in 5 biological replicates, ± SE. Averages with different superscripts are significantly 160 
different at P<0.05, by two-way ANOVA followed by Bonferroni’s post hoc test. 161 

Expression of Fe deficiency-induced genes is enhanced in the klun mutant plant. 162 

Arabidopsis follows Strategy I for iron acquisition, involving rhizosphere acidification 163 

by plasma membrane H+-ATPases (AHA2), reduction of Fe(III) to Fe(II) performed by 164 

FRO2 and import of Fe(II) by the Fe transporter IRT1 21,22. Under Fe deficiency, high-165 

level expression of the genes encoding the abovementioned proteins is controlled by 166 

the bHLH transcription factor FIT, where the induction of FIT expression is dependent 167 

on the 14-3-3Omicron protein (Figure 3) 4. Whereas physiological changes are only 168 

manifest after long term Fe starvation, gene expression responds within 24 h 21,23. 169 

Therefore, we measured Fe deficiency-induced expression of 14-3-3Omicron, FIT, 170 

FRO2, IRT1 and AHA2 in roots of Wt and 14-3-3 qKOs after 24 h by quantitative real-171 



time PCR (qPCR) (Figure 3). In Wt plants, the 24 h Fe starvation induced a 2-(AHA2) 172 

to 18-fold (14-3-3Omicron) increase in transcript of all 5 genes. Under Fe sufficient 173 

conditions,klpcmutants showed significantly higher expression of FIT, GRF11, and 174 

FRO as compared to Wt, but these differences disappeared when the plants were Fe 175 

starved. The most obvious effect of Fe deficiency on gene expression is shown by the 176 

klun plants: under Fe sufficient conditions the expression of all genes is comparable to 177 

that in Wt, but under Fe starvation, the expression of the 5 genes is much higher than 178 

in Wt plants (Figure 3). This suggests that somehow the 14-3-179 

3Kappa/Lambda/Upsilon/Nu proteins act as negative regulators of gene expression 180 

when the plants are Fe-starved.  181 

 182 

Figure 3. Expression analysis of 14-3-3 Omicron, FIT, FRO, IRT and AHA2 in Wt 183 

and 14-3-3 qKO lines grown with (plus) and without (minus) Fe. A. thaliana seedlings 184 

were grown in +Fe medium for 22 days and then transferred to nutrient medium with or 185 

without Fe for 24 hours. Expression levels were normalized to ubiquitin 10 (UBQ10) and 186 

then to the value of each gene from the Wt under Fe-sufficient conditions. Values are means 187 

± SD (n = 3). +, significant change vs +Fe；*, significant change vs WT + Fe at P <0.05 188 

(one-way-ANOVA).  189 

Quantitative affinity-purification mass spectrometry analysis of the 14-3-3 190 

interactome of Wt roots as affected by Fe deficiency. In view of the reported Fe 191 

deficiency-induced changes in protein amounts 11 and phosphorylation 13 we addressed 192 

the question whether and how Fe-deficiency affects the root 14-3-3 interactome, which 193 

is phosphorylation dependent. To this end, we carried out a semi-quantitative 194 

interactome analysis by affinity-purification mass spectrometry (qAP-MS) to assess Fe 195 

deficiency induced changes in 14-3-3/target interaction. To exclude proteins that bind 196 

non-specifically to the beads, we also performed a mock pull-down with empty beads 197 

along with the test pull-down experiments (Figure S2). In this experiment, we included 198 

the “unused” values generated from the software ProteinPilot 24. After removal of 199 



contaminant and false positive interactors (for details see M&M), a curated list of 117 200 

14-3-3 interacting proteins was identified in the Wt roots (+ and -Fe), with unused value 201 

>2 in at least 2 independent samples remained (Table S1). These proteins are either so-202 

called primary interactors (bind directly to 14-3-3) or secondary interactors (part of a 203 

multiprotein complex of which one protein is a primary interactor). We assigned the 204 

identified 14-3-3-interacting proteins to different functional categories, as shown in 205 

Figure 4. The majority of the identified proteins are related to carbohydrate and energy 206 

metabolism, metabolism, stress response, protein folding, cell structure and signaling. 207 

A comparison between our results (Table S1) and published 14-3-3 interactome studies 208 

shows that around 20% of the 14-3-3 interactors identified in this study have been 209 

previously reported as 14-3-3 interactors 7,17,25,26. Sixteen proteins from our list were 210 

reported as Fe-responsive proteins, amongst which several enzymes involved in S-211 

adenosylmethionine synthesis, two cytosolic invertases, Ferretin-1, the germin-like 212 

protein GLP5 (a plasmodesmata-localized proteins involved in the regulation of 213 

primary root growth) 27 and others 11,13,28. As will be discussed later, the 14-3-3 214 

interactome is not a random collection of proteins, but consists of distinct networks of 215 

interrelated proteins and protein complexes, involved in mitochondrial respiration, 216 

glycolysis, the methionine cycle, protein synthesis and folding and protein complexes 217 

of the head structure of the FoF1-synthase and vacuolar V-ATPase, tubulins and the 218 

TCP-1/cpn60/HSP chaperones (Table S2).   219 

Comparison of 14-3-3 interactome under control and Fe deficient conditions. To 220 

study the dynamics of target interaction with 14-3-3 in response to Fe deficiency, we 221 

compared the abundance of identified proteins from Wt and klun roots grown under Fe 222 

sufficient and Fe deficient (for 24 h) condition, based on normalized intensity-based 223 

absolute quantification (iBAQ) values (normalized to the bait proteins in that run). The 224 

iBAQ intensities act as a measure of protein abundance and can be used to compare 225 

protein abundance between different samples. Among the 117 identified proteins, 27 226 

and 18 proteins were significantly changed upon Fe deficiency in Wt and klun, 227 

respectively (Table 1& Figure 4). In Wt group, 12 proteins showed enhanced 228 

interaction and 14 proteins showed a reduction in interaction of which 5 were 229 

completely lost in the pull-down. These differential binding proteins are mainly 230 

involved in carbohydrate and energy metabolism, S-adenosylmethionine synthesis and 231 

stress response. In klun group, 7 proteins were increased and 10 proteins were decreased 232 



in the pull-down. We found that most of the differential proteins identified in Wt and 233 

klun did not overlap. Among the significantly changed proteins identified from Wt and 234 

klun, 8 proteins in Wt showed similar trend as those in klun upon Fe deficiency, e.g. an 235 

adenosylmethionine synthase (SAM1) and an ATP synthase (ATP1). In addition, 15 236 

proteins solely exhibited significantly different accumulation in Wt and 10 proteins in klun 237 

upon Fe deficiency. Particularly, 7 proteins including a neutral invertase (CINV2), 238 

PHOS32 and VIP3 were solely identified in Wt plants. Amongst the proteins that were 239 

lost in the 14-3-3 pull-down with protein extract form Wt plants, ECIP1 (EIN2 C-240 

terminus interacting protein 1) may be relevant in view of the role of ethylene in Fe 241 

deficiency adaptation. ECIP1 is an MA3 domain-containing protein that interacts with 242 

EIN2, a central membrane protein that acts downstream of ethylene receptors, and 243 

upstream of ethylene regulated transcription factors. ECIP1 directly interacts with EIN2 244 

and loss-of-function of ECIP1 resulted in enhanced ethylene response 29. If ECIP1/14-245 

3-3 interaction prevents ECIP1 breakdown as is e.g. the case for ABF3 30, then loss of 246 

interaction between ECIP1 and 14-3-3 will result in enhanced ethylene signaling. So, 247 

this warrants further investigation. 248 

 249 

Figure 4. Grouping of identified target proteins according to functional categories. Pie 250 

chart of all 117 identified target proteins grouped according to functional categories (Table 251 

S1). 252 

Moreover, a comparison of the klun interactome at sufficient Fe with that of Wt 253 

shows that over 90% of all identified interactors are present in both the Wt and klun 254 

pull-down. However, there are significant quantitative differences and a few proteins 255 

are even absent in the pull-down from either of the two genotypes (Table 2). The klun 256 

interactome lacks 7 proteins of the Wt interactome and vice versa the Wt interactome 257 



lacks 4 proteins of the klun interactome. Moreover, 17 proteins are 3- to 4-fold enriched 258 

in the klun interactome as compared to Wt, whereas only 3 proteins are enriched in the 259 

Wt interactome as compared to klun. So, the absence of the four 14-3-3 isoforms in the 260 

klun mutant has a clear impact on the 14-3-3 interactome and it is noteworthy that many 261 

proteins are enriched in the klun interactome, what cannot be the result of a loss of in 262 

vivo phosphorylation in the absence of the four 14-3-3 proteins, as discussed above. It 263 

is difficult to predict how the absence of four 14-3-3 proteins, as is the case in the klun 264 

mutant, will affect the interactome. On the one hand, it may reduce in vitro interaction 265 

because in vivo binding of 14-3-3 proteins to a phosphorylated motif in target proteins 266 

enhances the in vivo level of phosphorylation as the site is then protected from 267 

dephosphorylation by phosphatases. On the other hand, the absence of 14-3-3s may 268 

result in more target protein in the pull-down because 14-3-3 can act as repressors of 269 

transcription factors or kinases. An example of the latter is the suppression of SOS2 270 

activity by 14-3-3 binding 31 271 

 272 

Figure 5. Model depicting the effect of Fe deficiency on 14-3-3 interacting proteins 273 

with a role in ethylene biosynthesis and glycolysis. Fe deficiency induces ethylene 274 

production by up-regulating SAMS, ACS and ACO genes (in red); Fe deficiency increases 275 

the activity of GAPDH (in red) and down-regulates the phosphorylation level of CINV1 276 

(in blue) in glycolysis pathway. Green symbol indicates the relationship is not clear 277 

between Fe deficiency and G6PD and HK. 14-3-3 proteins regulate the activity of many 278 

enzymes in these pathways through direct or indirect interaction. SAMS, S-adenosyl 279 

metionine synthetase; ACS, ACC synthase; ACO, ACC oxidase; ETO, ethylene-280 

overproducer; CINV1, alkaline invertase1; HK, hexokinase; GAPDH, glyceraldehyde- 281 

phosphate dehydrogenase; G6PD, Glucose-6-phosphate 1-dehydrogenase. 282 



DISCUSSION 283 

14-3-3 Proteins regulate the activities of a wide array of targets via direct protein–284 

protein interactions and play a crucial role in many metabolic pathways 32. Several 285 

studies have implied that 14-3-3 proteins have crucial roles in Fe deficiency 4,11,12. In a 286 

detailed microarray analysis, a member of 14-3-3 epsilon group, GRF11 (14-3-3 287 

Omicron) was significantly induced in the root elongation and maturation zone after 288 

subjecting plants to Fe deficiency for 24 h 33. In addition, loss of function of GRF11 289 

resulted in the failure of acidification and ferric chelate reductase (FCR) induction, and 290 

thus decreased Fe uptake. Moreover, expression of IRT1, FRO2, and AHA2, were 291 

repressed in the grf11 mutant both under Fe-deficient and under Fe-sufficient 292 

conditions 4. However, another two 14-3-3 isoforms, GRF9 (14-3-3 Mu, Epsilon group 293 

member) and GRF1 (14-3-3 Chi, non-Epsilon group member) did not show a noticeable 294 

difference in expression in a Northern analyses in Arabidopsis under iron deficiency 16. 295 

Previous quantitative proteomics 11,12 as well as a phosphoproteomics 13 studies towards 296 

Fe deficiency suggested that some 14-3-3 putative targets, such as Fructose-297 

bisphosphate aldolase, Glucose-6-phosphate, cytosolic alkaline invertase 1 (CINV1), 298 

Nitrate reductase and H+-ATPase were induced to change by Fe deficiency in 299 

Arabidopsis roots. Interestingly, transcripts of the protein elongation factor eIF5A, 300 

another putative 14-3-3 target, are also preferentially translated upon Fe deficiency, 301 

suggesting upstream regulatory factors 11. In this study, we compared the physiological 302 

responses to Fe deficiency of Wt and three 14-3-3 quadruple mutant lines (klpc, klun 303 

and unpc), which were generated by crossing two double mutants: kl*pc, kl*un and 304 

un*pc. Next, we conducted a qAP-MS to analyze the 14-3-3 interactomes of roots in 305 

response to Fe deficiency (Wt, -Fe/+Fe) and in the klun mutant compared to Wt 306 

(Wt/klun, +Fe).  307 

Fe deficiency is a major nutritional disorder that causes decreases in vegetative 308 

growth and marked yield and quality losses34. In this study, the 14-3-3 qKOs performed 309 

distinctly in response to long-term Fe deficiency at physiological levels. We found that 310 

klpc showed a significant growth reduction of both shoot and root at 2 µM Fe, whereat 311 

unpc showed the strongest growth reduction of shoot and root at 0 µM Fe (Figure S1). 312 

In addition, the Fe deficiency caused a much higher IUE (Iron Use Efficiency) of Wt 313 

shoot and root than that of the 14-3-3 mutants, what points to a more efficient use of 314 

available Fe in the Wt plants and thus to a role for 14-3-3 proteins in Fe-translocation 315 



and/or use after uptake from the medium. The uptake of Fe by klpc and klun is clearly 316 

better than that of Wt, the use of Fe by Wt plants to sustain growth is better at the lowest 317 

medium Fe concentrations. A previous study has observed that the six 14-3-3 genes 318 

studied in this research have isoform specificity and redundancy in primary root growth 319 

and root cell elongation under various abiotic stresses 18. According to our data, the 320 

mutant plants that combine kl with un (klun) or kl with pc (klpc) mutations showed a 321 

better Fe uptake than Wt plants at low medium Fe, while this phenotype was absent in 322 

unpc mutant. This indicated that the combination of kappa and lambda present isoform 323 

specificity amongst the 14-3-3 genes tested. Whether there is redundancy between the 324 

kappa and lambda requires further tested by analyzing the triple, double and single 325 

mutants. 326 

H+-ATPases (AHA2), FIT, FRO2 and IRT1 together mediate Fe deficiency 327 

induced medium acidification and Fe uptake in Strategy I plants. Fe deficiency induces 328 

FIT expression and FIT regulates the expression of AHA2, FRO2 and IRT 35-37. 329 

Recently, 14-3-3 OMICRON (GRF11) was shown to act downstream of NO and further 330 

regulate FIT expression 4. In this study, the expression of 14-3-3 OMICRON, FIT, 331 

FRO2 and IRT1 were all induced by Fe deficiency, and their expression levels were 332 

significantly higher in the klun line than in Wt plants under Fe deficiency (Fig. 3). This 333 

suggests that somehow the KLUN proteins act as negative regulators of gene expression 334 

when the plants are Fe-starved. Moreover, in the klpc line the expression level of 14-3-335 

3 OMICRON was not affected by Fe deficiency, accordingly FIT and FRO2 also failed 336 

to respond to Fe deficiency. Furthermore, a concurrent increase in the transcript levels 337 

of FIT and FRO2 with higher expression of 14-3-3 OMICRON in klpc under Fe-338 

sufficient condition was also observed. Functional redundancy and isoform specificity 339 

associated with different mineral nutrients has been observed for 14-3-3 proteins. For 340 

example, P, K or Fe deprivation induced differential regulation of the genes encoding 341 

different isoforms of 14-3-3s in tomato roots 16,23. So far, 14-3-3 OMICRON was the 342 

only 14-3-3 isoform reported to show different expression on Fe deficiency 4,33,36,38,39. 343 

Van Kleeff et al. have demonstrated that phenotypic differences are consistent with 344 

isoform-specific functions and potential antagonistic functions between higher order 345 

Arabidopsis 14-3-3 mutants under abiotic stress conditions 18. Although we observed 346 

that the 14-3-3 qKOs affected the expression of Fe deficiency induced genes, it remains 347 



a question whether this regulation is affected directly by the mutations or indirectly by 348 

the 14-3-3 OMICRON taking over other’s function (redundancy).  349 

Recently, high-throughput "omics" analyses have been applied in iron deficiency 350 

studies and have provided a network of Fe deficiency adaptation mechanisms at the 351 

transcriptional, metabolic and protein level 11,13,40,41. López-Millán et al. reviewed the 352 

common changes in the root proteome induced by Fe deficiency among different 353 

species 28, and stated that the increases in glycolysis and TCA cycle enzymes upon Fe 354 

deficiency were common amongst different species. For instance, fructose 1,6-355 

bisphosphate aldolase and enolase were increased in three of the five plant species and 356 

catalase-2 was decreased in P.persica and S. lycopersicum upon Fe deficiency. In 357 

addition, Fe deficiency may cause changes in post-translational modifications as well. 358 

Several protein kinases (e.g. MPK3/MPK6) accumulatedifferentially upon Fe-deficient 359 

plants, what suggests that alterations in protein phosphorylation induced by Fe-360 

deficiency are involved in Fe homeostasis42. A quantitative analysis of Fe deficiency-361 

induced changes in the phospho-proteome profile of Arabidopsis roots showed that Fe 362 

deficiency induces changes in the phosphorylation of 45 proteins, with a suggested role 363 

in auxin homeostasis, RNA metabolism, carbohydrate flow, nitrate assimilation/amino 364 

acid synthesis and transport processes at the plasma membrane 13. In this study, we 365 

applied quantitative affinity-purification mass spectrometry (qAP-MS) proteomics to 366 

analyze how the 14-3-3 interactome changes upon Fe deficiency. It must be noted that 367 

proteins found in the 14-3-3s affinity purification include not only primary or direct 14-368 

3-3 targets but also secondary or indirect targets as members of multi protein complexes 369 

containing 14-3-3s. In total, almost 117 proteins were identified in our pull-down assays. 370 

Of these, a number have been identified and characterized as 14-3-3 binding targets in 371 

vivo or in vitro, such as EIF4A 43, FoF1-synthase44, V-ATPase 45, CINV1 46 and CPK3 372 

3. Moreover, a comparison of our protein list with previous proteomics studies, revealed 373 

that 24 proteins have been identified in other 14-3-3s interactome studies, such as 374 

fructose-bisphosphate aldolase 17,26, MAT3  17, TUA4/TUA2  26, CINV1  7,25, 375 

ATMS1  7,26 and beta-fructofuranosidase invertase 7. In addition, 8 of them were also 376 

reported as Fe-responsive proteins, including a fructose-bisphosphate aldolase, two 377 

cytosolic invertases, a 5-methyltetrahydropteroyltriglutamate-homocysteine 378 

methyltransferase, an S-adenosylmethionine synthase, a Germin-like protein and two 379 

Tubulins 11,28,47 (Table S1). An analysis of the interaction network of all identified 380 



proteins using the STRING system (http://string.embl.de) shows that 46 of these can be 381 

assigned to protein complexes or functional networks (Table S2): mitochondrial FoF1-382 

synthase, the vacuolar V-ATPase, elongation factors, chaperones, Cysteine/methionine 383 

synthesis and glycolysis/TCA cycle.  384 

Since most proteins were found with high abundance in all pull-down experiments, 385 

it is difficult to directly assess the dynamic response of 14-3-3 interactions to Fe 386 

deficiency. Thus, quantitative analysis of the identified 14-3-3 clients is essential to 387 

reveal responses to Fe deficiency. Changes in 14-3-3 interaction may be due to changes 388 

in protein abundance and protein phosphorylation: events that were shown to be crucial 389 

for the Fe deficiency response 11,13. Thus, changes of interaction with 14-3-3s can have 390 

two causes: 1) Fe deficiency regulates the expression of 14-3-3 targets, like that of FIT 391 

4 and fructose-bisphosphate aldolase 11 and 2) the phosphorylation level of 14-3-3 392 

binding targets is different under Fe-deficient conditions, as reported for CINV1, 393 

AHA1 and MAPKKK 13.  394 

By comparing the normalized iBAQ, we found that 28 and 18 proteins were 395 

significantly changed in the 14-3-3 interactome of Wt and klun upon Fe deficiency 396 

treatment, respectively (Table 1). Moreover, a comparison of the Wt and klun 397 

interactome of Fe sufficient roots showed a quantitative or absolute difference in the 398 

interaction of 32 proteins (Table 2). So, the 14-3-3 interactome is clearly affected by Fe 399 

deficiency (Wt, -/+Fe) as well as by the absence of four 14-3-3 isoforms (Wt/klun, +Fe). 400 

The observed changes are mainly in proteins with a function in carbohydrate and energy 401 

metabolism and cysteine/methionine synthesis and we will therefore limit our 402 

discussion to these pathways. An increase in NADH+ ATP production by activation of 403 

the glycolytic pathway and mitochondrial respiration can provide the reducing 404 

equivalents to keep the Fe (III) reductase working and fuel the plasma membrane 405 

ATPase: processes that are essential for the Fe-uptake mechanism in iron-deficient 406 

roots 48. Cysteine/methionine synthesis is important in the Fe deficiency response as it 407 

provides the precursors for ethylene and nicotianamine (NA), an important chelator 408 

with a crucial function role in Fe homeostasis and transport 49. 409 

14-3-3 proteins are involved in carbon and nitrogen metabolism by interacting with 410 

nitrate reductase (NR) and sucrose phosphate synthase (SPS), which are the more 411 

extensively characterized 14-3-3 target proteins 50. In this study, changes of protein 412 



abundance in carbohydrate and energy metabolism enzymes upon Fe deficiency are 413 

consistently identified among different proteomics studies 28. Moreover, alterations in 414 

protein phosphorylation patterns induced by Fe deficiency are likely to be associated 415 

with primary carbohydrate metabolism 13. Increases in the activities and concentrations 416 

of enzymes such as fructose 1,6-bisphosphate aldolase, enolase, triosephosphate 417 

isomerase and GAPDH have been observed in Fe-deficient root extracts in many 418 

studies 28,51,52. Our results show that enzymes involved in sugar metabolism, glycolysis 419 

and TCA cycle are 14-3-3 targets (Table S2). The interactions with these proteins in 420 

Wt were responsive to Fe deficiency (Table 1): both increased interaction (FBA8, 421 

GAPCP-1) and decreased interaction (G6PD3, CINV2) was observed. The klun mutant 422 

showed higher levels of interaction of GAPC1 and GAPC2 and a loss of CINV2 423 

interaction at Fe sufficient condition as compared to Wt (Table 2). These results warrant 424 

a functional analysis of how 14-3-3 affects the activity of the glycolytic/TCA enzymes, 425 

as nothing is known about that so far. In our previous study, the CINV1 activity was 426 

shown to be positively regulated by 14-3-3 proteins 46. Here, CINV1 did not show 427 

different binding to 14-3-3s in Wt (-Fe/+Fe), but the amount of interacting CINV1 was 428 

two-fold higher in klun as compared to Wt (Table 2). The closely related CINV2 protein 429 

was found to be reduced in the Wt upon Fe deficiency. It is also noteworthy that other 430 

sugar and glycolysis related enzymes known to interact with 14-3-3s, like SPS, TPS1 431 

and F2KP 46,53-55 were not found in our study. 432 

Fe acquisition mechanisms demand reducing power and energy in the form of 433 

NADH and ATP 28 and increased mitochondrial respiration is a classical response to Fe 434 

deficiency to fuel the plasma membrane ATPases 56. We identified three subunits of the 435 

mitochondrial ATP synthase head structure (,  and ), NADH dehydrogenase and 436 

the mitochondrial-processing peptidase MPPBETA. FoF1-synthase has been reported 437 

as 14-3-3 target 44,45 and the identification of only subunits of the head-structure is in 438 

line with the evidence that the -subunit is the direct target for 14-3-3. Functionally, 439 

the mitochondrial synthase activity is reduced by interaction with 14-3-3 44 and in that 440 

respect it is surprising that in Wt, Fe deficiency enhances the interaction with the FoF1-441 

subunits and the mitochondrial processing peptidase 2- to 10-fold (Table 2). This 442 

increased interaction suggests a down-regulation of the ATP-synthase, what is contrary 443 

to the expected increase in respiration. Interaction with MPPBETA and CI51 is 444 

increased 3- to 10-fold respectively and this warrant further study of the functional 445 



consequences of 14-3-3/MPPBETA and CI51 interaction. It should be noted that the 446 

related head structure of the vacuolar V-ATPase (A, B and E1 subunits) was isolated 447 

as well, but Fe deficiency had no effect on the interaction with the V-ATPase. 448 

Enhanced ethylene production is a well described response to Fe deficiency 57. Fe 449 

deficiency induced multiple S-adenosylmethionine synthases (gene expression and 450 

protein amount) involved in S-adenosyl-Met 58 biosynthesis, an important precursor for 451 

ethylene production 11. 14-3-3s are linked to the ethylene biosynthesis by interacting 452 

with S-adenosylmethionine synthase 58, ACC synthase and 1-aminocyclopropane-1-453 

carboxylate synthase (ACS) 17,25,59,60. Here, we identified four S-adenosylmethionine 454 

synthases (SAM1, SAM2, SAM3, and MTO3) and the 5-455 

methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (ATMS1) in the 456 

14-3-3s interactome, underlining the importance of 14-3-3s in this pathway (Table S1 457 

and S2). Fe-deficiency stimulated the interaction with SAM1, but reduced the 458 

interaction with MTO3 and ATMS1 in Wt (Table 1). The interaction of these proteins 459 

in klun at sufficient Fe was comparable to that of Wt. SAM is not only a precursor for 460 

ethylene biosynthesis, but also for the production of nicotianamine (NA), a chelator 461 

important for Fe homeostasis 61. Figure 5 shows a model incorporating the role of 14-462 

3-3 in ethylene biosynthesis and glycolysis in relation to Fe deficiency adaptation. It is 463 

difficult to draw further conclusions as to the consequences of the differential responses 464 

of the SAM-synthases to Fe deficiency: clearly the SAM-synthase/14-3-3 interaction is 465 

important in the Fe adaptation response and it is of prime importance to address the 466 

question how 14-3-3s affect the SAM-synthase activities. 467 

MATERIALS AND METHODS 468 

Plant growth conditions. All plants used are in the Arabidopsis thaliana Columbia 469 

ecotype (Col-0) background. The 14-3-3 quadruple KO mutants were generated by 470 

crossing the double mutants as described in the previous study reported by van Kleeff 471 

et al 18. The mutant seeds collection and plants growth were carried out with the 472 

permission from the Vrije University Amsterdam. Experimental research using plants 473 

comply with institutional, national, or international guidelines.  474 



Plants were grown in ½ strength Hoagland solution (pH 5.8) with 20 μM Fe(III)-EDTA 475 

in a growth chamber at 14/10h day/night regime, 22/18 °C day/night temperature and a 476 

photon flux density of 170 μmol�m-2�s-1. After 22 days of germination, plant roots 477 

were washed with once with 1 mM EDTA followed by two times wash in Milli Q, 478 

before transfer to either iron-sufficient (20 μM Fe(III)-EDTA) or iron-deficient (iron 479 

omitted) culture medium for 24 hours. Then the roots were harvested and immediately 480 

cleaned with Milli Q. After that, the roots were dried on tissue paper and snap frozen 481 

in liquid nitrogen. Total roots were ground in liquid nitrogen and weighed, and stored 482 

at -80°C. The plant material was used for 14-3-3 pull-down experiments. For growth 483 

and Fe content measurement, plants of Wt and 14-3-3 qKO plants were grown in ½ 484 

strength Hoagland solution (pH 5.8) with 20 μM Fe(III)-EDTA for 14 days, then young 485 

seedlings were transplanted to a new medium supplemented with 0, 2, 5, and 20 μM 486 

Fe(III)-EDTA. Leaves and roots were harvested 12 days after Fe deficient treatment. 487 

Before harvest, the roots were washed as described above. The collected shoots and 488 

roots from two plants were pooled for each biological replicate and harvested separately 489 

and dried at 150 °C for 2 days. 490 

Analysis of the Fe content in Arabidopsis shoots and roots. Fe content in 491 

Arabidopsis leaves and roots was determined by the BPDS (bathophenanthroline disulfonic 492 

acid) method as described previously by Schmidt 62. In brief, 4 to 8 mg dried sample 493 

was well mixed in 2 mL Eppendorf tubes and heated at 95 °C in 75 µL nitric acid (65%) 494 

for 6 h. After the samples were completely digested, 50 µL of H2O2 (30%) was added, 495 

and the solution was incubated at 56 °C for 2 h. The volume was adjusted to 200 µL 496 

with sterile water. 20 µL of this solution was diluted in 980 µL of BPDS buffer (1 mM 497 

BPDS, 0.6 M sodium acetate, and 0.48 M hydroxylammonium chloride). The 498 

concentration of Fe-BPDS was measured at 535 nm. A standard curve was prepared by 499 

dilution of a stock FeSO4 solution dissolved in 0.1 M HCl.  500 



Real-time PCR assay.  Total RNA was extracted from root tissues using the 501 

NucleoSpin® RNA Plant Kit (MACHEREY-NAGEL), and first-strand cDNA was 502 

synthesized from 2 μg of total RNA using the Superscript II Kit (Invitrogen, USA) with 503 

oligo d(T)18 primers according to the manufacturer’s instructions. Quantitative RT-504 

PCR reaction contained 100 ng cDNA, 1 pmol of each primer, 2x Sybr Green PCR 505 

buffer (Bio-Rad, Hercules). The PCR conditions for the amplification of 14-3-3 506 

omicron, FIT, FRO2, IRT1, AHA2 and ubiquitin 10 were as follows: 1 min at 94 °C, 507 

followed by 30 cycles of 45 s at 94 °C, 60 s at 54 °C and 75 s at 72 °C. The PCR 508 

products were examined according the 2-∆∆CT method. Each sample was assayed three 509 

times. The relative expression was calculated against that of the internal control gene 510 

ubiquitin 10 (UBQ10). Primer pairs used for each gene are listed in Table S3.   511 

Affinity purification of 14-3-3 target proteins. Recombinant His-tagged proteins 512 

were purified as described in 46. Protein concentrations were determined by Bradford 513 

micro-assay (Bio-Rad) using BSA as a standard. Arabidopsis roots from WT and klun 514 

plants were ground in liquid nitrogen and extracted with extraction buffer (50 mM 515 

HEPES-NaOH (pH 7), 10 mM MgCl2, 1 mM Na2EDTA, 2 mM DTT, 10% ethylene 516 

glycol, 0.02% Triton, 1× protease inhibitor cocktail and 1× phosSTOP). Protein extracts 517 

were centrifuged twice at 20,000g for 15 min. To avoid the isoform specifically binding 518 

of the 14-3-3 target proteins, equal amount of four 14-3-3 isoforms (His-KAPPA, His-519 

LAMBDA, His-NU, His-UPSILON) were well mixed and then coated to 520 

PureProteomeTM Nickel magnetic Beads (Millipore) according to manufactures’ 521 

protocol. Protein extracts were collected from roots of klun and WT treated with 0 and 522 

20 μM Fe(III)-EDTA for 24 hours. After coating of 40 µg of His-14-3-3 to 100 µl nickel 523 

beads and extensive washing with binding buffer (50 mM sodium phosphate, 300 mM 524 

sodium chloride, 10 mM imidazole, pH 8), 2 mg protein extract was added to the 14-3-525 

3 beads and incubated overnight at 4 ºC. To distinguish background proteins, we 526 

performed mock pull-down with empty beads, where the extracts were incubated with 527 

beads that were not coated with His-14-3-3. Beads were extensively washed in 1 ml 528 

wash buffer containing 10 mM imidazole for 5 min and this was repeated 5 times. The 529 

bound protein complexes were eluted off from beads with 100 μl of wash buffer 530 

containing 100 mM imidazole for 20 min. The experiment was conducted three times 531 



with independent biological replicates, meaning that in the end each genotype had 6 532 

profiles. CBB-stained gel was used as the loading control (Figure S2). The affinity-533 

enriched proteins were separated on SDS-PAGE, and then characterized by LC-MS-534 

MS semi-quantitatively.  535 

In-gel digestion and LC-MS/MS analysis. LC-MS/MS Analysis and Comparative 536 

Proteomic Analysis Proteins from pull-down experiments were resolved on a one-537 

dimensional 10% SDS polyacrylamide gel. After staining with Coomassie Blue, each 538 

sample lane was divided into four pieces. Each gel slice was cut into small particles and 539 

transferred to a clean micro-centrifuge tube. For in-gel digestion, 50 % acetonitrile 540 

containing 50 mM (NH4)HCO3 was added and vortexed until the Coomassie brilliant 541 

blue was completely removed. To reduce the cysteine residues, each gel band was 542 

covered with a 10 mM DTT solution prepared in 50 mM (NH4)HCO3 for 60 min at 543 

56 °C. The DTT solution was removed, and the excised bands were incubated with 55 544 

mM iodoacetamide prepared in 50 mM (NH4)HCO3 for 40 min in the dark. The 545 

iodoacetamide solution was then removed. After washing the gel particles three times 546 

with 50 mM (NH4)HCO3 for 10 min, dehydration was performed with 100% 547 

acetonitrile for 10 min. The gel particles were then vacuum-dried for 20 min and 548 

rehydrated with 12.5 μg/μL trypsin (Promega) in 50 mM (NH4)HCO3 buffer. Digestion 549 

was performed by incubation at 37 °C overnight. Following digestion, tryptic peptides 550 

were extracted with 100 μl of 50 % acetonitrile/1 % acetic acid for 20 min. The tryptic 551 

peptides were dried with speed-vac, re-dissolved in 40 μl 0.1% acetic acid and subjected 552 

to LC-MS/MS analysis as described by Chen et al (Chen, van der Schors et al. 2011). 553 

In short, 20 μL peptides were loaded on a 5 mm Pepmap 100 C18 (Dionex) column 554 

(300 μm ID, 5μm particle size) and separated on a 200 mm Alltima C18 homemade 555 

column (100 μm ID, 3μm particle size) with an Eksigent HPLC system, using a linear 556 

gradient of increasing acetonitrile concentration from 5% to 35% in 45 min, and to 90% 557 

in 5 min. The flow rate was 400 nL/min. The eluted peptides were electro-sprayed into 558 

the LTQ-Orbitrap discovery. The mass spectrometer was operated in a data dependent 559 



manner with one MS (m/z range from 330 to 2000) followed by MS-MS on five most 560 

abundant ions. The exclusion window was 25 sec. MS/MS spectra were searched 561 

against an IPI Arabidopsis database (ipi.ARATH.v3.85) with the ProteinPilotTM 562 

software (version 3.0; Applied Biosystems, Foster City, CA, USA; MDS Sciex) using 563 

the Paragon algorithm (version 3.0.0.0) as the search engine. The search parameters 564 

were set to cysteine alkylation with acrylamide, and digestion with trypsin. Detected 565 

protein threshold was set in protein summary to 0.5 achieving a 20% confidence. In this 566 

experiment, we included the unused values generated from the software ProteinPilot24. 567 

The ‘unused’ value is defined as a summation of protein scores from all the non-568 

redundant peptides matched to a single protein. Peptides with confidence of >99% have 569 

a protein score of 2; >95% have a protein score of 1.3, >66% have a protein score of 570 

0.47, etc. The mass spectrometric data was searched against the Uniprot proteomics 571 

database (version 2013-01-06) with the Max-Quant software (version 1.3.0.5) to obtain 572 

peptides and proteins identified in each experiment. The search parameters were: MS 573 

accuracy 6 ppm, MS-MS accuracy 0.5 Da, fixed modification of cysteine alkyation with 574 

acrylamide, variable modification of methionine oxidation and protein N-terminal 575 

acetylation, digestion with trypsin, protein hits containing at least one unique peptide, 576 

and false discovery rates of both peptides and proteins within 0.01.  577 

Data analysis. To increase the data quality, we removed the low confident interacting 578 

proteins from the protein list. First, contaminant proteins like keratin and trypsin were 579 

removed from this results file. Second, considering the reproducibility of the pull-down 580 

experiment, we excluded proteins that were identified only once in all replicates. False 581 

positives were removed from the bait-prey matrix by comparing the abundance of 582 

proteins identified in each pull-down against their abundance in the matching empty 583 

bead controls, in which the true positive bait-prey interactions should be >10-fold 584 

enriched in the APs. Also, the four bait proteins were excluded from the list. 585 

Intensity-based absolute quantification (iBAQ) values were calculated in the Max-586 

Quant suite as previously described 63,64. The protein abundance was calculated on the 587 

basis of the normalized iBAQ intensity. For short, quantifiable proteins in the analysis 588 

defined as those identified in at least two of the three biological replicates in at least 589 



one type of sample. Missing values were imputed using row mean imputation. The 590 

relative protein intensities were calculated as the ratio of their intensity to the bait 591 

proteins in that run. The relative protein intensities for each pull-down experiment were 592 

combined in a matrix, and false positives were removed the proteins identified in the 593 

background. The minimum two requirements for the differentially expressed proteins 594 

are: (i) identification of a protein with unused value >2; (ii) the fold change of protein 595 

quantities protein quantities in Fe-deficient treated samples against Fe-sufficient 596 

samples with more or less than 1.5 times with significant difference Student’s t-test P-597 

value <0.05).  598 
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 828 

Figure legends 829 

Figure 1. Growth performance of Wt and 14-3-3 qKOs under different Fe deficiency 830 

treatment. After two weeks of growth on ½ strength Hoagland solution, plants were grown 831 

for an additional 12 days at 0, 2, 5 and 20 μM (= sufficient) Fe. Fresh weight of roots (A), 832 

shoots (B) were measured from Wt and 14-3-3 qKOs plants. Each bar represents the mean 833 

of 10 biological replicates. The line above each bar is the SE. Means with different 834 

superscripts are significantly different at P<0.05, by two-way ANOVA followed by 835 

Bonferroni’s post hoc test. 836 



Figure 2. Fe content of shoots and roots of WT and 14-3-3 qKOs plants. After two 837 

weeks of growth on ½ strength Hoagland solution, plants were grown for an additional 12 838 

days at 0, 2, 5 and 20 μM (= sufficient) Fe. Shoots and roots were harvested, weighed and 839 

pooled per two for the Fe-determination. A and B, Fe-content of roots and shoots; C and D, 840 

Iron Use Efficiency (IUE) of roots and shoots. Each bar represents a mean of observations 841 

in 5 biological replicates, ± SE. Averages with different superscripts are significantly 842 

different at P<0.05, by two-way ANOVA followed by Bonferroni’s post hoc test. 843 

Figure 3. Expression analysis of 14-3-3 Omicron, FIT, FRO, IRT and AHA2 in Wt 844 

and 14-3-3 qKO lines grown with (plus) and without (minus) Fe. A. thaliana seedlings 845 

were grown in +Fe medium for 22 days and then transferred to nutrient medium with or 846 

without Fe for 24 hours. Expression levels were normalized to ubiquitin 10 (UBQ10) and 847 

then to the value of each gene from the Wt under Fe-sufficient conditions. Values are means 848 

± SD (n = 3). +, significant change vs +Fe；*, significant change vs WT + Fe at P <0.05 849 

(one-way-ANOVA).  850 

Figure 4. Grouping of identified target proteins according to functional categories. Pie 851 

chart of all 117 identified target proteins grouped according to functional categories (Table 852 

S1). 853 

Figure 5. Model depicting the effect of Fe deficiency on 14-3-3 interacting proteins 854 

with a role in ethylene biosynthesis and glycolysis. Fe deficiency induces ethylene 855 

production by up-regulating SAMS, ACS and ACO genes (in red); Fe deficiency increases 856 

the activity of GAPDH (in red) and down-regulates the phosphorylation level of CINV1 857 

(in blue) in glycolysis pathway. Green symbol indicates the relationship is not clear 858 

between Fe deficiency and G6PD and HK. 14-3-3 proteins regulate the activity of many 859 

enzymes in these pathways through direct or indirect interaction. SAMS, S-adenosyl 860 

metionine synthetase; ACS, ACC synthase; ACO, ACC oxidase; ETO, ethylene-861 

overproducer; CINV1, alkaline invertase1; HK, hexokinase; GAPDH, glyceraldehyde- 862 

phosphate dehydrogenase; G6PD, Glucose-6-phosphate 1-dehydrogenase. 863 



Table 1. 14-3-3 Interactome changes in Wt and klun roots induced by Fe-deficiency. 864 

Interacting proteins were classified as Fe responsive when the ratio -Fe/+Fe was higher 865 

than 1.5 (increase in binding) or lower than 0.66 (decrease in binding) with a 95% 866 

confidence level (P<0.05, Students’s t-test). Ratios were calculated from three biological 867 

replicates. Interactors are ranked according to functional categories. A ratio of zero implies 868 

that a protein found in the +Fe treatment was lost in the -Fe treatment.  869 

Table 2. 14-3-3 Interactome differences between Wt and klun roots grown with 870 

sufficient Fe. Proteins with a ratio >1.5 are more abundant in the pull-down from Wt roots 871 

as compared to klun, whereas proteins with a ratio <0.66 are more abundant in the pull-872 

down from klun roots as compared to Wt. Ratios were calculated from three biological 873 

replicates and only proteins with significant ratio difference are shown (P<0.05, Students’s 874 

t-test).  875 



Figures

Figure 1

Growth performance of Wt and 14-3-3 qKOs under different Fe de�ciency treatment. After two weeks of
growth on ½ strength Hoagland solution, plants were grown for an additional 12 days at 0, 2, 5 and 20
μM (= su�cient) Fe. Fresh weight of roots (A), shoots (B) were measured from Wt and 14-3-3 qKOs
plants. Each bar represents the mean of 10 biological replicates. The line above each bar is the SE.
Means with different superscripts are signi�cantly different at P<0.05, by two-way ANOVA followed by
Bonferroni’s post hoc test.



Figure 2

Fe content of shoots and roots of WT and 14-3-3 qKOs plants. After two weeks of growth on ½ strength
Hoagland solution, plants were grown for an additional 12 days at 0, 2, 5 and 20 μM (= su�cient) Fe.
Shoots and roots were harvested, weighed and pooled per two for the Fe-determination. A and B, Fe-
content of roots and shoots; C and D, Iron Use E�ciency (IUE) of roots and shoots. Each bar represents a
mean of observations in 5 biological replicates, ± SE. Averages with different superscripts are
signi�cantly different at P<0.05, by two-way ANOVA followed by Bonferroni’s post hoc test.



Figure 3

Expression analysis of 14-3-3 Omicron, FIT, FRO, IRT and AHA2 in Wt and 14-3-3 qKO lines grown with
(plus) and without (minus) Fe. A. thaliana seedlings were grown in +Fe medium for 22 days and then
transferred to nutrient medium with or without Fe for 24 hours. Expression levels were normalized to
ubiquitin 10 (UBQ10) and then to the value of each gene from the Wt under Fe-su�cient conditions.
Values are means ± SD (n = 3). +, signi�cant change vs +Fe*, signi�cant change vs WT + Fe at P <0.05
(one-way-ANOVA).

Figure 4

Grouping of identi�ed target proteins according to functional categories. Pie chart of all 117 identi�ed
target proteins grouped according to functional categories (Table S1).



Figure 5

Model depicting the effect of Fe de�ciency on 14-3-3 interacting proteins with a role in ethylene
biosynthesis and glycolysis. Fe de�ciency induces ethylene production by up-regulating SAMS, ACS and
ACO genes (in red); Fe de�ciency increases the activity of GAPDH (in red) and down-regulates the
phosphorylation level of CINV1 (in blue) in glycolysis pathway. Green symbol indicates the relationship is
not clear between Fe de�ciency and G6PD and HK. 14-3-3 proteins regulate the activity of many enzymes
in these pathways through direct or indirect interaction. SAMS, S-adenosyl metionine synthetase; ACS,
ACC synthase; ACO, ACC oxidase; ETO, ethylene281 overproducer; CINV1, alkaline invertase1; HK,
hexokinase; GAPDH, glyceraldehyde282 phosphate dehydrogenase; G6PD, Glucose-6-phosphate 1-
dehydrogenase.
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