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20 Abstract

21 Iron (Fe) and copper (Cu) are essential micronutrients for energy metabolism and reactive oxygen 

22 species (ROS) scavenging. Some Cu-containing proteins can be substituted with Fe-containing proteins, 

23 and vice versa, while several Arabidopsis genes are regulated by both metals. Few details of how plants 

24 coordinate Fe-Cu crosstalk are known. Gene expression was measured in roots and rosettes of Fe, Cu, 

25 and simultaneously Fe and Cu deficient WT and a mutant of the Cu-uptake transcription factor SPL7. The 

26 spl7 mutant accumulated excess Fe in normal conditions, and lower Fe supply rescued the growth 

27 phenotype and normalized Fe:Cu ratios. Most Fe regulated genes were expressed similarly in WT and 

28 spl7, although at higher fold-change levels in spl7 mutants. Expression patterns indicated that both SPL7 

29 and the FIT Fe uptake transcription factor influenced expression of many key Fe uptake genes. Most 

30 notably, the newly discovered IMA/FEP genes and the subgroup Ib bHLH genes, which are upstream of 

31 Fe uptake responses, were repressed in WT under Cu deficiency. Several AP2/ethylene response factor 

32 (AP2/ERF) genes and other redox homeostasis network genes were derepressed in spl7 mutants. 

33 Together, we present new information about Fe-Cu crosstalk in plants that could be applied for 

34 developing abiotic stress tolerant crops.

35

36 Significance to metallomics: These results give new insights into iron-copper crosstalk mechanisms in 

37 roots and leaves of plants, and show that many metal and redox homeostasis genes are under control of 

38 both iron and copper master regulators.

39
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40

41 Introduction

42 Iron (Fe) and copper (Cu) are essential trace metals that are required by plants for several 

43 aspects of redox chemistry.  These metals form the active sites in numerous proteins involved in various 

44 processes, such as mitochondrial respiration, photosynthesis, ethylene perception, reactive oxygen 

45 species (ROS) protection, and other metabolic reactions 1-5. For some metabolic functions, organisms 

46 may alternatively use Fe-containing proteins or Cu-containing proteins to catalyze biochemical 

47 reactions, depending on the bioavailability of each metal 4. For example, some Fe-containing superoxide 

48 dismutases (FeSODs) can perform the same functions as some Cu-containing SODs (CuSODs), although 

49 they are products of different genes 3, 6-8.  

50 Mineral deficiency or excess mineral supply can perturb normal physiology and metabolism in 

51 plants, resulting in abiotic stress and necessitating adjustments to mineral uptake. Both Fe and Cu 

52 uptake are largely controlled by transcriptional regulation. Fe homeostasis in Arabidopsis thaliana 

53 depends on the FIT gene 9, which is induced by Fe deficiency and encodes a bHLH family transcription 

54 factor. The FIT protein forms heterodimers with one of the subgroup-Ib bHLH proteins (bHLH38, 

55 bHLH39, bHLH100, bHLH101) 10, 11 and this heterodimer regulates the expression of a suite of Fe-

56 regulated genes in roots. These genes include FRO2, which encodes a primary root ferric-chelate 

57 reductase gene 12, and IRT1, which encodes a root iron transporter 13, 14. While FIT expression is limited 

58 to roots, the subgroup-Ib bHLH genes are also expressed in rosettes, where they are upregulated by Fe 

59 deficiency 15. Cu homeostasis in Arabidopsis depends on the SPL7 gene 16, 17, which is constitutively 

60 expressed and encodes a transcription factor that binds GTAC elements of promoters during Cu 

61 deficiency to activate expression of Cu-regulated genes. Included in the SPL7 regulon are Cu2+ 

62 reductases FRO4 and FRO5 16, and the high-affinity Cu-transporter COPT2, which is involved in Cu uptake 

63 and Cu redistribution processes 18. 
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64 To cope with environmental stress due to deficiency or excess of nutrients, plants have crosstalk 

65 mechanisms to co-ordinate the uptake, chelation, transport, or regulatory mechanisms to maintain 

66 homeostasis.  Cu deficiency can upregulate ferric-chelate reductase activity in roots 19-21, and 

67 simultaneous Fe and Cu deficiencies resulted in synergistic upregulation of Fe deficiency responses 22. In 

68 addition to being regulated by Fe or Cu deficiencies individually, several metal homeostasis genes are 

69 responsive to both Fe and Cu deficiencies, such as COPT2, ZIP2, and the ferric-chelate reductase FRO3 15, 

70 23-27. These results indicate that there is crosstalk between Fe and Cu homeostasis within plants, 

71 however, a full catalog of genes that are regulated by Fe-Cu cross-talk and a clear picture of which genes 

72 are necessary for Fe-Cu crosstalk are not well-defined.

73 Some mechanisms of certain aspects Fe-Cu crosstalk have been described. Several Cu 

74 responsive genes and/or genes encoding Cu-containing proteins had altered expression under Fe 

75 deficiency in roots and rosettes of Arabidopsis thaliana 15, 25.  Additionally, Cu-responsive microRNAs 

76 (miRNAs) miR397 and miR398 changed in abundance under Fe deficiency 15.  Several mRNA targets of 

77 miRNA398, such as the Cu,Zn superoxide dismutases CSD1 and CSD2, had increased abundance under Fe 

78 deficiency.  The miR398s are upregulated under low Cu levels by SPL7 17, 28, as is the Fe-SOD FSD1.  The 

79 presence of miR398 results in degradation of CSDs. In Fe deficient Arabidopsis thaliana, miR398 

80 abundance and expression of FSD1 and FSD2 decreased in rosettes, while expression of CSD1 and CSD2 

81 increased 15. These Fe-Cu crosstalk results suggested that a specific role for accumulation of Cu under Fe 

82 deficiency is for replacement of FeSOD proteins with CuSOD proteins, and inability to make this switch 

83 resulted in decreased ability to counteract ROS. Indeed, Cu concentrations were higher in Fe deficient 

84 leaves 15, 19, 21, 29.  Furthermore, under Fe deficiency, Cu accumulated in the rosettes of Arabidopsis prior 

85 to upregulation of Fe uptake genes 15, 25, suggesting that Cu uptake, in this growth condition, was 

86 regulated by Fe, but did not use the normal Fe uptake system. However, it remains unclear which genes 

87 may be responsible for Fe-deficiency stimulated Cu uptake. In a further example of Fe-Cu crosstalk, the 

Page 4 of 46Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

88 melon (Cucumis melo) iron uptake defective fefe mutant, with a lesion in a homolog of Arabidopsis 

89 bHLH38 30, can be rescued by growing the mutant plants under Cu deficiency, which stimulates Fe 

90 accumulation in the plants 31. 

91 Ethylene production under Fe-deficiency is a well-known physiological response 32, 33 that at 

92 least partially regulates Fe uptake responses 34-36. The ETHYLENE RESPONSE FACTOR (ERF) transcription 

93 factors contain AP2 domains and can act as activators or repressors of ethylene-responsive genes 37-39. 

94 Most ERFs participate in ethylene-activated signaling pathways and intracellular signal transduction 

95 downstream of EIN3 and EIL1. The AP2/ERF family in Arabidopsis comprises 122 members in 12 groups. 

96 The biological functions of the majority of these genes are unknown, but many of the AP2/ERF genes 

97 that have been studied are involved in plant responses to abiotic stresses such as drought, cold, heat, 

98 salt, and hypoxia 40. Arabidopsis ERF4 and ERF72 knockouts are less sensitive to Fe deficiency-induced 

99 chlorosis and have higher Fe uptake gene expression, suggesting that they are negative regulators of Fe 

100 responses 41, 42. However, if or how other ERF genes are involved in Fe or Cu homeostasis is still unclear. 

101 The overall purpose of this study was to increase our understanding of Fe-Cu crosstalk 

102 mechanisms by examining gene expression patterns and networks in Arabidopsis roots and rosettes 

103 treated with Fe deficiency, Cu deficiency, and simultaneous Fe and Cu deficiency. We test the hypothesis 

104 that Cu uptake is stimulated by Fe deficiency separately from Fe uptake, and is independent of normal 

105 Cu uptake mechanisms by using spl7 mutants that lack normal Cu uptake gene expression. Our results 

106 suggest that Fe-deficiency-stimulated Cu uptake is SPL7 independent, and also provide valuable insights 

107 into molecular genetic components associated with Fe-Cu crosstalk.

108
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109 Materials and methods

110 Plant material and growing conditions

111 Seeds of Arabidopsis thaliana ecotype Col-0 and mutant spl7 (SALK_109908c), irt1 

112 (SALK_054554c) and fro2 (SALK_201379c) were obtained from the Arabidopsis Biological Resource 

113 Center (The Ohio State University). Seeds were imbibed in 0.1% agar at 4°C for 3d. Seeds were planted 

114 onto rockwool that was loosely packed into 1.5 ml centrifuge tubes with the bottoms removed. The 

115 tubes were inserted in lids of containers of nutrient solution, composed of: 0.8 mM KNO3, 0.4 mM 

116 Ca(NO3)2, 0.3 mM NH4H2PO4, 0.2 mM MgSO4, 25 μM Fe(III)-EDDHA, 25 μM CaCl2, 25 μM H3BO3, 2 μM 

117 MnCl2, 2 μM ZnSO4, 0.5 μM CuSO4, 0.5 μM Na2MoO4, and 1 mM MES buffer (pH 5.5). Lighting was 

118 provided at a photoperiod of 16 h of 150 μmol m-2 s-1, 4100K fluorescent light. After 10 d, seedlings were 

119 transferred to containers (4 plants per container) containing 0.75 liters of the same composition 

120 nutrient solution with constant aeration for an additional 14 d before plants were transferred to 

121 treatments. The pretreatment conditions for growing Col-0, spl7, irt1 and fro2 was 25 μM Fe and 0.1 μM 

122 Cu, and an additional ‘rescue’ pretreatment for spl7 (which allowed spl7 mutant plants to grow 

123 normally) was 25 μM Fe and 2.5 μM Cu. Pretreated plants were transferred to hydroponic media with 

124 25 μM Fe or without Fe for 3 days, to test for alteration in rosette Cu concentration. In the spl7 RNA-seq 

125 experiment, the plants were transferred from pretreatments into four treatments [25 μM Fe, 0.5 μM Cu 

126 (control); 25 μM Fe, 0 Cu (-Cu); 0 Fe, 0.5 μM Cu (-Fe); 0 Fe, 0 Cu (-Fe/-Cu)] for 3 days. The remaining 

127 mineral nutrients were at the same concentrations as described above. Three representative biological 

128 replicates of rosettes and roots were collected after 3 d of treatments and flash frozen in liquid nitrogen 

129 and stored at -80°C until use for further analysis. 

130
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131 Mineral analysis

132 Rosettes were dried at 60°C for at least 72 h before determining dry weight. Samples were 

133 digested with 3 ml of concentrated HNO3 (VWR, West Chester, PA, USA, Trace metal grade) at room 

134 temperature overnight then at 100° C for 1.5 h, followed by addition of 2 ml of 30% H2O2 (Fisher 

135 Scientific, Fair Lawn, NJ, USA) and digestion for 1 h at 125° C, and finally heating the samples to dryness 

136 at 150° C. Dried samples were then resuspended in 3 ml of 1% HNO3. Fe and Cu concentrations were 

137 determined by inductively coupled plasma-mass spectrometry (ICP-MS) at the University of Nebraska 

138 Redox Biology Spectroscopy and Biophysics Core.   

139

140 Next generation RNA sequencing 

141 Total RNA was isolated from roots and rosettes using the Plant RNeasy kit (Qiagen, Hilden, 

142 Germany). RNA quality and concentration was determined by UV spectrophotometry and by Agilent 

143 Bioanalyzer. RNA-sequencing was performed using an Illumina HiSeq 2000 instrument at the University 

144 of Nebraska Medical Center Next Generation Sequencing Core Facility. Barcoded libraries were 

145 constructed from 3 μg of root and rosette total RNA, with three biological replicate libraries per 

146 treatment. Replicates were run in separate lanes, with a total of six samples from different treatments 

147 in each lane. The short reads were deposited in NCBI's Gene Expression Omnibus and are accessible 

148 through GEO Series accession number GSE104916.

149

150 RNA-seq differential expression analysis

151 Each 101 bp RNA-seq read was trimmed using Trimmomatic 43 to make the average quality score 

152 larger than 30 and the minimum length 70 bp. All trimmed short reads were mapped to the Arabidopsis 

153 thaliana genome (version TAIR10) using TopHat 44, allowing up to two base mismatches per read. Reads 

154 mapped to multiple locations were discarded. Numbers of reads in genes were counted by the HTSeq-
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155 count tool using corresponding Arabidopsis thaliana gene annotations (available from http://www-

156 huber.embl.de/users/anders/HTSeq/). For pair-wise comparisons, significantly differentially expressed 

157 genes were identified by analyzing the numbers of reads aligned to genes with DEseq45.  The thresholds 

158 for differential expression were fold-change > 1 (log2 scale) and adjusted P-values < 0.001 for the null 

159 hypothesis.

160

161 Bioinformatic analysis

162 The set of SPL7 responsive genes was determined by first performing several pairwise DEseq 

163 comparisons of spl7 mutants to WT: 1) spl7 grown under normal conditions (25 μM Fe and 0.1 μM Cu) to 

164 WT grown under normal conditions, 2) spl7 ‘rescue’ plants (pre-treatment of 25 μM Fe and 2.5 μM Cu) 

165 to WT grown under normal conditions, 3) spl7 ‘rescue’ plants compared to WT, both genotypes in -Fe 

166 treatment, 4) spl7 ‘rescue’ plants compared to WT, both genotypes in -Cu treatment, and 5) spl7 

167 ‘rescue’ plants compared to WT, both genotypes in -Fe-Cu treatment. Sets of differentially expressed 

168 genes (DEGs) that were upregulated or downregulated in WT relative to spl7 were compiled for both 

169 roots and rosettes. Genes that were differentially expressed in multiple conditions within roots or 

170 rosettes were retained in four sets (upregulated in WT roots, downregulated in WT roots, upregulated in 

171 WT rosettes, downregulated in WT rosettes). A Venn diagram of these sets was used to compile a list of 

172 441 genes that was subsequently filtered by removing genes that were less than 2-fold (log2) higher or 

173 lower in WT relative to spl7 mutants. This list was then compared to DEGs that responded to Fe 

174 deficiency, Cu deficiency, or simultaneous Fe and Cu deficiency within spl7 or WT, and genes that did 

175 not respond to one of these treatments were removed. Finally, since SPL7 is known as a transcriptional 

176 activator, DEGs that were only in the root or rosette downregulated sets were removed if they 

177 responded only within a single treatment among -Fe, -Cu, or -Fe/-Cu treatments, in spl7 or WT. These 

178 filtering steps left a list of 178 SPL7-responsive genes (Table S1).
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179 Venn diagrams were used to compare different subsets of DEGs using Draw Venn Diagram 

180 (http://bioinformatics.psb.ugent.be/webtools/Venn/). DEGs from desired subsets were used as input for 

181 STRING database v10 (http://string-db.org) (Szklarczyk et al., 2015), using Arabidopsis thaliana as the 

182 organism, to identify known protein interactions and novel co-expressed networks. A combined STRING 

183 score of >0.7 (considered high confidence) was used in as a cutoff for subsequent visualization of 

184 networks. The text files (.tsv) from desired subsets were used as input for visualization of modules in 

185 Cytoscape v3.5.1 (http://www.cytoscape.org/) (Kohl et al., 2011). If a cluster of genes was not 

186 connected to another network, then it was considered a module. DAVID 6.8 database (Dennis et al., 

187 2003) was used for non-redundant functional annotation clustering using TAIR-ID as the input, and 

188 Arabidopsis thaliana as the species, with EASE score (p-value) of <0.05 and minimum enrichment cut-off 

189 score of >1.3 with “high” as the classification stringency setting.

190

191 Results

192 spl7 mutant rescue by low Fe supply

193 Similar to previous reports 16, 17, spl7 mutants grew poorly on normal Cu supply, with 49% lower 

194 rosette DW at 0.5 μM Cu and 89% lower DW at 0.1 μM Cu (Fig. 1a-c). Growth was restored when plants 

195 were supplied with 2.5 μM Cu (Fig. 1a). Surprisingly, rosette Cu concentration under normal Cu supply 

196 (0.5 μM) was only about 30% lower (Fig. 1d) than in WT. However, rosette Fe concentration was 37% 

197 higher at 0.5 μM Cu and 105% higher at 0.1 μM Cu (Fig. 1f). Based on this pattern, and because Cu 

198 deficiency can stimulate Fe uptake and recuse the fefe Fe uptake mutant phenotype 31, we hypothesized 

199 that Fe deficiency might stimulate Cu uptake and rescue the spl7 mutant. Decreasing the Fe supply from 

200 25 μM to 5 μM or 1 μM largely restored growth of spl7 mutants on 0.5 μM or 0.1 μM Cu (Fig 1a, c), 

201 decreased their Fe concentration (Fig. 1f) while increasing Fe content to normal or near-normal (Fig. 1g). 

202 At 0.1 uM Cu supply, the Fe:Cu ratio (Fig. 2a) was 47 at 25 μM Fe, 27 at 5 μM Fe, and 18 at 1 μM Fe, 
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203 compared to ratios of 13-17 in WT plants in all treatments. These results indicate that spl7, in addition 

204 to being Cu deficient, tends to overaccumulate Fe in leaves. The results also indicate that Cu uptake 

205 induced by Fe deficiency is independent of SPL7, and is not likely to occur by the normal Cu uptake 

206 pathway. We recruited fro2 and irt1 Fe uptake mutants 12, 13 to test whether the normal Fe uptake 

207 pathway was required for this Fe deficiency-stimulated Cu accumulation. Like WT plants, both of these 

208 mutants were able to increase rosette Cu concentration by at least 2-fold (Fig. 2b) under Fe deficiency, 

209 indicating that the increased Cu accumulation under Fe deficiency did not occur through the normal Fe 

210 uptake pathway, and in WT plants is likely not a non-specific effect of increased Fe uptake gene 

211 expression.

212

213 Transcriptomic overview

214 Wilt-type and spl7 mutant plants were grown as above (Fig. 1) before subjecting them to Fe, Cu, 

215 or simultaneous Fe and Cu deficiency treatments for 3d. The numbers of DEGs are presented in Table 1. 

216 The number of Fe-regulated genes in roots (832 in WT and 763 in spl7) was greater than the number of 

217 Cu-regulated genes (101 in WT and 149 in spl7), while simultaneous Fe and Cu deficiencies resulted in an 

218 intermediate number (341 in WT and 204 in spl7). In Fe-deficient rosettes, there were only 252 DEGs in 

219 WT compared to 775 in spl7 mutants, while the numbers were similar for Cu responsive genes in 

220 rosettes of each genotype (122 in WT and 119 in spl7). Simultaneous Fe and Cu deficiencies resulted in 

221 greater DEG numbers in WT rosettes (583) than in spl7 (244). The number of DEGs that responded to 

222 more than one mineral deficiency treatment ranged from 17-21% of the total number of differentially 

223 expressed genes (190/1056 for WT roots, 160/940 for spl7 roots, 136/711 for WT rosettes, and 190/915 

224 for spl7 rosettes). 

225
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226 Fe regulon in WT and spl7

227 Since Fe deficiency stimulated Cu uptake in both WT and spl7 plants (Fig. 1), we next 

228 determined the genes that responded to Fe deficiency in roots and rosettes of spl7 and WT plants. In 

229 total, 1361 genes were differentially regulated under Fe deficiency in roots, of which 228 genes were 

230 common between spl7 and WT (Fig. 3a and Dataset S1). Of these DEGs, 173 were upregulated under Fe 

231 deficiency in both genotypes, including several classical Fe deficiency response genes 25, 46 such as the 

232 subgroup Ib bHLH genes, FRO2, IRT1, MYB10 and MYB72, and NAS4 and also newly described IMA3 

233 (FEP1) 47, 48. Similarly, known Fe responsive genes bHLH38, bHLH39, bHLH100, bHLH101, and FRO3, and 

234 all of the IMA genes were upregulated in rosettes in both genotypes (Fig. 3b), while Fe deficiency 

235 downregulated genes FER1, FER3, FER4, YSL1, and NAS3 were downregulated in both genotypes. These 

236 results suggested that the spl7 mutant has a largely intact Fe deficiency response. 

237  

238 Cu regulon in WT and spl7:

239 Since the SPL7 gene is known to be necessary for normal regulation of Cu uptake, we 

240 determined DEGs under Cu-deficiency in roots and rosettes of WT and spl7 plants from the ‘rescue’ 

241 pretreatment. In total from both genotypes, 240 genes were differentially expressed under Cu 

242 deficiency in roots, with little overlap between WT and spl7 (Fig. 3c and Dataset S1). Several genes that 

243 are known SPL7 targets 16, 17 were upregulated in WT, but not in the spl7 mutant, as expected. These 

244 included ZIP2, FER1, CCH, FSD1, FRO4, FRO5, YSL2, and COPT2. However, several known Fe deficiency-

245 responsive genes were downregulated only in spl7 mutant roots, including the four subgroup Ib bHLH 

246 genes, FRO2, IRT1, IMA1 and IMA2, and MYB10. In rosettes (Fig. 3d), 215 genes were differentially 

247 expressed under Cu deficiency. Of these, the Fe-SOD gene FSD1 was upregulated in both WT and spl7, 

248 while the Cu-SOD genes CSD1 and CSD2 were downregulated only in the spl7 mutant. In rosettes, Cu-

249 regulated genes CSD1, CSD2, and FSD1 were differentially expressed only in WT, while bHLH100 was 
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250 upregulated only in spl7 mutants. IMA1, 2, and 3 were downregulated in WT, but upregulated in spl7 

251 mutants.

252

253 Simultaneous Fe-Cu regulon in WT and spl7

254 When WT plants and spl7 plants from the ‘rescue’ pretreatment were deprived of both Fe and 

255 Cu for three days, the many of the same DEGs from under single Fe or Cu deficiencies were detected 

256 (Fig. 3 and Dataset S1). However, the subsets in which they appeared were sometimes different than in 

257 the single deficiencies. In roots (Fig. 3e), the subgroup Ib bHLH genes, FRO2, and IRT1 were differentially 

258 expressed only in WT, where they were downregulated, similar to results in Cu deficiency. The 

259 expression pattern of IMA 1 and 2 also resembled that of roots under Cu deficiency. FRO4, MYB10, and 

260 MYB72 were upregulated, but only in spl7 mutants. In rosettes (Fig. 3f), CSD2 was upregulated and FSD1 

261 was downregulated only in WT. Additionally, the subgroup Ib bHLH genes, FRO3, the IMA genes, and 

262 NAS4 were upregulated, and FER4, YSL1, and NAS3 were downregulated only in spl7 mutants.

263

264 SPL7-responsive genes

265 While previous studies have determined sets of genes that had loss of normal regulation in spl7 

266 mutants (SPL7-responsive genes) under Cu deficiency or control conditions 16, 17, our additional 

267 treatments provided an opportunity to detect additional SPL7-responsive genes. By comparing DEGs in 

268 spl7 mutants relative to WT in several conditions, we compiled a list of 178 SPL7-responsive genes 

269 (Table 2, Table S1). SPL7 itself was included in the tables as a reference. Several known SPL7 targets 

270 were on the list, such as FSD1, miR389c, ZIP2, YSL2, and COPT2. All of these genes had higher transcripts 

271 in WT roots and/or rosettes than in spl7 mutants in multiple conditions. Most of these SPL7-responsive 

272 genes were also downregulated in WT roots under Fe deficiency or upregulated in WT roots under Cu 

273 deficiency (or both), but normal regulation was lost in spl7 mutants under these conditions. We also 
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274 noted several known Fe uptake genes were among the 178 SPL7-responsive genes, such as IRT1, FRO2, 

275 bHLH38, bHLH39, bHLH100, bHLH101, and F6’H1. Transcripts of these genes were mostly more 

276 abundant in WT roots relative to spl7 in control and -Fe conditions, less abundant in WT roots relative to 

277 spl7 under -Cu and -Fe-Cu conditions, and generally lower in WT rosettes under mineral deficiencies. In 

278 terms of differential expression by treatment, all of these genes were upregulated in Fe deficient WT 

279 roots, and fold-change in expression was similar in spl7 mutants, except for the bHLH genes, where fold-

280 changes were greater in spl7. In Cu deficient roots of WT, all of these Fe uptake genes were 

281 downregulated, whereas they were not differentially expressed in Cu deficient spl7 roots, suggesting 

282 that SPL7 is necessary to repress their expression under Cu deficiency. In simultaneous Fe and Cu 

283 deficient WT roots, the expression of these Fe uptake genes was downregulated, similar to that of Cu 

284 deficient roots, rather than being upregulated as in Fe deficient roots. However, in spl7 mutants, the 

285 expression of these Fe uptake genes was upregulated, similar to that of Fe deficient WT roots, indicating 

286 that loss of SPL7 also affects normal expression patterns under simultaneous Fe and Cu deficiencies. In 

287 Fe deficient rosettes, upregulation of most Fe uptake genes was much greater in spl7 mutants than in 

288 WT. In rosettes of spl7 mutants, the subgroup Ib bHLH genes were strongly upregulated under Cu or 

289 simultaneous Fe and Cu deficiencies, whereas they were not differentially expressed in WT rosettes 

290 under these conditions.  

291

292 Identifying Fe-Cu crosstalk genes in WT and spl7

293 One of our objectives was to determine a catalog of genes that are regulated by Fe-Cu cross-

294 talk using our treatments of roots and rosettes of WT and spl7. It is possible that because some genes 

295 are regulated differently in WT and spl7, for example upregulated by one treatment in WT but 

296 downregulated in spl7, the single treatment Venn series in Fig. 3 might miss some important cross-talk. 

297 To search within a larger set of relevant genes, we used a series of Venn diagrams (Fig. 4) to determine 
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298 the totality of DEGs in each genotype, for each tissue type. These steps were designed to move from 

299 specific treatments and expression changes to more general and broad categories that contained genes 

300 of interest, so that we could then analyze this set for enriched categories and specific patterns. First, 

301 four different three-way Venn diagrams for each tissue were used to attain a sum total DEGs within a 

302 genotype and also to visualize numbers of DEGs that occurred in one or more conditions. The sum of the 

303 genes in these sets (upregulated or downregulated, in WT or spl7, in roots or rosettes) were used as 

304 input for a four-way Venn; one each for roots and rosettes. The majority of these genes were found in 

305 only one outer subset which was upregulated and/or downregulated in only one genotype. These genes 

306 were considered to be of low interest. The central subsets (inside the red circle in Fig. 4) are considered 

307 to be potentially involved in Fe-Cu crosstalk. In roots, the inner sets contained 383 DEGs out of a total of 

308 1607 DEGs, and for rosettes the inner sets contained 243 DEGs out of a total of 1383 DEGs. The final 

309 step was to compare the gene sets of interest in roots and rosettes, where 34 were found in both 

310 tissues, 349 were specific to roots, and 209 were specific to rosettes. The 383 and 243 DEGs (presented 

311 in Table S2) were then subjected to further GO enrichment analysis.

312

313 Functional annotation clustering of root and rosette regulated genes under simultaneous Fe and Cu 
314 deficiencies:

315 We performed DAVID functional annotation clustering of the 383 and 243 genes of interest 

316 above to identify enriched gene ontology (GO) terms in both roots and rosettes. There were 11 clusters 

317 in roots and six clusters in rosettes. In the roots, six biological process related clusters were enriched, 

318 which included ‘lipid transport’, ‘oxalate metabolic process’, ‘redox process’, ‘hydrogen peroxide 

319 catabolic process’, ‘flavonoid glucouronidation’ and ‘DNA templated transcription’ (Table S3). Four GO 

320 molecular function related clusters were enriched in roots, which included ‘serine-type 

321 carboxypeptidase activity’, ‘oxidoreductase activity’, ‘ATPase activity coupled to transmembrane 
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322 transport of substances’ and ‘protein-serine threonine kinase activity’ (Table S3). A single GO cellular 

323 compartment category, ‘integral component of the membrane’ was enriched in roots which included 

324 the largest number of terms (n=50), compared to any other GO category.

325 In rosettes, two biological process clusters were enriched; ‘DNA templated transcription’ and 

326 ‘xyloglucan metabolic process’ (Table S3). There was a considerable overlap with respect to the GO 

327 terms in ‘DNA templated transcription’ in roots and rosettes. However, the enrichment score in rosettes 

328 (2.54) was higher than in roots (0.17). Two GO molecular function categories were enriched; ‘iron ion 

329 binding’ and ‘calcium ion binding’. GO cellular compartment categories of ‘integral part of the 

330 membrane’ and ‘plasma membrane’ were enriched in rosettes. 

331

332 Co-expression analysis of root and rosette regulated genes under Fe-Cu deficiency

333 To identify co-expressed genes and/or modules (networks) that are involved in Fe or Cu 

334 homeostasis in roots, we performed gene co-expression analysis of the 383 genes from Fig. 4 using the 

335 STRING-DB software. Nodes with evidence-based cutoff values of >0.7 combined score (high stringency) 

336 were visualized using Cytoscape, and modules representative of networks were further explored using 

337 STRING-DB to obtain GO enrichment. The root network (Fig. 5) comprised 120 nodes and 192 edges. The 

338 network was further divided into 12 modules, and two of these modules contained the majority of the 

339 nodes (74%). The largest module in roots consisted of 54 nodes and 95 edges (Fig. 5) and contained 

340 known Fe or Cu homeostasis genes, such as IRT1, FRO2, and the subgroup Ib bHLH genes. GO 

341 enrichment analysis of this module indicated that the biological processes ‘iron ion homeostasis’, 

342 ‘response to external stimulus’, ‘response to stress’ and ‘cellular response to ethylene stimulus’ were 

343 most enriched (Table S4). In the molecular function category, ‘transcription factor activity, sequence-

344 specific DNA binding’, ‘zinc ion transmembrane transporter activity’ and ‘monooxygenase activity’ were 
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345 most enriched. The second largest module consisted of 35 nodes and 71 edges. GO enrichment analysis 

346 indicated that the biological processes ‘response to decreased oxygen levels’,  ‘response to abiotic 

347 stimulus’, and ‘oxidation-reduction processes’  were most enriched.

348 The rosette network as determined by STRING-DB (Fig. 6) consisted of 96 nodes and 148 edges. 

349 The network was further divided into 17 modules, and five modules consisted of the majority of nodes 

350 (74%). The largest module in rosettes consisted of 34 nodes and 78 edges. GO enrichment analysis 

351 (Table S5) indicated that the biological processes ‘response to oxygen containing compound’, ‘response 

352 to salicylic acid’ and  ‘response to stress’ were most enriched. In the molecular function category, 

353 ‘calcium ion binding’ and ‘transcription factor activity, sequence-specific DNA binding’ were most 

354 enriched. The second largest module consisted of 16 nodes which also contained known Fe-Cu 

355 homeostasis genes. GO enrichment analysis indicated that the biological processes ‘iron ion 

356 homeostasis’ and ‘cellular response to stress’ were enriched categories. 

357

358 Iron deficiency-responsive ethylene related genes

359 Since the ethylene signaling pathway was enriched in certain subsets in this study, we further 

360 investigated the possibility of whether Cu regulation under Fe deficiency is affected by ethylene 

361 biosynthetic pathway or signaling related genes. In total, there were 49 DEGs associated with ethylene 

362 biosynthesis/ activated signaling pathway, combined across all subsets, tissues and genotypes (Table 4). 

363 Many of the ethylene signaling pathway genes were downregulated in WT compared to spl7, both in 

364 roots and rosettes. While several ERF family genes and ethylene biosynthetic genes were downregulated 

365 in WT, they were not differentially regulated in spl7. It is also notable that some AP2/ERF genes, 

366 including RRTF1, DDF1, ERF13, ERF10, and DREB26 were upregulated in spl7, while they were either 

367 downregulated or not differentially regulated in WT under Fe deficiency. 

368
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369 Discussion

370 One purpose of this study was to increase our understanding of Fe-Cu crosstalk mechanisms by 

371 examining gene expression patterns and networks in Arabidopsis roots and rosettes treated with Fe 

372 deficiency, Cu deficiency, and simultaneous Fe and Cu deficiency. Upon compiling lists of genes of 

373 interest by various filtering strategies, it became clear that many of the genes involved in Fe-Cu crosstalk 

374 are already known as key players in Fe or Cu homeostasis. A substantial fraction of these genes are 

375 regulated by FIT, and even more are known to be regulated by SPL7, or were indicated to be SPL7-

376 reponsive genes in this study, with a few of these genes being under control of both of these master 

377 regulators. Thus, both FIT and SPL7 contribute to Fe-Cu crosstalk. However, since many genes that were 

378 differentially expressed under Fe and Cu deficiency are not FIT or SPL7-responsive, there are likely other 

379 levels of regulation involved that cannot be identified from RNA-seq results alone. It is also possible that 

380 many of these genes were responding to alterations in metabolism due to Fe and/or Cu levels in the 

381 plant cells, rather than being directly regulated by mineral supply.

382 We tested the hypothesis that Cu uptake is stimulated by Fe deficiency separately from Fe 

383 uptake, and is independent of normal Cu uptake mechanisms by using spl7 mutants. On normal nutrient 

384 solutions (25 µM Fe and 0.5 µM or 0.1 µM Cu), the spl7 mutant had high leaf Fe:Cu ratio and grew 

385 poorly, but these parameters were restored by decreasing Fe supply. This growth rescue by 

386 manipulation of mineral supply is similar to previous results for the fefe Fe uptake mutant. The fefe 

387 mutant has high leaf Cu concentration and grows poorly on normal Fe and Cu supplies, but Cu deficiency 

388 stimulates Fe uptake and the plants begin to grow normally and have leaf Cu and Fe concentrations in 

389 the expected range 31. The normal growth of spl7 on 5 µM or lower Fe supply is similar to results of 

390 Bernal et al. (2012), where spl7 mutants grew normally on 5 µM Fe and 0.25 µM Cu supply. Together, 

391 our spl7 and fefe results demonstrate Fe-Cu crosstalk and show that whenever Cu or Fe uptake are 
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392 blocked, plants accumulate excessive concentrations of the other metal, and that lowering the supply of 

393 the excessive metal causes the plants to grow normally again. 

394 In the case of spl7 mutants, our RNA-seq results at least partially explained why Cu 

395 accumulation increased under Fe deficiency. In WT roots, SPL7 targets COPT2 and FRO4 were 

396 upregulated only under Cu deficiency, and this regulation did not occur in the spl7 mutant. However, the 

397 spl7 mutant roots had significantly higher expression of COPT2 and FRO4 under Fe deficiency and 

398 simultaneous Fe and Cu deficiency. Since COPT2 is also a FIT target 9 and the FIT regulon appears to be 

399 regulated normally in spl7 mutants (although at higher fold-change levels), FIT can upregulate COPT2 

400 (and other genes) when SPL7 is not present. To date, the mechanisms of dual regulation of the several 

401 genes that are targets of both FIT and SPL7 have not been studied in detail.

402 Some of the most striking DEGs in this study include the subgroup Ib bHLHs; bHLH38, bHLH39, 

403 bHLH100, and bHLH101. These four genes always had similar expression patterns, suggesting that they 

404 are co-regulated. Most interestingly, under simultaneous Fe and Cu deficiency, Ib bHLH expression in 

405 WT roots resembled that of Cu deficiency in that they were downregulated, while an opposite pattern, 

406 with strong upregulation, occurred in spl7 roots. In rosettes of WT, the subgroup Ib bHLH genes were 

407 strongly upregulated only under Fe deficiency, while upregulation was much stronger in the spl7 

408 mutant, and occurred not only under Fe deficiency but also under simultaneous Fe and Cu deficiency. 

409 Together, these results suggest that SPL7 could act directly or indirectly as a repressor of this class of 

410 bHLH genes. Our filtering criteria indicated that the Ib bHLH genes are among the SPL7-responsive 

411 genes. Several other known Fe uptake genes are included in this list, including FRO2, IRT1, and F6’H1 49, 

412 50, which were also downregulated under Cu deficiency and simultaneous Fe and Cu deficiency. These Fe 

413 uptake genes are confirmed targets of FIT 9, 51. FIT expression is activated in a bHLH39 overexpression 

414 line 52, suggesting that the Fe uptake genes may be downstream of subgroup Ib bHLH genes activation. 

415 We also noted that the newly discovered IMA/FEP genes 47, 48 had a pattern of expression similar to that 
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416 of the subgroup Ib bHLH genes. The IMA/FEP genes encode small polypeptides that upregulate Fe 

417 uptake at the gene expression and physiological levels, and are upstream in the upregulation of the 

418 subgroup Ib bHLH genes. It is also noteworthy that the genes discussed above were contained in the Fe-

419 Cu homeostasis-related modules of gene expression networks.

420 Previous studies of spl7 mutants carried out to identify the SPL7 regulon 16, 17 did not identify the 

421 primary Fe uptake or regulatory genes discussed above as SPL7-dependent. However, these previous 

422 studies did not include Fe deficiency or simultaneous Fe and Cu deficiency treatments, which are where 

423 the lack of SPL7 allowed its role to become apparent. To further determine whether SPL7 might directly 

424 repress these genes by binding to their promoters under Cu deficiency, we identified Cu response 

425 elements (GTAC) in the 3000 bp upstream of these and other genes. The numbers of GTAC elements in 

426 some known SPL7 targets are: COPT2, 3; CCH, 4; FRO4, 6; and FSD1, 11; while the numbers in some 

427 potential SPL7 targets are: bHLH38, 5; bHLH39, 6; bHLH100, 7; bHLH101, 8; IMA1 and IMA2, 9; IMA3, 5; 

428 WRKY40, 4, and RRTF1, 7. While the presence of these GTAC elements does not conclusively show that 

429 SPL7 represses their expression, their identification leads to a testable hypothesis that we will address in 

430 future studies. Alternatively, SPL7 may indirectly repress the Ib bHLH, IMA/FEP genes, and other de-

431 repressed genes by activating expression of an unidentified repressor that is not produced in spl7 

432 mutants.

433 The subgroup-Ib bHLH genes are also upregulated under Fe deficiency in rosettes 15, 53, where 

434 they were strongly upregulated by Fe deficiency in both WT and spl7 mutants. However, since the FIT 

435 protein with which they interact in roots to upregulate Fe uptake genes is not expressed in leaves, the 

436 subgroup Ib bHLH proteins must be involved in regulating processes other than primary Fe uptake. It is 

437 possible that they interact with themselves, with each other, or with unknown proteins to upregulate 

438 other aspects of Fe homeostasis that occur in leaves. Some potential general roles for the subgroup IB 
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439 bHLHs are in rapid growth of leaf cells 54 and in regulation of ROS accumulation or signaling 55. So far, no 

440 conclusive roles for Ib bHLH genes in leaf metal homeostasis have been established.

441 In addition to including several key Fe homeostasis genes, the gene co-expression networks we 

442 identified also included several AP2/ethylene response factors (ERFs). Many ERFs are downstream of 

443 EIN3 and EIL1 ethylene signaling proteins 37-39, which can also interact with FIT to stabilize the FIT protein 

444 56. Several of these ERFs respond to multiple stress conditions, such as cold, salt, and high light 40. One 

445 transcription factor, Redox Responsive Transcription Factor 1 (RRTF1), which was identified as both FIT- 

446 and SPL7-responsive in previous studies 16, 51, was downregulated in Fe-deficient WT roots but had the 

447 opposite response in spl7 roots. This transcription factor gene was strongly downregulated in all mineral 

448 deficiency treatments in WT rosettes, but not in spl7 rosettes, where it was upregulated under 

449 simultaneous Fe and Cu deficiencies. Targets of RRTF1 (e.g. ERF6, RAP2.6, DDF1, and WRKY40) are 

450 involved in regulating redox homeostasis 57, 58, and these genes had similar expression patterns 

451 (downregulated in WT and not differentially regulated or upregulated in spl7) and were present in the 

452 co-expression networks. WRKY40 is also required for full activation of RRTF1 expression58. While the 

453 specific targets of many of these ERFs have not been determined, some of the ERFs are transcriptional 

454 repressors (e.g. ERF11) while others are activators. However, overexpression of RRTF1 resulted in 

455 increased ROS production, while its inactivation resulted in less ROS accumulation 58. Overexpression of 

456 another highly Fe and Cu responsive AP2/ERF gene, DDF1, resulted in decreased bioactive gibberellins 

457 and dwarfed plants 59, suggesting that lower DDF1 expression might help to maintain growth. Mutants 

458 of Arabidopsis ERF4 41, ERF72 42, and apple ERF4 60 indicate that these proteins act as repressors of Fe 

459 deficiency responsive genes. However, that ERF genes are well known for roles in other stresses, and 

460 their especially strong downregulated response in WT leaves, suggest that their roles are not limited to 

461 regulating root Fe uptake. Thus, the lower expression of several ERF genes observed in this study 
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462 suggests a more general (but not necessarily less important) role in metal homeostasis and ROS 

463 production/scavenging rather than a role specifically in Fe-Cu cross-talk. 

464 In conclusion, this study provided new insights into Fe -Cu crosstalk. We were able to identify 

465 gene expression patterns that explained why low Fe supply allowed spl7 mutants to grow normally. 

466 Also, use of the spl7 mutant under Fe deficiency and simultaneous Fe and Cu deficiency revealed 

467 potential new roles for SPL7 as a repressor of some aspects of Fe uptake, such as the IMA/FEP genes, 

468 subgroup Ib bHLHs, and the ERF redox homeostasis network.  We have built a model (Fig. 7) that 

469 indicates the opposite effects of Fe and Cu deficiencies on the Fe uptake genes upstream of FIT, and the 

470 similar effects on the redox homeostasis network. Future studies will test critical aspects of this model.

471
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486 Table S1. SPL7-responsive genes with fold change in abundance shown in spl7 relative to WT and also 

487 within each genotype relative to the control treatment. 

488 Table S2. Probable Fe-Cu crosstalk-related genes from central Venn diagram in Fig. 4.

489 Table S3. Enriched gene ontology (GO) terms in Fe-Cu crosstalk-related genes from central Venn diagram 

490 in Fig. 4 based on DAVID functional annotation clustering.

491 Table S4. GO enrichment analysis of co-expression network genes (Fig. 5) in roots as determined by 

492 STRING analysis.

493 Table S5. GO enrichment analysis of co-expression network genes (Fig. 5) in rosettes as determined by 

494 STRING analysis.
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668 Figure Legends
669

670 Figure 1. Rescue of spl7 mutants by low iron supply. a, Photograph of rosettes of WT (Col-0) and spl7 

671 mutants grown on Cu supply of 0, 0.5, 1.0, 2.5, or 5 µM with Fe supplied at 5 or 25 µM. b, Photograph of 

672 rosettes of WT (Col-0) and spl7 mutants grown on Cu supply of 0.1 µM with Fe supplied at 1, 5, or 25 

673 µM. c, Dry mass of rosettes of WT (Col) and spl7 mutants grown as in A and B. d, rosette Cu 

674 concentration, e, rosette Cu content, f, rosette Fe concentration, and g, rosette Fe content of WT (Col) 

675 and spl7 mutants grown as in A and B. 

676

677 Figure 2. a, Rosette Fe:Cu ratio in WT (Col) and spl7 mutants grown as in Fig. 1 plotted against rosette 

678 dry mass. Numbers near data points represent nutrient solution Cu and Fe concentrations (Cu/Fe) in 

679 µM. b, Rosette Cu concentration in WT (Col-0), fro2 mutants, and irt1 mutants grown with 25 µM Fe 

680 (+Fe) or without Fe (-Fe) for three days after a pre-treatment period with 25 µM Fe. 

681

682 Figure 3. Venn diagrams of gene expression in WT and spl7 plants under single mineral deficiencies (-Fe 

683 or -Cu) and simultaneous Fe and Cu deficiency (-Fe-Cu) in roots and rosettes. a, Fe deficiency DEGs in 

684 roots; b, Fe deficiency DEGs in rosettes; c, Cu deficiency DEGs in roots; d, Cu deficiency DEGs in rosettes; 

685 e, simultaneous Fe and Cu deficiency DEGs in roots; f, simultaneous Fe and Cu deficiency DEGs in 

686 rosettes. Genes of interest known to be involved in Fe or Cu homeostasis are labeled in red, and 

687 indicated to the appropriate set in each diagram. Abbreviations: dn, downregulated; up, upregulated; 

688 s7, spl7 mutant.

689

690 Figure 4.  Venn diagram series used to isolate potential Fe-Cu crosstalk genes. Outer Venn diagrams on 

691 the upper half are genes from WT (left) and spl7 (right) that were upregulated or downregulated in -Fe, -

692 Cu, or -Fe-Cu treatments. Outer Venn diagrams on the lower half are genes from WT (left) and spl7 

Page 27 of 46 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



28

693 (right) that were upregulated or downregulated in -Fe, -Cu, or -Fe-Cu treatments. The center upper 

694 (roots) and lower (rosettes) Venn diagrams contain all genes that were upregulated or downregulated in 

695 any of the -Fe, -Cu, or -Fe-Cu treatments in WT or spl7 mutants. The red circle shows genes that were 

696 advanced to the central Venn diagram that contains likely Fe-Cu crosstalk genes in roots and/or rosettes.

697

698 Figure 5. Gene co-expression networks in roots as determined by STRING analysis and visualized in 

699 Cytoscape. The largest module on the left was designated as the Fe-Cu crosstalk module of interest.

700

701 Figure 6. Gene co-expression networks in rosettes as determined by STRING analysis and visualized in 

702 Cytoscape. The second-largest module on the upper right was designated as the Fe-Cu crosstalk module 

703 of interest.

704

705 Figure 7. Model of roles of FIT and SPL7 in Fe-Cu crosstalk based on RNA-seq gene expression results. 

706 Transcription factors (FIT, bHLH Ib, SPL7, WRKY40, RRTF1) are represented as ovals; the peptides 

707 IMA/FEP are represented by a diamond, and downstream targets are represented by a green box. In this 

708 model, subgroup Ib bHLH proteins act upstream of and interact with FIT to activate Fe uptake target 

709 genes under Fe deficiency conditions. IMA/FEP peptides are upstream of subgroup Ib bHLH proteins. 

710 SPL7 protein represses (directly or indirectly) IMA/FEP and subgroup Ib bHLH expression under Cu 

711 deficiency and simultaneous Fe and Cu deficiency. SPL7 also represses WRKY40, which is upstream of 

712 RRTF1. RRTF1 is also a potential FIT target 51 and is repressed under Fe deficiency. WRKY40 and RRTF1 

713 are upstream of the redox homeostasis network (see Table 2) which includes certain ERF proteins 

714 among others.
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Table 1. Summary statistics of numbers of differentially expressed genes in WT or 
spl7 mutant roots or rosettes under Fe deficiency (-Fe), Cu deficiency (-Cu), or 
simultaneous Fe and Cu deficiencies (-Fe-Cu).

Treatment Total  -Fe  -Cu  -Fe-Cu Multiple
Multiple as % 

of total
WT root 1056 832 101 341 190 18.0
spl7 root 940 763 149 204 160 17.0

WT rosette 711 252 122 583 136 19.1
spl7 rosette 915 775 119 244 190 20.8
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Table 2. Selected SPL7-responsive genes with fold change in abundance shown in spl7  relative to WT and also within each genotype relative to the control treatment. The full table is presented in Table S1.

Roots Roots Roots Roots Shoots Shoots Shoots Shoots Roots Roots Roots Roots Roots Roots Shoots Shoots Shoots Shoots Shoots Shoots

elements Gene name Description

Fit 
regulated

1

SPL7 
regulated

2  +Fe+Cu  -Fe  -Cu  -Fe-Cu  +Fe+Cu  -Fe  -Cu  -Fe-Cu WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu
AT5G18830 SPL7 squamosa promoter binding protein-like 7 -1.5 -1.5 -1.4 -1.4 -1.2 -1.2 -1.3 -1.2

Previously known SPL7 responsive genes
AT3G56240 CCH copper chaperone Yes Yes -1.2 -2.5 -1.2 -1.6 1.4 -1.1
AT3G46900 COPT2 copper transporter 2 Yes Yes -3.4 -4.8 -2.0 -1.7 2.0 2.6 2.4
AT5G38820 Transmembrane amino acid transporter family protein Yes Yes -1.3 -1.8 3.2 4.0 2.1 -4.4 -2.3 1.6 2.9
AT4G29780 unknown protein Yes Yes -1.1 1.4 -3.3 -1.7 1.4 -1.5 -1.7 -2.8 -1.5 -3.5 1.0 1.2
AT1G47395 IMA2/FEP2 Iron Man/ Fe uptake Inducing peptide Yes -1.2 2.6 2.7 3.2 -5.1 3.8 3.9 3.1 -4.1 -2.2 4.7 2.2 3.1 -4.0 12.0 5.1 7.4

AT1G52690
Late embryogenesis abundant protein (LEA) family 
protein Yes 7.2 1.5 2.3 2.7 -6.9 -3.7 -7.4

AT1G71200 CITF1
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein Yes -5.6 -7.2 -5.5 3.8

AT2G24850 TAT3 tyrosine aminotransferase 3 Yes 3.2 2.2 1.4 2.4 2.0 -2.3 -1.0 -1.2
AT2G29130 LAC2 laccase 2 Yes 2.0 1.3 -1.2 -1.2 -1.3 1.3 -1.6
AT2G47010 unknown protein Yes -1.3 -3.3 -1.3 1.4

AT3G28510
P-loop containing nucleoside triphosphate hydrolases 
superfamily protein Yes 2.0 1.3 1.2 2.6 2.6 -1.7 -2.0 -2.7 2.1

AT3G57260 BGL2 beta-1,3-glucanase 2 Yes 2.0 2.3 3.0 1.7 -1.8

AT4G10500
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein Yes 2.6 1.4 3.3 1.3 1.9 -1.5

AT4G25100 FSD1 Fe superoxide dismutase 1 Yes -8.8 -5.0 -12.9 -12.1 -9.5 -7.5 -8.7 -8.8 -6.1 2.1 -5.5 1.3 -1.0 2.2
AT5G14565 MiR398c mirna MIR398C Yes -5.7 -5.7 -5.8
AT5G22570 WRKY38 WRKY DNA-binding protein 38 Yes 1.9 1.3 1.6 3.1 -1.5 -2.2 1.6
AT5G23980 FRO4 ferric reduction oxidase 4 Yes -5.6 -8.2 -3.3 -1.3 3.7 3.6 2.6 -1.0
AT5G24380 YSL2 YELLOW STRIPE like 2 Yes -1.0 -2.4 -1.5 -2.7 -1.4 1.2 -1.1

AT5G57560 TCH4
Xyloglucan endotransglucosylase/hydrolase family 
protein Yes -1.0 1.4 -3.4 1.0 -2.5 1.2 -1.7 -2.4 -1.7 -3.2 2.0 1.5

AT5G59520 ZIP2 ZRT/IRT-like protein 2 Yes -3.6 -5.6 -3.3 -3.4 1.6
Known Fe uptake genes

AT4G19690 IRT1 iron-regulated transporter 1 Yes -1.4 -1.3 2.9 3.7 2.0 2.0 2.0 -3.6 -2.8 2.0 2.3 1.4 2.7
AT1G01580 FRO2 ferric reduction oxidase 2 Yes -1.2 -1.7 3.4 3.2 1.6 2.0 -3.9 -2.0 1.6 2.4 1.4

AT3G12900 F6'H1
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein Yes -2.0 -3.4 5.2 4.6 2.3 -7.0 -2.4 4.2

AT2G41240 bHLH100 basic helix-loop-helix protein 100 -1.2 1.1 2.7 4.4 5.2 6.5 6.5 2.7 -4.0 -3.2 5.1 2.4 4.1 14.5 6.5 9.1

AT5G04150 bHLH101
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein BHLH101 1.8 3.3 3.6 2.5 1.3 -2.5 -2.1 2.4 1.6 1.5 7.4 4.5

AT3G56970 bHLH38
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein 2.3 3.4 4.1 7.5 2.1 -3.4 -2.4 3.8 1.9 6.6 13.0 5.6

AT3G56980 bHLH39
basic helix-loop-helix (bHLH) DNA-binding superfamily 
protein -1.0 2.6 4.6 4.8 1.6 -1.5 -1.6 3.1 1.9 6.5 11.7 4.7

Fe or other metal homeostasis-related
AT5G01600 FER1 ferretin 1 -2.0 -2.5 -2.5 1.2 -2.5 -1.3 -3.3 -1.7 -6.5 -4.9
AT2G40300 FER4 ferritin 4 -2.4 -1.3 -1.8 -1.6 -4.4 -1.8

AT5G26690
Heavy metal transport/detoxification superfamily 
protein 1.7 2.0 -1.9 2.3

AT1G47400 IMA1/FEP3 Iron Man/ Fe uptake Inducing peptide 2.1 3.0 -4.5 3.5 2.4 3.4 -4.1 -2.0 3.9 1.9 3.0 -2.5 10.9 4.4 7.0
AT2G30766 IMA3/FEP1 Iron Man/ Fe uptake Inducing peptide -4.8 2.0 3.2 3.1 4.5 5.4 2.8 -2.9 9.5 5.1 7.0
AT1G21140 Vacuolar iron transporter (VIT) family protein -2.9 1.1 -1.4 -1.2 -1.1 -2.3 1.0 -1.3 -3.4 -2.0
AT3G18290 BTS BRUTUS (BTS), a putative E3 ligase protein 2.2 1.2 1.4 3.3 1.7

Redox Homeostasis
AT4G34410 RRTF1 redox responsive transcription factor 1 Yes -2.5 4.2 -6.6 -3.2 7.7 -3.3 -3.1 3.4 -3.9 -2.7 -8.3 5.9
AT1G80840 WRKY40 WRKY DNA-binding protein 40 1.9 -3.2 -1.4 2.7 -1.4 -1.4 1.1 -3.1 -2.1 -4.5 1.4

AT1G12610 DDF1 DDF1/Integrase-type DNA-binding superfamily protein -4.2 4.1 -6.6 -1.6 6.1 -3.1 -6.2 5.2 -2.1 -3.0 -7.4 5.2
AT1G27730 ZAT10 salt tolerance zinc finger -1.2 1.4 -1.1 -1.1 -2.1 -1.1 1.6 -1.9 -2.2 -1.6 -3.4
AT3G55980 SZF1 salt-inducible zinc finger 1 -2.3 -1.3 -1.5 -2.1 -1.5 -2.8

AT3G49620
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase 
superfamily protein 1.9 -1.9 3.6 1.2 -1.7 -2.5 1.2 -4.3

AT4G24570 DIC2 dicarboxylate carrier 2 -1.1 1.5 -1.3 -3.8 1.3 -1.9 1.4 -2.1 -3.2 -1.7 -3.7 1.9 1.5

Transcript abundance difference in spl7 relative to WT in each condition (log2 
fold change, pairwise comparisons) Fold-change (log2) within same genotype in each condition relative to +Fe+Cu condition
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Table 3. Gene expression of co-expression Fe-Cu modules of interest in roots and shoots of WT and spl7 mutants as fold change in read counts in Fe deficiency (-Fe), Cu deficiency (-Cu), and simultaneous Fe and Cu deficiency (-Fe-Cu) treatments relative to control treatment within a genotype.

Roots
Module 1 Fe-Cu homeostasis related Roots Roots Roots Roots Roots Roots Shoots Shoots Shoots Shoots Shoots Shoots

Gene ID Description

Fit 
regulated

1

SPL7 
regulated

2 WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu

AT3G12900 F6'H1
2-oxoglutarate (2OG) and Fe(II)-dependent 
oxygenase superfamily protein Yes Yes 2.3 -7.0 -2.4 4.2

AT1G01580 FRO2 ferric reduction oxidase 2 Yes Yes 2.0 -3.9 -2.0 1.6 2.4 1.4
AT4G19690 IRT1 iron-regulated transporter 1 Yes Yes 2.0 -3.6 -2.8 2.0 2.3 1.4 2.7
AT4G34410 RRTF1 redox responsive transcription factor 1 Yes Yes -3.3 -3.1 3.4 -3.9 -2.7 -8.3 5.9

AT5G38820
Transmembrane amino acid transporter family 
protein Yes Yes 2.1 -4.4 -2.3 1.6 2.9

AT4G27654 unknown protein Yes Yes -3.3 2.1 -4.0 -2.3 -5.8 4.5
AT4G31940 CYP82C4 cytochrome P450 Yes Yes 1.4 -6.7 -3.1 1.1 4.2

AT5G04150 bHLH101
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein BHLH101 Yes 1.3 -2.5 -2.1 2.4 1.6 1.5 7.4 4.5

AT3G56970 bHLH38
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein Yes 2.1 -3.4 -2.4 3.8 1.9 6.6 13.0 5.6

AT3G56980 bHLH39
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein Yes 1.6 -1.5 -1.6 3.1 1.9 6.5 11.7 4.7

AT2G41240 bHLH100 basic helix-loop-helix protein 100 Yes 2.7 -4.0 -3.2 5.1 2.4 4.1 14.5 6.5 9.1
AT1G47400 IMA1/FEP3 Iron Man/ Fe uptake Inducing peptide Yes -4.1 -2.0 3.9 1.9 3.0 -2.5 10.9 4.4 7.0
AT1G47395 IMA2/FEP2 Iron Man/ Fe uptake Inducing peptide Yes -4.1 -2.2 4.7 2.2 3.1 -4.0 12.0 5.1 7.4
AT5G05250 unknown protein Yes -1.6 2.9 1.3 1.3 -1.8 6.7 3.1 5.0
AT1G76650 CML38 calmodulin-like 38 Yes -1.6 1.8 1.2 -2.8 -2.2 -3.7 -1.3 1.5
AT1G28370 ERF11 ERF domain protein 11 Yes -1.1 1.5 -1.4 -3.3 -1.9 -4.5
AT5G01600 FER1 ferretin 1 Yes 1.2 -2.5 -1.3 -3.3 -1.7 -6.5 -4.9
AT2G29460 GSTU4 glutathione S-transferase tau 4 Yes -1.7 1.3 1.2 -2.9

AT1G12610 DDF1
DDF1/Integrase-type DNA-binding superfamily 
protein Yes -3.1 -6.2 5.2 -2.1 -3.0 -7.4 5.2

AT1G80840 WRKY40 WRKY DNA-binding protein 40 Yes -1.4 -1.4 1.1 -3.1 -2.1 -4.5 1.4
AT5G36890 BGLU42 beta glucosidase 42 Yes 1.4 1.6
AT3G58060 Cation efflux family protein Yes 3.1 3.0 2.6
AT3G53280 CYP71B5 cytochrome p450 Yes 3.8 3.6

AT3G07720
Galactose oxidase/kelch repeat superfamily 
protein Yes 2.1 -1.3 -1.5 2.1

AT4G19680 IRT2 iron regulated transporter 2 Yes 4.2 3.2 1.9
AT1G52120 Mannose-binding lectin superfamily protein Yes 4.8 1.6 3.0 1.7
AT3G58810 MTPA2 metal tolerance protein A2 Yes 1.7 -1.5 -1.6 1.3 1.6
AT1G56160 MYB72 myb domain protein 72 Yes 3.1 3.4 3.5
AT5G55620 unknown protein Yes 2.3 2.6
AT3G25190 Vacuolar iron transporter (VIT) family protein Yes -1.2 -2.2
AT2G32270 ZIP3 zinc transporter 3 Yes -1.2 -1.1
AT3G22910 ATPase E1-E2 type family protein -1.8 1.6 -1.2
AT1G74770 BTSL1 zinc ion binding BRUTUS-like 1.5 -1.0 1.7 1.1 3.9 4.6
AT3G01830 Calcium-binding EF-hand family protein -2.0 2.1 -1.3 -1.6 -4.0
AT3G47480 Calcium-binding EF-hand family protein -1.4 2.5
AT1G73805 Calmodulin binding protein-like -1.2 -1.1 1.1 -1.7 1.6
AT5G42380 CML37 calmodulin like 37 -1.8 -1.4 2.0 -1.5 -2.1 -3.0
AT5G26920 Cam-binding protein 60-like G -1.0 -1.4 1.3
AT3G26830 PAD3 cytochrome p450 1.0 2.0 -1.5
AT2G30750 CYP71A12 cytochrome p450 1.6 -1.5 2.8 1.6
AT3G26200 CYP71B22 cytochrome p450 2.6 2.1
AT5G57220 CYP81F2 cytochrome p450 -1.0 1.3
AT1G66090 Disease resistance protein (TIR-NBS class) -1.3 2.2 -1.2 -1.7 -2.6
AT5G47220 ERF2 ethylene responsive element binding factor 2 -1.0 1.4
AT2G44840 ERF13 ethylene-responsive element binding factor 13 -1.8 -1.7 1.7 -1.3 -2.1 -1.3 -3.3
AT1G26390 FAD-binding Berberine family protein 3.6 3.8
AT1G56430 NAS4 nicotianamine synthase 4 2.2 5.1 3.4 1.6
AT2G26560 PLA2A phospholipase A 2A 1.2 -1.2 1.2 1.2 1.4
AT5G67370 DUF1230 Protein of unknown function (DUF1230) 2.1 4.7 2.5

AT5G25260
SPFH/Band 7/PHB domain-containing membrane-
associated protein family -1.2 1.4 1.2

AT5G38900 Thioredoxin superfamily protein -1.2 1.5

AT1G57630
Toll-Interleukin-Resistance (TIR) domain family 
protein -1.1 1.9 1.1

AT2G32140 transmembrane receptors -1.2 1.6 -1.3
AT1G25400 unknown protein -1.1 1.3 -1.3 -1.4 -2.4 1.4

Shoots Roots Roots Roots Roots Roots Roots Shoots Shoots Shoots Shoots Shoots Shoots
Module2-Fe-Cu homeostasis_related WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu

AT4G19690 IRT1 iron-regulated transporter 1 Yes Yes 2.0 -3.6 -2.8 2.0 2.3 1.4 2.7

AT2G04050
MATE efflux family protein MATE efflux family 
protein Yes Yes 4.1 2.9 1.7

AT5G04150 bHLH101
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein BHLH101 Yes 1.3 -2.5 -2.1 2.4 1.6 1.5 7.4 4.5

AT3G56970 bHLH38
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein Yes 2.1 -3.4 -2.4 3.8 1.9 6.6 13.0 5.6

AT3G56980 bHLH39
basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein Yes 1.6 -1.5 -1.6 3.1 1.9 6.5 11.7 4.7

AT2G41240 bHLH100 basic helix-loop-helix protein 100 Yes 2.7 -4.0 -3.2 5.1 2.4 4.1 14.5 6.5 9.1
AT1G47400 IMA1/FEP3 Iron Man/ Fe uptake Inducing peptide Yes -4.1 -2.0 3.9 1.9 3.0 -2.5 10.9 4.4 7.0
AT1G47395 IMA2/FEP2 Iron Man/ Fe uptake Inducing peptide Yes -4.1 -2.2 4.7 2.2 3.1 -4.0 12.0 5.1 7.4
AT5G05250 unknown protein Yes -1.6 2.9 1.3 1.3 -1.8 6.7 3.1 5.0
AT4G25100 FSD1 Fe superoxide dismutase 1 Yes -6.1 2.1 -5.5 1.3 -1.0 2.2
AT5G01600 FER1 ferretin 1 Yes 1.2 -2.5 -1.3 -3.3 -1.7 -6.5 -4.9
AT3G49160 pyruvate kinase family protein Yes -2.4 -7.1 -2.4
AT1G23020 FRO3 ferric reduction oxidase 3 1.1 1.1 3.6 1.2

AT3G27060 TSO2
Ferritin/ribonucleotide reductase-like family 
protein 1.5 2.3

AT3G07800 Thymidine kinase 1.7 1.1
AT3G45730 unknown protein 1.8 1.7

1, based on Colangelo and Guerinot, 2004 and Mai et al., 2016
2, Based on Yamasaki et al., 2009, Bernal et al., 2012, and Table 2
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Table 4. Expression of ethylene biosynthesis or ethylene signalling pathway genes, based on DAVID classification, in Fe deficiency (-Fe), Cu deficiency (-Cu), and simultaneous Fe and Cu deficiency (-Fe-Cu) treatments relative to control treatment within a genotype.

Roots Roots Roots Roots Roots Roots Shoots Shoots Shoots Shoots Shoots Shoots
Pathway_ID TAIR_ID Gene_name Description WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu WT-Fe WT-Cu WT-Fe-Cu spl7-Fe spl7-Cu spl7-Fe-Cu

Ethylene Biosynthesis AT1G01480 ACS2 1-amino-cyclopropane-1-carboxylate synthase 2 1.4 1.4
Ethylene Biosynthesis AT4G11280 ACS6 1-aminocyclopropane-1-carboxylic acid synthase 6 -1.1 -1.7 -1.2 -1.9
Ethylene Biosynthesis AT4G26200 ACS7 1-amino-cyclopropane-1-carboxylate synthase 7 2.5

Ethylene signaling pathway AT1G33760 Integrase-type DNA-binding superfamily protein -4.9 -2.3 -6.9
Ethylene signaling pathway AT4G34410 RRTF1 redox responsive transcription factor 1 -3.3 -3.9 3.4 -3.9 -2.7 -8.3 5.9
Ethylene signaling pathway AT1G77640 Integrase-type DNA-binding superfamily protein -3.5 -1.9 -4.4
Ethylene signaling pathway AT1G28370 ERF11 ERF domain protein 11 -1.1 1.5 -1.4 -3.3 -1.9 -4.5
Ethylene signaling pathway AT4G25490 CBF1 C-repeat/DRE binding factor 1 -4.3 -3.0 -1.4 -2.2
Ethylene signaling pathway AT5G51990 CBF4 C-repeat-binding factor 4 -2.9 -4.7
Ethylene signaling pathway AT5G61600 ERF104 ethylene response factor 104 -1.6 -2.3 -3.2
Ethylene signaling pathway AT5G51190 Integrase-type DNA-binding superfamily protein -2.3 -2.2 -1.2 -3.4
Ethylene signaling pathway AT2G44840 ERF13 ethylene-responsive element binding factor 13 -1.8 -1.7 1.7 -1.3 -2.1 -1.3 -3.3
Ethylene signaling pathway AT1G12610 DDF1 Integrase-type DNA-binding superfamily protein -3.7 -6.2 5.2 -2.1 -3.0 -7.4 5.2
Ethylene signaling pathway AT1G74930 ORA47 Integrase-type DNA-binding superfamily protein -1.7 -1.8 -1.7
Ethylene signaling pathway AT4G25470 CBF2 C-repeat/DRE binding factor 2 -4.7 -1.7 -1.2 -1.3
Ethylene signaling pathway AT1G68840 RAV2 related to ABI3/VP1 2 -1.6 -1.2 -1.4
Ethylene signaling pathway AT4G17490 ERF6 ethylene responsive element binding factor 6 -1.5 -1.4 -3.4 1.7

Ethylene signalling AT2G38470 WRKY33 WRKY DNA-binding protein 33 -1.5 -1.3 -2.3
Ethylene signaling pathway AT1G21910 DREB26 Integrase-type DNA-binding superfamily protein 2.3 -1.4 -1.3 -1.8 1.8
Ethylene signaling pathway AT5G47230 ERF5 ethylene responsive element binding factor 5 -1.5 -1.3 -1.9
Ethylene signaling pathway AT1G44830 Integrase-type DNA-binding superfamily protein -1.3
Ethylene signaling pathway AT3G15210 ERF4 ethylene responsive element binding factor 4 -1.2
Ethylene signaling pathway AT2G38340 DREB19 Integrase-type DNA-binding superfamily protein 1.6 2.3 2.5 2.7
Ethylene signaling pathway AT1G13260 RAV1 AP2/B3 domain transcription factor -1.5
Ethylene signaling pathway AT5G47220 ERF2 ethylene responsive element binding factor 2 -1.4 1.4
Ethylene signaling pathway AT1G25560 TEM1 AP2/B3 transcription factor family protein -1.3
Ethylene signaling pathway AT5G05410 DREB2A DRE-binding protein 2A -1.3 -1.7
Ethylene signaling pathway AT5G61590 Integrase-type DNA-binding superfamily protein -1.2
Ethylene signaling pathway AT1G64380 Integrase-type DNA-binding superfamily protein -1.2
Ethylene signaling pathway AT5G67190 DEAR2 DREB and EAR motif protein 2 -1.2
Ethylene signaling pathway AT4G17500 ERF-1 ethylene responsive element binding factor 1 -1.2 1.1
Ethylene signaling pathway AT1G73500 MKK9 MAP kinase kinase 9 -1.1
Ethylene signaling pathway AT4G36900 RAP2.10 related to AP2 10 -1.1
Ethylene signaling pathway AT1G77200 Integrase-type DNA-binding superfamily protein 1.2
Ethylene signaling pathway AT5G19790 RAP2.11 related to AP2 11 1.5
Ethylene signaling pathway AT5G13330 Rap2.6L related to AP2 6l 1.9 1.4 -1.4
Ethylene signaling pathway AT5G64750 ABR1 Integrase-type DNA-binding superfamily protein 1.4 2.8
Ethylene signaling pathway AT5G61890 Integrase-type DNA-binding superfamily protein 2.5
Ethylene signaling pathway AT5G44030 CESA4 cellulose synthase A4 1.5
Ethylene signaling pathway AT3G16770 EBP ethylene-responsive element binding protein 1.8
Ethylene signaling pathway AT3G23240 ERF1 ethylene response factor 1 1.4 -1.1
Ethylene signaling pathway AT1G03800 ERF10 ERF domain protein 10 2.5
Ethylene signaling pathway AT2G47520 ERF71 Integrase-type DNA-binding superfamily protein 3.4 7.1 4.8 5.5
Ethylene signaling pathway AT5G40990 GLIP1 GDSL lipase 1 2.5
Ethylene signaling pathway AT4G18780 IRX1 cellulose synthase family protein 1.6
Ethylene signaling pathway AT4G00416 MBD3 methyl-CPG-binding domain 3 5.8
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720

721

722 Figure 1. Rescue of spl7 mutants by low iron supply. a, Photograph of rosettes of WT (Col-0) and spl7 

723 mutants grown on Cu supply of 0, 0.5, 1.0, 2.5, or 5 µM with Fe supplied at 5 or 25 µM. b, Photograph of 

724 rosettes of WT (Col-0) and spl7 mutants grown on Cu supply of 0.1 µM with Fe supplied at 1, 5, or 25 

725 µM. c, Dry mass of rosettes of WT (Col) and spl7 mutants grown as in A and B. d, rosette Cu 

726 concentration, e, rosette Cu content, f, rosette Fe concentration, and g, rosette Fe content of WT (Col) 

727 and spl7 mutants grown as in A and B. 

728
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729

730 Figure 2. a, Rosette Fe:Cu ratio in WT (Col) and spl7 mutants grown as in Fig. 1 plotted against rosette 

731 dry mass. Numbers near data points represent nutrient solution Cu and Fe concentrations (Cu/Fe) in 

732 µM. b, Rosette Cu concentration in WT (Col-0), fro2 mutants, and irt1 mutants grown with 25 µM Fe 

733 (+Fe) or without Fe (-Fe) for three days after a pre-treatment period with 25 µM Fe. 

734
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735

736 Figure 3. Venn diagrams of gene expression in WT and spl7 plants under single mineral deficiencies (-Fe 

737 or -Cu) and simultaneous Fe and Cu deficiency (-Fe-Cu) in roots and rosettes. a, Fe deficiency DEGs in 

738 roots; b, Fe deficiency DEGs in rosettes; c, Cu deficiency DEGs in roots; d, Cu deficiency DEGs in rosettes; 

739 e, simultaneous Fe and Cu deficiency DEGs in roots; f, simultaneous Fe and Cu deficiency DEGs in 

740 rosettes. Genes of interest known to be involved in Fe or Cu homeostasis are labeled in red, and 

741 indicated to the appropriate set in each diagram. Abbreviations: dn, downregulated; up, upregulated; 

742 s7, spl7 mutant.

743
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744

745 Figure 4.  Venn diagram series used to isolate potential Fe-Cu crosstalk genes. Outer Venn diagrams on 

746 the upper half are genes from WT (left) and spl7 (right) that were upregulated or downregulated in -Fe, -

747 Cu, or -Fe-Cu treatments. Outer Venn diagrams on the lower half are genes from WT (left) and spl7 

748 (right) that were upregulated or downregulated in -Fe, -Cu, or -Fe-Cu treatments. The center upper 

749 (roots) and lower (rosettes) Venn diagrams contain all genes that were upregulated or downregulated in 

750 any of the -Fe, -Cu, or -Fe-Cu treatments in WT or spl7 mutants. The red circle shows genes that were 

751 advanced to the central Venn diagram that contains likely Fe-Cu crosstalk genes in roots and/or rosettes.

752
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753

754 Figure 5. Gene co-expression networks in roots as determined by STRING analysis and visualized in 

755 Cytoscape. The largest module on the left was designated as the Fe-Cu crosstalk module of interest.

756
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757

758 Figure 6. Gene co-expression networks in rosettes as determined by STRING analysis and visualized in 

759 Cytoscape. The second-largest module on the upper right was designated as the Fe-Cu crosstalk module 

760 of interest.

761
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762

763 Figure 7. Model of roles of FIT and SPL7 in Fe-Cu crosstalk based on RNA-seq gene expression results. 

764 Transcription factors (FIT, bHLH Ib, SPL7, WRKY40, RRTF1) are represented as ovals; the peptides 

765 IMA/FEP are represented by a diamond, and downstream targets are represented by a green box. In this 

766 model, subgroup Ib bHLH proteins act upstream of and interact with FIT to activate Fe uptake target 

767 genes under Fe deficiency conditions. IMA/FEP peptides are upstream of subgroup Ib bHLH proteins. 

768 SPL7 protein represses (directly or indirectly) IMA/FEP and subgroup Ib bHLH expression under Cu 

769 deficiency and simultaneous Fe and Cu deficiency. SPL7 also represses WRKY40, which is upstream of 

770 RRTF1. RRTF1 is also a potential FIT target 51 and is repressed under Fe deficiency. WRKY40 and RRTF1 

771 are upstream of the redox homeostasis network (see Table 2) which includes certain ERF proteins 

772 among others.

773
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Figure 1. Rescue of spl7 mutants by low iron supply. a, Photograph of rosettes of WT (Col-0) and spl7 
mutants grown on Cu supply of 0, 0.5, 1.0, 2.5, or 5 µM with Fe supplied at 5 or 25 µM. b, Photograph of 

rosettes of WT (Col-0) and spl7 mutants grown on Cu supply of 0.1 µM with Fe supplied at 1, 5, or 25 µM. c, 
Dry mass of rosettes of WT (Col) and spl7 mutants grown as in A and B. d, rosette Cu concentration, e, 
rosette Cu content, f, rosette Fe concentration, and g, rosette Fe content of WT (Col) and spl7 mutants 

grown as in A and B. 
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Figure 2. a, Rosette Fe:Cu ratio in WT (Col) and spl7 mutants grown as in Fig. 1 plotted against rosette dry 
mass. Numbers near data points represent nutrient solution Cu and Fe concentrations (Cu/Fe) in µM. b, 
Rosette Cu concentration in WT (Col-0), fro2 mutants, and irt1 mutants grown with 25 µM Fe (+Fe) or 

without Fe (-Fe) for three days after a pre-treatment period with 25 µM Fe. 
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Figure 3. Venn diagrams of gene expression in WT and spl7 plants under single mineral deficiencies (-Fe or -
Cu) and simultaneous Fe and Cu deficiency (-Fe-Cu) in roots and rosettes. a, Fe deficiency DEGs in roots; b, 

Fe deficiency DEGs in rosettes; c, Cu deficiency DEGs in roots; d, Cu deficiency DEGs in rosettes; e, 
simultaneous Fe and Cu deficiency DEGs in roots; f, simultaneous Fe and Cu deficiency DEGs in rosettes. 
Genes of interest known to be involved in Fe or Cu homeostasis are labeled in red, and indicated to the 
appropriate set in each diagram. Abbreviations: dn, downregulated; up, upregulated; s7, spl7 mutant. 

Page 42 of 46Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 4.  Venn diagram series used to isolate potential Fe-Cu crosstalk genes. Outer Venn diagrams on the 
upper half are genes from WT (left) and spl7 (right) that were upregulated or downregulated in -Fe, -Cu, or 
-Fe-Cu treatments. Outer Venn diagrams on the lower half are genes from WT (left) and spl7 (right) that 
were upregulated or downregulated in -Fe, -Cu, or -Fe-Cu treatments. The center upper (roots) and lower 
(rosettes) Venn diagrams contain all genes that were upregulated or downregulated in any of the -Fe, -Cu, 
or -Fe-Cu treatments in WT or spl7 mutants. The red circle shows genes that were advanced to the central 

Venn diagram that contains likely Fe-Cu crosstalk genes in roots and/or rosettes. 
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Figure 5. Gene co-expression networks in roots as determined by STRING analysis and visualized in 
Cytoscape. The largest module on the left was designated as the Fe-Cu crosstalk module of interest. 
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Figure 6. Gene co-expression networks in rosettes as determined by STRING analysis and visualized in 
Cytoscape. The second-largest module on the upper right was designated as the Fe-Cu crosstalk module of 

interest. 

Page 45 of 46 Metallomics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

Figure 7. Model of roles of FIT and SPL7 in Fe-Cu crosstalk based on RNA-seq gene expression results. 
Transcription factors (FIT, bHLH Ib, SPL7, WRKY40, RRTF1) are represented as ovals; the peptides IMA/FEP 

are represented by a diamond, and downstream targets are represented by a green box. In this model, 
subgroup Ib bHLH proteins act upstream of and interact with FIT to activate Fe uptake target genes under 

Fe deficiency conditions. IMA/FEP peptides are upstream of subgroup Ib bHLH proteins. SPL7 protein 
represses (directly or indirectly) IMA/FEP and subgroup Ib bHLH expression under Cu deficiency and 

simultaneous Fe and Cu deficiency. SPL7 also represses WRKY40, which is upstream of RRTF1. RRTF1 is also 
a potential FIT target 51 and is repressed under Fe deficiency. WRKY40 and RRTF1 are upstream of the 

redox homeostasis network (see Table 2) which includes certain ERF proteins among others. 
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