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Calcium-dependent protein kinases CPK21 and CPK23
phosphorylate and activate the iron-regulated transporter IRT1 to
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Iron (Fe) is an essential micronutrient for all organisms. Fe availability in the soil is usually much lower than that required for
plant growth, and Fe deficiencies seriously restrict crop growth and yield. Calcium (Ca2+) is a second messenger in all
eukaryotes; however, it remains largely unknown how Ca2+ regulates Fe deficiency. In this study, mutations in CPK21 and
CPK23, which are two highly homologous calcium-dependent protein kinases, conferredimpaired growth and rootdevelopment
under Fe-deficient conditions, whereas constitutively active CPK21 and CPK23 enhanced plant tolerance to Fe-deficient
conditions. Furthermore, we found that CPK21 and CPK23 interacted with and phosphorylated the Fe transporter IRON-
REGULATED TRANSPORTER1 (IRT1) at the Ser149 residue. Biochemical analyses and complementation of Fe transport in
yeast and plants indicated that IRT1 Ser149 is critical for IRT1 transport activity. Taken together, these findings suggest that the
CPK21/23-IRT1 signaling pathway is critical for Fe homeostasis in plants and provides targets for improving Fe-deficient
environments and breeding crops resistant to Fe-deficient conditions.
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INTRODUCTION

Iron (Fe) is essential for the normal growth of all plants and
is an important regulator of a variety of cellular processes
involved in chlorophyll biosynthesis, photosynthesis, and
respiration (Connolly et al., 2002; Vert et al., 2002). Fe de-
ficiency in animals and plants causes serious diseases, in-
cluding anemia and plant chlorosis, respectively (Briat et al.,
1995; Kobayashi and Nishizawa, 2012). Although soil is rich
in Fe, most Fe exists in the form of insoluble ferric com-

plexes; hence, Fe deficiencies are a more widely spread
problem in alkaline and calcareous soils (Eide et al., 1996;
Guerinot and Yi, 1994). Non-grass plants, such as Arabi-
dopsis, acidify the rhizosphere and reduce Fe(III) to Fe(II)
via Fe(III) chelate reductase (FRO2). Then, Fe(II) is trans-
ported into root cells by IRON-REGULATED TRANS-
PORTER1 (IRT1), and IRT1 is responsible for Fe uptake
under Fe-deficient conditions (Marschner and Römheld,
1994; Robinson et al., 1999; Vert et al., 2002).
Recent studies have shown that AtIRT1 is a multi-

transmembrane protein that appears on the trans-Golgi net-
work/early endosome (TGN/EE) and cycles between TGN/
EE and the plasma membrane (PM); this cycle is regulated
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by the secondary substrates Zn, Mn, and Co but not Fe
(Barberon et al., 2014; Barberon et al., 2011). The IRT1 Fe
uptake mechanism in roots is tightly regulated at the tran-
scriptional and post-transcriptional levels to meet the de-
mand for Fe (Brumbarova et al., 2015; Connolly et al., 2002).
As the central transcriptional factor involved in Fe uptake,
FIT is essential for high-level induction of the AHA2, FRO2,
and IRT1 genes (Brumbarova et al., 2015; Colangelo and
Guerinot, 2004; Ivanov et al., 2012; Jakoby et al., 2004). In
addition, ENHANCED BENDING1 (EHB1), which is a
Ca2+-dependent IRT1 inhibitor, is a negative regulator of Fe
acquisition (Gratz et al., 2021; Khan et al., 2019).
Several factors that control IRT1 post-translational mod-

ification have emerged recently, and IRT1 has been used as a
model plant PM protein to study the complex mechanism of
plant endocytosis (Barberon et al., 2014; Barberon et al.,
2011; Ivanov et al., 2014; Shin et al., 2013). Ubiquitin (Ub)-
mediated endocytosis of IRT1 is a key mechanism control-
ling IRT1 distribution and Fe uptake by cells. Under excess
nonferrous metal conditions, ultimonoUb is triggered to
extend to the K63 polyUb chain, and the large cytosolic loop
of the IRT1 transporter is phosphorylated by CBL-interact-
ing protein kinase CIPK23 as a sensor; in turn, this phos-
phorylation creates a docking site that promotes the
recruitment of IDF1 E3 Ub ligase, which facilitates direct
IRT1 degradation, thereby regulating the stability of the in-
tracellular IRT1 protein (Dubeaux et al., 2018; Shin et al.,
2013). In addition, hormones, including gibberellin (GA),
nitric oxide (NO), and ethylene, are involved in the Fe-re-
sponse signaling pathway (Lingam et al., 2011; Meiser et al.,
2011; Wild et al., 2016). For example, when Fe is abundant,
the GA signaling DELLA repressor directly binds to FIT,
thereby inhibiting the expression of the downstream IRT1
gene (Wild et al., 2016).
Ca2+ is the most important second messenger in signal

transduction and plays an important role in the regulation of
plant development and stress response (Dong et al., 2021;
Luan and Wang, 2021). When plants are subjected to
stressful stimuli, transient changes in intracellular Ca2+

concentration cause specific calcium signals, receptor re-
cognition, and perception, which, in turn, translate into
transcriptional and metabolic responses (Boudsocq and
Sheen, 2013; Hashimoto and Kudla, 2011; Perochon et al.,
2011). In this regard, calcium-dependent protein kinases
(CPKs) are important calcium regulatory proteins commonly
found when deciphering Ca2+ signals triggered by impaired
development and multiple stress stimuli (Hamel et al., 2014;
Liu et al., 2017). CPKs are serine/threonine (Ser/Thr) protein
kinases that are directly activated by Ca2+ signals. Thus far,
34 CPKs have been reported in Arabidopsis, which occur in
various organs and widely participate in the regulation of
growth and development as well as in the stress response
(Brandt et al., 2012; Harmon et al., 2001; Valmonte et al.,

2014; Wang et al., 2016; Zhou et al., 2014; Zhu et al., 2007).
However, it has not been reported whether CPKs participate
in regulating plant tolerance to Fe-deficient conditions.
In this study, the calcium-dependent protein kinases

CPK21 and CPK23 recognized the Ca2+ signals induced by
Fe-deficient conditions. The cpk21/23 mutant presented
impaired root length and fresh weight under Fe-deficient
conditions, whereas the constitutively active Arabidopsis
plants (CPK21-CA and CPK23-CA) exhibited enhanced
tolerance to Fe-deficient conditions. We determined that
CPK21 or CPK23 interacts and phosphorylates IRT1 pri-
marily at the Ser149 residue. Activated IRT1 transports Fe2+

from outside of the plant into the cytoplasm, which increases
tolerance to Fe deficiency. Taken together, these findings
reveal that the CPK21/23-IRT1 signaling pathway is a key
mechanism for establishing plant resilience to Fe-deficient
conditions and reveals how plants initiate their adaptive re-
sponses to Fe micronutrient deficiency.

RESULTS

CPK21 and CPK23 are required under Fe-deficient
conditions

To explore whether CPKs are involved in Fe deficiency
signaling and which CPKs are involved in regulation, we
tested 33 cpk single mutants available in our laboratory in a
Fe deficiency phenotype assay. No differences were detected
between these cpk single mutants and the wild-type (WT)
(Figure S1A–C in Supporting Information). Since then,
studies have shown redundancy and specificity between
CPK isoforms (Gutermuth et al., 2018; Liu et al., 2017;
Prodhan et al., 2018; Zhou et al., 2020). Therefore, based on
the evolutionary protein sequence alignment (Liu et al.,
2017), we used a multiple mutant approach and obtained 12
multiple mutants by crossing to analyze the Fe deficiency
phenotype. CPK21 loss-of-function alleles were introduced
into cpk23 or cpk15/23 mutants by CRISPR/Cas-mediated
mutagenesis, resulting in cpk21/23 double mutants and
cpk15/21/23 triple mutants (Fu et al., 2022). Interestingly,
among the mutants generated, the cpk15/21/23 and cpk21/23
mutants exhibited distinct Fe deficiency phenotypes, in-
cluding reduced primary root length and biomass (Figure
S2G–I in Supporting Information), whereas the other mul-
tiple mutants did not exhibit these phenotypes (Figure S2A
and D in Supporting Information). The cpk21/23 and cpk15/
21/23 mutants showed the same trend, suggesting that de-
leting CPK21 and CPK23, rather than deleting CPK15, was
responsible for the increased sensitivity in the plants.
Because cpk21/23 was created using CRISPR/Cas-medi-

ated mutagenesis, two lines of the cpk21/23 double mutant
were subjected to Fe deficiency phenotype analysis with irt1
as the control to further determine the Fe deficiency phe-
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notype of the cpk21/23 mutant. The results showed that both
cpk21/23 double mutant lines exhibited a sensitive pheno-
type, whereas irt1 exhibited an extremely sensitive pheno-
type, including shorter root length and reduced fresh weight
(Figure 1A–C). Our reverse genetic phenotypic analysis of
the cpk21, cpk23, and cpk21/23 double mutants revealed the
consequences of the collective loss of CPK function under
Fe-deficient conditions but failed to reveal a single con-
tribution of CPK21 or CPK23 to iron biology. Therefore, to
further evaluate the specific roles of CPK21 and CPK23 in
Fe-deficient stress, we designed a complementary genetic
approach to independently overexpress these two kinases.
Thus, we introduced the CPK21 or CPK23 coding se-

quence into the pCAMBIA1307-FLAG vector under the
control of the CaMV35S promoter and created Arabidopsis
plants overexpressing CPK21 or CPK23 (CPK21-OE and
CPK23-OE). Under Fe-deficient conditions, the root length
and fresh weight of CPK21-OE and CPK23-OE were not
significantly different from those of the WT (Figure S3A and
C in Supporting Information). To determine why the over-
expressed plants had no phenotype, we measured the ex-
pression levels of CPK21 and CPK23 in the overexpressed
plants. The results showed that these genes were over-
expressed approximately two-fold, which was not as high as
expected (Figure S3E and F in Supporting Information).
Studies have shown that the N-terminal EF-hand of CPK21
is activated only at very high Ca2+ concentrations, whereas
CPK23 is fully activated at basal Ca2+ concentrations (Geiger
et al., 2010; Scherzer et al., 2012; van Kleeff et al., 2018). We
speculated that the change in CPK21 activity may contribute
to Fe-deficient conditions, rather than the expression level of
CPK21, and that overexpression of CPK23 is not high en-
ough to cause a significant difference. CPKs contain a
variable N-terminal domain followed by a Ser/Thr protein
kinase domain and an autoinhibitory junction domain (JD)
that is connected with the C-terminal CaM-like regulatory
domain (CaMLD) via a chain (Yip Delormel and Boudsocq,
2019). Therefore, we removed the JD and CaMLD domains
of the kinase and introduced the CPK21 or CPK23 sequence
into the pCAMBIA1307-FLAG vector to obtain CPK21 or
CPK23 constitutively active Arabidopsis plants (CPK21-CA
and CPK23-CA) (Figure S4B and D in Supporting In-
formation). As a result, the root growth and fresh weights of
the three CPK21-CA lines increased significantly under Fe-
deficient conditions, compared with those of the WT (Figure
1D–F), and the three CPK23-CA lines also shared this phe-
notype (Figure 1G–I).
Next, quantitative reverse transcription-polymerase chain

reaction (qRT-PCR) analysis was performed to explore
whether the CPK21 and CPK23 expression levels were in-
duced by Fe-deficient conditions. As a result, the CPK21 and
CPK23 expression levels peaked at 3 h of treatment (Figure
S3G in Supporting Information), indicating that CPK21 and

CPK23 respond to Fe-deficient signaling and are most likely
redundant.

CPK21 and CPK23 interact with the IRT1 transporter

Next, we compared the co-expression of IRT1, CPK21, and
CPK23, a necessary prerequisite for physiologically mean-
ingful interaction. We observed a common distribution of
these proteins on the PM of the roots in the Fe deficiency-
treated 5-day-old ProIRT1:IRT1-GFP, ProCPK21:CPK21-
GFP, and ProCPK23:CPK23-GFP transgenic lines (Figure
S5A and B in Supporting Information). Histochemical ana-
lysis of GUS activity in ProIRT1:GUS, ProCPK21:GUS, and
ProCPK23:GUS transgenic plants treated under Fe-deficient
conditions showed that they were all stained in the roots
(Figure S5C and D in Supporting Information), which was
consistent with previous reports (Franz et al., 2011; Ma and
Wu, 2007; Vert et al., 2002). These results suggest that the
subcellular localization and tissue expression patterns of
IRT1, CPK21, and CPK23 are the same under Fe-deficient
conditions.
To examine whether CPK21 and CPK23 interact with

IRT1, a bimolecular fluorescence complementation (BiFC)
assay was performed to examine the possible interactions
between CPK21, CPK23, and IRT1. CBL1-OFP was used as
the PM marker (D’Angelo et al., 2006). We also used
CPK15, another member of the CPK family with the closest
protein sequence to CPK21 and CPK23. When CPK21-
nYFP or CPK23-nYFP was co-expressed with IRT1-cYFP,
strong fluorescence signals were observed, and the YFP
signals co-localized with the PM marker. No fluorescence
was detected when CPK15-nYFP, CPK21-nYFP, or CPK23-
nYFP was co-expressed with the β-glucuronidase gene fused
to cYFP (GUS-cYFP; control) or when IRT1-cYFP was co-
expressed with GUS-nYFP (Figure 2A). These findings
suggest that CPK21 and CPK23 interacted with IRT1 at the
PM, whereas CPK15 did not interact with IRT1. To de-
termine whether the interaction took place on the PM, we
used Fiji/ImageJ to analyze the fluorescence signals and
determined that the fluorescence peaks of the YFP and PM
markers overlapped (Figure 2B).
To confirm the BiFC assay results, we performed a luci-

ferase complementation imaging (LCI) assay. The results
showed that LUC activity was detected when CPK21-nLUC
or CPK23-nLUC was co-expressed with IRT1-cLUC but not
CPK15-nLUC. In contrast, co-expression of CPK15/CPK21/
CPK23-nLUC or IRT1-cLUC with the negative controls
GUS-cLUC or GUS-nLUC did not produce LUC activity
(Figure 2C).
A glutathione S-transferase (GST) pull-down assay was

performed to verify the interaction between CPK21/CPK23
and IRT1. The full-length IRT1 fused to GST could not be
purified in our system, so we constructed an intracellular
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IRT1 fragment fused to a GST tag (IRT1vr; amino acid re-
sidues 144–192). Interactions were most likely to occur, as
this fragment is long and contains the most phosphorylation
sites, whereas other fragments either contain one/no phos-
phorylation sites or are located on the other side of the PM.
We incubated the CPK15/CPK21/CPK23-His-tagged pro-
teins with GST-IRT1vr or GST alone. CPK21/CPK23-His
was pulled down by GST-IRT1vr but not by GST alone,
whereas CPK15-His was not pulled down by GST-IRT1vr or
GST. The results of these pull-down assays show that CPK21
and CPK23 interacted directly with IRT1vr (Figure 2D).

To further study whether CPK21/CPK23 interacted with
IRT1 in vivo, a co-immunoprecipitation (Co-IP) assay was
performed. We crossed ProIRT1:IRT1-3xFLAG or Pro35S:
GUS-3xFLAG with ProCPK21:CPK21-GFP, ProCPK23:
CPK23-GFP, or Pro35S:GFP plants to obtain transgenic
lines. In ProIRT1:IRT1-3xFLAG/ProCPK21:CPK21-GFP
or ProIRT1:IRT1-3xFLAG/ProCPK23:CPK23-GFP trans-
genic plants, IRT1 was effectively immunoprecipitated by
CPK21 or CPK23, whereas IRT1 was not detected in IP
samples from other transgenic plants (Figure 2E). Taken
together, these results indicate that CPK21 and CPK23 in-

Figure 1 Phenotypic analysis of the mutants and constitutively active plants. A, Fe deficiency phenotypes of cpk21/23 mutants. Scale bars, 1 cm. B,
Statistical analysis of the root lengths of the plants shown in (A). C, Statistical analysis of the fresh weights of the plants shown in (A). D, Fe deficiency
phenotypes of the CPK21-CA plants. Scale bars, 1 cm. E, Statistical analysis of the root lengths of the plants shown in (D). F, Statistical analysis of the fresh
weights of the plants shown in (D). G, Fe deficiency phenotypes of CPK23-CA plants. Scale bars, 1 cm. H, Statistical analysis of the root lengths of the plants
shown in (G). I, Statistical analysis of the fresh weights of the plants shown in (G). Data are presented as mean±SD (n=15 seedlings/genotype).
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teract directly with IRT1 in vitro and in vivo.

CPK21 and CPK23 primarily phosphorylate IRT1 at
Ser149

CPKs are common protein kinases in plants that transmit
Ca2+ signals downstream through the phosphorylation of
various substrates and cause physiological responses (Kudla
et al., 2018; Shi et al., 2018). We performed an in vitro kinase
assay to detect whether CPK21 or CPK23 phosphorylated
IRT1, and both kinases efficiently phosphorylated IRT1vr in
these experiments (Figure 3A and C), suggesting that both
intracellular fragments of IRT1 are phosphorylated by
CPK21 and CPK23. The potential phosphorylation sites
were searched using the prediction system network tool
(http://gps.biocuckoo.cn/online.php). This method identified
Ser149, Thr152, Ser153, Ser183, and Ser184 as potential
CPK target residues. Next, we investigated the function of
these potential sites by generating several IRT1 variants
containing Ser(S) or Thr(T) point mutations to non-phos-

phodead Ala(A), including IRT1vrS149A, IRT1vrS152A,
IRT1vrS153A, IRT1vrS183A, and IRT1vrS184A. Subsequently, in
vitro CPK21 and CPK23 phosphorylation assays were used
to assess the extent of phosphorylation of these substrates.
Phosphorylation analysis of IRT1vr revealed that IRT1vr-
S149A phosphorylation was significantly attenuated com-
pared with that of IRT1vr and that the IRT1 Ser149 site was a
common primary target of CPK21/23 phosphorylation
(Figure 3B and D). This finding further suggests the possi-
bility of functional redundancy between CPK21/23.
To determine whether phosphorylation plays a potential

regulatory role in IRT1 in Fe-deficient plants, we assessed
whether the IRT1 phosphorylation level was affected by Fe-
deficient conditions. Therefore, Pro35S:CPK21-FLAG
transgenic plants were grown for 24 h under Fe-deficient
conditions. The CPK21 protein was extracted and incubated
with recombinant GST-IRT1vr purified from E. coli in the
presence of [γ-32P]ATP. The IRT1vr phosphorylation signals
by CPK21 were significantly enhanced after 6 and 12 h of Fe
deficiency (Figure 3E). To verify the ability of CPK21 kinase

Figure 2 CPK21 and CPK23 physically interact with IRT1. A, BiFC assay showing the interaction between CPK21/CPK23/CPK15 and IRT1. CPK21/23/
15 was fused to YFPN, and IRT1 was fused to YFPC. The PM marker was CBL1-OFP (g-TIP-mCherry). Different pairs of constructs were co-expressed in N.
benthamiana. Scale bars, 40 μm. B, Fluorescence analysis of the location of the interaction between CPK21-nYFP and IRT1-cYFP in tobacco cells. The
fluorescence intensity (mCherry/OFP and GFP signals) of the section lines was scanned using Fiji/ImageJ software. The location of the section line is marked
in (A). C, LCI assay showing the interaction between CPK21/CPK23/CPK15 and IRT1. IRT1-cLUC/GUS-nLUC, GUS-cLUC/CPK21/23/15-nLUC, and
GUS-cLUC/GUS-nLUC were used as negative controls. D, Pull-down assay showing the interaction between CPK21/CPK23/CPK15 and IRT1. IRT1vr was
fused to GST and CPK21/CPK23/CPK15 to His. E, Co-immunoprecipitation of CPK21/CPK23 with IRT1 in IRT1-FLAG/CPK21-GFP and IRT1-FLAG/
CPK23-GFP transgenic plants. The IRT1-FLAG/GFP, GUS-FLAG/CPK21-GFP, and GUS-FLAG/CPK23-GFP transgenic plants were used as negative
controls.
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to generate calcium signals under the Fe-deficient condition,
Pro35S:CPK21-FLAG transgenic plants were transferred to
Fe-deficient conditions and supplemented with 20 μmol L−1

LaCl3 (a calcium channel blocker) for 24 h. We observed that
the IRT1vr phosphorylation signals caused by CPK21 de-
creased significantly and that IRT1vr inducibility was almost
lost at the same exposure time when Ca2+ signaling was
absent (Figure 3F). These findings suggest that Ca2+ sig-
naling is essential for phosphorylation by CPK21 and that the
Fe-deficient conditions induced and persistently enhanced
the ability of CPK21 to phosphorylate IRT1.
To explore whether the Fe-deficient sensitive phenotype of

the cpk21/23 mutant was related to the CPK activation-de-
pendent phosphorylation state, we performed a timing and
intensity analysis of Fe-deficient IRT1 phosphorylation.
IRT1-FLAG/WT, IRT1-FLAG/cpk21/23, and IRT1S149A-
FLAG/WT transgenic plants were analyzed after 0, 3, 6, 12,
and 24 h under Fe-deficient conditions. The results showed
that the IRT1 phosphorylation level decreased in IRT1-
FLAG/cpk21/23 and IRT1S149A-FLAG/WT plants compared
with IRT1-FLAG/WT plants. The IRT1 phosphorylation
level in IRT1-FLAG/WT was significantly enhanced after
3 h and peaked at 12 h. In contrast, IRT1-FLAG/cpk21/23
and IRT1S149A-FLAG/WT changed little. The timing and
intensity of IRT1 phosphorylation were consistent with the
observed activation of CPK21, which also started after 3 h
under Fe-deficient conditions and peaked at 12 h (Figure
3G). These findings suggest that low Fe-induced Ser149
phosphorylation of IRT1 is dependent on CPK21/23 activity.

Phosphorylation of IRT1S149 is essential for Fe transport
activity rather than the localization and accumulation of
IRT1

We performed a heterologous yeast complementation assay
to determine the potential functional relevance of S149
phosphorylation. IRT1 and IRT1 Ser149 mutants were
cloned into the pYES2 vector and expressed in WT yeast
(BY4741) and the Δfet3fet4 yeast mutant (a low-Fe-sensitive
yeast mutant) (Dix et al., 1994) on SD-U medium and SD-U
supplemented with 80 μmol L−1 BPDS (chelates Fe ions) to
determine the Fe transport function of IRT1 and whether
changes had occurred (Khan et al., 2019). The results
showed that IRT1 and IRT1S149D transported Fe through the
PM and complemented the yeast Δfet3fet4 mutant, while the
empty vector did not, and the point mutant IRT1S149A only
weakly complemented the mutant (Figure 4A). Western blot
analysis showed that the IRT1 protein levels in different
yeast clones were similar (Figure S6A in Supporting In-
formation).
We also performed a growth curve analysis using liquid

cultures supplemented with 20 μmol L−1 BPDS to produce a
Fe-deficient condition. The resulting growth trend was

consistent with the above experimental results, where we
found that the growth of Δfet3fet4 yeast containing an empty
vector and the phosphodead variant IRT1S149A was restricted
under Fe-deficient conditions (Figure 4C and D). To verify
that the limited yeast growth was caused by Fe content, the
yeast Fe content in liquid culture was determined by in-
ductively-coupled plasma mass spectrometry (ICP-MS). As
a result, the Fe content in yeast containing the empty vector
or IRT1S149A was significantly lower than that in the other
yeast strains (Figure 4B). Taken together, these results sug-
gest that IRT1S149A phosphorylation affects the IRT1 Fe
transport function. To explore whether a change in Ser149
affects Zn and Mn transport by IRT1, we performed het-
erologous yeast complementation assays using yeast Δsmf1
(a low-Mn-sensitive yeast mutant) (Supek et al., 1996;
Zhang et al., 2021a) and Δzrt1/zrt2 (a low-Zn-sensitive yeast
mutant) (Eng et al., 1998; Martha-Paz et al., 2019). The
results showed that changing the S149A residue did not
change the ability of IRT1 to transport Mn or Zn (Figure S6C
and D in Supporting Information).
To investigate whether changes in the phosphorylation

sites would result in altered subcellular localization, we
constructed respective fusion proteins containing the IRT1-
GFP, IRT1S149A-GFP, and IRT1S149D-GFP fusion proteins
under the control of the IRT1 promoter. The expression
vectors and fusion proteins were expressed in irt1 or irt1/
cpk21/23 mutants. After 5 d of treatment under Fe-deficient
conditions, IRT1 was expressed in the PM and cytoplasm of
IRT1-GFP, IRT1S149A-GFP, and IRT1S149D-GFP transgenic
plants, but no significant difference was detected between
the Fe-sufficient and Fe-deficient conditions (Figure S7A
and B in Supporting Information). This finding suggests that
phosphorylation of CPK21/23 at Ser149 did not alter IRT1
localization. To rule out the case in which the IRT1-GFP
fusion protein was not functional, thereby masking the
changes in localization, we cloned the IRT1-GFP fusion
DNA sequence in the pYES2 vector and expressed it in the
Δfet3fet4 yeast mutant. The results showed that the yeast
expressing the IRT1 protein did not differ in growth from the
IRT1-GFP fusion protein, while the growth of the yeast ex-
pressing the IRT1S149A-GFP fusion protein remained weak
(Figure S7F in Supporting Information). In addition, Fe-
deficient phenotype experiments were performed on
ProIRT1:IRT1-GFP, ProIRT1:IRT1S149A-GFP, and ProIRT1:
IRT1S149D-GFP transgenic plants. The results showed that
IRT1-GFP and IRT1S149D-GFP complemented the sensitive
irt1 mutant phenotype, whereas ProIRT1:IRT1S149A-GFP
was only partially complemented (Figure S7C–E in Sup-
porting Information). These results show that the fusion of
IRT1 with GFP did not affect the original function of IRT1
and that S149 phosphorylation did not affect the subcellular
localization of IRT1 under Fe-deficient conditions.
To determine whether phosphorylation of IRT1 by CPK21/
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23 affected the accumulation of the IRT1 protein under Fe-
deficient conditions, we performed an IRT1 Western blot
analysis using a FLAG antibody. The IRT1-FLAG/WT and
IRT1-FLAG/cpk21/23 transgenic plants were grown for 7 d
under Fe-sufficient conditions and then exposed to Fe-defi-
cient conditions for 6 h. The results suggested that the ac-
cumulation of IRT1 was not affected regardless of the Fe
conditions (Figure S8A and B in Supporting Information).
To verify that the IRT1-FLAG fusion protein was functional
in plants, we performed Fe-deficient phenotype experiments
on the constructed IRT1-FLAG plants. The results showed
that plants overexpressing the IRT1-FLAG fusion protein
complemented the Fe deficiency sensitive phenotype ob-
served in the irt1 mutant and were tolerant of Fe deficiency
compared with the WT plants, including increased root
length (Figure S8C and D in Supporting Information). These
results suggest that CPK21 and CPK23 phosphorylate
IRT1ser149 specifically regulate the Fe transport activity of
IRT1 rather than affect IRT1 abundance or localization.
To verify whether S149 phosphorylation plays a physio-

logical role in plants, we generated the irt1/IRT1, irt1/
IRT1S149A, and irt1/IRT1S149D transgenic lines under the
control of the IRT1 promoter and transformed the irt1mutant
background. WT as well as irt1, irt1/IRT1, irt1/IRT1S149A,
and irt1/IRT1S149D transgenic plants were cultured in Fe-
sufficient and Fe-deficient medium for 10 d to observe the
phenotypes. Transgenic lines with similar IRT1 expression
levels were used (Figure S6B in Supporting Information).
Notably, the IRT1 Fe deficiency sensitive phenotype was
completely restored in irt1/IRT1 plants. irt1/IRT1S149A plants
showed only partial rescue of the Fe deficiency sensitive irt1
phenotype in terms of root length (Figure 5A and B),
whereas irt1/IRT1S149D plants exhibited increased root length
(Figure 5C and D). These results suggest that other reg-
ulatory mechanisms may be in play. IRT1 S149 is not the
only signal transduction regulatory site under Fe-deficient
conditions, but phosphorylation of IRT1 S149 is critical for
IRT1 to function properly in Fe-deficient conditions.
The Fe contents in roots and shoots of WT, irt1, irt1/IRT1,

irt1/IRT1S149A, and irt1/IRT1S149D plants were calculated to

Figure 4 Functional analysis of IRT1S149 phosphorylation on Fe transport. A, Potential functional analysis of S149 phosphorylation in yeast. Growth of the
yeast strains on normal medium (SD-U, lacking Ura) and treatment medium (SD-U+80 μmol L−1 BPDS) for 3–5 d. Four 10-fold dilution series were
established under sterile conditions. B, Analysis of Fe content in yeast cells. Yeast cells grown in 20 μmol L−1 BPDS solution for 36 h were collected. C,
Growth curves of yeast cells were plotted against the A600 values in the normal SD-U nutrient solution. The A600 values of yeast cell growth were monitored
from 18 to 40 h. D, Growth curves of the yeast cells were plotted against A600 values in SD-U nutrient solution containing 20 μmol L−1 BPDS. The A600 values
of yeast cell growth were monitored from 18 to 48 h. The data are mean±SD (n=3 biological replicates).
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determine the effect of regulating IRT1 on Fe homeostasis in
plants through S149 phosphorylation transport activity. As a
result, the Fe content of cpk21/23 and irt1/IRT1S149A plants
decreased in shoots on a Fe-deficient medium, whereas the
Fe content of irt1/IRT1S149D plants increased in shoots. The
Fe contents in roots and shoots of the cpk21/23 and trans-
genic plants were not significantly different on the Fe-
sufficient medium, compared with the WT (Figure 5E and

F). These results further reinforced that Ser149 is a crucial
phosphorylation site affecting IRT1 Fe transport activity and
that the different phosphorylation states of the S149 residue
have effects on growth and physiology.

CPK21 and CPK23 act upstream of IRT1

To explore the genetic interaction between CPK21, CPK23,

Figure 5 Functional analysis of IRT1 phosphorylated by CPK21/23 in plants. A, Fe-deficient phenotypes of the irt1/IRT1, irt1/IRT1S149A and irt1/IRT1S149D

transgenic plants. Scale bars, 1 cm. B, Statistical analysis of the root lengths of the plants shown in (A). The data are presented as mean±SD (n=15 seedlings/
genotype). C, Statistical analysis of the fresh weights of the plants shown in (A). The data are presented as mean±SD (n=15 seedlings/genotype). D, Analysis
of the elemental content in the shoots. The data are mean±SD (n=3 biological replicates). E, Analysis of elemental content in the roots. The data are mean±SD
(n=3 biological replicates).
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and IRT1, we crossed CPK21-CA and CPK23-CA with irt1.
The growth phenotypes of the resulting lines were compared
with those of the WT and irt1 after growth on Fe-sufficient
and Fe-deficient medium (Figure 6A and D). Specifically,
under normal conditions, no differences were observed be-
tween the WT, irt1, CPK21-CA, CPK23-CA, CPK21-CA/
irt1, and CPK23-CA/irt1 plants, whereas the root lengths and
fresh weights of CPK21-CA/irt1 and CPK23-CA/irt1 de-
creased significantly in the plants to an extent comparable to
irt1 plants under Fe-deficient conditions (Figure 6B, C, E,
and F). All plants presented the same phenotype as the irt1
mutant when IRT1 was knocked out, regardless of whether
CPK21 and CPK23 were overexpressed, indicating that
CPK21/23 was upstream of the CPK21/23-IRT1 signaling
pathway.

CPK21 and CPK23 do not affect ferric reductase activity
or the rhizosphere acidification pathway

The key steps in Fe transport are rhizosphere acidification,
ferric reductase activity, and IRT1-dependent Fe transport
(Robinson et al., 1999; Santi and Schmidt, 2009; Vert et
al., 2002). To determine whether CPK21/23 affects ferric
reductase activity or the rhizosphere acidification signal
pathway, we analyzed ferric chelate reductase activity and
the pH of the rhizosphere in the cpk21/23 mutant under
+Fe/−Fe conditions. No significant differences in ferric
reductase activity or rhizosphere acidification were de-
tected in the cpk21/23 mutant compared to the WT on Fe-
sufficient and Fe-deficient medium (Figure S9A and B in
Supporting Information). This result suggests that CPK21/
23 responds to Fe-deficient conditions by regulating
IRT1-dependent Fe transport rather than by affecting
ferric reductase activity or the rhizosphere acidification
pathway.

DISCUSSION

Fe is an essential trace element in plants, and a deficiency
of Fe in the environment leads to fluctuations in Ca2+

concentrations in the root cytoplasm of A. thaliana, which
generates Ca2+ signals (Gratz et al., 2019). In this study,
we identified the CPK21/23-IRT1 signaling pathway,
which regulates Fe transport under Fe-deficient condi-
tions, and links Fe deficiency, Ca2+ signaling, and Fe
transporters in Arabidopsis. We hypothesized that when
plants sense Fe-deficient conditions, the spatiotemporal
heterogeneity of the Ca2+ dynamics activates CPK21/
CPK23, which, in turn, phosphorylate IRT1, thereby
promoting the transport of Fe from the extracellular space
to the intracellular space and enhancing tolerance to Fe
deficiency (Figure 7).

CPK21/23 determines Fe homeostasis and tolerance to
Fe deficiency in plants

Root growth is a developmental phenotype of plants that
directly reflects the adaptability of plants to the growing
conditions. IRT1 cannot transport sufficient Fe when plants
are grown under Fe-deficient conditions; therefore, their
growth and development are limited, which leads to differ-
ences in root length. Many studies have used root length as
an indicator of plant adaptability, including IRT1, in terms of
metal transport and calcium signal transduction (Dubeaux et
al., 2018; Yang et al., 2019).
An important preliminary finding of our study is that the

cpk21/23 mutant was highly sensitive to Fe deficiency,
whereas constitutively active CPK21 and CPK23 showed
strong tolerance in transgenic plants. CPKs are Ca2+ sensors
that play important roles in the responses to biotic and abiotic
stressors by phosphorylating and modulating the activity of
downstream substrates (Cheng et al., 2002; Kawamoto et al.,
2015; Shi et al., 2018; Yip Delormel and Boudsocq, 2019). It
has been reported that CPK21 and CPK23 are localized in the
PM, where they play a crucial role in K+ homeostasis and
drought stress (Demir et al., 2013; Geiger et al., 2011; Ma
and Wu, 2007; van Kleeff et al., 2018). In this study, CPK21/
23 appeared to positively regulate tolerance to Fe-deficient
conditions. We also observed that the cpk21/23 double mu-
tants exhibited a clear Fe deficiency sensitive phenotype,
whereas the cpk21 and cpk23 single mutants did not. These
findings suggest that the functions of CPK21 and CPK23
overlap to some extent in the regulation of Fe deficiency
(Figure 1; Figures S1 and S2 in Supporting Information). The
Fe content changed in the cpk21/23 mutants (Figure 5). In
addition, the CPK21 and IRT1vr protein kinase assay under
Fe-deficient conditions showed that CPK21 kinase activity
was induced by low Fe and peaked after 12 h. The significant
upregulation of the CPK21 and CPK23 genes under Fe-
deficient conditions also suggested that CPK21 and CPK23
respond to Fe deficiency signaling stress (Figure S3G in
Supporting Information). These findings suggest that CPK21
and CPK23 play a critical role in Fe-deficient conditions.

CPK21/23 interacts with and phosphorylates the Fe
transporter IRT1

The localization of CPK21 and CPK23 in the PM and the
lack of a Fe-sensitive phenotype in the cpk21/23 double
mutant prompted us to consider the PM and intracellular-
localized high-affinity Fe transporter IRT1 as a potential
target for kinase regulation by these CPK proteins. IRT1 is a
major Fe transporter that plays a key role in Fe absorption
under Fe-deficient conditions in many plant species (in-
cluding wheat, rice, and Arabidopsis) (Jiang et al., 2021; Lee
and An, 2009; Vert et al., 2002). IRT belongs to the ZIP
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protein family (Guerinot, 2000). When Arabidopsis IRT1
was first discovered and cloned, it was expressed in Fe-
deficient roots and was strictly regulated at the transcrip-
tional and post-transcriptional levels (Conte and Walker,
2011; Eide et al., 1996; Vert et al., 2002). Indeed, the com-
bined results of our interaction analysis identified the Fe
transporter IRT1 as the primary target of the Fe deficiency
pathway regulated by CPK21 and CPK23. We also found
that CPK21 and CPK23 mainly phosphorylated IRT1 at
Ser149 (Figures 2 and 3). The combined results of our
phenotypic analysis using irt1 mutation complementation
with phosphomimetic and phosphodead IRT1 and our Fe
content analysis supported the conclusion that phosphodead
Ser149 in IRT1 significantly reduced IRT1 transport activity
(Figure 5).
Western blot analysis of the IRT1-FLAG/WT and IRT1-

FLAG/cpk21/23 transgenic lines showed that the phosphor-
ylation status of IRT1 did not affect protein accumulation.
The Fe-deficient phenotypic analysis suggested the relia-
bility of the plant materials (Figure S8 in Supporting In-
formation). The localization of the IRT1Ser149A-GFP/irt1,
IRT1Ser149D-GFP/irt1, and IRT1-GFP/irt1/cpk21/23 in
Arabidopsis root tip epidermal cells were not significantly
different from that of IRT1-GFP/irt1 (Figure S7 in Sup-
porting Information). This finding supports that phosphor-
ylation of CPK21 and CPK23 at Ser149 does not affect the

subcellular localization of IRT1, reinforcing the conclusion
that phosphorylation of IRT1 Ser149 is a key mechanism that
regulates IRT1 transport activity and cellular Fe home-
ostasis.
Notably, a recent report showed that the phosphorylation

of CPK21 and CPK23 regulates Thr498 of the Mn trans-
porter NRAMP1 under Mn-deficient conditions and pro-
motes Mn transport by NRAMP1 (Fu et al., 2022). However,
phosphorylation of NRAMP1 at Thr498 does not alter its
effect on Fe transport capacity under Fe-deficient conditions.
Combining these findings with the results of the present
study suggested that the regulation of IRT1 and NRAMP1 by
CPK21 and CPK23 under specific conditions is in-
dependently regulated, and the two signaling pathways do
not overlap. This independence seems to be the result of
different conditions triggering different cytoplasmic Ca2+

signals to exhibit spatiotemporal heterogeneity, while
CPK21 and CPK23 exercise different functions upon re-
ceiving different Ca2+ signals. CPK21 and CPK23 perform
different functions in response to different Ca2+ signals. For
example, the CPK21 and CPK23 responses to various abiotic
stressors, such as ABA/drought stress (Geiger et al., 2011;
Geiger et al., 2010; Mori et al., 2006). In addition, regulation
of the CIPK23 protein kinase on IRT1 also occurs under −Fe
conditions and in the presence of 10-fold higher Mn, Zn, and
Co levels, while CIPK23 does not have that regulatory
ability under Fe-deficient conditions (Dubeaux et al., 2018).
Our analysis of the hybrid cpk21/23/cipk23 mutant pheno-
type also indicated that CIPK23 and CPK21/23 in-
dependently regulate IRT1 under different conditions (Figure
S10A and C in Supporting Information). Moreover, the in
vitro kinase experiment revealed that the phosphorylation
signal was not significantly weakened after the Ser149 mu-
tation to alanine (A), indicating that CIPK23 did not phos-
phorylate IRT1 Ser149 (Figure S10E in Supporting
Information). These studies reflected that CPKs or CIPKs
perform different functions after receiving Ca2+ signals
triggered by different stimuli.
Protein phosphorylation is a common mechanism of reg-

ulation and plays important roles in cell signal transduction
(Liang and Zhou, 2018), such as in the physical interactions,
phosphorylation, and activation of GUARD CELL HY-
DROGEN PEROXIDE-RESISTANT1 (GHR1) and the S-
type ion channel SLOW ANION CHANNEL-ASSO-
CIATED1 (SLAC1) (Hua et al., 2012). Under high-salt
stress, CBL-interacting protein kinase (CIPK) SOS2/
CIPK24 phosphorylates and activates the Na+/H+ antiporter
protein SOS1 on the PM to optimize tolerance to salt stress
(Steinhorst et al., 2022). This study will guide our future
research, and the results have improved our understanding of
the mechanism through which calcium signaling regulates Fe
homeostasis. The results also provide targets for developing
crops resistant to Fe-deficient conditions.

Figure 7 Fe deficiency signaling model and regulation of Fe transport by
IRT1 in Arabidopsis. Ca2+ transport is promoted from the extracellular
space to the intracellular space via Ca2+ channels when plants perceive a Fe
deficiency in the environment. The spatiotemporal heterogeneity of the
intracellular Ca2+ concentration generates unique Ca2+ signals. These
physical parameters of Ca2+ signaling provide specific and critical in-
formation for triggering downstream responses. As important calcium
regulatory proteins, CPK21 and CPK23 interpret the calcium signals trig-
gered by Fe deficiency and decode the Ca2+ signals into protein phos-
phorylation, namely, Ser149 phosphorylation of the Fe transporter IRT1.
Phosphorylated IRT1 is activated to further promote iron transport. This
process consists of Ca2+ signaling, Ca2+-CPK21-IRT1, and Ca2+-CPK23-
IRT1 axes, allowing for proper fine-tuning of plant Fe transport and
homeostasis under Fe-deficient conditions.
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MATERIALS AND METHODS

Plant materials and growth conditions

The WT plants used in this study were Columbia (Col-0)
background. The T-DNA insertion lines CPKs and irt1
(SALK_066735) were obtained from Nottingham Arabi-
dopsis Stock Center. The mutants used are listed in Tables S1
and S2 in Supporting Information. The Arabidopsis seeds
were grown on a nutrient medium consisting of 1% agar
(Sigma-Aldrich, USA), 1% sucrose, and full strength
Hoagland’s nutrient solution (5 mmol L−1 CaNO3,
5 mmol L−1 KNO3, 2 mmol L

−1 MgSO4, 1 mmol L
−1 NH4

H2PO4, 3 μmol L−1 H3BO3, 1 μmol L−1 (NH4)6 Mo7O24,
0.4 μmol L−1 ZnSO4, 0.2 μmol L−1 CuSO4, 50 μmol L−1

Fe(III)-EDTA, pH 5.70) and −Fe medium (full strength
Hoagland’s nutrient solution without Fe(III)-EDTA), grown
on vertical plates at 21°C for 10 d under a 16 h light/8 h dark
cycle (Gao et al., 2018). All phenotypic experiments were
repeated three times (n=15 for each genotype), and root
length was measured using ImageJ (1.46r).

Plasmid construction

To construct the overexpression vector, the CDSs of the
target genes were fused to the Pro35S:pCAMBIA-
1307FLAG vector by homologous recombination (Man-
ishankar et al., 2018), with the FLAG tag following the CDS.
The 1,300 bp IRT1 promoter and 1,237 bp genomic sequence
were fused to the pCAMBIA-1300 vector for the genetic
complementation analysis. Mutagenesis of IRT1S149A and
IRT1S149D was performed using the Tiangen Rapid Site-Di-
rected Mutagenesis Kit (Tiangen, Beijing, China).
The CPK21 and CPK23 CDSs were cloned into the

Pro35S:nYFP and Pro35S:pCAMBIA 1300-nLUC vectors,
respectively, for the BiFC and LCI analyses. The IRT1 CDS
was cloned into the Pro35S:cYFP and Pro35S:pCAMBIA
1300-cLUC vectors, respectively (Su et al., 2021). The
nYFP/cYFP/nLUC/cLUC labels all preceded the CDS.
To construct the recombinant protein vectors, CPK21,

CPK23, and IRT1vr were amplified and cloned into the
pET28a and pGEX4T-1 vectors to obtain CPK21/23-His and
GST-IRT1vr. MBP-His-CPK21 was amplified and cloned
into an engineered pMALc2X vector (His tag was added to
the pMALc2X vector) to obtain MBP-His-CPK21. The GST
or His-MBP tag preceded the CDS, while the His tag fol-
lowed the CDS (Chen et al., 2021).
The promoter fragment and full-length CPK21/CPK23/

IRT1 CDSs were cloned into the pCAMBIA-1300GFP
vector to generate the ProCPK21:CPK21-GFP, ProCPK23:
CPK23-GFP, and ProIRT1:IRT1-GFP constructs using the
EcoRI and HindIII sites for the subcellular Arabidopsis lo-
calization analysis.

Semi-quantitative RT-PCR and quantitative real-time
RT-PCR

Plant total RNA was extracted from 10-day-old seedlings
using an RNA simple total RNA kit (Tiangen), and first-
strand cDNA was synthesized from total RNA with the Hi-
Script II Q RT SuperMix for qPCR (+gDNA wiper) (Va-
zyme, Shanghai, China), and the HiScript II 1st Strand
cDNA Synthesis Kit (+gDNA wiper) for semi-quantitative
RT-PCR (Vazyme). RT-qPCR was performed according to
the instructions provided with the real-time PCR instrument
(CFX connect, Bio-Rad, USA) using the ChamQ SYBR
qPCR Master Mix (Vazyme). Statistical differences between
the samples were evaluated by analysis of variance (ANO-
VA). The specific primers used are listed in Table S3 in
Supporting Information.

BiFC assay

The BiFC assay was based on a published method (Su et al.,
2021). In brief, a buffer was used to adjust the concentration
of the Agrobacterium tumefaciens strain to a specific ab-
sorbance (A) at 600 nm. The combination of CPK21/23/15-
nYFP and IRT1-cYFP, CPK21/23/15-nYFP and GUS-cYFP,
IRT1-cYFP, and GUS-nYFP was injected into the leaves of
N. benthamiana respectively. After 48 h of expression, the
fluorescence signals were detected under a confocal laser
scanning microscope (Olympus, Japan).

LCI assay

The LCI assay was based on a published method (Su et al.,
2021). In brief, A. tumefaciens containing the CPK21/23/15-
nLUC and IRT1-cLUC, the CPK21/23/15-nLUC and GUS-
cLUC, the IRT1-cLUC and GUS-nLUC combinations were
co-injected into N. benthamiana leaves, respectively. After
48 h of expression, the LCI signals were detected by a cooled
charge-coupled device (Princeton, USA).

GST pull-down assay

The GST pull-down assay was based on a published method
(Zhang et al., 2016). In brief, 3 μg of purified GST or GST-
IRT1vr protein and glutathione beads (Sangon Biotech,
Beijing, China) were incubated for 2 h. Then, they were in-
cubated with 1 μg of CPK21/23/15-His for more than 2 h.
After washing six times, the proteins were analyzed with
anti-GST and anti-His antibodies (TransGen Biotech,
Shanghai, China).

Protein purification and Western blot

The bacterial solution to extract the E. coli protein was in-
duced overnight with IPTG, and the cell walls were broken
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ultrasonically. The supernatant was obtained by centrifuga-
tion and passed through agarose beads with the corre-
sponding label. The target protein was eluted and collected
with the corresponding elution buffer (100 mmol L−1 re-
duced L-glutathione or 200 mmol L−1 imidazole in PBS).
GST Settled Resin (Sangon Biotech) or Ni-NTA 6FF Settled
Resin (Sangon Biotech) agarose beads were used for protein
purification. To extract the plant proteins, the ground sam-
ples were added to the IP buffer and left to stand for 1 h (Ju et
al., 2022). The supernatant was centrifuged, and the poly-
clonal antibody corresponding to the label was added to the
supernatant. After more than 2 h of rotation, agarose coa-
gulation beads were added and rotated for more than 2 h.
Finally, the target protein was eluted and collected with the
corresponding elution buffer.
After the target protein was extracted, the protein loading

buffer was added to the sample, and the protein was dena-
tured by heating at 95°C for 10 min. The samples were
subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). PVDF membranes were cut to
a suitable size, and the proteins were transferred at a constant
current of 200 mA for 2 h. The membranes were incubated
with 5% nonfat dry milk for 2 h, and an appropriate primary/
secondary antibody was added for 2 h. Finally, images were
obtained using a chemiluminescence imager (Cell Signaling
Technology, USA). The following antibodies were used to
detect the proteins: anti-GFP (TransGen Biotech, 1:5,000),
anti-FLAG (TransGen Biotech, 1:5,000), anti-His (TransGen
Biotech, 1:5,000), anti-GST (TransGen Biotech, 1:5,000),
anti-tubulin (TransGen Biotech, 1:5,000), and anti-phos-
phoserine (Immuno Way Biotechnology, USA; 1:2,000).

Co-IP assay

The Co-IP assay was based on a published method (Su et al.,
2021). The total protein of 10-day-old transgenic seedlings
was extracted with IP buffer. The extracts were incubated
with GFP-tagged rabbit polyclonal antibody (Proteintech,
USA) for 12 h at 4°C. Then, the proteins were incubated with
protein A/G agarose beads (Abmart, USA) for 2 h at 4°C.
The proteins were detected with anti-GFP (TransGen Bio-
tech, 1:5,000) and anti-FLAG (TransGen Biotech, 1:5,000)
antibodies.

In vitro and in vivo kinase assays

The in vitro kinase assay was based on a published method
(Zhang et al., 2021b). IRT1-FLAG and IRT1S149A-FLAG
constructs were transformed into the WT or cpk21/23
mediated by A. tumefaciens for the in vivo kinase assay. The
seedlings were subjected to Fe-deficient conditions for 0, 3,
6, 12, and 24 h. The proteins were extracted and enriched
with anti-FLAG agarose beads (Proteintech). The phos-

phorylation signals were analyzed by Western blot using a
phosphoserine antibody (Immuno Way Biotechnology).

IRT1 subcellular localization

Using T3 stable lines of IRT1-GFP transgenic plants and
their variants, GFP fluorescence was observed under con-
focal microscopy (Olympus) after vertical growth for 5 d in
Fe-sufficient and Fe-deficient media. The excitation wave-
length was 488 nm, and the emission wavelength was
500–530 nm. The PM:intracellular signal ratio was analyzed
with ImageJ.

GUS expression analysis

ProIRT1:GUS, ProCPK21:GUS, and ProCPK23:GUS
seedlings were grown under −Fe/+Fe conditions for 7 d and
then stained using a GUS Staining Kit (Coolaber, Beijing,
China). Chlorophyll was removed with an ethanol gradient
(20%, 50%, and 70%). The samples were observed under a
microscope (Olympus).

Yeast functional analysis

Yeast vectors expressing IRT1 and its variants were trans-
formed into the Δfet3fet4, Δsmf1, and Δzrt1/zrt2 yeast
strains, respectively. SD-U liquid medium was used to cul-
ture the yeast grown to A=0.1. Four 10-fold dilution series
were established under sterile conditions. The A600 values of
the transgenic yeast were recorded every 3 h after 18 h of
growth with 0 or 20 μmol L−1 BPDS to prepare the growth
curve.

Elemental analysis

Seeds of WT, irt1, cpk21/23, irt1/IRT1, irt1/IRT1S149A, and
irt1/IRT1S149D plants were sown on +Fe medium for 10 d,
and the transgenic lines were transferred to Fe-sufficient or
Fe-deficient medium for 5 d. The tissues were desorbed by
washing in 2 mmol L−1 CaSO4 and 10 mmol L−1 EDTA for
5 min, followed by a 10 min rinse in ddH2O. The samples
were dried at 65°C for 1 week. The plant samples and 5 mL
of nitric acid were added to a digestion tube for miner-
alization, and digestion was carried out at 120°C for 5 h.
Subsequently, 2 mL of ddH2O2 was added to the digestion
tube in two portions, and the temperature was maintained.
Then, the temperature was raised to 160°C and maintained
until the nitric acid was completely volatilized. Finally, the
samples were diluted with ddH2O and analyzed by ICP-MS.

Ferric reductase assay

The ferric reductase assay was based on a published method
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(Waters et al., 2006). In brief, the seedlings were grown on a
Fe-sufficient medium for 10 d and transferred to a Fe-
deficient medium for 0, 6, 12, 24, and 48 h. The absorbance
value of the solution was measured at 562 nm using an ul-
traviolet/visible spectrophotometer (Shimadzu, Japan), and
the liquid on the surface of the seedling was quickly dried,
and the seedling was weighed.

Rhizosphere acidification assay

The rhizosphere acidification assay was based on a published
method (Santi and Schmidt, 2009). In brief, 7-day-old
seedlings were transferred to a standard nutrient solution
containing +Fe or −Fe (0.005% bromocresol purple, pH 5.8).
After a 48 h incubation in the test solution, the absorbance
value of the solution was measured at 590 nm with an ul-
traviolet/visible spectrophotometer (Shimadzu) and then
converted to pH according to the pH curve.

Statistical analysis

Statistical differences were identified by one-way ANOVA.
Tukey’s multiple-testing method (P<0.05) was used to detect
the genotypes within a given growth condition (+Fe or −Fe).
Three independent replicates were used for the plate ex-
periments, confocal microscope experiments, qRT-PCR
analysis, LCI, pull-down, functional analysis in yeast, and
the Western blot assay, and a representative image was
shown. Two independent replicates were assessed for the in
vitro and in vivo protein kinase assays.
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