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Dear Editor,
Fusarium head blight (FHB) caused by Fusarium graminearum is
a destructive disease in wheat (Triticum aestivum) worldwide
(Bai et al., 2018). Previously, we have cloned a histidine-rich cal-
cium-binding protein gene (TaHRC) as the causal gene for Fhb1,
a major quantitative locus for FHB resistance, and demonstrated
that the TaHRC wild-type allele conditions FHB susceptibility
(Su et al., 2019). However, the molecular mechanisms on how
TaHRC regulates FHB susceptibility remain unknown.

To identify TaHRC interacting proteins, we conducted
yeast two-hybrid (Y2H) screening against the wheat cDNA
libraries using TaHRC as a bait. After screening 130 million
clones, we identified 25 high confidence candidate interact-
ing proteins (HCIPs) (Supplemental Table S1). Since previous
studies showed that HRC regulates Ca2 + -uptake and -release
to maintain Ca2 + -homeostasis and a cation exchanger
(CAX)-interacting protein 4 (TaCAXIP4) is the only one that
associated with calcium transport activity among the 25
HCIPs (Cheng et al., 2002), we selected TaCAXIP4 to investi-
gate its interaction with TaHRC in yeast. We first cloned the
full-length coding sequences (CDSs) of TaCXIP4 and TaHRC
from “Clark” (an Fhb1 susceptible wheat cultivar) and then

constructed the CDSs into a prey vector (pGADT7-
TaCAXIP4 with a leucine report gene) and a bait vector
(pGBKT7-TaHRC with a tryptophan report gene), respec-
tively. We also constructed additional bait vectors for the
TaHRC N-terminal fragment containing/without a nuclear
localization signal (NLS) domain (pGBKT7-TaHRC-N and
pGBKT7-TaHRC-N�NLS) and the C-terminal fragment with-
out NLS domain (pGBKT7-TaHRC-C) (Figure 1A) and then
co-transformed them into a Y2HGold yeast strain. All of the
yeast cells grew well on the medium lacking leucine and
tryptophan, however, only the yeast cells co-expressing the
full-length or N-terminus of TaHRC with TaCXIP4 grew on
the selective medium (Figure 1B), suggesting a strong inter-
action between the two proteins in yeast and that the NLS
domain is essential for the interaction.

To confirm the critical role of N-terminus carrying NLS do-
main of TaHRC on FHB susceptibility, we edited three differ-
ent sites (one before and one within and one after the NLS
domain) of TaHRC in a susceptible wheat cultivar “Bobwhite”
using the CRISPR/Cas9 gene editing technology (Chen et al.,
2022) and identified one mutant each at the three different
target sites, respectively, with two insertion mutations and
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one deletion mutation (Figure 1C). The homozygous M2
plants were inoculated with F. graminearum as described pre-
viously (Su et al., 2019). The percentage of symptomatic spi-
kelets (PSS) in a spike in the Mut01 and Mut02 with
disrupted N-terminus carrying NLS domain was significantly
reduced at 14 days after inoculation, whereas PSS of the
Mut03 with the complete N-terminus carrying NLS domain
did not change (Figure 1, D and E), suggesting that reduced
FHB susceptibility in the mutants Mut01 and Mut02 with the
disrupted N-terminus is likely due to abolished TaHRC func-
tion and the NLS domain is critical for FHB susceptibility.

To validate the interaction between TaHRC and TaCXIP4
in planta, we fused the full-length CDS of TaHRC and
TaCAXIP4 into the N-terminus and C-terminus of a split yel-
low fluorescent protein (YFP) in the expression vectors as
YN-TaHRC and YC-TaCAXIP4, respectively (Lu et al., 2010),
and infiltrated the mixed Agrobacterium tumefaciens cul-
tures harboring YN-TaHRC and YC-TaCAXIP4 vectors into
6-week-old epidermal Nicotiana benthamiana leaves for bi-
molecular fluorescence complementation (BiFC) assays. We
observed strong signals of the reconstituted YFP fluores-
cence in the nuclei of cells at 48 h after infiltration (hai)
(Figure 2A), indicating a very strong interaction between
TaHRC and TaCXIP4 in planta.

To determine where the interaction occurs in plant cells,
we fused the CDS of TaHRC and TaCAXIP4 into the N-

terminus of an intact green fluorescent protein (GFP) and a
cyan fluorescent protein (CFP) in the expression vectors as
TaHRC-GFP and TaCXIP4-CFP, respectively, and agroinfil-
trated the vectors into tobacco leaves as mentioned above
for subcellular colocalization assays. At 48 hai, the strong
GFP and CFP fluorescence signals from the co-expression of
TaHRC-GFP and TaCXIP4-CFP fusion proteins were observed
in the nucleus speckles (Figure 2B), confirming their interac-
tion in the nuclei.

The Arabidopsis (Arabidopsis thaliana) CAX1 is a H + /Ca2 +

antiporter that plays an important role in maintaining cellular
Ca2 + homeostasis, whereas CAX1 activity is activated by
CAXIP4 (Cheng et al., 2004). To investigate whether the
HRC–CXIP4 interaction affects the ability of CXIP4 to activate
CAX1 Ca2 + transport activity, we cloned the full-length CDS
of TaCAX1 and TaCAXIP4 from Clark into pGBKT7 vector
and transformed/cotransformed the constructs (pGBKT7-
TaHRC, pGBKT7-TaCAXIP4, and pGBKT7-TaCAX1) into a
Ca2 + sensitive yeast strain K667 (hypersensitive to high con-
centrations of Ca2 + ). Yeast cells expressing/coexpressing
TaHRC, TaCAXIP4, and TaCAX1 were assayed on a yeast ex-
tract/peptone/dextrose (YPD) medium supplemented with
and without 200 mM CaCl2, respectively. The K667 cells
expressing TaCXIP4 or TaCAX1 or TaHRC alone did not grow
on the medium containing 200 mM CaCl2, whereas the K667
cells coexpressing both TaCXIP4 and TaCAX1 grew well on

Figure 1 Confirmation of the interaction between TaHRC and TaCAXIP4 in yeast and determination of the functional role of the N-terminus car-
rying the NLS domain of TaHRC on FHB susceptibility using the CRISPR/Cas9 gene editing technology. A, Schematic presentation of different
TaHRC constructs used for yeast transformation. aa, amino acids; NLS, nuclear localization signal domain. B, Co-transformation assays to validate
the TaHRC–TaCAXIP4 interaction in yeast. Five microliters of serial dilutions of yeast cells were spotted onto the synthetic dextrose (SD) medium.
SD/-Leu/-Trp indicates SD medium lacking leucine (Leu) and tryptophan (Trp). SD/-Leu/-Trp/-His/-Ade/X/A indicates SD medium lacking Leu,
Trp, adenine (Ade), and histidine (His), but contains 20 ng/lL of X-alpha-Gal and 125 ng/mL of Aureobasidin A (AbA). PC is the positive control
by co-transformation of pGADT7 and pGBKT7-53. NC is the negative control by co-transformation of pGADT7 and pGBKT7-lam. C, Edited
sequences at three different target sites of TaHRC as identified from the three Bobwhite mutant lines by Sanger sequencing. Bobwhite-Mut01 has
one nucleotide insertion ( + 1), Bobwhite-Mut02 has six nucleotide deletion (–6) and Bobwhite-Mut03 has 39 nucleotide insertion ( + 39). The bar
within the CDS of TaHRC-3B is a nuclear localization domain. The arrows point to the targeted sites of three different gRNAs. D, Comparison of
mean percentages of FHB symptomatic spikelets (PSS) between the three mutant lines and non-edited control plants. Boxes indicate the 25th–
75th percentile, whiskers indicate the full data range, center lines indicate medians, crosses indicate means, and the numbers inside boxes indicate
sample size, data points outside of the whiskers are treated as potential outliers. P-values were generated from two-sided unpaired Student’s t
tests of the mean PSS of the mutant lines versus the mean PSS of the non-edited line. E, FHB symptoms in the inoculated spikes from the three
mutant lines and non-edited Bobwhite control plants.
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the same medium (Figure 2C), indicating TaCXIP4 activated
TaCAX1 to mediate the Ca2 + transport activity in yeast.
However, the K667 cells coexpressing TaCAX4, TaCAX1, and
TaHRC did not grow on the medium with 200 mM CaCl2, in-
dicating TaHRC sequestered TaCAXIP4 to suppress the Ca2 +

transporting activity of TaCAX1.
Production of reactive oxygen species (ROS) is critical for

successful activation of plant immune responses against
pathogens (Hao et al., 2019). To determine the role of
TaHRC in regulating plant immunity, we infiltrated N. ben-
thamiana leaves with Agrobacterium cultures harboring the
full-length CDSs of TaHRC-GFP and TaCAXIP4-GFP vectors,
and observed a high level of chitin-trigged ROS in the plants
expressing TaHRC or TaCAXIP4 alone, but a low level of
ROS in the plants coexpressing both TaCAXIP4-GFP and
TaHRC-GFP (Figure 2D), which suggested that TaHRC might
suppress the chitin-triggered plant immune responses during
Fusarium infection by sequestering TaCAXIP4 to trigger FHB
susceptibility.

In summary, we demonstrated that TaCAXIP4 interacts
with TaHRC in the nuclei of cells to trigger wheat FHB
susceptibility and the functional NLS domain in TaHRC
N-terminus is essential for the interaction. TaHRC may hi-
jack TaCAXIP4 to suppress calcium-mediated plant immune

responses and facilitate the pathogen spread within a wheat
spike (Figure 2E).
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Figure 2 Confirmation of the interaction between TaHRC and TaCAXIP4 in planta and effect of the HRC–CXIP4 interaction on CAX1-mediated
Ca2 + transport activity and chitin-triggered plant immune responses during Fusarium infection. A, BiFC assays to show the protein interaction be-
tween TaHRC and TaCAXIP4 in planta. The reconstituted YFP signals were observed under a Zeiss LSM 880 confocal microscope (Carl Zeiss,
Germany). An unrelated heat shock protein of YFP fusion (YC-TaHsp) was used as the negative control. Scale bars = 50 lm. B, Subcellular colocal-
ization of TaHRC and TaCXIP4 in the nuclei of plant cells. After infiltration with the mixed Agrobacterium cultures harboring equal concentrations
of TaHRC-GFP and TaCAXIP4-CFP vectors into 6-week-old epidermal N. benthamiana leaves at 48 h, the fluorescence signal of GFP and CFP was
imaged under a Zeiss LSM 880 confocal microscope in two channels and merged using a lookup table with raw data in green and cyan colors, re-
spectively. Scale bars = 5 lm. C, Suppression of K667 yeast Ca2 + sensitivity in cells coexpressing various combinations with three plasmids,
TaCAXIP4, TaCAX1, and TaHRC as indicated. Yeast cells were grown to A600 = 1.0 in selection medium at 30�C. Five microliters of serial dilutions
were spotted onto YPD medium supplemented with/without 200 mM CaCl2. Photographs were taken after 3 days of culture. D, Chitin-induced
ROS assay via transient expression of TaHRC-GFP and TaCAXIP4-GFP in N. benthamiana leaves. Luminescence was measured in 200 lL of the assay
solution (17 mM lumino, 1 lM horseradish peroxidase, and crab shell chitin at 200 lg/mL) for 60 min. Leaves expressing GFP served as the posi-
tive control and the assay solution without chitin served as the negative control. Lines are means and standard error with n = 12. Assays were re-
peated four times with similar results. RLU, relative light unit. E, A proposed model of the calcium-mediated plant immune response suppressed
by wild-type allele of TaHRC to enhance wheat FHB susceptibility. TaHRC hijacks TaCAXIP4 to suppress the Ca2 + transporting activity of TaCAX1
and disrupts the Ca2 + signal transduction during the immune response to F. graminearum infection.
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