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Abstract: [Objective] Ca>/H" antiporter (CAX) is a type of low-affinity and high-capacity transporter
that mainly relies on the transmembrane proton gradient to complete the transport of Ca**. This protein
may be related to the occurrence of plant calcium deficiency. It is known that Ca*’/H" reverse transport-
er proteins (CAXs) in model plants like Arabidopsis thaliana and tomato play important roles in regulat-
ing intracellular Ca®* distribution and allocation, and maintaining intracellular calcium homeostasis, and
overexpression of the CAXs genes in different plants could cause calcium deficiency symptoms in the
plants. In the preliminary stage of this study, Honeycrisp apple bitter pit disorder fruits with different de-
grees of incidence were used as test materials, and the differences in mineral element contents and ex-
pression patterns of calcium transport-related genes in disordered fruits were analyzed. The key regula-
tory genes MdCAXS5 and sMdCAX11 (MdCAXI1 with the N-terminal autoinhibitory region removed) in-
volved in the development of bitter pit disorder were then identified. However, the function of Md-
CAXI11 protein in apple was still unclear. Meanwhile, it was still unclear whether Ca*'/H' reverse trans-
porter proteins were involved in the development of bitter pit disorder in fruit. [Methods] The gene
functions of sMdCAXI1 were analyzed using experimental methods like genetic transformation. In this
study, we first utilized the transient transformation of Honeycrisp apple fruits to verify the calcium trans-
port function of the sSMdCAXI11 protein. Fruits transiently transformed with the sMdCAXI11 gene were
sectioned to observe the changes in the flesh tissue near the injection hole, and the mineral element con-
tent of the flesh tissue was also determined. Next, we stably transformed sMdCAX1I1 into the Arabidop-
sis Col-0 and successfully obtained positive T4 generation transgenic plants. The PCR tests at DNA lev-
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el and RNA level verified that all obtained were positive plants, and the leaves were analyzed for miner-
al element detection. In this study, various types of elements contained in the 1500 bp promoter region
upstream of the start codon of the apple MdCAXI11 gene were also predicted and analyzed. Meanwhile,
in order to investigate the effect of the ProCAX11 promoter on the response to Ca’”, tobacco leaves
sprayed with different concentrations (0, 10, 20 and 40 mmol - L") of CaCl, were infiltrated by using
Agrobacterium proCAX11::GUS. The effect of calcium ion on the transcriptional activity of MdCAXI1
gene promoter was verified by GUS staining and GUS protein activity analysis. [Results] The total cal-
cium content in apple flesh tissues overexpressing the sMdCAX11 gene significantly decreased and con-
tinued to decrease with the extension of storage time. By analyzing the total Mg and K contents in the
flesh tissues, these two elements showed a rapid increase after a transient decrease at the 3rd day after
infestation, reaching the highest value at the 5th day. Further analysis of the elemental ratios of the
flesh tissues revealed that the total mineral elements (K+Mg)/Ca significantly increased in the flesh of
transiently transformed sMdCAX11 and continued to rise with the extension of storage time. At the 5th
day of infestation, (K+Mg)/Ca ratio of water-soluble mineral elements was significantly higher in the
flesh tissues of transiently transformed sMdCAX11 genes, while there was no significant change in the
elemental ratios of the control. By analyzing the leaf mineral element contents of the four sMdCAX11
transgenic Arabidopsis lines, consistent with the apple flesh material transiently transformed with sMd-
CAXI1, the (K+Mg)/Ca ratios of the total elements, and the ratios of the water-soluble elements ap-
peared to be marked increase and significantly different in the positive plants. A large number of cis-
acting elements responsive to external environmental conditions were present in the promoter region of
the MdACAX11, such as ARE, an element involved in anaerobic induction, as well as the light-respon-
sive elements ATCT-motif, Box 4, G-box, GT1-motif, TCCC-motif and chs-CMAZ2a. In addition, the
MdCAX11 promoter region was characterized by the presence of several transcription factor binding
sites, such as the WRKY transcription factor binding sites WBOXNTERF3, WBOXATNPR1 and
WRKY710S, as well as the binding sites of transcription factors like MYB. By analyzing the GUS pro-
tein activity of tobacco leaves, it was found that ProCAX11 initiation significantly increased in a high
calcium environment. The GUS protein activity significantly increased when they were sprayed with
different concentrations of CaCl,, and the difference was significant compared with the control. Simul-
taniously, the GUS protein activity reached the highest value when they were sprayed with 20 mmol - L™
CaCl,. The transcriptional activity of MACAX11 promoter was significantly affected by Ca’*. [ Conclu-
sion] The calcium transport capacity of the MdCAXI1 gene was influenced by the N-terminal autoin-
hibitory region, and the sMdCAXII gene was equipped to transport calcium ions. Overexpression of
the sMdCAXII gene significantly reduced the calcium content in plants and disrupted the balance of
mineral element ratios. sMdCAX11 transgenic Arabidopsis thaliana leaves contained significantly lower
total Ca content as well as water-soluble Ca content compared with the wild type, and the (K+Mg)/Ca
ratio of the total and water-soluble mineral elements was significantly higher than that of the control.
In conclusion, these findings provided further evidence that overexpression of the sMdCAX11 gene can
cause uneven distribution of elements in plant tissues and imbalance in element proportions.
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Fig.2 Phenotype identification of transiently overexpressed sMdCAXI1 in apple fruits
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Table 1 Functional analysis of cis-elements of ProCAX11 promoter

it FH et T 7 WIS TV Caghe ¢

Cis-element Function Number of cis-element

ABRE Z 556 B I S A AR FE e 3
Cis-acting element involved in the abscisic acid responsiveness

ARE PRER 5 P b 5 BN 42 7T 4
Cis-acting regulatory element essential for the anaerobic induction

ATCT-motif Z 556 R B fR S DNA T 53 1
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Box 4 Z 556 R B R S DNA fEHT 53 1
Part of a conserved DNA module involved in light responsiveness

Box 111 R A 45 40 55 Protein binding site 1

CAAT-box JE Bl R 5T DR AR e 30
Common cis-acting element in promoter and enhancer regions

G-box 2508 G 3
Cis-acting regulatory element involved in light responsiveness

GT1-motif JGHA % 7o Light responsive element 3

MBS MYB&& M iz 5T 2% 1
MYB binding site involved in drought-inducibility

MYB MYB 4447 55 MYB binding site 2

MYB-like sequence MYB 4447 25 MYB binding site 2

Myb MYB &5 47 55 MYB binding site 1

Myc MYB 4447 55 MYB binding site 1

STRE A %1 Unknown 2

TATA-box k0630 bp 72 47 A% 0 2 T oufk 26
Core promoter element around —30 bp of transcription start
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WRE3 A1 Unknown 1
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WBOXNTERF3 WRKY ¥ 36 [H 745415 55 WRKY transcription factor binding site 2
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chs-CMA2a FeHA BTG 43 Part of a light responsive element 1
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