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Identification of LcCDPKs and analysis of their expression patterns in re-

sponse to downy mildew stresses in lychee

LIU Hailun, YAN Qian, JIANG Yonghua, SHI Fachao, CHEN Jiezhen, CAI Changhe, OU Liangxi"
(Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sciences/Key Laboratory of South Subtropical Fruit Biology and

Genetic Resource Utilization, Ministry of Agriculture and Rural Affairs/Guangdong Province Key Laboratory of Tropical and Subtropi-
cal Fruit Tree Research, Guangzhou 510640, Guangdong, China)

Abstract: [Objective] Lychee (Litchi chinensis Sonn.) is a delicious and nutritional fruit widely accept-
ed by consumers. However, the fruits are highly susceptible to various diseases. Lychee downy blight is
one of the major diseases in lychee. The calcium dependent protein kinases (CDPKs) play vital roles in
regulating plant growth, development and response to abiotic or biotic stresses. However, the potential
role of CDPK gene family in lychee (LcCDPK) have not been reported. Here, we aimed to identify and
analyze the CDPK gene family from the lychee genome with bioinformatic technology, and investigate
the phylogeny, protein structure, expression patterns and response of CDPK gene in lychee under ly-
chee downy mildew stress. This study would provide a basis foundation for further functional character-

ization of the lychee CDPK genes. [Methods] The lychee genome was used to identify and analyze the
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LcCDPK genes by bioinformatics using a local BLASTP search of TBtool software. All putative candi-
dates were manually verified with the InterProScan program to confirm the presence of the protein ki-
nase domain and the CaM domain. The length of sequences, isoelectric point (pl), molecular weights
(MW) and predication subcellular location of the LcCDPKs were estimated by ExPASy Compute pl/
Mw tool. The multiple alignments of amino acid sequences were performed using MEGA-X program.
The neighbor-joining phylogenetic tree was constructed via applying the MEGAG6 program, with boot-
strapping set at 1000 replications. The gene structure of the LcCDPKs were analyzed using the Gene
Structure Display Server (GSDS) program with default settings. The LcCDPK genes were mapped to ly-
chee chromosomes based on physical location from the database of the lychee genome using MapChart.
The cis-acting regulatory elements located in a region upstream 2 kb to the start codon of LcCDPK
genes were identified using the PlantCARE database, and visualized with TBtools. The germplasm used
in this study contained 276 lychee landraces from different geographic areas. This population was select-
ed for the present study because the collection was representative of the diverse genetic variation in ly-
chee. These 276 germplasm materials were provided by Institute of Fruit Trees, Guangdong Academy
of Agricultural Sciences and were planted in National Fruit Tree Germplasm, Guangzhou Lychee Nurs-
ery. The pathogen of P, litchii was provided by South China Agricultural University. P. litchi were cul-
tured in juice agar (CJA) medium at 27 ‘C. The spore suspension was filtrated using double sterile layer
and adjusted to 10" spores mL"' for inoculation. For transcription analysis, the leaves of Yurong 1 (YR1)
lychee were inoculated with 5 pL sporangia suspension of P. litchii (10* spores - mL™") or a mock suspen-
sion (sterile water), and then the leaves were collected at the indicated time points. All tissues were im-
mediately placed in liquid nitrogen and stored at —80 “C. The sequencing data of lychee were available
from NCBI Sequence Read Archive database under the accession number PRINA747875. The expres-
sion levels of the LcCDPK genes were analyzed in various tissues, including female flowers ovary, root,
pericarp, aril, embryo, epicarp, male flowers anther, leaf and seed. The heat map with hierarchical clus-
tering of the LcCDPK genes were constructed using MeV4.9 software by average linkage with Euclide-
an distance method, to visualize the expression levels in nine tissues based on the log10 (FPKM+1) val-
ues of the LcCDPK genes. Based on the transcriptome data, the expression of the CDPK was analyzed
and verified by qRT-PCR. [Results] This study identified and comprehensively analyzed the CDPK
family genes based on the whole genome data of lychee. The sequence characteristics, gene structure,
promoter cis-acting elements, chromosome localization, evolutionary relationships and expression pat-
terns in different tissues under the stress of lychee downy mildew were analyzed. A total of 19 CDPK
family members were identified from lychee genome, which were distributed on 11 chromosomes. Ac-
cording to conserved domain and phylogenetic analysis, the 19 CDPK family members were divided in-
to four subfamilies. The gene structure analysis indicated that the number of exon-intron ranged in the
LcCDPKs from 7 to 19. The protein structure domain analysis showed that all LcCDPK proteins had 1-
4 EF-hand domains. The promoter cis-acting element analysis exhibited that LcCDPKs had a large num-
ber of biological and abiotic stress response elements. Tissue-specific expression analysis showed that
many LcCDPKs genes could be detected in all tissues, while a few of LcCDPKs genes were tissue spe-
cific. The differential gene expression analysis of the LcCDPK genes in response to lychee downy mil-
dew stresses helped us identify the LcCDPK5, LcCDPKI17 and LcCDPK19 as the candidate genes for
disease resistance in lychee, whose relative transcript abundance rapidly increased after lychee downy
mildew infection. [Conclusion] A total of 19 CDPK family genes were identified in lychee genome.

The expression of the LcCDPK genes in different tissues and their expression patterns in the response to
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lychee downy mildew stresses elucidated that the LcCDPKS5, LcCDPKI17, LcCDPK19, LcCDPK3 and
LcCDPKS might play an important role in the resistances of lychee to lychee downy mildew. Our study

would provide critical foundation for further functional characterization of the lychee CDPK gene fami-

ly.

Key words: Litchi chinensis Sonn.; Calcium dependent protein kinase; Lychee downy mildew; Expres-

sion analysis
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Table 1 Sequences of primers used in this study

EIE/EX S FFHI(57-37) H
Primer name Sequence (57-37) Purpose
Actin_F CAACTGGTATTGTCTTGGATTCTG  qRT-PCR
Actin R TCATCAAGGCATCGGTTAGA qRT-PCR
LcCDPK3F CGGATTTCGGCTACGCAAAG qRT-PCR
LcCDPK3R GCAACACGATCTCCATTGGC qRT-PCR
LcCDPKSF TGGCAAGAAACTGGGTCAAGGT qRT-PCR
LcCDPKSR TGCTGGTGCTCAGACAGATGGT qRT-PCR
LcCDPKS8F GATGCTTGAAAGGGACCCGA qRT-PCR
LcCDPK8R CGACAGTACGGCAGAATCCA qRT-PCR
LcCDPKI17F GCAGCACAGTTTTCTTGCGA qRT-PCR
LcCDPKI17R AGACTGGCATTGTCACCGTT qRT-PCR
LcCDPKI19F TGGAGTACCGCCATTTTGGG qRT-PCR
LcCDPKI19R TCCTGACTAGCTCCTTGGCA qRT-PCR
2 iR 50Mr
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Table 2 The characteristics of 19 LcCDPK genes
CRE 7y
o ooe R REE e PP el g SAREG
Gene name  Gene ID Length/  Amino Chromo- Hands pl* Molecular Start End Subcgllu.l ar toylation
bp acids/aa  SOME mass/ku localization
LcCDPKI  LITCHIO01674 1806 601 Chr5 1 8.67 67.68 29 446 798 29453 620 Chloroplast Y
LcCDPK2  LITCHI002195 1683 560 Chr5 4 5.80 62.90 34128272 34132785 Cytoplasm N
LcCDPK3  LITCHIO06474 1689 562 Chrll 4 9.13 63.80 1569 144 1578 338 Nucleus Y
LcCDPK4  LITCHIO06812 1869 622 Chrll 1 8.87 69.22 4705922 4712563 Chloroplast Y
LcCDPKS  LITCHIO07334 1503 500 Chrll 4 5.27 56.29 11613237 11618 541 Cytoplasm N
LcCDPK6  LITCHI008906 1557 518 Chr7 4 6.61 58.81 19312107 19317 474 Nucleus N
LcCDPK7  LITCHIO10062 1608 535 Chr8 4 5.86 60.12 1857782 1862347 Cytoplasm Y
LcCDPKS  LITCHIO11639 1491 496 Chr8 4 5.59 55.65 24775 847 24780 830 Cytoplasm N
LcCDPK9  LITCHIO14137 1581 526 Chr2 4 6.10 58.81 39048 466 39 057 334 Cytoplasm Y
LcCDPKI0 LITCHIO15851 1644 547 Chrl 4 6.14 62.20 19870410 19873267 Cytoplasm Y
LcCDPKI1I  LITCHIO19005 1866 621 Chrl5 4 5.48 69.86 11587821 11593 634 Cytoplasm N
LcCDPKI2 LITCHIO19021 1722 573 Chrl5 4 5.34 63.48 11 743 007 11 748 387 Cytoplasm N
LcCDPK13 LITCHI022010 4047 1348 Chr10 4 8.70 151.44 2965362 2976577 Plasma Membrane N
LcCDPKI14 LITCHI022230 1674 557 Chr10 4 6.55 63.34 4555317 4559219 Cytoplasm N
LcCDPK15 LITCHI023733 1611 536 Chrl3 4 5.46 59.19 5194965 5198 136 Cytoplasm Y
LcCDPKI6 LITCHI023923 2556 851 Chrl3 4 6.57 95.41 8788218 8801045 Cytoplasm Y
LcCDPK17 LITCHI027028 1542 513 Chr3 3 5.58 57.11 16 195697 16204 228 Nucleus N
LcCDPK18 LITCHI027050 1770 589 Chr3 4 5.22 65.51 16459 442 16 465 948 Cytoplasm N
LcCDPK19 LITCHI029637 1641 546 Chr9 4 6.33 61.70 27392060 27399369 Cytoplasm Y

ET. WK 4-BFTR, LeCDPK 155 1 5 % 5
HRIERINMNRE T NS T, RAF— TR
JEH Y LeCDPK B2 PR B A 1 B AR ST 1) 25 R 45 4
52Z MR E 11K R, B LeCDPKI13 & H 19
MO RF AN N E TFoM, KR FK R 38 & H
SR TFMTIANE T MR, FEBIIMEEIVIE
K S B K R 3 IR 5 44 22 R IX T A R R
HEH Z AN RN S N, 78 S T K%
t LecCDPK6 5 LeCDPK10 &4 8 N4 & 1 F1 7 4
W&, LecCDPKIAU & H T AN RETR6 NN &
¥, LcCDPKI16 & H 13 MM F 124N & T
FEIVI A, LecCDPKI 5 LeCDPK4 &4 11 A4
T 10 NN & T, LeCDPK3 &4 12 N4 &1 #
1 AWE T LeCDPKI7 &4 7 A5 T F1 6 A
T

b8 J5 A8 LcCDPK (1) & 2L /R /77 41 EAT 1 AR 5%
Motif 78 #1 . — 3L % 2 H 5 A R 5F 1) Motifs, Mo-
tif I~Motif5 (& 4-C) . 19 4> LcCDPK #4447 1% 54>
Motif. {815 VE & 4L, LecCDPK16 B N5k, A
¥ 2H Motif1 .Motif2 F1 Motif4 .
2.4 LcCDPKIRAER TH2

Jigi =0 A FH e E R A KR B M B B ia
W BAT N T BE . R R B 0K A R
(SA) R FI R (JA) £ (ET) AL 7% TR (ABA) %%
JE i T SR DR AR R I = A G A AR
VE FH 5 70 R W A A R0 3 55 1 38 Ak 4% 45 B BLAE
FH¥, N T R R 5 i LeCDPK 3 R {55 5% ] 7
28 A5 AT 5T A A Plant CARE $ 48 )% % LeCD-
PK 3[R 5 & R 3R %05 1 i 2000 bp S5 8) T
DX 358 1R 98 LE MR AR T A 64T 7 b e B8 5 B
7N 8 N AE I A F AR 4 e, A B B
N AH 5% i 3 AE ot 44 (ABRE. CGTCA- motif £l
TCA-element) 1 NI XA H 7644 CAE-box Fl G-
box) PL A ¥ 85 Jbiy 38 it =X 1 H 7 A+ CARE . MBS Al
TC-rich repeats) . LcCDPKI8 J3 81 R AL & W ANt
& 1F H J¢ #F (TC-rich repeats Al AE-box) , H: 4%
LcCDPK ZR J 1 51 39 & 22 AN I XAk FH o A CEl
5) . TC-rich repeats #& — FHE 4 B T2 0 ik 3E féy it =X
YE F JCHES, 43 ¥t & BLAE LeCDPK2 1 LeCDPKG6 ]
Ja B F i A X — AR o (B S) . TCA-
element & — iU 47 M I 7K 2 TR (S A W% i 4097 i
Joiy 3@ () B = T AR, 2 b K B LeCDPKI
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The full-length amino acid sequences of CDPKs from Lychee (Lc), Arabidopsis (At) and rice (Os) were used for phylogenetic analysis. The CDPK

family is divided into four major subgroups ( I —IV). Black dots indicate the lychee CDPK.
2 LcCDPK SEBFIIMARRE SR
Fig. 2 Phylogenetic of LcCDPK sequences
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1, 28 75 AW 5 HF 1 F RNA-Seq £085 % LeCD-
PK 5 [RAE AN 75 B 20 SV MR I CETE A6 24
6T 55 R AR R AR e IR B RO AT T
KL (E6) . GER KD, BIR 194 LeCDPK %
RIE 9 /N H AR 35 3R IK AR AE A [F] 2 23 Fh Rk 21
EEERER . RS RIM, 194 LcCDPK 4 1

3HCE 6. 2 1 HAE 8AF K (LeCDPKI6.
LcCDPK7LecCDPK4.LeCDPKI19.LeCDPKS LeCD-
PK9.LcCDPK6 A1 LcCDPK18) , - B AE HR Al i 40 2K
R ERIL, TR RP R R EMR R . 2 1T A
& 9 % K (LeCDPK14 LeCDPK17 LeCDPKI
LcCDPKS. LcCDPKII. LcCDPKI2. LeCDPKIO.
LcCDPK15 F1 LeCDPK3) , K3 43 JE D5 75 1 46 2
HRERE. FAHAUEWA IR (LeCDPKI3 F
LcCDPK2) , fEAR ETE 5 AT SR iz v i 2k, T e
ez Bk ERIE. H KB, LcCDPKIG6.
LcCDPK7 LeCDPK4 . LcCDPK9 LcCDPK6 . LcCD-
PK18.LcCDPK14.LcCDPK17LeCDPKII F LeCD-
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Fig.3 Distribution of LcCDPK on lychee chromosomes
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Fig. 4 Phylogenetic tree, gene structure and distribution of conserved motifs of Lychee CDPKs
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Fig. 5 Analysis of cis-regulatory elements in the promoters of LcCDPK genes
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The heatmap of CDPK genes was constructe using R. Color key rep-

resents the relative transcript abundance of the LcCDPK genes in nine
lychee tissues. 1. Root; 2. Leaf; 2. Episperm; 4. Embryo; 5. Male flow-
ers anther; 6. Female flowers ovary; 7. Pericarp; 8. Aril; 9. Seed.
B 6 LcCDPK ERBARIED
Fig. 6 Heatmap of lychee LcCDPK gene expressions in

nine tissues
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Table 3 Descriptive statistics explained by the population
structure for disease index (DI) values in lychee accessions
eS| HH FOr FEUME beEzE P BoME RORE RE
Trait N  Year Mean SD Median Min ~ Max  Range
I A Leaf 256 2021 68.28 23.31 73.33 222 100 97.78
I Leaf 242 2022 68.47 21.63 71.85 2.59 100 97.41
WS Fruit 147 2021 57.64  24.60 68.83 0.00 100 100.00

B 100
5
T 75
A 50
%5
i 25
=

0

S5 Fruit i} Leaf
TEYIKE Kl Plant material
BER I 8T AL 276 D75 AE H AR

HOHT AR SRR TR 1 5 CYRD I Fr (R 15 1 50, 20

A. Frequency distributions of DI based on the means of the traits of 276 lychee accessions; B. Phenotypic analysis of DI values in lychee leaves

and mature fruits. Leaves and mature fruits of 276 lychee germplasm materials were used as materials to screen the high resistance cultivar YR1. The

cyan arrow and dot indicated the DI values of YR1 leaves, and the red arrow and dot indicated the DI values of YR1 mature fruits. The data of lychee

leaf DI with two biological repeat, and the data of lychee fruit DI with one biological repeat.

7 HRARFRE R R TEIEEE

Fig. 7 Screening and Identification of lychee cultivar YR1 with high-resistance to lychee downy mildew
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A. The heatmap exhibit the ratio of the expression levels of lychee LcCDPK genes between lychee downy mildew treatment and Mock condition.

RNA-seq data using leaf samples of the high-resistant lychee cultivar YR1. B-F. Relative expression levels of five lychee LcCDPKs in response to a

simulated lychee downy mildew stress. The lychee Actin was used as the internal control. The data represent (the mean + SD) of three replicates.
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Fig. 8 Expression pattern analysis of LcCDPKs under the infection of lychee downy mildew
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