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Abstract: Cyclic nucleotide-gated ion channels (CNGCs) are cell membrane channel proteins for
calcium ions. They have been reported to play important roles in survival and in the responses to
environmental factors in various plants. However, little is known about the CNGC family and its
functions in luffa (Luffa cylindrica L.). In this study, a bioinformatics-based method was used to iden-
tify members of the CNGC gene family in L. cylindrica. In total, 20 LcCNGCs were detected, and they
were grouped into five subfamilies (I, II, III, IV-a, and IV-b) in a phylogenetic analysis with CNGCs
from Arabidopsis thaliana (20 AtCNGCs) and Momordica charantia (17 McCNGCs). The 20 LcCNGC genes
were unevenly distributed on 11 of the 13 chromosomes in luffa, with none on Chromosomes 1 and 5.
The members of each subfamily encoded proteins with highly conserved functional domains. An evo-
lutionary analysis of CNGCs in luffa revealed three gene losses and a motif deletion. An examination
of gene replication events during evolution indicated that two tandemly duplicated gene pairs were
the primary driving force behind the evolution of the LcCNGC gene family. PlantCARE analyses of
the LcCNGC promoter regions revealed various cis-regulatory elements, including those responsive
to plant hormones (abscisic acid, methyl jasmonate, and salicylic acid) and abiotic stresses (light,
drought, and low temperature). The presence of these cis-acting elements suggested that the encoded
CNGC proteins may be involved in stress responses, as well as growth and development. Transcrip-
tome sequencing (RNA-seq) analyses revealed tissue-specific expression patterns of LcCNGCs in
various plant parts (roots, stems, leaves, flowers, and fruit) and the upregulation of some LcCNGCs
under low-temperature stress. To confirm the accuracy of the RNA-seq data, 10 cold-responsive
LcCNGC genes were selected for verification by quantitative real-time polymerase chain reaction
(RT-qPCR) analysis. Under cold conditions, LcCNGC#4 was highly upregulated (>50-fold increase
in its transcript levels), and LcCNGC3, LcCNGC6, and LcCNGC13 were upregulated approximately
10-fold. Our findings provide new information about the evolution of the CNGC family in L. cylindrica
and provide insights into the functions of the encoded CNGC proteins.

Keywords: Luffa cylindrica L.; CNGC; genome-wide identification; low temperature; expression analysis

1. Introduction

The cyclic nucleotide-gated channel (CNGC) gene family encodes non-selective cation
channels, which are mainly distributed on the plasma membrane. These proteins are
distributed in animals and plants and are important components of the eukaryotic signaling
cascade. They are known to play important roles in physiological processes such as plant
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signal transduction [1-3], growth and development [4], and responses to environmental
stresses [5,60]. A CNGC gene in the barley (Triticum aestivum) aleurone layer was the
first one to be identified [7]. Subsequently, whole-genome sequencing and functional
genomics studies on various plants have revealed that the CNGC gene family is one of
the most important gene families in plants [8,9]. Many CNGC genes have been identified
from various plants such as Triticum aestivum [10], Arabidopsis thaliana [11], Oryza sativa [12],
Brassica oleracea [13], Solanum melongena [14], Brassica rapa [15], Malus domestica [16], Nicotiana
tabacum [17], Ziziphus jujuba [9], Hordeum vulgare [18], Saccharum spontaneum [19], and
Mangifera indica [20]. Plant CNGCs can be divided into five groups (i.e., L, II, III, IV-a, and
IV-b) according to their phylogenetic relationships. The CNGCs are mainly characterized
by their core transmembrane domains (i.e., CNBD, CaMBD, and IQD muotifs) [9,18,20,21].
These motifs have special properties that are necessary for protein function and are widely
used to identify plant CNGCs. Because the CNBD motif is highly conserved, it can be used
to identify CNGC genes in various plant species [22,23].

There have been many studies on the regulation of DREB1 expression and the expres-
sion of genes downstream of DREB1. However, few studies have focused on the roles of
genes upstream of DREBI in the perception of decreased temperature in plants [24]. In
Arabidopsis, a mutant with a defective AtCNGC20 gene showed a low-temperature-sensitive
phenotype, whereas CNGC20-overexpressing plants showed a cold-tolerant phenotype [25].
According to studies on rice (O. sativa), OsCNGC9 positively regulates cold tolerance
by mediating an increase in calcium levels in the cytoplasm. OsCNGC9-deficient mu-
tants showed deficient calcium inflow under low-temperature conditions, making them
more sensitive to a prolonged low-temperature treatment, whereas those overexpressing
OsCNGC9 showed increased cold tolerance [26]. Moreover, two closely related CNGC
proteins in rice, OsCNGC14 and OsCNGC16, were found to enhance plant growth during
low-temperature stress and increase cold tolerance [27].

Luffa (Luffa cylindrica L.) is an important vegetable worldwide. It grows best in a warm
and light growing environment, and it is a short-day plant [28]. Studies have shown that
continuous low temperature in cucurbit crops before flowering can cause damage such as
flower topping, poor fertilization, and reduced fruit set, and low-temperature encountered
in the seedling stage tends to slow down the root growth and shorten the plants, which
seriously affects the distribution of the crops, their yields, and their quality [26,29-32].
During cultivation, luffa plants are sensitive to damage by extreme weather conditions,
such as low temperature and sparse sunlight. Such conditions cause flowers and fruits
to fall and can result in seedling death and the incidence of various diseases, leading to
reduced luffa production [28,33]. Consequently, in the process of luffa production, low-
temperature disasters can lead to a luffa yield reduction of 20% to 50%, and in severe cases,
it can be up to 70% and even cause the extinction of the harvest. To address these problems,
the best solution is to cultivate cold-resistant luffa varieties. At present, only a few cold-
tolerant luffa varieties have been bred, possibly because of a lack of efficient breeding
techniques. Additionally, there are few reports on the gene resources and molecular
mechanisms underlying cold tolerance in luffa, and this has seriously hindered the breeding
and cultivation of stress-tolerant varieties [28].

With the release of reference genome sequences for many plants, the body of research on
the CNGC gene family has increased. Members of this gene family have been detected and
characterized from diverse plants including Arabidopsis [34], Ziziphus jujuba [9], O. sativa [12],
Zea mays [8], Gossypium [35], Lycopersicon esculentum [36], Saccharum spontaneum [19],
Solanum melongena [14], Brassica rapa [23], and Malus domestica [16]. The recently released
genome sequences of Cucurbitaceae crops, such as Benincasa hispida [37], Citrullus lanatus [38],
Cucurbita maxima [39], Cucumis melo [40], Cucurbita pepo [41], L. acutangula Roxb. [42], and
L. cylindrica Roem. [43], are useful resources for genome-wide analyses of Cucurbitaceae species.
However, no previous studies have identified and characterized the CNGC family in luffa.
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2. Results
2.1. Identification and Classification of CNGC Genes in L. cylindrica

Twenty candidate CNGC sequences were detected in the whole luffa genome using
BLAST searches (Supplementary File S1), and domain composition analyses confirmed that
all of the candidate genes encoded CNGC proteins (Supplementary File S2). On the basis
of published classification criteria for CNGCs, the amino acid sequences of 18 LcCNGCs
(all except for LcCNGC19 and LcCNGC20) contained both an ITP domain and a CNBD [9].
Twenty potential CNGC proteins were detected in the luffa protein database using the
CNGC HMM search. These protein-coding genes were named LcCNGCI-LcCNGC20 based
on their distribution on luffa chromosomes (Table 1). The length of the open reading frame
of the LcCNGC genes ranged from 1230 to 2310 bp. Each LcCNGC has an average of four
exons (range: 1-12). The LcCNGC proteins range in length from 410 to 770 amino acids with
predicted molecular weights of 42.27-88.68 kDa. The predicted isoelectric points ranged
from 8.53 to 9.58. Except for LcCNGCS3, the other 19 LcCNGC proteins were predicted to
localize to the cell membrane.

Table 1. CNGC family genes identified in L. cylindrica.

. Coding Protein Conseryed Relative Theoretic.al Subcellular
Gene Name Gene ID Position Eequence Length/aa Doma.lns’ Mf)lecular Iso.electnc Group Localization
ength/bp Location Weight/kDa Point (pI)

LcCNGC1 Lcy02g001140 Chlrgézglléigz(ffé‘ 2310 770 539-670 88.68 9.41 IV-a mzﬁr;‘; .
LCCNGC2  Ley03g014490 CTS[,)S::% ;Z'ﬁ’l('fzo’ 2079 693 438-569 7951 9.09 1 ilasma
LcCNGC3  Ley03g018610 C};;°§’32521§’125(f§6‘ 1392 464 226-357 53.47 9.58 1 Chloroplast
LCNGCE  Leyogoiooso 0 22500506 1962 654 85460 75.05 853 m Plasma
LeCNGC5 Lcy06g000140 C};%%ﬁ%‘)ﬁ‘ 2610 870 698-816 99.48 8.89 I mzﬁﬁ\ .
LcCNGC6  Ley07g016590 Ci;?;;;‘i;g‘tf?‘ 2235 745 524-655 84.89 9.32 1 plasma
LcCNGC7  Ley08g013840 Cig?gbgﬁi?’(f)%‘ 2196 732 156-554 83.93 9.27 Ila ilasma
LcCNGCS Lcy09g003450 C};%%:Z/zézﬁé(ffo‘ 2133 711 523-630 81.60 9.62 I mzﬁf::n .
LcCNGCI  Ley09g018640 Cirl‘?zzlﬁ’g%fl)} 292 764 539-670 87.60 951 Ila Dlasma
LeCNGC10  Ley09g019220 C};g(’;ﬁ%iz(fs3‘ 2133 711 458-589 81.32 8.82 I mzﬁ%::\ .
LcCNGCI1 Ley10g017690 Cﬁg{%‘éi’gg&;{f;j} 2052 684 101-522 78.84 931 V-a  Plasma
LcCNGCI2  Ley11g000780 C};%1()153717 7('34‘ 2094 698 473-587 80.00 9.36 IV-b ilasma
LecCNGC13 Lcy11g000810 C}églzljzggg(fg‘ 2058 686 465-581 78.38 9.43 IV-b mgiir:‘; .
LCCNGCI4  Ley11g000830 C}ér11213§g7(z ;’0‘ 1995 665 463-579 76.41 9.45 IV-b ilasma
LecCNGC15 Lcy11g000840 C}gzl;jlgﬁ'f?‘ 2010 670 443-562 77.05 9.32 IV-a mzﬁf::n .
LcCNGC16  Ley11g003110 C};;éﬁgg(f?} 1902 634 450-533 7312 9.36 I Plasma
LeCNGC17  Ley11g012000 C}}g{éiéézggl(ff& 1974 658 466-566 76.02 9.28 I mzﬁ?::\ .
LcCNGC18  Ley12g016140 Cﬂi{g&;@gﬁfl" 1593 531 290-421 6130 8.21 1 mziif;‘; .
LcCNGC19  Leyl13g014940 C};fj%g’%sé('fﬁs‘ 1230 410 346-407 4727 9.02 IV-b ilasma
LcCNGC20  Ley13g015690 Cirzlgzézg'%‘tf‘is‘ 1410 470 397-468 53.91 9.07 IV-b Dlasma

Note: (+) and (—) indicate forward and reverse orientations, respectively, of the genes on chromosomes.
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2.2. Chromosome Mapping and Replication of L. cylindrica CNGC Genes

The physical locations of the 20 LcCNGC genes on 11 luffa chromosomes (all except
Chromosomes 1 and 5) were determined. Previous studies have shown that gene clusters
are considered if there were three or more genes from the same family in a 200 kb region [44].
In this study, we also found a luffa LcCNGC gene cluster consisting of four genes on
Chromosome 11, (i.e., LcCNGC12, LcCNGC13, LcCNGC14, and LcCNGC15) (Table 1). In
addition, two luffa LcCNGC gene duplication events were identified in this study. These
duplication events involved two groups containing four genes (i.e., LcCNGC1/LcCNGC12
and LcCNGC11/LcCNGC15), which accounted for 20% of all LcCNGCs, and both groups
of duplication events were segmental duplications (Figure 1) [45]. Since 80% of LcCNGC
genes are not associated with replication events, we hypothesized that the formation of
the LcCNGC gene family may not be dependent on gene replication. The Ka/Ks ratio is
often used as a measure of selection pressure at the gene sequence level and consequently
reflects selection during the evolution of genes [46]. A Ka/Ks value greater than 1 indicates
positive selection, 1 indicates neutral selection, and 0 to 1 indicates purifying selection.
The Ka/Ks value of the tandemly duplicated gene pair LcCNGC12/LcCNGC13 in luffa
was 0.435, suggesting that this pair of LcCNGC genes was under significant purifying
selection pressure and conservation of gene function during the evolutionary process
(Supplementary File S3, Table S1).

Chr2 Chr3 Chr4 Chré6 Chr7 Chr8 Chr9 Chr10 Chr11 Chr12 Chr13
romb @ 1 f - LeCNGCs ) f N ® !

LeCNGC

v @/ LeCNGC
L N LeCNGC.
B LcCNGCS F\" LeCNGC

LeCNGC

B LeenGer7

36 Mb B LeCNGCT9

NGC: B LecNGC .
B LecnGes U oovoer  H-reenceno U eovoers [ Leovaezo
48 Mb - LecNGes B .cncen

H— LeCNGC2 9

4 Mb H- LeenGes

=60 Mb

Figure 1. Chromosomal location of L. cylindrica CNGC genes. The scale is shown on the left. Tandemly
repeated genes are marked in red.

2.3. Analysis of L. cylindrica CNGC Promoter Sequences and Gene Structures

In order to clarify the cis-acting element situation in the promoters of these LcCNGC
genes, the study examined the sequences 2000 bp upstream of the initiation codon (ATG)
of each luffa LcCNGC gene (LcCNGC1-LcCNGC20) using the PlantsCARE online software
(http:/ /bioinformatics.psb.ugent.be /webtools/plantcare /html/ accessed on 25 June 2024)
(Supplementary File 54 and Figure 2a), in which a large number of hormone- and abiotic
stress-related corresponding cis-acting elements were identified. Analysis revealed that
most LcCNGC gene promoters contained multiple cis-acting elements, suggesting that the
LcCNGC gene may be participating in the regulation of various physiological and metabolic
pathways in luffa. In total, 2790 cis-acting elements were detected in the LcCNGC gene
promoters. There were 732 common cis-acting elements in promoter and enhancer regions
(CAAT-box), 429 unknown cis-acting elements, 160 light response elements, 103 hormone
response elements, and 81 core promoter elements located around —30 relative to the
transcription start site (TATA-box), accounting for 53.94% of all cis-acting elements. Further
analyses revealed 288 hormone response or stress response elements (Figure 2a). Of those,
the most abundant cis-acting elements were methyl jasmonate (MeJA) response and abscisic
acid (ABA) response elements (38 and 24, respectively). This analysis indicated that 50%
and 60% of all cis-acting elements in the LcCNGC genes were associated with MeJA and
ABA, respectively. We also detected 17 gibberellin response elements. Moreover, there were
13 drought response elements, 12 salicylic acid response elements, and 12 auxin response
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elements, accounting for 4.5%, 4.1%, and 4.1% of all cis-acting elements, respectively.
Furthermore, six defense and stress response elements and six low-temperature response
elements were detected in the CNGC gene promoters. The functional diversity of the
LcCNGC genes is likely due to the diversity of cis-acting elements in their promoter regions
(Supplementary File S5). In addition, 33 MYB binding sites and 15 W-box elements were
found in the CNGC gene promoters. These findings suggest that the LcCNGC genes in
luffa are multifunctional, probably because they contain corresponding cis-acting elements
that can be transcriptionally regulated by MYB or WRKY transcription factors, which are
responsive to a variety of stresses including drought and low temperature.

(a) (b)
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Figure 2. Analysis of L. cylindrica CNGC gene promoter regions and gene structures. (a) CNGC gene
promoters in L. cylindrica. (b) CNGC gene structures in L. cylindrica.

In order to investigate the evolutionary conservation of CNGC family genes in luffa,
we analyzed the conserved structure of the LcCNGC gene using the genome (Genbank
accession number: PRJNA596077) annotation files. The results showed that the LcCNGC
gene family members comprise 7-14 introns and 6-13 exons (Figure 2b). The most common
genetic structure was seven exons and eight introns. Five LcCNGC genes (LcCNGC2,
LcCNGC3, LecCNGC9, LecCNGC10, and LcCNGC20) contained six exons, three (LcCNGC7,
LcCNGCS, and LcCNGC11) consisted of eight exons, and LcCNGC5, LcCNGC6, LcCNGC18,
and LcCNGC19 contained 13, 9, 10, and 5 exons, respectively.

2.4. Phylogenetic Analysis of L. cylindrica CNGC Genes and Their Encoded CNGC Domains

A phylogenetic tree was constructed for the luffa CNGC genes according to the
maximum-likelihood method using MEGA 7.0. As shown in Figure 3a, the tree con-
tained five (Group L, 1, III, IV-a, and IV-b) subfamilies on the basis of the classification of
the 20 AtCNGC, 17 McCNGC, and 20 LcCNGC protein sequences [34,47]. For each group
of AtCNGCs and McCNGCs, the corresponding homologous genes were present in luffa,
and the number of genes differed among the groups. Six LcCNGCs (LcCNGC2, LcCNGC3,
LcCNGC4, LecCNGC6, LecCNGC10, and LeCNGC18) were clustered into group III, which
formed the largest group. There were similar numbers of LcCNGCs and CNGCs from
Ziziphus jujuba in Group III [9]. Group I contained four LcCNGCs (LcCNGC5, LcCNGCS,
LcCNGC16, and LcCNGC17), and Group II contained LcCGNC7 and LcCGNC9. The
remaining seven LcCGNCs belonged to Group IV-a (LcCNGC7 and LcCNGC9), and Group
IV-b (LcCNGC12, LcCNGC13, LcCNGC14, LcCNGC19, and LcCNGC20). Some LcCGNCs
were located on the same chromosome, such as LcCGNC12 and LcCGNC13, and LcCGNC14
and LcCGNC15. These two pairs showed little divergence and thus clustered into the same
group, which might indicate that some segmental duplication of LcCGNCs has occurred
during the evolution of L. cylindrica.



Int. J. Mol. Sci. 2024, 25, 11330

6 of 16

95|

82
59|77

1
77,

97, MeCNGC2

L.
99! LeCNGCLS

LeCNGC9
AICNGC1
ool AICNGC2
99~ AICNGCS
L AICNGC13
ALCNGC16
MeCNGCL
9L recNaCT
AtCNGC4
LeCNGC6
LeCNGC4

100 MeCNGC4

MeCNGCT
LeCNGC2
AtCNGCY
McCNGCY
LeCNGCI8.
AtCNGC14
McCNGC14

9%
L LeCNGC3
66— MeCNGC6
IOOLL TeCNGCI1

MeCNGCS

34

AICNGC3
ACNGCIS

LeCNGCL
AICNGC18

100 ALCNGCS
93/ L ACNGCT
ALCNGC6

(b)

E-value Motif Location
13e25¢  McONGel7 —— @B @B 0@ @ SEmeEsT e D Motir 1
176255  LecNGes — @B 80— D e AN — Motif 2
1299 ACNGE20 —— @GR -80S0 80 SN I e — W Motif 3
59222 MecNGCls —— @ EBON 80 @B G0 OERE ) e G Motif4
400226 LeCNGCl6 —@B—EBOT-S—0- 060 SN - D e — O iotif 5
3.9e 223 acNGge17 — - @B 8 0 @ @) e  GDED .8 D Motif 6
27143 McCNGes —@—0—E—@ S R — Motif 7
9.5¢ 228 1eoNGC7T — (@GR 80 S OB Es Y — - }vlulll:X
53 MeCNGEL - BSOS S SRS O S . o
S3e23  LeONGCS -5 SO IE- S oy )
84c220  arcNGoll — SR ER- GBS0 G5 80 SEERE NI i 12
13221 AICNGC12 - e - - { B [ 1 ) - - WD Mot 13
1.5¢-223 McCNGC3 [ ) Motif 14
0.0e10 LeCNGC9 - 1 -0 aaEnes e = [ I
0.0e+0 acNGel —— @SB 80— SInes- —an;es - @ Vot 16
0.0e10 AacNGe:, ——— @ @080 8 aames- e -
0.0e+0 aNGes ———— @S 80— 8 BN E- e .-
0.0e+0 AacNGe3 ——— @ @80 80 @ @0 SR e .-
0.0c+0 acncele —— - EB080- @ 8 SEEEESs T e es -
0.0¢+0 MeCNGCT - ;s - . 80 s ees =
0.0¢+0 LcNeer — @@ 80 @ S Eas e -
0.0¢10 ACNGCA - ;e - - G emnes ;e
0.0e10 LcNGes — @S 8-0E  @0 ST e
0.0et0 LecNGos —— (B0 80 80 SN s
38c-282  McCNGC4 8 6 aEEEs e -
0.0¢+0 LcNGelo — @ EB0 80 @ @ SIn s s -
0.0c+0 acncele — @SB S0E 8 SRS e =
0.00+0 ACNGC10 - e s e -0 s oo -
0.0¢+0 MeoNGce7 — @B S0 S 80 SEleE T eEs =
0.0e10 LecNGe2 — @ @B 8- 0@ @0 DI ;s -
0.0¢10 acncey — @080 @ S Sl e -
0.0e+0 MccNGe) — BT 8@ 8 SEEEs T e -
0.0¢10 LecNGels —i—— @ SRS TaEes -
0.0¢+0 acNGed — @ @B 80 6 @ SN e -
0.0¢+0 McNGes ——— B0 80 @ SEEs T Thes =
196228 LeCNGC3 SEERE s -
0.0¢10 MccNGes ——— (@080 @ SR — ;-
ise200  LecNaCll —@B—EB0 80 @ @SS TS .
0.0¢10 McNGes —— @@ 80 @ SEEEsT - e e
740255 AcNGes —E—EBT S0 @S SEBEST O
sle2s2 AN —EE—EB 80086 NS - TaEe .
0.0¢+0 acNGes — @ @80TS0 @ aEEes T T -
0.0¢+0 acnee: — @B @B 806 @S es -
0.0c+0 AacNaels — @B S0 @ 8 Sl e -
0.0¢10 MeNGe2 ——— @080 @0 U Es e -
0.0et+0 NGl —@— @60 0@ 80 ST e -
0.0¢10 acnccls —@— @B @B 8068 @SS e -
0.0¢+0 MccNGClo —E— @B 80— @ ST e
0.0¢+0 LcnNoels — @080 80 SEnes T eas -
620232 MeCNGCls — @880 @@ SIS -
13e235  LeoNoez — @B @88 0 @ @SS e .-
Lle2s  MecNGOll —— @800 8 SENE s -
i7e 257 LeoNGCos —— @ @B 80 0 @ EEs T  Oes .
83e240  LeCNGCl4 —EB—EB—6— 00— @ S es- —a_
15238 MONGe2 — @@ 80 SEEE T e -
13119 Leoncel —EB—ED-0— @& SamEs —
s2e-162  LeeNGe2o —E—EB—80 @8 @ Sames T —

5‘\ T T T T T T T T \,;’

) 100 200 300 400 500 600 700 800 900

Figure 3. Phylogenetic tree and motif analysis of CNGC genes in L. cylindrica. (a) Phylogenetic tree
constructed using the maximum-likelihood method using MEGA 7.0. (b) Motifs in luffa CNGC genes
predicted using MEME; the sequence and length of each motif are shown.

Divergences in protein motifs can provide insights into the evolutionary history of
proteins [35]. Sixteen motifs in LcCNGCs were predicted with MEME (Figure 2b and Table 2).
Except for LcCGNC14, LcCGNC19, and LcCGNC20, the other LcCGNCs all contained
Motif 4 with the IQ domain ([RNJQWRTWAA[CV] FIQ [AL] AW [RH]RY) and Motif 8 with the
CNBD. Motif 8 was located in the middle of the amino acid sequence. Motifs 1, 2, and 3 were
TM domains located at the N- and C-terminals. These results indicated that the TM domain
and CNBD are specific to plant CNGCs. Among them, the CNBD, which binds cAMP/cGMP,
is the characteristic structure of plant CNGCs [48]. The CNBD contains two regions: the
PBC and hinge regions. As shown in Figure 2b, a >90% conserved motif was found in the
20 LcCGNCs: [LIV] -X(2) -[GD] -[DG] -F-[CFYL] -X-G-[ED] -E-L-[LV] -X-W-X-[LM] -X(8)-[PD]
-X(11)-[EQ] -[AP] -F-X- [LAF]. This motif contained the PBC and hinge regions. All of the
LcCGNCs contained the conserved glycine (G) and aliphatic leucine (L) residues in the PBC
motif. This conserved motif was consistent with those detected in CGNCs of Gossypium [35],
Solanum melongena [14], and Mangifera indica [20].
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Table 2. Consistent sequences of predicted CNGC motifs in L. cylindrica.

Motif E-Value Sites Width  Best Possible Match

Motifl 2.8 x 107199 57 50 IGNMQTYLQSTTVRLEEMRLKRRDTEZWMRHRQLPZDLRERVRRYEQYKW
Motif2 5.9 x 1071478 56 41 MDEQLLDAICERLKPVLYTEGTYIVREGDPVBEMLFIIRGK
Motif3 1.4 x 1071298 56 36 ETAWAGAAYNLLLYMLASHVVGAFWYLLSIERQASC
Motif4 5.2 x 107107 47 32 LHSKQLQHTFRFYSHQWRTWAACFIQAAWRRY

Motif5 4.1 x 1071031 56 29 TRGVDEENJLQNLPKDLRRDIKRHLCLDL

Motif6 1.2 x 107831 52 28 SSTRTVRALTEVEAFALRAEDLKFVASQ

Motif7 1.3 x 10~716 56 21 KYFYCLWWGLQNLSSLGQNLE

Motif8 49 x 10768 42 31 FENSITLKPGDFCGEELLTWALDPKSSSNLP

Motif9 9.6 x 107738 53 29 PQDKFLQRWNKIFVJSCVIALFVDPLFFY

Motifl0 3.1 x 107632 42 29 SSRVFGRGELVIDPKAIAKRYLRSYFJID

Motifll 3.2 x 10¢77 53 29 IVVTVLRTFIDVFYLJHIVLQFRTAY VAP

Motifl2 9.3 x 107523 57 21 IGEVLFAILIAISGLVLFALL

Motifl3 3.6 x 107372 53 15 AVLPLPQIVIWLVIP

Motifl4 4.1 x 10-3! 55 15 VLFQYIPRLYRIYPL

Motifl5 3.2 x 10735 56 21 BNTPFBFGIFLDALTSGVVSS

Motifl6 2.9 x 10332 37 29 AKTSGSSPSLGATJLASRFAANALRGVRR

2.5. Analysis of CNGC Gene Transcript Profiles in L. cylindrica
2.5.1. Tissue-Specific Gene Transcript Profiles

Analyses of transcript profiles of 20 LcCNGC genes in different tissues (roots, stems,
leaves, male and female flowers, fruit, and ovaries) based on transcriptome data
(Supplementary File S6) revealed the tissue-specific expression patterns of the LcCNGC
gene family members. FPKM values determined from transcriptome sequencing data
showed differences in LcCNGC transcript levels among the seven selected tissues. Specif-
ically, the highest LcCNGC transcript levels were found in female flowers, followed by
male flowers, fruit, roots, ovaries, stems, and leaves, with FPKM values of 1009.03, 1005.74,
365.48, 335.39, 330.33, 280.29, and 231.91, respectively (Figure 4a). However, among the
20 luffa LcCNGC genes, LcCNGC15 and LcCNGC20 had undetectable transcript levels in
all tissues (FPKM value of 0). The FPKM values for two LcCNGC genes (LcCNGC16 and
LcCNGC19) were lower than 1 in the seven examined tissues, whereas those for seven
LcCNGC genes (LcCNGC2, LcCNGC4, LcCNGC6, LcCNGC9, LcCNGC10, LecCNGC13, and
LcCNGC18), they ranged from 12.44 to 47.41 in the selected tissues, with an average of
25.23. The FPKM values for the other 11 LcCNGC genes were also determined for all
tissues. Three LcCNGC genes showed the highest transcript levels in the roots, especially
LcCNGC7 (FPKM value of 109.63) and LcCNGC11 (FPKM value of 79.99). Four LcCNGC
genes (LcCNGC2, LcCNGCY, LcCNGC10, and LcCNGC17) were predominantly expressed in
male flowers (FPKM values of 17.22, 28.04, 18.56, and 130.00, respectively), and four were
predominantly expressed in female flowers (LcCNGC8, LcCNGC5, LcCNGC6, and LcCNGC3;
FPKM values of 699.74, 23.48, 23.46, and 22.20, respectively).
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Figure 4. CNGC gene transcript profiles in L. cylindrica. (a) Tissue-specific transcript profiles of
L. cylindrica CNGC genes. (b) CNGC transcript profiles in L. cylindrica in response to cold stress.

2.5.2. Changes in CNGC Transcript Levels in L. cylindrica Exposed to Cold Stress

The LcCNGC transcript levels’ response to low-temperature stress was analyzed using
Ilumina RNA sequencing data (Figure 4b and Supplementary File S7). The results reflect
the diverse effects of cold stress on LcCNGC expression. As shown in the heat map
(Figure 4b), the transcript levels of the 20 LcCNGC genes in L. cylindrica varied among the
selected time points (0, 2, 4, 8, and 12 h). The FPKM values indicated the LcCNGC transcript
levels gradually increased, with FPKM values of 351.44, 280.89, 339.08, 443.30, and 468.59, at
0,2,4, 8, and 12 h, respectively (Figure 4b and Supplementary File S7). Notably, LcCNGC8
and LcCNGC13 showed the highest transcript levels at all time points during the low-
temperature treatment, implying that they are highly responsive to cold stress.

To verify the results obtained from the transcriptome data, we used the Primer 5.0 software
to design 21 pairs of RT-qPCR primers (Supplementary File S8, Table S2) to detect LcCNGC
gene transcript levels in luffa leaves at 0, 2, 4, 8, and 12 h during the low-temperature treat-
ment (Figure 5). As determined by RT-qPCR analyses, the transcript levels of LcCNGC1,
LcCNGC3, LecCNGC4, LecCNGC6, and LcCNGC13 gradually increased during the low-
temperature treatment, reaching peak levels at 12 h. The transcript levels of LcCNGC13
and LcCNGC14 gradually increased during the first 2 h of the low-temperature treatment
and then gradually decreased, and those of LcCNGC10 and LcCNGC17 increased to peak at
4 h and then gradually decreased. The RT-qPCR data for most of the analyzed LcCNGC
genes were consistent with the results based on the transcriptome data, confirming the
reliability of the transcriptome analysis. A correlation analysis (Figure 6) confirmed the
strong positive correlation between the RT-qPCR results and those determined from the
RNA sequence data (R? = 0.8048).
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Figure 5. Quantitative real-time polymerase chain reaction (RT-qPCR) analysis of transcript levels
(RNA-seq) of selected LcCNGC genes in luffa leaf under low-temperature stress. The 185 r/RNA gene
was used as an internal control. Error bars represent the standard error of three biological replicates.
Lowercase letters indicate RT-qPCR analyses’ significant differences (p < 0.05).
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Figure 6. Regression analysis of fold-change values determined using RNA sequencing and RT-qPCR
analyses. Regression analyses of transcript levels of CNGC genes after low-temperature stress as
determined from RNA sequencing data and RT-qPCR analyses. For RNA sequencing data, the fold-
change value was calculated as the ratio of the FPKM value for the stress-treated sample. For RT-qPCR
data, the fold-change value was calculated by normalizing the transcript level in the stress-treated
sample against that in the control.

2.6. Subcellular Localization of Luffa CNGC Proteins

To investigate the subcellular localization of LcCNGC proteins, we constructed tran-
sient recombinant expression vectors for LcCNGC13 fused with GFP. These constructs
were then injected into tobacco (Nicotiana benthamiana) by Agrobacterium-mediated trans-
formation and analyzed for transient expression and subcellular localization. In controls
containing the empty vector (355::GFP), green fluorescent signals were detected in the cell
membrane, cytoplasm, and nucleus of the lower epidermis of tobacco, whereas in cells
containing the recombinant vector for 355:LcCNGC::GFP, the green fluorescent signals
were detected only at the plasma membrane. Accordingly, LcCNGC13 was localized to
the plasma membrane, consistent with its predicted subcellular localization (Table 1 and
Figure 7). The plasma membrane localization of this LcCNGC protein was in accordance
with its role as a channel cation transporter.
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Figure 7. Subcellular localization of the LcCNGC protein. (a) Vector construction of pPCAMBIA1300-
LcCNGC13-GFP. (b) Green fluorescence, visible light, and merged green fluorescence and visi-
ble light images are shown. 35S5:GFP: Agrobacterium tumefaciens strain carrying the empty vec-
tor (pCAMBIA1300-GFP); 355::LcCNGC::GFP: A. tumefaciens strain carrying a recombinant vector
(pPCAMBIA1300-LcCNGC13-GFP). Scale bars = 50 uM.

3. Discussion
3.1. Characterization of the LcCCNGC Gene Family in L. cylindrica

The CNGC gene family encodes channel proteins for calcium ions. These proteins
have been reported to play important roles in the responses of plants, and their survival,
under environmental stress [18]. Previous studies have shown that CNGCs are involved in
resistance to low temperatures [26]. However, the luffa CNGC gene family had not been
comprehensively identified or functionally annotated. Hence, we aimed to systematically
characterize and clarify the evolutionary relationships of the luffa CNGC family members.
The tissue-specific transcript profiles of the luffa CNGC genes and the effects of low-
temperature stress on their transcript levels were determined on the basis of the luffa
transcriptome data. The number of CNGC family members varies substantially among
plant species. There are 20 luffa CNGC genes in luffa (this study); 20 in Arabidopsis [11];
18 in tomato [49], 16 in rice [12], 30 in Chinese cabbage [15], 35 in tobacco [17], and 47 in
wheat [10]. Differences in the number of CNGC gene family members among diverse plant
species may be related to genome duplication events during evolution.

All the CNGC family members in luffa contained typical CNBD, CaMBD, and 1Q
motifs, except for LcCNGC19 and LcCNGC20, which lacked Motif 4 (the IQ domain) and
Motif 8 (the CNBD) (Figure 3b). Similar to CNGCs in other plant species, members of
the CNGC family in L. cylindrica were categorized into four groups, although the distri-
bution among groups differed from that in other plants [13,22]. LcCNGCs in Groups II,
III, and IV-a shared similar gene structures and patterns of conserved motifs, but those
in Groups I and IV-b were more diverse in their structures and conserved motif patterns
(Table 1). The high conservation of several motifs in LcCNGCs implies that they have
similar modes of interaction with their target proteins. Subcellular localization analyses
revealed that all 20 luffa LcCNGC proteins (except for LcCNGC3) localize to the plasma
membrane, consistent with their putative function as channel cation transporters.
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3.2. Phylogenetic Relationships and Evolution of LcCNGC Genes in L. cylindrica

The sequence alignment analysis showed that all the LcCNGC genes contained a
highly conserved motif. Members of all four groups (I-IV) contained the conserved motif
([RN]JQWRTWAA[CV] FIQ [AL] AW [RH]RY), [LIV] - X(2) - [GD] -[DG] -F-[CFYL] -X-
G-[ED] -E-L-[LV] -X-W-X-[LM] -X(8) -[PD] -X(11) -[EQ] -[AP] -F-X-[LAF]. This was only
slightly different from the conserved motifs of CNGCs of other species, such as Gossypium
([LI] -X(2) -G -X-F-X-G-[ED] -X- L -L-X(25) -E-A-F- [AG] -L), wheat ([LI] -X(2) -[GS] -X -[FCV]
-X -G -[ED] -E -L -L -[TGS] -W -X -[LF] -X(7,17) -[LFR] -[PL] -X-[SA]X(2) -[TS] -X(6) -[VAT]
-[EQ] -X -F -X -L -X -[AS] -X -[DE]-[LV]), and rice ([LI ]-X(2) -[GS] -X-[FV] -XG-[DE] -ELL -X
-W -X(12,22) -SA -X(2)-T-X(7)-[EQ]-AF-X-L) [10,21,35]. The high conservation of this motif
among CNGCs in different species suggests that these proteins possess similar functions.

Gene duplication events can lead to the significant expansion of plant gene families.
Tandemly repeated genes and fragment repeat genes play crucial roles in plant development
and in responses to environmental stimuli [50]. We detected only one pair of replicated
LcCNGC genes (LcCNGC12/13) resulting from tandem duplication, suggesting that tandem
duplication events were not the primary contributor to the expansion of the LcCNGC gene
family. We calculated Ka, Ks, and Ka/Ks values, and found that one tandemly duplicated
CNGC gene pair in luffa had a Ka/Ks value of less than 1. This indicated that the duplicated
gene pair LcCNGC12/13 has been under strong purifying selection pressure during the
evolution of the LcCNGC family. Thus, harmful mutations have been actively eliminated,
resulting in relatively highly conserved gene functions.

3.3. Analysis of L. cylindrica CNGC Gene Promoters

Cis-acting elements in the promoter regions of genes can participate in the regulatory
control of gene expression through synergistic interactions with the core promoter units
of genes and also serve as important links between genes [51]. In the present study,
analysis of the promoter of the CNGC gene of luffa revealed a number of cis-acting elements
responsive to phytohormones and various stresses (Supplementary File S5), including
elements responsive to hormones (ABA, MeJA, and salicylic acid) and environmental
factors (light, drought, and low temperature). This suggested that CNGC proteins likely
modulate luffa stress responses, as well as growth and development. Accordingly, the
expression of LcCNGC genes may be mediated by plant hormone (e.g., ABA, salicylic acid,
and MeJA) response pathways. In this study, low-temperature response elements were
present in the promoter regions of several LcCNGCs (i.e., LecCNGC1, LcCNGC2, LcCNGCS,
LcCNGC11, and LcCNGC17) (Figure 2a and Supplementary File S5). Moreover, MYB binding
sites and W-box elements were also detected in the CNGC gene promoters, implying that
CNGC genes are regulated by WRKY and MYB transcription factors. Both WRKY and MYB
transcription factors can form cascades or networks with other functional genes to regulate
the response to low-temperature stress [52,53].

3.4. Transcript Profiles of LcCNGC Genes in L. cylindrica and Changes Induced by
Low-Temperature Stress

Analyses of gene transcript profiles can provide insights into gene functions [54].
We analyzed the tissue-specific transcript profiles of LcCNGCs in the roots, stems, leaves,
flowers, and fruits on the basis of the available transcriptome data. The LcCNGC transcript
levels (i.e., FPKM values) were lower in the leaves than in the other tissues (except for
the stems) (Figure 4a). The transcript levels of some LcCNGC genes were affected by a
low-temperature treatment. This transcriptional response suggests that there is functional
differentiation among the LcCNGCs, with some of them playing specific roles in responses
to various abiotic stresses. Studies in rice have revealed that OsCNGC14 and OsCNGC16
also play important roles in plant heat tolerance [27]. Under high- and low-temperature
stress, rice mutants cngc14 and cngcl6 showed significantly lower survival rates, and the
expression levels of some high- and low-temperature-stress-related genes were altered in
the cngc16 mutant. In addition, deletion of the OsCNGC14 or OsCNGC16 genes significantly
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reduced or eliminated temperature-stress-induced cell membrane Ca?* signaling. In Chi-
nese jujube, ZjCNGC4 was highly induced in response to cold treatments after 1 and 6 h [9].
In mango, MiCNGC9 and MiCNGC13 were found to be significantly upregulated by a
low-temperature treatment (6 °C), suggesting that their encoded proteins participate in the
response to cold stress.

After analyzing the transcriptome data, we selected 10 genes potentially affected by
abiotic stress from the luffa LcCNGC family. To explore their possible roles in the response to
low temperature, the transcript levels of these 10 LcCNGC genes during a low-temperature
treatment were verified by RT-qPCR (Figure 5 and Supplementary File S5). There were
clear differences in the expression patterns of these 10 LcCNGC genes. As determined
by RT-qPCR, there was a gradual increase in LcCNGC1, LcCNGC3, LcCNGC4, LecCNGCe,
and LcCNGC13 transcript levels at 0, 2, 4, 8, and 12 h during the low-temperature treat-
ment period, with peak levels at 12 h. The transcript levels of LcCNGC13 and LcCNGC14
increased soon after the start of the low-temperature treatment, peaked at 2 h, and then
gradually decreased at the later time points. In eggplant, SmCNGC1a was significantly up-
regulated under cold stress (4 °C) [14]. Both LcCNGC10 and LcCNGC17 were significantly
upregulated at 4 h of cold stress, suggesting that they encode proteins that play crucial
roles in the response of young luffa seedlings to cold stress. In the present study, many
LTR and abscisic acid response elements were detected in the promoters of LcCNGCS and
LcCNGC17 (Subfamily I); LecCNGC4, LcCNGC6, and LcCNGC10 (Subfamily III); LcCNGC1
(Subfamily IV-a); and LcCNGC13 (Subfamily IV-b). The presence of these elements suggests
that these genes play a role in the response of luffa to low-temperature conditions.

4. Materials and Methods
4.1. Plant Materials, Treatments, RNA Extraction, and RNA Sequencing

Seeds of the cold-resistant variety L. cylindrica Fusi-1 were sown in an incubator
equipped with a LED cold light source. The seedlings were grown under the following
conditions: 16 h day (28 °C)/8 h night (20 °C) cycle, 300 pmol photons m~2 s~ light inten-
sity, and 70% relative humidity. Fifteen-day-old seedlings were incubated at 25 °C (control)
or 5 °C (low-temperature treatment) under light conditions (80 umol photons m~2 )
for 12 h, with samples collected at 0, 2, 4, 8, and 12 h as previously described, and the
2nd true leaf was collected as material for subsequent experimental study, the 0 h sam-
ples without low-temperature treatment were used as controls (Supplementary File S9,
Figure S1) [28,55]. Three biological replicates were prepared for all control and treated
samples. At each time point, the collected leaf samples were combined, immediately frozen
in liquid nitrogen, and stored at —80 °C until use.

Total RNA was extracted, mRNA was purified, and cDNA libraries were constructed
by Guangzhou Gene Denovo Technologies Co. (Guangzhou, China). The cDNA libraries
were constructed as previously described [56] and then sequenced on an Illumina HiSeq
2500 instrument (Illumina, San Diego, CA, USA). High-quality reads were aligned to the
luffa cultivar P93075 (PRJNA596077) reference genome [43,57]. For RT-qPCR analysis,
total RNA was extracted from each sample, then cDNA was synthesized using previously
described methods [28,58].

4.2. Identification of CNGC Gene Family Members in L. cylindrica

The LcCNGC gene family members were identified on the basis of the reference
genome of L. cylindrica cultivar P93075 and downloaded from the NCBI database (accessed
on 27 June 2024) [43]. In addition, 20 Arabidopsis (Arabidopsis thaliana) and 17 bitter gourd
(Momordica charantia) CNGC protein sequences were obtained from the TAIR database
(https:/ /www.arabidopsis.org/ accessed on 27 June 2024) and the bitter gourd genome
database (https:/ /www.ncbinlm.nih.gov/datasets/genome/?taxon=3673) (accessed on
28 June 2024) [47], respectively. Information related to the luffa genome assembly was
downloaded to construct a local database. This information included LcCNGC genes, their
promoter and coding sequences, and the amino acid sequences of their encoded proteins.
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4.3. Bioinformatics Analysis of the LcCNGC Gene Family

All potential LcCNGC genes were confirmed by HMMER analysis, i.e., those with both
the CNBD [cNMP_binding family] and the ITP domain [Ion_trans family] [21,49]. The
protein sequences with six membrane-spanning regions, a pore region, the CNBD, and the
CaMBD or the IQD motif were recognized as LcCNGC proteins [59]. The LcCNGC gene
structures, promoter sequences, and Ka/Ks ratio for the duplicated genes [60] and the phylo-
genetic relationships, conserved motifs, isoelectric point, molecular weight, and subcellular
localization of the putative LcCNGC proteins were analyzed as previously described [28,58].

4.4. Analysis of CNGC Gene Transcript Profiles in L. cylindrica Tissues

The tissue-specific LcCNGC transcript profiles were determined using the transcrip-
tome data from Fusi-1 (PRJNA1044273) for the following tissues: roots, stems, leaves,
flowers, and fruit [28]. StringTie2 software (v.2.1.5) was used to assemble sequences and
calculate the fragments per kilobase of transcript per million mapped reads (FPKM) val-
ues. TBtools software (v.1.09876) was then used to visualize the gene transcript profiles in
various tissues and in response to abiotic stress.

4.5. Analysis and Validation of CNGC Gene Transcript Profiles in L. cylindrica Under
Low-Temperature Stress

The Fusi-1 (PRJNA1044273) tissue transcriptome data obtained in this study were
used to examine LcCNGC transcript profiles in seedling leaves at five time points during a
short-term low-temperature treatment: 0 h, 2 h, 4 h, 8 h, and 12 h [28].

The FPKM values were calculated using StringTie2 software (v.2.1.5). For the low-
temperature treatment, the control plants were incubated at 25 °C, whereas the treated
plants were incubated at 5 °C, with samples collected at 2, 4, 8, and 12 h. The transcript
level of each gene was calculated relative to its corresponding transcript level in the
control plants.

For the RT-qPCR analyses, primers (i.e., LcCNGC-Fq and LcCNGC-Rq) were designed
according to the sequences determined in this study (Supplementary File S8). The RT-qPCR
program used to amplify the internal control gene Lc18S rRNA and the calculation of
relative gene transcript levels were as previously described [55,58].

4.6. Subcellular Localization of LcCGNC Proteins

To investigate the subcellular localization of an LcCGNC protein, the full-length se-
quence of LcCGNC13 without the stop codon was amplified by PCR using the primers
listed in Supplementary File S8. The CNGC gene sequence was introduced into the pCAM-
BIA1300 vector for expression as a green fluorescent protein (GFP) fusion protein. The
generated recombinant plasmid pCAMBIA1300-LcCNGC13 (355:LcCNGC13::GFP) was
introduced into the leaves of N. benthamiana seedlings for subcellular localization anal-
ysis. The empty vector (355::GFP) was similarly introduced as the control. The leaves
were examined to detect GFP fluorescence under a confocal laser scanning microscope as
previously described [28].

5. Conclusions

In this study, we detected 20 LcCNGC genes and found that they were differentially
regulated under low temperature. A comprehensive analysis of phylogenetic relationships,
chromosomal locations, gene structures, gene duplication events, and conserved protein
motifs was performed. On the basis of the tissue-specific and low-temperature-responsive
LcCNGC transcript profiles, several LcCNGC genes (e.g., LcCCNGC3, LcCNGC4, LcCNGCe,
and LcCNGC13) were identified as candidate regulators of the response to low temperature
in L. cylindrica.
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