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genome-wide identification and expression
analysis of members related to fruit softening
in melon (Cucumis melo L.)
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Abstract

Background: Texture quality is impotent for melon (Cucumis melo L)) fruit. 3-galactosidase (3-Gal, EC 3.2.1.23) is an
important cell wall glycosyl hydrolase involved in fruit softening, However, the 3-Gal gene (BGALs) family hasn't been
identified genome-wide in melon. Thus, it's necessary to conduct an in-depth bioinformatic analysis on melon BGALs
family and to seek out the key members who participated in melon fruit softening.

Results: A total of 21 BGALs members designated as CmBGAL1-CmBGAL21 were identified genome-wide in melon,
clustered into A-G seven clades. Among them, three duplications CmBGALT:CmBGAL3, CmBGAL19:.CmBGAL21, and
CmBGAL20:.CmBGAL21 happened. For conserved domains, besides the Glyco_hydro_35 domain (PF01301), all the
members also contained the GHD domain (PF17834) except for CmBGAL12, and the Gal_Lectin (PF02140) domain
existed in most CmBGALs at the C-termini. Motifs, protein secondary and tertiary structure analysis showed that the
CmBGAL12 is a uniqgue member. Moreover, protein-protein association network analysis showed that the CmBGAL12
is the only node protein. Furthermore, spatiotemporal expression pattern analysis by quantitative real-time PCR
(gRT-PCR) suggested that most of CmBGALs expressed in tissues with vigorous cell wall remodeling/disassembly.

In addition, cis-acting regulatory elements analysis in promoters inferred that CmBGALs might participate in diverse
responsiveness to phytohormone, biotic and abiotic signaling.

Conclusions: A novel clade of CmBGAL members (Clade F) related to melon fruit softening was discovered, since
their expression showed a specific surge in the mature fruit of ' HPM'with mealy texture (softening sharply), but not in
'HDB'with crisp texture (softening bluntly). The homologous CmBGAL7-11 in Clade F exhibited identical spatiotempo-
ral expression patterns may multiple genes leading to melon fruit softening.

Keywords: (3-galactosidase gene, Bioinformatics, Cucumis melo L., Fruit softening, Genome-wide identification,
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Background

Melon (Cucumis melo L.) is a kind of typical climacteric
fleshy fruit, and texture is important for evaluating the
commercial quality for it. Moreover, the softening dur-
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polysaccharides modification and disassembly is the ini-
tial reason for fruit softening [1], and varieties of hydro-
lytic enzymes, like polygalacturonase (PG, EC 3.2.1.15),
pectin methylesterase (PME, EC 3.1.1.11), p-Gal, etc.
participated in this process [2]. However, it is still unclear
which are the key enzymes involved in melon fruit
softening.

B-Gal is a kind of glycosyl hydrolase, and its role in
fruit softening has been reported in apple [3], tomato
[4, 5], muskmelon [6], avocado [7], kiwifruit [8], Japa-
nese pear [9] and papaya [10]. B-Gal could remove the
-D-galactosyl residues from the non-reducing terminal
of pectin and hemicellulose polymers like rhamnoga-
lacturonan-I (RG-I) galactan side chains, xyloglucan,
galactolipids and glycoprotein by cutting p-(1, 2)-, B-(1,
3)-, B-(1, 4)- or B-(1, 6)-glycosidic bonds to increase the
porosity of cell wall and enhancing the access of other
cell wall-degrading enzymes to accelerate fruit soften-
ing [2, 11, 12]. Meantime, f-Gal also widely participated
in the biological processes including seed germination
[13, 14], organ elongation [15, 16] etc. related to cell wall
remodeling.

In this study, the p-Gal activity and BGALs expression
in fruit were compared between two melon cultivars
‘HDPB’ (Crisp) and ‘HPM’ (Mealy) which exhibited blunt
and sharp softening respectively during development.
Since previous study in apple fruit softening showed
that the B-Gal activity in ‘Fuji’ (Soft & Crisp) was con-
tinuously higher than that in ‘Qinguan’ (Firm & Tough),
especially at the mature stage. Meantime, the expression
level of MdfS-Gall, Mdf3-Gal2 and Mdf-GalS increased
dramatically and significantly higher in ‘Fuji’ than that in
‘Qinguan’ at the later ripening [17]. In peach, it was also
observed that the PpBGAL2 and PpBGALI6 exhibited
significantly different expression during fruit postharvest
softening between four cultivars with different softening
characteristics [18]. In addition, the TBG4 in tomato [19],
and the FafSGal4 in strawberry [20] also have been veri-
fied contributing to fruit softening by transgene. How-
ever, some studies showed that not all the isoforms of
[B-Gal had exo-galactanase activity, and the different iso-
forms of B-Gal are specific to different cell wall substrates
[5, 6]. Therefore, it is necessary to identify the BGALSs
family members and seek out the key members relating
to fruit softening.

The BGALs belong to the glycosyl hydrolase 35
(GH35) family, possessing an exclusive consensus
sequence of active site, G-G-P-[LIVM](2)-x(2)-Q-x-E-
N-E-[FY] [21]. Up to now, the plant BGALs family have
been identified in Pyrus pyrifolia (8) [22], Arabidop-
sis thaliana (17) [23)], Persea americana Mill. (4) [24],
Oryza sativa L. (15) [25], Brassica campestris ssp. chin-
ensis (27) [26], Linum usitatissimum (43) [27], Fragaria
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ananassa (4) [20, 28], Solanum lycopersicum (17) [29,
30], Prunus persica (L.) Batsch (17) [18], Malus domes-
tica L. (13) [17] and Lpomoea batatas (L.) Lam (17)
[31], they are all multigene family. However, which
of these members plays a key role in fruit softening is
still not totally clear. Hence, we decided to identify the
BGALs family in Cucumis melo L., and to give an in-
depth bioinformatic analysis and qRT-PCR expression
analysis on it, aiming to explore the key BGAL mem-
bers involved in melon fruit softening.

Results

Identification of melon BGAL genes and phylogenetic
analysis

A total of 21 BGAL genes were identified from the
melon genome. These genes were designated as CmB-
GALI-CmBGAL21 according to the homology with
reported genes. The gene information of CmBGALs
were analyzed (Table 1). In general, the length of CDS
ranged from 2094 (CmBGAL13) to 2823 (CmBGALI1I)
bp, and the length of deduced protein sequences
ranged from 697 to 940 aa with Mw of 78,652.05 to
105,903.53kDa. Moreover, the pl varied from 5.2
(CmBGALSG) to 9.19 (CmBGALS5), and the GRAVY var-
ied from — 0.501 (CmBGALS5) to —0.087 (CmBGAL12),
all showed hydrophilic property. Additionally, the
results of protein subcellular location prediction dem-
onstrated that the majority of CmBGALs are located in
extracellular space.

Furthermore, a phylogenetic tree of the BGALs of
Cucumis melo (21), Arabidopsis thaliana (17), Solanum
lycopersicum (17), and other fleshy fruit species Prunus
persica (17), Malus domestica (13), Pyrus pyrifolia (8),
Fragaria ananassa (4) and Persea americana (4) was
constructed to illustrate the evolutionary relationships
among them (Fig. 1). Finally, all these BGALs were clus-
tered into seven clades (A-G), Clade F contains the most
members of CmBGAL (seven: CmBGAL5-11), Clades
A and B each has four members (CmBGAL1-4; CmB-
GAL18-21), Clades D and E each has two members
(CmBGAL16, 17; CmBGALI14, 15), and Clades C and G
each has one member (CmBGAL13; CmBGAL12).

Gene structure analysis of CmBGALs

Gene structure combined phylogenetic tree among CmB-
GALs family members were visualized based on gene
CDS and corresponding sequences with intron. The
results showed that the structure of CmBGALs exhib-
ited high divergence. While it is worth noting that the
members in Clade F with fewer introns, especially CrB-
GAL7-11 (Fig. 2).
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Table 1 BGAL genes in Cucumis melo L. and their annotated information
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Clade® Name® Accession® Chromosome location® CDS (bp)®  Protein (aa)) Mw (kDa)? Theoretical pI* GRAVY' Subcellular location
A CmBGALT ~ MELO3C013055.2 chr04:16717893~16,724,281 (+) 2499 832 92,701.76 797 —0245  plasma membrane
CmBGAL2  MELO3C015471.2  chr02:2015336~2,018327 (+) 2160 719 80,740.12 8.62 —0.284  extracellular space
CmBGAL3  MELO3C015469.2 chr02:1973422~1,979,527 (—) 2115 704 78,35045 6.94 —0202  extracellular space
CmBGAL4  MELO3C015470.2 chr02:2002073~2,007,432 (+) 2172 723 80,714.24 8.24 —0224  plasma membrane
B CmBGAL18 MELO3C023335.2 chr11:1715509~1,722,003 (+) 2538 845 95,018.95 8.08 —0.353  extracellular space
CmBGALT9 MELO3C003792.2  chr04:4395761~4401,392 (—) 2535 844 93,015.73 833 —0216  extracellular space
CmBGAL20 MELO3C016409.2 chr07:24227139~24,234,240 (+) 2541 846 94,412.33 7.78 —0235  extracellular space
CmBGAL21 MELO3C007872.2 chr08:5904316~5910615 (+) 2565 854 94,637.49 7.24 —0.237  plasma membrane
C CmBGALT6  MELO3C005054.2  chr12:3822196~3,829,733 (—) 2097 698 76,687.45 6.37 —0.244  plasma membrane
CmBGAL17 MELO3C006301.2  chr06: 2352074 ~2,364,404 (+) 2523 840 94,121.93 6.51 —0.261  extracellular space
D CmBGAL13 MELO3C023188.2 ¢chr11:5193~15903 (+) 2094 697 78,652.05 7.00 —0.240  extracellular space
E CmBGALT4 MELO3C010636.2  chr03:8459760~8467,653 (—) 2622 873 97,630.79 6.57 —0.332  extracellular space
CmBGALT5 MELO3C013360.2 chr01:16900517~16,905,789 (+) 2259 752 84,409.23 805 —0.359  extracellular space
F CmBGAL5  MELO3C006540.2 chr06:4015808~4,021,686 (+) 2562 853 96,873.30 9.19 —0.501  extracellular space
CmBGAL6  MELO3C015540.2 chr02: 2657588~2,661,148 (+) 2496 831 93,519.70 520 —0.308  plasma membrane
CmBGAL7  MELO3C012947.2 chr04:14973846~14976326 (+) 2481 826 92,921.02 6.18 —0.339  extracellular space
CmBGAL8 ~ MELO3C026513.2  chr03: 24492677 ~24/495192 () 2475 824 92,584.84 875 —0396  extracellular space
CmBGAL9  MELO3C033812.2 chr09:21595815~21,598,283 (—) 2469 822 91,930.90 7.70 —0.339  extracellular space
CmBGALTO MELO3C009997.2 chr02:11301269~11,303743 () 2475 824 92,304.28 6.85 —0.339  extracellular space
CmBGALTT  MELO3C015321.2  chr02: 743784~747,625 (+) 2823 940 10590353 674 —0416  nucleus
G CmBGAL12 MELO3C025840.2 chr04:17683384~17,693,548 (+) 2205 734 83,458.13 7.69 —0.087  endomembrane system

2 Clade distribution according to phylogenetic clustering
b Names given by nomenclature system to BGAL genes of Cucumis melo L

¢ Gene accession of CmBGALs in CuGenDB

7 oun
’

4 Gene chromosome location and direction, “+” means 5'-3’,“-" means 3/-5/
¢ Length of coding sequence

f Length of protein sequence

9 Molecular weight

P Theoretical isoelectric point

i Grand average of hydropathicity index

Chromosomal location and gene duplication analysis

of CmBGALs

The chromosomal location displayed that 21 CmBGALs
distributes unevenly on 10 of 12 different chromosomes
in melon. Chr02 owns the most CmBGAL members,
with six, followed by Chr04, with four. Chr03, Chr06
and Chrll each owns two members, and Chr01, Chr07,
Chr08, Chr09 and Chrl2 each owns one. No location
site was found on Chr05 and Chr10 (Fig. 3).

Meanwhile, three segmental duplication gene
pairs were found among 21 CmBGAL members by
syntenic analysis, they were CmBGALI:CmBGALS3,
CmBGALI9:CmBGAL21 and CmBGAL20:CmBGAL21,
suggesting that there exist specific evolution and biologi-
cal function relationships between them.

Conserved domains and motifs analysis of CmBGALs

The conserved domains and signal peptide in 21 CmB-
GALs were analyzed by the NCBI CDD website (Fig. 4A)
which verified that all the 21 CmBGALs contain the

Glyco_hydro_35 domain (PF01301) with the charac-
teristic active site consensus sequence G-G-P-[LIVM]
(2)-x(2)-Q-x-E-N-E-[FY] for BGAL. In addition, except
for CmBGAL12, all the CmBGAL members containe
the GHD domain (PF17834). Besides that, the Gal_Lec-
tin domain (PF02140) distributes on the C-termini of
CmBGAL members except for CmBGAL2, CmBGALS3,
CmBGAL4, CmBGAL12, CmBGAL13 and CmBGALI6.
Interestingly, a special CBFD_NFYB_HMF (PF00808)
domain N-terminus was only found in CmBGALL11. The
multiple sequence alignment of amino acid sequences
exhibiting the position and consensus of the above
domains in CmBGALSs (Fig. S1). The conserved domains
information in CmBGALs was showed in Table S1. Apart
from that, In the 21 CmBGALs, 17 are predicted to have
an N-terminal signal peptide that targets the protein to
the plasma membrane or endomembrane system.

In addition, we also analyzed the composition of
motifs for CmBGALs (Fig. 4B). The ten most con-
served motifs were identified. The results showed that
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Fig. 1 Phylogenetic tree of BGALs among Cucumis melo, Arabidopsis thaliana, Solanum lycopersicum, Prunus persica, Malus domestica, Pyrus
pyrifolia, Fragaria ananassa and Persea americana. To distinguish the Latin name of Prunus persica from Pyrus pyrifolia, we abbreviated them as ‘Pp’
and 'Ppy; respectively. The gene accession numbers of all the BGAL genes are shown in Table S2

most CmBGAL members containe Motif 1-10, but also
existing absence. CmBGAL6 and CmBGAL15 lack of
Motif 2, CmBGAL3, CmBGAL5 and CmBGAL14 lack
of Motif 4, CmBGAL2, CmBGAL14 and CmBGAL15
lack of Motif 5, and CmBGAL5, CmBGAL13, CmB-
GAL14, CmBGAL15 and CmBGAL17 lack of Motif 8.
Distinctively, the CmBGAL12 only has Motif 1.

Secondary and tertiary structure prediction of CmBGALs

The prediction of secondary structure for CmBGALs
reveals that the random coil accounts for the high-
est percentage among the secondary structure, ranging
from 42.42% (CmBGAL15) to 46.73% (CmBGAL12). The

extended strand ranging from 20.98% (CmBGAL12) to
27.84% (CmBGALS3), followed by a-helix ranging from
18.78% (CmBGAL2) to 25.07% (CmBGALI12). B-turn
accounted for the lowest, ranging from 6.76% (CmB-
GALI14) to 9.09% (CmBGALS3) (Table 2).

To further compare the protein tertiary structures
among the 21 CmBGAL members, the protein 3D mod-
els were constructed by homologous modeling (Fig. 5).
The 3D model of all CmBGAL member proteins were
based on the ‘c3w5gB’ template, except for CmBGAL12
which based on the ‘c6eonA’ template, indicating that
the protein function of CmBGAL12 differs from other
members.
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Protein-protein association network analysis of CmBGALs
The STRING protein association network among CmB-
GAL members showed that the CmBGAL12 is associated
with CmBGAL1, CmBGAL6, CmBGAL13, CmBGAL15,
CmBGAL16 and CmBGAL17 in gene co-occurrence,
textmining and protein homology. The other CmB-
GAL members are isolated from each other. In addi-
tion, we discovered two alpha-galactosidase proteins
(XP_008445910.1 and XP_008445911.1) as the com-
monly association nodes between CmBGALI12 and
CmBGAL16 in curated databases, gene co-occurrence,
textmining and co-expression. Furthermore, CmBGAL12
is also associated with a beta-hexosaminidase protein
(XP_008441912.1), a mistakenly identified beta-galac-
tosidase protein which belongs to the glycosyl hydrolase
2 family (XP_008446959.1) and another alpha-galactosi-
dase protein (XP_008456938.1) (Fig. 6).

Expression pattern analysis of CmBGALs in various tissues

To assess the potential functions of CmBGALs, the
spatiotemporal expression pattern of 21 CmBGAL
members in various tissues including tendrils, young
leaves, functional leaves, stems, roots, flowers and
fruits at fruitlet, expanding and mature stage were
compared between two cultivars of melon ‘HDB’
and ‘HPM’ (Fig. 7). The result suggested that most
of the CmBGALs showed tissue-specific expression.
In Clade A, CmBGALI relatively higher expressed in
tendril and stem, CmBGAL2 and CmBGAL3 showed
specific expression in flower. In Clade B, CmBGAL19
and CmBGAL21 showed tendril-specific expres-
sion, CmBGAL20 showed stem-specific expression.
The CmBGALI13 in Clade D showed tendril-specific

expression. The CmBGALI4 in Clade E showed
extremely low expression level in fruit. Intriguingly,
the expression of CmBGAL7-11 in Clade F showed
almost an identical spatiotemporal expression pat-
tern, all of them specific expressed in the mature fruit
of ‘HPM;, and also showed a relative higher expression
level in flower, while the CruBGALS5 and CmBGAL6
also in Clade F showed different spatiotemporal
expression patterns with them. Overall, the above
results illustrated that the CmBGALs exert their func-
tions in various tissues as well as diverse physiologi-
cal processes in plant growth and development. The
relative expression level data of 21 CmBGAL mem-
bers is showed in Additional file 9.

Expression analysis of putative fruit softening-related
CmBGAL members in Clade A and F

To confirm the potential role of CrmBGAL members
in melon fruit softening, the genes expression, hard-
ness and P-Gal activity were compared between the
two texture types of melon ‘HDB’ and ‘HPM. The hard-
ness of ‘HPM’ fruit declined sharply from the S3 to
S4, while that of ‘HDB’ fruit declined bluntly and kept
significantly higher (P<0.001) than that of ‘HPM’ fruit
especially at the mature stage (Fig. S2). Meanwhile,
according to the paired comparation analysis, nine
CmBGAL members exhibited a significant difference
in expression at the mature fruit between ‘HDB’ and
‘HPM’ were screened out, they are CmBGAL3 (P<0.01)
and CmBGAL4 (P<0.05) in Clade A, and CmB-
GALS5-11 (P<0.001) in Clade F (Fig. 8). No significant
difference was observed in any other members between
the two cultivars.



Pan et al. BMC Genomics (2022) 23:795

Page 6 of 18

CmBGALS5
CmBGAL17

Fig. 3 Chromosomal location and gene duplication analysis of CmBGAL members
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The expression of the nine CmBGAL members in
fruit can be divided into two patterns: 1) Rose at the
mature stage in both ‘HDB’ and ‘HPM’ fruit (CmB-
GAL3 and CmBGAL4); 2) Only surged in the mature
fruit of ‘HPM’ (CmBGALS5—-11). Therefore, we consid-
ered CmBGAL3 and CmBGAL4 as mature-respond
genes (Compared to CmBGAL3, the CmBGAL4 exhib-
ited a more specific expression in mature fruit); While
CmBGALS-11 as the genes contributing to softening

behaviour difference between ‘HDB’ and ‘HPM’ fruits,
especially the CmBGAL7-11 with identical spatiotem-
poral expression patterns showed a predominant surge
in the mature fruit of ‘HPM. In addition, the activ-
ity of B-Gal in ‘HDB’ and ‘HPM’ fruit was measured, a
significant increase in ‘HPM’ fruit at the mature stage
was observed, but not in ‘HDB’ (Fig. S3). Furthermore,
the correlation analysis between the expression level of
CmBGAL3-11 with hardness and B-Gal activity of fruit
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Motif1 [ IINGQRRIJISGSIHYPRSTPEMWPDLIQKAKDGGLDVIETYVFWNGHEP 1.3e-757 50
Motif2 [ ] LRIGPYVCAEWNYGGFPVWLHYVPGISFRTDNZPFKNEMQKFTTKIVNMM 2.0e-648 50

Motif3 [ | AYINWAAQMAVSLNTGVPWVMCKQEDAPDPI I 41e-425 32
Motif4 [ WTGWFKKFGGPDPYRPAEDLAFSVARFFQKGGSLNNYYMYH 5.2e-444 41
Motif5 [ | GGTNFGRTAGGPFITTSYDYDAPJDEYGL 8.9e-375 29
Motif6 [ ] QPLTWYKTTFDAPEGNEPVALDMQGMGKGQAWVNGQSIGRYW 6.6e-520 42
Motif 7 [ RQPKWGHLKDLHAAIKLCEKALVSGDPTVTS 13e-310 31
Motif8 [ CGNPSQRWYHVPRSWLKPDGNLLVLFEEIGGNPQQISLVKR 96e-310 41
Motif 9 [ LPPWSVSILPDCKNVVFNTAKVNSQT 256296 26
Motif10 ] FEKPINLKAGVNKISLLSATVGLPNYGAFYETVNTGILGPV 23e-315 41

Fig.4 Phylogenetic with conserved domains and motifs distribution of CmBGALs. A The conserved domains distribution in CmBGALs; B The motifs
distribution in CmBGALs
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Table 2 Protein secondary structure of CmBGALs was conducted (Table 3). The correlation coefficients
between CmBGAL3-11 expression and hardness all
exceed — 0.8, and their expression all showed different
extent positive correlations with B-Gal activity, espe-

Clade Protein Protein secondary structure

a-Helix B-Turn Random coil Extended

send  ally CmBGALS-11.
A CmBGAL1 20.55%  7.69%  46.39% 25.36%
CmBGAL2  1878%  890%  4534% 26.98% Cis-acting regulatory elements analysis in CmBGAL
CmBGAL3 1946%  9.09% 43.61% 27.84% promoters
CmBGAL4  1992%  871%  4537% 26.00% To further understand the cis-acting regulation of CmB-
B CmBGAL18  19.17%  7.57%  46.75% 2651% GALs, the cis-acting regulatory elements in the promot-
CmBGAL19  2050%  853%  4585% 25.12% ers of each CmBGAL were analyzed except for CmBGAL9
CmBGAL20  1939%  8.16%  4645% 26.00% as the promoter sequence of it missed in both CuGenDB
CmBGAL21  2049%  7.73%  46.14% 25.64% and GenBank (Table 4). The cis-acting regulatory ele-
C CmBGAL16  2006%  845%  44.99% 26.50% ments in CmBGALs promoters were classed into four
CmBGAL17  21.19%  7.62%  46.19% 25.00% types: phytohormone responsive elements, stress respon-
D CmBGAL13  2080%  8.18%  4491% 26.11% sive elements, light responsive elements, and other ele-
E CmBGAL14  23.14%  676%  43.30% 26.80% ments. Regarding phytohormone responsiveness, most
CmBGAL15  2234%  7.85%  4242% 27.39% of the CmBGAL promoters contain ethylene-responsive
F CmBGALS ~ 2274%  891%  42.67% 25.67% element (ERE) except for CmBGALS8, CmBGAL13, CmB-
CmBGAL6  19.86%  830%  4549% 26.35% GAL17 and CmBGAL21. The promoters of CmBGALI-4,
CmBGAL7 ~ 2082%  823%  44.92% 26.03% CmBGAL6, CmBGALS, CmBGAL12, CmBGAL16 and
CmBGAL8  2027%  862%  4527% 25.85% CmBGAL21 contain the TCA-element and CmBGAL6
CmBGAL9  2056%  803%  4538% 26.03% also contain SARE which are involved in salicylic acid
CmBGALIO  2148% 801%  4442% 26.09% responsiveness. CGTCA-motif or TGACG-motif which
CmBGALIT  2330% 7.77%  44.04% 24.89% involved in the methyl jasmonate responsiveness were
G CmMBGAL12  2507%  7.22%  46.73% 20.98% found in CmBGALI, CmBGAL2, CmBGAL4, CmB-

GAL6-8, CmBGAL12, CmBGAL13, CmBGAL17 and
CmBGALI19-21. The gibberellin-responsive elements
P-box, GARE-motif or TATC-box were found in CmB-
GALI-5 CmBGALS, CmBGAL13, CmBGALI4, CmB-
GALI16, CmBGALI7, CmBGAL19 and CmBGAL21. The
auxin-responsive elements TGA-element, TGA-box or

CmBGAL3 CmBGAL4 CmBGAL5 - CmBGAL6

Ty

CmBGA\L16
AN\ )
)

Fig. 5 Tertiary structure of CmBGALs predicted by homologous modeling. The 3D model of CmBGALs named in white color are based on the
‘c3w5gB'template (https://www.ebi.ac.uk/pdbe/entry/pdb/3w5g), in yellow color is based on the ‘céeonA’template (https://www.ebi.ac.uk/pdbe/
entry/pdb/6eon)



https://www.ebi.ac.uk/pdbe/entry/pdb/3w5g
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Fig. 6 Protein-protein association network analysis of CmBGALs. XP_008445910.1, XP_008445911.1, XP_008441912.1, XP_008446959.1 and

XP_008456938.1 are the protein accession numbers in GenBank (https://www.ncbi.nlm.nih.gov/genbank/)

AuxRR-core were found in CmBGALI, CmBGAL6-8,
CmBGALI2, CmBGALI1S, CmBGAL20 and CmBGAL21.
The abscisic acid-responsive element ABRE were found
in CmBGAL3, CmBGALS5, CmBGALI0, CmBGALILI,
CmBGALI2-17 and CmBGALI19-21. For stress respon-
siveness, all promoters of CmBGAL members contain
ARE which is essential for the anaerobic induction except
for CmBGALII and CmBGAL17. The MYB binding site
(MBS) involved in drought-inducibility was found in

CmBGAL2, CmBGAL4, CmBGALS, CmBGAL13, CmB-
GALI1S5 and CmBGALI9. The LTR element involved in
low-temperature responsiveness was found in CmB-
GAL3, CmBGAL6, CmBGAL14, CmBGALI16, CmB-
GAL17 and CmBGALI9. The WUN-motif responds
to wound was found in CmBGALI, CmBGAL7, CmB-
GALI2, CmBGALI4-16 and CmBGAL18-21. The TC-
rich repeats involved in defense and stress responsiveness
was found in CmBGAL2-4, CmBGAL6, CmBGAL13,
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Fig. 7 Heatmap of the spatiotemporal expression pattern of CmBGAL members in various tissues of 'HDB'and 'HPM; respectively. The values of
relative expression were log,-transformed. Blue represents a low expression level, black represents a medium, and red represents a high level. T:
tendrils; YL: young leaves; FL: functional leaves; S: stems; R: roots; F: flowers; FF: fruitlet fruits; EF: expanding fruits; MF: mature fruits
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CmBGAL16 and CmBGAL21. Plenty of light-responsive
elements were found in the CmBGALs promoters, and
the most frequently occurred were Box 4, G-box and
GT1-motif. In addition, elements involved in meristem
(CAT-box) and endosperm (GCN4_motif) expression,
and palisade mesophyll cells differentiation (HD-Zip 1)
were also found. These results inferring that CmBGALs
participated in diverse responsiveness to hormone, biotic
and abiotic signaling.

Discussion

Gene functional diversity of CmBGALs

The number of CmBGAL members in melon (21) is
more than Arabidopsis (17) [23], tomato (17) [29, 30],
peach (17) [18], apple (13) [17], Japanese pear (8) [22],
strawberry (4) [20, 28] and avocado (4) [24], demonstrat-
ing that the CmBGALs undergone more whole-genome
duplication.

The protein subcellular location prediction of the 21
CmBGALs showed that they were mainly located in
extracellular space (cell wall), which same as the subcel-
lular location verified of AtBGAL1-5 and AtBGAL12 in

Arabidopsis [32], and of Mdp-Gall, Mdp-Gal2, and Md-
Gal5 in apple [17], which confirming that the BGALs
involved in cell wall metabolism. Whereas some CmB-
GALs were also predicted located in the plasma mem-
brane and endomembrane system, as the AtBGAL12
was reported also located in the endoplasmic reticulum
[32]. Thus, we deduced that the BGALs may participated
in the construction of glycoprotein by releasing the -D-
galactosyl. Interestingly, the CmBGAL11 was predicted
located in the nucleus which haven’t be reported before,
but the realistic subcellular location of it needs to be veri-
fied by experiment.

To assess the physiological functions of CmBGALs, the
expression pattern of CmBGALs in various tissues were
analyzed by qRT-PCR in two melon cultivars ‘HDB’ and
‘HPM’ The results suggesting that most of the CmB-
GALs existed spatial-specific expression, especially in the
organs with vigorous cell wall remodeling, like tendril
and stem. Similarly, spatial expression was also observed
in seventeen AtBGALs in Arabidopsis. AtBGALI, AtB-
GAL2, AtBGAL3 and AtBGALS higher expressed in
leaves, roots and flowers, AtBGAL4 primarily expressed
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Table 3 Pearson correlation coefficients between the relative expression level of CmBGAL3-11 with hardness and 3-Gal activity in fruit

CmBGAL3 CmBGAL4 CmBGAL5 CmBGAL6 CmBGAL7 CmBGALS8 CmBGAL9 CmBGAL10 CmBGAL11
Hardness —0.991** —0.941 —0913 —0.841 —0.895 —0.869 —0.862 —0.895 —0.892
B-Gal activity 0.217 0.065 0.388 0.607 0411 0.373 0.399 0420 0.388

Note: * and ** on the coefficients mean significance at the P<0.05 and P<0.01 level, respectively

in leaves and roots. AtBGALY, AtBGALIO and AtB-
GALI17 expressed in leaves and flowers. AtBGALS, AtB-
GAL1I1, AtBGALI13 and AtBGAL16 expressed in flowers,
AtBGAL6 was detected in roots [23]. In addition, the
TBGI-7 in tomato also exhibited tissue-specific expres-
sion. The TBG4 highly expressed in roots, TBG5 exhib-
ited high abundance in leaves and stems, while TBG6
only strongly expressed in stems [29]. Meanwhile, differ-
ent temporal-specific expression of CmBGAL members

were observed in fruits at different developmental stages.
Similar phenomena were also observed in tomato and
Japanese pear fruit [22, 29].

CmBGAL members in Clade F play key roles in melon fruit
softening

In this study, the candidate CmBGALs relating to fruit
softening were screen out by significant differences anal-
ysis on expression level among all the CrmBGALs family
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members between two softening types of melon culti-
vars ‘HDB’ and ‘HPM! Finally, the CrmBGAL3 and CmB-
GAL4 in Clade A and CmBGALS-11 in Clade F were
identified (Fig. 8). Besides, the results were confirmed
by correlation analysis between the expression level with
fruit hardness (Table 3). But interestingly, we found that
the softening-related BGALs reported in other species
are mainly distributed in Clade A or Clade E (Fig. 1). In
tomato, the TBG4 (Clade A) silencing line showed a 40%
firmer than control of red-ripe fruit, and with lower 3-Gal
level and higher wall galactosyl content during the early
stages of ripening [19]. In Japanese pear, the PpGALI and
PpGAL4 in Clade A specific expressed in the ripe fruit,
whose mRNA level coincided with 3-Gal activity [22]. In
avocado, the AV-GAL1 (PaGALI) involved in fruit sof-
tening is distributed in Clade A [24, 33]. In strawberry,
the Fafgall (Clade A) expressed increasingly and up to
a maximum in red fruits [28], and the FafGal4 (Clade E)
silencing lines with fruits that were 30% firmer than con-
trol at the ripe stage [20]. In peach, the putative soften-
ing-related PpBGAL2 and PpBGALI16 were distributed
in Clade A and E, respectively [18]. Similarly, the apple
Mdp-Gall and Mdfs-Gal2 in Clade A and Mdf-Gal5 in
Clade E which upwardly expressed at the later ripening
in fruit, particularly in ‘Fuji’ cultivar with lower firmness
and higher B-Gal activity [17]. Whereas in this study, the
CmBGALS-11 distributed in Clade F exhibited a spe-
cific surge in the mature fruit of ‘HPM’ were considered
as the key CmBGAL members contributing to softening.
Moreover, the CmBGAL7-11 in Clade F showed identi-
cal spatiotemporal expression patterns, which had never
been found in other species before. So, we deduced that
the Clade F is a novel fruit softening-related BGAL clade
for melon. Meantime, the members in Clade F exhibited
fewer introns especially in CmBGAL7-11, thus we con-
sidered that the member in Clade F were more conserved
during evolution. However, the function relationship
among the members in it are redundant or accumula-
tive seems need to be further studied. Additionally, we
noticed that the Clade F in BGAL phylogenetic tree is
divided into two subclusters. One just consists of CmB-
GAL7-11, which demonstrate that the close homologous
relationship among them. In the other subcluster, we
found that the CmBGAL6 homologized with SITBG14,
PpBGAL15 and MdBGAL6 (MdpB-Gal6) (Fig. 1), but the
function of these genes hasn't been identified. Mean-
time, the spatiotemporal expression patterns of mem-
bers in Clade E (CmmBGALI4 and CmBGAL1S) were also
analyzed (Fig. S4), although the expression of the two
genes increased in the mature fruit of ‘HPM;, no signifi-
cant difference was observed between the two cultivars.
Moreover, we also observed the B-Gal activity changes in
‘HDB’ and ‘HPM'’ fruit during development, a correlation
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analysis was made between it with the expression of the
nine softening-related candidate members (Table 3). The
results showed that the expressions of CrmBGAL5-11
in Clade F were higher correlated to f-Gal activity than
CmBGAL3 or CmBGAL4 in Clade A in fruit, but all their
correlation coefficients did not reach the significant level,
since the B-Gal activity was multiple contributed by
CmBGALs isoforms.

CmBGAL12 is a unique member

By conserved domains and motifs analysis, we found
that the CmBGAL12 in Clade G is a special member in
CmBGALs family, because the CmBGAL12 only have
the Glyco_hydro_35 domain but without the GHD and
Gal_Lectin domains, despite the absence of the Gal_Lec-
tin domain also happened in CmBGAL2, CmBGAL3 and
CmBGAL4 in Clade A. In addition, the motifs analysis
revealed that the CmBGAL12 only contained Motif 1 of
the ten motifs, making it as the most remarkable mem-
ber in the CmBGALs family. The phylogenetic analysis
showed that the CmBGAL12 is clustered in Clade G hav-
ing close homologous relationship with AtBGAL17 in
Arabidopsis, SITBG13 in tomato, PpBGAL17 in peach
and Md-B-Gal4 in apple (Fig. 1), and the motif analysis
result of CmBGALI12 is same to PpBGAL17 [18]. Mean-
while, this kind of member was also discovered in sweet
potato (Ibbgall7) [31], which demonstrating that it is a
kind of highly conserved member in plant BGALs fami-
lies. In addition, the spatiotemporal expression analysis
of CmBGAL12 shows that it primarily expressed in stem
(Fig. S5).

Furthermore, the protein secondary structure predic-
tion for CmBGALSs showed that the CmBGAL12 has the
highest percentage of random coil (46.73%) and a-helix
(25.07%), and the lowest percentage of extended strand
(20.98%) among all the CmBGAL members. Meantime
the tertiary structural 3D model of CmBGALI12 is the
only one differs from others, which based on the ‘c6eonA’
template, but not the ‘c3w5gB’ template. Additionally, the
protein-protein association analysis showed the CmB-
GAL12 is the only node protein in the network, further
reflecting that the CmBGAL12 may has unique protein
characteristics from others. Disappointedly, any experi-
mental data about this kind of member was unable to find
in plant BGALs families, and the physiological function
of this kind of BGAL member need to be further studied.

Cis-acting regulation of CmBGAL promoters

Cis-acting regulatory elements analysis in promoter
sequences provides putative regulation pathways of CmB-
GALs. In the promoters of 21 CmBGALs, we found most
of them contained ERE which responds to ethylene signal,
including the nine softening-related members in Clade
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A and F (except for CmBGALS). The methyl jasmonate-
responsive cis-acting regulatory elements CGTCA-motif
or TGACG-motif were found in the softening-related
members CmBGAL4 and CmBGAL6-8. Meanwhile,
through GUS assay suggested that the promoter activity
of Mdf3-Gal2 could be induced by ethylene and methyl
jasmonate in apple via the ERE and TGACG motif
which act as important recognition sites [17]. The abscisic
acid-responsive element ABRE were found in CmBGAL3,
CmBGALS, CmBGALII and CmBGALI0, and it has been
reported that the expression of VinGALI and VinfGAL2
in bilberry (Vaccinium myrtillus L.) fruit were significantly
induced after postharvest treatment with abscisic acid
[34]. Similarly, through suppressing key gene SINCEDI in
abscisic acid biosynthesis which led to a down-regulation
of SITBG [35]. The above studies suggested that ethylene,
methyl jasmonate and abscisic acid signal may participate
in fruit softening through regulating the transcription of
BGALs. For stress responsiveness, ARE, the cis-acting
regulatory element essential for the anaerobic induction
was found in most CmBGAL promoters, which coinci-
dent with the results in PpvBGAL promoters in peach [18].
Additionally, other cis-acting regulatory elements related
to stress response like WUN-motif, TC-rich repeats, MBS
and LTR were also found. Meantime, numerous light-
responsive elements were found in the promoters of all
the CmBGAL members, as well as in the promoters of
peach [18] and sweet potato [31] BGALs family members.
Thus, we deduced that the BGALs may participate in cell
wall remodeling in plant photomorphogenesis. However,
the specific binding transcription factors for these cis-act-
ing regulatory elements involved in CrmBGALs transcrip-
tional regulation still need to be further studied.

Conclusions

A total of 21 BGALs designated as CmBGALI-CmB-
GAL21 were identified genome-wide in melon, clustered
into A-G seven clades. Among members, three duplica-
tions CmBGALI:CmBGAL3, CmBGAL19:CmBGAL2I,
and CmBGAL20:CmBGAL21 happened during CmB-
GALs family evolution. Conserved domains analy-
sis revealed that besides the Glyco_hydro_35 domain
(PF01301), all the CmBGAL members also contained the
GHD domain (PF17834) except for CmBGAL12, and the
Gal_Lectin (PF02140) domain existed in most CmBGALs
at the C-termini. The spatiotemporal expression analysis
by qRT-PCR suggesting that the CmBGALs are mainly
expressed in tissues with vigorous cell wall remodeling,
like tendrils and stems. Importantly, a novel clade of
members (Clade F) related to melon fruit softening were
discovered. Furthermore, the homologous CmBGAL7-11
exhibited identical spatiotemporal expression patterns
may multiple genes leading to melon fruit softening.
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Methods

Identification of BGAL genes in melon

To obtain the candidate Cucumis melo L. BGAL genes,
melon genome v3.6.1 was downloaded from the Cucurbit
Genomics Database (CuGenDB) (http://cucurbitgenom-
ics.org/), hidden Markov model (HMM) research against
Glyco_hydro_35 domain [PF01301 in Pfam (http://pfam.
xfam.org/)] of BGALSs was performed by HMMERS3 (http://
hmmerjanelia.org/) [29]. Subsequently, all sequences
were future examined via Simple Modular Architecture
Research Tool (SMART) (http://smart.embl-heidelberg.
de/) [36], and multiple sequence alignment were performed
using DNAMAN software (Lynnon Corporation, Canada)
to identify the final BGAL members in melon.

Phylogenetic analysis

The amino acid sequences of BGALs of Cucumis melo
were downloaded from CuGenDB (http://cucurbitge
nomics.org/), of Arabidopsis thaliana from TAIR (http://
www.arabidopsis.org/), of Solanum lycopersicum and Pru-
nus persica from Phytozome v13 (https://phytozome.jgi.
doe.gov), of Malus domestica, Pyrus pyrifolia, Fragaria
ananassa and Persea americana from GenBank (https://
www.ncbi.nlm.nih.gov/genbank/), respectively. The gene
accession numbers of all the BGAL genes are shown in
Table S2. All the sequences were aligned using MUSCLE
[37] and constructed the phylogenetic tree using Maxi-
mum Likelihood (ML) method by Jones-Toylar-Thornton
(JTT) model [38], uniform rates, gaps date treatment use
all sites, ML heuristic method using Nearest-Neighbor-
Interchange (NNI), 3 threads by MEGA X software (Insti-
tute of Molecular Evolutionary Genetics, USA) [39].

Gene information and structure analysis

Information of gene accession number and chromosome
location of melon BGALs were searched from CuGenDB
(http://cucurbitgenomics.org/). Amino acids sequence
length, molecular weight (Mw), theoretical isoelectric
point (pI) and grand average of hydropathicity index
(GRAVY) of BGALs were analyzed by the ExPASy Prot-
Param (https://web.expasy.org/protparam/) [40]. Sub-
cellular location of BGALs was predicted by BUSCA
(https://busca.biocomp.unibo.it/) [41]. Gene sequences
with intron and coding sequence (CDS) were downloaded
from CuGenDB (http://cucurbitgenomics.org/) to analyze
the gene structure using Gene Structure Display Server
(GSDS) 2.0 (http://gsds.cbi.pku.edu.cn/index.php) [42].

Chromosomal location and gene duplication analysis

The chromosomal locations of CmBGALs were mapped
based on the information in melon genome v3.6.1. For
syntenic analysis, the relationships between homologs
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were verified and visualized by the Advanced Circos tool
in TBtools software (South China Agricultural Univer-
sity, China) [43].

Conserved domains and motifs analysis

Conserved domains and signal peptide were analyzed by
NCBI Conserved Domain Database (CDD) (http://www.
ncbi.nlm.nih.gov/cdd/) [44] and SMART (http://smart.
embl-heidelberg.de/) [36]. Motifs were analyzed and
visualized by Multiple Em for Motif Elictition (MEME)
v 5.4.1 (http://meme-suite.org/tools/meme), set the find
number as 10, and other parameters were default [45].

Prediction of protein secondary and tertiary structure

The protein secondary structure was predicted by Prabi
SOPMA (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_autom
at.plpage=npsa_sopma.html), the tertiary structure
was predicted by Protein Homology/analogY Recogni-
tion Engine v 2.0 (Phyre®) (http://www.sbg.bio.ic.ac.uk/
phyre2/html/page.cgi?id=index) [46].

Protein-protein association network analysis

The protein association network was analyzed by
STRING v 11.5 (https://cn.string-db.org) [47] using the
multiple sequences search with the organism chosen as
Cucumis melo.

Cis-acting regulatory elements analysis in promoters

The 1.5kb upstream sequences from the start codon of
CmBGALs were defined as promoter regions obtained
from CuGenDB (http://cucurbitgenomics.org/), then
using PlantCARE (http://bioinformatics.psb.ugent.be/
webtools/plantcare/html/) to identify the cis-acting regu-
latory elements [48].

Plant materials

Two cultivars of melon (Cucumis melo var. makuwa
Makino) named ‘HDB’ and ‘HPM’ obtained commer-
cially with crisp and mealy texture fruit respectively
were taken as materials, the code names were abbre-
viated from their commercial name ‘Hongdaobian’
(Kaifeng Zhongbo Seedling Research Institute, China)
and ‘Hongpimian’ (Hebei Baoding Seedling Company,
China), respectively. Seven- or eight-leaf aged seed-
lings were used for sampling of roots, stems, functional
leaves and young leaves tissue, which cultivated in an
artificial light climatic incubator (Ledian RLD-1500C-
4DW, China) with 12h light (15,000 Lx) and 12h dark
at a temperature of 25°C/15°C, humidity of 60%, set
six biological replicates. For flowers, tendrils, and
fruits at fruitlet, expanding and mature stage sampling,
the plants were grown using substrate bag in a green-
house at Shenyang Agricultural University, Shenyang,
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Liaoning Province, P.R. China. Single stem training was
adopted, and each plant was set three fruits from the
tenth node. Fruits at the same node without disease,
insect pests and mechanical injury were chosen, three
biological replicates were set at each sampling stage.
The sarcocarp from the equatorial part of the fruit was
sampled, the samples were frozen with liquid nitrogen
and stored at — 80°C.

Fruit hardness

The hardness of fruit was detected at 20, 25 and 30days
after anthesis and the mature stage (S1 ~ S4) by a texture
analyzer (Brookfield CT3, USA) using the texture profile
analysis (TPA) model. The sampling and detection meth-
ods were adjusted by Bianchi, et al. (2016) [49]. Column-
shaped sarcocarp samples with 1.5 cm diameter and 1 cm
height were modified from the equatorial section of fruit,
then detected using a TA4/1000 (38.1 mm ¢) probe under
trigger point load as 10g; test speed as 2mm/s; return
speed as 2mm/s; 2cycles, the recovery time between
cycles as 3s; the target deformation as 3 mm. Three tech-
nical replicates for each fruit.

B-galactosidase activity

B-Gal activity of fruit at fruitlet, expanding and mature
stage was determined by a kit (Solarbio BC2580,
China). As p-Gal decomposed p-nitrophenyl--D-
pyranogalactoside to p-nitrophenol, which has the maxi-
mum absorption at 400 nm, a microplate reader (TECAN
Infinite M200 PRO NanoQuant, Switzerland) was used
to measure the absorbance. The production of 1umol of
p-nitrophenol per gram pulp tissue per hour under 37°C
was defined as one enzyme activity unit. Three techni-
cal replicates for each sample.

RNA isolation and qRT-PCR
Total RNA from various tissues was extracted by an
ultrapure RNA kit (CWBIO CWO0581M, China). RNA
was reverse-transcribed into ¢cDNA using the Primer
Script RT reagent kit (TaKaRa PrimeScript’ RT Mas-
ter Mix, Japan). Specific primers for qRT-PCR of CmB-
GALs were designed by the PrimerQuest Tool (https://sg.
idtdna.com/PrimerQuest/Home/Index).

qRT-PCR reactions were performed on a Real-Time
PCR Thermal Cycler (Analytic Jena AG qTOWER? G,
Germany) using TransStart Top Green qPCR SuperMix
(TransGen Biotech, China). PCR program as follows: ini-
tial denaturation at 95°C for 30s, 40cycles of 95°C for
5s and 60°C for 34s, and melt for 15s. A Cucumis melo
ribosomal RNA gene (18S) was used as an endogenous
control for normalization. The gene relative expression
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was calculated with the 2742t method [50]. Each sample
was analyzed in triplicate. All primer sequences are listed
in Table S3.

Statistical analysis

Microsoft Excel 365 was used to process the data. Sig-
nificant differences between the means were compared
by Tukey test using the Paired Comparison Plot App in
Origin 2021 software (OriginLab, USA). The correlation
analysis was conducted by SPSS Statistics 24 software
(IBM, USA). The heatmap and bar chart were drawn by
Origin 2021 software. The conserved domains distribu-
tion diagram (Fig. 4A) was drawn by Microsoft Power
point 365 referred to Chandrasekar and van der Hoorn
(2016) [30].
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