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Abstract

Background and Objective

Next-generation sequencing (NGS) technology allows one to analyze microsatellite molecular
markers associated with terpenoid pathway genes. Microsatellite molecular markers are a powerful
tool for understanding genetic diversity. In this study, transcriptome sequencing of the medicinal
plant Citrullus colocynthis was used for the first time to identify microsatellite markers.

Methodology

This research utilized transcriptome sequencing data from the fruit of C. colocynthis, consisting of
83,807 de novo assembled sequences. The assembled transcripts were analyzed to determine the
frequency and distribution of microsatellites. Microsatellite markers were identified using Krait
v1.5.1, a robust and ultrafast tool with a user-friendly graphical interface for genome-wide
microsatellite screening. Specific primers for the identified microsatellite markers were designed and
saved in FASTA format.

For functional annotation and gene similarity comparison, microsatellites from the C. colocynthis
transcriptome were blasted against nucleotide sequences from five reference genomes: Uniprot,
Arabidopsis thaliana (Atha), Citrullus lanatus (Clan), Momordica charantia (Mcha), and
Watermelon Charleston Gray (WCG), using an E-value threshold of <10~ ® . Additionally, unigene
sequences containing microsatellites were uploaded to the KEGG Automatic Annotation Server
(http://www.Genome.Jp/kega/kaas) and analyzed using KEGG Orthology (KO) identifiers. KO-
specific assignments were performed using the Single-Directional Best Hit (SBH) method to obtain
metabolic pathway information for the predicted unigenes.

Results

Among the 83,807 assembled transcripts analyzed with Krait software, 20,221 potential
microsatellites were identified in 15,506 transcripts. The most prevalent repeat types were
mononucleotide microsatellites (8,313; 41.1%) and trinucleotide microsatellites (5,816; 28.3%),
while hexanucleotide (531; 2.63%) and pentanucleotide (480; 2.37%) repeats were the least frequent.
The frequency of microsatellite repeats in the C. colocynthis transcriptome was approximately one
per 4.14 kilobases of assembled sequence, with microsatellites containing five repeats (3,041
unigenes) being the most common. The distribution of microsatellite repeat length (10-50 bp) showed
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that 57.55% were classified as second-class (<20 nucleotides), while 42.45% were first-class (>20
nucleotides). The most dominant sequence was mononucleotide "A" repeat, with 8,167 occurrences
(40.39%). Among the microsatellites, the trinucleotide AAG (2,757 occurrences) and the dinucleotide
repeats AG (2,298) and AT (1,178) were the most frequent. In total 3,065 primer pairs were designed
from the 20,221 identified microsatellites. Genetic similarity analysis using X-blast revealed 360
shared microsatellites between C. colocynthis and WCG. Additionally, 32 genes involved in the
terpenoid biosynthesis pathway were identified, of which 18 transcripts contained microsatellites.
Conclusion

Microsatellite markers play a crucial role in the genome, particularly in genes associated with
secondary metabolite biosynthesis in medicinal plants. This study provides valuable insights for
improving secondary metabolite production, developing molecular markers, assessing genetic
diversity, and constructing genetic maps for C. colocynthis. The findings of this research mark a
significant step forward in genetic studies of this medicinal plant.
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Table 1. A selection of information on microsatellite markers identified of Citrullus colocynthis

Item

Total number of perfect SSRs

Total length of perfect SSRs

The average length of SSRs

The percentage of sequence covered by SSRs
Relative abundance

Relative density

Description Number
20221

p 400025
Total SSR length/total SSR counts (bp) 19.79
Total SSR Length/total sequence length (%) 0.46
Total SSRs/total valid length (loci/Mb) 231.28

Total SSR length/total valid length ( bp/Mb) 4575.24
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Table 2. The summary of perfect microsatellite types of Citrullus colocynthis

\YY

Type Counts Length Percent Average Length Relative Abundance Relative Density

(bp) (%) (bp) (loci/Mb) (bp/Mb)
Mono 8313 162397 41.11 19.54 95.08 1857.4
Di 3820 76080 18.89 19.92 43.69 870.16
Tri 5716 112461 28.27 19.67 65.38 1286.26
Tetra 1361 24688 6.73 18.14 15.57 282.37
Penta 480 10605 2.37 22.09 5.49 121.29
Hexa 531 13794 2.63 25.98 6.07 157.77

Penta Hexa
Neclotide Neclotide

2%

3%
Tetra
Neclotide
7%

\\_ Mono

Neclotide
41%

Tri Neclotide ,]
28%

\ Di Neclotide

19%

J@)y‘N‘)Mrﬁﬂu‘jjé#JJ:L;LL—:L«:Adb#)‘jﬁbﬁ)ayl‘;ﬁ)u@)’j—\ Jg-:

Figure 1. SSR count distribution for each type identified in the transcriptome of Citrullus colocynthis
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Figure 2. SSR length distribution for each type identified in transcriptome of Citrullus colocynthis



\YY

ip s Sl 5 o 0ol ale s, LSS 2 Sl
L i x5 A Nl e £ AT 4 L SO
s oLt g sl i 252 Sl 5 o 1 ool snles
o5t Sl i 50 0, sy syl SG Sl s (Y Jsas)
Iy SUkS FAF a5 K Ui Jems) alsas
LSS L ooyl ale s £ same 55 35 0ai 5,108 o
ol 5l om s Mo cesabls (FeFY) Lo
AFFE)F 5 (18PN VY (OVAA) V L el pnboss

.,\Jé}} O‘ﬁ\ﬁ )\}ﬁs
100
80
60

40

Relative Abundance (loci/Mb)

20

o

ch
AGC
AAAAG I

O —

AAG I
AG HEENTT
AT HE |

AAT EEET

AAAT N

AGG
AC
ATC

AAAG

ccG W

AAC B

ACC W

ACG W

AAAAT I

Voslad Y Alr ol S 5 e 0blS POlol 5 S Sl s 4

ip s Sl 5 03 Ikl (i pe axas 2 Sl 3

e 55 Y & s llis syl sk s
o5 Sl 5 0 L el pala sy ool i s a5 dias
ol Y Jsam) mshs ol Jemsl s
o5 Sl 3 sdal Gy S s ol
03 g (doy Fo/¥) LSS APV LA o 5l lsas
YVOV) AAG s 4 w5l s oslamlen, ole
AG 45588565 olee 5o 5 QLSS ) AAT 5 () Ss
a Ly )3 ot GLST VYWVA)Y AT 5 (S5 YY4A)
Y USKe) wsls olansl 5

The most abundant motif categories

AAGAGG
AAGGAG
AAGT
AAAGAG
AATG
AAGATG
ACTC
ATAG
ATCC
AAACG
AAATT
ATCTCC
AAAGG
AGCCCC
ACCG
AACCC
AAGACG
ACCGCC

Jez sl il o sto Sl 5 o3 Lol sale sy i e glaazus op Solsl 5 Y S
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Table 3. The abundance of each standard motif category in transcriptome of C. colocynthis (only counts more
than 10 are presented).

Motif Type  Counts Length Percent Average Length Relative Abundance Relative Density
(bp) (%) (bp) (loci/Mb) (bp/Mb)
A 1 8167 160165 40.39 19.61 93.41 1831.87
AAG 3 2757 58389 13.63 21.18 31.53 667.82
AG 2 2298 47984 11.36 20.88 26.28 548.81
AT 2 1178 22186 5.83 18.83 13.47 253.75
AAT 3 1130 22290 5.59 19.73 12.92 254.94
AAAT 4 610 10852 3.02 17.79 6.98 124.12
AGG 3 414 7554 2.05 18.25 4.74 86.4
AC 2 344 5910 1.7 17.18 3.93 67.59
ATC 3 324 5727 1.6 17.68 3.71 65.5
AAAG 4 310 6016 1.53 19.41 3.55 68.81
CCG 3 276 4587 1.36 16.62 3.16 52.46
AAC 3 237 3846 1.17 16.23 2.71 43.99
ACC 3 229 4014 1.13 17.53 2.62 4591
ACG 3 206 3582 1.02 17.39 2.36 40.97
C 1 146 2232 0.72 15.29 1.67 25.53
AGC 3 143 2472 0.71 17.29 1.64 28.27
AAAAG 5 133 3010 0.66 22.63 1.52 34.43
AAAAT 5 129 2835 0.64 21.98 1.48 32.42
AAAC 4 94 1584 0.46 16.85 1.08 18.12
AAAAAG 6 79 2034 0.39 25.75 0.9 23.26
AATT 4 59 1016 0.29 17.22 0.67 11.62
AAGG 4 57 1128 0.28 19.79 0.65 12.9
AAAAAT 6 50 1266 0.25 25.32 0.57 14.48
ATAC 4 35 600 0.17 17.14 0.4 6.86
AAAAC 5 35 725 0.17 20.71 0.4 8.29
AAGAG 5 28 660 0.14 23.57 0.32 7.55
AATC 4 24 416 0.12 17.33 0.27 4.76
ACCTCC 6 24 660 0.12 275 0.27 7.55
AACC 4 22 392 0.11 17.82 0.25 4.48
AACT 4 20 344 0.1 17.2 0.23 3.93
AAAAAC 6 20 486 0.1 24.3 0.23 5.56
AAGAGG 6 20 528 0.1 26.4 0.23 6.04
AAGGAG 6 19 522 0.09 27.47 0.22 5.97
AAGT 4 18 324 0.09 18 0.21 3.71
AAAGAG 6 18 510 0.09 28.33 0.21 5.83
AATG 4 14 244 0.07 17.43 0.16 2.79
AAGATG 6 14 378 0.07 27 0.16 4.32
ACTC 4 12 244 0.06 20.33 0.14 2.79
ATAG 4 12 224 0.06 18.67 0.14 2.56
ATCC 4 12 196 0.06 16.33 0.14 2.24
AAACG 5 12 250 0.06 20.83 0.14 2.86
AAATT 5 11 225 0.05 20.45 0.13 2.57
ATCTCC 6 11 324 0.05 29.45 0.13 3.71
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Table 4. The abundance of each repeat in the transcriptome of the C. colocynthis

Repeat Counts Length Percent

Average Length

Relative Abundance Relative Density

(bp) (%) (bp) (loci/Mb) (bp/Mb)
4 1644 31012 8.13 18.86 188 354.7
5 3041 49480 15.04 16.27 34.78 565.92
6 1453 27360 7.19 18.83 16.62 312.93
7 1788 30884 8.84 17.27 20.45 353.23
8 1141 21472 5.64 18.82 13.05 245.58
9 795 16749 3.93 21.07 9.09 191.56
10 573 12930 2.83 22,57 6.55 147.89
11 349 8844 1.73 25.34 3.99 101.15
12 1661 24804 8.21 14.93 19 283.69
13 1173 18382 5.8 15.67 13.42 210.24
14 956 16044 473 16.78 10.93 183.5
15 839 14565 4.15 17.36 9.6 166.59
16 724 13264 3.58 18.32 8.28 151.71
17 686 13107 3.39 19.11 7.85 149.91
18 589 11952 2.91 20.29 6.74 136.7
19 424 8930 2.1 21.06 4.85 102.14
20 344 7620 1.7 22.15 3.93 87.15
21 220 5250 1.09 23.86 2.52 60.05
22 165 4114 0.82 24.93 1.89 47.05
23 208 4991 1.03 24 2.38 57.08
24 162 4344 0.8 26.81 1.85 49.68
25 117 3025 0.58 25.85 1.34 34.6
26 113 3120 0.56 27.61 1.29 35.68
27 70 2079 0.35 29.7 0.8 23.78
28 60 1680 0.3 28 0.69 19.21
29 47 1392 0.23 29.62 0.54 15.92
30 82 2610 0.41 31.83 0.94 29.85
31 42 1302 0.21 31 0.48 14.89
32 37 1216 0.18 32.86 0.42 13.91
33 22 792 0.11 36 0.25 9.06
34 36 1224 0.18 34 0.41 14
35 30 1050 0.15 35 0.34 12.01
36 23 828 0.11 36 0.26 9.47
37 37 1369 0.18 37 0.42 15.66
38 23 950 0.11 413 0.26 10.87
39 34 1326 0.17 39 0.39 15.17
40 17 680 0.08 40 0.19 7.78
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Figure 4. Distribution of microsatellite repeats identified in the transcriptome of the C. colocynthis
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Figure 5. Distribution of microsatellite repeats length identified in the transcriptome of the C. colocynthis
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Figure 6. X-blast results of the annotated unigenes containing the microsatellite of C. colocynthis against reference genome
database
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Table 6. Microsatellite-containing enzymes involved in the biosynthesis terpen skeleton of C. colocynthis identified by KEEG

Enzyme code Enzyme description Unigen ID C. colocynthis ID K

[EC:2.2.1.7] dxs; 1-deoxy-D-xylulose-5-phosphate synthase 85625, 95520 K01662
[EC:1.1.1.267]  dxr; 1-deoxy-D-xylulose-5-phosphate reductoisomerase 56519 K00099
[EC:2.7.7.60] ispD; 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase 127222 K00991
[EC:2.7.1.148] ispE; 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 506184 K00919
[EC:1.17.7.4] ispH; 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase 157604 K03527
[EC:5.3.3.2] idi; isopentenyl-diphosphate Delta-isomerase 1260616 K01823
[EC:2.3.1.9] ACCAT; acetyl-CoA C-acetyltransferase 1030656, 1021719 K00626
[EC:2.3.3.10] HMGS; hydroxymethylglutaryl-CoA synthase 1003842 K01641
[EC:1.1.1.34] HMGCR; hydroxymethylglutaryl-CoA reductase (NADPH) 1002723 K00021
[EC:2.7.1.36] MK; mevalonate kinase 292084, 506433 K00869
[EC:2.5.1.10] FDPS; farnesyl diphosphate synthase 7220 K00787
[EC:2.5.1.1] GPS; geranyl diphosphate synthase 824700 K14066
[EC:2.5.1.87] DHDDS; ditrans,polycis-polyprenyl diphosphate synthase 502464, 997637 K11778
[EC:2.5.1.58] FNTB; protein farnesyltransferase subunit beta 1148769 K05954
[EC:2.1.1.100] ICMT; protein-S-isoprenylcysteine O-methyltransferase 1134250 K00587
[EC:3.1.1.] PCME; prenylcysteine alpha-carboxyl methylesterase 1977, 1173481 K15889
[EC:1.1.1.354] FLDH; NAD+-dependent farnesol dehydrogenase 1028192 K15891
[EC:2.7.1.216]  FOLK; farnesol kinase 977862, 1159827 K15892
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