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Restriction Site Associated DNA Sequencing (RAD-seq)
Investigation of SNP molecular markers in the sucrose synthesis genes of

sugarcane using Restriction Site Associated DNA Sequencing (RAD-seq)
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Abstract

The development of sugarcane cultivars with desirable agronomic traits remains limited in
success, primarily due to the reliance on traditional breeding methods based on phenotypic selection.
These conventional approaches, involving hybridization of selected parental lines and visual trait
evaluation, are time-consuming and inefficient for rapid varietal improvement. The objective of this
study was to identify single nucleotide polymorphism (SNP) molecular markers for the characterization
and identification of sugarcane varieties. To enhance genetic selection, single nucleotide polymorphism
(SNP) markers generated through Restriction-site Associated DNA Sequencing (RAD-Seq) were utilized to
investigate genetic diversity and support molecular breeding. In this study, RAD-Seq was applied to
analyze 16 sugarcane accessions from the Khon Kaen Field Crops Research Center. Each accession
yielded over 1.9 million SNPs and more than 23,000 insertion-deletion (INDEL) polymorphisms.
Phylogenetic analysis of sucrose synthesis genes using the Maximum Likelihood method revealed two
major gene clusters corresponding to the commercial cane sugar (C.C.S.) values of the accessions. Group
1 comprised cultivars with C.C.S. values of 9-12, while Group 2 included those with values of 13-15.
The results demonstrate that RAD-Seq is a powerful tool not only for assessing genetic relationships
and identifying hybrids but also for providing reference-quality sequences that can facilitate future
genomic studies of important genes in sugarcane.
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Us1ng) (Phenotype) dsiadldszaznanlunsdnidonagaes 8 - 10 U Seagldtusdoeiiidnvariidesns
ilulFusglovdnmamanunsuazuugiinenang (330 uazame, 2551; ddnauangnsun1ssosuaiiinia
N3y, 2558)

nsandeniuslaslddnvuzaisusniiusing (phenotype) tiudnwasd duuusldnudnina
amwaden dsliannsathunldlunissuunuazszymeiuslvgndeasiudld uadslinusioaunisly
\womneidueiioUulpmeiussoslitssduinaglasage drunsiauneiosmnefiduelnesaiu
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dou unasdeyadmiunmsfnuduvesdosiiaigalu TJaqiu Ae grudeyadifuiua expressed sequence tags
(ESTS) (Vettore et al,, 2003) fn1sundduiua ESTs vasdesuldifiodnwnsuanseonvesuluieidoly
(McCormick et al., 2008) waza1au (Papini-Terz et al., 2009) Y098 08AADAIUNAMUILAIDIINEA LS ULETTN
lulasusninalas (EST-SSR) (Ukoskit et al, 2012) 1A5 841118 Intron length polymorphism (ILP) Aig
i3 osnediBuledlinsisaeunnuuandnwesnueBunseusisy §isengnlewediuelsa (Polymerase
Chain Reaction, PCR) Tngldlnsiuaifisunefuusnas nseufinseudiufinniniudunsou fesiuniaves
Sunsouaunsaviungldlaensilisuiisusswineanuiua ESTs Auaisutuailua (Yang et al,, 2007) A2
g1vosdunsauiinansznuiuszAunisuanseanvesBunarillulndludnuagessitnenda wuin nqududi
mumﬁumaumaﬂd’]ﬁizﬁ’umiu,amaaﬂsuaangﬂmmfwﬂ&jmguﬁﬁmmm%umauéu’uﬂ’h (Ren et al,, 2006) 3310
Teuved digins wasAndwad (2559) AldauiaIoming intron length polymorphism (ILP) a1n8udi
Aendesiunsdanmeiinagiasa Inglideyanin KEGG pathway uaznansinummavinuvesdudaelales
woLsd A1nTeyadisulua ESTs Y0988y 121,301 d@1suiua (42,377 sugarcane assembled sequences Wag
78,924 singleton ESTs) @ansafnLaen ESTs 17'iLﬁmﬁﬁaqﬁ’umié’ameﬁﬂfwma%ﬂmaﬁﬁu’wm 91 aAULUR LLag
oonuuulnswesimun 195 glnswed mateseilasaiasssnsdos (Saccharum spp.) nuinaTasne
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TAENISANYIAIILUANGIMT DAIUNAINNAIENINUTNTTY (genetic diversity) VoINS NwazLTIUTUI
(quantitative trait) ¥3ednwauziBnan N (qualitative trait) Huindunsesdenfivszansnmlunsuenainy
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WANEA19YBINY 1587319 vliavTenieluviin (between species or within species) Usg1n3 (population) fug
(varieties) uazanefug (breeding line) I¥aesgndes Fadumsdmdenaindnuazmailu Ind (genotype) 7
foan1sanielaenss (Lo and Shaw, 2019) lnginaila Restriction site-associated DNA sequencing (RAD-seq)
fmdnmswmiloufuiu Genotyping-by-Sequencing (GBS) Wumaluladfildlunsdunieiosmnsluanaaiy
(single nucleotide polymorphism, SNP) wuuTesTuy (genome-wide SNP discovery) fmgtoulaidndinig
(restriction enzyme) sauAUNTITWALUlaE Next Generation Sequencing (NGS) (Baird et al., 2008; Lo and
Shaw, 2019) Tunsyndrsuiua waila RADseq anansafumuazdlulndaiulgludunewiien Fsanunsodum
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uananimaiia RAD-seq defiuselomingnsdslumsimuaiudmsy 1 duedomuneluana (DNA marker)
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Inquszasdmiedesneluanaaiy (SNP) Lilensiatendnualvosaeiusiieldlunisduuniusenseld
Asnsaniung

L.asinSeuie: Andunisugndes o Audideilsvounnu 91w 16 wWug/laau loun UT17 LK92-
11 KKO7-250 KK09-0857 UT15 KK09-0939 K88-92 KKO7-599 KKO08-059 DOA-NS1 KK09-0941 DOA-KK3 DOA-
KK4 KKO7-037 KK09-0844 uag Si Samrongl Jufintoyanisiaseyiiule Wy Aues Iuiua) nandin ezl
\ad (Table 1)

2msm’maauLﬂ%‘lammaim,aqaaﬁﬂ (SNP)

afnAwe: Yiludaseny 8 e ainfouenieds CTAB (cetyltrimethylammonium ammonium
bromide) 984 Tai and Tanksley (1999) (2% CTAB, 1% PVP, 100 mM TrisHCl pH 8.0, 20 mM EDTA pH 8.0,
1.4 M NaCl, 0.2 % 2-mercaptoethanol) U3u1ns 600 lulasans ﬂwlﬂumﬁqmmﬁ 60 aeAwawea Luan 30
wiitnanlvwafu 99 udia Chloroform : Isoamyl alcohol (24:1) U3uns 800 Taulasans dnluiumiesd
12,000 rpm gaunadl 4 esrwaLTYd Yeduneunsiia Chloroform - lsoamyl alcohol 8n 2 59U N
Isopropanol 600 lslasans iteanmneufiuedimenoudiSuenis 80% Ethanol $1 2 seu Udeslnmsneus
Wueunslageuiigamgdl 60 ssrnwaldea uw 15 Wit avanemznouly TE buffer (10 mM Tris-HCL pH 8.0, 1
mM EDTA pH 8.0) 50 Tailasans uazifin RNase A (10 fadnsusiefiadans) Usums 5 lulasans tilvuwd 37
psrnialTea wWunan 30 Wl Iuasazaefidueiigaumgil 20 esmiwaiioa aunneglvnuudiInsnasy
Aan LAz wed lidisoznilsaaadidnlnslnida 1n3esaiualasllafiiues NanoDrop 2000
(Thermo Fisher Scientific, Wilmington, Delaware USA) LazASe3 Qubit® Fluorometer (Invitrogen)
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Sulwd Psti-HF wag MsPl fes1azidunsiolud 10XNEB Cut Smart Buffer 1X, Pstl 8U, Mspl 8U wag DNA 200
wlundu uasUsudsinasieth DI Uufl 37 esrmiwaded wiu 3 $alus vdmntuiul3i 4 esmwaides
M3vieusie Adapter Ligation: M3idenezuninasusynausedisuiaisimzfuasadildluns
MATULLUARIBLATEY MGISEQ-2000RS 84USE MGl vinsidensevesiiduiedesfuezuatimesTasioulesl
Invitrogen T4 DNA Ligase (Life Technologies) figavndl 23 ssmwaifoa uw 2 2l Mnuhansievled
deaudouiigamgd 65 esrneaioa w1y 10 wiit laTufidueiivsznoudefiSuevesdesuarosuatines
w1 Fehliuiavsinesuatinesindeuzdueyluasazats naenaueulusivisassinf axgnindnlulagly
Agencourt® AMPure® XP beads (Beckman Coulter, Brea, CA, USA)
mMsdiuiinafiduelasufizeniidens: iuuinamidueseslngliufisoidersussnousmediou
08 au7 i oufuezuntines wouleyl Phusion® polymerase, HF Buffer (New England Biolabs) lwsius$7i
Usznaume danauluadinigas FCA 983 MGISEQ-2000RS wag index 183 MGISEQ-2000RS
mMlAsEidIRuIUE: thaiduluaaniaies MGISEQ-2000RS iulnddeyaiuy fastq Usznousae
IWd ‘R1” wag ‘R2’ wun m1u index v03998uAazdlulnt ns1aaeuidnuiu reads vesdosusazalulnd 19 open
source softwares #1199 U fastqc, fastx trimmer (FASTXToolkit,http://hannonlab.cshl.edu/fastx_toolkit/),
Bowtie2 (Langmead and Salzberg 2012), SAMtools (Li et al., 2009), trim galore, cutadapt, minipaSNPg,
paSNPg (Fu and Dong, 2015) mumiﬁmﬁwe’?ﬁmiwﬁﬂmmwsﬁayja raw reads 83 R1 wag R2 vennitulnd
A nllnuanvangauian133anisteyalins1uiis single nucleotide polymorphism (SNPs) va1ge lag
§08 16 #a9t19gne U ULUAUULAS B9 MGISEQ-2000RS IatnafiA Restriction site Associated DNA
Sequencing (RAD-Seq) Han1s8uddulUARzgnAdlUSuBnIes MegaBOLT LitevhmsiUSeuifioudeyaiuilus
91989983908 (https://sugarcanegenome.cirad.fr) kagITYAIUUANAWNNRUFNITU AILBaNALIT Genome
Analysis Toolkit (GATK) gninanldifiosumadwsuesdessia 16 #oes ffueglugunuy Genomic Variant

Call Format (¢VCF) TneldFds CombineGVCFs wae GenotypeGVCFs
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nAndouTuANG1aiY Inedouiug Si Samrongl way DOANST Siwunldulinandnigeiian wiriu 18 dusiels

U q

YA RBEvRIUgoREYNTLSHANAY 13.7 dusals Wuddeeunndeiuliad@ieawnnsiaiu nudeeiug

DOA-NS1 fiandTieagsiign Wity 15.7 sesasniduiug kes-92 winfu 14.9 (Table 1)
HANTIATIZRaNTaNTIUAS I UaT AR 508 ule (ReadNum) S1uauailu (SNPs) waz 1w
INDELs ﬁwuimm'azmaﬂ’uﬁ: T,mEJﬂ'wai’m’mmaﬁmmsaa'mimué’aaﬁuim"m6’] 98 5¥NIN4 35,940,182 fi9
71,497,800 wua d1utuaily og5eni1e 1,906,670 914 2,568,358 SNPs wazd1uiu 31U3U INDELs 8g58131e
225,712 14 312,556 Song et al. (2016) laltmaiia probe hybridization capture sequencing (HCS) Tun1s
nyrvapumaindeiluiuedossiuau 12 arewus lnweaniuy probe S1uau 55,946 probes Litodufuuiiin

UNYDIWRYTINNIEU 6 LUNSLUE LAZATIINUANUNAINRANEYDIRLALsaiiy (SNPs) Uszana 1.2 ATUALALUS

@

(Table 2) nquduinertosivduasziiinaglasassivanuninuvesdeadunildludnvasdmunefiddy
yoalasansusulaiugdeslunsfinwasilfujuiulunnguuinedesiunsdunseiuduazuinialaenis
AUAUYDYAIINT1UVDYA KEGG pathway (http://www.genome jo/kegg/pathway.html) AMNHANITANYY WU

579%9 34 Bulu starch waz sucrose metabolism pathway w3auawrusvulaslulguLazAINE1ITUNTOU




Mssinunsoyginaguiiles 97 2 atuil 1 37-47 (2568) GMSA. J. Vol2(1): 37-47 (2025)
(SIL-Sugarcane Intron Length) ‘allédlélﬁ]ﬂﬂmiﬁ’nnmﬁ’lLLMIJQL%&J&MLL@%??H@WUM@U wuBuiiatos laun Alpha-
amylase/subtilisin inhibitor, Alpha% 2 Calpha-trehalose-phosphate synthase, Alpha-amylase, Beta-amylase,
Beta-D-glucosyltransferase, Beta-D-xylosidase, Beta-fructofuranosidase, Endoslucanase, ATP-dependent 6 -
phosphofructokinase, Glucose-1-phosphate adenylyl transferase, Glucose-6-phosphate 1-dehydrogenase,
Hexokinase, Pectinesterase, Phosphoglucomutase Alpha-1%2C4 Glucanphosphorylase, Sucrose-phosphate
synthase, Alpha%2Calpha-trehalose-phosphate synthase, Trehalose 6-phosphate phosphatase, UTP-glucose-
1-phosphate uridylyltransferase, 1%2C4-alpha-glucan-branching &g 4-alpha-glucanotransferase DPE2 (Table
3) S SNPs veanguiuiiisadestunisdaangiutaaziniagminadausunndulduansans
FTwwn13 (Phylogenetic tree) #1835 Maximum Likelihood method (Figure 1) aunsawusoanidu 2 nqu
vdn denndesiua C.C.S. vasaeiugdon nauil 1 Ao nguiliien C.C.S. oglutag 9-12 1 KK09-0939 KK09-
0941 KK09-0857 KK09-0844 DOA-KKA Waz KK0B059 waznguil 2 Aenquil A1 C.C.S. aglutg 13-15 leun
UT17 LK92-11 KKO7-250 UT15 K88-92 KK08-059 DOA-NS1 DOA-KK3 e Si Samrongl E’JﬂL”juﬂWEJWUﬁ: KKO7-
599 wag KKOT-037 #ifien C.C.S. ogllutag 123 uag 11.2 awandu sgslsfinumuinnguil 1 Tauumnsnamis
ftugnssussmisansiugroudguilonssuieutunduil 2 lumsfnwidiidunuiediwewusasansiugi
Wies 1 fogaseaeiug deoraliifismelunisidufunuresssuing wdeansiug esnnsiase
ArudiiusmMaTugnIsuvesaetugsessuitintsategudeys viemmidwuandiduswuuasneds 3
anuddyegmniidesdesdiduuietsluniazaeiusifiome Masdufuwmiluusazaeiudifiouily
Ainesililddeyaiiindetio gnies uazutug

114688 KK090939 L2 | 11

114702 KK020941 L2 | 12.3
114692 KK090857 L2 | 10.5
114698 KK090844 L2 | 11.9

%4 99 { 114705 TRJ04768L2 | 9.8
100 114694 KK08059 L2 10.9
114700 NSUT10.266 L2| 15.7

{ 114690 LK.9211 L2 14
7% 114686 KKO7599 L2 12.3

100

= 81 114704 KK3 L2 14.4
— 114689 UT17 L2 14 |
5 ——— 14706 KKOT037 L2 |11
50 L 114685 K8892 L2 14.9
66 114684 SiSamrong1 L2 | 137
»n 114691 KKO7250L2 |14
—wl 114687 UT15 L2 146

*C.C.S. = Commercial Cane Sugar

Figure 1 Phylogeny tree sequencing SNPs of sugarcane 16 varieties.




NIANTNEATEUNINIAGUUNVS I 2 atudt 1: 37-47 (2568)

Table 1 Agronomy characteristics of 16 sugarcane varieties.

GMSA. J. Vol2(1): 37-47 (2025)

Variety High (cm) Tiller Yield C.C.S. value
(ton/rai)
uT17 243 6 14.5 14.0
LK92-11 312 7 14.3 14.0
KKO7-250 258 7 139 14.0
KK09-0857 218 6 12.7 10.5
UT15 289 6 16.9 14.6
KK09-0939 152 4 9.9 11.0
K88-92 256 5 11.36 14.9
KKO7-599 246 7 14.1 12.3
KK08-059 224 7 10.4 10.9
DOA-NS1 303 7 18.0 15.7
KK09-0941 298 10 11.9 12.3
DOA-KK3 295 6 15.8 14.4
DOA-KK4 212 6 11.7 9.8
KKO7-037 253 8 11.8 11.2
KK09-0844 279 10 13.5 11.9
Si Samrongl 227 6 18.5 13.7
Average 254.06 6.75 13.70 12.82
Table 2 Number ReadNum, SNPs and INDELs of sugarcane.
Sample ReadNum (bases) SNPs INDELs
uTtly 50,200,050 2,163,821 259,881
LK92-11 64,199,132 2,390,324 288,835
KKO7-250 35,940,182 1,906,670 225,712
KK09-0857 43,645,164 2,114,304 251,321
uT15 35,948,986 1,940,103 231,231
KK09-0939 49,919,122 2,300,068 281,294
K88-92 71,497,800 2,534,352 308,661
KKO7-599 83,713,076 2,568,358 312,556
KK08-059 56,921,340 2,321,335 279,877
DOA-NS1 37,383,570 1,988,632 236,475
KK09-0941 41,832,808 2,099,884 247,962
DOA-KK3 61,532,888 2,351,068 278,781
DOA-KK4 51,282,918 2,313,781 282,214
KKO07-037 63,065,864 2,256,548 266,033
KK09-0844 47,322,548 2,180,618 260,928
Si Samrongl 51,042,900 1,976,452 235,028
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Table 3 List of the 34 genes from starch and sucrose metabolism pathway and the Sugarcane Intron

Length (SIL) Cont.

Chromosomes Position (start-end) Genes
Sho1 948865 949239 Alpha-amylase/subtilisin inhibitor;
type=mRNA
Sh01 60785236 60787255 Alpha2%Calpha-trehalose-
phosphate synthase
Sh02 21717522 21720380 Alpha-amylase
43294124 43294878
Sh02 50312168 50313843 Beta-amylase
Sh06 38180 38381 Beta-fructofuranosidase
8271558 8274605
8281155 8284931
10968156 10970020
Sho1 10907135 10907790 Endoglucanase
Sh06 10965295 10965639
16074563 16077093
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Table 3 List of the 34 genes from starch and sucrose metabolism pathway and the Sugarcane Intron

Length (SIL) Cont.

Sh01 33017718 33021182 ATP-dependent 6-
phosphofructokinase

Sho1 10976303 10980647 Glucose-1-phosphate
adenylyltransferase

Sho1 44102650 44103804 Glucose-6-phosphate 1-
dehydrogenase

44103849 44105405

Sho2 28755310 28758984
Sho3 4682232 4685187 Hexokinase
34702855 34705040
Sho6 24339191 24342711
Sh01 2318654 2319250 Pectinesterase
2321374 2321988
Sh01 13233758 13239619 Phosphoglucomutase
Sho1 8630407 8636004 Alpha-1%2C4
Glucanphosphorylase;type
Sh05 8857397 8862666 Sucrose-phosphate
synthase;type
8984005 8989096
Sho1 60785236 60787255 Alpha%2Calpha-trehalose-
phosphate synthase
Sh01 46238166 46238444 Trehalose 6-phosphate
phosphatase
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uridylyltransferase
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Sh02 50241082 50248398 4-alpha-glucanotransferase
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