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Cassava (Manihot esculenta Crantz.) is the fifth most important food crop in the world after
wheat, maize, rice and potato, as well as one of the important economic crops of Thailand, which is
the world's largest exporter of cassava products. Currently, there is an outbreak of cassava mosaic
disease (CMD) causing severe yield loss. The objectives of this research were to develop molecular
markers associated with low cyanide, root knot and CMD resistance, and to use these markers in the
selection of cassava varieties. This research was conducted in 2017-2021 at the Biotechnology
Research and Development Office, using Genotyping By Sequencing (GBS) technique and Genome-
Wide Association Study (GWAS). Single nucleotide polymorphisms (SNPs) markers associated with low
cyanide, resistance to root knot and CMD were found. The novel primers of each SNPs marker were
designed using tetra-primer ARMS-PCR technique. It was found that SNPs S16 735381 on chromosome
16 was associated with cyanide content, S2_5300154 on chromosome 2 was associated with root knot
disease resistance and S12 7926132 on chromosome 12 was associated with CMD resistance. The
novel SNPs markers were accurate in the selection of cassava varieties with the traits of low cyanide,
resistance to root knot disease and CMD at 76.64, 70.42 and 77 percent, respectively. The three SNPs
markers were used for screening of 250 cassava varieties and found that 9 varieties were genetically
related to CMD resistance and low cyanide, namely C33 Pirunl, Pirun2, HANATEE, Kaset-Lopburi,
MMAL63, CR79, MPER325 and OMRE 62-03-27. And 4 varieties genetically related to both CMD and



root knot disease resistance were TMS-972205, TMS-980505, TMS-980581 and TME B419. The use of
molecular markers related to agricultural traits is particularly useful in plant breeding. It can reduce the
number of plants planted for phenotype selection, select multiple traits at the same time with
accuracy, reduce the breeding time and provide plant varieties having desired genetic characteristics.
Key words Molecular marker, Cassava breeding, Low cyanide, Root knot disease resistance,
Cassava mosaic disease resistance
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1. mwaneesanesudfiduniusfudnmneleeniuda audnamilsanmiuusslsatusng
Sudmzvias
1.1 msAne3lulndaewalulag GBS
W suieg RS wed iU ealunsemelulad GBS laedmidomiugiiudyvdidl
UStnadlaenlud 7iseausnee musesuues 3anm1 wasanie (2558) dmsudnuaed 1unilsasinuy
Fadomiugiiud s e unusedusie auTIeeLes YIUT0 uavAN (2558) ANtuAfn
Ao uTud NS w2835 CTAB waginswiialunmiamalulad GBS dwsudnwuram A umusolse
Tusnasiudend sl msfnensiuuuanand ealesdTus (GWAS) W afumies owmnealudf duius i
SnuEAINaILAa1 (Rabbi et al, 2020)
1.2 mAneiulndvasdnunelveludn uazarudumulsasmnuy
Yipsesiusalleenluddae33 picrate paper AAuUadan Hague wag Bradbury (1999) Tneda
picric acid 1.4 nfu avanelu 100 HadAms 2.5% (W) sodium carbonate NMLLINTEATY Whatran #1
asluansazaney picric acid Uaoeluwis 6in picric acid paper 1110 1 x 3 1% AAUUNUDIMARANAADY
10 15 Tada03 1iufl 20 ssrwaldva drsfudwends 100 Hadndu Tdlunaeawun 15 Gadans
{11 0.1 M phosphate buffer (pH 8.0) U331¢15 0.5 Gaddns ualiasiBen Tarii sl picric acid paper
Unl¥figamniivies ww 12 #3law 151 picric acid paper fulutiUsines 5 fiaddes thluTadinisgandu
wasd uemed U 510 wiluns WsuiuamnesgiuvesUsmallvenlud A ssduanandud usine

dwsuillulndvesdnuawimumilsannualiteyaansenuues Ysunse uazan (2558)



1.3 MsfnenguuuuanuverlsRluuinaduniasasangsiivd

deyadlulndanmieneimemelulad GBS infiansesnaun (Filter) 1 call rate > 0.8 wa

Polymorphic Information Content (PIC) > 0.1 9 ntiuhatiudiinunsaansesnann lieseiguuuy

AnUauleadluy (GWAS) Inerumsuwdsatudninenteaiuwiaza nwaevasiiulynd (sunalwenlun

TuiaTudUznas taganuduniulsasnui) Inedasziuu Mixed linear model (MLM) (Kang et al.,

2008) AalUsunsu TASSEL 5.0 (Bradbury et al., 2007)

2. msoanuuulnswesveuATamungalud Aqe3s tetra-primer amplification refractory

mutation system polymerase chain reaction (tetra-primer ARMS-PCR)

ey aatudiii erdesivdnuvaguTinadeeilud anudumulsasinUunaglsalusig

Fudenas Wltlunseanuuulnswes vaaas savungail udwnaziwnu Wneldaansd wis Primerl

(http/primerL.soton.ac.uk/primerl.html) WipflA Tetra-Primer ARMS-PCR 0 1 fusivsuaaies eaviang

atlvdazlrlnswes wau 4 idulunisnsiaaou Usenaunae Forward inner primer (FI) Reverse inner

primer (RI) Forward outer primer (FO) tiag Reverse outer primer (RO) 2101 Uy 1SIan el iiungas

(condition) lumssi uuSinasiiBuelagld GoTag® Master Mix (Promega, USA) agsuiiandlelndves

s « P Y] a v = v a &
GqGﬂWiLﬂJEJi“U@QLﬂ‘JENWJ’]EJauUaLLmazaﬂwﬁuz LLEPNTINYATED Uﬂiu Table 1 Uun ﬂGUEJQJUaEULLUULLﬂU@LQUL@

v ¢ = a ¢
nldanyalnssesvennsemingaiiud

Table 1 Sequence of primers of SNPs markers associated with low cyanide, root knot

disease resistance and CMD resistance used in Tetra-Primer ARMS—PCR technique

FO: XXXAG ATGGACKXXKXXXAKXXXXX
RO: XXXATGGACTAAAATXXXXXXXXXXXXX

Annealing Expected allele size
SNPs position Trait Sequence
temperature (°C) (bp)
S16 735381 Low FI :GTGGACTCACAGAATCACAAGTCATTGTAC 60 T allele: 246
cyanide Rl: GAAGGGGAGGAATTATTTCTCACCCA C allele: 207
FO: CTTGGCAAATTCTGAGGCTTATTTATGG
RO: TGGTGGTTCTTGAAATCATAGGAACAAA
S2 5300154 Root knot | FI : GAGCAAGCCGAGCCGATGTTC 58 T allele: 276
disease RI: CAACTGCTGCACCACCGCACTA C allele: 188
resistance | FO: TGCCGATGCTGGTCATGCTACTACT
RO: TGCAAAACAGGGACCAAATGAACCT
S12 7926132 CMD FI - XXXTTTCCATGTTTCXXXXXXXXXX XXX 58 T allele: 204
resistance | RI: XXXGTACAAGAATCTTGXXXXXXXXXXXXX G allele: 145




3. mIvaseuANUgNdesaaTaInEaludlumMsAnEaniuSTudUzvas

thyalwsesveudssaneaivdioonuuuld naaeutuietaiduevesiudzdaan
WUaesauUTIveeaud IeiulIsrens NTIRINTNYAST 31U 71 Wae 137 Wug dmsudnuaeiiumu
TspsnuuuazUsinadlaentus snuddu Inevintuizen PCR ie GoTag® Master Mix (Promega, USA)
uazldgamgilumsifisiinafiduen Table 1 naieinansiinUiinamiduelnevididn
sl 3alueaeznilsa 2.5 Wosud deudeedifenluslug wazihludesuaudduensoy
FURNAME18LA3 09 Gel-Doc UV Transilluminator (Bio-Rad Laboratories, USA) Juiindeyaunu
Aidueveaniemsnpaiiudusiazdnuns

Winngvianugnsieweaaseweaivd Ingldaunisansieauves ige et al. (2021) fsil
ANUQNABY = (TP + TN) /TP + FN + FP + TN)

TP = true positive, Slnduarilulndaenndosiuludnuaziidoinismeuin (B anudmm)

TN = true negative, Slulnduasilulvdasnedosiuludnuaedifesnsnisau Wy Anuseuss)

FP = false positive, Slnduazillulndllaesndosiuludnuaedidesnsmeuin

FN = false negative, Slulnduaziflulndlilaonrdosiuludnuasisosnismay
thuiintoyarnugnifeseardomneaiudusardnuay

4. msRadeniusiusvdalagldiesommneaivd 3 dnuus
thaalnswesveuedomaneaiuding 3 dnwe Ussnaude S16_735381 525300154 uay

S12_7926132 lUAnideniiugdud e nasanuuasmiuriuveaug Idenelsssees nsu3nmanuis

1

91u3u 250 Wug leeld S12 7926132 i3 owuneativdaunulsaluansiudends dndaniug

q

s

Tudduusn mnduinisdadendnvaslvenlusamuarduniulsasnly drewndeamneadud
S16 735381 wag S2 5300154 Md19U
NAMSVINABILAZIANTR!
1. mavmuesessneluanasiudnduiusfuadnunsloeludi anudumulsasnuualsaly
ANtUEUZAAY

dnwazBainadluenlud suduendaildlumeveassduou 100 s fBinadeenlus seming
8.26 - 815 mg Hydrogen cyanide (HCNV/kg Ymiinam vhmsnun3lulndvearsommneaidlusluge
wellad GBS 9 nthiiassk GWAS wulresvisneafudsnunu 40 sumis Aduiusiuusinallsenlus
pg19il Hod Aty Ineia15ai1971nAN logarithm of significant level [Hogy, (P)] T onin 5 i Invaguuy

Taslulwadi 13 uaw 16 (Figure 1)



~logyd{p}

1 2 3 4 5 € 7 8 9 10 " 12 13 14 15 16 7 18

Chromosome

Figure 1 The Manhattan plot for GWAS of HCN in cassava 100 varieties. X-axis shows

chromosomal positions. Y-axis shows —log 10 (P-value).

anwazdunmliannuy Sudwsvdildlunmsneassdnuu 71 Wug Addeyaduiinsiauy
Qll = v a 6§ d‘ a 6 o o 1 d‘ LY v 6w
PNLEAIDIANUATUNULTASINUL HANISIATIEY GWAS WULAS DIMUNE@UAIINIY 6 SNLLa NEUNUSHU

ruAunmilsasnUueg il deddaylag A1 -logy (P) lidesndn 5 Ganueguilasluleuil 2 uag 14
(Figure 2)

—logso(p)

Chromosome

Figure 2 The Manhattan plot for GWAS of root knot disease resistance in cassava 71

varieties. X-axis shows chromosomal positions. Y-axis shows —log 10 (P-value).

anwazAuUlIAlueIg Rabbi et al. (2020) yinsfinw GWAS Ingldnguussannsiiudwevias
$11u 5,130 TAAuT WannT wil a1 Intemational Institute of Tropical Agriculture (ITA) Useinelud 5o
Toyaalulnivensznnaiudzvd Anvilnemeallad GBS wuisswsneatudndiusivausiumy
Tsalua 9 ud Uz na s o suniis S12 7926132 dA1 -logy (P) WAy 112 Feihdndsailvdasna 1

WeanuuugalnsaesdmsumsmyraeudnuemaiugnssuAeiur R nusslsAlua siud s s



2. msoanuuulnswiasvaaasasmneaiud §ae33 tetra-primer ARMS-PCR
thioyaswnisesemmneatud Sadunmasuadinalelys 1 fuwmis sufsoyadfuves
Fhuvinadndifes FiedesudnvasBalaelug eougmsmusslsesnuuuaslsaluniugumg
TUldlumseenuuulnswesselusunsy Pimerl anmamsmanmei wanzadlunsfisiinad S ueves
Fuvtsafiud $1uau 40 wa 6 sumus 7Rt esTudnvar i inallseluswasaus unuselsesnuy
ud iy wualnsaesdnvaay 1 ya WwouAidueifienssimeuaziatios loun 16 735381 (ashilan
71 16 fumis 735381) dwisudnenurUSinadlaenlud S2 5300158 dmsud nunadmsielsAsINUY

Way S12 7926132 dmisudnwarAuyulsalunsiudgzuas (Table 1 uay Figure 3)

Chrt Chr2 Chr3 Chrd Chrs Chré Chr7 Chr8  Chro Chrid Chrll Chrl2 Chri2 Chrid4 Chris Chrié Chri7 Chrig

sz_rslzomsrztl =l | | H |-| I | H |-|

512_7926132 $16_735381

Gene: peroxidase Gene: caldum-

Gene: £3 ubiquitin ligase

dependent protein
kinase 29

Figure 3 Position of SNPs markers associated with cyanide content, resistance to root knot

disease and CMD. Related genes are described in boxes.

HansvhuRAseiTensiudeesRouevesiudzvas wui anwaszlsunadeenlug @wnse
uondlulnivewusaydadaveuiudevaslddaau Inefusi T lulndvlaiemelsluia (heterozygous)
CT aufinuauRoweun 397 246 way 207 Aiudlaauauiidue 397 awaluyarduemuau Ilulnd
wilglaluluia (homozygous) TT iinuauAduwINA 397 uax 246 A dndlulndvialaluleia CC
WLAAUDUA LS UvLR 397 uay 207 ¢LUa (Figure 4A) § 591HANNTILATIEN GWAS 1U3n a4 s
516 735381 fusfsialuln CC asuansiiulnddinadeenluds

anwazAunulsasnUy funusatdud 525300154 Flulvd TT agtinlauf@uwevinm 421
ua 276 Avua luvaeAidlulndismelsludta CT auiAnuaudiduerunn 421 276 way 188 giua lasuau
e 421 gruaduyaduemunu (Figure 48) siusAsi3lulyd TT svuanail i fiflenusinmuse

TsAsnuu



anwazAumulsaluane duvisadud 512 7926132 3Tulnd TT aziawaufdueuum 291
240 ua 204 Avua Fulndiewmelsleria TG aufinuaumdueninm 291 240 204 way 145 Aiua wazdlu
nd GG uauAB RN 291 240 waz 145 Fiua IneduauAdue 291 waz 240 Aluadugafdweniuy

(Figure 4C) vugnERulnd TT wae TG zuansiilulndndanuimumusielsaluaneiudiuenas

A B C

M CC CT TT M

M GG GT TT

le—291 bp
=240 bp
| =204 bp

397 bp
<— 421 bp
<— 276 bp
[«— 246 bp <— 188 bp

| e=— 207 bp

145 bp

S16_735381 S2_5300154 S12_7926132

Figure 4 DNA amplification with primers of SNPs markers using Tetra-Primer ARMS-PCR
technique in cassava. SNPs S16_735381(A), SNPs S2 5300154 (B) and SNPs S12 7926132 (C)
were associated to cyanide content, root knot disease resistance and CMD resistance,
respectively. The genotype of nucleotide allele is described above each lane. Arrows show

the size of DNA bands. Lane M = Marker/DNA ladder.

Fun s Ud S16 735381 13 sunelnanaleeilus vin og Tudud unseu (ntron) vesdu
manes. 166007500 4 449 18 calcum-dependent protein kinase 29 Tnedl Ariuaened aef UT1891WVS
Maduh et al. (1995) Fs321y31 potent protein kinase C (PKC) Aentiasivanuidufivueduenius uay Zhang
(2012) KM MAP kinase nazdfulwenlusflidussdvszneuunssuunsdneyyaiedhuiiseeendiou
(reactive oxygen spedies; ROS) WaymIment NAsUNS Lusasaa e (hypersensitive cell death)

Fumisadivd S2_ 5300154 ieewmneluanadunulsasnua egluduenteu (exon) vesiu
manes.02G059900 4 i udu £3 ubiquitin ligase T umumdrdalunsd dyanaueead i mua
NEUUNTEeY laun mstevaanelsiuiarnsnevauemiiifduiuy lnenswulsiuyadfu
(ubiquitination) IfurTssanawtiwsne wifindnvesy el Audomsimundmanelusiuionsvane
wenanivhi mssuiatussrdusiiuhlgazmniulunssuumsdduanameluead QEEAVRTATL
pauauadlunstosiumues Wu mavidseesliu mamevensadifoveadadelsn wasmamdsansmely
e (Duplan and Rivas, 2014)

suvsalud $12 7926132 13 smnelananad umulsalusinaiudymds og sy neiu
manes.12G076200 % manes.12G076300 (Rabbi et al. 2020) Tnet saosd il 1 udu peroxidase

Vit Tuszuuteanuvesiig (plant defense) wazlusnUaAT U9 19U NN OAITBSANTULAZFULUTY



(lignin and suberin formation) N1 W auvinaved auUsEnauNT LEas (cross-linking of cell wall
components) Miduareilnlnadndudsdloisedmumatsouedogduridavelseiis wmuoddy
YaseanTuskay ROS (Almagro et al. 2009)
3. mandeUANgNd BBt lunsRaden U Tudsud

dnunzBanadlvenlud dhyelnsweveusiomaneatud S16 735381 ieaouifuseg wRldue
vosfudnds S 137 s W eneaeumLgnFasee? ssaneliana TneiTeuifiouseming
sukuUmaUR eSS Inallwen e sinniudsvd difufemnituiivgnifeiulud 2564
ffvsnallenlusi agluaae 87.40 - 911.60 mg HCN/kg dninan wuined snaneadudinaunt i
Temugnaedumseing aﬂﬁuﬁ:ﬁuﬁwwﬁﬁﬁ%aﬂuﬁ FnIn 250 mg HONAg Ymiinem Seeae 76,64

Fnunzdrummilsasnuuthyslnsiesveaed savmneaiud 525300154 nadeuiuiiogs

a v

a s L) v o U & = = 6] 2/
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wawAa (2558) nuiiedpsnealidivannull Werugndedunsdadeniusiudwsvdsidany
AunulsasInuu Segay 7042

aneaza 1un1ulsalun 19 915189184 Ige et al (2021) wag Codjia et al (2022) WU
emaneatiud S12 7926132 lriemagndedlumsdndeniusiudsvd s uvnselusin Yevas 77-80
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Figure 5 Marker-assisted selection using SNPs markers associated to cyanide content
(S16_735381), root knot (RN) disease resistance (S2_5300154) and CMD resistance (512_7926132)

in cassava varieties from foreign country (A) and from Rayong Field Crops Research Center (B).



Table 2 Summary of genotype of cassava varieties examined with SNPs markers associated

to cyanide content, root knot disease resistance and CMD resistance

TME3 x X v
TMS-920057 x x v
TMS-972205 x v v
TMS-980505 x v v
TMS-980581 x v v
TME B419 x v v

MBRA18 x x y

CM323-375 X x v

Vv: favorable genotype, which are low cyanide, root knot and CMD resistance

x: unfavorable genotype, which are high cyanide, root knot and CMD susceptibility



Table 3 Comparison of conventional selection and marker-assisted selection for cassava breeding.

Breeding of cassava

Conwventional selection Marker-assisted selection
Trait 3 traits Remark
Root knot
Low cyanide CMD resistance (Low cyanide, Root knot

resistance
resistance, CMD resistance)

Mumber of F1 1,000 1,000 1,000 1,000 —
Cost of senotyping - - - 160,000 Baht *
. . . 1W00m° . B

Area 1000 m 1000 m~ 1000 m~

(100 plants from selection)

Cost of planting/season 62,500 Baht 62,500 Baht 62,500 Baht 6,250 Baht ‘
Cost of Pherotyping 100,000 Baht 100,000 Baht 300,000 Baht 50,000 Baht -‘
Duration 10-12 months 10-12 months 10-12 months 10-12 months |—
Duration for pyramiding 10-12 months -'-
s | 10-12 months gL
Area 20040 m: ‘
Cost of plantine/season 125,000 Baht .‘
Cost of Pherotyping 100,000 Baht| 100,000 Baht | 300,000 Baht ‘
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