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Sugarcane yield depends upon various agro-morphological traits, viz., sugar recovery, 

stalk number, cane girth, cane height and smut resistance. Identification of Quantitative 

Traits Loci (QTLs) controlling these traits could greatly help sugarcane breeders in 

marker-assisted selection of sugarcane lines for various breeding programs. Structure and 

TASSEL software based integration of genotypic and phenotypic data of 103 sugarcane 

genotypes was resulted in the identification of eighty seven (87) highly associated alleles 

(p≤0.05), 34 alleles with smut resistance: 27 alleles with sugar recovery: 13 alleles with 

cane weight and 20 alleles with each of cane girth and height. The phenotypic variance 

(R2-values) explained by these linked alleles ranged 3.1-24.6% for smut resistance, 2.67-

22.5% for sugar recovery, 2.81-23.46% for cane height, 2.9-14.34% of cane weight and 

1.75-12.8% for cane girth. The varying proportions of phenotypic variance explained by 

these linked alleles indicated that these traits were controlled by additive genetic effects 

of multiple genes. It also shows that these traits are the genuine quantitative traits. 

Moreover, the alleles depicting maximum degree of association for sugar recovery (51-
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131), cane girth (82-184), cane height (52-121), cane weight and smut resistance (51-145 

& 51-146) could help in marker assisted selection of sugarcane lines for these traits. 

Keywords: association mapping, alleles, sugarcane, QTLs, whip smut, yield 

traits 

INTRODUCTION 

 Sugarcane belongs to the family Poaceae and genus Saccharum. It is consisted of six 

main species, to be specific, S. sinense, S. officinarum, S. robustum, S. beriberi and S. edule 

(D'HONT et al., 1998). Sugarcane has a complex poly-aneuploidy genome with chromosomes 

ranging from 100 to 130 (ROACH, 1969; NAZAR et al., 2017; NAZAR, 2018). The majority of its 

attributes are controlled by numerous alleles and inherited quantitatively which make its 

breeding and gene cloning troublesome for breeders and geneticists (BUTTERFIELD et al., 2001). 

However, in very recent years an effective endeavors have been made in mapping of its genome 

and progenitors (AITKEN et al., 2005). With the appearance of PCR (Polymerase Chain Reaction) 

based innovation, DNA typing based upon molecular markers has now become possible 

(KORZUN 2002). Broad research on utilizing these molecular markers is being led everywhere 

throughout the world. These molecular markers included  ribosomal DNA (GLASZMANN et al., 

1990; SCHOCH et al., 2012) random amplified polymorphic DNA (RAPD) (BURNER et al., 1997; 

PAN et al., 2001; PAN et al., 2005; BIBI and MUSTAFA, 2015; FAROOQ et al., 2017) amplified 

fragment length polymorphism (AFLP) (BESSE et al., 1998; BUTTERFIELD et al., 2001) restriction 

fragment length polymorphism (RFLP) (GRIVET et al., 1996; MING et al., 1998; ALI et al., 2011; 

SALISU et al., 2017), variable number of tandem repeats (VNTRs) (JEFFREYS et al., 1985), 5 Sr 

RNA ITS marker (D'HONT et al., 1995; PAN et al., 2001; PIPERIDIS et al., 2001; DEVLIN et al., 

2004; HAFEEZ et al., 2015), simple sequence repeats (SSRs) (WEBER and MAY, 1989; EDWARDS 

et al., 1991), single nucleotide polymorphism (SNPs), targeted region amplified products 

(TRAP) (CORDEIRO et al., 2001; CORDEIRO and HENRY, 2001; DA SILVA, 2001; PAN et al., 2003; 

AITKEN et al., 2005; ALWALA et al., 2006) and QTL analysis for yield components (HOARAU et 

al., 2002).  The molecular markers have been utilized in sugarcane projects mainly for assessing 

genetic variability (BESSE et al., 1998; DA SILVA, 2001; PAN et al., 2001), linkage maps 

construction (BURNQUIST, 1991; GRIVET et al., 1996; MING et al., 1998; CHUTIMANITSAKUN et 

al., 2011; HAFEEZ et al., 2019) and marker based selection (D'HONT et al., 1995; PAN et al., 2001; 

PAN, 2006). Markers labelled with fluorescent dyes are more favorable for genotyping using 

automated sequencers when contrasted with conventional auto-radiographs or silver staining 

procedures (COBURN et al., 2002). Genotyping based on semi-automated methods help in better 

use of markers for DNA fingerprinting of cultivars (HOFFMAN et al., 1995; ALI et al., 2011; 

FAROOQ et al., 2017), high throughput genotyping (RHODES et al., 1998; PONCE et al., 1999; 

NAZAR et al., 2017) and genetic diversity studies with more precise genotyping (DIWAN and 

CREGAN, 1997; MACAULAY et al., 2001; AHMAD et al., 2015). 

The identification of QTLs (Quantitative Trait Loci) controlling the important 

morphological and yield traits in crops are the recent advances in the field of genomics (SELVI et 

al., 2006; TUBEROSA and SALVI, 2006; COLLINS et al., 2008; COOPER et al., 2009). In various 

plant species, QTL mapping assisted in recognizing loci connected with complex traits 

(MAURICIO, 2001; HOLLAND, 2007; HALL et al., 2010). Association mapping is based upon 

linkage disequilibrium (LD) of alleles in natural populations which have been used to recognize 

markers with noteworthy allelic variations (OCHIENG et al., 2007). It can be classified into two 



Z.A.NAZAR et al: NOVEL QTLS CONTROLLING SUGARCANE SMUT RESISTANCE                                 879 

 

categories i) genome wide association mapping, which utilize allelic variation and their 

association for complex traits in entire genome and ii) candidate gene association mapping which 

helps to find out selected candidate genes controlling phenotypic variations for specific traits 

(RISCH and MERIKANGAS, 1996). Association mapping was broadly used in medical genetics to 

diagnose diseases like Alzheimer (LANDER and SCHORK, 1994; RISCH, 2000) but now its 

applications have switched  to other fields including plant genetics (OCHIENG et al., 2007). In 

spite of this, still its applications are restricted in plant species due to their population structure 

which may result spurious associations (PRITCHARD et al., 2010).    

The genotypes usually show family relationships and population structure because of 

their breeding history, geographical origins, and local adaptations (YU and BUCKLER, 2006). 

Statistical approaches such as structured association (SA) (FALUSH et al., 2003) mixed model 

approach (YU and BUCKLER, 2006) genomic control (GC) (DEVLIN et al., 2004) and principal 

component analysis (PRICE et al., 2006) should be adopted to interpret results of association tests. 

In other case, the association tests without considering the population structure shall be viewed 

with skepticism. Using the statistical methodologies, the issues of false positives posed by 

population structure may be resolved (PRICE et al., 2006; YU et al., 2006). The Whip Smut 

disease caused by Ustilago scitiminae in sugarcane was first reported in 1877 in South Africa 

followed by Asia in later decades (GRIVET and ARRUDA, 2002). However, in Australia, it was 

first observed on July 1998 at its western Irrigation area of Ordo river. Smut resistance in 

sugarcane germplasm is probably the result of several characteristics and controlled by a number 

of genes (LLOYD and NAIDOO, 1983; HÉCTOR et al., 1995; MAJID et al., 2017; NAZAR et al., 2017; 

NAZAR, 2018). 

This study was aimed to find out the alleles associated with various yield traits of 

sugarcane including its weight, girth, height, sugar recovery and resistance to whip smut.    

 

MATERIALS AND METHODS 

Cultivation of sugarcane promising lines and inoculation of whip smut pathogen 
In total, hundred and three (103) promising lines of sugarcane were selected and 

cultivated in the experimental area of Sugarcane Research Institute, Faisalabad in randomized 

complete block design having two replications of each variety. Under artificially inoculated 

conditions of whip smut pathogen, phenotypic data of two successive cropping years for whip 

smut resistance and yield traits was generated.   

   

Leaf sampling for molecular studies 

For genomic DNA extraction, young tender leaves were taken, labelled, packaged in 

aluminum foil and dipped in the liquid nitrogen to prevent nucleic acid degradation. Samples 

were grinded in liquid nitrogen and finally DNA was extracted using the CTAB method (DOYLE, 

1990). Its purity was confirmed both on Nano Drop Spectrophotometer ND-1000 and on agarose 

gel. Only the DNA samples with absorbance ratio of ~1.8 at 260/280 nm and showing compact 

distinct bands on agarose gel were processed for further molecular studies.  

 

Synthesis of SSR microsatellites 

We used 30 SSR markers for genotyping of sugarcane lines (Table 1). These primers 

were selected based upon their potential for being used in genetic diversity studies. Their 
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sequences and Polymorphism Information Content values were already reported. Four of these 

markers namely SMC 222CG, mSSCIR14, SMC 1493CL and SMC 179SA were provided by 

USDA Sugarcane Production Research, Florida. These were M-13 tailed primers labelled with 

two fluorescent dyes (IRDye 700 and IRDye 800), showing absorbance at 700nm and 800nm 

respectively. The forward sequences of the rest of the primer pairs were labelled with fluorescent 

phosphoramidite (FAM) dye. The potential of these primers (except SCC-82 & SCC-89) was 

already categorized based upon their polymorphism Information Content values calculated (PAN 

2006) while PIC values of the primer pairs SCC-82 and SCC-89 was also reported (SILVA et al. 

2012). 
Table 1: Names of the Primer Pairs and their Sequences 

Sr.# Primer Primer Seq - Fwd 5'--> 3' Primer Seq - Rev 3' --> 5' 

1 mSSCIR14  GAT TGT TTT TCC CCC ACT A  CAC CTT GTT CTT GCT TTA CTC  

2 SMC179SA  CAT TTG ACC AAC CAT GCA CAG C  GGC TTG GCA GGA TTG GAA AC  

3 SMC 222 CG  TTT CAC GAA CAC CCC ACC TA  AGG GAC TAG CAC ACA TTA TTG TG  

4 SMC 1493 CL  CGA TGA GTA AAT GGG CAG C  GAT ATA GAG GAA GGG ATT GAA GG  

5 SMC 668 CS ACG CTT GCG TGC TCC ATT CCA ATC GTG CCA CTG TAG TAA G 

6 mSSCIR-1 CTT GTG GAT TGG ATT GGA T AGG AAA TGG ATT GCT CAG G 

7 mSSCIR-4 TTC CAG CAG CAG CAT CAA T CCC ACT AGG AGA AGC AAT AAC T 

8 mSSCIR-17 AGC ATA GTT TTT GTG GAC AGT TCT TTT CGT TCT CTG G 

9 mSSCIR-19 GGT TCC AAA ATA CAC AAA CAA TCT TAT CTA CGC ACT T 

10 mSSCIR-24 AGA TGA ACC CAA AAA CTT A TTA CTC CGC CTC TTT ACT 

11 mSSCIR-43 ATT CAA CGA TTT TCA CGA G AAC CTA GCA ATT TAC AAG AG 

12 mSSCIR-52 ACA AGG GAA GAC AAA TCA G ACC AAA CCA CAA AGC AAA 

13 SCC-89 AGT GTT GCG AGA AGC AGC AG CCC ATG GAT CAC ATG ACA GA 

14 SCC-82 CTA TCC CAT CCC GGA AAA A CCG ACT TGA ACA CCA CCA G 

15 SMC  7 CUQ GCC AAA GCA AGG GTC ACT AGA AGC TCT ATC AGT TGA AAC CGA 

16 SMC 25 DUQ GCT TCC TAA TCC ATT GTT ATT CTT GCC ACT CCA TCT GCT AGT GTT C 

17 SMC-39BUQ CGT CTG GCG GAT GAA ATT GAG CCT ATC GGC ATC AAA TGG TCG 

18 SMC 334 BS CAA TTC TGA CCG TGC AAA GAT CGA TGA GCT TGA TTG CGA ATG 

19 SMC 336 BS ATT CTA GTG CCA ATC CAT CTC A CAT GCC AAC TTC CAA ACA GAC 

20 SMC-545 MS AGG CTA CAT GCT TAC AGC CAT TGG TCT ATC ACT TAA TCA GCC AC 

21 SMC 569 CS GCG ATG GTT CCT ATG CAA CTT TTC GTG GCT GAG ATT CAC ACT A 

22 SMC 597 CS GCA CAC CAC TCG AAT AAC GGA T AGT ATA TCG TCC CTG GCA TTC A 

23 SMC 640 CS TTA AGA GAC CCG CCT TTG GAA TGC CAG AAG TGG TTG TGC TCA 

24 SMC 703 BS GCC TTT CTC CAA ACC AAT TAG T GTT GTT TAT GGA ATG GTG AGG A 

25 SMC 766 BS TTA CTC GGC TGG GTT TTG TTC TAA GAA TCG TTC GCT CCA GC 

26 SMC 851 MS ACT AAA ATG GCA AGG GTG GT CGT GAG CCC ACA TAT CAT GC 

27 SMC 1282FL CGG TGA CCT TAG GCT ACC AT TGG GAG AAT CTA GCT TGA CAA C 

28 SMC 1604 SA AGG GAA AAG GTA GCC TTG G TTC CAA CAG ACT TGG GTG G 

29 SMC 1751 CL GCC ATG CCC ATG CTA AAG AT ACG TTG GTC CCG GAA CCG 

30 SMC 2017 FL CAC AAG TGA AGA TAA TAG TGT CCC T GAT CCC AAA TCC CTT GAT CTC 
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PCR amplification protocols 

Touchdown PCR was adopted for the amplification of SSR markers. The FAM-labelled 

primer pairs were amplified following the program of 15 cycles of 94oC for 30 sec., 65oC for 30 

sec., decreasing 1oC each cycle and 72oC for 1 min. followed by 25 cycles of 94oC for 30 sec., 

50oC for 30 sec., and 72oC for 1 min and final extension of 7minutes at 72oC with infinite hold at 

8oC. The annealing temperatures, number of cycles, the degree of decreasing temperature with 

each cycle and final extension time were slightly modified to achieve better amplification of all 

the primer pairs. The thermo cycler used for the amplification of FAM- labelled markers was 

iCycler of Bio Rad. The amplification protocol was slightly modified (PAN, 2006), who used 

standard amplification protocol not the touchdown protocol as we did. The reaction volume of 

PCR mixture was 10µl with 2µl being 10x PCR buffer, 0.3µl 50mM MgCl2, 0.75µl 2mM 

dNTPs, 0.3µl each of 1µM Primer (F+R) and 0.3µl 5U/µl Taq polymerase, 4.05µl deionized 

water and the remaining 2µl 30-50ng/µl purified DNA of each sugarcane line. The quality of 

amplified products was first checked on 1.8% agarose gel before being processed for genotyping 

(Figure 1). 
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Figure 1. PCR amplification of mSSCIR-43 (100) for 36 sugarcane lines 

 
Genotyping of sugarcane lines 

The amplified products of M-13 tailed primers and FAM- labelled primer pairs were 

genotyped on Licor-4300 DNA Analyzer and ABI Genetic Analyzer 3730 respectively. The SSR 

amplified products of tailed primer pairs were size separated on Licor-4300 DNA analyzer used 

at Sugarcane Production Research, USDA, Florida. The samples were run on the freshly 

prepared PAG gel used in Licor-4300 DNA analyzer and were allowed to run for 50 minutes. 
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The bands representing the alleles were size sorted based upon the ladder which was run on the 

first and the last lane of the gel. The autoradiograms were saved as tiff image files which were 

then converted into JPG format for scoring the alleles (Figure 2). Capillary based   

electrophoresis of the PCR amplified products of FAM labelled SSR primer pairs was performed 

on ABI Genetic Analyzer 3130. The Peak Scanner software v1.0 was used to reveal 

electropherograms. The software computed size of each peak against Gene Scan Liz-500 size 

standard inserted in each well (Figure 3). The measurable fluorescence peaks on 

electropherograms and distinct bands on autoradiograms were considered for allele scoring. The 

dinosaur tails, stutters, minus-Adenine peaks and pull ups were not scored (PAN et al., 2003).  

 

 
Figure 2. Autoradiogram generated by licor-4300 DNA analyzer against 179Sa-700 marker 

 

 
 

Figure 3. Electropherogram generated by Genetic analyzer 3130 
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Allele Designation 

Each allele was designated by prefix number representing a particular marker followed 

by allele size in base pairs. The prefix number representing their respective markers 

are14=mSSCIR-14,79=SMC179SA,22=SMC222CG, 

93=SMC1493CL,68=SMC668CS,mSSCIR1,4=mSSCIR4,17=mSSCIR17,19=mSSCIR19,24=m

SSCIR24,43=mSSCIR43,52=mSSCIR52, 89=SCC89, 82=SCC82, 7=SMC7CUQ, 

25=SMC25DUQ, 39=SMC39BUQ, 34=SMC334 BS, 36=SMC336BS, 45=SMC545MS, 

69=SMC569CS, 97=SMC597CS, 40=SMC640CS, 03-SMC703BS, 66=SMC766 BS, 

51=SMC851MS, 82=SMC1282FL, 04=SMC1604 SA, 51=SMC1751CL and 17=SMC2017FL. 

The amplified alleles against each marker are mentioned in the Table 2.  

 

Table 2. Names of the 30 markers and their amplified alleles  
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Each allele is designated by the prefix number representing marker followed by allele size in 

base pairs (14=mSSCIR-14, 79=SMC179SA, 22=SMC222CG, 93=SMC1493CL, 

68=SMC668CS, mSSCIR1, 4=mSSCIR4, 17=mSSCIR17, 19=mSSCIR19, 24=mSSCIR24, 

43=mSSCIR43, 52=mSSCIR52, 89=SCC89, 82=SCC82, 7=SMC7CUQ, 25=SMC25DUQ, 

39=SMC39BUQ, 34=SMC334 BS, 36=SMC336BS, 45=SMC545MS, 69=SMC569CS, 

97=SMC597CS, 40=SMC640CS, 03-SMC703BS, 66=SMC766 BS, 51=SMC851MS, 

82=SMC1282FL, 04=SMC1604 SA, 51=SMC1751CL, 17=SMC2017FL 

 

Population Structure and Association Mapping  

Association mapping was performed using two widely used statistical software, 

Structure 2.3.4 (PRITCHARD et al., 2010) and TASSEL (BUCKLER et al., 2009). The genotyping 

data of all sugarcane lines were processed through Structure 2.3.4 software which used model 

based clustering method to infer population structure. Allele frequencies were correlated using 

the admixture model. The parameters set by using the values of the Burnin period (100,000) and 

Markov Chain Monte Carlo (MCMC) repeats after Burnin (100,000) to get reliable convergence. 

Simulations were run using the values of k ranging from 1-10 with the number of replications 

(iterations) set at 5. The simulation summary was saved. The graph between the values of k and 

average values of LnP(D) against each k was plotted on excel sheet to determine the value of 

optimum k. The value of optimum k was used to infer population structure in the form of 

inferred ancestry (Q-matrix) of genotypes. The inferred ancestry coefficients (Q- matrix) of 

sugarcane lines across the sub-populations were used as covariate in Trait Analysis by 

Association, Evolution and Linkage (TASSEL) to avoid spurious marker-trait associations. 

Appropriate formats of genotyping data, phenotype data and inferred ancestry coefficient data 

were created to perform Linkage Disequilibrium (LD) based association mapping on TASSEL 

version 5.0 standalone using General Linear Model (GLM) algorithm. The marker-trait 

associations with p-values ≤0.05 were considered as significant. 
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RESULTS 

Inference of Population Structure 

The value of optimum k was found to be six (6) by plotting the graph between average 

values of LnP(D) vs k ranging from 1-10 (Figure 4). The population structure was inferred in the 

form of inferred incestory (Q- matrix) of genotypes (Table 3). The graphic representation in the 

form of bar plot structure of all the 103 genotypes has been shown in Figure 5 and 6.   

 

 

 

 
 

Figure 4. Inference of correct number of sub-populations 

 

 

 

 

 
 

Figure 5. Bar Plot Structure of 103 Sugarcane lines 
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Table 3. Inferred ancestry of individuals (Q- Matrix) 

 

Label         (%Miss) :  Inferred clusters 

1    GENO1       (0)   :  0.423 0.103 0.315 0.036 0.115 0.008 

2    GENO2       (0)   :  0.068 0.036 0.020 0.859 0.008 0.010 
3    GENO3       (0)   :  0.418 0.012 0.040 0.494 0.024 0.012 

4    GENO4       (0)   :  0.017 0.004 0.010 0.950 0.005 0.014 

5    GENO5       (0)   :  0.050 0.297 0.029 0.605 0.013 0.006 
6    GENO6       (0)   :  0.839 0.011 0.029 0.074 0.017 0.030 

7    GENO7       (0)   :  0.019 0.011 0.232 0.724 0.006 0.008 

8    GENO8       (0)   :  0.820 0.037 0.025 0.022 0.085 0.011 
9    GENO9       (0)   :  0.016 0.013 0.078 0.881 0.003 0.010 

10   GENO10    (0)   :  0.488 0.016 0.041 0.433 0.012 0.010 
11   GENO11    (0)   :  0.060 0.010 0.794 0.080 0.020 0.035 

12   GENO12    (0)   :  0.021 0.038 0.902 0.026 0.007 0.006 

13   GENO13    (0)   :  0.025 0.006 0.934 0.017 0.006 0.011 
14   GENO14    (0)   :  0.124 0.281 0.210 0.348 0.022 0.014 

15   GENO15    (0)   :  0.718 0.029 0.029 0.170 0.041 0.013 

16   GENO16    (0)   :  0.087 0.044 0.632 0.044 0.032 0.161 
17   GENO17    (0)   :  0.053 0.814 0.022 0.096 0.004 0.011 

18   GENO18    (0)   :  0.030 0.019 0.025 0.651 0.267 0.008 

19   GENO19    (0)   :  0.036 0.072 0.255 0.619 0.008 0.010 
20   GENO20    (0)   :  0.807 0.026 0.008 0.143 0.011 0.004 

21   GENO21    (0)   :  0.197 0.010 0.036 0.148 0.021 0.589 

22   GENO22    (0)   :  0.655 0.073 0.048 0.205 0.009 0.011 
23   GENO23    (0)   :  0.825 0.044 0.031 0.044 0.010 0.045 

24   GENO24    (0)   :  0.010 0.007 0.964 0.010 0.005 0.004 

25   GENO25    (0)   :  0.044 0.066 0.854 0.026 0.005 0.005 
26   GENO26    (0)   :  0.008 0.007 0.958 0.017 0.003 0.006 

27   GENO27    (0)   :  0.269 0.011 0.040 0.557 0.063 0.060 

28   GENO28    (0)   :  0.795 0.011 0.022 0.156 0.006 0.009 
29   GENO29    (0)   :  0.118 0.009 0.042 0.461 0.005 0.365 

30   GENO30    (0)   :  0.040 0.018 0.010 0.845 0.081 0.007 

31   GENO31    (0)   :  0.030 0.012 0.076 0.869 0.006 0.007 
32   GENO32    (0)   :  0.014 0.008 0.753 0.014 0.014 0.197 

33   GENO33    (0)   :  0.138 0.114 0.022 0.705 0.004 0.017 

34   GENO34    (0)   :  0.013 0.009 0.925 0.016 0.007 0.030 

35   GENO35    (0)   :  0.099 0.030 0.697 0.161 0.005 0.007 

36   GENO36    (0)   :  0.820 0.033 0.026 0.080 0.008 0.033 

37   GENO37    (0)   :  0.909 0.023 0.031 0.018 0.013 0.006 
38   GENO38    (0)   :  0.239 0.523 0.090 0.050 0.089 0.009 

39   GENO39    (0)   :  0.006 0.009 0.006 0.006 0.970 0.004 

40   GENO40    (0)   :  0.009 0.012 0.006 0.007 0.955 0.012 
41   GENO41    (0)   :  0.011 0.006 0.006 0.009 0.017 0.950 

42   GENO42    (0)   :  0.539 0.303 0.012 0.121 0.012 0.012 

43   GENO43    (0)   :  0.030 0.030 0.019 0.860 0.056 0.004 
44   GENO44    (0)   :  0.006 0.004 0.006 0.004 0.015 0.965 

45   GENO45    (0)   :  0.010 0.018 0.788 0.008 0.002 0.173 

46   GENO46    (0)   :  0.070 0.644 0.190 0.015 0.075 0.006 
47   GENO47    (0)   :  0.217 0.297 0.443 0.017 0.019 0.007 

48   GENO48    (0)   :  0.674 0.116 0.147 0.048 0.005 0.009 

49   GENO49    (0)   :  0.303 0.051 0.074 0.560 0.008 0.005 
50   GENO50    (0)   :  0.065 0.812 0.039 0.019 0.005 0.060 

51   GENO51    (0)   :  0.023 0.898 0.015 0.014 0.009 0.040 

52   GENO52    (0)   :  0.444 0.363 0.013 0.129 0.012 0.039 

Label          (%Miss) :  Inferred clusters 

53   GENO53    (0)   :  0.207 0.582 0.022 0.023 0.131 0.035 

54   GENO54    (0)   :  0.369 0.016 0.028 0.542 0.037 0.009 
55   GENO55    (0)   :  0.015 0.899 0.027 0.011 0.041 0.007 

56   GENO56    (0)   :  0.801 0.024 0.053 0.065 0.036 0.021 

57   GENO57    (0)   :  0.475 0.030 0.199 0.015 0.257 0.024 
58   GENO58    (0)   :  0.770 0.027 0.037 0.133 0.027 0.006 

59   GENO59    (0)   :  0.775 0.024 0.042 0.048 0.105 0.006 

60   GENO60    (0)   :  0.616 0.006 0.144 0.029 0.009 0.195 
61   GENO61    (0)   :  0.667 0.015 0.254 0.049 0.005 0.010 

62   GENO62    (0)   :  0.689 0.016 0.104 0.020 0.034 0.137 
63   GENO63    (0)   :  0.652 0.233 0.010 0.090 0.010 0.004 

64   GENO64    (0)   :  0.169 0.015 0.010 0.731 0.045 0.031 

65   GENO65    (0)   :  0.200 0.526 0.114 0.132 0.014 0.015 
66   GENO66    (0)   :  0.714 0.109 0.023 0.018 0.107 0.028 

67   GENO67    (0)   :  0.419 0.148 0.055 0.334 0.027 0.017 

68   GENO68    (0)   :  0.023 0.805 0.008 0.010 0.113 0.040 
69   GENO69    (0)   :  0.031 0.916 0.005 0.010 0.031 0.006 

70   GENO70    (0)   :  0.555 0.348 0.035 0.021 0.025 0.016 

71   GENO71    (0)   :  0.016 0.948 0.011 0.014 0.006 0.005 
72   GENO72    (0)   :  0.047 0.705 0.013 0.041 0.184 0.010 

73   GENO73    (0)   :  0.265 0.414 0.204 0.108 0.005 0.004 

74   GENO74    (0)   :  0.215 0.342 0.048 0.386 0.006 0.004 
75   GENO75    (0)   :  0.651 0.264 0.013 0.023 0.040 0.009 

76   GENO76    (0)   :  0.645 0.037 0.024 0.214 0.067 0.013 

77   GENO77    (0)   :  0.094 0.667 0.011 0.176 0.044 0.007 
78   GENO78    (0)   :  0.309 0.510 0.083 0.056 0.027 0.014 

78   GENO78    (0)   :  0.309 0.510 0.083 0.056 0.027 0.014 

79   GENO79    (0)   :  0.018 0.805 0.019 0.007 0.142 0.009 
80   GENO80    (0)   :  0.033 0.887 0.033 0.029 0.011 0.007 

81   GENO81    (0)   :  0.013 0.018 0.020 0.943 0.003 0.003 

82   GENO82    (0)   :  0.090 0.779 0.031 0.085 0.007 0.008 
83   GENO83    (0)   :  0.006 0.978 0.006 0.006 0.003 0.002 

84   GENO84    (0)   :  0.007 0.965 0.007 0.013 0.005 0.002 

85   GENO85    (0)   :  0.564 0.102 0.030 0.279 0.016 0.008 

86   GENO86    (0)   :  0.156 0.600 0.015 0.217 0.008 0.005 

87   GENO87    (0)   :  0.010 0.920 0.005 0.015 0.047 0.003 

88   GENO88    (0)   :  0.648 0.038 0.018 0.066 0.199 0.031 
89   GENO89    (0)   :  0.840 0.034 0.022 0.013 0.026 0.064 

90   GENO90    (0)   :  0.878 0.037 0.030 0.043 0.005 0.006 

91   GENO91    (0)   :  0.037 0.051 0.747 0.030 0.007 0.128 
92   GENO92    (0)   :  0.669 0.031 0.032 0.238 0.020 0.011 

93   GENO93    (0)   :  0.044 0.804 0.118 0.022 0.010 0.002 

94   GENO94    (0)   :  0.412 0.027 0.035 0.423 0.091 0.012 
95   GENO95    (0)   :  0.129 0.244 0.017 0.394 0.212 0.005 

96   GENO96    (0)   :  0.025 0.884 0.034 0.045 0.006 0.006 

97   GENO97    (0)   :  0.236 0.029 0.040 0.682 0.006 0.007 
98   GENO98    (0)   :  0.145 0.607 0.014 0.227 0.003 0.004 

99   GENO99    (0)   :  0.210 0.116 0.021 0.566 0.005 0.082 

100  GENO100    (0)   :  0.247 0.019 0.015 0.653 0.009 0.058 
101  GENO101    (0)   :  0.038 0.052 0.009 0.870 0.003 0.028 

102  GENO102    (0)   :  0.047 0.241 0.014 0.688 0.005 0.005 

103  GENO103    (0)   :  0.155 0.054 0.065 0.701 0.004 0.022 
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Figure 6.   Bar Plot Structure (Sort by Q) 

 

 

Marker-Trait Associations 

The markers associated with different agro-morphological traits and their explained 

proportion of phenotypic variance are listed in the Table 4. Based upon the value of p≤0.05, 

eighty seven (87) alleles were found significantly associated with different agro-morphological 

traits namely, whip smut resistance, cane weight, height, girth, and sugar recovery. The twenty 

seven (27) alleles showed associations with more than one phenotypic trait. The alleles 43-252 

and 36-160 were found associated with a maximum of three phenotypic traits. The maximum of 

34 alleles was found associated with whip smut resistance followed by 27 alleles with sugar 

recovery while 20 alleles were found associated with each of cane height and girth. The least 

number of 13 alleles was found associated with cane weight. The marker SMC 2017-FL got the 

top position with 7 alleles showing associations with different phenotypic traits while mSSCIR-

52 stood at second position with 6 alleles showing associations. The five (5) alleles of each of 

mSSCIR-19, mSSCIR-24, SMC 640 CS and SCC 82 SSR markers were found associated with 

different agro-morphological traits. The phenotypic variance (R2-values) explained by the linked 

alleles ranged 2.81% to 7.82% for cane height, 1.75% to 4.3% for cane girth, 2.9% to 4.78% of 

cane weight, 2.67% to 7.5% for sugar recovery and 3.1% to 8.2% for whip smut.   

The robustness of association of each allele was determined by p-value and R2-value. 

Fourteen out of eighty seven (87) alleles stood prominent among all of the alleles associated with 

the yield traits. Among these, 5 alleles namely, 03-207 (p=0.017, R2=0.04525), 66-199 

(p=0.0149, R2=0.04715), 25-218 (p=0.1828, R2=0.04435), 51-145 (p=0.01414, R2=0.04784) and 

51-146 (p=0.01414, R2=0.04784) showed a maximum degree of association with cane weight.  

The amplified alleles (51-145 and 51-146) of the marker SMC 1751 CL ranked at top position 

controlling maximum of 4.8% of phenotypic variation for cane weight. Maximum degree of 

association for cane height was displayed by the allele 52-121 (p=0.00105, R2=0.07815) 

followed by the allele 82-195 (p=0.00322, R2=0.06383). For cane girth, 4 alleles namely, 93-129 

(p=0.00382, R2=0.03896), 82-184 (p=0.00233, R2=0.04253), 45-127 (p=0.00381, R2=0.0386) 

and 51-144(p=0.00369, R2=0.03885) depicted a maximum degree of association. Similarly, for 

sugar recovery, three alleles namely, 19-148 (p=0.00616, R2=0.05471), 34-161 (p=0.00543, 

R2=0.05574) and 51-131(p=0.0012, R2=0.07461) were found highly associated. Five out of thirty 

four (34) alleles associated (p≤0.05) with whip smut resistance viz., 7-154 (p=0.00233, 

R2=0.07542), 25-215 (p=0.0026, R2=0.07315), 36-170 (p=0.0261, R2=0.07383), 51-145 
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(p=0.00137, R2=0.0821) and 51-145 (p=0.00137, R2=0.0821) each explained more than 7% of 

phenotypic variation. 
 

 

Table 4. Marker-Trait associations  

SSR Markers 

Allele 

sizes 

Whip Smut  Weight  Cane height Girth  Sugar Recovery 

p-value R2value p-value R2value p-value R2value p-value R2value p-value R2value 

mSSCIR-14 14-215 0.00828 0.05684 - - - - - - - - 

mSSCIR-14 14-222 - - - - - - - - 0.03335 0.03319 

179 Sa -700 79-162 - - - - - - 0.03252 0.02149 - - 

179 Sa -700 79-128 0.04507 0.03324 - - - - - - - - 

179 Sa -700 79-118 0.01407 0.04989 - - - - 0.04136 0.0198 - - 

222 CG-700 22-183 - - - - 0.00876 0.05205 - - - - 

222 CG-700 22-165 - - - - - - - - 0.00901 0.04942 

1493CL-700 93-124 - - - - - - - - 0.05387 0.02736 

1493CL-700 93-129 - - - - - - 0.00382 0.03896 - - 

SMC-668-CS 68-219 0.04863 0.0322 - - 0.05153 0.02859 0.05367 0.01758 - - 

mSSCIR-1 1-142 - - - - 0.00719 0.05353 - - - - 

mSSCIR-1 1-156 0.05455 0.03064 - - 0.0211 0.03979 - - - - 

mSSCIR-4 4-249 0.01649 0.04717 - - - - - - 0.03406 0.03293 

mSSCIR-17 17-232 0.01005 0.05357 - - - - - - 0.02762 0.03515 

mSSCIR-19 19-131 - - - - 0.05159 0.02887 - - 0.02239 0.03849 

mSSCIR-19 19-132 0.03675 0.03604 - - - - - - - - 

mSSCIR-19 19-135 0.02766 0.03996 - - 0.03412 0.03373 - - - - 

mSSCIR-19 19-148 - - - - - - - - 0.00616 0.05471 

mSSCIR-19 19-153 - - - - - - - - 0.00862 0.04997 

mSSCIR-24 24-218 - - - - 0.0158 0.04347 - - - - 

mSSCIR-24 24-242 - - - - - - - - 0.0234 0.03756 

mSSCIR-24 24-244 - - - - - - - - 0.0511 0.028 

mSSCIR-24 24-246 0.02628 0.04067 - - - - - - - - 

mSSCIR-24 24-248 0.00697 0.05926 - - 0.02462 0.03784 - - - - 

mSSCIR-43 43-222 - - - - - - - - 0.01051 0.04707 

mSSCIR-43 43-245 0.01035 0.05371 - - - - - - - - 

mSSCIR-43 43-247 0.01918 0.04461 - - 0.04828 0.0291 - - - - 

mSSCIR-43 43-252 - - 0.0402 0.03375 0.03082 0.03501 - - 0.05491 0.02713 

SMC 640 CS 40-216 - - - - - - - - 0.02754 0.03555 

SMC 640 CS 40-217 - - - - - - - - 0.03542 0.03246 

SMC 640 CS 40-227 0.01512 0.04839 - - - - - - - - 

SMC 640 CS 40-249 0.03441 0.03732 - - - - - - 0.01125 0.04712 

SMC 640 CS 40-255 - - - - - - 0.01411 0.02839 - - 

SMC 703 BS 03-194 - - - - - - 0.05379 0.01756 - - 

SMC 703 BS 03-207 - - 0.0171 0.04525 - - - - - - 

SMC 703 BS 03-213 - - - - - - - - 0.03848 0.03177 

SMC 766 BS 66-181 - - - - 0.00594 0.05653 0.05133 0.01811 - - 

SMC 766 BS 66-188 0.04839 0.03227 - - 0.04932 0.02913 - - - - 

SMC 766 BS 66-199 - - 0.0149 0.04715 - - - - - - 

SMC 766 BS 66-203 - - - - - - 0.03303 0.02136 - - 

mSSCIR-52 52-121 - - - - 0.00105 0.07815 - - - - 
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mSSCIR-52 52-131 - - 0.0538 0.02991 - - - - - - 

mSSCIR-52 52-133 - - - - - - - - 0.02359 0.03784 

mSSCIR-52 52-139 - - 0.02553 0.03984 - - - - - - 

mSSCIR-52 52-142 0.03006 0.03881 - - - - - - - - 

mSSCIR-52 52-144 0.04962 0.03193 - - - - 0.04989 0.01814 - - 

SCC-89 89-197 - - - - - - - - 0.01348 0.04484 

SCC-82 82-154 - - - - 0.00541 0.05662 0.05165 0.01769 - - 

SCC-82 82-162 0.01897 0.04476 - - 0.02112 0.03938 - - - - 

SCC-82 82-184 - - - - - - 0.00233 0.04253 - - 

SCC-82 82-192 - - - - - - 0.03144 0.02175 - - 

SCC-82 82-195 - - - - 0.00322 0.06383 - - - - 

SMC  7 CUQ 7-154 0.00233 0.07542 - - 0.02983 0.03578 - - - - 

SMC  7 CUQ 7-156 0.01976 0.0451 - - - - - - - - 

SMC  7 CUQ 7-166 0.01703 0.04625 - - - - - - - - 

SMC 25 DUQ 25-214 0.05179 0.03135 - - - - - - 0.04525 0.02947 

SMC 25 DUQ 25-215 0.0026 0.07315 - - - - - - - - 

SMC 25 DUQ 25-218 - - 0.01828 0.04435 - - - - - - 

SMC-39BUQ 39-132 - - - - - - 0.03931 0.02 - - 

SMC-39BUQ 39-135 0.0127 0.05083 - - - - - - - - 

SMC-39BUQ 39-149 - - - - - - - - 0.05587 0.02665 

SMC 334 BS 34-148 - - - - 0.05356 0.02811 - - - - 

SMC 334 BS 34-155 - - 0.05561 0.02947 - - - - - - 

SMC 334 BS 34-161 - - - - - - - - 0.00543 0.05574 

SMC 336 BS 36-160 0.02436 0.04215 - - 0.04771 0.02985 - - 0.03109 0.0344 

SMC 336 BS 36-170 0.00261 0.07383 - - - - - - - - 

SMC 336 BS 36-174 - - - - - - - - 0.01478 0.04369 

SMC-545 MS 45-127 - - - - - - 0.00381 0.0386 0.01808 0.04075 

SMC 569 CS 69-158 - - - - - - 0.0428 0.01934 - - 

SMC 569 CS 69-207 - - - - - - 0.03342 0.02149 - - 

SMC 597 CS 97-147 - - - - - - 0.05355 0.01759 - - 

SMC 851 MS 51-125 - - - - - - - - 0.02929 0.03514 

SMC 851 MS 51-131 - - - - - - - - 0.0012 0.07461 

SMC 851 MS 51-139 0.00752 0.05877 - - - - - - - - 

SMC 851 MS 51-144 - - - - - - 0.00369 0.03885 - - 

SMC 1282FL 82-360 0.05028 0.03175 - - - - - - - - 

SMC 1604SA 04-107 - - - - 0.04521  0.03021 - - - - 

SMC 1751CL 51-145 0.00137 0.0821 0.01414 0.04784 - - - - - - 

SMC 1751CL 51-146 0.00137 0.0821 0.01414 0.04784 - - - - - - 

SMC 1751CL 51-148 - - 0.03053 0.03744 - - - - - - 

SMC 2017FL 17-211 - - 0.03423 0.03591 - - 0.05435 0.01748 - - 

SMC 2017FL 17-214 - - 0.02805 0.03858 - - - - - - 

SMC 2017FL 17-236 0.01274 0.0513 - - - - 0.05001 0.01831 - - 

SMC 2017FL 17-242 - - 0.05318 - - - - - - - 

SMC 2017FL 17-249 0.04631 0.03321 - - - - - - - - 

SMC 2017FL 17-252 0.01769 0.04619 - - - - - - - - 

SMC 2017FL 17-255 - - - - - - - - 0.04051 0.03145 
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DISCUSSION 

      The SSR markers were amplified using Touchdown PCR amplification protocol, which 

offered increased sensitivity, specificity and high yield without the need of lengthy optimizations 

and redesigning of primers (KORBIE and MATTICK, 2008). However the number of PCR cycles 

and extent of decrease in temperature across each cycle was varied for better amplifications. TD-

PCR amplification greatly helped in avoiding spurious smaller fragments which often resulted in 

target gene amplification of complex genomes like sugarcane during the PCR cycles (DON et al., 

1991; QAMAR et al., 2015; NAZAR et al., 2017; QAMAR et al., 2017; AWAIS et al., 2019). 

Sugarcane yield depends upon various agro-morphological traits, viz., stalk number, cane height, 

cane girth and sugar recovery. Detection of Quantitative Traits Loci (QTLs) linked with these 

traits could greatly help in marker-assisted selection of sugarcane lines in various breeding 

programs. Phenotypic variation explained by associated alleles with cane weight, height, girth 

and sugar recovery ranged from 1.75% to 7.82% which indicated that these traits may be 

controlled by the additive effect of multiple genes not by a single gene and that these are the 

genuine quantitative traits. These alleles could be selected in marker-assisted selection of 

sugarcane lines for yield traits. Linkage disequilibrium based detection of QTLs among modern 

sugarcane cultivars was the result of past breeding programs (WEI et al., 2006). In similar studies, 

102 QTLs were found significantly associated with sugar content, polarity, number of tillers, 

cane weight and fibre content (MING et al., 2002). While 41 QTLs were reported for yield 

parameters: 20 for cane height, 15 for stalk number and 6 for girth (PINTO et al., 2011). 

Numerous QTLs were also found to be associated with cane height, diameter, stalk number and 

brix explaining 3- 7% of phenotypic variation (HOARAU et al., 2002). Many DArT markers were 

found associated with sugar content and cane yield while taking into account the population 

structure (WEI et al., 2010). Many positive QTLs were found associated with plants with much 

sugar yield. In an another study 27 genomic regions were identified as being significantly 

associated with cane weight, diameter, height, biomass and number of tillers explaining 4 to 10% 

of phenotypic variance (AITKEN et al., 2008).   

Marker-trait associations were also performed to analyze genetic determinism for 

sugarcane smut resistance. Thirty four alleles were found to be significantly associated with 

whip smut resistance explaining 3.1 to 8.2% of phenotypic variance. The alleles 51-145 and 51-

146 were found top ranked associated alleles for both whip smut resistance and cane weight. 

Their explained portion of phenotypic variance was 8.2% for whip smut and 4.8% of cane 

weight. The detection of various linked alleles with little effects on smut resistance indicated 

complex genetic determinism for smut resistance (RABOIN et al., 2003). This also indicated that 

whip smut resistance was controlled by multiple genes with little effects (LLOYD and NAIDOO, 

1983; HÉCTOR et al., 1995; NAZAR et al., 2017). More genotyping data could be used for genome 

wide association mapping while taking into account the family relationship and population 

structure for identifying QTLs with widespread effect on smut resistance (GOUY et al., 2015). 

These results were further endorsed by (WEI et al., 2006), who reported 11 markers being 

associated with whip smut with all showing a total of 59% phenotypic variance.  

 

CONCLUSIONS 

The positive results of our study would encourage researchers to apply these protocols for 

genetic determinism of complex agro-morphological and disease resistance traits of various other 
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crops which we have used for sugarcane studies. These results are also the first report on 

identification of QTLs controlling sugarcane yield traits and smut resistance among promising 

sugarcane lines/varieties being cultivated in Pakistan. These QTLs will be helpful for marker 

assisted selection of sugarcane lines in future breeding programs.  
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Izvod 

Prinos šećerne trske zavisi od različitih agro-morfoloških karakteristika, npr. obnavljanja šećera, 

broja stabljika, opsega trske, visine trske i otpornosti na gar. Identifikacija QTL-ova koji 

kontrolišu ove osobine može pomoći oplemenjivačima šećerne trske u odabiru linija šećerne 

trske uz pomoć marker asistirane selekcije za razne oplemenjivačke programe. Structure i 

TASSEL softver zasnovani na integraciji genotipskih i fenotipskih podataka 103 genotipa 

šećerne trske rezultirali su identifikacijom osamdeset sedam (87) visoko povezanih alela 

(p≤0.05), 34 alela sa otpornošću na gar: 27 alela za šećer: 13 alela sa težinu trske i 20 alela za 

obim i visinu trske. Fenotipska varijansa (vrednosti R2) koja je objašnjena povezanim alelima 

iznosila je 3,1-24,6% za otpornost na gar, 2,67-22,5% za oporavak šećera, 2,81-23,46% za visinu 

trske, 2,9-14,34% mase trske i 1,75-12,8% za obim trske. Različite proporcije fenotipske 

varijanse objašnjene povezanim alelima ukazuju da su ove osobine kontrolisane aditivnim 

genetskim efektima više gena. Takođe pokazuje da su ove osobine istinske kvantitativne 

osobine. Štaviše, aleli koji prikazuju maksimalni stepen povezanosti za oporavak šećera (51-

131), obim trske (82-184), visina trske (52-121), težina trske i otpornost na gar (51-145 i 51-146) 

mogli bi pomoći u marker asistiranoj selekciji za izbor linija šećerne trske za ove osobine. 
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