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Abstract

Sugarcane smut caused by Sporisorium scitanmineum is the most severe sugarcane disease that causes major economic losses
in sugarcane production in China, and disease resistance breeding is an important way of preventing and controlling this
disease. In this study, BCsF; lines derived from the cross between YC 73-226 and YCE 06-111 were used to generate
sugarcane smut-resistant and -susceptible gene pools using bulked segregant analysis (BSA). Eighty-nine random primers of
start codon targeted (SCoT) polymorphisms were screened, whereas only primer SCoT44 could stably amplify the specific
fragment (HE-Ss44) in the resistant pool. Then, several primer pairs of sequence characterized amplified regions (SCARS)
were designed based on the sequence alignment of HE-Ss44 (920 bp), which was recovered after purification, and only one
pair of SCAR primers (Ss44-F2/R2, forward: 5-GGCGGGCACCGTCGAGTCCACAT-3'; reverse: 5-CCGTCCGTCGG
TCTCGTCCTTACG-3") could stably amplify a 400-bp specific band in resistant gene pool and its individuals. A validation
test of SCAR marker Ss44-F2/R2 was performed using 34 sugarcane cultivars with known smut resistance, which revealed a
selection accuracy of 82.35% between marker detection and known smut resistance. Moreover, Pearson’s correlation analysis
also showed that the SCAR marker Ss44-F2/R2 was significantly correlated (r = 0.583, P = 0.0003 < 0.01) with the smut
resistance trait in sugarcane. In addition, the nucleotide sequence of HE-Ss44 linked with smut-resistance was not aligned to
the homologous sequence in GenBank (NCBI), and the accession humber was MG740763. The SCAR marker Ss44-F2/R2
developed in this study can be used for the rapid detection of smut resistance in sugarcane and may be utilized as reference for
the improvement of sugarcane smut resistance based on molecular marker-assisted selection. © 2021 Friends Science
Publishers
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Introduction

Sugarcane (Saccharum hybrids spp.) is an important sugar
crop and a renewable biomass energy crop. Sugarcane is
distributed in tropical and subtropical regions, with many
types of diseases and heavy hazards. Sugarcane smut caused
by Sporisorium scitanmineum is a global sugarcane disease.
Sugarcane smut was first reported in Natal, South Africa, in
1877 and is now widely occurring in sugarcane-growing
areas around the world, resulting in a significant decrease in
yield of up to 30% and reduced sucrose content (lzadi and
Moosawijorf 2007; Nzioki et al. 2010; Viswanathan and
Rao (2011). China first reported the occurrence of sugarcane
smut in Guangzhou in 1934 (Antoine 1961). In the past 20
years, sugarcane smut has become more harmful in China’s

sugarcane growing areas due to long-term singular planting,
physiological race differentiation of S. scitanmineum, and
dry cultivation (Xu et al. 2017). Sugarcane smut has
become the most economically harmful sugarcane disease in
China’s sugarcane production, causing direct economic
losses of 750 million dollars per year (Chen et al. 2016).
Actual sugarcane production has proven that breeding-
resistant varieties of sugarcane smut are the most
economical and effective way to control the disease (Shen et
al. 2014). The identification of smut resistance is an
important part of sugarcane breeding, and the traditional
identification method of sugarcane smut resistance involves
phenotypic identification by artificial inoculation. However,
this method is generally time and energy consuming, and it
is difficult to evaluate disease resistance of the sample on a
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large scale, and the identification results are also affected by
environmental interaction effects (Chen et al. 2017). Marker
assisted selection (MAS) is not affected by genotype and
environment interactions and can significantly improve the
selection efficiency and accuracy of disease-resistant
breeding when combined with routine identification
methods, although selection accuracy requires molecular
markers that are closely linked to target traits (Lee 1995;
Collard and Mackill 2007). Saccharum and related genera
with extremely complex genomes are highly heterozygous
heteropolyploids or aneuploids (Zhang et al. 2018), and thus
quantitative trait locus (QTL) is not suitable for the
development of sugarcane molecular markers. Bulked
segregant analysis (BSA) was first described by
Michelmore and Kesseli (1991) and used in screening for
molecular markers that are linked to the downy mildew
resistance gene in lettuce. BSA can rapidly and efficiently
find markers that are linked to target traits (Cheng et al.
2016) and is particularly suitable for crops such as
sugarcane, which are difficult to obtain near-isogenie lines
(NIL) and double haploid (DH) populations. Khan et al.
(2017) used BSA combined with RAPD molecular marker
technology to obtain a specific polymorphic marker that is
linked to a smut-resistant gene and converted it into a stable
SCAR marker and then further verified the marker accuracy
of seven sugarcane varieties with known resistance in
Pakistan, and the results were basically consistent. However,
the BSA marker analysis population of Khan et al. (2017)
was not derived from the same cross combination which
may weak the accuracy of the target marker. In this study, a
sugarcane smut-resistant population was constructed by the
progeny of the same sugarcane hybrid combination and then
used to screen the appropriate molecular markers that are
closely linked to the sugarcane smut-resistant gene.

The start codon targeted (SCoT) polymorphism, which
was developed by Collard and Mackill (2007), is a target
gene marker technology based on translation initiation sites.
Due to its simplicity of operation, low cost, rich
polymorphism, and good repeatability, this technology has
been successfully applied to various investigations such as
genetic diversity (Shen et al. 2016; Shekhawat et al. 2018),
population structure analysis (Tiwari et al. 2016; Golkar and
Nourbakhsh 2019) and disease resistance (Zeng et al. 2014;
Li et al. 2019). In addition, the primer length of SCoT is 18
bp, with the same reaction conditions as conventional PCR,
although with higher stability (Shen et al. 2016; Chen et al.
2017). No study on the development of sugarcane smut
resistance markers based on SCoT molecular marker
technology combined with BSA analysis population has
been conducted to date.

In this study, the intergeneric hybridization progeny
BC;F; lines from the same cross combination (YC 73-226 x
YCE 06-111) were used as the test materials, and the
artificial inoculation method was used to identify the
resistance of test materials to sugarcane smut. Based on their
reaction to sugarcane smut, a BSA analysis population of

sugarcane resistance to smut was constructed, and SCoT
molecular marker technology was combined to screen
specific polymorphic markers that were closely linked to the
smut resistance gene in sugarcane. Furthermore, SCoT
markers can be transformed into stable SCAR markers,
which in turn may be utilized in molecular marker-assisted
breeding for sugarcane smut resistance.

Materials and Methods
Plant materials

Eighty hybrid BC3F; lines derived from the sugarcane cross
combination YC 73-226 (susceptible) x YCE 06-111
(resistant) were evaluated by artificial dip inoculation of
sugarcane smut using method of Dou et al. (2017). Two
bulked gene pools (resistant and susceptible gene pool) were
constructed respectively by five highly resistant and five
highly susceptible or susceptible lines which were screened
after smut-resistant evaluation (Table 1). The 34 sugarcane
cultivars with known smut resistance (identified by artificial
dip inoculation or confirmed by field performance) were
used as controls to verify the reliability of the SCAR
markers developed in this study (Table 2) (Shen et al. 2012;
Chen et al. 2016).

Genomic DNA extraction and bulk construction

Fresh heart leaves of the test materials were collected and
genomic DNA extraction was performed using CTAB
(Shen et al. 2006). The concentration and purity of
DNA were measured using the ultramicro-ultraviolet
spectrophotometer NanoDrop ND-1000 (Thermo Fischer
Scientific, Wilmington, DC, USA). Then, the concentration
of all DNA samples was normalized to 50 ng/xL and stored
at -20°C until use.

According to the construction principle of BSA
(Michelmore and Kesseli 1991; Khan et al. 2017), the
genomic DNA of different lines with the particular trait (i.e.,
response to smut in this study) was mixed in equal amounts
to construct two bulked pools, i.e., the smut-resistant pool
included five highly resistant lines (HE15-17, HE15-33,
HE15-62, HE15-81, and HE15-87) and the smut-susceptible
pool comprised three highly susceptible and two susceptible
lines (HE15-10, HE15-50, HE15-68, HE15-63, and HE15-
80) (Table 1).

SCoT primers and PCR amplification

Following the previous studies (Collard and Mackill 2007;
Luo et al. 2010; Gao et al. 2014), a total of 89 SCoT primers,
synthesized by the Sangon Biotech (Shanghai, China) Co.,
Ltd., were used for an initial primer screen. The PCR
reactions were conducted in a total volume of 25 ulL
containing 1.0 uL (150~200 ng) DNA template, 0.4 uL of
Tag DNA polymerase (5.0 U/uL) (TaKaRa cat # RO01A), 2.5

1273



Deng et al. / Intl J Agric Biol, Vol 25, No 6, 2021

uL of 10x PCR buffer (Mg, 2.0 uL of dNTP mixture (2.5
mM), 1.0 uL of SCoT primer (10.0 xM), and finally
supplemented with 18.1 xL of sterile double distilled water.
Amplification was performed using the following PCR
program: 5 min at 94°C; followed by 35 cycles of 45 s at
94°C, 50 s at 50-60°C (depending on the annealing
temperature of each primer), 2 min at 72°C; and a final
extension at 72°C for 8 min. The above amplification
reaction was conducted using a Mycycler Thermal Cycler
PCR Amplifier (Bio-Rad, USA). The 6-uL. PCR products
with the marker DL 2000 DNA (TaKaRa Cat # 3427A) were
electrophoresed on a 1% (wi/v) agarose gel using 1.0x TAE
buffer at 85 V for 45 min. The separated DNA fragments
were stained with 0.5% GoldView™ and photographed
using a gel imaging system (Tanon 1600, Shanghai).

SCoT primer screening and validation

The SCoT primers that generated polymorphic fragments in
two bulk pools were first screened using the established
SCoT-PCR (Chen et al. 2017). Then, further testing of the
selected primers using 10 lines (individuals in pools) was
performed, and 34 control cultivars were assessed for
primer polymorphisms and the specific fragment was
obtained that was amplified only in the smut-resistant or
susceptible materials. The experiments were repeated at
least thrice.

TA clone sequencing of specific SCoT fragments

The specifically amplified SCoT fragment was excised from
the 1% agarose gel and purified using a SanPrep Column
DNA Gel Recovery Kit (Cat # SK8131 Sangon Biotech,
Shanghai, China). TA clone sequencing of this fragment was
commissioned by Sangon Biotech (Shanghai, China) Co.,
Ltd. Then, sequence alignment was performed in GenBank
(NCBI), and DNA Star (5.01) MegAlign was used in
sequence analysis.

SCAR primer design and PCR amplification

Based on the sequence of HE-Ss44, SCAR primer pairs,
synthesized by Sangon Biotech (Shanghai, China) Co., Ltd.,
were designed via DNAStar (5.01). The DNA template used
for SCAR-PCR was identical to SCoT-PCR. The PCR
reactions were conducted in a total volume of 25 uL
containing 1.5 uL (150~200 ng) DNA template, 12.5 uL of
Green Tag Mix (Cat # P131-01 Vazyme Biotech Co., Ltd.),
0.5 uL of forward primer (10.0 uM), 0.5 uL of reverse
primer (10.0 «M), and finally supplemented with 10.0 uL of
sterile double distilled water. The amplification was
performed using the following PCR program: 3 min at
95°C; followed by 35 cycles of 15 s at 95°C, 15 s at 70°C,
24 s at 72°C, and a final extension at 72°C for 5 min. The
above amplification reaction was conducted on a Mycycler
Thermal Cycler PCR Amplifier (Bio-Rad, USA). The 6 uL

PCR products with the marker DL 2000 DNA (TaKaRa cat
# 3427A) were electrophoresed on a 1% (w/v) agarose gel
using 1.0x TAE buffer at 85 V for 45 min. The separated
DNA fragments were stained with 0.5% GoldView™ and
photographed under a gel imaging system (Tanon 1600,
Shanghai, China).

SCAR primer screening and validation

The SCAR primers that produced specific bands and were
linked to smut disease resistance or susceptible genes in two
bulk pools were first screened using the established SCAR-
PCR. Then, further testing of the selected primers in 10 lines
(individuals in pools) was performed, and in 34 control
cultivars to verify the specificity of the selected primers.
The experiments were repeated at least thrice.

The specific SCAR fragment was excised from the 1%
agarose gel and purified using a SanPrep Column DNA Gel
Recovery Kit (Cat # SK8131 Sangon Biotech, Shanghai,
China). The TA clone sequencing of this fragment was
commissioned to Sangon Biotech (Shanghai, China) Co.,
Ltd. After sequencing, the specific SCAR fragment was
aligned to the SCoT fragment (HE-Ss44) using DNAStar
(5.01) MegAlign to verify homology.

Analysis of correlation between SCAR marker
validation and known resistance

The sugarcane cultivars or lines with the same results of
SCAR marker detection and known resistance were
recorded as “1,” and inconsistencies were recorded as “0”
(Benin et al. 2012; Shan et al. 2018). Pearson’s correlation
analysis was used to analyze the correlation between the
known resistance and the SCAR marker detection results
(i.e., 10 hybrids BCsF; lines and 34 control sugarcane
cultivars) using IBM SPSS V. 19.0 statistical software.

Results

Screening and validation of specific SCoT fragment
linked to smut resistance

After screening 89 SCoT primers, 13 primers that produced
reproducible polymorphisms between the two bulk pools
(resistant, susceptible) were selected and used to amplify
individuals in each pool. Only the random primer SCoT44
(5-CAATGGCTACCACTAGCG-3) not only produced
polymorphic bands in the smut-resistant pool (Fig. 1A) but
also produced a 920-bp specific band (HE-Ss44) in each of
the five homozygous-resistant pool individual lines (Fig.
1B). Although the smut-susceptible pool and each of the
five homozygous susceptible pool individual lines (three
highly susceptible and two susceptible individuals) could
produce polymorphisms, these failed to amplify HE-Ss44
(Fig. 1A, B).

Then, further validation of SCoT44 was performed in
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Table 1: Parentage and smut disease responses of various
sugarcane lines. Abbreviations: HR, Highly resistant; HS, Highly
susceptible; S, Susceptible; MS, Moderately susceptible

Line Parentage Smut disease reaction
HE15-17 YC 73-226 x YCE 06-111 HR
HE15-33 HR
HE15-62 HR
HE15-81 HR
HE15-87 HR
HE15-10 HS
HE15-50 HS
HE15-68 HS
HE15-63 S
HE15-80 S

Table 2: The information of sugarcane cultivars used in marker
validation experiments

Cultivar Origin Smut disease reaction
Badila Australia S
CP65-—357 America S
CP89--2143 America MS
CP93--1382 America R
F134 Taiwan/China S
F177 Taiwan/China MS
GT94--119 Guangxi/China S
HoCP95--988 America MS
LC05--136 Guangxi/China S
NCo0310 South Africa S
NCo376 South Africa R
Q157 Awustralia HS
Q171 Australia HR
Q179 Awustralia MS
Q189 Awustralia S
Q190 Australia HR
Q200B Awustralia R
Q205 Australia S
ROC5 Taiwan/China R
ROC10 Taiwan/China HS
ROC16 Taiwan/China MS
ROC20 Taiwan/China S
ROC22 Taiwan/China HS
ROC25 Taiwan/China MS
TC21 Sichuan/China R
YC71--374 Hainan/China S
YC73--226 Hainan/China S
YT89--113 Guangdong/China S
YT91--976 Guangdong/China S
YT91--1102 Guangdong/China MS
YT93--159 Guangdong/China S
YT96--86 Guangdong/China MR
YT02--305 Guangdong/China HS
B618 Brazil MR

Abbreviations: R, Resistant; MR, Moderately resistant; HS, Highly susceptible; S,
Susceptible; MS, Moderately susceptible

34 control cultivars outside the bulked pools to assess
primer polymorphism and specificity. Among these, 11
cultivars (seven smut-resistant cultivars, i.e.,, CP93-1382,
NCo376, Q171, Q190, TC21, YT96-86, and B618, and four
smut-susceptible cultivars, i.e., F134, NCo0310, Q157 and
YC71-374) (Fig. 1C-F) could amplify HE-Ss44. In
addition, the other 21 smut-susceptible cultivars (i.e.,
Badila, CP65-357, CP89-2143, F177, GT94-119, HoCP95-
988, LC05-136, Q179, Q189, Q205, ROC10, ROCI1S6,
ROC20, ROC22, ROC25, YC73-226, YT89-113, YT91-

976, YT91-1102, YT93-159 and YT02-305) and two smut-
resistant cultivars (i.e., Q200B and ROCS5) failed to amplify
the band. The above amplification reactions were repeated
thrice, and the results were consistent, indicating that the
marker generated reproducible results. The verification
results confirmed the correlation between HE-Ss44 and
smut resistance gene.

The HE-Ss44 was gel purified and subjected to TA
clone sequencing. The fragment was 920 bp in size, and the
18 bases of the 5' and 3' ends of this sequence were identical
to SCoT44, demonstrating that the TA clone sequencing
results were accurate (Fig. 2). The sequence of HE-Ss44
was deposited in GenBank (NCBI; GenBank Accession
Number MG740763.1), which showed low homology with
other known sequences.

Conversion and validation of SCAR markers

To convert the random SCoT markers into convenient
SCAR markers, two specific PCR primers (forward and
reverse primers, target size 20-24 bp) were designed
according to the sequence of HE-Ss44. First, according to
the terminal bases (i.e., the SCoT44 primer with a length of
18 bp) of HE-Ss44, 2—6 bases were extended inward to
constitute the forward and reverse primers. However,
these primers produced polymorphic fragments in both
gene pools and individuals in the pool (Fig. 3A, B).
Furthermore, several primer pairs were designed
according to other sequences of the HE-Ss44 fragment,
but most of the primer pairs amplified a non-specific
single band (i.e., similar amplification could be produced in
two bulked pools and the pool individuals) (Fig. 3C, D).
Fortunately, primer pair Ss44-F2/Ss44-R2 (Fig. 2) was
finally screened to amplify a single specific band of about
400 bp in the smut-resistant pool and five pool individual
lines (Fig. 4A). The results of SCAR marker detection
showed 100% concordance with the resistance identification
results of individuals in two pools by artificial inoculation,
and the correlation coefficient r was 1.

Based on 34 control cultivars with known smut
resistance, the accuracy of primer pair Ss44-F2/R2 was
verified. The validation results of the SCAR primers were
consistent with primer SCoT44, i.e.,, 11 control cultivars
(seven smut-resistant and four smut-susceptible cultivars)
amplified a single 400-bp band (Fig. 4B-E). Moreover, the
other 21 susceptible and two resistant control cultivars
failed to amplify this band. Then, these single 400-bp target
bands were gel-purified and subjected to TA clone
sequencing. Sequence alignment confirmed that the
nucleotide sequence of the single bands was identical to
HE-Ss44 (Fig. 2). The detection results of smut resistance
by SCAR marker developed in this study were 82.35%
concordant with their known resistance level to smut in the
34 control cultivars listed in Table 2, and a significant
correlation between them was observed (r = 0.583, P =
0.0003 < 0.01).
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Fig. 1: Amplification profiles of primer SCoT44 from two bulked DNA samples (A), 10 sugarcane lines (B) and 34 sugarcane cultivars
bred in China and other countries (C—F) in 1% agarose gel electrophoresis. (A) M: DL2000 DNA marker; Lane 1: negative control; Lanes
2 and 4: resistant DNA bulk; Lanes 3 and 5: susceptible DNA bulk. (B) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible
DNA bulk; Lanes 3-6: five sugarcane lines with high resistance to smut (HE15-17, HE15-33, HE15-62, HE15-81, and HE15-87);
Lanes 8-12: five sugarcane lines, including three highly susceptible to smut (HE15-68, HE15-50, and HE15-10) and two susceptible to
smut (HE15-63 and HE15-80). (C) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible DNA bulk; Lanes 3-12:
Badila(S), CP65-357(S), CP89-2143(MS), CP93-1382(R), F134(S), F177(MS), GT94-119(S), HoCP95-988(MS), LC05-136(S),
NCo0310(S). (D) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible DNA bulk; Lanes 3—-12: NCo0376(R), Q157(HS),
Q171(HR), Q179(MS), Q189(S), Q190(HR), Q200B(R), Q205(S), ROC5(R), ROC10(HS). (E) M: DL2000 DNA marker; Lanes 1 and 2:
resistant and susceptible DNA bulk; Lanes 3-12: ROC16(MS), ROC20(S), ROC22(HS), ROC25(MS), TC21(R), YC71-374(S),
YC73-226(S), YT89-113(S), YT91-976(S), YT91-1102(MS). (F) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible
DNA bulk; Lanes 3-6: YT93-159(S), YT96-86(MR), YT02-305(HS), B618(MR). HR: highly resistant to smut; R: resistant to smut;
MR: moderately resistant to smut; S: susceptible to smut; MS: moderately susceptible to smut; HS: highly susceptible to smut

5" —CAATGGCTACCACTAGCGAAGGCCCCGGCTGCCACGACTCTGGCAATCTGATCACCATCTTCGCC

AACAACCCCACCAGCACCAGCGTCACCAACGCAGGCAATCAACATTAGCGGCCATGGTGTICTTIG
TCGCTGCCTCTACCAGCCGCAGCATCGATCCTTTTTCATCCGCCAGTGGTGAAGCCATCACAAGG
AGGGTTGTGGCTGTTTGCATGCATAGATTTCCTGTCGGCTCGACAGCAAGCCTTCAAAGCTCCATC
AGCCGCTTGGAGTACGGCTCCAGCGCAGCCCTGCTCTGTTGCAGCCATAGCAGATGTGGCTGCTC
GTGGCGGGCACCGTCGAGTCCACATGCGTGTGCTCCATGGATTTGAGCCAGGCGGATTAGATTCC

GGGCAGATCAGATGCAGCAGCCAATTCTCGCACCTCGAGGAGGAAGGAATGGATCGTGCATCACT
GCAGAAGCAGATCCCATGGGACGGTTGATTTTGGGGAGCCATGTGCCTTCCGCCTCGACTACAAA
TGCAGCATAGGTCTCCTCTAGCAGTGCCCAATTATATTATATTAGATTAGTTTGGTTATTTAAAAAAA
GAAATAACTTAGATTGATTCAGTTAGGATATITCCTCAGGAGTCAAGTCAGTCATCTCTATAAAAGA
GAGGACCCGGTATCGATCGTAAACGAGCAAGAAAAACCTAAGAAATAGCGTAAGGACGAGACCG

ACGGACGGTTCTGCTATTATGCTTTTCATGCCCTCTTTGTATGAATGAACTTCCATGTTAATTGGAG
CAAAAGGAAAATATTITGGGATCTCTCGATATCTATGTCCTCCTTGAGTCTTGTGTTAGTAAGCTCAT
GAAAAGACCATAGAGTACAATGTATAATTAACCTCCAGCCACTGGGTGCGCTAGTGGTAGCCATTG — 37

Fig. 2: Nucleotide sequence of HE-Ss44 marker and SCAR primer design. The nucleotide sequence and the arrows marked in red are the
nucleotide sequence and position of primer SCoT44, respectively; the nucleotide sequence and the arrows marked in blue are the
nucleotide sequence and position of the SCAR primer pairs Ss44-F2 (forward)/Ss44-R2 (reverse), respectively

Discussion

The sugarcane smut resistance trait, which is controlled by
both the host gene and the minor-polygene accumulation, is
a qualitative-quantitative trait, and the resistance level of
this trait is affected by factors such as environment, host,
and pathogeny, and thus resistance identification requires
several years of repetition to improve the reliability of the
results (Wu et al. 1988; Sundar et al. 2012). Therefore, the
identification of sugarcane resistance to smut is generally

tedious, and the accuracy of identification results requires
improvement. Molecular markers linked to host resistance
genes have many advantages such as no environmental
impact, rapidity, simplicity, and low cost. It is a key research
direction for improving sugarcane varieties resistant to smut.

The acquisition of molecular markers closely linked
to target traits or genes is the basis of molecular marker-
assisted breeding. The combination of molecular markers
such as RAPD, SSR, ISSR, and AFLP with BSA has
largely contributed to the development of molecular
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Fig. 3: Amplification profiles of four pairs of unsuccessful primers on two DNA bulks (resistant DNA bulk and susceptible DNA bulk)
along with their individual DNA samples in 1% agarose gel electrophoresis. (A) and (B) display amplified polymorphic fragments; (C)
and (D) display non—specific amplified fragments. M: DL 2000 DNA marker; Lane 1: resistant DNA bulk, Lane 2: susceptible bulk; Lane
3: HE15-17 (HR); Lane 4: HE15-10 (HS); Lane 5: HE15-33 (HR); Lane 6: HE15-50 (HS); Lane 7: HE15-62 (HR); Lane 8: HE15-68
(HS); Lane 9: HE15-81 (HR); Lane 10: HE15-63 (S); Lane 11: HE15-87 (HR); Lane 12: HE15-80 (S). HR: highly resistant to smut;
HS: highly susceptible to smut; S: susceptible to smut

Fig. 4: Verification test of the developed SCAR primer pair Ss44-L2/Ss44-R2 on two DNA bulks (resistant DNA bulk and susceptible
DNA bulk) along with their respective DNA samples (A) and 34 sugarcane cultivars as controls (B-E) by PCR amplification in 1%
agarose gel electrophoresis. (A) M: DL2000 DNA marker; Lanes 1-6: resistant DNA bulk and five sugarcane lines with high resistance to
smut (HE15-17, HE15-33, HE15-62, HE15-81, and HE15-87); Lanes 7—12: susceptible DNA bulk and five sugarcane lines, including
three highly susceptible to smut (HE15-68, HE15-50, and HE15-10) and two susceptible to smut (HE15-63 and HE15-80). (B) M:
DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible DNA bulk; Lanes 3—12: Badila(S), CP65-357(S), CP89-2143(MS),
CP93-1382(R), F134(S), F177(MS), GT94-119(S), HoCP95-988(MS), LC05-136(S), NCo0310(S). (C) M: DL2000 DNA marker; Lanes
1 and 2: resistant and susceptible DNA bulk; Lanes 3—12: NCo376(R), Q157(HS), Q171(HR), Q179(MS), Q189(S), Q190(HR),
Q200B(R), Q205(S), ROC5(R), ROC10(HS). (D) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible DNA bulk; Lanes
3-12: ROC16(MS), ROC20(S), ROC22(HS), ROC25(MS), TC21(R), YC71-374(S), YC73-226(S), YT89-113(S), YT91-976(S),
YT91-1102(MS). (E) M: DL2000 DNA marker; Lanes 1 and 2: resistant and susceptible DNA bulk; Lanes 3-6: YT93-159(S),
YT96-86(MR), YT02-305(HS), B618(MR). HR: highly resistant to smut; R: resistant to smut; MR: moderately resistant to smut; S:
susceptible to smut; MS: moderately susceptible to smut; HS: highly susceptible to smut

marker-assisted breeding technology. Akano et al. (2002)
screened the marker SSRY28 linked to cassava mosaic
disease resistance by SSR markers combined with BSA
analysis. Khampila et al. (2008) used RAPD combined with
BSA to screen for RAPD markers of waxy corn leaf blight
resistance and transformed these into SCAR markers. Brito

et al. (2010) used AFLP combined with BSA to screen the
first leaf rust resistance marker of coffee Hibrido de Timor.
Xu et al. (2014) used ISSR markers combined with BSA
analysis to screen SRAP markers for downy mildew
resistance of radish. SCoT based on single-primer PCR
amplification is a novel molecular marker technology with
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the advantages of simple operation, low cost, rich
polymorphism, and good repeatability (Collard and Mackill
2007; Mulpuri et al. 2013; Feng et al. 2018); its
polymorphism is superior to ISSR or SSR, stability or
repeatability is superior to RAPD, and cost is significantly
lower than AFLP. In the development of markers linked to
target traits, the combination of SCoT molecular markers
and BSA analysis is a better choice. Hao et al. (2018)
successfully developed a SCAR marker for rapid
authentication of Taxus media using SCoT markers. Feng et
al. (2018) also screened for accurate identification of SCoT
markers in Physalis spp. and converted these to SCAR
markers. In this study, SCoT markers for sugarcane smut
resistance were the first screened and successfully
transformed into stable and single SCAR markers using
SCoT markers combined with BSA analysis based on
disease-resistant segregated population from the offspring of
the same cross combination. The SCAR marker developed
in this study was validated in the two gene pools (resistant
and susceptible) and their individuals, as well as in 34
control cultivars with known resistance to smut.

The accuracy of assisted selection of target traits by
molecular markers is a key factor for the successful
application of molecular markers. Although the smut-
resistant SCAR marker developed in this study has good
accuracy (82.35%) in the validation test of 34 cultivars with
known resistance, some SCAR marker detection results of
six control cultivars were discordant to their known
resistance (i.e., the SCAR markers of the four known
susceptible cultivars F134, NC0310, Q157 and YC71-374
were positive, and two known resistant cultivars Q200B and
ROC25 were negative) (Fig. 4B-D). Previous reports have
described  physiological races or  pathogenicity
differentiation of S. scitanmineum. In the early 1990s, there
were two races of S. scitanmineum in mainland China,
namely, races 1 and 2 (Leu and Teng 1998), in which
NCo310 is susceptible to race 1 but resistant to race 2,
whereas F134 is susceptible to race 2 but resistant to race 1.
In recent years, new races or pathogenic strains of S.
scitanmineum different from the above two races have
appeared in mainland China (Shen and Deng 2011; Deng et
al. 2018). In this study, the mixed teliospore of S.
scitanmineum (collected in Zhanjiang, Guangdong, China,
in May 2015) was used to artificially inoculate the
population materials to determine their resistance to smut
disease. However, due to unclear factors such as
physiological race information of the mixed teliospores
inoculated and physiological race types of resistance or
susceptibility in separated populations, the linkage between
the smut-resistant SCAR marker developed in this study and
the physiological race of the host that was resistant to S.
scitanmineum requires further investigation. Therefore, the
above-mentioned SCAR marker detection results are
discordant to its known resistance and may be attributable to
the differentiation of physiological races of S.
scitanmineum, which requires further investigation. Since

the identification results of smut resistance are affected by
the environment and teliospore sources (Shen et al. 2014,
Khan et al. 2017), in developing smut-resistant markers, it is
recommended to use teliospores from the same sources to
conduct poly-year and multi-place artificial inoculation
identification, which determines smut resistance of
individuals of bulked pools and validation cultivars. Then,
artificial identification results are combined with the poly
years and multi-place field resistance performances in
teliospore collection locations to comprehensively evaluate
smut resistance levels. In addition, it is suggested that
multiple resistance linkage markers or functional gene
markers for the same target trait should be selected
simultaneously to improve the accuracy and reliability of
the detection results (Talukder et al. 2014; Ukoskit et al.
2019).

Molecular marker-assisted breeding can greatly
improve the efficiency and accuracy of target trait selection
in crop variety improvement. Nowadays, some traits such as
disease resistance (Daugrois et al. 1996; McNeil et al.
2010), virus resistance (Costet et al. 2012), yield (Aitken et
al. 2006), and stem color (Raboin et al. 2006) of sugarcane
have been identified using markers. Among these, the
marker of sugarcane rust resistance has been applied to the
improvement of sugarcane rust-resistant varieties. However,
the development of molecular markers for resistance to smut
in sugarcane has rarely been reported (Xu and Chen 2004;
Khan et al. 2017) and has not been applied in the
improvement of sugarcane varieties resistant to smut. The
resistance detection results of the bulked pools and their
individuals by SCAR marker developed in this study
showed 100% concordance with their known resistance, the
coincidence degree of the 34 validation cultivars was
82.35%, and the correlation between the detection results of
SCAR markers and known resistance levels was significant.
Whether the SCAR marker can be further applied to the
MAS of sugarcane smut resistance variety improvement
requires further verification.

Conclusion

To conclude, a sugarcane smut resistance SCoT marker
(HE-Ss44) was obtained based on SCoT combined with
BSA and successfully converted into a single, stable, and
reproducible  400-bp SCAR marker Ss44-F2/R2(5'-
GGCGGGCACCGTCGAGTCCACAT-3/5-CCGTCCGTC
GGTCTCGTCCTTACG-3). The resistance detection
results of the bulked pools and their individuals using the
SCAR marker showed 100% concordance with their known
resistance, the coincidence degree of the 34 validation
cultivars was 82.35%, and the correlation between the
detection results of SCAR markers and known resistance
levels was significant. The sugarcane smut-resistant SCAR
marker developed in this study can be utilized in molecular
marker-assisted selection of sugarcane smut-resistant
varieties.
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