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Sorghum (Sorghum bicolor (L.) Moench) is one of the most promising bio-energy crops with
the ability to produce high biomass with low input. Plant height that has a significant
contribution to gain in bio-ethanol production is among the most important biomass yield
components. In the present study, sorghum genotypes were screened with four SSR markers
which are associated with plant height QTLs. The molecular assays were confirmed with two
different environments in two consecutive years. In the first year of the study, molecular
analyses were performed with a sorghum collection consisting of 551 accessions as well as
plant height measurements were performed under field condition. In the second year, 53 out of
551 accessions were selected and further tests with nine controls were performed in Antalya (a
lowland province) and Konya (a highland province) locations along with molecular marker
analyses. The results indicated that four SSR markers efficiency were assessed as 38% at
lowland and 39% at highland. Markers 40-9187 and 37-1740 were of more powerful to
explain plant height QTLs than the other two markers at two environments. This study
reported the successful application of the association between markers and plant height in two
environments to identify valuable genetic resources for bio-energy production in sweet
sorghum.
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Sorgum (Sorghum bicolor (L.) Moench), diisiik girdi ile yiiksek biyokiitle iiretebilme
yetene@ine sahip umut verici biyo-enerji bitkilerinden biridir. Biyoetanol iiretiminde kayda
deger katkilar olan bitki boyu, biyokiitle verimini olusturan en 6nemli bilesenler arasindadir.
Bu calismada, sorgum genotipleri bitki boyu QTL'leri ile iligkili doért SSR marker ile
taranmustir. Molekiiler analizler, ardigik 2 yil ve 2 farkli ortamda dogrulanmustir. Calismanin
ilk yilinda 551 genotipten olusan sorgum koleksiyonunda molekiiler analizler ve tarla
kosullarinda bitki boyu 6lgiimleri yapilmustir. ikinci yilda ise 551 genotipten 53'ii segilerek,
dokuz kontrol ¢esit kullanilarak molekiiler analizler ile birlikte Antalya (ova) ve Konya (yayla)
lokasyonlarinda ileri testler gerceklestirildi. Sonuglara gore; dort SSR markerin verimliligi
ovada %38 ve yaylada %39’dur. 40-9187 ve 37-1740 markerleri, iki ortamda da diger iki
markore gore bitki yiiksekligi ile iliskili QTL'lerin agiklanmasinda daha giiclii olarak
belirlenmistir. Bu ¢alisma, seker sorgumda biyo-enerji iiretimi igin degerli genetik kaynaklari
belirlemek adina iki ortamda da markerler ve bitki boyu arasindaki iliskinin belirlenmesinde
bagsarili bir sekilde uygulandiginin bildirilmesidir.

1. Introduction

Sorghum (Sorghum bicolor (L.) Moench) has been (Almodares et al. 2006; Rooney et al. 2007; Saballos 2008).
recognized as ‘smart’ crop for ethanol production with high Moreover, this crop stocks sugar in its stalk with a
biomass production and high sugar concentration in its stalk concentration of 8-20% (Rains et al. 1990). Comparing with the
(Rooney et al. 2007; Felderhoff et al. 2012; Han et al. 2012, other crops like; wheat, sugarcane and maize which are used for
2013). Sorghum has an effective water usage which provides to human and animal consumption, all these benefits make
be competitive against drought stress and high temperature sorghum a potential crop for bio-energy (Murray et al. 2008).
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To increase biomass production, the alteration of plant
architecture is among the most important breeding purposes.
Plant height is a significant component of structure that is
positively and strongly correlated r= 0.68-0.7 (Murray et al.
2008) r= 0.355 (Ritter et al. 2008) with biomass productivity
(Salas Fernandez et al. 2008; Zhao et al. 2009). Although taller
genotypes are likely to lodge and can mature late (not always),
these varieties have more advantages to produce more biomass
with higher sugar content (Ritter et al. 2008; Murray et al.
2009). Because of significant correlation between height and re-
growth fresh biomass, better ratoon is produced in taller
genotypes (Murray et al. 2008) and less grain mould is seen on
taller genotypes (Klein et al. 2001).

In sorghum, four major loci; Dwl, Dw2, Dw3 and Dw4 that
regulate plant height by modifying internodes length, have been
characterized (Quinby and Karper 1954). The first cloned plant
height gene was DW3 (SbPGP1) in sorghum (Multani et al.
2003). This gene, located on chromosome 9, has associated with
reduced lower internodes length and its role is an auxin efflux
transporter (Multani et al. 2003). On chromosome 7, SbPGP1
localizes with a height QTL (Murray et al. 2008; Brown et al.
2006). Dwl affected internodes length and contribute to the
variation in stem weight, located on SBI-09 (Hilley et al. 2016).
Moreover, dwl has diminished the cell proliferation activity in
internodes (Yamaguchi et al. 2016). Dw2, located on SBI-06, is
linked to the major photoperiod-sensitivity locus, Mal (Quinby
1967; Lin et al. 1995; Klein et al. 2008).

Advances in molecular technology have provided valuable
tools for breeding implementations such as genetic diversity,
linkage map, QTL mapping and marker assisted selection. Use
of marker systems for quantitative traits which have economic
importance supplies an opportunity to develop genotypes with
desirable trait(s). Since sorghum is becoming crucial as a bio-
energy crop, several studies have been carried out linked to the
genetic characterization of plant height (Multani et al. 2003;
Feltus et al. 2006; Brown et al. 2008; Mace and Jordan 2010;
Wang et al. 2012; Morris et al. 2013; Upadhyaya et al. 2013;
Reddy et al. 2013; Hilley et al. 2016; Yamaguchi et al. 2016;
Shuklaa et al. 2017). Although plenty of markers have been
improved for most of crop, SSR markers have been used
extensively for application in breeding program (Wang et al.
2012). Moreover, these markers have low
development/detection cost and high reproducibility (Wang et
al. 2012; Madhusudhana 2015). In conjunction with molecular
analysis, further field studies are needed to confirm markers
associated with plant height that is affected by many QTLs
(Quinby and Karper 1954; Multani et al. 2003).

In the present study, the sorghum collection consisting of
560 genotypes including sorghum mini core collection were
screened with SSR markers linked to the plant height QTLs and
those validity and efficiency were revealed with phenotyping in
both lowland and highland conditions.

2. Materials and Methods

2.1. Genetic materials

The genetic material consisted of 560 sorghum genotypes.
Of the 560 sorghum genotypes, 309 were provided by USDA
(United States Department of Agriculture) and 242 were from
ICRISAT (International Crops Research Institute for the Semi-
Arid Tropics) gene banks. Nine cultivars registered in Turkey
were also the genetic material of the study.

2.2.Field trials

Field experiments were conducted in Konya (a highland
province) and Antalya (a lowland province) locations in the
growing seasons of 2013 and 2014. Five hundred fifty one
sorghum genotypes and 9 cultivars were grown at the West
Mediterranean Agricultural Research Institute’s fields of
Antalya, Turkey on 19 May. With the presence of desirable
banding pattern which showing close association with the plant
height QTLs, 53 genotypes were selected. These genotypes and
nine cultivars were planted in a randomized complete blocks
design with three replications on 14 May in the highland
(37°34'N and 32°47'E, 1016 m above sea level) and on 21 May
in lowland (36°52'N and 30°50'E, 41 m above sea level)
locations in 2014. Each plot consisted of four rows of 5 m long
with a row spacing of 70 cm.

2.3.Phenotyping and classification

Three representative plants of each plot were measured for
plant height as the distance between ground and the top of the
panicle after full panicle emergence in all the years. The
average plant height was calculated for each genotype in all
locations. The genotypes were classified as tall if plant height
was over 2 m (Wang et al. 2012).

2.4. Molecular analyses

2.4.1. DNA isolation

Young leaves of every genotype grown in each year and
location were sampled for DNA isolation. Genomic DNA was
isolated from leaf tissues following the CTAB protocol (Doyle
and Doyle 1990) with minor modifications. The quality and
quantity of DNAs were controlled with a A DNA in 1% agarose
gel electrophoresis.

2.4.2.SSR marker analyses linked to the plant height QTLs

A total of four SSR markers, 44-2080, 40-1897, 37-1740
and 23-1062, reported by Wang et al. (2012) were used to
screen the sorghum collection for the plant height QTLs. PCR
amplifications were performed in a 20 pL reaction containing 2
uL of 10x PCR buffer, 0.4 mM of dNTPs mix, 2.5 mM of
MgClz, 10 pM forward and reverse primers (Wang et al. 2012)
1 unit of Taq DNA polymerase, 2 uL genomic DNA template
and Milli-Q water, using thermo cyclers (Thermo Fisher,
TCAO0096, Finland). The protocol was initiated with 95°C for 5
min, 30 cycles of 95°C for 20 s 56°C for 20 s, 72°C for 1 min
and final extension of 72°C for 7 min. A total of 12 pL PCR
products were used to separate on 2.5% agarose gel with
ethidium bromide in electrophoresis at 75 V for 3 h. Different
bands grouped according to respective size comparison with
100 bp ladder DNA size markers.

3. Results

3.1. QTL analyses

Four SSR markers, 44-2080, 40-1897, 37-1740 and 23-1062
associated with the plant height QTLs were used to evaluate
genotypes in agarose gel after PCR amplification. Analysis of
four SSR markers for each genotype was classified into two
groups as tall and short plant height based on the report
presented by Wang et al. (2012). The 40-1897 marker produced
264 bp allele in 431 genotypes indicated that they were of the
related plant height allele while 244 bp band pattern associated
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with short height were identified in 88 genotypes. 30 genotypes
produced no amplification with this marker. 446 and 473
genotypes were amplified with the 37-1740 and 44-2080
markers, respectively showing that short plant height alleles
were presence.

In the second year, molecular analysis was performed with
the use of selected 53 genotypes and nine sorghum cultivars for
both locations. 39 genotypes and 3 cultivars showed the tall
plant height amplification with 264 bp in the analysis of 40-
1897 marker for both locations (Fig. 1). The 44-2080 marker
was observed in 62 genotypes in both locations. The 37-1740
marker produced no band in 30 and 32 genotypes in the lowland
and highland locations, respectively meaning that they had the
tall plant height allele (Fig. 1). For all the locations and years,
the tall plant height allele was presented in higher frequency
than the short height allele.

3.2. Phenotyping

All the genotypes were grouped based on the height data
(tall versus short) for all the environments and years. Wide
variation for plant height was observed in the sorghum
collection; starting from 94 to 380 cm. While 352 genotypes
which were determined 256 cm in the average of height were
classified as tall group, 197 genotypes (two genotypes did not
germinate) were grouped as short.

The average height of the selected material and nine
cultivars was 241 cm at highland and 276 c¢m at lowland (Table
1). Only one genotype, BSS376 was classified as short plant
height with measurements of 146 cm and 169 cm in highland
and lowland, respectively whereas the remains were classified
as tall plant height. This result indicated the power and accuracy
of the selection made for plant height character. BSS532 and
BSS336 were identified as the tallest genotypes in both
locations.

3.3. QTL markers efficiency for plant height

Significant associations were observed between the marker
scores and the phenotypic data. The 23-1062 marker explained
48.09% of the height variance in the sorghum collection. The
37-1740 and 40-1897 markers were more efficient than the
other two markers with the explained height variance of 54.08%
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and 56.99%, respectively (Table 2). The overall marker
efficiency was 49.86% in the entire sorghum collection.

In the selected material, 44-2080 marker was the least
association with the height data with a value of 8.06% for
highland and 16.12% for lowland. In consistency with the
previous year results, 37-1740 and 40-1897 had the strongest
association in both locations, which were 43.54% and 62.90%
for highland, 50% and 72.58% for lowland, respectively (Table
2).

4. Discussion

The first step of genetic improvement of sorghum for bio-
energy is to enhance its biomass (Murray et al. 2008). Plant
height in sorghum, after it was determined that highly positive
correlated with biomass (Murray et al. 2008; Ritter et al. 2008;
Zhao et al. 2009; Burks et al. 2015) has become the main aim of
selection/breeding for bio-energy resource.

The genome of Sorghum bicolor is approximately 730 Mbp
(Paterson et al. 2009). Its genome is relatively smaller than
other important crops such as wheat (approximately 17000
Mbp. (Zhang et al. 2012)) and sugarcane (2547-3605 Mbp,
(Bowers et al. 2003)), except rice (389 Mbp, The international
rice genome project). Plant height, however, is a complicated
trait controlled by major QTLs, and progress in improving plant
height through traditional breeding has been slow, but
molecular markers based breeding can achieve rapid genetic
gains in plant height. To date, some important molecular
markers associated with height have been identified for
molecular breeding in sorghum. For example, Xgap72,
pSB0945, Xtxp343, pSB0301 and Xtxp265 height markers
identified by Murray et al. (2009) using with 125 genotypes
with the aid of 47 SSR and 322 SNP markers. Among these,
Xgap72, pSB0945and Xtxp265 were in line with other previous
published QTL studies (Lin et al. 1995; Feltus et al. 2006;
Brown et al. 2006; Pereira and Lee 1995). Ongom and Ejeta
(2018) on chromosome 6, identified a new quantitative trait
locus for plant height using with multi-parent advanced
generation intercross (MAGIC) population. Bai et al. (2017)
evaluated RIL (Recombinant Inbreed Line) population
including 189 genotypes and identified 6 QTLs for plant height.
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Figure 1. Agarose gel showing the amplification products of a number of accessions using the QTL markers, 40-1897 (a), 37-1740 (b).
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Table 1. Plant height measurements of the selected genotypes and nine sorghum cultivars at the highland and lowland locations.
Plant Height (cm)

Accession No. USDA/ ICRISAT ID Highland Lowland
BSS5 Pl 144134 248 291
BSS27 P1 154988 198 240
BSS46 P1 170787 286 306
BSS47 P1 175919 286 314
BSS55 P1 196049 222 229
BSS57 P1 196598 139 221
BSS58 P1217691 289 317
BSS59 P1218112 243 278
BSS62 P1 255239 247 279
BSS67 P1273465 270 364
BSS69 P1273969 254 304
BSS73 P1533998 194 287
BSS78 P1586541 292 299
BSS79 P1 641807 256 266
BSS80 P1 641810 249 237
BSS81 Pl 641815 264 260
BSS82 P1 641817 265 295
BSS83 Pl 641821 263 273
BSS84 Pl 641834 271 267
BSS85 P1 641835 161 224
BSS86 Pl 641862 211 239
BSS91 Pl 651495 220 361
BSS100 P1155746 275 317
BSS246 P1330128 254 252
BSS312 P1646858 261 283
BSS314 IS 602 265 260
BSS320 IS 1212 279 324
BSS325 IS 2389 255 268
BSS331 1S 2902 234 264
BSS332 IS 3121 232 248
BSS336 IS 4092 303 322
BSS359 IS 7957 268 250
BSS367 1S 9113 282 325
BSS376 1S 11619 146 169
BSS402 IS 15744 257 269
BSS410 IS 18039 204 275
BSS422 IS 20632 231 356
BSS423 IS 20679 245 260
BSS424 IS 20697 272 381
BSS429 IS 20816 260 325
BSS456 IS 24453 267 317
BSS473 IS 26222 255 284
BSS474 IS 26484 224 258
BSS496 IS 29187 290 314
BSS497 1S 29233 237 283
BSS505 IS 29358 208 265
BSS507 IS 29441 280 274
BSS508 IS 29468 295 332
BSS510 IS 29565 293 312
BSS515 IS 29654 289 300
BSS517 IS 29714 226 318
BSS518 IS 29733 184 266
BSS532 IS 30466 307 363
ROX - 214 243
Aldari - 121 162
Akdari - 113 112
Beydari - 129 161
Ogretmenoglu - 133 144
E.S. - 230 248
Gozde 80 - 301 315
Leoti - 232 267
Nes - 251 281

-2 Sorghum cultivars are registered in Turkey.
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Table 2. Association between the SSR markers and plant height in the sorghum collection and the selected materials in two environments.

% variance explained

Markers . . *Selected materials (2014)
Entire collection (2013) -
Highland Lowland
23-1062 48.09 24.19 25.80
37-1740 54.08 43.54 50.00
40-1897 56.99 62.90 72.58
44-2080 40.29 8.06 16.12

*Selected materials: selected fifty three genotypes and nine cultivars.

Using sorghum mini core collection with 703 SSR markers and
phenotypic information, Upadhyaya et al. (2012) was developed
a marker, 39-1833, which was 84 kb distance from photoperiod
response gene (Ma/SbPRR37), associated with height and
maturity. Moreover, Upadhyaya et al. (2013) were determined
height SNP linked to peroxidase gene, Prx53, regulates plant
height through its auxin metabolism. Wang et al. (2012) were
defined four SSR markers related to plant height QTLs in
sorghum with using sorghum mini core collection developed by
Upadhyaya et al. (2009). These four markers were of a valuable
tool to perform this research. We report here that both 40-9187
and 37-1740 SSRs had a powerful marker to find out genotypes
which have a tall genetic background. Those markers efficiency
was confirmed with selected genotypes in all the environments.
The results agrees with Wang et al. (2012) study which reported
marker 40-9187 had the strongest effect on plant height with
26.5% in ICRISAT and 13.9% in UL Lafayette.

Origin of sorghum is African, but the domestication may
have been occurred elsewhere (Kimber 2000). The five basic
races (bicolor, guinea, caudatum, kafir and durra) were
described in sorghum (Harlen and De Wet 1972; Mann et al.
1983). Moreover, there are ten intermediate races (guinea-
bicolor, guinea-caudatum, guinea-kafir,  guinea-durra,
caudatum-bicolor, kafir-bicolor, durra-bicolor, kafir-caudatum,
kafir-durra, and durra-caudatum) seen on different parts of the
world. In this study, genotypes confirmed by molecular markers
as a tall were identified predominantly durra which is generally
tall with a good quality (Hariprasanna and Patil 2015) and
caudatum which is usually medium to tall with high yield
(Mann et al. 1983).

Further field studies in different locations for plant height
controlled more than one major QTL and significantly affected
by environment were needed to confirm genetic evaluations.
The plant height QTLs were therefore comparatively analyzed
with the real field data in two different environments. However,
the markers efficiency in lowland (38%) was almost the same
comparing with the highland (39%). This result obviously
showed the stability of the QTL markers used in the study.

It is also important to mention here the powerful selection
performed for plant height character in the study. Within the 53
selected genotypes with regard to plant height character using
both genotypic and phenotypic data, only one genotype
(BSS376) was classified as short plant stature in both locations
while the remains were of tall plant height.

5. Conclusion

Measurement of plant height and thus determining tall
plants in sorghum seem to be possible by basic phenotyping.
Nevertheless, plant height is strongly influenced by
environment as in many other QTLs. Hence, the related QTL(s)
for plant height in sorghum could be masked or overreacted by
environment. Molecular marker confirmation is therefore an

effective way to plant height characterization. In this study, two
QTL markers (40-9187 and 37-1740) were of high and
consistent efficiency in all environments for plant height
characterization. Fifty three genotypes that were selected with
the QTL markers and evaluated at two different environments
might be used as a gene pool to improve bio-energy types in
sweet sorghum and these two QTL markers will be complement
to achieve gains in DNA level for plant height beyond
traditional breeding approaches.
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