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ABSTRACT

Sorghum (Sorghum bicolor (L) Moench) is an important crop originated in Africa that shows
susceptibility to herbivores. In this study, we identified two sorghum genotypes with highly
contrasting levels of stem damage caused by the caterpillars of Asian stem borer (Ostrinia
furnacalis Guenée). Recombinant inbred lines (RILs) from genetic cross between resistant (BTx623)
and susceptible (NOG) sorghum were used to perform a quantitative trait locus (QTL) analysis in
the field. Two major QTLs responsible for higher NOG infestation by stem borer in three
independent field seasons were detected on chromosomes 7 and 9, interestingly in positions that
overlapped with two major QTLs for plant height. As plant height and stem borer damage were
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highly correlated, we propose that sorghum height-associated morphological or physiological
traits could be important for stem borer establishment and/or damage in sorghum.

Introduction

Sorghum (Sorghum bicolor (L.) Moench) is the world’s fifth
most important cereal crop in terms of production and
area of coverage, after wheat, rice, maize, and barley
(Ahmed et al. 2000). Because of drought tolerance and
high biomass, sorghum became an important asset in the
semiarid areas of sub-Saharan Africa (Wortmann et al.
2009; Ogbaga et al. 2014). For example, in Uganda it takes
the second place amongst cereals after maize (Wortmann
et al. 2009). Sorghum also has great potential as a biofuel
crop, as high sorghum biomass (stalks, leaves, and grains)
can be converted into liquid (bioethanol and bio-oil), gas
(biohydrogen, biogas, and syngas), and solid (biochar) bio-
fuels (Stamenkovic et al. 2020). Sorghum is also utilized as
feedstock for animals (Ahmed et al. 2000), thus complement-
ing an extremely broad spectrum of uses in this economically
important C, plant (Xin et al. 2021).

Despite having such enormous potential, serious annual
yield losses are reported in sorghum due to environmental
stresses (Perumal et al. 2018; Fakrudin et al. 2021). Biotic
stress conditions mainly include pathogens, as well as various
types of herbivores, for which the stem borers can heavily
reduce the yield of grain crops, including sorghum (van
Rensburg and Flett 2010; Mulaa et al. 2011). In addition to
stem borers, other pests such as sugarcane aphids (Melana-
phis sacchari Zehntner), greenbugs (Schizaphis graminum
Rondani), and shoot fly (Atherigona soccata), and recently
the invasive sorghum aphid (Melanaphis sorghi Theobald),
represent imminent threats in sorghum production (Zhu-
Salzman et al. 2004; Satish et al. 2009; Wang et al. 2013;
Mohammed et al. 2016; Tetreault et al. 2019; Elkins et al.

2022). Although plants evolved elaborate defense mechan-
isms against herbivores (Howe and Jander 2008; Wu and
Baldwin 2010; Guo et al. 2019; Wari et al. 2022), only certain
varieties and/or their wild predecessors show effective resist-
ance to insect pests. This also applies to stem borers that dis-
integrate plant stems and eventually interrupt nutrition and
water transport to developing grains (Muturi et al. 2012;
Visarada et al. 2016). In addition, larvae after hatching
start feeding on the young leaves that reduces photosynthesis
and diverts essential plant resources from growth to defense.
In many crops, such as maize, genetic manipulations, and
use of Bacillus thuringiensis (Bt) toxin genes partially relieved
stress imposed by insect pests (Li et al. 2021). However, this
approach requires existence of efficient transformation
methods for each target crop and favorable country policies
for release and use of GMO plants. Some sorghum cultivars
could be transformed but technology is far from routine and
sorghum remains recalcitrant to genetic transformation
(Visarada et al. 2016). Therefore, in addition to use of pesti-
cides for stem borer control (Cui et al. 2017) and intercrop-
ping and using push-pull strategy (Shiferaw and Dargo
2019), traditional breeding and genetic selection methods
remain of high importance as novel sources of stem borer
resistant germplasm (Ananda et al. 2020).

Rapid progress in molecular genetics and access to whole
genome sequence in sorghum enabled improvement of sor-
ghum stress resilience (Paterson et al. 2009; Zheng et al.
2011; Mace et al. 2013; Xin et al. 2021). Previous studies
on abiotic stress resistance, such as drought, already high-
lighted some major genetic components that regulate
drought stress tolerance in sorghum (Crasta et al. 1999;
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Kebede et al. 2001; Sanchez et al. 2002; Sabadin et al. 2012;
Borrell et al. 2014). Genes for physiological and morphologi-
cal traits have also been actively investigated in sorghum
(Disasa et al. 2018; Takanashi et al. 2021). Recently, a
RAD-seq-based high-density linkage map was constructed
to study the genetics of sorghum biomass-related traits,
using the Japanese landrace Takakibi (NOG) as novel source
of natural variation (Kajiya-Kanegae et al. 2020).

The BTx623 (standard) and NOG (landrace) sorghum
varieties differ in many morphological and physiological
characters as shown by Kajiya-Kanegae et al. (2020). Taka-
kibi is a generic name of grain sorghums used in Japan but
its origin probably lies in China, where it was domesticated
into local accessions with high genetic diversity (Shehzad
and Okuno 2015; Ohnishi et al. 2019). In contrast, BTx623
is an inbred cultivar of US origin, which is the source of sor-
ghum reference genome (Burow et al. 2011). According to
population structure analysis, BTx623 and NOG belong to
divergent phylogenetic groups, representing Southern Afri-
can and Asian accessions, respectively. To explore this high
genetic diversity, 3710 single nucleotide polymorphism
(SNP) markers have been generated by RAD-based sequen-
cing, and genetic information was applied to F6 generation
of 213 recombinant inbred lines (RILs) originated from
BTx623/ NOG genetic cross (Kajiya-Kanegae et al. 2020).
In addition to morphological and physiological traits
(Kajiya-Kanegae et al. 2020), mechanisms that limit excess
cadmium accumulation in sorghum grains were recently
identified using this resource (Wahinya et al. 2022). Further-
more, NB-LRR-encoding genes conferring susceptibility to
organophosphate pesticides (Jing et al. 2021), and the domi-
nant gene inhibiting awn formation in sorghum (Takanashi
et al. 2022) were reported with aid of this RIL population.

In the current study, a set of 213 RILs have been planted
in field to identify genetic loci associated with insect damage.
Tiller production, heading time, and plant height parameters
were included as complementary traits. We found that sus-
ceptibility of NOG to stem borers associates with two
major QTLs located on sorghum chromosomes 7 and 9. As
QTLs for height in the RILs were located in very similar pos-
ition, as those for stem borers, we propose that plant height
might be one of the important traits that determine insect
boring levels under natural field conditions.

Materials and methods
Plant materials and growth conditions

Two parental lines, BTx623 and NOG, and recombinant
inbred lines (RIL) populations were established as previously
(Kajiya-Kanegae et al. 2020). Seeds obtained from individual
RILs in Fg and successive generations were bulked to pro-
duce a set of 210 individual genotypes used in the 2016
field season (207 in 2017; 179 in 2018). Seeds were germi-
nated in commercial gardening soil mixture (Takii, Japan)
in standard cellular trays. Established seedlings were trans-
planted to field plot at the Institute of Plant Sciences and
Resources (IPSR) (latitude: 34°35'31”N, longitude: 133°
46'7"E) in Kurashiki city, Okayama prefecture (Japan) at
the age of 3-4 weeks, at spacing of 50 cm between plants
in rows and 1 m between rows. Each RIL and parents were
planted in three different positions in a 20 x 20 m field plot
in 2016 and 2017, and in a single position in 2018. In each

plot position, a single plant with multiple tillers was used
for data collection. Tillers were scored separately for stem
borer and height, and then averaged for each plant to reduce
the individual differences between plants. Tillers and heading
were scored at plant level as described below. Ortran granu-
lar pesticide (Sumitomo, Japan) was applied to soil at
approximately 10 g per square meter for reducing early
damage from aphids and other herbivores on juvenile plants
before establishment. Soil was covered with black plastic
sheets to suppress weeds, and each plantlet was introduced
into soil via 10 cm opening in the plastic sheet. Plantlets
were watered on rainless days with ca. 1L tap water per
plant per day until young seedlings could establish (approxi-
mately 10 days after transplant), after which the sorghum
was left to natural field and weather conditions.

Phenotyping and field screening for stem borer
damage

After initial field observations of BTx623 and NOG parental
lines in 2015, Fs and higher generations of RILs and their
parents were subjected to full extent field trials with natural
herbivore infestation in 2016, 2017, and additional reduced-
scale supporting experiment in 2018. During 2016 growth
season, total damage on leaves of parental genotypes, caused
by chewing herbivores, was scored as percentage of total leaf
area removed from each plant at three different dates, on 21st
July, 4th August, and 30th August. Due to variable number of
tillers in each plant, all values were calculated on tiller basis
to avoid a possible bias in plants with more tillers. Practically,
leaves attached to each tiller were scored (scale 0% for no vis-
ible damage to 100% for complete leaf missing) and then
averaged to whole plant (n =5) if the individual had more
than one tiller. In inbred line population experiments, each
RIL was observed for the first opened panicle (n=3),
which was denoted as heading time (2016, 2017). At the
end of each growing season, plant height (2016, n=3;
2018, n=1) and tiller number (n=3) (2016, 2017) were
determined. Afterwards, sorghum plants (2016, 2017, n = 3;
2018, n=1) were longitudinally cut-open with a sharp
knife to inspect for stem borer infestations in each individual
tiller. Larval galleries in tillers belonging to separate
O. furnacalis larvae were scored and averaged for the
whole plant values to represent herbivore damage. In par-
ental line screens in 2015 (n = 10) and 2016 (n = 5), numbers
of entry/exit holes (2015) and Ostrinia furnacalis Guenée
(Lepidoptera: Crambidae) larvae (2015) in each tiller were
also counted and averaged to plant level.

QTL analysis of morphological and phenotypic values

QTL analyses were performed on morphological parameters
denominated as plant height (PH), heading time (HT), and
tiller number (TN), and on the estimates of stem boring
(SB) damage caused by O. furnacalis. Analysis was per-
formed with averaged means from the independent field
replicates (n=3) for morphological characters in 2016 and
2017, and single plant replica (n=1) in 2018. Stem borer
damage was averaged on tiller basis for each plant and
then used for analysis with averaged means of field replicates,
when available, i.e. in 2016 and 2017 seasons. For exact data
interpretations, PH represented maximal distance from soil
level to tip of the plant measured by tape measure tool; HT



Table 1. Summary of QTL with LOD > 3 in sorghum RILs (2016-2018).
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Trait Year Chr QTL Position (cM) Nearest marker Marker interval LOD PVE (%)
SB 2016 7 qSB7 86.8 Chr07.59811234 Chr07.59407685-Chr07.60168722 9.36* 143
9 qSB9.1 104 Chr09.57599415 Chr09.55806970-Chr09.57681027 8.46* 11.9
2017 7 qSB7 89.9 Chr07.60168722 Chr07.59811234-Chr07.60649532 13.76* 21
9 qSB9.2 94 Chr09.54737608 Chr09.53701996-Chr09.54737608 9.41* 13.1
2018 7 qSB7 86.8 Chr07.59727807 Chr07.59407685-Chr07.60649532 5.54* 9.9
9 qSB9.1 103.8 Chr09.57273964 Chr09.56467290-Chr09.57917278 9.74*% 16.9
PH 2016 2 qPH2 58.2 Chr02.12830788 Chr02.10868653-Chr02.14874906 3.97 3.8
7 gPH7 88.1 Chr07.60042098 Chr07.59407685-Chr07.60168722 18.21* 20.7
9 qPH9 103.5 Chr09.57166357 Chr09.56467290-Chr09.57681027 20.75* 25.2
2018 7 gPH7 88.8 Chr07.60042098 Chr07.59407685-Chr07.60649532 5.76* 16.7
9 qPH9 102 Chr09.56571248 Chr09.56467290-Chr09.57681027 15.37% 27
N 2016 2 qTN2.1 55.2 Chr02.10868653 Chr02.9693140-Chr02.12787658 421 6.9
3 qTN3 84.2 Chr03.57308596 Chr03.56855419-Chr03.57792292 3.39 6.7
7 qTN7 96.1 Chr07.61377072 Chr07.60917929-Chr07.61619656 4.88 7.1
2017 2 qTN2.2 100 Chr02.63056207 Chr02.62313503-Chr02.63543674 3.62 4.2
3 qTN3 793 Chr03.56272397 Chr03.54778726-Chr03.56855419 5.49*% 74
7 qTN7 90.1 Chr07.60168722 Chr07.59811234-Chr07.60917876 9.98* 10.1
10 qTN10 70.6 Chr10.51383060 Chr10.48920274-Chr10.52471709 3.76 6.3
HT 2016 1 qHT1.1 1.2 Chr01.892983 Chr01.634729-Chr01.1662588 4.16 6.3
8 qHT8 100.3 Chr08.59755469 Chr08.59631302-Chr08.60502415 9.27% 16.9
2017 1 qHT1.2 166.9 Chr01.79429466 Chr01.634729-Chr01.79661411 3.26 54
8 qHT8 100.3 Chr08.59755469 Chr08.59631302-Chr08.60502415 6.15% 16

Summary of QTLs with logarithm of odds (LOD > 3) recorded in sorghum RILs in 2016-2018 seasons. SB, stem borer galleries per tiller; PH, maximal plant height at
harvest; TN, tiller number per plant; HT; heading time. Asterisks show significant QTLs (P < .05) based on LOD levels obtained by permutation test with 1000

iterations. PVE represents percentage of variance explained by each QTL.

was time from germination to first opened panicle observed
on the plant; TN was scored at the end of growing season and
represented number of all tillers attached to the same plant;
SB means a number of stem tunnels caused by individual
Asian stem borer larva obtained after tiller dissection as
described above. A high-density genetic map using 3710
SNP markers from 213 F4 RILs was used as previously
(Kajiya-Kanegae et al. 2020). Software, R studio 2022.07.1
build 554 for Windows and R version 4.2.1 (R Core Team
2022), were used to perform QTL mapping and Pearson cor-
relations (Broman et al. 2003). QTLs were determined by
composite interval mapping (CIM) using R/qtl package
(Kajiya-Kanegae et al. 2020). LOD significance thresholds
for detecting significant QTLs were calculated by performing
1000 iterations using the R/qtl permutation test, and
reported in Table 1, together with other QTLs that showed
LOD values >3. Pearson correlations were performed using
the R/corr package (Broman et al. 2003).

Results

Sorghum plants transplanted in local field have soon become
attacked by various chewing herbivores, mostly lepidopter-
ous (Figure 1(A,B)), and suffered major damage when stem
borers damaged plant stems at maturity (Figure 2(A-C)).
Lack of nutrient supply to panicles caused symptoms
known as ‘dead heart’ (Figure 2(E,F)) and ‘white ear’ (Figure
2(D)). The main herbivore species attacking sorghum in the
field were caterpillars of Asian corn borer (O. furnacalis;
Figure 1(C,D)), which was also responsible for dead heart
symptoms (Figure 2(E,F)). Another herbivore found on sor-
ghum was Loreyi armyworm (Mythimna loreyi Duponchel)
which is also feeding on rice (Shinya et al. 2016). As chewing
damage on leaves from O. furnacalis and M. loreyi could not
be clearly distinguished, a total leaf damage from both chew-
ing herbivores is reported in the following text. At the time of
heading, sorghum plants were infested by aphids that
became dominant but transiently occurring field pest of sor-
ghum in mid-August/September.

After initial observations of field damage by herbivores,
two experimental sorghum varieties previously used in the
field experiments in Japan (Kajiya-Kanegae et al. 2020)
were used as genetic material to dissect sorghum plant-

Figure 1. Leaf damage on field sorghum during 2016. Sorghum seedlings were
transplanted in field plot and observed for herbivores and damage. (A) Leaf
damage caused by chewing herbivores on young plants. (B) ‘Shot hole’
damage caused by stem borer during young leaf rolled stage and before mov-
ing to stem. (C) Caterpillar of the most abundant chewing herbivore Asian corn
borer (0. furnacalis). (D) Adult moth of the same species.
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Figure 2. Stem and panicle damage on field sorghum. Field plants were
observed for stem and panicle damage and stem borer presence. (A) Displaced
purple pigmented pith in stem. (B) Caterpillar of Asian corn stem borer
(O. furnacalis) in stem of sorghum showing purple colored internal gallery.
(C) Clean/un-attacked section of stem. (D) Effect of stem borer on panicle
and grain development and formation of dead hearts; red square area is further
depicted in (E), (F). (E) Entry/exit holes of the larval stage of stem borers. (F)
Stem borer damage in sorghum stem with caterpillar of Asian corn borer
(O. furnacalis). Photos taken during 2016-2018 seasons.

insect interactions. Firstly, BTx623 is an inbred line with
short stems, while Takakibi (NOG) is local Japanese landrace
with longer tillers and premature stress-induced senescence
phenotype (Ohnishi et al. 2019). In 2015 and 2016 field sea-
sons, we examined if parental genotypes could show any
variation in their anti-herbivore resistance. Although subjec-
tive leaf damage from chewing herbivores was somewhat
lower in NOG compared to BTx623, levels in three consecu-
tive screens in 2016 remained variable and thus less suitable
for genotyping purposes (Figure 3(A)). In contrast, a clear
significant difference was found between BTx623 and NOG
in their stem-boring damage that was recorded at the time
of termination in 2015 and 2016. In initial screen in 2015,
we used 10 individual plants and scored damage in Septem-
ber. First, number of entry holes in each stem, taken as
measure of invasive attempt of O. furnacalis larva, was
recorded. There were significantly more entry holes in
NOG compared to BTx623 (Figure 3(B)). As proof of estab-
lishment, stem galleries (tunnels) and survival (larvae), were
counted after cut-opening each tiller. Both parameters were
significantly higher in NOG compared to BTx623 plants
(Figure 3(B)). Interestingly, displaced pith (Figure 2(A))
and internal stem areas around insect tunnels were often
purple pigmented (Figure 2(B)) in contrast to un-attacked
yellow-green stems (Figure 2(C)), suggesting that strong
defense reaction and accumulation of secondary metabolites
is triggered in sorghum stems.
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Figure 3. Quantification of sorghum damage caused by Asian corn borer. Sor-
ghum plants of varieties BTx623 and NOG were scored for damage from
O. furnacalis in two successive seasons. (A) Total leaf area damage (%) in
three assessments (21st July, 4th August, 30th August 2016). Note that percen-
tage of leaf area damage is reduced in time due to plant growth. (B) Entry
holes, stem galleries, and larvae per tiller in BTx623 and NOG plants in two
field seasons. Asterisks denote statistically significant differences between cul-
tivars at P<.05 (¥) and P<.01 (**) using Student’s t-test; ns indicates not
significant.

A RIL population derived from cross between BTx623
and NOG (Kajiya-Kanegae et al. 2020; Figure 4) was then
used for identification of QTLs associated with stem borer

BTx623 NOG

@ d

BTx623 x NOG

F1

F6
(213 RILs)

Figure 4. Scheme of RILs used for QTL detection. Parental sorghum plants of
NOG (male) and BTx623 (female) were crossed to produce F; plants. The F;
generation and recurrent self-pollination were used to get F¢ (for RAD-
sequence and mapping population) and higher generation seeds to establish
213 RILs for this field study. The actual number of RILs in each year varied,
as shown in text, because of lines that did not establish in some years.
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resistance and/or susceptibility. In this population, geno-
types of each RIL were established in F6 generation as pre-
viously described (Kajiya-Kanegae et al. 2020), and our
field experiments were performed using subsequent F8, F9,
and F10 populations in each year from 2016 to 2018, respect-
ively. Field data collected in 2016, 2017, and 2018 were
applied to high-density linkage map information based on
3710 RAD-seq markers for QTL analysis. From previous
data shown in Figure 3(B), we used number of stem galleries
as one of the most reliable signs of O. furnacalis establish-
ment. Using R with gt] package and custom parameters
designed by Kajiya-Kanegae et al. (2020), two major QTLs
associated with stem borer (SB) infestation and high logar-
ithm of odds (LOD) scores could be consistently found on
sorghum’s chromosomes 7 and 9 in each season (Figures 5;
Table 1). Interestingly, when maximal plant height (PH) at
the time of stem borer scoring was measured and analyzed,
two major QTLs at positions similar to SB loci on chromo-
somes 7 and 9 were detected (Figure 5). From loading
plots, SB and PH loci were associated with more galleries
and higher stems, respectively, in NOG compared to
BTx623 (Figure 6). When heading time (HT) was investi-
gated in 2016 and 2017, a major QTL was identified on
chromosome 8 (Figure 5(A)), which was clearly distinct
from the SB and PH loci. On the other hand, a dominant
QTL for tiller number was identified on chromosome 7
(Figure 5; Table 1), which was in close proximity of SB loci
on this chromosome. Overall, stem parameters seemed to

associate with corn borer activity, which was, however, unre-
lated to flowering time.

To further corroborate these ideas, correlation matrix for
all four parameters was created with corr function in R. As
significantly high correlation (r=0.56) was found between
PH and SB (Table 2), it further supported our view that
plant height and stem-boring activities might be linked as
discussed in following section.

Discussion

We show that sorghum plants in open environment are
under constant attack from chewing herbivores. The main
damage was caused by larvae of Asian corn borer
O. furnacalis, notorious pest of corn and other seed crops
in Asia (He et al. 2003; Cui et al. 2017). O. furnacalis is closely
related to European corn borer (Ostrinia nubilalis Hiibner),
which is, however, geographically distributed in Europe and
USA (Wu et al. 2018; Han et al. 2020). In our genetic analy-
sis, two major QTLs that associated with higher stem-boring
damage in NOG plants were identified.

In recent report by Muturi et al. (2021), QTLs associated
with stem borer infestation in sorghum have been reported
with a different insect system, showing that, amongst others,
QTLs for stem tunneling caused by African stem borer (Bus-
seola fusca Fuller) are located on chromosomes 7 and 9
(Muturi et al. 2021). A high correlation between stem tunnel-
ing and exit holes (r = 0.70) was reported in the study, which
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Figure 6. Effector plots for growth and herbivory-related QTLs in sorghum RILs. Effector plots of different herbivory and growth QTLs show that BB genotype
(NOG) is associated with higher trait values (SB, PH, and TN) as compared to AA genotype (BTx623).

is consistent with O. furnacalis data shown in Figure 3(B).
However, we found a strong correlation between plant height
and O. furnacalis galleries (r = 0.56), which was not true for
B. fusca (r=0.12). We assume that species-specific behav-
ioral differences in sorghum colonization by stem-boring
insects may be involved in this difference. Overall, our obser-
vations suggest that taller plants, despite benefits, such as
high biomass, may inherit some disadvantages and attract
more damage from insects in the field. At this point,
although we found that SB QTLs and PH QTLs are located
in similar positions on chromosomes 7 and 9, it is not yet
clear if the same genes are responsible for both traits. To
this end, fine mapping is necessary for qSB7 and qSB9 to

Table 2. Correlations between stem borer (SB), plant height PH), tiller number
(TN), and heading time (HT) in RILs in 2016.

identify the causative genes, that could be compared with
known sorghum genes contributing to plant height, Dwl
(Sobic.009G230800, Chr09:57093313-57095643;  Hilley
et al. 2016; Yamaguchi et al. 2016) and Dw3
(Sobic.007G163800, Chr07:59821905-59829910; Multani
et al. 2003).

However, even if genes are identical as purported in this
study, it will be still difficult to interpret stem borer pheno-
type because molecular functions of Dwl and Dw3 remain
unclear (Multani et al. 2003; Hilley et al. 2016; Yamaguchi
et al. 2016). In the following text, we discuss potential
reasons for taller sorghum plants to be more damaged by
O. furnacalis. As taller NOG plants could accommodate
more insect individuals in the same plant, relative to short
variant Btx623, space sensing by herbivores is proposed as
one of the plausible mechanisms. This would mean that lar-
vae can estimate ‘space’ needed for their own development

B PH ™ Tt and they would not bore into stems already occupied by
SB 1 0.563 0.196 0324 (conspecific) competitors. It has been shown previously
PH 1 0.407 0477  that tunnel length is often correlated with plant height
m ! ?‘23 (PH) and stem diameter (SD) (corn, SD, Ali et al. 2015;

Correlations between SB, PH, TN, and HT in RILs during 2016 field season are

shown.

corn, PH, Lépez-Malvar et al. 2021; rice, SD, PH, Hosseini
et al. 2010), suggesting that taller and/or wider plants may



indeed provide a better opportunity for insect development.
Previously, QTLs for PH and tunnel length in maize have co-
localized on chromosome 3 (Ordas et al. 2010) and chromo-
some 9 (Samayoa et al. 2014).

Alternatively, short BTx623 stems could be tougher to
penetrate due to more condensed stem structure. This
would be consistent with Diezel et al. (2011) showing that
plant’s apparency, stem hardness, and pith direct defenses
collectively contribute to resistance against stem borers. In
addition, Joo et al. (2021) reported that lignin provides indu-
cible stem-specific barrier that protects coyote tobacco
(Nicotiana attenuata Torr. ex S. Watson) from stem-boring
insects. It is noteworthy that stripped stem borer (Chilo sup-
pressalis Walker) infestation in rice was suppressed by low
nitrogen supply which, coincidentally, promoted accumu-
lation of phenolic acids and flavonoids, and increased lignin
formation as part of the constitutive rice defense against
C. suppressalis (Zheng et al. 2021). Higher silica uptake by
rice was associated with reduced feeding and impediment
of larval penetration (Tripathy and Rath 2017). Silicon
amendment complemented defense against pink stem
borer (Sesamia inferens Walker) in finger millet (Eleusine
coracana (L.) Gaertn.) (Jadhao et al. 2020), suggesting that
plant toughness is indeed one of the most important par-
ameters that control stem borer damage in plants.

Finally, sugar Brix (BR) QTLs were identified in relative
proximity of SB7 and SB9.1 (gBR7: Murray et al. 2008;
Guan et al. 2011; Bai et al. 2017; qBR9: Shiringani et al.
2010; Felderhoff et al. 2012). It is plausible that sweetness
could be another reason for corn borers to select NOG
over BTx623, since NOG would provide a higher nutritional
value due to high sugar content. Murray et al. (2008) already
reported a significant positive correlation between Brix and
plant height, lending support to our hypothesis that tallness
in NOG could be linked to higher sugar, which may all
together attract stem borers as observed in this study. How-
ever, it has also been shown that high sugar concentration in
sweet sorghum is not conditionally linked to tallness (Shukla
et al. 2017), suggesting that newly developed sweet but short
sorghum varieties could also be target of stem-boring insects.
Further research is needed to unravel the molecular basis of
stem borer infestation, possibly as a function of plant height
and/or sugar content.

Previously, Kong et al. (2013) and Kajiya-Kanegae et al.
(2020) reported robust QTL for heading time on chromo-
some 8. On the other hand, El Mannai et al. (2012) and
Casto et al. (2019) also reported QTLs for sorghum flowering
time on other chromosomes, for example, chromosome 2. In
our study, main heading time QTL was detected on chromo-
some 8, suggesting that difference in flowering time may not
be directly linked to stem-boring activity in NOG/BTx623
model system. In contrast, significant QTL for tiller number
was identified on chromosome 7, which was in the close
proximity of SB7. TN7 QTL is consistent with previous
report and presence of dominant QTL for vegetative branch-
ing on chromosome 7 (Kong et al. 2014), although other
QTLs on chromosomes 1, 2, 3, and 8 also contributed to
this trait.

Conclusions and future perspectives

In the current study, QTLs for stem borer resistance and
height in sorghum co-localized on the chromosomes 7 and
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9, implying that these traits might be useful targets for selec-
tion of plants resistant to stem-boring pests. Hopefully,
applied genetics and discovery of new genes in sorghum,
and applications in other crops, will support sustainable
food and bioenergy production in the future.
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