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Abstract
Relative expression levels of selected genes from the Heterosis-Related GeneDatabase exhibitingmore than 90% homologywith
sorghumwere studied in hybrids and their respective parental lines for a better understanding on the molecular basis of heterosis.
A high (27A × RS 673) and a low heterotic hybrid (7A × CB 26) of sorghum along with their parental lines were used for this
purpose. Twenty (15 maize and 5 rice) genes exhibiting more than 90% homology with that of sorghum were identified. The
maize genes ZmHG13, ZmHG16, and ZmhG19 exhibited more than fourfold increase over the male parent (RS 673) of high
heterotic hybrid during booting stage, which started decreasing during flowering stage. Similarly, the rice genes OsHG1 and
OsHG12 recorded > 2.5-fold increase. However, these genes recorded less than twofold increase during the same stage of the
plant in the low heterotic hybrid. Notably, among the genes that exhibited higher expression in the highly heterotic hybrid were
those coding for proteins, which were known to play crucial roles in the manifestation of heterosis in plants.
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Introduction

Sorghum (Sorghum bicolor L. Moench) is one of the most
important cereals, grown in semi-arid tropical regions of
Asia, Africa, and the world, mostly under marginal soils with
minimum inputs. It is a climate resilient crop and an excellent
C4 model plant. Exploitation of heterosis or hybrid vigor was
reported in sorghum as early as 1927 (Conner and Karper
1927), and the development of first sorghum hybrid dates
back to the late 1940s through the use of genetic male sterility
(Quinby 1974), achieving a yield advantage of 40% as com-
pared to the cultivars available during that time (Klein et al.
2008). With the discovery of both cytoplasmic male sterility

(CMS) and fertility restorer systems in 1952 (Stephens and
Holland 1954), commercial seed production of CMS-based
hybrids in sorghum began in 1956, resulting in the planting
of 95% area with hybrids and the realization of doubling the
grain yields (Quinby 1974; Smith and Frederiksen 2000). In
spite of successful exploitation of heterosis in sorghum, the
genetic and molecular basis of this phenomenon is not clearly
understood. In this scenario, a clear understanding of the
genes and mechanisms involved in the manifestation of heter-
osis will help the molecular breeders in the rapid and efficient
identification of suitable parental combinations from a large
genetic pool of parental lines as well as in broadening their
genetic base.

In sorghum, heterosis for grain yield is manifested by more
number of grains per panicle, mostly in the basal whorls
(Blum 1970) and through a larger size of panicle (Miller and
Kebede 1984). A larger apical dome observed in the sorghum
hybrid as compared to its inbred parents at the onset of panicle
initiation (Blum 1977) was not due to a prolonged vegetative
period as indicated by a relatively shorter duration of the veg-
etative period in the hybrid than that in its parents. The larger
apical dome in the hybrid could due to a larger seedling, indi-
cating the determination of at least a part of the panicle size at

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11105-018-1079-x) contains supplementary
material, which is available to authorized users.

* Passoupathy Rajendrakumar
rajendra@millets.res.in

1 ICAR - Indian Institute of Millets Research, Hyderabad, Telangana
State 500030, India

Plant Molecular Biology Reporter (2018) 36:418–428
https://doi.org/10.1007/s11105-018-1079-x

Author's personal copy

http://crossmark.crossref.org/dialog/?doi=10.1007/s11105-018-1079-x&domain=pdf
http://orcid.org/0000-0001-5858-6313
https://doi.org/10.1007/s11105-018-1079-x
mailto:rajendra@millets.res.in


early growth stages, viz., seed embryo and emerging seedling.
Based on this observation, Lippman and Zamir (2007) and
Sanghera et al. (2011) concluded that yield heterosis in sor-
ghum hybrid involves an early gain at the seed embryo and
emerging seedling stages, followed by growth and differenti-
ation of the apical meristem resulting in a bigger panicle with
more number of grains than its parents within a short time. As
per the genetic rules of heterosis in plants by Birchler (2013),
it is assumed that one general mechanism manifests heterosis
and the individual concepts are developed from different spe-
cies. However, it is possible sometimes an increase in yield or
other traits could be considered as heterosis, but in reality, the
basis may be distinct from the canonical examples.
Nevertheless, considering the similarity in the behavior of
heterosis and inbreeding depression across plant species, a
common principle underlying heterosis is likely and variants
of different genes could be involved in triggering a basic mo-
lecular mechanism.

Even though a lot of head way has been made in sorghum
through the identification of genomic regions associated with
grain yield and its components (Srinivas et al. 2009; Nagaraja
Reddy et al. 2013) and heterotic loci (Ben-Israel et al. 2012),
the transcriptomic studies are very much essential to precisely
understand heterosis since it is a genome-wide phenomenon
involving a complex network of genes involved in various
metabolic pathways. Several transcriptomic studies in maize
and rice have highlighted the importance of certain key met-
abolic pathways in the manifestation of heterosis, however,
they have also revealed the occurrence of common genes from
those pathways in many hybrids suggesting a likelihood of
regulatory mechanism(s) and their influence in most heterotic
combinations (Baranwal et al. 2012). In the last two decades,
differential gene expression studies in relation to heterosis
have been performed in crop plants involving techniques such
as differential display analysis (Zhang et al. 2012), cDNA-
AFLP (Nie et al. 2015), and microarrays (Bassene et al.
2010). Several projects investigating the phenomenon of het-
erosis in different crops have contributed to identification and
characterization of a number of heterosis-related differentially
expressed genes (DEGs) (Zhang et al. 2008; Wei et al. 2009;
He et al. 2010), and it has been reported that DEGs between a
hybrid and their parental inbreds are correlated with heterosis
(Guo et al. 2006; Thiemann et al. 2010).

Two of the three heterotic trait loci (HTL) identified in
sorghum for grain yield heterosis with synergistic intra-locus
effects by Ben-Israel et al. (2012) exhibited synteny with an
earlier reported over-dominant QTL in maize for grain yield.
Comparative genomics approaches help in the identification
of orthologous genes of agronomic importance in related crop
species. In this scenario, the availability of complete genome
sequence of sorghum (Paterson et al. 2009) and the published
Heterosis-Related Gene Database of rice and other crops
(HRGD; http://hrgd.big.ac.cn/index.html; Song et al. 2009)

have provided a perfect opportunity to select DEGs in
relation to heterosis, identify those that exhibit maximum
homology with sorghum, design primers, and validate their
expression in sorghum hybrids and their parental lines. The
present study used real-time PCR to analyze the expression of
20 heterosis-related genes (15 of maize and 5 of rice) available
in the HRGD that exhibited > 90% homologywith sorghum to
reveal their relative expression levels between hybrids and
their respective parental lines in order to identify genes that
are likely to be involved in the manifestation of grain yield
heterosis in sorghum.

Materials and Methods

Plant Materials

Two A1 cytoplasm-based sorghum male sterile lines (7A and
27A) were crossed with five fertility restorer lines (C 43, RS
673, RS 627, CB 26, and CB 29) in a factorial design during
post-rainy season 2012, and ten factorial F1 hybrids were ob-
tained. These parental lines are adapted to rainy season.
Pedigree and salient features of the parental lines are given
in Table 1.

Estimation of Grain Yield Heterosis

Seven parental lines and ten factorial hybrids were evaluated
in a randomized complete block design with three replications
in the Research farm at the ICAR – Indian Institute of Millets
Research, Hyderabad, India (latitude 17° 19′ N, longitude 78°
23′ E, 542.3 m above mean sea level) during the rainy season
of 2012. The crop was sown in 15 June and harvested during
the third week of October. During this period, the average
maximum temperature, minimum temperature, wind speed,
and rainfall were 30.7 °C, 22.3 °C, 7.7 km h−1, and
675 mm, respectively. Based on the estimated heterosis, two
hybrids—one exhibiting a high heterosis for grain yield and
the other exhibiting a low heterosis—were evaluated along
with their parental lines during the rainy season of 2013.
Days to flowering, plant height, panicle length, panicle
weight, 100-grain weight, and grain yield per plant were mea-
sured for 30 plants per genotype. Heterosis over mid-parent
(mid-parent heterosis) and better parent (heterobeltiosis) were
estimated as per the formulae given by Alam et al. (2004):

Mid‐parent heterosis Hmp

� � ¼ X x−Xmp

� �
=Xmp

� �� 100

Heterobeltiosis Hbp

� � ¼ X x–X bp

� �
=X bp

� �� 100

where BXx^ is the observed mean value of the hybrid,
BXmp^ is the mean of mid-parent value, and BXbp^ is
the mean of better parent.
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Genes in Sorghum Exhibiting Homology
to Heterosis-Related Genes in Public Domain

Heterosis-Related Gene Database (http://hrgd.big.ac.cn; Song
et al. 2009) contains information of 3775 DEGs among the
hybrid parent tissue panels from rice genomes generated at
Beijing Institute of Genomics and other genomes of major
cereal crops collected from published literatures. BLAST
analysis was performed using the sequences (maize, rice,
and wheat) in the database against the whole genome
assembly of sorghum (version 2.1). Maize and rice DEGs of
more than 400 nucleotides in length that exhibited homology
of > 90% with sorghum were arranged in the decreasing order
of homology. Primers were designed for 20 genes of maize
and rice for further standardization and use in studying their
expression in a high heterotic and a low heterotic hybrid in
relation to their parental lines. These 20 genes comprised of 15
genes of maize and five genes of rice, and the selection of
more genes of maize than rice was due to the fact that
sorghum is closer to maize than rice. The selection of genes
was done such that they are distributed across the sorghum
genome since heterosis is a complex biological phenomenon
involving a network of genes. Also, based on the reports
published earlier, the genes associated with heterosis such as
those coding for histones, UDP-D-glucuronate decarboxylase,
chlorophyll a/b binding protein, ribosomal protein, PPR repeat
family protein, etc., were selected. Gene-specific primers were
designed using Primer Express® Software (Applied

Biosystems, USA) for real-time PCR analysis using the maize
and rice gene sequences as template. The Tm was set to 60–
65 °C, with a Tm difference between primers less than 2 °C.
The range of amplicon size selected was between 100 and
300 bp. The primers for these 20 genes were used for the
standardization of PCR to get amplicons of expected size for
the gene expression studies through real-time PCR.

Isolation of Total RNA and Synthesis of cDNA

The description of growth stages in sorghum on a scale of 0–9
was given by Vanderlip and Reeves (1972) while this was
simplified into three growth stages, viz., planting to panicle
initiation (GS1), panicle initiation to flowering (GS2), and
flowering to physiological maturity (GS3) by Eastin (1972).
In this study, the leaf samples were collected from four paren-
tal lines (7A, 27A, RS 673, and CB 26) and two hybrids (27A
× RS 673 and 7A × CB 26) at vegetative, booting, and
flowering stages representing GS1, GS2, and GS3 stages, fro-
zen in liquid nitrogen immediately, and stored at – 80 °C. Total
RNAwas isolated using Trizol® (Invitrogen, USA) according
to the manufacturer’s instructions. Two independent
RNA extractions per sample (uppermost leaves pooled
from five plants) were performed for biological repli-
cates. The quality of isolated RNA was checked in de-
naturing gel, and the quantity was determined by
NanoDrop® 2000C (JH Bio Innovations).

Table 1 Details of parental lines used in this study

Parental
line

Parentage Salient features

27A Derived from the cross 83B × 199B Tan plant, green, broad and erect leaves, medium thick stem, well exerted, semi lax and
cylindrical ear head, 130–135 cm plant height, short length glume, cream color, bold and
round seed, light yellow and corneous endosperm

7A Selection from AKMS 14A Tan colored plant, pale green and drooping leaves, thick stem, exerted, semi-compact and
elliptical shape ear head, straw colored glume, awns absent, early flowering (60–65 days),
plant height 145–150 cm, photo-insensitive, freely threshable, medium size, corneous and
round seed

C 43 Derived from the cross CS 3541 × IS 23549 Tan colored plant, green colored and semi erect leaves, thick stem, touching ear head exertion,
compact and conical shape panicle, light red colored glume, 140–145 cm plant height,
photo-insensitive and freely threshable grain, awn absent, white, round, lustrous and bold
seed with corneous endosperm

RS 627 Derived from the cross RS 71 × M 35-1 Tan plant, enclosed inter-node, green colored drooping leaf, elliptical and semi-compact
panicle, glume straw colored and short, freely threshable, medium size round and white
seed

RS 673 Derived from the cross SPV 544 × K 24-1 Tan colored plant, green colored and drooping leaves, medium thick stem, well exerted ear
head, semi-compact and conical shape panicle, straw colored glume, 176 cm plant height,
photo-insensitive and partial threshable grain, awn absent, white, round, lustrous and
medium bold seed with corneous endosperm

CB 26 Derived from the cross SB 1066 × SPV 775 Tan plant with drooping leaves, semi-compact panicle, straw colored glumes, medium height
with white, round and bold seed

CB 29 Derived from the cross NSV 13 × SPV 475 Tan plant, medium tall and semi-compact panicle, light red colored glume, grains are white,
bold and flat on one side and are easily threshable
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cDNAwas synthesized using the Verso cDNA synthesis kit
(Thermo Fisher Scientific) as per manufacturer’s instructions.
Each 20-μL reaction mixture contained 3 μg total RNA,
50 mmol/L Tris-HCl (pH 8.3), 75 mmol/L KCl, 3 mmol/L
MgCl2, 10 mmol/L DTT (DTT, dithiothreitol), 50 mmol/L
dNTPs, 50 pmol 3′ end anchored primer, and 200 U M-
MLV reverse transcriptase. The reaction mixture was incubat-
ed at 37 °C for 2 h.

Real-time PCR Analysis

Efficiency of primers was estimated by qPCR assay with
SYBR Green mix using 1-, 10−1-, 10−2-, 10−3-, and 10−4-fold
dilutions of pooled cDNAs of three technical replicates for
each gene including reference gene, and a standard curve
was generated. Presence of unwanted amplicons during the
PCR reaction was checked through a melt curve analysis.
Fluorescence threshold (Ct) values were tabulated, and each
mean Ct was plotted against the logarithm of the dilution
factor of pooled cDNA. The slope of the linear regression of
Ct versus logarithm of the cDNA dilution factor was used to
determine the efficiency (E = [10(1/−slope) − 1] × 100%) for
each primer. Primers used for heterosis-related genes as
well as reference gene had efficiencies ranging between
92 and 96%.

To quantify the expression of heterosis-related genes in the
parental lines of sorghum and their respective F1 hybrids in
relation to heterosis, real-time PCR was performed using
Light Cycler® 480 Real-time PCR system (Roche) using
Verso 1-step real-time PCR SYBR green mix (Thermo
Fisher Scientific) according to manufacturer’s instructions.
The thermal cycling conditions were as follows: initial dena-
turation at 95 °C for 10min, 40 cycles of denaturation at 95 °C
for 20 s, primer annealing at 60–68 °C (depending on the
primers) for 15 s, and primer extension at 72 °C for 30 s
followed by melting curve analysis at 95 °C for 10 s, 65 °C
for 60 s, and 97 °C for 1 s with a final cooling at 37 °C.
Sorghum Ubiquitin gene (Sobic.001G311100) was used as
the endogenous control to normalize the expression levels of
target genes. Three technical replicates were used for each
gene analyzed, and the normalization of results was done
using the Ct (threshold cycle) obtained based on the expres-
sion of the control gene. Ct was determined based on the
number of cycles in which the fluorescence generated within
a reaction crossed the baseline (threshold). To calculate the
mean relative expression levels, cDNAs from two indepen-
dent biological samples in three technical replications each
were used.

Mean values from two biological replicates were log-
transformed to decrease the effects of outliers, equalized ex-
perimental averages and standard deviation, as suggested by
Willems et al. (2008). Fold change in the expression of genes
in sorghum hybrids in comparison to their parental and mid-

parental value was estimated through ΔΔCt method.
Significance for the fold change in gene expression
was tested through Student’s t test, and genes exhibiting
more than twofold expression level were considered as
significantly up-regulated.

Results

Heterosis for Grain Yield and Its Components

Results of the evaluation of ten factorial F1 hybrids along with
parental lines for grain yield and related traits in the field
indicated that the estimated values of mid-parent heterosis
and heterobeltiosis differed greatly among the hybrids for
the seven component traits of grain yield. Grain yield/plant
followed by panicle weight, primary branches/panicle, and
100-seed weight exhibited high levels of heterosis (Table 2).
The mid-parent heterosis for grain yield/plant ranged from
7.10% (7A × CB 26) to 103.28% (27A × RS 673) while
heterobeltiosis ranged between − 6.17% (7A × CB 26) and
88.49% (27A × RS 627). With regard to panicle weight, the
mid-parent heterosis ranged from 8.12% (7A × CB 26) to
87.08% (27A × RS 673) while heterobeltiosis ranged between
− 3.69% (7A × CB 26) and 70.05% (27A × RS 627). The
range of mid-parent heterosis and heterobeltiosis for
100-seed weight was from 0.69% (27A × CB 29) to
48.52% (27A × RS 627) and from − 1.33 (27A × CB
29) to 32.14% (7A × RS 673), respectively. The highest
heterobeltiosis for grain yield/plant was recorded by the
hybrid 27A × RS 673 (75.20%) while the same hybrid
also recorded high mid-parent heterosis (103.28%).

Six hybrids (27A × RS 673, 27A × RS 627, 27A × CB
26, 7A × RS 627, 7A × RS 673, and 27A × CB 29)
exhibited 50% or more mid-parent heterosis for grain
yield/plant, of which four hybrids 27A × RS 673, 27A ×
RS 627, 27A × CB 26, and 7A × RS 627 also recorded
heterobeltiosis above 50%. Based on this heterosis data,
two hybrids—one exhibiting a high heterosis for grain
yield (27A × RS 673) and the other exhibiting a low
heterosis (7A × CB 26)—were selected for the gene ex-
pression studies through real-time PCR. These two hy-
brids were evaluated along with their parental lines during
the rainy season of 2013, and the leaf samples were col-
lected at critical developmental stages of the crop, viz.,
vegetative, booting, and flowering stages for the gene ex-
pression analysis through real-time PCR. The estimated
mid-parent heterosis for grain yield was 91.16% for the
hybrid 27A × RS 673 while it was 18.00% for 7A × CB
26. Similarly, heterobeltiosis for grain yield/plant was
72.02% for the hybrid 27A × RS 673 and − 2.40% for
the hybrid 7A × CB 26.
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Homology of Heterosis-Related Genes in Public
Domain with Sorghum

BLASTanalysis performed for heterosis-related genes of rice,
maize, and wheat in the HRGD against the whole genome of
sorghum resulted in the identification of 956, 944, and 12
genes of rice, maize, and wheat, respectively, which showed
more than 90% homology with sorghum (Supplementary
Table 1). Also, 401, 1453, and 9 genes of maize, rice, and
wheat, respectively, showed 70–90% homologywith sorghum
while none of the genes of maize, rice, and wheat, respective-
ly, showed < 70% homology with sorghum (Supplementary
Table 2). The optimum thermal profiles for these 20 genes (15
of maize and 5 of rice) were standardized using the parental
lines (7A, 27A, RS 673, and CB 26) to get clear and robust
amplification and used for further analysis of their gene ex-
pression in a high (27A × RS 673) and a low heterotic hybrid
(7A × CB 26) through real-time PCR. Clear and robust am-
plification in the case of maize genes as compared to rice
genes may be due to the differences in the synteny among
these crop species. The putative functions of the 20 selected
genes were determined through BLASTX analysis with the
sorghum genome. Details of gene-specific primers for 20 se-
lected genes (15 of maize and 5 of rice) that were used for
analysis of their expression through real-time PCR including
their putative function are given in Table 3, and their distribu-
tion in the sorghum genome is shown in Fig. 1.

Quantification of Expression of Heterosis-Related
Genes in Relation to Grain Yield Heterosis

Among the 15 maize genes that were analyzed for their ex-
pression in a high (27A × RS 673) and a low heterotic (7A ×
CB 26) sorghum hybrid, a total of eight genes (ZmHG2,
ZmHG10, ZmHG11, ZmHG13, ZmHG14, ZmHG16,

ZmHG17, and ZmHG19) exhibited more than twofold in-
crease in their expression as compared to their parents or
mid-parent value (Supplementary Fig. 1). Specifically, the ex-
pression of the genes ZmHG13 (4.67 ± 0.09), ZmHG16 (4.19
± 0.12), and ZmHG19 (5.05 ± 0.19) reached a peak of more
than fourfold increase over the male parent (RS 673) in the
samples collected from high heterotic hybrid (27A × RS 673)
during the booting stage, which started decreasing when the
plant reached flowering stage. However, these genes recorded
less than twofold increase (Fig. 2a–c) during the same stage of
the plant in the low heterotic hybrid (7A × CB 26). Moreover,
the genes ZmHG13 (1.88 ± 0.05) and ZmHG16 (2.09 ± 0.09)
exhibited up to twofold increase over the mid-parent. These
three genes code for protein similar to histone H2B.3, histone
H2B.5, and UDP-D-glucuronate decarboxylase. Analysis of
expression of five heterosis-related genes of rice in a high
(27A × RS 673) and a low heterotic (7A × CB 26) sorghum
hybrid revealed that three genes (OsHG1, OsHG8, and
OsHG12) recorded an expression of more than twofold in-
crease as compared to their parents or mid-parent value
(Supplementary Fig. 1). Among these three genes, OsHG1
and OsHG12 recorded a peak of > 2.5-fold increase in the
high heterotic hybrid (27A × RS 673) during the booting stage
over both the parents and mid-parent value, whose expression
started declining towards zero during flowering stage (Fig. 3a,
b). The genes mentioned above code for proteins similar to
Os02g0208100 (ADP/ATP carrier) protein, lipase-like pro-
tein, and chlorophyll a/b binding protein.

The maize genes ZmHG2, ZmHG10, ZmHG11,
ZmHG14, and ZmHG17 exhibited up to 3.5-fold in-
crease in their expression over the male parent (RS
673) in the samples collected from high heterotic hybrid
(27A × RS 673) during the booting stage whereas they
recorded less than twofold increase during the same
stage of the plant in the low heterotic hybrid (7A ×

Table 2 Estimated heterosis for grain yield and its component traits

Hybrid Days to flower Plant height Panicle length Panicle weight Primary branches/panicle Grain yield/plant 100-seed weight

MH HB MH HB MH HB MH HB MH HB MH HB MH HB

27A × C 43 − 1.34 0.00 24.24 11.84 10.90 0.96 40.52 18.06 51.34 49.93 40.52 13.76 19.89 10.70

27A × RS 673 − 4.91 − 3.62 37.55 36.92 15.21 3.79 87.08 68.67 45.99 32.54 103.28 75.20 34.59 25.54

27A × RS 627 − 6.15 0.00 33.67 24.55 17.84 2.83 75.80 70.05 5.11 − 3.43 95.47 88.49 48.52 30.90

27A × CB 26 − 1.58 − 0.91 24.06 19.36 1.02 − 4.70 73.07 60.37 27.48 20.64 85.32 69.10 13.87 9.78

27A × CB 29 − 3.09 − 0.46 26.69 26.11 5.53 − 0.93 46.07 23.61 26.78 16.89 55.16 28.53 0.69 − 1.13
7A × C 43 − 7.66 − 2.46 44.31 44.31 15.84 10.41 22.94 − 0.22 9.63 4.76 22.99 − 3.80 33.91 20.76

7A × RS 673 − 7.66 − 2.46 23.61 10.81 10.49 4.16 53.68 33.37 15.51 − 0.11 57.26 30.51 38.23 32.14

7A × RS 627 − 9.24 0.99 32.26 27.42 16.58 6.25 57.55 46.22 21.82 6.52 66.61 53.83 31.46 18.54

7A × CB 26 − 8.88 − 4.41 22.72 6.76 1.06 0.00 8.12 − 3.69 − 26.28 − 33.72 7.10 − 6.17 6.79 5.60

7A × CB 29 − 9.84 − 3.43 33.68 19.84 7.94 6.25 34.36 9.80 31.00 14.93 35.04 7.94 15.75 10.82

MH mid-parent heterosis, HB heterobeltiosis
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CB 26). Interestingly, the gene ZmHG2 exhibited higher
fold increase in all the critical stages (vegetative,
booting, and flowering) of the high heterotic hybrid
while the genes ZmHG10, ZmHG11, and ZmHG14 ex-
hibited higher fold increase only in the booting stage.
However, the expression of these genes was less than
twofold (Supplementary Fig. 1) during the same stage
of the plant in the low heterotic hybrid (7A × CB 26).
The abovementioned genes code for protein similar to
PPR repeat family (PPR_2)/pentatricopeptide repeat do-
main (PPR_3), 50S chloroplastic ribosomal protein L32,
histone H2B.3, and histone H2B.5. Among the rice
genes, three of them (OsHG1, OsHG11, and OsHG12)
exhibited greater than twofold increase in expression in

the high heterotic hybrid as compared to its male parent
(RS 673 ) t h an i n t h e l ow he t e r o t i c hyb r i d
(Supplementary Fig. 1). From the results, it is clear that
majority of the genes showed increased fold change in
their expression during the vegetative and booting
stages, which covers the critical period of panicle initi-
ation. One of the most interesting observations made in
this study is that the expression of the maize genes
ZmHG12 (4.37 ± 0.16) and ZmHG15 (1.96 ± 0.11) was
higher in vegetative stage of the low heterotic hybrid
as compared to that of the high heterotic hybrid.
Similarly, the expression OsHG8 (1.61 ± 0.09) was
higher in vegetative stage of the low heterotic hybrid
as compared to that of the high heterotic hybrid.

Table 3 Details of primers used for RT-PCR and real-time PCR analysis

Gene Chr. no. (PP in Mb) Putative function in sorghum Primer sequence (5′–3′) AT (°C)

ZmHG1 super_59 Unknown F: gacgttatgcttgcttttggtactc 68
R: gaacccatatgtcgtcttaccatga

ZmHG2 3 (28.86) Unknown F: tgattgtattgagccttggtatgg 64
R: aagggatttggctcaggattg

ZmHG3 1 (8.88) Similar to actin-1 F: aaggagaagctcgcctacattg 64
R: gtccgtcaggcagctcgta

ZmHG6 10 (50.56) Similar to elongation factor 1-gamma 3 F: tccgtggccaggatgttc 60
R: tccttctgggcctcatcaga

ZmHG7 1 (3.41) Unknown F: cccaagaaggtgctgcagtt 60
R: gcagtcgaaggttgccttga

ZmHG8 10 (51.87) Similar to elongation factor 1-alpha F: gctccagttgggtccttcttc 68
R: ctcagtatcctcctcttggtcgat

ZmHG10 8 (48.22) PPR repeat family (PPR_2)/pentatricopeptide
repeat domain (PPR_3)

F: tgctcgcactgtctttgatga 60
R: ccatgttgccacacttgca

ZmHG11 super_3009 50S ribosomal protein L32, chloroplastic F: gcttccccggtttagttggt 62
R: atgcctttatgcctatcgtcgta

ZmHG12 1 (17.90) Similar to actin-1 F: gtggattcctggagcttcca 60
R: gcttgatgggcaagtgatca

ZmHG13 7 (56.83) Similar to histone H2B.3 F: tgaaggagttcatgatggacatg 68
R: agcgtggagacctacaagatctaca

ZmHG14 1 (62.70) Similar to histone H2B.3 F: gacatcggcatctcctccaa 60
R: gttgtaccgcgcgagctt

ZmHG15 9 (3.08) Similar to S-adenosylmethionine synthetase 1 F: tgagggtggtgccatggt 62
R: cttcaggtcagcagcgatctc

ZmHG16 4 (60.35) Similar to histone H2B.5 F: agaagagcgtggagacctacaaga 68
R: tgaaggagttcatgatggacatg

ZmHG17 4 (60.35) Similar to histone H2B.5 F: cggacggaggtctggatct 64
R: atcaacgacatcttcgagaagct

ZmHG19 1 (62.78) Similar to UDP-D-glucuronate decarboxylase F: gctcccccgtggatattctt 60
R: tggtgctcatggaggatgatt

OsHG1 4 (7.45) Similar to Os02g0208100
(ADP/ATP carrier) protein

F: gtggagacgaagacgctgaag 60
R: cgtcttgaggaacgggatga

OsHG8 2 (72.40) Similar to lipase-like protein F: ccatcccttcgaagctagca 60
R: gcatttttcacagccatgaatg

OsHG11 8 (49.00) Similar to 60S ribosomal protein L8-1 F: gatgctcaaggctggaaacg 60
R: gcaccttaggccagcagttc

OsHG12 2 (70.79) Chlorophyll A/B binding protein F: cgccgagctcaaggtcaa 60
R: aagaagccgaacatggagaaca

OsHG13 1 (1.58) Similar to 40S ribosomal protein S4 F: attgtgcattccgttacttttgag 62
R: cagaccgaaccttgcaaagc

SbUbi 1 (59.81) Sobic.001G311100 F: ggttcgggaggtggcataggt 60
R: agcatgtacattcccagcggt

Values in parenthesis indicate the physical position in Mb

PP physical position, AT annealing temperature
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Discussion

Deciphering of the genetic and molecular mechanisms in-
volved in heterosis by the way of increasing and/or im-
proving the knowledge at genetic, molecular, and physio-
logical level will help in a better understanding of the
complex biological phenomenon of heterosis in crop
plants. Although several studies have been reported in
Arabidopsis, rice, and maize that contributed to a better

understanding of heterosis at the genetic as well as mo-
lecular level (Meyer et al. 2012; Nie et al. 2015; He et al.
2010; Song et al. 2010), very little effort has been made in
sorghum towards this end (Ben-Israel et al. 2012; Lu et al.
2014). The study presented was designed to analyze the
DEGs related to heterosis that have been reported in
maize and rice, in sorghum hybrids, and in their parental
lines, thereby revealing the potential mode of action of
these genes contributing to heterosis.

Fig. 1 Physical map of heterosis-related genes of maize and rice showing maximum homology to sorghum selected for this study (genes underlined and
bold are used for expression analysis in sorghum hybrids and their parental lines through real-time PCR)

Fig. 2 a Fold change of ZmHG13 gene expression of F1 hybrids over
their parents and mid-parent value. Single and double asterisks indicate
significant differences in fold change at P < 0.05 and P < 0.01, respec-
tively. (P1, female parent; P2, male parent; MP, mid-parent). b Fold
change of ZmHG16 gene expression of F1 hybrids over their parents
and mid-parent value. Single and double asterisks indicate significant

differences in fold change at P < 0.05 and P < 0.01, respectively. (P1,
female parent; P2, male parent; MP, mid-parent). c Fold change of
ZmHG19 gene expression of F1 hybrids over their parents and mid-
parent value. Single and double asterisks indicate significant differences
in fold change at P < 0.05 and P < 0.01, respectively. (P1, female parent;
P2, male parent; MP, mid-parent)

424 Plant Mol Biol Rep (2018) 36:418–428

Author's personal copy



An increase or decrease in mid-parent heterosis and
heterobeltiosis estimated in percentage indicates their true po-
tential (Hochholdinger and Hoeckenger 2007). However,
heterobeltiosis is considered as the more realistic and practical
estimate since it accounts for the performance of the hybrid
against the best parent unlike the average heterosis that com-
pares the hybrid against the mean of two parental lines
(Lamkey and Edwards 1999). A wide range of mid-parent
heterosis and heterobeltiosis was observed in the present
study, which was similar to that reported in sorghum by var-
ious researchers (Haussmann et al. 2000; Hemlata and Vithal
2006; Ringo et al. 2015). Significant variation among the hy-
brids was observed for mid-parent heterosis (7.10 to 103.28%)
and heterobeltiosis (− 3.80 to 88.49%) for grain yield, which
indicated the presence of sufficient genetic divergence among
the parental lines. Wide range of heterobeltiosis for grain
yield/plant in sorghum was reported in the past by Elwafa
et al. (2005). The extent of mid-parent heterosis in the present
study was higher than 88 and 81.90% reported by Haussmann
et al. (2000) and Ringo et al. (2015), respectively. Similarly,
the heterobeltiosis was more than 69.52 and 77.18% reported
by Hemlata and Vithal (2006) and Ringo et al. (2015), respec-
tively. However, a similar higher heterobeltiosis for grain
yield/plant of 103.09% had been reported by Hovny (2000).
Majority of the hybrids that exhibited positive and significant
heterosis for grain yield/plant also showed similar trend for
most of the component traits contributing to grain yield as
reported by Jain and Patel (2013) and Ringo et al. (2015).

Various heterosis projects on crop species, especially rice,
wheat, and maize that were executed globally, have resulted in
the accumulation of a large number of heterosis-related DEGs.
This information is organized in Heterosis-Related Gene
Database (http://hrgd.big.ac.cn; Song et al. 2009). BLAST
analysis performed for heterosis-related genes of rice and
maize in the HRGD against the whole genome of sorghum
revealed that 39.38 and 70.45% of genes of rice and maize,
respectively, exhibited more than 90% homology with sor-
ghum (Supplementary Table 1). This observation is in line

with the synteny relationships among these crops revealed
from the fact that sorghum is more closely related to genomes
ofmaize and sugarcane than rice (Gaut et al. 1997; Swigonova
et al. 2004; Paterson et al. 2004). Primers were designed for 20
genes (15 of maize and 5 of rice), standardized, and used for
further analysis.

Previous studies in crops like maize and rice indicated that
the DEGs between a hybrid and its parents are likely to play a
vital role in the expression of heterosis (Bao et al. 2005;
Swanson-Wagner et al. 2006; Zhang et al. 2008). Majority
of the DEGs identified in rice, maize, and wheat by various
research groups are being maintained in HRGD, and further
investigation on the expression of these genes through real-
time PCR could help in understanding of the molecular mech-
anism of heterosis. The fold change of the expression of 20
selected heterosis-related genes in the sorghum hybrids was
determined over both the parents as well as the mid-parent
value through real-time PCR. Three maize genes ZmHG13,
ZmHG16, and ZmHG19 that exhibited more than fourfold
increase over the male parent (RS 673) in the high heterotic
hybrid (27A × RS 673) during the booting stage code for
protein similar to histone H2B.3, histone H2B.5, and UDP-
D-glucuronate decarboxylase. The histone genes may be im-
portant since it was reported by many researchers that the
modifications in histones are associated with heterosis (Ni
et al. 2009; He et al. 2010; Li et al. 2011). The enzyme
UDP-D-glucuronate decarboxylase is reported to be of central
importance due to its involvement in sugar-nucleotide inter-
conversion leading to cell wall biosynthesis in plants (Seifert
2004). Three genes (OsHG1, OsHG8, and OsHG12) that ex-
hibited more than twofold increase in expression as compared
to their parents or mid-parent value code for proteins similar to
Os02g0208100 (ADP/ATP carrier) protein, lipase-like pro-
tein, and chlorophyll a/b binding protein. The expression of
non-additive and up-regulation of additive chlorophyll a/b-
binding proteins reported by Han et al. (2015) through prote-
omic analysis indicated a stronger ability to harvest light,
transfer energy, and photo-protection in the sorghum–sudan

Fig. 3 a Fold change ofOsHG1 gene expression of F1 hybrids over their
parents and mid-parent value. Single and double asterisks indicate signif-
icant differences in fold change at P < 0.05 and P < 0.01, respectively.
(P1, female parent; P2, male parent; MP, mid-parent). b Fold change of

OsHG12 gene expression of F1 hybrids over their parents and mid-parent
value. Single and double asterisks indicate significant differences in fold
change at P < 0.05 and P < 0.01, respectively. (P1, female parent; P2,
male parent; MP, mid-parent)
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grass hybrid than its parents. A higher expression of chloro-
phyll a/b-binding protein in the F1 hybrid of Chinese cabbage
than the parental lines was observed by Saeki et al. (2016),
which could be a prerequisite for the continuous increase in
cell size as well as number of photosynthetic cells in the early
stages of plant development. The role of lipases in the regula-
tion of plant development, morphogenesis, synthesis of sec-
ondary metabolites, and defense response was reported by
many researchers. The above results clearly indicate that het-
erosis is predominantly governed by non-additive gene action
for majority of the genes with the involvement of additive
gene action only for two genes analyzed in this study. Such
type of expression patterns indicate the role of regulatory in-
teractions among parental alleles at an early stage of develop-
ment similar to that reported in maize by Meyer et al. (2007).
Several studies in various plant species have reported the prev-
alence of non-additive gene action in the hybrid in
Arabidopsis, rice, and maize (Pea et al. 2008; Zhang et al.
2008; Fujimoto et al. 2012; Meyer et al. 2012). The involve-
ment of additive gene action was also reported in maize and
rice by various research groups (Guo et al. 2006; Meyer et al.
2007; Zhang et al. 2008; Thiemann et al. 2014). The maize
genes ZmHG2, ZmHG10, ZmHG11, and ZmHG14 that exhib-
ited higher fold increase in the high heterotic hybrid as com-
pared to the low heterotic hybrid code for protein similar to
PPR repeat family (PPR_2)/pentatricopeptide repeat domain
(PPR_3), 50S chloroplastic ribosomal protein L32, histone
H2B.3, and histone H2B.5. The fertility restorer PPR
proteins prevent the translation or accumulation of mi-
tochondrial transcripts that induce cytoplasmic male ste-
rility in crop plants (Dahan and Mireau 2013). The con-
tribution of ribosomal proteins towards increasing leaf
area in the F1 hybrid was reported recently by Saeki
et al. (2016). Similar case of heterosis-related gene ex-
pression during the early stages of the plant was also
reported by various research groups working on differ-
ent plant species (Zhang et al. 2008; He et al. 2010;
Meyer et al. 2012; Fujimoto et al. 2012).

In conclusion, the present study analyzed the expression
patterns of selected heterosis-related genes of maize and rice
among a highly heterotic sorghum hybrid and its parents as
well as a low heterotic sorghum hybrid. The study identified
the genes that exhibited higher expression in the highly heter-
otic sorghum hybrid as compared to their parental lines, but
recoding a reduced expression in the low heterotic hybrid.
Although the role of more number of DEGs related to the
complex biological phenomenon of heterosis needs to be fur-
ther investigated, this study provided important information
on the expression pattern of a set of potential genes involved
in the manifestation of grain yield heterosis and the stages of
their differential expression for the first time in sorghum.
These set of genes will act as specific targets for the
plant breeders to validate them in a different set of

hybrids and their parental lines under different environ-
ments, thereby helping to understand the association be-
tween the differential expression pattern of specific
genes and the phenotypic expression of heterosis.
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