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1. Introduction
One of the promising areas of biotechnology is the improve-
ment of the nutritional value of grain. This task is particularly 
important for sorghum, a high-yielding drought-tolerant ce-
real, which is a source of feed and food for millions of people 
in many countries around the world. However, compared to 
other cereals, the majority of sorghum cultivars are character-
ized by a number of nutritional constrains, such as a lower 
digestibility of seed storage proteins (kafirins) and starch, a 
poor nutritional value of kafirins, which have a low content 
of essential amino acids.

Among the factors that cause or may effect this phenomenon 
are the chemical structure of kafirins, which are abundant 
with sulphur-containing amino acids capable to form S–S 
bonds resistant to protease digestion; interactions of kafirins 
with non-kafirin proteins and non-protein components such 
as polyphenols and polysaccharides; the spatial organization 
of different kafirins in the protein bodies of endosperm cells 
(Belton et al., 2006). It is generally accepted that the peripheral 
disposition of γ-kafirin, which is considered as the most stable 
against protease digestion reduces digestibility of α-kafirin, 
the major sorghum seed storage protein located centrally in 
protein bodies and comprising up to 80 % of the total endo-
sperm kafirins. In addition, γ-kafirin is characterized by the 
ability to form oligo- or polymers of high molecular weight, 
which are resistant to protease digestion.

In this paper, we summarized some experiments on biofor-
tification of sorghum with amino acids and micronutrients and 
on improving digestibility of kafirins using genetic engineer-
ing approaches and outlined their importance for practical 
sorghum breeding.
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2. Sorghum biofortification with amino acids  
and micronutrients
Numerous researches published up to date clearly demon-
strate that genetic engineering techniques are quite promising 
for enrichment of cereal grain with essential amino acids, 
i. e. lysine, tryptophan, methionine, and micronutrients. 
By using endosperm-specific promoters, expression of the 
desired genes may be provided exactly in the kernels, rather 
than in somatic tissues. Sorghum grain has a low content of 
lysine and β-carotene (provitamin A), which are highly im-
portant for human health.

There are reports on obtaining transgenic sorghum plants 
with an increased content of lysine (up to 40–60 %) (Zhao et 
al., 2010) and β-carotene (up to 7.3–12.3 μg/g vs. 0.5 μg/g in 
non-transgenic control seeds). In order to increase β-carotene 
content in sorghum grain and ensure its stability during grain 
storage, the introduction of five genetic constructs encoding 
enzymes involved in the carotenoid biosynthesis pathway and 
preventing its oxidative degradation was performed (Che et 
al., 2016).

This research is a shining example of the effectiveness of the 
genetic engineering approach for modifying plant metabolism 
to meet human needs. 

3.  Increase in seed storage protein digestibility 
using RNA-silencing technology
In recent years, RNA interference technology has been inten-
sively used to suppress the synthesis of seed storage proteins 
in different species of cereals including wheat, rice and maize. 
These experiments contributed to obtaining new information 
on the mechanisms of protein body formation, as well as the 
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role of various classes of prolamins and glutenins in the de-
velopment of endosperm and their effect on the technological 
properties of flour.

In sorghum, intensive studies on the induction of RNA-
silencing of the kafirin genes have been undertaken by several 
research groups (DaSilva et al., 2011; Kumar et al., 2012; 
Grootboom et al., 2014). The main goal of these experiments 
was the improvement of in vitro protein digestibility as a result 
of suppressing synthesis of different kafirin sub-classes. In 
these experiments, RNAi-constructs differ in the number of 
targeted kafirin genes, the nature of intron separated inverted 
repeats of kafirin genes, and promoters driving these constructs.

In the experiments of each of these groups, lines of transgen-
ic sorghum with suppressed synthesis of γ- and/ or α-kafirins 
and a floury type of endosperm were obtained. Unfortunately, 
the presence of floury endosperm is a disadvantage of these 
lines, since the absence of a vitreous layer increases the fra-
gility of the grain and reduces their resistance to damage by 
fungal diseases. 

Remarkably, in our experiments with genetic constructs for 
the silencing of only the γ-kafirin gene (Elkonin et al., 2016) 
we have obtained transgenic plants, which had kernels with 
normal vitreous endosperm, as well as with a thin vitreous 
endosperm layer, with floury or modified endosperm types. 
In kernels with the modified endosperm type, the vitreous 
layer was significantly reduced and developed as sectors 
or patches surrounded by floury endosperm. These kernels 
resemble the kernels of recombinant sorghum lines obtained 
by hybridization of a highly digestible mutant with floury 
endosperm (hdhl) with ordinary sorghum lines with vitreous 
endosperm (Tesso et al., 2006).

Previously, transgenic plants with patches of vitreous en-
dosperm surrounded by floury endosperm were also observed 
in ‘Tx430’ containing a genetic construct for silencing α- and 
γ-kafirins, while co-suppression of δ-kafirin and γ-kafirin 
subclasses did not change the endosperm phenotype in this 
line (DaSilva, 2012). Apparently, the formation of different 
endosperm types results from peculiarities of expression of 
the genetic constructs in the genome of the recipient line.

The most important effect of kafirin silencing in transgenic 
plants was an increased protein digestibility in both cooked 
and raw sorghum flour. For example, transgenic plants of 
‘Tx430’ carrying the genetic construct for silencing of α- 
and γ-kafirin sub-classes were characterized by an improved 
in vitro protein digestibility of both raw and cooked grain 
flour: 78 and 61 %, respectively; while in the non-transgenic 
control these figures were 40–50 and 34–40 %, respectively 
(DaSilva et al., 2011).

The genetic construct for silencing only δ- and γ-kafirins 
also caused an improvement of in vitro protein digestibility 
of raw flour, but did not affect the digestibility of cooked 
flour (DaSilva, 2012). In experiments by Kumar et al. (2012), 
cooked flour obtained from transgenic plants carrying genetic 
constructs for silencing γ-kafirin did not differ from the non-
transgenic control, while the silencing of α-kafirin improved 
the protein digestibility of cooked flour.

Transgenic plants obtained in our experiments also had a 
significantly improved in vitro digestibility of endosperm pro-

teins (Elkonin et al., 2016). A comparison of electrophoretic 
spectra before and after pepsin digestion revealed that the 
amount of undigested α-kafirin monomers and total undigested 
protein was significantly lower (1.7–1.9 times, according to 
quantitative analysis of SDS-PAGE) in the transgenic plant 
than in the original non-transgenic line.

The digestibility value reached 85.4 %, while in original 
line this value was about 60 %. Remarkably, in the kernels of 
transgenic plant #94-3-08 (T2) with thick vitreous endosperm, 
the differences in kafirin digestion were more pronounced: 
the amount of undigested monomers was 17.5 as low, and the 
amount of total undigested protein was 4.7 as low as those in 
the original line. The digestibility value reached 92 %.

Plants from T3 generation inherited the improved digest-
ibility of kafirins. In these plants, kernels had either floury or 
modified endosperm or endosperm with a vitreous layer. The 
level of digestibility of endosperm proteins in these plants 
was 83–90 %, significantly differing from the digestibility 
of proteins in the original non-transgenic line. Apparently, a 
decrease in γ-kafirin increases the digestibility of α-kafirins. 
This increase may be due to chemical reasons (reduction of 
polymerization) and/or physical reasons (change in the spatial 
arrangement of α-kafirins in the protein bodies that increase 
their availability to pepsin digestion).

The effect of increased protein digestibility was also ob-
served in some plants from T4 generation, while in others it 
disappeared owing to the instability of the RNAi construct 
(see section 5).

4. Rebalancing of the seed proteome  
and improvement of the nutritional value  
of sorghum grain by silencing kafirin genes
An important consequence of silencing of prolamine genes in 
cereals is the enhancement of the synthesis of other proteins, 
including those that have a higher content of essential amino 
acids, lysine and threonine. Maize plants with silenced α-zeins 
were characterized by a doubled content of the essential amino 
acids tryptophan and lysine (Huang et al., 2006).

In rice, it has been shown that gene silencing of a 13 kDa 
prolamine increases the total lysine content up to 56 % as a 
result of a compensatory rise in the synthesis of lysine-rich 
glutelins, globulins and chaperones (Kawakatsu et al., 2010). 
A significant increase in lysine content (up to 3.3 g/100 g 
protein in comparison with 2.1 g/100g protein in the non-
transgenic control) was found in transgenic sorghum plants 
carrying complex genetic constructs for RNAi silencing of the 
α-, γ-, δ-kafirin genes and lysine-ketoglutarate reductase gene, 
which control the catabolism of free lysine (DaSilva, 2012). 

In our studies, in the kernels of transgenic plants from T2 
generation with high in vitro protein digestibility, the total 
amino acid content was significantly reduced to 22.8–40.2 %, 
in comparison with the original non-transgenic line (Elkonin 
et al., 2016). At the same time, the relative content of two 
major essential amino acids, lysine and threonine, significantly 
increased. The lysine proportion increased 1.6-1.7 times: 
from 1.54 % of the total amino acid content in the flour of the 
original non-transgenic line to 2.41–2.63 % in the transgenic 
plants. Such an increase, coupled with a significant reduc-
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tion in the total level of amino acids, was presumably caused 
by a decrease in the content of α-kafirins poor in lysine and 
threonine, while the synthesis of other proteins remained un-
disturbed. Consequently, the relative proportions of lysine and 
threonine increased. Perhaps, the suppression of the γ-kafirin 
synthesis prevents the accumulation of α-kafirins, but does 
not affect the synthesis of other proteins richer in lysine and  
threonine.

Such a rebalancing of the seed proteome is a common 
phenomenon for transgenic plants with genetic constructs for 
RNA silencing of major seed storage proteins. For maize, it 
was suggested that developing kernels possess compensatory 
mechanisms that sense protein content when zein synthesis is 
interrupted, leading to translation of other mRNAs instead of 
zein mRNAs (Wu, Messing, 2014).

Remarkably, in knockdown mutant lines of soybean with 
suppressed synthesis of major storage proteins, the seeds main-
tained nearly identical levels of total protein compared to the 
untransformed soybean cultivars (Schmidt et al., 2011). These 
data suggest that proteome rebalancing in seeds might be a 
rather common event, providing a constant sink for reduced 
nitrogen during seed maturation.

5.  Instability of genetic constructs  
for RNA silencing of γ-kafirin gene
In our experiments, we found that the progeny of transgenic 
plants with high in vitro protein digestibility sometimes lost 
this trait. Even different panicles of one and the same plant 
had different values of in vitro protein digestibility. PCR 
analysis of plants from the late generations (T4, T5) showed 
elimination of the construct for RNA silencing in the course 
of plant ontogenesis. Nevertheless, in some plants from the 
same progeny the construct was stable. 

In addition, in some plants from T4 generations, we found 
elimination of the nos-promoter governing the marker bar 
gene from the transgenic construct for silencing the γ-kafirin 
gene. Therefore, these plants, in fact, turned to be functionally 
marker-free transgenic plants.

6. Editing of nucleotide sequences  
of kafirin genes
In above examples, suppressing the synthesis of kafirins is 
performed by small interfering RNAs (siRNAs) and subse-
quent mRNA cleavage and translational inhibition, which 
are important epigenetic mechanisms in plants. However, 
epigenetic mechanisms in plants are known to be sensitive to 
growing conditions and environmental factors (temperature, 
soil moisture and air, etc.). There are reports that temperature 
can have a major impact on the extent of gene silencing. 
Recently it has been shown that miRNA-mediated mRNA 
cleavage and translational inhibition are dependent on plant 
growth temperature (von Born et al., 2018). Therefore, the 
effectiveness of suppression of kafirin synthesis by RNAi 
constructs might be sensitive to plant growing conditions. In 
addition, genetic construct for RNA silencing may be unstable 
in the plant genome. In this regard, induction of mutations that 
disrupt the functioning of the kafirin genes at the genetic level 
may be a more effective approach for altering kafirin levels.

Recently, using the CRISPR/Cas9 gene editing tool Li et al. 
(2018) induced mutations in a conserved region encoding the 
endoplasmic reticulum signal peptide of α-kafirins. 

The target site mutations occurring in each k1C gene include 
small deletions as well as a low frequency of small insertions. 
T1 and T2 seeds showed reduced α-kafirin levels, an altered 
protein body microstructure, and selected T2 events showed 
a significantly increased grain protein digestibility and lysine 
content. These data open new prospects for improving the 
nutritional value of sorghum grain using biotechnological 
approaches.
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