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Abstract. Site-directed mutagenesis using genetic constructs carrying the CRISPR/Cas system is an effective technology
thatis actively used to solve a variety of problems in plant genetics and breeding. One of these problems is to improve the
nutritional value of grain sorghum, a high-yielding heat- and drought-tolerant cereal crop that is becoming increasingly
important in the conditions of climate aridization. The main reason for the relatively low nutritional value of sorghum
grain is the resistance of its storage proteins, kafirins, to proteolytic digestion. We have previously obtained mutants with
improved kafirin in vitro digestibility using the CRISPR/Cas technology in grain sorghum variety Avance. The nucleotide
sequence of one of the genes (k71C5) of the gene family encoding the signal polypeptide of 22 kDa a-kafirin was used
as a target. The aim of this study was to investigate the manifestation of the main agronomically-important traits in
the progeny of these mutants and inheritance of high in vitro protein digestibility, and also sequencing nucleotide
sequences encoding the 22 kDa a-kafirin signal polypeptide in a number of plants from the T, generation and their
T, progeny. It was revealed that four of the six studied T, plants, as well as their progeny, had the same mutation:a T—C
substitution in the 23rd position of the nucleotide sequence of the k71C5 gene encoding the signal polypeptide, which
led to a substitution of the coding triplet CTC—CCC (Leu—Pro). This mutation is located off-target, 3’ from the PAM
sequence. It is suggested that this mutation may have arisen as a result of Cas9 nuclease errors caused by the presence
of multiple PAM sequences located close to each other. It was found that the progeny of two of the three studied
mutants (T, and T families), grown in the experimental field conditions, differed from the original variety by a reduced
plant height (by 12.4-15.5 %). The peduncle length, 1,000-grain mass, and grain mass per panicle did not differ from
the original variety, with the exception of the progeny of the 2C-1.2.5b mutant, which had a reduced grain yield per
panicle. Unlike the original variety, plants from the T, and T; generations had kernels with a modified type of endosperm
(completely floury, or floury with inclusions of vitreous endosperm, or with a thin vitreous layer). The level of grain
protein digestibility in the progeny of mutants 2C-2.1.1 #13 and 2C-1.2.5a #14 varied from 77 to 84 %, significantly
exceeding the original variety (63.4 = 2.3 %, p < 0.05). The level of protein digestibility from kernels with modified
endosperm was higher than that of kernels with normal vitreous endosperm (84-93 %, p < 0.05). The reasons for the
variation in endosperm texture in the progeny of the mutants and its relationship with the high digestibility of kafirins
are discussed.

Key words: Sorghum bicolor; CRISPR/Cas; alfa-kafirins; in vitro protein digestibility; endosperm

For citation: Elkonin L.A., Gerashchenkov G.A., Borisenko N.V,, Sarsenova S.Kh., Panin V.M. Study of the progeny of
sorghum mutants obtained using the CRISPR/Cas9 genetic construct directed at inducing mutations in the a-kafirin
k1C5 gene. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2025;29(8):1161-1168. doi 10.18699/vjgb-25-122

Funding. The work was carried out with the financial support of the Russian Science Foundation, grant No. 24-16-00063.
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C MCIIO/Ib30BaHMeM reHetTmdyeckoiy KOHCTpyKiumm CRISPR/Cas9,
HarlpaBJIEHHOI Ha MHAVKIIMIO MyTallnii B reHe o-KadpupuHa k1C5
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AHHoTauuA. CanT-HanpaBfieHHbI MyTareHe3 NoCPeACcTBOM FreHeTUYeCKnX KOHCTPYKUnn, Hecywmx cuctemy CRISPR/Cas,
cunTaeTcsa 3GPeKTVBHON TEXHONOIMEN, AKTUBHO MPUMEHSAEMON AN PELIEHMA CaMblX Pa3HbIX 3afay FeHeTUKN 1 cenekymm
Yy MHOTVIX BO3/ie/blBaeMbIX KySbTyp. 3epHOBOE COPro — YHMKasbHaA Mo CBOEW 3aCyXOyCTONYMBOCTY N XapOCTOMKOCTM 3Ma-
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Study of the progeny of sorghum mutants
with edited sequence of the k1C5 gene

KOBas KynbTypa, CNy»Kallasa MCTOYHUKOM KOPMOB U MULLEBOTO 3epHa B apMAHbIX PerMoHax 3eMHOro Lwapa, npuobpeTatoLyas
BCe 6onbluee 3HaUYeHVe B yC/IOBUAX rNobanbHOro notenneHna knumata. OfHOM U3 OCHOBHbIX 3afiay cenekumm copro ABnsA-
eTcA ynyyleHne CpaBHUTENIbHO HWU3KOMN NUTaTeNbHON LIEHHOCTY 3epHa, 00YCNOBIEHHON B TOM YMCSie YCTOMYMBOCTBIO €ro
3anacHbIX 6eNKoB — KahrPUHOB — K MPOTEONUTUYECKOMY pacliuenieHnto. Hamu paHee nyTem UCMONb30BaHNA TEXHONOMM
CRISPR/Cas y 3epHOBOro copro copta ABaHC OblI MOMyYEHbl MyTaHTbI C YNy4LLEHHOWN NepeBapmBaeMoCTbio KadupUHOB B
cucteme in vitro. Npu 3TOM B KauecTBe MULLEHW Obln BbIOpaH OAMH 13 YNIEHOB FEHHOTO CEMeCTBa, Koaupytolero 22 kla
o-KapupuH, a MMeHHo reH k1C5. Lienb faHHOTO NCCNeAoBaHUA — U3yYeHne NOTOMCTBa NOTyYeHHbIX HAMU paHee pacTeHUiA,
HecyLmx MyTauum B reHe k1C5, oTAMYaloLWMXCA ynyyLleHHOM NepeBaprBaeMoCTbio 6eNKOB 3epHa B cucTeMme in vitro, a UMeH-
HO: aHanNM3 Hac/eOBaHNA BbICOKOW NepeBapnBaemMOCT, NPOABNEHNA OCHOBHbIX CENEKLMOHHO LIeHHbIX MPU3HAKOB, a TakKe
BbIIBMIEHVE CTPYKTYPbl HYKNEeOTUAHON NocnefoBaTeNbHOCTY, KOAUPYIOLWEN CMrHaNbHbI nonunenTtug 22 ka a-kadupuHa
y pafa pacTeHuin n3 nokoneHna Ty 1 ux notomcTa T;. OBHapy»KeHo, UTO Y YeTbipex 13 LeCTV U3yUYeHHbIX pacTeHunii Ty, a
TaKXKe y MX MOTOMCTBa NPUCYTCTBYET OAHA U Ta e MyTauuma: 3ameHa T—C B 23-1 No3uLun HyKNeoTUAHONM NocneaoBaTenb-
HoCTU reHa k1C5, KogupyioLlen CUrHanbHbIA NOANNENTUS, KOTOpas NprBena K 3aMeHe koaupytowero Tpunneta CTC—CCC
(Leu—Pro). 3Ta MyTaumMa pacrnonaraeTca 3a npeaenamu BbI6GPaHHON MULLEHN, B HanpasfieHUn 3’ oT NoC/IefoBaTeNIbHOCTH
PAM. Bbicka3blBaeTCA NpeAnonoxeHWe, YTO flaHHaA MyTaLuA MOrfia BO3SHMKHYTb B pe3ynbTaTte owmnboK Hykeasbl Cas9, oby-
CNOBEHHbIX HANIMUMEM HECKONbKIMX nocnefoBaTenbHocTelt PAM, pacnonoxeHHbIx 6113Ko Apyr K Apyry. YCTaHOBNEHO, YTO
NMOTOMCTBO ABYX M3 TPeX 13yYeHHbIX MyTaHTOB (cembyu T, 1 Ts), BblpalleHHOe B YCIOBMAX OMbITHOrO Moss, OTANYanocb ot
NCXOAHOr0 COpTa CHUXKEHHOW BbICOTON pacTeHua (Ha 12.4-15.5 %). nuHa LBeTOHOXKM, Macca 1000 3epeH 1 Macca 3epHa
C MeTesIKM He OTAIMYANNCh OT MCXO[HOTO COPTa, 3a UCKIIoYeHeM notomcTea MyTaHTa 2C-1.2.5b, y KoToporo ypoxai 3epHa
C MeTesiKM Obln CHUXKEH. B oTiMume oT MCXO[HOrO CopTa, Y PacTeHUn 13 NoKoneHui T, n T; NPpUCYTCTBOBaNM 3€PHOBKM C
MOANDULMPOBAHHBIM TUMOM SHAOCNEPMA (MOJTHOCTHIO MyUYHUCTBIM, MO0 C BKPanJeHUAMN CTEKNOBUAHOTO SHAOCNEPMa,
MO0 C TOHKMM CTEKNOBUAHbBIM C/lI0eM). YPOBEHb NepeBapuBaemMocT 6enKoB 3epHa B notomctae mytaHToB 2C-2.1.1 N2 13
n 2C-1.2.5a N2 14 BapbupoBan ot 77 fo 84 %, 3HaUMMO MNpeBbILLanA NnokKasaTeslb UCXOAHOro copTa (63.4 £+ 2.3 %, p < 0.05).
YpoBeHb NepeBapuBaemMocTyi 6eNkoB 13 3€pPHOBOK C MOAUDULIMPOBAHHBIM SHAOCMNEPMOM Oblifl BbILLE, YeM Y 3ePHOBOK C
06bIYHBIM CTEKNOBUAHBIM SHAOCMEPMOM (84-93 %, p < 0.05). O6CyKAATCA NPUYMHbBI BapbUPOBaHWA TEKCTYPbI SHAOCNEP-
Ma y NOTOMCTBa MOJyYeHHbIX MyTaHTOB 1 ee CBA3b C BbICOKOW NepeBaprBaeMoCTblo KaprpuHOB.

Kniouesbie cnosa: Sorghum bicolor; CRISPR/Cas; anbda-KadprpuH; nepeBaprBaemocTb in vitro; sHAoCnepm

Introduction

Modifying the nucleotide sequences of genes using the
CRISPR/Cas genome editing technology is one of the most
powerful tools in plant genetics and breeding (Zhu et al., 2020;
Gao, 2021; Saini et al., 2023). In recent years, the CRISPR/
Cas technology has been intensively used in many cultivated
plant species, including sorghum, a unique drought- and heat-
resistant cereal crop that serves as a source of feed and food
grain in arid regions of the globe. Despite the fact that sorghum
is one of the most difficult cereal species to transform, many
studies have appeared on sorghum genome editing using the
CRISPR/Cas technology, which have been summarized in a
number of reviews (Balakrishna et al., 2020; Parikh et al.,
2021; Wong A.C.S. et al., 2022).

One of the most actual problems in sorghum breeding is
improving the digestibility of grain storage proteins. Sorghum
grain contains a significant amount of protein (on average
10-12 %, and in some lines up to 16-18 %), represented by
different classes of kafirins (a, B, y, d), related to alcohol-
soluble proteins — prolamins, which make up to 70-80 %
of the total protein content, and non-kafirin proteins, the
composition of which is poorly studied (Bean et al., 2018).
Different classes of kafirins differ in their molecular weight
and amino acid composition, and are encoded by different
genes. An important feature of kafirins is their resistance to
proteolytic digestion. As a result, the level of in vitro grain pro-
tein digestibility in the vast majority of varieties and hybrids
does not exceed 40-60 % (Wong J.H. et al., 2010; Elkonin et
al., 2013; Duressa et al., 2018). Such resistance of kafirins to
proteolytic digestion also reduces the digestibility of starch,
since undigested kafirins prevent complete amylolytic cleav-
age of starch granules (Zhang, Hamaker, 1998; Ezeogu et al.,
2005; Wong J.H. et al., 2009).

The resistance of kafirins to protease digestion is multi-
factorial (see reviews: Belton et al., 2006; Duressa et al., 2018).
These factors include the chemical structure of kafirins, which
are rich in sulfur-containing amino acids (especially y- and
B-kafirins) capable of forming intra- and intermolecular cross-
links, which are believed to prevent the proteolytic cleavage
of kafirins; the interaction of kafirins with polyphenols, which
inhibit protease activity. An important factor is the spatial
organization of different kafirins in the protein bodies of en-
dosperm cells. In the early stages of endosperm development,
v- and B-kafirins are synthesized and deposited in protein
bodies developing in the endoplasmic reticulum. Alpha-
kafirin, synthesized at later stages of endospermogenesis,
is deposited inside protein bodies, pushing y-kafirin to the
periphery, which forms a kind of “shell” that is difficult for
proteases to digest (De Mesa-Stonestreet et al., 2010; Duressa
etal., 2018).

As a result of the study of mutants with impaired synthe-
sis of kafirins obtained using RNA interference (see review:
Elkonin et al., 2021), it was found that partial suppression of
kafirin synthesis significantly improves the digestibility of
grain proteins and promotes the synthesis of other proteins
with higher nutritional value. In this regard, targeted induc-
tion of mutations in the genes encoding kafirin synthesis
can contribute to the production of new sorghum lines with
improved digestibility of grain proteins, which, unlike lines
carrying the genetic construct for RNA silencing, will be
devoid of transgenes.

In recent years, several studies have been published repor-
ting successful editing of a-, B-, and y-kafirin genes (Li A.
et al., 2018; Massel et al., 2022, 2023; Elkonin et al., 2023;
Li X. et al., 2024). Most of these studies targeted nucleotide
sequences encoding signal polypeptides responsible for the
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deposition of a- and y-kafirins in the protein bodies of endo-
sperm cells (Li A. et al., 2018; Elkonin et al., 2023; Li X. et
al., 2024). These mutants had improved digestibility of grain
proteins, in contrast to mutants with mutations in the f-kafirin
gene structure (Massel et al., 2023).

The aim of this study was to explore the progeny of pre-
viously obtained plants carrying mutations in the k1C5 gene,
characterized by improved digestibility of grain proteins;
namely, to study the inheritance of high digestibility, the
manifestation of the main agronomically important traits,
and to identify the structure of the nucleotide sequence of the
k1C5 gene encoding the 22 kDa a-kafirin signal polypeptide.

Material and methods

Material and growing conditions. The progenies of T, plants
with high in vitro protein digestibility, which were obtained
from the T, mutants 2C-2.1.1 [T, #11 (86.6 % digestibility)
and T, #13 (86.7 %)], Ty 2C-1.2.5a [T, #11 (92.4 %) and
T, #14 (77.3 %)], and T 2C-1.2.5b [T, #14 (91.8 %)], were
studied. These mutants were obtained in genome editing ex-
periments with grain sorghum cv. Avance using the binary vec-
tor p2C containing the Cas9 endonuclease gene and gRNA
targeted at the nucleotide sequence of the k1C5 gene enco-
ding the 22 kDa signal polypeptide of a-kafirin (Elkonin et al.,
2023). The selected T, plants with high protein digestibility
did not contain the CRISPR/Cas genetic construct (Elkonin
et al., 2023). The studied progenies (T, and T3 generations)
were grown in the experimental field of the Federal Centre
of Agriculture Research of the South-East Region (Saratov,
Russia). Plants were grown in 4-m rows with 70 cm row spac-
ing, with a plant density of 6 plants per 1 m. The panicles of
all plants were carefully bagged in parchment bags before
flowering. The following traits were analyzed: plant height,
peduncle length, 1,000-grain mass, grain yield per panicle,
endosperm type, and in vitro digestibility of grain proteins.
In each family, 10-20 plants were studied.

Grain protein digestibility. To study the digestibility of
grain proteins, the method of treating whole-milled flour with
pepsin was used (Aboubacar et al., 2001; Wong J.H. et al.,
2009). In this case, a weighed sample of flour (60 mg) was
incubated in 1 ml of 0.15 % pepsin solution (Sigma-Aldrich,
P7000; 250 units/mg) in 0.1 M potassium phosphate buffer
(pH 2.0) at 37 °C on a shaker (70 rpm).

A method based on scanning the electrophoretic spectra
of proteins obtained in SDS-PAGE was used for quantitative
assessment of digestibility (Aboubacar et al., 2001; Nunes
et al., 2004; Wong J.H. et al., 2009; Elkonin et al., 2013).
For this purpose, flour samples after pepsin digestion, as
well as control samples incubated in potassium phosphate
buffer without the addition of pepsin, were centrifuged at
13,000 rpm; the pellet was incubated in extraction buffer
(0.0125 M Na,B,0-, pH 10.0) under reducing conditions
(1 % SDS, 2 % 2-mercaptoethanol) at room temperature for
2 h, after which it was boiled (100 °C) for 5 min. Samples
were centrifuged at 13,000 rpm and separated by SDS-PAGE
on 12.5 % (w/v) polyacrylamide gel according to a modified
Laemmli method (Laemmli, 1970). 15 pul of extract were
added to each lane. Separation was monitored using protein
molecular weight markers, 10-200 kDa (Servicebio, G2058,
Wuhan, Hubei, China). Gels were stained with Coomassie
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R-250. After electrophoresis, gels were scanned using the
ChemiDoc system (Bio-Rad Laboratories, Hercules, CA,
USA); the protein amount was estimated using Image Lab 6.1
software (Bio-Rad). Digestibility indices were calculated as
the percentage difference between the protein volume in the
control sample and the digested sample, relative to the control
sample. The previously obtained Avance-1/18 mutant with a
genetic construct for RNA silencing of the gkAF1 gene was
used as a standard of high in vitro digestibility (Elkonin et al.,
2021). Experiments were performed in duplicate.

Endosperm texture. The endosperm texture was deter-
mined on cross-sections of mature kernels, which were made
using a sharp scalpel. The following types of endosperm were
distinguished: normal with a thick vitreous layer and modified,
which included floury, floury with blurred vitreous endosperm,
and floury with a thin rim of vitreous endosperm. Forty kernels
were analyzed from each plant.

Sequencing of the k1C5 gene nucleotide sequence.
To identify mutations, PCR amplicons of the k1C5 gene
(primers F: 5'"-TTGCCAGGGCTAGTTGACTG-3" and
R: 5-AGGCTTTGATCCACATGAGCA-3") were cloned into
the pAL2-T vector (Eurogen, Russia). Sanger sequencing
was performed by Syntol (Moscow, Russia) on an ABI 3130
genetic analyzer (sequencing primer: 5-TTGCCAGGGC
TAGTTGACTG-3’). Mutations in the sequenced amplicons
were identified using Chromas (https://www.technelysium.
com.au) and SnapGene Viewer 5.2.4 (https://www.snapgene.
com) computer programs.

Methods of biological statistics. To assess differences in
in vitro protein digestibility of the studied samples, one-way
ANOVA was performed using the AGROS software package,
version 2.09 (S.P. Martynov, Institute of Genetics of the Rus-
sian Academy of Sciences), and Duncan’s Multiple Compari-
sons Test. Differences in the manifestation of morphometric
traits between mutant families and the original variety were
assessed using Student’s t-test.

Results

Sequencing of the nucleotide sequence

encoding the 22 kDa signal polypeptide

of a-kafirin of the k1C5 gene

Sequencing of the nucleotide sequence encoding the 22 kDa
a-kafirin signal polypeptide of one of the genes of the k1C
gene family (k1C5) in two plants from the progeny of the
Ty 2C-2.1.1 mutant, #2 and #11 (T, generation), characte-
rized by improved digestibility of endosperm proteins (86 and
87 %, respectively), showed that they have the same mutation:
a substitution of the 23rd nucleotide, counted from the 5’-end
of the nucleotide sequence of the signal polypeptide (in the
F-chain: T—C; in the R-chain: A—G) (Fig. 1b, ). Sequencing
of a similar sequence in the original T, mutant showed that
the same mutation was also present in the parental T, plant
(Fig. 1a). Insilico analysis showed that this mutation leads to
a substitution of the coding triplet CTC—CCC, which should
result in a substitution of the eighth amino acid of the a-kafirin
signal polypeptide, namely, in the substitution of leucine, an
aliphatic non-polar hydrophobic amino acid, for proline, a
heterocyclic less hydrophobic amino acid that causes a bend
in the a-helix of the protein. Such a substitution could change
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the structural and functional properties of the polypeptide and,
as a consequence, the nature of a-kafirin deposition in protein
bodies, and thereby affect their digestibility.

Sequencing of a similar amplicon in one of the T, plants
from the progeny of another T, mutant 2C-1.2.5a #11,
characterized by improved protein digestibility (92 %), also
revealed the presence of a T—C mutation at the same site
of the nucleotide sequence encoding the signal polypeptide
(Fig. 1d). Remarkably, we identified the same mutation by

a Wild type
Tp2C-2.1.1
b Wild type

T,2C-2.1.1-Ne2

C Wild type
T,2C-2.1.1-Ne 11

d Wild type
T,2C-1.25a-Ne 11

e Wild type
To2C-1.2.5b

Study of the progeny of sorghum mutants
with edited sequence of the k1C5 gene

sequencing the DNA of another T plant 2C-1.2.5b (Fig. 1e),
regenerated from the same callus as 2C-1.2.5a. Previously,
we found the same mutation in the T, plant 2C-1.2.9, while
this mutation was absent in two other T, plants (1C-2.1.1 and
2C-1.2.4) (Elkonin et al., 2023).

Thus, four out of the six T, plants studied have the same
mutation: a T—C substitution at position 23 of the nucleotide
sequence of the k1C5 gene, and this mutation is inherited in
the T, generation.

A>G

A>G

T>C

T>C

A>G

Fig. 1. Results of sequencing of the nucleotide sequences encoding 22 kDa o-kafirin signal polypeptides
inTy2C-2.1.1 (a) and its T, progeny 2C-2.1.1, plant #2 (b) and plant #11 (c); T, 2C-1.2.5a, plant #11 (d); T, 2C-1.2.5b (e).
a, b, e - R-chain; ¢, d - F-chain. PAM sequences are underlined with a solid line; the target sequence is dashed. The
nucleotide sequence encoding the 22 kDa a-kafirin signal polypeptide was taken from the Phytozome website,

https://phytozome.jgi.doe.gov: Sobic.005G193100, Chr05: 67654898-67655764.
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Manifestation of agronomically important traits

An analysis of the manifestation of the main agronomically
important traits in the progeny of mutants with improved
digestibility of endosperm proteins obtained by us earlier
(Elkonin et al., 2023) revealed that in the T, generation, two of
them, 2C-1.2.5a and 2C-1.2.5b (families 203/23 and 200/23),
had reduced plant height compared to the original cv. Avance,
by 12.4-15.5 %, respectively (Table 1). The reduced plant
height in the 2C-1.2.5a mutant was also inherited in the
T; generation (by 5.5 %, family 208/23). The length of the
peduncle (protrusion of the paniculate internode) did not differ
in the progeny of the mutants and the original cv. Avance. The
1,000-grain mass and grain yield per panicle in all families also
did not differ from the original cv. Avance, with the exception
of the progeny of the 2C-2.1.1 mutant (T, 195/23 family),
which had larger and heavier grains, and the progeny of the
2C-1.2.5b mutant (T, 200/23 family), which had reduced grain
yield per panicle. In plants of all the studied families, most
kernels had endosperm of the normal vitreous type, charac-
teristic of the original cv. Avance. However, almost all fami-
lies contained plants that had kernels with a floury endo-
sperm, or with a blurred or thin vitreous layer (Fig. 2), i. e.,
endosperm types characteristic of mutants with impaired
kafirin synthesis (Elkonin et al., 2021). The proportion of
such kernels in some plants from families 197/23 (T3 genera-
tion of the mutant 2C-2.1.1) and 208/23 (T3 generation of the
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mutant 2C-1.2.5a) reached 35-40 % (Table 1). Often, such
kernels were smaller in size compared to kernels with normal
vitreous endosperm.

Analysis of grain protein digestibility in the progeny of
mutants 2C-2.1.1 #13 and 2C-1.2.5a #14 (both from T;)
showed that increased values of this trait, compared to the
original cv. Avance, were manifested in plants from genera-
tions T, and T3 (Fig. 3). For example, in the progeny of mutant
2C-2.1.1 #13 (Table 2, families T, 195/23 and T5 197/23), as
well as mutant 2C-1.2.5a #14 (family T5 208/23), the digesti-
bility level reached 77-84 %, exceeding the original cultivar
by 10-20 % (p < 0.05), while a significantly higher digesti-
bility level was observed in kernels with a normal vitreous
type of endosperm, characteristic of the original cultivar. At
the same time, the level of protein digestibility from kernels
with floury or blurred vitreous endosperm was significantly
higher than that of kernels with normal vitreous endosperm,
reaching 84-93 % and significantly exceeding the level of
digestibility in the original cultivar (p < 0.05), which did not
have such kernels.

Discussion

The CRISPR/Cas technology is considered one of the most
effective tools for inducing mutations at strictly defined loci
of plant genome. However, in some cases, the precision of
editing gene nucleotide sequences using the CRISPR/Cas9

Table 1. Manifestation of agronomically valuable traits in the progeny of sorghum mutants
obtained using the CRISPR/Cas genetic construct targeting the 22 kDa a-kafirin gene (k1C5)

T, mutant Progeny
Generation, Plant height, Peduncle Endosperm type' M 600r 9 Grain yield
family cm length, cm per panicle, g
cv.Avance 191/23 133.1£2.0 13.2+14 Vitreous (100 %) 328+14  32.6+3.1
2C-2.1.1 T,:195/23  132.7£3.0 14.1+1.2 Vitreous; modified (up to 4 %) 374+0.6% 313+27
T5:197/23  126.5+£2.9 13.9+1.0 Vitreous; modified (up to 24-43 %) 346+15  27.3%3.2
2C-1.25a  T,:203/23  116.6+£1.2** 154+0.6 Vitreous; modified (up to 6-10 %) 31.3+13 27.0%2.1
T5:208/23  125.8+23* 143%0.7 Vitreous; modified (up to 19-71 %) 349+1.7 27.7+29
2C-1.25b  T,:200/23  112.5+4.6** 12.8%1.0 Vitreous; modified (up to 5-9 %) 309+14  26.6+1.3%

*,** Differs from the original cv. Avance at p < 0.05 and p < 0.01, respectively. ! The proportion of kernels with a different endosperm type in different plants from

the family.

Fig. 2. Cross-sections of the kernels of the mutant 2C-1.2.5a (plants from family 208/13).

a - normal vitreous endosperm, b - floury endosperm, ¢ - endosperm with a blurred vitreous layer. Scale bar T mm.
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Fig. 3. Electrophoretic spectra of proteins from flour of sorghum kernels from different generations of the mutant 2C-2.1.1 obtained by site-directed

mutagenesis of the k7C5 gene.

a: plant #197-9/23 from the T; generation (lanes 7-12) (experiment 03.09-2, see Table S1)1. b: plant #195-3/23 from the T, generation (lanes 7-12) (experiment
13.08-1, see Table S1). On both plates: 1-3 - original cv. Avance; 4-6 — mutant with RNA silencing of the gKAF1 gene (Elkonin et al., 2021) (standard of high level of
in vitro protein digestibility); 7-9 - kernels with normal vitreous endosperm; 10-12 - kernels with floury endosperm; 1, 4, 7, 10 — control samples (without pepsin
treatment); 2,3,5,6,8,9, 11, 12 - samples after pepsin treatment (two replicates for each sample); M - molecular weight markers (Servicebio, G2058). The spectra
of samples characterized by significantly higher digestibility compared to the Avance variety (Table 2, Table S1) are marked with asterisks.

Table 2. In vitro digestibility of flour proteins from kernels with different endosperm types in some plants from the progeny
of sorghum mutants obtained by site-directed mutagenesis of the k7C5 gene

Mutant Plant, Protein digestibility (%) from kernels with different endosperm types
i
generation Normal vitreous Floury or blurred vitreous
cv. Avance 63.4+23 -
2C-1.2.5a, T, #14, selection in T, 208-2/23,T; 72.8% 79.5%
from a kernel with blurred vitreous T N N
endosperm 208-11/23,T; 84.3 84.1
208-6/23,T; 71.7 ns 84.8*
2C-1.2.5a, T, #1 203-4/23,T, 65.2 ns -
2C-2.1.1,T, #13 195-3/23,T, 73.9% 76.1%
195-4/23,T, 71.3% 79.7*
195-8/23,T, 62.3 ns 73.9%
2C-2.1.1, T, #13, selection in T, from 197-9/23, T, 68.6* 92.9%
a kernel with blurred vitreous N
endosperm 197-6/23, T, 64.7 ns 81.0
197-11/23, T, 77.1% 78.3%

Note. * Differs from the original cv. Avance at p < 0.05, in accordance with the F-criterion (Table S1); ns - no significant differences from cv. Avance when

analyzing the corresponding SDS-PAGE.

system may be flawed (Sturme et al., 2022; Guo et al., 2023;
Movahedi et al., 2023).

In our experiments, four out of six studied T plants had the
same mutation: a T—C substitution at position 23 of the k1C5
gene nucleotide sequence. This mutation is located outside the
selected target, 3'-end to the PAM (protospacer-adjacent motif)
sequence, and is therefore off-target. A detailed analysis of the
nucleotide sequence of this region of the k1C5 gene revealed
the presence of several PAM sites located close to each other:
two 5'-AGG and one 5'-TGG (Fig. 1). It is possible that due

T Supplementary Table S1 is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Elkonin_Engl_29_8.pdf

to such proximity, the Cas9 nuclease could make errors and
introduce breaks between the two PAM sites: AGG | AGG.
Therefore, one of the reasons for the occurrence of off-target
mutations, as our data show, may be a significant number of
closely located PAM sites. Similar examples of off-target Cas9
activity, where a mutation occurs in the target gene but outside
the chosen target, were previously found in a study editing
the Phytoene desaturase (PDS) gene in two cassava varieties
(Manihot esculenta Crantz) (Odipio et al., 2017). Notably, in
another work in sorghum on editing the nucleotide sequence
encoding the signal polypeptide of the y-kafirin gene using a
CRISPR/Cas9 genetic construct, mutations occurred not at the
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canonical site, between the 3rd and 4th nucleotides 5'-end to
the PAM, but after the 15th nucleotide of the target and beyond,
5'-end to the PAM site, but within the target gene (Li X. et
al., 2024). These facts raise questions about the accuracy of
genome editing using Cas9 nuclease in sorghum.

Another important point worthy of discussion is the de-
crease in the level of kafirin digestibility in the progeny of
the mutants we obtained. Previously, we found a significant
increase in the level of grain protein digestibility in a number
of mutants obtained in the T, generation: up to 80-87 % in
the 2C-2.1.1 mutant, up to 86 and 92 % in the 2C-1.2.5b and
2C-1.2.5a mutants, respectively (Elkonin et al., 2023). In the
T; generation, the digestibility level decreased to 68-74 % in
the 2C-2.1.1 mutant and 72-84 % in the 2C-1.2.5a mutant,
significantly exceeding, however, the same indicator in the
original cv. Avance (Table 2, Table S1); in the plants from the
progeny of the 2C-1.2.5b mutant, there were no significant
differences from cv. Avance.

Apossible reason for such a decrease in digestibility may be
different growing conditions of the plants: the T, generation
was grown in a climate chamber under conditions of regular
watering and high air humidity, while the T; plants were grown
in an experimental field plot. It is known that under drought
stress conditions, the digestibility of sorghum grain proteins is
significantly reduced in some cultivars (Impa et al., 2019). In
addition, a possible compensatory increase in the expression
of other genes controlling the synthesis of kafirins, which led
to the restoration of their content and a decrease in the level
of digestibility of grain proteins, cannot be ruled out. Such a
compensatory increase in the content of y-kafirin was previ-
ously found in sorghum mutants with impaired synthesis of
B-kafirin, which restored the overall balance of kafirins in the
grain and did not lead to an improvement in the digestibility
index (Massel et al., 2023).

Of particular interest is the variation in endosperm texture in
mutants from different generations. In Ty plants, the formation
of kernels with impaired development of vitreous endosperm
was observed (Gerashchenkov et al., 2021). Such kernels are
characteristic of sorghum mutants with partially suppressed
kafirin synthesis and high protein digestibility (see reviews:
Duressa et al., 2018; Elkonin et al., 2021). In T, plants, ker-
nels with normally developed vitreous endosperm and high
protein digestibility were formed, which was an unusual
phenomenon, given the close correlation between high di-
gestibility and floury endosperm in sorghum (Duressa et al.,
2018). In the T, and T3 generations, plants from a number of
families again had kernels with a modified type of endosperm
(floury or with a thin, often blurred vitreous layer along the
periphery of the endosperm), which were distinguished by a
significantly higher level of digestibility (Table 2). As a result
of the selection of such kernels, we obtained two T families,
208/23 and 197/23, in which plants contained kernels with
normal vitreous endosperm with a higher level of protein
digestibility than in the original cultivar. Such variations in
the endosperm texture may be a consequence of the influence
of environmental conditions on the expression of the induced
mutation, or another mutation that we have not yet identi-
fied affects the modification of the endosperm type. A more
definitive conclusion can be made in the future as a result of
additional studies.
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Conclusion

In summary, as a result of studying the progeny of sorghum
mutants obtained using the CRISPR/Cas9 genetic construct
aimed at inducing mutations in the k1C5 gene encoding the
synthesis of a-kafirin, we identified two T3 families, 208/23
and 197/23, in which the plants contained kernels with nor-
mal vitreous endosperm and a higher level of grain protein
digestibility in comparison with the original cultivar (up to
72-84 %, compared to 62—-64 % in the original cv. Avance).
Plants from these families do not have significant differences
in the manifestation of agronomically valuable traits from
the original cultivar, with the exception of reduced height
(by 5-15 %), and do not contain the CRISPR/Cas genetic
construct. Four of the six Ty plants studied harbor the same
mutation: a T—C substitution at position 23 of the k1C5 gene
sequence, and this mutation is inherited by the T, generation.
This mutation is located 3'-end to the PAM sequence, and
may be a consequence of off-target Cas9 activity, in which
the mutation occurs in the target gene but off-target due to the
presence of multiple PAM sites located close to each other.
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