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Abstract. Improving the nutritional value of grain sorghum, a drought- and heat-tolerant grain crop, is an important
task in the context of global warming. One of the reasons for the low nutritional value of sorghum grain is the resis-
tance of its storage proteins (kafirins) to proteolytic digestion, which is due, among other things, to the structural
organization of protein bodies, in which y-kafirin, the most resistant to proteases, is located on the periphery, encap-
sulating more easily digested a-kafirins. The introduction of genetic constructs capable of inducing RNA silencing
of the y-kafirin (gKAFT) gene opens up prospects for solving this problem. Using Agrobacterium-mediated genetic
transformation of immature embryos of the grain sorghum cv. Avans we have obtained a mutant with improved
digestibility of endosperm proteins (up to 92 %) carrying a genetic construct for RNA silencing of the gkAF1 gene.The
goal of this work was to study the stability of inheritance of the introduced genetic construct in T,-T, generations, to
identify the number of its copies, as well as to trace the manifestation of agronomically valuable traits in the offspring
of the mutant. The mutant lines were grown in experimental plots in three randomized blocks. The studied lines were
characterized by improved digestibility of kafirins, a modified type of endosperm, completely or partially devoid of
the vitreous layer, an increased percentage of lysine (by 75 %), reduced plant height, peduncle length, 1000-grains
weight, and grain yield from the panicle. In T, a line with monogenic control of GA resistance was selected. qPCR
analysis showed that in different T; and T, plants, the genetic construct was present in 2-4 copies. In T, a line with a
high digestibility of endosperm proteins (81 %) and a minimal decrease in agronomically valuable traits (by 5-7 %)
was selected.
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AHHOTaUuMA. YnyyleHre nuTaTeNbHON LLEHHOCTN 3€PHOBOTO COPro — 3aCyXOYCTONYMBOW M XapOCTONKON 3epHOBOM
Ky/NbTypbl, C/ly»allen NCTOYHUKOM KOPMOBOIO Y MPOAOBOJSIbCTBEHHOTO 3€PHa BO MHOMMX 3aCyLUMBbIX pPermoHax
MUpa, — BaxKHaA 3afjaya cenekuyun B yCnoBuUAxX rnobanbHoro notenneHna knumata. OgHON 13 MPUYNH HU3KOW NiTa-
TeSIbHOW LIeHHOCTW 3epHa COPro ABMAETCA YCTOMYMBOCTb €ro 3anacHbix 6enkoB (KaduprHOB) K MPOTEONNTUYECKOMY
paciyenneHunto, 0bycnoBieHHas, B TOM UYMCie CTPYKTYPHO opraHu3auyvein 6enkoBbixX Tenel, B KOTOPbIX Hanbonee
YCTONUMBBIA K AENCTBUIO NpoTeas y-KadupuH pacrnonaraeTcs no nepudeprun, UHKancynupysa 6onee nerko nepe-
BapuBaemble a-KadupurHbl. BBeieHME reHeTUUECKNX KOHCTPYKLMIA, CMOCOBHbIX K MHAYKUMKU PHK-calineHcmnHra reHa
y-KadurpuHa (gKAF 1), oTKpbIBaeT NepPCNeKTMBbI Af1A peLleHmns 3Tol NpobnemMbl. Hamu y copTa 3epHOBOro copro ABaHc
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nocpeacTBoM arpobakTepuanbHON TpaHCcPopMaLummM C UCMONb30BaHMEM LWTaMMa, Hecyllero B coctaBe T-[IHK reHe-
TNYeCKy KOHCTpyKumio ana PHK-canneHcrHra reHa gKAF1, nonyyeH MyTaHT C ynyylleHHOW NepeBapnuBaemMoCTbio
6enkoB sHpocnepma (Ao 92 %). Lenb HacToAwel paboTbl — U3yyeHne CTabubHOCTY HacNedoBaHUA BBEAEHHON re-
HEeTUYECKOW KOHCTPYKLUN B NOKOMEHUAX T,—T,, YCTAHOBNIEHNE YMCIa ee KOMWIA, a TakkKe NMPOABAEHNA BaXKHENLWNX
ceneKUMOHHO-LieHHbIX MPU3HAKOB Y MOTOMCTBA NOJlyYeHHOro MyTaHTa. MyTaHTHble IMHMM BblpaLLMBanmn Ha SKcnepu-
MeHTanbHoM yuyactke OefjlepanbHOro arpapHoOro Hay4yHoro ueHTpa lOro-Boctoka B Tpex peHAOMM3NPOBaHHbIX 610-
Kax. Viccnepyemble NHUM XapaKTepu3oBanvcChb yny4lleHHOWN nepeBapriBaeMoCTbio KadprprHOB, MOANPULIMPOBaH-
HbIM TUNOM 3HAOCMNEPMa, NOJIHOCTbIO UM YaCTUYHO NNLLEHHbIM CTEKSTOBUAHOIO CN10A, NMOBbILWEHHBbIM MPOLEHTHbIM
copfeprkaHuem nusnHa (Ha 75 %), CHUXXEHHOW BbICOTOM pacTeHWI, AANHON NOAMETENbYATOrO MeXXA0Y3M1A, Maccon
1000 3epeH 1 ypoxxaem 3epHa ¢ MeTenku. B nokoneHnm T, oTobpaHa IMHMA C MOHOFEHHbIM KOHTPOEM YCTONUYNBOCTI
K rmiodocnHaty ammonma. AHanms qPCR nokasan, 4To y pasHbIX pacTeHWiA 13 NoKoneHuin T3 n T, reHeTUYecKas KoH-
CTPYKLUMA NPUCYTCTBYET B ABYX-YeTblpex Konuax. B nokoneHun T; oTobpaHa IMHMA C BbICOKOW NepeBapuBaemoCcTbio
6enKoB aHgocnepma (81 %) N MAHUMAaNbHBIM CHUXEHEM CeNeKLMOHHO-LIeHHbIX NPY3HaKoB (Ha 5-7 %).

KntoueBble cnosa: Sorghum bicolor; TpaHcreHHble pacteHus; PHK-canneHcuHr; Kaduputbl; qPCR; kKauecTBO 3epHa;

TEKCTypa 3HAoCnepmMa.

Introduction

RNA interference (RNAI) is one of the most important natural
mechanisms for regulating gene expression and antiviral cell
defense. As is known, the mechanism of RNAI is based on
the degradation of single-stranded mRNA in the presence
of complementary short RNA, which leads to disruption of
protein synthesis and silencing of the expression of the cor-
responding gene. These short interfering RNAs (siRNAs),
20-25 nucleotides long, are transcribed from natural DNA
sequences present in the genome or artificially created genetic
constructs encoding hairpin RNAs (hpRNAs) (Guo et al.,
2016; Muhammad et al., 2019). This design consists of sense
and antisense sequences of the target gene mRNA in the form
of inverted repeats, which are separated by a spacer sequence.
A splicable intron is often used as a spacer in such genetic
designs because it improves the efficiency of RNA silencing
in plants (Smith et al., 2000).

The sense and antisense sequences in the transcribed RNA
are complementary to each other and form hpRNA, which is
processed by Dicer-like proteins (DCLs). DCL proteins ge-
nerate siRNAs from a precursor, hpRNA. One strand of the
siRNA duplex is incorporated into the Argonaute protein
(AGO), forming the RNA-induced silencing complex (RISC).
The siRNA molecule directs RISC to the complementary
region of the single-stranded RNA, after which AGO cleaves
the target mRNA (Zhuravlyov et al., 2022; Bharathi et al.,
2023).

RNAI technology is frequently used in functional genomics
and genetic engineering of plants, since it makes it possible
to create mutants that are resistant to biotic and abiotic stress
factors, as well as to regulate the expression of genes involved
in the synthesis and catabolism of important metabolites and
reserve nutrients, including proteins, carbohydrates and lipids
(Bharathi et al., 2023). This approach has been used to obtain
mutants with an altered spectrum of seed storage proteins in
cultivated cereal species, including maize, wheat, rice, and
sorghum (Elkonin et al., 2016a).

The use of RNAi technology for regulating accumulation of
seed storage proteins is of particular importance for sorghum,
since it is believed that one of the reasons for the relatively
low nutritional value of sorghum grain is the resistance of its
storage proteins (kafirins) to proteolytic digestion, due, among
other things, to the structural organization of protein bodies, in
which the one most stable to the action of proteases, y-kafirin,

is located at the periphery, encapsulating the more easily
digestible a-kafirins (Oria et al., 2000; de Mesa-Stonestreet
etal., 2010; Duressa et al., 2018). It has been shown that sup-
pression of the synthesis of different classes of kafirins leads
to modification of the structure of endosperm protein bodies,
a decrease in the resistance of kafirins to protease digestion,
and compensatory synthesis of other proteins with a higher
lysine content (da Silva et al., 2011a, b; Kumar et al., 2012;
Grootboom et al., 2014; Elkonin et al., 2016D).

Previously, through Agrobacterum-mediated genetic trans-
formation, a genetic construct capable of inducing RNA si-
lencing of the y-kafirin gene (gKAFI), which is a part of the
T-DNA vector pNRKAFSIL (Elkonin et al., 2016b), was in-
troduced into the genome of the commercial grain sorghum
cultivar Avans. In one of the T, plants, all kernels had a floury
endosperm type and were characterized by a high level of
kafirins digestibility (up to 93 %), which was significantly
higher than the level of digestibility in the cv. Avans (57 %)
(Elkonin et al., 2021). T plants inherited these traits, as well
as resistance to ammonium glufosinate caused by the bar gene,
which was also present in the T-DNA of the pNRKAFSIL
vector (Borisenko et al., 2022).

The purpose of this work was to study the stability of
inheritance of the introduced genetic construct in T,—T, ge-
nerations, its copy number, as well as the manifestation of the
most important agronomically valuable traits in the offspring
of the mutant, including the amino acid composition of flour
and the digestibility of its proteins in an in vitro system.

Materials and methods

The original mutant with high digestibility of grain proteins
(Avans-1/18) was obtained in an experiment on Agrobacte-
rium-mediated genetic transformation of the new commer-
cial cultivar Avans of grain sorghum (Sorghum bicolor (L.)
Moench) using Agrobacterium tumefaciens strain GV3101,
carrying the binary vector pPNRKAFSIL (Elkonin et al., 2021).
This vector contains a genetic construct consisting of a fragment
(309 bp) of the y-kafirin gene (GenBank acc. No. M73688) in
direct and inverted orientation, which are separated by the
maize ubil-intron sequence (Fig. 1) (Elkonin et al., 2016b).
This construct should suppress gKAF1 expression via RNA
interference. The T-DNA of this vector also includes the bar
gene under the control of the nos-promoter, which determines
resistance to ammonium glufosinate (GA).
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Fig. 1. T-DNA of the pNRKAFSIL vector (Elkonin et al., 2016b).

DIRKAF, INVKAF - fragments of the sorghum y-kafirin gene (GenBank Acc. No. M73688) in direct and inverted orientation;
maize ubiT-intron; 35S — 35S-promoter of cauliflower mosaic virus; Pnos — nos-promoter; nos-T — nos-terminator; P1-P4 - posi-

tions of primers used in PCR analyses.

The progeny of the RNAi mutant Avans-1/18 was grown in
a growth chamber (photoperiod: 16 hours day/8 hours night;
t°: 28/22 °C), or in a greenhouse, and in experimental plots
in the field of the Federal Center of Agriculture Research of
the South-East Region (Saratov, Russia).

To study inheritance of the genetic construct for silencing,
panicles of transgenic plants were carefully isolated with
parchment bags before flowering. In addition, they were
crossed as paternal parents with lines with cytoplasmic male
sterility (CMS) A2 KVV-181, A2 KVV-114 and A2 O-1237.

Assessment of resistance to ammonium glufosinate.
To study the resistance of the progeny of transgenic plants
to GA, the kernels were sterilized with Domestos, then with
HgCl, (0.1 %), after which they were soaked in a GA solution
(2.5 mg/) for 20 hours. After that, the embryos were removed
from the soaked kernels and placed on a hormone-free MS
nutrient medium containing filter-sterilized GA (2.5 mg/1). The
embryos were cultivated in a growth chamber (photoperiod:
16 hours day/8 hours night; t° 26-28 °C) for three weeks.
Under this regime, seedlings carrying the bar gene developed
normally and reached 10 cm in three weeks, while the deve-
lopment of seedlings not carrying the bar gene was inhibited
at the coleoptile growth stage.

Endosperm texture. The texture of the endosperm was de-
termined on transverse sections of mature kernels. The fol-
lowing endosperm types were distinguished: modified, which
included the floury type, floury with interspersed vitreous
endosperm and floury with a thin, often “blurred” rim of the
vitreous layer, and regular endosperm with a thick vitreous
layer.

PCR analysis. Genomic DNA was isolated from leaves
using a modified CTAB method. The presence of a genetic
construct for RNA silencing was checked using PCR analysis
with primers that amplified a 588-bp fragment of the maize
ubil-intron (P1 (5'—3’) tgtcttggttgtgatgatgtggte; P2 (5'—3):
gcgtatgaaggcagggetaaa), which is an important component of
RNALI genetic construct, ensuring its stability and functional
efficiency (Smith et al., 2000), and the fragment of the nos-
promoter that controls the bar marker gene, 201 bp long
(P3 (5'—3"): tgagactctaattggataccgagg; P4 (5'—3'): tttggaac
tgacagaaccgcaac) (primer positions are indicated in Fig. 1).
PCR was carried out using DNA amplifiers MasterCycler
(Eppendorf, Germany) and T100 (Bio-Rad, USA). PCR condi-
tions were as follows: for the nos-promoter: 95 °C (2 min);
40 cycles [95 °C (30 s), 64 °C (30 s); 72 °C (1 min 10 s)];
72 °C (7 min). For ubil-intron: 95 °C (2 min); 40 cycles [95 °C
(1 min), 56 °C (1 min), 72 °C (1 min 30 s)]; 72 °C (10 min).
The amplified fragments were visualized by electrophoresis

in a 2.0 % agarose gel. PCR analyses of each sample were
performed in two replications.

qPCR analysis. The copy number of the genetic construct
for RNAi was determined using quantitative PCR by amplify-
ing a 119 bp fragment of sorghum anthranilate phosphoribo-
syl transferase gene (4PRT, Sobic.002G303300), selected as
a reference gene (Casu et al., 2012; Wang et al., 2021), and a
201 bp fragment of the nos-promoter. The reaction mixture
contained 2 pl of genomic DNA (10 ng/ul), 10 pl of a ready-
made amplification reaction mixture containing the interca-
lating dye SYBR Green (2X HS-qSYBR-blue, Biolabmix,
Russia) and 0.4 pmol of each primer; the total volume of the
reaction mixture was 20 pl; the number of replications was
three. PCR mode: 1 cycle of 95 °C (2 min), then 40 cycles of
[95 °C (15 s), 60 °C (20 s) + detection on the FAM channel,
72 °C (20 s)]. qPCR was performed using a LightCycler 96
real-time PCR instrument (Roche, Switzerland). The primers
for the APRT gene were as follows (F (5'—3")): tgacacattccc
aacctcaa and R (5'—3’): atctctctcectgagtggea) (Wang et al.,
2021); primers for the nos-promoter are described above. The
concentration of genomic DNA and primers was determined
using a Nanodrop One C UV spectrophotometer (Thermo
Fisher Scientific, USA) by measuring absorbance at wave-
lengths of 230/260/280 nm. Data analysis and determina-
tion of PCR efficiency were performed using the certified
LightCycler® 96 Software, version 1.1.0.1320.

Analysis of total protein content in grain. The total grain
protein content of plants from T, and T, was analyzed using
the Kjeldahl method.

Digestibility of grain proteins. To study the digestibility
of grain proteins, pepsin treatment of whole-grain flour was
used (Aboubacar et al., 2001; Nunes et al., 2004; Wong et
al., 2009). A sample of flour (20 mg) was incubated in 5 ml
of a 0.15 % pepsin solution (Carl Roth, Germany) (Art.-Nr.
KK38.1, 2000 FIP-U/g) in 0.1 M potassium phosphate buffer
(pH 2.0) for 120 min at 37 °C with occasional shaking.

To quantify digestibility, a method based on scanning the
electrophoretic spectra of proteins obtained in SDS-PAGE was
used (Aboubacar et al., 2001; Wong et al., 2009; Elkonin et
al., 2013). Proteins were isolated from digested and control
samples using extraction buffer (0.0625 M TRIS-HCIL, 2 %
SDS, 5 % 2-mercaptoethanol, pH 6.8). Samples were sub-
jected to SDS-PAGE in 12.5 % (w/v) PAGE; 10 pl of extract
was applied to each lane. Protein molecular weight markers
(14-116 kDa) (Thermo Scientific) were used as standards.
Gels were stained with Coomassie Brilliant Blue R-250. After
electrophoresis, the gels were scanned using ChemiDocTM
(Bio-Rad); protein amounts were determined using Image

FEHETUKA PACTEHUI / PLANT GENETICS 65



L.A. Elkonin, N.V. Borisenko, T.E. Pylaev, O.A. Kenzhegulov
S.Kh. Sarsenova, N.Yu. Selivanov, V.M. Panin

Lab 6.1 (Bio-Rad). The digestibility value was calculated as
the percentage of the difference between the volume of protein
in the control sample and in the sample treated with pepsin to
the volume of protein in the control sample. The experiments
were performed in two replications.

HPLC analysis of the amino acid composition of flour
proteins. To analyze the total content of amino acids, 10 ker-
nels were examined from transgenic plants T; 190-1, 190-3,
190-4 and the original cv. Avans. Ground meal samples
(15 mg) were hydrolyzed with 1.5 ml of 6N HCI (at t° of
106 °C for 24 h) under nitrogen. Identification of amino
acids was carried out using a pre-column modification with
6-aminoquinolyl-N-hydroxysuccinimidyl carbamate accord-
ing to the Waters AccQ-Tag method using a WAT 052880
reagent kit. The analysis was carried out by HPLC on a Knauer
Smartline chromatograph using reverse phase chromatogra-
phy on a Kromasil — 110 C18/2.5 pkm (2 mmXx 150 mm).
Detection was performed at A 248 nm. The injection volume
was 20 ul. Samples were analyzed in triplicate. Quantitative
calculation of the amino acid content in sample hydrolysates
was carried out using the external standard method — 250 pM
of analytical amino acid standard (AAS18 Fluka).

Evaluation of agronomically valuable traits. To study
the influence of the RNAI genetic construct for silencing the
gKAF'1 gene on the manifestation of agronomically valuable
traits, the Ts and T4 progeny of four T; transgenic plants, as
well as the original Avans variety, were grown in 4 meter rows
in three replications in the experimental field of the Federal
Centre of Agriculture Research of the South-East Region. All
panicles of plants were carefully bagged with parchment bags
before flowering. The following traits were analyzed: plant
height, peduncle length, weight of 1000 grains, and grain yield
per panicle. In each replication, the average value of the trait
was determined in 10—15 plants.

Methods of biological statistics. To assess differences in
the in vitro digestibility of proteins of the studied samples,
dispersion analysis and Duncan’s Multiple Range Test were
performed using the AGROS software package, version 2.09
(S.P. Martynov, Institute of General Genetics of RAS). Data
on the manifestation of agronomically valuable traits were
processed by one-way dispersion analysis using the AGROS
software package.

Results and discussion
PCR analysis of plants from T,—T, generations with primers
to the ubil-intron separating inverted fragments of the gKAF/
gene in the pNRKAFSIL vector, and to the nos-promoter that
controls the expression of the bar gene, showed the stability
of inheritance of the genetic construct during self-pollination.
In the T, generation, the progeny of four T; plants was ana-
lyzed, each of which was PCR-positive for both loci studied
(Nos. 1-3, 190-1, 190-2, 190-4), as well as the progeny of
plant No. 190-3, which was PCR negative for the ubi/-intron,
but PCR positive for the nos-promoter (Elkonin et al., 2021).
It was found that all 12 T, plants from the T, family No. 1-3
and all 8 T, plants from the T; family No. 190-4 were PCR
positive for both loci tested (Table 1). At the same time, in the
T, families — the progeny of plants 190-1 and 190-2 — segrega-
tion was observed, and PCR-negative plants for both loci were
present. No PCR-negative plants were found in the T3 and T,

A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

generations. This fact indicates the stability of inheritance of
the introduced genetic construct.

PCR analysis of F| hybrids between T, plants and different
CMS lines showed the possibility of transmitting the intro-
duced genetic construct through pollen. It is noteworthy that
among the F; hybrids with the CMS line A2 KVV-114, one
plant that was PCR positive for the nos-promoter but PCR
negative for the ubil-intron was found. We previously found
a similar case among T, plants (Elkonin et al., 2021). These
facts indicate that in some cases there may be a disturbance of
the integrity of the integrated T-DNA and the elimination of
the genetic construct for silencing. A significant predominance
of PCR-positive plants in T,, as well as among F; hybrids,
indicated the presence of several unlinked copies of the genetic
construct in T, plants.

Resistance to ammonium glufosinate. To further study
the inheritance of the genetic construct for RNA silencing,
the progeny of a number of plants from T,—T; generations
was grown on a nutrient medium containing ammonium glu-
fosinate (2.5 mg/l), resistance to which is determined by the
presence of a bar gene. In different plants, different segregation
patterns were observed: 15:1 (plant No. 182-3), indicating the
presence of two copies of the genetic construct; monogenic
segregation 3:1 (No. 124-3; 124-3-9; 124-3-10), indicating
the presence of one copy of the construct; in the progeny of
plants No. 150-15, 124-3-3, 190-4, no segregation was ob-
served, which suggested homozygous nature of these plants
(Table 2). Considering that the plant 124-3-3 was obtained
from the progeny of plant 124-3, which segregated as a mono-
heterozygote (3:1), it is quite obvious that in the plant 124-3-3,
the genetic construct for the silencing of the gKAFI gene is
present in one copy in a homozygous state. No resistant plants
were observed in the progeny of plant 190-3, as well as in the
original cv. Avans.

Endosperm texture. Analysis of the endosperm texture
in kernels of plants from different generations of the RNAi
mutant Avans-1/18 showed the inheritance of a modified endo-
sperm type (floury or floury with vitreous inclusions) (Fig. 2),
characteristic of the mutant kernels, up to the T4 generation. In
the panicles of T and T, plants, due to their heterozygosity,
a 3:1 or 15:1 segregation (modified endosperm type: normal
vitreous endosperm) was observed, which indicated the pre-
sence of one or two copies of the genetic construct (Table 3).
In the T and T, generations, segregation of the kernels with
vitreous endosperm was absent, as a rule, indicating the ho-
mozygous state of the introduced genetic construct.

It is noteworthy that in many kernels a combined type of
endosperm was observed, in which the floury endosperm
was interspersed with sectors of vitreous endosperm, or the
vitreous endosperm was present in the form of a thin, often
“blurred” peripheral layer (see Fig. 2). The formation of these
types of endosperms did not depend on the number of copies of
the construct (see below) and, possibly, reflected the peculiar
properties of its expression under environmental conditions
that change during kernel maturation.

Similar “combined” endosperm types were described pre-
viously in other works on the introduction of genetic constructs
for silencing kafirin genes (da Silva, 2012; Elkonin et al.,
2016b), as well as in recombinant lines obtained by hybridiza-
tion of the P721Q mutant, characterized by high digestibility
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Table 1. Inheritance of the genetic construct for RNA silencing of the gKAFT gene
in the progeny of the RNAi mutant of grain sorghum Avans-1/18 during self-pollination and in crosses with CMS lines

T, plant Progeny ubil-intron nos-promoter
Tota| ................... P CR+” ............. P CR"_” R -|- ota| .................. P CR,+” ............. P CR P
............................................................................................................ Se|f_po|||nat|on
1 3 (ub,1+ . no 5+) .................... 13/20 (TZ) ................... 1 2 ....................... 1 2 ....................... R 1 2 ...................... 1 2 ....................... R
197/21”3) ................... 6 ........................ 6 ...................... I s R
153/22(1_4) ................... 7 ........................ 7 ....................... I s R
1 9 0 1 (Ub” + n OS+) ............... 181/2 1(-|-2) .................. 1 9 ...................... 1 8 ....................... 1 ......................... 1 9 ...................... 1 8 ....................... 1 .......................
1 9 0 2 (Ub” + ,, 05+) ............... 182/2 1(-|-2) .................. 1 5 ....................... 1 2 ....................... 3 ......................... 1 5 ....................... 1 2 ....................... 3 .......................
150/22”3) ................. 14 ...................... 14 ...................... R s R
1903(Ub”_nos+) ............... 183/21(1_2) .................. s e 3 s 3 .......................
1 9 0 4 (Ub” + n OS+) ............... 184/2 1(-|-2) .................... 8 ........................ 8 ...................... e 8 ........................ 8 ...................... R
152/22(1-3) ................. 11 ....................... ” ....................... e i R
.................................................................................................... F1hybr|dsw|thCMs|mes
AZva181/T11902 ................................................. 17 ...................... 134 ........................ 17 ...................... 134 ......................
A2 01237/ -|-11901 .................................................. 1 5 ....................... 1 2 ....................... 3 ......................... 1 5 ....................... 1 2 ....................... 3 .......................
A2KVVH4/-|-11901 ................................................. 18 ...................... 16 ....................... 2 ......................... 1 8 ...................... 17 ....................... 1 .......................

Table 2. Segregation for resistance to ammonium glufosinate in the progeny of some plants of the Avans-1/18 mutant

carrying genetic construct for RNA silencing of the gKAFT gene

Plant No. Number of plants Ratio 12 p
tota| .......................... r es,stant ................... S ensmve .................
T1No190_2(n05+)progeny .................................................................................................
1243/21(1-2) ................. 106 ........................... 8 1 .............................. 2 5 .............................. 3 10”3 ......................... o 75<p<050 .........
1823/21(1_2) ................. ”0 ........................... 101 ............................ 9 ................................ 1 510701 ......................... 0 50<p<025 .........
15015/22(1_3) ............... 100 ........................... 100 ........................... i e
T2N0124_3(nos+)progeny .................................................................................................
12433(1-3) ................... 3 5 .............................. 3 5 .............................. R e
12439(T3) ................... 7 049 ............................. 2 1 .............................. 3 10933 ......................... 0 50<p<025 .........
124310“—3) ................. 2 9 .............................. 2 1 .............................. 6 ................................ 3 101” ......................... 0 75<p<050 .........
T1N0190_4(n05+)progeny .................................................................................................
1904/21(1_1) ................. 3 0 .............................. 3 0 ............................. R R
T1No190_3(nos_)progeny .................................................................................................
1518/22(1-3) ................. 3 0 .............................. S 3 0__ ................................ R

of kafirins and floury endosperm, with common sorghum lines
with low kafirin digestibility and regular vitreous endosperm
(Tesso et al., 2006). Considering that the floury endosperm
type is accompanied by a number of negative agronomic traits
(Duressa et al., 2018), lines with such combined endosperm
types and improved protein digestibility should have higher
breeding value.

Analysis of the number of copies of RNAi genetic con-
struct. To clarify the copy number of the genetic construct for
silencing of gKAF'I in T5 and T, plants, quantitative PCR ana-
lysis (qQPCR) was carried out with primers to the nos-promoter,
while the sorghum 4APRT gene, which was previously used in
experiments to identify the number of copies of transgenes in
different plant species, including sorghum (Casu et al., 2012;
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Fig. 2. Cross sections of kernels from the progeny of the RNAi grain sorghum mutant Avans-1/18 (a, b) and the original non-transgenic cv. Avans (c).

A thick layer of vitreous endosperm is noticeable in the kernels of the original cultivar (c) and there is a complete absence of vitreous endosperm (a) or a blurred
layer of vitreous endosperm in the kernels of transgenic T, plants (b).

Table 3. Segregation by the endosperm type in the kernels of some plants from different generations of the RNAi-mutant Avans-1/18

Plant No., generation Number of kernels, endosperm type Ratio X2 p
(modified:
Total  Modified With a regular regular)

o ) ) vitreous layer
floury  with vitreous inclusions

No. 1T, ubil+bar+ 18 13 5 (around the periphery) - - - -

1-3, T, ubil+bar+ 7 7 - - - - -

1-6, T, ubil—bar- 8 - - 8 - - -

190-1, T, ubil+bar+ 72 58 - 14 3:1 1.185 0.50-0.25
190-2, T, ubil+bar+ 87 58 16 13 3:1 4693 <0.05
190-3 T, ubil—bar+ 16 - - 16 - - -

190-4, T, ubil+bar+ 29 29 - - - - -

1-3-5, T, (from T, 1-3) ubil+bar+ 8 8 - - - - -

1-3-10, T, (from T, 1-3) ubiT+bar+ 8 4 4 (around the periphery) - - - -
181-II-5, T, (from T, 190-1) ubil+bar+ 353 99 152 102 3:1 2.856 0.05-0.01
182-1-8, T, (from T, 190-2) ubil+bar+ 70 55 1 4 15:1 0.034 0.90-0.75
182-11-3, T, (from T, 190-2) ubil+bar+ 288 114 149 24 15:1 2.133 0.25-0.10
182--10, T, (from T, 190-2) ubiT+bar+ 267 149 118 - Homozygote

184-1-8, T, (from T, 190-4) ubil+bar+ 407 148 229 - Homozygote

184-1-2, T, (from T, 190-4) ubil+bar+ 70 52 18 - Homozygote

150a-1, T; (from T, 182--8) ubil+bar+ 93 26 17+50 (around the periphery) 7 15:1 0.096 0.90-0.75
150a-12, T5 (from T, 182-1-8) ubil+bar+ 100 16 26+58 (around the periphery) - Homozygote

150a-15, T; (from T, 182-1-8) ubiT+bar+ 100 26 52+22 (around the periphery) - Homozygote

152a-10, T5 (from T, 184-1-8) ubiT+bar+ 101 33 19+49 (around the periphery) - Homozygote

197-6, T (from T, 1-3-5) ubiT+bar+ 311 166 116429 (around the periphery) - Homozygote

153a-6, T, (from T5 197-6) ubil+bar+ 100 33 9+58 (around the periphery) - Homozygote

153a-4, T, (from T3 197-6) ubi1+bar+ 100 35 13452 (around the periphery) - Homozygote
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Wang et al., 2021), was used as a reference control. In addition,
the copy number of the introduced genetic construct was also
calculated using DNA from the plant No. 124-3-9 (T,), which
was segregated as a mono-heterozygote (3:1), was also used
as a reference control (see Table 2).

It was found that in those plants that, based on the results of
segregation analysis for the bar gene, were expected to have
one copy of the genetic construct, the copy number, according
to qPCR data, was the lowest (0.6...0.9; on average 0.76+£0.06)
(Table 4). At the same time, in the plant No. 124-3-3 — a pu-
tative homozygote with two copies of the genetic construct —
the copy number, according to qPCR data, was 2 times higher
(1.4+0.2). These data show that our qPCR analysis quite
accurately reflects the copy number of the construct under
study, and the results obtained using it are trustworthy.

The analysis revealed variations in the number of copies
of the genetic construct for RNA silencing in different T
plants. Thus, plant No. 150a-15 from the T; 190-2 family
had two copies of the construct (see Table 4). Considering
the lack of segregation for the bar gene (see Table 2) and for
the endosperm type in the kernels formed on its panicle (see
Table 3), it is obvious that it is a mono-homozygote. At the
same time, in the plant No. 150a-12, the copy number was
significantly higher, indicating the presence of three-four
copies of the genetic construct. The presence of individuals
with two and four copies of the construct from the progeny
of the same T, plant (190-2) indicates the presence of two
independent T-DNA insertions. This assumption is confirmed
by the di-hybrid segregation pattern (15:1) for the bar gene
and for the endosperm type in the progeny of some plants
from the 190-2 family.

Thus, the data of classical genetics and qPCR quite ac-
curately agree with each other and indicate the presence of at
least two independent copies of the genetic construct for RNA
silencing in the parental T transgenic plant. Noteworthy is the
high copy number of the construct in plants from the progenies
of T, 190-4 and 1-3 plants in T3 and T, generations, which
carried at least four copies of the genetic construct.

In vitro digestibility of grain proteins. An assessment
of the digestibility of grain proteins obtained from whole-
ground kernels set on panicles of T, and T, plants showed
the inheritance of a high level of protein digestibility found
in T, generation, although the values in most T, plants were
slightly lower than the values of this trait in T;. Plants grown
with artificial watering during grain maturation (2 times per
7-8 1/m?) had higher digestibility compared to plants grown
in the absence of additional watering (Table 5). Apparently,
conditions of higher water availability contribute to more effi-
cient expression of the genetic construct for silencing. Kernels
with a floury endosperm type and with endosperm contain-
ing inclusions of vitreous endosperm had the same level of
protein digestibility (Fig. 3). At the same time, kernels with a
regular vitreous endosperm had lower digestibility compared
to kernels with a mutant type of endosperm (floury or with
vitreous inclusions).

Remarkably, in the plant 184-1-7, an unusual floury type
endosperm with a pink coloration was found. This coloration
is possibly conditioned by polyphenols, which normally de-
termine the color of the vitreous layer of the endosperm in
the kernels of the original cv. Avans. The flour obtained from
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Table 4. The number of copies of the genetic construct
for RNA silencing of the gkAFT gene in different plants
from the T; and T, generations according to qPCR results

Transgenic plant Copy number in relation

124-3-10 T,, mono-heterozygote  0.9+0.2 1.1£0.3
124347, mono-heterozygote 0801 10%02
124387, mono-heterozygote 0600 08+01
On avera ge .......................................... 0761 006 ...................................
for mono-heterozygotes
12433T, mono-homozygote 14802 21202
150a4-|-3 .............................................. 23i01 .......... 29102 .................
150a12-|-3 ............................................ 291 05 .......... 36107 .................
150a15T3 ............................................ 151, 01 .......... 191,01 .................
............................................ T11904progeny
15621-2 ................................................ 40i05 .......... 51i07 .................
152a3-|-3 .............................................. 41i02 .......... 51i04 .................
152a10-|-3 ............................................ 42103 .......... 53105 .................
152a14T3 ............................................ 33+03 .......... 411,05 .................
T113progeny .............................................
153341-4 .............................................. 40i02 .......... 50i04 .................
153a6-|-4 .............................................. 291,02 .......... 371,03 .................
153a3-|-4 .............................................. 33103 .......... 41104 .................
153b2T4 .............................................. 351 07 .......... 44109 .................
153b1-|-4 .............................................. 20i01 .......... 26i02 .................
159-5 non-transgenic sibling 002400 003400
Avan Songma|cv ................................ 0031,00 ....... 0041,00 ...............

T Copy number was calculated in relation to mono-heterozygote,
No. 124-3-9 (T,).

the same plant had a similar coloration. The digestibility of
proteins in such flour was slightly lower than that of flour
from other plants, possibly due to the inhibition of pepsin
action by polyphenols.

The total protein content in the grain of T, plants de-
creased by 7.5-17.3 % compared to the original cv. Avans:
12.8-14.3 % vs. 15.5 %, while the percentage of lysine in
the grains of plant No. 190-4 increased by 75 % (see Supple-
mentary Material)!, which may have been a consequence of
re-balancing protein synthesis in the grains of transgenic plants
and the appearance of proteins with higher lysine content

1 Supplementary Material is available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Elkonin_Engl_28_1.pdf
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A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

Table 5. In vitro grain protein digestibility in plants from the progeny of the Avans-1/18 mutant

carrying the genetic construct for RNA silencing of the gKAF1 gene

Plant Additional Endosperm type Digestibility, % Grain protein content, %
watering'!
....................................................................................................................... -|-1
19 01 Ub” +bar+ ..................... + .................................... |: |oury ........................................................ S 1 28 a ....................................
19 03 Ub” _ba,+ ..................... + .................................... R egma r Vm—eo us ....................................... 7 53 b ................................ 1 45 b ...................................
19 04Ub” +ba,+ ..................... + .................................... |: |oury ........................................................ 9 22 c ................................. 1 43 b ...................................
Avans O ngm a .I. cv .................... + .................................... R egma r V,treo us ....................................... 5 23 a ................................ 1 55 c ....................................
F ........................................................................................................................................................ 5 58946* ........................... 5 197* ...................................
LS DOS ................................................................................................................................................ 5 1 ...................................... 0 6 9 ......................................
.......................................................................................................... Tz(fromT11904)
18 4|8 ...................................... + .................................... F |oury ........................................................ 7 98 h ................................ 9 16 a ....................................
W,th\,,treousmdusmns ......................... 8 10 . h, .............................
18 4|7 ...................................... + .................................... |: |ouryp, n k .............................................. 6 24 a ................................ s
18 4|2 ...................................... + .................................... |: |oury ........................................................ 7 50 efgh ........................... ”13 de ...............................
1164 ........................................ R 71Odee ......................... s
1165 ........................................ e 722def936a ...................................
182|8 ...................................... + 761efgh .......................... 1163ef ................................
18 2 ”3 ..................................... + .................................... |: |oury ........................................................ 7 93 h ................................ e
W,thv,treous ,ndUS,ons ......................... 7 76 gh .............................. s
R e gmarwtreous ...................................... 7 14 Cdef ........................... R
.......................................................................................................... Tz(fromnwoz)
12 43 ........................................ R |: |oury ........................................................ 6 36 a ................................ 1 322 h .................................
Regu|ar\,,treous644a ..............................
............................................................................................................ Ts(fromT”-?’)
19 75 ........................................ + .................................... |: |oury ........................................................ 8 03 h ................................ 1188 f ..................................
1976 ........................................ + 7889h ............................. 12789h ...............................
Avans 0 ngm a .I. CV .................... + .................................... R egma r V,treo us ....................................... 5 93 a ................................ ”09 de ...............................
F ........................................................................................................................................................ 16988** ........................... 3 7257* ................................
|_5 Dos ................................................................................................................................................ 5 735 ................................. 0 6 18 ....................................

T Additional watering: 2 times per 8 I/m? during the period of grain maturation; * p < 0.05, ** p < 0.01; data denoted by different letters significantly differ

at p < 0.05 according to Duncan’s Multiple Range Test.

compared to y-kafirin. This re-balancing of protein content
has been previously described in many cereal RNAi mutants
with genetic constructs that suppress prolamine synthesis
(Elkonin et al., 2016a). The protein content in the grain of
different T, plants varied from 9.2 to 12.8 % and in most of
the studied plants it did not differ significantly from the origi-
nal cv. Avans (11.1 %). In two plants from family No. 190-4
(184-1-8 and 116-5), apparently containing two copies of
the genetic construct, the protein content was significantly
lower (9.2-9.4 %). However, the influence of the number
of copies of the genetic construct for silencing the gKAF'1
gene on the total protein content in grain requires additional
investigation.

70

Analysis of agronomically valuable traits. To study
the manifestation of agronomically important traits in the
plants carrying the genetic construct for RNA silencing of
the y-kafirin gene, in 2020, a few T plants were grown in an
experimental plot under field conditions. It was found that
these plants have a reduced height compared to the original
cv. Avans: 82.3+1.7 cm and 100.8+3.4 cm, respectively
(p <0.01). These differences were also observed in T, ge-
neration: 81.5-91.6 cm, on average, in different T, families,
compared to 104.1 cm for the original cultivar (p < 0.05)
(2021 data). In this connection, for a more detailed study of the
manifestation of the main agronomically valuable traits in the
mutant, T; families (the progeny of three T, plants Nos. 190-2,
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Fig. 3. SDS-PAGE of grain proteins of the original cv. Avans and plants of Avans-1/18 after pepsin treatment of the flour.

1-3, 15-17 - original cv. Avans; 4, 5 - T; 190-4; 6-11 — T, 184-I-8 (progeny from 190-4); 6-8 - grains with floury endosperm; 9-17 - grains
with floury endosperm interspersed with vitreous endosperm; 12-14 — T, 184-1-7 (progeny from 190-4) - grains with pink floury endo-
sperm. 1,2,4,6,7,9,10, 12,13, 15, 16 - after treating of the flour with pepsin; 3, 5, 8, 11, 14, 17 — without pepsin treatment (control). The
positions of different classes of kafirins are marked with arrows. Dotted arrows indicate proteins belonging to the globulin fraction.

Table 6. Manifestation of some agronomically important traits in the progeny of the mutant Avans-1/18

(averages from three replications)

Line Plant height, cm Peduncle length, cm 1000 grain weight, g Grain yield per panicle, g
Avans, o ngl n a .I. C V .......................... 1 046 c .................................. 120 b .................................... 3 25C ..................................... 3 22 c .....................................

-|-3 1 50 (fr omT1 1 90_2) u b ”+1 .......... 9 16 ab ................................. 74 a ..................................... 2 97 a bc ................................. 2 46 a .....................................

T3 1 51 (fr OmT1 1 90_3) u b ”_ ........... 9 10 ab ................................. 74 a ..................................... 3 18 bc .................................. 2 71 ab ..................................

-|-3 1 52 (fr omT1 1 90_4) u b ”+ ........... 8 66 a .................................... 51 a ..................................... 2 80a ..................................... 2 22 a .....................................

-|-4 1 53 (fr OmT1 1 _3)Ubl 1+ ............... 9 79 bc ................................. 74 a ..................................... 2 91 a b .................................. 2 60 b ....................................

. F ......................................................... 1 0764* .............................. 1 0848* .................................... 3446* .................................. 1 205 1* .................................

LSD 05 ................................................... 7 0 ...................................... 2 5 .......................................... 3 0 ......................................... 2 9 .......................................

1The presence of the genetic construct for RNA silencing of the gKAFT gene (based on the results of PCR with primers for the ubil-intron). Data denoted
by different letters are significantly different at p < 0.05, according to Duncan’s Multiple Range Test.

190-3, 190-4, which were grown in the field), and one T4
family (the progeny of T, plant No. 1-3 from the greenhouse)
were grown in 2022 in experimental plots, in 3 replications.
It was found that all the studied lines of transgenic origin
derived from a single initial T, plant differ from the original
cv. Avans in reduced plant height, shortened peduncle and
reduced grain yield per panicle (Table 6). Such a decrease in
the manifestation of these traits in mutants carrying genetic
constructs for RNA silencing of prolamin genes is described
for the first time in cereals. Such a change in plant height and
peduncle length may be a consequence of off-target effects of
expression of a genetic construct for RNA silencing, which
are well known and described in the literature (Jackson et al.,

2003; Senthil-Kumar, Mysore, 2011). However, this explana-
tion seems unlikely since in the line No. 151 (progeny of plant
190-3), this construct was eliminated, while the short stature
and shortened peduncle were preserved.

Another explanation may be the insertion of the genetic
construct for RNA silencing into one of the loci that controls
plant height and peduncle length. Similar facts of induction
of mutations in genes encoding various plant traits as a result
of T-DNA insertion are widely known (Wilson et al., 2006;
Deineko et al., 2007; Ram et al., 2019). In most cases, such
insertions lead to plant DNA deletions that disrupt the func-
tional activity of genes. Previously, mutations of short stature
caused by T-DNA insertion, including mutation of the locus
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that controls gibberellin synthesis, which is involved in the
regulation of plant height, were described in Arabidopsis
(Feldmann et al., 1989; Chiang et al., 1995). In sorghum, we
were unable to identify any reports on the induction of mutants
by T-DNA insertion in the available literature.

The weight of 1000 grains was significantly reduced in two
lines carrying the RNA-silencing construct (Nos. 152, 153).
Obviously, such a decrease in the weight of 1000 grains is a
consequence of modification of the endosperm type, since in
the loose floury endosperm, there are air cavities between the
starch granules. It is noteworthy that in line No. 151 (progeny
of plant 190-3), in which the kernels, due to the elimination
of the RNA-silencing construct, had a regular endosperm
with a thick vitreous layer, there were no significant diffe-
rences for this trait from the original cv. Avans. The absence
of significant differences between the original cultivar and
line No. 150 is also possibly explained by the presence of
heterozygous plants, the panicles of which contain kernels
with vitreous endosperm (see Table 3). Thus, the decrease in
1000-grain weight is a direct consequence of the expression of
the gKAF'I gene RNA-silencing construct. A similar decrease
in 1000-grain weight was described in sorghum RNAi mutants
obtained in the African variety P898012, carrying a genetic
construct for RNA silencing of two y-kafirin genes, 27 and
50 kDa (Ndimba et al., 2017).

Such a decrease in grain weight could not but cause a
decrease in grain yield per panicle, which was observed in
all transgenic lines we obtained, and in this regard, a change
in this trait is also a consequence of the expression of the
introduced genetic construct. At the same time, the drop in
grain yield may also be due to a reduced development power
of plants due to T-DNA insertion into one of the loci that
controls plant height, since this trait was also reduced in line
No. 151, in which the silencing construct was eliminated. In
this regard, a decrease in grain yield per panicle may also be
a consequence of insertion mutagenesis induced by T-DNA.

It should be noted that the presence of several unlinked
copies of the genetic construct, apparently integrated into dif-
ferent regions of the genome, which, due to the effect of gene
position, may differ in their effect on the phenotypic traits of
plants, opens up the possibility of selecting lines that combine
improved protein digestibility with the required manifestation
of agronomically valuable traits. Thus, a line was identified
(No. 153, T4 derived from Ty 1-3), in which plant height and
grain yield per panicle were reduced to a lesser extent (by
5-6 %), while the level of protein digestibility reached 81 %
(see Table 5). In this regard, this line may be of greater interest
for practical breeding.

Conclusion

The results of this study indicate that the genetic construct
for RNA silencing of the sorghum y-kafirin gene (gKAF1) is
represented in the genome of different plants from T; and T,
generations of the RNAi mutant Avans-1/18 in 2—4 copies,
which, apparently, are a consequence of two independent
events of T-DNA integration. This construct is stably inherited
and expressed in the T; and T4 generations, modifying the en-
dosperm texture, improving protein digestibility (up to 81 %,
compared to 52—59 % in the original cultivar), and increasing
the percentage of lysine (by 75 %). At the same time, cases

A sorghum mutant with a construct
for RNA silencing of the y-kafirin gene

of disturbances of the integrity of the integrated T-DNA and
elimination of the genetic construct for silencing have been
recorded. Transgenic plants of the RNAi mutant Avans-1/18
are characterized by reduced plant height, shortened peduncle,
reduced 1000-grain weight, and panicle grain yield. A line
(T3) with high digestibility of endosperm proteins (81 %)
and a minimal decrease in agronomically valuable traits (by
5-7 %) was isolated.
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