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Abstract

Agriophyllum squarrosum (L.) Moq. is a drought-tolerant psammophytic species with high potential for
domestication in arid regions; however, its agricultural use is limited by unfavorable traits such as small seed size
and unstable productivity. This study aimed to develop an effective method for inducing genetic variability using
ethyl methanesulfonate (EMS) and to evaluate resulting mutant forms. Seeds were treated with 0.3% EMS for 18
h, followed by washing, drying, and cultivation under controlled and field conditions. Phenotypic assessment was
conducted in the M» generation. EMS treatment resulted in viable mutant populations with increased phenotypic
diversity. Compared with the wild type, mutant plants exhibited significantly greater bush width and pronounced
improvements in seed traits. The most significant differences were observed for seed width, seed length, and seed
circularity. Seed length increased from 2.4 to 2.8 mm, seed width from 1.8 to 2.0 mm, and thousand seed weight
from 1.83 to 2.17 g. Morphological variation was also observed in plant architecture and leaf traits. The results
confirm that EMS mutagenesis is an effective tool for expanding genetic diversity in 4. squarrosum. The identified
mutant forms represent promising material for further selection and support the potential domestication of this
species for cultivation in arid environments.
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Anjarna
Agriophyllum squarrosum (L.) Moq. — KyaHIIBUIBIKKA Te3iMai mcaMMo(uTTi TYp, apumari anMmakrapia
JOMCCTHKAIMIAY YIIH S>KOFApPBI OJEYETKE We, amaiiga OHBIH aybll INApYaINbUIGEFBIHAA TAHIATAHBLIY bI
TYKBIMIAPBIHBIH YCaK OOyBI MKOHE OHIMIIMTIHIH TYPAKCHI3IBIFBI CHAKTHI KOJAHCHI3 OCNTIICPMEH IICKTEICII.
3eprreyaiH  Makcatsl  ATWiMETaHCyab(oHaTr (EMS) KommaHy —AapKbUTBI TCHCTHKAJBIK — ©3TCPTilTiKTi
HHAYKIUAIAY IBIH THIMIL OICIH 931pIey O HE aJbIHFaH MyTaHTTH (popmamapaer Oaramay 6oaaer. Tykemvmap 0,3%
EMS epitinzgicimern 18 carar OOHBI ©HACHTIN, KCHIH >KYBUIBIN, KCOTIpimim, OAKBUIAHATHIH YKOHC JAJIAJBIK
sKaraainapaa ecipinai. ®enorunrik O0aramay M: yprarbsmaa sxyprizingi. EMS eHzneyi (eHOTHNITIK opTYpILIiri
JKOFApbl OMIPIICH MYTAHTTHI TIONMYLIMUIAPABIH KaJdbIMTAaCyblHA OKeaml. JKabaiel THNTETi ©CIMIOIKTCPMCH
CAJNBICTBIPFAHNA, MYTAHTTAp OYTAHBIH AWTAPIBIKTAH YIKCH CHIMEH JKOHE TYKbIM OJIICMICPIHIH AaHKbIH
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JKAKCAPYBIMCH epekinencHai. EH aWKbIH afbIpMAIIBUIBIKTAP TYKBIMHBIH CHi, Y3BIHABIFBI KOHC YKYMBIPJIBIFBI
Oolterama Oaiikamapl. TYKeIM Y3BIHOBIFHL 2,4-T¢H 2,8 MM-Te aeliH, eHi — 1,8-meH 2,0 MMm-re aeiin, ax 1000
TYKBIMHBIH Maccachl — 1,83-ten 2,17 r-ra aeliid aprTel. . COHBIMEH KaTap 6CIMAIK apXUTCKTYPACHI MCH KATIBIPAK
Ocirimepi OOMBIHIIA MOP(QOJOTHATBIK ©3reprimTik Oafikamasl. AmsIHFaH HOoTIRenep EMS-myrtarcHesmin A.
squarrosum TYPIHAEC TCHETHKAIBIK OPTYPILUIIKTI KCHEHTYIIH THIMAI Kypaibl €KCHIH PAacTaHabl. AHBIKTAIFaH
MYTaHTTHI (popManap api Kapa CeNeKIms YIIiH MEPCIICKTUBAIBI OACTAIKbI MaTepHal O0IBII TAOBIIA B KIHE OYIT
TYPAL apUATI *KaFJaimapaa ecipy MakcaThIHAA JOMECTHKALNMIAY QJICYCTIH KOPCETE .

Kiar ce3nep: EMS-MyTareHes3, HHAYKUISIAHFAH ©3TEPTIINTIK, TYKBIM OCITLIEp], 6T 6CIMIIKTEPl, KYMAPIIBIK,
CEJICKIUA.
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AHHOTATIHSA

Agriophyllum squarrosum (L.) Moq. — 3aCyXOyCTOWYHMBBIH IICAMMO(HTHBIH BHJ C BBICOKHM ITOTCHIHAIOM
JOMCCTHKAIIMKM B APHIHBIX PETHOHAX; OJHAKO €r0 CEeIbCKOXO3MHCTBEHHOE HCIIOJIL30BAHUE OTPAHHYICHO
HEONMATONMPMATHBIME ~NPU3HAKAMH, TAKAMH KaK Malbld pa3Mep CEMSJH W HECTaOWJIbHAS CEMCEHHAS
MPOXYKTHBHOCTG. LleNbr0 HACTOSINETO HCCICAOBAHMS SABILLIACH Pa3padoTKa 3(PeKTHBHOTO METONA HHAYKIUH
TCHCTHICCKOM W3MCHYHBOCTH ¢ HCIIOTB30BAHUCM 3THIMCTAHCY Ib(oHATa (EMS), a Takke OLCHKA TOTyICHHBIX
MmyTaHTHBIX (popMm. Cemena odpadaTeisamu 0,3% pacteopom EMS B Teuenue 18 4 ¢ mocneayromei MpoMbIBKOH,
CYIIKOH ¥ BBIPAIIMBAHUECM B KOHTPOIHUPYEMBIX H IOJCBBIX YCIOBUIX. DEHOTHITMMECKYIO OLCHKY IIPOBOIIIN BO
propom moxkoneHun (M2). Ob6paborka EMS mnpmBena k (OPMHPOBAHMIO IKH3HECIIOCOOHBIX MYTAHTHBIX
TIOTIY JBIIHH C TOBBIMICHHBIM YPOBHEM (PEHOTHUIIMYICCKOTO pazHooOpasma. [1o CpaBHEHHMIO C PACTCHUSIMH JUKOTO
THIIA MYTAHTHI OTJIMYAINCH CYIIECCTBEHHO OOJIBINCH IMUPHHON KyCTa M 3aMETHBIM YJIIy YIICHHEM Pa3MEPOB CEMSH.
Hamnbonee BBIpakKEHHBIC pasziawdus OB OTMCUCHBI IO LIMPHHE, JJIMHE W OKPYTJIOCTH CeMsH. /mmHA CceMsH
BO3pocaa ¢ 2.4 a0 2,8 MM, mmpuHa — ¢ 1,8 m0 2,0 Mm, a macca 1000 cemstH — ¢ 1,83 mo 2,17 r. Takke Obria
BBLIBICHA MOP(OIOTHYECKA BApHAOEIHHOCTD 0 MPU3HAKAM APXHUTEKTYPBI PACTCHUH M JHCThEB. [lomyueHHbIC
pe3yabTaThl MOATBEPXKAAOT, 4ro EMS-myrarecHes sBmsieTcs: 3(QEKTHBHBIM HHCTPYMEHTOM PACIIHPEHH
TEHETHICCKOTO pasHoodpasus A. squarrosum. BpIIeICHHBIE MyTaHTHbIC (OPMBI IPEACTABIIOT COOOH
MEPCTIICKTUBHBIN HCXOAHBIM MATEPHAT AT AATbHEHINCH CEMCKIUHN U MOATBEPIKIAI0T NOTCHIMAT JOMECTHKALIUHI
JAHHOTO BUJA /UL BO3ACTIBIBAHUS B APUIHBIX YCIOBHX.

Kouessie ciioBa: EMS-MyTareses, HHAY IHPOBAHHAS H3MEHUHBOCTD, PU3HAKH CEMSH, ITy CTBIHHBIC PACTCHH,
KYMAapYUK, CEICKITHSL

Introduction

Agriophyllum squarrosum (L.) Moq. is an annual psammophytic plant widely distributed
across arid and semi-arid regions of Central Asia [1]. In Kazakhstan, it is found across the sandy
desert and steppe zones. It is one of four species of the Agriophyllum genus present in the
country [2]. Its exceptional adaptation to extreme environmental conditions, including drought,
high temperatures, and nutrient-poor sandy soils, make this species is increasingly recognized
as a promising candidate for domestication in marginal lands [3]. All species of the
Agriophyllum genus in their young form are pasture forage plants for sheep and camels. Seeds
of A. squarrosum (also known as “sand rice”) have historically been used as food by local
shepherds. The seeds were available alternative to cereals during drought seasons. They contain
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high levels of proteins, lipids, and carbohydrates, comparable to major crops [1, 4]. Also, 4.
squarrosum plays an important ecological role in desert ecosystems, contributing to soil
stabilization and ecosystem restoration [5]. The sand rice’s contribution to combating
desertification is no less significant. Its long and extensive root system can reliably anchor sand
blown by strong desert winds, thus preventing erosion.

Despite its high potential, the domestication of A. squarrosum is constrained by several
unfavorable agronomic traits. Mostly these are strong seed shattering, asynchronous
maturation, small seed size, and unstable productivity under fluctuating environmental
conditions [6]. These limitations significantly hinder its transformation into a cultivated crop.
Therefore, the generation of novel genetic variability is a key prerequisite for overcoming these
barriers and accelerating breeding progress.

Induced mutagenesis is a commonly used approach for the induction of genetic diversity
in plants. Chemical mutagens, such as ethyl methanesulfonate (EMS), N-methyl-N-nitrosourea
(NMU), and sodium azide (NaN3), are well-known to cause nucleotide substitutions, deletions,
and chromosomal rearrangements [7]. They have been commonly used for the induction of new
allelic variants that may lead to beneficial phenotypic changes [8]. Among these methods,
chemical mutagenesis using ethyl EMS is one of the most widely applied techniques. EMS
primarily induces point mutations through alkylation of guanine bases, leading to G/C to A/T
transitions, which can result in altered gene function and novel phenotypic traits [9]. Compared
to spontaneous mutations, EMS mutagenesis significantly increases mutation frequency and
allows the generation of large mutant populations suitable for selection [10]. EMS mutagenesis
has proven effective across a wide range of crop species. Work in Oryza sativa has shown that
EMS-treated populations can yield mutants with meaningfully improved agronomic
characteristics [11]. A similar picture emerges from Solanum melongena, where EMS treatment
generated substantial genetic and morphological diversity, from which lines carrying desirable
traits could be reliably selected [9]. Taken together, these cases illustrate how broadly useful
EMS can be, both as a crop improvement strategy and as a tool for dissecting gene function.

Attention has more recently turned to A. squarrosum, and early results are encouraging.
EMS treatment has been shown to substantially broaden phenotypic variability in sand rice,
with particularly clear effects on seed size and the timing of seedling emergence [12].
Compared to wild-type material, mutant populations spanned a considerably wider range of
variation, and certain selected lines stood out for larger seeds, more uniform emergence, and
stronger seedling vigor. Beyond these quantitative shifts, EMS mutagenesis has also enabled
the recovery of specific morphological variants — trichome-deficient mutants being a notable
example — which have in turn opened a route to identifying genes underlying adaptive traits
[13]. That is why chemical mutagenesis is a workable and productive approach for both the
domestication and broader genetic improvement of this species

Induced mutations become heritable and stable in subsequent generations, particularly
from the M> generation onward, allowing reliable selection of desirable phenotypes [14]. The
integration of mutagenesis with selection provides an effective strategy for developing
improved plant forms within a relatively short time frame.

Because of the ecological resilience and nutritional value of 4. squarrosum, the expansion
of its genetic variability through EMS mutagenesis is a promising approach for its
domestication and utilization in arid agriculture. However, there remains a need for optimized
and reproducible protocols that ensure a balance between mutation efficiency and seed viability.

The aim of this study was to develop an effective method for inducing genetic variability
in A. squarrosum using EMS mutagenesis and to evaluate the resulting mutant populations for
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key morphological and productivity-related traits. The proposed approach is expected to
facilitate the development of improved forms suitable for cultivation in arid environments and
contribute to the diversification of crop resources.

Research materials

Mature seeds of A. squarrosum were collected in September 2024. They were collected
in the sandy desert near Birlik village located in Almaty region (44.6985° N, 76.7309° E).
Before the treatment, seeds were manually cleaned from impurities and insects. Then they were
visually inspected to select uniform, healthy, and fully developed seeds.

Selected clean seeds were pre-soaked in distilled water and kept at room temperature for
5 h to ensure uniform hydration. 0.3% EMS (Sigma-Aldrich) solution prepared in 0.1 M
phosphate buffer was used as a chemical mutagen. The mutagen solution was freshly prepared
immediately before use. Pre-soaked in water seeds were left in the EMS solution and incubated
at room temperature for 18 h with gentle mixing to ensure uniform exposure. Following
treatment, seeds were thoroughly rinsed with distilled water for 90 min to remove residual
mutagen and stop its activity. After washing, seeds were placed on filter paper and air-dried at
room temperature to their initial moisture content. Treated seeds were then sown in 1 m® pots
with a sand from Birlik village to simulate natural growing conditions. Germination and plant
growth were carried out under following conditions: temperature of 25-35°C, relative humidity
of 30-40%, and light intensity of 80000-120000 lux. A total of 150 seeds were treated with
EMS. Of these, 51 seeds germinated in the M generation, corresponding to a germination rate
of 34%.

The seeds of M generation were grown in greenhouse of Institute of plant biology and
biotechnology. Randomly selected seeds harvested from M; plants were used to establish an
M: population consisting of 15 individuals. Since all available M2 plants were included in the
study, no additional sampling was performed. The relatively small M2 population size (n = 15)
should be considered a limitation of the present study, as it may not fully capture the spectrum
of EMS-induced mutations. All Mz plants were included in the phenotypic evaluation, where
recessive EMS-induced mutations can become phenotypically expressed following
segregation. M2 plants along with wild type plants were grown in test field in Birlik village in
April 2025. Plants were assessed based on key morphological and productivity-related traits,
including plant height, bush width, seed size, and thousand seed weight. Seed length, seed
width, and seed circularity were determined using a MARVIN digital seed analyzer
(MARVITECH GmbH, Germany). Seed circularity represents a software-derived shape
parameter calculated automatically by the MARVIN image analysis system and used to
characterize seed geometry. Fifteen plants per wild and mutant forms were assessed. A sample
size of fifteen plants per group is commonly considered sufficient for preliminary mutagenesis
studies aimed at detecting major phenotypic effects and identifying promising mutant lines for
further evaluation. Statistical analyses were performed using R software v. 4.4.0. Differences
in trait values between wild and mutant forms were evaluated using Student’s t-test. Prior to
analysis, data normality was assessed using the Shapiro—Wilk test.

Results and Discussion

The application of EMS mutagenesis to seeds of 4. squarrosum resulted in the successful
generation of a viable mutant population. They were characterized by visible phenotypic
variability. The treated seeds demonstrated good germination rates, indicating that the selected
EMS concentration and exposure duration provided a balance between mutagenic efficiency
and seed viability. This is consistent with previous reports highlighting the importance of
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optimizing EMS dosage to avoid excessive lethality while maintaining mutation frequency
[12].

Early developmental stages revealed no critical abnormalities that would compromise
plant survival. As shown in Figure 1A-C, germination occurred uniformly, and seedlings
developed normally under controlled conditions.

Figure 1 Developmental stages of Agriophyllum squarrosum following EMS treatment (Mi).
(A) Germination of treated seeds under controlled conditions; (B) Early seedling emergence
in sandy substrate; (C) Seedling establishment under artificial lighting; (D) Vegetative growth
stage showing plant architecture and leaf development; (E) Close-up of stem and leaf
morphology illustrating trichomes and structural features; (F) Close-up of flowers.

Slight variation in germination dynamics was observed, suggesting the presence of
mutations affecting early growth processes. In Figure 1D-F, plants at later vegetative stages
exhibited differences in leaf morphology, branching patterns, and plant architecture, reflecting
the induction of genetic variability.
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A key outcome of EMS treatment was the expansion of phenotypic diversity compared
to the original population. Morphological assessment ofthe M2 generation revealed significant
variation in plant height and bush width (Figure 2).

Figure 2. Wild type plant (A) and mutants (M2) (B) of Agriophyllum squarrosum
in the experimental plot.

Growing the two forms side by side in field conditions revealed the morphological
differences between the wild-type and mutant form of A. squarrosum. The wild type (Figure
2A) had an open, loosely branched structure. Its internodes were elongated, lateral shoots were
sparsely arranged, and the stems were slender than in mutants. The mutant form (Figure 2B)
looked strikingly different. Its growth habit was markedly compact and sturdy, with shorter
internodes and a denser arrangement of branches. The inflorescences were clustered together
into tight spike-like structures - larger than those of the wild type. The mutant also developed
thicker stems, and its reproductive organs were distributed more evenly and regularly along the
shoots - a feature that, from a breeding standpoint, may be of considerable practical interest.

Quantitative analysis (Table 1) demonstrated that mutant lines exhibited slightly
increased plant height (43.8 £ 3.5 cm) compared to the wild population (41.5 £ 4.9 cm), as well
as a wider bush architecture (23.6 =+ 1.7 cm vs. 21.7 + 2.7 cm). The greatest significant
difference between wild and mutant forms was observed for seed length, width, and circularity
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(P-values from 7.54 x 10 6to 6.00 x 10 13. These traits may contribute to improved potential
yield under cultivation conditions.

Table 1 Comparative analysis of morphological and productivity-related traits wild and
mutant lines of Agriophyllum squarrosum based on Student's t-test.

Form Plant  Bush width, Seed width, Seed Seed 1000 seeds
height, cm cm mm length, mm circularity  weight, g
Wild 415+49 217+27 18+01 24+02 12+008 183+041
Mutant 438+35 236+17 20+006 28+02 16+003 217+017
P-value ofthe 04514 00302  9.07x107 754 x 106 600 x 1043  0.0080

intergroup difference

Particularly visible changes were observed in seed morphology as well (Figure 3).

Figure 3. Comparison of seed sizes in wild forms (on the left) and mutant forms (on the right)
ofAgriophyllum squarrosum.

Mutant seeds were visually larger and more uniform than seeds from the wild population.
This observation was supported by biometric measurements. Seed width increased from 1.8 +
0.1 mm in wild-type seeds to 2.0 + 0.06 mm in mutant forms, while seed length increased from
2.4 £ 0.2 mm to 2.8 £ 0.2 mm, respectively (Table 1). Despite that, seed circularity also
increased significantly, indicating that mutant seeds became more rounded in shape in addition
to being larger. The thousand seed weight increased from 1.83 + 0.41 g in the control to 2.17 +
0.17 g in the mutant line, representing a substantial improvement in a key agronomic trait.
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The increase in seed size and weight is particularly significant in the context of
domestication. Small seed size is one of the primary limitations of 4. squarrosum as a potential
crop [15, 16]. Larger seeds not only improve yield potential of mutant lines, but also facilitate
sowing and increase competitiveness under field conditions of extreme deserts. Similar
improvements in seed traits after EMS mutagenesis have been reported in other species [10, 12,
17]. In general, it confirms the effectiveness of this approach in modifying yield-related
characteristics.

Along with the seed traits, variation in plant morphology was also detected. Differences
in leaf length, width, and orientation were observed among mutant individuals suggesting
alterations in developmental pathways of plant vegetative organs as well. Changes in plant
architecture, including branching and stem size, may influence resistance to lodging and
adaptability to cultivation practices. These findings indicate that EMS-induced mutations can
affect multiple trait categories simultaneously [12, 13], providing a broad selection base for
breeding.

The observed variability was consistently expressed in the M2 generation, indicating
successful induction and phenotypic manifestation of EMS-derived mutations [13, 18]. This is
a critical requirement for their use in breeding programs. However, because M represents a
segregating generation, stable inheritance of the observed phenotypes should be confirmed
through evaluation of subsequent generations (M3, My and etc.). The ability to identify and
select desirable phenotypes at this stage significantly accelerates the development of improved
lines compared to conventional selection from natural populations. From a practical
perspective, the developed mutagenesis protocol proved to be efficient and reproducible. The
use of a single EMS treatment step simplifies the procedure and reduces labor and resource
requirements. At the same time, the method generates sufficient variability to enable effective
selection. Compared to more complex mutagenesis systems involving multiple treatments or
additional genetic manipulations, this approach is well-suited for routine use in breeding and
research programs. A limitation of the present study is the absence of a buffer-treated control
group. Although the observed phenotypic variation is consistent with previously reported EMS-
induced effects in A. squarrosum and other species, a contribution of seed soaking-related
physiological responses cannot be fully excluded. The present study was based exclusively on
phenotypic evaluation and did not include molecular verification of EMS-induced mutations.
Therefore, the observed phenotypic variation cannot be unequivocally attributed to specific
DNA sequence changes. Although EMS predominantly induces point mutations, contributions
of epigenetic modifications or other non-genetic factors cannot be completely excluded. Future
work will focus on molecular characterization of selected mutant lines using genotyping and/or
sequencing-based approaches to validate the genetic basis of the observed phenotypes.

However, the results demonstrated that EMS-induced mutagenesis is a powerful tool for
expanding phenotypic diversity of A. squarrosum. The identified mutant forms with improved
seed size, plant architecture, and potential increased productivity traits represent valuable
material for further domestication and breeding. Due to the ecological resilience of this species,
such improvements may contribute to the development of new crops adapted to arid and semi-
arid environments in Kazakhstan and other Central Asian countries.

Conclusions

The results of this study demonstrated that EMS-induced mutagenesis works well as a
strategy for generating phenotypic variation expressed in the M generation in 4. squarrosum.
The treatment conditions we settled on — 0.3% EMS applied for 18 hours — struck a workable
balance between inducing mutations and maintaining acceptable seed viability, ultimately
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yielding a mutant population expressing stable phenotypes within the evaluated M» generation.
By the M> generation, meaningful improvements had emerged across several agronomically
relevant traits: bush width, seed width, seed length, seed circularity, and thousand seed weight
all showed measurable gains. The increases in seed size and weight are perhaps the most
practically significant of these, as small seed size has long been considered one of the main
obstacles standing between this species and successful domestication. Beyond seed traits, the
mutagenesis also produced variation in plant architecture and seed uniformity, which broadens
the pool of characteristics available for selection. The expression of these traits in the M>
generation suggests that EMS treatment successfully generated novel phenotypic variation.
However, confirmation of stable inheritance will require evaluation of subsequent generations.
On the whole, the protocol described here is straightforward, reproducible, and yields material
of real breeding value — and the findings add further weight to the idea that A. squarrosum
deserves serious consideration as a candidate crop for dryland and arid agricultural systems.
Future studies will involve larger populations, multi-environment trials, and evaluation of
additional agronomic traits to validate the stability and breeding value of the selected mutant
lines.
Funding

The research was funded by the Committee of Science of the Ministry of Science and
Higher Education of the Republic of Kazakhstan, grant AP23489531 titled "Studying the
biodiversity of sand rice (Agriophyllum squarrosum L.) to improve ecological state and
development of agriculture in desert regions of Kazakhstan".

Conflict of interests
The authors declare no conflict of interest.
Authors contribution

The manuscript was written through contributions of all authors. All authors have given
approval to the final version of the manuscript. Y. A. Genievskaya — investigation, data curation,
writing-original draft preparation, writing-review and editing; S.A. Abugalieva — writing-
review and editing; Y.K. Turuspekov — conceptualization, writing-review and editing;
A K. Zatybekov — data curation, methodology, writing-review and editing, funding acquisition,
project administration.

References:

1. Chen, G., Zhao, J., Zhao, X., Zhao, P., Duan, R, Nevo, E., & Ma, X. (2014). A psammophyte
Agriophyllum squarrosum (L.) Moq.: a potential food crop. Genetic Resources and Crop Evolution, 61(3),
669-676. https://doi.org/10.1007/s10722-014-0083-8.

2. Genievskaya, Y., Abugalieva, S., Zhubanysheva, A., & Turuspekov, Y. (2017). Morphological
description and DNA barcoding study of sand rice (Agriophylium squarrosum, Chenopodiaceae) collected
in Kazakhstan. BMC Plant Biology, 17(Suppl 1), 177. https://doi.org/10.1186/s12870-017-1132-1.

3. Zhao, P, Ran, R., Sun, H., Liu, Y., Li, X., Wang, C., & Chen, G. (2023). Sand rice, a promising future
crop for desert and marginal lands in northern China. Grassland Research, 2(4), 260-265.
https://doi.org/10.1002/glr2.12065.

4. Jiao, D, Liang, Y., Zhou, S., Wu, X, Degen, A. A., Hickford, J., & Yang, G. (2022). Supplementing
diets with Agriophyllum squarrosum reduced blood lipids, enhanced immunity and anti-inflammatory
capacities, and mediated lipid metabolism in Tan lambs. Animals, 12(24), 3486.
https://doi.org/10.3390/ani12243486.

5. Nemoto, M. & Lu, X. (1992). Ecological characteristics of Agriophyilum squarrosum, a pioneer annual
on sand dunes in eastern Inner Mongolia, China. FEcological Research, 7(2), 183-186.
https://doi.org/10.1007/BF02348498.



https://doi.org/10.1007/s10722-014-0083-8
https://doi.org/10.1186/s12870-017-1132-1
https://doi.org/10.1002/glr2.12065
https://doi.org/10.3390/ani12243486
https://doi.org/10.1007/BF02348498

44

M. Kosbibaes aTeinaarsl CKY Xa6apmbichbn /
Bectauk CKY umenu M. Ko3bi6aesa. Ne 3 (71). 2026

6. Chen, C., Zuo, X., & Zhao, X. (2024). The effect of ecological characteristics on the domestication of
sand rice (Agriophyllum squarrosum). PeerJ, 12, €18320. https://doi.org/10.7717/peerj.18320.

7. Chaudhary, J., Deshmukh, R., & Sonah, H. (2019). Mutagenesis approaches and their role in crop
improvement. Plants, 8(11), 467. https://doi.org/10.3390/plants8110467.

8. Oladosu, Y., Rafii, M.Y., Abdullah, N., Hussin, G., Ramli, A., Rahim, H. A., & Usman, M. (2016).
Principle and application of plant mutagenesis in crop improvement: a review. Biotechnology &
Biotechnological Equipment, 30(1), 1-16. https://doi.org/10.1080/13102818.2015.1087333.

9. Subramaniam, R. & Kumar, V.S. (2023). Ethyl methanesulphonate (EMS)-mediated mutagenesis
induces genetic and morphological variations in eggplant (Solanum melongena L.). International Journal
of Plant Biology, 14(3), 714-728. https://doi.org/10.3390/ijpb14030053.

10. Chen, L., Duan, L., Sun, M., Yang, Z., Li, H., Hu, K., & Liu, L. (2023). Current trends and insights on
EMS mutagenesis application to studies on plant abiotic stress tolerance and development. Frontiers In
Plant Science, 13, 1052569. https://doi.org/10.3389/fpls.2022.1052569.

11. Viana, V. E., Pegoraro, C., Busanello, C., & Costa de Oliveira, A. (2019). Mutagenesis in rice: the basis
for breeding a new super plant.  Frontiers in  plant  science, 10,  1326.
https://doi.org/10.3389/fpls.2019.01326.

12. Li, X., Sun, H., Cui, X, Miao, Y., & Zhao, P. (2025). Developing clite lines with synchronous
emergence rate and strong seedling vigor for sand rice (Agriophyllum squarrosum) cultivation. Research
in Cold and Arid Regions. https://doi.org/10.1016/j.rcar.2025.05.010.

13. Zhang, J., Zhao, P., Zhao, J., & Chen, G. (2018). Synteny-based mapping of causal point mutations
relevant to sand rice (Agriophyllum squarrosum) trichomelessl mutant by RNA-sequencing. Journal of
Plant Physiology, 231, 86-95. https://doi.org/10.1016/].jplph.2018.09.003.

14. Arisha, M.H., Shah, SN., Gong, Z.H., Jing, H., Li, C., & Zhang, H.X. (2015). Ethyl methane sulfonate
induced mutations in M2 generation and physiological variations in M1 generation of peppers (Capsicum
annuum L.). Frontiers in Plant Science, 6, 399. https://doi.org/10.3389/fpls.2015.00399.

15. Zhao, P., Li, X, Ran, R., Sun, H., Zhao, J., & Chen, G. (2022). Precipitation and local environment
shape the geographic variation of seed size across natural populations of sand rice (Agriophyllum
squarrosum). Journal of Experimental Botany, 73(16), 5682-5697. https://doi.org/10.1093/jxb/erac231.
16. Liu, M., Zhu, R, Xie, H. (2022). Responses of germination strategy of Agriophyillum squarrosum to
rainfall pattern in the Tengger desert. Peer./, 10, €14395. https://doi.org/10.7717/peer].14395.

17. Di Pauli, V., Fontana, P.D., Lewi, D.M., Felipe, A., & Erazzi, L.E. (2025). Ethyl methanesulfonate-
induced mutagenesis generates genetic and morphological variations in an elite Argentine sugarcane
genotype. Discover Plants, 2(1), 230. https://doi.org/10.1007/s44372-025-00298-x.

18. Ran, R., Cui, X., Zhao, X., Zhao, Y., Zhang, C., & Zhao, P. (2025). Within-plant leaf maturity and
trichome density variation shape the elemental composition divergence in desert plant sand rice
(Agriophyllum squarrosum). Ecology and Evolution, 15(6), €71542. https://doi.org/10.1002/ece3.71542.

Information about the authors

Y.A. Genievskaya — PhD, Senior Researcher at the Laboratory of Molecular Genetics, Institute of Plant
Biology and Biotechnology, Almaty, Kazakhstan, e-mail: julia.genievskaya@gmail.com; ORCID: 0000-
0001-5987-2952;

S.A. Abugalieva — Doctor of biological science, Professor, Principal Researcher at the Laboratory of
Molecular Genetics, Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan,
e-mail: absaulel7@gmail.com; ORCID: 0000-0002-9748-507X;

Y.K. Turuspekov — Candidate of biological science, Professor, Head of the Laboratory of Molecular
Genetics, Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan, e-mail: yerlant@yahoo.com;
ORCID: 0000-0001-8590-1745;

A.K. Zatybekov — corresponding author, PhD, Associate Professor, Leading Researcher at the Laboratory
of Molecular Genetics, Institute of Plant Biology and Biotechnology, Almaty, Kazakhstan,
e-mail; alexbek89@mail.ru; ORCID: 0000-0003-4310-5753.



https://doi.org/10.7717/peerj.18320
https://doi.org/10.3390/plants8110467
https://doi.org/10.1080/13102818.2015.1087333
https://doi.org/10.3390/iipb14030053
https://doi.org/10.3389/fbls.2022.1052569
https://doi.org/10.3389/fbls.2019.01326
https://doi.org/10.1016/i.rcar.2025.05.010
https://doi.org/10.1016/i.iplph.2018.09.003
https://doi.org/10.3389/fpls.2015.00399
https://doi.org/10.1093/ixb/erac231
https://doi.org/10.7717/peeri.14395
https://doi.org/10.1007/s44372-025-00298-x
https://doi.org/10.1002/ece3.71542
mailto:iulia.genievskaya@gmail.com
mailto:absaule17@gmail.com
mailto:yerlant@yahoo.com

