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THE STUDY OF THE MUTAGENIC EFFECT
OF CARBON DIOXIDE ON SOYBEAN LINE
T-219 (GLYCINE MAX (L.) MERRILL)

The mutagenic activity of carbon dioxide (CO,) on the mutant soybean line T-219 (Glycine max
(L.) Merrill), in which the synthesis of chlorophyll depends on the allelic state of the gene, was studied.
The dominant allele Y11 causes a dark green plant, and the recessive allele y11 causes a golden yellow
plant. We examined the level of somatic mutations by the presence of light green spots on dark green
leaves and yellow spots on light green leaves (direct mutation Y11 — y11), light green spots on golden
yellow leaves (reverse mutation y11 — Y11). Methyl methanesulfonate (MMS), a direct-acting mutagen,
was used as a positive control. Soybean seeds, treated with MMS for 24 hours, were germinated under
standard laboratory conditions and conditions of high CO, concentration (5000 ppm) in a specialized
box with adjustable CO, content. In plants grown under high CO, concentration, the frequency of leaf
somatic mutations was at the control level. However, in plants whose seeds were treated in MMS and
grown under standard laboratory conditions, the total number of spots per leaf statistically significantly
increased 4.3 times (p<0.05). When treating seeds with a mutagen followed by cultivation under high
CO, concentration, the total number of spots per leaf increased 6.3 times (p<0.001) compared with
the control and 14.1 times (p<0.001) compared with the cultivation variant high CO, concentration.
Revealed co-mutagenic effect of CO, when combined with the mutagen. The impact of CO, on the
morphophysiological parameters of plants, the height and rate of photosynthesis, has been studied. On
the 10" day of the experiment, the highest plant growth was under high CO, concentration and was
7.60+£0.92 cm. In plants grown under standard conditions (control), the height of plants was 1.4 times
lower (p <0.05). When treating seeds with MMS, followed by germination both under normal conditions
and with high CO, concentration, plant height was at the control level. However, the accelerated growth
of plants under high CO, concentration was observed only during the first two weeks, then they died.
The rate of photosynthesis in conditions of high CO, level increased by 2.0 times, but the difference is
not statistically significant. When growing plants at high CO2 concentrations, photosynthesis intensity
increased 2.0 times compared with the control, but the difference was not statistically significant. In
plants grown from seeds treated with MMS, the rate of photosynthesis was 1.7 times lower (p <0.05)
compared with the control, but when grown under high CO, concentration, it increased 1.6 times. At
the same time, the rate of photosynthesis decreased 2.2 times (p <0.05) in comparison with the control.
A correlation analysis was made between the values of the studied morphophysiological parameters of
experimental soybean plants. The correlation coefficient was r = 0.91, which indicates a high positive
correlation between the rate of photosynthesis and the plant height. Thus, CO, did not show mutagenic
activity on the mutant soybean line T-219. However, the combined action of CO, and the classic muta-
gen MMS a statistically significant increased the frequency of mutations of the gene responsible for the
chlorophyll synthesis. The results obtained indicate the ability of carbon dioxide to co-mutagenic action.

Key words: soybean, carbon dioxide, mutation, comutagen, chlorophyll, mutant line.
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CosHbiH, T-219 AuHusicbiHa (Glycine max (L.) Merrill)
ANOKCHUATI KOMIpTeriHiH, MyTareHAIK acepiH 3epTrey

CogHblH  (Glycine max (L.) Merrill) T-219 AuHusCbIHAAFBI AMOKCKA  KemipTeriHiH (CO,)
MyTareHai GeaceHaiairi 3epTTeaai. OCbl MyTaHTTbl AMHMSIAQ XAOPOMUAAAIH TY3iAyi reHHiH
AAABABAI  >KafaarbiHa 6GaMAaHbICTbl. Y11 AOMMHAHTTbl AAAEAb XKamblPaKTapAbIH  KOK->KaCbIA
TYCTiH, aA peueccmBTi aareAb y11 — capbl TYCTiH nanaa GOAYbIH KamTamachl3 eteai. ComaTUKaAbIK,
MyTauMsSAapPAbIH AEHreri KOI0-XacCblA >KanblpakTapAa aKLWbIA->)KACbIA AAKTAPAbIH, aKLbIA-XKACbIA
>KanblpakTapaAa capbl AakTapAbiH (Y11—-y11 Typa mMyTaums) >kKeHe akLbIA->KacCblA XarnblpakTapAa
capbl AaKTapAbliH naiaa 6oAybiMeH (y11—Y 11 kepi MyTaums) 3eptreaai. OH 6akbiAay peTiHAe Typa
acep eTeTiH MeTuAMeTaHCyAbdpoHaT (MMC, 5 Mr/A) MyTareHHiH epiTiHAICi KoApaHbIAAbI. MMC-nieH
24 carat 0OWbl OBHAEATEH COSt ABHAEPI, KAAbINTbl AABOPATOPUSABIK, XKaFAaMAa >kaHe CO, aeHreiii
peTTeAiHeTiH MamMaHAAHAbIPbIAFAH OOKCTa, CO, KOHLEHTPaUMACbIHbIH KOFapPFbl JKarAaAapbiHAA
(5000 ppm) ecipiaai. CO, KOHUEHTPALMACIHbIH >KOFapFbl XKafrAablHAQ ©CIPIATEH OCiMAiKTEepAe
KanblpakTapAblH COMATMKAAbIK, MyTaLMSAAAPbIHbIH, >KUIAITT 6akbiAaymeH Oipaen GoAAbl. AAaiiaa,
AdHAepi MMC epiTiHAICIMEH BHAEATEH XKOHE KaAbINTbl AaBOPaTOPUSIAbIK, XKafaalAapAa ecipiAreH
eciMAiKTepAe, 6ip >KanbipakTarbl AaKTapAblH >KaAMbl CaHbl CTATUCTUKAAbIK, >KaFblHAaH MaHbI3Abl
4,3 ece ocTi (p<0,05). AsHaepai myTarenmeH eHaen CO, )KoFapbl KOHLUEHTPaLMACbIHAQ ©CipreH
Xaraarnaa, 6ip >kanblpakTaFbl AaKTapAblH >KaAMbl CaHbl GakblAdyMeH CaAbiCTbipFaHaa 6,3 ece
(p<0,001) xoaHe CO, )oFapbl KOHLEHTPALMACDHI >KaFAalAapblHAA ©CIpYMeH CaAbICTbipFaHaa 14,1
ece (p<0,001) ecti. CO, MyTareHMmeH KoCa dCep eTKeHAE KOMYyTareHAI HOTMXKECI aHbIKTaAAbI.
CO,-HiH eciMAiKTEpAIH MOPMOMU3MOAOTUSIABIK, MapameTpAepi — OMiKTIri xeHe (oTocuHTe3
MHTEHCUBTIAITIHE Bcepi 3epTTeAail. JkcnepumeHTTiH 10 ToayairiHae, CO, >KOFapbl KOHLEHTpaums
KarpanmAapblHAQ OCIPIATEH OCIMAIKTEPAIH OMIKTITiHIH eH >kofapbl kepcetkiwi 7,60+0,92 cm.
KypaaAbl. KaAbInTbl Xkaraanaa ecipiareH ecimaiktepae (6akbiaay), 6uikTiri 1,4 ece (p <0,05) a3 60AAbI.
AsHaepai MMC-nen eHaen, kaabinTbl >keHe CO, )KOFapbl KOHUEHTPaUMs >KaraalbiHAQ ©cCipreH
Ke3Ae eCiMAIKTEPAIH 61ikTiri 6akbinaymeH 6ip AeHreiiae 60Aabl. Araiiaa, CO, KOHLEHTPaALMSChIHbIH
JKOFapbl XKafpaamAapblHAAFbl ©CIMAIKTEPAIH Te3 Ocyi, TeK, aAFallkbl eKi antasa faHa GarKaAAbl,
KEeMiHri yakbITTa 6CiMAiKTep eAimMre yuibipaabl. CO, XKOFapbl KOHLEHTPAUMACbIHAQ (DOTOCUHTE3AIH
KapKbIHAbIAbIFbI 2,0 ece apTTbl, 6ipak OyA anblpMallbIAbIK CTATUCTUKAABIK, >KaFblHAH MOHAI
60AMaAbl. OcimaikTepAi CO, >xoFapbl KOHLEHTpauMsaAap >karaarbiHAQ ecipreHae (oTocuHTes
KapKbIHABIAbIFbIH GakblAayMeH CaAbICTbipFaHAa 2,0 ece apTybl 6arikaAabl, 6ipak, 6yA arblpMaLLbIAbIK,
CTATUCTMKAABIK >KaFblHaH MOHAI 60AMaabl. MMC eHAeAreH ABHAEPAEH OCipiAreH eciMaikTepae,
GaKblAQyMEH CaAbICTbIPFAHAQ, (DOTOCKMHTE3 KApPKbIHABIAbIFLI 1,7 ece (p < 0,05) TomeH 60AAbI, Gipak,
CO, >xoFapbl KOHLUEHTPaLUMAChI XXaFAaliAapbiHAa ecipreH kesae — 1,6 ece apTTbl. COHbIMEH KaTap,
GaKkblAQyMEH CaAbICTbIpFaHAa (DOTOCUMHTE3 KapKbiHAbIAbIFbLI 2,2 ece (p<0,05) azanabl. CosiHbIH
TaXiprbeAik ecimaikTepiHAe 3epTTeAreH MOPGOMU3NMOAOTUSIABIK, MAPAMETPAEPAIH WAMaApPbIMEH
(POTOCUHTEHTE3AIH KAPKbIHABIABIFbI apacblHAQ KOPPEASUMSAbIK, TaApady eTkidiaai. Koppeagaums
Koa(pprumenTi r=0,91 Kypaabl, OYA 3epTTeAeTiH 6CIMAIKTEPAIH (DOTOCUHTES KAPKbIHABIAbIFbIMEH
OCIMAIK GOMbIHbIH, OUIKTIri apacblHAAFbl >KOFapbl OH KOPPEASUMSAHbIH 6ap eKeHAIri aHbIKTaAAbI.
CoHbIMeH, COAHbIH MyTaHTTbl T-219 AnHugcbiHa CO, MyTareHaik 6EACEHAIAITT aHbIKTaAFaH >KOK.
Aerenmen, CO, kaaccukanblk, MMS mMyTarenmeH Gipaecin acep eTkeHAe XAOPOUAAAIH Ty3iAyiHe
ayan 6epeTiH TeHHiH MyTauMsIAap >KMIAIFIHIH CTaTUCTMKAABIK, MOHAIAIMIHIH ecyi 6aiKaAAbl.
AAbIHFaH HOTUXEAEP AMOKCUATI KOMIPTEriHiH KOMyTareHAIK 8CcepiHiH KabiAeTTIAIrH KepceTeai.

Ty¥iiH ce3aep: Cosl, AMOKCUATI KeMIpTeri, MyTaumusi, KOMyTareH, XAOPOPUAA, MyTaHTTbl AUHUS.
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MUccaepoBaHMe MyTareHHOrO A€HCTBUSI AMOKCMAQ YTAEPOAA
Ha coio (Glycine max (L.) Merrill) Asvbmn T-219

M3yuyeHa MyTareHHasl akTUBHOCTb AMoOKcuAa yraepoaa (CO,) Ha MyTaHTHOM AMHMM com T-219
(Glycine max (L.) Merrill), y koTopoi cvHTE3 XAOPOMAAA 3aBUCUT OT aAAEAbLHOIO COCTOSIHMUS reHa.
AOMUHAHTHbIA aareAb Y11 06YyCAOBAMBAET TEMHO-3EAEHYIO OKPACKy AUCTbEB, a PeLeCCUBHbIN
anneAb Y11 — >KeATylo okpacky. M3yyaan ypoBeHb COMaTUUECKMX MyTaumil MO HAAMYMIO CBETAO-
3eAeHbIX MITEH Ha TEMHO-3EAEHbIX AMCTbIX M XKEATbIX MSATEH Ha CBETAO-3€AEHbIX AUCTbIX (MpsmMas
MyTaumst Y11—y11), a Takke CBETAO-3EAEHbIX MITEH Ha >XEATbIX AWUCTbIX (0OpaTHas MyTaums
y11-Y11). B kauecTBe NOAOXKMTEABHOIO KOHTPOAS MCMOAb30BaAU MeTUAMeTaHCYAbgoHaT (MMC),
MyTareH npamoro aencteus. CemeHa con, obpabotaHHble MMC B TeueHue 24 4., npopalimBasu
B 00bIYHbIX AABOPATOPHBIX YCAOBMSX M B YCAOBMSX MOBbIeHHOM KoHueHTpauun CO, (5000 ppm)
B CrieumaAm3mpoBaHHoOM Gokce C peryampyembiM coaepkadnem CO,. Y pacTeHuit, BbipalleHHbIX B
YCAOBMSIX MOBbILWEHHOM KoHueHTpaumn CO,, YacToTa COMaTMUECKMX My TaLMii AUCTbeB ObiAa Ha yPOBHE
KOHTPOAS. OAHaKO Yy pacTeHMI, ceMeHa KOTOPbIX ObiAn 3amoueHbl B MMC 1 BbipatleHbl B 06bIUHbIX
YCAOBUSIX AabopaTopumn, obLiee KOAMYECTBO MATEH Ha AMCT CTAaTUCTMYECKM 3HAYMMO BO3POCAO B
4,3 pasa (p<0,05). MNpr 06paboTke CEMSH MyTareHOM C MOCAEAYIOLMM BbipalMBAHUEM B YCAOBUSX
BbICOKOI KoHUeHTpauun CO, ofllee KOAMYECTBO MSITEH Ha AMCT BO3POCAO B 6,3 pasa (p<0,001)
Nno CpaBHEHUIO C KOHTpoAeM M1 B 14,1 pa3a (p<0,001) no cpaBHEHMIO C BApMaHTOM BblpalllMBaHMS B
YCAOBMSIX BbiCOKOW KoHUeHTpauun CO,. BbigBaeH KomMyTareHHbin athdekT, okasbisaembinn CO, npwm
COBMECTHOM AENCTBUM C MyTareHoMm. M3yueHo BansHune CO, Ha Moppohr3noAornyeckme napameTpbl
pacTeHWi — BbICOTY M WMHTEHCUMBHOCTb (poTocuHTe3a. Ha 10 AeHb 3kcrnepumeHTa HamboOAbLuas
BbICOTa OblAa Yy pacTeHM, BblpallleHHbIX B YCAOBMSX MOBbIeHHO KoHueHTpaunn CO,, 1 cocTaBmaa
7,60%£0,92 cM. Y pacTeHui, BbipalleHHbIX B 0ObIUHbIX YCAOBUAX (KOHTPOAB), BbICOTA pacTeHMit Obira
MeHblue B 1,4 pasa (p<0,05). INpu o6paboTke cemsH MMC ¢ nocAeAyioWmMM NpopatimBaHMeM Kak B
OObIUHbIX YCAOBMSIX, TakK M MPW MoBblleHHOo KoHueHTpaunn CO, BbicOTa pacTeHuit Gbira Ha YpoBHE
KOHTPOAS. OAHaKO YCKOPEHHbI POCT pacTeHUA B YCAOBMSAX MOBbIWEHHON KOHueHTpaumn CO,
HabAIDAAACS TOABKO B TEUEHME MEPBbIX ABYX HEAEAb, B AAAbHENLLIEM OHM nornbaan. MIHTEHCHMBHOCTb
doTocHTE3a B YCAOBMAX BbICOKOW KOHUeHTpauun CO, yBeanunaach B 2,0 pasa, HO pasHuua
CTaTMCTMYECKM He 3Haumma. [pun BbipalMBaHnM pacTeHMI NPU NOBbIWEHHbIX KoHueHTpaumax CO,
OTMEYEHO YBeAMUYEHWEe WMHTEHCMBHOCTM poTocMHTe3a B 2,0 pasa no CpaBHEHUMIO C KOHTPOAEM,
OAHAKO pasHuLa CTaTUCTMYECKM He 3HaumMma. Y pacTeHuid, BbIpallleHHbIX 13 06paboTaHHbix MMC
CeMsiH, MHTEHCUMBHOCTb (DOTOCKMHTE3a M0 CPABHEHMIO C KOHTPOAEM ObiAa HUXKe B 1,7 pasa (p <0,05),
HO MpW BbIPALLMBAHUM B YCAOBMAX MOBbILEHHOM KOHUeHTpauun CO, yBeAnumaach B 1,6 pasa. Npu
3TOM MHTEHCMBHOCTb (POTOCMHTE3a yMeHbLUMAACh B 2,2 pa3a (p<0,05) B CpaBHEHUM C KOHTPOAEM.
[MpoBeaeH KOPPEASILMOHHBINA aHaAM3 MEXAY BEAMUMHAMM M3YYEHHbIX MOPEMO(U3MOAOrMYECKNX
napameTpoB OMbITHbIX pacTeHnt cou. KoadduumeHT koppeadumm coctaBua r=0,91, uto
CBUAETEAbCTBYET O BbICOKOWN MOAOXUTEABHON KOPPEASLMN MEXAY MHTEHCMBHOCTbIO (POTOCMHTE3a
M BbICOTOM M3yyaemblx pacTeHuit. Takum obpasom, CO, He MPOSIBUA MyTareHHOM aKTMBHOCTM
Npy BO3AEMCTBMM Ha MYTAHTHYIO AMHMIO con T-219. OaHako npu coBmecTHom aencteun CO, ¢
KAAccuyecknm myTtareHoMm MMC HabAIlAAAOCh CTAaTUCTMYECKM 3HAUMMOE YBEAMYEHWE 4YacTOTbl
MyTaLuit reHa, OTBETCTBEHHOIO 3@ CMHTE3 XAOPOUAAQ. [ToAyUeHHbIe pe3yAbTaTbl CBUAETEALCTBYIOT
0 CMOCOBHOCTU AMOKCMAQ YTAEPOAA K KOMYTareHHOMY AENCTBMIO.

KAtoueBble cA0Ba: COSl, AMIOKCUA YTAEPOAR, MyTaLMs, KOMYyTareH, XAOPOUAA, MyTaHTHAs AVHUS.
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Introduction

The worsening global environmental crisis
is associated with the widespread pollution of the
environment by various chemical compounds [1-
5]. The use of artificially synthesized chemical
compounds in agriculture, industry, households,
and medicine, which may be get into environmental
objects (air, water, soil), increases annually. Most
of them have toxic, carcinogenic, teratogenic and
mutagenic effects on living organisms. There is a
result of activating the formation of intracellular free
radicals, inhibiting the DNA repair activity or direct
interaction with DNA molecules [6-11]. According
to CAS (Chemical Abstracts Service, USA), 10
million chemical compounds were registered in the
period from 1957 to 1990, in 2008 — 40 million, and
as of September 2018 — 144 million [12]. Several
dozens of compounds can simultaneously enter the
body [13, 14]. The number and range of xenobiotics
in the environment increases, which can lead to an
increase in the genetic load and, consequently, an
increased risk of extinction of one or another species.
One of the environmental pollutants is carbon dioxide
(CO,). Carbon dioxide as a natural component of the
atmosphere is necessary for the normal functioning
of the biosphere since it is a source of primary
organic matter. However, in recent decades, due
to the rapid urbanization of the environment and
the intensification of human economic activity, the
natural CO, level is increasing, making it one of the
air pollutants. Carbon dioxide is a colorless, odorless
gas with a density of 1.98 kg/m*® under normal
conditions, it is 1.5 times heavier than air [15]. At
atmospheric pressure, carbon dioxide from a solid
state (dry ice) turns into gaseous (sublimation), and
its concentration in the Earth’s atmosphere is 0.04%
[16, 17]. Carbon dioxide easily passes ultraviolet
rays and rays of the visible part of the spectrum, but
absorbs infrared rays emitted by the Earth, and is
one of the greenhouse gases and participates in the
process of global warming.

Annual changes in the concentration of carbon
dioxide in the atmosphere are determined by the
vegetation of mid-latitudes (40-70°C) in the north-
ern hemisphere [18]. Therefore, from March to Sep-
tember due to photosynthesis, the CO, content in the
atmosphere decreases, and from October to Febru-
ary it increases due to the wood oxidation (hetero-
trophic plant respiration, decay, decomposition of
humus, forest fires) and the burning of fossil fuels
(coal, oil, gas). A large amount of carbon dioxide is
dissolved in the ocean [19]. A slight increase in con-

centration up to 2-4% in the premises leads to the
development of drowsiness and weakness of people.
The CO, levels from 7 to 10% are considered dan-
gerous, at which suffocation, headache, dizziness,
loss of hearing and consciousness develop. When
inhaling air with high gas concentrations, death
occurs due to asphyxiation [20]. The carbon diox-
ide level in the atmosphere has steadily increased
from approximately 315 ppm in 1959 to 405 ppm
at present [16, 21]. Predict an increase in level to
500-1000 ppm in 2100 [22]. The increased carbon
dioxide concentration raises the rate of photosynthe-
sis and growth but reduces the content of nitrogen
and, possibly, minerals in plant tissue [23-30]. High
CO, levels in the air lead to the body intoxication,
reducing the ability of oxygen in the blood to bind
to hemoglobin. The physiological consequences of
exposure to CO, on the body are well known; how-
ever, possible mutagenic or mutagen-modifying ef-
fects of high concentrations of carbon dioxide are
of interest. Knowledge of the mutagenic potential
of anthropogenic environmental pollutants, includ-
ing carbon dioxide, will make it possible to identify
possible genetic risks for humans and develop pre-
ventive measures to protect them. Thus, the aim of
this paper to explore the mutagenic effect of carbon
dioxide on the mutant soybean line T-219.

Materials and methods

The research object was line T-219 of soybean
(Glycine max (L.) Merrill, fam. Fabaceae), kindly
provided by the Laboratory of Environmental
Genetics of the N.I. Vavilov Institute of
General Genetics of the Russian Academy of
Sciences (Moscow, Russia). Carbon dioxide
(CO,) was examined for mutagenic activity.
Methyl methanesulfonate (MMS, C . H.O,S) at a
concentration of 5 mg/L was used as a mutagen
(positive control). Air-dried soybean seeds soaked
in distilled water for 20 hours, then some of them
were placed in the mutagen solution for 24 hours,
and part of the seeds were placed in a specialized
box with an adjustable CO, content for the same
period. After treatment, the seeds were washed
and germinated for 4-5 weeks until the appearance
of two simple and the first complex ternary leaf.
The box made plexiglass measuring 20¥30*40 cm
(length*width*height) and a total volume of 24
liters. A gas cylinder with CO, connected to the
hermetic lid through a hose. The pressure gauge
fixed on the lid. The CO, analyzer recorded the gas
content inside the box (Fig. 1).
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Figure 1 - Box for CO, supply

There are 4 experimental groups of plants: I —
intact plants; II — plants germinated in a box with
CO,; III - plants treated with MMS and germinated
under standard laboratory conditions (SLC); IV —
plants treated with MMS and germinated in a box
with CO,. Soybean plants were grown for 4-5 weeks
until the appearance of two simple and the first
complex ternary leaf (Fig. 2).

In line T-219, chlorophyll synthesis depends on
the allelic state of the gene. The dominant allele Y11
causes a dark green leaf, and the recessive allele y11
causes a golden yellow leaf. As aresult of the splitting
of heterozygotes in the next generation, plants are
represented by three categories based on the color
of leaves: homozygous dominant Y11Y11 plants,
characterized by a dark green leaf; heterozygous
plants Y11yl1, characterized by a light green leaf;
homozygous plants in the recessive allele yl1yl1,
characterized by a golden yellow color.

On the leaves of all three types of plants, various
kinds of mosaic spots may appear, which are the
result of different types of mutations (Table 1).

These spots have clear boundaries, which makes
it quite easy to distinguish them from spots that
appear as a result of physiological processes [31,
32].

We looked through only the upper surface of the
leaves, on which there were more than 80% of the
spots. The data were given as the number of spots
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per leaf and analyzed as the total number of spots,
and the frequency of individual types of spots.

The assimilation test was used to determine the
rate of photosynthesis in experimental and intact
plants [33]. This method is based on determining
the amount of carbon dioxide absorbed by the leaves
during photosynthesis. Two empty flasks with a ca-
pacity of 250 ml for 20-30 minutes were kept in the
same conditions for filling with air. Then a leaf of
the plant was taken, and its area was measured by
the formula (1): S=a % b x 0.7, where a is the leaf
length, b is the maximum width; 0.7 is conversion
factor. The leaf cut was updated under water, and
the leaf stalk was tied to a rubber stopper. Flasks
were moved to the sun or under the lamp for 5 min-
utes. After that, the leaf was removed and a 0.025N
solution of Ba(OH), was poured into the flask, then
2-3 drops of phenolphthalein were added as an in-
dicator. The flask walls were carefully moistened
with a solution of Ba(OH),, then it was periodically
shaken for 3 minutes, titrated with a 0.025 N HCI
until the pink disappeared. The rate of photosynthe-
sis was calculated by the formula (2):

I = (A-B)xKx0.55%60
== £l
vh Sxt

where A is the amount of HCI used for titration of
barite in the test flask, ml; B is the amount of HCI
used for titration of barite in the control flask, ml; K
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— amendment to the titer of HCI; 0.55 is the amount
of CO, mg corresponding to 1 ml of 0.025 N HCI;
S is the leaf area, dm?; t — exposure, min; 60 — the
conversion rate of minutes to hours.

Statistical processing of the results was per-
formed in the Data Analysis add-in Microsoft Ex-

cel and StatPlus5Pro version 6 (Analyst Soft Inc.,
USA). In all cases, mean values and standard errors
were determined. Student’s t-test evaluated the sig-
nificance of differences between averages, the dif-
ferences were considered significant at a confidence
level of 0.95 (p <0.05).

Figure 2 — Growing plants under standard laboratory conditions (A) and in boxing under high CO, concentration (B)

Table 1 — The relationship between possible genetic disorders and types of somatic mosaicism analyzed on Glycine max leaves [31]

Types of leaf Types of spots Type of genetic disorders
Yellow Direct mutation Y.l 1. — yll 1
chromosome nondisjunction
Light green Dark green Reverse mutation y.l} — Yll
chromosome nondisjunction
Double Somatic cross over
Light green Direct mutation Y11 — yl11
Dark green . -
Very dark green chromosome nondisjunction Y11Y11Y1
Golden yellow Light green Reverse mutation y11 — Y11

Results and discussion

The somatic mutation counting test is based
on recording and analyzing various types of spots
appearing on soybean leaves after seed treatment
with mutagens. As noted earlier, in variety T-219
of Glycine max (L.) Merril, the synthesis of
chlorophyll depends on the allelic state of the gene.
The dominant allele Y11 causes a dark green, and
the recessive allele y11 causes a golden yellow plant

(Fig. 3).

The results of the study of somatic mutations
on leaves of variety T-219 of soybean (Glycine max
(L.) Merril) under the high concentration of carbon
dioxide (5000 ppm) and the classical mutagen of
methyl methanesulfonate (MMS) are presented in
Table 2.

As can be seen from the presented results, the
level of spontaneous mutagenesis in soybean leaves
(variant I) was 0.38 + 0.19%. In plants from water-
treated seeds and grown under high concentrations
of carbon dioxide (variant II), the total number of
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spots per leaf was 0.17 + 0.18. Although the number
of spots per leaf in variant II decreased by 2.2 times,
this decrease was not statistically significant. In
plants from MMS-treated seeds and grown under
standard laboratory conditions (MMS + SLC), the
total number of spots per leaf statistically increased

4.3 times (p <0.05) and was 1.64 £ 0.63. When
treating seeds with MMS, followed by cultivation
under high concentration of CO, (MMS + CO,), the
total number of spots per leaf increased 6.3 times (p
<0.001) compared to the control and 14.1 times (p
<0.001) compared to with variant IT (H,0 + CO,).

Figure 3 — Dark green (A, the dominant allele of chlorophyll), yellow (B, the recessive allele of chlorophyll)
and light green (C, heterozygous plant Y11y11) coloring of leaves of T-219 soybean (Glycine max)

Table 2 — The effect of the separate and joint action of CO, and MMS on variety T-219 of soybean (Glycine max (L.) Merril) (data

by leaf type)
Dark green leaves . Golden yellow leaves
(spots per leaf) Light green leaves (spots per leaf) (spofs per leaf)
) . ').(ellow spoFs Dark green spf)ts . Average spots
Variants Light green spots (direct mutation (reverse mutation Light green spots per leaf
(direct mutation Yll-yll, yl1— Y11, (reverse mutation
Y11 - yll) chromosome chromosome yl1-Y11)
nondisjunction) nondisjunction)
I variant, 0384019 _ - - 0,38+0,19
control
II variant
) 4+ - - - =+
H,0+CO, 0,17+0,18 0,17+0,18
III variant, " "
MMS-SIC 0,95+0,58 0,47+0,29 0,23+0,23 - 1,64+0,63
LV variant, 1,890,497+ - - 0,500,53 2,39:40,51 %%
MMS+CO, ) ) , ) ) )
* — p<0,05; ** — p<0,01; *** — p<0,001 compared to control;
* —p<0,001 compared to variant H,0+CO,

The appearance of the same type of stains on
soybean leaves may be due to different reasons.
Therefore, it is necessary to analyze the relative
increase of all types of spots on all types of leaves
to conclude the specificity and possible mechanisms
of the mutagenic action of the studied factor. In the

ISSN 1563-034X
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experiment, soybean revealed four types of spots:
light green spots on dark green leaves, yellow and
dark green spots on light green leaves, as well as
light green spots on golden yellow leaves.

In the control and the variant II (H,O + CO,),
only light green spots were observed on the dark
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green leaves, the cause of which is the direct
mutation (Y11 — yl1). These spots were found in
all variants and prevailed in plants.

In plants grown from seeds treated with MMS
(variant III), the number of light green spots on
dark green leaves (Figure 4, A) increased 2.5 times
compared with the control, but this increase was
not statistically significant. At the same time, in this
variant (IIT), there were yellow spots and dark green
spots on light green leaves, which are absent in all
other variants. Yellow spots are formed through a
direct gene mutation (Y11 — yl1) or loss of a Y11
fragment as a result of the deletion. Dark green
spots are formed through a reverse point mutation,
nondisjunction of chromosomes, and the acquisition

A

by the cell of Y11 fragment resulting from a deletion
in the nearest cell.

When MMS-treated seeds germinated in a box
with a high CO, concentration (5000 ppm), we found
two types of mutations: direct mutation (light green
spots on dark green leaves) and reverse mutation
(light green spots on yellow leaves) (Figure 4, B and
C). The formation of light green spots on dark green
leaves increased statistically significantly by 5.0 (p
<0.01)and 11.1 (p <0.001) times compared with the
control and variant II (H,O + CO,), respectively.
The light green spots on the golden yellow leaves,
resulting from the reverse mutation yll — Y11,
were found only in variant IV (MMS + CO,), but
there was only one plant with this type of spots.

Figure 4 — Types of leaves and spots on leaves of variety T-219 of Glycine max (L.) Merril under MMS-treatment:
A — Dark green leaf with light green spots (direct mutation Y11 — y11); B — Dark leaf with light green spots
(direct mutation Y11 — y11); C — Golden yellow leaf with dark green spots (reverse mutationy 11 — Y 11)

When growing soybean under high CO,
concentration, no statistically significant increase in
the level of chlorophyll mutations was observed. But
when combined with MMS, carbon dioxide modified
MMS-induced mutagenesis towards it enhanced.
Based on the results obtained, it can be assumed that
CO, has a comutagenic effect. This assumption is
consistent with the research of Zhang Q. et al. The
authors found that high CO, concentrations can to
have a comutagenic impact, modifying the action of
hydrazine hydrate [34].

Analysis of morphophysiological parameters
helps to obtain information about the viability
of the plant organism and its processes. In our
studies, morphophysiological parameters such as
plant height (Fig. 5) and photosynthesis intensity
(Fig. 6) were also studied. On the 10" day of the
experiment, the highest plant growth was under
high CO, concentration and was 7.60+0.92 cm. In
plants grown under standard conditions (control),

the height of plants was 1.4 times lower (p <0.05).

When MMS-treated seeds germinated in a box
with a high CO, concentration, the plant height
was not statistically significantly different from
the control plants. At the same time, an increase
in growth parameters was observed in plants of
experimental group IV, treated with MMS and
grown in box with high CO, concentrations, as
compared to only MMS treated. However, this
difference was not statistically significant. In plants
of the IV experimental variant (MMS + CO,), the
average plant height was 1.2 times lower than plants
of variant II (H,O + CO,); however, this difference
was also not statistically significant.

It should be noted that the accelerated growth of
plants grown under high CO, concentration (variants
IT and IV) was observed only during the first two
weeks. Plants actively absorbed carbon dioxide and
increased biomass. But after the first two weeks, the
growth slowed down and was significantly inferior
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to the plants of the control group. As a result of
prolonged exposure to the high concentration of
carbon dioxide, the growth process stopped, which
further led to the plant death.

The amount of CO, absorbed by a unit of the
leaf surface per unit of time is one of the most
important physiological parameters that ensure

8 I
0 I

plant height, cm
[ ] W = th = ~1

o

control

H20+CO2

the viability of the plant. The results of the rate
of photosynthesis under different experimental
conditions are presented in Fig. 6. When plants
were growing under high CO, concentrations,
the rate of photosynthesis increased by 2.0 times
compared with the control; however, the difference
is not statistically significant.

MMS+SLC MMS+CO2

experimental variants

Figure 5 — The height of the soybean plant (Glycine max)
with the separate and combined action of MMS and high CO, concentration
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Figure 6 — The rate of photosynthesis with the separate and joint action
of MMS and high CO, concentration
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In plants from MMS-pre-treated seeds, the rate
of photosynthesis was statistically significantly
different from the control values and was 1.7 times
lower (p <0.05). However, if the seeds treated with
MMS were grown under high CO, concentration,
then the rate of photosynthesis increased 1.6
times. At the same time, the rate of photosynthesis
decreased 2.2 times (p <0.05) as compared with the
control plants. A correlation analysis was performed

to determine the dependence of the intensity of
photosynthesis and growth processes (Fig. 7). The
correlation coefficient was r = 0.91, which indicates
a strong positive correlation between the intensity of
photosynthesis and the height of the plants.

The results are consistent with the study by
Ainsworth et al. The authors found an increase in the
intensity of photosynthesis by 40% when growing
plants with high CO, concentration (600 ppm) [35].

140 8
/\— photosynthesis —#— height
- / \V y
z < 100 r4 ;
By R
i ¥ , 2
=) =
a
28 60 E
3 -3 &
28 4
£ -2
20 l _ 1
0 T T T ™ 0
Control H20+CO2 MMS MMS+CO2

experimental variant

Figure 7 — Plant height and photosynthesis intensity
with separate and joint effects of MMS and CO, on soybean

Thus, as the research result, it was found that
CO, at a concentration of 5000 ppm did not have a
mutagenic effect on the mutant line T-219 soybean.
When combined with MMS, carbon dioxide
significantly modified the action of the mutagen,
statistically considerably increasing the direct
chlorophyll mutations in soybean leaves of variety
T-219. The results obtained indicate a co-mutagenic
effect of CO,, which can enhance the damaging
effects. The danger of comutagens is determined not
only by their ability to improve the detrimental impact
of mutagens present in the human environment, but
also by the possibility of influencing the processes of
endogenous mutagenesis [36]. It can be assumed that
high concentrations of carbon dioxide suppressed
the activity of the cellular repair system, resulting
in increased levels of MMS induced structural
mutations. Besides, it was found that high CO,
concentrations (5000 ppm) enhanced the growth

processes and the rate of photosynthesis in the initial
stages. However, as a result of prolonged exposure
to the high concentration of carbon dioxide, the
growth process was slowed down, then stopped,
leading to the plant death.

Conclusion

The results of this investigation show that CO,
has no mutagenic effect on the mutant soybean line
T-219. However, the combined action of CO, and
the classic mutagen MMS a statistically significant
increased the frequency of mutations of the gene
responsible for the chlorophyll synthesis. The results
obtained demonstrate the ability of carbon dioxide
to co-mutagenic action. These data suggest that due
to the rising anthropogenic CO, concentration in the
atmosphere, there is a risk of increased mutagenic
effect of potential genotoxicants in the environment.
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