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Impact of Bacterization with Anabaena flos-aquae and
Pseudomonas putida and Salicylic Acid Treatment
on Cold Resistance in Leguminous Plants

Pedrepat: Y pobGoTi npeactaBneHo pesynsratv AOCHIMKEHHS BNMAMBY XOnogoBoi ekcriosuuii (4°C) Ha mopdpomeTpuyHi no-
Ka3HUKN POCIUH, MPOHUKHICTb KMITUHHUX MembpaH NUCTKIB, aKTUBHICTb MomniheHonokecuaasm i ctaH akTuHoBux ibpun y KniTmHax
KopeHiB ropoxy (Pisum sativum) Ta kBaconi (Phaseolus vulgaris) 3a ymoB nonepenHboi 06poOKM HacCiHHA caniLMioBOK KUCHO-
Toto (CK) um noro GakTtepmsauii uicTummu kynstypamu Anabaena flos-aquae i Pseudomonas putida abo ix cymiwwio. PocToBi
peakuii pi3HMX 3a XOnoAOCTIMKICTIO POCNWH ropoXy i KBaconi Ha Ailo xonogy B UiNOMy mManu pi3HOCMPSMOBaHWWA xapaktep. 3a He-
ranHoi Aji xonogom opapasy nicnst 6akTepusalii BU3Ha4aBCcs MO3UTUBHUIA BB 06pobku CK Ha XonopocTilikicTb pOCHUH FOpOXY.
3a BiaTepMiHOBaHOro xonodoBoro crpecy (Yepe3 7 ai6 nicns GakTepu3auii) nonepefHst obpobka HaciHHS cycneHsisiMu Mikpoopra-
Hi3MIB 4K iX CyMILILLIIO cripusina PO3BMHEHHIO XOMNOAOCTINKOCTI kBaconi. bakrepusauis HacCiHHA MepeBaxHO 3HMXKyBana MPOHMKHICTb
KNITUHHUX MeMBpaH y nucTkax ropoxy Ta KBacofli, a TakoX MO3WTUBHO BMNuBana Ha CTaH akTMHOBMX PiGpMN B KMiTMHAX KOPEHIB.
Y uinomy [esikvii NPOTEKTOPHWUIA edpekT Ans poOCnuMH ropoxy GyB BCTaHOBMEHWI siKk 3a YyMOB GakTepu3alii HaciHHs, Tak i 1horo 06-
pobku CK. [ins pocnuH KBaconi Big4yTHUIA NPOTEKTOPHUIA eddekT AaBana bakTepur3alis HaCiHHS.

KntouoBi cnoBa: Gaktepu3sauis, caniyunoBa KucrnoTa, XOrogoBUI CTPeC, XONOJOCTINKICTb pocnvH, Pisum sativum, Phaseolus
vulgaris.

Abstract: The paper presents the results of studying the effects of exposure of pea (Pisum sativum) and been (Phaseolus
vulgaris) seeds or young sprouts to low temperature (4°C) with preliminary treatment of seeds with salicylic acid (SA), or with pure
cultures of Anabaena flos-aquae or Pseudomonas putida, or with their mixture. Cold exposure lasting 24 hrs was carried out im-
mediately or 7 days after SA treatment or bacterization of seeds. Morphometric parameters of roots and sprouts, permeability
of cell membranes in leaves, activity of polyphenol oxidase and state of actin filaments in root cells were measured. Pea and bean
plants differ in cold resistance, and their growth responses to low temperature exposure were multidirectional. Treatment with
SA immediately before exposure to cold had a positive effect on cold resistance of pea plants. Under the delayed cold stress, seed
bacterization with single bacteria suspensions or their mixture contributed to the development of cold resistance in beans. Bac-
terization of seeds presumably reduced the permeability of cell membranes in leaves of both plant species and improved the state
of actin filaments in root cells. In general, some protective effect for peas was observed due to either bacterial or SA treatment
of seeds. In bean plants, the meaningful protective effect occurred after seed bacterization only.

Key words: bacterization, salicylic acid, cold stress, cold resistance of plants, Pisum sativum, Phaseolus vulgaris.

3a yMOB TOCTIHHOTO 3pOCTAaHHS HACEIICHHS Increasing food production is crucial in

CBITY HAJIBaXIUBUM € 30UIBLICHHS YHCEIBHOCTI
Xap4oBUX TpoaykTiB. I[lpum 1mboMy BHpPOOHHIITBO
CLITBTOCIIIIPOAYKITiT BiAOYBAETHCS HA T CKOPOUCHHS
CLIBCBKOTOCTIONAPCHKUX YTifib, TPYHTOBTOMH, Oio-
THUYHOTO Ta a0i0TUYHOTO CTPECY, 0 3HUKYE NPOAYK-
TuBHICT, pociuH [10]. B pocnuHHUITBI cepen
abiOTUYHMX CTpeciB Apyre Mmicue micns nedinury
€JIEMEHTIB JKMBJICHHS TMOCIJa€ XOJIOJOBUH BIUIMB
[28]. Ha choromui ©000Bi € HE TiNBKHA Ba)KIMBOIO
KyJIBTYpPOIO JUIsI CIBO3MIH, a W JDKEPENIOM I[IHHUX
aMIHOKHCIIOT 1 pOCIMHHOTO O1JIKa, IO PO3TIAIAETHCS
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the context of a steadily growing world population.
At the same time, agricultural crops are being
produced against the backdrop of shrinking
agricultural land, soil fatigue, biotic and abiotic
stress, which reduce plant productivity [12]. In
crop production, among the abiotic stresses the
cold exposure ranks second after nutrient deficiency
[28]. Today, the legumes are not only important
plants for crop rotation, but also a source of valuable
amino acids and vegetable protein considered as

an alternative to animal protein [2, 6, 20]. There-
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SIK anpTepHaTMBa TBapuHHOMY [3, 13, 19]. Tomy
MiABUICHHS! TPOAYKTUBHOCTI caMe 000OBHX KyIlb-
Typ € BOXJIUBAM 3aBAaHHSAM JUIS  CTaJlOTO
CUTBCBKOTO TOCTIOapcTBa. B yMoBax iCTOTHHX
3MiH KJIIMaTy pOCJIHHH IIiJ 9ac pOCTy BUTPUMYIOTH
BIUITMB PI3HOMAaHITHUX YWHHUKIB JOBKLLIL. 3a
Iii XOJOAy 3HWKYETHCS CHEPTris 1 MBHIKICTH IIPO-
pOCTaHHS HACIHHS, 3aTPUMYETLCS PICT POCIHH,
0 MOXE MPHU3BOAUTH IO 3HAYHUX BTPAT BPOXKAIO.
Takok BHACHIJIOK BIUIMBY HHU3BKUX TEMIIEpaTyp
POCIMHHU CTalOTh OibII Bpa3IMBUMH A0 (iToma-
toreHiB [18]. XomonoBuii CTpec HEraTUBHO BILIH-
Ba€ HA BECh pOCIMHHUI opradi3m. [IpsmMum i,
HMOBIpHO, HaHpaHIIIUM HACTIIKOM BIUTUBY KO-
JIUBaHb TEMIIEPATypyd HAa KJIITUHU POCIUH € 3MiHa
MIPOHMKHOCTI Ta TUIMHHOCTI (TEKydJOCTi) MeMOpaH.
Takox y MexaHi3Mi CHPHUHSITTS XOJIOAY y BHIIHUX
POCIMH BaXJIUBY pPOJb BITITPalOTh KOMIIOHCHTH
UTOCKEIeTa KIITHHA. Yepe3 3MiHY IUIHHHOCTI
MeMmOpaH, IO TPUBOAWTH 10 BUBUILHEHHS 1OHIB
KaJbIIF0 3 BAaKyoJi B ITUTOINIA3MYy KIIITHH, BimOy-
BA€ThCS JAEMoiMepH3anis MiKpoTpyOOdoK 1 ax-
TUHOBUX MikpodinameHTiB [12]. Bigomo, mo cuc-
TeMa MIKpo(iTaMeHTiB He TIIbKH MiATpUMYE (op-
My KJIITHH, iX BHYTpilIHIO OyIOBY, a i 3a0e3meuye
HOpMaJbHY (i3i0NOTiYHy (QYHKLII0O Ta Peryiroe
BHYTPIIIHBOKIITUHHY aKTHBHICTh 3a [ii pi3HUX
ctpecopis [20, 23].

PocnuHHi opraHi3Mud BHpPOOWIM TEBHI MeXaHi3-
MU TIOJOJIAHHSA TEMIIEPaTypHOTO cTpecy. 30Kpema,
Yy BIJAMOBIAP Ha TIMOTEPMII0 BiIOyBa€eThbCs OIOCE-
penKoBaHe SK €HAOT€HHOIO, TaK 1 €eK30T€HHOI0 cajli-
nunoBoro kuciororo (CK) HakomWdeHHS pPOCITHH-
HOIO KJIITHHOK) OCMOJIITIB, MMOCUIIEHO CHHTE3YIOThCS
BTOPHHHI MeTa0omiTH, BiAOyBaeTbCS pEryssiis
BMicTy pociuHHHX ¢iToropmoniB [15]. Came mi
BnactuBocti CK chnpusuii  po3BUTKY TEXHOJOTIT
€K30TeHHOi OOpOOKM HACIHHS YM MPOPOCTKIB 3a1Is
MOAOJIAaHHS a0l0THYHHUX CTPECIiB Ta CTPECOCTIHKOCTI
pocauH [2].

3aBHaHHSIM CyYacCHHX arpapHAX TEXHOJOTIH €
CTBOPEHHS YMOB BUPOIIYBaHHS KYIbTYp U1 3HU-
JKEHHS HETaTMBHHUX pEAKI[ii POCIMH Ha JiI0 CTpe-
coBux (akTopiB. OOHUM 31 IUIAXIB 3HMKCHHS ITOILI-
KOJDKYFOUOT Jii XOJIOMy Ha POCIHHY € 3aCTOCYyBaHHS
OioTexHomOri#, 30Kpema, Oakrepm3amii — 00po0-
KM HaciHHS KOPHCHOIO Mikpodoporo. B mpuponi
POCIIMHHM TiJalOThCS CTpecaM TijJ 4Yac B3aeMOJii
3 MIKPOOHMMH CIITBHOTAMH, SKi 3a3HAIOTh 3MiH
Yy CBOiii aKTHBHOCTI Ta CKJIaJli B MIHJIMBOMY Cepe-
noBuini [26]. Tlos’s3aHi 3 pociawHaMu MIiKpoOio-
MU MaloTh TOTEHIIal Ui TOAONaHHSA aOlOTHIHHMX
CTpECiB, IO MPUBOAWTH IO IIABUIICHHS BpOXKaki-
HOCTI B cucteMax 3emuepooctsa [10]. Ha crorommi
B JIiTeparypi IIHPOKO IPEICTABICHO TTO3UTHBHUI
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fore, increasing the legume productivity is a topical
task for sustainable agriculture. Under significant
climate change, plants can tolerate the impact of
various environmental factors during growth. The
cold exposure decreases the energy and speed
of seed germination, and delays plant growth,
which can result in significant yield losses. Also,
plants become more vulnerable to phytopathogens
due to exposure to low temperatures [19]. Cold
stress negatively affects the entire plant organism.
A direct and probably the earliest effect of tempe-
rature fluctuations on plant cells is a change in
membrane permeability and fluidity. In addition,
the components of cell cytoskeleton play an im-
portant role in cold perception in higher plants.
Due to changes in membrane fluidity, resulting
in calcium ion release from the vacuole into cell
cytoplasm, the microtubules and actin microfila-
ments are depolymerized [14]. It is known that
the microfilament system not only maintains the
shape of cells and their internal structure, but
also ensures normal physiological function and
regulates intracellular activity under exposure to
various stressors [21, 24].

Plant organisms have developed certain tole-
rance mechanisms to temperature stress. In parti-
cular, in response to hypothermia, a plant cell
accumulates the osmolytes mediated by both
endogenous and exogenous salicylic acid (SA),
secondary metabolites are intensively synthesized,
and the regulation of plant phytohormone content
occurs [16]. These very properties of SA pro-
moted the development of technology for seed or
seedling exogenous treatment to overcome abio-
tic stresses and improve stress tolerance in
plants [5].

The task of modern agricultural technologies
is to create conditions for growing crops to mi-
tigate negative responses of plants to the impact
of stress factors. The use of biotechnology, in
particular, bacterization, i. e. seed treatment with
beneficial bacteria is one of the ways to reduce
damaging effects of cold on plants. In nature,
plants are exposed to stress when interacting with
microbial communities, which undergo changes
in their activity and composition in dynamic
environment [3]. Plant-associated microbiomes
have a potential to overcome abiotic stresses,
thereby improving yields in farming systems [12].
Today, a positive experience of using represen-
tatives of beneficial soil microflora to improve
the productivity of various crops is widely re-
ported in the literature. For inoculation, scientists
have used both monocultures of bacteria and
combined cultures containing several species of
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JOCBiJlT BUKOPUCTAHHS MPEACTABHHUKIB KOPHCHOI
MIiKpo(UIOpH TPYHTY Uil MOKpAIIEHHS TPOAYK-
TUBHOCTI PI3HUX CLIBCHKOTOCIONAPCHKUX — KYJb-
Typ. Ilpu 1IbOMY AJIsT IHOKYJIAIIIT HAYKOBITI BUKOPHC-
TOBYBaJIM K MOHOKYJBTYPH OakTepiif, TaKk 1 KOM-
OiHOBaHI KyJABTYpH, IO MICTHIN KUTbKa BHJIIB
MikpoopraHismiB [5, 9, 10, 18]. IIpore icuye nedi-
IUT JaHUX [IOA0 MOKJIMBOCTEH OJHOYACHOTO BH-
KOPUCTAHHS MPEICTaBHHUKIB XeMO- 1 GPOTOTPOGHOTO
0110kiB MikpoOioMy IpyHTY. Xoua, HampUKiIaj, Iia-
HOOaKTepii MOXYTh 3aCTOCOBYBATHCS B CIJIbCHKOMY
TOCTIIONAPCTBl SIK OpraHiyHi I0O0pWBa, KOHIUIIO-
HEpU TIPYHTY, OlomecTHIHIN Ta OIOCTHMYIATOPH
pocnud [30]. € npukiIagyd NO3UTUBHOTO OJHOYACHO-
r0 BUKOPUCTaHHS iaHoOakTepiit (Nostoc muscorum,
Anabaena flos-aquae) Ta TpyHTOBHX OakTepii-fia-
3oTpodis [27].

Jst okpareHHs po3BUTKY 0OO000OBHUX POCIHH
YacTillle BUKOPHUCTOBYIOTH OiompemapaTd Ha OC-
HOBI OyIIEO00UKOBHX OakTepii. Y TOH ke 4ac HaCiHHS
MOXKE TIATaTH XOJIOIOBOMY CTpECy Ha eTarri Ipo-
pocTaHHs, Komu cuMOioTMuHi OakTepii mie He
BCTYNWJIM B KOHTakT 3 pociuHO0. Tomy BUKOpHC-
TaHHS KOPHCHUX IPYHTOBUX XeMmo- 1 ¢ororpo-
¢HUX TpokapioTiB 1ns  OakTepu3aulii HACiHHA
MOY€ MO3UTHUBHO BIUIMHYTH Ha MPOPOCTaHHA 1 PO3-
BUTOK MpPOpPOCTKiB 0000BHX pociuH. Bapro
3a3HAYNTH, MO0 THTAHHS MO0 «YHIBEPCAIBHOCTI»
3aCTOCYBaHHS ONHUX 1 THX cCaMUX OakTepialbHUX
MTaMiB JUIA TIABUINCHHS TPOAYKTHBHOCTI Pi3HUX
CLITBCBKOTOCTIONAPCHKUX KYIBTYP 3alIUIIAEThCS Bifl-
KpuTUM. BBakaeTbcsi, 1m0 1BI OCHOBHI 0000BI
KYJIIETYpH — KBacolld 1 TOPOX — BiJIPI3HIIOTHCS
3a XOJIOAOCTIMKICTIO, 30KpeMa TOpoX, KUK € OibII
CTIMKHM JI0 Ji X0JIOAYy TOPiBHSHO 3 KBACOJIEIO.

Meta pobOTH — BHUBYECHHS BIUIMBY OakTepu-
3amii Anabaena flos-aquae 1 Pseudomonas putida
Ta 0OpOOKM CaJIIMIIOBOI0 KHCIOTOK HACIHHS KBa-
com 1 ropoxy Ha QOpMyBaHHS XOJOAOCTIMKOCTI
IIUX POCIIHH.

Marepiaau i MmeToaH

VY nocnimkeHHi OyJI0 BUKOPHCTAHO HACIHHS KBa-
comi Phaseolus vulgaris L. copty JloKydaeBCHKHi
(BuBeneHUit B XapKiBCBKOMY arpapHOMy VHIBEp-
cuteri iMm. B.B. JlokyuaeBa) ta ropoxy Pisum sa-
tivum L. copry ActponaBtr CHI, sKi 3apeecTpoBani
B JlepaBHOMY peecTpi COPTiB pOCIHH YKpaiHH Ta
oTpuMaHi 3 BumpoOyBanbHOi Jabopartopii «Arpo-
reH HoBo» (M. XapkiB). Takok BHKOPHUCTOBYBaJIH
YHUCTI KyIbTypH LiaHOOakTepii Anabaena flos-aquae
(Lyngh.) Bred. mramy PPMSU 3 konekiii KyiabTyp
MiKpoBogopocTel Kadeapu OOTaHIKA Ta EKOJIOTil
pociuH XapKiBCHKOTO HAITIOHAJILHOTO YHIBEPCH-
tery iMmeHi B.H. Kapazina ta Pseudomonas putida
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microorganisms [7, 11, 12, 20]. However, the data
on possible simultaneous use of representatives
of chemo- and phototrophic blocks of soil micro-
biome are scarce. Although, for example, cyanobac-
teria can be used in agriculture as organic fertilizers,
soil conditioners, biopesticides, and plant biosti-
mulants [30]. There are the examples of beneficial
simultanecous use of cyanobacteria (Nostoc mus-
corum, Anabaena flos-aquae) and soil diazotrophic
bacteria [27].

Biological products based on nodule bacteria are
often used to improve the legumes development. At
the same time, the seeds can be exposed to cold stress
at germination stage, when symbiotic bacteria have
not yet contacted the plant. Therefore, the use of
beneficial soil chemo- and phototrophic prokaryotes
for seed bacterization can positively affect the
germination and development in legume seed-
lings. Notably, that the question of ‘versatility’
of using the same bacterial strains to improve the
productivity in different crops is still unclear.
The two main legumes, beans and peas, are believed
to differ in cold tolerance, especially peas, which
are more resistant to cold than beans.

The research aim herein was to investigate
the impact of bacterization with Anabaena flos-
aquae and Pseudomonas putida and treatment with
salicylic acid of bean and pea seeds on cold tole-
rance formation in these plants.

Materials and methods

Here, we have used the seeds of common
bean (Phaseolus vulgaris L.) of Dokuchaievskyi
cultivar (bred at V.V. Dokuchaiev Kharkiv Ag-
rarian University) and pea (Pisum sativum L.) of
Astronaut SN1 cultivar, registered in the State
Register of Plant Varieties of Ukraine and obtained
from the testing laboratory ‘Agrogen Novo’,
(Kharkiv). Pure cultures of cyanobacterium Ana-
baena flos-aquae (Lyngh.) Bred. PPMSU strain
from the collection of microalgae cultures of
the Department of Botany and Plant Ecology of
V.N. Karazin Kharkiv National University and
Pseudomonas putida from the bacteria collection
of D.K. Zabolotny Institute of Microbiology and
Virology of the National Academy of Sciences of
Ukraine were applied as well.

A. flos-aquae 1is a planktonic filamentous
cyanobacterium capable of diazotrophy. Strains
of this species can produce metabolites with
plant growth-stimulating activity, such as phy-
tohormones, humic substances, polysaccharides,
amino acids, vitamins, efc. [27].

P putida is a gram-negative rod-shaped bac-
terium used as a biocontrol agent for diseases and
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3 Kkonekwii Oaktepiii IHcTuUTyTY MikpoGioiorii
i Bipyconorii iM. JI.K. 3a6onotnoro HAH VYkpainu.

A. flos-aquae — TnaHKTOHHA HUTYACTA LiaHO-
Oakrepis, 3martHa g0 miazorpodii. Illtamu maHOrO
BHIIy MOXYTh IMPOMYyKYBaTH METAOOJITH, IO IIPO-
SIBJITIOTh  PICTCTUMYJTIOIOUY aKTHBHICTH POCIHH —
(hiTOropMOHHN, TYMIHOBI PEUYOBHHHM, IOMIIYKPUIH,
aMIHOKHCJIOTH, BiTaMiH# TOIIO [27].

P putida — rpaMHeraTMBHa MaJIMYKOIIOIIOHA
OakTepis, SKa BUKOPUCTOBYETHCS SIK areHT O0io-
KOHTDOJIIO 3aXBOPIOBaHb Ta CTUMYJIITOPIB POCTY
CUIBCBKOTOCTIONAPCHKUX POCIUH. Pasom 3 iHmuMu
KOPHUCHUMH PHU300aKTepisIMU BXOAUTH A0 CKJIaLy
niazoTpodHoro Oimoka rpyHTOBOI Mikpodmopu. bak-
Tepii AaHOTO BHIY MOXYTb NMpPOAYKYBAaTH CHAEPO-
¢dopu Ta Aeski (ITOTOPMOHHM, a TaKOX CIPHUSIIOTH
como0imizamii KOPUCHUX PEYOBWH. TakoXK IITamu
IIOTO BHUIY BOJOMIIOTH MEXaHi3MaMH KOJIOHI3aIlil
MTOBEPXHI KOPEHIB POCIWH, IO MOXKE ITO3UTHBHO
BIUTMBATH Ha X picT i po3BUTOK [16, 29].

IlianoOakTepii KyJIBTHBYBaJd Ha PIOKOMY IIO-
KUBHOMY CEPEIOBHIIII TAKOTO CKIIAIY: KNO, —5,0;
MgSO, x 7TH,0 — 2,5; KH,PO, — 1,25; EATA —
0,037 (r/m AuCTHILOBAHOI BOAW); PO3YMH MIKpO-
enementis (HBO, — 2,86 r/n; MnCl-4H,O —
1,811/n;ZnSO,-7H,0—0,222 1/1; M0oO,,NH, VO, —
cmign) — 1 M, y JIOMiHecTaTi 3a TeMIeparypu
(25 £ 2)°C Tta ocBiTIIeHHI 2 KJIK TpoTsroMm 12 To-
nuH. baktepii P putida KynbTUBYBaJIM Ha PIIKOMY
MTO)KUBHOMY CEPEAOBHIII M’ SICO-TICNITOHHUNA OYJIhb-
1oH y TepMocTari 3a Temrieparypu 28°C.

Haciaas mis ekCriepuMeHTy CTEpHITi3yBaau Mpo-
TroM 15 xB y 70%-My pO34rHI €THIIOBOTO CIIHp-
Ty, TIiCIISl YOTO TPUKPATHO BiMUBAIH y CTEPWIbHIN
nucTunboBaHiii Boai. OOpoOKy HaciHHS TPOBO-
UM IUIsIX0M 3aHypeHHd Ha 30 xB 'y 50 MkM po3unH
CK (CHIMPRODs.a., Pymynis) un B OakrepiajibHi
cycneHsii (TociiaHi cepii), YU y CTepruiIbHYy BOIOTIH-
Hy Boxmy (KoHTpoib). st Gakrepuzanii BUKOPHUCTO-
ByBaJIM OKpPEMO Cycmensii mianobakrepit, P. putida
4H iX cymilr. BukoprcToByBaiu KyJIbTypu OaKTepii,
1o mepedyBany Ha MOYaTKy cramioHapHoi ¢as3u po-
CTy 1 MaJ¥ KUTBKICTh KOJIOHIM YTBOPIOBAJIBHUX OJTH-
aunp  107/Mn. I OTpUMaHHS ONHOPIAHOI Oaxk-
TepianpbHOI CyCneH3ii BHKOPHUCTOBYBa M  Vortex
V-1 plus (Biosan, Jlarist). [opox i kBacomo BHpO-
LIyBaJIM Yy pyJoHaX (iIBTPYBalIbHOTO Tarepy, 3MO-
YEHOTO CTEPHJIBHOIO JUCTWIIOBAHOIO BOAOIO (I10
30 HaciHMH Ha pYJOH), y BereTaumiiHO-KIiMaTHd-
Hii Kamepi mporsiroM 35 ni0 3a Temmeparypu
(23 £ 1)°C Tta ocBimiieHHI 2 KIK mpoTsAroM 16 ro-
nuH Ha 1o0y. st moxemoBanas nii xomomom (4°C)
PYJIOHH 3 HACIHHAM y PI3HUH dYac BMIIIyBaIH ¥y
XOJIONWIILHY KamMepy Ha 24 TOAWHU: TEpIry dac-
THHY PYJIOHIB — OApa3y IIcisA pO3KIaJaHHS Ha-
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growth stimulants for agricultural plants. Together
with other beneficial rhizobacteria, it is a part
of diazotrophic block of soil microflora. Bacteria
of this species may produce siderophores and
some phytohormones, as well as promote nutrient
solubilization. Also, strains of this species have
mechanisms for colonizing the surface of plant
roots, thereby improving their growth and develop-
ment [17, 29].

Cyanobacteria were cultured in liquid nutrient
medium of following composition: KNO, —
5.0, MgSO, x 7TH,O — 2.5; KH,PO, — 1.25;
EDTA — 0.037 (g/l of distilled water); solution
of microelements (H,BO, —2.86 g/l; MnCl,-4H,0 —
1.81 g/, ZnSO,7THO — 0.222 g/l; MoO,,
NH, VO, — traces) — 1 ml, in a luminostat at
(25 £ 2)°C and 2 klx illumination for 12 hrs. P. pu-
tida bacteria were cultured in a liquid nutrient me-
dium (meat-peptone broth) in a thermostat at 28°C.

Seeds for the experiment were sterilized for
15 min in 70% ethyl alcohol solution and then washed
thrice in sterile distilled water. Seeds were treated by
immersing for 30 min either into a 50 uM solution
of SA (CHIMPRODs.a., Romania) or in bacterial
suspensions (experimental series), or in sterile tap
water (control). Single suspensions of cyanobac-
teria, P. putida or their mixture were applied
for bacterization. Bacterial cultures at early statio-
nary growth phase with colony forming unit num-
ber of 107/ml were used. Homogeneous bacterial
suspension was obtained using Vortex V-1 plus
(Biosan, Latvia). Peas and beans were grown in
rolls of filter paper moistened with sterile distilled
water (30 seeds per roll) in a vegetative and cli-
matic chamber for 35 days at a temperature of
(23 £ 1) °C and 2 kIx illumination for 16 hrs
per day. To simulate the exposure to cold (4°C),
the rolls with seeds were placed in a refrigerator
for 24 hrs at different times: the first part of rolls —
immediately after seed spreading; the second one —
7 days after experiment onset (delayed cold ex-
posure); the third one was untreated. Seed germi-
nation and growth of young plants were monitored
throughout the experiment, and, if necessary, the
filter paper of rolls was irrigated with sterile distil-
led water. At the end of the experiment, morpho-
metric parameters of plants such as: length and
wet weight of shoots and roots, cell membrane
permeability in leaves, as well as actin filament
structure in root cells were measured.

Cell membrane permeability was measured by
electrolyte release from leaf cuttings into distilled
water using portable conductivity meter ‘TDS-3M’
(Radelkis, Hungary) at a frequency of 3 kHz. For
each replicate of the study, 100 mg of plant leaf cut-
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CiHHS; Ipyry — depe3 7 ami0 micisd MO4YaTKy eKc-
NEpUMEHTY (BiATEpMiHOBaHA [isi XOJIOAOM); Tpe-
TIO — He MiJIaBaad il XOJOJOBOTO CTpecCy.
[IpotsiroMm ychOro EKCHEPHMEHTY CIIOCTepiranm
3a TPOPOCTAHHSIM HACIHHS, POCTOM  MOJOIUX
pocnwH, Ta, 3a TOTpeOH, 3pomyBaHd QGiIBTPY-
BalbHUW TaIp pYIOHIB CTEPHIBLHOIO JTUCTH-
JHOBAHOIO BOMOIO. [licmsa 3akiHYEHHS CKCIEepHU-
MEHTY BH3HaYadl MOP(POMETPUYHI ITOKA3HUKHU
POCIMH — JIOBXKHMHY 1 CHpPYy Macy HaroHiB i KOpiH-
1iB, IPOHUKHICTh KIITHHHUX MEMOpaH y JHCTKaXx,
a TaKoXK CTPYKTYpy akTHHOBHX (iOpHI y KIITHHAX
KOPCHIB.

[IpoHUKHICTF KIITHHHUX MeMOpaH OILiHIOBAaIU
3a BUXOJIOM €JICKTPOJITIB i3 BUCIYOK JIMCTKIB y AMC-
THJILOBaHY BOJY; BHUMIPIOBaHHS IPOBOIMIN 3 BUKO-
PUCTaHHSM ITOPTAaTHMBHOTO KOHAyKTOMeTpa «TDS-
3M» (Radelkis, VYropmmua) 3a yactot 3 kI
JIIst  KOXKHOTO TOBTOPY JIOCTI/DKEHHS TOTYBallU
mo 100 Mr BHCIYOK JHUCTKIB POCTHH. 3aTHIIKH
POCIIMHHOTO COKY BHIAJSUIM IUIIXOM PETEeNbHO-
r0 IMPOMHUBAHHS HABaKOK BHCIYOK JHCTHUIIHOBAHOIO
BOJOIO 1 OOcymryBaHHSIM (ifbTpyBaJbHUM Tare-
pom. O6cymeni Buciuku 3amuBanu 100 mn gu-
CTWJIbOBaHOI BOAM 1 dvepe3 18 romuH BHU3HAYAIH
CJIEKTPOTPOBIHICTE eKcTpakTy. llicns mporo €em-
HOCTI 3 POCIMHHHM MarepiajloM JOBOAWIM A0 KH-
MMHHAS HA BOJSHIA OaHi, OXOJOMKYBaId A0 KiMHAT-
HOI TEeMIIEPaTypH, JOBOAUIM 00 €M DITUHH 110 BH-
XIJHOTO 1 3HOBY BHMIPIOBAIHM E€JCKTPOIPOBITHICTH
eKCTPakKTiB. Pe3ynabTar BUXOMY €JEKTPONITIB (II0-
Ka3HUK JI0 HAarpiBaHHS) pO3paxOBYBAJIN y BiJCOTKax
BiJI ITOBHOTO BUXOMY (ITOKA3HMK ITiCIISI HATPIBAHH).

JociikeHHsT CTPYKTypH aKTHHOBUX  (iOpui
MPOBOAMIM METOJOM KOH(OKAIBHOI MIKPOCKOMIi.
dikcarito 3pa3KiB KOPIHIIB HPOPOCTKIB 3AIHCHIO-
Banu 3a BukopuctanHsa «The Image—iT® Fixation/
Permeabilization», 3riqHO 3 TPOTOKOJIOM 10 HabO-
py peareHtiB. Bisyamizamito 37iiiCHIOBaId Ha KOH-
doxampHOMY Mikpockori «Olympus FV10i-LIVy
(Olympus, Smnonist) 3a ymoB AEx 493 mM/AEm
517 BM Ia meTeKIii KOMIUIEKCY aKTHH-(aIoiIuH-
iFluor 488. BumiproBaim BiIHOCHY I1HTEHCHBHICTP
Ta Iwiomnry (uIyopecleHIii 3 ypaxyBaHHAM (OHY Ta
ayTo(hIyopeclieHIIT 3pa3KiB 3a 00oMa KaHajiamu (iry-
OpecIeHLil 3 BUKOPHUCTAHHSIM HpOrpamMHoro 3abesrie-
yeHHs1 «Olympus CellSense Dimension Desktop 1.18».

AxrtuBHicTs (pepmenty nomidenonokcraazu (I1DP0O)
y cHpid Maci KOpeHiB BH3HaYald 3a JOTIOMOTOIO
cnekrpodoromerpa «Ulab 102UV» (Ulab, Kurait).
Jns uporo 3 moApiOHEHOTO POCTMHHOTO MaTepiany
rOTyBaJli BUTSDKKY B ¢ocharnomy Oydepi pH 7,4
(Anamita, Ykpaina), 10 skoi momaBayid piBHI 00’e-
MU aucTHiboBaHoi Boau i 0,02%-ro pozunHy mapa-
deninmiaminy y masenesiii kucioTi (PANREAC

npo6nemu Kpiobionorii i KpioMmeaUUMHM
problems of cryobiology and cryomedicine

Tom/volume 34, No/issue 2, 2024

tings were prepared. The residual sap was remo-
ved by thorough rinsing cutting samples with dis-
tilled water and drying them with filter paper.
Dried cuttings were poured with 100 ml of distilled
water and 18 hrs later the electrical conductivity
of extract was measured. After that, containers
with plant material were brought to boil in a water
bath, cooled down to room temperature, then the
liquid volume was reduced to initial one, and
electrical conductivity of extract was measured
again. The result of electrolyte release (before
heating) was calculated as a percentage of the total
release (after heating).

The structure of actin filaments was studied by
confocal microscopy. Samples of root seedlings
were fixed using ‘The Image-iT® Fixation/
Permeabilization Kit” following the protocol for
the reagent kit. Visualization was performed using
Olympus FV10i-LIV confocal microscope (Olym-
pus, Japan) at AEx 493 nm / AEm 517 nm to detect
the actin-phalloidin-iFluor 488 complex. A relative
intensity and fluorescence area were measured ta-
king into account the background and samples’ auto-
fluorescence for both fluorescence channels using
‘Olympus CellSense Dimension Desktop 1.18’ software.

The polyphenol oxidase (PPO) activity in
wet weight of roots was determined using a
spectrophotometer ‘Ulab 102UV’ (Ulab, China). For
this purpose, an extract was prepared from cru-
shed plant material in phosphate buffer of pH 7.4
(U Analita, kraine), supplemented with equal volumes
of distilled water and 0.02% solution of paraphenyl
diamine in oxalic acid (PANREAC QUIMICA
S.L.U, Spain); one cuvette with reaction mixture was
also supplemented with a 0.01N oxalic acid solution,
and another one — with 1% pyrocatechol solution
in oxalic acid. The PPO activity was determi-
ned in kinetic mode at 420 nm wavelength, by
recording the oxidation rate with pyrocatechol
enzyme for 120 s.

The study included three replicated experi-
ments. In each experiment, all parameters were
measured twice. Results of two measurements of
each parameter in three replicate experiments were
summarized in a single sample (n = 6), tested for
homogeneity by the method of outlier [4] with
calculating the mean value and its standard error
(SE) using the Excel software (Microsoft, USA).
The mean values were compared between different
experimental variants using Tukey’s test, consi-
dering the difference significant at p < 0.05.

Results and discussion
The impacts of each factor (bacterization,
seed treatment with SA, cold exposure) were
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QUIMICA S.L.U, Icnanis), Takok 10 peaKIiiHHOI
CyMillli B OJJHY KIOBETY JOAaBaJIM PO3UMH IIABEIIEBOI
kucnotu (0,01H), a mo inmoi — 1%-ii po3uuH mipo-
KaTeXiHy y ImaBeneBi KucioTi. AkTuBHICTE [1DO
BH3HAUAIM B KIHCTHIHOMY pEXHMI 3a JOBKUHHU
xBuIi 420 HM, QiKCYrOUn 3HAYCHHS MBUAKOCTI peak-
1ii OKMCHEHHSI ()EPMEHTOM IIPOKATEXIHY MPOTITOM
120 c.

JlocmipkeHHsT CKIafanocss 3 TPhOX ITOBTOPHHX
CKCIIEPUMEHTIB. Y KOKHOMY EKCIIEPHMEHTI 3Iiic-
HIOBAIM MO J[Ba BUMIPIOBAaHHA BCiX HapameTpiB.
PesynbraTi BOX BUMIpIOBaHb KOXHOTO IapameTpa
Yy TpPbOX MOBTOPHHUX EKCIEPHUMEHTaX Yy3arajibHIO-
BaIM B €IuHY BHOIpKY (n = 6), mepeBipsuid Ha ro-
MOTEHHICTh METOJIOM BHKHIB [1] 3 OOUMCICHHSIM
CEepPEHHOT0 3HAYEHHS Ta HOTO CTaHAAPTHOI TOMUJIKU
(SE) 3a monomororw nporpamu «Excel» (Microsoft,
CIIIA). Cepenni 3HaueHHS TOPIBHIOBAIM MK pi3-
HAMH BapiaHTaMH JOCITIAy 32 JOTIOMOTOI0 KpH-
Tepito ThIOKI, BBOKAIOUH PI3HUINO 3HAYYIIOK TIPU
p <0,05.

Pe3yabTaTi T2 00rOBOpEHHS

Edextn BrumBy kokHoro ¢akropa (Oakrepu-
3amisg, o0poOka nacimas CK, gis xomomy) ori-
HIOBAJIM MUISIXOM TIOPIiBHSHHS OTPUMAaHUX TIOKa3-
HUKIB 32 OKpeMoi il YMHHHKA 13 3arajJlbHAM iHTaKT-
HAM KOHTpoJIeM (Ha pucCyHKax mmo3HadueHo sk Cl)
Ta KOHTPOJMSIMH B MeEXaxX KOKHOTO 3 BapiaHTIB
X0J1010BOT0 BIUTHBY (KOoHTpOoii C2 1 C3 BiANOBIAHO).

Ilix gac aHamizy 3MiH MacH i ITOBKHHH POCIIHH
y koHTponbHHX BapianTax C2 i C3 BigHocHo Cl1
OyJI0 BCTAaHOBIICHO, IO CaMOCTIHHA Jisl XOJOIY
Ha HAcCiHHA HE NPUBOAMIA 1O 3HAYYMIUX POCTO-
BUX PeaKlill pOCIMH ropoxy 4M kBacomi (puc. 1-4).
3a yMOB BiITEpMIHOBAHOTO XOJIOAOBOTO BIUIMBY
BiIOyBaJIOCS 3HAYyIle 3HIDKEHHS MacH I1aroHiB
ropoxy 1 kBacomni (IuB. puc. 2), a 3Hauyle 301Jb-
LIEHHS PpOCTOBHX IIOKa3HHWKIB Oyli0o BCTaHOB-
JIEHO TUTBKM 3a JOBKHHOIO KOPEHIB POCIHH KBa-
COJIi Ta maroHiB ropoxy (muB puc. 3,B Ta 4,A Biamo-
BIJIHO).

3a BIICYTHOCTI XOJIOIOBOTO BIUIUBY PICTCTH-
Mymorounii edekt Oakrepusariii g 00podkn CK
HACIHHS TOPOXY Maii)Ke He BU3HAYABCSA, 32 BUHATKOM
301bLICHHS JOBXKHHH KOPEHIB Yy BapiaHTax 3 BUKO-
puctanasiM CK 4m kokHOi Oaxtepii okpemo (IuB.
puc. 1,A—4,A). binbmmii Biaryk Ha 3acrocyBanns CK
gy OaKTepH3alilo CHOCTEpiraBcs y HACiHHS KBacodi
(muB. puc. 1,B—4,B). Tak, 3a Gaxrepusauii HaCIHHA
KBacoOJi CyMILIIIIO CyclieH3ili 000X BHIIB MiKpOOp-
TaHi3MIB ICTOTHO 30UTBIIyBajgach IOBKHHA KOpe-
HIB 1 TIarOHIB Ta Maca ITaroHiB MOPIBHSAHO 3 KOHT-
ponem C1 (guB. puc. 2,B—4,B). IcToTHE X 3HIKESHHS
TTOKA3HUKIB JOBKHWHY 1 MacH KOPEHIB 1 TTArOHIB pOCITHH
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evaluated by comparing the obtained indices under
a single action of the factor with the general intact
control (marked as Cl1 in Figures) and the controls
within each of variants of cold exposure (C2 and
C3 controls, respectively).

When analyzing changes in plant weight
and length in control variants C2 and C3 relative
to Cl1, an individual effect of cold on seeds was
found not to result in any significant growth res-
ponses in pea or bean plants (Figs. 1-4). Under
delayed cold exposure, the weight of pea and
bean shoots was significantly decreased (see
Fig. 2), and the growth parameters were signifi-
cantly increased only in root length of bean plants
and pea shoots (see Fig. 3B and 4A, respectively).

Without cold exposure, a growth-stimulating
effect of either bacterization or SA treatment in
pea seeds was almost not determined, except an
increased length in roots in variants using SA
or each bacterium separately (see Fig. 1A—4A).
A higher response to SA or bacterization was obser-
ved in bean seeds (see Fig. 1B—4B). For example,
the bacterization of bean seeds with suspension
mixture of both types of microorganisms signi-
ficantly increased the root and shoot length and
shoot weight as compared to control Cl1 (see
Fig. 2B—4B). Length and weight of bean roots and
shoots significantly decreased under bacterization
with monocultures of A. flos-aquae or P. putida
(see Fig. 1B—4B). In the variant of bean seed
treatment with SA, the indices almost did not
differ from the control (see Figs. 1B, 3B, 4B), except
for the plant shoot length, which was significantly
reduced compared to the control C1 (see Fig. 2B).
A negative effect of SA treatment on shoot length as
compared to C1 control was also observed in peas
(Fig. 2A).

Under cold exposure and SA seed treatment
and bacterization with both A. flos-aquae and
P putida, and their mixture, we revealed slightly
different changes in plant growth parameters.
For example, the seed treatment with SA increased
(compared to C2) the root and shoot length and
shoot weight in pea plants under immediate cold
exposure (see Fig. 2A—4A). However, the growth
parameters of pea plants in the variant with delayed
cold exposure and SA seed treatment were almost
unchanged from the control C3 (see Fig. 1A—4A).
Bean seed treatment with SA had a positive ef-
fect on root and shoot weight and root length
in the variant with delayed cold exposure, but an
opposite effect was observed under immediate
cold exposure as compared to the corresponding
controls C3 and C2 (see Fig. 1B-3B). When using
pea seed bacterization and cold stress, the root
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KBacoJIi Bi1OyBasocs 3a yMOB Oak-
Tepusallii okpemo A. flos-aquae
i P. putida (nuB. puc. 1,B—4,B).
VY BapianTi 3 00pobkoro CK Ha-
CIHHS KBacoji TOKa3HWKH Mai-
K€ HE BIAPI3HINCS BiX KOHT-
pomo (muB. puc. 1,B, 3,B, 4,B),
3a BHHATKOM JOBXHHH IIaroHiB
pocinH, sika Oyna 3Ha4YyIe 3HH-
KEHa TOPIBHSHO 3 KOHTPOJIEM
C1 (muB. puc. 2,B). Takox Hera-
TUBHUHA BB 00poOku CK Ha
JNOBXWHY TaroHiB TMOPiBHSHO 3
koHTposnem C1 OyB y ropoxy (auB.
puc. 2,A).

3a yMOB XOJIOZIOBOTO BILJIUBY Ta
06pobku Hacinus CK i 6akrepu-
3amii sk A. flos-aquae 1 P. putida,
TaK 1 IX CyMimIo, OyJI0 BCTAHOB-
JIEHO JIETIO 1HIII 3MiHH POCTOBHX
MMOKa3HWKIB pociauH. Tak, 00-
poOka nacinus CK mama Hacmif-
KOM 30iiblIeHHS (TIOPIBHSHO 3
C2) noBXMHHM KOPEHIB 1 MaroHis
Ta MacH TIarOHIiB POCIHH TOPOXY
32 YMOB HEraifHOrO XOJIOZOBOTO
BILTUBY (IuB. puc. 2,A; 3,A; 4,A).
[Ipote, maii>ke HEBIIMIHHIUMH Bifl
koHTpoo C3 Oymu poCTOBI TO-
Ka3HUKH POCIHH TOpPOXy Y Ba-
piaHTi 3 BIATEPMIHOBAHOIO IIEIO
xonony Ta o0pookoro HaciaHs CK
(muB. puc. 2,A; 3,A; 4,A). O6-
poOka Hacinus kBacom CK mo3u-
THUBHO BIUIMBaja Ha Macy KOPCHiB
1 MaroHiB Ta JOBKMHY KOPEHIB
pOCIHMH Yy BapiaHTi 3 BixTepMi-
HOBaHOIO Mi€I0 XONOIOM, a 3a
HETAaHOTO XOJIOJOBOTO BIUTUBY
CIIOCTEpiraBcs 3BOPOTHIN e(dexT
TTOPIBHSHO 3 BIATIOBITHUMH KOHT-
pomssmu C3 1 C2 (muB. puc. 1,B;
2,B; 3,B). 3a BukopucTaHHs Oak-
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Puc. 1. Edektn 06pobkm CK un 6aktepusauii HaciHHS ropoxy (A) i kBaconi (B) Ha macy
KOpEHIB 3a YMOB XOnofoBoro crpecy: TyT i gani C — koHTponb 6e3 iHokynsAuii; SA —
06pobka caniumnoBoto kucnotor; Af — GakTepusauist Anabaena flos-aquae; Pp — 6ak-
Tepusauis Pseudomonas putida; Mix — 06akTepu3auis CyMillLII0 CyCneHsin o6ox
BMAiB GakTepiit; 1 — BMPOLLYBaHHsS1 POCIMH 6e3 BNNMBY XONoaoM; 2 — HeraHa Jist XornonoM;
3 — BigTepmiHoBaHa Ajs xonogoM. [ns Kpawoi Bidyanisauii 3HaqyLOCTi BigMiHHOCTEN
CTOBMUj 3 BapiaHTamy BMAMBY Ha PUCYHKax Mo3HayeHi nitepamu a, b, c....0; a iHgekcamu
(a, b, c....0) Nno3HayeHO BIONOBIAHI BapiaHTW, MOPIBHAHO 3 AKMMMW CrioCTepirann 3HavyLui
BigMiHHoCTi (p < 0,05).

Fig. 1. Effects of SA treatment or bacterization of pea (A) and bean (B) seeds on root
mass under cold stress: here and further C — control without inoculation; SA — treatment
with salicylic acid; Af — bacterization using Anabaena flos-aquae; Pp — bacterization
using Pseudomonas putida; Mix — bacterization using a mixture of suspensions of both
bacterial species; 1 — plants grown without exposure to cold; 2 — immediate exposure
to cold after treatment; 3 — delayed exposure to cold after treatment. For a better visualization
of the significance of the differences, the columns are marked with the letters a, b, c....0;
and indexes (a, b, c....0) indicate the corresponding variants compared to which significant
differences were observed (p < 0.05).

Tepu3alii HaciHHA TOpPOXy Ta XOJOAOBOTO CTpe-
cy Oyno 3HMKEHHS MacH KOpPEHIB TMOPIBHSHO 3 Bif-
noBigHUMU KoHTposiMu C2 1 C3 (muB. puc. 1A). s
KBacoJjIli 3MEHIIICHHS MacH KOPEHIB POCIHH IOpPiB-
HAHO 3 KoHTposieM C2 Oyll0 BCTaHOBJIEHO Y Ba-
pilaHTax 3 BUKOPHUCTAHHSIM KOXKHOI 3 OaKTepiaJbHHIX
CyCIIeH3i# Ta HeraiHoi mii xomomy (muB. puc. 1,B).
VY Bapia"Ti gocmimy 3 BiATEpMIHOBAHOIO €0 XO-
Jomy OakTepu3allis MO3WTHBHO BIUIMBAJIA HA Macy
KOpPEHIB KBacoJi: TOKAa3HWKH Oy/IM BUIII 32 KOHT-
ponbHi (muB. puc. 1,B). 3Hauymux edexrtiB Oaxre-
puszauii mopiBasHO 3 KoHTponsimu C2 i C3 He
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weight was decreases as compared to the cor-
responding controls C2 and C3 (see Fig. 1A). For
beans, a reduction of plant root weight as compared
to C2 control was found in the variants using
each of the bacterial suspensions and immediate
cold exposure (see Fig. 1B). In the variant with
a delayed cold exposure, the bacterization had
a positive effect on bean root weight, i. e. the
indices were higher vs. the control (see Fig. 1B).
No significant effects of bacterization as com-
pared to C2 and C3 controls were found in terms
of pea shoot weight and root length under any
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1000

OyJ0 BCTAaHOBIICHO 3a ITOKa3HUKa-
MU Macu TaroHiB 1 JOBXHHH KO-
peHiB ropoxy 3a Oyab-sikoi mii Xo-
JIONIOBOTO cTpecy (mmB. puc. 2,A;
3,A). Maca maroHiB KBacoJi 3a Oy/b-
sIKOi  OakTepm3alii 3MEHITyBajlach
y BapiaHTi 3 HETaWHOIO €0 XOJO-
JIOM Ta 3a BHKOPHCTAHHS CYMIIIi
OakTepiaJIbHUX CYCIICH31H 1 BiaTep-
MIHOBaHOTO BIUIMBY XOJIOMY (IHB.
puc. 2,B). Ognak 3a OakTepu3anii
okpeMo cycreH3isimu 4. flos-aquae i 0
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Experimental settings

puc. 2,B). Takok 3a BUKOPHUCTaHHS
CyMiIli CyCIIeH3i# 1 OakTepu-
3armii 1 HeraitHoi aii Xomomy BimOy-
BaJIOCS 3HAYYIIE 30ITBIICHHS JJTOB-
KHHU KOPEHIB 1 TIaroHiB KBacoJi
mopiBHSHO 3 KoHTposeM C2 (muB.
puc. 3,B; 4,B).

BigHocHi  3MiHM  Mopdomer-
PUYHHX MapaMeTpiB y KBacosi 3a
HETaiHOo1 1 BigTepMiHOBaHOI il XO-
noxy OynaM Pi3HOCHPSIMOBAaHUMHU Yy
NesIKMX BapiaHTax AOCHiTy, a came 0
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3a Macoro maroHiB mpu o6podmi CK
qu A. flos-aquae, 3a Macor KOPCHIB
1 maroHiB Tpu o0podii P putida.
Y BUNAAKy TropoXy Taka po30ix-
HicTh B e(ekrax HeraiiHOi Ta Bij-
TepMiHOBaHOI Jii XOJIOAy BH3HA-
yujacs Ml 4ac MOPIBHSAHHS BapiaH-
TiB 3 00poOkoro CK 3a moBxuHOIO
MaroHiB, a 3 o0poOkoro A. flos-aquae — 3a ix
Macoro.

3a yMoB rimoTepmii BigOyBaJIOCS 3HIDKCHHS
CHIBBIJHOIICHHA IOBKMHU Ta Macd TaroHa i Ko-
peHs pociuH (BIIHOCHO IHTAKTHOTO KOHTPOIIIO),
[0 MOXKE CBiJTYMTH PO BIATIK MOXKMUBHUX PEUOBHH
y Kopinb. [Ipuyomy o3Ha4eHUIl eQeKT MEeBHOO
MipoI0 TIOCHJIIOBaBCS 3a YMOB OakTepu3amii Ha-
cinas. Lle moxe Oyt 3yMOBJIE€HE 3IaTHICTIO Oak-
Tepiit (HMMOBIpHO, Yepe3 CHHTE3 OIOJOTIYHO aKTHB-
HUX PEYOBHH) iHTEHCH(]IKyBaTH peakuii pOCIuH
Yy BIANOBiAp Ha abiOTHYHMIA CTpec. AJDKE BiIIOMO,
mo OakrepisiMm pomy Pseudomonas TpuTamMaHHI
MEXaHI3MH TPUCKOPEHOI peakilii Ha XOJOJOBHUI
CTpec — dYepe3 3MiHy TEKydJOCTi KIITHHHHX MEM-
OpaH, CHHTE3 aHTH(PPU3HUX OLIKIB, KAPOTHHOITHUX
Ta IHIIMX WITMEHTIB, PEUYOBHH BTOPUHHOTO METa-
0omisMy 3 KpiOIMPOTEKTOPHUMH BIACTUBOCTSIMH,
JICTKUX aKTUBHUX PEUOBHH (AJKCHU, aMiiu, ecTe-
pH, KeToHH, croiyku cipkn) [8, 31]. Takox Bimoma
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Experimental settings

Puc. 2. Edektn 06pobkmn CK um GakTepusauii HaciHHs ropoxy (A) i kBaconi
(B) Ha macy naroHiB 3a yMOB XOMNOA0BOrO CTPECY: NO3HaYeHHs1 AMB. Ha puc. 1.

Fig. 2. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on sprout mass under cold stress: see Fig. 1 for explanations.

of cold exposures (see Fig. 2A, 3A). The shoot
weight of bean under any bacterization was reduced
in the variant with immediate cold exposure
and when using a mixture of bacterial suspensions
and delayed exposure to cold (see Fig. 2B). Howe-
ver, when bacterized with pure suspensions of
A. flos-aquae and P. putida, a significant increase
in bean shoot weight was observed as compared
to C3 control (see Fig. 2B). When using a mixture
of suspensions for bacterization and an imme-
diate cold exposure, the root and shoot length
of beans was also significantly augmented vs.
the C2 control (see Fig. 3B, 4B).

Relative changes in morphometric parameters
in beans under immediate and delayed cold ex-
posure were multidirectional in some experimental
variants, namely, by shoot weight under treatment
with SA or A. flos-aquae, and by root and shoot
weight when treated with P. putida. As for pea,
such a difference in the effects of immediate and
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delayed cold exposure was revealed
when comparing the variants of treat-
ment with SA by shoot length, and
with A. flos-aquae — by their mass.
Under hypothermia, the ratio of
length and weight of plant shoot and
root reduced (relative to the intact
control), which might evidence an
outflow of nutrients to the root. Mo-
reover, this effect was to some ex-
tent enhanced under seed bacteriza-
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tion. This may be due to the ability
of bacteria (probably through the
synthesis of biologically active sub-
stances) to intensify plant responses
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to abiotic stress. The Pseudomonas
bacteria are known to have the
mechanisms of accelerated response
to cold stress: through changes in
cell membrane fluidity, synthesis of
antifreeze proteins, carotenoid and
other pigments, secondary metabolism
substances with cryoprotective pro-
perties, volatile active substances
(alkenes, amides, ethers, ketones, sulfur
compounds) [10, 31]. The ability of
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Experimental settings
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Puc. 3. Edektn o6pobkn CK Ta HGakTepmsaduii HaciHHS ropoxy (A) i kBa-
coni (B) Ha AOBXMHY KOpEHIB 3a YMOB XOSIOA0BOIO CTPECY: NO3HAYEHHS

OuB. Ha puc. 1.

Fig. 3. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on root length under cold stress: see Fig. 1 for explanations.

3MATHICTh JaHWX OakTepiii BHUPOOIATH GiTOoTOp-
MOHHU Ta (DITOrOPMOHTIONIOHI PEUYOBHHH, IO BILTH-
BalOTh SIK HA MPOPOCTAHHS HACIHHA, Tak 1 Ha PoO3-
BHTOK KOpPEHEBOI CHCTEMH, 30KpeMa, ii apXiTeKTy-
py [4, 14]. LianoOakrepii, 30KkpeMa MpeacTaBHUKH
pony Anabaena, nponykyroTh (ITOrOPMOHH, Ka-
POTHHOINM, BiTaMiHM Ta iHOIN OI1ONOTiYHO aKTHUBHI
pPEYOBUHM, SKI MOXYTh MO3UTHUBHO BIUIMBAaTU Ha
MOJIOJIAaHHA POCIMHAMU XOJIOIOBOTO cTpecy |6,
28]. Okpim TOrO, OakTepusamis KOPUCHHMH IITa-
MaMH OakTepii MOXe ONTHMI3yBaTd pIBEHb KIIi-
THHHAX META0OMITIB (aHTOIIaHIHIB Ta BUIHPHOTO
MPOJIiHy) Ta BIUIMBATH Ha 3arajbHUN BMICT XJIO-
podiny, deHomiB, kpoxmairo, (i3i0NOriuHo I0C-
TYIHOTO 3aii3a, OUIKIB, aMIHOKHCJIOT, a y BHIa-
Ky Iia30TpodiB — MPOAYKTiB 0i10M0riuHOi (hikcari
azory. Takuil BIUIMB IMOM’SIKIIY€ MPOTIKAHHA XO-
Jof0BOr0 crpecy y pociauH [21]. BcraHosie-
HUM y HamoMmy JOCHIDKeHHI NEeBHUI NPOTHXO-
nonoBuii eext CK 30iraeTscs 3 TaHUMU JIiTEpaTypu
[2, 15].
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these bacteria to produce phytohor-
mones and phytohormone-like sub-
stances that affect both seed germi-
nation and root system development
and architecture, in particular, is also
known [1, 15]. Cyanobacteria, espe-
cially Anabaena representatives, pro-
duce phytohormones, carotenoids,
vitamins, and other biologically active substances
that can positively affect the cold stress tolerance
in plants [8, 28]. In addition, bacterization with
beneficial bacterial strains can optimize the level
of cellular metabolites (anthocyanins and free
proline) and affect the total content of chlorophyll,
phenols, starch, physiologically available iron,
proteins, amino acids, and, in the case of diazot-
rophs, products of biological nitrogen fixation.
This effect mitigates cold stress in plants [22].
The certain anti-cold effect of SA found in our
study coincides with the reported data [5, 16].

The cell membrane is the main target of envi-
ronmental stressors. Cold affects the membrane
conformation and properties, thereby disrupting
cellular homeostasis. Maintaining the integrity
and fluidity of cytoplasmic membranes is a
necessary condition for ensuring plant survival
under adverse environmental conditions [26]. Cell
membrane permeability is a sensitive index of
negative effect of hypothermia on plant organism,
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which can be assessed by -electro-
lyte release. The Fig. 5 shows the results
of determining the impact of seed
bacterization or SA treatment on cell
membrane permeability in leaves
of germinated experimental plants under
cold stress. The analysis of findings
showed the cold effect (both immediate
and delayed) not to significantly affect
the cell membrane permeability in
pea leaves (comparing the parameters
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in variants C1, C2 and C3). In contrast
to peas, bean plants were more sensitive
to cold impact: comparing the para-
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meters in variants C1, C2 and C3;
Fig. 5B. When growing plants without
cold exposure, the electrolyte release
decreased with the use of P putida
in pea leaf cells (see Fig. 5A),
but in beans it did with a mixture
of bacterial suspensions (see Fig. 5B).
In a variant with immediate cold
exposure, the electrolyte release from
pea leaf cells was significantly reduced
under seed bacterization with A. flos-

n| (o

C1 SAl Afl Ppl Mixl C2 SA2 Af2 Pp2 Mix2
BapianTti gocxiny
Experimental settings

Puc. 4. Edpektn 06pobkm CK Ta 6akTepmsalii HaciHHS ropoxy (A) i kBa-
coni (B) Ha JOBXMHY NaroHiB 3a yMOB XOJIOA4OBOrO CTPECY: MO3HAYEHHS

aus. puc. 1.

Fig. 4. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on sprout length under cold stress: see Fig. 1 for explanations.

Ilurorrazmarnuyna mMemOpaHa KIITHH € OCHOB-
HOIO MIIIEHHIO CTPECOBUX (HaKTOPIB HABKOJIHIII-
HBOTO CEPEIOBHINA. XOJO[ BIUIMBAE HAa KOH(pOpMa-
IIF0 Ta BJIACTHBOCTI MEMOpaH, TUM CaMHUM IIOPY-
IIyI0YNd KIITHHHAKA ToMmeoctas. Ilimrpumka Iijtic-
HOCTI Ta IUIMHHOCTI IUTOIUIA3MaTHYHUX MEMOpaH
€ HEOoOXiHOK YMOBOK Juis 3a0e3le4YeHHS BU-
KUBAHHS POCJIHMH MiJl 4YaC HECHPUATINBUX yMOB
cepemoBuma [25]. UyTauBUM TMOKa3HUKOM HeEra-
TUBHOTO BIUIMBY TilOTEPMii Ha POCIWHHHIA Op-
TaHi3M € TPOHHUKHICTh KIITHHHHX MeMOpaH, SKy
MO)KHA OITIHUTH 3a BUXOIIOM EJIEKTPOJITIB. Pe3yin-
TaTd BU3HAYCHHS BIUIMBY OakTepw3allii HaCiHHS
qu Horo o6pobkn CK Ha IPOHUKHICTH KIIITHHHUX
MeMOpaH y JUCTKaxX MPOPOIIEHUX IOCIITHUX pPOC-
JUH 32 yMOB XOJIOJOBOTO CTpeCy TIpenCTaBlIeHl
Ha puc. 5. AHaNl3 OTpUMaHUX JAHUX IT0Ka3aB, IO
Iist xomomoM (SIK HeraiiHa, Tak 1 BiATepMiHOBaHA)
ICTOTHO HE BIUIMBajia Ha TMPOHUKHICTh KIITHHHHX
MeMOpaH y JHCTKax ropoxy (HMOpiBHSHHS NMOKa3HU-
kiB y Bapiantax Cl, C2 i C3). Ha BinmiHy Bix ro-
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aquae suspension as compared to C2
control (see Fig. 5A). Bacterization
of seeds of both plants with P. putida
suspension, and bean seeds with a
mixture of bacterial suspensions also
had a positive effect on permeability
of leaf cell membranes in variants
with delayed cold exposure (Fig. 5).
The treatment with SA or a mixture
of suspensions did not produce a similar effect.
On the contrary, in variants of plant seed treatment
with SA with no cold stress, a significant increase
in electrolyte release from leaf cells was observed
(Fig. 5). However, under delayed cold expo-
sure, pretreatment with SA promoted a decrease
in cell membrane permeability of bean leaves
(Fig. 5B). Thus, the observed reduction in cell
membrane permeability in pea and bean leaves
under seed bacterization and cold exposure testifies
to a positive effect of cyanobacteria and P. putida
on cold tolerance development in experimental
plants. In fact, Bhat er al [9] estimated the
irreversibility of damaging effect of low tempe-
ratures (4°C) by electrolyte leakage in legume leaves.

Changes in fluidity and permeability of cell
membranes in plant organisms under cold effect
through activation of ion channels can induce
cytoskeletal rearrangements [21]. Under cold impact,
they can both act as a target and perform a signaling
function to activate stress response mechanisms
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pPOXy, POCIHMHH KBacOJNi BUSBUIHCS i

YyTIUBIIIUMHA 10 Aii XOJOAY: IMOpiB-
HSTHHA MTOKa3HMKIB y BapianTax Cl, C2
1 C3 (puc. 5,B). 3a yMOB BHPOIITYBaHHS
pocnuH 0e3 XOJOJOBOTO BILIMBY 3HHU-
JKEHHSI BUXOMY CJICKTPONITIB 13 KIIITHH
JIUCTKIB POCIHH TOpPOXy BimOyBa-
JIOCs 32 BUKOpPHUCTaHHS P. putida (muB.
puc. 5,A), a y BHIaaKy KBacoii —
cymimi  OakTepialibHUX  CyCIEeH3iH
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3 BUKOPHCTaHHSM HETalHOTO XOJIOHO-

% from the complete release of electrolytes
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C21 SA2 Af2 Pp2 Mix2 C3 SA3 Af3 Pp3Mix3

A BapiaHTh focmay
BOTO BIUIMBY ICTOTHE 3HM)KCHHS BH- Experimental settings
XOZly €JEKTPOJITIB 3 KIIITHH JIUCTOBUX v 120
. 3
IUIACTUH TOPOXY BiOyBaJIOCS 32 YMOB 2k B
“ee . . .H - o
OakTepu3allii HAaCiHHA CyCIIEH3i€I0 E i 100 I
A. flos-aquae TOPIBHSIHO 3 KOHTPO- gg n il
3 1
mem C2 (muB. puc. 5,A). bakrepusa- 2§
mist XK cycrneHsieo P putida HaciHHS BE S0 b b .
000X poOCITMH Ta CyMimimmo OakTe- ) o abe 2 ab ac a acl
. co . . e - , ,
plaJbHUX CYCIEH31M HACIHHA KBacoil R adf abk[T] adi
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TaKO)X MO3WTHBHO BIUIMBajla Ha IIPO- ;3 20 klm adjkhmn
HHUKHICTh MeMOpaH KIITHH JIUCTKIB ;g“E b jc| |d |e f1 (9] b |i]|i k|| § 2

: : : 0 D L e
y Baplahtax 3 - BIATCPMIHOBAHOIO C1 SAL Afl Ppl1Mixl €2 SA2 AR Pp2Mix2 €3 SA3 Af3 Pp3Mix3
niero  xomoxy (puc. 5). OOpoOka o ,

. co . apiaHTH qocxigy

CK 4m cymimmo cycnensiii momio- Experimental settings

Horo edekry He nmaBana. HaBmakw,
y BapiaHTax 3 00poOKOI0 HACIHHS pOC-
nua CK 0e3 xoomoBoro crpecy cro-
CTepiragud iCTOTHE IIIABUINCHHS BH-
X0y €JEKTPONITIB 3 KJITHH JIUCT-
kiB (puc. 5). Ilpore 3a Biarepmi-
HOBaHOI [ii XOJIOMOM  TIOTICPEIHS
06pobka CK cmpusia B3HIKEHHIO TPOHUKHOCTI
MeMmOpaH KITHH JHUCTKIB KBacoii (puc. 5B).
TakuM YHHOM, BCTAaHOBJICHE 3HIKCHHS TIPOHUK-
HOCTI KJIITHHHUX MEMOpaH y JIHCTKaxX TOpOXy Ta
KBacoyi 3a Oakrepu3allii HaciHHS Ta il XOJOomy
CBIIYMTH MpPO NO3UTHUBHHUK BIUIMB LiaHOOAKTEpii
i P putida Ha pO3BUTOK XOJOAOCTIHKOCTI JOCHIN-
HUX pocinuH. Amke y pobori K.A. Bhat Ta
cmiBaBT. [7], 32 BUTOKOM EJEKTPOJITIB y JHMCTKaX
0000BHX pociIuH OyJI0O OIlIHEHO HE3BOPOTHICTh
TTOIIKO/KYIOUO1 Aii HM3bKHX Temmeparyp (4°C).
3MiHH TEKy4OCTI Ta NPOHHUKHOCTI KIITHHHHUX
MeMOpaH pPOCIMHHUX OpraHi3MIB 3a il XOJIOmy
gepe3 aKTUBAIlI0 10HHUX KaHAJIB MOXYTh BUKIIH-
KaTu TpaHcdopMallii HUTOCKeAeTHUX CTPYKTYp [20].
3a mii Xoomy BOHM MOXYTh SIK BUCTYIIATH B POJIi
MillleHi, TaK 1 BHUKOHYBaTH CHTHaJbHY (YHKIIiO
3a[UIsl aKTHBalil MexaHi3MiB mpotunii crpecy [17].
3a BIZICYTHOCTI XOJIOIOBOTO BIUIMBY iHTCHCHBHICTH
¢myopecuenuii akTuHOBUX (iOpun y KIiTHHAX
KOpPEHIB TOPOXY iCTOTHO 301IbIIyBaNach MOPIBHIHO
3 xkouTponeM Cl sax micma o6poOku HaciHHs CK,
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Puc. 5. Edpektn 06pobkm CK Ta bGakTepusauii HaciHHs ropoxy (A) i kBa-
coni (B) Ha NPOHUKHICTb KNiITUHHUX MEMOpPaH B NIUCTKax 3a YMOB X000~
BOrO CTPeCy: MO3Ha4YeHHs AuB. puc. 1.

Fig. 5. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on cell membrane permeability in leaves under cold stress: see
Fig. 1 for explanations.

[18]. Under no cold exposure, the fluorescence
intensity of actin filaments in pea root cells increased
significantly as compared to C1 control both after
SA seed treatment and following bacterization
(Fig. 6A). In case of beans, no such effect was ob-
served, 1. e. the indices in the experiment were
at the control C1 level (Fig. 6B). Moreover, these
indices in almost all experimental variants did
not differ significantly from the control C2 under
immediate cold exposure to seeds of both plants
(Fig. 6). Under delayed cold exposure, the intensity
of actin filament fluorescence in roots of pea
seedlings significantly increased vs. C2 control
in variants treated with SA, P. putida suspension,
or bacterial mixture (Fig. 6A). Under similar con-
ditions of bean cultivation, a decrease in fluore-
scence intensity was observed in all the experi-
mental variants as compared to C2 control
(Fig. 6B). In pea root cells, the fluorescence
area of actin filaments significantly reduced under
cold exposure (C2 and C3 compared to C1), but
no similar effect was observed in bean root ones
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nopiastno 3 Cl), ame 3a pe3ynb-
TaTaMl BU3HAuCHHS JaHOTO IOKa3-
HAKa B KIITHHAX KOPEHIB KBacoJii
aHaJorigYHOTO e(eKTy He crocTepira-
mu (puc. 7). Y mitoMy, 1wiomia ¢uryo-
pecueHmii akThHOBUX (iOpun y KiTi-
THHAaX KOpPEHIB TOpPOXy y BapiaH-
Tax 3 00pobkoto CK um OGakrepmzariiero mpu Bia-
CYTHOCTI XOJIOIOBOTO BILTUBY 3MECHIITyBajach IMOPiB-
HaHO 3 KoHTpoinem Cl1 (puc. 7,A). B anamorid-
HOMY BapiaHTi JOCHiAy 3 KBacOJCI0 3HAUYIIE
3HW)KEHHSI JIaHOTO TOKa3HWKa TOPIBHSIHO 3 KOHTPO-
mem C1 BigOyBasocst 3a ymMmoB 00poOku CK 1 Oak-
Tepusalii HaciHHA cyMimmmio cycnensii 4. flos-
aquae 1 P. putida (puc. 7,B). 3a 000x pexumis
XOJIOIOBOTO BIUIMBY NOKa3HUK Iwionni duryopec-
ueHnii akTUHOBHMX (iOpun y KIITHHaX KOPEHIB
rOpoXy MEepeBa)KHO HE BINPI3HSABCS BiJ| BIAMOBIIHUX
noka3HukiB y koutponsx C2 i C3 (puc. 7,A). Bu-
HATKOM OyiW BapiaHTH 3 OakTepu3alliero HaciHHS
TOPOXy CYMIMNIIIIO OaKkTepialbHUX CYCIEH31H 1 He-
raiftHoi il X0JIomoM Ta OOpOOKOI0 HACIHHS TOPOXY
CK i BigrepmiHoBaHOIO micto xonomy (puc. 7,A).
Y nmocmimax Ha KBacoydi 3HAUyIIEe 3HIKCHHS I10-
Ka3HMKa IUIOHI (IyopecleHIlii akTHHOBUX (i-
Opun BigOyBasiocsi 3a BiATEPMIHOBAaHOI [ii XONOLy
Ta Oynmb-sikoro BuAy Oakrepuszauii (puc. 7,B). Iligsu-
IICHHsI IHTEHCUBHOCTI 200 30UTbIeHHs miomti (iryo-
pecleHIii akTHHOBUX (IOpWI MOXKE CBIAYMTH TPO
MOCWJICHHS moJiMepu3anii aktuHy. OTXe, BCTaHOB-
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Puc. 6. Ecdbektn 06pobkn CK Ta HGakTepusauii HaciHHA ropoxy (A) i kBa-
coni (B) Ha iHTEHCUBHICTb hrtoopecLeHLii akTUHOBUX ibpun KNiTUH Ko-
peHiB 3a YMOB XOMOAOBOr0O CTPECY: NMO3HAYEHHSA AMB. Ha puc. 1.

Fig. 6. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on fluorescence intensity of actin filaments in root cells under cold
stress: see Fig. 1 for explanations.

(Fig. 7). In general, the fluorescence area of actin
filaments in pea root cells in the variants with
either SA treatment or bacterization with no cold
exposure was decreased as compared to C1 control
(Fig. 7A). In a similar experiment with beans, this
index was significantly decreased as compared
to Cl control under SA treatment and seed
bacterization with a mixture of A. flos-aquae and
P. putida suspensions (Fig. 7B). Under both modes
of cold exposure, the fluorescence area of actin
filaments in pea root cells did not differ from
the corresponding values in C2 and C3 controls
(Fig. 7A). The exceptions were the variants of
pea seed bacterization with a mixture of bacterial
suspensions and immediate exposure to cold,
and pea seed treatment with SA and delayed expo-
sure to cold (Fig. 7A). In the experiments in
beans, the fluorescence area of actin filaments
was significantly reduced under delayed cold
exposure and any type of bacterization (Fig. 7B).
An increased intensity or augmented area of actin
filament fluorescence may indicate a rise in actin
polymerization. Thus, the observed effects suggest
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JieHI e(DEeKTH TO3BOJSIIOTH TPHITYCTUTH
MEBHY MO3WTHUBHY poOJib OakTepu3a-
mii HaciHHS Ta 00poOku CK y 36epe-
JKCHHI IUTICHOCTI ITUTOCKEIETHUX eJe-
MCHTIB KJIITHH KOPEHS TOpOXy BHAC-
JJAOK BiATEPMIHOBAHOTO XOJOAOBOTO
cTpecy. TakuM YWHOM, BUMIpPIOBaHHS
THTEHCUBHOCTI (ryopecueHIii akTHHO-
BuX (iOpmi y KIITHHAX KOPEHS MOXKe
OyTh iHQOPMATUBHUM [UIS  OLIHKH
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BILTMBY PU30C(HEPHUX MIKPOOPraHi3MiB
Ha CTaH MEMOpaH Ta IIUTOCKEJIETHI
CTPYKTYpH POCIWHHUX KIITHH 3a ii
X0JIONy Ha choroaHi HeBimomi. IIpote
€ MOXJIMBUM OIIOCEPEIKOBAHUI BILTHB
pusochepHux OakTepili Ha YHCICHHI
MeTaloiuHi peakuii, MOTTUHAHHS II0-
KUBHUX PEUOBHH POCIMHHUM OpPTaHi3-
MowMm, criBBigHOMIeHHs Na/K* y xope-
HSX, 110 CIPHSIE 3aXWCTy POCIHH Bif
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HeOakKaHMX XOJIOMOBUX PeaKItii [22].
Binomo, 110 3MiHH aKTUBHOCTI dep-
MeHTy IIDPO € moKazoBUMH 3a PO3-
BUTKY I1HIYKOBaHOi MPHUKOPEHEBUMHU
OaKTepisIMU CHCTEMHOI PE3UCTEHTHOCTI
70 HECTIPUSATINBUX (aKTOpPIiB cepesio-
Buma [24]. OkpiM TOrO, MiABUINECHHS
aktuBHOCTI [IPO B KOpeHSX pOCIHH
MOXE BHUCTYNaTH OIOCEPEAKOBAHUM
MapKepoOM BCTAHOBJICHHS B3a€MOBiJ-
HOCHH Yy CHCTEMi pOCIHHAa-MiKpoopraHisMm. Pe-
3yNIbTaTH BU3HAYCHHS akTHBHOCTI (epmenty [1DPO
B KOpPEHSX TOpPOXy 1 KBAacOmi IIPEICTaBJIEHO Ha
puc. 8A, B. 3a Oymp-KOTO BapiaHTy XOJOJIOBOTO
BIUIUBY HE BImOyBajocs 3HAYYMIOl 3MIiHH aK-
tuBHOCTI IIPO B KOpeHsSX 000X BHIIB pPOC-
muH (nopiBHsHHA KoHTpomiB Cl, C2 i C3), 3a Bu-
HSTKOM BiJITEpMiHOBaHOI XOJIOMOBOi Jii Ha TOPOX,
KOJIM CHOCTepirajocs 3Hauyylle 3HWKEHHS aKTHB-
Hocti [I®O (mopiBasnus ik Cl i C3). Takox
BCTAHOBIICHO 3HIKCHHS aKTHUBHOCTI ()EpMEHTY
3a 00poOku HaciHHs Topoxy CK abo cycmensis-
MU LiaHoOaKkTepiit 1 P. putida 3a BIACYTHOCTI XOJIO-
JIOBOTO BIIMBY TOpiBHSIHO 3 KoHTposem Cl (pwuc.
8,A). 3HmkenHs aktuBHOCTI [IDOO B KOpeHAX To-
poxy mopiBHSHO 3 KoHTpoiem C2 BimOyBamocs
W 3a HeraitHoi mii XOJIomOM Ticias OOpOOKM Ha-
cimats CK um Oaxrepmsarmii A. flos-aquae (puc.
8,A). 3Hauymie MiABUIICHHS aKTUBHOCTI (PEPMEHTY
nopiBHsHO 3 KoHTposeMm C3 BinOyBajnocs B OCHOB-
HOMY TiJIbKM y BapiaHTi 3 OakTepu3alli€ro HaciHHA
TrOpOXy CYMIIIIIO OaKTepialbHUX CYCIICH31i Ta Bif-
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C1 SAl Afl PplDMixl

C2 SA2 Af2 Ppl2 Mix2 C3 SA3 Af3 Pp3 Mix3
Bapiasti nocxizy
Experimental settings

Puc. 7. Ecdpektn 06pobkn CK Ta GakTepusauii HaciHHs ropoxy (A) i kBa-
coni (B) Ha nnoLyy dntoopecueHLii akTMHoBMX pibpun KNiTUH KOPEHIB 3a
YMOB XOOAOBOIO CTPECY: MO3HAYEHHS AuB. puc. 1.

Fig. 7. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on fluorescence area of actin filaments in root cells under cold
stress: see Fig. 1 for explanations.

a certain positive role of seed bacterization and
SA treatment in preserving integrity of cytoske-
letal elements in pea root cells after delayed cold
stress. Hence, measuring the fluorescence intensity
of actin filaments in root cells may be informative
in evaluating protective effects of bacterization
or if using other cryoprotectants. Direct mecha-
nisms of positive effect of rhizospheric micro-
organisms on membrane state and cytoskeletal
structures in plant cells under cold exposure are
still unknown. However, an indirect effect of
rhizospheric bacteria on numerous metabolic
reactions, nutrient uptake by plant organism, and
Na'/K* ratio in roots is possible, thus promoting
plant protection against undesirable cold res-
ponses [23].

It is known that changes in PPO activity are in-
dicative in development of systemic resistance
induced by root bacteria to adverse environmental
factors [25]. In addition, an increased PPO activity
in plant roots can act as an indirect marker of
establishing relationships in plant-microorganism
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TEPMIHOBAHOTO  XOJOJOBOTO  BIUIH-
By (puc. 8A). 3a X0I0I0BOTO BIUIMBY
Ha KBacoJIl0 aKTHUBHICTh (EPMEHTY
[I®O icToTHO HE BiAPI3HIIACH TIOPIB-
HSHO 3 BIiAMOBITHUM KoHTpoieM C2
g C3 abo 3HauyIIe 3HMKYBAIACh 3a
yMOB 00poOku Haciaas CK um Gak-
Tepusamii okpemo A. flos-aquae 1 P.
putida (puc. 8,B). [lompu Te, 110 icHY€E
3HAa4YHA KUIBKICTh JaHWUX MO0 (PyHK-
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Experimental settings

¢depmenTy, noci Heimomi. Haiivac-
TillIe TOBIOMJISUIOCS, IO 3HWKCHHS
aktuBHOCTI [1DPO BimbyBaeThes 3a mil
HU3BKUX YA BHCOKHX TeMIIeparyp,
a i1 mgBWUIMEHHS — Y BIANOBiAL Ha
KOHTAaKT 3 (hiTOMaToreHaMu Yu 1HINH-
MH O10THYHUMU cTpecopamu [32].
Jlnsg  TOBHIIIOI OIHKKA e(eKTiB
00pobkn CK uym Oaxrepusaumii Ha-
ciHHs OyJlo MpOaHaIi30BaHO XapaKTep
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3MiH JTOCJIiJ[)KYBaHUX ITOKa3HUKIB Y IO~ 0
POXy 1 KBacoIIi 3a pi3HUX CITOCOO0IB XO-
JIOJIOBOTO BILTUBY (HETaifHOTO YH BiJI-
TEPMIHOBAHOTO). BusiBuiiocs, mo amis
TOpPOXy CIUILHUMH eheKTaMu 00po0-
ku CK 3a pi3Hux yMoB 1ii xoiromy Oynu
30UTBIIICHHST TIPOHUKHOCTI MEMOpaH 1
3amKeHHs akTuBHOCTI [1DO. 3a Gak-
Tepu3allii HaCIHHS TOPOXy OakTepiaib-
HAMH CYCIICH31IMH OKPEMHX BHJIIB YU
iX CyMIIIII0 CXOXUM YHHOM JJIsS HETaiHOI Ta Bif-
TEPMIHOBAHOI [Iii XOJIOMY MPOSIBISUIOCS 3MEHITCHHS
MacH KOpeHIB, a y BapiaHTi 3 4. flos-aquae — e
W 301IbIICHHS 1X AOBXKHHM. JIJIS KBacojl CHiIbHH-
Mu edekramu 3a 000X BapiaHTIB nii Xomomy Oyio
3HWKeHHA akTuBHOCTI [I®PO (BapiaHT 3 00pOO-
koto CK), 3menmenns 1o ¢IIyopeciieHIlii akTu-
HoBux (iOpun (3a Oaxrepusanii 4. flos-aquae),
IHTEHCHBHOCTI U myiomi ¢yopecleHiii akTHHOBUX
¢iopun (32 0oOpoOku P putida), a 3a Oakre-
pu3aii cymimmio cycnensiit 4. flos-aquae i P. putida
BiIOYBaJIOCS] 3HM)KEHHS MaCH TIarOHIB.

[IpuBeprae yBary Toii (akt, mo 3MiHH MOpdO-
METPUYHHX IMapaMeTPiB POCIMH KBacoji 3a Herai-
HOI 1 BigTepMiHOBaHOI il Xoyiomy OyiId pi3HO-
CIIPSIMOBAHUMH y JCSIKUX BapiaHTax MOCHimy. 30K-
peMa, Takui eQeKT pPI3ZHOCIPIMOBAHOCTI CIIOCTE-
piraBcst ipu o6po61i CK um BukopuctanHi A. flos-
aquae (3a Macol TaroHiB), 3a OakTepw3allii Ha-
cinas P. putida (3a Macor KOpEeHIB 1 MaroHiB).
VY Bumamky ropoxy Taka pO30iKHICTH B edek-
Tax HeraHoi Ta BiATEpMIHOBAaHOI il XOJOTy ic-
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C1 SAl Afl Ppl Mixl

C2 SA2 Af2 Pp2 Mix2 C3 SA3 Af3 Pp3 Mix3
BapianTi gocximy
Experimental settings

Puc. 8. Ecbektn 06pobkn CK Ta Gaktepusauii HaciHHs ropoxy (A) i kBa-
coni (B) Ha akTMBHiCTb (bepMeHTy nornideHonokcmaasn B KOpeHsx 3a
YMOB XOO0BOIO CTPECY: MO3HAYEHHS AuB. puc. 1.

Fig. 8. Effects of SA treatment or bacterization of pea (A) and bean (B)
seeds on polyphenol oxidase activity in roots under cold stress: see Fig.
1 for explanations.

system. The results of determining the PPO
activity in pea and bean roots are shown in Fig.
8. Under any variant of cold exposure, there was
no significant change in PPO activity in roots
of both plant species (comparison of CI, C2,
and C3 controls), excepting the peas and delayed
cold exposure, where a significant decrease in
PPO activity was observed (comparison between
C1 and C3). A decrease in enzyme activity was
also found when treating pea seeds with either SA
or suspensions of cyanobacteria and P putida
with no cold exposure as compared to C1 control
(Fig. 8A). The PPO activity in pea roots was also
reduced as compared to C2 control under im-
mediate cold exposure after seed treatment with SA
or bacterization with A. flos-aquae (Fig. 8A). The
enzyme activity was significantly increased as
compared to C3 control only in the variant with
pea seed bacterization with a mixture of bacterial
suspensions and delayed cold exposure (Fig. 8A).
Under cold exposure in beans, the PPO activity
either did not differ significantly as compared

npo6nemu Kpiobionorii i KpiomeanUMHM
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HyBajJa MiA dYac TOpPIBHAHHS BapiaHTiB 3 00poO-
koro CK 3a MOBXMHOIO MaroHiB, a 3 OaKTEpU3AIIEI0
A. flos-aquae 3a Macoro MaroHis.

Cxoxumu edektaMd OOpoOKH HAaCiHHS TOPOXY
1 kBacomi Ta HeraiHoi mii xojomy Oymu: 3a 00-
pooku CK — 3HmwKeHHS akTuBHOCTI [IDO;
3a Oakrepmsailii A. flos-aquae — 3HWKEHHS MacHu
KOpeHiB 1 maroHiB Ta aktuBHOCTI [IDO; 3a Gakre-
pusamii P putida — 3HWKEHHS MacH KOPEHIB; 3a
BUKOPDHCTaHHA CyMimi OakTepialbHUX CYyCIIEH-
3if — 3MeHIIeHHs IUIomi (yopecueHnii akTHHO-
Bux (iOpuin. BinrepmiHoBaHHN XOJOMOBHIA BIUIHB
NPUBOOMB JIO CXOXKUX 3MiH Ul TOpOXy 1 KBa-
com y BapiaHTax Jociigy 3 0OpoOKolo HaciHHA
CK y Bumnmani 3amkeHHst aktuBHocTi [IDO, 3 00-
pobxoto A. flos-aquae — 3pOCTaHHA MacH TaroHiB,
a 3 00poOKoto P putida — 3HWKEHHS TTPOHUKHOCTI
MeMOpaH.

OTxe, OTpUMaHi HaMH JaHI MOXYTHb CBITUUTH
Mpo TepcreKTUBHICT, BukopructanHs CK Ta Gakre-
pu3amii HaciHHS 0000OBHUX POCIHMH IlilaHOOAKTEpis-
MU Ta NpeACTAaBHUKAMHU PHU300aKTepild I 3MEH-
LICHHS TOIIKOIKEHb, COPUYMHEHHUX XOJOAOM. AJie
JUIL OCTATOYHOTO BHCHOBKY IIOAO BHUKOPHCTaHHS
A. flos-aquae, P. putida un ix xomOiHamii HeoO-
XiJIHO TIPOJOBXKECHHS JIOCHIJIB i3 3aCTOCYBaHHSIM
IPYHTOBOI KyJIBTYpH y TPHBAJIIIUX BETeTaTHBHHUX
Ta TOJNLOBHX YMOBax. TakoX 3a pe3ylbTaraMu
BHMIPIOBaHb TPHUBAIOi JAuHaMiku (izionoro-6io-
XIMIYHUX TIOKa3HUKIB POCTYy 1 PO3BUTKY PIi3HUX
BUIIB 0000OBHMX POCIAMH INicis OakTepusalii uu
006pobkn CK 1 X0i070BOTO BILIMBY MOXKHa Oyjie
3pOOMTH BHUCHOBKH IIOJO0 MOXIIUBOCTEH  BiJ-
HOBJICHHSI TIEBHUX (YHKIH pPOCIMHHOTO OpraHis-
My M0 3aKiHYEHHIO Jii HU3bKHUX MO3UTHBHUX TEM-
neparyp. B minmoMy 3k, MOXIMBHM MeXaHi3MOM
MO3UTUBHUX €(QeKTiB Oakrepu3awii HACiHHS Clllb-
CBKOTOCIIOJJAPCHKUX POCIUH AaKTUBHHUMHU IITaMa-
MU OakTepili € CYKyNHICTh Pi3HOMaHITHUX BiJMoO-
Biic pPOCIWHHOTO OpraHi3My Ha TIPUCYTHICTh
MIKpOOpraHi3MiB. AJpKe OfHI€I0 31  cTpareriit
MOKpAIlEHHS. CHCTEMH 3aXKCTy POCIHH BiJl CTpe-
COBUX (aKTOpIB € «IpaiiMyBaHHSM» IUISIXOM BH-
KOPHUCTAaHHS M SKOTO CTpecopa, 30Kpema, OioTHd-
Horo areHra [11]. IlpucyTtHicTe OakTepiii Ha IO-
BEPXHI HACiHHA, a HOTIM 1 Ha MPOPOCTKAaX MOXKe
BUCTYNAaTH (aKTOpOM, LI0 CTUMYJIIOE aJalTHBHY
BIAMOBIAL HUIAXOM iHIIanii 0ararbox CUTHAJIbLHUX
LUISIXIB Y POCIIMHHOMY OPTaHi3Mi.

BucHoBku

1. PocroBi peakmii pi3HUX 3a XOJOHOCTIMH-
KICTIO pOCIHH TOpOXy 1 KBacojli Ha il XO-
JOAy Mand TEPEeBaXHO Pi3HOCTIPSIMOBAHUHN Xapak-
Tep.
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to the corresponding control C2 or C3, or signi-
ficantly decreased under seed treatment with SA
or bacterization with A. flos-aquae and P. putida
(Fig. 8B). Despite the fact that many data are
available on PPO functioning in different organs
of various plant species, the exact mechanisms
that regulate this enzyme activity are still unknown.
Most often, PPO activity has been reported to
decrease when exposed to low or high tempera-
tures, and to increase in response to contact with
phytopathogens or other biotic stressors [32].

To assess more thoroughly the effects of SA
treatment or seed bacterization, we analyzed the
character of changes in the studied parameters in
peas and beans under different ways of cold ex-
posure (immediate or delayed). It was found that
for peas, the common effects of SA treatment under
different conditions of cold exposure were an in-
crease in membrane permeability and a decrease
in PPO activity. When pea seeds were treated
with bacterial suspensions of pure species or
their mixture, a similar decrease in root mass was
observed for immediate and delayed cold exposure,
and in the variant with 4. flos-aquae, their length
was also increased. For beans, under both cold
exposures the common effects were a decrease
in PPO activity (variant with SA treatment), re-
duction of fluorescence area of actin filaments
(under A. flos-aguae bacterization), diminished
intensity and area of actin filament fluorescence
(under P. putida treatment), but when bacterized
with a mixture of 4. flos-aquae and P. putida
suspensions, there was a decrease in shoot mass.

Notably, that the changes in morphometric
parameters of bean plants under immediate and
delayed cold exposure were multidirectional in
some experimental variants. In particular, this
multidirectional effect was identified by shoot
mass under SA treatment or using 4. flos-aquae,
and by root and shoot mass when treating seeds with
P. putida. For peas, such a difference in the effects
of immediate and delayed cold exposure was
observed when comparing the SA treatment by
shoot length, and bacterization with 4. flos-aquae
by shoot mass.

The similar effects of seed treatment for peas
and beans and immediate cold exposure were
as follows: a decrease in PPO activity under SC
treatment; a reduction of root and shoot weight
and PPO activity under bacterization with 4. flos-
aquae; a decrease in root mass under treatment
with P putida; a decrease in fluorescence area
of actin filaments when using a mixture of bac-
terial suspensions. In peas and beans, the delayed
cold exposure resulted in similar changes such
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2. O6pobka nHaciHHa po3unHoM CK mosuTuBHO
BIUIMBaJla Ha XOJIOJOCTIHKICTH TOpPOXy y BapiaHTi
JOCIiay 3 HeraliHO Jiero xonoxay. [Ipore monepen-
Hs 00poOKa HACIHHS CYCIEH3isIMH OakTepidi abo X
CYMIIIIITIO CHpPHsJIa PO3BUHEHHIO XOJOIOCTIHKOCTI
KBacojii y BapiaHTaxX AOCIIAy 3 BiATCPMIHOBAaHUM
BIUTHBOM XOJIOIY.

3. Bakrepwu3ailis HaciHHS TIEPEBAKHO 3HUKYBaJa
MIPOHHUKHICT KIIITHHHIX MEMOPAaH y JIMCTKaX POCIUH
TOPOXY Ta KBacOJli.

4. 3a BIITEpMIHOBAaHOTO XOJIOJOBOTO BILTUBY
y BapiaHTax Jociigy 3 OakTepu3ali€lo MiaHO-
0akTepisIMH 4YM CYMIIIIIIO JBOX MIiKpOOpPraHi3MiB
akTuBHICTH [IPO B KOPEHSX POCIUH TOPOXY 3011b-
nryBasiacsi, a B KOPEHAX POCIHMH KBAacoJli, HaBIIaKH,
3HHKYBaJIACS.

5. InTeHCHMBHICTD 1 IUTOIIA (QIIyOpECLEHIIT aKTH-
HOBHUX (DiOpHI y KOPEHSX POCIMH TOPOXY 1 KBacoJI
Oyna OiIbII BiAMIHHOIO BiJ TMOKA3HUKIB Y KOHTPOII
32 yMOB BiITEPMIHOBAHOTO XOJIOJJOBOTO BILJIHBY.
IaTeHCHBHICTE (ITyopecleHIlii akTHHOBUX (iOpuiI
Yy KOPEHSIX TOPOXy Pi3HOIO Miporo 30iJblnyBanacs y
pocimH, 00poOieHuX cycreHsieto Pseudomonas
putida, six 3a HeraiiHO1 Aii XOJOAY, TaK i y BapiaHTi
3 BIATEPMiHOBaHUM XOJIOZOBUM BIUTHBOM.

Aemopu cmammi sucrosmooms noosiky Komy IOpiro
Tpucoposuuy, k.6.1., doyenmy xageopu bioximii Xapkiecob-
K020 HayioHanbHo2o yHieepcumemy imeni B.H. Kapa3zina,
3a 00NOMO2Y 8 NPOBeOeHHi 00CIONCeHb HA KOHPOKATbHO-
MY MIKPOCKONI.
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as: a decrease in PPO activity in experimental va-
riants with SA seed treatment, an increase in shoot
mass when treated with 4. flos-aquae, and a decrease
in membrane permeability under P. putida treat-
ment.

Thus, our findings may show the prospects of
the use of SA and bacterization of legume seeds
with cyanobacteria and rhizobacteria to reduce cold
damages. However, further experiments using soil
culture under longer vegetative and field conditions
are needed to make a final conclusion on the use of
A. flos-aquae, P. putida or their combination. Also,
based on measurements of long-term dynamics
of physiological and biochemical parameters of
growth and development of different legume
species after bacterization or SA treatment and cold
exposure, it will be possible to conclude whether
certain functions of plant organism can be restored
after exposure to low positive temperatures. In
general, a possible mechanism of positive effects
of bacterization of agricultural plant seeds with
active bacterial strains is a combination of various
responses of plant organism to the presence of
microorganisms. In fact, one of the strategies for
improving the plant protection system against
stress factors is ‘priming’ by using a mild stressor,
in particular, a biotic agent [13]. The presence of
bacteria on seed surface, and then on seedlings, can
act as a factor that stimulates an adaptive response
by initiating many signalling pathways in plant
organism.

Conclusions

1. Growth responses of pea and bean plants with
different tolerance to cold exposure were mostly
multidirectional.

2. Seed treatment with SA solution had a positive
effect on cold tolerance of peas in experiment with
immediate cold exposure. However, pre-treatment
of seeds with bacterial suspensions or their mixture
promoted the development of cold tolerance of
beans in the experimental variants with delayed
exposure to cold.

3. Seed bacterization mostly reduced the perme-
ability of cell membranes in pea and bean leaves.

4. Under delayed cold exposure in experimental
variants with bacterization using cyanobacteria or
a mixture of two microorganisms, PPO activity
in pea roots increased, but in bean ones, on the
contrary, decreased.

5. The intensity and fluorescence area of actin
filaments in pea and bean roots were more different
from those in the control under delayed cold
exposure. The fluorescence intensity of actin fi-
laments in pea roots increased to a different extent
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