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ABSTRACT. Morphological and ultrastructural growth patterns of bacterial cultures in response to the
nitrogen availability were demonstrated using cultivation and scanning electron microscopy (SEM). It
was found that strains of Pseudomonas sp. 1CB and Streptomyces sp. 21A are able to grow only in the
medium with available nitrogen. Rhizobium sp. 2A formed biofilm on glass in medium with nitrate
and in medium without available nitrogen. In a non-nitrogenous medium, an increase in the diameter
of bacterial cells was observed due to the intensive secretion of polysaccharide mucus, which can be
considered a mechanism of protection of the nitrogenase complex from the damaging effect of oxygen.
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1. Introduction

One of the main nutrients limiting the growth
of bacteria in water bodies is nitrogen. To maintain
metabolism, microorganisms use dissolved inorganic
nitrogen, such as nitrate or nitrite, which is reduced
to ammonium and then is involved in a central nitro-
gen assimilation pathway known as the glutamine syn-
thetase/glutamate synthase cycle (Casciotti, 2016). In
oligotrophic waters, an important source of nitrogen
is urea, an organic compound, a co-product of cellu-
lar metabolism or the decomposition of dead biomass.
Cyanobacteria and heterotrophic bacteria are known to
produce urea, and representatives of some genera are
able to hydrolyze it with the urease enzyme to a more
highly digestible form, ammonium (Collier et al., 2009;
Solomon et al., 2010). Biological nitrogen-fixation
is also one of the sources of nitrogen in oligotrophic
waters (Montoya et al., 2004). The reduction of molec-
ular nitrogen to ammonia is catalyzed by the enzyme
complex nitrogenase. Nitrogenase is sensitive to the
action of oxygen, which not only inhibits the process
of nitrogen fixation but can also prevent the synthesis
of the enzyme itself. In some cyanobacteria, fixation of
molecular nitrogen occurs in specialized cells with a
thick cell wall, heterocysts, and free-living heterotro-
phic nitrogen-fixing organisms have unique biochemi-
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cal and morphological mechanisms that protect nitro-
genase from oxygen (Sabra et al., 2000; Bertsova et al.,
2005).

The aim of this work is to experimentally deter-
mine the effect of nitrogen source on the growth of bac-
terial cultures.

2. Materials and methods

Pure cultures of strains isolated from
Lake Baikal were wused: Rhizobium sp. 2A
(Alphaproteobacteria; Hyphomicrobiales), Pseudomonas
sp. 1CB (Gammaproteobacteria; Pseudomonadales), and
Streptomyces sp. 21A (Actinomycetes; Kitasatosporales).
Rhizobium sp. 2A strain was isolated on nitrogen-free
Ashby's medium from surface water microlayer;
Pseudomonas sp. 1CB was isolated on Giltay medium
from epilithic biofilm; and Streptomyces sp. 21A was
isolated on RPA/10 medium from sponge bodies. The
genome of Streptomyces sp. 21A includes genes encod-
ing the synthesis of enzymes involved in the assimila-
tive reduction of nitrate to ammonium. In the genome
of Pseudomonas sp. 1CB, genes narG, nirS, norB, and
nosZ, encoding enzymes necessary for complete denitri-
fication, as well as genes responsible for the synthesis
of enzymes for the dissimilatory reduction of nitrate to
ammonium were identified (nirBD).
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The strains were seeded on a solid R2A medium
and cultured for 5 days at room temperature. Then the
grown cell biomass was transferred by inoculation loop
into 5 ml of sterile Baikal water and mixed thoroughly.
Two variants of liquid Ashby's medium were prepared,
each containing 60 ml of saccharose in 100 ml flasks:
nitrogen-free and with the addition of 1 g/L KNO,. The
prepared media were seeded with a suspension of cells
in an amount of 2 ml of the tested strains, mixed, and
25 ml was added to each sterile Petri dish with cover-
slips. Control Petri dishes with coverslips were filled
with sterile medium.

Cultivation was carried out at 22-24°C for 7 days.
Results were obtained in two replicates on 3, 5, and
7 days of cultivation. The coverslips were removed
from the medium with sterile forceps, washed in sterile
water, and prepared for scanning electron microscopy.
Samples on coverslips were fixed for one hour with a
2.5% glutaric aldehyde solution in phosphate buffer.
The solution was then dehydrated in a series of alco-
hols of ascending concentration (30% for 10 minutes,
50% for 10 minutes, 70% for 10 minutes, and 96%
for 10 minutes), followed by drying in a thermostat
at 65°C. The coverslips were adhered to the table with
double-sided tape, gilded, and examined under an FEI
Company Quanta 200 scanning electron microscope
(“FEI Company”, USA).

3. Results and discussion

Scanning electron microscopy was used to
reveal the growth patterns of strains Rhizobium sp. 2A,
Pseudomonas sp. 1CB, and Streptomyces sp. 21A depend-
ing on nitrogen availability.

The strain Rhizobium sp. 2A formed a biofilm on
glass in medium with nitrate (Fig. 1 a-¢) and in medium
without available nitrogen (Fig. 1 d-e) during 7 days

of cultivation. Microscopic observation in the medium
without available nitrogen showed a 2-fold increase in
the diameter of bacterial cells and more intensive secre-
tion of polysaccharide mucus, which can be considered
as a mechanism of protection of the nitrogenase com-
plex from the damaging effect of oxygen. Thus, on the
7th day of cultivation, the cell diameter in the medium
with nitrate was 0.75 um (SD = 0.13), without nitrogen
was 1.50 um (SD=0.16). Cell length did not change
significantly and was 2.76 pm (SD=0.72) and 2.64 pm
(SD=0.41), respectively.

Many nitrogen-fixing bacteria are known to
be unable to assimilate N, under conditions of high
content of O, in environment. Exceptions are micro-
organisms with physiological or morphological char-
acteristics that protect nitrogenase. For example, in
Azotobacter vinelandii, the respiratory protection mech-
anism includes two physiological processes: an increase
in the respiration rate and a decrease in the rate of oxy-
gen diffusion into the cell (Sabra et al., 2000; Bertsova
et al., 2005). In terms of morphological adaptations, A.
vinelandii is characterized by the formation of a dense
polysaccharide capsule around the cell, which is also
found in Rhizobium sp. strain 2A. The presence of such
a capsule leads to a significant increase in the thickness
of the unmixed layer and a decrease in the diffusion
coefficient within it. The rate of production of exopoly-
saccharides, the “building material” of the capsule,
rises with increasing concentration of O, and during the
transition of culture to diazotrophic growth, i.e., under
conditions when the respiratory protection mechanism
is required (Sabra et al., 2000; Bertsova et al., 2005).

Strains of Pseudomonas sp. 1CB and Streptomyces
sp. 21A formed a biofilm on glass only in the medium
with nitrate (Fig. 2, Fig. 3); single bacterial cells were
detected in the medium without nitrogen.

Fig.1. Biofilm formation by Rhizobium sp. 2A. strain on 3 (a), 5 (b), and 7 (c) days of cultivation in medium with nitrate and
on 3 (d), 5 (e), and 7 (f) days of cultivation in medium without an available nitrogen source. SEM. Scale: a-d - 10 pum, e - 20 um.
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Fig.2. Biofilm formation by Pseudomonas sp. 1CB in medium with nitrate at 3 (a) and 7 (b) days of cultivation. SEM. Scale

- 20 pm.
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Poccua

AHHOTALIUA. C noMomupio KyJIbTUBUPOBAHNA U CKaHMPYIOIIEH 3JIeKTPOHHOU MuKpockonuu (C3M)
IIOKa3aHbl MOP(GOJIOrMYecKre 1 yJIbTPACTPYKTYPHbIE OCOOEHHOCTH pOCTa OaKTepUaJIbHBIX KyJIbTYyp B
3aBHUCUMOCTH OT OOCTYIHOCTH a30Ta. Y CTAaHOBJIEHO, YTO mTaMMbl Pseudomonas sp. 1CB u Streptomyces
sp. 21A cmocoGHHI K POCTY TOJIBKO B CpeJle C JOCTYITHbIM a30ToM. Rhizobium sp. 2A ¢opmupoBas 6uo-
IIJIEHKY Ha CTeKJIe B cpefle C HUTpaToOM U B cpefie 6e3 JOCTYNHOro a3oTa. B 6e3a3oTucToil cpeae oTMe-
Jajar yBeJINM4YE€HHEe quaMeTpa KJIETOK GaKTepI/II/I 3a CYeT MHTEHCHUBHOI'O 06pa3OBaHI/IH nonncaxapHﬂHof/’I
CJIN3Y, YTO MOXHO paccMaTpUBaTh KaK MeXaHU3M 3allUThl HUTPOTreHa3HOI'0 KOMILIeKca OT IOBpeXxa-

IOIIEro AENCTBUS KUCIIOPOAA.
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1. BBeapenue

OgHMM U3 OCHOBHBIX OMOT€HHBIX 3JIEMEHTOB,
OTPAaHUYUBAIINX POCT OAKTEPHUl B BOLOEMAaX, SIBJIS-
eTca a3oT. A noajmepxaHusa MeTabojm3Ma MUKPO-
OPTaHU3MBI WCIIOJIb3YIOT PACTBOPEHHBI HEOpraHUYe-
CKUI a30T, HallpuMep, HUTpaT WJIU HUTPUT, KOTOPHIH
BOCCTAHABJIMBAETCA O aMMOHUSA, a 3aTEM BCTYIAET B
LIeHTPaJIbHBIN TyTh ACCUMWIALUN a30Ta, W3BECTHBINI
KaKk [UKJ TJIyTAMAHCHUHTETA3bl/TJIyTaMaTCUHTA3BI
(Casciotti, 2016). B osurorpodHbXx BOAax BaXHBIM
WICTOYHUKOM a30Ta fBJISIETCS MOYEBUHA — OpraHuye-
CKoe coeauHeHUe, MOOOYHBIN NPOAYKT KJIETOYHOTO
MeTaboJir3Ma WM pas3jIoKeHUs oTMeplIell 6110MacChl.
H3BecTHO, 4TO IMaHOOAKTEPUHU U reTepoTpodHbIE OaK-
Tepuu NTPOAYLUUPYIOT MOYEBUHY, a NIpeICTaBUTEIN
HEKOTOPhIX POJOB CIOCOOHBI THAPOJIN30BAaTh ee C
rnomoIisio pepMeHTa ypeasa /1o 60Jjiee JIErKOyCBOSEMOM
dopmer — ammonus (Collier et al., 2009; Solomon et al.,
2010). Buonoruveckas a3oThUKCAUA TAKXKE ABJIAETCA
OJHUM M3 MCTOYHHMKOB a30Ta B OJIMIOTPO(MPHBIX BoAax
(Montoya et al., 2004). BoccTaHOBJIeHE MOJIEKYJISP-
HOr0 a30Ta B aMMHUAK KaTayjim3upyercsa (pepMeHTHBIM
KOMILTIEKCOM HUTpOreHasza. HwuTporeHaza 4yBCTBU-
TeJIbHA K JEHCTBUIO KHCJIOPOAA, KOTOPBIA HE TOJIBKO
uHrubupyeT mpoljecc pukcaum azota, HO MOXeT Ipe-
IIATCTBOBATh CUHTE3y caMoro ¢pepMeHTa. Y HEKOTOPHIX
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[aHoOaKTepuil YCBOeHHe MOJIEKYJIIDHOTO a30Ta Ipo-
HCXOJUT B CIlel[HaJIM3MpPOBaHHBIX KJIETKAaX C TOJICTOMN
KJIETOYHOU CTEHKOI — reTepoLUCTax, a Yy cBOOOJHOXKU-
BYILIUX reTepoTPOPHEIX a30THUKCATOPOB CYIIECTBYIOT
yHUKaJIbHBle OuoxuMuueckue u MopdoJioruieckue
MeXaHM3MBl, 3allliIalolle HUTpPOreHazy OT KHUCJIO-
pona (Sabra et al., 2000; Bepuiosa u ap., 2005).

Llenp paHHON paboThl — 3KCIEepHMEHTaJIbHO
oIpe/ie/INTh BJIMAHKE UCTOYHMKA a30Ta Ha pocT 6akre-
pUAaJIbHBIX KYJIBTYP.

2. MaTepuanbl U MEeTOADI

Hcnosnb3oBasidi  4YMCTBle  KyJIBTYphl  IMITaM-
MOB, BBeJIeHHBEe u3 03. Baiikam: Rhizobium sp. 2A
(Alphaproteobacteria; Hyphomicrobiales), Pseudomonas
sp. 1CB (Gammaproteobacteria; Pseudomonadales) n
Streptomyces sp. 21A (Actinomycetes; Kitasatosporales).
IItamMm Rhizobium sp. 2A n3onupoBaH Ha 6e3a3oTu-
CTOI cpefie DmbU 13 Npob IOBEPXHOCTHOT'O MUKPOCJIIOA
BoAbl, Pseudomonas sp. 1CB Ha cpene I'mibpTas u3 anu-
JIUTHOHN OuoIUleHKY, Streptomyces sp. 21A Ha cpefie
PITA/10 u3 Ttesna ryoku. I'enom Streptomyces sp. 21A
BKJIIOYAeT TeHbl, KoAupylollue cuHTe3 (epMeHTOB,
OCYIIeCTBJIAIIINX aCCUMWIALIOHHOE BOCCTAHOBJIEHNE
HUTPATOB JJ0 aMMOHUA. B reHome Pseudomonas sp. 1CB
BBIABJIEHHI TeHbl harG, nirS, norB, nosZ, xogupymouue
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(epMeHTH], He0oOXOAUMBIe IJIA OCYILeCTBJIEHUA IOJI-
HOH JeHUTpudUKaNNM, a Takke reHbl, OTBeTCTBEHHEIE
3a cuHTe3 (epMeHTOB AVCCUMHJIALMOHHOIO BOCCTa-
HOBJIEHMs HUTpaTa A0 aMMoHus (nirBD).

[IItamMMBl BeICeBasid Ha TBepAylo cpedy R2A n
KyJIbTUBUPOBAJIM B TedeHHe 5 CyTOK NpH KOMHAaTHOH
TeMmnepaType. 3aTeM BBIpallleHHYI0 KJIETOYHYI0 OHoO-
Maccy 6aKkTepuaabHOU IeTjiell nepeHoCHIN B 5 MJI cTe-
pUuIbHOM 6aliKaIbCKOL BOJBI U TIIATEJIbHO MTepeMenti-
Basu. ['oTOBUIIN ABa BapyUaHTa KUJKOU cpefnl DIIOU C
caxapo3soii no 60 mu1 B kosibax Ha 100 mu: 6e3a3oTu-
cryto 1 ¢ fo6asienneM KNO, — 1 r/J1. IIpuroroBsieHHbIE
cpedbl 3aceBajid 2 MJI CYCIIEH3UM KJIETOK HCCJeqye-
MBIX IITaMMOB, IlepeMelINBaIi U BHOCUJIN 1O 25 MJI B
cTepuJibHBle yamky [leTpy ¢ MOKPOBHBIMM CTEKJIAMHM.
KonTposibHble uyaniku IleTpu co crexyjaMu 3ajvdBajid
CTEepUJIbHOU cpeoi.

KynbTuBUpOBaHUe mnpoBoawau npu 22-24°C B
TeueHUe 7 CyTOK. Pe3ysibTaThl CHUMAJIU B ABYX IOBTOP-
HOCTAX Ha 3, 5, 7 CyTKH KyJbTUBHpoOBaHuA. Creksa
W3BJIEKAJI 13 Cpedbl CTePUJIbHBIM IHHIIETOM, OTMBI-
BaJiy B CTEPUJIbHON BoJe W MOATOTaBIWBAaIN JJiA CKa-
HUpYOLIell 3JIEKTPOHHON MuKpockonuu. O6pasisl Ha
cTexsax GUKCHUpOBaM B TedeHHWe OAHOro vaca 2,5%-
HBEIM pacTBOPOM IJIyTapoBOro ajbferuga Ha docdar-
HOM Oydepe, 3aTeM NpoBOAUIN 00e3BOXUBaHUE IIpe-
rapaTa B CepuU CIHUPTOB BOCXOAANIEH KOHILIEHTpaIuu
(30% — 10 munyT, 50% — 10 MunyT, 70% — 10 MUHYT,
96% — 10 MUHYT), ITOCJIe Yero BHICYIIMBAJIU B TEPMO-
crate npu 65°C. CrekJia NpUKJIEHUBaJ K CTOJIUKY C
[IOMOIIbI0 ABYCTOPOHHEro CKOTYa, HaNBLIIM 30JI0-
TOM U NIPOCMAaTpUBAJIU B CKAHUPYIOIIUH 3JIeKTPOHHBIN
mukpockorn FEI Company Quanta 200 («FEI Company»,
CIIIA).

3. Pe3ynabTatbl M 06Ccy)xpeHue

C MOMOIIBI0 CKAHUPYIOLIEH 3JIEKTPOHHOM MUKPO-
CKOMUHU BBIABJIEHBI OCOOEHHOCTH POCTa IITaMMOB
Rhizobium sp. 2A, Pseudomonas sp. 1CB u Streptomyces

Sp- 21A B 3aBHCHUMOCTHU OT JOCTYIIHOCTH a30Ta.

ItamMm Rhizobium sp. 2A ¢dopmuposan 6uo-
IIJIEHKYy Ha cTekJie B cpefie ¢ HUTpaToM (Puc. 1 a-B) u
B cpefie 6e3 mocrymHoro azota (Puc. 1 r-e) B TeueHue
7 CyTOK KyJIbTUBMpOBaHUA. [Ipy MUKPOCKOINYECKOM
HabJr0[ieHnu B cpelie 6e3 AOCTYIHOro asoTa oTMedasin
yBeJIMUueHNe AuaMeTpa KJIeTOK OakTepuu B 2 pas3a U
0oJjiee HMHTEHCHMBHOe oOpa3oBaHKe IOJIMCaxapUAHON
CJIN3M, 4YTO MOXHO paccMaTpuBaTh KaK MeXaHU3M
3alIUTHl HUTPOr'€HAa3HOI'0 KOMILJIeKca OT IOBpeXxAalo-
mero AedcTBuA kucjaopoja. Tak Ha 7-e CYTKU KyJlb-
TUBHPOBAHUA OUaMeTp KJIETOK B cpefile C HUTPaTOM
coctaBui 0,75 mxm (SD=0,13), 6e3 azota — 1,50 MKm
(SD=0,16). JnuHa KJIETOK MPAaKTUYEeCKU He U3MeHs-
Jach u cocraBwaa 2,76 MM (SD=0,72) u 2,64 MKM
(SD=0,41) coOTBETCTBEHHO.

H3BecTHO, yTO MHOTUe a3oTduUKcHpylomue 6ax-
TEPUM HE CIOCOOHBI acCCUMWIMPOBATh N, B yCJIOBUAX
BBICOKOTO cojepxanuss O, B OKpyXaiollen cpefe.
HckimoueHneM SABJIAIOTCA MMKPOOPraHU3MBI, CIOCO0-
Hble 3allliliaTh HUTporeHasy Osiaromaps (pU3NOJIOTH-
yeckUM U Mop@doJioruyeckuM ocobeHHocTAM. K mpu-
Mepy, y Azotobacter vinelandii MexaHU3M JIbIXaTEJIbHOM
3alIUTHl COCTOUT U3 ABYX (U3MOJIOTMYECKUX Ipoliec-
COB: yBeJIMYeHUS CKOPOCTH AbIXaHWUA U yMeHbIeHU:A
ckopoctu quddysuu Kuciopoga B kieTky (Sabra
et al., 2000; BeproBa u ap., 2005). C TOuku 3peHUs
Mop@doJsiornyeckux npucnocobyieHui s A. vinelandii
XapakTepHO oOpa3oBaHUe IIJIOTHOH IoJMcaxapyuaHON
KaICyJibl BOKPYT KJIeTKH, 4TO OOHapyXXeHOo U y mTaMMa
Rhizobium sp. 2A. Hajuune Takoii KamncyJibl MPUBOIUT
K 3HauMTeJIbHOMY YBeJMYEHMIO TOJIIMUHEI He Iepeme-
LMIKBAEMOro CJIOA U MOHMXeHUI0 KoddduuurenTta aud-
dy3uu BHyTpU Hero. CKOPOCTh MPOAYKLIMHU 5K30I0JIN-
caxapuJioB — «CTPOUTEJIPHOIO MaTepuasia» KalCyJibl
— TOBBINIAETCs MPU yBEJMYEHUU KOHIeHTpanuu O, u
IIpU niepexofe KyJbTyphl K AUAa30TPOPHOMY POCTY, TO
eCThb B TeX YCJIOBUAX, Korja HeoOXoouMa peayi3anus
MexXaHu3Ma JbIXaTesIbHOI 3amuThl (Sabra et al., 2000;
Beprnosa u gp., 2005).
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Puc.1. OGpa3oBaHue GUOIJIEHKH mTaMMOM Rhizobium sp. 2A. Ha 3 (a), 5 (6), 7 (B) CyTKH KyJIbTUBUPOBAHUA B CpPefe C
HuTpaTtoM U Ha 3 (1), 5 (1), 7 (e) cyTKu KyJIbTUBHPOBaHUA B cpefle 6e3 JOCTyNHOro NcToyHuKa azora. COM. Macmrab: a-n — 10
MKM, e — 20 MKM.
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Puc.2. O6pa3oBaHue 6romieHK: mrammoM Pseudomonas sp. 1CB B cpene ¢ HutpatoMm Ha 3 (a) u 7 (6) CyTKU KyJIbTUBHPO-

Banusa. COM. MacmTtab — 20 MKM.

MItammbr Pseudomonas sp. 1CB u Streptomyces
sp. 21A dopmupoBasiu GUOIIEHKY Ha CTeKJie TOJIbKO B
cpene ¢ HurparoMm (Puc. 2, Puc. 3), B cpene 6e3 azoTa
oOHapyXeHHbl eJUHUYHbIE KJIETKU OaKTepui.

4. BbiBOADbI

TakuMm 006pa3oM, y KJIE€TOK a30ThUKCHUPYIOIIEN
KyJIbTYpBI Rhizobium sp. 2A mpu nepexojie K IUa3oTpo-
dHOMY pocTy oOHapyxeHbl Mopdosorniyeckue usme-
HeHusA. [Ipy KyJbTHBUPOBAaHMU IITaMMa B 0e3a30Tu-
CTOU cpefie, T.e. KOTrAa mpoucxoauyia ¢uxcarus a3orTa,
HaOJTI0jaIn yBeJIMYeHue AuaMeTpa KJIeTOK U MPOIYyK-
UM DK30I0JIcaxapy/ia Kak CBUJIETEJIbCTBO HAJIUYNSA
HpHCl’IOCOﬁI/ITeJ'[beIX MEXaHW3MOB 3alliTbhl HHUTPOIe-
Hasbl OT kKucjopoja. [litammel Pseudomonas sp. 1CB u
Streptomyces sp. 21 A c1IoCOGHEBI K pOCTY TOJIBKO B cpefie
C IOCTYIHBIM a30TOM, OCYIIECTBJIAsA MpeoOpa3oBaHue
pacTBOPUMBIX (GOPM HEOPTaHUYECKOTO a30Ta B OpPraHu-
yeckui, B cpefie 6e3 a3oTa KJIeTKH OakTepui morudasim
B TeueHue 7 JHEMH.
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