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Abstract: This study examines the effect of a range of exogenous concentrations of hydrogen peroxide on
the activity of transmembrane and soluble adenylate cyclases (EC 4.6.1.1) contained in root cells of pea
seedlings infected with one of the following: Rhizobium leguminosarum bv. Viciae, Pseudomonas syringae
pv. Pisi, and Clavibacter michiganensis ssp. sepedonicus. The results showed that the pool of intracellular
H,0, increased when pea roots were infected with bacteria regardless of type. The study analysed the con-
centration of intracellular cyclic adenosine monophosphate, a product of the adenosine triphosphate cycliza-
tion reaction catalyzed by transmembrane and soluble adenylate cyclases. The concentration of intracellular
cyclic adenosine monophosphate increased when infected with either Rhizobium leguminosarum bv. viciae
or Clavibacter michiganensis ssp. Sepedonicus; however, the concentration decreased by 20% when infect-
ed with Pseudomonas syringae pv. Pisi. The in vitro activity of soluble and transmembrane adenylate
cyclases from pea root cells inoculated with Rhizobium leguminosarum bv. viciae was H,O, dose-dependent:
100 nM of H,0, reduced the activity of soluble and transmembrane adenylate cyclases slightly, while 26 uM
inhibited their activity by 50-60%. When infected with Pseudomonas syringae pv. pisi, the reduction in the
activity of soluble and transmembrane adenylate cyclases was independent of the concentrations of H,O, in
the range investigated. When infected with Clavibacter michiganensis ssp. sepedonicus, 100 nM of H,O,
inhibited the activity of transmembrane adenylate cyclases, although enhancing the activity of soluble ade-
nylate cyclases. On the contrary, concentrations of H,O, of 2.6 and 26 uM increased the activity of trans-
membrane adenylate cyclases and inhibited the activity of soluble adenylate cyclases. It can be concluded
that the specific concentration of second messengers in plant cells depends on the specificity of the biotic
stressor and forms, inter alia, by their mutual influence on the components of other plant signaling systems.

Keywords: hydrogen peroxide, soluble adenylate cyclase, transmembrane adenylate cyclase, mutualist,
pathogens

Information about the article: Received February 26, 2020; accepted for publication August 31, 2020;
available online September 30. 2020.

For citation: Kuzakova OV, Lomovatskaya LA, Romanenko AS, Goncharova AM. Regulation of the activity
of adenylate cyclases by hydrogen peroxide in pea root cells infected with pathogens and a mutualist.
Izvestiya Vuzov. Prikladnaya Khimiya i Biotekhnologiya = Proceedings of Universities. Applied Chemistry
and Biotechnology. 2020;10(3):450-458. (In English) https://doi.org/10.21285/2227-2925-2020-10-3-450-458

YOK 581.1

Perynsauusa akTMUBHOCTM ageHUNaTUMKIa3 KNeTOK KOPHA ropoxa
nepokcumaom Bogopoaa npu uHUUMpoBaHUM NaToreHamMmm
U MyTyanucTom

0.B. Ky3akoBa, J1.A. JlomoBaTckas, A.C. PomaHeHko, A.M. FloH4YapoBa

Cunbupcknii MHCTUTYT dmsmonormm n 6uoxmmmm pactequn CO PAH,
r. UpkyTtck, Poccuiickas ®egepauus,

Pesrome: Llenbio OaHHOU pabombi S8M1S/I0Ch U3YyHeHUE BMUSIHUST Pas/ludHbIX 9K302eHHbIX KOHUeHmpauud
rnepokcuda eodopoda Ha akKmueHOCMb mpaHcmembpaHHOU u pacmeopumol adeHunamuyuknas (K@ 4.6.1.1)
8 K/lemKax KOPHSl [POPOCMKO8 eopoxa, UHQuuuposaHHo20 Rhizobium leguminosarum  bv.
viciae, Pseudomonas syringae pv. Pisi unu Clavibacter michiganensis ssp. sepedonicus. MccnedosaHus
rokasarsnu, Ymo fnys eHympuknemoy4Ho2o H,O, nosbiwarncs npu UHGUUUpoB8aHUU KOPHEeU 2opoxa 8ceMu yKa-
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3aHHbIMU bakmepusmu. KoHuyeHmpauyus 6HympuUKIemo4YyHO20 UUKIuYeckoeo aldeHO3UuHMOHoghocghama,
npoldykma peakyuu yuknusayuu adeHo3uHmpugocghama, Kkamanusupyemol mpaHcmembpaHHOU U pac-
meopumol adeHunamuyuknasamu, 8 mex xe obpasuax npu uHguyuposaHuu Rhizobium leguminosarum bv.
Vicea unu Clavibacter michiganensis ssp. sepedonicus makxe eo3pacmana;, a nod eo3delicmeuem
Pseudomonas syringae pv. pisi cHuxanace Ha 20%. AkmusHocmb mpaHcMmemMbpaHHOU u pacmeopumoull
aleHunamuyuknas in vitro u3 uHokynuposaHHbix Rhizobium leguminosarum bv. vicea krremok KopHsi 2opoxa
npu dobaesneHuuU pasnudHbix KoHueHmpauut H,O, usmeHsinacb dozoszasucumo: 100 HM H,O, HesHa4qu-
mesibHO CHUXarnu ux akmueHOCmb, 8 Mo epeMs Kak 26 MkM uHeubuposanu akmusHocmb Ha 50-60%. Ha
¢oHe uHpuyuposaHus Pseudomonas syringae pv. pisi dobasneHue nobol u3 eblbpaHHbIX KOHUeHmpauyul
H>O, 8 pasHOU cmeneHuU CHUXano akmueHOCMb MmpaHcmMembpaHHOU u pacmeopumoli adeHunamuyuknaas.
lpu uHguyuposaHuu Clavibacter michiganensis ssp. sepedonicus 100 HM H,O, uHazubuposanu akmus-
Hocmb mpaHcmembpaHHOU adeHurnamumkiiasbl, HO OKa3sblg8anu akmusupyrouwul aghgbekm Ha pacmeopu-
myro adeHunamuyuknasy. Hanpomus, koHueHmpayuu H,O, 2,6 u 26 mkM noebiwanu akmueHOCMb MpaHCc-
membpaHHoU aldeHunamymeknasbl U UHeubuposanu akmueHOCmMb pacmeopumoli adeHunamuyuknassi. Cde-
J1aH 8618600 O MOM, YmMO 0rpedesieHHbIU KOHUEHMPaUUOHHbIU cmamyc 8MmMOpUYHbIX MECCEHOXEPO8 8 Kriem-
Kax pacmeHul 3asucum om crieyucbudHocmu buomuyecko2o cmpeccopa U hopMupyemcsi, 8 mom 4ucrie,
rnymem ux 83aUuMHO20 8/1USIHUSI Ha KOMITOHEHMbI Opyaux cugHasbHbIX CUCMEeM pacmeHud.

Knroydeebie cnoea: rnepokcud eodopoda, pacmeopumasi adeHunamuyukriasa, mpaHcMembpaHHass ade-
HUnamuyukasa, Mymyasnucm, namoaeHsb!

Ungpopmayus o cmamee: [Jama nocmynneHuss 26 ¢pespans 2020 a.; Oama npuHamus k nedyamu 31 asay-
cma 2020 a.; dama oHnatiH-pasmeuweHusi 30 ceHmsbps 2020 e.

Ans yumupoeaHrusi: Kysakoa O.B., Jlomoatckas J1.A., PomaHeHko A.C., loHuyapoBa A.M. Perynsaums ak-
TMBHOCTU afleH1NaTLMKNa3 KNeToK KOpHA ropoxa nepokcuaom Bodopoda npu MHAULMPOBaHUN NaTtoreHaMm
n Mytyanuctom. Msgecmus 8y3oe. [NpuknadHas xumusi u 6uomexHonoaus. 2020. T. 10. N 3. C. 450-458.
https://doi.org/10.21285/2227-2925-2020-10-3-450-458

INTRODUCTION

Second messengers of signaling systems parti-
cipate in the regulation of plant metabolism at all
stages of development and are subject to the influ-
ence of external agents, for example in biotic stress.
The adenylate cyclase signaling system is actively
involved in plant stress and defense responses
[1, 2]. Earlier, we showed that the degree of activity
of cyclic adenosine monophosphate (CAMP) and
adenylate cyclase in root cells changed significantly
5 minutes after infection of the root of pea seedling
with various agents [1, 3], viz. different strains of
Rhizobium leguminosarum bv. viciae (RIv) and phy-
topathogenic bacteria which differ by specialization,
Pseudomonas syringae bv. pisi (Psp), the pathogen
of peas, and Clavibacter michiganensis sps.
sepedonicus (Cms), a specific pathogen for potato.
Moreover, the strength of activity of transmembrane
adenylate cyclases (TACs) and soluble adenylate
cyclases (SACs) was dependent on the infectious
agent, despite the non-specific interaction; infection
with RIv led to the most pronounced activation of
TACs and SACs in pea root cells compared with the
activation following infection with Psp and short-term
contact with Cms [1, 3]. Possible mechanisms for
modulating the activity of both forms of adenylate
cyclases (ACs) under biotic stress may include both
ligand-receptor interactions [4] and the influence of
calcium ions [5]. The latter can act as an intracellu-
lar second messenger, and its concentration can
change rapidly following infection. It should be noted
that, in the early stages of biotic stress, the concen-
tration of H,O,, another signal molecule, has already

rapidly and sharply increased in the apoplast and
intracellular space of plant cells [6—8], which is likely
to cause analagous changes in the activity of both
forms of ACs. However, knowledge of the effect of
H,O, molecules on the activity of transmembrane
and soluble forms of AC in plant cells is isolated to
specific examples and therefore incomplete: for
example, it was shown that 0.2—-0.6 yM of H,O, had
only a minor effect on TACs and SACs from the
vacuoles of beetroot parenchyma cells during vari-
ous periods of root crop dormancy under long-term
biotic stress [9]. Interpretation of these results was
complicated by the physiological peculiarities of the
beetroot crop (a biennial plant with associated
dormant periods), hence it was considered more
efficacious to continue the study on the root of pea
seedlings. Therefore, the purpose of this study was
to investigate the effect of the second messenger in
the superoxide synthase signaling system (H,O,) on
the activity of transmembrane and soluble forms of
AC from pea root cells following inoculation with Rlv,
Psp, and Cms.

EXPERIMENTAL PROCEDURE

The subjects were 3-day-old pea seedlings (Pi-
sum sativum, Rondo cultivar) and planktonic cul-
tures of the following microorganisms: the symbiotic
nitrogen fixer Rlv (effective strain RCAM 1022), the
pathogen causing bacterial blight in peas Psp (strain
1845), and the pathogen causing potato ring rot
Cms (strain 6889).

Bacterial cultures were grown for 3 days in a
germinating chamber (in the range 23-25 °C) in
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100-ml flasks filled with 50 ml of a liquid medium
containing 10 g/l of yeast extract dialysate and 15 g/l
of glucose, pH =7.0. Microorganisms were grown
without additional shaking. The density of the plank-
ton culture of bacteria was determined using a tablet
spectrophotometer Immunochem-2100 (High Tech-
nology Inc., USA) at a wavelength of 655 nm.

Pea seeds were sterilized and washed sequen-
tially: 5 min in 94% ethanol, 5 min in 3% H,0,, and
5 min in a 5% solution of potassium permanganate.
Following washing with sterile water, they were
poured into a glass of hot water (60 °C) for 4 hours
to allow the seeds to swell. Then, the seeds were
germinated in sterile Petri dishes on moistened filter
paper for 3 days in the dark at 23-25 °C. Seedlings
with a root length of at least 35-40 mm were select-
ed and washed with a sterile 0.01% solution of No-
nidet (a nonionic detergent) to prevent the infusion
of exogenous microflora, washed three times with
sterile distilled water and inoculated with a culture of
one of the bacteria in the stationary growth phase.
The titer of the plankton culture of bacteria was
10" c/ml. The specimens were inoculated with bacte-
ria for 5 minutes, after which the roots of the seed-
lings were separated from the pea, washed in a
sterile 0.01% solution of Nonidet (a detergent) to
remove loosely bound bacteria, then washed three
times in sterile water.

Determination of SAC and TAC activity, and
cAMP concentration. To determine the activity of
SACs and TACs, segments of seedling roots of
length 22 mm were fixed in liquid nitrogen before
enzymes were isolated following the previously de-
veloped method [9]. The roots were ground up in an
isolation (germination) medium of the following
composition: 0.02 M of phosphate buffer, pH = 7.2;
0.1 mM of theophylline (3'5-cAMP of phos-
phodiesterase inhibitor); 1 mM of dithiothreitol
(SH-group protector); 50 pyg/ml of phenylmethyl-
sulfonyl fluoride; 50 ug/ml of hydroxymercury ben-
zoate; 1 ug/ml of leupeptin (protease inhibitor). The
homogenate was centrifuged at 16,000 g for 20 min
(Allegra 64 R) to remove fragments of cell walls and
some organelles. The resulting supernatant was
centrifuged at 105,000 g for 90 min (90 Sorvall Dis-
covery SE).

The following parameters were analysed:
the TAC activity of the sediment, which contains
70-75% of the plasmalemma [10], and both the
SAC activity and the cAMP concentration in the
membrane-free supernatant. Samples for cAMP
determination were heated to 100 °C for 3 min to
inactivate the enzymes.

The activity of both forms of AC was not meas-
ured directly but was considered to be directly pro-
portional the cAMP concentration in the sample cal-
culated per mg of protein/min. The cAMP concentra-
tion was determined by the enzyme-linked immuno-
sorbent assay [11]. The cAMP concentration in cells
was calculated per mg of protein; the protein in the

sample was determined by Bradford's technique.

Determination of H,O, concentration. The con-
centration of H,O, was determined in the homoge-
nate of segments of the root of pea seedling by the
FOX method, based on the change in the colour of
Xylenol orange [12]. This required a reagent consist-
ing of two solutions: the first contained 25 mM of
FeSO,, 25 mM of (NH,),SO,4, and 2.5 M of H,SO,,
the second contained 125 yM of Xylenol orange and
100 mM of sorbitol. The solutions were mixed im-
mediately prior to analysis in a ratio of 1:100, re-
spectively. Then, the resulting mixture was added to
the plant sample in the proportion of 1:10, respec-
tively, and incubated for 30 minutes in the dark, after
which the concentration of H,O, was determined by
absorbance at a wavelength of 595 nm using a tab-
let spectrophotometer M680 (Bio-Rad, Germany).
The concentration of H,O, was expressed in nmol
per mg of protein. The analytical sample was a 1 g
portion of the root of pea seedlings.

The effect of H,O, on the activity of TACs and
SACs in pea root cells. Plant samples of
SACs/TACs containing 100-150 ug of protein/g of
raw mass in 500 ul of the germination medium de-
scribed above were made up to the following con-
centrations of H,O,: 100 nM, 260 nM, 2.6 uM and
26 yM. The reaction was allowed to progress for
30 minutes at 27 °C before being stopped by boiling
in a water bath for 3 minutes.

Three biological replicates were performed in all
experiments and the concentrations of cAMP and
H,O, were calculated from eight replicate analytical
determinations. The experimental results were pro-
cessed statistically in the SigmaPlot 12.3 program.
The Student criterion (t) and the significance of dif-
ferences between the experience variants (P) were
estimated. The figures give the means and standard
errors.

The work was performed with equipment located
in the Common Use Center "Bioanalytica" using bio-
logical collections at the Common Use Center "Bio-
resource Center" of the Siberian Institute of Plant
Physiology and Biochemistry within the Siberian
Branch of the Russian Academy of Sciences (Ir-
kutsk).

RESULTS AND DISCUSSION

The endogenous concentration of H,O, and
cAMP in the root of a pea seedling infected with a
mutualist and pathogens. The concentration of H,0O,
in the homogenate from uninfected pea root cells
was found to be in the range of 200—270 nmol/mg of
protein. The most pronounced increase in the con-
centration of H,O, content was observed in pea
seedlings infected with Rlv, while the smallest effect
was associated with infection with Cms. In these
samples, infection with RIv increased the content of
cAMP, while infection with Psp decreased the con-
tent of CAMP to 86%. It is interesting to note that
infection with the non-specific pathogen Cms gave
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rise to a CAMP concentration 5 times greater than in
the control (Fig. 1). The means and standard errors
(n =3; P <0.001) are given.

The effect of the exogenous concentration of
H,O, on the activity of TACs and SACs in vitro from
the roots of pea seedlings infected with a mutualist
and pathogens. In the control, ie. in the absence of
biotic stress, the activity of SACs was dependent on
the concentration of H,O,: SACs were slightly acti-
vated at 100 nM of H,0, (110% of the control), there
was virtually no observed effect at 260 nM, and
there was a pronounced reduction of activity, down
to 70% of the control, at micromolar concentrations
(2.6 and 26 pM). The H,O, had a similar effect on
TAC activity: slightly reduced enzyme activity at
100 nM, and a maximum inhibitory effect at mi-
cromolar concentrations of H,O, (Fig.2). The
means and standard errors (n=3; P<0.001) are
given.

The effect of the exogenous concentration of
H,0, on the activity of TACs and SACs in vitro from
the roots of pea seedlings infected with a mutualist
and pathogens. In the control, i.e. in the absence of
biotic stress, the activity of SACs was dependent on
the concentration of H,O,: SACs were slightly acti-
vated at 100 nM of H,0, (110% of the control), there
was virtually no observed effect at 260 nM, and
there was a pronounced reduction of activity, down
to 70% of the control, at micromolar concentrations
(2.6 and 26 pM). The H,O, had a similar effect on
TAC activity: slightly reduced enzyme activity at
100 nM, and a maximum inhibitory effect at mi-
cromolar concentrations of H,O, (see Fig. 2). The
means and standard errors (n=3; P <0.001) are
given.

600

300

200
]
Rlv Psp Cms

B - H,0, content;

% to the control

o

B - cAMP content

Fig. 1. Effect of infection with Rhizobium leguminosarum

bv. vicea (RIv), Pseudomonas syringae pv. pisi (Psp)

and Clavibacter michiganensis ssp. sepedonicus (Cms)

on the content of H,O, (% of control) and cAMP (% of control)
in the root of pea seedlings. The control was seedlings
germinated in water

Puc. 1. BnusaHue nHdunumposanus Rhyzobium
leguminosarum bv. vicea (RIv)/Pseudomonas syringae pv.
pisi (Ps)/Clavibacter michiganensis ssp. sepedonicus (Cms)
Ha cogepxanue H;O; (% k KoHTponto) n LAM®

(% K KOHTPOIIO) B KOPHE MPOPOCTKOB ropoxa.

KoHTponem cnyxunm npopocTku, MHKYGMpoBaHHbIE Ha Bode

CcAMP concentration, % to the control

il b hir it

TALL | pAL TAL | pAL TAL | pAL, TALL | pAL
H20" R psp** Cms **

Fig. 2. Effect of various exogenous concentrations

of H,0O, on TAC and SAC activity in the roots

of pea seedlings infected with Rhizobium leguminosarum bv.
vicea (RIv), Pseudomonas syringae pv. pisi (Psp)

and Clavibacter michiganensis ssp. sepedonicus (Cms):
1-H;0; 2 - 100 HM H20,; 3 — 260 HM H,0;; 4 — 2,6 mkM
HzOz; 5—26 mkM Hzoz.

*sample 1 served as a control for samples 2-5;

**in vitro adenylate cyclase samples isolated

from uninfected pea seedlings served as a control

for samples 1-5

Puc. 2. BnnaHme pasnuyHbiX 9K30reHHbIX KOHLEHTpaLmm
H,0O; Ha akTnBHOCTb TALL 1 pALL B KOPHSX NPOPOCTKOB
ropoxa npu uHduumposaHun Rhyzobium leguminosarum bv.
vicea (RIv) / Pseudomonas syringae pv. pisi (Ps)/Clavibacter
michiganensis ssp. sepedonicus (Cms):

1-H,0; 2 -100 HM H,0;; 3 — 260 HM H,0,; 4 — 2,6 MkM
HzOz; 5 —-26 mkM HzOz.

*KoHTponem ansa obpasuos 2-5 cnyxun obpasey, 1;
**koHTponem ansi obpasuyoB 1-5 cnyxunu obpasubl
afeHunaTumknas in vitro, BblaeneHHble

13 HEMHPULIMPOBaHHBIX NPOPOCTKOB ropoxa

Following a short-term, 5-min exposure to Rlv,
the activity of SAC and TAC only slightly exceeded
the activity in control specimens, 113 and 122%,
respectively. The effect of infection with Psp had
a similar effect on rhizobial infection. Following infec-
tion with Cms, the activity of SAC and TAC exce-
eded the activity in the control by 3 and 4 times, re-
spectively (see Fig. 2).

The H,0O, concentration had a similar effect on
the activity of SACs and TACs invitro, in Rlv-
inoculated cells of pea roots when compared with the
control; however, a dose-dependent effect was ob-
served under the following conditions: at 100 nM of
H,0, there was slightly reduced activity of both forms
of the enzyme (90% of the control), and at 26 yM
their activity was inhibited by 50-60% (see Fig. 2).
Following infection with Psp, there was an equivalent
effect reducing the activity of SACs and TACs
(68—70% of the control) at all concentrations of H,O,
in the study. A different effect was observed in the
case of infection of pea seedlings with a non-specific
pathogen, Cms. The lowest concentration of H,0O,
studied (100 nM) inhibited TAC activity the most, but
had an activating effect on SAC activity. On the con-
trary, micromolar concentrations of H,O, (2.6 and
26 uM) increased TAC activity and inhibited the activ-
ity of the soluble enzyme form (see Fig. 2).
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It should be noted that the initial stages of pa-
thogenic infection and legume-rhizobial symbiosis
have many common features. One of the first non-
specific protective reactions of plant cells to infection
is an increase in the concentration of intracellular
H,0, [13, 14]. Similarly, it has been reported that the
nodulation of the lateral roots of the tropical semi-
aquatic plant Sesbania rostrata by the microsymbiont
Azorhizobium caulinodans is accompanied by the
generation of reactive oxygen species (ROS) initia-
ted by the nod factor of the latter [15]. An increase in
the concentration of H,O, was detected when spring
barley (Hordeum vulgare L.) was infected by a pa-
thogenic strain of Fusarium culmorum [6]. We ob-
served a similar effect in experiments after short-
term inoculation of pea seedlings with Rlv, Psp, and
Cms (see Fig. 1).

It is known that H,O, in high concentrations can
affect the lipid environment of membrane proteins,
thereby affecting their functional activity [16, 17].
Millimolar concentrations of this compound can
cause significant destruction of the structure of chlo-
roplast membranes due to the very intensive peroxi-
dation of membrane lipids [16]. In this experiment,
lower, nanomolar and micromolar exogenous con-
centrations of H,O, were studied; therefore, it is
assumed that the observed effects on the activity of
both forms of ACs are associated with conforma-
tional changes in the active centre of the enzyme
localized outside the membrane (i.e. in the cyto-
plasm). This conclusion is supported by H,O, con-
centration dependent changes in the activity of
TACs and SACs, i.e. the observed dose-dependent
effect (see Fig. 2). In addition, it is reported that
H,O, can oxidize some of the constituent amino
acids (Arg, Pro, Lys, Met, Cys, Tyr, His) of enzymes
leading to a change in the activity of the enzyme
[18]. Although full amino acid sequencing of plant
ACs has not yet been reported, the characterisation
of the primary structure of protein fragments with AC
activity has been reported [17, 18]. The proportion of
amino acids which can be oxidized by H,O, in the AC
catalytic center (AtKUP71-100) in the multi-protein
complex of K'-dependent permease 7 (AtKUP7) [19]
and the AC (AtLRRAC1) in a complex with the re-
ceptor (NBS-LRR) [20] was determined to be 27 and
28% of constituent amino acids, respectively [18].
The susceptible amino acids include the amino acid
pair Lys-Arg, which is responsible for the conversion
of ATP to cAMP in the AC catalytic center [21].
Thus, it is highly likely that H,O, affects the catalytic
functions of this enzyme. Further work to provide
additional supporting data has been planned to
study the kinetic parameters of ACs in the presence
of H,0,.

It has already been shown that short-term infec-
tion of the roots of pea seedlings with Rlv and Psp
led to a modulation of TAC and SAC activity and,
consequently, to a change in the concentration of
intracellular cAMP [3]. Thus, the enzyme activity had

already been modified when the enzymes were iso-
lated from the infected roots of pea seedlings. In our
experiments, ACs isolated from the infected tissues
had already been exposed to H,0,, as witnessed by
an increased level of H,0O, in the cells of the root of
pea seedlings (see Fig. 1). The observed slight de-
crease in the activity of ACs is probably due to the
additive effect of endogenous and exogenous H,0,.
It is interesting to note the different effect on TACs
and SACs in the experiments treated with RIv+H,0,
and Psp+H,0,, viz. similar activity levels of TACs
were observed, whereas activity levels of SACs dif-
fered slightly. It can be assumed that in a very short
time (5 min) the activity of TACs could be modified
by nonspecific virulence factors of Rlv and Psp such
as some polysaccharides and surface proteins of
bacteria that are similar in nature to those of gram-
negative bacteria [22]. At the same time, SAC activi-
ty can be modulated only indirectly, probably with
the involvement of other second messengers. For
example, the activation of SACs from beet cell va-
cuoles by calcium ions has been reported [9]. It can
be assumed that a local increase in the concentra-
tion of H,O, not only leads to a modulation of the
activity of this enzyme form (see Fig. 2), but also
causes a change in the concentration of other sig-
naling molecules, and in particular, calcium ions.
This is supported in the literature by reports of pe-
roxide-dependent calcium ion channels found in
many plant species, including pea [23]. It is obvious
that the dynamics of the intracellular calcium pool is
specific to the type of microorganism causing the
infection. This dynamics is dependent on the nature
of various types of ion channels, including activated
cAMP. The lack of sensitivity of SACs to H,0, after
Psp infection may be related to this.

The completely different effect of infection with
Cms followed by the addition of exogenous H,0, on
the activity of TACs and SACs is very interesting.
Cms has a wide range of exopolysaccharides, which
is a principal reason for its virulence. These exo-
metabolites have a fairly acidic nature [24], which
can lead to temporary, non-specific acidification of
the extracellular space in plants [25]. A sharp de-
crease in the pH of the pericellular environment can
lead to a change in the electrochemical potential of
the cell membrane [26] further inducing change in
the pool of various second messengers, including
H,0,. It can be assumed that this is the principal
cause of the "preliminary" modification of the activity
of AC in vivo, which subsequently affected the sen-
sitivity of the AC to additional concentrations of H,O,
in vitro (see Fig. 2).

CONCLUSION

The activity of transmembrane and soluble ade-
nylate cyclases from the root cells of pea seedlings
can be dose-dependently modulated by H,O,. The
biotic stress phenomenon may be additionally af-
fected by dosing with hydrogen peroxide.
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