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PHOTOSYSTEM II OF KALANHOE DAIGREMONTIANA SHELTERED
BY BACTERIAL CONSORTIUM UNDER MARS-LIKE CONDITIONS

The maximum quantum yield of the photosystem II (F,/F ) and other parameters were measured in situ fluorometrically in Kalanhoe
daigremontiana under simulated martian-like conditions (low atmospheric pressure, high CO, concentration, and UV irradiation
of near-martian surface spectrum) in a Mars simulation chamber. We found no differences in F, /F, at hypobaria (10 mbar) and
ambient pressure, as well as between treated with bacteria and control plants. However, a difference was seen between variants of
kalanchoe exposed to CO, of a high concentration (95 %). The maximum quantum yield was higher in presence of bacteria, although
F /F, decreased in both variants (inoculated and noninoculated) under a high CO, concentration in the atmosphere, in contrast to
low-pressure conditions. The F,/F values for kalanchoe plants grown in martian regolith simulant or in earth soil under simulated
martian conditions were lower than in the case of normal earth conditions. The positive effect of bacterial inoculation on plant accom-
modation to adverse simulated martian conditions was more pronounced for the kalanchoe plants grown in martian regolith simulant
and depended on bacterial species, especially, under rigorous conditions of the joint action of low pressure, high content of CO,, and
UV irradiation. For K. daigremontiana plants treated with Klebsiella oxytoca, Methylobacterium sp., the photochemical quenching
coefficient qP and Stern-Volmer non-photochemical quenching coefficient NPQ were lower during diurnal and nocturnal periods as
compared to the nontreated plants. This revealed some protection for PSII. The majority of bacterial strains and their consortium
demonstrated protective effect in K. daigremontiana under abiotic stressors and after the impact of stressors, as distinct from arbus-
cular mycorrhiza fungi.

INTRODUCTION

Efficient plant growth in extraterrestrial greenhouses
under low availability of nutrients and permanent re-
sistance to stressful conditions (changed gravity and
atmosphere composition, irradiation, etc) will be a
vital problem in outposts. The ability of microorgan-
isms, including resident endophytes, to confer stress
tolerance to plants may provide a novel low cost
strategy for mitigating the impacts of the environ-
mental conditions outside the Earth in consistence
with the concept of using microbial technology for
plant growing/protosoil formation for lunar/martian
greenhouses [13, 14, 19, 28].
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Numerous studies on plant growth under low grav-
ity led the to conclusion that plants tolerate low at-
mospheric pressure [6, 22, 25]. However, the response
to hypobaria results in considerable changes in a gene
expression pattern, including in genes involved in tol-
erance to dessication, indicating combating stress [22].
A water-deficit stress may inhibit plant growth under
hypobaria. It is well known that CAM (Crassulation
Acid Metabolism) plants normaly found in arid and
semi-arid habitats possess a high water-use efficiency
to adapt to water stress [26]. CAM-photosynthesis
provides strong protection from photoinhibition dur-
ing periods of high irradiance at midday by establish-
ing a high internal CO, concentration as a result of
organic acid decarboxylation in the leaves that can be
used for further photochemical work [27]. CAM spe-
cies show an average increase in biomass productivity
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of 35 % in response to a doubled atmospheric CO,
concentration. Increases in net daily CO, uptake by
CAM plants under elevated atmospheric CO, con-
centrations reflect increases in both Rubisco-medi-
ated daytime CO, uptake and phosphoenolpyruvate
carboxylase mediated night-time CO, uptake, the lat-
ter resulting in increased nocturnal malate accumula-
tion [9]. The performance of the CAM can be esti-
mated measuring photosystem II (PSII) fluorescence
with instruments.

The relationship between chlorophyll fluorescence
and the overall process of photosynthesis are rather
complicated, but it should be noted that the registra-
tion process of chlorophyll fluorescence of green leaf
plants can be used for analysis of plants under the in-
fluence of stressin laboratory or field [ 17]. Chlorophyll
fluorescence has proven to be a useful, non-invasive
tool for the study of different aspects of photosynthe-
sis, and for the quantification of any stress impact in
plants [16]. Because a single leaf spot may not be rep-
resentative for the whole leaf, two-dimensional chlo-
rophyll fluorescence imaging instruments have been
developed [4, 5]. Measuring the chlorophyll fluores-
cence emission with a pulse amplitude-modulated
fluorometer showed that the plant growth-promoting
soil bacterium Bacillus subtilis GB03 augments pho-
tosynthetic capacity by increasing photosynthetic ef-
ficiency and chlorophyll content in arabidopsis [29].

The main objectives of this study were:

(1) to evaluate photosynthetic activity (¥ /F,) and
other parameters measured iz situ in kalanchoe leaves
when exposed to martian-like conditions;

(2) to find out protective effect of rationally select-
ed bacterial species and arbuscular mycorrhiza fungi
on the kalanchoe plant grown in martian regolith
simulant under near-Mars simulated conditions.

MATERIALS AND METHODS

The Experimental Mars simulation chamber (MSC)
HUMULAB (DLR Berlin) was used for short-term
experiments on in situ measurement of PA and other
photochemical parameters with help of the MINI-
PAM fiberoptical mounted in MSC. Technical pa-
rameters of MSC and a gas-mixing system, including
mass flow controllers, are described well in [7].

Plant material and growth conditions. Five-month-
old plants Kalanchoe daigramontiana Hamet & Perr
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(possessing 3-4 pairs of leaves) were grown in com-
mercially available soil in plastic pots (V= 200 cm?)
under controlled conditions (air temperature 25 °C,
light irradiance 57.0 umol quanta m=s"' of the photo-
synthetically active radiation (PAR), humidity 70 %)
with a 14/7 h day/night period. Martian regolith
simulant (MRS) was purchased from Naturkunde-
museum (Berlin). One-week before exposure to sim-
ulated martian conditions in MSC at the HUMU-
LAB kalanchoe plants were inoculated, when need-
ed, with either consortium of all bacterial strains or
with any bacterial culture, separately. For this roots
of individual plants were drown into diluted (with a
sterile water) overnight bacterial cultures at titre of
106 colony-forming units per ml within 30 min. One
month before planting in MRS kalanchoe plants
grew in soil inoculated with arbuscular mycorrhizal
fungi, when needed.

Inoculated plants were grown in the commercial
soil, and three days before exposure to stressors the
plants replanted in MRS, when needed. Plant sam-
ples were placed on a tiny stand within MSC. Plants
were irradiated with LED light in an intensity of about
131.67 umol quanta m-s"'of PAR or subjected to ir-
radiation of UV Xenon lamp with an optical colli-
mation 10—150 W (DLR Berlin). 100 % atmospheric
humidity and temperature 25 °C within a night-day
period (8/16 h) were inside MSC.

Microbial species and culturing. Klebsiella oxytoca
was grown in LB [21], Paenibacillus sp. in MZ [15],
Pseudomonas fluorescens. in King’s B [12], Methylo-
bacterium sp. in M9 medium [21] with 1 % methanol
during 18—24 hours at 28 °C. Arbuscular mycorrhizal
(AM) fungi Glomus intraradices GV (kindly provided
by H. Bothe, Cologne University) were accumulated
in Tagetes patula L. roots, and the propagules were
used in the experimental soils (10 %/v). Internal root
colonization in kalanchoe was tested with standard
lactophenol method [20].

Chlorophyll fluorescence analyses. Photosynthetic
activity and other parameters of the PSII under sim-
ulated martian conditions were measured with the
use of the pulse amplitude-modulated fluorometer
MINI-PAM (Heinz WALZ GmbH, Effeltrich, Ger-
many). To reach maximal fluorescence yield under
modeled conditions, a light was switched off inside
the MSC for 1 h within simulated “martian” day. The
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ratio F /F (F = F_— F,) was used to estimate the
potential quantum yield of PSII photochemistry of
K. daigremontiana plants at night period in MSC. F|
is minimal level of fluorescence measured on dark-
adapted leaves (in the dark-adapted state at night-
time in MSC). The maximal level of fluorescence in
the dark-adapted state (F) was measured by a 1-s
pulse of saturating light. The parameter @, repre-
sents the actual quantum yield of PSII photochem-
istry for light-acclimated samples under illumination
and was calculated @, = (F,' — F)/F,' where Fis
the level of fluorescence just before the pulse of satu-
rating light and F ' is maximal light-adapted fluores-
cence was applied. The following parameters were
calculated: coefficient of photochemical quenching
gP= (F'— F)/(F'— F); and quantum efficiency
of non-photochemical dissipation in PSII complexes
NPQ=(F, — F )/ F, . Outside the model Mars-like
chamber we used chlorophyll fluorometer IMAG-
ING-PAM, M-series (Heinz WALZ GmbH, Effel-
trich, Germany) for measurement of PA (F /F ) in
leaves before and after exposure to simulated martian
conditions. Before and after exposure to MSC under
martian simulated conditions plants were adapted in
a dark chamber within 1 h to gain maximal yield with
the IMAGING-PAM instrument.

Statistical tests. Statistical tests of the significance
of differences between means from two-three experi-
ments were based on Student’s #-test (p < 0.05).

RESULTS AND DISCUSSION

Photosynthetic activity of K. daigremontiana plantlets
under model Mars-like conditions. Photosynthetic ac-
tivity is an indicator of functionality of photosystem
under simulated Mars-like parameters [8]. We stud-
ied the effect of simulated martian conditions on the
PS 1I of K. daigremontiana five-month-old plants,
as well as the potency of microorganisms to alleviate
stress in plants. Earlier we showed that two defined
bacterial strains promoting plant growth protected
plants after acute irradiation with y-quanta (°°Co)
[2]. Actually, the reduction of F,/F is based on dam-
age of the PS II as a result of stress [23], and priming
plants with microbes could rise effectivity of defen-
sive system to withstand stresses or may lead either to
direct interaction with the photosystem II, or change
its regulation indirectly.
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In initial experiments five days before exposure to
Mars-like conditions the plants were inoculated with
the bacterial consortium composed with K. oxyfoca
and Paenibacillus sp. and grew in local soil. Directly
before experiment samples received 1 ml water and
were fixed in MSC under fiberoptics of MINI-PAM
fluorometer. The levels of F /F, under impact of in-
dependent stress factors or their combination were
measured with this device. The first experiment in-
volved the simulation of low pressures reached step-
by-step 10 mbar (near-martian pressure) during 24 hs,
beginning from 1013 mbar (earth pressure) (Fig. 1a).
There was no significant effect of a pressure drop
from normal to the martian surface conditions on the
photosynthetic activity of kalanchoe plants. These
results are in agreement with recent data of Tang et
al. [25] on photosynthetic rate calculated for lettuce
grown under low pressure. F /F of other photosyn-
thesizing organism — lichen — demonstrated the
same tendency under low atmospheric pressure [7].
The plant treated by bacteria had higher activity of
the PS II at daytime then in the night.

Next experiments involved step-by-step increas-
ing CO, from 0.03 % (earth conditions) to 95 % CO,
(near-martian surface conditions) (Fig. 1b) and com-
bination of low preassure and CO, concentration at
45 % or 95 % under LED light (Fig. Ic). At high CO,
concentration quantum yield of the K. daigremontiana
PS II decreased sharply to 0.1 e.u. in noninoculated
plantlets and to 0.25 in treated ones. The same tenden-
cy observed in F /F value of lichens in experiments
conducted in MSC by de Vera and coauthors [7]. The
application of high CO, concentration resulted in pro-
tection of PS II by the bacterial consortium. Under
cooperative action of both stressors F /F was approx-
imately 0.65; this value was a 6-fold higher than when
only high CO, concentration applied and comparable
with yield under low pressure. We can assume that the
negative impact of high content of CO, in atmosphere
balanced with low atmospheric pressure. Under these
conditions, when PSII was not impaired heavily, pro-
tective effect given by bacteria was not so pronounced
during a daytime, as compared separate action of CO,
and low pressure. Our results have proven data of Paul
and others [22] that hypoxia and hypobaria to be dif-
ferent stressors, effecting different plant systems. Bac-
terial impact on plant defensive system appeared to be
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Fig. 1. Photosynthetic activity (F, /F) of the Kalanchoe daigremontiana plants grown in the earth soil under low pressure (a) or
high CO, concentration (b), as well as in combination of low pressure and high CO, concentration (c). Kalanchoe plants inocu-
lated with a dual bacterial consortium of Paenibacillus sp. and Klebsiella oxytoca, when needed
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Fig. 2. Photosynthetic activity (F, /F,) before and after martian conditions of the Kalanchoe daigremontiana plants grown in
the earth soil (@) and Mars-simulated soil (b). Error bars indicate the SD of the means (n = 2 for a and n = 3 for b). Kalanchoe
plants treated with various bacterial strains. Plants lighted with LED (PAR) and UV irradiated during a day-night period inside

Mars simulation chamber

different under these stressors, and there was a trend to
decreasing the maximum quantum yield in the night
in inoculated kalanchoe variants where low pressure
was simulated (Fig. 1a, c).

Contribution of individual bacterial strains in pro-
tection of kalanchoe (LED). It is well known that
bacteria capable to influence plant physiology under
normal conditions; for example, B. subtilis enhances
photosynthetic activity in arabidopsis plants [29].
Our objective was to find out what model bacterial
species makes a positive contribution to the protec-
tion of kalanchoe under/after abiotic stresses in or-
der to know more about mechanisms of plant pro-
tection mediated by microbes. The maximum yield
in dark-adapted plants grown in the fertile soil re-
corded with the IMAGING-PAM instrument before
exposition to martian-like conditions and after 24
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hours. On Fig. 2a protective effects of Paenibacillus
sp., Pseudomonas fluorescens, Methylobacterium sp.
and K. oxyfoca, as well as consortium of all bacte-
rial strains used are seen under a partialy simulated
martian conditions, but not of AM-fungi. The latter
was surprising, because it was expected that AM had
a potency to improve a water supply in the plant and
to alleviate so far a water-deficit stress in kalanchoe
under low atmospheric pressure. In the low-pressure
environment water is pulled out through the leaves
very quickly, and so extra water is needed to replen-
ish it. Probably, kalanchoe does not loose water so
quickly due to CAM-type of photosynthesis, and a
role of AM fungi in such a case (a short-term experi-
ment) was overestimated.

Contribution of individual bacterial strains in protec-
tion of kalanchoe (UV). In next experiments kalanch-

49



O. P. Burlak, O. M. Mikheev, 1. Ye. Zaets, J.-P. de Vera, A. Lorek, A. Koncz, B. H. Foing, N. O. Kozyrovska

oe plants were exposed to more rigorous conditions:
UV irradiation of near-Mars spectrum and growth in
mineral soil stimulant (MRS) of low bioavailability
were added to low pressure and high concentration
of CO,. Before exposure to MSC K. daigremontiana
plants were inoculated with different bacterial spe-
cies, when needed, or used kalanchoe specimens
colonized with AM fungi for independent measure-
ments. Both treated with microbes and control plants
were grown during three days under low availability
of plant-essential nutrients. In MSC one half samples
were exposed to LED light and others were under UV
irradiation: both sets of specimens mounted inside the
chamber during a day-night period. The F /F, value
in kalanchoe plants exposed to mentioned condi-
tions declined approximately five-times as compared
to normal conditions, and under UV it was 2-time
lower then under LED (Fig. 2b). Inoculation of ka-
lanchoe plants with K. oxytoca, Paenibacillus sp., P.
Sfluorescens, and Methylobacterium sp. resulted in im-
proving F /F value after simulated martian condi-
tions. The yield in kalanchoe plants inoculated with
Methylobacterium sp. practically did not change after
exposure to low pressure, high concentration of CO,,
UV and deficit of nutrients. AM fungi had no effect
on kalanchoe F /F, under stressful conditions.
Maximum quantum efficiency of PSII photochem-
istry and other parameters of kalanchoe under stress.
Using the MINI-PAM fiberoptical mounted in the
Mars-like camera we were able to measure maximal
quantum yield of PS II and other parameters such as
photochemical quenching coefficient (gP), Stern—
Volmer non-photochemical quenching (NPQ) in
kalanchoe plants grown in MRS under simulated
Mars-like conditions. Published results demonstrate
that with the increase of light intensity the quantum
yield of the PS II decreases and the NPQ-value was
higher at diurnal than at nocturnal period [11] indi-
cating photoinhibition effect [18]. F, /F, reflects the
maximum efficiency at which light absorbed by light-
harvesting antennae of PSII is converted to chemi-
cal energy and decrease the values indicating in par-
ticular the phenomenon of inhibition when the plant
has been exposed to stress, and in water-stressed K.
daigremontiana leaves F'/F ' decreased, and NPQ
increased [10]. High value-NPQ may represent a
mechanism of dissipating excess of excitation energy
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and down-regulate photosynthetic electron transport
so that production of ATP and NADPH would match
the decreased CO, assimilation. Increase of gP indi-
cated a better production of ATP and NADPH and
incorporation of the latter in antioxidant and CO,-
fixing systems of plant [3].

In situ chlorophyll fluorescence measurement un-
der stressful low pressure and high concentration of
CO, in the experimental camera showed positive im-
pact of Methylobacterium sp. treatment on kalanchoe
plants expressed in higher F /F value at a day-time
(Fig. 3a). In contrast, treatment plants with K. oxyto-
caled to decrease of F /F valueunder the same con-
ditions. However, treatment with K. oxytoca resulted
in significantly higher the maximum quantum yield
in kalanchoe leaves compared to untreated plants
under high concentration of CO, in atmosphere and
normal pressure at a day-time. In both cases effect of
bacteria was associated with influence on the photo-
synthetic reactions associated with PSII.

To get detailed information of participation of
endophytes in photorespiratory process in kalan-
choe under stresses, some parameters of PSII were
measured within the experimental facility in sifu.
The photochemical quenching coefficient (gP) in
untreated plants outside of the facility was the high-
est, especially in lighted with LED plants (Fig. 3 b).
This supposes the intense flow of electrons through
the electron transport chain of PSII and synthesis of
ATP and NADPH. These processes consume rela-
tively less ATP than does photosynthesis.

On the other side, increase of gP indicates a better
production of ATP and NADPH and incorporation
of the latter in antioxidant and CO,-fixing systems of
the plant. In MSC the treated with Methylobacterium
sp. and K. oxyfoca specimens had lower ¢gP within
both diurnal and nocturnal periods then in untreated
plants. These values approached to control’s ones
under normal conditions (Fig. 3 b). In normal condi-
tions the beet plants inoculated with endophytes ex-
hibited higher value of ¢P than noninoculated plants
[24]. In case of untreated kalanchoe sharp increase
of gP was a reaction of the kalanchoe PSII on the
stress and a loss of effective energy needed for a de-
fensive reaction. Given that the light in the chamber
was identical and constant flux quanta was constant
(there was no photoinhibition effect of light) under
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Fig. 3. The maximum quantum yield (¥, /F,) at nocturnal period and effective quantum yield ®

psi; At daytime period (a), pho-

tochemical quenching coefficient (¢P) (b), Stern-Volmer non-photochemical quenching (NPQ) (c¢) under simulated martian
conditions (low atmosphere pressure or ambient pressure, high concentration 95 % of CO,, low availability of nutrients in
the susbstrate). Kalanchoe plants were treated with Klebsiella oxytoca or Methylobacterium sp. or left untreated under ambient
conditions and inside of Mars simulation clamber. Plants lighted with LED (PAR) only during a day under Mars-like simula-
tions. Chlorophyll fluorescence was measured inside Mars-like facilty with the MINI-PAM fluorometer. In column average
significance of 6 measurements (every 30 min) over the past three hours of a day-night period is represented. Asterisks indicate
significant difference between the treatments and corresponding control (untreated) inside Mars simulation chamber by Stu-

dent’s r-test (* indicate P < 0.05). Error bars was 0.0 in most cases

high concentration of CO,, it can be assumed that
the photochemical quenching was enhanced in un-
treated plants by the intensive use of recovered mol-
ecules of ATP and NADPH under abiotic stress.

Endophyte-inoculated beet plants exhibited high-
er value of g P than noninoculated plants [24]. In case
of untreated kalanchoe sharp increase of gP was a re-
action of the Kalanchoe PSII on the stress and a loss
of effective energy needed for a defensive reaction.

It was earlier reported that the coefficient NPQ
was higher at diurnal than at nocturnal period in
stressed kalanchoe plants [10, 11]. In situ chlorophyll
fluorescence measurement in kalanchoe leaves under
both stressors in the facility showed a growing NPQ,
in contrast to control plants outside of MSC. High
value- NPQ may represent a mechanism of dissipat-
ing excess of excitation energy and of down-regula-
tion of a photosynthetic electron transport in such
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a way that production of ATP and NADPH would
match the decreased CO, assimilation. NPQ trans-
forms into heat the excess of light energy that cannot
be used in photosynthesis and which could lead to
ROS (Reactive Oxygen Species) formation. The pH-
and xanthophyll-dependent conformational change
and the PsbS protein are necessary for NPQ, but the
actual biophysical mechanism of Chl de-excitation is
still unknown. Both ¢gP and NPQ could help to mini-
mize production of singlet oxygen formed in PSII.
In our experiments K. daigremontiana plants treated
with Methylobacterium sp. had higher NPQ within
both diurnal and nocturnal periods than control un-
treated plants within MSC (Fig. 3 ¢). The inhibition
of both NPQ and ¢P during simulated martian day in
K. daigremontiana plants treated with K. oxytoca may
suggest that there is another mechanism of protective
potency in this bacterium under multi-factor stress
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(Fig. 3 b, ¢). In another study the quantum yield of
non-photochemical dissipation in PSII complexes
was reduced by B. subtilis GB03 volatiles [29], indi-
cating improved electron transport downstream from
PSII. Different modes of changes in photochemical
and non-photochemical parameters in kalanchoe
leaves in response to stressful conditions displayed
different putative mechanisms of protection of PSII
with bacteria.

In all phases of photosynthesis in the light period
(Phases 1II to 1IV) CAM plants are subjected to oxi-
dative stress and perform photorespiration. Vigorous
photosynthetic CO, assimilation due to high internal
CO, concentration behind closed stomata in Phase
IIT also generates high internal O, concentrations.
Chlorophyll triplets are known to readily react with
oxygen to produce very reactive oxygen species. Pho-
toinhibitory process leads to impairment of PSII
electron transport, especially under stresses. The ac-
tivation of plant ROS-detoxification system by bac-
teria, including resident endophytes, may be a way to
protect plants from toxic effects of ROS. We may as-
sume that the associated bacteria that have their own
ROS-eliminating systems could complement the de-
ficient antioxidative systems of the plant.

In summary, effect of bacteria was associated with a
day-time phases of PSII activity and appear reflected
increase in Rubisco-mediated daytime CO, uptake
and was not relevant to PEPC-mediated night-time
CO, uptake. It is possible to assume that the protec-
tive role of Methylobacterium sp. manifested by both
improving photorespiration (the stimulation of ATP
and NADPH molecules by K. daigremontiana under
model stressful conditions) and in a priming of plant
defense system. Protecting mechanism provided by
K. oxytoca in kalanchoe plants grown under multi-
factor stress plus a poor supply of essential nutrients
in the system may be explained with improved elec-
tron transport downstream from PSII, as well as a
supply of the plant partner with biological nitrogen
and growth stimulators, leading to general strength-
ening a plant-host. Probably, tested bacteria possess
the mechanism of quick utilization of excessive light
energy that causes photooxidative effect, for exam-
ple, utilization of ATP and NADPH ceither directly
or via endophytic endemics, assissting in decreasing

@, in kalanchoe leaves and preventing photooxida-

tion of PSII. On the other hand, both species are able
to activate antioxidative systems [13]. We can assume
that due to these bacteria elimination of ROS that ac-
tively formed in leaf tissues in stressful conditions oc-
curred more efficiently than in untreated plants, and
this process may protect photosynthetic centers.

This work was supported within the frame of the
Ukrainian-German projects 2009—2010/BMBF-UKR
08/039 and M/431-2009.
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3AXUCT ®OTOCUCTEMMU 1l KALANHOE
DAIGREMONTIANA BAKTEPIMHUM
KOHCOPLIYMOM Y MOAEJbHUX
MAPCIAHCBKHMX YMOBAX

3a jgornomMororo ¢ayopoMeTpa 0ya0 BUMIPSIHO in Situ MaKCH-
ManbHuii kKBantoBuit Buxin @C I (F,/F) Ta inwi napame-
Tpu Kalanhoe daigremontiana B iMiTOBaHUX MapcCiaHChKMUX
yMOBax (HU3bKUI aTMOC(EpHUIl TUCK, BUCOKAa KOHIIEH-
tpauis CO, i Y@, 3a cieKTpoM 0JM3bKMI 10 MapciaHChbKo-
ro) y mapc-CUMYJISLiiHIA Kamepi. B ymoBax 3HMXEHOTro
(10 Mbap) i 3BMYAITHOTO TUCKY HE BUSIBIIEHO BiIMiHHOCTEI y
MakcuManbHil edektuBHocTi PC 11 pocauH, y ToMy yucii
iHOKYJIbOBaHUX OakTepisiMu. OgHaK criocTepiraaacs BiAMiH-
HICTh MiX BapiaHTaMU KaJlaHXO€ B yMOBaX BUCOKOi KOHIIEH-
tpauii CO, (95 %). MakcumanbHuii KBaHTOBUIA BUXil 6YB
BUILIUM Y TIPUCYTHOCTI OaKTepiii, xouya Mpu BUCOKIit KOHLIEH-
tpauii CO, B aTMOoc(epi BiH 3HIKYBaBCSA B 000X BapiaHTax
(iHOKYJIbOBAHMX i HEIHOKYJILOBAHMX), Ha BiIMiHy Bin F /F,
NPY HU3bKOMY TUCKY. Benmnuuna F /F pocivH KajnaHXoe,
BUPOILEHUX Y IITYYHOMY MapciaHcbkomy IpyHTi (MRS) a6o
36MHOMY I'PYHTI 3a IITYYHO CTBOPEHUX MapCiaHChKUX YMOB,
OyJ1a HUXKUYOI0, HiXX Yy 3BUYaiiHUX 3eMHUX YyMoBax. [To3uTus-
HUI BIUIMB BijJ iHOKYJIsLIl OaKTepisiMM Ha MPUCTOCYBAHHS
POCJIVH 10 HECTIPUSITIIMBUX MOJIEIbHUX MapCiaHChbKUX YMOB
OyB OiJIbII BUpPaXKeHUI Y POCIMH KaJaHX0e, BUPOIIEHUX Ha
MRS, i 3anexaB Bin Buay 0akrepiil, 0COOJIMBO B KOPCTKUX
YMOBaX CIUIBHOI /il HU3BKOTO TUCKY, BUCOKOro BMicty CO,
i Y®-onpominenHst. Pociuun K. daigremontiana, o6po6ie-
Hi Klebsiella oxytoca ta Methylobacterium sp., MaJIy HYDKYWIA
KoeilieHT (hoToXiMiuHOrO racinus ¢P i KoedilieHT Hedo-
toximiyHoro racinus Iltepna — ®oabmepa NPQ B neHHMIA
i HIYUHMI Tiepios MOPiBHSIHO 3 HEOOPOOJIEHUMU POCIUHAMMU,
BUSIBUBILU TMPOTEKTOPHUI MexaHi3M. biabluicTe OakTepi-
aJIbHUX IUTaMiB i IXHiIfl KOHCOpLIiyM IpOAEMOHCTpPYBaIu
MPOTeKTOpHUI edeKT Ha K. daigremontiana 3a nii abioTny-
HHUX CTPECOPiB, HA BiIMiHY BiJ apOYCKYJISIPHUX MiKOPU3HUX
rpuoiB.
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