@ Open Access

Journal of Plant Science and Phytopathology

@

Heighten Science

PUBLICATIONS Corporation

ISSN
2575-0135

*Address for Correspondence: Magdalena
Arasimowicz-Jelonek, Department of Plant
Ecophysiology, Adam Mickiewicz University,
Umultowska 89, 61-614 Poznan, Poland, Email:
arasim@amu.edu.pl

Submitted: 09 January 2017
Approved: 27 February 2017
Published: 03 March 2017

Copyright: @ 2017 Arasimowicz-Jelonek M,

et al. This is an open access article distributed
under the Creative Commons Attribution License,
which permits unrestricted use, distribution,

and reproduction in any medium, provided the
original work is properly cited.

Research Article

The Effects of Pharmacological
Carbonic Anhydrase Suppression on
Defence Responses of Potato Leaves
To Phytophthora Infestans

Jolanta Floryszak-Wieczorek' and Magdalena Arasimowicz-
Jelonek?*

'Department of Plant Physiology, Poznan University of Life Sciences, Wolynska 35, 60-637
Poznan, Poland
2Department of Plant Ecophysiology, Adam Mickiewicz University, Umultowska 89, 61-614
Poznan, Poland

SUMMARY

In this study we proposed carbonic anhydrase (CA) as an important element of basal resistance
during the potato (Solanum tuberosum L.)-Phytophthora infestans interaction. We found a different
B-CA expression pattern in incompatible vs. compatible systems correlated in time with CA enzyme
activity. Resistant potato leaves supplied with dorzolamide (an inhibitor of carbonate CA activity)
and challenged with the pathogen showed an elevated nitric oxide (NO) synthesis, which was the
most evident during the early phase of NO burst (at 3 hpi) during hypersensitive response (HR).
In vitro application of dorzolamide and effective inhibitors of NO synthesis confirmed the implication of CA
activity in NO metabolism during potato defense. To clarify how suppression of CA carbonate activity translates
into the complexity of NO-related responses leading to potato resistance or susceptibility to an oomycete
pathogen we analysed expression of NPR, PR1, and PAL.

Taken together, pharmacological damping of CA activity revealed a functional link between CA and NO-
dependent signaling in potato defense against P. infestans manifested by accelerated NO formation and a
modified salicylic acid defense pathway. The dorzolamide-mediated effective responses for basal resistance
also delayed symptoms of late blight in the susceptible potato cultivar, without overcoming HR formation in the
resistant one.

INTRODUCTION

Carbonic anhydrases (CAs; EC 4.2.1.1) are ubiquitous metalloenzymes including
zincligands that catalyze CO, and HCO,™ interconvertion. Plants have three types of CAs:
a-, B- and y-type CAs, which are expressed in various tissues and cell compartments
[1]. In plants, CAs are mostly widespread in the cytoplasm, chloroplast stroma and in
mitochondria [2]. Carbonic anhydrases play a key role in many physiological processes
of plants, including photosynthesis, respiration, CO, transport and electrolyte
secretion among others [1,3]. They belong to the most efficiently acting enzymes over
a very broad spectrum of acidity. It was found that CA participates in the regulation of
chloroplast pH and protects stroma enzymes against denaturation during rapid and
drastic changes under light conditions [4]. The most extensive study was devoted to
B-CA involvement in the CO, concentrating mechanism (CCM), which increases the
concentration of this gas in close proximity to Rubisco and consequently decreases
photorespiration [5].
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It was well documented that CAs are highly expressed in leaf tissues and can
represent up to 1-2% of soluble protein in a leaf [6]. Importantly, 3-CAs are prevalently
expressed CA genes in leaves [2] including BCA2 and BCA3 [7]. Apart from carbon
dioxide fixation, it has been documented that -CAs may contribute to plants’ survival
under abiotic stress conditions [8,9]. Unfortunately, due to a lack of in-depth studies
the role of 3-CA isoforms in plant adaptation to salts or osmotic stresses [10] and an
engagement of this ubiquitous enzyme in plant defense against biotic factors are not
well-defined either.

So far, it is known that in the immune response of plants to pathogens carbonic
anhydrase plays a very important role, constituting a salicylic acid (SA) binding
protein 3-SABP3 [11]. Interestingly, the used acetazolamide (a known CA inhibitor)
inhibited the in vitro CA carbonate activity of this enzyme and in this way it showed
that SA binding and CA enzymatic activity act independently. In turn, silencing of CA
gene expression in tobacco leaves suppressed avr Pseudomonas syringae mediated
hypersensitive response (HR) development. The SABP3 role has not been completely
clarified to date, being defined as an antioxidant one.

It has been documented in Arabidopsis thaliana that the SABP3 regulatory protein
undergoes a nitric oxide (NO)-mediated process of S-nitrosylation, resulting in strong
suppression of both CA and SA binding activities [12]. This dual inhibition of AtSABP3
abolished the HR type immune plant response, which could contribute to a negative
feedback loop modulating plant defense [12]. Interestingly, in the immune response of
animal cells it may not be excluded that the above mechanism may be an element of the
offensive strategy of the pathogen [13].

As we have documented in potato leaves, both CA and the StSABP2 isoform were
S-nitrosylation targets upon infection with the oomycete Phytophthora infestans [14].
Additionally, it is worth noting that the attachment of NO to the cysteine residue of
carbonic anhydrase was earlier found by [15] in healthy potato plants. Moreover,
[16]. Showed that in sunflower under high temperature the B-CA activity was
inhibited by a process of protein tyrosine (Tyr?°) nitration, another post-translational
modification provoked by reactive nitrogen species. Proteomic approaches to identify
tyrosine nitration of CA in Arabidopsis thaliana under physiological conditions and in
potato under pathophysiological conditions were also discussed by [17] and [13,14]
respectively.

Potato plastidic CA was shown to have a distinct expression pattern in the compatible
and the incompatible interactions after being challenged with P. infestans [18]. The
CA gene expression was strongly up-regulated at 6 to 24 h post inoculation (hpi) in
the incompatible response and interestingly, in the same time-period the CA gene was
down-regulated in the compatible interaction. Previously, it was proposed that CA
may participate in lipid biosynthesis [19], thus the strong inhibition of CA transcript
accumulation in the compatible system could have influenced suppression of genes
connected with the jasmonate-dependent pathway or lipid metabolism. Moreover,
using tobacco mutants with the silenced CA gene, [18] revealed disease progress,
indicating that suppression of CA increases susceptibility to oomycete pathogens.

The involvement of CAin the primed mobilization for more potent defense responses
to subsequent stress was earlier documented by our team using proteomic screening
(2D) and protein identification with mass spectrometry tools [20]. It means that primed
leaves of the susceptible potato cv. Bintje treated with the SAR inducers showed more
potent defense responses to subsequent P. infestans stress [21], correlated with a
periodical increase in CA protein expression [20]. Additionally, overlapping proteomic
changes between priming agents and the NO-donor (S-nitrosoglutathione) supplied to
leaves revealed another possible link between NO and CA that might lead to systemic
acquired resistance.
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In this context, published data concerning the possibility of NO synthesis by CA
revealed in mammals seemed to be interesting [22]. The discovery of the previously
unknown activity of CA consisted in the involvement of this enzyme in the reduction
of nitrites with the generation of NO, which in in vivo experiments resulted in an
induced vasodilation in aortic rings. When applying inhibitors of CA carbonate activity,
i.e. acetozolamide and dorzolamide, the above mentioned researchers obtained NO
generation from nitrites, both in relation to purified anhydrase (CAI and CAIl), and in
extracts from different animal tissues. Unfortunately, within the last years no other
research group has confirmed this new way of NO synthesis managed by CA.

To provide insight into the role of CA in plant defense responses which has not
been completely clarified so far, we used a pharmacological approach in the form of
dorzolamide (CA inhibitor) supplied into the potato leaf tissue. We analysed CA gene
expression at transcript and protein activity levels, early after P. infestans challenge
inoculation as well as NO generation and NO-mediated SA signaling defense in potato
avr resistance and vr susceptibility to P. infestans.

MATERIALS AND METHODS

Plant material

Two potato lines, Solanum tuberosum L., ‘Bintje’ (susceptible) and ‘Bzura’-resistant
to P. infestans, were derived from in vitro tissue culture and kept in sterile soil in a
phytochamber (16h/8 h: day/night; 180 pmol m= s™) at 18+1°C and 60% relative
humidity up to the stage of ten leaves.

Pathogen culture and inoculation with P. infestans

Phytophthora infestans (Mont.) de Bary (1.3.4.7.10.11,, isolate MP946), virulent
for ‘Bintje’ and avirulent for ‘Bzura’, was obtained from the Plant Breeding and
Acclimatization Institute, Research Division at Mlochdéw, Poland. Isolate MP946
triggered hypersensitive pointed cell death (HR) in the ‘Bzura’ genotype identified as
TUNEL-positive [23]. Potato plants were inoculated by spraying leaves with 5 ml of
the oomycete zoospore suspension at a concentration of 1.0x10° per 1 ml of water and
then were kept overnight at 100% relative humidity and 182C and afterwards they
were transferred to a growth chamber.

Assessment of disease index

The area affected by disease symptoms was assessed on potato leaves 4-6 days
after inoculation with P. infestans based on a scale from I to [V [24], which represented
the percentage of leaf area covered by late blight symptoms (I=1 to 5%; 11=6 to 30%;
[11=31 to 70%; IV=71 to 100%). Response of resistant ‘Bzura’ to avr P. infestans
inoculation was expressed as the % of leaves with HR lesions.

Pharmacological inhibition of CA activity

250 pM solution of dorzolamide was vacuum infiltrated to plant tissue with the
use of a 4 1 vacuum jar by placing detached leaves in a solution of the inhibitor. After
suction of the jar until -0.5 bar for 5 min, the stop valve was released. Further, leaves
were incubated by floating on the top of dorzolamide solution to minimize hypoxia.
After 24h leaves were transferred to an infection chamber and subjected to P. infestans
inoculation. In in vitro assays of NO generation, dorzolamide was added from a stock
solution to a final concentration of 250 uM.

Inhibition of NO-synthetizing enzymes

To determine in vitro NO generation routes, specific inhibitors of reductive and
oxidative NO sources were used, i.e. tungstate (TG), N_-Nitro-L-arginine methyl ester
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hydrochloride (L-NAME) and aminoguanidine (AG). To block NR activity, 0.1 mM
tungstate was used in in vitro assays. NOS-like routes of NO synthesis were affected by
the addition of 5 mM aminoguanidine (AG) with 5 mM L-NAME.

Measurement of nitric oxide emission

Fluorimetric assay: The FL-NO fluorescence in extracts of potato leaves after
inoculation was assayed spectrofluorimetrically using a selective nitric oxide sensor
(CuFL) [25]. The copper-complex of FL (2-{2-Chloro-6-hydroxy-5-[2-methylquinolin-
8-ylamino) methyl]-3-oxo-3H-xanthen-9-1} benzoic acid) was prepared as 1 mM
water stock solution according to the manufacturer’s instructions (Strem Chemicals).
Leaf tissue (500 mg of fresh weight) was homogenized in 2 ml of 10 mM potassium-
phosphate buffer (pH 7.0). The extract was centrifuged at 21,000xg for 30 min at
4°C. Then, 100pl of supernatant were immediately used for NO assay by adding CuFL
to the final concentration of 2uM. Fluorescence intensity was determined with the
Fluorescence Spectrometer Perkin Elmer LS50B (UK) using 488 nm and 516 nm for
excitation and emission, respectively. Each value was expressed as NO-FL fluorescence
intensity [Intxg! FW].

Chemiluminescence assay: The generation of NO was also measured by
chemiluminescence assay as described by [22] with use of a Sievers® Nitric Oxide
Analyzer NOA 280i (GE Analytical Instruments, USA). Leaf tissue (250 mg fresh
weight) was homogenized in 2 ml of 10 mM potassium-phosphate buffer (pH 7.2). The
extract was centrifuged at 10,000xg for 30 min at 4°C. Then, 400 pl of supernatant
were immediately added to 8 mL of 10 mM potassium-phosphate buffer (pH 7.2) with
300 pl of an antifoam agent (30:1, v:v, Sigma-Aldrich) by injection to purge the vessel.
The constant flow of nitrogen gas mixed the reaction mixture and released produced
NO to the gas phase to be detected by the NO analyser. Successive injections of nitrite
doses as well as NR and CA inhibitors were conducted without disturbing the assay
conditions. Generation of NO was monitored in a real-time manner and was expressed
asmV.

Electrochemical assay: The generation of NO was monitored with a PGSTAT
30 universal electrochemical analyser (EcoChemie, Utrecht, and the Netherlands)
according to the method proposed by [26]. NO generation in the leaf extract was
monitored by differential pulse amperometry with an NO selective needle-type
electrode prepared as described by [27]. The electrochemical measurement was
performed with the use of differential pulse voltammetry.

Carbonic anhydrase activity

The activity of carbonic anhydrase was determined by a modified Wilbur-Anderson
assay [28]. Leaf tissue (250 pg of fresh weight) was ground in liquid nitrogen and
homogenized with 2 ml of 50 mM HEPES buffer (pH 7.5), containing 10 mM DTT, 0.5
mM EDTA and 0.1% Triton X-100 (v/v) and 10% glycerol (v/v). Homogenates were
centrifuged at 15000xg for 30 min. Obtained supernatants were used directly for CA
measurements. Enzymatic activity was determined following the time-dependent
decrease in pH from 8.3 to 7.45 at 0 to 1°C. Supernatant volume (25 pl) was added
to 2 ml of 0.025 mM Tris-HCI buffer (pH 8.3). Then, 1 ml of CO,_-saturated distilled
H,0 was added to the assay (approx. 76 mM, 0-1°C). The reaction mixture was
stirred constantly in a 3-ml cuvette and the decrease of pH was monitored with a pH
microelectrode (HI108312, Hanna instruments). The units (U) of enzyme activity were
calculated according to the equation U=10x (T-T)/T,, where T and T, represent the
time required to reduce pH from 8.3 to 7.45 with and without the enzymatic extract,
respectively. Enzyme activity was expressed as Uxmg-1 protein. Protein content was
determined using the Bradford reagent.
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Gene expression measurements

The RNA was isolated from 150 mg of frozen leaf tissue using TriReagent® (Sigma)
according to the method of [29]. The obtained RNA was purified with the use of a
Deoxyribonuclease I Kit (Sigma). For the reverse transcription 1 ul of RNA from every
experimental variant was processed with a RevertAid™ Reverse Transcriptase Kit
(Thermo Scientific) according to the manufacturer’s instructions. Real-time PCR was
performed on a Rotor Gene 6000 Thermocycler (Corbett Life Sciences). The reaction
mixture contained 0.1 pM of each primer, 1ul of 5x diluted cDNA, 10 pl of the Power
SYBR® Green PCR Master mix (Applied Biosystems) and DEPC-treated water to the
total volume of 20 pl. The real-time PCR reaction conditions included an initial 5-min
denaturation at 95°C, followed by 55 cycles consisting of 10 s at 95°C, 20 s at 53°C and
30 s at 72°C. Primers for genes (CA, PR1, NPR1, and PAL) transcript accumulation are
presented in the Table 1. The data were normalized to the reference genes encoding
the elongation factor and 18S rRNA. All used primers were designed using Primer-
BLAST [30]. The C, values were determined with the use of a Real-time PCR Miner [31]
and the relative gene expression was calculated with the use of efficiency corrected
calculation models presented by [32].

The influence of dorzolamide on P. infestans

To test the effect of dorzolamide on P. infestans mycelium growth, a standard pea-
agar medium was prepared with four wells excised from the medium and then filled
with the following DA concentrations: 25 pM, 250 pM and 2.5mM. After 2-week-growth
under standard conditions, the area of P. infestans mycelium was photographed and
assessed using the Image] software.

Statistical analysis

All results were based on at least three independent experiments, each with at
least three biological replicates. Analysis of variance was conducted and the least
significant differences (LSD) between means were determined using Tukey’s test
at the significance level P=0.05. The SigmaPlot 11.0 software (Systat) was used to
perform statistical tests.

RESULTS
Involvement of CA in potato response to the oomycete pathogen

In line with previous reports [33,34] our results suggest that the following hours of
the first day after inoculation are critical for HR execution or its attenuation in potato-P.
infestans interaction. Because the CArole in resistance has not been completely clarified
so far, we analysed CA gene expression at transcript and protein activity levels early
after P. infestans challenge inoculation.

Theavirulentrace ofthe pathogen did notelicitincreased CA transcriptaccumulation

Table 1: Primers used in real-time PCR reactions.

Gene accession number in NCBI database Gene Primers
Forward: ATCCTACGATCAGGCCATTG
XM_006365173.1 cA Reverse: AAAGCCAGCTTTCATGTGCT
Forward: TGGAGCCTACGCTCTTCATT
AY615281.1 NPR-1 Reverse: TGATTGAGGGTTCCTTACGC
NM_001247429.1 PR-1 Forward: GAGCTGGGGACTGCAGGATGC

Reverse: CCGCGTTGAGCTGGGGGAAA
Forward: TGCAAGAGCTGGTGGTGTGAAA

X63103 FAL Reverse: AAGAGCACCACCATTTTTGG
Forward: GGGCATTCGTATTTCATAGTCAGAG
X67233 UF RNA Reverse: CGGTTCTTGATTAATGAAAACATCCT
ABO61263 efla Forward: ATTGGAAACGGATATGCTCCA

Reverse: TCCTTACCTGAACGCCTGTCA
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until 6hpi. Marked up-regulation of this gene (above 3-fold increase) was noted at
6hpi, then in the successive hours the CA transcript level slowly declined. However,
at 48 hpi it was consequently higher than in uninfected potato leaves (Figure 1a). In
contrast to the resistant response, in the vr P. infestans-potato interaction the CA gene
expression systematically increased from 1 to 6 hpi and in the following hours it was
significantly suppressed (Figure 1a). It is noteworthy that at 6hpi the most enhanced
CA mRNA level was similar in both genotypes (Figure 1a). Dorzolamide application
prior to inoculation strongly inhibited CA (up to approx.80%) at the transcript level in
both potato genotypes in comparison to the P. infestans inoculated plants (Figure 1b,c).

CA enzyme activity was constitutively almost two-fold lower in the resistant
genotype than the susceptible one (Figure 1d). Potato leaves challenge-inoculated with
the avirulent pathogen showed an increase in CA activity from 6 to 24 hpi, followed
by a decrease at 48hpi. In turn, vr P. infestans provoked an enhanced CA activity at

a) B) ¥ g, ikt

[

d) e)

|

L]

1 I

n

Figure 1: Carbonic anhydrase (CA) at the level of gene transcript accumulation a) in resistant and susceptible
genotypes subjected to inoculation in relation to mock-inoculated controls, b) in resistant and c) in susceptible
leaves pretreated with dorzolamide (DA) 24 h prior to inoculation with P. infestans and then related to inoculated
controls; at the level of CA protein activity d) in resistant and susceptible genotypes inoculated with P. infestans, e,
f) an inhibition of CA activity with the use of DA. a, d) * significantly different from mock-inoculated potato leaves;
b, c, e, f) * significantly different from P. infestans inoculated potato leaves, P<0.05. Values represent the average
of data +SD of three independent experiments..
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Figure 2: Nitric oxide generation in potato leaves of a) resistant and b) susceptible genotype treated with
dorzolamide (DA) and/or challenge inoculated (P.i.). * Significantly different from inoculated potato leaves, P<0.05.
Values represent the average of data +SD of at least three independent experiments.
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1-24hpi; however, it was subsequently decreased after 6hpi (Figure 1d). Pretreatment
with DA prior to inoculation effectively inhibited carbonate CA activity within the first
6 hpi in both potato cultivars (Figure 1e,f).

Dorzolamide accelerates NO signal generation in potato

A biphasic NO formation was recently found by our team in avr P. infestans
inoculated resistant potato [35]. Applied dorzolamide as a CA inhibitor only slightly
and temporary increased NO production (until 6 h) in healthy leaf tissue (Figure 2). In
turn, resistant potato leaves supplied with the CA inhibitor and then challenged with
the pathogen showed an elevated NO synthesis with the same intensity and kinetics of
its emission as in avr P. infestans/resistant potato leaves (Figure 2a). DA pretreatment
of susceptible potato revealed also significant changes in the NO status during the first
3 hpi (Figure 2b).

Impact of dorzolamide and effective inhibitors of NO synthesis on the early
NO burst during HR response

Since we found that suppression of carbonate CA activity by DA significantly
accelerated NO formation during the resistant response we tried to answer the
question whether and if so, CA is implicated in NO metabolism in potato response to avr
P. infestans. To this aim we measured NO production at 3hpi during HR response after
application of different inhibitors of NO synthesis. First NO production was analysed
in vitro using an NO-dependent fluorochrome Cu-FL in the presence of the following
inhibitors: dorzolamide (DA), tungstate (TG) and aminoguanidine (AG) with L-NAME
used either separately or jointly (Figure 3). Dorzolamide enhanced NO generation
in both mock-inoculated and avr P. infestans inoculated leaf extracts by ca. 7% and
16%, respectively. In turn, NO-FL fluorescence (in avr inoculated leaves) was strongly
suppressed by a combination of DA and tungstate (52%), as well as less strongly by
DA and AG with L-NAME (38%) when compared with avr inoculated leaves without
an inhibitor. To further determine whether nitrite could play an essential role in NO
biosynthesis, the avr inoculated potato leaf extract (at 3 hpi) containing a specific
inhibitor was supplied with 100 uM NO," (Figure 3). Supplementation of the inoculated
leaf extract with DA and exogenous nitrite showed an enhanced NO production (25%).
Surprisingly, NO-dependent fluorescence was the most intensive when the analysed
solution, in addition to DA and nitrite, contained also TG, an inhibitor of nitrate
reductase (an increase by ca. 36% in comparison to avr inoculated leaves).

DA/ P inf. | AG | L-NAME 2777777 |
DA/ P inf. I TG / nitrite W%’%W%’W/%’”/%?/ﬂﬁW/4”%W
DA/ P inf 1 TG D
DA/ P inf / nitrite %’///%W,W/////////Wf
P inf. —
DA/ mock-inoculated [N |

mock-inoculated

0 20 40 60 80 100 120 140 160
NO-FL fluorescence [%]

Figure 3: Nitric oxide generation in mock-inoculated (control) and inoculated resistant potato leaves (at 3 hpi)
analyzed in vitro with the following inhibitors: 0.1 mM Na,WO, (TG), 5mM L-NAME with 5 mM AG or 250uM DA, used
separately or in combination; NO emission was also monitored in medium supplied with 100 uM NO, plus TG or
deprived of it. Values represent the average of data +SD of at least three independent experiments.
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To further verify if the observed suppression of the CA carbonate activity pattern
correlated in time with the enhanced generation of NO (at 3hpi) in the host reply to
the pathogen we applied additional supersensitive NO detection tools (NO-specific
microelectrode and chemiluminescence analyser - Sievers Nitric Oxide Analyzer NOA

a)

Currant [A]

b)

NO generation [Int]

12
g

Real-time NO detection [mV]

4e-9

2e-9

109 l l

40

Time [min]

25 4

20

L-NAME

DA

150

15

Time [min]

DA

NO; |

6

Time [min]

Figure 4: Nitric oxide generation in extract of avr inoculated potato (Solanum tuberosum L.) leaves at 3 hpi. a)
NO assayed with the use of the electrochemical approach and NO-selective microelectrode; b) NO determined
fluorimetrically with the use of fluorochrome CuFL;c) NO determined by chemiluminescence method with Sievers
Nitric Oxide Analyzer NOA 280i. NO detection was performed after addition of plant extract (E) and following
reagents: 100pM NO,’, 250pM dorzolamide (DA), 0.1mM tungstate (TG) and 5 mM N_-Nitro-L-arginine methyl ester
hydrochloride (L-NAME). At least three independent experiments were conducted; arrows indicate the point of

adding the reagent.
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280i), which were used by [22], the authors of a pioneering report on NO generation
managed by CA in mammals. Considering the structural similarity between bicarbonate
and nitrite, the above-mentioned authors documented that CA used nitrite as a
substrate to produce NO under normoxic conditions in response to the inhibition of
carbonate CA activity by acetazolamide or dorzolamide.

Obtained data revealed that the sequential treatment of potato leaf extracts with
NR and/or NOS-like activity inhibitors (TG and L-NAME) followed by nitrite (100 uM
KNO,) resulted in a relatively low level of NO generation. In turn, when dorzolamide
(250 uM DA) was added to the reaction mixture, a much more intensive NO production
was observed in the extract obtained from avr P. infestans-inoculated leaves (Figure
4a-c).

Interestingly, gas-phase NO emission was higher in the leaf extract of avr resistant
(Figure Suppl. 1a) rather than vr susceptible (Figure Suppl. 1b) plants in the presence
of tungstate, nitrite and DA, respectively. No signal was observed when the solution
contained only increased levels of nitrite (Figure Suppl. 1c).

The effects of pharmacological CA suppression on SA-dependent defence

Quantitative real-time RT-PCR was performed to analyse expression levels of NPR1,
PR-1, and PAL genes upon inoculation, in order to better clarify how CA suppression
affected the NO mediated SA-signalling defence pathway in potato leaves.

Early up-regulation of NPR1 tuned with the PR1 gene expression was found in

a) resistant b) susceptible
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mock-noculated
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n

Figure 5: Accumulation of non-expresser of PR1 (NPR1) gene transcript a) in resistant and b) susceptible
genotypes subjected to inoculation or pre-treated with dorzolamide (DA) 24 h prior to inoculation with P. infestans
in relation to mock-inoculated controls. *Significantly different from inoculated potato leaves, P<0.05. Values
represent the average of data +SD of three independent experiments.

a) resistant b) susceptible

8
.

5 £ DAIP
4
3
2 ; :
1 - - 7
i o | [

1 3 5

hours after inoculaton [hpi] hours after moculation [hpij

o

PR ralative gane exprassion [fold]
PR1 relative gane axpression [fold]

2 5 g

24 48 1 3 [ 24 48

Figure 6: Accumulation of pathogenesis-related 1 (PR1) at the gene transcript level a) in resistant and b)
susceptible genotypes subjected to inoculation or pre-treated with dorzolamide (DA) 24 h prior to inoculation
with P. infestans in relation to mock-inoculated controls. * Significantly different from inoculated potato leaves,
P<0.05. Values represent the average of data +SD of three independent experiments.
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resistant potato (Figure 5,6), while an effective CA inhibitor treatment visibly blocked
NPR1 and PR1 mRNA transcript accumulation in the following hours after avr
pathogen inoculation, except for 6 hpi, when a temporary increase of these parameters
was observed. In contrast to the resistant response, in the susceptible one a late over
expression (24-48hpi) of NPR and PR1 gene expression was noted. Moreover, DA
supply enhanced the NPR1 mRNA level at 1 to 6hpi, but without affecting PR1 gene
expression.

In both types of interaction, PAL expression increased in the following time points
after inoculation (Figure 7). The application of the CA inhibitor did not modify mRNA
coding for PAL in the resistant response of potato to avr P. infestans (Figure 7a). It is
worth stressing that in the susceptible potato, sequentially treated with dorzolamide
and then challenge-inoculated with vr P. infestans, a drastically up-regulated PAL
expression (even 7-fold) was recorded at 1-48hpi as compared to infected DA non-
treated leaves (Figure 7b).

Inhibition of CA activity and potato resistance to P. infestans

No significant differences in disease progress were observed when potato leaves
were infiltrated with DA and then inoculated with the avr pathogen as opposed to
the avr P. infestans-potato system without a CA inhibitor (Figure 8b). The rate of

a) resistant b) susceptible
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Figure 7: Accumulation of phenylalanine ammonia-lyase (PAL) gene transcript a) in resistant and b) susceptible
genotypes subjected to inoculation or pre-treated with dorzolamide (DA) 24 h prior to inoculation with P. infestans
in relation to mock-inoculated controls. *Significantly different from inoculated potato leaves, P<0.05. Values
represent the average of data + SD of three independent experiments.
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independent experiments were performed.
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growth and the number of late blight HR-like spots were considerably similar in both
treatments, so CA suppression did not modify disease development in the incompatible
interaction.

In turn, experiments revealed a slow rate of late blight symptom development
when leaves of the susceptible potato were first supplied with the CA inhibitor and
then inoculated (Figure 8a). This means that pre-exposure of susceptible potato to DA
and a subsequent challenge inoculation caused disease limitation, resulting in approx.
30 and 50% reduction of disease spots at the 4" and 5% day after P. infestans treatment,
respectively. Less pronounced quantitative differences between these experimental
combinations were found at the later days upon oomycete invasion of the susceptible
potato leaf tissue.

Additionally, we observed that different concentrations of dorzolamide did not
affect the mycelium growth of P. infestans on the solidified nutrient medium (Suppl.
Figure 2).

DISCUSSION

Although most research on the ubiquitous enzyme CA has highlighted its significant
role in CO, fixation, it is becoming increasingly likely that CA isoforms also have diverse
unexplored functions in plant cells. To investigate the role of CA in plant adjustment
to biotic stress we adopted a pharmacological approach using dorzolamide as an
inhibitor of carbonate CA activity. At the beginning we found various profiles of CA
gene expression differentiating compatible and incompatible response of potato leaves
to P. infestans, in line with the results of [18]. Obtained data revealed a two-fold higher
level of constitutive CA activity and an enhanced level of CA expression from 1 to 6 hpi
in the compatible interaction to the pathogen. In the following hpi mRNA for the CA
transcript drastically decreased, in contrast to the HR resistance response, where CA
gene expression peaked at 6 hpi to decrease in the following hours (24-72 hpi). In turn,
studies of [18] showed a strong inhibition of CA at 24-48hpi and its recovery at 72hpi
in the incompatible interaction to P. infestans.

It should be noted that there are still conflicting data with reference to the observed
up- or down-regulation of CA and its involvement in plant response to the pathogen. It
is dominated by reports on CA gene repression, e.g. in Arabidopsis in the incompatible
response to Alternaria brassicicola or after treatment with SA, M] or ethylene [36], in
tomato plants supplied with a fungal toxin fusicoccin [37] or in a susceptible cultivar
of grapevine infected with Plasmopara viticola [38]. The observed discrepancy in the
clarification of gene expression with functional activities of CA is frequently ascribed to
different plant-pathogen systems, depending on the biology of the pathogen, time after
inoculation, duration of other stress treatments, the type of resistance (R-resistance,
basal resistance or SAR resistance), or the applied molecular technique of gene
expression analysis.

Nitric oxide is an important signalling molecule engaged in various plant responses
to developmental and stress stimuli [39]. As we recently found, the endogenous NO
level in potato leaves displayed a time-dependent increase during HR response. The
NO emission was biphasic in character, with an early strong rise at 3 hpi and a weaker
one at 24 hpi. The first transient phase of NO overproduction seems to be important in
the determination of the resistant response to the avr pathogen [35]. A similar pattern
of NO overproduction with the first higher peak of NO recorded at 1 hpi and the
second weaker at 6-8 hpi was observed in a soybean cell suspension treated with avr
P. syringae [40]. A biphasic NO generation was also reported in wheat and Arabidopsis
[41,42] under osmotic stress. According to the authors, the early stress-induced NO
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generation might play a significant role in the process of plant acclimation to stress
conditions.

In the present study we found that suppression of carbonate CA activity in potato
leaves supplied with dorzolamid accelerates NO generation early after avr P. infestans
inoculation, while it is less pronounced during the potato-vr P. infestans interaction.
This result presents a new, functional link between CA and NO in potato leaf resistance
to P. infestans. As we earlier indicated, NO might dually adjust CA activity either by a
reversible attachment of NO to the cysteine residue of CA or by an irreversible tyrosine
nitration of CA protein [13,14].

Although NR is the most considerable pathway of NO generation in plants, there
is a growing body of evidence that nitrites might be converted into NO also via the
NR-independent route. The possibility of NO synthesis from nitrite managed by CA in
the presence of dorzolamide was documented before by [22] in mammals. Notably,
it is presented in our study that the avr inoculated potato leaf extract (at 3hpi)
supplemented in vitro with dorzolamide and 50 uM nitrite emitted over 25% more NO
than the avr infected one. However, the most intensive NO-dependent fluorescence,
greater by ca. 36% in comparison to avr inoculated leaves, was recorded in the extract
containing dorzolamide and nitrite and TG (Figure 3).

Another experimental approach using supersensitive electrochemical, fluorometric
and chemiluminescence techniques showed that the potato extract from the resistant
genotype (3hpi) treated with tungstate in the presence of nitrite restored NO emission,
but after an addition of dorzolamide NO production significantly increased. Moreover,
the potato extract derived from the resistant genotype (3hpi) showed a much more
intensive NO emission than that from the susceptible one (3hpi) (Figure Suppl. S1).
Obtained data, however, require further detailed studies providing more conclusive
evidence for CA-dependent or independent NO production from nitrite in potato. It
should be noted that we approach this finding with great caution, the more so because
Arabidopsis recombinant protein at fCA1, having CA activity, was unable to convert
nitrite to NO [43]; however, the cited poster presentation did not show the presence of
any CA inhibitor in the tested buffer with recombinant protein.

The current lack of irrefutable data on CA ability to promote NO biosynthesis
does not exclude a functional link between NO and CA in potato leaf resistance to
Phytophthora infestans. It was documented that silencing of CA gene expression in
Nicotiana benthamiana suppressed avr Pseudomonas syringae mediated HR in leaves
[11] and increased susceptibility to P. infestans [18]. Based on this statement we
examined how dorzolamide as an effective inhibitor of carbonate CA activity, but not
SA-binding activity [11], affected NO-related defence responses to P. infestans. This set
of experiments revealed that the used inhibitor of CA activity reduced the expression
of host defence genes, i.e. NPR1, PR1 and PAL, at all time-points upon inoculation
without overcoming HR formation during the incompatible interaction. In turn, in the
susceptible potato leaves the suppression of CA activity effectively delayed symptoms
of late blight disease. The limitation of cell death observed after inoculation with vr P.
infestans correlated with an early and slight up-regulation of NPR1 gene expression
and with an extending enrichment of mRNA coding for PAL. In general, the obtained
data suggest that a decline of CA carbonate activity modified the SA-signalling pathway,
thus facilitating effective basal resistance responses to the oomycete pathogen.

The results of this paper and other published data may be summarised to argue
that the major role for cytosolic CA remains to be clarified. Considering the fact that
although CA was mainly located in the chloroplast (87% of total cellular activity), a
significant activity (13%) was found in the cytosol [44]. According to the above-
mentioned authors, if we take into account the volume of each compartment,
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estimated subcellular volumes occupied by the stroma and cytosol representing 9.5%
and 3.4% of the mesophyll cell capacity, respectively [45], the CA concentration in the
chloroplast would be about twofold higher than in the cytosol. Although both potato CA
isoenzymes exhibited immunological similarity, cytosolic isoforms were differentially
regulated by light and it might suggest another physiological role for the cytosolic CA
than in photosynthesis.

Summing up, presented results have revealed non photosynthetic functions of
CA isoforms in plant adjustment to biotic stress. The potato resistant response was
accompanied by a relatively late and transient induction of CA activity, whereas the
susceptible one revealed a significantly increased enzyme activity starting from the
1%h of disease progress. However, the early suppression of CA carbonate activity by
dorzolamide accelerated NO emission and NO-mediated defense responses, including
induction of SA-signaling pathway. Thus, the sequence of events facilitating effective
responses for basal resistance to vr P. infestans was governed by an enhanced NO
status in potato leaves. What is more, in vitro application of DA and effective inhibitors
of NO synthesis confirmed the implication of CA in NO synthesis during potato defense
responses. Although NO emission in the presence of dorzolamide was independently
monitored in potato using an NO-specific microelectrode, a fluorescent probe copper-
complex and an NO-chemiluminescence detector, there is a risk that dorzolamide
has also affected other, unknown NO synthesis pathways. Therefore, in the future an
integrated genetic and pharmacological approach will be needed to investigate the
role of CA activities, particularly those tuned with NO-mediated resistance in potato.
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