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According  to microscopic  observations,  germinating  hyphae  of  Botrytis  cinerea,  though  easily  penetrating
Mesembryanthemum  crystallinum  mesophyll  tissue,  are  limited  in growth  in  mid-ribs  and  only  occasion-
ally  reach  vascular  bundles.  In  mid-ribs  of  C3 and  CAM  leaves,  we found  significantly  lower  rbcL  (large
RubisCO  subunit)  abundance.  Moreover,  in CAM  leaves,  minute  transcript  contents  for  pepc1  (phos-
phoenolpyruvate  carboxylase)  and nadpme1  (malic  enzyme)  genes  found  in  the mid-ribs  suggest  that
they  perform  �-carboxylation  at a  low  rate.  The  gene  of  the  main  H2O2-scavenging  enzyme,  catL  (cata-
lase),  showed  lower  expression  in  C3 mid-rib  parts  in  comparison  to mesophyll.  This  allows  maintenance
of  higher  H2O2 quantities  in mid-rib  parts.  In  C3 leaves,  pathogen  infection  does  not  impact  photosynthe-
sis.  However,  in  CAM  plants,  the  expression  profiles  of rbcL  and  nadpme1  were  similar  under  biotic  stress,
with  transcript  down-regulation  in  mid-ribs  and  up-regulation  in mesophyll  (however,  in case  of  rbcL

not  significant).  After B. cinerea  infection  in C3 plants,  transcripts  for both  antioxidative  proteins  strongly
increased  in  mid-ribs,  but  not  in mesophyll.  In infected  CAM  plants,  a significant  transcript  increase  in
the  mesophyll  was  parallel  to its decrease  in  the  mid-rib  region  (however,  in  the  case of  catL  this  was  not
significant).  Pathogen  infection  modified  the  expression  of  carbon  and  ROS  metabolism  genes  in mid-ribs
and  mesophyll,  resulting  in the establishment  of successful  leaf  defense.

© 2015  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Communication among leaves, stems and roots is important for
ntegrating the whole plant response to stresses. Recently, the role
f the plant vascular system as an effective long-distance commu-
ication system involved in the integration of stress response was
roposed (Gorecka et al., 2015; Kocurek et al., 2015). The tissue
xposed to stress can initiate and transduce stress signals to distant
naffected plant parts (Karpinski et al., 1999; Szechyńska-Hebda
t al., 2010). In leaves, a layer of cells surrounding the leaf vascular
issue plays a significant role in a signal transduction between plant
rgans (Leegood 2008).
Plants performing �-carboxylation (C4, CAM) at a high rate
re often more resistant to different stresses,s including exoge-
ously applied oxidative stress compared to C3 plants (Miszalski

∗ Corresponding author. Fax: +48 12 425 18 44.

ttp://dx.doi.org/10.1016/j.jplph.2015.06.016
176-1617/© 2015 Elsevier GmbH. All rights reserved.
et al., 1997; Sage 2004). It is also worth noting that some �-
carboxylation-related enzymes, such as NADP-ME, are indicative
of the appearance of stress (Casati et al., 1999; Dodd et al., 2002;
Lüttge 2004).

Mesembryanthemum crystallinum L. (common ice plant) has
been a good model comparing C3 and �-carboxylating plants. In
our earlier studies, we  have shown higher sensitivity of C3 than
CAM-performing M. crystallinum plants to the necrotrophic fungus,
Botrytis cinerea (Kuźniak et al., 2010, 2011; Libik-Konieczny et al.,
2011). We  have also found that C3 and CAM plants respond to B.
cinerea with HR-like response, but fungal growth is more limited
in CAM-performing plants (Kuźniak et al., 2010). Our experimental
results on the M.  crystallinum–B. cinerea model system also point
out that plant resistance and HR-like (Hypersensitive Response)

´
lesions are related to H2O2 accumulation (Kuzniak et al., 2010).
Moreover, mechanisms regulating NADP-ME (NADP-dependent
malic enzyme) activity responded differently to pathogen infection
in C3- and CAM-performing plants (Libik-Konieczny et al., 2012).

dx.doi.org/10.1016/j.jplph.2015.06.016
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.com/locate/jplph
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jplph.2015.06.016&domain=pdf
dx.doi.org/10.1016/j.jplph.2015.06.016
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In earlier studies, we have found that M. crystallinum vascu-
ar bundles accumulating high concentrations of malate (Ślesak
t al., 2008) limit the growth of B. cinerea and Pseudomonas syringae
Kuźniak et al., 2010; Libik-Konieczny et al., 2011). Moreover, mes-
phyll and mid-ribs (veinal tissues) differed in the activity and
ontent of agents involved in stress protection (Ślesak et al., 2008).
o dissect whether the metabolic profile of leaf cells may  determine
heir response to pathogen infection, we analyzed the expression
f genes related to carbon metabolism [rbcL (large RubisCO sub-
nit), pepc1 (phosphoenolpyruvate carboxylase), nadpme (malic
nzymes)] and control of reactive oxygen species [catL (catalase),
APX1 (cytosolic ascorbate peroxidase)] in mesophyll cells and mid-
ibs of M.  crystallinum leaves infected by B. cinerea, as well some
hotochemical parameters.

. Material and methods

.1. Plant material

Common ice plants (M.  crystallinum) were grown from
eeds in a pot culture in a greenhouse under irradiance
f 200–400 �mol  quanta m−2 s−1 (PAR), photoperiod 16/8 h
day/night), temperature 27–29/17 ◦C and 50/80% relative humid-
ty (RH). CAM was confirmed in NaCl-treated plants by estimation
f diurnal �malate (diurnal malate fluctuations in the range of
0–15 mM)  in the leaf cell sap with a reflectometer (RQflex 10,
erck®), according to the manufacturer’s instruction.

.2. Pathogen

The inoculation suspension was prepared according to the
rocedure previously described by Kuźniak et al. (2010). Inocu-

ated plants were cultivated/grown under greenhouse conditions
escribed above. To minimize the possible interference with the
aytime fluctuations of CAM metabolism the plants were inocu-

ated at 12:00 p.m. (phase III of CAM). All analyses were performed
8 h post-inoculation (hpi).

.3. Gene expression analysis

Total RNA was extracted from M.  crystallinum leaves frozen in
iquid nitrogen with the Bio-rad (US) Aurum Total RNA isolation kit
ccording to the manufacturer’s instructions. Reverse transcription
as carried out with 500 ng of total DNAse (DNA free kit, Ambion
ioscience US) treated RNA with iScript cDNA synthesis kit (Bio-rad,
S).

For qPCR, probes were labeled with the EVAGreen (Sso-
astEvaGreenSupermix, Bio-rad, US) fluorescent dye. For a
ingle reaction 0.5 �l of cDNA and 150 nM of gene specific
rimers were used. To test amplification specificity a dissocia-
ion curve was acquired by heating samples from 60 ◦C to 95 ◦C.
s house-keeping reference polyubiquitin (gi|327492448) was
sed. Left primer sequence: GCACCTTGGCTGACTACAAT, right
rimer sequence: ACCGAGTTCATCCAAACTCC. The following
tarter sequences were used: rbcL (gi|340511649) L: AGTATG-
CCGTCCCCTATTG, R: TGATTTCACCTGTTTCGGCC, leaf catalase

catL) (gi|3202031) L: ACGCTCTTTCTGATCCTCGT, R: TTTCTGC-
ATGCTGTTTCTC, pepc1 (TC8857) L: ACGCACCTGGGCATTGGGTC,
:AGGGCCAAACAAAGGGCGCT, NADP-MDH (TC4960) L: TCCT-
AACCAGCCGATCTT, R: TCTTCACAGTGGAAGCACAGA, cAPX1

gi|4835908) L: TGCTTTCTTCCGTGACTACG, R: TAGCTCAGGATGAC-
ACAGC

Reaction efficiency was tested by serial dilutions of cDNAs with
ene specific primers. All samples were run in triplicates.
ysiology 185 (2015) 52–56 53

2.4. Chlorophyll fluorescence

Chlorophyll fluorescence measurements were performed 48 h
post-inoculation (hpi) using Dual-PAM-100 (P700 & Chlorophyll
Fluorescence Measuring System, Walz Mess- und Regeltechnik,
Germany) according to the manual.

2.5. Carbon isotope analysis in organic samples

Frozen pooled samples made of leaf tissue of 5 plants were oven
dried for 24 h at 105 ◦C before being ground to fine powder for iso-
topic analysis. Isotope ratio measurements of (13C discrimination)
were performed on a Finnigan MAT  253 Mass Spectrometer coupled
with a Flash HT Elemental Analyzer in continuous flow mode.

2.6. Microscopic analysis

Hand-cut leaf cross sections were stained with 0.1% aniline blue
in 1 M glycine, adjusted with NaOH to pH 9.4 up to 5 min. The sec-
tions were analyzed in 0.1 M glycine buffer by light and fluorescent
microscopy using an Aristoplan epifluorescence microscope (Leica,
Wetzlar Germany, with UV Filter Block A, and Orthomat E camera
system).

2.7. Statistical analysis

The results were analyzed using Statistica 10 (Statsoft, USA)
statistical software. One-way ANOVA followed by Tukey’s HSD mul-
tiple range test were used to determine the individual treatment
effects at p ≤ 0.05.

3. Results

Observation of plant–pathogen interaction confirmed that the
pathogen spread was restricted to necrotic lesions. In our stud-
ies such lesions never embraced mid-rib parts. Growth of spores
germinating in close vicinity of mid-rib is usually restricted to the
bundle sheath (Fig 1B).

We analyzed the expression of genes related to carbon and
reactive oxygen species metabolism. All data were normalized in
relation to C3 plant mesophyll treated as control. In C3 plants
RubisCO, large subunit gene (rbcL) has shown significantly higher
transcript abundance in mesophyll than in mid-rib parts. Simi-
lar differences were observed in CAM-performing leaves (Fig. 2A).
Inoculation of leaf lamina induced no significant changes in C3
leaves. While in CAM plants the mesophyll rbcL transcript level
remained unchanged, a significant decrease was observed after
inoculation in mid-ribs.

In C3 plants, PEPC gene expression was found to be rela-
tively low in both mesophyll and mid-rib parts, and inoculation
induced no significant changes (Fig. 2B). The abundance of pepc1
transcripts found in CAM plants confirmed that they perform
�-carboxylation. Moreover, distinctively higher PEPC transcript
abundance was  found in mesophyll leaf parts. Infection signif-
icantly down-regulated the expression in both mesophyll and
mid-rib parts.

NADP-ME is involved in both photosynthesis and the stress
response. In C3 plants, the abundance of NADP-ME message was
relatively low and no substantial differences were shown between
mesophyll and mid-ribs. The nadpme1 transcript abundance did not
change significantly after infection (Fig. 2C). In CAM-performing

leaves, the expression of this gene was significantly higher, with
distinctive differences between mesophyll and mid-rib parts. After
infection, a significant increase and decrease of transcript abun-
dance in mesophyll and mid-rib parts, respectively, was observed.
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Fig. 1. Infection development in C3 leaf of Mesembryanthemum crystallinum colonized by Botrytis cinerea. Abaxial leaf side 4 days post infection (A). Cross section of mid-rib and
B.  cinerea development in fluorescence microscopy (B); Px—protoxylem; Mx—metaxylem; Ph—phloem; Col—collenchyma; Pa—parenchyma; Ch—chloroplasts; Hp—hyphae.
Scale  bar = 100 �m.

Table 1
13C discrimination in mesophyll (m)  and mid-rib (v) leaf parts of intact Mesem-
bryanthemum crystallinum plants performing C3 and CAM photosynthesis. Similar
tests were conducted 48 h post inoculation (hpi) of mesophyll with Botrytis cinerea
spores on the same leaf parts (mesophyll—m INF, mid-rib—v INF).

Leaf part ı13C (‰)

C3 CAM

m −31.29 (±0.01) −25.95 (±0.01)
v  −30.81 (±0.01) −26.98 (±0.01)
m  INF −31.01 (±0.01) −26.82 (±0.02)
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Table 2
Chlorophyll a fluorescence parameters measured in intact mesophyll (m) and
mid-rib (v) leaf parts of Mesembryanthemum crystallinum performing C3 and CAM
photosynthesis. Measurements were also performed 48 h post inoculation (hpi)
(phase III of CAM) of leaf lamina with Botrytis cinerea spores in the area of mesophyll
(m  INF) and mid-ribs (v INF). ETR(I) and (II)—electron transport rate of photosystem
I  and II; NPQ—non photochemical quenching; Y(I) and (II)—yield of photosystem I
and  II.

Leaf part ETR(I) ETR(II) Y(I) Y(II) NPQ

C3 m 21.6 a 14.9 a 0.872 a 0.832 ab 0.141 a
v  22.8 a 12.8 a 0.918 a 0.822 ab 0.105 a
m  INF 22.6 a 13.7 a 0.912 a 0.791 bc 0.139 a
v  INF 24.8 a 12.5 a 1.000 a 0.792 abc 0.100 a

CAM m  19.9 a 14.2 a 0.803 a 0.817 ab 0.161 a
v  23.5 a 17.0 a 0.948 a 0.835 ab 0.133 a
m  INF 19.7 a 12.8 a 0.796 a 0.768 c 0.213 a
v  INF 17.7 a 16.5 a 0.712 a 0.838 a 0.168 a

this may  be related to high H2O2 concentrations in vascular parts
v  INF −30.85 (±0.03) −26.87 (±0.02)

We  also quantified gene expression of proteins involved in
OS metabolism, catalase (catL) and cytosolic ascorbate peroxi-
ase (cAPX1) in particular. In C3 plants, mesophyll and mid-ribs
aried distinctly in respect to catL. Significantly lower transcript
bundance was found in the mid-rib parts (Fig. 3A). B. cinerea infec-
ion significantly changed catL transcript content. Expression of
atL was decreased in mesophyll cells and the opposite reaction
as shown for the mid-rib part. In CAM-performing plants, no

ignificant differences between mesophyll and mid-rib parts were
bserved. Infection induced a substantial increase in catL transcript
ontent in mesophyll and no significant changes in leaf mid-ribs
ere found.

We  found no significant differences between cAPX1 transcript
bundance in C3 mesophyll and mid-rib parts. B. cinerea did not
lter gene expression, however, it substantially increased transcript
bundance in the mid-rib parts. In CAM plants, significantly higher
APX1 gene transcript abundance was found in both leaf parts
Fig. 3B). Inoculation induced changes similar to those previously
escribed for nadpme1 and catL.

13C discrimination studies have shown significant differences
etween C3 and CAM plants. However, no distinctive differences

etween mesophyll and mid-rib leaf parts of both C3 and CAM
lants were found. Increase in 13C value documents that salt treated
xperimental plant had shifted to CAM (Table 1).
Data were subjected to two-way ANOVA (n = 2). Means within a column followed by
different letters are significantly different at P < 0.05 according to Tukey’s HSD test.

Using chlorophyll a fluorescence, we  estimated the photochem-
ical activity of PSI and PSII (Table 2). No significant differences
between mesophyll and mid-rib leaf parts were observed in the
effective quantum yield of PSII (Y(II)), photochemical quantum
yield PSI (Y(I)) or electron transport rates (ETR(I), ETR(II)) and non-
photochemical quenching (NPQ). Infection induced no significant
changes in C3, and CAM plants, with the exception of Y(II) in the
mesophyll of CAM leaves, where a significant decrease was  shown.

4. Discussion

According to Fig. 1, germinating hyphae of B. cinerea easily pene-
trate the mesophyll tissue. They are capable of reaching the bundle
sheath, but only occasionally invade the mid-ribs. We  suggest that
of both C3 and CAM plants, what beside tissue structure is prob-
ably the reason for restricted pathogen growth. Millimolar H2O2
concentrations can negatively affect B. cinerea growth, as were
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Fig. 2. Relative expression (RE) of photosynthetic genes, namely, large RubisCO sub-
unit (rbcL) (A) phosphoenolpyruvate carboxylase (pepc1) (B) and malic enzymes
(nadpme1) (C) in mesophyll (m)  and mid-rib (v) parts of intact Mesembryanthe-
mum crystallinum leaves. Gene transcript levels were evaluated in indicated leaf
parts (mesophyll—m INF, mid-rib—v INF) 48 h post inoculation (hpi) of leaf lamina
with Botrytis cinerea spores. All values were calculated with Livak’s procedure by
c
p
d

d
t
v
d

a
b
m
r
2
a
2
w
N
d
H

i

Fig. 3. Relative expression (RE) of antioxidative protein genes, namely, catalase
(catL)  (A) cytosolic ascorbate peroxidase (cAPX1) (B) in mesophyll (m)  and mid-rib
(v) parts of intact Mesembryanthemum crystallinum leaves. Gene transcript levels
were evaluated in indicated leaf parts (mesophyll—m INF, mid-rib—v INF) 48 h post
inoculation (hpi) of leaf lamina with Botrytis cinerea spores. All values were cal-
culated with Livak’s procedure by comparison to C3 mesophyll (value = 1.0). Bars
omparison with C3 mesophyll (value = 1.0). Bars represent mean values from 3 inde-
endent measurements. Different letters above bars indicate statistically significant
ifferences in relation to control at P ≤ 0,05according to Tukey’s (HSD) test.

escribed previously (Kuźniak et al., 2010). In line with this sugges-
ion, the hyphae of B. cinerea were sporadically found in the xylem
essels of M.  crystallinum leaves and exhibited clear symptoms of
egeneration (Gabara et al., 2012).

In previous experiments on M.  crystallinum we reported higher
ctivity of NADP-ME (malic enzyme) in veins than in mesophyll in
oth C3- and CAM-performing plants. We  proposed that the leaf
id-ribs accumulate high quantities of H2O2 serving as a H2O2

eservoir that is utilized in various stress responses (Ślesak et al.,
008). ROS derived from the oxidative burst are mainly gener-
ted by the NAPDH-dependent oxidase D homolog (Mittler et al.,
011). It is the initial signal at the site of stress, triggering a ROS
ave which activates various stress associated reactions. Activity of
ADP-ME in leaf mid-ribs can supply plasma-membrane NADPH-

ependent oxidases with cofactors, possibly leading to O2

•− and
2O2 generation.

In Nicotiana sp. (C3 plant) it was shown that carbon diox-
de is delivered as malate and released by decarboxylation (with
represent mean values from 3 independent measurements. Different letters above
bars indicate statistically significant differences in relation to control at P ≤ 0,05
according to Tukey’s test.

NADP-ME) within the xylem and phloem (Hibberd and Quick,
2002). To confirm this molecularly, we  analyzed the expression
of photosynthesis-associated genes, namely pepc1,  rbcL, nadp-me1.
Our studies have shown that not only in mid-rib parts, but also
in mesophyll of C3 M. crystallinum leaves, the transcript abun-
dance for both pepc1 and nadpme1 genes was significantly lower
when compared with the same leaf parts of CAM plants. This
indicates a different fixation mode of CO2 in C3 and CAM plants
what was confirmed with 13C discrimination (Table 1). This result
unequivocally excluded intensive �-carboxylation or decarboxy-
lation processes in mid-rib parts of C3 plant leaves. Additionally,
analysis of RubisCO’s large subunit gene expression revealed a sig-
nificant difference between mesophyll and mid-rib of C3 plants
probably emerging from the functional specificity of these leaf
parts.

For the majority of photosynthetic genes, successful fungal
infection results in a down-regulation of CO2-fixating enzymes
genes expression (RubisCO, PEPC) and photosystems I and II pro-
teins (Bilgin et al., 2010). In our experiments, unaffected RubisCO
expression in mesophyll of both C3 and CAM plants may  suggest
that infection remained under the control of the plants which were
able to sustain physiological rates of photosynthesis. It was con-
firmed with measurements of photochemical activity showing only
insignificant changes due to infection (Table 2). However, in inocu-
lated CAM-performing plants, mesophyll nadpme1 was  stimulated
and pepc1 inhibited. The latter result could support earlier observa-
tions suggesting inhibition of CAM-typical behavior due to infection

(Kuźniak et al., 2010).

In C3 plants we found distinctly lower abundance of cAPX1
(however, not significant) and peroxisomal catL in mid-rib parts
in comparison to mesophyll. Many studies confirmed that meso-
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hyll cells are better prepared for respiratory function than bundle
heath cells (Robertson et al., 1995; Koroleva et al., 2000). It was
lso found that mesophyll cells have higher intrinsic capacity for
hotorespiration (more abundant P subunit of glycine decarboxy-

ase) than bundle sheath cells (Tobin et al., 1991). All of these data
uggest intensified ROS generation, not only from mitochondrial
lectron transport, but also from photorespiration in the mesophyll.
n the other hand, both enzymes are potent H2O2 scavengers, thus,
ccording to our expectations, their low expression in leaf mid-rib
ay  support the concept of H2O2 reservoir in leaf veins.
In CAM plants infection of the lamina resulted in a signifi-

ant cAPX1 transcript increase in mesophyll and a simultaneous
ecrease in the mid-rib region. This result strongly indicates that
arbon metabolism affects the direction of changes in the antiox-
dative machinery. In the mesophyll we also found high transcript
evels of CAT. This was confirmed also on the level of protein activity
Libik-Konieczny et al., 2011). This allowed quick removal of ROS
n the closest vicinity of the invading pathogen. On the other hand,
ow transcript level in the mid-rib part allow maintenance of ele-
ated H2O2 concentration what refers to the mentioned function
f H2O2 in mid-ribs.

Changes observed for catL and cAPX1 transcripts in CAM plants
ere parallel to those in nadpme1 expression. All three pro-

eins may  be regarded as stress enzymes induced via similar
echanisms, establishing high H2O2 concentrations in mid-ribs

esponsible for generation of systemic signals (Mittler et al.,
004). In CAM plants, NADP-ME action is usually connected
ith photosynthesis and decarboxylation. However, its increased

xpression in inoculated mesophyll had probably a different phys-
ological meaning, especially when linked with parallel pepc1
own-regulation. Up-regulated NADP-ME may  suggest that the
nzyme is properly supplied with its substrate; it can be alterna-
ively supplied by the malate valve (Scheibe 2004) or from xylem
nd phloem (Hibberd and Quick, 2002). All of our results indicate
hat NADP-ME is a key enzyme required for establishing a local, as
ell as a systemic response to biotic stress.

. Conclusions

That the expression of the large subunit of RubisCO is not
ffected by infection with B. cinerea in C3 and CAM plants suggests
 sustained photosynthesis rate, while a parallel down-regulation
f pepc1 in CAM tissues suggests at least partial inhibition
f �-carboxylation. Up-regulation of NADP-ME expression upon
nfection confirms its essential role in stress response rather than
ysiology 185 (2015) 52–56

in photosynthesis. This confirms earlier findings that CAM plants
are more resistant to pathogen.
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Gabara, B., Kuźniak, E., Skłodowska, M.,  Surówka, E., Miszalski, Z., 2012. Environ.
Exp. Bot. 77, 33–43.

Gorecka, M., Alvarez-Fernandez, R., Slattery, K., McAusland, L., Davey, P., Karpinski,
S.,  et al., 2015. Philos. T. R. Soc. B 369, 20130234.

Hibberd, J.M., Quick, W.P., 2002. Nature 415, 451–454.
Karpinski, S., Reynolds, H., Karpinska, B., Wingsle, G., Creissen, G., Mullineaux, P.,

1999. Science 284, 654–657.
Kocurek, M.,  Kornas, A., Pilarski, J., Tokarz, K., Lüttge, U., Miszalski, Z., 2015. Trees,

http://dx.doi.org/10.1007/s00468-015-1182-7
Koroleva, O.A., Tomos, A.D., Farrar, J., Roberts, P., Pollock, C.J., 2000. Aust. J. Plant

Physiol. 27, 747–755.
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Szechyńska-Hebda, M.,  Kruk, J., Górecka, M.,  Karpińska, B., Karpiński, S., 2010. Plant
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