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� Background and Aims Leaf veins are usually encircled by specialized bundle sheath cells. In C4 plants, they
play an important role in CO2 assimilation, and the photosynthetic activity is compartmentalized between the meso-
phyll and the bundle sheath. In C3 and CAM (Crassulacean acid metabolism) plants, the photosynthetic activity is
generally attributed to the leaf mesophyll cells, and the vascular parenchymal cells are rarely considered for their
role in photosynthesis. Recent studies demonstrate that enzymes required for C4 photosynthesis are also active in
the veins of C3 plants, and their vascular system contains photosynthetically competent parenchyma cells.
However, our understanding of photosynthesis in veins of C3 and CAM plants still remains insufficient. Here spatial
analysis of photosynthesis-related properties were applied to the midrib and the interveinal lamina cells in leaves of
Mesembryanthemum crystallinum, a C3–CAM intermediate plant.
�Methods The midrib anatomy as well as chloroplast structure and chlorophyll fluorescence, diurnal gas exchange
profiles, the immunoblot patterns of PEPC (phosphoenolpyruvate carboxylase) and RubisCO (ribulose-1,5-bisphos-
phate carboxylase/oxygenase), H2O2 localization and antioxidant enzyme activities were compared in the midrib
and in the interveinal mesophyll cells in leaves of C3 and CAM plants.
� Key Results Leaf midribs were structurally competent to perform photosynthesis in C3 and CAM plants. The
midrib chloroplasts resembled those in the bundle sheath cells of C4 plants and were characterized by limited photo-
synthetic activity.
� Conclusions The metabolic roles of midrib chloroplasts differ in C3 and CAM plants. It is suggested that in leaves
of C3 plants the midrib chloroplasts could be involved in the supply of CO2 for carboxylation, and in CAM plants
they could provide malate to different metabolic processes and mediate H2O2 signalling.

Key words: Antioxidant enzymes, chloroplast structure, gas exchange, interveinal lamina tissues, midrib,
Mesembryanthemum crystallinum, photosynthetic/photochemical activity.

INTRODUCTION

Two adaptive mechanisms of CO2 concentration during photo-
synthesis have evolved in ancient terrestrial plants, namely the
C4 and Crassulacean acid metabolism (CAM) pathways. The
defining feature of C4 photosynthesis is spatial partitioning of
CO2 fixation in a dual cell system. The CO2 is first fixed in the
leaf mesophyll cells by phosphoenolpyruvate carboxylase
(PEPC). The four-carbon product of this reaction is transported
to the adjacent bundle sheath cells, decarboxylated, and the re-
leased CO2 is re-fixed by ribulose-bisphosphate carboxylase/
oxygenase (RubisCO). CAM splits the carbon fixation in time,
in a single cell. It is typically characterized by nocturnal
fixation of atmospheric or respiratory CO2 by PEPC as well as
diurnal fluctuations in organic acids, mainly malic acid which
accumulates in the vacuole during the night as an internal CO2

reservoir for the daytime CO2 re-assimilation by RubisCO.
Within these two basic models of CO2-concentrating mecha-
nisms, however, different anatomical and biochemical forms of
photosynthesis have evolved, supporting plant performance in
specific ecological situations (Cushman, 2001; Edwards et al.,
2004).

The facultative CAM photosynthesis is of great ecophysio-
logical importance, contributing to carbon gain, increased wa-
ter-use efficiency, photoprotection of the photosynthetic
apparatus and reproductive output (Lüttge, 2004; Herrera,
2009). CAM expression is controlled by ontogenesis and envi-
ronmental cues, especially those related to water stress, and
some facultative CAM species demonstrate extreme metabolic
and functional flexibility as they deal with stress (Cushman
et al., 2008; Lüttge, 2008). Moreover, CAM expression
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depends not only on the species, but also on organ and tissue
characteristics. In Clusia minor, a C3–CAM intermediate spe-
cies, two opposite leaves of the same node can differ in the pho-
tosynthetic pathway performing C3 and CAM photosynthesis,
and the degree of CAM expression depends on light intensity
and water deficit experienced by the leaves (Lüttge, 2008). In
leaves of Guzmania monostachia (Bromeliaceae), however, a
longitudinal gradient of CAM expression, being lower in the
leaf base and increasing in the apical regions, has been shown
under water deficiency (Freschi et al., 2010).

Studies on photosynthetic activity in higher plants mainly re-
fer to mesophyll cells in leaves, which constitute the majority
of photosynthesizing organs. However, the presence of chloro-
phyll and the photosynthetic activity of cells in non-foliar or-
gans, including stems, is a general feature in higher plants.
Although in most plants stems are not specialized for photosyn-
thesis, they positively contribute to the whole-plant carbon gain
by re-fixing the respiratory CO2 (Aschan and Pfanz, 2003;
Kocurek and Pilarski, 2012; Kocurek et al., 2015). The cells
surrounding the vascular bundle of stems and petioles in to-
bacco and arabidopsis, typical C3 plants, show characteristics
of C4 photosynthesis (Hibberd and Quick, 2002; Brown et al.,
2010). These photosynthetically active cells are distinguished
by high activity of decarboxylating enzymes, namely NAD-
malic enzyme (NAD-ME), NADP-malic enzyme (NADP-ME)
and phosphoenolpyruvate carboxykinase (PEPCK), and they
are supplied with CO2 for photosynthesis from the vascular sys-
tem via decarboxylation of malate transported in the xylem
(Hibberd and Quick, 2002). This mechanism resembles the de-
carboxylation of four-carbon organic acids in the bundle sheath
in leaves of C4 plants. In both photosynthetic types, the bundle
sheath cells have been suggested to be capable of concentrating
CO2, and they differ from the mesophyll cells with respect to
the anatomy, chloroplast morphology and the expression of
genes required for C4 photosynthesis (Leegood, 2008; Brown
et al., 2010). The specific cell wall components of bundle
sheath cells, including suberin, lignin and callose, may limit the
apoplastic diffusion of CO2 and O2 (Mertz and Brutnell, 2014),
and the presence of NADP-ME in the vasculature may be im-
portant in providing NADPH for lignin biosynthesis (Wheeler
et al., 2005). Heterogeneity of photosynthetic CO2 fixation
within leaf tissues, well characterized in C4 plants, has also
been reported in facultative CAM species.
Compartmentalization of C3–CAM pathways within one leaf,
with the leaf lamina expressing C3 photosynthesis and veins
performing CAM, has been found in C. minor (Lüttge, 2008).

The functions of the vascular system in higher plants are tra-
ditionally linked to mechanical support as well as transport and
signalling (Sack and Scoffoni, 2013), whereas its photosyn-
thetic activity is usually neglected. Although there is increasing
evidence that it contains parenchyma cells that are structurally
and biochemically competent to perform photosynthesis (Dima
et al., 2006; Berveiller and Damesin, 2008; Brown et al., 2010),
we still have little understanding of the photosynthesis in veins.
In the context of ecophysiological significance of the plasticity
and flexibility of CO2 fixation pathways, photosynthesis in
veins may have adaptive value for plant performance under
stressful conditions (Lüttge, 2008).

Mesembryanthemum crystallinum (Aizoaceae), a facultative
CAM species switching from the C3 to CAM pathway, is a

higher plant model widely used to elucidate the functional as-
pects of photosynthesis (Winter and Holtum, 2014). To gain in-
sight into the tissue-specific photosynthetic properties in leaves
of M. crystallinum, we characterized the midrib architecture
and compared the diurnal gas exchange profiles, the immuno-
blot patterns of PEPC and RubisCO, chloroplast structure and
chlorophyll fluorescence as well as H2O2 localization and anti-
oxidant enzyme activities in the midrib and in the interveinal
mesophyll regions of the lamina. We studied plants of M. crys-
tallinum performing the C3 and CAM modes of photosynthesis.

MATERIALS AND METHODS

Plant material

Common ice plant (Mesembryanthemum crystallinum L.) was
grown from seeds (collection of the Botanical Garden of the
Technical University of Darmstadt, Germany) in a growth
chamber under irradiance of about 350 lmol m–2 s–1, photope-
riod 16/8 h (day/night), temperature 23 �C. Seeds were germi-
nated and, after 10–12 d the seedlings at the stage of one
primary leaf pair were transferred to pots. After 3 weeks, at the
stage of three pairs of primary leaves, one set of plants was
treated with 0�4 M NaCl (CAM plants). Another set of plants
was further irrigated with tap water (C3 plants). A 12 d applica-
tion of NaCl triggered CAM, as shown by diurnal malate fluc-
tuations in the range of 10–15 mM (Ku�zniak et al., 2013). Three
independent repetitions of plant cultivation were analysed. In
each, 10–15 plants were used per treatment. Leaves of the third
pair (Fig. 1A) of C3 and CAM plants were analysed after the
CAM plants were treated with 0�4 M NaCl for 12 d. The frames
in Fig. 1A indicate the areas which were analysed and described
as the midrib (solid line) and leaf lamina (dotted line). For bio-
chemical and microscopic analyses, the areas indicated in Fig.
1A were cut from the leaves with a razor blade.

Measurement of stomatal density

Stomatal density was determined by making imprints of the
lower epidermis. The leaves were covered with a cosmetic
peel-off mask (Rival de Loop Peel-Off, Rossmann, Germany).
After drying, the mask was peeled off from the leaves with a
preparatory needle and placed directly on a slide, without water.
Stomatal count was performed under a fluorescent microscope
with a Nikon H800L camera equipped with NIS-Elements
Basic Research software (Nikon, Japan). Three C3 and CAM
plants were used per experiment and the stomata in 20 micro-
scopic fields, 1 mm2 each, were counted (n ¼ 20).

Fixation, staining, sample preparation and determination of
morphology as well as callose and lignin contents in cell walls of
the midrib

Segments of the midribs about 1 cm long were cut at the base
of leaf laminae and fixed for 1 h in 2�5 % glutaraldehyde buff-
ered with 0�1 M potassium phosphate at pH 7�0. Eighteen seg-
ments were analysed, using two segments from leaves of the
third pair from each of three plants per treatment in each of
three repetitions.
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Callose was stained according to Ka�zmierczak (2008). Fixed
material was double washed with 0�1 M K2HPO4 at pH 7�0, in-
cubated for 2 min (20 �C) and then for 15 min (100 �C) in Tris-
EDTA (pH 8�5) buffer, and then washed twice for 2 min with
4 mM K2HPO4 at pH 9�0 and stained for 15 min with 0�05 % an-
iline blue (Water blue; Fluka) in 4 mM K2HPO4. Then the sam-
ples were washed three times with the same buffer.

To stain lignin, the fixed material was washed twice for
5 min with 0�01 M acetate buffer pH 5�0 (ACB) and stained for
5 min with 0�01 mM acridine orange in ACB according to
Drnov�sek and Perdih (2005).

To observe chloroplast autofluorescence and the midrib
structure as well as to measure the midrib size, callose and lig-
nin amounts in cell walls of the top and bottom collenchyma,
phloem, protoxylem and metaxylem, very thin free-hand cross-
sections were prepared and photographed using an Optiphot-2
epi-fluorescence (Nikon, Japan) microscope equipped with a
camera and Act-1 software (Precoptic, Poland) under white or
blue (390–420 nm) fluorescence light.

The contents of callose and lignin were estimated using the
fluorescence photographs by measuring the intensity of green/
yellow and yellow/green fluorescence, respectively, with the
ScnImage software (Scion Corporation, www.scioncorp.com).

Gas exchange measurements

Measurements of gas exchange were conducted under the
growth chamber conditions [photoperiod 12/12 h, temperature
24/20 �C day/night, 25–30 % relative humidity (RH), CO2 con-
centration 385–400lmol mol–1 and photosynthetic photon flux
density (PPFD) 400 lmol photons m–2 s–1] using a LI-6400 por-
table photosynthesis system (LI-COR Inc., Lincoln, NE, USA).
The rates of CO2 exchange and water vapour efflux for leaf
lamina were measured using a standard chamber, whereas the
midrib gas exchange was determined using a conifer chamber
(6400-05) connected with a plexiglass tube (5 � 1�5 cm) de-
signed specifically for these measurements. The moving part of
the tube allowed measurement of the selected part of the leaf
(1�5 � 1�5 cm). The measurements were carried out at the bor-
der between the petiole and the blade, where the midrib con-
nects to the lateral veins. This area in M. crystallinum leaves is
relatively large and filled entirely by the vascular bundles
(Fig. 1A).

Chlorophyll fluorescence

Chlorophyll fluorescence measurements were performed at
midday using the Dual-PAM-100 fluorescence system (Heinz
Walz GmbH, Effeltrich, Germany). The photochemistry of pho-
tosystem II (PSII) was investigated by means of chlorophyll a
fluorescence on leaves adapted to darkness for 20 min. The
quantum efficiency of PSII in the light-adapted state (UPSII)
and the electron transport rate (ETR) were determined accord-
ing to Genty et al. (1989). Non-photochemical quenching
(NPQ) of PSII fluorescence was quantified according to
Kramer et al. (2004). The coefficient of photochemical quench-
ing (qL) was calculated by the formula: qL¼ (Fm’ – F)/(Fm’ –
Fo’) � Fo’/F ¼ qP�Fo’/F. Fo’ by default was estimated using
the approximation of Oxborough and Baker (1997) by the for-
mula: Fo’ ¼ Fo/(Fv/Fm þ Fo/Fm’). Limitation of the PSI accep-
tor side (YNA) was determined as change in P700 signal upon
application of far-red light in addition to a saturating pulse
(Pm) as compared with a saturating pulse alone (Pm’)
[YNA¼ (Pm – Pm’)/Pm].

Electron microscopy

Leaf sections (1 mm2) were fixed in 2�5 % glutardialdehyde
dissolved in 0�06 M phosphate buffer (pH 7�2) for 90 min.

50 µm
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FIG. 1. Morphology of Mesembryanthemum crystallinum leaf: (A) abaxial side
of the leaf of the third leaf pair and the analysed leaf areas; (B) a view of abaxial

epidermis from the interveinal area of the leaf blade.
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Samples were then rinsed in buffer (four times for 15 min) and
post-fixed with 2 % osmium tetroxide dissolved in 0�1 M phos-
phate buffer (pH 7�2) for 90 min. After a short rinse in buffer
(four times for 10 min), specimens were dehydrated in increas-
ing concentrations of acetone (50, 70, 90 and 100 %) twice for
10 min. Pure acetone was then exchanged with a mixture of
propylene oxide and acetone (1:1) for 10 min and then finally
with pure propylene oxide for 10 min. Infiltration was carried
out with increasing concentrations (30, 50 and 70 %) of Agar
100 epoxy resin (Agar Scientific) mixed with pure propylene
oxide. Polymerization was performed with pure Agar 100 ep-
oxy resin at 60 �C for 48 h. Semi-thin (4 lm) and ultra-thin
80 nm sections were cut with a Reichert Ultracut S microtome
(Leica Microsystems, Vienna, Austria) and post-stained with
2 % aqueous uranylic acid (5 min) dissolved in distilled water
and 0�02 M lead citrate dissolved in freshly distilled water con-
taining 0�16 M NaOH (15 min). Grids were then air-dried and
observed in a Philips CM 10 transmission electron microscope
(Philips Electron Optics, Eindhoven, The Netherlands).

Histochemical detection of H2O2

The presence of H2O2 in leaves was detected by the 3,3’-dia-
minobenzidine (DAB) staining method (Thordal-Christensen
et al., 1997). Leaves were placed in 1 mg mL–1 DAB–HCl (pH
3�8), under light conditions for 8 h. After staining, leaves were
cleared in 96 % ethanol and photographed.

Determination of antioxidant enzyme activities

The midrib and lamina samples were homogenized (1:5,
w/v) in 50 mM ice-cold potassium phosphate buffer (pH 7�0)
containing 1 mM EDTA and 1 % (w/v) polyvinylpyrrolidone.
After centrifugation (20 000 g, 15 min), the supernatant was
used for the determination of ascorbate peroxidase (APX) and
catalase (CAT) activities.

Ascorbate peroxidase (EC 1.11.1.11) activity was assayed
following the oxidation of ascorbate at 265 nm (e265 nm ¼ 13�7 l
mM

–1 cm–1) by a modified method of Nakano and Asada
(1981), and CAT (EC 1.11.1.6) was measured according to
Dhindsa et al. (1981). APX activity is given in lmol ascorbate
min–1mg–1 protein. CAT activity was expressed in units, each
unit representing 1 mmol of H2O2 (e240 nm ¼ 36 l M

–1 cm–1)
decomposed per minute per mg of protein.

Protein determination

Protein content was determined after Bradford (1976) using
standard curves prepared for bovine serum albumin.

Immunoblot analysis

Leaves (100 mg) were frozen in liquid nitrogen, ground with
a mortar and pestle and homogenized in 500 lL of an ice-cold
protein solubilization buffer (PSB, Argisera). After extraction,
probes were centrifuged for 10 min at 10 000 g at 4 �C.
Electrophoresis was carried out in a Mini-PROTEAN tetra
System (BioRad, Hercules, CA, USA) in polyacrylamide

(PAA) gels containing 4 % SDS according to Laemmli (1970).
Following electrophoresis, transfer to PVDF membranes (semi-
dry) was performed using a TransBlot Turbo Transfer System
(BioRad). For immunodetection, Agrisera (S) primary poly-
clonal antibodies (RubisCO, PEPC) in dilutions suggested by
the manufacturer were used. After an overnight incubation at
4 �C, membranes were treated with secondary antibodies conju-
gated with alkalaine phosphatase (Sigma) for 1�5 h. Specific
proteins were visualized by soaking membranes in 20 % 5-
bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium
(BCIP/NBT) solution for 1 min. After drying, membranes were
scanned and densitometric analyses were performed in tripli-
cate with the ImageJ software (National Institute of Health,
USA).

Statistical analysis

Two-way analysis of variance (ANOVA) followed by
Duncan’s test was used to analyse differences between groups
at P < 0�05 (STATISTICA software, version 10, StatSoft).

RESULTS

Morphology

The third pair of fully developed leaves were used to compare
the structural arrangement of midribs and some functional dif-
ferences between the lamina and the midrib in leaves of C3 and
CAM M. crystallinum plants (Fig. 1A). The leaves are hyposto-
matic, and the lower epidermis showed significant variation in
stomatal distribution. Stomata were absent immediately over
the midrib whereas their density in the interveinal lamina tissue
was 103�6 6 56�67 mm–2 for both the C3 and CAM plants
(Fig. 1B). The anatomical attributes of leaf midribs differed
only slightly between C3 and CAM plants (Fig. 2). The width
of midribs in leaves of C3 plants was higher by 16 % than that
in CAM plants, while their thickness was similar. The arrange-
ment of tissues as well as the thickness of tissue layers of top
and bottom collenchyma, phloem and protoxylem in the leaf
midribs of both C3 and CAM plants were also similar.
However, the thickness of the metaxylem layer in midribs of C3

plants was significantly greater (by approx. 4 %) than in CAM
plants; thus, the ratio of thickness to width of C3 and CAM mid-
ribs was 0�75 and 0�85, respectively (Fig. 2A).

Callose and lignin contents in the cell walls of midrib tissues

Aniline blue staining of the cross-sections through the mid-
ribs produced intense green/yellow fluorescence in the fluores-
cence microscope, revealing the presence of callose in the cell
walls. The total amount of callose in the cell walls of midribs of
CAM plant leaves, expressed in arbitrary units (a.u.) of fluores-
cence intensity, was significantly greater (by approx. 30 %)
than in C3 plants. This resulted from the significantly increased
callose content in top and bottom collenchyma, phloem and
metaxylem in leaf midribs of CAM plants compared with those
of C3 plants (Fig. 2B).

Acridine orange staining, used to detect and measure the lig-
nin content, revealed that the amount of lignin in the cell walls
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of midribs of CAM plant leaves, expressed in a.u. of yellow/
green fluorescence intensity, was significantly greater (by
approx. 20 %) than in the C3 plants. However, this difference
was dependent only on the amount of lignin in the top and bot-
tom collenchyma layers (Fig. 2C).

Gas exchange

In C3 plants, stomatal conductance was high during the day-
time and remained low at night. In CAM plants, the stomata
were closed during the daytime and the maximum conductance
was determined at night. However, the amplitude of diurnal
changes was several orders of magnitude smaller than in C3

plants (Fig. 3A). No diurnal oscillations were observed in mid-
ribs. Due to the general absence of stomata, the data for midribs
were <0�01 mol CO2 m–2 s–1 (Fig. 3A). The diurnal pattern of
net photosynthesis (PN) changes determined in the laminae of
C3 leaves was similar to that of stomatal conductance (Fig. 3B).

Negative values of PN (CO2 release) were recorded during the
night period and at around 0800 h. PN increased sharply, reach-
ing a stable level of about 8 lmol CO2 m–2 s–1 with a temporary
decrease to about 6 lmol m–2 s–1 by noon. Inverse diurnal
changes of PN were found in laminae of CAM plants, where PN

reached the highest values at dawn and then decreased with the
onset of the light period. In the morning and afternoon, the
respiration rate (negative PN) remained at the level of about –
1�0 lmol CO2 m–2 s–1 (Fig. 3B). Irrespective of the photosyn-
thetic type, low or negative values of PN were determined in
the midribs (Fig. 3C).

Chlorophyll a fluorescence

The distribution of chloroplasts preferentially in the meso-
phyll cells but also in the midribs of C3 and CAM leaves,
namely in the bottom and upper collenchyma cells as well as in
xylem parenchyma cells, was determined based on the
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autofluorescence of chlorophyll a seen with a fluorescent mi-
croscope (Fig. 4A). In leaves of both C3 and CAM plants, the
interveinal leaf areas and the midribs differed in the absorptiv-
ity of photosynthetically active radiation (PAR). The images of

PAR absorptivity also revealed heterogeneity in the distribution
of photosynthesis in the interveinal leaf areas (Fig. 4B, C). The
analysis of variables of chlorophyll a fluorescence showed that
at mid-day the quantum efficiency of PSII (UPSII), electron
transport rate (ETR) and non-photochemical quenching (NPQ)
were similar in C3 and CAM leaves (Table 1). In leaves of
CAM plants, however, values of UPSII and ETR were signifi-
cantly lower in the midribs than in the laminae. A similar rela-
tionship between the midrib and the laminae was observed for
NPQ in C3 plants. The highest spatial heterogeneity was found
for the photochemical quenching parameter (qL) which repre-
sents the fraction of open PSII reaction centres. For both photo-
synthetic types, qL was significantly higher in the midribs than
in the laminae. At both locations, however, it was higher in C3

than in CAM plants. In C3 and CAM plants, the values of PSI
acceptor side limitation (YNA), which represents the over-
reduction of the PSI acceptor side, differed significantly be-
tween the laminae and the midribs. In C3 plants, YNA in the
midribs was significantly lower than in the laminae whereas in
CAM plants it was highly increased when compared with the
lamina.

Chloroplast ultrastructure

The midribs tend to have fewer chloroplasts. The ultrastruc-
tural analysis revealed morphological differentiation between
the midrib and lamina chloroplasts. The midrib chloroplasts
have fewer thylakoids per granum than those of the mesophyll.
In the midrib chloroplasts, the number of thylakoids in one gra-
num was 3–5 and in the lamina chloroplasts it was increased up
to nine (Fig. 5).

DAB staining and antioxidant enzymes activities

The distribution of H2O2, visualized by DAB staining, and
its relationship with APX and CAT activities were studied. In
detached leaves, preferential DAB staining of veins was visible,
especially in the leaves of CAM plants (Fig. 6A, B). This corre-
sponded to significantly higher APX activities in the midribs of
CAM plant leaves when compared with those of C3 plants. In
CAM plants, APX activity in the midribs was 2�7-fold higher
than in the lamina, and 14-fold higher than in the midribs of C3

plants (Fig. 6C). Neither spatial nor photosynthetic type-related
differences in CAT activity were observed (Fig. 6D).

Western blot analysis of photosynthetic enzymes

Western blot analyses were carried out for RubisCO (large
subunit antibodies) and PEPC, the main carboxylases of the C3

and CAM pathways, respectively (Fig. 7). RubisCO large subu-
nit was detected in the laminae of C3 and CAM plants and in
the midribs of the former. The labelling intensity for RubisCO
decreased in the order: laminae of C3 leaves > laminae of
CAM leaves > midribs of C3 leaves. No immunoreactive band
for RubisCO was found in the midribs of CAM plants (Fig. 7).
There was a strong immunoreactive band for PEPC in the leaf
laminae of C3 and CAM plants. No labelling for PEPC was
found in protein extracts from the midribs (Fig. 7).
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DISCUSSION

The morphological analysis of M. crystallinum leaf midribs re-
vealed that the vascular parenchyma and collenchyma cells
were structurally competent to perform photosynthesis. We
found that chloroplasts were located within the main vein, in
the collenchyma and xylem parenchyma cells, although their
density and PAR absorptivity were much lower than in the
interveinal area of the leaf lamina. Irrespective of the photosyn-
thetic type, the ultrastructure of chloroplasts located within the
midribs resembled that in the bundle sheath cells of C4 plants
and showed reduced granal stacking in comparison with the
mesophyll cells. Grana are not essential for the photosynthetic
activity; however, they are vital for the optimization of light
harvesting and PSII functioning, thus being highly advanta-
geous for plant tissues that have to respond to dynamically
changing environments, especially light conditions (for a re-
view, see Anderson et al., 2008). In CAM-performing M. crys-
tallinum, the structure of mesophyll chloroplasts has been
shown to undergo intense diurnal changes (Niewiadomska
et al., 2011). At mid-day, they resembled those from the bundle
sheath cells of C4 plants due to a severe swelling of the thyla-
koid lumen, and these structural changes corresponded to the
decreased contribution of PSII to photosynthesis. In accordance
with this, we found that in CAM plants the photochemical pa-
rameters describing the performance of PSII, namely UPSII and
ETR, were significantly lower in the midribs than in the inter-
veinal leaf area. Similar relationships were also found in C3

plants, although the differences between laminae and midribs
were not significant. Moreover, the higher qL values in the
midribs than in the laminae indicated that plastoquinone at the
QA site was more oxidized. However, the greater possibility for
linear electron transport was not exploited, as shown by the
lower ETR. As the ETR represents a sum of all electron sinks,
such as carbon fixation, Mehler reaction, photorespiration and
nitrate assimilation, our results could also indicate that the met-
abolic burden associated with these processes was lower in the
midribs than in the laminae. In the midribs of CAM plant
leaves, the shortage of electron acceptors was mirrored in the
response of PSI, as we found limitation at the PSI acceptor
side, reflected by a substantial increase in YNA. This could sug-
gest limitations of CO2 assimilation or ascorbate–glutathione
cycle activity as most electrons from PSI are transferred to
these two electron sink pathways (Kim et al., 2005). However,
the reducing power derived from the photosynthetic electron
transport chain could be delivered to the production of lignin,
which was shown to accumulate preferentially in the midrib
cells of CAM plant leaves. As YNA indicates the over-reduction
of the PSI acceptor side contributing to PSI photoinhibition, the
considerably lower YNA value determined in the veinal chloro-
plasts of C3 plants could indicate that, unlike the midrib chloro-
plasts of CAM plants, their PSI was well protected against
photoinhibition.

a b

0·710

0·610

0·625

0·534

c

d

A

B

C

FIG. 4. Images of a representative midrib (A) and photosynthetically active radi-
ation (PAR) absorptivity of C3 (B) and CAM (C) Mesembryanthemum crystalli-
num leaves. The fluorescence micrograph (A) shows cells of (a) parenchyma,
(b) bottom collenchyma, (c) xylem and (d) upper collenchyma in a leaf midrib.
This picture is representative for C3 and CAM leaves. Arrows point to the red
fluorescence of chloroplasts in the bottom (b) and upper (d) collenchyma cells
as well as in mesophyll (a) and xylem (c) parenchyma cells. In C3 (B) and
CAM (C) plants, the interveinal leaf laminae and veins (arrows) differ in

PAR absorptivity. The mean PAR absorptivity values in the laminae and veins
are shown in the white and black boxed areas, respectively. Scale bars represent
100lm. (A–C) Images show representative examples from three experiments
with similar results. A minimum of three C3 and CAM plants were used per

experiment.
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Non-photochemical quenching is considered as a response to
excess light induced by high light intensity, photoinhibition or
low internal CO2 concentration (Maxwell and Johnson, 2000).
In our study, NPQ remained roughly stable, indicating that un-
der the experimental light conditions the photosynthetic ma-
chinery was efficiently protected, irrespective of the type of
tissue and carbon assimilation metabolism. It cannot be ex-
cluded that the reduction in the number of thylakoids per gra-
num in the midrib chloroplasts might have functional
consequences for the photochemical activity, especially in
CAM plants. Chloroplasts in the leaf midribs of CAM plants

appeared to operate under conditions which limit mainly the ac-
tivity of PSII but also the operating efficiency of PSI at the ac-
ceptor side. The best known example of functional differences
similar to those described in our study is the mesophyll and
bundle sheath cells in plants performing C4 photosynthesis
(Meierhoff and Westhoff, 1993).

In vascular tissues, photosynthesis is suggested to operate un-
der conditions that only occasionally occur in leaf mesophyll
tissues (Hibberd and Quick, 2002; Lüttge, 2004). As stomata
are generally absent over the leaf venation and in the photosyn-
thesizing leaves, the lateral diffusion of CO2 is insufficient to

TABLE 1. Chlorophyll a fluorescence parameters measured on leaves of Mesembryanthemum crystallinum plants at mid-day

Tissue Carbon metabolism Parameter

UPSII ETR(II) NPQ qL YNA

Lamina C3 0�72ab (60�04) 12�4ab (60�7) 0�15a (60�02) 0�67b (60�05) 0�163ab (60�072)
CAM 0�75a (60�02) 12�9a (60�3) 0�13ab (60�02) 0�65c (60�03) 0�167ab (60�029)

Midrib C3 0�70ab (60�07) 12�1ab (61�2) 0�12b (60�03) 0�76a (60�05) 0�062b (60�018)
CAM 0�70b (60�09) 12�0b (61�5) 0�13b (60�03) 0�71b (60�09) 0�246a (60�117)

Data were subjected to two-way ANOVA (n ¼ 15). Means (6s.d.) within a column followed by different letters are significantly different at P < 0�05 accord-
ing to Duncan’s test.

1 µm 1 µm

1 µm 1 µm

A B

C D

FIG. 5. Chloroplasts in the cells of leaf lamina (A, C) and midrib (B, D) of C3 (A, B) and CAM (C, D) Mesembryanthemum crystallinum plants. (A–D)
Representative examples of three experiments with similar results.
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support photosynthesis effectively in veins (Morison et al.,
2005); limitations in CO2 supply in these cells may cause the
vascular parenchyma cells to produce reactive oxygen species
(ROS) via photoreduction of O2. This process could be fa-
voured in the leaf midribs of CAM-performing M. crystallinum
due to the higher contents of callose and lignin hindering the
diffusion of CO2 and to the over-reduction of the PSI acceptor
side reflected by an increase in YNA. Moreover, in CAM and

C3/CAM plants, the assimilation of internally released CO2

when the stomata are closed (Phase III of CAM) simultaneously
leads to concentration of O2 (Lüttge, 2011) and promotion of
ROS generation. Our research group reported earlier that CAM
plants of M. crystallinum exhibited a higher basal level of activ-
ity of the antioxidant system, and the antioxidant machinery re-
lated to superoxide dismutase, peroxidase and CAT activities
was more stable in CAM than in C3 plants (Libik-Konieczny
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FIG. 6. Visualization of H2O2 by DAB staining in detached leaves of C3 (A) and CAM (B) plants, and APX (C) and CAT (D) activities in leaf laminae and midribs.
The inset in (B) shows details of the DAB staining effects. (A, B) Representative examples of three experiments with similar outcomes. A minimum of three C3 and
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et al., 2011). In this study, we found that the midribs of de-
tached leaves, especially in CAM plants, were more prone to
produce H2O2 than the lamina cells, and their antioxidant de-
fence mechanism could rely on APX rather than on CAT activ-
ity. This is in line with studies indicating that in arabidopsis
leaves exposed to high light stress, H2O2 derived from the pho-
tosynthetic electron transport chain in the bundle sheath cells
accumulated at this location and was involved in signalling
pathways for cytosolic APX2 induction and for acclimation
(Fryer et al., 2003).

We found that the midrib cells and the neighbouring lamina
tissues differed with respect to carbon-assimilating enzymes.
RubisCO and PEPC proteins were abundant in the leaf laminae,
irrespective of the type of photosynthesis. As to the leaf mid-
ribs, which were characterized by low PN values or the occur-
rence of dark respiration, neither PEPC nor RubisCO protein
was detected in CAM plants and a slight immunoreactive band
for RubisCO was found in C3 plants. Thus, the midrib cells of
CAM plants did not seem capable of C4 photosynthesis, as sug-
gested by Hibberd and Quick (2002). This metabolic role for
the midrib cells, however, cannot be excluded in C3 plants of
M. crystallinum, especially as high NADP-ME activity provid-
ing CO2 for carboxylation was detected in the main veinal tis-
sues of those plants (�Slesak et al., 2008). The role of
chloroplasts in the leaves of CAM plants appears to be consis-
tent with the hypothesis that under conditions keeping the
NADP pool reduced, NADP-dependent malate decarboxylase
converts oxaloacetate into malate which is exported outside the
chloroplasts (Heyno et al., 2014). The reducing equivalents in
the form of malate could fuel the mitochondrial respiration,
support photorespiration or be stored in the vacuole. This ma-
late valve has also been suggested to regulate catalase activity

and H2O2 signalling (Heyno et al., 2014). In our study, this role
of the chloroplast-containing midrib cells in CAM plants is sup-
ported by data on the photochemical activity of photosynthesis,
H2O2 accumulation and antioxidant enzyme activities, as well
as by previous results showing malate accumulation in the mid-
ribs of mature CAM leaves (Libik et al., 2004).

Conclusions

In leaves, the photosynthetic activity is typically attributed to
the mesophyll cells, and the role of veins in photosynthesis, ex-
cept for C4 plants, is usually neglected. We showed that the
midrib chloroplasts of M. crystallinum, the intermediate C3–
CAM plant, were structurally and metabolically different from
those in mesophyll cells. They resembled chloroplasts in the
bundle sheath cells of C4 plants due to the reduced grana forma-
tion and were characterized by limited photosynthetic activity.
Although further work is required to elucidate the physiological
function of the chloroplast-containing vascular cells in M. crys-
tallinum, we suggest that it could differ in C3 and CAM plants.
While in leaves of C3 plants the midrib chloroplasts could be
involved in providing CO2 for carboxylation, in CAM plants
they could rather supply malate to different metabolic pathways
via the malate shuttle and mediate H2O2 signalling.
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