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Abstract Cadmium (Cd) originating from atmo-
spheric deposits, from industrial residues and from
the application of phosphate fertilizers may accumu-
late in high concentrations in soil, water and food,
thus becoming highly toxic to plants, animals and
human beings. Once accumulated in an organism, Cd
discharges and sets off a sequence of biochemical
reactions and morphophysiological changes which
may cause cell death in several tissues and organs. In
order to test the hypothesis that Cd interferes in the
metabolism of G. americana, a greenhouse experi-
ment was conducted to measure eventual morpho-
physiological responses and cell death induced by Cd
in this species. The plants were exposed to Cd
concentrations ranging from 0 to 16 mg 17!, in a
nutritive solution. In TUNEL reaction, it was shown
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that Cd caused morphological changes in the cell
nucleus of root tip and leaf tissues, which are typical
for apoptosis. Cadmium induced anatomical changes
in roots and leaves, such as the lignification of cell
walls in root tissues and leaf main vein. In addition,
the leaf mesophyll showed increase of the intercel-
lular spaces. On the other hand, Cd caused reductions
in the net photosynthetic rate, stomatal conductance
and leaf transpiration, while the maximum potential
quantum efficiency of PS2 (Fv/Fm) was unchanged.
Cadmium accumulated in the root system in high
concentrations, with low translocation for the shoot,
and promoted an increase of Ca and Zn levels in the
roots and a decrease of K level in the leaves. High
concentrations of Cd promoted morphophysiological
changes and caused cell death in roots and leaves
tissues of G. americana.

Keywords Anatomy - Apoptosis - Heavy metal -
Mineral nutrients - Photosynthesis

Introduction

Anthropogenic activities have led to an increase of
heavy metal concentrations in the biosphere, which,
when compared with other pollutants, are not biode-
gradable and thus persist in the environment (Prasad
and Freitas 2003). Among them, cadmium (Cd) is
pointed out since it is a highly toxic motile element,
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which has unknown physiological functions both in
plants and in animals (Ma et al. 2003).

Excessive Cd in plant tissues may stimulate the
formation of free radicals and of reactive oxygen
species (ROS), causing severe oxidative stress. Such
disorder of the redox control of cells brings about
several reactions, causing inhibition of growth,
stimulation of secondary metabolism, lignification
and cell death (Schiitzendiibel and Polle 2002). The
Cd-induced cell death may present apoptotic aspects,
such as condensation of chromatin, nuclear DNA
cleavage into oligonucleosomes and formation of
apoptotic bodies. Usually, when plants are exposed to
high Cd concentrations, a necrotic process is started
(Berboodi and Samadi 2004).

The main anatomical changes observed in plants
submitted to Cd-stress include cell wall thickening
due to the deposit of phenolic compounds, collapse of
phloem cells and tissue necrosis (Schiitzendiibel et al.
2001; Vollenweider et al. 2006). In addition, Cd
causes reduction of leaf transpiration and photosyn-
thesis (Mendelssohn et al. 2001; Mobin and Khan
2007), interferes with the absorption of essential
mineral nutrients, such as Cu, Fe, Zn and Mn due to
site competition or processes shared by these cations
(Almeida et al. 2007), promotes leaf chlorosis,
inhibits root and shoot growth (Sanita di Toppi and
Gabbrielli 1999; Soares et al. 2005), among other
symptoms.

In this context the selection of woody species
with hyperaccumulative capacity for heavy metals,
to be used as phytoremediators, is practical, ecolog-
ically and economically viable, due to the low cost
of implantation, promoting soil stabilization that
limits the migration of metallic contaminants
(Almeida et al. 2007). Woody phytoremediator
species should present mainly: (i) high growth rate;
(i1) high biomass production; (iii) deep root system,
to explore a large soil volume; (iv) high capacity to
grow in soils low in nutrients; and (v) high capacity
to immobilize metals in the trunk (Pilon-Smits 2005;
Almeida et al. 2007).

Genipa americana L. is a fruit and woody species
of the Rubiaceae family, with wide dispersion in
neotropical forests and intense regeneration in areas
which have high anthropogenic activity. The fruits
are highly pursued and its wood is of high quality.
Moreover, this species is considered to be tolerant to
flooding, thus indicated for the recomposition of
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ciliary forests (Mielke et al. 2003), presenting
potential as phytoremediator, as a rhizofilterer and
phytostabilizerer of chromium (Cr) (Barbosa et al.
2007).

We tested the hypothesis that Cd interferes in the
metabolism of G. americana by performing green-
house experiments in which plants grown in nutrient
solution were exposed to a range of Cd concentra-
tions and tracking of: (i) cell changes, that are typical
for programmed cell death; (ii) anatomical changes;
(iii) leaf gas exchange; (iv) chlorophyll fluorescence
emission; and (v) chemical composition of plant
tissues.

Materials and methods
Growth conditions and plant material

The seeds, obtained from sub-spontaneous trees in
the Banco do Pedro district, Ilhéus, Bahia, Brazil,
were planted in black plastic tubes with capacity of
288 cm?>, containing as substrate Pinus shell and
turf + triturated coconut fiber (1:1), enriched with
mineral macro- and micronutrients. Tubes were
placed in perforated plastic trays, used as support,
which could hold 54 units and kept in a plant nursery,
with 50% of shadow and intermittent irrigation
through micro-aspersion with 20 1h™' flow, auto-
matically operating for 30 s at 10 min intervals. At
the age of 4 months plants were transplanted to
3 dm? tubes, with the same substrate, and kept in the
same environment.

When plants were 2.8 years old they were trans-
ferred to a greenhouse (14°45'15”S, 39°13'59"W,
a.m.s.l.) and transplanted to 30 1 polyethylene trays
(8 plants/tray) with a nutritive solution of Y4 of ionic
force, prepared according to Hoagland and Arnon
(1950), where they stayed for 70 days for acclima-
tization. During this period, the constantly aerated
solution was changed weekly and its level was kept
by daily replacement of volume with de-mineralized
water. After the acclimatization period, the nutritive
solution was exchanged and the treatments with
increasing concentrations of Cd (0.5, 1, 2, 4, 8 and
16 mg 17") were applied, together with the control
(without Cd), using CdCl, x 5/2 H,0. The pH of the
solution was monitored and adjusted to 5.9, using
either NaOH or HCl.
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Histochemical and anatomical analysis

At the end of the experiment, 120 h after treatment
application (ATA), root tip and the median portion of
the second mature and completely expanded leaf
from the apex was collected in groups of three plants
per treatment. The plant material was fixed with 3%
glutaraldehyde in PBS buffer (pH 7.4) for 4 h and
then transferred to 70% ethanol and kept at 4°C.
Samples of treated plants were dehydrated in butan-
olic series, included in paraffin, cut into sections with
a microtome (thickness of 7 um) and submitted to a
staining process with safranin and 1% astra blue
(Kraus and Arduin 1997). For histochemical tests
freehand razor blade cuts were used; lugol to identify
starch (Johansen 1940); floroglucin 2% diluted in
95% ethanol to identify lignin; sudan III to identify
lipid substances, to suberize and cutinize the cell
walls; and ferric chloride to identify phenolic com-
pounds (Sass 1951). Four slides were observed from
each of the three different plants per treatment. The
results of the analyses were documented using a
photomicroscope (model Olympus 50).

TUNEL analysis (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling)

The utilization of plant material for analysis through
TUNEL method followed the same procedures
described for anatomical and histochemical analysis.
Samples of roots and leaves which had been submit-
ted to concentrations of 4, 8 and 16 mg Cd 17! and
the treatment control were selected, dehydrated in
butanolic series and included in paraffin. Transverse
sections were made on a rotary microtome (7 um
thick) and mounted on slides with glycerine albumin
(Kraus and Arduin 1997). Paraffine was removed by
submersion in xylol (twice for 15 min) and rehydra-
tion in decreasing concentrations of ethanol
(2 x 5 min in 100, 95, 75% and 3 min in distillated
water).

In order to permeabilize the cuttings and to detect
the DNA fragmentation, we followed the procedures
described by Ceita et al. (2007) and Deng et al.
(2001). The TUNEL procedure was applied, using the
“In situ Cell Death Detection Kit, AP” (Boehringer
Mannheim) according to the manufacturer’s instruc-
tions. Slides were examined using a fluorescence
microscope Leica DM RXA2, equipped with a digital

camera Leica MPS 60. The images were captured
with the filter I3 (450-490 nm of excitation). The
number of TUNEL-positive cells in root tip and
leaves were counted in five areas of 1 mm? in groups
of three plants per treatment and statistically
analyzed.

Photosynthetic parameters

The net photosynthetic rate by unit of leaf area (A),
stomatal conductance to water vapor (gs) and leaf
transpiration (E) were measured 5 days after appli-
cation of treatment (DAAT), between 08:00 a.m. and
12:00 a.m., on one mature and completely expanded
leaf from the apex using five plants per treatment,
with a portable photosynthesis system LI-6400
(Li-Cor, Nebraska, USA), connected to a fluores-
cence/gas exchange camera model 6400-40. During
the leaf gas exchange measurements, the artificial light
source was adjusted to provide values of the photo-
synthetic photon flux density of 800 pmol m—* s™".
The mean values of atmospheric CO, concentration,
air temperature and air vapor pressure deficit during
the leaf gas exchange measurements were 390.9 + 1.1
pmol mol~!, 28.6 £ 0.1°C and 2.04 & 0.01 kPa,
respectively (mean + SE, n = 35, corresponding to
7 treatments X 5 repetitions).

Chlorophyll fluorescence emissions were mea-
sured together with the gas exchanges of the same
leaf. Before they were measured, a clip was placed in
the median region of the leaf, so that such region
would be in the dark for at least 20 min to assure that
all reaction centers would acquire oxidized condi-
tions. The fluorescence signals were registered in the
data acquisition system of LI-6400, which automat-
ically calculated the minimum (Fo), maximum (Fm),
variable (Fv) fluorescence and the maximum poten-
tial quantum efficiency (Fv/Fm).

Chemical composition

The dry matter of different parts of the Cd-treated
plants (roots, stems and leaves) were analyzed for
their, contents of Cd, P, K, Mg, Ca and Zn by using
HR-ICP-MS (Inductively Coupled Plasma sector type
Mass Spectrometer), using the methodology
described by Severo et al. (2004). The plant samples
(50 mg) were digested with the Teflon closed diges-
tion bombs in the microwave (Ethos Plus) using the
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super analytical reagent grade of the following
sequence: 4 ml HNOjz 4+ 1 ml HCIL. All measure-
ments were performed with a PQ Excell from VG
Elemental 2 (Finnigan MAT) of the Lab. Service
Central d’Analyses (Lyon, France). Signal drift due
to matrix effects was monitored by adding internal
standards (In, 10 pg17") to sample and standard
solutions, according to the established protocols of
the manufacturer. All estimations were conducted in
triplicate and the concentrations were expressed as
microgram per gram of dry weight, with the overall
recovery ranging between 87 and 95%.

Statistics analysis

The experiment was conducted in a totally random
way, comparing seven levels of Cd, each one
containing five repetitions, but a different number
of experimental units, according to the variables
assessed. The results were analyzed based on linear
and non-linear mathematical models, with variation
of Cd concentration in a nutrient solution as inde-
pendent variable and leaf gas exchange, chlorophyll
fluorescence emission and chemical composition the
dependent variables. Regression analyses and analy-
ses of variance to define the best fitting model were
done utilizing the General Linear Model (GLM)
procedure of the ‘Statistical Analysis System’ (SAS
Institute, 1994), using methodology outlined in Stell
and Torrie (1980). The coefficients of the equations
were tested using Student’s #-test (P < 0.05). The
data TUNEL histochemistry were analyzed by
Tukey’s test (P < 0.05).

Results
TUNEL analysis

The TUNEL reaction, on transversal sections of
G. americana roots and leaves which were submitted
to different Cd concentrations, showed the presence
of TUNEL-positive nucleus which presented a shiny
yellowish-green fluorescence (Figs. 1, 2). The num-
ber of TUNEL-positive cells increased in root tip and
leaf proportional to the increase of Cd in nutrient
solution (Table 1).

Epidermis, exodermis and vascular cylinder cells
of the roots were TUNEL-positive in the absence of
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Cd treatment as they undergo developmental PCD
(Fig. 1a, e). An increase of TUNEL-positive cells
was observed in the G. americana roots with the
increase of Cd concentration (Fig. 1a—d). In addition,
some cells presented nucleus condensed and with an
elliptical format for the concentrations of 4, 8 and
16 mg Cd 17" (Fig. le-h).

In the adaxial surface of the leaf main vein, the
cells located in the collenchyma and in the epidermis
presented TUNEL-positive nuclei, mainly for con-
centration 8 mg Cd 17! (Fig. 2a—d). In the abaxial
surface there was a predominance of TUNEL-
positive nucleus in the epidermis and in the collen-
chyma with different morphological patterns
(Fig. 2e—g). The analysis of the morphological
pattern of the abaxial cells showed, for the concen-
trations of 4 and 8 mg Cd 1!, nuclei with spheres of
condensed chromatin, moved to the peripheral area of
the cell (Fig. 2h, j) when compared to the control
(Fig. 2a). In some cases, the loss of nuclear archi-
tecture was observed, presenting nuclei with elliptical
format (Fig. 2i). Still, at 8 mg Cd 1!, micronuclei
and completely fragmented nuclei could be observed
(Fig. 2i).

Histochemical and anatomical analysis

Cell wall of epidermis and exodermis cells of root tip
became more lignified in the presence of Cd when
compared to the control plants (Fig. 3). Besides, for
concentrations 4, 8 and 16 mg Cd 17!, the pith was
totally sclerenchymatous (Fig. 3). In addition, a high
lignification of vascular tissues of the main vein was
also observed at the leaf level (Fig. 4a—d) and also the
appearance of fibers in the parenchymatous rays and
in the phloem (Fig. 4e-h), with higher intensity in
concentrations 4 (Fig. 4f) and 16 mg Cd 17!
(Fig. 4h). It was observed, in the leaf mesophyll,
that there was an increase of intercellular spaces with
increasing Cd concentrations (Fig. Sa—d).

Leaf gas exchanges and chlorophyll fluorescence
emission

The leaf gas exchanges in G. americana were affected
with the increased Cd concentrations in nutritive
solution. There were decreases in A, gs and E up to
8 mg Cd 1. The reduction in A was proportional to
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Fig. 1 Transversal section
of the root of G. americana
plants grown in nutrient
solution for 120 h in
different Cd concentrations.
TUNEL assay: control (a),
4 (b), 8 (c)and 16 mg Cd I
(d). Detail of nucleus of the
cortex. TUNEL assay:
control (e), 4 (f), 8 (g) and
16 mg Cd 17! (h). Arrows
indicate TUNEL-positive
nuclei. ep epidermis, ex
exodermis, ct cortex, en
elliptical nuclei, cv cylinder
vascular. Bar: 30 pm (a-d),
10 pm (e-h)

the reduction in gs. The highest values of A, gs
and E were 9.4 umol CO, m~2 s~10.06 mol
H,O m™? s~! and 1.22 mmol m > s™', respectively,
for the control, while the lowest values were
2.8 umol CO, m~2s7!, 0.02 mol H,O m2s ! and
0.38 mmol m~ s~ ', respectively, for 8 mg Cd 17"
(Fig. 6).

Our results showed a directly proportional rela-
tionship between A and gs (Fig. 7). It was verified, in
G. americana, that there was no variation in the
chlorophyll fluorescence emission with the increase
of Cd concentration in the nutritive solution (Fig. 8),
since the mean values of Fv/Fm proportion varied
between 0.79 and 0.81.
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Fig. 2 Transversal section
of the leaf main vein of

G. americana plants grown
in nutrient solution for

120 h in different Cd
concentrations. In detail,
epidermis and collenchyma.
Upper epidermis and
collenchyma TUNEL assay:
control (a), 4 (b), 8 (¢) and
16 mg Cd 17! (d). Lower
epidermis and collenchyma
TUNEL assay: 4 (e), 8

(f) and 16 mg Cd 17" (g).
Arrows indicate TUNEL-
positive nucleus. Detail of
nucleus of the cortex and
abaxial epidermis. TUNEL
assay: 4 (h and j) and

8 mg Cd 17" (i). Arrows
indicate TUNEL-positive
nuclei in different apoptotic
phases for concentrations 4
and 8 mg 17", ep epidermis,
co collenchyma, en
elliptical nuclei, fn
fragmented nuclei, mn
micronuclei, nc nuclei with
condensed chromatin. Bar:
20 pum (a-g), 10 pm (h-j)
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Chemical composition

The chemical analysis showed that the accumulation
of Cd in G. americana plants was proportional to the
increase of Cd in the nutritive solution. Around 99%
of the Cd absorbed was retained in the root system.
The accumulation of Cd in the roots after 5 days of
exposure to 16 mg Cd 17" was 1318.3 mg Cd kg™’
DW (Fig. 9). There was an incipient translocation of
this metal for the shoots, and in the stem the highest

Table 1 TUNEL-positive cells in transversal section of roots
and main leaf vein of G. americana plants grown in nutrient
solution for 120 h in different Cd concentrations, n = 3, =SE

Cd (mg 171 TUNEL-positive cells (number per mm?)
Root Leaf

0 1+£033A 18 £2.08 A
30+ 0.88B 32 +£252B

8 37+ 145C 47 +£2.02C

16 31 £133B 45+29C

Means followed by the same letter inside of organ are not
significantly different at P < 0.05 according to Tukey’s test

levels were obtained for the exposure concentration
of 16 mg Cd 17!, corresponding to 4.3 mg Cd kg™’
DW. In the leaves, Cd was only detected after
treatment with 8 and 16 mg Cd 17!, corresponding to
0.7 mg Cd kg~' DW (Fig. 9).

Increasing of Cd levels in the nutritive solution
interfered with the uptake of K, Ca and Zn. There was
no significant variation in the levels of P, Mg and Fe in
different organs of G. americana. A decrease of K
levels was observed in the leaf that was proportional to
the increase of Cd concentrations in nutritive solution.
The highest and lowest values of K levels observed in
the leaves were 19.37 and 1092 g Kkg™' DW
(Fig. 10), which corresponded to a reduction of 8
and 48%, respectively, in relation to the control. This
decrease was also observed in the stem, but in smaller
proportion. On the other hand, the Ca levels in the root
were higher at higher Cd exposure, while a decrease of
this nutrient was observed in the stem. The maximum
and minimum Ca levels observed in the root were 3.67
and 2.28 g Ca kg~' DW, which corresponded to an
increase of 74 and 8.6%, respectively, in relation to the
control treatment (Fig. 10). The Zn levels presented

Fig. 3 Transversal section of G. americana root tip treated
with Cd for 120 h. Control (a), 4 (b), 8 (¢) and 16 mg Cd 1!
(d). In the roots treated with 4, 8 and 16 mg 1=' Cd pith with

sclerified cells (arrows), epidermis and exodermis with
lignified cells when compared to the control were observed.
ep epidermis, ex exodermis, ct cortex, p pith. Bar: 30 um
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Fig. 4 Transversal section
of the leaf main vein of
plants exposed to different Cd
concentrations. Control (a),
4 (b), 8 (¢) and

16 mg Cd 17" (d),
respectively. Detail of the
vascular tissue of the leaf
vein, control (e), 4 (f), 8 (g)
and 16 mg Cd 17! (h),
respectively. The formation
of fibers is verified in the
parenchyma rays. Arrows
indicate fibers. co
colenchyma, cp cortical
parenchyma, ph phloem,

x xylem, p pith, mp
mesophyll, fb fibers, pr
parenchyma rays.

a-d Stained with astra blue
and 1% safranine,

e-h histochemical test with
acidified floroglucin. Bars:
(a—d) 170 pm, (e-h) 30 um
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significant variation only in the root. The increase in
Zn content was proportional to the Cd increase in the
solution. The maximum and minimum Zn levels
observed in the root were 21.33 and 11.67 mg Zn kg™
DW, which corresponded to an increase of 137 and
29%, respectively, in relation to the control plants
(Fig. 10).

Discussion

Changes in the cell nucleus are one of the most
important indicators of apoptosis (Berboodi and
Samadi 2004). The observed changes in the cell nuclei
of root and leaf tissues of G. americana were similar to
those found in root tissue of Allium cepa plants
submitted to different concentrations of Cd for 72 h. In
the case of A. cepa, there were changes in the cellular
morphology, including the presence of a marginal and
condensed nuclei, condensed chromatin spheres,
nuclei fragmentation and apoptotic bodies, that were
similar to the ones found in animal cells (Berboodi and
Samadi 2004). Furthermore, the nuclear changes
induced by Cd, in leaf tissue cells of G. americana,
were similar to those in Nicotiana tabacum BY?2 cells
cultivated in suspension and submitted to treatments
with H,O, (Houot et al. 2001). The first event observed
in N. tabacum cells, after exposure to H,O,, was

chromatin condensation. After that, the cells presented
condensed chromatin at the periphery of the nuclei
(pre-apoptotic nuclei) or the presence of micronuclei
(apoptotic-like nuclei), loss of nuclear architecture
(lace chromatin and stretched nuclei) or empty cells
with completely lysed nuclei.

The lignification process, verified in root and leaf
tissues of G. americana, was also a metabolic
response which leads to programmed cell death.
When Cd causes programmed cell death in plants,
chromatin condensation and nuclear fragmentation
precede the increase of lignin synthesis (Schiitzendiibel
et al. 2001; Berboodi and Samadi 2004). Conse-
quently, lignification reduces the plasticity of cell
walls, thus reducing the growth of cells and blocking
plant development (Chaoui and El Ferjani 2005).

The increased intercellular spaces in the leaf
mesophyll of G. americana after Cd exposure may
be caused by cell death and leads to increased
aeration of such tissue. In the leaf mesophyll of
Cd-treated woody species Salix viminalis vitality of
cells that make spongy and palisade parenchyma was
reduced, and such cells had intense vacuolization and
condensed nuclei (Vollenweider et al. 2006). How-
ever, in Brassica juncea no change was observed in
this tissue under Cd stress (Sridhar et al. 2005).

Although Cd causes increase in the accumulation
of phenols in cells of different tissues (Schiitzendiibel

Fig. 5 Transversal section of the leaf mesophyll after plant
exposure to different concentrations of Cd in nutritive solution.
Extension of intercellular spaces of lacunar and palisade
parenchymas was verified when compared to the control.

Control (a), 4 (b), 8 (¢) and 16 mg 17" (d). The arrows indicate
deformed cells and intercellular spaces. pp palisade paren-
chyma, /p lacunar parenchyma, ad adaxial epidermis, ab
abaxial epidermis. Bar: 30 pm
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Fig. 6 Changes in net photosynthesis rate (A), stomatal
conductance to water vapor (gs), transpiration (E) in leaves
of G. americana plants exposed to concentrations of 2, 4, 8 and
16 mg Cd 17" together with the treatment of ‘zero’, in nutrient
solution during 72 h, n =4, £SE (P < 0.01 according to
Student’s r-test). The regression curve equations were y =
—5.48 (—=0.73 — exp (—0.20)) (* = 0.87) for A; y = —0.034
(—=0.78 — exp (—0.33x)) (r2 = 0.83) for gs; and y = 0.58/
(1 — 0.53 exp (0.20x)) (r2 = 0.77) for E. The measurements
were made at PPFD of 800 pmol m 2!

et al. 2001; Vollenweider et al. 2006), the histo-
chemical test with ferric chloride did not detect the
presence of phenol in the leaf tissue cells of
Cd-treated plants. Also, cells of the tissues of stem
buds did not present modifications that could be
related to Cd stress.

As a result of the defense reactions induced by Cd,
the lignification and death of G. americana root tip
tissue cells (Figs. 1, 3) may have promoted a decrease
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Fig. 7 Relationship between net photosynthesis (A) and the
stomatal conductance to water vapor (gs) in leaves of
G. americana plants exposed to concentrations of 2 (open
triangle), 4 (filled square), 8 (filled triangle) and 16 (filled
circle) mg Cd 17", together with the treatment of ‘zero’ (open
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measurements were made at PPFD of 800 pmol m™2 s~
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Fig. 8 Initial fluorescence (Fo), maximum fluorescence (Fm)
and maximum quantum efficiency of PS-II (Fv/Fm) of
G. americana plants grown in nutrient solution for 72 h with
different Cd concentrations. Fo (filled circle) and Fm (open
circle), n = 4, £SE

of the root system ability in absorbing and transport-
ing water and substances which are dissolved in it
through xylem. That, in turn, caused stomata closure
and, consequently, affected A and FE at the leaf level.

According to Mendelssohn et al. (2001), the
photosynthetic activity significantly decreases with
increasing Cd concentrations and thus is considered
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Fig. 9 Variation in the Cd contents in roots, stems and leaves
of G. americana plants grown for 120 h in nutrient solution
with different Cd concentrations. The regression curve equa-
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stems (open circle); and § = —0.03 + 0.02%*x (2 = 0.79) for
leaves (open triangle). Each point represents the mean £+ SE,
n =3 (** P < 0.01 according to Student’s r-test)

to be a sensitive indicator of stress caused by this
metallic element. Mobin and Khan (2007) observed
in a seedling of B. juncea, that the reduction in A was
followed by increase in gs and E. According to these
authors, such change was caused by the activity
reduction of the enzymes carbonic anhydrase
and ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (Rubisco). Chugh and Sawhney (1999), in studies
done with Pisum sativum, evidenced that Cd caused a
deleterious effect over photosynthetic enzymes and
that A progressively reduced with the increase of the
concentration of this metal.

Cadmium did not have any effect on the photo-
chemical phase of photosynthesis in G. americana.
Similar results were found by Mendelssohn et al.
(2001) in studies done with Thypha domingesis and
Spartina alterniflora. These authors concluded that
the Fv/Fm ratio is less sensitive to the stress imposed
by Cd, when compared to A. Consequently, this ratio
is not a good physiological indicator for evaluating
Cd stress. However, Chugh and Sawhney (1999)
observed in in vitro experiments with isolated
chloroplasts of P. sativum that the photosystem 2
(PS-2) was highly sensitive to Cd and that its
functionality was more affected than that of photo-
system 1 (PS-1). However, results with isolated
chloroplasts are not very reliable because the isola-
tion of this organelle necessitates a chemical process.

The low Cd translocation to the shoots and its
retention in the root system was is good for
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Fig. 10 Variation in K, Ca and Zn contents in roots (filled
circle), stems (open circle) and leaves (open triangle) of G.
americana plants grown for 120 h in nutrient solution with
different Cd concentrations. The regression curve equations for
K were § = 5.81 for roots; § = 9.20 — 0.042*x (> = 0.27)
for stems and § = 19.03 — 0.26**x (r* = 0.78) for leaves; for
Ca were § = 2.26 + 0.05%*x (1> = 0.94) for roots; § = 0.
62 — 0.31%x (r* = 0.56) for stems and ¥ = 3.13 for leaves; for
Zn were § = 9.62 + 0.94%*x — 0.02**x> (> = 0.92) for roots;
¥ =13.90 for stems and § = 24.4 for leaves. Each point
represents the mean & SE, n =3 (** P < 0.01; * P <0.05
according to Student’s #-test)

G. americana, since it is a fruit species, whose fruits
are consumed by human beings, animals and birds.
Cd accumulation in roots may be related to several
factors, such as: (i) exposure time of this species to
this metal, considering that the Cd accumulation in
the tissues increases as exposure time increases
(Cosio et al. 2005; Arduini et al. 2004); (ii) the Cd
concentrations to which the species was exposed
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(Arduini et al. 2004), since Cd started being trans-
located to the stem after the dose 1 mg Cd 17" and to
the leaf after the dose 8 mg Cd1~' (Fig. 8); and
(iii) the species strategy to protect its photosynthetic
activity, since, according to Dixit et al. (2001) the
low level of Cd in the leaves may be a strategy to
protect the photosynthetic functions of oxidative
stress induced by Cd. Therefore, metal accumulation
in the roots and the low translocation to the shoots are
considered mechanisms through which the root
system may contribute to the tolerance of woody
species to toxic metal concentrations (Arduini et al.
1996).

In G. americana, the low translocation of K to
leaves after exposure to Cd may have contributed to
the observed decrease in photosynthesis in this
species, since K is one of the major solutes involved
in stomatal movements. In Commelina communis the
responses of stomata on detached epidermis were
strongly dependent on the concentration of KCI. At
lower concentrations, the ability of the stomata to
open is thought to be limited by the availability of K*
ions (Travis and Mansfield 1979). In addition, in the
same species, exposed to different Cr’* concentra-
tions, there was also a reduction in the K levels in
roots and shoots (Barbosa et al. 2007).

The Cd effects in the absorption of mineral macro
and micronutrients are much diversified in woody
species. In Tabebuia impetiginosa, Ca and K levels in
the dry mass of the root diminished in a linear way
with Cd application, while the shoot levels of such
macronutrients were not affected. In this species the
Zn levels in the root were reduced in presence of Cd
(Paiva et al. 2004). Increase in Cd concentration
reduced the Ca levels in shoots of both Eucalyptus
maculata and E. urophylla (Soares et al. 2005), while
K and Zn levels were not affected. In Prunus dulcis
Cd caused the decrease of Ca and K in both root and
shoots (Nada et al. 2007).

We therefore may conclude that Cd caused the
process of cell death in root and leaf tissues of
G. americana similar to the apoptosis seen in
animals, showing all changing phases of cell nuclei.
Different from chlorophyll a fluorescence emission,
the leaf gas exchanges may be used as one of the
indicators of tolerance to Cd stress in G. americana.

Acknowledgments We gratefully acknowledge the financial
support provided by Fundagdo de Amparo a Pesquisa do

@ Springer

Estado da Bahia (FAPESB) and Universidade Estadual de
Santa Cruz (UESC). We also thank the technicians of the
Service Central d’Analises, Lyon, Franga and Mr. Martin
Brendel for their invaluable suggestions and manuscript
review. V. L. Souza was supported by Conselho Nacional de
Pesquisa (CNPq).

References

Almeida A-AF, Valle RR, Mielke MS, Gomes FP (2007)
Tolerance and prospection of phytoremediator woody
species of Cd, Pb, Cu and Cr. Braz J Plant Physiol
19:83-98

Arduini I, Godbold DL, Onnis A (1996) Cadmium and copper
uptake and in Mediterranean tree seedlings. Physiol Plant
97:111-117

Arduini I, Masoni A, Mariotti M, Ercoli L (2004) Low cad-
mium application increase miscanthus growth and cad-
mium translocation. Environ Exp Bot 52:89-100

Barbosa RMT, Almeida A-AF, Mielke MS, Loguercio LL,
Mangabeira PAO, Gomes FP (2007) A physiological
analysis of Genipa americana L.: a potential phytoreme-
diator tree for chromium polluted watersheds. Environ
Exp Bot 61:264-271

Berboodi BSH, Samadi L (2004) Detection of apoptotic bodies
and oligonucleosomal DNA fragments in cadmium-trea-
ted root apical cells of Allium cepa Linnaeus. Plant Sci
167:411-416

Ceita GO, Macédo JMA, Santos TB, Alemanno L, Gesteira
AS, Micheli F, Mariano AC, Gramacho KP, Silva DC,
Meinhardt L, Mazzafera P, Pereira GAG, Cascardo JC
(2007) Involvement of calcium oxalate degradation during
programmed cell death in Theobroma cacao tissues trig-
gered by the hemibiotrophic fungus Moniliophthora per-
niciosa. Plant Sci 173:106-117

Chaoui A, El Ferjani E (2005) Effects of cadmium and copper
on antioxidant capacities, lignification and auxin degra-
dation in leaves of pea (Pisum sativum L.) seedlings. C R
Biol 328:23-31

Chugh LK, Sawhney SK (1999) Photosynthetic activities of
Pisum sativum seedlings grown in presence of cadmium.
Plant Physiol Biochem 37:297-303

Cosio C, Desantis L, Frey B, Diallo S, Keller C (2005) Dis-
tribution of cadmium in leaves of Thlaspi caerulescens.
J Exp Bot 56:765-775

Deng X, Wang Y, Chou J, Cadet JL (2001) Methamphetamine
causes widespread apoptosis in the mouse brain: evidence
from using an improved TUNEL histochemical method.
Mol Brain Res 93:64-69

Dixit V, Pandey V, Shyam R (2001) Differential antioxidative
responses to cadmium in roots and leaves of pea (Pisum
sativum L. cv. Azad). J Exp Bot 52:1101-1109

Hoagland DR, Arnon DI (1950) The water culture method for
growing plants without soil. Califérnia Agricultural
Experiment Station, Berkeley, p 32

Houot V, Etienne P, Petitot A-S, Barbier S, Blein J-P, Suty L
(2001) Hydrogen peroxide induces programmed cell death
features in cultured tobacco BY-2 cells, in a dose-
dependent manner. J Exp Bot 52:1721-1730



Biometals (2011) 24:59-71

71

Johansen DA (1940) Plant microtechnique. McGraw-Hill Book
Company Inc., New York

Kraus JE, Arduin M (1997) Manual basico de métodos em
morfologia vegetal. EDUR, Rio de Janeiro

MaM, Lau P-S, Jia Y-T, Tsang W-K, Lam SKS, Tam NFY, Wong
Y-S (2003) The isolation and characterization of Type 1
metallothionein (MT) cDNA from a heavy-metal-tolerant
plant. Festuca rubra cv. Merlin. Plant Sci 164:51-60

Mendelssohn IA, Mckee KL, Kong T (2001) A comparison of
physiological indicators of sublethal cadmium stress in
wetland plants. Environ Exp Bot 46:263-275

Mielke MS, Almeida A-AF, Gomes FP, Aguilar MAG,
Mangabeira PAO (2003) Leaf gas exchange, chlorophyll
fluorescence and growth responses of Genipa americana
seedlings to soil flooding. Environ Exp Bot 50:221-231

Mobin M, Khan NA (2007) Photosynthetic activity, pigment
composition and antioxidative response of two mustard
(Brassica juncea) cultivars differing in photosynthetic
capacity subjected to cadmium stress. J Plant Physiol
164:601-610

Nada E, Ferjani EBA, Ali ER, Bechir EBR, Imed EM, Makki
EB (2007) Cadmium-induced growth inhibition and
alteration of biochemical parameters in almond seedlings
grown in solution culture. Acta Physiol Plant 29:57-62

Paiva HN, Carvalho JG, Siqueira JO, Miranda JRP, Fernandes
AR (2004) Absorg¢io de nutrientes por mudas de ipé-roxo
(Tabebuia impetiginosa (Mart.) Standl.) em solucdo nu-
tritiva contaminada por cddmio. Rev Arvore 28:189-197

Pilon-Smits E (2005) Phytoremediation. Annu Rev Plant Biol
56:15-39

Prasad MNV, Freitas HMO (2003) Metal hyperaccumalation in
plants—biodiversity prospecting for phytoremediation
technology. Electron J Biotechnol 6:285-321

Sanita di Toppi L, Gabbrielli R (1999) Response to cadmium in
higher plants. Environ Exp Bot 41:105-130

Sass JE (1951) Botanical microtechnique. The Lowa State
College Press, Ames

Schiitzendiibel A, Polle A (2002) Plant responses to abiotic
stresses: heavy metal-induced oxidative stress and pro-
tection by mycorrhization. J Exp Bot 53:1351-1365

Schiitzendiibel A, Schwanz P, Teichmann T, Gross K,
Langenfeld-Heyser R, Godbold DL, Polle A (2001)
Cadmium-induced changes in antioxidant systems,
hydrogen peroxide content, and differentiation in scots
pine roots. Plant Physiol 127:887-898

Severo MIG, Oliveira AH, Loustalot MFG, Carneiro CG,
Mangabeira PA, Labejof L, Almeida MP, Veado MARV
(2004) Inductively coupled plasma-mass spectrometry
(HR-ICP-MS) as a tool for environment biomonitoring.
Rev Fis Appl Instrum 17:7-11

Soares CRFS, Siqueira JO, Carvalho JG, Moreira FMS (2005)
Fitoxidez de cddmio para Eucalyptus maculata e E. uro-
phylla em solugdo nutritiva. Rev Arvore 29:175-183

Sridhar BBM, Diehl SV, Han FX, Monts DL, Su Y (2005)
Anatomical changes due to uptake and accumulation of
Zn and Cd in Indian mustard (Brassica juncea). Environ
Exp Bot 54:131-141

Stell RGD, Torrie JH (1980) Principles and procedures of
statistics. McGraw-Hill Book Company Inc., New York

Travis AJ, Mansfield TA (1979) Stomatal responses to light
and CO, are dependent on KCI concentration. Plant Cell
Environ 2:319-323

Vollenweider P, Cosio C, Giinthardt-Goerg MS, Keller C
(2006) Localization and effects of cadmium in leaves of a
tolerant Salix viminalis L. Part II. Microlocalization and
cellular effect of cadmium. Environ Exp Bot 58:25-40

@ Springer



	Morphophysiological responses and programmed cell death induced by cadmium in Genipa americana L. (Rubiaceae)
	Abstract
	Introduction
	Materials and methods
	Growth conditions and plant material
	Histochemical and anatomical analysis
	TUNEL analysis (terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling)
	Photosynthetic parameters
	Chemical composition
	Statistics analysis

	Results
	TUNEL analysis
	Histochemical and anatomical analysis
	Leaf gas exchanges and chlorophyll fluorescence emission
	Chemical composition

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


