Ecotoxicology (2012) 21:681-687
DOI 10.1007/s10646-011-0826-7

Cyanobacterial extracts containing microcystins affect the growth,
nodulation process and nitrogen uptake of faba bean (Vicia faba

L., Fabaceae)

Majida Lahrouni - Khalid Oufdou - Mustapha Faghire -
Alvaro Peix - Fatima El Khalloufi - Vitor Vasconcelos *
Brahim Oudra

Accepted: 9 November 2011 /Published online: 25 November 2011
© Springer Science+Business Media, LLC 2011

Abstract The use of irrigation water containing cyano-
bacterial toxins may generate a negative impact in both yield
and quality of agricultural crops causing significant economic
losses. We evaluated the effects of microcystins (MC) on the
growth, nodulation process and nitrogen uptake of a Faba
bean cultivar (Vicia faba L., Fabaceae), particularly the effect
of MC on rhizobia-V. faba symbiosis. Three rhizobial strains
(RhOF4, RhOF6 and RhOF21), isolated from nodules of
local V. faba were tested. The exposure of rhizobia to MC
showed that the toxins had a negative effect on the rhizobial
growth especially at the highest concentrations of 50 and
100 pg/l. The germination of faba bean seeds was also
affected by cyanotoxins. We registered germination rates of
75 and 68.75% at the toxin levels of 50 and 100 pg/l as
compared to the control (100%). The obtained results also
showed there was a negative effect of MC on plants shoot,
root (dry weight) and total number of nodules per plant.

M. Lahrouni - K. Oufdou - M. Faghire - F. El Khalloufi -

B. Oudra

Laboratory of Biology and Biotechnology of Microorganisms,
Environmental Microbiology and Toxicology Unit, Faculty
of Sciences Semlalia, Cadi Ayyad University, PO Box 2390,
Marrakech, Morocco

A. Peix
Instituto de Recursos Naturales y Agrobiologia, IRNASA-CSIC,
c/Cordel de Merinas 40-52, 37008 Salamanca, Spain

V. Vasconcelos (D<)

Departamento de Biologia, Faculdade de Ciéncias, Universidade
do Porto, Rua do Campo Alegre, 4169-007 Porto, Portugal
e-mail: vmvascon@fc.up.pt

V. Vasconcelos

CIIMAR/CIMAR-Centro Interdisciplinar de Investigagao
Marinha e Ambiental, Universidade do Porto,

Rua dos Bragas 289, 4050-123 Porto, Portugal

Cyanotoxins exposure induced a significant effect on nitrogen
assimilation by faba bean seedlings inoculated with selected
rhizobial strains RhOF6 and RhOF21, while the effect was
not significant on beans seedling inoculated with RhOF4.
This behavior of tolerant rhizobia-legumes symbioses may
constitute a very important pathway to increase soil fertility
and quality and can represent a friendly biotechnological way
to remediate cyanotoxins contamination in agriculture.
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Introduction

The global climate changes may contribute to the increasing
eutrophication of aquatic ecosystems and particularly of
lakes and reservoirs. As a result, cyanobacterial blooms
become more frequent and ubiquitous in brackish and fresh
waters. Several cyanobacterial genera including Microcys-
tis, Nodularia, Anabaena, Oscillatoria and Nostoc are able to
produce a variety of cyanotoxins (Haider et al. 2003) clas-
sified principally into two main groups, hepatotoxins and
neurotoxins (Sivonen and Jones 1999). This way, the use of
surface waters containing cyanobacterial blooms and their
toxins for irrigation could be a threat for both the quality and
the plant crop yield (Pflugmacher et al. 2006; Peuthert et al.
2007; Crush et al. 2008; Saqrane et al. 2009; Saqrane and
Oudra 2009). Several studies have reported that the exposure
to cyanobacteria aqueous extracts induced a significant
reduction of the germination rate of terrestrial plant such as
Lens esculenta, Zea mays, Triticum durum, Pisum sativum
and Medicago sativa (Chen et al. 2004; Pflugmacher et al.
2006; Sagrane et al. 2008; El Khalloufi et al. 2011). In
addition to the inhibitory effect on seed germination,
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cyanotoxins could also have a negative impact on the growth,
development and photosynthetic process of the seedling
(Ko’s et al. 1995; Kurki-Helasmo and Meriluoto 1998;
McElhiney et al. 2001; Pflugmacher 2002; Pflugmacher et al.
2006; Crush et al. 2008; Saqrane et al. 2009). Changes in the
antioxidative network of enzymes such as superoxide dis-
mutase (SOD), catalase (CAT) and peroxidase (POD) as well
as on phenolic compounds due to exposure to cyanobacterial
toxins was observed in different plants (Asada 1992; Polle
2001; Chen et al. 2004; Saqrane et al. 2007).

The effect of cyanotoxins on aquatic and terrestrial
plants has been previously reported by several authors
(reviewed by Saqrane and Oudra 2009), and there is an
original report related to the effect of cyanotoxins (micro-
cystins) on leguminous plants especially on infection and
nodule initiation of alfafa (El Khalloufi et al. 2011). The
MC exposure affected the alfalfa biology and physiology as
well as the symbiotic bacteria survival. Leguminous-rhi-
zobia symbiosis is a highly integrated system, soil-based
stress may act on the symbiosis indirectly by reducing plant
growth and available organic matter or by direct effects on
the infection process and/or nodule function (Singleton
1983; Zahran 2001; Dulormne et al. 2010). It is evident that
the enhancement of the leguminous productivity in areas
irrigated with water contaminated by cyanobacterial toxins
requires the involvement of cyanotoxins tolerant symbiotic
bacteria and tolerant leguminous plants.

In the present paper, we have investigated the effects of
cyanotoxins (MC), introduced via the water irrigation con-
taminated with a toxic cyanobacterial extract. The experiments
were carried out with three rhizobial strains nodulating faba
bean plants. The prospected effects aim to identify the eventual
impact of the MC exposure on the faba bean seeds germination
and seedlings growth, biomass production and nitrogen
(N) assimilation balance of faba bean cultivars inoculated
separately by three selected rhizobial strains. This way, we
examined the ability of these strains to nodulate and to uptake
N in symbiosis with faba bean knowing that, the research of
rhizobia and legumes tolerant to extreme environmental con-
ditions constitutes an important role in sustainable agricultural
production (Zahran 2001; Khan et al. 2010). Our experimental
approach could supplement scientific information related to
MC tolerant rhizobia-V. faba symbioses.

Materials and methods
Cyanobacterial aqueous crude extracts preparation
(cyanobacteria collection and microcystins

quantification)

In Morocco, especially in Marrakesh region, Lalla Tak-
erkoust reservoir is an aquatic ecosystem with frequent and
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massif proliferations of the toxic cyanobacterium M.
aearuginosa during summer and autumn. The bloom tox-
icity, diversity of MC variants and MC cell quota are
monitored since 1994 (Oudra et al. 2001, Oudra et al.
2002). A bloom sample was collected in September 2005
from Takerkoust reservoir with a 27 pm phytoplankton net.
The sample was freeze—dried and the lyophilized material
was stored at —20°C for MC extraction and HPLC analy-
sis. The methodology of extraction and toxins HPLC
quantification were previously described in El Khalloufi
et al. (2011). For plant treatment, the frozen bloom material
was thawed, sonicated (3 Hz x 10 min) and centrifuged
(4000x g x 12 min).

In this report, the aqueous extract of natural cyanobac-
terial bloom was used in order to mimic natural conditions
during bloom event when cyanobacteria cells lyses and
toxins liberation occurred. The same experimental
approach has been already used in our previous published
works (Sagrane et al. 2007, 2008, 2009; El Khalloufi et al.
2011).

MC allelopathic effects on rhizobia strains

Three strains of rhizobia were isolated from root nodules of
V. faba plants collected from Marrakesh region. Nodules of
V. faba plants were previously disinfected with sodium
hypochlorite (4°) and washed several times with sterile
physiological water. The nodule was crushed in a sterile
tube. The suspension was seeded on Petri dishes containing
YEM medium agar with Congo Red. After incubation for
48 h at 28°C, colonies of rhizobia, characterized by a gluey
aspect and without absorption of Congo red, were isolated
and purified on YEM medium (Vincent 1970). The strains
were stored at —25°C in glycerol 30%.

Flasks containing 100 ml of YEM broth medium were
inoculated with each isolated rhizobial strain. Four parallel
exposures to MC were performed with three replicates each
(0, 10, 50 and 100 pg MC/1); in the control flasks (0 pg/l)
we added 1 ml of sterile distilled water. Flasks were
incubated at 28°C, in darkness and under continuous agi-
tation (250 rpm).

The growth of rhizobia was estimated by counting col-
onies forming units per ml (CFU/ml) on YEM medium
agar.

Effects of MC extracts on Faba bean seeds germination

In order to evaluate the effect of MC on the germination
process, the seeds of V. faba were sterilized with sodium
hypochlorite 6° for 10 min, followed by rinsing them
several times with sterile distilled water. The seeds were
placed on wet filter papers in the Petri dishes (10 seeds in
each Petri dish). For the test, the seeds were exposed (every



Cyanobacterial extracts containing microcystins affect the growth, nodulation process 683

24 h for 7 days) to 3 ml of the aqueous extract containing
MC at various concentrations (10, 50 and 100 pg/l MC) or
sterile distilled water for the control treatment. Six repli-
cates for each treatment were prepared. The germination
boxes were placed into the incubator at 25°C in the dark
under sterile conditions, and the rate of germination was
determined.

Plant culture and MC extracts exposure experiments

A commercial cultivar of V. faba L. (variety with violet
seeds) was used to perform the MC exposure experiments.
Seedlings of V. faba were raised from pre-germinated seeds
in pots with 15 cm of sand (three seedlings in each pot). The
sand, used as a neutral substrate, was previously washed
with distilled water and sterilized at 200°C for 4 h in a
muffle furnace. The experiment was carried out in a glass-
house under natural conditions during April-May 2010.

Three treatment groups were designed with the three
different rhizobia strains. Each group of seedling was
inoculated with 2 ml of liquid inoculant containing
approximately 10° CFU/ml of each RhOF4, RhOF6 and
RhOF21 strains. Four parallel MC treatment exposures (0,
10, 50 and 100 pg/l MC) of seedling were performed with
three replicates (three pots). The exposure to MC began
15 days after inoculation and lasted for 6 weeks.

The aqueous extract of MC was supplemented with
N-free nutrient solution. At the end of the experiment,
plants were harvested, washed out of the sand; nodules
were detached from their root and counted. After desic-
cation at 70°C during 72 h, the dry matter of the different
parts of the plants (shoot, root and nodules) was quantified.
Nitrogen content in shoots and roots was dosed by the
Kjeldahl procedure. For total N determination, 0.5 g dry
weight was mixed with 1 g of a catalyst mixture (K,SOy,
CuS0,4-5H,0 and Se) and digested with 10 ml of sulfuric
acid (98%). After mineralization, the volume was adjusted
to 100 ml with distilled water; 40 ml of the solution was
transferred to Kjeldahl bottles containing few drops of
NaOH (8N), and the resulting distillated. The distillate was
titrated with 0.05N sulfuric acid.

Statistical analysis

The experimental design was a randomized complete
block. The growth values, the parameters related to nodu-
lation were means of four replicates per treatment per
rhizobia strain. Moreover, three faba bean plants were put
in each pot. Data were analyzed by variance analysis
(ANOVA), and the mean separation was achieved by LSD
test by the COSTAT software. All numeric differences in
the data were considered significantly different at the
probability level of P < 0.05.

Results

The results of HPLC-PDA obtained from the extract of the
M. aeruginosa bloom, revealed a mixture of five variants of
MC: DMC-LR (4.20%); MC-(H4)-YR (4.32%); MCLY
(8.32%); C-FR (9.45%) and MC-LR (73.71%). The total
MC content of the bloom extract was 22.24 pg/ml. The
detail of these results was previously described in El
Khalloufi et al. (2011). According to these results, we
assume that the global MC effect will be connected to the
effect of MC-LR which is the dominant MC variant in the
extract (around 74%).

The growth of the strains RhOF4, RhOF6 and RhOF21
depended on both, strain and cyanotoxin concentration
(Table 1). The exposure of rhizobia to MC showed that the
toxins had a negative effect on the rhizobial growth. A
significant decrease in CFU/ml compared to the control
was registered (P < 0.05). From the Ist day of exposure,
the negative effect of MC appeared especially at the
highest concentrations of 50 and 100 pg/l (Table 1).

At the end of experiment, the bacterial abundances at
100 pg MC/l were 122 x 10", 100 x 10® and 61 x 10"
CFU/ml, respectively for the strains RhOF4, RhOF6
and RhOF21. These abundances were significantly lower
(P < 0.05) as compared to the controls without MC (Table 1).

The behavior of the studied rhizobia was different with
RhOF4 growing faster than RhOF21 and RhOF6, in both
microcosms with and without cyanotoxins. Indeed, after
only 2 days of growth at 100 pg MC/1, the abundances of
RhOF4 were 100 x 10° CFU/ml which was significantly
higher than those of RhOF21 (135 x 10® CFU/ml) and
RhOF6 (127 x 10° CFU/ml).

After 7 days of exposure to MC crude extract, a nega-
tive effect of MC on seed germination rate of V. faba seeds
was registered, being this effect significantly concentration
dependent. MC did not have any effect at the concentration
of 10 ug MC/1 as compared to the control (100%). How-
ever at the highest toxin levels of 50 and 100 pg/l, we
registered germination rates of respectively 75 and 68.75%
(Table 2).

The data in Fig. 1 reveal that dry matter yield of
both shoots and roots decreased significantly (P < 0.05),
but only at the highest concentration of cyanotoxins
(100 pg MC/).

Only faba bean plants inoculated with RhOF6 showed a
significant dry matter decrease also at the concentration of
50 pg MC/1 as compared to the control. Whereas, the
plants inoculated with RhOF21 showed no significant dif-
ference at the tested toxins levels in their shoots and roots
dry weight. There was a significant negative correlation
(P < 0.05) between concentrations of cyanotoxins and the
dry matter of faba bean plants inoculated by RhOF4,
RhOF6 or RhOF21.

@ Springer



684

M. Lahrouni et al.

Table 1 Cyanotoxins effect on the growth of rhizobia strains (RhOF4, RhOF21 and RhOF6) in YEM medium broth (rhizobial abundances in

CFU/ml)
Parameters To Ist day 2nd day 3rd day 4th day 5th day
RhOF4
Control 10° 124 x 107 173 x 10° 268 x 101 150 x 10" 277 x 10"
10 pg/l 10° 115 x 10™ 124 x 10™ 244 x 10" 131 x 10" 198 x 10'™®
50 pg/l 10° 96 x 10 111 x 10%° 183 x 10'%® 108 x 10'™® 147 x 10''¢
100 pg/l 10° 89 x 107° 100 x 10%° 120 x 10'% 75 x 10'° 122 x 10''¢
RhOF6
10 pg/l 10° 36 x 10% 267 x 10° 156 x 1078 141 x 1078 127 x 10%
10 pg/l 10° 33 x 10%f 173 x 0% 93 x 10™ 122 x 10™ 123 x 10%"
50 pg/l 10° 31 x 10°f 175 x 10% 83 x 10™ 96 x 10™ 152 x 108"
100 pg/l 10° 30 x 10°f 127 x 10% 56 x 107 43 x 10" 100 x 108"
RhOF21
Control 10° 172 x 10% 279 x 10% 197 x 10 141 x 10'°¢ 261 x 10"
10 pg/l 10° 161 x 10% 243 x 103 169 x 10°% 122 x 100 ¢ 229 x 10'%
50 pg/l 10° 158 x 10% 187 x 108 151 x 10% 96 x 10'0°¢ 141 x 10'f
100 pg/l 10° 132 x 108 135 x 10% 113 x 10*f 43 x 100 f 61 x 10'f

Means within the same column followed by different letters are significantly different at P < 0.05

Table 2 Effect of three concentrations of MC (10, 50 and 100 pg/l)
on seeds germination rate

MC concentration (pg/l) 10 50 100

Germination rate (%) 100 75 68.75

Percentages are relative to the control

The coefficients correlation were respectively r =
—0.96, —0.64 and —0.98 for shoots and r = —0.99, —0.92
and —0.83, respectively for roots.

In the presence of cyanotoxins at 100 pg MC/1, the dry
matter of the nodules significantly (P < 0.05) decreased by
46.57 and 43.64% in the plants inoculated with RhOF21
and RhOF4 respectively, while at 10 and 50 pg MC/I,
cyanotoxins had no significant effect (Fig. 2). However in
the case of plants inoculated with the RhOF6 strain, cy-
anotoxins caused a significant dry matter decrease at
50 pg MC/1 (Fig. 2).

The effect of MC is stronger against nodulation. After
5 weeks of treatment, the obtained results showed that in the
case of plants inoculated with RhOF21, RhOF6 and RhOF4,
100 pg MC/1 inhibited nodulation by about 42, 32 and 37%,
respectively. Thus MC inhibited not only the nodule growth,
but also the nodulation process. Cyanotoxins induced a sig-
nificant negative effect (P < 0.05) on nodules development
of faba bean inoculated with RhOF4, RhOF6 and RhOF21
(Fig. 2); the coefficients correlation were respectively r =
—0.7, —0.67 and —0.88 for nodule dry weight and r =
—0.75, —0.71 and —0.81, respectively for nodule number.

In the plants nodulated by RhOF6 or RhOF21, MC
decreased significantly (P < 0.05) the total N content of
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Fig. 1 Effect of MC on dry matter accumulation in shoots (a) and
roots (b) of V. faba plants inoculated with rhizobial strains (RhOF4,
RhOF6 or RhOF21)

both shoots and roots of V. faba plants (Tables 3, 4). The
effect of cyanotoxins was more obvious for the highest
toxins levels (50 and 100 pg MC/1). On the contrary, MC
did not significantly modify the N content in shoots and
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Fig. 2 Effect of MC (10, 50 and 100 pg/l) on nodule dry weight
(a) and nodule number (b), of V. faba inoculated with rhizobial strains
(RhOF4, RhOF6 or RhOF21)

roots of plants inoculated by RhOF4. The assimilation of N
under cyanotoxins effects was different according to the
strain and the concentration of MC (Tables 3, 4).

Discussion

The crude extract of cyanotoxins used in this study had an
inhibitory effect on the growth of the tested rhizobial

strains nodulated faba bean plants. According to our
knowledge, few data are available on the effects of cy-
anotoxins on bacteria and especially on rhizobia. El Kha-
lloufi et al. (2011) have demonstrated that MC-LR had a
negative effect on the growth of rhizobia nodulating M.
sativa. Some studies have reported that microcystins affect
cell wall permeability (Dixon et al. 2004). Even at low
concentrations, it was also indicated that cyanobacteria can
produce different types of secondary metabolites with
fungicidal and/or antibacterial effects, such as cyanotoxins
(Sivonen and Jones 1999; Dixon et al. 2004).

Otherwise, Valdor and Aboal (2007) studied the effects
of cyanobacterial extracts and pure microcystins on growth
and ultrastructure of microalgae and bacteria, and demon-
strated the inhibitory effect of both cyanobacterial extracts
and pure microcystins on the growth of microalgae and
bacteria. This inhibitory effect was more persistent in pure
microcystins than in the extracts, which lost their properties
8 days after exposure. In addition, the effects on bacteria
were longer lasting than those on microalgae. Similarly,
Vassilakaki and Pflugmacher (2007) have reported that
exposure to both cyanobacterial crude extracts and pure
MC induced an oxidative stress response of Synechocystis
sp. and had negative effects on the growth of microalgae
and bacteria.

The seeds germination is an important process in plant
development. It represents the earlier stage of seedlings
growth. So, the possible effect of microcystins on this
process may affect the crop productivity. The inhibition of
seeds germination was observed in leguminous plants, after
exposure of alfalfa (M. sativa) (Pflugmacher et al. 2006; El
Khalloufi et al. 2011) and the seeds of P. sativum (Saqrane
et al. 2008) to cyanobacterial toxins and cyanobacteria
crude extracts. Our study confirms this finding; the con-
centrations of equivalent microcystins MC-LR at 50 and
100 pg/l, induced a significant reduction of germination

Table 3 Effects of MC on total nitrogen content (g N/100 g DW) in shoots of faba bean plants inoculated with rhizobial strains

Control 10 pg/l 50 pg/l 100 pg/l
RhOF4 2.46 + 0.05¢ 2.46 + 0.06° 2.4 + 0.06° 2.42 + 0.12¢
RhOF6 2.64 £ 0.05° 2.61 £ 0.06° 2.46 + 0.07° 2.39 £+ 0.04°
RhOF21 2.78 + 0.06* 261 + 0.03° 2.46 + 0.11°¢ 2.46 + 0.03¢
Means of total nitrogen content in shoots followed by different letters are significantly different at P < 0.05
Table 4 Effects of MC on total nitrogen content (g N/100 g DW) in roots of faba bean plants inoculated with rhizobial strains

Control 10 pg/l 50 pg/l 100 pg/l
RhOF4 32+011° 3.04 £ 0.07° 3.06 £ 0.2¢ 3.16 + 0.06°
RhOF6 3.33 £ 0.07° 3.25 £ 0.02%° 3.21 £0.03° 3.16 + 0.06°
RhOF21 2.27 £ 0.03¢ 2.18 £ 0.03% 2.16 + 0.05° 2.16 + 0.03°

Means of total nitrogen content in roots followed by different letters are significantly different at P < 0.05
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rate of V. faba seeds. No significant difference was
observed at the concentration of 10 pg MC/1 as compared
to the control.

Adding to the inhibitory effect on seeds germination,
cyanobacteria toxins induce a decrease of dry matter in a
range of plants such as the leguminous; P. sativum (Saq-
rane et al. 2008) and other terrestrial plants L. esculenta,
Z. mays, T. durum and, Rye grass, Clover, Rape, and Lettuce
(Crush et al. 2008; Sagrane et al. 2008). The data obtained in
our study revealed comparable results; the dry matter of
both shoots and roots decreased generally at the highest
concentration of cyanotoxins (100 pg MC/1) (P < 0.05).

Measured nodulation, as nodule number, is usually
considered an indication of successful infections of legume
plants (Zahran 1991). The possible effect of spry irrigation
practices with water containing microcystins on nodule
number was previously investigated by El Khalloufi et al.
(2011). The authors demonstrated that cyanotoxins
decreased nodule number during the symbiosis rhizobia-M.
sativa, the reduction rate was concentration-dependent.
The present study revealed that the development of root
systems and nodulation was strongly affected by cyano-
toxins. The total nodule number per plant was affected,
especially at the highest toxin levels (50 and 100 pg MC/1).
Cyanotoxins also reduced nodule dry weight of faba bean.
Velagaleti and Marsh (1989) have demonstrated that the
reduction of nodule weight resulted from the reduction of
carbohydrate translocation towards nodules that follows the
shoot growth inhibition and the decrease of intrinsic pho-
tosynthetic capacity.

The symbiotic relationship between rhizobia and
legumes allows the fixation of atmospheric N which makes
it in available form for plants. We have evaluated the
effects of cyanotoxins stress on this process by the mea-
surement of the total N assimilated by faba bean plants.
However RhOF4 strain formed 90% of nodule compared to
RhOF21, these nodules appeared to be more effective for N
assimilation. In our experiment, we have found that MC
did not significantly modify N content in shoots and roots
of plants infected by RhOF4 strain. In contrast, the total N
content decreased significantly in both shoots and roots of
faba bean inoculated by RhOF6 or RhOF21 and exposed to
MC. According to our knowledge, the effect of cyanotoxins
on N assimilation have not previously been reported, but
the decline of N uptake by bean plants under other envi-
ronmental stresses, has been reported in several studies
(Hunt and Layzell 1993; Sadiki and Rabih 2001; Zahran
2001; Garg and Singla 2004; Abdelly et al. 2005; Tejera
et al. 2006; Krouma 2009) and they could be due to: (i) a
preferential degradation of the leghemoglobin (Delgado
et al. 1993), (ii)a decrease in the activity of enzymes
involved in tissue protection against reactive oxygen spe-
cies (Sheokand and Dhandi 1995), and (iii) an inhibition of
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ammonium assimilation pathways, particularly as a con-
sequence of a decrease in glutamine synthetase activity
(Cordovilla et al. 1994). Results of other investigators
attribute the decline of nitrogenase activity to the limitation
of oxygen diffusion in the nodules.
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