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a  b  s  t  r  a  c  t

The  water  fern  genus  Azolla  has  been  found  in  marine  sediments,  showing  that ancestral  species  grew in
marine ecosystems  during  the  Eocene.  Modern  Azolla  species,  however,  only  live  in freshwater.  Besides
aiming to  elucidate  experimentally  the  conditions  that  prevailed  over  the  Arctic  Ocean  and  adjacent
Nordic  seas  during  the Eocene,  studies  on tolerance  of  these  plants  to  salt  stress  have  applied  potential,  as
Azolla  may  be  used  as  a fertilizer,  due  to  its  symbiosis  with  N2-fixing  Anabaena  cyanobacteria,  and  grown
on salt-infiltrated  agricultural  fields.  Here,  the  response  of a temperate  Azolla  filiculoides–Anabaena  azollae
association  to  a wide  salinity  gradient  (0–210  mM  NaCl)  was  studied  by  measuring  growth,  nutrient
content,  nitrogenase  activity  and  the  accumulation  of  free  amino  acids  in the  association.  The  association
was  able  to  grow  at salt  concentrations  up  to 90 mM  NaCl  and  appeared  to  acclimate  in  this  range,  but
only  after  a period  of  75  days.  At  concentrations  exceeding  120  mM  NaCl,  however,  roots  were  shed  and
impairment  of  water  and  nutrient  uptake  (including  dinitrogen  fixation)  resulted  in  die  off.  Increased  Na
concentrations  in  the  plants  grown  at  external  salt  concentrations  of  30  mM  NaCl  were  to some  extent
reverted  by  decreased  K concentrations,  suggesting  that  K  in  the  plants  was  replaced  by Na  as  plant  growth
was not  affected.  Absolute  nutrient  concentrations  in plant  tissue  were  not  correlated  with  plant  growth
and therefore  not  suitable  as  reliable  indicators  for salt  stress.  However,  significant  increases  in the free
amino  acids  proline  and  glutamate  and  significant  decreases  in asparagine,  glutamine  and  gamma-amino-
ocene Azolla event butyric-acid  were  found  with increasing  salinity.  The  constitutively  high  glutamine  concentrations  in the
plants  grown  up  to 90 mM  NaCl  may  have  contributed  to  the  salt  tolerance  of  the  plants  by  providing
osmotic  adjustment.  Proline  concentrations  and  glutamine/glutamate  ratios  proved  to  be  strong  linear
indicators  for  the  level  of salt  stress  and  can  therefore  be used  to predict  the  tipping  point  concentration.
The  salt  resistance  limit  of  90 mM  NaCl  corresponds  well  to  climate  model  predictions  of  salinity  levels

olla  i
of ancestral  habitats  of  Az

. Introduction

Azolla represents a free floating plant genus belonging to the
teridophyta with a global distribution. Distinctive for Azolla is
ts symbiosis with the dinitrogen fixing cyanobacterium Anabaena
zollae that lives inside the leaf cavities of the plant. An. azol-

ae provides Azolla with ammonium, whereas Azolla provides the
yanobacterium with a fixed source of carbon (Peters and Mayne,
974a, 1974b).  Thanks to this symbiosis Azolla is usually very rich
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in nitrogen and therefore particularly well known for its use as
a nitrogen fertilizer in rice paddies (Moore, 1969; Lumpkin and
Plucknett, 1980, 1982; Wagner, 1997; Mandal et al., 1999; Hove
and Lejeune, 2002). In addition, Azolla is widely used as a phytore-
mediation tool for contaminated surface water (Wagner, 1997; Rai,
2007; Ferdoushi et al., 2008) and as animal feed (Khatun et al., 1999;
Abou et al., 2007; Leterme et al., 2009).

Present day Azolla spp. are only known from freshwater envi-
ronments and can thus be expected to be sensitive to elevated salt
concentrations. Ancestral Azolla spp. are, however, known to have

also been associated with marine environments (Bujak and Mudge,
1994; Eldrett et al., 2004; Brinkhuis et al., 2006). Species such as
Azolla arctica (Collinson et al., 2009) and Azolla jutlandica (Collinson
et al., 2010) grew and reproduced in the central Arctic Ocean and

dx.doi.org/10.1016/j.aquabot.2012.12.006
http://www.sciencedirect.com/science/journal/03043770
http://www.elsevier.com/locate/aquabot
mailto:moniquevankempen@home.nl
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djacent Nordic seas during the Eocene, some 50 million years
go. It has been suggested that the massive growth of these Azolla
pp. significantly contributed in tilting the world’s climate from
reenhouse to icehouse via massive drawdown of atmospheric CO2
Brinkhuis et al., 2006; Speelman et al., 2009). Although the onset
nd termination of the Azolla blooms were mainly determined by
hanges in surface water salinities, the highest spore abundances
ccurring at times where the top surface water salinity was  rel-
tively low (Brinkhuis et al., 2006; Stickley et al., 2008), it is still
ery likely that the genus must have shown some degree of salinity
olerance.

Growth responses of Azolla spp. in relation to salt stress have
een studied in considerable detail, mainly for subtropical and trop-

cal species and strains. The interest in this topic largely originates
rom the fact that the utilization of Azolla in agriculture is increas-
ngly affected by salinization, particularly in arid and semi-arid
egions where irrigation is a contributory factor. The salt resistance
imit of Azolla spp. roughly varies between 40 mM and 220 mM salt
Haller et al., 1974; Deng-hui et al., 1987; Johnson, 1986; Rai and
ai, 1999; Arora and Singh, 2003; Masood et al., 2006; Rai et al.,
006). It has been shown that in the lower ranges salt tolerance can
e increased by pre-incubation at non-lethal salt concentrations
Abraham and Dhar, 2010; Rai et al., 2001; Rai and Rai, 2003). Next
o phenotypical differences among Azolla spp. and their different
trains (Johnson, 1986), this may  partly explain the considerable
ariation that has been found in the salinity tolerance of the species,
lthough differences in experimental design might also have played

 significant role (Grattan and Grieve, 1992; Marschner, 1995;
unns and Tester, 2008).
Generally, the growth reduction that salt sensitive plants expe-

ience after exposure to elevated salt concentrations results from
mmediate osmotic stress due to a disrupted water uptake, often
ollowed by ionic stress due to the accumulation of inorganic
ons in the plant cells up to concentrations that are inhibitory
o many plant physiological processes (Munns and Tester, 2008).
he degree to which algae and plants are able to overcome such
tress depends on their ability to sequester the ions in vacuoles
nd accumulate compatible osmotic compounds in the cytoplasm,
ncluding carbohydrates, polyhydric alcohols and amino acids
nd/or related soluble nitrogenous compounds (Flowers et al.,
977; Mansour, 2000; Bouché and Fromm,  2004; Burg and Ferraris,
008). These compounds may  not only contribute to the osmotic
djustment but also stabilize membranes and proteins and act as
ree-radical scavengers (Burg and Ferraris, 2008; Munns and Tester,
008).

So far, studies addressing physiological changes in Azolla spp.
ubjected to salt stress have only been carried out using subtropical
nd tropical varieties of the species (Rai and Rai, 1999; Masood et al.,
006; Rai et al., 2006; Abraham, 2010; Abraham and Dhar, 2010;
ingh et al., 2010). Here we studied a temperate Az. filiculoides–An.
zollae strain grown at different salt concentrations (up to 210 mM
aCl) in a laboratory experiment by measuring the growth and
xamining the nutrient concentrations in the plants under the given
onditions. Az. filiculoides is the northernmost occurring Azolla
pecies (Lumpkin and Plucknett, 1980). Maritime climate, like in
he Netherlands, may  temper winter periods and incline salt influ-
nces in freshwater systems near the coast. As Azolla is rich in
itrogen compounds due to its symbiosis, we hypothesized that the
ccumulation of free amino acids is a likely strategy to implement
s an adaptive response to salinity stress. We  therefore studied the
ree amino acid composition, as well as the nitrogenase activity in
he Az. filiculoides–An. azollae association, in relation to salt stress.
e grew the association in a nitrogen free solution because glu-
amate and glutamine, which are the first essential amino acids
n the nitrogen metabolism of the symbiosis, are then initially
erived from the activity of the cyanobiont that fixes atmospheric
c Botany 106 (2013) 20– 28 21

dinitrogen. As a whole, the present study will generate a broader
knowledge about the salt stress responses of the genus and about
the physiological and biochemical advantages of the symbiosis in
temperate brackish water systems, including novel indicators for
salt stress.

2. Materials and methods

2.1. Experimental design

Azolla filiculoides,  including the An. azollae,  was collected from
a field location in the Netherlands (N51◦55′48′′; E5◦50′6′′) and cul-
tivated in the laboratory for approximately 4 months in a nutrient
solution which was based on water quality data obtained in a field
survey by de Lyon and Roelofs (1986) on the distribution of Az.
filiculoides, among other water plants in the Netherlands. The solu-
tion contained 1.75 mM NaHCO3, 1.75 mM CaCl2, 25 �M NaH2PO4,
1 mM K2SO4, 1 mM  MgSO4, 10 �M Fe-EDTA, 1 �M CuSO4, 20 �M
MnCl2, 10 �M ZnSO4, 3 �M Na2MoO4, 20 �M H3BO3 and 4 �M
CoCl2 (Sigma–Aldrich Chemie B.V., Zwijndrecht, The Netherlands)
and was  kept free of nitrogen. It was  refreshed weekly. Contain-
ers with Az. filiculoides were placed in a water bath at 16 ◦C at
an air temperature of 25 ◦C. The light regime was  set to 16 h day
and the light intensity at vegetation level was 230 �mol  m−2 s−1

PAR (Quantum sensor, Skye Instruments Ltd., Wales, England), pro-
vided by six 400 W high pressure sodium lamps (Hortilux-Schréder,
Monster, The Netherlands).

Az. filiculoides,  including the An. azollae,  was  grown at 7 differ-
ent salt concentrations and a control for 101 days. The different
treatments were established by adding 0, 30, 60, 90, 120, 150,
180 or 210 mM NaCl to the nutrient solution using a 5 M NaCl
(Sigma–Aldrich Chemie B.V., Zwijndrecht, The Netherlands) stock
solution. Each treatment was replicated 3 times. The plants were
grown in 6 L glass aquaria (25 cm length; 12.5 cm width; 30 cm
height) which were randomly placed in the water bath to mini-
mize the effect of microclimate differences. The underwater parts
of the aquaria were kept dark using light impermeable foil to avoid
light penetration from the sides. At the start of the experiment 4 g
of fresh Az. filiculoides was introduced in each aquarium, covering
approximately a quarter of the water surface.

2.2. Growth response measurements

Total fresh biomass in each aquarium was  determined once
a week and subsamples were taken for fresh weight and dry
weight measurements. Fresh weight was determined by taking the
plants out of the aquaria and carefully blotting them dry on tis-
sue paper before weighing. The dry weight samples were washed
in a sieve for 1 min  with running demineralized water to remove
adhering ions and then put in paper bags in a stove for 48 h at
70 ◦C.

After each harvest 4 g of fresh Azolla was  returned into a cleaned
aquarium containing new nutrient solution that was adjusted to
the right NaCl concentration. When less than 4 g of fresh biomass
was  available, only a small subsample was harvested and the rest
of the biomass was put back into the aquarium. Because biomass
declined in the highest salt treatments (>120 mM NaCl), the start-
ing biomasses for each sampling period differed among treatments.
The relative growth rates were calculated on a dry weight basis to
eliminate growth differences that may  have arisen from the initial
size differences: RGR = (ln W2 − ln W1)/(t2 − t1), where W1 and W2

represent the dry biomass at the beginning (t1) and end (t2) of the
sampling period. Due to continuous low biomass production rates,
the 150, 180 and 210 mM NaCl treatments had to be terminated
after 48, 27 and 19 days respectively.
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.3. Plant nutrient analyses

Dried plant material was ground in liquid nitrogen after which
00 mg  of the plant material was digested in 4 mL  HNO3 (65%)
nd 1 mL  H2O2 (35%), using an Ethos D microwave (Milestone,
orisole Lombardy, Italy) (Kingston and Haswell, 1997). Since for
ost species sodium appears to reach toxic concentrations before

hloride does (Munns and Tester, 2008), in this report we focussed
n the accumulation of sodium (Na) in the plant tissue. In addition
o Na, the digestives were analyzed for elemental potassium (K),
alcium (Ca), magnesium (Mg) and phosphorus (P) concentrations
sing an inductively coupled plasma emission spectrophotometer
ICP-OES, model IRIS Intrepid II XDL, Thermo Fisher Scientific). For
he analyses of total nitrogen (N) concentrations, the ground plant

aterial was further homogenized using a ball mill (type Mixer
ill 301, Retsch GmbH, Germany). Ca. 2 mg  of the plant mate-

ial was weighed in pressed, ultra-light-weight tin capsules which
ere analyzed by an elemental CNS analyzer (EA 1110, Carlo Erba;

hermo Fisher Scientific). Both in the elemental composition anal-
ses and in the plant total nitrogen analyses standard references
ere included. The plant total nitrogen concentrations could not

e determined for the plants grown at the three highest salt con-
entrations due to the low biomass production.

.4. Amino acid analysis

At the start and end of the experiment fresh plant biomass was
ollected for the purpose of amino acid analysis according to the
ethod described by van Dijk and Roelofs (1988).  Samples were

tored in plastic bags at −80 ◦C until analysis. Amino acids were
uantified by measuring fluorescence after pre-column derivation
ith 9-fluorenylmethyl-chloroformate (FMOC-Cl) and using HPLC

Star 9050 variable wavelength UV-VIS and Star 9070 fluorescence
etector; Varian Liquid Chromatography, Palo Alto, USA) with nor-

eucine as an internal standard. The plant material of the 120 mM
aCl treatment had to be pooled at the end of the experiment due

o low biomass production, thereby leaving only 2 replicates. The
mino acid analysis method did not allow us to measure glycine
etaine (Rhodes and Hanson, 1993), which besides proline has
een recognized as a compatible compound abundant in higher
lants. However, the method did allow us to measure serine and
thanolamine, which are essential precursors in the biosynthesis of
lycine betaine (Hitz et al., 1981; Rhodes and Hanson, 1993; Nuccio
t al., 1998; Waditee et al., 2007).

.5. Nitrogenase activity of the Az. filiculoides–An. azollae
ssociation

Nitrogenase activity was measured in duplicate using an acety-
ene reduction assay (Hardy et al., 1968) as described by Arora and
ingh (2003) after 9 days. The activities were first averaged per
eplicate, after which the mean was calculated per treatment.

.6. Nutrient composition analysis of the nutrient solution

The nutrient solution in each aquarium was refreshed once a
eek at the event of harvesting to keep the culture free of algae

nd to prevent nutrient depletion. Before refreshing the nutrient
olution, samples were taken from the aquaria using 30 mL  acid
insed glass bottles, to determine the nutrient concentrations. Total
oncentrations of Al, Ca, Fe, K, Mg,  Mn,  Na, P, S, Si and Zn were

etermined using inductively coupled plasma emission spectrom-
try (ICP-OES), using standard references. During the experiment
ll nutrients in the solution were present in adequate amounts (data
ot shown).
c Botany 106 (2013) 20– 28

2.7. Statistical analysis

Mixed Linear Models (MLM)  in SPSS 19.0 for Windows (SPSS
Inc., Chicago, IL, USA) were used to analyze the growth responses
and the nutrient concentrations in the plants. Time was specified
as a repeated variable with plant as the subject variable to cor-
rect for the correlated residuals within the random effects. The
repeated co-variance type was  specified based on the smallest −2
Restricted Log Likelihood. Data were analyzed considering treat-
ments effects, time effects and time/treatment interactions in order
to study whether there was  plant adaptation. As the absolute nutri-
ent concentrations in the plant tissue were not correlated with
plant growth it was decided to analyze the nutrient concentra-
tions solely for treatment effects. Pairwise comparisons were made
based on the estimated marginal means to determine the dif-
ferences between the treatments and were adjusted for multiple
comparisons using Bonferroni, the mean difference being signifi-
cant at the 0.05 level. Missing data from the 150, 180 and 210 mM
treatments were indicated as such, except in the analysis of the
plant nitrogen concentrations, because these were missing from
the start. Care was taken that the model’s assumptions were met.
For this purpose the plant sodium, calcium and magnesium con-
centrations were log transformed for the analyses.

Analyses of variances (ANOVA) were used to analyze the dif-
ferences among the nitrogenase activities and the amino acid
compositions of the association at the end of the experiment. Dif-
ferences between treatments were determined using Bonferroni
post hoc analyses. The missing replicate in the 120 mM NaCl treat-
ment in the amino acid analysis was specified as such, whereas
the three highest salt treatments were excluded because the plants
had died before the end of the experiment. Care was taken that the
model’s assumptions were met. For this purpose total amino acid
concentrations, glycine, serine, asparagine, glutamine, aspartate,
glutamate, gamma  amino butyric acid (GABA) and ethanolamine
data were log(1 + X) transformed.

3. Results

3.1. Growth responses

The relative growth rates (RGRs) of the Az. filiculoides–An. azollae
association initially decreased with increasing NaCl in the nutrient
solution (Fig. 1A, Table 1). During the experiment, however, the
RGRs of the plants grown in treatments up to 90 mM NaCl became
equally high (Fig 1A, Table 1). In the 120 mM NaCl treatment the
RGR was highly variable, but overall, it was significantly lower than
in the plants grown at lower salt concentrations. This was  also true
for the three highest salt treatments where RGRs were generally
negative (Fig. 1A, Table 1). In the three highest salt concentrations
(≥150 mM NaCl), a large part of the plants became necrotic and
subsequently sank to the bottom of the aquaria. Hence, the treat-
ments with 150, 180 and 210 mM NaCl already had to be terminated
during the first half of the experiment after 48, 27 and 19 days
respectively.

The water contents of Az. filiculoides initially decreased with
increasing salt in the nutrient solution (Fig. 1B, Table 1). The plants
grown at salt concentrations ≥60 mM NaCl became smaller and
partially orange, and the length of the roots substantially decreased.
In the treatments with ≥120 mM NaCl, the Azolla plants shed nearly
all their roots and it was only in the 120 mM salt treatment that they
occasionally regenerated during the experiment (personal observa-

tions). For the plants grown at salt concentrations ≤90 mM water
contents increased again (Fig. 1B, Table 1), the roots lengthened
and the plants returned to their original green colour during the
second half of the experiment. In the 120 mM NaCl treatment, in
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Table  1
Results of the Mixed Linear Model analyses and the Bonferroni adjusted pairwise comparisons based on the estimated marginal for treatment effects for the moisture contents
and  the relative growth rates (RGR) of the Az. filiculoides–An. azollae associations exposed to the different salt concentrations. The mean difference is significant at the 0.05
level.

Variable Mixed Linear Models Salt treatment (mM  NaCl)

Covariance type Treatment Time Treatment × time 0 30 60 90 120 150 180 210

df F p df F p df F p Bonferroni adjusted pairwise comparisons

Moisture content FOAD 7 92.800 0.000 11 15.356 0.000 52 10.069 0.000 a a ab b c d d d
0.000

F

c
t

3

s
6
t
c
a

F
t
t
e

RGR SI 7 50.159 0.000 11 14.547 

OAD, first order ante dependence; SI, scaled identity.

ontrast, the stress symptoms remained present until the end of
he experiment.

.2. Plant nutrient composition

Sodium concentrations in the plants increased with increasing
alt concentrations in the nutrient solution, but only up to the

0 mM  NaCl treatment (Table 2). The plants in the 30 mM  NaCl
reatment accumulated almost eight times more sodium than the
ontrols, and the plants in the 60, 90 and 120 mM NaCl treatments
lso accumulated significantly more sodium than the plants in the
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ig. 1. (A) The relative growth rates (RGRs) (g g−1 dry weight day−1) ± SE and (B)
he water contents (%; w/w) ± SE of the Az. filiculoides–An. azollae associations in
he  different salt treatments (0–210 mM NaCl; n = 3) at different times during the
xperiment. The results of the statistical analyses are presented in Table 1.
 52 3.190 0.000 a ab bc c d de e de

30 mM  NaCl treatment. The sodium concentrations in the plants
grown at the highest three salt concentrations, however, stayed
relatively low due to the fact that these plants had lost their roots.

The biggest difference in the potassium concentrations of the
plants occurred between the control plants and the plants grown
at 30 mM NaCl (Table 2). In plants grown at 60, 90 and 120 mM
NaCl potassium concentrations were lower than in plants grown at
30 mM  NaCl whereas in the highest three treatments plant potas-
sium concentrations were comparable to all other salt treatments.
In contrast, calcium and magnesium concentrations in the plants
decreased with increasing salt concentration in the nutrient solu-
tion (Table 2). Calcium concentrations decreased most in the plants
grown at 90 mM NaCl, while at higher salt concentrations they
stayed relatively high, especially at 120 mM NaCl. Magnesium con-
centrations became particularly low in the plants grown at salt
concentrations ≥150 mM NaCl. Phosphorus and nitrogen concen-
trations were comparably high in the plants grown up to 90 mM
NaCl (Table 2). At higher salt concentrations the plants contained
significantly lower amounts. The phosphorus concentrations in the
plants grown at ≥150 mM NaCl became significantly lower than
those in the plants grown at 120 mM NaCl.

3.3. Amino acid composition

To study the accumulation of free amino acids as a possible
adaptive response to salt stress we  determined the amino acid com-
position in the association at the start of the experiment and at
the end, when the growth rates of the plants grown at salt con-
centrations up to 90 mM NaCl had become equally high. A range
of amino acids and some other soluble nitrogenous compounds
were detected including glycine, alanine, valine, isoleucine, proline,
phenylalanine, serine, threonine, asparagine, glutamine, arginine,
aspartate, glutamate, GABA and ethanolamine (Table 3). In addition,
small traces of leucine, tryptophan, methionine, tyrosine, cys-
teine, lysine, histidine, ornithine, carnithine and glucosamine were
detected (data not shown). The analyses of the amino acid con-
centrations of the plants showed significant differences between
treatments for proline, asparagine, glutamine, glutamate and GABA.
Proline and glutamate concentrations in the plants increased,
whereas asparagine, glutamate and GABA concentrations in the
plants generally decreased with increasing salt concentration in
the nutrient solution.

3.4. Acetylene reduction assay

We measured the nitrogenase activity of the cyanobiont in
response to different salt concentrations, because in a nitrogen free
environment the amino acid synthesis in Azolla strongly depends
on the activity of An. azollae.  For the Az. filiculoides–An. azollae asso-

ciations grown at salt concentrations up to 90 mM NaCl equally high
nitrogenase activities were measured. At higher concentrations
the activities significantly decreased with increasing salt stress
(ANOVA: F(7) = 79.653, p < 0.000) (Fig. 2).
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Table 2
Results of the Mixed Linear Model analyses on treatment effects with mean differences (n = 3) being significant at the 0.05 level, and the mean sodium (Na), potassium
(K),  calcium (Ca), magnesium (Mg), phosphorus (P) and nitrogen (N) concentrations in the Az. filiculoides–An. azollae associations grown at the different salt concentrations
(�mol  g−1 dry weight) ± SE. The total number of samples used for calculating the mean nutrient concentrations are given in the second row. Differences between the
treatments, as determined with the Bonferroni adjusted pairwise comparisons, are indicated with different letters.

Treatment (mM  NaCl) 0 30 60 90 120 150 180 210
Number of samples 36 36 36 36 33 15 6 3

Nutrient Mixed Linear Models Mean nutrient concentrations (�mol  g−1 dry weight) ± SE

Covariance
type

Treatment effects

df F p

Plant Na SI 7 662.467 0.000 148 ± 7a 1142 ± 21b 1655 ± 24c 1765 ± 36c 1770 ± 96c 1550 ± 181b 1156 ± 60b 1042 ± 54b
Plant  K HFOAR 7 95.032 0.000 1086 ± 30a 576 ± 17b 449 ± 10c 420 ± 9c 419 ± 24c 502 ± 38bc 510 ± 37bc 376 ± 46bc
Plant  Ca SI 7 9.823 0.000 200 ± 12a 149 ± 9bc 117 ± 4c 116 ± 5c 183 ± 14ab 133 ± 14bc 127 ± 9ac 118 ± 18ac
Plant  Mg SI 7 40.796 0.000 165 ± 3a 143 ± 4b 131 ± 3bc 123 ± 3 cd 119 ± 6de 83 ± 3f 82 ± 2f 86 ± 2ef
Plant  P SI 7 46.061 0.000 264 ± 9a 273 ± 9a 268 ± 9a 266 ± 9a 227 ± 13b 134 ± 9c 81 ± 6c 71 ± 5c
Plant  N FOAD 4 6.505 0.002 2579 ± 73a 2445 ± 104a 2411 ± 82ab 2265 ± 150ab 2209 ± 212b

SI, scaled identity; HFOAR, heterogeneous first order autoregressive; FOAD, first order ante dependence.

Table  3
The amino acid concentrations in the plants (±SE) at the start and at the end of the experiment. The results of the analyses of variances (ANOVA) are significant at the 0.05
level.  Significant differences between treatments, as determined with Bonferroni post hoc analyses, are indicated with different letters.

Amino acid ANOVA fixed effects Treatment (mM  NaCl)

df F p – 0 30 60 90 120
Start Day 101

Glycine 4 1.210 ns 2.47 ± 0.36 1.56 ± 0.17 1.34 ± 0.17 0.99 ± 0.14 0.97 ± 0.05 1.58 ± 0.82
Alanine  4 0.527 ns 0.74 ± 0.11 1.56 ± 0.46 1.88 ± 0.22 1.79 ± 0.45 2.22 ± 1.15 2.95 ± 0.67
Valine  4 2.428 ns 0.51 ± 0.05 0.69 ± 0.10 0.50 ± 0.28 0.77 ± 0.08 0.98 ± 0.05 1.22 ± 0.25
Isoleucine 4 1.710 ns 0.36 ± 0.04 0.35 ± 0.35 0.18 ± 0.18 0.35 ± 0.19 0.59 ± 0.02 0.78 ± 0.25
Proline  4 14.983 0.001 0.17 ± 0.01 0.51 ± 0.13a 0.73 ± 0.19a 0.99 ± 0.17ab 1.53 ± 0.05bc 1.97 ± 0.13c
Phenylalanine 4 0.913 ns 1.05 ± 0.05 0.98 ± 0.17 0.78 ± 0.12 0.97 ± 0.11 1.03 ± 0.04 0.78 ± 0.09
Serine  4 2.660 ns 0.64 ± 0.04 1.31 ± 0.26 2.60 ± 0.76 1.87 ± 0.29 3.67 ± 1.11 3.83 ± 1.29
Threonine 4 1.659 ns 0.88 ± 0.19 0.78 ± 0.24 0.89 ± 0.12 0.85 ± 0.24 1.29 ± 0.11 1.30 ± 0.26
Asparagine 4 5.740 0.014 0.18 ± 0.08 0.87 ± 0.28ab 1.11 ± 0.26a 0.61 ± 0.15ab 0.34 ± 0.01ab 0.00 ± 0.00b
Glutamine 4 26.902 0.000 95.32 ± 8.36 77.96 ± 12.23a 76.23 ± 1.82a 66.20 ± 13.30a 62.64 ± 9.15a 7.44 ± 2.01b
Arginine 4 3.434 ns 0.26 ± 0.02 0.78 ± 0.21 0.80 ± 0.13 1.11 ± 0.03 1.51 ± 0.14 1.14 ± 0.32
Aspartate 4 2.280 ns 0.09 ± 0.06 0.84 ± 0.16 1.14 ± 0.11 1.27 ± 0.23 1.75 ± 0.39 1.63 ± 0.23
Glutamate 4 4.566 0.027 7.03 ± 1.00 6.92 ± 0.14a 11.07 ± 1.69a 16.52 ± 4.35b 15.80 ± 1.99b 14.51 ± 1.83ab
GABA  4 3.603 0.051 12.55 ± 2.72 14.35 ± 4.36a 9.91 ± 0.72ab 8.78 ± 0.73ab 8.08 ± 0.67ab 4.25 ± 0.84b
Ethanolamine 4 1.093 ns 0.73 ± 0.10 2.61 ± 0.62 1.01 ± 1.01 2.45 ± 1.23 2.56 ± 0.61 0.50 ± 0.50

Glutamine/glutamate ratio 4 23.876 0.000 15.45 ± 3.38 11.23 ± 1.64a 7.22 ± 1.08a 4.38 ± 1.09a 4.25 ± 1.14a 0.50 ± 0.07b

9.23a 111.01 ± 3.85a 106.95 ± 17.53a 106.60 ± 7.86a 44.67 ± 2.48b
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. Discussion

.1. Plants responses to salt stress

Initially, the Az. filiculoides–An. azollae association grown at salt
oncentrations up to 90 mM NaCl grew at slightly lower rates than
he control plants. Their decreased moisture contents indicated
hat the plants suffered from osmotic stress whereas the signs of
hlorosis and the shorter root lengths pointed to salt injury. After a
eriod of approximately 75 days, however, these signs of stress and

njury had gradually disappeared and the plants in the salt treat-
ents up to 90 mM  NaCl were able to grow at equally high rates

s the plants in the control treatment. This shows that the temper-
te Az. filiculoides–An. azollae strain was plastic in its response to
alt stress and seemed able to acclimate to relatively high salt con-
entrations even at immediate exposure. This important long term
ffect should be considered when interpreting the results of rel-
tively short-term experiments. A comparable plasticity has been
hown for subtropical strains of Azolla pinnata and Azolla micro-
hylla (Rai and Rai, 1999; Abraham and Dhar, 2010) which were

ble to increase salt tolerance after pre-incubation at non-lethal
aCl concentrations for a specified time period.

For the four highest salt concentrations (120–210 mM  NaCl)
he osmotic stress and salt injury was more severe and remained
Fig. 2. The mean nitrogenase activity (�mol  g−1 dry weight hour−1) ± SE in the Az.
filiculoides–An. azollae association in the different salt treatments (0–210 mM NaCl;
n  = 3) after 9 days.
present until the end of the experiment. We  observed that the
plants grown at high salt concentrations almost immediately shed
their roots, with strong implications for their nutrient uptake. For
Az. filiculoides shedding of roots is known to be caused by inhibitors
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nd the mean relative growth rates (g g−1 dry weight day−1). (B) The mean sodium
Na) and potassium (K) concentrations in the plant in the different salt treatments
0–210 mM NaCl).

f respiration (Uheda and Kitoh, 1994) and for Az. pinnata this phe-
omenon has also been observed following salt stress (Rai et al.,
006). Although plants at 120 mM NaCl were able to re-grow their
oots, their turnover rates were much higher than for the plants
rown at lower salt concentrations. In addition, root re-growth
n this treatment resulted in very marked fluctuations in RGRs
nd moisture contents, indicating physiological stress. Neverthe-
ess, these responses probably contributed to their survival and we
herefore suggest that the shedding of roots may  provide an escape
or Azolla to avoid salinity stress at fluctuating salt concentrations.
t salt concentrations ≥150 mM NaCl, in contrast, plants were not
ble to re-grow their roots which ultimately resulted in the death of
hese plants due to desiccation and impairment of nutrient uptake.

.2. Roles of Na and K in osmoregulation

Fig. 3A shows that the mean RGRs of the plants in the differ-
nt treatments were strongly correlated with the mean moisture
ontents of the plants, as an indicator of osmotic stress. Osmotic
ffects of high external salt concentrations on plants result from
he lowering of the external water potential as opposed to the
nternal water potential thereby interfering with the plants abil-
ty to extract ions and nutrients and maintain turgor. At moderate

xternal salt concentrations the accumulation of the monovalent
norganic solute Na may  have provided some osmotic adjustment
o the plants by maintaining the potential gradient for the influx
f water. The increased Na concentrations in the plants at elevated
c Botany 106 (2013) 20– 28 25

salt concentrations clearly show that Az. filiculoides is a salt includer
(Marschner, 1995), at least up to external salt concentrations of
60 mM  NaCl. The increased Na concentrations in the plants were
to some extent reverted by decreased K concentrations (Fig. 3B).
Although K concentrations in the plants grown at 30 mM NaCl were
half as high as in the control plants, their growth rates were not
affected suggesting that K in the plants was  replaced by Na. Sub-
stitution of K by Na in various metabolic functions is a well-known
feature in salt tolerance (Marschner, 1995) and for some species,
for example Lemna spp., has been shown to even result in a growth
stimulation (Haller et al., 1974).

Both Rai and Rai (1999) and Abraham and Dhar (2010) sug-
gested that the increase in the salt tolerance of Azolla after
pre-incubation at non-lethal salt concentrations involved the
development of a capability in the plants to regulate their
ion concentrations (Na, K and Ca). In the current experiment,
where the Az. filiculoides–An. azollae association seemed able to
acclimate at exposure up to 90 mM NaCl, we also found that
the plants were able to soothe the uptake of Na (MLM,  SI,
Time × Treatment: F(48) = 4.84, p < 0.000) and improve the uptake
of K (MLM,  SI, Time × Treatment: F(48) = 3.00, p < 0.000) and Ca
(MLM,  SI, Time × Treatment: F(48) = 4.06, p < 0.000), especially in
the last 30 days of the experiment (data not shown). The resulting
absolute internal nutrient concentrations in the plants, however,
cannot explain why the plants in the salt treatments up to 90 mM
NaCl were able to grow and increase their salt tolerance, whereas
the plants in the 120 mM NaCl treatment just about survived. In
most cases the ion and nutrient concentrations were not signif-
icantly different between the plants grown in the 120 mM NaCl
treatment and the plants grown at lower salt concentrations, even
despite the fact that the plants in the 120 mM NaCl treatment on
average were 1.7–3.2 times older than the plants grown at lower
salt concentration and were thus subjected to the salt stress for a
relatively longer time. Only the phosphorus concentrations were
significantly lower in the plants grown at 120 mM NaCl than in
the plants grown at lower salt concentrations, but the concentra-
tions were still reasonably high. We  therefore conclude that the
differences in the ion and nutrient concentrations in the plants
grown at the various salt concentrations were not the main cause
for the observed differences in growth. Furthermore, we  suggest
that the changes in ion and nutrient uptake rates were more a con-
sequence, rather than a contributory factor, to the increase in the
salt tolerance of the Az. filiculoides plants grown up to 90 mM NaCl.

4.3. Roles of nitrogen compounds in osmoregulation

Since Azolla is known to be very rich in nitrogen we  hypoth-
esized that salt tolerance might be facilitated by the production
of free amino acids. We  found significant differences for proline,
asparagine, glutamine, GABA and glutamate. The increased pro-
line concentrations in the Az. filiculoides plants seemed to have
been triggered by the decreasing moisture contents of the plants
which showed a strong negative correlation with the proline
concentrations (Fig. 4A). Although proline, which is the most
widely distributed osmoprotectant (Delauney and Verma, 1993;
Yoshiba et al., 1995; Verbruggen and Hermans, 2008), significantly
increased in the plant tissue with increasing salt stress, the con-
centrations were rather low, as was also found in Salvinia natans
(Jampeetong and Brix, 2009), which like Azolla, belongs to the fam-
ily of heterosporous ferns. This makes it unlikely that proline played
a significant role in the osmotic adjustment of the plants. However,

other functions have been postulated for proline accumulation in
stressed plant tissues. For instance, it may  enhance stress tolerance
by acting as a detoxificant of free radicals and a protectant for
enzymes and membranes (Delauney and Verma, 1993).
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tipping point in the salt tolerance of the species accurately and
lants at day 101. (C) Proline and the glutamate/glutamine concentrations in the
lants as indicators of salt stress in relation to the external salt concentration.

The glutamine/glutamate ratios in the plants were clearly
ltered due to the salt stress and strongly correlated with the
a concentrations in the plants (Table 3, Fig. 4B). The free gluta-
ate concentrations in the plants increased with increasing salt

tress up to the 60 mM NaCl treatment, whereas the glutamine

oncentrations in the plants decreased at high external salt concen-
rations (≥120 mM NaCl). Glutamate and glutamine play essential
oles in the amino acid metabolism in plants. In a nitrogen free
c Botany 106 (2013) 20– 28

environment, like in the current experiment, the glutamine and
glutamate in Azolla initially are derived from the activity of the
cyanobiont that fixes atmospheric dinitrogen and converts it to
ammonium that Azolla then processes in the glutamine syn-
thase/glutamate synthase (GS/GOGAT) cycle (Bernard and Habash,
2009; Teixeira and Fidalgo, 2009; Ghanem et al., 2011).

The increases in the glutamate concentrations we found in the
plants grown at elevated salt concentration are quite remarkable
because glutamate concentrations in plants usually are fairly con-
stant where many other amino acids may  dramatically change in
response to environmental changes or plant physiological changes
(Forde and Lea, 2007). The high glutamine levels we observed at the
beginning of the experiment and at the end of the experiment in the
plants grown up to 90 mM NaCl are not uncommon for Azolla spp.
(Newton and Cavins, 1976). The glutamine concentrations consti-
tuted about 65% of the total free amino acid pool in the plants and
may  have contributed to the increase in the salt tolerance of the
plants grown in the salt treatments up to 90 mM  NaCl by providing
osmotic adjustment (Mansour, 2000; Bernard and Habash, 2009).
They cannot be regarded as a fully functional adaptive response to
salt stress though because at even higher salt concentrations the
glutamine levels were severely reduced. This was probably due to
the reduced activity of the cyanobionts in the associations grown
at 120 mM NaCl which in turn is likely to have resulted from the
reduced overall performance of the Azolla in this treatment (Rai
et al., 2001).

No significant changes were found in the serine or ethanolamine
concentrations in the plants. It remains worthwhile, though, to look
into the potential role of glycine betaine directly in the salt toler-
ance of the Az. filiculoides–An. azollae association in future research.
Especially since the species is known to be able of producing betaine
lipids (Kunzler and Eichenberger, 1997).

4.4. Indicators for salt stress

Absolute nutrient concentrations in plant tissue were not cor-
related with plant growth and therefore not suitable as reliable
indicators for salt stress. Although the absolute nitrogen concen-
trations in the plants in the 120 mM NaCl treatment were not
even that different from the plants grown at lower salt concen-
trations due to the decreased growth of the plants, the total free
amino acid concentrations were significantly reduced and the free
amino acid composition was  considerably altered. In the salt toler-
ance of the Dutch Az. filiculoides–An. azollae association thus a clear
tipping point was  found at 120 mM NaCl. The strongly impaired
N metabolism in the plants at 120 mM NaCl may  be related to
decreased recycling of carbon skeletons where compounds such
as GABA are often involved (Bouché and Fromm, 2004; Ghanem
et al., 2011). Accordingly, we found significantly decreased GABA
concentrations in the plants in the 120 mM NaCl treatment and no
more asparagine, which is the most important amino acid being
transported (Lea et al., 2007).

Although we  have not been able to identify the accumulation of
free amino acids as the facilitating mechanisms in the salt tolerance
of the Az. filiculoides–An. azollae association, we  did find important
indicators based on which the salt resistance limit of the species
might be predicted. The proline concentrations in the plants and the
glutamine/glutamate ratios in the plants provide important novel
indicators in the salt tolerance of the Az. filiculoides–An. azollae asso-
ciation, both showing linear responses in relation to external salt
concentrations (Fig. 4C). They therefore can be used to predict the
instantly. In contrast, the RGRs and/or moisture contents of the
plants show very marked fluctuations around the tipping point,
and are not always possible to monitor.
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.5. Paleolimnological implications

The salt resistance limit of 90 mM NaCl we found here for
he Az. filiculoides–An. azollae association is quite striking as this
orresponds to a ∼5‰ surface water salinity. Climate modelling
xperiments elucidating the circulation in the Eocene Arctic Ocean
ave shown that a surface water salinity of 5‰ in combination with

 bottom water salinity of 21–25‰,  as was proposed by Waddell
nd Moore (2008),  offered an answerable scenario for the growth
f the ancestral Azolla spp. in the Eocene Arctic Ocean (Speelman
t al., 2010). There is strong evidence that dinitrogen fixation was
lready a persistent feature in the Eocene Arctic Ocean (Bauersachs
t al., 2010). Ancestral Azolla spp. should have been able to survive
urface water salinities around 5‰ and develop the high biomass
s reported (Brinkhuis et al., 2006; Speelman et al., 2009).
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