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Abstract The effects of rhizobial symbiosis on the growth,
metal uptake, and antioxidant responses of Medicago lupulina
in the presence of 200 mg kg ' Cu®" throughout different
stages of symbiosis development were studied. The symbiosis
with Sinorhizobium meliloti CCNWSX0020 induced an in-
crease in plant growth and nitrogen content irrespective of
the presence of Cu”". The total amount of Cu uptake of inoc-
ulated plants significantly increased by 34.0 and 120.4 % in
shoots and roots, respectively, compared with non-inoculated
plants. However, although the rhizobial symbiosis promoted
Cu accumulation both in shoots and roots, the increase in roots
was much higher than in shoots, thus decreasing the translo-
cation factor and helping Cu phytostabilization. The rate of
lipid peroxidation was significantly decreased in both shoots
and roots of inoculated vs. non-inoculated plants when mea-
sured either 8, 13, or 18 days post-inoculation. In comparison
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with non-inoculated plants, the activities of superoxide dis-
mutase and ascorbate peroxidase of shoots of inoculated
plants exposed to excess Cu were significantly elevated at
different stages of symbiosis development; similar increases
occurred in the activities of superoxide dismutase, catalase,
and glutathione reductase of inoculated roots. The symbiosis
with S. meliloti CCNWSX0020 also upregulated the corre-
sponding genes involved in antioxidant responses in the plants
treated with excess Cu. The results indicated that the rhizobial
symbiosis with S. meliloti CCNWSX0020 not only enhanced
plant growth and metal uptake but also improved the re-
sponses of plant antioxidant defense to excess Cu stress.

Keywords Antioxidant enzymes - Copper -
Legume-Rhizobium - Gene expression - Phytoremediation

Introduction

Copper is an essential micronutrient for plants, as it is directly
involved in numerous essential metabolic processes, including
respiration, photosynthesis, protein synthesis, cell wall metab-
olism and lignification, ethylene sensing, and oxidative stress
protection (Festa and Thiele 2011). Indeed, these properties
make copper ions indispensable for plant growth and devel-
opment. However, copper can be toxic for plants when it is
present at even slightly higher than optimal level (Martins and
Mourato 2006; Reichman et al. 2006). Over the centuries, as a
result of industrial production, sewage irrigation, and exten-
sive use of chemical fertilizer and pesticides, copper has con-
taminated numerous soils and waters, especially in industrial
areas (Figueira et al. 2002; Lu et al. 2009; Srinivasa Gowd
et al. 2010). Copper pollution of both water and soil directly
poses a significant toxicity threat to plants, which in turn,
impacts negatively on both human and environmental health.
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Phytoremediation, representing an environmentally friendly
and cost-effective potential alternative to conventional reme-
diation approaches, has been highly touted (Ali et al. 2013;
Gerhardt et al. 2009; Rajkumar et al. 2012). However, many
of the plants that are most effective at removing metals from
the soil are typically characterized by their small sizes and
slow growth rates, thus reducing their remediation poten-
tial and restricting their practical use in this technology
(Baker et al. 1994; Komarek et al. 2007). On the other
hand, plant growth-promoting bacteria can act as adjuncts
in metal phytoremediation and significantly facilitate the
growth of plants in the presence of otherwise inhibitory
levels of metals (Gamalero and Glick 2011; Glick 2003;
Glick 2010).

Legumes are well known for their ability to form root nod-
ules with compatible rhizobial strains, within which atmo-
spheric nitrogen is reduced to ammonia for the benefit of both
bacteria and plants; therefore, the symbiosis is of great envi-
ronmental and agricultural importance and has been studied
extensively (Graham and Vance 2003). As a consequence of
the intrinsic potential of rhizobia to facilitate the growth of
legumes, in recent years, considerable attention has been paid
to understanding how rhizobia benefit their host plants under
extreme conditions. Thus, there is evidence of rhizobial bac-
teria promoting plant growth under heavy metal stress through
mechanisms other than improved N nutrient (Brigido and
Glick 2015; Reichman 2007). In this regard, rhizobial bacteria
also have positive effects on plant growth through other
mechanisms, including the solubilization of phosphate
(Abril et al. 2007), the secretion of siderophores to seques-
ter iron (Wani et al. 2008b), the production of the phyto-
hormone indole-3-acetic acid (IAA) (Ghosh et al. 2008),
and the synthesis of the enzyme 1-aminocyclopropane-1-
carboxylate (ACC) deaminase to lower stress ethylene
levels in plants (Glick et al. 2007).

A number of highly heavy metal-resistant rhizobial strains
have been isolated from industrial areas; these strains have
significant potential for use in improving plant growth under
heavy metal-stressed conditions (Vidal et al. 2009; Wani et al.
2007, 2008a, b, c). In metal phytoremediation studies, differ-
ent rhizobia may affect plant growth and metal uptake in dif-
ferent ways (Pajuelo etal. 2011), so that attention must be paid
to the selection of the appropriate legume-Rhizobium symbi-
osis combination, displaying significant phytoremediation po-
tential in the presence of excess heavy metal. For this purpose,
it is important to focus on how a plant’s metal tolerance is
positively affected by symbiotic rhizobia.

It is generally believed that copper ions can interact with
membrane proteins and lead to lipid peroxidation through the
photosynthetic electron transport system (Sandmann and
Boger 1980). Moreover, high metal concentrations can cause
oxidative stress in plants resulting in the overproduction of
reactive oxygen species (ROS). To counter ROS, plant cells
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utilize a wide array of antioxidant defense systems, which
can alleviate oxidative damage by scavenging the ROS.
One of major defense systems against ROS is involved
directly with active forms of oxygen, keeping them at a
low level, including superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), and glutathione perox-
idase (GPX). APX, monodehydroascorbate reductase
(MDHAR), dehydroascorbate reductase (MDHAR), as well
as glutathione reductase (GR) are involved in the ascorbate-
glutathione cycle, which is described as one of important
ROS-scavenging pathways in the chloroplasts, cytosol, mi-
tochondria, peroxisomes, and apoplasts (Choudhury et al.
2013; Hasanuzzaman et al. 2012). Copper-induced changes
in antioxidative systems have previously been investigated
in various plants (Chaoui and El Ferjani 2005; Demirevska-
Kepova et al. 2004; Deniz et al. 2007; Drazkiewicz et al.
2004; Jouili and EI Ferjani 2003; Posmyk et al. 2009;
Tewari et al. 2006; Thounaojam et al. 2012; Zhang et al.
2008). These studies demonstrated that oxidative stress and
differential responses of antioxidant enzymes in plants were
induced by excess Cu stress. It is generally believed that
high activities of antioxidant enzymes improve plant resis-
tance to oxidative damage. In recent years, oxidative stress
and antioxidative responses in plants have stimulated in-
creased interest, especially with regard to adverse condi-
tions and plant-microbe interactions. It is well known that
reactive oxygen species could be easily elevated in legume
root nodules due to the high rates of respiration, the abun-
dance of leghemoglobin, redox proteins, and non-protein Fe
during N, fixation (Becana et al. 2000). Considerable ef-
forts have been expended into identifying the quantity and
diversity of antioxidant defenses in legumes nodules
(Becana et al. 2010). However, little work has been done
on how antioxidant defense of legumes is affected by the
addition of rhizobia.

This study was specifically directed toward understanding
how rhizobial symbiosis with Sinorhizobium meliloti CCNW
SX0020 affected antioxidant responses of Cu-stressed plants.
Thus, plant growth, nitrogen content, and Cu content were
measured in addition to the activities of SOD, CAT, APX,
and GR as well as the rate of lipid peroxidation in both shoots
and roots at different symbiosis development stages. With the
aim to deepen the knowledge about the effects of symbiosis
with S. meliloti on the antioxidant defense systems in plants,
quantitative real-time PCR (qRT-PCR) was performed to in-
vestigate the expression of genes involved in antioxidant de-
fense in both shoots and roots of plants grown in the presence
of excess Cu. The results reported here provide some insight
into how legume metal (i.e., copper) antioxidantive defense
systems were positively affected by the addition of a specific
rhizobial strain, thus confirming that rhizobial strains together
with their cognate legumes may facilitate the remediation of
heavy metal-contaminated soils.
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Materials and methods
Bacterial inoculation and plant treatments

The S. meliloti strain CCNWSX0020, resistant to 1.4 mM
Cu”" in tryptone-yeast extract (TY) medium was isolated from
Medicago lupulina plants growing in lead-zinc mine tailings
in northwest China (Fan et al. 2010). The S. meliloti CCNW
SX0020 inoculant was grown for 2 days at 28 °C with shaking
at 150 rpm in TY liquid medium (5 g tryptone, 3 g yeast
extract, and 0.7 g CaCl,'2H,0/1; pH 7.2). M. lupulina seeds
(provided by Gansu Agricultural University, China) were sur-
face sterilized by treatment in 75 % (v/v) ethanol for 5 min
followed by 10 min in 20 % (v/v) NaClO (containing 8 %
available chlorine). After the seeds were thoroughly rinsed
with several changes of sterile distilled water, they were
planted in plastic pots (10 cm diameter) filled with 100 g of
a sterilized perlite-vermiculite (1:1) mixture. The seedling me-
dium was treated with Cu in the form of CuSO, to produce a
concentration of Cu”" 0f 200 mg kg ™' After it was thoroughly
mixed with the Cu solution, the soil medium was packed into
the plastic pots and allowed to equilibrate for 1 week. The
concentration of Cu applied was determined through a
preliminary experiment to be able to significantly inhibit
plant growth but still allow the formation of root nodules
(data not shown). The seedlings were then maintained in a
plant growth incubator at 25 °C in the light at
200 pmol m 2 s ! for 16 h, and 21 °C in the dark for
8 h. Fahraeus nitrogen-free mineral nutrient solution
(Féhraeus 1957) was used to water the plants when nec-
essary (approximately 150 ml every 5-6 days). After
7 days, seedlings were inoculated with an S. meliloti
CCNWSX0020 inoculant cell suspension (approximately
10° CFU mI™h) corresponding to zero days post-inoculation
(0 dpi). Six seedlings were planted in each pot, and three
replicates were conducted for each treatment. The plant treat-
ments included: no stress conditions (CN); no stress condi-
tions with S. meliloti CCNWSX0020 inoculation (CSM); Cu
stress conditions (CuN); and Cu stress conditions plus
S. meliloti CCNWSX0020 inoculation (CuSM).

Measurement of plant growth, N content and Cu content

Plants were harvested at 18 dpi. The fresh weight, dry weight,
plant height, and N content of the shoots and roots were re-
corded. The total number of nodules and active nodules (pink-
red color) were counted, respectively. Pink-red color, because
of the presence of leghemoglobin, was considered as an index
of potential N-fixation (Ott et al. 2005; Reichman 2007). The
shoots and roots were separated, washed in distilled water
(ddH,0) three times to remove any loosely bound Cu”*, and
then dried at 65 °C for 48 h before the dry weight was deter-
mined. Total N content was measured by Kjeldahl method on

aKjeltec™ 8400 Analyzer Unit (FOSS-Tecator AB, Hoganas,
Sweden). Aliquots of precisely 0.2 g powdered plant tissue sam-
ples were digested with an acid mixture (HNOs/HCl1O4=3:1),
and the Cu content was analyzed by atomic absorption spectro-
photometry (Z-5000; Hitachi, Tokyo, Japan). To evaluate the
transport behavior of Cu from plant roots to shoots under Cu
stress conditions, the translocation factor was analyzed (Singh
and Agrawal 2007). The translocation factor was calculated
using the following formula:

Translocation factor(TF) = Cug/Cu;,

where Cug and Cu, are Cu content in shoots and roots,
respectively.

Lipid peroxidation and antioxidant enzyme activity

Taking into account the symbiosis developmental stage, all
plant harvested dates were determined based on the timing
of root nodule formation in preliminary experiments
(Supplemental Fig. S1). Plants were harvested at 3 dpi (no
root nodules visible), 8 dpi (tiny white nodules observed),
13 dpi (small pink nodules observed), and 18 dpi (large/full
pink nodules observed). At each sampling date, the shoots and
roots were separated and weighed. For quantitative real-time
PCR analysis, plant tissues were also collected at each sam-
pling date, the fresh weight was measured, and samples were
then harvested into liquid nitrogen and stored at —80 °C. Fresh
plants samples (200 mg) were homogenized in 5 ml of cold
extraction buffer (50 mM potassium phosphate at pH7.8, con-
taining 1 % polyvinyl pyrrolidine). The homogenate was then
centrifuged at 12,000xg for 15 min at 4 °C using a Sigma
3K15 centrifuge, and the supernatant obtained was used as
the crude extract for lipid peroxidation and enzyme determina-
tion. All of the spectrophotometric analyses were conducted in
a Nicolet 300 UV/Visible spectrophotometer (Thermoelectron,
USA). Lipid peroxidation and all enzyme activities were
expressed per gram of fresh weight.

Lipid peroxidation was assayed by the method of Heath
and Packer (1968) in terms of malondialdehyde (MDA) con-
tent following the thiobarbituric acid (TBA) reaction. The
activity of superoxide dismutase (SOD; EC.1.15.1.1) was de-
termined by measuring the enzyme’s ability to inhibit the pho-
tochemical reduction of nitroblue tetrazolium (NBT) as de-
scribed by Beauchamp and Fridovich (1971). Catalase
(CAT; EC.1.11.1.6) activity was assayed by measurement of
the decrease of absorbance at 240 nm according to the method
of Aebi (1984). Ascorbate peroxidase (APX; EC.1.11.1.11)
activity was assayed spectrophotometrically at 290 nm by
the method of Nakano and Asada (1981). The activity of
glutathione reductase (GR; EC.1.6.4.2.) was measured by
monitoring the rate of oxidation of NADPH at 340 nm
(Foyer and Halliwell 1976).

@ Springer



12482 Environ Sci Pollut Res (2015) 22:12479-12489

Quantitative real-time PCR analysis T: 5 § § § ¥ §
.S535 be.| 3
. RS o~ 0 o A A =
Total RNA was isolated from shoots and roots separately at 22|18 522 = 2
each sampling date using TRIzol reagent (TAKARA, Dalian, o@ oo o é
China) following the manufacturer’s instructions. = Iy % N g
PrimeScript™ RT reagent Kit with gDNA Eraser (Perfect % 2 T 995 § *g “ £
Real Time, TAKARA, Dalian, China) was used to treat 1 pg 2 é 5 é § S 2 ; E §
total RNA to remove residual DNA, and then reverse tran- _ %
scribe RNA to complementary DNA (cDNA), according to = 2
the manufacturer’s instructions. ;E §
Quantitative real-time PCR was performed using the "é (S
CFX96 real-time PCR system (Bio-Rad, Hercules CA, 2 g g =
USA). SYBR Green real-time PCR assay was performed in E S Lo =
a total volume of 20 pl, containing 10 pl of FastStart Essential - . g §
DNA Green Master (Roche Applied Science, Indianapolis, NE T‘E g §
IN, USA), 0.2 uM of each specific primer, and 2 pl of 5 jg g 2
cDNA solution. For each primer set, a no-template water con- S 5 z g
trol was also performed. The PCR conditions consisted of § - E 8 £
denaturation at 95 °C for 10 min, followed by 40 cycles of S| 2 ; 7 &
denaturation at 95 °C for 10 s, annealing at 60 °C for 15 s, and ? :g :g S 2 ‘; %
extension at 72 °C for 20 s. A melting curve was run after each é zlz |1 =1 & Lo ‘% z
PCR reaction to confirm the accuracy of each amplified prod- 5 = % Lz)
uct. RT-PCR amplification for each cDNA sample was per- 5 = 6 % o o 53
formed in triplicate wells. The messenger RNA (mRNA) § E‘J =8 28 % 5 §
levels of the target genes were normalized against EF /-« % ; E E E ﬁ § ::é o % §
(Yahyaoui et al. 2004). Specific primer pairs for the genes :2 = meEaE 2828 4
cytosolic CuZnSOD, plastid CuZnSOD, plastid FeSOD, mito- ; 6 s o o § %
chondrial MnSOD, CAT, cytosolic APX, and cytosolic GR 2|~ ZEES oz £ 2
were those reported by Naya et al. (2007). Quantification of Ble| 2| T3 FTF S 8w | E =
gene expression was performed using the 2 **“" method as £ 2 é E § E E 2 ; E = §
previously described (Livak and Schmittgen 2001). E § 6 s o o _gb 2
According to the same criteria that are generally used in § £ I 88 = . ¥ z =
cDNA array studies (Yahyaoui et al. 2004), upregulation ratio % E 2| ST *g & < | @ %
>2 or downregulation ratio <0.5 in gene expression was con- E 2 é N%8= S 52|73
Al®n | < »n — <+ 3| & 9
sidered as significant. S w =
5 na e o % g £
Statistical analyses § T; 2 v?: % % % v & o B %
g 15} >~ O o oo < on < 5 ©

S22 2253% S92 5 3

Data were subjected to statistical evaluation using analysis of S| # . a s §

variance (ANOVA) followed by Duncan test (p<0.05). All of § = c=2ee % § ‘:éb

the statistical analyses were performed with SPSS 16.0 statis- B ) IEEDVERE I . X =S Z

tical software package. All of the data was analyzed using the = ; g 5 § % % % § e g 8 P

Origin Pro v8.0 (Origin Lab, Hampton, USA) to create the ; & % S5 SY¥ s g3 § &g iﬁ

figures. é ~1 33z i)

: [|9? ¢

2 :|EEsL

Results 5 £ ; 28 %

3 =7 E|5283

Plant growth, nodulation, and N content o J‘ag S5 3 g § E ‘\7

=0 S5 5|5 208

The effects of the rhizobial symbiosis with S. meliloti CCNW - | 5 3 Ei § é iﬁ g ;§ )

SX0020 on plant growth, nodulation, and N content of 2 % s o, 2 TE g 2 5| - 2 Bl

M. lupulina are presented in Table 1. The presence of Cu el & 6853 E0E |8 A~

@ Springer



Environ Sci Pollut Res (2015) 22:12479-12489

12483

induced a significant decrease in the total fresh weight, dry
weight and plant height of both inoculated and non-inoculated
plants. No nodules were observed for the non-inoculated
plants during the experiment. For the inoculated plants, the
excess Cu also induced a significant reduction in nodules
number, but had no effect on active nodules rate.
Unexpectedly, the excess Cu induced a slight increase in N
content in both shoots and roots of inoculated plants. On the
other hand, when S. meliloti CCNWSX0020 was inoculated
in the presence of Cu, the dry weights of inoculated plants
significantly increased by 28.3 and 67.1 % in shoots and roots,
respectively, compared with non-inoculated plants under the
same conditions. Similar observation was observed in fresh
weight between inoculated and non-inoculated plants in the
absence of excess Cu. Plant height and N content also showed
significant increase in comparison with non-inoculated plants
in the absence and presence of Cu. The two-way analysis of
variance (ANOVA) showed that the individual effects of in-
oculation and Cu treatment were significant (»p<0.05) for all
the measure parameters except the individual effect of inocu-
lation on fresh weight of roots. The interactive effect of inoc-
ulation and Cu treatment was not significant (p<0.05) for all
the measure parameters.

Cu content

The Cu content was considerably greater in roots than in
shoots for both inoculated and non-inoculated plants exposed
to excess Cu (Table 2). The Cu content of inoculated plants
significantly increased by 5.52 and 32.23 % in shoots and
roots, respectively, compared with non-inoculated plants.
Plant dry weight and Cu content were calculated to show the
total amount of Cu uptake in each plant .The results showed
that inoculation with S. meliloti dramatically increased the

total Cu uptake in both shoots and roots by 34.0 and
120.4 %, respectively, when plants were grown in the pres-
ence of Cu. Concerning the transport behavior of Cu from
roots to shoots of plants, the TF of inoculated plants decreased
by 16.67 % in the presence of 200 mg kg ' Cu®", compared
with that of non-inoculated plants. The two-way analysis of
variance (ANOVA) showed that the individual effects of in-
oculation and Cu treatment were significant (»<0.05) for all
the measure parameters except the individual effect of inocu-
lation on TF. The interactive effect of inoculation and Cu
treatment was significant (p<0.05) for all the measure param-
eters except on the total amount of Cu uptake in shoots.

Lipid peroxidation

The effects of strain S. meliloti CCNWSX0020 on the MDA
content of M. lupulina plants under Cu stress are presented for
both shoots and roots in Fig. 1. In the presence of Cu, inocu-
lation with S. meliloti significantly decreased the MDA con-
tent in shoots at 8, 13, and 18 dpi, i.e., byl5.0, 25.2, and
27.2 %, respectively, compared with non-inoculated plants.
A similar situation was observed in the roots of inoculated
plants, being significantly decreased by 13.3, 13.2, and
16.0 % at 8, 13, and 18 dpi, respectively.

Antioxidant enzyme activity

The effects of the symbiosis with S. meliloti CCNWSX0020
on the activities of SODs, CAT, APX and GR of M. lupulina
plants under Cu stress are presented for shoots and roots in
Fig. 2.

The total SOD activities of roots were much higher than
those of shoots upon Cu stress. As shown in Fig. 2a, in the
presence of Cu, a significant increase could be observed in the

Table 2  The effect of the symbiosis with Sinorhizobium meliloti CCNWSX0020 on Cu uptake of Medicago lupulina

Treatments Cu content (ug g ' dry weight) Total amount of Cu uptake (ng plant ") Translocation factor (TF)
Shoots Roots Shoots Roots

CN 7.63+£0.08 d 19.27+0.19d 47.46+4.14d 21.81+£2.67 ¢ 0.40+0.007 b

CSM 11.79+0.16 ¢ 28.48+0.18 ¢ 90.12+4.08 ¢ 48.44+194 ¢ 0.41+0.008 a

CuN 44.77£033 b 361.14+£0.15b 182.67+8.51b 252.80+£20.87 b 0.12+0.001 ¢

CuSM 47.24+£028 a 477.54+0.66 a 244.68+1.88 a 557.28+97.36 a 0.10+0.001 d

F values
Inoculation (df=1) 204.013%** 29,874.461%** 23.902%* 11.046* 0.426
Cu treatment (df=1) 24,482.825%*%  1,184,532.912%**  183.181*** 55.152%** 2912.752%**
Inoculationx Cu treatment (df=1)  13.217** 21,757.563%** 0.817 7.778%* 15.615%*

The values indicate the mean+SE of three replicates. Different letters (a—d) show significant differences between treatments at p<0.05 by Duncan test

CN no stress conditions (non-inoculated), CSM no stress conditions (inoculated with S. meliloti CCNWSX0020), CuN Cu stress conditions (non-
inoculated); CuSM Cu stress conditions (inoculated with S. meliloti CCNWSX0020)

*p<0.05; **p<0.01; ***p<0.001—Ievels of significance
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shoots of inoculated plants in comparison with non-inoculated
plants at each harvested day except 8 dpi. Similarly, the total
SOD activity of the roots of inoculated plants significantly
increased, i.e., by 21.8, 43.1, and 12.4 % at 8, 13, and
18 dpi, respectively, compared with non-inoculated plants.
However, the total SOD activity in roots in the absence of
Cu stress was not detectable.

As shown in Fig. 2b, there were no regular changes in CAT
activity in either shoots or roots as a consequence of Cu stress
throughout the symbiosis development stage. On the other
hand, CAT activity in the roots of inoculated plants under
Cu stress was significantly elevated, i.e., by 44.8, 28.5, and
31.2 % at 3, 13, and 18 dpi, respectively, compared with non-
inoculated plants. A significant increase in the shoots of inoc-
ulated plants was observed at 3 dpi.

In terms of APX activity, no significant changes were ob-
served in either shoots or roots between inoculated and non-
inoculated plants without Cu stress at each sampling time
(Fig. 2¢). However, the APX activity of inoculated shoots
upon Cu stress was significantly increased by 93.4 and
23.8 %, respectively at 8 and 18 dpi compared with the plants
without inoculation. There were no significant differences ob-
served between the roots of inoculated plants and non-
inoculated plants exposed to excess Cu.

As shown in Fig. 2d, no regular changes were observed
in the GR activity as a result of excess Cu in either
inoculated or non-inoculated plants. On the other hand,
in the presence of Cu, the GR activity of the roots of
inoculated plants increased significantly by 49.8, 54.2,
and 14.3 %, respectively, at 8, 13, and 18 dpi compared
with the plants without inoculation. A significant increase
was also observed in shoots between non-inoculated and
inoculated plants upon Cu stress at 18 dpi.

@ Springer

Expression profile analysis by real-time PCR

The expression profiles of mRNAs encoding various antioxi-
dant genes (CuZnSODc, CuZnSODp, FeSODp, MnSOD,
CAT, APXc, and GRc) involved in plant’s defense system in
both shoots and roots were analyzed using quantitative real-
time PCR. The differentially expressed transcripts in the
shoots and roots of inoculated plants compared with non-
inoculated plants with or without Cu stress are presented in
Tables 3 and 4, respectively. In the absence of Cu, the rhizo-
bial symbiosis significantly upregulated the expression level
of CuZnSODc and CuZnSODp in shoots at dpi 8, while only
CuZnSODc were significantly upregulated in roots at dpi 13.
On the other hand, in the presence of Cu, inoculation with
S. meliloti CCNWSX0020 induced a different expression pro-
file. Although the expression profile varied quite greatly at
different symbiosis developmental stages, the symbiosis with
S. meliloti CCNWSX0020 induced a significant increase in
the expression of CuZnSODc, CuZnSODp, CAT, and APXc in
shoots, and apparent increase in the expression level of
CuZnSODc, CuZnSODp, CAT, APXc, and GRc in roots could
also be observed. The rhizobial symbiosis significantly down-
regulated the expression level of MnSOD in both shoots and
roots but has little effect on the expression of FeSODp.

Discussion

Considerably greater Cu accumulation in roots than in aerial
organs was observed for both inoculated and non-inoculated
plants exposed to 200 mg kg ' Cu. The decline in plant bio-
mass was presumably due to the adverse effects of excess Cu
on root formation and growth, resulting in a reduced water and
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Fig. 2 The effect of the symbiosis with Sinorhizobium meliloti CCNW
SX0020 on the antioxidant activities of SODs (a), CAT (b), APX (¢), and
GR (d) in shoots (white bar) and roots (grey bar) of Medicago lupulina
plants under Cu stress. CN no stress conditions (non-inoculated), CSM no
stress conditions (inoculated with S. meliloti), CuN Cu stress conditions

nutrient uptake by damaged roots (Kopittke 2006; Sheldon
2009). It was noted that the roots exposed to excess Cu tended
to be short, thick, and dark brown and produce few roots hairs
(data not shown). On the other hand, plants grown in the
presence of symbiotic inoculants considerably increased the
plant biomass in the presence of excess Cu. The beneficial
effects of rhizobia on legume plant growth in the presence of
arsenic (Reichman 2007), nickel, zinc (Wani et al. 2007; Wani
et al. 2008c), and chromium (Wani et al. 2008a) have been
reported in previous studies. Although the exact mechanisms
of plant growth enhancement by plant growth-promoting
rhizobacteria largely remain elusive, it is known that they
differ between bacterial strains and depend on the various
plant growth-promoting substances synthesized by the differ-
ent bacterial strains, such as phytohormone, siderophores,
IAA, and ACC deaminase (Dimkpa et al. 2009). Therefore,
the positive siderophore activity, a high level of IAA produc-
tion and a moderate level of ACC deaminase activity of
S. meliloti CCNWSX0020 might enhance the overall growth
of'plants (Kong et al. 2015). The inoculated M. lupulina plants
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(non-inoculated), CuSM Cu stress conditions (inoculated with
S. meliloti), “+” not detected. The values indicate the mean+SE of
three replicates. Bars carrying different letters are significantly different
at p<0.05 by Duncan test

grown in the presence of excess Cu also showed a slight in-
crease in N content in both shoots and roots. An increase in N
content in other legume plants grown in heavy metal-
contaminated soils has also been reported (Lasat 2001; Wani
et al. 2008c). The N content in shoots could be considered as
the supply of N through N-fixation in root nodules, since
nitrogen-free nutrient solution was used in this work.
This means that the copper-resistant strain S. meliloti
CCNWSX0020 is able to survive under the Cu concentra-
tion used in this study, and thus promotes a normal level
of plant nitrogen. This interpretation is supported by the
observation that the presence of excess Cu had no effect
on active nodules rate. Although some rhizobia have been
reported to be sensitive to heavy metals, metal-resistant
rhizobia are known as fully effective in nodulation and
N,-fixation of legumes (Pajuelo et al. 2011).

In metal phytoremediation studies, it has previously been
observed that increasing or decreasing the amount of metal
taken up by plant tissues is a function of the bacterium, the
metal species, the particular plant involved, and the metal
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Table 3  The effect of the symbiosis with Sinorhizobium meliloti CCNWSX0020 on the relative expression (fold change) of antioxidant genes
determined by qRT-PCR in shoots of Medicago lupulina plants in the presence of copper stress (CK) or absence of copper stress (Cu)

Genes 3 dpi 8 dpi 13 dpi 18 dpi
CK Cu CK Cu CK Cu CK Cu

CuZnSODc 1.11+0.03 1.77+0.11 2.02+0.48* 2.57+0.37* 1.16£0.04 2.30+0.27* 1.09+0.09 2.91+0.07*
CuZnSODp 1.18+0.30 2.15+0.04* 4.81+0.60* 3.75+0.54* 1.65+0.06 1.05+0.06 1.46+0.11 1.63+0.08
FeSODp 0.71+0.37 1.34+0.11 1.94+0.27 1.21+0.51 0.77+0.07 1.54+0.19 0.74+0.18 1.45+0.16
MnSOD 1.01+£0.25 0.14+0.08* 1.29+0.18 0.62+0.15 0.75+0.04 0.66+0.11 1.16£0.39 0.47+0.15*
CAT 1.87+0.61 1.45+0.15 1.20+0.13 15.75+2.52* 1.27+0.09 2.03+0.33* 0.81+0.12 1.53+0.28
APXc 1.73+0.09 1.77+0.11 1.09+0.39 6.73+£1.29% 0.82+0.25 2.70+0.12* 1.77+£0.41 2.73+0.33*
GRe 1.43+0.46 1.23+0.24 1.37+0.25 1.53+0.20 0.59+0.13 1.55+0.27 1.79+0.49 0.82+0.09

The values are indicated with an asterisk when >2 (upregulation) or <0.5 (downregulation)
CuZnSODc cytosolic CuZnSOD, CuZnSODp plastid CuZnSOD, FeSODp plastid FeSOD, MnSOD mitochondrial MnSOD, APXc cytosolic APX, GRc

cytosolic GR

concentration (Rajkumar et al. 2009). In addition to nitrogen
fixation, metal-resistant rhizobia demonstrate the production
of plant growth-regulating substances or effects on metal sol-
ubility and bioavailability both of which affect on plant metal
uptake (Pajuelo et al. 2011). In this study, inoculation with
S. meliloti CCNWSXO0020 significantly increased the total
amount of Cu uptake in both shoots and roots. However,
although the bacterium promotes metal accumulation both
in shoots and roots, the increase in roots is much higher
than in shoots, thus decreasing the translocation factor and
helping phytostabilization, as previously showed for Medicago-
rhizobia interactions in the presence of Cu (Delgadillo et al.
2015). These findings demonstrate the potential use of
Medicago-rhizobia symbiosis for Cu phytostabilization, which
could avoid leaching, soil erosion, and toxic metals transfer into
the food chain (Ghosh and Singh 2005).

The increased level of MDA content and SOD activity in
the plants treated with 200 mg kg ' Cu®" indicated that exces-
sive Cu accumulation caused production of ROS, which in

turn induced oxidative stress. Furthermore, the SOD activity
was found to be increased in both shoots and roots of plants
with and without inoculation at each sampling date, while the
activities of CAT, APX, and GR varied quite greatly during
the period studied. This indicated that the effect of excess Cu
seems to be more specific on SOD activity at different devel-
opmental stages in M. lupulina plants. A close positive corre-
lation between Cu concentration in growth medium and SOD
activity in Arabidopsis thaliana leaves was also found by
Drazkiewicz et al. (2004), which suggested that excess Cu
uptake affects on this enzyme activity directly. Due to large
amounts of reactive oxygen species (ROS) and possibly also
reactive nitrogen species (RNS) generated in legume root nod-
ules during the lifetime of symbiosis development, an impor-
tant asset of antioxidant enzymes is present in both symbiotic
partners (Matamoros et al. 2003). Becana et al. (2000) sug-
gested that the promotion of plant antioxidant defenses by
rhizobial bacteria may improve symbiotic performance, espe-
cially under non-optimal conditions. The results of this current

Table 4 The effect of the symbiosis with Sinorhizobium meliloti CCNWSX0020 on the relative expression (fold change) of antioxidant genes
determined by qRT-PCR in roots of Medicago lupulina plants in the presence of copper stress (CK) or absence of copper stress (Cu)

Genes 3 dpi 8 dpi 13 dpi 18 dpi
CK Cu CK Cu CK Cu CK Cu

CuZnSODc 0.59+0.13 2.10£0.20% 1.00+£0.47 2.49+0.28* 5.18+£0.47* 2.94+0.64* 0.62+0.14 9.32+3.33%
CuZnSODp 1.12+0.19 1.26+0.34 0.73+0.10 0.96+0.19 1.80+0.53 1.08+0.09 0.83+0.05 2.04+0.18%
FeSODp 0.63+0.41 1.02+0.54 0.61+0.06 0.62+0.10 0.70+0.05 0.57+0.13 0.65+0.05 0.90+0.11
MnSOD 0.77+0.10 0.45+0.06* 1.61+0.13 0.39+0.08* 1.56+0.18 1.89+0.29 0.62+0.09 0.90+0.23
CAT 0.55+0.10 1.78+0.23 1.25+0.07 2.01+0.23* 1.50+0.15 2.25+0.40* 0.61+0.08 1.91+0.13
APXc 0.73+0.19 9.17+2.09%* 0.67+0.01 1.66+0.16 0.91+0.04 1.80+0.15 0.85+0.18 1.55+0.05
GRc 0.56+0.16 3.03+£0.10%* 1.58+0.04 2.26+0.59* 1.34+0.05 2.27+0.06* 0.60+0.08 1.74+0.11

The values are indicated with an asterisk when >2 (upregulation) or <0.5 (downregulation)
CuZnSODc cytosolic CuZnSOD, CuZnSODp plastid CuZnSOD, FeSODp plastid FeSOD, MnSOD mitochondrial MnSOD, APXc cytosolic APX, GRc

cytosolic GR
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study showed that the MDA content promoted by excess Cu
was significantly lower in both shoots and roots of inoculated
M. lupulina plants compared with non-inoculated plants
harvested at the same times (Fig. 1). In addition, in com-
parison with non-inoculated plants, the activities of SOD
and APX of shoots of inoculated plants exposed to excess
Cu were elevated at different stages of symbiosis develop-
ment; similar increases occurred in the activities of SOD,
CAT, and GR of inoculated roots. According to the ex-
pression profile analyses of antioxidant genes, it indicated
that symbiosis with S. meliloti generally increased the ex-
pression level of antioxidant genes in the presence of ex-
cess Cu, i.e., CuZnSODc, CuZnSODp, CAT, and APXc in
shoots and CuZnSODc, CuZnSODp, CAT, APXc, and GRc
in roots (Tables 3 and 4). These findings suggested that
the increase in enzyme activities measured in the inoculat-
ed plants is not a consequence of the bacterial origin of
similar enzymes. The changes of gene expression varied a
great deal during symbiosis development in both inoculat-
ed and non-inoculated plants with or without copper. This
indicated that the overall balance among various antioxi-
dants is strictly controlled all times. Earlier study has re-
ported that exogenous nitrogen could alleviate the oxida-
tive stress associated with heavy metal exposure (Hassan
et al. 2005; Zhang et al. 2014). On the other hand, nitrogen
deficiency is associated with decreased enzyme activities
that are involved in energy metabolism (e.g., photosynthe-
sis and respiration) (de Groot et al. 2003). The observa-
tions in this study are in agreement with these previous
findings, since no external N supply was added, along
with the observation that the nitrogen content in the inoc-
ulated plants under excess Cu remarkably increased as
compared with non-inoculated plants. In a recent study,
nitrogen fixation via Bradyrhizobium-legume symbiosis also
plays an important role in mitigating Cu toxicity, especially in
white lupin plants (Sanchez-Pardo and Zoroza 2014). Thus,
it is speculated that nitrogen fixation leading to increased plant
health promotes the activities of antioxidant enzymes, thereby
mitigating the copper toxicity in the plants through symbiosis
with rhizobia.

On the basis of the experimental results in this study, it is
possible to conclude that the genes coding for antioxidant
enzymes were upregulated in the plants inoculated with
S. meliloti CCNWSX0020 to produce a higher level of anti-
oxidant enzymes and subsequently alleviate the adverse ef-
fects induced copper toxicity. However, the data presented
are not sufficient to ascertain whether symbiotic rhizobia act
directly on the oxidative processes in plants or through induc-
tion of some signaling pathways. Hence, further work on the
specific mechanism of S. meliloti CCNWSX0020 promote
plant tolerance to oxidative stress is required for the practical
use of legume-Rhizobium symbiosis in phytoremediation in
metal-contaminated soils.
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