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An  endophytic  fungus  was  tested  in rice  (Oryza  sativa  L.)  exposed  to  four levels  of  lead  (Pb)  stress  (0,
50, 100  and  200  �M)  to assess  effects  on  plant  growth,  photosynthesis  and  antioxidant  enzyme  activ-
ity.  Under  Pb  stress  conditions,  endophyte-infected  seedlings  had  greater  shoot  length  but  lower  root
length compared  to non-infected  controls,  and  endophyte-infected  seedlings  had  greater  dry  weight  in
the 50  and  100  �M Pb treatments.  Under  Pb stress  conditions,  chlorophyll  and  carotenoid  levels  were
significantly  higher  in  the  endophyte-infected  seedlings.  Net  photosynthetic  rate,  transpiration  rate  and
water  use  efficiency  were  significantly  higher  in  endophyte-infected  seedlings  in  the  50  and  100  �M
Pb  treatments.  In addition,  chlorophyll  fluorescence  parameters  Fv/Fm  and  Fv/Fo  were  higher  in the
ryza sativa
ndophyte
hotosynthesis
ntioxidative enzyme

infected  seedlings  compared  to the  non-infected  seedlings  under  Pb  stress.  Malondialdehyde  accumula-
tion was  induced  by Pb  stress,  and  it was present  in higher  concentration  in non-infected  seedlings  under
higher  concentrations  of  Pb  (100  and  200  �M). Antioxidant  activity  was  either  higher  or  unchanged  in
the  infected  seedlings  due  to responses  to  the  different  Pb  concentrations.  These  results  suggest that  the
endophytic  fungus  improved  rice  growth  under  moderate  Pb  levels  by enhancing  photosynthesis  and
antioxidant  activity  relative  to non-infected  rice.
. Introduction

Heavy metal pollution in the environment is a major ecological
oncern due to its impact on human health through the food chain
1].  According to the U.S. Environmental Protection Agency, lead
Pb) is the most common heavy metal contaminant in the envi-
onment [2].  Pb is not a necessary element for plant growth, and
xcess Pb causes a range of negative effects. Pb is known to suppress
ermination and growth, inhibit photosynthesis, affect membrane
tructure and permeability, and damage the structure and function
f photosystem II [3,4]. In addition, Pb can induce the production of
eactive oxygen species (ROS), including superoxide radicals (O−

2),
ydroxyl radicals (•OH) and hydrogen peroxide (H2O2), which react
ery rapidly with DNA, lipids and proteins to cause cellular damage
5]. To counter ROS, plants produce antioxidants and antioxidant
nzymes such as superoxide dismutase (SOD), peroxidase (POD)

nd catalase (CAT) [6].

An endophyte is a bacterium or fungus that lives within a
lant, and some increase the host plant’s tolerance to biotic and
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abiotic stress [7–9]. Research has shown that at least some fungal
endophytes confer habitat-specific stress tolerance to host plants
[10,11]. Kane [12] suggested a positive effect of endophyte infection
on the growth of Lolium perenne under drought stress. Malinowski
and Belesky [7,13] found that a fungal endophyte allowed a grass
to withstand drought stress primarily by causing early stoma-
tal closure and adjusting osmotic potentials. Zaurov et al. [14]
reported that endophyte infection can enhance the aluminum
tolerance of fine fescues (Festuca spp.). Fabien et al. [15] demon-
strated that endophytic Neotyphodium lolii induced tolerance to
Zn stress in Lolium perenne. Zhang et al. [16] reported that endo-
phyte Neotyphodium gansuense improved the cadmium tolerance
of infected Achnatherum inebrians compared to non-infected speci-
mens. However, no reports have explored the interactions between
endophytes and rice under lead stress.

Suaeda salsa, one of the most important halophytes in China,
is native to saline soils and adapted to the high-salinity region in
northern China [17]. Some of the unique adaptations of this plant,
especially those related to stress tolerance, have been attributed
to the presence of an endophyte. Teng et al. [18] reported that

1-aminocyclopropane-1-carboxylate (ACC) deaminase-containing
endophytic bacteria isolated from Suaeda salsa have biological char-
acteristics related to plant growth promotion and regulation of
homeostasis under stress.

dx.doi.org/10.1016/j.jhazmat.2012.01.052
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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We  recently isolated an endophytic fungus from Suaeda salsa,
esignated EF0801. In this study, we tested whether the endophyte
E) affected rice (Oryza sativa)  growth under Pb stress and normal
onditions. We  also measured photosynthesis, chlorophyll fluores-
ence and antioxidative enzymes in E+ and E− seedlings under Pb
tress conditions to investigate if these physiological and biochem-
cal indicators were impacted by the endophyte.

. Materials and methods

.1. Microorganisms and plant material

An isolate of endophytic fungus (EF0801) was obtained from
eaves of Suaeda salsa. The molecular identification of the fungus

as based on internal transcribed spacer regions which showed
hat EF0801 is congeneric to Sordariomycetes sp. (99% similarity).
F0801 was maintained on potato dextrose agar (PDA) plates under
efrigerated conditions. The initial pH value was 7.0–7.5, and the
train was inoculated at the 3 days instar stage for 5% into 75 ml
DA culture solution and grown in a 150 ml  shaker flask for 12
ays at 180 rpm and 24 ± 1 ◦C. The fermentation broth was  used
or seedling treatments.

Rice seeds were surface sterilized in 2.65% sodium hypochlo-
ite, rinsed with distilled water and then transferred to Petri
ishes for germination. After 2 days, germinated seeds (100 grains)
ere cultivated in a 500 ml  beaker containing full Hoagland’s
utrient solution. The Hoagland’s nutrient solution consisted of

 mM Ca (NO3)2, 5 mM KNO3, 1 mM KH2PO4, 50 �M H3BO3, 1 mM
gSO4, 4.5 �M MnCl2, 3.8 �M ZnSO4, 0.3 �M CuSO4, 0.1 mM

NH4)6 Mo7O24 and 10 �M Fe-EDTA at a pH of 5.5. The seedlings
ere grown in a growth chamber (27 ◦C day/20 ◦C night; 16 h/8 h

ight/dark period; 600 �mol  m−2 s−1 photosynthetic photon flux
ensity; and 80% relative humidity) for 2 days.

.2. Treatments

On the second day in the growth chamber, Pb (Pb(NO3)2) and
ndophyte treatments were performed. Seedlings were divided
nto two groups. One group was inoculated with the fermentation
roth by planting in full Hoagland’s solution with 5% fermenta-
ion broth (E+, endophyte-infected seedlings), while the control
roup (not inoculated) was planted in full Hoagland’s solution alone
E−, endophyte-uninfected seedlings). Each group (12 pots, 3 repli-
ates × 4 treatments) was randomly assigned to four Pb treatments
i.e., concentrations of 0, 50, 100 and 200 �M Pb in Hoagland’s solu-
ion). The degree of endophyte infection was determined using the

ethod of Liu and Chen [19]. The endophyte colonized the plant
oots, and colonization was >90% for E+, whereas the roots of the
− treatment were not colonized at all. Leaves were sampled to
easure photosynthetic pigments, enzymes and malondialdehyde

MDA) 14 days after imposing the treatments.

.3. Measurement of growth

The effects of endophyte infection and Pb stress on biomass
roduction and growth parameters were determined over a 2-
eek period. The length and fresh weight of shoots and roots were

ecorded. Dry weight (DW) was obtained after drying at 80 ◦C until
 constant weight was reached.

.4. Measurement of photosynthetic parameters
The net photosynthetic rate (Pn), stomatal conductance (Gs) and
ranspiration rate (E) were determined after seedlings were treated
or 14 days. In each replicate, three seedlings were selected ran-
omly and the third leaf from the bottom was used to measure
terials 213– 214 (2012) 55– 61

photosynthesis with a portable photosynthesis system (Li-6400,
Li-Cor Lincoln, NE, USA). The average value of three plants was con-
sidered as one replicate. Water use efficiency (WUE)  was  defined
as the ratio Pn/E.

2.5. Measurement of chlorophyll fluorescence

Chlorophyll fluorescence was measured with a portable
fluorometer (Pocket PEA, Hansatech, England). The minimal flu-
orescence (Fo) with all PSII reaction centers (RCs) open was
measured with modulated radiation low enough to not induce any
significant variable fluorescence (Fv). The maximal fluorescence
(Fm) with all RCs closed was  measured with a 0.8 s pulse of satu-
rating radiation of 3000 �mol m−2 s−1 on dark-adapted leaves. The
maximal photochemical efficiency (Fv/Fm) of PSII was expressed
as the ratio Fv/Fm = (Fm − Fo)/Fm.

2.6. Quantification of photosynthetic pigments

Chlorophyll and carotenoids (Car) were extracted from 0.1 g
leaf discs with 10 ml  80% acetone and quantified as described by
Agrawal and Rathore [20].

2.7. MDA  content

Estimation of MDA  levels followed the method of Islam et al.
[21]. 4.0 ml  of 0.5% (w/v) thiobarbituric acid (TBA) in 20% (w/v)
trichloroacetic acid (TCA) was added to a 1.0 ml  aliquot of the super-
natant. The mixture was  incubated in boiling water for 30 min. The
amount of MDA  was  measured by spectrophotometer at 532 nm
and corrected for nonspecific turbidity at 600 nm.

2.8. Enzyme extraction and activity assay

Fresh leaf samples were homogenized in extraction buffer
(0.1 M phosphate buffer at pH 6.8) with a mortar and pestle on
ice. The homogenate was then centrifuged at 12,000 × g for 15 min
at 4 ◦C, and the supernatant was  used as the crude extract for anal-
ysis of enzymes superoxide dismutase (SOD), peroxidase (POD)
and catalase (CAT). The amount of SOD, POD and CAT was esti-
mated using the methods previously described by Beauchamp and
Fridovich [22], Putter [23] and Aebi [24], respectively. The amount
of protein was estimated using the method described by Bradford
[25].

2.9. Statistical analyses

The differences in plant biomass and physiological parameters
between infected and non-infected plants under different Pb con-
centrations were determined using two-way analysis of variance
(ANOVA) (with Pb concentration as one factor and infection or not
as the other factor) followed by LSD’s multiple-range test for multi-
ple comparisons. All analyses were made using the SPSS statistical
software package (Ver.13.0, SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Plant growth parameters and biomass production

The shoot and root lengths were significantly shorter at higher
Pb concentrations in both infected and non-infected treatments
(Fig. 1). Shoot length was  observed to be significantly higher

(p < 0.05) for E+ seedlings (relative to E− seedlings) growing under
the control and high (100 and 200 �M)  Pb concentrations (Fig. 1A).
E+ seedlings had significantly shorter root length compared to E−
seedlings (Fig. 1B).
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Fig. 1. (A) Shoot length and (B) root length of endophyte-infected (E+) and unin-
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ected (E−) Oryza sativa after a 2-week treatment with 0, 50, 100 and 200 �M Pb in
oagland’s solution. Bars indicate standard deviations (n = 3). Columns with differ-
nt letters indicate significant difference at p < 0.05 (LSD test).

Rice biomass significantly decreased with the increasing Pb con-
entrations both in infected and non-infected treatments (Fig. 2).
here was significantly (p < 0.05) more above-ground biomass pro-
uction in E+ compared to E− seedlings at 0, 50 and 200 �M Pb
oncentrations (Fig. 2A), with a relative increase of 16.9%, 15.3% and

.0%, respectively (Fig. 2A). However, no significant (p < 0.05) differ-
nce in above-ground biomass production was  observed between
+ and E− seedlings in the 100 �M Pb treatment. There was  also
ignificantly (p < 0.05) greater below-ground biomass production

ig. 2. Dry weight of (A) above-ground (AB) biomass and (B) below-ground (BB)
iomass of endophyte-infected (E+) and uninfected (E−)  Oryza sativa after a 2-week
reatment with 0, 50, 100 and 200 �M Pb in Hoagland’s solution. Bars indicate stan-
ard deviations (n = 3). Columns with different letters indicate significant difference
t  p < 0.05 (LSD test).

Fig. 3. (A) Chlorophyll a (Chla), (B) chlorophyll b (Chlb) and (C) carotenoid (Car)
content of endophyte-infected (E+) and uninfected (E−)  Oryza sativa after a 2-week

treatment with 0, 50, 100 and 200 �M Pb in Hoagland’s solution. Bars indicate stan-
dard deviations (n = 3). Columns with different letters indicate significant difference
at  p < 0.05 (LSD test).

in E+ compared with E− seedlings in the 50 �M and 100 �M Pb
treatments, an increase of 26.8% and 28.5%, respectively (Fig. 2B).
However, in all cases, seedlings grown in the 200 �M Pb treatment
had overall lower biomass production than seedlings in the 0 �M
Pb treatment.

3.2. Changes in the chlorophyll and carotenoid content of leaves

Levels of chlorophyll a and carotenoids were significantly
decreased by increasing Pb concentration in both infected and
non-infected treatments (Fig. 3). There was  a significant (p < 0.05)
chlorophyll a increase in E+ relative to E− seedlings under both Pb
stress as well as no stress (Fig. 3A), although chlorophyll a decreased
in all specimens with increasing concentrations of Pb. The chloro-
phyll b of E+ seedlings was significantly (p < 0.05) higher than that of
E− seedlings under all Pb concentrations except the 200 �M treat-
ment (Fig. 3B). Levels of carotenoids were significantly (p < 0.05)
higher in E+ seedlings compared to E− seedlings with and without
Pb stress (Fig. 3C). However, the presence of carotenoids diminished
with increasing concentrations of Pb.

3.3. Changes in photosynthetic characteristics
Net photosynthetic rate (Pn) and transpiration (E) of leaves
decreased with increasing Pb concentration (Fig. 4A and C). No sig-
nificant (p > 0.05) differences in Pn and E were observed between
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Exposure of the seedlings to increasing lead concentrations
resulted in reductions in shoot and root length (Fig. 1), which
were both associated with the observed reductions in dry biomass
ig. 4. (A) Net photosynthetic rate (Pn), (B) stomatal conductance (Gs), (C) transpirat
E−)  Oryza sativa after a 2-week treatment with 0, 50, 100 and 200 �M Pb in Hoag
ndicate significant difference at p < 0.05 (LSD test).

+ and E− seedlings treated with 0 and 200 �M Pb concentrations;
owever, there were significant (p < 0.05) increases in E+ seedlings
ompared with E− seedlings treated with 50 and 100 �M Pb con-
entrations. The endophyte had no significant effect on stomatal
onduction (Gs) both with and without Pb stress (Fig. 4B); how-
ver, Gs decreased in all specimens with increasing concentrations
f Pb. The water use efficiency (WUE) increased in all specimens
ith increasing concentrations of Pb, and WUE  of E+ seedlings was

ignificantly (p < 0.05) higher than E− seedlings treated with con-
entrations of 0, 50 and 100 �M Pb (Fig. 4D).

.4. Changes in chlorophyll fluorescence

There were no significant changes in the Fv/Fm ratios in E+
eedlings under Pb stress (Fig. 5A); however, the Fv/Fm ratios
n E− seedlings significantly decreased as the concentration of
b increased. The Fv/Fm ratios of E+ seedlings were significantly
p < 0.05) higher than those in E− seedlings under Pb stress. A sim-
lar trend was also observed for Fv/Fo values (Fig. 5B).

.5. Changes in the level of MDA  and the activity of antioxidant
nzymes

A positive correlation between Pb concentration and MDA  lev-
ls was observed (Fig. 6). There was significantly (p < 0.05) higher
DA in E− seedlings vs. E+ seedlings in the 100 and 200 �M Pb

reatments, with increases of 18.2% and 25.0%, respectively.
The SOD activity first increased and then decreased with

ncreasing Pb concentration both in infected and non-infected
reatments (Fig. 7A). SOD activity was significantly (p < 0.05) dif-
erent between the E+ and E− seedlings at all Pb concentrations
xcept 200 �M,  with greater activity in E+ than E− seedlings.

The CAT activity of E− seedlings declined significantly (p < 0.05)
ompared to the control at 50 �M,  but it remained unchanged at
igher levels (Fig. 7B). CAT activity in E+ seedlings was induced
fter exposure to the 50 �M Pb treatment; however, at 200 �M Pb,

 significant (p < 0.05) decline in the CAT activity was  noted and

alues were close to the control.

The POD activity levels were significantly lower as Pb concen-
ration increased in both infected and non-infected treatments
Fig. 7C). POD activity in the E+ and E− seedlings was  not
te (E) and (D) water use efficiency (WUE) of endophyte-infected (E+) and uninfected
 solution. Bars indicate standard deviations (n = 3). Columns with different letters

significantly different in the 0, 50 and 100 �M Pb treatments, but
there were significant (p < 0.05) differences in POD activity in the
200 �M Pb treatment, with greater activity in the E+ seedlings.

4. Discussion

This study of the interaction between an endophytic fungus,
lead toxicity and O. sativa demonstrates that the presence of an
endophyte can ameliorate the effects of lead toxicity.
Fig. 5. (A) Fv/Fm and (B) Fv/Fo of endophyte-infected (E+) and uninfected (E−)  Oryza
sativa after a 2-week treatment with 0, 50, 100 and 200 �M Pb in Hoagland’s solution.
Bars  indicate standard deviations (n = 3). Columns with different letters indicate
significant difference at p < 0.05 (LSD test).
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Fig. 6. MDA  content of endophyte uninfected (E−)  and infected (E+) Oryza sativa
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reated with 0, 50, 100 and 200 �M Pb in Hoagland’s solution. Bars indicate standard
eviations (n = 3). Columns with different letters indicate significant difference at

 < 0.05 (LSD test).

roduction. The results show that endophyte infection is beneficial
oth without lead stress and with moderate lead stress, increasing
he dry weight of above-ground and below-ground organs (Fig. 2).
esearchers have reported the beneficial effects of endophytes on
lant growth in the presence of cadmium [16], aluminum [14], zinc
15], lead [27], salt [26] and drought stress [28].

Levels of chlorophyll a and carotenoids (Fig. 3) decreased with
ncreasing lead concentration. Gou [27] found accumulation of

hlorophylls in endophyte-infected Achnatherum inebrians under
alt stress. Zhang et al. [16] also found higher concentrations of
hlorophyll in E+ A. inebrians under Cd stress. Zhang and Nan [29]

ig. 7. Activity of (A) SOD, (B) POD, and (C) CAT of endophyte uninfected (E−) and
nfected (E+) Oryza sativa treated with 0, 50, 100 and 200 �M Pb in Hoagland’s solu-
ion. Bars indicate standard deviations (n = 3). Columns with different letters indicate
ignificant difference at p < 0.05 (LSD test).
terials 213– 214 (2012) 55– 61 59

observed higher accumulation of chlorophyll in E+ compared to E−
Elymus dahuricus under low water conditions. In this study, simi-
lar results were observed. Carotenoids protect the lipid phase of the
thylakoid membranes and are quenchers of the excited triplet state
of chlorophyll and singlet oxygen. A reduction in the carotenoid lev-
els in leaves was  observed with exposure to Pb [30]. In the present
study, the higher carotenoid content of E+ seedlings might protect
them against Pb stress.

Photosynthesis is one of the most Pb-sensitive plant processes.
Photosynthesis is adversely affected by Pb, which could be due to
metal-induced reductions in the levels of photosynthetic pigments
[31], inhibition in the electron transport system [32], changes in
the fine structure of chloroplasts, and stomatal closure [21]. In
the present study, the Pb-induced reduction in photosynthesis
in E− seedlings was  probably caused by stomatal closure; since
Pb-treated seedlings were accompanied by a lower stomatal con-
ductance and transpiration rate, especially at higher levels of Pb
(Fig. 4). According to Ahmad et al. [33] and Islam et al. [21], there
is a strong relationship between Pb application and a decrease
in whole plant photosynthesis, which is believed to result from
stomatal closure. Swarthout et al. [28] found higher water use
efficiency in E+ seedlings relative to E− seedlings under severe
drought stress. Our study confirms that the presence of the endo-
phyte allowed seedlings to maintain water use efficiency, whereas
E− seedlings showed a significant decrease in water use efficiency.
In E+ seedlings, a slow reduction in the net photosynthetic rate of
Pb-treated plants could contribute to the higher level of photosyn-
thetic pigments and higher stomatal conductance and water use
efficiency.

Fv/Fm is an indicator of the efficiency of the photosynthetic
apparatus, while Fv/Fo indicates the size and number of active
photosynthetic centers in the chloroplast and, therefore, the photo-
synthetic strength of the plant [34]. An Fv/Fm ratio of 0.8 or higher
and Fv/Fo ratios of 4.0 or higher indicate that the plant is healthy
and not suffering from photosynthetic stress [35]. In the present
study, Fv/Fm and Fv/Fo ratios were higher than 0.8 and 4.0 in E−
seedlings under no stress and in E+ seedlings in all treatments.
However, Fv/Fm and Fv/Fo ratios were lower than 0.8 and 4.0 in
E− seedlings under Pb stress. The results indicated that the endo-
phyte may  enhance the plant’s tolerance of Pb without significantly
affecting its growth and development.

Heavy metals exert toxic effects through the production of reac-
tive oxygen species (ROS), which have a variety of harmful effects
in plant cells, including lipid peroxidation. Significant increases in
leaf MDA  content, a measure of oxidative stress inducible peroxi-
dation of membrane lipids, were observed. Gupta et al. [36] found
that MDA  concentration in Zea mays seedlings increased linearly
with increasing Pb levels. Thus, increased MDA  indicates the pres-
ence of oxidative stress, and perhaps this is one mechanism by
which Pb toxicity is manifested in the plant tissues. The level of
MDA  was lower in E+ seedlings compared to E− seedlings. Sim-
ilar results were reported by Zhang et al. [16] with A. inebrians
under Cd stress. To cope with ROS or alleviate their damaging
effect, plants have evolved enzymatic and nonenzymatic antioxi-
dant mechanisms. Improvement of stress tolerance is often related
to an increase in the activity of antioxidant enzymes [37], and plants
may experience oxidative damage due to the inability of the antiox-
idative enzymes to tolerate severe stress [38]. In the present study, a
significant decrease in POD and CAT activities under Pb stress were
observed. However, activities of antioxidant enzymes (SOD, POD
and CAT) were higher in E+ seedlings compared to E− seedlings.
Zhang et al. [16] also found that endophytic infection enhanced

anti-oxidative mechanisms in A. inebrians under high Cd. Kohlera
et al. [39] reported that inoculation with selected plant growth-
promoting bacteria could increase levels of antioxidant enzymes
in response to severe salinity. Plants containing high activities
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f antioxidant enzymes have considerable resistance to oxidative
amage [40,41]. Thus, the results indicate that endophyte infection
as beneficial to the antioxidative mechanisms in rice exposed to
igh concentrations of Pb. A more efficient antioxidative system

ikely resulted in lower oxidative stress and reduced membrane
amage. Analysis of the physiological mechanism showed that the

mproved tolerance of rice to Pb was due to an overall promotion
f photosynthesis and the protective role of antioxidant enzymes.

It is now well recognized that inoculation with endophytes
nfluences heavy metal uptake, translocation and accumulation in
ost plants. Mycorrhizal inoculation (Glomus sp. and G. mosseae)
as been shown to significantly reduce the uptake and accumula-
ion of heavy metal in host plant roots [42]. Galli et al. [43] proposed
hat the retention of heavy metals by fungal mycelia may  involve
dsorption to cell walls, thereby minimizing metal translocation
o the shoots. Furthermore, analysis of molecular mechanisms has
hown that the improved tolerance of plants to heavy metal is due
o an overall upregulation of stress-related genes and the protective
ole of polyamines [44]. Moreover, the differential transcription
xpression patterns are induced by mycorrhizal fungi occurred
n the leaves and roots of mycorrhizal (Gl. intraradices) and non-

ycorrhizal tomato [45].

. Conclusions

The positive effect of endophyte infection on Pb stressed rice
as many possible explanations. (i) Inoculation with the endophyte

ncreased the levels of photosynthetic pigments and water use effi-
iency, which promoted photosynthesis and exerted a beneficial
ffect on plant growth. (ii) Inoculation with the endophyte allevi-
ted the oxidative damage induced by Pb. E+ seedlings had lower
evels of MDA  than E− seedlings. (iii) Inoculation with the endo-
hyte exerted a protective effect by increasing antioxidant enzyme
ctivity. Taken together, this evidence supports the conclusion that
ndophytes may  indirectly attenuate Pb toxicity through a devel-
pment of a general antistress response, which probably includes
he regulation of photosynthesis and the antioxidant system. This
uggests that inoculation with endophyte could serve as a useful
ool to improve plant growth under Pb stress conditions.
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