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ABSTRACT

Arbuscular mycorrhizal fungi (AMF) are important components of soil microbial communities,
and play important role in plant growth. However, the effects of AMF phylogenetic groups
(Glomeraceae and non-Glomeraceae) on host plant under various heavy metal levels are
not clear. Here we conducted a meta-analysis to compare symbiotic relationship between
AMF phylogenetic groups (Glomeraceae and non-Glomeraceae) and host plant functional
groups (herbs vs. trees, and non-legumes vs. legumes) at three heavy metal levels. In the
meta-analysis, we calculate the effect size (In(RR)) by taking the natural logarithm of the
response ratio of inoculated to non-inoculated shoot biomass from each study. We found that
the effect size of Glomeraceae increased, but the effect size of non-Glomeraceae decreased
under high level of heavy metal compared to low level. According to the effect size, both
Glomeraceae and non-Glomeraceae promoted host plant growth, but had different effects
under various heavy metal levels. Glomeraceae provided more benefit to host plants than
non-Glomeraceae did under heavy metal condition, while non-Glomeraceae provided more
benefit to host plants than Glomeraceae did under no heavy metal. AMF phylogenetic groups
also differed in promoting plant functional groups under various heavy metal levels.
Interacting with Glomeraceae, herbs and legumes grew better than trees and non-legumes
did under high heavy metal level, while trees and legumes grew better than herbs and
non-legumes did under medium heavy metal level. Interacting with non-Glomeraceae, herbs
and legumes grew better than trees and non-legumes did under no heavy metal. We suggested
that the combination of legume with Glomeraceae could be a useful way in the remediation of
heavy metal polluted environment.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

molecular heavy metals (e.g., Cr, Cd, Pb, As and Hg) have no biological
function to plants (Prasad et al., 2011; Lin and Aarts, 2012). Excessive

Soil contamination by heavy metals has deteriorated and become a
serious environmental problem because of the increasing intensity
of anthropic activities and industrialization (Nriagu and Pacyna,
1988; Arriagada et al., 2007). The primary sources of this pollution are
the burning of fossil fuels, mining, industrial activities, municipal
wastes and the application of fertilizers or pesticides (Moreira et al.,
2011). The low molecular weight heavy metals (e.g., Zn, Cu, Ni, Mn,
Mo and Fe) are essential minerals for plant growth, while high

* Corresponding author. E-mails: chandt@zju.edu.cn (Jianjun Tang); chen-tang@zju.edu.cn (Xin Chen).

http://dx.doi.org/10.1016/j.jes.2014.07.013

accumulation of heavy metals in soils will limit development and
growth of plants (Wang et al., 2006; Pichtel and Salt, 1998; Shetty
et al., 1995; Wong, 2003). Excessive heavy metals in soil could
also pose a health hazard to humans and animals because heavy
metals are not biodegradable and tend to accumulate in organisms
(Miransari, 2011; Bhargava et al., 2012). Thus, it is necessary to take
efficient soil cleanup techniques to restore the heavy metal pollution
soil. Phytoremediation is an efficient and inexpensive method to

1001-0742/© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Eldevier B.V.
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clean up the soil polluted by heavy metal (Khade and Adholeya,
2008; Azcoén et al.,, 2009). Some plants have evolved tolerant abilities
to adapt to excessive heavy metal soil (Hall, 2002). One of these
abilities in plants is to develop symbioses with soil microorganisms
(e.g., arbuscular mycorrhizal fungi, AMF) (Schloter et al., 2003; Shah
and Mongkyrih, 2007; Garg and Singla, 2012; Ortowska et al., 2012).

Arbuscular mycorrhizal fungi (AMF) of the Glomeromycota are
the most common soil microorganisms in natural and agricultural
soils (Mohammad and Mittra, 2013). AMF can form symbiotic
associations with many terrestrial plants (Smith and Read, 1997).
The host plants provide AMF with carbon, and in return, AMF
acquire nutrients (i.e. phosphorus and nitrogen) for their hosts
(Smith and Read, 2008; Xu et al., 2012). Studies have demonstrated
that AMF can help their host plants to resist heavy metal, and can
increase metal uptake and translocation (Chen et al., 2005; Souza
et al, 2011; Punamiya et al., 2010; Zhang et al., 2010). Several
mechanisms explain why AMF can alleviate the stress of heavy
metal. One of these mechanisms is that mycorrhizal plants have
large biomass that can dilute the metal concentration (Géhre and
Paszkowski, 2006). Experiments also found that the heavy metal was
immobilized and compartmentalized in AMF hyphal cells (Gohre
and Paszkowski, 2006; Andrade et al., 2010b). In addition, AMF can
produce metal chelation of glomalin, fungal polyphosphates and
metallothioneins that have high binding capacities for heavy metal
(Kaldorf et al., 1999; Vodnik et al.,, 2008). AMF can also alter the
gene express that relate to metal tolerance of host plant (Ouziad
et al., 2005).

Studies have showed that AMF phylogenetic groups differed in
morphology (Redecker and Raab, 2006). For example, Glomeraceae
and Gigasporaceae differed in hyphal architecture and growth
patterns (Redecker and Raab, 2006). Compared to the Glomeraceae,
AMF in the Gigasporaceae lacked the ability to form extensive
hyphal networks (de la Providencia et al., 2005; Voets et al., 2006).
Gigasporaceae can only colonize roots from germinating spores, but
do not form anastomoses (cross-links) among hyphae. Thus, if the
hyphae are injured, only the main hyphae can be repaired (de la
Providencia et al., 2005; Voets et al., 2006). However, Glomeraceae are
able to colonize roots and extensive anastomoses in their mycelium.
Glomeraceae can repair injured hyphae by forming a network of
anastomoses instead of repairing the main hyphal axis (de la
Providencia et al., 2005; Voets et al., 2006; Redecker and Raab, 2006).

Studies have also showed that AMF phylogenetic groups
differed in affecting host plant growth. For example, Wang et al.
(2006) found that the biomass of Zea mays was improved by Glomus
caledonium of Glomeraceae, while was not affected significantly by
the Gigaspora margarita of Gigasporaceae under heavy metal stress.
Bai et al. (2008) showed that the indigenous consortia Glomus spp.
and Acaulospora spp. could protect their host plants (Z. mays) from
the toxicity of excessive As through activating P.

The plant-AMF symbiotic functions are affected not only by
the host plants, the AMF types, but also by the abiotic or biotic
environmental gradients (Hoeksema et al., 2010; Lehmann et al.,
2012). For example, the host plant Canavalia ensiformis with AMF
inoculation exhibited higher tolerance to Zn up to 300 mg/kg,
but not when Zn reached up to 900 mg/kg (Andrade et al., 2009).
The biomass of this host C. ensiformis was enhanced by Glomus
etunicatum under highest Cu concentrations (450 mg/dm). AMF
decreased Cu concentrations in plant organs and promoted
biomass accumulation (Andrade et al., 2010a). Compared to
without Glomus intraradices inoculation, Z. mays with G. intraradices
decreased Pb concentrations in both shoots and roots at low Pb
level (0.01 mmol/L), but only decreased Pb concentrations in roots
at high Pb level (0.1 mmol/L) (Malcova et al., 2003).

There are a few articles to discuss how the AMF phylogenetic
groups (Glomeraceae and non-Glomeraceae) affect the growth of
host plants along heavy metal levels (no heavy metal addition,
medium level, and high level) (Wang et al., 2006; Bai et al., 2008).
Here we present a meta-analysis to analyze the effects of AMF
phylogenetic groups on the growth of host plants under different

heavy metal levels. We used host plant biomass as indicators of
plant growth. Our meta-analysis focuses on two main questions.
First, whether the AMF phylogenetic groups differ in affecting the
growth of host plants under different heavy metal levels. Second,
whether host plant functional groups differ in response to AMF
phylogenetic groups under different heavy metal levels.

1. Materials and methods
1.1. Sources of data

Meta-analysis is a statistical tool that synthesizes and analyses
the results of several independent studies to search for general-
izations (Hedges and Olkin, 1985; Gurevitch and Hedges, 1999). It
is employed here to explore whether the experience accumulat-
ed over the past few decades can be used to formulate specific
results. We focused on published studies that examined plant-
AMF symbioses under heavy metal (e.g. Pb, Cu, Cd, As, Zn, Cr, Al
and Fe) gradients. Studies were located by searching keywords in
Web of Science (http://apps.webofknowledge.com/) and Google
Scholar (http://scholar.google.com.hk/) for terms combinations
of (biomass) and (arbuscular mycorrhizal fungi, AMF) and (heavy
metal) from 1970 to 2012. We found a total of forty-two articles
that met the following criteria for our meta-analysis: (1) plant
performance has pair-wise control (without AMF) and experi-
mental treatments (with AMF); (2) plant performance at different
heavy metal levels in greenhouse (three or more than three
levels); (3) AMF identity and host plants should be exact, and
mixed AMF species or plant species were excluded; (4) when the
same host plant or the same AMF species were studied in
different papers, each study was used as an independent data
record; (5) when a single paper reported results for multiple
AMF-plant species pairs at different heavy metal levels, each
species pair was considered as an independent data record
(Hoeksema et al., 2010); (6) when systems only differed in
duration of experiment, only the last harvest was included in
the dataset; (7) when the study reported AMF interacting with
other microbes, such as rhizobia and P solubilizing bacteria, the
data was only recorded for solely AMF without any interactions.

We extracted data of host plant growth from the studies
that met the above criteria. The host plant growth was measured
as shoot biomass. If the shoot biomass was unavailable, we
use total plant biomass data instead. We collected all data from
tables or digitized from figures by using GetData software (http://
getdata-graph-digitizer.com/). Then we recorded the means,
sample sizes (N), standard deviation (SD) or standard error (SE).
We also recorded AMF phylogenetic groups (Glomeraceae and
non-Glomeraceae) and host plant functional groups (herbs vs.
trees and legumes vs. non-legumes) in the pair-wise comparisons
(treatments inoculated with AMF vs. noninoculated controls). SE
was transformed to SD by Eq. (1):

SD = SE x VN. 1)

But if both the SE and SD were not providgd by the original
studies, we estimated SD with the method developed by van
Groenigen et al. (2011). We calculate the avefaged coefficient
of variation (CV) of the whole dataset by Eq. [2):

CV = SD/mean. (2)
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The missing SD was approximately estimated by multiply-
ing the mean and the average CV.

Because the assignment of metal levels was arbitrary in
some studies and did not have a unified standard, we
computed a value to uniform the gradient by Eq. (3):

S= Ti/Ti.max (3)

where, S is the gradient value (0 < S < 1), T; is the heavy metal
treatment value in the original publication, and T; max is the
maximal heavy metal treatment value in the original publica-
tion. According to the magnitude of gradient values,
we designated heavy metal levels as “no heavy metal” (0),
“medium level” (0 < S < 1), and “high level” (S = 1). If there
were more than three heavy metal levels in the original
publications, we have only chosen one group as medium level.

1.2. Meta-analysis

The meta-analysis included two steps by the MetaWin 2.0
software by random model (Rosenberg et al., 2000). First, the
effect size was calculated by taking the natural logarithm of
the response ratio (InRR) of inoculated to non-inoculated
plant shoot biomass from each study (Hoeksema et al., 2010;
Lehmann et al.,, 2012). Second, effect sizes are statistically
summarized to estimate a weighted average for the sample
of studies (average effect size) and to test the hypothesis.
To determine whether AMF phylogenetic groups differ in
affecting the host plant functional groups along a heavy metal
gradient, AMF were divided into two groups (Glomeraceae and
non-Glomeraceae). Plants were also divided into two types of
plant functional groups. Plant functional groupl included
herbs and trees, and plant functional group2 included legumes
and non-legumes. The meta-analysis was conducted sepa-
rately for the hypothesis with a resampling of 9999 iterations.
Positive InRR values indicate that plant growth was facilitated
by AMF. For the data sets, the Q statistic was used to examine
homogeneity. Q, was used to assess whether classes within
each data set differed significantly. Q, was used to test
homogeneity within-class (Adams et al., 1997). We estimated
95% confidence intervals (Cls) of the means. If CIs of the two
groups were non-overlapping, they were considered signifi-
cantly different.

Meta-analysis may produce biased results because a
published study often reported positive data, or because the
original studies had different statistical methods (Koricheva
et al.,, 2009). Therefore, it is necessary to test the publishing
biases by examining the relationship between standardized
effect sizes of raw data and sample size for all datasets using
the method of the Spearman rank correlation tests. We found
no publication biases for Glomeraceae and non-Glomeraceae
(Rs =-0.107, P =0.14856; Rs =0.074, P =0.64325) along a
heavy metal gradient. The fail-safe numbers is a quick way
to estimate whether publication bias is a problem for a
specific study. If the fail-safe number is larger than 5 N + 10
(N means sample size), it was safe to conclude that results
were robust regarding publication bias (Rosenberg, 2005;
Rosenthal, 1979). In the current study, the fail-safe number
and 5 N + 10 were 92,464,594 and 925 for Glomeraceae; 5805
and 220 for non-Glomeraceae, indicating that the results of
our meta-analysis were not affected by publication bias.
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Fig. 1 - Mean effect sizes by categorical grouping variable
for plant growth along heavy metal gradients. Effect size
refers to the mean (95% CI) of the In response ratio (InRR)
of the AMF-treated plants to the non-treated control
plants. The “n” refers to the number of experiments.

(a) Glomeraceae, (b) non-Glomeraceae; (c) Glomeraceae-herb
and non-Glomeraceae-herb combination, (d) Glomeraceae-tree
combination, not enough data were available tp calculate an
effect size for shrubs and non-Glomeraceae-tree; ()
Glomeraceae-non-legume and non-Glomeracepe-non-legume
combination, (f) Glomeraceae-legume and
non-Glomeraceae-legume.
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2. Results

Positive effect of AMF on plant growth was detected when the
full dataset was used, but this effect varied greatly among
heavy metal levels (Fig. 1a and b; Table 1). For Glomeraceae,
there was significant difference of effect size among heavy
metal levels (Q, = 11.8909, P = 0.00262). The effect size was
significantly higher under high heavy metal level than that
under no heavy metal (Fig. 1a; Table 1). For Non-Glomeraceae,
there was no significant difference of the effect size among
the heavy metal levels (Qp=2.4723, P =0.29050). Under
medium and high heavy metal levels, Glomeraceae provided
more benefit to plants than non-Glomeraceae did, but under
no heavy metal, non-Glomeraceae provided more benefit to
plants than Glomeraceae did (Fig. 1a and b).

The presence of AMF generally had a positive effect on the
growth of plants, but the magnitude of this effect depended on
the specific combination of AMF and host plants (Fig. 1c-f). For
the interaction between herbs and Glomeraceae, effect sizes
were significantly affected by heavy metal levels (Qp, = 11.8508,
P = 0.00267). Glomeraceae provided more benefit to herbs under
high heavy metal condition compared to no heavy metal
(Fig. 1c; Table 1). For the interaction between herbs and
non-Glomeraceae, there were no significant difference of effect
size among three heavy metal levels (Q, = 1.3843, P = 0.50049).

Under medium and high levels, the effect of Glomeraceae on
herbs was higher than that of non-Glomeraceae. Under no
heavy metal, however, the effect on herbs was similar between
Glomeraceae and non-Glomeraceae (Fig. 1c).

Glomeraceae had a significant effect on trees as the 95%
CI did not cross zero (Fig. 1d), but there were no significant
difference of effect size among the three heavy metal levels
(Qp = 3.5271, P = 0.17143). For the interaction between trees
and non-Glomeraceae, we did not report the results here
because there were not enough available cases to calculate an
effect (Fig. 1d).

There was no significant difference of effect size among
the three heavy metal levels for both “interaction between
non-legume and Glomeraceae” (Qp, = 2.6456, P = 0.26639) and
“interaction between non-legume and non-Glomeraceae”
(Qp = 0.1626, P = 0.92194). Glomeraceae and non-Glomeraceae
did not have a significant effect on non-legumes (Table 1).

For the interaction between legume and Glomeraceae,
effect sizes were significantly affected by the different heavy
metal levels (Qy = 7.2577, P = 0.02655). Glomeraceae promoted
the growth of legumes under high level, but did not under no
heavy metal (Fig. 1f; Table 1). Glomeraceae had a significant
effect on legumes (Table 1), and effect size was increasing with
the heavy metal (Fig. 1f). For the interaction between legumes
and non-Glomeraceae, there was no significant difference
among the three heavy metal levels (Q, = 1.9737, P = 0.37276).

Table 1 - Effects of arbuscular mycorrhizal fungi phylogenetic groups (Glomeraceae and non-Glomeraceae) on host plant

functional groups (herbs vs. trees and non-legumes vs. legumes) at three levels of heavy metal: metal-analysis.

Comparison Classification Stress level Numbers of Effect size 95% CI Qp P value
group experiments
All All-G No addition 61 0.2810 0.1967-0.3654 11.8909 0.00262
Medium 61 0.4011 0.3160-0.4861
High 61 0.4899 0.4018-0.5780
All-NG No addition 14 0.4830 0.2248-0.7412 2.4723 0.29050
Medium 14 0.2460 -0.0115-0.5034
High 14 0.2615 0.0065-0.5166
Plant functional Herb-G No addition 53 0.2799 0.1873-0.3726 11.8508 0.00267
groupl Medium 53 0.3875 0.2942-0.4808
High 53 0.5066 0.4123-0.6008
Herb-NG No addition 12 0.3120 0.0644-0.5596 1.3843 0.50049
Medium 12 0.1337 -0.1117-0.3791
High 12 0.2685 0.0252-0.5118
Tree-G No addition 8 0.2893 0.1058-0.4727 3.5271 0.17143
Medium 8 0.4861 0.2979-0.6743
High 8 0.3088 0.0512-0.5665
Tree-NG No addition 2 - - - -
Medium 2 - -
High 2 - -
Plant functional Non-legume-G No addition 39 0.1844 0.1181-0.2507 2.6456 0.26639
group2 Medium 39 0.2091 0.1418-0.2765
High 39 0.2609 0.1906-0.3312
Non-legume-NG No addition 9 0.1028 —-0.0674-0.2729 0.1626 0.92194
Medium 9 0.1181 —0.0503-0.2865
High 9 0.1441 —0.0242-0.3123
Legume-G No addition 22 0.5151 0.2771-0.7531 7.2577 0.02655
Medium 22 0.8047 0.5665-1.0429
High 22 0.9459 0.7032-1.1885
Legume-NG No addition 5 1.1352 0.0956-2.1748 1.97p7 0.37276
Medium 5 0.5016 —0.5336-1.5369
High 5 0.4822 —0.5547-1.5190

G: Glomeraceae; NG: non-Glomeraceae. CI: confidence interval; —: there are not enough available cases to calculate an effect

size.
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3. Discussion

The meta-meta-analysis showed that AMF had significantly
effects on the growth of host plants among heavy metal levels.
Many studies have showed AMF can affect uptake and trans-
location of heavy metal (e.g., Cd, Zn, Pb, Cu and Al) in host
plants (Chen et al., 2005; Heggo et al., 1990; Khan et al., 2000).
Experiments also reported that AMF can improve the growth
of host plants by enhancing host plant tolerance to heavy
metal (Trotta et al., 2006; Dong et al., 2008), For example, Huang
et al. (2002) found that the accumulations of Cu, Zn and Pb in
mycorrhizal plants of maize were 10%, 18% and 29% lower than
that in non-mycorrhizal ones respectively. Hildebrandt et al.
(1999) reported that mycorrhizae improved the plants of Viola
calaminaria tolerance to metal Zn and Pb stress in the polluted
soils. Recent studies also showed plant species and AMF
phylogenetic groups affected the effects of AMF in helping
host plants to resist heavy metal (Hu et al., 2013; Lehmann et al,,
2012; Hart and Reader, 2002). Our meta-analysis represented
the accumulated experiences to learn how AMF phylogenetic
groups and plant functional groups interact under different
heavy metal levels. All the studies in our meta-analysis
recorded AMF phylogenetic groups and plant functional groups.

The two AMF phylogenetic groups (Glomeraceae and non-
Glomeraceae) in our meta-analysis can generally promote
plant growth and nutrient acquisition at all heavy metal levels
(Fig. 1). These two AMF phylogenetic groups also showed
difference in affecting host plants, and in responding to
heavy metal. Redecker and Raab (2006) have reported that
Glomeraceae and Gigasporaceae differ in hyphal architecture
and growth patterns, which may affect their functions. For
example, Glomeraceae possibly play main roles in transporting
nutrients to hosts, while non-Glomeraceae might be in charge
with other functioning, ie., improving phenotypic plasticity,
tolerating to salt and pathogens, etc. (Maherali and Klironomos,
2007). G. caledonium of Glomeraceae can improve the biomass of
Z. mays, while G. margarita of Gigasporaceae did not under heavy
metal stress (Wang et al., 2006). In our study, Glomeraceae have
more positive effect on host plants under high heavy metal level,
but non-Glomeraceae have more positive effect under no heavy
metal. Under medium and high heavy metal levels, Glomeraceae
promoted plant growth greater than non-Glomeraceae did. The
possible reason for this phenomenon could be that Glomeraceae
can colonize roots rapidly and can acquire and transport more
nutrients and water to plants (Jansa et al., 2008; de la Providencia
et al,, 2005; Voets et al,, 2006). As non-Glomeraceae can only
colonize roots from germinating spores, only the main hypha
can be repaired if their hyphae are injured under heavy metal
stress, (de la Providencia et al., 2005; Voets et al., 2006).

Host plant functional groups also differ in responding to
AMF phylogenetic groups. van der Heijden et al. (2004) reported
that non-Glomeraceae in C; plants was much higher than
Glomeraceae; while no difference was found between both
phylogenetic types in C, plants. Different combinations of
AMF-host plants affecting plant growth were also found under
different heavy metal levels (Wang et al., 2006; Bai et al., 2008).
In our study, we found that functional groups (herbs vs.
trees and non-legume vs. legume) were affected differently by
Glomeraceae and non-Glomeraceae. We also found that the

effects of Glomeraceae and non-Glomeraceae on plant growth
depended on heavy metal levels. For example, Glomeraceae
promoted the growth of herbs and legumes under high heavy
metal level; while Glomeraceae promoted the growth of trees
and legumes under medium heavy metal level (Fig. 1c-f). Herbs
and legumes were promoted by non-Glomeraceae only under
no heavy metal treatment (Fig. 1c-f). Our results also showed
that legumes had a higher response to Glomeraceae than
non-legumes did under high heavy metal level. This could be
due to the fact that Glomeraceae may promote plant photosyn-
thetic efficiency and nutrient uptake (Humphreys et al., 2010) as
legumes could form a tripartite symbiosis with nitrogen-fixing
rhizobium bacteria and phosphorus-acquiring AMF (Scheublin
et al., 2004).

The results from meta-analysis provide new evidence that
AMF may not always have positive effects on their host plants.
AMF phylogenetic groups, plant functional groups and heavy
metal stress can affect the role of AMF. This evidence will
enhance our understanding on how to use AMF effectively in
agriculture and in the remediation of degraded land. In this
study, we showed that the combination of Glomeraceae and
legumes performed best in the heavy metal stress condition. It
implies that we can apply this combination of Glomeraceae
and legume to the remediation of heavy metal polluted soil.

4. Conclusions

Our results showed that both Glomeraceae and non-Glomeraceae
promoted host plant growth. These effects of magnitudes
depended on heavy metal levels and plant functional groups.
Glomeraceae had stronger effects on host plants than
non-Glomeraceae did under heavy metal condition, while
non-Glomeraceae had stronger effects on host plants than
Glomeraceae under no heavy metal condition. Legumes had the
highest response to Glomeraceae among the plant functional
groups under high heavy metal level, implying that legumes
and Glomeraceae are better partners under heavy metal
polluted condition. These results enhance our understanding
on how AMF phylogenetic groups affect the host plants, and
how we can use AMF phylogenetic groups in the remediation
of heavy metal polluted environment.

Acknowledgments
This work was supported by the National Science and

Technology Support Plan (No. 2012BAC09B01) and the National
Natural Science Foundation of China (No. 31070389).

REFERENCES

Adams, D.C.,Gurevitch, J.,Rosenberg, S., 1997. Respmpling tests for
meta-analysis of ecological date. Ecology 78 (4), 1277-1283.

Andrade, S.A.L., Gratao, P.L., Schiavinato, M.A., Silveira, A.P.D.,
Azevedo, R.A.,Mazzafera, P., 2009. Zn uptake, [physiological
response and stress attenuation in mycorrhizal jack bean
growing in soil with increasing Zn concentratjons.
Chemosphere 75 (10), 1363-1370.



http://www.jesc.ac.cn

JOURNAL OF ENVIRONMENTAL SCIENCES 26 (2014) 2034-2040

2039

Andrade, S.A.L., Gratdo, P.L., Azevedo, R.A., Silveira, A.P.D.,
Schiavinato, M.A., Mazzafera, P., 2010a. Biochemical and
physiological changes in jack bean under mycorrhizal
symbiosis growing in soil with increasing Cu concentrations.
Environ. Exp. Bot. 68 (2), 198-207.

Andrade, S.A.L,, Silveira, A.P.D., Mazzafera, P., 2010b. Arbuscular
mycorrhiza alters metal uptake and the physiological
response of Coffea arabica seedlings to increasing Zn and Cu
concentrations in soil. Sci. Total Environ. 408 (22), 5381-5391.

Arriagada, C.A., Herrera, M.A.,Ocampo, J.A., 2007. Beneficial effect
of saprobe and arbuscular mycorrhizal fungi on growth of
Eucalyptus globulus co-cultured with Glycine max in soil
contaminated with heavy metals. ]. Environ. Manag. 84 (1),
93-99.

Azcédn, R., Peralvarez, M.C., Bird, B.,Roldan, A., Ruiz-Lozano, J.M.,
2009. Antioxidant activities and metal acquisition in
mycorrhizal plants growing in a heavy-metal
multicontaminated soil amended with treated
lignocellulosic agrowaste. Appl. Soil Ecol. 41 (2), 168-177.

Bai, J.F.,Lin, X.G.,Yin, R, Zhang, H.Y.,Wang, J.H.,Chen, X.M,, et al,,
2008. The influence of arbuscular mycorrhizal fungi on As and
P uptake by maize (Zea mays L.) from As-contaminated soils.
Appl. Soil Ecol. 38 (2), 137-145.

Bhargava, A., Carmona, F.F.,Bhargava, M., Srivastava, S., 2012.
Approaches for enhanced phytoextraction of heavy metals.

J. Environ. Manag. 105, 103-120.

Chen, X.,Wu, C.H., Tang, J.J.,Hu, SJ., 2005. Arbuscular mycorrhizae
enhance metal lead uptake and growth of host plants under a
sand culture experiment. Chemosphere 60 (5), 665-671.

de la Providencia, L.E.,de Souza, F.A.,Fernandez, F., Delmas, N.S.,
Declerck, S., 2005. Arbuscular mycorrhizal fungi reveal distinct
patterns of anastomosis formation and hyphal healing
mechanisms between different phylogenic groups.

New Phytol. 165 (1), 261-271.

Dong, Y., Zhu, Y.G., Smith, F.A., Wang, Y.S., Chen, B.D., 2008.
Arbuscular mycorrhiza enhanced arsenic resistance of both
white clover (Trifolium repens Linn.) and ryegrass (Lolium perenne
L.) plants in an arsenic-contaminated soil. Environ. Pollut. 155
(1), 174-181.

Garg, N., Singla, P., 2012. The role of Glomus mosseae on key
physiological and biochemical parameters of pea plants grown
in arsenic contaminated soil. Sci. Hortic. 143, 92-101.

Gohre, V., Paszkowski, U., 2006. Contribution of the arbuscular
mycorrhizal symbiosis to heavy metal phytoremediation.
Planta 223 (6), 1115-1122.

Gurevitch, J., Hedges, L.V., 1999. Statistical issues in ecological
meta-analyses. Ecology 80 (4), 1142-1149.

Hall, J.L., 2002. Cellular mechanisms for heavy metal detoxification
and tolerance. J. Exp. Bot. 53 (366), 1-11.

Hart, M.M., Reader, R.J., 2002. Taxonomic basis for variation in the
colonization strategy of arbuscular mycorrhizal fungi. New
Phytol. 153 (2), 335-344.

Hedges, L.V., Olkin, I., 1985. Statistical Methods for Meta-analysis.
Academic Press, New York.

Heggo, A., Angle, ].S., Chaney, R.L., 1990. Effects of
vesicular-arbuscular mycorrizal fungi on heavy metal uptake
by soybeans. Soil Biol. Biochem. 22 (6), 865-869.

Hildebrandt, U.,Kaldorf, M., Bothe, H., 1999. The zinc violet and its
colonization by arbuscular mycorrhizal fungi. J. Plant Physiol.
154 (5-6), 709-717.

Hoeksema, ].D., Chaudhary, V.B., Gehring, C.A.,Johnson, N.C.,
Karst, J.,Koide, R.T., et al.,, 2010. A meta-analysis of
context-dependency in plant response to inoculation with
mycorrhizal fungi. Ecol. Lett. 13 (3), 394-407.

Hu, J.H.,Wang, H.S.,Wu, F.Y.,Wu, S.C.,Cao, Z.H,,Lin, X.G., et al,,
2013. Arbuscular mycorrhizal fungi influence the accumulation
and partitioning of Cd and P in bashfulgrass (Mimosa pudica L.)
grown on a moderately Cd-contaminated soil. Appl. Soil Ecol.
73,51-57.

Huang, Y.,Chen, Y], Tao, C., 2002. Uptake and distribution of Cu,
Zn, Pb and Cd in maize related to metals speciation changes in
rhizosphere. Chin. J. Appl. Ecol. 13 (7), 860-862.

Humphreys, C.P., Franks, P.J., Rees, M., Bidartondo, M.L,, Leake, J.R.,
Beerling, D.J., 2010. Mutualistic mycorrhiza-like symbiosis in
the most ancient group of land plants. Nat. Commun. 1, 103.

Jansa, J., Smith, F.A., Smith, S.E., 2008. Are there benefits of
simultaneous root colonization by different arbuscular
mycorrhizal fungi? New Phytol. 177 (3), 779-789.

Kaldorf, M.,Kuhn, AJ., Schréder, W.H., Hildebrandt, U., Bothe, H.,
1999. Selective element deposits in maize colonized by a heavy
metal tolerance conferring arbuscular mycorrhizal fungus.

J. Plant Physiol. 154 (5-6), 718-728.

Khade, S.W., Adholeya, A., 2008. Arbuscular mycorrhizal
association in plants growing on metal-contaminated and
noncontaminated soils adjoining Kanpur tanneries, Uttar
Pradesh, India. Water Air Soil Pollut. 202 (1-4), 45-56.

Khan, A.G.,Kuek, C.,Chaudry, C.S.,Khoo, C.S.,Hayes, W.J., 2000.
Role of plants, mycorrhizae and phytochelators in heavy metal
contaminated land remediation. Chemosphere 41 (1-2),
197-207.

Koricheva, J., Gange, A.C.,Jones, T., 2009. Effects of mycorrhizal
fungi on insect herbivores: a meta-analysis. Ecology 90 (8),
2088-2097.

Lehmann, A., Barto, E.K.,Powell, ].R,Rillig, M.C., 2012. Mycorrhizal
responsiveness trends in annual crop plants and their wild
relatives—a meta-analysis on studies from 1981 to 2010. Plant
Soil 355 (1-2), 231-250.

Lin, Y.F., Aarts, M.G.M., 2012. The molecular mechanism of zinc
and cadmium stress response in plants. Cell. Mol. Life Sci. 69
(19), 3187-3206.

Maherali, H.,Klironomos, J.N., 2007. Influence of phylogeny on
fungal community assembly and ecosystem functioning.
Science 316, 1746-1748.

Malcovad, R., Vosatka, M., Gryndler, M., 2003. Effects of inoculation
with Glomus intraradices on lead uptake by Zea mays L. and
Agrostis capillaris L. Appl. Soil Ecol. 23 (1), 55-67.

Miransari, M., 2011. Hyperaccumulators, arbuscular mycorrhizal
fungi and stress of heavy metals. Biotechnol. Adv. 29 (6), 645-653.

Mohammad, A.,Mittra, B., 2013. Effects of inoculation with
stress-adapted arbuscular mycorrhizal fungus Glomus
deserticolaon growth of Solanum melogena L. and Sorghum
sudanese Staph. seedlings under salinity and heavy metal
stress conditions. Arch. Agron. Soil Sci. 59 (2), 173-183.

Moreira, H.,Marques, A.P.G.C.,Rangel, A.O.S.S.,Castro, P.M.L., 2011.
Heavy metal accumulation in plant species indigenous to a
contaminated Portuguese site: prospects for
phytoremediation. Water Air Soil Pollut. 221 (1-4), 377-389.

Nriagu, J.O., Pacyna, .M., 1988. Quantitative assessment of
worldwide contamination of air, water and soils by trace
metals. Nature 333, 134-139.

Ortowska, E., Godzik, B., Turnau, K., 2012. Effect of different
arbuscular mycorrhizal fungal isolates on growth and arsenic
accumulation in Plantago lanceolata L. Environ. Pollut. 168,
121-130.

Ougziad, F.,Hildebrandt, U.,Schmelzer, E.,Bothe, H., 2005. Differential
gene expressions in arbuscular mycorrhizal-colonized tomato
grown under heavy metal stress. J. Plant Physiol. 162 (6), 634-649.

Pichtel, J., Salt, C.A., 1998. Vegetative growth and trace metal
accumulation on metalliferous wastes. J. Environ. Qual. 27 (3),
618-642.

Prasad, A.,Kumar, S.,Khaliqg, A.,Pandey, A., 2011. Heavy metals

and arbuscular mycorrhizal (AM) fungi can dlter the yield and
chemical composition of volatile oil of sweef basil (Ocimum
basilicum L.). Biol. Fertil. Soils 47 (8), 853-861.
Punamiya, P.,Datta, R., Sarkar, D.,Barber, S.,Pate], M., Das, P., 2010
Symbiotic role of Glomus mosseae in phytogxtraction of lead
in vetiver grass [Chrysopogon zizanioides (L.)]. . Hazard. Matef.
177 (1-3), 465-474.



http://www.jesc.ac.cn

2040

JOURNAL OF ENVIRONMENTAL SCIENCES 26 (2014) 2034-2040

Redecker, D.,Raab, P., 2006. Phylogeny of the Glomeromycota
(arbuscular mycorrhizal fungi): recent developments and new
gene markers. Mycologia 98 (6), 885-895.

Rosenberg, M.S., 2005. The file-drawer problem revisited: a general
weighted method for calculating fail-safe numbers in
meta-analysis. Evolution 59 (2), 464-468.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin:
Statistical Software for Meta-analysis Version 2. Sinauer
Associates, Sunderland, MA.

Rosenthal, R., 1979. The file drawer problem and tolerance for null
results. Psychol. Bull. 86 (3), 638-641.

Scheublin, T.R,,Ridgway, K.P., Young, ].P.W., van der Heijden, M.G.
A., 2004. Nonlegumes, legumes, and root nodules harbor
different arbuscular mycorrhizal fungal communities. Appl.
Environ. Microbiol. 70 (10), 6240-6246.

Schloter, M., Bach, H.J.,Metz, S., Sehy, U.,Munch, J.C., 2003.
Influence of precision farming on the microbial community
structure and functions in nitrogen turnover. Agric. Ecosyst.
Environ. 98 (1-3), 295-304.

Shah, K.,Mongkyrih, J.M., 2007. Metal hyperaccumulation and
bioremediation. Biol. Plant. 51 (4), 618-634.

Shetty, K.G., Hetrick, B.A.D., Schwab, A.P., 1995. Effects of
mycorrhizae and fertilizer amendments on zinc tolerance
of plants. Environ. Pollut. 88 (3), 307-314.

Smith, S.E.,Read, D.J., 1997. Mycorrhizal Symbiosis. Academic
Press, London, UK.

Smith, S.E.,Read, D.J., 2008. Mycorrhizal Symbiosis. Academic
Press, London, UK.

Souza, L.A., Andrade, S.A.L., Souza, S.C.R., Schiavinato, M.A., 2011.
Arbuscular mycorrhiza confers Pb tolerance in Calopogonium
mucunoides. Acta Physiol. Plant. 34 (2), 523-531.

Trotta, A.,Falaschi, P., Cornara, L.,Minganti, V., Fusconi, A., Drava,
G., et al., 2006. Arbuscular mycorrhizae increase the arsenic

translocation factor in the As hyperaccumulating fern Pteris
vittata L. Chemosphere 65 (1), 74-81.

van der Heijden, M.G.A., Scheublin, T .R., Brader, A., 2004.
Taxonomic and functional diversity in arbuscular
mycorrhizal fungi—is there any relationship? New Phytol.
164 (2), 201-204.

Van Groenigen, K.J., Osenberg, C.W.,Hungate, B.A., 2011. Increased
soil emissions of potent greenhouse gases under increased
atmospheric CO,. Nature 475 (7355), 214-216.

Vodnik, D., Gréman, H.,Macek, I., van Elteren, ].T., Kovacevi¢, M.,
2008. The contribution of glomalin-related soil protein to Pb
and Zn sequestration in polluted soil. Sci. Total Environ. 392
(1), 130-136.

Voets, L., de la Providencia, 1.E., Declerck, S., 2006. Glomeraceae
and Gigasporaceae differ in their ability to form hyphal
networks. New Phytol. 172 (2), 185-188.

Wang, F.Y.,Lin, X.G., Yin, R., Wu, L.H., 2006. Effects of arbuscular
mycorrhizal inoculation on the growth of Elsholtzia splendens
and Zea mays and the activities of phosphatase and urease in a
multi-metal-contaminated soil under unsterilized conditions.
Appl. Soil Ecol. 31 (1-2), 110-119.

Wong, M.H., 2003. Ecological restoration of mine degraded soils,
with emphasis on metal contaminated soils. Chemosphere
50 (6), 775-780.

Xu, Z.Y., Tang, M., Chen, H.,Ban, Y.H.,Zhang, H.H., 2012. Microbial
community structure in the rhizosphere of Sophora viciifolia
grown at a lead and zinc mine of northwest China. Sci. Total
Environ. 435-436, 453-464.

Zhang, H.H., Tang, M., Chen, H., Zheng, C.L.,Niu, Z.C., 2010. Effect
of inoculation with AM fungi on lead uptake, translocation
and stress alleviation of Zea mays L. seedlings planting in
soil with increasing lead concentrations. Eur. J. Soil Biol. 46 (5),
306-311.



http://www.jesc.ac.cn

NSFC

Editorial Board of Journal of Environmental Sciences

Editor-in-Chief

Hongxiao Tang

Associate Editors-in-Chief

Jiuhui Qu

Shu Tao

Nigel Bell
Po-Keung Wong

Editorial Board

Aquatic environment

Baoyu Gao

Shandong University, China

Maohong Fan

University of Wyoming, USA

Chihpin Huang

National Chiao Tung University

Taiwan, China

Ng Wun Jern

Nanyang Environment &

Water Research Institute, Singapore

Clark C. K. Liu

University of Hawaii at Manoa, USA
Hokyong Shon

University of Technology, Sydney, Australia
Zijian Wang

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China
Zhiwu Wang

The Ohio State University, USA

Yuxiang Wang

Queen’s University, Canada

Min Yang

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China
Zhifeng Yang

Beijing Normal University, China
Han-Qing Yu

University of Science & Technology of China
Terrestrial environment

Christopher Anderson

Massey University, New Zealand

Zucong Cai

Nanjing Normal University, China

Xinbin Feng

Institute of Geochemistry,

Chinese Academy of Sciences, China
Hongqing Hu

Huazhong Agricultural University, China
Kin-Che Lam

The Chinese University of Hong Kong
Hong Kong, China

Erwin Klumpp

Research Centre Juelich, Agrosphere Institute
Germany

Peijun Li

Institute of Applied Ecology,

Chinese Academy of Sciences, China

Editorial office staff
Managing editor Qingcai Feng
Editors Zixuan Wang  Suqin Liu
English editor Catherine Rice (USA)

Peking University, China
Imperial College London, United Kingdom
The Chinese University of Hong Kong, Hong Kong, China

Michael Schloter

German Research Center for Environmental Health

Germany

Xuejun Wang

Peking University, China

Lizhong Zhu

Zhejiang University, China
Atmospheric environment

Jianmin Chen

Fudan University, China

Abdelwahid Mellouki

Centre National de la Recherche Scientifique
France

Yujing Mu

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China
Min Shao

Peking University, China

James Jay Schauer

University of Wisconsin-Madison, USA
Yuesi Wang

Institute of Atmospheric Physics,
Chinese Academy of Sciences, China
Xin Yang

University of Cambridge, UK
Environmental biology

Yong Cai

Florida International University, USA
Henner Hollert

RWTH Aachen University, Germany
Jae-Seong Lee

Sungkyunkwan University, South Korea
Christopher Rensing

University of Copenhagen, Denmark
Bojan Sedmak

National Institute of Biology, Slovenia
Lirong Song

Institute of Hydrobiology,

Chinese Academy of Sciences, China
Chunxia Wang

National Natural Science Foundation of China
Gehong Wei

Northwest A & F University, China
Daqiang Yin

Tongji University, China

Zhongtang Yu

The Ohio State University, USA

Zhengang Mao

Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China

Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, China

Environmental toxicology and health

Jingwen Chen

Dalian University of Technology, China

Jianying Hu

Peking University, China

Guibin Jiang

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Sijin Liu

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Tsuyoshi Nakanishi

Gifu Pharmaceutical University, Japan

Willie Peijnenburg

University of Leiden, The Netherlands
Bingsheng Zhou

Institute of Hydrobiology,

Chinese Academy of Sciences, China
Environmental catalysis and materials

Hong He

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Junhua Li

Tsinghua University, China

Wenfeng Shangguan

Shanghai Jiao Tong University, China

Yasutake Teraoka

Kyushu University, Japan

Ralph T. Yang

University of Michigan, USA

Environmental analysis and method

Zongwei Cai

Hong Kong Baptist University,

Hong Kong, China

Jiping Chen

Dalian Institute of Chemical Physics,

Chinese Academy of Sciences, China

Minghui Zheng

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Municipal solid waste and green chemistry
Pinjing He

Tongji University, China

Environmental ecology

Rusong Wang

Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences, China

Copyright© Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved.



JOURNAL OF ENVIRONMENTAL SCIENCES
FERFFREEXIR)
(http://www.jesc.ac.cn)
Aims and scope

Journal of Environmental Sciences is an international academic journal supervised by Research Center for Eco-Environ-
mental Sciences, Chinese Academy of Sciences. The journal publishes original, peer-reviewed innovative research and
valuable findings in environmental sciences. The types of articles published are research article, critical review, rapid
communications, and special issues.

The scope of the journal embraces the treatment processes for natural groundwater, municipal, agricultural and industrial
water and wastewaters; physical and chemical methods for limitation of pollutants emission into the atmospheric environ-
ment; chemical and biological and phytoremediation of contaminated soil; fate and transport of pollutants in environments;
toxicological effects of terrorist chemical release on the natural environment and human health; development of environ-
mental catalysts and materials.

For subscription to electronic edition

Elsevier is responsible for subscription of the journal. Please subscribe to the journal via http://www.elsevier.com/locate/jes.
For subscription to print edition

China: Please contact the customer service, Science Press, 16 Donghuangchenggen North Street, Beijing 100717, Chi-
na. Tel: +86-10-64017032; E-mail: journal@mail.sciencep.com, or the local post office throughout China (domestic
postcode: 2-580).

Outside China: Please order the journal from the Elsevier Customer Service Department at the Regional Sales Office
nearest you.

Submission declaration

Submission of an article implies that the work described has not been published previously (except in the form of an
abstract or as part of a published lecture or academic thesis), that it is not under consideration for publication elsewhere.
The submission should be approved by all authors and tacitly or explicitly by the responsible authorities where the work
was carried out. If the manuscript accepted, it will not be published elsewhere in the same form, in English or in any other
language, including electronically without the written consent of the copyright-holder.

Submission declaration

Submission of the work described has not been published previously (except in the form of an abstract or as part of a
published lecture or academic thesis), that it is not under consideration for publication elsewhere. The publication should
be approved by all authors and tacitly or explicitly by the responsible authorities where the work was carried out. If the
manuscript accepted, it will not be published elsewhere in the same form, in English or in any other language, including
electronically without the written consent of the copyright-holder.

Editorial

Authors should submit manuscript online at http://www.jesc.ac.cn. In case of queries, please contact editorial office, Tel:
+86-10-62920553, E-mail: jesc@263.net, jesc @rcees.ac.cn. Instruction to authors is available at http://www.jesc.ac.cn.

Journal of Environmental Sciences (Established in 1989)
Vol. 26 No. 10 2014

Supervised by Chinese Academy of Sciences Published by Science Press, Beijing, China
Sponsored by Research Center for Eco-Environmental Elsevier Limited, The Netherlands
Sciences, Chinese Academy of Sciences Distributed by
Edited by Editorial Office of Journal of Domestic Science Press, 16 Donghuangchenggen
Environmental Sciences North Street, Beijing 100717, China
P. O. Box 2871, Beijing 100085, China Local Post Offices through China
Tel: 86-10-62920553; http:/www.jesc.ac.cn Foreign Elsevier Limited
E-mail: jesc@263.net, jesc@rcees.ac.cn http://www.elsevier.com/locate/jes
Editor-in-chief Hongxiao Tang Printed by Beijing Beilin Printing House, 100083, China
CN 11-2629/X Domestic postcode: 2-580 Domestic price per issue RMB ¥ 110.00

ISSN 1001-0742

97771001°074147 ‘"H




	上.pdf
	2014261010.pdf
	下.pdf

