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Abstract
Aims Our aim was to explore the way that root system
type affects mycorrhizal growth response of plants.
Methods An extensive meta-analysis with 943 peer-
review publications was conducted to test the difference
in mycorrhizal responses between taproot plants and
plants with a fibrous root system.
Results We found that taproot plants showed greater
growth response (biomass, P andN uptake) to colonization
by arbuscular mycorrhizal fungi (AMF) than do plant
species with fibrous root systems. This response pattern
was dependent on stress types, AMF identity and species
richness, and particularly the type of stress (abiotic vs.
biotic). Taproot plants respond more to AMF than plants

with a fibrous root system; but no difference was shown
under biotic stress. The interaction effect seen for AMF
and biotic stress was significantly higher for plants with
fibrous root system, but was not significant between tap-
root plants and abiotic stress. Difference in biomass re-
sponse was only found for Glomeraceae and
Gigasporaceae between the two types of plants, while
difference was found in P uptake response for
Glomeraceae and Claroideoglomeraceae. However,
plants with fibrous root system showed higher growth
response than taproot plants under nematode stress.
Conclusions Taproot plants might be more dependent on
mycorrhiza than plants with fibrous root system. This
indicates that environmental conditions can modify the
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relative abundance of taproot plants and plants with fibrous
root system through mycorrhizal functioning, which will
regulate plant community dynamics and processes.

Keywords Arbuscular mycorrhiza . Growth response .

Root system type .Meta-analysis

Introduction

Arbuscular mycorrhizal fungi (AMF) are ecologically
important soil microbes and form obligate symbiosis
with roots of most terrestrial plants (Smith and Read
2008). In the symbiosis, host plants provide carbon for
AMF in return for several benefits, i.e., promoting nu-
trient uptake, tolerating drought and salt stress, resisting
pathogens and herbivores, etc. (Smith and Read 2008).
AMF also can redistribute resources (i.e., C, N and P)
between plants and alter their competitive interactions
(van der Heijden et al. 2003; Wagg et al. 2011), and thus
drive plant population dynamics and community pro-
cesses (Koide and Dickie 2002van der Heijden et al.
1998).

Roots form intimate associations with AMF (Smith
and Read 2008). Previous studies showed that AMF
could modify plant root morphology and architecture
(Atkinson et al. 1994; Berta et al. 1990, 1993, 1995;
Schellenbaum et al. 1991). However, other studies have
found that root system type potentially modifies how
plant growth responds to colonization by AMF. As early
as 1970, Baylis found that Coprosma robusta with
coarse root architecture did not grow without mycorrhi-
za, but other plant species with fine root systemwere not
affected without colonization by AMF. Based on this
study, a frequently cited hypothesis is formed that plant
species with coarse root system will accrue more bene-
fits from symbioses with AMF. Wilson and Hartnett
(1998) argued that root morphology was an extreme
determinant for mycorrhizal responsiveness. Hetrick
et al. (1992) determined that mycorrhizal dependence
of plants was highly correlated to root fibrousness.
Plants possibly have higher mycorrhizal dependency
when they have thick and less branched roots and few
root hairs; lower mycorrhizal dependence might occur
in those plants with many fine roots and root hairs
(Wilson and Hartnett 1998). Thus, highly branched
roots and mycorrhizal fungi might be alternative strate-
gies for absorbing nutrients (Wilson and Hartnett 1998).
Schweiger et al. (1995) argued that root hairs could

promote uptake for immobile nutrients, thereby affect-
ing mycorrhizal responsiveness of plants.

Generally, plants have 1 of 2 types of root system:
taproot system and fibrous system (Torrey and Clarkson
1975; Ye 2007). The taproot system consists of a tap
root and coarse lateral roots, in which the tap root is first
developed from radical and becomes the most promi-
nent root, and then many smaller branch roots grow
from this tap root. The fibrous root system forms with
numerous fine roots about similar size developing from
radical, in which the radical is short-lived. The fibrous
system has higher root number than taproot system
(Torrey and Clarkson 1975). These morphological dif-
ferences might determine functional differentiation.
Sullivan et al. (2000) found that tap root and fibrous
root systems have different surface areas and differential
ability to take up nutrients. Fibrous root system had
larger belowground area and thus higher nitrate uptake
rate than tap root system. This would potentially affect
mycorrhizal responsiveness of plants. For example,
Medicago sativa L. with taproot system is highly my-
corrhizal dependent, while Hordeum vulgare L. with
fibrous root system does not show strong positive
growth response to colonization by AMF (Azcón et al.
1991; Grace et al. 2009).

Many factors affect plant growth responses to AMF,
including environmental conditions, AMF identity and
diversity, etc. Some studies found that abiotic stress
could enhance mycorrhizal responses while opposite
results were also reported. For example, salt stress in-
creased growth response of maize to Glomus mosseae
(Sheng et al. 2008). However, Wu et al. (2007) reported
that drought stress reduced mycorrhizal responsiveness
ofCitrus tangerine. Barto and Rillig (2010) conducted a
meta-analysis and found that herbivory inhibited AMF
to some extent, and thus affected mycorrhizal responses
of plants. Mycorrhizal effects on plant growth also
depended on AMF species identity and diversity.
Klironomos (2003) reported high variation in plant re-
sponses to different AMF species; van der Heijden et al.
(1998b) found that plant productivity increased with
AMF species richness. However, we do not know
whether the effects of these factors on mycorrhizal
responses of plant growth depend on different root
system types.

Recently, Maherali (2014) conducted a meta-analysis
to test the Baylis hypothesis. In that study, the author
combined published literatures and phylogenic informa-
tion of host plants to test the correlation between root
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architectural traits and mycorrhizal growth response.
This work utilized novel and attractive methods for data
analysis of root traits and provided exciting conclusions.
Root traits (i.e., specific root length, root diameter, root
hair length and root hair density, etc.) might be direct
determinants for mycorrhizal responsiveness of plants
(Baylis 1970). Thus, it might be more accurate to use
these data to meta-analyze the effects of root system on
mycorrhizal functioning than other root data. However,
studies that reported the relationship between root trait
and mycorrhiza are so limited that Maherali (2014) had
to only select 12 publications to carry out his research.
Nonetheless, if we use other root data (i.e., root system
type) as an approximation for root traits, there might be
sufficient data to test the same hypothesis as Maherali
(2014). Therefore, in this study, we utilized taproot vs.
fibrous system data as an approach complementary to
that ofMaherali (2014). An intensive meta-analysis with
943 peer-review publications was conducted to reveal
the growth response patterns of plants with either root
system to AMF. We hypothesized that plants with fi-
brous root system respond less to AMF than plants with
taproot systems. Our questions are as follows: (1) How
do plants with tap or fibrous root systems respond to
AMF? (2) Is the response pattern context-dependent?
(3) How does AMF taxonomic family identity affect the
response pattern? (4) How does AMF species richness
affect the response pattern?

Methods

Literature search

Differentmeans were used to retrieve relevant papers for
this meta-analysis. First, literature searches were con-
ducted on May 10, 2012 in Web of Science (http://apps.
webofknowledge.com/) and Google Scholar (http://
scholar.google.com.hk/) with following key terms:
(biomass OR phosphorus OR nitrogen) AND
(abuscular AND mycorrhiza*). Papers published in
Chinese were searched in CNKI database (http://www.
cnki.net/). Publication year was not restricted. Second,
we extracted all papers used for meta-analysis by
Hoeksema et al. (2010), Veresoglou et al. (2012),
Borowicz (2001) and Koricheva et al. (2009).
However, publication years were restricted between
1970 and 1998 for Borowicz (2001) and before 2007
for Koricheva et al. (2009). In order not to miss the

references published after these three meta-analsysis
studies, we thereby searched Web of Science with orig-
inal terms of (abuscular ANDmycorrhiza*) AND (path-
ogen OR nematode) for Borowicz (2001) with publica-
tion year limited between 1999 and 2012. Searches were
also conducted with original terms of (arbuscular AND
mycorrhiza*) AND herbivor* for Koricheva et al.
(2009) with restriction of publication year between
2008 and 2012.

Data selection

We included studies satisfying the following criteria in
our meta-analysis: (1) studies should include pair-wise
control and experimental treatments; (2) AMF identity
should be identified to species level, data of mixedAMF
species were included while fungicide-treatments were
excluded; (3) for the same host plant or AMF species in
different publications, each study was treated as an
independent data record; (4) for the same AMF-host
pair from different sites, habitats or experimental ap-
proaches, each observation was considered as an inde-
pendent data record; (5) for study reported AMF
interacting with other non-pathogen microbes, such as
rhizobia and P solubilizing bacteria, data was only col-
lected for sole AMF without any interactions.

In total, 943 peer-review publications satisfied our
selection criteria. Previous meta-analysis studies only
randomly selected a small subset of all satisfied publi-
cations for further analysis (Hoeksema et al. 2010;
Veresoglou et al. 2012). However, in order to provide
more solid evidence, we included all these papers for
our analysis.

Data collection

We extracted mean, standard deviation (SD) or standard
error (SE) and sample size (N) of plant growth param-
eters (biomass, P content and N content) from each pair
of control and experimental study. Here, we collected
P/N content (mg·plant−1), not concentration (mg·g−1),
because it is an absolute metric to directly reflect my-
corrhiza functioning (Li et al. 2006). Root length colo-
nization (RLC; %) data was also extracted from exper-
imental studies. For data presented in table form, it was
directly extracted. For data presented with graphs, it was
digitized with GetData software (http://getdata-graph-
digitizer.com/). For experiments along stress gradients,
data were only collected at both ends; for the same

Plant Soil (2015) 389:361–374 363

http://apps.webofknowledge.com/
http://apps.webofknowledge.com/
http://scholar.google.com.hk/
http://scholar.google.com.hk/
http://www.cnki.net/
http://www.cnki.net/
http://getdata-graph-digitizer.com/
http://getdata-graph-digitizer.com/


AMF-host pairs in different years, the most recent data
were collected. SE was transformed to SD with SD=
SE*sqrt (N) when studies only provided SE value.
When SD or SE was missing, we estimated SD follow-
ing van Groenigen et al. (2011). We first calculated
coefficient of variation (CV) for each dataset and then
averaged all CVs. The missing SD was estimated by
multiplying the reported mean value by the average CV.

Data category

Plants were classified as roots with either ‘taproot
system’ or ‘fibrous system’ through the following
criteria: (1) all monocotyledons are categorized as
fibrous root system; (2) all woody dicotyledons are
categorized as taproot system (Torrey and Clarkson
1975; Ye 2007); (3) because some herbaceous
dicotyledons are characteristic of fibrous root sys-
tem, the root system information of these plants
was obtained by searching Google, original publi-
cations or contacting authors. Although this root
system category might be confounded with phylo-
genetic information of plants (Maherali 2014), the
phylogeny does not determine functioning per se,
but possibly through root structural and functional
traits.

AMF was classified into four groups at family
l e v e l : G l o m e r a c e a e , G i g a s p o r a c e a e ,
Claroideoglomeraceae and Acaulosporaceae. We cat-
egorized AMF into family groups by searching Index
Fungorum (http://www.indexfungorum.org/names/
Names.asp). In order to compare the effects of
AMF family identity on mycorrhizal response of
plants with different root systems, we divided the
biomass dataset into eight groups: Tap-Glomeraceae,
Tap-Gigasporaceae, Tap-Claroideoglomeraceae, Tap-
Acaulospora- ceae, Fibrous-Glomeraceae, Fibrous-
Gigasporaceae, Fibrous-Claroideoglomeraceae,
Fibrous-Acaulosporaceae.

Experimental context was categorized as: nor-
mal, abiotic stress and biotic stress. For the trials
which did not report any stress treatment, we
assumed that these trials were conducted under
no stressful conditions and defined it as “normal”.
“Abiotic stress” category included drought, salini-
ty, heavy metal, low pH, high pH, low vs. high
temperature, shade, N and P deficiency, anoxia and
chemical pollution. Here, we did not consider the
stressful extent. According to the original paper, as

long as the trials were conducted under abiotic
stress with control treatments, we included the data
in this group. Low pH stress refers to soil pH<
5.5; alkaline stress refers to soil pH>8.5 (Heijne
et al. 1996; Mardukhi et al. 2011). Low tempera-
ture refers to <15 °C, while high temperature
refers to >35 °C (Hasanuzzaman et al. 2014; Wu
2011; Zhang et al. 2013). Anoxia stress refers to
the trials were conducted in submerged conditions.
Although different abiotic stressors potentially ex-
ert distinct effects on mycorrhizal functioning,
here, we only wonder to give a general pattern
for plants with different root system type. Thus,
all these abiotic stressors were generally assigned
into one group. “Biotic stress” referred to nema-
tode, pathogen and herbivore. In order to compare
the mycorrhizal response of taproot and fibrous
root plants among different types of stress, we
divided our biomass dataset into six groups: Tap-
no, Tap-abiotic, Tap-biotic, Fibrous-no, Fibrous-
abiotic and Fibrous-biotic.

Meta-analysis

We selected Hedge’s d to calculate individual effect size
for biomass, P and N response variables. Hedge’s d is an
estimate of standardized mean differences that is not
biased by small size (Hedges and Olkin 1985). From

each pair of mean values (X ), the individual effect size
of Hedge’s d was calculated as (Rosenberg et al. 2000):

d ¼
X

E
−X

C
� �

S
J ð1Þ

Here, X
E
is mean of experimental study, X

C
is mean

of control study. S is the pooled standard deviation, and
J is a weighting factor based on sample size (N) per
study. J is calculated as (Rosenberg et al. 2000):

J ¼ 1−
3

4 NC þ NE−2
� �

−1
ð2Þ

The variance of Hedge’s d, V(d) was calculated as:

V dð Þ ¼ NC þ NE

NCNE þ d2

2 NC þ NE
� � ð3Þ

Meta-analyses were performed in MetaWin 2.0
(Rosenberg et al. 2000). We selected random effect
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model for all these analyses. However, in random effect
model, each entry is treated as a distinct study
(Rosenberg et al. 2000), this might cause some issues
under specific conditions. Thus, in this study, we as-
sumed that across trial differences are of the same mag-
nitude as across study differences.Weighted mean effect
size (d+) was calculated for each response variable. 95%
confidence interval (CI) was used to determine whether
d+ was significantly different from zero with 9999 iter-
ations. If 95 % CIs did not overlap zero, they were
considered significantly different from zero.
Comparison between categories was examined by
Pbetween (Pb) associated to Qbetween statistics (Qb).

In order to address whether the mycorrhizal response
pattern of plants with different root system is context-
dependent, we conducted two-way factorial meta-
analysis with the method of Morris et al. (2007). We
calculated an effect size (Hedge’s d) of each study for
the growth response of plants with different root system
type to AMF, stress (abiotic vs. biotic) and their inter-
actions. Mean effect size (d+) was then computed with
weighted mean from individual studies with random
effect model, where the weights were the inverse of
sampling variance. 95 % CIs, Qb and Pb were also
calculated to compare difference among groups of stud-
ies with a mixed-effect model.

Meta-analysis assumes that studies are indepen-
dent of each other (Gurevitch and Hedges 1999).
For our analysis, if we included multiple pairs of
data from one paper, there might be pseudo-repli-
cation. In order to examine whether potential
pseudo-replications would affect our conclusions,
we randomly selected one study per paper to per-
form meta-analyses (Vilà et al. 2011). The reduced
datasets showed similar mean effect size and 95 %
CIs to the whole datasets. Thus, we are confident
for our analysis with these whole datasets.

Generally, positive or negative data in ecology stud-
ies was easier to be published than neutral data.
However, one important assumption for meta-analysis
is including data without publication biases (Rosenberg
et al. 2000). Thus, we examined whether our
datasets were publication-biased (Peters et al. 2006).
First, we performed Spearman correlation analysis
between the standardized effect size of raw data
and sample size. If no correlation was found, we
would consider the dataset with no publication bias;
or else, we need to estimate fail-safe number to
confirm whether publication bias will influence the

final conclusions. Fail-safe number is the number of
studies that would have to be added to change the
results of meta-analysis from significant to non-
significant (Rosenberg et al. 2000). Here, we used
Rosenthal’s fail-safe calculation of 5 N+10, where N
is the original number of studies.

AMF richness effects

In order to investigate whether AMF species richness
differs between taproot plants and plants with fibrous
root system, another meta-analysis was performed with
literature about AMF molecular diversity in plant roots.
According to Veresoglou et al. (2014), sequencing depth
is an important factor for species delineation in micro-
bial community. For example, Sanger-sequencing stud-
ies generally reported considerably lower AMF species
richness than 454-prysequencing studies. Thus, in this
study, we only selected Sanger-sequencing studies for
our meta-analysis to avoid the bias from different se-
quencing depth.

In total, we collected 165 host plant species from 90
publications, including 102 plants in which AMF com-
munities were targeted with SSU gene, 29with ITS gene
and 34 with LSU gene. Ohsowski et al. (2014) found
that AMF communities in natural conditions largely
consist of uncultured species, thus, we can not assign
each sequence to an AMF species identity at present.
Generally, researchers preferentially assigned AMF
DNA sequences into operational taxonomic unit
(OTU) under the same taxonomy resolving level (i.e.,
97 % similarity).

In order to better delineate the AMF OTUs, we
extracted SSU, ITS or LSU rDNA sequences from
GenBank with accession numbers published in these
papers. For taxonomy of SSU sequences, we used a
fasta-format file to blast MaarjAM database (Öpik
et al. 2010). SSU sequences were assigned to virtual
taxa (VT) with phylogentics and 97 % similarity. For
ITS and LSU, both sequence datasets were aligned in
Clustal X, respectively (Larkin et al. 2007). Both align-
ments were submitted into Geneious version 4.8.3, man-
ually edited and saved as fasta-format. Because AMF
ITS and LSU sequences have high variation (Yang et al.
2012), these fasta-formated alignments was then
clusterd into operational taxonomic unit (OTU) based
on 90 and 95% similarity, respectively. Here, we refered
OTU of ITS as ITS-OTU0.10, and OTU of LSU as LSU-
OTU0.05. The suffex cutoff value was used to define
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respective OTU. This was done in Mothur version
1.19.0 (Schloss et al. 2009). AMF richness was calcu-
lated as AMF taxa in root of each host. Host associating
with above 3 AMF taxa was included in our analysis.
For each dataset, each host plant was used as an inde-
pendent sample. Student t-test was used to compare
AMF richness between tap and fibrous rooted plants.

To investigate howAMF speciess richness affects the
mycorrhizal responsiveness of fibrous and tap-rooted
plants, we defined three AMF richness groups: low,
median and high. Low AMF richness referred to single
AMF species inoculum; median AMF richness referred
to inoculum with 2–4 fungal speciess; high AMF spe-
cies referred to inoculum with >5 fungal species. In fact,
it would have been better if we had treated AMF species
richness as continuous variable. However, at some spe-
cific AMF species richness, there are limited samples so
that the effects of insufficient sampling will exceed the
effects of root system type. Thus, we categorized our
data into these goups in order to ensure sufficient sam-
pling for each group when conducting statistic analysis.
The whole dataset was then classified into six groups:
low-fibrous, low-tap, median-fibrous, median-tap, high-
fibrous, high-tap. Meta-analysis was performed with the
random effect model in MetaWin 2.0 to compare the
differences among these groups.

Results

Publication bias test

Publication bias was examined for each dataset of dif-
ferent parameters. Spearman correlation analysis
showed significant correlation between standardized ef-
fect size and sample size for biomass, P and N content
datasets (Spearman r=−0.04, P=0.02 for biomass, r=
0.11, P<0.00 for P content and r=0.22, P<0.00 for N
content). Statistics suggested that there was slight pub-
lication bias for these datasets.

Fail-safe number was much larger than 5 N+10
for these datasets : fa i l - safe number were
16744849.3, 1451191.6, 154992.9 and 95931.1
for biomass, P and N content while the respective
5 N+10 values were 18260, 3720 and 1435. It
indicated that although there was slight publication
bias for these datasets, it would not change the
overall meaning of the results.

Plant growth responses to AMF

Overall, AMF significantly enhanced plant biomass, N
and P uptake at no stress, abiotic stress and biotic stress
(Fig. 1a). However, mycorrhizal effects differed be-
tween taproot plants and plants with fibrous root sys-
tems under different types of stresses. Taproot plants
showed higher biomass response to AMF than plants
with fibrous root system at no and abiotic stress (Qb=
36.15, P<0.00 at no stress; Qb=20.48, Pb<0.00 at abi-
otic stress), but no difference was found between the
two types of plants at biotic stress (Qb=2.68, Pb=0.10)
(Fig. 1a; Table 1). P content was higher in taproot plants
than that in plants with fibrous roots under no stress and
abiotic stress (Qb=21.55, Pb<0.00 at no stress; Qb=
12.63, Pb<0.00 under abiotic stress) (Fig. 1b; Table 1).
N content was higher in taproot plants than that in plants
with fibrous roots under abiotic stress but not signifi-
cantly different under no stress (Qb=13.27, Pb<0.00;
Qb=4.40, Pb=0.08) (Fig. 1c; Table 1).

Two-way factorial meta-analysis showed that mycor-
rhizal growth response was context-dependent for plants
with tap- and fibrous-rooted systems (Fig. 2). Taproot
plants had greater biomass response to AMF than plant
with fibrous root systems (Fig. 2). However, the two
types of plants showed distinctive patterns when
responding to abiotic and biotic stress. Abiotic stress
showed negative and significant effects on plant bio-
mass, but were not different between the two types of
plants (Qb=0.31, Pb=0.58; Table 1). Biotic stress only
had significantly negative effect on taproot plants, and
significant difference was found between the two types
of plants (Qb=16.86, Pb<0.00; Table 1). In addition, the
interaction effects between AMF and stress showed
distinct patterns between taproot and fibrous root plants.
AMF interacting with abiotic stress showed small, neg-
ative and significant effects on taproot plants, but not
significant effects on plants with fibrous root systems.
Meanwhile, the interaction effect was not different be-
tween the two types of plants (Qb=0.33, Pb=0.56;
Table 1). However, the effect of AMF interacting with
biotic stress was significantly negative on taproot plants
but positive on plants with fibrous root systems (Qb=
7.17, Pb<0.00; Table 1).

Mycorrhizal effects on plants with different types of
root system were dependent on fungal taxonomic family
identity (Fig. 3; Table 1). When inoculated with
Glomeraceae and Gigasporaceae, taproot plants showed
higher biomass than plants with fibrous roots (d±95%CI:
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Fig. 1 Effect size of plant growth
response to AMF: (a) Biomass at
no stress, abiotic stress and biotic
stress; (b) P content at no and
abiotic stress; (c) N content at no
and abiotic stress; (d) biomass at
nematode and fungal pathogen
attacks. Error bars represents±
95 % CI. The number in the
parenthesis represents (# study;
# trial)
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1.19±0.03 vs. 0.96±0.05 for Glomeraceae; 0.66±0.07
vs.0.43±0.14 for Gigasporaceae). The biomass of the
two types of plants was not different when inoculated with
Acaulosporaceae and Claroideoglomeraceae (d±95 %
CI: 0.63±0.13 vs. 0.7 7±0.15 for Acaulosporaceae; 0.69
±0.07 vs. 0.70±0.11 for Claroideoglomeraceae) (Fig. 3a).
For P content, significant differences were found between
plants with tap and fibrous roots when inoculated with
Glomeraceae and Claroideoglomeraceae (d±95 % CI:
2.32±0.085 vs.1.42±0.13 for Glomeraceae; 1.54±0.24
vs. 0.97±0.27 for Claroideoglomeraceae). No difference
was found for Acaulosporaceae and Gigasporaceae (d±
95 % CI: 1.33±0.38 vs. 1.39±1.83 for Acaulosporaceae;
2.55±0.25 vs. 2.34±1.03 for Gigasporaceae) (Fig. 3b).

AMF species richness effects

Mycorrhizal responsiveness of taproot plants and plants
with fibrous root system varied with AMF species

richness (Fig. 4a). At low and median AMF species
richness, taproot plants had higher mycorrhizal growth
response than plants with fibrous root system. However,
no difference was found between the two types of plants
at high AMF species richness. In addition, median AMF
species richness had the lowest growth promotion while
high AMF richness exhibited the highest growth pro-
motion for the two types of plants.

Student t-test revealed that AMF richness was not
different between taproot plants and plants with fibrous
root system (Fig. 4b). SSU-VT richness for the two types
of plants was 10.35±0.87 and 10.67±1.38. ITS-OTU0.10

richness was 8.41±1.71 and 9.5±1.63, respectively.
LSU-OTU0.05 richness was 18.50±3.30 and 16.50±
2.93, respectively. Libshuff analysis showed that AMF
composition was not different between tap- and fibrous-
rooted plants (dCXYScore=0.02, P=0.44 for SSU-VT;
dCXYScore = 0.02, P= 0.35 for ITS-OTU0.01;
dCXYScore=0.01, P=0.92 for LSU-OTU0.05).

Table 1 Heterogeneity between (Qb) the mycorrhizal response of plant species with tap roots and fibrous roots with indication of sample
sizes and P-values

Response variables Impact type Qb Ntap Nfibrous P

Biomass No stress 36.15 1628 579 <0.00

Abiotic stress 20.48 732 388 <0.00

Biotic stress 2.68 273 50 0.10

AMF 36.19 336 133 <0.00

Abiotic stress 0.31 336 133 0.58

Interaction 0.33 336 133 0.56

AMF 3.71 146 25 0.05

Biotic stress 16.86 146 25 <0.00

Interaction 7.17 146 25 0.01

Acaulosporaceae 0.36 80 73 0.56

Claroideoglomeraceae 3.45 198 149 0.07

Gigasporaceae 20.34 308 56 <0.00

Glomeraceae 30.49 1975 723 <0.00

Low richness 32.71 2531 1011 <0.00

Median richness 8.05 171 43 <0.00

High richness 0.05 51 7 0.83

P uptake No stress 21.55 405 104 <0.00

Abiotic stress 12.63 158 75 <0.00

Acaulosporaceae 0.19 17 3 0.64

Claroideoglomeraceae 18.90 50 27 0.02

Gigasporaceae 0.45 50 5 0.54

Glomeraceae 42.14 446 144 <0.00

N uptake No stress 4.40 166 40 0.08

Abiotic stress 13.27 75 28 <0.00
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However, AMF internal abundance is significantly higher
in taproot plants than plant with fibrous root system (tap:
44.22±0.65; fibrous: 41.21±1.06; P=0.02).

Discussion

Previous case studies suggested that root architecture
was one determinant for mycorrhizal functioning
(Hetrick et al. 1992; Sikes and CottenieK 2009). Our
extensive meta-analysis provided evidence that AMF
effects on plant growth possibly depends on root system
type. Taproot plants benefited more from AMF than
plants with fibrous root (about 1.43, 1.31 and 1.27 times
for biomass data at no stress, abiotic stress and biotic
stress, respectively) (Fig. 1a-c). This response pattern

might be caused by difference in root surface absorptive
area. Generally, plants with fibrous root system have
more highly branched fine roots and active root hairs
than taproot plants. This indicates that plants with fi-
brous root system might possess larger absorptive sur-
face area. For example, one tuft of ryegrass can be
associated with about 15000 adventitious roots, and
their total surface area nearly equals to the size of one
standard volleyball playground (Ye 2007). Some plants
developed such extensive root systems as a strategy for
direct nutrient acquisition, and thus were possibly less
mycorrhizal dependent (Hetrick et al. 1988). However,
taproot plants developed coarse and less branched root
systems (Sullivan et al. 2000). Coarse root system has a
limited intrinsic ability to absorb nutrients (Bates and
Lynch 2001). Thus, direct nutrient uptake from coarse

Fig. 2 Effect size of tap- and
fibrous-rooted plants to AMF,
stress and their interactions. Error
bars represents±95 % CI: (a)
Abiotic stress; (b) biotic stress.
The number in the parenthesis
represents (# study; # trial)
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roots might not meet the demands of plant growth. AMF
possibly perform complementary functioning of roots to
explore more soil volume for nutrients (Koide 2000). In
brief, AMF and fine roots might be alternative strategies
of plants for acquisition of soil nutrients (Wilson and
Hartnett 1998). Taproot plants and plant with fibrous
root system may thus have different absorptive strate-
gies for nutrients from soils.

However, our study also found that it was context-
dependent for mycorrhizal responses of plants with

different types of root systems (Fig. 2). For AMF func-
tioning under abiotic stress, there was small but negative
effect on growth of plants with tap roots but no signif-
icant effect on plants with fibrous root system (Fig. 2a).
For AMF functioning under biotic stress, negative re-
sponse occurred for taproot plants but positive effect
was shown for the growth of plants with fibrous root
systems (Fig. 2b). These stress dependent effects sug-
gested that AMF might magnify the detrimental effects
of abiotic and biotic stress on taproot plants but enhance

Fig. 3 Effect size of tap- and
fibrous-rooted plants to different
AMF taxonomic family identity:
(a) Biomass; (b) P content. Error
bars represents±95 % CI. The
number in the parenthesis
represents (# study; # trial)
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tolerance of plants with fibrous root system towards
biotic stress. As stated previously, taproot plants showed
more dependence on mycorrhizae for nutrient acquisi-
tion (Hetrick et al. 1988; Fig. 1). When taproot plants
encountered stress, growth of plants themselves would
be limited or inhibited; meanwhile, AMF growth would
also be negatively affected (Wu et al. 2007) and thus the
mycorrhizal functioning would be inhibited. However,
even under such stressful environments, the obligate
nature of mycorrhizal symbiosis suggested that taproot
plants would have to provide carbon to the fungal sym-
bionts. Therefore, stress not only inhibits plant growth,
but also limits carbon consumption and mycorrhizal
functioning, generating negative effects on growth

performance of plants with taproot systems. However,
nutrient acquisition is not the main functioning for my-
corrhizal symbiosis of plants with fibrous root systems,
as other roles may be more important, such as biotic
stress tolerance and resistance (Sikes and CottenieK
2009). Abiotic stress might cause death of finer roots
and root hairs of plants with fibrous root systems, thus,
these plants may preferentially allocate carbon to root
hair recruitment but not the fungal symbionts (Wilson
and Hartnett 1998). Under these circumstances, plants
might shut off carbon flow to AMF due to abiotic stress.
However, studies suggested that AMF were effective
biocontrol agents, especially for plants with fibrous root
systems (Azcón-Aguilar and Barea 1997; Sikes and

Fig. 4 AMF richness effects: (a)
Effect size of tap- and fibrous-
rooted plants to low, median and
high AMF richness. Error bars
represents ±95 % CI. (b)
Comparison of AMF richness
between plants with tap and
fibrous root systems. Error bars
represents mean±SE. (c)
Difference of root length
colonization (RLC, %) between
plants with tap roots and fibrous
root systems. Error bars
represents mean±SE. The
number in the parenthesis
represents (# study; # trial)
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CottenieK 2009). Thus, AMF might ameliorate biotic
stress.

AMF family identity may affect mycorrhizal func-
tioning mediated by root architecture (Sikes and
CottenieK 2009). In this study, we found that mycorrhi-
zal growth response of plants with different root systems
depended on AMF family identity (Fig. 3). It holds that
taproot plants showed higher growth response to
Glomeraceae and Gigasporaceae. However, no differ-
ence was found between the two types of plants for
Claroideoglomeraceae and Acaulosporaceae. Our re-
sults showed that Claroideoglomeraceae promoted
higher P uptake for taproot plants, thus the no-
d i f f e r e n c e p a t t e r n i n p l a n t g r ow t h f o r
Claroideoglomeraceae might be caused by other sym-
biotic functioning for plants with fibrous root system,
i.e., biocontrol, or more likely the lack of ability to
transport N which often limits plant growth. For exam-
ple, Sikes and CottenieK (2009) found that Glomus
etunicatum (Claroideoglomeraceae) was efficiently
inhibited root disease caused by fungal pathogen
Fusarium oxysporum for Setaria glauca with fibrous
root system. No difference between the two types of
plants for Acaulosporaceae might be determined by life
history strategies of this group of fungi. Maherali and
Klironomos (2007) reported that Acaulosporaceae had
low root colonization and few external hyphae, thus was
less competi t ive. Under natural conditions,
Acaulosporaceae might make smaller contribution to
growth of plants with both types of roots compared to
other AMF families.

Studies suggested that AMF species richness had
great effects on plant growth (Maherali and
Klironomos 2007; van der Heijden et al. 1998). Our
results showed that higher growth response to AMF
for plants with taproot plants was still held at low and
median AMF species richness. However, no difference
was found for the two types of plants at high AMF
species richness. The latter pattern could be cautiously
explained by two possibilities: one is insufficient sam-
pling. As shown in Fig. 4, at high AMF species richness,
plants with fibrous root systems only had 7 samples, but
taproot plants had 51 samples. This discrepancy in
sampling depth possibly led to wider 95 % CI of plant
with fibrous root systems, thus causing no statistical
difference between the two types of plants. Another
possibility is that higher AMF species richness possibly
shows high functional diversity (Cavagnaro et al. 2005).
Although plants with fibrous root systems showed less

mycorrhizal dependence for nutrients, this type of plants
possibly obtained other ecological benefits from mycor-
rhizal symbiosis, i.e., pathogen protection (Sikes and
CottenieK 2009; Wilson and Hartnett 1998). Thus, high
AMF species richness might provide greater ecological
functioning, further increase growth performance of
plants with fibrous root system and thus eliminate the
difference between the two types of plants.

Conclusions

AMF effects on plant growth depended on the types of
root system. Taproot plants had higher mycorrhizal re-
sponsiveness than plants with fibrous roots. This pattern
was affected by stress types, AMF identity and richness.
Especially, interaction effects were observed between
AMF and stress (abiotic vs. biotic). These results sug-
gest that in future climate change scenarios, environ-
mental disturbance might alter the relative abundance of
taproot plants and plant with fibrous root system, and
thus shift plant community composition.
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