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Abstract

Background: Phosphorus (P) application and mycorrhizal cover cropping can be a primary
factor improving soybean growth, P nutrition, and grain yield, and the benefit from
arbuscular mycorrhizal fungi (AMF) is highly valuable to soybean P uptake and growth in
a P-limited soil. However, it is not clear how soybean growth and P nutrition responds, to |
AMF root colonization and diversity of AMF communities in a continuous P-unfertilized
cover cropping system. Thus, we investigated the impact of P-application and cover
cropping on AMF root colonization and diversity in soybean roots, and their responses to
soybean growth and P nutrition under the five-year P-unfertilized crop rotation.

Methods: In this study, we established three cover crops managements (wheat, red clover,
and oilseed rape) or bare fallow in rotation with soybean. The P fertilizer application rates
before the seeding of soybeans were 52.5 and 157.5 kg ha ' in 2014 and 2015, respectively.
Results: The increase in the root colonization at the flowering stage was small as a result
of P-application, even when P-application significantly impacted on root colonization. The
P-application had positive effects on the soybean performance such as plant P uptake,
biomass and grain yield in 2015. The results of a permutational multivariate analysis of

variance (PERMANOVA) showed that the AMF communities colonizing soybean roots
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were also significantly different among the cover crop rotations and were influenced by
P-application throughout the two years. Moreover, the abundance of Rhizophagus
irregularis and Cetraspora pellucida in the roots reduced as a result of P-application in
2015. The Network analysis determined that the AMF root colonization did not increase
the soybean growth performance, whereas the diversity index and species richness of AMF
communities in roots were positively correlated with the soybean biomass, P uptake and
grain yield throughout the two years.

Discussion: Our results indicated that the AMF diversity in roots rather than root
colonization could be partially related to the soybean growth performance with
P-application. To increase AMF diversity may be a key factor improving soybean growth
performance in P-limited cover cropping systems. P management may also be integrated
with cover cropping to ensure the improvement of soybean performance and benefit from
AMF partners in cover crop rotational systems. However, other more important factors
such as soil organic matter, soil biological activities, and interactions of soil microbial
communities in cover crop rotational systems could be involved in improving soybean

performance in the P-limited cover cropping systems.

Introduction

Phosphorus (P) is an essential nutrient with a central role in numerous biochemical
processes of plants. P also limits crop production in many arable soils, and P-application is
often required to achieve high productivity (Lynch, 2007). P in synthetic fertilizer is
derived from phosphate rock which is a finite resource, and their prices are expected to
increase in the following decades (Brunelle et al., 2015). Alternative P sources are
becoming increasingly important (Penuelas et al., 2013) because the global average cash
production costs of phosphate rock in 1983 and 2013 increased by 27% to $38 per fob
tonne mine in this 30 year period (Mew, 2016). Although increasing soil P concentrations
will not result in greater crop yields, it will increase the fertilization cost to farmers and the
potential risk and danger of environmental pollution (Bai et al., 2013). Therefore,
managing soil P availability is required to maintain agricultural crop production (Mishima

et al., 2003), and then the next green revolution seeks to decrease the demand of fertilizer
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to crop productions (White et al., 2013). Arbuscular mycorrhizal fungi (AMF) can increase
host plant P uptake and growth, and AMF may especially improve plant P and
micronutrients uptake (Smith & Read, 2008). AMF also may act against the depletion of
global P reserves (Gilbert, 2000). [These benefits from AMF can be remarkably improved
via appropriate agricultural managements (Kahiluoto et al., 2001, 2012; Gosling et al.,
2006). Some species of the family Glomeraceae, such as Funneliformis mosseae,
Rhizophagus irregularis and Gigasporaceae have been shown to have a positive impact on
growth and nutrient uptake of plants (Verbruggen & Kiers, 2010; Gosling et al., 2016).
Thus, one strategy to efficiently utilize P in soil is to improve the contribution of AMF on
crop growth and nutrient uptake in agricultural management systems.

In general, soybeans [Glycine max (L.) Merr.] that highly rely on AMF function for P
nutrition are often grown as a summer crop in rotation with winter cover crops such as
wheat (Triticum aestivum L.), oilseed rape (Brassica napus L.) or leguminous crops
because soybean grain yields decline over time under continuous cropping. Johnson et al.
(1993) reported that there was a link between yield declines under continuous soybean
cropping and the shift in AMF communities. Continuous cropping selects for the most
rapidly growing and sporulating AMF species, and crop performance decreases in
mono-cropping over time, and then the abundance of detrimental AMF species increases
and abundance of beneficial AMF species declines in the AMF communities (Johnson et al.,
1993). [Furthermore, the introduction of mycorrhizal cover crops during the winter season
can be necessary for maintenance and increase indigenous AMF inoculum or diversity in
soil and roots for subsequent crops (Higo et al., 2010, 2015a, 2016). Thus, the introduction
of cover crops in temperate agricultural ecosystems, such as wheat, barley, oilseed rape or
leguminous crops, reduces seasonal fallow and thus provides many benefits for subsequent
crops and soil fertility (Karasawa et al., 2015).

A diverse AMF species composition and diversity can maximize the benefits from
AMF (Maherali & Klironomos, 2007; Powell et al., 2009). Moreover, increasing AMF
diversity in agroecosystems has been suggested to have the ability to boost crop growth,
nutrient uptake and sustainability can be widespread (Hart & Forsythe, 2012). The diversity

of AMF communities can be influenced by agricultural management practices such as crop
3
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rotation (Higo et al., 2013, 2015a), tillage (Alguacil et al., 2008) and P-application
(Kahiluoto et al., 2009, 2012). The diversity of AMF communities can impact their
contribution to plant P nutrition (van der Heijden et al., 1998; Verbruggen et al., 2013).
Recent studies have also shown that P-application impacts (Jansa et al., 2014; Islas et al.,
2016) or decreases the diversity of AMF communities in soils (Lin et al., 2012; Camenzind
et al., 2014). Also, P-application may reduce (Liu et al., 2012; Gosling et al., 2013) or not
impact (Beauregard et al., 2013; Liu et al., 2016) the AMF diversity in roots. |

Furthermore, Isobe et al. (2014) found that the yield and growth of soybeans under a
P-unfertilized four-year winter crop-soybean rotational system gradually decreased over
time because of a decrease in AMF root colonization of soybeans and due to the continuous
nutrient removal from the soil by continuous crop rotations. They also found that there was
a positive correlation between AMF root colonization and soybean grain yield in a
four-year consecutive winter cover crop-soybean rotational system without P fertilizer,
suggesting that higher AMF root colonization can be a better solution for improving
soybean growth and grain yield in the P-limited soil. Cover cropping alone would also
appear not to supply enough P nutrition to recover soybean performance as much as the use
of an alternative way of using moderate P application in the consecutive P-unfertilized

cover crop rotational system. Thus, we will need to understand which factor such as

P-application or cover cropping is driving increases in soybean performance via AMF
benefits. To improve the reliability and the robustness of the agricultural managements, we

need to understand how the P-application and cover cropping link to the AMF

benefits,soybean growth, and the effectiveness of AMF in cover crop-soybean rotational
systems.

In this study, we hypothesized that P-application and cover cropping in a P-limited
soil would increase the diversity of AMF communities and the increase would link to the
soybean growth responses in the five-year P-unfertilized cover crop study. Therefore, our
study objective is to understand whether P-application and cover cropping would recover
soybean growth performance regarding the diversity of AMF communities in the P-limited

COVEr crop rotations.l
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Materials and methods

Experimental design

We conducted a field trial of winter cover crop-soybean rotation at Nihon University, in
Kanagawa, Japan (35°22°N 139°27°E). The soil at the field site is classified as a volcanic
ash soil (Allophonic andosol). The climate is characterized by relatively high temperatures
and evenly distributed precipitation throughout the year. The average temperature for the
year in this area is around 16.2°C. The average maximum temperature and average
minimum temperature is around 25.2°C and 7.8°C, respectively. The average precipitation
for the year in this prefecture is around 133.2 mm. Climate data were calculated from Japan
Meteorological Agency (http://www.jma.go.jp/jma/indexe.html).

This cover crop experiment was started from 2007 to 2012 and comprised four winter
cover crop treatments such as winter wheat (7riticum aestivum L.), red clover (Trifolium
pratense L.), oilseed rape (Brassica napus L.) and fallow for phase one of this study (Fig.
1). There were three replicate plots per treatment arranged in a randomized complete block
design. Each plot had an area of 9 m” (4.5 m x 2 m). The experimentla field in our study
had not received P fertilizers for over five years for the phase one of this study. In the field
plots used for the experiments, soybean (Glycine max (L.) Merr., cv: Enrei) had been
cultivated to standardize soil biochemical conditions before the field trial started. As a
preliminary investigation of soil chemical characteristics at this experimental site in 2014
before the study of phase two (Fig. 1), the soil pH ranged from 6.0 to 6.1. Total nitrogen
(N) and nitrate nitrogen content ranged from 0.41 to 0.48% and from 6.0 to 15.9 mg kg'l,
respectively. Phosphate absorption coefficient ranged from 2320 to 2660. Further
management details about the general information of the cover crop rotational system,
seeding and sampling are presented in Higo et al. (2014).

In this study of phase two experiment, three cover crops (wheat, red clover and oilseed
rape) were sown in rows, with spacing of 30 cm, in the cropped treatment on November 9,
2013, and November 18, 2014. Winter wheat (cv: Bandowase, mycorrhizal crop) seeds
were sown at 200 kg ha ! with N (ammonium sulfate) and K (potassium chloride)
application rates of 100 and 90 kg ha™', respectively. Oilseed rape seeds (cv:

Michinokunatane, non-mycorrhizal crop) were sown at 30 kg ha ' with N and K
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application rates of 100 and 50 kg ha™', respectively. Red clover seeds (cv: Makimidori,
mycorrhizal crop) were sown at 30 kg ha ' with N and K application rates of 30 and 50 kg
ha ! in 2014. In 2015, red clover seeds were sown on March 16, 2015. The tops of the
cover crops were cut close to the ground and removed on June 3, 2014, and June 16, 2015.
In the fallow, weeds were manually removed during the winter period.

We investigate the impact of P-application and cover cropping on the diversity of
AMF communities in soybean roots and soybean growth after a five-year consecutive cover
crop-soybean rotational system. The 4.5 x 2 m of the cover crop experimental plots were
divided into 2.25 x 2 m plots for the two P treatment plots (no P-application and
P-application) of the phase two experiment (Fig. 1). Then, both no P and P-application
treatments were replicated three times in 2.25 x 2 m plots. The soybean (cv: Enrei) seeds
were sown at a spacing of 60 x 15 cm on June 17, 2014, and June 17, 2015. In 2014 and
2015, the N and K application rates were 30 and 50 kg ha™', respectively. In 2014, the
amount of P (triple superphosphate) in the P-application plots was applied at 17.5 kg ha™".
The P-application did not increase the available soil P in 2013 because of the high P
absorption coefficient. In 2014, the amount of P in the P-application plots was applied at
57.5 kg ha ' as the amount of P fertilizer and the results of 2014 are shown as Tables S1-S4.
In 2015, the amount of P in the P-application plots was applied at 157.5 kg ha ' at three
times the normal amount of P fertilizer of 2014. The content of available soil P (Truog P)

was analyzed according to Truog (1930).

Soil and root sampling and root staining

The soil samples were randomly taken from ten points in each replicate and pooled to one
composite sample on June 17, 2014, and June 17, 2015, respectively. Soybean root samples
were taken at the full bloom stage (R2 growth stage) on July 31, 2014, and August 6, 2015.
The full bloom stage corresponds to the stage when the mycorrhizal colonization of
soybean roots is usually at its highest (Zhang et al. 1995). In each rotation, the root samples
were randomly collected from ten plants (to a depth of 15 cm, the diameter of 20 cm) per
replicate. The root samples were collected from the soil sample and maintained at —80°C

for DNA extraction and measurement of AMF root colonization. The root samples were



185  stained with a 5% (w/v) black ink-vinegar solution (Vierheilig et al. 1998), and the AMF
186  root colonization in the soybean roots was measured as described by Giovannetti & Mosse
187  (1980).

188

189  Analysis of plant P and measurement of soybean grain yield

190  The aboveground plant parts of the ten soybean plants were cut close to the ground at the
191  full bloom stage and were randomly sampled on July 31, 2014, and August 6, 2015. The
192  aboveground soybean plant biomass and plant length were measured in all plots. The

193  aboveground plant biomass and P uptake by soybeans were determined after the samples
194  were oven dried at 80°C for 48 h. The P uptake was determined using the molybdenum

195  yellow colorimetric method (Koenig & Johnson 1942).

196 To obtain the soybean grain yield, ten soybean samples per plot in each treatment
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nested primers Glo1 (5’-GCCTGCTTTAAACACTCTA-3") (Cornejo et al. 2004) and
NS31-GC
(5’-CGCCCGGGGCGCGLCCCCGGGLCGGGGCGGGGGCACGGGGGTTGGAGGGCAA
GTCTGGTGCC-3") (Kowalchuk et al. 2002). Three subsamples per plot were amplified in
a 20-pl reaction mixture containing 2 ul of 10-fold genomic DNA, 0.2 uM of each primer
and 2 X GoTaq Green Master Mix (Promega, Madison, WI, USA) using a Mastercycler ep
Gradient (Eppendorf). The PCR protocol was composed of initial treatment at 95°C for 5
min; 35 cycles at 94°C for 45 s, 52°C for 45 s and 72°C for 1 min; and a final extension at
72°C for 30 min. Gel electrophoresis separated amplification products on 1% agarose gel,

and the DNA was visualized by staining with ethidium bromide.

PCR-denaturing gradient gel electrophoresis (DGGE)

Three independent PCR products were pooled together, and then 20 pL of the nested PCR
product was subsequently analyzed by DGGE on a DCode Universal Mutation Detection
System (Bio-Rad Laboratories, Piscataway, NJ, USA). Standard DNA markers were
created by individually PCR-amplifying DNA extracted from root samples by Higo et al.
(2015b). The PCR-DGGE condition was based on the method of Higo et al. (2015b). The
gels containing 6.5% acrylamide were poured with a gradient of 35-55% denaturant. All
DGGE analyses were performed in a 1 x TAE buffer at a constant temperature of 55°C at
50 V for 60 min, followed by 50 V for 960 min. The gels were stained with SYBR Green
diluted in 1 x TAE buffer (1:10,000) for 20 min, UV illuminated and digitally
photographed (Figs. S1 and S2). Pictures were digitized by Phoretix 1D Pro (Nonlinear
Dynamics Ltd., Newcastle upon Tyne, UK). We calculated species richness from these data,
expressed by the number of DGGE bands in each root sample. Fromin et al. (2002) and
Schneider et al. (2015) mentioned that visual observation of the DGGE gel revealed the
presence of multiple bands in all samples (a band represents a distinct taxon in theory). The
Shannon A’ of each treatment was also calculated as an additional measure of AMF

diversity.

Quantification of specific root AMF using a quantitative real-time PCR (qPCR)
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The abundance of six-selected typical AMF taxa was measured using qPCR with
taxon-specific primers and hydrolysis (TagMan) probes targeting large ribosomal subunit
DNA (LSU rDNA) genes. The specific primers were designed to quantify the abundance of
six-selected AMF taxa including Rhizophagus irregularis, Funneliformis mosseae,
Claroideoglomus claroideum, Gigaspora margarita, Cetraspora pellucida and
Diversispora celata (Wagg et al., 2011; Thonar et al., 2012; Jansa et al. 2014). The partial
LSU rDNA genes of R. irregularis, F. mosseae, C. claroideum, G. margarita and Ce.
pellucida followed the method described by Thonar et al. (2011). We also used the method
described by Wagg et al. (2011) to quantify Diversispora celata. Each PCR sample
contained a total volume of 10 pL that consisted of 2 uL water, 400 nM each of forward
primer and reverse primer, 100 nM TagMan probe and 2 x FastStart TagMan Probe Master
Mix + 2 pL of 10-diluted genomic DNA. The gPCR was carried out using a LightCycler 96
(Roche Diagnostics, Rotkreuz, Switzerland). The gPCR cycling conditions were as follows:
initial denaturation at 95°C for 15 min, followed by 45 cycles with denaturation at 95°C for
10 s and annealing at the optimized temperature for each primer/probe combination for 30 s

and elongation at 72°C for 1 s.

Statistical analysis
We used an arcsine-square root transformation to normalize the data of AMF root
colonization in the soybean. The available soil P, growth parameters and AMF diversity
data were transformed using a natural logarithm. The abundance of AMF tax was log(x+1)
transformed to reduce heteroscedasticity in the data. Differences between means where
analysis of variance (ANOVA) was significant were assessed using Tukey’s honestly
significant difference (HSD) test (P-values < 0.05) using the multcomp package in R 3.3.2
(https://cran.r-project.org/). Two-way ANOVA was used to determine the effects of
P-application and cover crop and their interactions on each parameter in this study. Data for
the significance of differences between P-application treatments among cover crop
managements were carried out by independent-samples t-test.

A permutational multivariate analysis of variance (PERMANOVA) was performed

using the ‘“vegan’ package in R to investigate the effect of P-application and cover crop
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managements on AMF community structure (Hammer et al., 2001). To analyze the
relationship of cover cropping and P-application with respect to AMF community
structures (AMF communities), the redundancy analysis (RDA) (gradient length <4) was
performed as the multivariate analysis using the vegan package in R 3.3.2. The
presence/absence data matrix was composed of the abundance of DGGE bands and cover
crop management or P-application. The environmental variable of cover cropping and
P-application was coded as a dummy variable (0 and 1). Goodness-of-fit statistics (R of
measured factors fitted to the RDA ordination of the AMF community were calculated
using the envfit function in the vegan package with P-values based on 999 permutations
(Oksanen, 2017). To investigate if AMF community structure differed significantly
between P-application or cover crop management, the PERMANOVA was performed with
999 permutations using the adonis function in the vegan package in R.

The network graph included the correlation coefficients between soybean growth
performance and AMF parameters using the igraph package in R, and then the network
graph was described using Cytoscape for visualizing complex networks
(www.cytoscape.org/). In this model, the AMF taxa abundance was represented by the
scores of the first component of the PCA in this study. Pearson’s correlation coefficient

was expressed as the indication of the strength of the connections.

Results

Available soil P and AMF root colonization

In this study, our data showed that the P-application significantly increased the available
soil P in all of the cover crop managements compared with no P-application plots although
cover cropping did not have a significant effect on the available soil P according to Tukey’s

test and two-way ANOVA (Fig 2A). The P-application significantly affected the available

soil P according to two-way ANOVA (P < 0.001), and there were significant differences in
the available soil P between P- and no P-application plots at all of the cover crop
managements (P < 0.05). |

In the no P-application plots, the AMF root colonization at the full bloom stage in the

wheat was significantly higher than compared to red clover, oilseed rape, and fallow (Fig.
10
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305  2B). The AMF root colonization in the red clover and oilseed rape was significantly higher
306 than compared to the fallow. Contrary to the results of the no P-application plots, there

307  were no significant differences in the AMF root colonization among the cover crop

308  managements with the P-application plots according to Tukey’s test. Moreover, the AMF
309  root colonization in the red clover (P < 0.01) or oilseed rape (P < 0.05), and fallow (P <
310  0.05) as a result of the P-application significantly increased compared to the no

311  P-application except for the wheat. Also, the AMF root colonization in soybean roots at the
312  full bloom stage was significantly influenced by the P-application (P < 0.001) and the

313  cover crop management (P < 0.001) according to two-way ANOVA.

314

315  Plant growth, P uptake and grain yield

316  The aboveground plant biomass in soybeans at the full bloom stage varied among cover
317  crop managements in the field trial (Fig. 3A). In the P-application plots, the aboveground
318  plant biomass of soybeans was highest with oilseed rape, and the soybean biomass was all
319  higher than compared to no-P-application plots. There were significant differences in the
320  aboveground biomass between the P- and no P-application plots for each of the red clover
321 (P <0.01), oilseed rape (P < 0.01), and fallow (P < 0.05). Moreover, cover cropping did
322 not have a statistically significant effect on aboveground plant biomass according to

323  Tukey’s test and two-way ANOVA, although the P-application had a significant effect on
324  aboveground plant biomass according to two-way ANOVA (P < 0.001).

325 Our results showed that the aboveground plant P concentration in soybeans at the full
326  bloom stage did not change among the cover crop managements except the fallow

327  management (Fig. 3B). In the P-application plots, the plant P uptake in soybeans was all
328  higher than compared to no-P-application plots throughout the study. The P-application and
329  cover cropping did not have a significant effect on the both parameters according to

330  Tukey’s test and two-way ANOVA (Figs. 3B). Likewise, cover cropping did not have a
331  significant effect on the plant P uptake of soybeans regardless of the P-application plots
332  according to Tukey’s test and two-way ANOVA (Figs. 3C). However, the plant P uptake in
333  soybeans was significantly influenced by the P-application according to two-way ANOVA

334 (P <0.001). Moreover, there was a significant difference in the plant P concentration and
11
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uptake between the P- and no P-application plots for the fallow (Figs. 3B and C).

We found that the grain yield in soybeans was not different among the cover crop
managements by Tukey’s test and two-way ANOVA, whereas the P-application had a
significant effect on grain yield of soybean according to two-way ANOVA (P < 0.001) (Fig.
3D). The grain yield in soybeans in the P-application plots was all higher than in the no
P-application plots, regardless of the cover crop management. The soybean yields were
more than double in the P-application plots in the experiment. We also found that there
were significant differences in the grain yield between the P- and no P-application plots for
each of the red clover (P < 0.05) and oilseed rape (P < 0.05) management. However, there
were no significant differences in the grain yield between P- and no P-application plots at

the wheat and fallow.

Diversity of AMF communities and taxa abundance
The P-application significantly influenced the species richness (P < 0.001) and the
diversity index (H") (P < 0.001) in soybeans at the full bloom stage according to two-way
ANOVA (Figs. 4A and B). The species richness in soybeans was significantly influenced
by the cover crop management according to two-way ANOVA (P < 0.05), although the
species richness and A’ in the P-application plots were all higher than compared with the
no P-application plots. There were significant differences in the species richness and H’
between the P- and no P-application plots for each of the wheat (P < 0.05) and fallow
management (P < 0.01), whereas there were no significant differences in species richness
and H’ among the cover crop managements regardless of the P-application.

Our results showed that the abundance of the six-selected AMF taxa in the roots did
not change among the cover crop managements (Fig. 5). Cover cropping did not have a
significant effect on the each AMF taxa according to Tukey’s test and two-way ANOVA.
The abundance of Rhizophagus irregularis and Cetraspora pellucida in the P-application
plots significantly decreased compared with that in the no P-application plots at the wheat
(P <0.05), red clover (P < 0.05), and oilseed rape (P < 0.05). The P-application had a
significant effect on the abundance of R.irregularis (P < 0.001) and C.pellucida (P < 0.01).

Also, cover cropping had also a significant effect on the abundance of C.pellucida (P <
12

Leonela Carriedo 8/30/2017 3:59 PM
Comment [33]: Simplify this sentence.




365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

0.05). However, the abundance of other AMF taxa (Claroideoglomus claroideum,

Funneliformis mosseae, and Diversispora celata) did not change with P-application.

Relationships among AMF communities, cover cropping, and P-application

We used a RDA to identify the relationships among AMF communities in soybean roots

with cover crop management and P-application (Fig 6). The RDA trends were clear that the

P-application noticeably altered the AMF community structure in the soybean roots. The

AMF communities in the no P-application plots were in the first and fourth quadrants,

while most of the AMF communities in the P-application plots were in the second and third

quadrants. The ordination diagram indicates that red clover (R’ = 0.704, P = 0.001)

contributed significantly to the variation in the AMF root communities (Fig 1). However,

wheat (R” = 0.154, P = 0.181), oilseed rape (R* = 0.129, P = 0.255) and fallow (R’ = 0.173,

P =0.141) did not contribute to the variation in the AMF root communities. Furthermore,
the P-application treatment (R’ = 0.743, P = 0.001) and no P-application treatment (R’ =
0.743, P=0.001) contributed to the variation in the AMF root communities. A

PERMANOVA was also carried out to examine the relative importance of each agricultura

1

management to the AMF root communities. The PERMANOVA showed that P-application

significantly affected the AMF root community structure (£ =4.226, P = 0.001), but cover

crop management did not impact the AMF root communities (¥ = 1.669, P = 0.057).

Response of soybean growth to AMF parameters

In the soybean growth response, the relationships between available soil P and soybean
growth performance was not linear in the cropping system with no P-application (Figs
7A-C). The difference in the soybean growth performance was small with no P-application

The relationships between available soil P and soybean growth performance such as plant

biomass (7 = 0.874), plant P uptake (» = 0.821) and grain yield (» = 0.801) was significantly

linear in the cropping system with P-application. With the AMF contributions to soybean

growth performance, the relationships between AMF root colonization and soybean growth

was not linear in the cropping system with and without P-application (Figs. 7D-F). The

P-application significantly improved the linear relationships between the diversity index or

13
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395  AMF species abundance and soybean growth performance. The relationships between the
396  diversity index and soybean growth performance such as plant biomass (» = 0.969), plant P
397  uptake (r=0.973), grain yield (» = 0.920) was positively correlated in the cropping system
398  with P-application (Figs. 7G-I). The relationships between AMF species abundance and
399  soybean growth performance such as plant biomass (» = 0.967), plant P uptake (» = 0.967)
400  and grain yield (» = 0.928) was positively correlated in the cropping system with

401  P-application (Figs. 7J-L).

402 We also used a network analysis to identify the relationships between AMF

403  parameters in soybean roots and soybean growth in this study (Fig 8). The results showed
404  the same tendency with the linear analysis in the two-year experiment. The relationships
405  between the diversity index or AMF species richness and available soil P were related to
406  the soybean growth performance such as plant P uptake, plant biomass, and grain yield

407  grain yield. However, each AMF taxa abundance and AMF root colonization were not

Leonela Carriedo 8/30/2017 4:08 PM
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410  Discussion

411  Impact of P-application and cover cropping on the AMF root colonization in soybeans
412 Our results indicated that P-application might have a slight impact on the AMF root

413  colonization (Fig. 2B). It is well-known that AMF root colonization is inhibited under high
414  P-application (Kahiluoto et al., 2001; Balzergue et al., 2011). Decreases in the AMF root
415  colonization of soybean have been well reported regarding their response to P-application
416  or concentration in soil (Isobe et al., 2008). In general, plants can fail to react to AMF when
417  available soil P is extremely low (Ryan et al., 2002). Miranda & Harris (1994) reported that
418  deficient of available soil P inhibited AMF root colonization. On the contrary, Gosling et al.
419  (2013) indicated that there was no significant decrease in AMF soybean root colonization
420  under high P availability in soil. Plants can control AMF root colonization depending on
421  their nutritional status (Smith & Read, 2008) as well as under high P soil conditions. Bolan
422 et al. (1984) also reported that a moderate amount of P-application in P-limited soils might
423  increase mycorrhization and benefits such as P availability for crop growth performance.

424  Similarly, AMF root colonization among almost all the cover crop managements in the
14
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P-application plots was slightly increased by the P-application. For these results, one
possible reason for the result of slightly higher AMF colonization may be that the
indigenous AMF population in the field might be becoming a little responsive fto
P-application to promote mycorrhization in the five-year P-unfertilized condition.

Furthermore, it is well known that cultivation of preceding crops or fallow as well as
P-application impacts AMF root colonization of subsequent crops (Karasawa et al., 2002;
Karasawa & Takebe, 2012; Isobe et al., 2014). Likewise, the wheat and red clover cropping
with no P-application significantly increased AMF root colonization of subsequent soybean
and oilseed rape cropping, while fallow with no P-application decreased the AMF root

colonization in this study.

Impact of P-application and cover cropping on the diversity of root AMF
communities

Surprisingly, our results indicate that the diversity of AMF communities in soybeans,
regardless of cover crop management, increased as a result of P-application (Fig. 4). Also,
the shift of AMF communities were obvious from the results of RDA trends that showed
that the P-application significantly changed the AMF community structure in the soybean
roots rather than the cover crop managements (Fig. 6). Previous studies have reported that
P-application had negative impacts on the diversity of AMF community in roots and soils.
Islam et al. (2011) and Lin et al. (2012) found that chemical fertilizers decreased AMF
diversity. Moreover, Alguacil et al. (2010) indicated that moderate amounts of
P-application could even affect AMF community dynamics. Gosling et al. (2013) also
reported that the AMF community diversity in soybean roots decreased due to the high
availability of soil P. In addition, plants can directly gain enough nutrient from the soil in a
nutrient-rich environment without the benefit from AMF. As a result, the mycorrhizal
dependency gradually reduces, and then the diversity of AMF communities can also
decrease (Liu et al., 2015). Likewise, Ryan et al. (2005) suggested that fertilization can
change the mycorrhizal symbiosis performance, thereby making soil microbial partners
costly and parasitic. Thus, appropriate P management would be considered a major factor

in the diversity of AMF communities in response to soil P fertility.
15
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Furthermore, we found that cover cropping did not impact the AMF root communities
in soybeans from the result of PERMANOVA (Fig. 6). Previous studies reported that cover
cropping might not affect AMF root communities in subsequent crops in rotations (Higo et
al., 2014; Turrini et al., 2016). Turrini et al. (2016) and Higo et al. (2017) indicated that a
shift in indigenous AMF communities in the subsequent maize roots was independent of
cover crop identity and diversity. Higo et al. (2014) also found that cover crop rotations did
not impact AMF communities in the roots of subsequent soybean. However, rotation year
affected the AMF communities in soybean roots suggesting that climate or other
environmental conditions were more imperative than cover crop management. Therefore,
the P-application may have influences on AMF communities in soybean roots, suggesting
that fertilizer application or other factors such as soil chemical properties and other

environmental factors can be more important than cover cropping.

Impact of P-application and cover cropping on the abundance of root AMF taxa

In this study, qPCRs were used with specific AMF taxon primers (Wagg et al., 2011;
Thonar et al., 2012; Jansa et al., 2014) for the six-selected AMF taxa on the soybean root
samples. We found that the abundance of R. irregularis was significantly affected by
P-application, which meant P-application might be a stronger determinant that impacts the
abundance of AMF taxa rather than cover cropping (Fig. 5). The fluctuation in abundance
of AMF taxa as a result of P-application could link to the preference of fertilization or
inhabiting soil conditions among AMF in soybean roots. Wakelin et al. (2012) found that R.
irregularis decreased as a component of the AMF communities with increasing available
soil P, in agreement with our study. Johnson (1993) reported that AMF have different
niches and are well known to prefer to inhabit different soils. Moreover, fertilization may
directly favor species that grow better in enriched soils (Dumbrell et al., 2010). It is likely
that the R. irregularis may prefer low-P soil conditions due to the continuous cover crop
rotational system. Thus, the addition of P application may reduce the abundance of R.
irregularis in the soybean roots, and this may decrease the opportunity to establish the

soybean roots.
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P-application contributed to the growth performance of soybean and AMF diversity
more than cover cropping
In the results of network analysis and growth response of soybean to AMF parameters, we
found that the aboveground plant P and biomass of soybeans during the flowering stage
and the grain yield of soybeans were positively correlated with the AMF diversity in the
roots of soybeans with increasing of P-application (Figs. 7 and 8). Similarly, Jansa et al.
(2008) reported that the growth of Allium porrum with three inoculated AMF species
(Funneliformis mosseae, Claroideoglomus claroideum, and Rhizophagus irregularis) was
enhanced compared to that of Allium porrum when each AMF species was
mono-inoculated. Gosling et al. (2016) also reported that increased benefit from high AMF
diversity on the growth of Allium cepa was found compared to mono-inoculated. However
increasing the diversity more than three species (C. caledonium, F. mosseae, and R.
irregularis) did not result in a higher shoot dry weight or P concentration in A/lium cepa.
Cover crop cultivation can provide carbon (C) source, which may impact soil
microbial activities and nutritional function, and the introduction of cover crops can
increase the amount of C, such as organic matter, to serve as an energy source for
biological activity (Jokela et al., 2009). C sources, such as organic matter by the
introduction of cover crops may promote some soil microbial activity to boost plant P
uptake (Chabot et al., 1996). In this study, the cover crop managements did not improve
growth performance such as plant biomass and P uptake of soybean at the full bloom stage,
whereas the P-application enhanced the growth and yield of soybean (Figs. 3 and 8).
Therefore, further investigation into the relationships among AMF diversity, P-application
and cover cropping on soybean growth performance would be required to gain more benefit

from AMF in cover crop rotational systems.

Conclusions

We found that the P-application did not improve AMF root colonization of soybean and
cover cropping in the five-year P-unfertilized continuous crop rotational system, although
P-application and cover cropping altered the diversity and communities of AMF in soybean

roots at flowering seasons. Also, different AMF community structures may relate to
17
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soybean productivity and P-use efficiency in cover crop rotational systems. On the contrary,
AMF root colonization in the soybean was not found to link to the soybean growth
performance, and the P-application into the P-limited soil did not recover the AMF root
colonization in the soybean. Other more important factors such as soil microbial activities
and interactions of other soil microbial communities rather than P-application can also be
involved to achieve a high level of AMF root colonization of soybean in the P-limited crop
rotations. Thus, we still need to investigate how to improve agronomic benefits from AMF
taxa associated with soybean plants, which will give useful information on appropriate P

management and cover crop choices in cover crop rotational systems.
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