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Originality-Significance Statement

This paper firstly explored an interesting question regarding whether the effects
of simulated acid rain on soil ammonia oxidizers and denitrifiers are modulated by
plant-symbiotic ectomycorrhizal fungi in the forest ecosystem. Our results newly
showed that inoculation with Pisolithus tinctorius under acid rain stress (pH 3.5)
could improve soil substrate availability, and thus alleviate the deleterious effects of
simulated acid rain on ammonia oxidizers and denitrifiers under the field condition.
These novel findings are particularly significant, since they provide insights into
how acid rain stress affects nitrogen cycling processes in forest soils, and how

ectomycorrhizal fungi inoculation mediates these effects.
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Summary

Acid rain can cause severe effects on soil biota and nutrient biogeochemical
cycles in the forest ecosystem, but how plant-symbiotic ectomycorrhizal fungi will
modulate the effects remains unknown. Here we conducted a full factorial field
experiment in a Masson pine forest by simultaneously controlling the acidity of the
simulated rain (pH 5.6 versus pH 3.5) and the ectomycorrhizal fungi Pisolithus
tinctorius inoculation (non-inoculation versus inoculation), to investigate the effects
on ammonia oxidizers and denitrifiers. After ten months, compared to the control
(rain pH 5.6, and non-inoculation), simulated acid rain (pH 3.5) reduced soil nutrient
content, decreased archaeal amoA gene abundance, and inhibited denitrification
enzyme activity. Also, simulated acid rain altered the community compositions of all
the examined functional genes (archaeal amoA, bacterial amoA, nirK, nirS, and
nosZ). However, inoculation with ectomycorrhizal fungi under acid rain stress
recovered soil nutrient content, archaeal amoA gene abundance, and denitrification
enzyme activity to levels comparable to the control, suggesting that ectomycorrhizal
fungi inoculation ameliorates simulated acid rain effects. Taken together,
ectomycorrhizal fungi inoculation—potentially through improving soil substrate
availability—could alleviate the deleterious effects of acid rain on nitrogen cycling

microbes in forest soils.
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Introduction

Acid rain is a severe environmental problem in the world (Malakoff, 2010).
Forest ecosystems are the principal receptors of acid rain. It has been predicted that
acid deposition into forest ecosystems in 2040 would be about 46% higher than
1980s situation (Busch et al., 2001). Acid rain may lead to adverse effects on forest
ecosystems, e.g., changing aboveground and belowground biomes (Hu et al., 2014a;
Wei et al., 2017), altering biogeochemical cycles (Ouyang et al., 2008), and
disturbing ecosystem functions (Wang et al., 2010). Microbial mediated soil nitrogen
cycling, one of the most critical biogeochemical processes, may influence many
ecological characteristics of forest ecosystems including nutrient dynamics, plant
growth (Levy-Booth et al., 2014), and greenhouse gas (e.g., N,O) emission (Hu et
al., 2015a). However, little is known about how acid rain will affect soil nitrogen
cycling microbes and their associated functions.

Complete cycling of inorganic nitrogen in soil requires the interaction of
nitrification and denitrification (Szukics et al., 2010). Ammonia oxidization, the
oxidation of ammonia to nitrite, is the first and rate-limiting step of nitrification in
soils. This process is driven by both ammonia-oxidizing bacteria (AOB) and
ammonia-oxidizing archaea (AOA) (Kdnneke et al., 2005; Nicol and Schleper,

2006). Denitrification converts nitrate to dinitrogen gas (N2) through sequential
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reduction, and is mainly mediated by denitrifiers with distinct reductases encoded by
various genes (Zumft, 1997). Of these genes, nitrite reductase genes (nirK and nirS)
and nitrous oxide reductase gene (nosZ) have usually been used as gene markers to
analyze denitrifying community (Braker et al., 2000; Throbédck et al., 2004).
Understanding the responses of nitrogen cycling microbes to acid rain is especially
crucial for evaluating forest ecosystem functions.

Acid rain may affect soil nitrogen cycling microbes in ways that may either
alter soil properties and substrate availability, or change the input of plant
photosynthetic products into soils. For example, acid rain may affect soil nitrogen
cycling microbes by adjusting soil pH, since soil pH has been demonstrated to be an
essential factor in influencing the abundance, community composition, and activity
of soil nitrogen cycling microbes (Nicol et al., 2008; Liu et al., 2010). Also, acid rain
may alter substrate availability of nitrogen cycling microbes due to its impact on
nitrate leaching and plant nitrogen uptake, since soil nitrogen availability has been
reported to affect soil ammonia oxidizers and denitrifiers (Levy-Booth et al., 2014).
Moreover, dissolved organic carbon, the electron donor in denitrification process,
could influence denitrifying communities (Attard et al., 2011). Therefore, acid rain
may reduce the input of photosynthetic products into soils by inhibiting plant growth

(Hu et al., 2014a), and thus affect nitrogen cycling microbes due to the decrease of
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soil available carbon.

Ectomycorrhizal fungi colonize roots to form symbioses with many tree species,
acquiring photosynthates from the hosts and in turn enhancing plant uptake of soil
nitrogen and other nutrients (Smith and Read, 2008). This common symbiotic
relationship in forest ecosystems could improve the survival and growth of host
plants under biotic and abiotic disturbances, e.g., pathogens, drought, and acid rain
(Hagerberg et al., 2003; Gehring et al., 2017; Zampieri et al., 2017); and this
association has been successfully used in reforestation programmes by inoculating
seedlings with suitable ectomycorrhizal fungi (Futai et al., 2008). Moreover,
previous studies provided evidence that ectomycorrhizal fungi can mobilize the
nitrogen present in organic materials (e.g., plant litters), and thus increase the
mobility of soil nitrogen (Courty et al., 2010; Rineau et al., 2013). Therefore,
ectomycorrhizal fungi inoculation may alleviate or aggravate the effect of simulated
acid rain on soil nitrogen cycling microbes, either by affecting carbon flow through
plants into the soil, or by changing soil nitrogen availability. However, how the
inoculation of ectomycorrhizal fungi will modulate the responses of nitrogen cycling
microbes to simulated acid rain has yet to be investigated.

To explore the effects of simulated acid rain and ectomycorrhizal fungi

inoculation on the abundance and community composition of microbes related to
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ammonia oxidization and denitrification, we conducted a field experiment in the soil
planted with 2-year-old Masson pine seedlings (Pinus massoniana Lamb) in
Southern China. The Masson pine is a widely planted coniferous species in Southern
China, and its productivity is sensitive to acid precipitation (Wang et al., 2014).
Moreover, Pisolithus tinctorius is considered as the most suitable ectomycorrhizal
fungi for facilitating the survive of Pinus massoniana in nature (Li et al., 2014). The
full factorial experimental design included two levels of the simulated rain (pH 5.6
versus pH 3.5) and the ectomycorrhizal fungi Pisolithus tinctorius inoculation
(non-inoculation versus inoculation), respectively. Therefore, there were four
treatments: rain pH 5.6 and ectomycorrhizal fungi non-inoculation (control, CK),
rain pH 3.5 and ectomycorrhizal fungi non-inoculation (simulated acid rain, SAR),
rain pH 5.6 and ectomycorrhizal fungi inoculation (EMF), and rain pH 3.5 plus
ectomycorrhizal fungi inoculation (SAR+EMF). After ten months, the functional
genes associated with ammonia oxidization (archaeal amoA and bacterial amoA) and
denitrification (nirK, nirS, and nosZ) were analyzed using molecular approaches
including quantitative PCR (qPCR), terminal restriction fragment length
polymorphism (T-RFLP), cloning and sequencing. We also measured soil properties,
potential nitrification rate (PNR), and denitrification enzyme activity (DEA). We

hypothesized that: (1) simulated acid rain will reduce the abundance, and alter the
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community composition of soil ammonia oxidizers and denitrifiers by influencing
soil properties; (2) ectomycorrhizal fungi inoculation can alleviate the detrimental
effects of simulated acid rain on soil nitrogen cycling microbes by improving
available nitrogen and carbon; and (3) the change in soil substrate availability will
predict the responses of ammonia oxidizers and denitrifiers to the interactive impacts

from simulated acid rain and ectomycorrhizal fungi inoculation.

Results
Effects of different treatments on soil properties

Two-way analysis of variance (ANOVA) revealed that simulated rain and
ectomycorrhizal fungi inoculation interactively influenced soil properties including
moisture, pH, total carbon (TC), total nitrogen (TN), dissolved organic carbon
(DOC), ammonium-N (NH4"-N), and nitrate-N (NOs -N) concentrations (P < 0.01
for all, Supporting Information Table S1). Compared to CK, EMF treatment
significantly decreased soil nitrogen and carbon contents (i.e., TC, TN, DOC,
NH,;*-N, and NO3 -N concentrations, P < 0.01 for all, Supporting Information Table
S2); whereas compared to SAR treatment, SAR+EMF treatment significantly
increased soil nitrogen and carbon contents (P < 0.01 for all, Supporting Information

Table S2).
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In comparison to CK, SAR treatment distinctly altered overall soil properties,
as shown by the distinct separation of SAR treatment from the CK in the principal
component analysis (PCA) plot of soil properties (Fig. 1). In detail, compared to CK,
SAR treatment significantly reduced soil TC, TN, DOC, NH;*-N, and NO; -N
concentrations (P < 0.01 for all, Supporting Information Table S2). After ten months
experiment, although all the treatments reduced soil pH (4.67-5.66) when compared
to the initial soil pH (prior to the field experiment, 6.16), the decrease in SAR
treatment was lower than in control (Supporting Information Table S2).

Moreover, the PCA plot visually showed that soil properties in the SAR+EMF
treatment were similar to those in the CK (Fig. 1), indicating that the inoculation of
ectomycorrhizal fungi alleviated the effect of simulated acid rain on soil properties.
For example, in the SAR+EMF treatment most measured values of soil
characteristics, e.g., soil TC, TN, DOC, and NH4"-N, were similar to the
observations in the CK, while significantly enhanced when compared to SAR
treatment (P < 0.01 for all, Supporting Information Table S2). Additionally, NO3 -N
content significantly increased in the SAR+EMF treatment compared to CK (P <

0.01, Supporting Information Table S2).

Changes in the abundance of ammonia oxidizers and denitrifiers in response to

10
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different treatments

Significant interactions between simulated rain and ectomycorrhizal fungi
inoculation were found in affecting the abundances of AOA amoA and nosZ genes (P
< 0.05 for both, Supporting Information Table S3).

The copy numbers of AOA amoA gene varied from 3.05 x 10’ to 6.84 x 10’
copies g soil across all treatments; while the AOB amoA gene copies were in the
range of 5.17 x 10* and 1.60 x 10° copies g * soil (Fig. 2A). The AOA abundance
was consistently higher than AOB, with AOA: AOB ratios between 411.0 and 823.1.
The AOA and AOB abundance and ratios were in the range of typical values
reported by other studies (Adair and Schwartz, 2008; Bru et al., 2011). The AOA
abundance significantly decreased in the SAR treatment compared to CK (P < 0.01),
whereas recovered in the SAR+EMF treatment. In contrast, no significant difference
in AOB abundance was observed among all treatments (P = 0.17).

The nirK and nirS genes were less abundant than nosZ gene: the copy numbers
of nirK and nirS genes ranged from 1.82 x 10° to 2.90 x 10° and 7.82 x 10° to 2.12 x
10° copies g* soil, respectively; while nosZ gene varied from 4.89 x 10° to 8.98 x
10° copies g soil (Fig. 2B). The abundances of nirK and nirS genes remained
relatively stable in different treatments (P = 0.096, and P = 0.12, respectively),

whereas the abundance of nosZ gene significantly increased in the SAR+EMF

11
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treatment compared to CK (P < 0.05).

In addition, AOA abundance was significantly correlated with almost all
measured soil characteristics except NO3; -N by Pearson’s correlation analysis
(Supporting Information Fig. S1). For example, AOA amoA gene copy numbers
negatively correlated with soil pH (R = -0.60, P < 0.05), while positively correlated
with soil moisture (R = 0.58, P < 0.05), TC (R=0.79, P <0.01), TN (R=0.78, P <
0.01), DOC (R = 0.71, P < 0.01), and NH;"-N (R = 0.77, P < 0.01, Supporting
Information Fig. S1). The abundance of nosZ gene showed a significant positive
correlation with only soil NO3 -N concentration (R = 0.70, P < 0.05, Supporting
Information Fig. S1).

PNR ranged from 0.030 to 0.049 mg NO, -N kg™ soil h™* across all treatments
(Fig. 3A). There was no significant difference of PNR between the treatments (P =
0.35), but the highest PNR was recorded in the SAR treatment. Pearson’s correlation
analysis showed that PNR had a significant positive correlation with soil pH (R =
0.73, P < 0.01, Supporting Information Fig. S1). The variation of DEA in different
treatments differed from that of PNR (Fig. 3B). DEA was significantly and
positively correlated with soil TC (R = 0.74, P < 0.01), TN (R = 0.85, P < 0.001),
DOC (R = 0.78, P < 0.01), NH,"-N (R = 0.77, P < 0.01), and NO3 -N (R = 0.83, P <

0.001). Therefore, the variation pattern of DEA in different treatments was similar to

12
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that of the above five soil characteristics. The potential assay is a method to estimate
the biomass and functional potential of soil microbes involved in nitrogen cycling,
due to its determination under assumed optimal conditions (Li et al., 2018). Thus,
PNR and DEA were tested for correlations with the microbial abundance. The results
showed that PNR had no significant correlation with the abundances of AOA and
AOB. DEA showed a significant positive correlation with the abundance of nosZ
gene (R =0.69, P < 0.05, Supporting Information Fig. S1).

Correlations of PNR and DEA with their substrate availability were also
examined. Because ammonia (NHs3) is regarded as the actual substrate of ammonia
oxidation in soils (He et al., 2012), correlation analysis was performed to examine
the relationship between PNR and calculated NH3 content. The results of Pearson’s
correlation showed that PNR and DEA had significant positive correlations with
their substrate availability (NHz and NO3; -N contents), respectively (P < 0.001, and
P = 0.001, respectively, Fig. 3C and 3D). Besides, Spearman’s rank correlation,
which is a non-parametric statistical method independent of variables’ distribution,
was conducted to verify the above correlation. The results showed that PNR, and
DEA still had a significant positive correlation with NH3 content (R = 0.706, P =

0.01), and NO3 -N content (R = 0.853, P < 0.001), respectively.
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Changes in the community composition of ammonia oxidizers and denitrifiers in
response to different treatments

The principal coordinate analysis (PCoA) based on the Bray-Curtis distance
matrices revealed that AOA and AOB community compositions in the SAR
treatment were obviously different from those in the CK (Fig. 4B and 4D), and there
were evident dissimilarities of denitrifying community compositions between
different treatments (Fig. 4F, 4H, and 4J). The comparisons of community
dissimilarities between CK and other treatments were also used to explore whether
ectomycorrhizal fungi inoculation could regulate the effect of simulated acid rain on
microbial communities. The results revealed that community dissimilarities
(Bray-Curtis distances) of AOA and nosZ-harboring denitrifiers between CK and
SAR+EMF treatment significantly decreased relative to community dissimilarities
between CK and SAR treatment (P < 0.01 for both, Fig. 5A and 5B), while
nirS-harboring denitrifiers showed the opposite trend (P = 0.001, Fig. 5B). These
results suggested that ectomycorrhizal fungi inoculation regulated the responses of
microbial communities to simulated acid rain.

The T-RFLP profile of AOA amoA gene yielded 8 major terminal restriction
fragments (T-RFs) across all the samples, of which T-RFs 166 and 205 bp were the

two most dominant genotypes (Fig. 4A). Combined with cloning and sequencing

14
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analysis, 6 of the 8 major T-RFs could be assigned to phylogenetic affiliation. AOA
sequences obtained by clone library were separated into 17 operational taxonomic
units (OTUs) based on a similarity level of 97% and affiliated with the
Nitrososphaera and Nitrosotalea clusters (Supporting Information Fig. S2). The
relative abundance of T-RF 205 bp, mostly assigned to Nitrososphaera cluster, was
distinctly changed by the treatments, as reflected by the significant decrease of
relative abundance in the SAR and SAR+EMF treatment compared to CK (P < 0.05,
Fig. 4A), and the significant increase in the EMF treatment compared to CK (P <
0.05). However, SAR+EMF treatment significantly increased its relative abundance
when compared to SAR treatment (P < 0.05).

As for AOB amoA gene, seven major T-RFs were detected in all soil samples,
of which T-RFs 251 and 272 bp were the two most dominant genotypes (Fig. 4C).
AOB sequences obtained by clone library were separated into 9 OTUs and affiliated
with Nitrosospira and Nitrosomonas (Supporting Information Fig. S3). T-RF 251 bp,
assigned to cluster 4 and 9, had a higher relative abundance in the SAR treatment
compared to CK (P = 0.073, Fig. 4C). T-RF 272 bp was assigned to cluster 3a, and
its relative abundance significantly increased in the EMF treatment compared to CK
(P < 0.05). Moreover, T-RF 88 bp, which was only detected in the SAR+EMF

treatment, belonged to Nitrosomonas.
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In total, 16, 15, and 12 major distinct T-RFs were obtained for nirK, nirS, and
nosZ genes respectively (Fig. 4E, 4G, and 41). The cloning library was constructed
to detect the response of denitrifying microorganism to the different treatments on
the genus level with nirkK gene as the representative. NirK gene sequences were
separated into 9 OTUs and predominantly assigned to Mesorhizobium and
Rhodopseudomonas genus (Supporting Information Fig. S4). The genus
Mesorhizobium was significantly changed in the SAR treatment relative to CK, with
T-RFs 164 and 242 bp being not detected and T-RF 206 bp being observed under
acid rain stress (Fig. 4E). However, T-RFs 164 and 242 bp recovered in the
SAR+EMF treatment.

The correlations between microbial community composition and soil properties
were examined by the partial Mantel test and redundancy analysis (RDA) (Table 1;
Supporting Information Fig. S5). AOA community composition was significantly
correlated with soil moisture content (Spearman’s coefficient R = 0.40, adjusted P <
0.05, Table 1). In addition, soil NO3; -N was an important edaphic property that had
the highest correlations with community compositions of nirK-, nirS-, and
nosZ-harboring denitrifiers (R = 0.48, adjusted P < 0.01; R = 0.67, adjusted P < 0.01,
and R = 0.35, adjusted P < 0.05, respectively), while community compositions of

nirK- and nirS-harboring denitrifiers were also significantly affected by soil TN (R =
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0.37, adjusted P < 0.05; R = 0.43, adjusted P < 0.01, respectively). Moreover,
community composition of nirS-harboring denitrifiers was correlated with soil DOC

(R =0.33, adjusted P < 0.05).

Discussion
We found that the inoculation of ectomycorrhizal fungi played a potential role
in regulating the responses of ammonia oxidizers and denitrifiers to simulated acid

rain through its effects on soil properties.

Ectomycorrhizal fungi inoculation modulated the responses of soil properties to
simulated acid rain

This study suggested that ectomycorrhizal fungi inoculation modulated the
responses of soil properties to simulated acid rain. This regulatory effect was
demonstrated by the significant interactions between simulated rain and
ectomycorrhizal fungi inoculation on all examined soil properties, as shown by the
results of two-way ANOVA (Supporting Information Table S1). Our results
confirmed the predicted reduction of soil nitrogen and carbon contents as a
consequence of simulated acid rain. It was noted that the inoculation of

ectomycorrhizal fungi under simulated acid rain was able to maintain soil nitrogen
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and carbon resources at the levels comparable to CK (Fig. 1; Supporting Information
Table S2).

In this study, although all the treatments reduced soil pH when compared to the
initial soil pH prior to the field experiment, the decrease in SAR treatment was lower
than in control. This seemingly contradictory result could be partially attributed to
the higher ion exchange between rainwater and forest canopy in the SAR treatment.
It has been reported that the pH value of precipitation could be modified after the
interception by forest canopy (Zhang et al., 2006). Base cations (e.g., Ca**, Mg?*,
and K*) may be enriched in throughfall by canopy uptake of H" and leaching of base
cations when acidic rainwater passes through the canopy (Lindberg et al., 1986;
Shen et al., 2013), which may neutralize the acidity of precipitation and alleviate soil
acidification to some extent (Stachurski and Zimka, 2002; Shen et al., 2013). To
further test our explanation, we performed a separate experiment examining the
effect of canopy exchange process on the acidity of precipitation (Supporting
Information). It was demonstrated that the pH of throughfall in the SAR treatment
(6.05) was significantly higher than the pH of throughfall in the CK (5.85) (t-test, P
< 0.05, Supporting Information Fig. S6), which was attributed to the significantly
increased canopy exchange process (uptake of H* and leaching of base cations) in

the SAR treatment (Supporting Information Fig. S7). On the other hand, the loss of
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nutrient ions from foliage may directly affect plant growth (Lin et al., 2011), leading
to the decreased release of plant photosynthetic carbon into soils. This could explain
why soil total carbon was significantly reduced in the SAR treatment. As for
nitrogen in the soil, nitrate leaching could contribute to the loss of total nitrogen
under the simulated acid rain. Previous studies have demonstrated that the high
concentrations of base cations or H* in throughfall may result in the loss of soil
nitrogen through leaching (Blanco et al., 2012; Xu et al., 2015). Additionally, it was
reported that acid rain could inhibit nitrogen mineralization, and thus reduce NH;*-N
supply (Ouyang et al., 2008).

Soil properties in the SAR+EMF treatment were similar to those in the CK (Fig.
1; Supporting Information Table S2), suggesting that ectomycorrhizal fungi
inoculation could alleviate the adverse effect of simulated acid rain on soil
characteristics. Ectomycorrhizal fungi are known to facilitate the nutrient acquisition
of their host plants (Blum et al., 2002; Smith and Read, 2008). This promoting effect
of ectomycorrhizal fungi on plant growth could be explained by two possible
mechanisms. Firstly, mycelium could extend into the soil and form a network of
hyphae specialized in nutrient acquisition, contributing to an increase of the root
absorbing area (Sebastiana et al., 2013). Secondly, ectomycorrhizal fungi could

stimulate plant litter decomposition and soil mineral dissolution by producing
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enzymes or organic acids, and thus lead to the increase of available soil nitrogen and
carbon (Lindahl et al., 2007; Sterkenburg et al., 2018). In addition, extensive hyphal
networks of ectomycorrhizal fungi could effectively absorb nitrogen from the soil
solution, and thus decrease soil inorganic nitrogen leaching under the simulated acid
rain (Bahr et al., 2013). As a result, ectomycorrhizal fungi inoculation may improve
available nitrogen and carbon for the microbial communities under acid rain stress.
Besides the effects on soil nitrogen and carbon contents induced by
ectomycorrhizal fungi inoculation under acid rain stress, it should also be noted that
soil moisture was significantly elevated in the SAR+EMF treatment compared to
SAR treatment (Supporting Information Table S2). It was reported that soil organic
matter could enhance soil water retention due to its positive influence on soil
structure (Lal et al., 1997). Increasing organic matter increases soil porosity that
could retain plant-available water and enhance water retention throughout the
rooting zone (Huntington et al., 2006). Thus, the significant increase of soil total
carbon in the SAR+EMF treatment may lead to enhanced soil water retention
compared to SAR treatment. Moreover, ectomycorrhizal fungi could control water
transfer to the plant (Muhsin and Zwiazeck, 2002; Courty et al., 2010), and thus
retain water in plant roots. Therefore, ectomycorrhizal fungi may have an indirect

effect on soil moisture availability.
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Furthermore, the interactions between simulated rain and ectomycorrhizal fungi
inoculation in affecting soil properties were significant (Supporting Information
Table S1). We hypothesized that the symbiotic relationship between plant roots and
ectomycorrhizal fungi became stronger when seedlings were subjected to acid rain
stress in this study, which is coincided with a previous study showing that
mycorrhizal symbioses were more mutualistic with plants under stress (Johnson et

al., 1997).

Effects of simulated acid rain and ectomycorrhizal fungi inoculation on AOA and
AOB

In this study, simulated acid rain led to a dramatic decrease in available nitrogen
and carbon concentrations in soil. Thus, a possible explanation for the impact of
simulated acid rain on AOA abundance could be the obvious reduction of available
soil nitrogen and carbon. Additionally, the significant increase in soil nitrogen and
carbon by inoculating ectomycorrhizal fungi under acid rain stress might benefit the
growth of AOA. However, AOB abundance was not markedly responsive to the
different treatments (Fig. 2A), indicating that the ammonia oxidation might be
mainly driven by AOA in the examined acidic soil. This result is line with previous

studies performed in other acidic soils (Gubry-Rangin et al., 2010; Zhang et al.,
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2012). By comparison, AOB was found to be functionally dominant in neutral and
alkaline soils or soils receiving nitrogen inputs (Di et al., 2009; Jia and Conrad, 2009;
Xia et al., 2011).

NH; is generally regarded as the direct substrate of ammonia oxidation in soils
(He et al., 2012). Therefore, correlation analysis was performed to examine the
relationship between calculated NH;3; content and the abundances of ammonia
oxidizers. However, the highest NH3 content was recorded in the SAR treatment,
while  AOA abundance significantly decreased in this treatment (Supporting
Information Fig. S8). This may occur if the growth of AOA is also inhibited by
limited carbon resource under acid rain stress. It should be noted that AOA can
directly use organic carbon and thus they may also be mixotrophs or heterotrophs
(Chen et al., 2014; Qin et al., 2014). Tourna et al. (2011) demonstrated that the
growth of Nitrososphaera viennensis could be stimulated by small additions of
pyruvate, supporting that AOA can grow mixotrophically. Therefore, the significant
decrease of soil available carbon content under acid rain stress was detrimental to the
metabolism and growth of mixotrophic or heterotrophic AOA.

The direct comparisons of community dissimilarities by calculating Bray-Curtis
distances showed that, in comparison to community dissimilarities of AOA between

CK and SAR treatment, the dissimilarities between CK and SAR+EMF treatment
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significantly reduced (Fig. 5A). This result indicated ectomycorrhizal fungi
inoculation could alleviate the effect of simulated acid rain on AOA community to
some extent, which was similar to that observed for AOA abundance. The
contrasting responses of ammonia oxidizers suggested that AOA were more sensitive
to environmental changes, which were also proved by the results of correlation
analysis between the functional gene abundance / microbial community composition
and soil properties (Supporting Information Fig. S1; Table 1). The results of
correlation analysis showed that the abundance and community composition of AOA
were significantly correlated with soil properties, while there was no significant
correlation detected between AOB and soil properties. The distinct responses of
AOA and AOB were usually ascribed to their divergent affinity and sensitivity for
ammonia substrate, and soil ammonia availability was considered as a direct factor
leading to the difference of ammonia oxidizers (Verhamme et al., 2011). Therefore,
the abundance and community composition of AOA, rather than AOB, responded
sensitively to ammonia availability in ammonia-limited acidic soils, which could be
attributed to the higher affinity of AOA for ammonia resources (Martens-Habbena et
al., 2009; Verhamme et al., 2011).

In addition, the results from partial Mantel test and RDA showed that AOA

community composition was highly responsive to change in soil moisture (Table 1;
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Supporting Information Fig. S5A), implying that soil water content in different
treatments could regulate the shift in the AOA community composition. Gleeson et
al. (2010) reported that AOA and AOB community compositions were markedly
influenced by soil water availability in grassland soil. It was found that enhanced soil
moisture could stimulate nitrogen mineralization, thereby influencing substrate
availability of ammonia oxidation (Stark and Firestone, 1995). Moreover, increased
soil water content could also accelerate the substrate diffusion to ammonia oxidizers
(Hu et al., 2015b). Therefore, soil moisture might have an indirect effect on
ammonia oxidizer communities by changing substrate availability and mobility.
There was no significant difference of PNR between the treatments (Fig. 3A),
but the significant positive correlation was found between PNR and soil pH through
correlation analysis (Supporting Information Fig. S1). The underlying mechanism
for the effect of soil pH on PNR could be attributed to the pH-affected availability of
ammonia substrate. PNR was found to have a significant positive correlation with
calculated NH3 content in this study (Fig. 3C), indicating that the biomass of soil
microbes involved in ammonia oxidation was highly responsive to change in
substrate availability. However, PNR was not significantly correlated with the
abundances of both AOA and AOB. This is in agreement with the result obtained by

Zhang et al. (2017). Potential nitrification rate aims to determine the maximum
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capacity of soil microbes involved in ammonia oxidation to transform ammonia into
nitrite under assumed optimal conditions (Li et al., 2018). Therefore, a possible
explanation for this result is that nitrification could also be mediated by

heterotrophic bacteria and fungi in soils (Hu et al., 2016).

Effects of simulated acid rain and ectomycorrhizal fungi inoculation on denitrifiers
As for nirK gene, the abundance marginally differed among different treatments,
with slightly lower values recorded in the SAR treatment (Fig. 2B). However, there
was no remarkable reduction in the abundances of nirS and nosZ genes under acid
rain stress compared to the control (Fig. 2B). The shifts of denitrifiers abundances in
the SAR treatment suggest that nirK-harboring denitrifiers might be more sensitive
to acid rain stress than nirS- and nosZ-harboring denitrifiers in forest soils. In
addition, we found that nosZ gene abundance was higher than the sum of nirK and
nirS gene abundance across all treatments, suggesting a low emission of the
greenhouse gas N,O in the tested soil, which could be mainly attributed to N,O
reduction process mediated by nosZ-harboring denitrifiers. Moreover, nosZ gene
abundance remarkably increased in the SAR+EMF treatment, most likely due to the
dramatic increase in soil NO3z -N content by inoculating ectomycorrhizal fungi under

acid rain stress.
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The comparisons of community dissimilarities revealed that community
dissimilarities of nosZ-harboring denitrifiers between CK and SAR+EMF treatment
significantly reduced compared to the dissimilarities between CK and SAR treatment,
while nirS-harboring denitrifiers showed the opposite trend (Fig. 5B). These results
indicated ectomycorrhizal fungi inoculation could modulate the effect of simulated
acid rain on the denitrifying community. Furthermore, partial Mantel test showed
that soil NOz -N content was the primary edaphic property controlling the
community compositions of denitrifiers harboring nirK, nirS, and nosZ genes (Table
1), suggesting that soil substrate availability might be directly linked to denitrifying
community compositions. The results also showed that the shift of community
composition of nirS-harboring denitrifiers was related to the dynamic changes of soil
DOC which was the electron donor in denitrification process (Attard et al., 2011).
Levy-Booth et al. (2014) reported that nirS gene was primarily influenced by soil
carbon and more responsive to the increase of soil organic carbon than the nirK gene.
Additionally, the community compositions of nirK- and nirS-harboring denitrifiers
were affected by soil TN content, which is consistent with a previous study (Zeng et
al., 2016). Thus, simulated acid rain and ectomycorrhizal fungi inoculation might
indirectly alter denitrifiers community compositions by changing soil nitrogen and

carbon contents, mainly due to the shift of NO3; -N content.
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There was a significant positive correlation between DEA and soil NO3 -N
content (Fig. 3D), indicating that denitrification enzyme activity was strongly
affected by substrate availability in the tested soil. In addition, our results showed
that DEA was positively and significantly correlated with the copy numbers of nosZ
gene, which suggested that abundance of nosZ gene could predict soil denitrification
enzyme activity (Petersen et al., 2012). In microcosm experiments, Salles et al.
(2009) found that denitrifying communities with different species richness could
result in various levels of denitrification, and community composition could exert an
influence on community functioning. Therefore, denitrifiers harboring different

functional genes contributed to denitrification function in the soil.

Conclusions

In conclusion, our study provides empirical evidence that the responses of
ammonia oxidizers and denitrifiers to simulated acid rain were modulated by the
inoculation of ectomycorrhizal fungi in forest soils as a result of the changes in soil
properties, mainly due to the shift of substrate availability (including NH3, NO3 -N,
and organic carbon contents). This finding highlights that soil substrate availability
may be a good indicator to predict the responses of ammonia oxidizers and

denitrifiers to acid rain stress in forest ecosystems.
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Experimental procedures
Field site description

The experimental site is located in Changsha, Southern China (28°26'9"N,
113°11'39"E). Southern China is the third largest acid rain area, following Europe
and North America (Rodhe et al., 2002). Changsha has a mean annual temperature of
17°C and mean annual precipitation of 1200-1400 mm. In 2016, the frequency of
acid rain (pH < 5.6) in Changsha was 100%, and the average rainwater pH was
4.8-5.4. The experimental plots were previously cultivated but had been fallow for 4
years prior to our study. The soil in this site is lateritic red soil. Before the start of
treatment, soil pH and nutrients were measured as follows: a pH of 6.16, organic
matter content of 20.28 g kg, total nitrogen (N) of 1.30 g kg™, available phosphorus

(P) of 28.59 mg kg™, and available potassium (K) of 31.5 mg kg™.

Experimental design and soil sampling

The experimental design was full factorial, with two levels of the simulated rain
(pH 5.6 versus pH 3.5) and the ectomycorrhizal fungi inoculation (non-inoculation
versus inoculation), respectively. Because acid rain is usually defined as the rain

with a pH less than 5.6 (Zhang et al., 2007), we chose pH 5.6 to represent the pH
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level of unpolluted rain, and pH 3.5 to represent the pH level of simulated acid rain
with further acidification. The experiment included four treatments: rain pH 5.6 and
ectomycorrhizal fungi non-inoculation (control, CK), rain pH 3.5 and
ectomycorrhizal fungi non-inoculation (simulated acid rain, SAR), rain pH 5.6 and
ectomycorrhizal fungi inoculation (EMF), and rain pH 3.5 plus ectomycorrhizal
fungi inoculation (SAR+EMF). Each treatment had three replicate plots (3 m x 2 m
for each plot) with about 1 m intervals between adjacent plots.

Because the acidification of rainwater is mainly caused by sulfates and nitrates
in Southern China, acidic solutions were prepared by adding a mixture of H,SO,4 and
HNO; (4:1 mole ratio) to the local underground water. The ectomycorrhizal strain
was Pisolithus tinctorius isolated from Masson pine forest in Southern China. The
granular inocula of Pisolithus tinctorius were produced by the Research Institute of
Forestry, Chinese Academy of Forestry. Thirty seedlings of 2-year-old Masson pine
(Pinus massoniana Lamb) were transplanted to each plot in March 2015. The
inoculated seedlings were prepared by placing 50 mL granular inocula into the
planting hole, to ensure the direct contact of mycelia with the roots. For the
non-inoculated seedlings, the same procedures were performed except that the
granular inocula were sterilized by autoclaving to eliminate viable Pisolithus

tinctorius spores and hyphal fragments. To confirm that the ectomycorrhizal fungi
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inoculation in seedling roots under the field condition was successful, we determined
ectomycorrhizal colonization in the non-inoculation and inoculation treatments
based on the results of soil fungal community analyses (Supporting Information).
The acidic solutions were applied in April 2015, by spraying the seedlings in each
plot with 6.7 L prepared acidic solutions once a week.

Soil samples were collected in February 2016. In each plot, five soil cores (3.4
cm diameter, 20 cm depth) were collected and composited together as a single
sample. After visible thick roots and leaves were removed, soil samples were
transported to the laboratory on ice and passed through a 2 mm sieve, then divided
into two parts. One was stored at 4°C for physicochemical analysis, and the other

was stored at —40°C before DNA extraction.

Soil physicochemical analysis

Soil pH was determined using an air-dried soil to 1 M KCI with a ratio of 1: 2.5
(wt: vol) by a Delta 320 pH-meter (Mettler-Toledo, Shanghai, China). Soil moisture
content was measured by oven-drying the samples at 105°C for 24 h. TC and TN
were determined by a Vario Il Element Analyzer (Elementar, Hanau, Germany).
DOC was extracted from fresh soil by 0.5 M K,SO,4 with a ratio of 1: 5 (wt: vol),

then the filtered solution was determined by a Liqui Il TOC Analyzer (Elementar,
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Hanau, Germany). Soil ammonium and nitrate were extracted from fresh soil by 2 M
KCI with a ratio of 1: 5 (wt: vol), then the filtered solution was measured by an AA3
Continuous Flow Analyzer (Seal, Norderstedt, Germany).

NHs is regarded as the actual substrate of ammonia oxidation in soils (He et al.,
2012). Therefore, we calculated soil NHs content according to soil pH and NH4"
content by equation (1). Equation (1) is based on the Henderson—Hasselbalch
equation and assumes the acid dissociation constant (pKa) of 9.25 for the ionization

of NH;"/NH; (Norman and Barrett, 2016).

[NH;]=[NH4][106TPH-921 (9

PNR and DEA measurement

PNR was measured with the chlorate inhibition method (Kurola et al., 2005).
Briefly, 5 g fresh soil was added to 20 mL of phosphate buffer solution (PBS, pH 7.4)
with 1 mM (NH,).SO,. Potassium chlorate with a final concentration of 10 mM was
added to inhibit nitrite oxidation. The soil slurry was incubated in the dark at 25°C
for 24 h, and nitrite was extracted with 5 mL of 2 M KCI and measured at a
wavelength of 540 nm by a SynergyH1 Microplate Reader (BioTek, Winooski, USA)
(He et al., 2007).

DEA was measured using the acetylene inhibition technique (Smith and Tiedje,
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1979; Schinner et al., 1996). Fresh soil equivalent to 4 g dry soil was added to 100
mL sterile serum bottle. The total water holding of all spiked samples was adjusted
to 13 mL with deionized water to make nitrate dissolve in water. Then the bottles
were sealed with rubber stoppers and shaken at 25°C for 20 min to eliminate air
from the soil. The headspace of each bottle was replaced by a N,-C,H, mixture (90:
10, vol: vol) to provide anaerobic conditions and inhibit N,O reduction, and 8 mL of
a solution containing KNO; (56 mg NO3 -N L ™) and glucose (288 mg C L™) was
added to each bottle. During the incubation at 25°C, gas samples (20 mL) were taken
at 0 and 6 h and then analyzed for N,O concentration using a 7890A Gas
Chromatograph (Agilent, Wilmington, USA). The amount of N,O in the headspace

and DEA were calculated as described by Schinner et al. (1996).

DNA extraction

Each soil DNA was extracted from 0.4 g of soil samples using the PowerSoil
DNA Isolation Kit (MoBio, Carlsbad, USA) according to the manufacturer’s
instructions. The purity and quantity of extracted DNA were checked using a
NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop, Wilmington, USA)
with A260/A280 ~ 1.8 for all samples. The DNA solution was stored at —40 °C until

use.
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gPCR analysis

The quantification of ammonia oxidation microbes (AOA and AOB amoA
genes) and denitrification microbes (nirK, nirS, and nosZ genes) was performed
using an iCycler iQ5 Thermocycler (Bio-Rad, Hercules, USA) with two technical
replicates for each sample. The 25 pL reaction mixture contained 12.5 pL SYBR
Premix Ex Taq (TaKaRa, Dalian, China), 0.5 puL of each primer (10 uM), and 2 uL of
diluted template DNA (1-10 ng). Primers and reaction conditions of each target gene
used for gPCR are shown in Supporting Information Table S4. Standard curves were
generated using 10-fold serial dilutions of plasmid DNA. The amplification
efficiency of qPCR assay ranged from 90% to 100% with R?* >0.99. After gPCR
assays, the specificity of the amplification products was verified by the generation of

melting curves and agarose gel electrophoresis.

T-RFLP analysis

For the T-RFLP analysis, PCR amplification was performed using the primers
shown in Supporting Information Table S4, with each forward primer fluorescently
labeled with FAM. The conditions for PCR reactions were the same as those for the

qPCR assays. The 50 pL reaction mixture contained 25 puL Premix Ex Taq (TaKaRa,
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Dalian, China), 1 pL of each primer (10 uM), and 2 pL of diluted template DNA
(1-10 ng). The labeled PCR products were purified using the Gel Extraction Kit
(Qiagen, Hilden, Germany), and then the purified PCR products were digested with
restriction enzymes HpyCH4V for AOA amoA gene (Hu et al., 2015b), Rsal for
AOB amoA gene (Wang et al., 2016), Haelll for nirK gene (Guo et al., 2013), Mspl
for nirS gene (Guo et al., 2013), and Mspl for nosZ gene (Hu et al., 2014b),
respectively. The size and relative abundance of T-RFs were determined by a 3730xI
DNA Analyzer (Applied Biosystems, Carlsbad, USA). T-RFLP profiles were
analyzed using GeneMarker 2.2 (SoftGenetics, State College, USA). The relative
abundance of individual T-RF was calculated as the peak area percentage of a
specific T-RF in the whole T-RFLP profile. Only those T-RFs with a relative
abundance >1% and fragment lengths in the range of 50-500 bp were considered in

the further analysis (Ge et al., 2016).

Cloning and sequencing

Clone libraries of ammonia oxidation genes (AOA and AOB amoA genes) and
denitrification gene (nirK gene as a representative) were constructed to assign
specific T-RFs to phylogenetic affiliation. PCR amplifications were performed using

the same primers and reaction conditions as in the gPCR assays. PCR products from
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the same treatment (three replicates) were mixed. The pooled PCR products of each
treatment were purified and ligated into the pMD19-T Simple Vector (TaKaRa,
Dalian, China), and the resultant ligation products were transformed into Escherichia
coli DH5a competent cells (Tiangen, Beijing, China) following the manufacturer’s
instructions. Twenty positive clones were randomly selected from each treatment,
then sequenced using a 3730xI DNA Analyzer (Applied Biosystems, Carlsbad, USA).
OTUs were defined according to a similarity level of 97% using QIIME (Caporaso et
al., 2010). The representative sequences of OTUs and their reference sequences
obtained by BLAST from GenBank were used to conduct the phylogenetic analysis.
The phylogenetic tree was constructed within MEGA 5.1 using the neighbor-joining
method based on the Kimura 2-parameter model with 1000 replicates to produce
Bootstrap values (Hu et al., 2015b). The sequences retrieved in this study were
submitted to GenBank. The accession numbers were MG543642 to MG543658 for
AOA amoA gene, MG543659 to MG543667 for AOB amoA gene, and MG543668 to

MG543676 for the nirK gene.

Statistical analysis
After data normality distribution and variance homogeneity were satisfied,

two-way ANOVA was conducted to analyze the effects of simulated rain,
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ectomycorrhizal fungi inoculation and their interactions on soil physicochemical
properties, PNR, DEA and functional gene abundances. One-way ANOVA in
conjunction with a post-hoc least significant difference (LSD) test was used to
determine the significant differences (P < 0.05) of the above parameters between
treatments. The PCA was performed to visualize the overall differences in soil
properties across treatments. Pearson’s correlation analysis was conducted to
examine the relationships between soil properties, PNR, DEA, and functional gene
abundances. The PCoA based on the Bray-Curtis distance matrices was performed to
compare the community composition of ammonia oxidizers and denitrifiers in
different treatments. To explore whether ectomycorrhizal fungi inoculation could
regulate the effect of simulated acid rain on microbial communities, the community
dissimilarities between CK and other treatments were also tested by the direct
comparisons of Bray-Curtis distances using one-way ANOVA with LSD test. The
partial Mantel test with 9999 permutations was conducted to examine the
Spearman’s correlation between functional community composition and specific soil
property. The original P values of correlation analysis were adjusted for multiple
comparisons using the Benjamini—Hochberg (BH) method, to control the false
discovery rate (Benjamini and Hochberg, 1995). The RDA was performed to explore

the effects of soil properties on microbial community composition. Analyses were
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conducted using either R (http://www.r-project.org/), or SPSS (SPSS, Chicago,

USA).
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Table and Figure legends

Table 1 Correlations between the microbial community composition and soil
properties using partial Mantel test with 9999 permutations.

Figure 1. Principal component analysis (PCA) to visualize the overall differences in
soil properties (including soil moisture, pH, total carbon, total nitrogen, dissolved
organic carbon, ammonium-N, and nitrate-N concentrations) across treatments. CK:
rain pH 5.6 and ectomycorrhizal fungi non-inoculation; SAR: rain pH 3.5 and
ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6 and ectomycorrhizal fungi
inoculation; SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi inoculation.

Figure 2. Abundances of functional genes across treatments. (A) ammonia-oxidizing
archaea (AOA) and ammonia-oxidizing bacteria (AOB) amoA genes abundances; (B)
nirK, nirS, and nosZ genes abundances. Error bars represent standard errors of mean
(n =3). * P <0.05 * P < 0.01, as compared to CK. CK: rain pH 5.6 and
ectomycorrhizal fungi non-inoculation; SAR: rain pH 3.5 and ectomycorrhizal fungi
non-inoculation; EMF: rain pH 5.6 and ectomycorrhizal fungi inoculation;
SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi inoculation.

Figure 3. Treatment and substrate availability effects on potential nitrification rate
(RNR) and denitrification enzyme activity (DEA) across treatments. (A) PNR across

treatments; (B) DEA across treatments. (C) Correlation between PNR and soil
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ammonia (NHj3) content; (D) Correlation between DEA and soil nitrate-N (NO3z -N)
content. Error bars represent standard errors of mean (n = 3). * P < 0.05, as
compared to CK. CK: rain pH 5.6 and ectomycorrhizal fungi non-inoculation; SAR:
rain pH 3.5 and ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6 and
ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5 plus ectomycorrhizal
fungi inoculation.

Figure 4. Treatment effects on microbial communities characterized by terminal
restriction fragment length polymorphism (T-RFLP). The T-RFLP profiles and
principal coordinate analysis (PCoA) graphs of (A, B) ammonia-oxidizing archaea
(AOA) amoA, (C, D) ammonia-oxidizing bacteria (AOB) amoA, (E, F) nirK, (G, H)
nirS, and (I, J) nosZ genes across treatments. Error bars represent standard errors of
mean (n = 3). The red * means that the terminal restriction fragments (T-RFs) could
be assigned to phylogenetic affiliation via cloning and sequencing analysis of AOA
amoA, AOB amoA, and nirK genes. CK: rain pH 5.6 and ectomycorrhizal fungi
non-inoculation; SAR: rain pH 3.5 and ectomycorrhizal fungi non-inoculation; EMF:
rain pH 5.6 and ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5 plus
ectomycorrhizal fungi inoculation.

Figure 5. The comparisons of community dissimilarities (Bray-Curtis distances)

between control and other treatments. (A) ammonia-oxidizing archaea (AOA) and
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ammonia-oxidizing bacteria (AOB); (B) nirK-, nirS-, and nosZ-harboring denitrifiers.
Error bars represent standard errors of mean (n = 9). Different letters above the bars
indicate a significant difference (P < 0.05). CK: rain pH 5.6 and ectomycorrhizal
fungi non-inoculation; SAR: rain pH 3.5 and ectomycorrhizal fungi non-inoculation;
EMF: rain pH 5.6 and ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5

plus ectomycorrhizal fungi inoculation.
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Table 1 Correlations between the microbial community composition and soil

properties using partial Mantel test with 9999 permutations.

Soil properties AOA AOB nirk nirsS nosZ
All soil properties 0.39** 0.08 0.40** 0.47** 0.31*
Moisture 0.40* -0.03 -0.10 -0.16 -0.11

pH 0.23 -0.01 -0.19 -0.14 -0.11

TC 0.15 -0.14 0.10 -0.17 0.23

TN -0.21 0.14 0.37* 0.43** 0.18

DOC -0.16 0.12 0.24 0.33* 0.16
NH;*-N -0.13 -0.16 0.04 -0.18 0.12

NO; -N -0.05 0.24 0.48** 0.67** 0.35*

The values in the table are the Spearman’s correlation coefficients.

Significance levels (adjusted P): * adjusted P < 0.05, ** adjusted P < 0.01.

TC: total carbon; TN: total nitrogen; DOC: dissolved organic carbon; NH4*-N:
ammonium-N; NOs3; -N: nitrate-N; AOA: ammonia-oxidizing archaea; AOB:
ammonia-oxidizing bacteria; nirK, nirS, and nosZ: denitrifiers harboring nirK, nirS,

and nosZ genes, respectively.
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Fig. 1. Principal component analysis (PCA) to visualize the overall differences in soil properties
(including soil moisture, pH, total carbon, total nitrogen, dissolved organic carbon, ammonium-N,
and nitrate-N concentrations) across treatments. CK: rain pH 5.6 and ectomycorrhizal fungi
non-inoculation; SAR: rain pH 3.5 and ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6
and ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi

inoculation.
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Fig. 2. Abundances of functional genes across treatments. (A) ammonia-oxidizing archaea (AOA)
and ammonia-oxidizing bacteria (AOB) amoA genes abundances; (B) nirK, nirS, and nosZ genes
abundances. Error bars represent standard errors of mean (n = 3). * P < 0.05, ** P < 0.01, as
compared to CK. CK: rain pH 5.6 and ectomycorrhizal fungi non-inoculation; SAR: rain pH 3.5 and
ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6 and ectomycorrhizal fungi inoculation;

SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi inoculation.
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Fig. 3. Treatment and substrate availability effects on potential nitrification rate (RNR) and
denitrification enzyme activity (DEA) across treatments. (A) PNR across treatments; (B) DEA
across treatments. (C) Correlation between PNR and soil ammonia (NHs) content; (D) Correlation
between DEA and soil nitrate-N (NO3; -N) content. Error bars represent standard errors of mean (n
= 3). * P < 0.05, as compared to CK. CK: rain pH 5.6 and ectomycorrhizal fungi non-inoculation;
SAR: rain pH 3.5 and ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6 and

ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi inoculation.
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Fig. 4. Treatment effects on microbial communities characterized by terminal restriction fragment
length polymorphism (T-RFLP). The T-RFLP profiles and principal coordinate analysis (PCoA)
graphs of (A, B) ammonia-oxidizing archaea (AOA) amoA, (C, D) ammonia-oxidizing bacteria
(AOB) amoA, (E, F) nirK, (G, H) nirS, and (I, J) nosZ genes across treatments. Error bars represent
standard errors of mean (n = 3). The red * means that the terminal restriction fragments (T-RFs)
could be assigned to phylogenetic affiliation via cloning and sequencing analysis of AOA amoA,
AOB amoA, and nirK genes. CK: rain pH 5.6 and ectomycorrhizal fungi non-inoculation; SAR: rain

pH 3.5 and ectomycorrhizal fungi non-inoculation; EMF: rain pH 5.6 and ectomycorrhizal fungi
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inoculation; SAR+EMF: rain pH 3.5 plus ectomycorrhizal fungi inoculation.
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Fig. 5. The comparisons of community dissimilarities (Bray-Curtis distances) between control and
other treatments. (A) ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB);
(B) nirK-, nirS-, and nosZ-harboring denitrifiers. Error bars represent standard errors of mean (n =
9). Different letters above the bars indicate a significant difference (P < 0.05). CK: rain pH 5.6 and
ectomycorrhizal fungi non-inoculation; SAR: rain pH 3.5 and ectomycorrhizal fungi
non-inoculation; EMF: rain pH 5.6 and ectomycorrhizal fungi inoculation; SAR+EMF: rain pH 3.5

plus ectomycorrhizal fungi inoculation.
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