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Abstract

Microorganisms govern soil nutrient cycling. It is therefore critical to understand their
responses to human-induced increases in N and P inputs. We investigated microbial
community composition, biomass, functional gene abundance, and enzyme activities in
response to 10-year N and P addition in a primary tropical montane forest, and we explored
the drivers behind these effects. Fungi were more sensitive to nutrient addition than bacteria,
and the fungal community shift was mainly driven by P availa%.:*v. N addition aggravated P
limitation, to which microbes responded by increasing the abur Jance of P cycling functional
genes and phosphatase activity. In contrast, P addit.on lleviated P deficiency, and thus P
cycling functional gene abundance and phospha’as:. activity decreased. The shift of microbial
community composition, changes in funrao.al y2nes involved in P cycling, and phosphatase
activity were mainly driven by F addition, which also induced the alteration of soil
stoichiometry (C/P and N/P). Elimina.ing P deficiency through fertilization accelerated C
cycling by increasing the ac.'vity of C degradation enzymes. The abundances of C and P
functional genes were .2siluvely correlated, indicating the intensive coupling of C and P
cycling in P-limited forest soil. In summary, a long-term fertilization experiment
demonstrated that soil microorganisms could adapt to induced environmental changes in soil
nutrient stoichiometry, not only through shifts of microbial community composition and
functional gene abundances, but also through the regulation of enzyme production. The
response of the microbial community to N and P imbalance and effects of the microbial
community on soil nutrient cycling should be incorporated into the ecosystem biogeochemical

model.



Keywords: Nitrogen and phosphorus fertilization; microbial community composition;

enzyme activity; functional gene abundance; nutrient cycling; tropical montane forest



Introduction

Tropical forests are characterized by high plant diversity, hold about 30% of terrestrial carbon
(C) stocks, and play a key role in global nutrient cycles (Pan et al., 2011; Camenzind et al.,
2014). However, tropical forests are disturbed and may be endangered by human activities,
even if not directly felled (Dixon et al., 1994; Bardgett and van der Putten, 2014). Imbalanced
N and P inputs are catastrophic, especially in the tropics, where the highly weathered soils are
mostly poor in P (Camenzind et al., 2018), but continuously rerc:.= h.gh N deposition (30—70
kg ha! y!) (Reay et al., 2008). Imbalanced N and P input* ma ' cause changes in ecosystem
structure and functions, with unforeseeable effects ci so.' biogeochemical cycles (Huang et
al., 2012). This highlights the urgent need to sti.uv the independent and interactive effects of
N and P addition on tropical forest ecosys.en s.

The addition of N and P can influ~nce the above- and belowground properties of forest
ecosystems, such as plant growth. b lcwground C input, root physiology and exudation and
soil biochemistry (Janssens ¢ al., 2010; Carrara et al., 2018; Jiang et al., 2018a). All such
changes ultimately aff.ct icrobial biomass, community composition, functional gene
abundance, and microb. 1l activities (Abarenkov et al., 2010; Bellemain et al., 2010; Zheng et
al., 2015). Changes in the microbial community structure and the shift of functions under
changing nutrient conditions are correlated with environmental factors such as pH, total
organic C, total N (TN), mineral N content, and soil C: N: P stoichiometry (Abarenkov et al.,
2010; Hogberg et al., 2007; Zhou et al., 2013). The driving factors depend on the form of N
and P addition, its amount and duration, plant species and their nutritional uptake, and soil

properties such as texture and pH (Dai et al., 2020; Widdig et al., 2020). For example, a



previous study demonstrated that long-term N addition resulted in the decrease of pH and was
the main driver of shifts in microbial community composition for soil with pH values ranging
from 4.5 to 8.5, but not when the soil pH fell below 4.5 (Rousk et al., 2010; Lu et al., 2014). P
is a common limiting element for the growth of soil microorganisms in highly weathered
tropical ecosystems (Mori et al., 2018). P addition alleviates P limitation and changes soil
nutrient stoichiometry, such as the C/P and N/P ratios. Whether these changes are driving
factors of shifts in microbial community composition and char.y.~ . associated functions in
tropical forests requires further investigation.

Microbial community and activity were more responsive *o P addition than to N addition in
an N-rich and P-poor tropical forest (Li et a., 2015; LeBauer and Treseder, 2008).
Microorganisms have various adaptations ar 1 ex-ibit different responses to N and P addition.
Fungal microorganisms are more sei."itive to increases in nutrient availability compared with
bacteria (Widdig et al., 2020). Sneci icully, fungi are more sensitive to P availability because
they play a critical role in P 1..’nerasization and assimilation (Smith and Read, 2008). Within a
soil microbial commu~..’ uifferent taxonomic or functional microbial groups may have
divergent responses t¢ N and P addition. For example, some groups have higher P
mobilization ability; their abundance may decrease with P addition. Microbial responses to N
and P addition will in turn affect soil organic matter (SOM) turnover, nutrient cycles, and
plant growth (Bardgett and van der Putten, 2014; Castrillo et al., 2017; Duhamel et al., 2021).
Investigating the responses of soil microorganisms to N and P addition will improve the
prediction of the structure and function of tropical forests under global environmental

changes.



Another consequence of N and P addition to microbial communities is their effects on the
contribution of microbial necromass to SOM (Bellemain et al., 2010; Hu et al., 2022). Amino
sugars have been widely used to indicate the contribution of microbial residues to SOM
accumulation in various habitats (Bellemain et al., 2010; Huang et al., 2019). Three amino
sugars, namely, glucosamine (GIuN), galactosamine (GalN) and muramic acid (MurN), have
often been quantified in order to assess bacterial and fungal residues (Joergensen, 2018;
Dippold et al., 2019). MurN is mainly found in the peptidociy.ans of bacterial cell walls,
whereas GIuN primarily originates from fungal chitin (Hue 1g e al., 2018; Joergensen, 2018).
In addition to contributing to SOM formation, micrcorga isms mediate SOM decomposition
through the synthesis and release of extracellule. e izymes that catalyze the depolymerization
of macromolecules into oligomers and r.ornme:s (Shah et al., 2016; Carreiro et al., 2000).
Microorganisms produce enzymes .~ acquire nutrients, energy, and carbon (Asmar et al.,
1994), but their synthesis and release ar2 energy-consuming processes (Gunina and Kuzyakov,
2022). The activity of spec.ic enzymes is thus increased or decreased by strict cellular
regulation, which is de,.ae.t on the nutrient requirements of the microbial cells related to
the soil nutrient stoiciiometry. For instance, if N deposition aggravates P limitation,
phosphatase activity will be increased to acquire more P. In contrast, P addition decreases
phosphatase activity once the P demand is satisfied (Marklein and Houlton, 2012). The
cycling of P and C are tightly coupled; for example, P addition can increase the soil CO, flux
(Soong et al., 2018). Microorganisms in tropical forest soils are often C-limited (Soong et al.,
2018). A previous study showed that P and NP addition could alleviate P limitation in

microbes and trees (Liu et al., 2012; Jiang et al., 2018b). How the removal of nutrient



limitations will affect the C cycling of tropical forests remains to be revealed (Soong et al.,

2020).

Extracellular enzymes are widely considered to be proxies of microbial-mediated SOM

decomposition (Allison et al., 2010; Treseder et al., 2012). However, the relationships

between changes in microbial community composition, functional gene abundance, and

enzyme activities under a changing environment are seldom studied and remain disputed

(Chen and Sinsabaugh, 2021). Long-term P input decreased u.. re.ative abundance of the

P-starvation response gene (PhoR) and increased the ‘'ow-iffinity inorganic phosphate

transporter gene (pit) (Dai et al., 2020). Microbial fur ctio."al gene abundance has been found

to be closely related to specific C-degrading enzyn . activities (Trivedi et al., 2016; Moore et

al., 2021), while other studies have fouru 1. relationship between C mineralization and the

abundance of related genes (Wood .* al., 2015). Such contrasting outcomes result from the

fact that the microbial functional ge e abundance merely reveals the potential of microbial

communities, rather than rei. ctiny the levels of gene expression underlying the enzymatic

activity (Bergkemper 7 °l., 2016; Trivedi et al., 2016). Elucidating the systematic links

between microbial co nmunity composition, functional gene abundance, and enzyme

activities related to N and P addition is a critical prerequisite to predict the future nutrient

cycling and functions of tropical forest ecosystems.

This study was based on a 10-year N and P addition field experiment in a monsoonal

evergreen broadleaf primary tropical montane forest in southern China. Previously, this

research group reported that microbial community structure, enzyme activity, and microbial C

cycling were not modified by short-term (4-5 years) N and P fertilization (Jing et al., 2020;



Ma et al., 2020). Accurate information on the changes in microbial community structure and
function under long-term N and P addition obtained through amplicon sequencing and the
mechanism of this process have not yet been investigated (Ma et al., 2020, 2021). This study
explored the effects of 10 years of N and P addition on soil biochemical properties, microbial
community composition, enzyme activities, functional gene abundances and microbial
necromass accumulation, and examined the drivers behind the observed responses. In addition,
this study revealed the relationship between enzyme activitics cna their related functional
gene abundance. We hypothesize that (1) P addition will decr xase soil C/P and N/P ratios,
which are the main drivers of microbial community aad 1. nction shifts, because P is the most
limited element in highly weathered tropical for..st soils; (2) fungi have a strong response and
are more sensitive to N and P addition . Locteria, especially in relation to P addition,
because fungi play a key role in ory~nic P hydrolyzation and assimilation; and (3) P and C

cycling are tightly coupled, and the r 'mval of P limitation will facilitate C cycling.

2 Material and Methods

2.1 Site descriptic.

This study was conducted in a tropical montane primary rainforest in Jianfengling (JFL)
(18°23-18°52' N, 108°46—-109°02" E, elevation 870 m), southwestern Hainan Island, China.
This experimental site is part of the Network of Nutrient Enrichment Experiments in China’s
Forests (Du et al., 2013). The study site has an obvious seasonal change between wet (May—
October) and dry (November—April) seasons, with an average annual precipitation of 2200
mm. The area has a typical humid climate, with a mean relative humidity of 88% (Jiang et al.,

2018Db). The average temperatures in the coldest and warmest months are 10.8°C and 27.5°C,
8



respectively. The soil is predominantly typical lateritic yellow soil with a pH of 4.8, and the
soil C, N, and P contents are 22 g kg ', 1.6 g kg™, and 140 mg kg%, respectively, in the
topmost 10 cm (Table 1). The total ambient N and P deposition amounts are approximately 9
kg N ha' yr*and 1.0 kg P ha* yr?, respectively (Du et al., 2016; Wang et al., 2018). The
ambient N deposition is lower than the mean deposition rate on Hainan Island (~25 kg N ha™*
yr ') (Jiang et al., 2018b). Thus, unlike most lowland forests in the tropics and subtropics,
which are N-saturated, the primary forest of JFL may stil' .~ iv-limited. The forest is
dominated by Cryptocarya chinensis, Cyclobalanopsis pe ‘ellit )rmis, Mallotus hookerianus,
Gironniera subaequali, and Nephel iumtopengii (Z7nou et al., 2013). The topography is

relatively homogeneous, with slopes ranging fro'n: * to 5° (Du et al., 2013).

2.2. Experimental design

The N- and P-addition experiment :,. the primary tropical forest was set up in a randomized
block design with three replicc:es, whnere the distance between any two blocks was > 1 km.
Each randomized block consi.*=d of four 20 x 20 m nutrient addition plots with 10-m buffers
between plots to ravent ranoff effects. Four treatments were implemented (kg ha™ yr?):
Control (0), N (50), P (50), andN + P (50+50). N and P were added in the form of NH;NO,
and Ca(H,POy),, respectively. The experiment began in October 2010. The fertilizers were
divided into 12 dosages, then dissolved in 100 L of water to obtain concentrations of 119
mmol LN, 53.8 mmol L™*P, and 119 mmol L *N +53.8 mmol L 'P, and sprayed onto the
soil surface of the corresponding plots on a monthly basis. The same amount of water was

sprayed onto each control plot.



2.3. Soil sampling

Soil was sampled in January 2021 (the middle of the dry season). The litter layer was
carefully removed before sampling. Five soil cores (5 cm inner diameter) were taken at a
depth of 0-10 cm from each plot and mixed to form a pooled sample. The soil samples were
stored in airtight polypropylene bags and placed in a cool box at 4°C during transportation to
the laboratory. After the removal of visible litter, roots, worms, and other debris, the soils
were sieved through a 2-mm mesh. Each sample was serw.teu into four subsamples.
Subsamples used to measure the TN, total phosphorus ("P), pH, SOC, and exchangeable
cations were air dried. Subsamples for the analysis o1 dissolved organic carbon (DOC),
ammonium N (NH,"), nitrate N (NO3 "), and ave.ia-le P concentration were stored at 4°C and
analyzed within one week. Subsamples fr. u 2 n.casurement of enzyme activity were stored at
—20°C. Subsamples for determining microbial community composition and functional gene

(GeoChip) analysis were stored at —€1°/Z.

2.4 Soil physical and chemicc ' properties

Soil water content ", -as Jete;mined by drying 10 g soil at 105°C. Soil pH was determined with
a pH meter after shaking the soil in deionized water (1:2.5 w/v) for 30 min. The SOC and TN
were determined by a CHN analyzer using Dumas combustion (Elementar vario EL IlI,
Elementar, Hanau, Germany). TP was determined using digestion with H,SO,-H,0,-HF
(Bellemain et al., 2010). The available P was extracted with 0.03 M NH,F-0.025M HCI and
determined by the ammonium molybdate method. DOC was extracted with 0.05 M K,SO,and
quantified by a multi 3100N/C TOC analyzer. Soil NH," and NO; were extracted with 2 M

KCI and measured by a continuous flow analyzer. Exchangeable cations (AI**, Fe**, Ca?*, and
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K*) were extracted with 0.1 mol/L BaCl, (50:1, solution: soil), and analyzed using an

inductively coupled plasma-optical emission spectrometer (Perkin-Elmer).

2.5 Microbial communities

For the extraction of total DNA, 0.5 g of soil was processed using a Power Soil kit (MoBio
Laboratories) according to the manufacturer's instructions. After purification, the DNA
concentration and quality were measured using a NanoDrop 200 spectrophotometer (Thermo
Fisher Scientific Inc., USA). The V3V4 regions of the bacten.! 15S rRNA gene and fungal
ITS1 region were amplified using the primers 33C=/806R (Tian et al.,, 2015) and
ITS2F/ITS5R (Bellemain et al., 2010) with the a.ached barcode, respectively. The
polymerase chain reaction (PCR) was conductza < a BioRad S1000 thermal cycler (Bio-Rad
Laboratory, CA, USA) in triplicate. The R products were then purified with a DNA Gel
Extraction Kit (Axygen Biosciences, 'Jnion City, CA, USA) and mixed in equimolar ratios
before sequencing. High-throuzhpu sequencing of 16S rRNA and ITS gene amplicons was
performed on an lllumina His. 1 platform (PE250) by the MAGIGEN Company (Guangzhou,
China). All of the ~w Hisr,q sequencing data were submitted to the Sequence Read Archive
(SRA) at the National Center for Biotechnology Information (NCBI) under accession number
PRIJNA822009.

Raw sequences were quality-checked and assigned to samples based on corresponding
barcodes using QIIME (version 1.17, http://giime.org/index.html). Sequences with an average
quality score < 20, or those comprising vague base calls, were discarded (Caporaso et al.,
2012). The remaining high-quality sequences were clustered based on a 97% similarity cutoff

using UPARSE (Edgar et al., 2013) (version 7.1 http://drive5.com/uparse/) to generate the
11



operational taxonomic units (OTUs). The taxonomic information of bacterial OTUs was

assigned by the Ribosomal Database Project (RDP) classifier (http://rdp.cme.msu.edu/), and

the fungal OTUs were assigned to taxonomic information using the UNITE 7.1 database

(Abarenkov et al., 2010). Sequences were rarefied to 10,000 for all of the samples, and then

used for further analysis. We focused on the dominant species. Rarefaction curves evaluating

the OTU richness per sample at a sequence depth of 10,000 nearly approached saturation (Fig.

S1), containing most of the dominant species. The relative abu wucnces (%) of individual taxa

for each community were calculated. The Shannon divertity 11dex was calculated with the

‘vegan’ package in R. To reveal the differences in OTU ¢ mposition between treatments, the

matrix of B diversity distance was calculated basco on the unweighted UniFrac distance using

the QIIME software. The effects of fertil’.a.. on .1 the bacterial and fungal communities were

assessed using permutational multiva -iate analysis of variance (PerMANOVA) via the ‘adonis’

function in the ‘vegan’ package of R v*.4.0).

2.6 GeoChip analysis

DNA hybridization wa: conducted using GeoChip 5.0 according to the procedure described

by Zhou et al. (2013). Briefly, DNA samples were labeled with Cy-5 fluorescent dye via a

random priming method and purified using the QIA quick purification kit (Qiagen). The DNA

was dried in a SpeedVac (ThermoSavant) at 45°C for 45 min. GeoChip hybridization was

performed at 42°C for 16 h on a MAUI® hybridization station (BioMicro). After purification,

GeoChips were scanned by a NimbleGen MS200 scanner (Roche) at 633 nm, with a laser

power and photomultiplier tube gain of 100% and 75%, respectively.

12



Raw GeoChip data were analyzed with a data analysis pipeline as described previously (Zhou
et al., 2013). Briefly, the following steps were performed: (i) spots flagged, or those with a
signal-to-noise ratio (SNR) of less than 2.0 were regarded as poor-quality spots and removed;
(ii) a minimum of two valid values for three biological replicates was required for each gene;
(iii) normalized intensities of each spot were calculated by dividing the signal intensity of
each spot by the total intensity of the microarray and then multiplying the average signal

intensity of all of the GeoChip data; and (iv) natural logarithmir, v >ns;ormation was applied.

2. 7 Soil enzyme assay

The potential activity of six hydrolytic enzymes, B-~lu. asidase (B-Glu), xylosidase (XYL),
N-acetylglucosaminidase (NAG), leucine-am.inu:~utidase (LAP), acid phosphatase (ACP)
and alkaline phosphatase (ALP), was me><dred using fluorescent substrates. The B-Glu was
detected using 4-methylv:..~en.feryl-B-D-glucoside, the XYL using
4-methylumbelliferyl-B-D-xylc; vranJside, the NAG using
4-methylumbelliferyl-N-acety. 8-D-glucosaminide, the LAP using
7-amino-4-methylc>un,~rir hydrochloride, and the ACP and ALP using
4-methylumbelliferyl-phosphate. Suspensions of 1 g soil with 100 mL universal buffers (50
mM acetate buffer, with pH = 5.0 for B-Glu, XYL, NAG, LAP, and ACP; and 50 mM borate
buffer, with pH = 10 for ALP) were prepared using low-energy sonication (40 J s™ output
energy) for 2 min. The fluorescent substrates were dissolved in deionized water to obtain
concentrations of 150 uM for the enzymes of B-Glu, XYL, NAG, and LAP; 1500 uM for
ACP; and 600uM for ALP. Fifty microliters of soil suspension, 100 pL of substrate solution,

and 50 pL of buffer were added to 96-well microplates. Plates were incubated in the dark at
13



30°C for 4 h. Fluorescence was measured using a microplate fluorometer with 365 nm
excitation and 450 nm emission filter. A calibration line was prepared with increasing
concentrations of 4-methylumbelliferone (MUF) and 7-amino-4-methylcoumarin (AMC) (O,
120, 200, 500, 800, and 1200 picomoles/well). Enzyme activities were expressed as MUF or
AMC release in nmol per g dry soil per hour based on the calibration line (nmol g™* dry soil

hY.

2.8 Soil microbial biomass

The fumigation extraction method was applied to detern..ne the microbial biomass C, N, and
P. Two subsamples of 5 g fresh soil each were weighed 1.0 glass bottles. One subsample was
fumigated with chloroform in a vacuum for 2.+ h >~u the other was untreated. The total DOC
and dissolved nitrogen concentrations 1. ~.1 both the fumigated and un-fumigated samples
were extracted with 0.05 M K,S, and analyzed using a multi-3100N/C TOC analyzer
(Analytik Jena, Germany). Thc miciobial biomass carbon (MBC) and nitrogen (MBN) were
calculated as the differences in DOC or dissolved nitrogen concentrations between the
fumigated and the _nfumirated samples, corrected by the extraction factors of 0.45 and 0.54,
respectively (Brookes et al., 1985; Wu et al., 1990). Inorganic P was extracted with 0.5 M
NaHCOs, and the P concentration was determined using the ammonium molybdate stannous
chloride method (Brookes et al., 1982). Microbial biomass phosphorus (MBP) was
determined as the difference in P concentration between the fumigated and unfumigated
samples, corrected with the extraction factor of 0.4 (Kouno et al., 1995). The stoichiometries
of MBC, MBN and MBP were expressed as MBC: MBP, MBC: MBN, and MBN: MBP,

respectively.
14



2.9 Soil amino sugars

Soil amino sugars were extracted according to the methods described by Bellemain et al.
(2010) and Indorf et al. (2011). Briefly, 0.5 g freeze-dried soil was hydrolyzed using 10 ml of
6 M HCI for 6 h at 105°C. After hydrolysis, samples were cooled to room temperature and
mixed uniformly, and then filtered. An aliquot of 0.5 ml filtrate was evaporated to dryness
using N, at 40-45°C to eliminate HCI. The dried residues were dissolved in 0.5 ml deionized
water, dried using N,, redissolved in 2 ml deionized water «-d stored at —20°C before
analysis. The concentrations of three amino sugars (MurN_ Glu\N, and GalN) were measured
with a high-performance liquid chromatograph ([tone ¢ Ultimate 3000, Thermo Fisher
Scientific) equipped with an octadecylsilylated <«r.a gel column (Acclaim120 C18; 150 mm,
4.6 mm, 3 pum; Thermo Fisher Sciciu.ic) following pre-column derivatization with
ortho-phthaldialdehyde. The individual amino sugars (MurN, GIuN, and GalN) were
identified and the quantity was m2a.ured according to the chromatograms of standard
solutions containing a mixtu, » of the three amino sugars. The concentrations of individual
amino sugars were calc..>teu oased on the internal standard. The concentrations of individual
and total amino sugars nere expressed as mg/kg dry soil. Because GIUN is present in both
fungal and bacterial cell walls, F-GIuN can be calculated by subtracting the bacterial-derived
GIuN from the total GIuN, assuming that MurN and GIuN have a molar ratio of 1:2 in
bacterial cell walls (Engelking et al., 2007) (Eq.1):

F-GluN (ug/g) = total GluN (ug/g) —2 x MurN (ug/g) x (179.2251.2), (D)
where 179.2 and 251.2 are the molecular weights of GIUN and MurN, respectively (Shao et al.
2017).

15



2.10 Data analysis

All of the data and residuals were tested for normality before analysis using the Shapiro-Wilk
and Levene tests, respectively. The least significant difference (LSD) was used for multiple
comparisons (p < 0.05) to analyze the effects of nutrient addition on soil properties, microbial
biomass, enzyme activity, amino sugar contents, functional gene abundance, and microbial
community composition using SPSS 23.0 software. Redundancy discriminate analysis (RDA)
was used to determine the main soil properties affecting the <i.”nyes in the soil microbial
community composition, and the main soil chemical prcnertis and microbial community
composition affecting enzyme activity and functicnal gene abundance. The RDA was
performed using CANOCO 5.0 software (Waczn ngen UR, Netherlands). The correlations
between enzyme activities and functiona! ge.'e acundance were tested using linear regression.
The correlations between the funcional genes responsible for C degradation and those
involved in P cycling, and between fi nctional genes and microbial taxa (expressed as the

relative abundance at the phy..'m level), were tested using Pearson correlation.

3 Results

3.1 Effects of N and P addition on soil properties and microbial biomass

Ten years of N, P, or N+P addition did not change pH, SOC, DOC, TN, NH,", NO;, Ca**, AI**,
Fe**, or K* significantly compared with the unfertilized control soil (Table 1). Soil total P
increased by 35%-57% under P and N+P addition but, owing to large variations, this increase was
not significant (p > 0.05, Table 1). Even if the pool size did not reflect a significant change, the
stoichiometry did; P and N+P addition decreased soil C: P and N: P (p < 0.05) compared with

the control soil (Table 1), and increased the available P pool by 2.5-4.8 times compared with
16



unfertilized soil (p < 0.05) (Table 1). This had implications for the microbial biomass: P and

N+P addition increased soil MBP by 48%-80%, while MBC: MBP and MBN: MBP

decreased by 47%-50% and 25%—44% compared with unfertilized control soil, respectively

(p < 0.05) (Table 1).

3.2 Changes of bacterial and fungal community composition

The addition of P decreased the relative abundance of Proteoba.’<ria by 33%, especially for

the Alphaproteobacteria class (Figs. 1a and S2). C: P and N: P v.~re the most important factors

influencing the relative abundance of Proteobacteria (+"a. 1b). With respect to the fungal

communities, the relative abundance of Mortierellomy ~ota under P and NP addition was

one-third that in the unfertilized control (Fin. 1.} [he changes in Mortierellomycota were

mainly affected by P addition (availabie ™ and total P) and subsequent soil stoichiometry

changes (C/P and N/P) (Fig. 1d). TF.. *elalive abundance of Mortierellomycota was positively

correlated with phosphatase ac: vity and P cycling functional gene abundance (Fig. 1e and f,

Table S3).

Fertilization did rot (hangye the bacterial community structure, but markedly altered the

fungal community structure, as indicated by principal coordinates analysis (PerMANOVA: p

= 0.382 and PerMANOVA: p = 0.001, respectively) (Fig. 1g and h). The first principal

coordinate explained 31.5% of the variation in the fungal community dataset, and separated

the fertilization with and without P (Fig. 1h). In summary, fungi were more sensitive to

fertilization than bacteria, and the fungal community shift was mainly driven by P addition.

3.3 Effects of N and P addition on enzyme activities, amino sugars, and gene abundance

17



involved in P and C cycling

The addition of N increased ACP and ALP activity by 17% and 90%, respectively (Fig. 2). In
contrast, P addition increased B-Glu (24%), and LAP activity (16%), but decreased the
activity of NAG (—28%), ACP (—57%), and ALP (—43%). The addition of N+P increased
B-Glu, NAG, XYL, and LAP activity by 14%-149%, while it decreased ACP and ALP by 43—
54% (p < 0.05) (Fig. 2). Generally, GIuN and F-GluN decreased by about —20% under P
addition compared with N addition (p < 0.05) (Fig 3).

The abundances of alkaline phosphatase (phoA), pwtas:, C-P lyases (phn), and
exopolyphosphatase (ppx) genes, which are involver. in crganic P hydrolysis, were 1.55, 2,
1.6, and 1.5 times higher, respectively, under *y #ddition than in the control soil. Nitrogen
addition also strongly increased the abun.ar ces of a central gene involved in the P-starvation
regulation gene (phoB) and a high a:<inity P-uptake and transportation gene (pst) by about 80%
each compared with the control (Fi. 1). In contrast, P and N+P addition decreased phoA,
phytase, ppx, phn, phoB, an.' pst by 5-40% compared with unfertilized control soil. The
addition of N increaszu the abundances of genes responsible for starch, hemicellulose,
cellulose, chitin, and \’gnin degradation by 66-86% (p < 0.05). In contrast, P addition
decreased the abundances of these five genes, which were involved in C degradation, by 20—

28% (p < 0.05), and N+P addition decreased them by about 10% (p < 0.05) (Fig. 5).

3.4 Drivers of changes in enzyme activities and functional gene abundance
Soil C: P and N: P were the most important factors explaining changes in phosphatase activity
(ACP and ALP), but not of C degradation enzyme activities (XYL and B-Glu) (Fig. 6a). Soil

C: P, N: P, and available P were the three most important factors explaining the changes in C
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and P functional gene abundance (p < 0.05) (Fig. 6b).

A Pearson correlation analysis showed that ACP and ALP activity increased with the
abundance of each of the functional genes responsible for P-starvation regulation and for P
mining in soils (Fig. 7a and b). In contrast, hydrolytic enzyme activity responsible for
cleaving major microbial C sources was independent of the abundances of major genes
controlling C metabolism and degradation (Fig. 7c and d). Fertilization-induced changes in
gene abundance linked to P cycling and those responsible for =iy v C decomposition were

highly positively correlated (Table S2).

4. Discussion

4.1 Responses of soil properties and microh:al »*<mass to N and P addition

There is considerable evidence that N aau™*"on causes soil acidification in tropical forests, and
that the degree of acidification is c7.>n wnked to the amount of N loading. However, in the
present study, the soil pH rem-inea stable after 10 years of N and P application (Table 1).
Whether fertilization affacts ~o1l pH depends on many factors, such as the fertilization
intensity (the app! ~d .' aranounts), the soil buffering capacity, the initial pH, the land use
history, the plant species, and the types of added nutrient, especially the speciation of nitrogen
(Hu et al., 2022). The applied N speciation in the present study was half ammonium and half
nitrate; their combination minimized the effect on acidification. Additionally, the soil in the
present study had a relatively low pH even before the experiment began (pH = 4.8). There is a
strong soil buffering capacity due to hydroxyl aluminum and base cation exchange in this pH
range. This was reflected by the similar content of exchangeable cations (including Ca®*, AI*,

Fe**, and K*) irrespective of the fertilizer applied (Table 1). Furthermore, substantial amounts
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of the added N were likely lost via leaching, considering the heavy rainfall of 2200 mm year™*
in the study area (Tang et al., 2018). This would explain the lack of any increase in TN, NH,",
and NO; following N fertilization (Table 1). Together, these factors explain the absence of
N-induced soil acidification effects in the present study.

Fertilization had no effect on the total C and microbial C pool (Table 1). However, P and N+P
addition increased the total P content (35-57%), resulting in a decrease in soil C: P and N: P.
Similarly, MBC: MBP and MBN: MBP decreased under P a7.u N+?2 addition, and in most
cases, this was linked to an increase in MBP content. This clea ly confirmed the high degree
of P depletion of these deeply weathered tropical so's, which made soil nutrient and
microbial biomass stoichiometry sensitive w fertilization-induced P pool changes
(Bergkemper et al., 2016; Carrara et ., 20.8). Thus, P addition and subsequent soil
stoichiometry (C/P and N/P) chany~s may be the main drivers of microbial community

composition shifts and function chan ve< (will be discussed following).

4.2 Response of microbial co.»munity composition to N and P addition

For bacteria, the re.~tive abundance of the Proteobacteria phylum, especially the
Alphaproteobacteria class, decreased under P addition (Figs. 1a and S2). Similarly, within the
fungal kingdom, the relative abundance of Mortierellomycota decreased under P and NP
addition (Fig. 1b). P addition and subsequent changes in soil stoichiometry (C/P and N/P)
were the main factors influencing the relative abundances of Proteobacteria and
Mortierellomycota, which was consistent with our first hypothesis. The changes of soil C/P
and N/P were mainly due to P addition, because total C and N were stable among treatments

(Table 1). Increased P availability can reduce the abundance of microorganisms with P
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mobilization abilities. Alphaproteobacteria are known to have high alkaline phosphatase

production and P; transport abilities, and contain genes involved in P solubilization and

mineralization (Morrissey et al., 2016; Dai et al., 2020). As a result, the abundance of

Alphaproteobacteria decreased under P addition. Because the relative abundance of

Mortierellomycota was negatively correlated with soil total P and available P (Fig. 1d), it was

therefore predicted that Mortierellomycota also plays a key role in P mineralization and

assimilation. Moreover, the changes in phosphatase activity ;.. ® cvycling functional genes

were to a large extent related to the relative abundance of Mon erellomycota (Fig. 1e and f).

Thus, P-related soil stoichiometric changes conudl the relative abundance of

Mortierellomycota, which has direct impliceac s for organic P hydrolyzation and P

assimilation in P-depleted tropical forest .o 3. F.owever, underlying ecophysiological reasons

for this pronounced response of Mot . erellomycota to P addition remain to be elucidated.

Fertilization markedly changed soi fungal community structure, but it did not change

bacterial community structure ‘Fig. 1g and h). This indicated that fungi were more sensitive to

nutrient addition than Fuc*ena. The change in fungal community structure was mainly driven

by the P addition-induc 2d increase in microbial P availability (Fig. 1h), which verified the

second hypothesis. Fungi play a critical role in organic P hydrolysis and inorganic P uptake,

especially in severely P-limited tropical soils (Smith and Read, 2008). For instance,

saprotrophic fungi and ectomycorrhiza can hydrolyze organic P (Boot et al., 2016), and

arbuscular mycorrhiza and ectomycorrhiza can efficiently assimilate P; (Phillips et al., 2013;

van der Heijden et al., 2015). P addition may alleviate tree and microbial P limitation, with

implications for fungal community structure; in particular, P addition may reduce the need for
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trees to intensively interact with mycorrhizal partners. In the present study, less interaction
ultimately led to the reduction of fungal biomass (Yuan et al., 2021; Ma et al., 2019), which

was supported by the reduction of fungal residues (F-GluN) under P addition (Fig. 3c).

4.3 Response of phosphatase and P cycling functional genes to N and P addition

The addition of N for 10 years increased acid and alkaline phosphatase potential activities and
the underlying microbial functional genes involved in organ.~ P release, such as phoA,
phytase, phn, and ppx (Figs. 2 and 4). Phosphatase activity in.e2,ed with the abundance of
functional genes related to cellular P starvation and P . ~ining (Fig. 7a and b). Phosphorus
deficiency in extremely P-poor soils is boosted once N >eficiency is eliminated following N
fertilization. Nitrogen addition boosts plant a.2 microbial P demand and aggravates P
limitation, and thus increases the abui.?~.nce of organic P hydrolysis genes and related
phosphatase production (Dai et al., Z320,. Microorganisms not only increase the abundances
of genes responsible for orgar’~ P 1.ydrolysis, but they also boost the abundances of genes
enabling efficient P; uptake a1 transport (Dai et al., 2020). For example, the high-affinity
Pi-specific transpor~rs nst 3CAB) and their related regulation gene (phoB) were increased by
about 80% under N deposition in the present study (Fig. 4b and c). The increase of
phosphatase activity, organic P hydrolysis, and the larger number of genes for high-affinity P;
transporters were jointly demonstrated to be successful in alleviating further P deficiency
under N fertilization, as the total and available P as well as microbial P could be kept at an
identical level under the unfertilized control and under N addition (Table 1). The addition of P

and NP, in contrast, increased soil-available P (p < 0.05) (Table 1), and therefore

microorganisms reduced phosphatase production. The addition of P also resulted in the
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decrease of abundances of genes responsible for organic P hydrolysis and high-affinity
Pi-specific transporters (pstSCAB) (Figs. 2 and 4). Thus, the soil microbial PHO operon was
greatly affected by the removal of or increase in the P-starvation status of the P-limited
tropical forest. The C/P ratio was the main factor affecting changes in acid and alkaline
phosphatase activity, and C/P, N/P, and available P were the three main factors affecting P
functional gene abundance (Figs. 6a and b). This indicated that P-related soil stoichiometry
was the key driver shaping changes in P cycling functional ger.c ~hu.adance and phosphatase
activity. Phosphatase activity was positive correlated with P cycling functional gene
abundance (Fig. 7a and b), indicating that the nicrchial community composition was

correlated with P cycling functions.

4.4 Response of enzyme-degrading cu.rolex organic compounds and their functional
gene abundances to N and P addit..n

Generally, P and N+P additior. increased the activity of enzymes with major roles in soil C
cycling (Fig. 1), which was -onsistent with the third hypothesis. This was another clear
confirmation of a2 <ev>re P limitation in this tropical soil. P fertilization removed this
growth-limiting nutrient deficiency, directly stimulating microbial growth and thus revealing
which element was further limited (Bergkemper et al., 2016). The enhanced C and energy
requirement of the growing microbial population increased the activities of all of the enzymes,
releasing easily accessible C sources, such as oligosaccharides (GLU), hemicelluloses (XYL)
and proteins (LAP) (Fig. 1). Globally, microbes are generally C-limited (Soong et al., 2020),
but the current global dataset lacks data from the tropics and subtropics, especially from

highly P-depleted tropical soils where P limitation might also be dominant. This experiment
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was valuable in supplementing global data on tropical fertilization experiments, clearly

demonstrating that P deficiency may exceed C deficiency in these ecosystems and that P

fertilization is required to shift the microbial metabolism towards C limitation (Soong et al.,

2020). The DNA-based GeoChip approaches revealed the genetic potential of microbial

communities (Bergkemper et al., 2016; Trivedi et al., 2016), showing that C and P functional

genes had the same trends and were closely correlated in response to fertilization (Figs. 3 and

4, Table S2). This suggested C and P co-limitation (or at 't vae limitation appearing

immediately after the other was eliminated by fertilization} Pre rious studies have shown that

organic P hydrolysis is intrinsically coupled with C :yci.ng (Boot et al., 2016; Chen et al.,

2018). For the first time, the results of the rre.ent study further demonstrated that this

coupling was at least partly related to th: s;mu.:aneous changes in C and P functional gene

abundance. However, the C hydroinses were independent of C cycling functional gene

abundance. This indicated that the i1c’ease in SOM hydrolyzing enzyme activities was not

linked to a shift in the gene..~ powential, but rather appeared to be attributable to enhanced

gene expression. Microliar runctional gene abundance merely reveals the potential of

microbial communitie. rather than reflecting the actual levels of gene expression

(Bergkemper et al., 2016; Trivedi et al., 2016). Further analyses, such as RNA-based

high-throughput sequencing, are suggested in order to test the response of gene expression

and its correlation with enzyme activity under long-term N and P inputs.

Microbial community composition shifted, functional gene abundance changed, and enzyme

activities were altered with 10 years of nutrient addition. Previous studies in the field found

that N and P fertilization did not influence microbial community structure, enzyme activity, or
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microbial C cycling (Jing et al., 2020; Ma et al., 2020). Such contrasting phenomena may be

due to multiple factors. First, the duration of nutrient addition, such as in short-term (4-5

years) versus long-term (10 years) studies, may yield contrasting results. Soil properties may

be stabilized under short-term nutrient addition due to the strong buffering capacity of the soil.

Soil microbial communities adapt to site-specific soil and environmental conditions.

Therefore, long-term investigations of the microbial response to environmental changes

should be conducted. Second, different methods were '.oc. Previous studies used

phospholipid fatty acids to quantify microbial community strui ture (Ma et al., 2020, 2021).

High-throughput amplicon sequencing, which can p-ovi'e more accurate information, was

used in the present study. However, the current ,tw iy was based on the one-time sampling of

surface soils (January 2021, 0-10 cm). Sun ic. dbial community structure and function may

vary between different seasons and >0il depths. Thus, sampling at multiple time points and

various soil depths is required tc comprehensively reveal the microbial responses to

environmental changes. The \ ‘atwork of Nutrient Enrichment Experiments in China’s Forests

was built with a small r.u.be, of replicates (three). Considering the large variation in the field,

more replicates are neec 2d in the future.

Conclusions

Ten years of nutrient addition shifted the soil microbial community composition. Fungi were

more sensitive to nutrient addition than bacteria, and the fungal community shift was mainly

driven by P availability (Fig. 8). N addition aggravated P limitation, to which microbes

responded by an increase in the abundance of P cycling functional genes and phosphatase
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activity. In contrast, P addition alleviated P deficiency and thus decreased the P cycling
functional gene abundance and phosphatase activity (Fig. 8). The shift of microbial
community composition, changes in the functional genes involved in P cycling, and
phosphatase activity were mainly driven by P addition and the subsequent alteration of soil
stoichiometry (C/P and N/P). Alleviating P deficiency through fertilization accelerated C
cycling by increasing the activity of C degradation enzymes. The abundance of C and P
functional genes was positively correlated, indicating the iri. <ive coupling of C and P
cycling in P-limited forest soil (Fig. 8). In summary, the ‘ong term fertilization experiment
demonstrates that soil microorganisms can adapt to indu-ed environmental changes in soil
nutrient stoichiometry, not only through shifts 7.1 ».1e microbial community composition and
functional gene abundances, but also thrcugi the regulation of enzyme production. Altogether,
these adaptations ensure the main*nance of microbial nutrient requirements and have
large-scale implications for ecosvster 1 rutrient cycling.

Acknowledgements

This study was support..' by the National Natural Science Foundation of China (31901161,
32001170, and 31872:71), the Science and Technology Planning Project of Guangzhou
(202102021182) and the RUDN University Strategic Academic Leadership Program.
Declaration of competing interest

The authors declare that there are no conflicts of interest in the present experiment.
References

Abarenkov, K., Nilsson, R.H., Larsson, K.-H., Alexander, 1.J., Eberhardt, U., Erland, S.,
Hoiland, K., Kjoller, R., Larsson, E., Pennanen, T., Sen, R., Taylor, A.F.S., Tedersoo, L.,

26



Ursing, B.M., Vralstad, T., Liimatainen, K., Peintner, U., Koljalg, U., 2010. The UNITE
database for molecular identification of fungi-recent updates and future perspectives. New
Phytol. 186, 281-285. https://doi.org/10.1111/j.1469-8137.2009.03160.x.

Allison, S.D., Wallenstein, M.D., Bradford, M.A., 2010. Soil-carbon response to warming
dependent on microbial physiology. Nat. Geosci. 3, 336-340. https://doi.org/10.1038/nge0846.
Bardgett, R.D., van der Putten, W.H., 2014. Belowground biodiversity and ecosystem
functioning. Nature 515, 505-511. https://doi.org/10.1038/natur:.”855.

Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taerle , P., Kauserud, H., 2010. ITS
as an environmental DNA barcode for fungi: an in silico approach reveals potential PCR
biases. BMC Microbiol. 10:189. https://doi.org/?v. .186/1471-2180-10-189.

Bergkemper, F., Schoeler, A., Engel, M., _a g, 1", Krueger, J., Schloter, M., Schulz, S., 2016.
Phosphorus depletion in forest sc.'s shapes bacterial communities towards phosphorus
recycling systems. Erviron. Microbiol. 18, 2767-2767.
https://doi.org/10.1111/1462-2720..3188.

Boot, C.M., Hall, E.K | Dei.cf, K., Baron, J.S., 2016. Long-term reactive nitrogen loading
alters soil carbon and 1 icrobial community properties in a subalpine forest ecosystem. Soil
Biol. Biochem. 92, 211-220. https://doi.org/10.1016/j.s0ilbi0.2015.10.002.

Brookes, P.C., Landman, A., Pruden, G., Jenkinson, D.S., 1985. Chloroform fumigation and
the release of soil nitrogen- a rapid direct extraction method to measure microbial biomass in
soil. Soil Biol. Biochem. 17, 837-842. https://doi.org/10.1016/0038-0717(85)90144-0.
Brookes, P.C., Powlson, D.S., Jenkinson, D.S., 1982. Measurement of microbial biomass
phosphorus in soil. Soil Biol. Biochem. 14, 319-329.

27



https://doi.org/10.1016/0038-0717(82)90001-3.

Camenzind, T., Haettenschwiler, S., Treseder, K.K., Lehmann, A., Rillig, M.C., 2018.

Nutrient limitation of soil microbial processes in tropical forests. Ecol. Monogr. 88, 4-21.

https://doi.org/10.1002/ecm.1279.

Camenzind, T., Hempel, S., Homeier, J., Horn, S., Velescu, A., Wilcke, W., Rillig, M.C., 2014.

Nitrogen and phosphorus additions impact arbuscular mycorrhizal abundance and molecular

diversity in a tropical montane forest. Global Chany. Jsiol. 20, 3646-3659.

https://doi.org/10.1111/gcb.12618.

Caporaso, J.G., Lauber, C.L., Walters, W.A., Berg-L\ons, D., Huntley, J., Fierer, N., Owens,

S.M., Betley, J., Fraser, L., Bauer, M., Gormley, . Gilbert, J.A., Smith, G., Knight, R., 2012.

Ultra-high-throughput microbial commi . * a.alysis on the Illumina HiSeq and MiSeq

platforms. ISME J. 6, 1621-1624. hi.»s://doi.org/10.1038/ismej.2012.8.

Carrara, J.E., Walter, C.A., Hawkins J 3., Peterjohn, W.T., Averill, C., Brzostek, E.R., 2018.

Interactions among plants, b. ~teria, and fungi reduce extracellular enzyme activities under

long-term N fe. Ctizaaon. Global Change Biol. 24, 2721-2734.

https://doi.org/10.1111/, cb.14081.

Carreiro, M.M., Sinsabaugh, R.L., Repert, D.A., Parkhurst, D.F., 2000. Microbial enzyme

shifts explain litter decay responses to simulated nitrogen deposition. Ecology 81, 2359-2365.

https://doi.org/10.1890/0012-9658(2000)081[2359: MESEL D]2.0.CO:2.

Castrillo, G., Teixeira, PJ.P.L., Paredes, S.H., Law, T.F., de Lorenzo, L., Feltcher, M.E.,

Finkel, O.M., Breakfield, N.W., Mieczkowski, P., Jones, C.D., Paz-Ares, J., Dangl, J.L., 2017.

Root microbiota drive direct integration of phosphate stress and immunity. Nature 543, 513—

28



518. https://doi.org/10.1038/nature21417.

Chen, J., Luo, Y., van Groenigen, K.J., Hungate, B.A., Cao, J., Zhou, X., Wang, R., 2018. A
keystone microbial enzyme for nitrogen control of soil carbon storage. Sci. Adv. 4: eaaq1689.
https://www.science.org/doi/10.1126/sciadv.aaq1689.

Chen, J., Sinsabaugh, R.L., 2021. Linking microbial functional gene abundance and soil
extracellular enzyme activity: Implications for soil carbon dynamics. Global Change Biol. 27,
1322-1325. https://doi.org/10.1111/gch.155086.

Dai, Z., Liu, G., Chen, H., Chen, C., Wang, J., Ai, S., \ i, )., Li, D., Ma, B., Tang, C.,
Brookes, P.C., Xu, J., 2020. Long-term nutrient inputs sh.t soil microbial functional profiles
of phosphorus cycling in diverse agroe.osystems. ISME J. 14, 757-770.
https://doi.org/10.1038/s41396-019-0567 4.

Dippold, M.A., Gunina, A., Apostel, ~., Boesel, S., Glaser, B., Kuzyakov, Y., 2019. Metabolic
tracing unravels pathways of funaal an J bacterial amino sugar formation in soil. Eur. J. Soil
Sci. 70, 421-430. https://doi.. *1/10.1111/ejss.12736.

Dixon, R.K., Solomon. .~.M., drown, S., Houghton, R.A., Trexier, M.C., Wisniewski, J., 1994.
Carbon pools and flux of global forest ecosystems. Science 263, 185-190.
https://www.science.org/doi/10.1126/science.263.5144.185.

Du, E., de Vries, W., Han, W., Liu, X., Yan, Z., Jiang, Y., 2016. Imbalanced phosphorus and
nitrogen deposition in China's forests. Atmos. Chem. Phys. 16, 8571-8579.
https://doi.org/10.5194/acp-16-8571-2016.

Du, E., Zhou, Z., Li, P, Hu, X., Ma, Y., Wang, W., Zheng, C., Zhu, J., He, J.-S., Fang, J., 2013.
NEECEF: a project of nutrient enrichment experiments in Chinas forests. J. Plant Ecol. 6, 428—

29



435. https://doi.org/10.1093/jpe/rtt008.

Duhamel, S., Diaz, J.M., Adams, J.C., Djaoudi, K., Steck, V., Waggoner, E.M., 2021.
Phosphorus as an integral component of global marine biogeochemistry. Nat. Geosci. 14,
359-368. https://doi.org/10.1038/s41561-021-00755-8.

Engelking, B., Flessa, H., Joergensen, R.G., 2007. Shifts in amino sugar and ergosterol
contents after addition of sucrose and cellulose to soil. Soil Biol. Biochem. 39, 2111-2118.
https://doi.org/10.1016/j.s0ilbio.2007.03.020.

Gunina, A., Kuzyakov, Y., 2022. From energy to (soil orgar ic) n atter. Global Change Biol. 28,
2169-2182. https://doi.org/10.1111/gch.16071.

Hogberg, M.N., Hogberg, P., Myrold, D.D., 2Cu/. Is microbial community composition in
boreal forest soils determined by pH, C-tr-iv rauc, the trees, or all three? Oecologia 150, 590
601. https://doi.org/10.1007/s00442-216-0562-5.

Hu, J., Huang, C., Zhou, S., liu, X, Dijkstra, F.A., 2022. Nitrogen addition increases
microbial necromass in cropi.nds and bacterial necromass in forests: A global meta-analysis.
Soil Biol. Biochem. 16%. *05300. https://doi.org/10.1016/j.s0ilbio.2021.108500.

Huang, J., Chen, W., (', K., Yang, B., Bao, W., Pang, X., 2018. Distinct effects of N and P
addition on soil enzyme activities and C distribution in aggregates in a subalpine spruce
plantation. Biogeochemistry 141, 199-212. https://doi.org/10.1007/s10533-018-0513-3.
Huang, W., Zhou, G., Liu, J., 2012. Nitrogen and phosphorus status and their influence on
aboveground production under increasing nitrogen deposition in three successional forests.
Acta Ecol. 44, 20-27. https://doi.org/10.1016/j.acta0.2011.06.005.

Huang, Y., Liang, C., Duan, X., Chen, H., Li, D., 2019. Variation of microbial residue

30



contribution to soil organic carbon sequestration following land use change in a subtropical
karst region. Geoderma 353, 340-346. https://doi.org/10.1016/j.geoderma.2019.07.028.
Indorf, C., Dyckmans, J., Khan, K.S., Joergensen, R.G., 2011. Optimisation of amino sugar
quantification by HPLC in soil and plant hydrolysates. Biol. Fert. Soils 47, 387-396.
https://doi.org/10.1007/s00374-011-0545-5.

Janssens, I.A., Dieleman, W., Luyssaert, S., Subke, J.A., Reichstein, M., Ceulemans, R., Ciais,
P., Dolman, A.J., Grace, J., Matteucci, G., Papale, D., Piao, S.L ., C~huize, E.D., Tang, J., Law,
B.E., 2010. Reduction of forest soil respiration in response 0 nih ‘-ogen deposition. Nat. Geosci.
3, 315-322. https://doi.org/10.1038/nge0844.

Jiang, L., Tian, D., Ma, S., Zhou, X., Xu, L., Zhi,, v, Jing, X., Zheng, C., Shen, H., Zhou, Z.,
Joergensen, R.G., 2018a. Amino sugars 2. s 2cn < indices for fungal and bacterial residues in
soil. Biol. Fert. Soils 54, 559-568. h.:ns://doi.org/10.1007/s00374-018-1288-3.

Jiang, L., Tian, D., Ma, S., Zhou. X. XuJ, L., Zhu, J., Jing, X., Zheng, C., Shen, H., Zhou, Z.,
Li, Y., Zhu, B., Fang, J., 20.8b. rhe response of tree growth to nitrogen and phosphorus
additions in a trop’..' .iontane rainforest. Sci. total environ. 618, 1064-1070.
https://doi.org/10.1016/, scitotenv.2017.09.099.

Jing, X., Chen, X., Fang, J., Ji, C., Shen, H., Zheng, C., Zhu, B., 2020. Soil microbial carbon
and nutrient constraints are driven more by climate and soil physicochemical properties than
by nutrient addition in forest ecosystems. Soil Biol. Biochem. 141: 107657.
https://doi.org/10.1016/j.s0ilbi0.2019.107657.

Kouno, K., Tuchiya, Y., Ando, T., 1995. Measurement of soil microbial biomass phosphorus
by an anion-exchange membrane method. Soil Biol. Biochem. 27, 1353-1357.

31



https://doi.org/10.1016/0038-0717(95)00057-L.

LeBauer, D.S., Treseder, K.K., 2008. Nitrogen limitation of net primary productivity in
ecosystems is globally distributed. Ecology 89, 371-379. https://doi.org/10.1890/06-2057.1.
Li, J., Li, Z., Wang, F., Zou, B., Chen, Y., Zhao, J., Mo, Q., Li, Y., Li, X., Xia, H., 2015.
Effects of nitrogen and phosphorus addition on soil microbial community in a secondary
tropical forest of China. Biol. Fert. Soails 51, 207-215.
https://doi.org/10.1007/s00374-014-0964-1.

Liu, L., Gundersen, P., Zhang, T., Mo, J., 2012. Effect: of phosphorus addition on soil
microbial biomass and community composition in ttree ‘orest types in tropical China. Soil
Biol. Biochem. 44, 31-38. https://doi.org/10.101%/) ,0ilbio.2011.08.017.

Lu, X., Mao, Q., Gilliam, F.S., Luo, Y., "0, J., 2014. Nitrogen deposition contributes to soil
acidification in tropical ecosy~tems. Global Change Biol. 20, 3790-3801.
https://doi.org/10.1111/gcb.12665.

Ma, S., Chen, G., Tang, W., . "ing, A., Chen, X., Xiao, W., Zhou, L., Zhu, J., Li, Y., Zhu, B.,
Fang, J., 2021. Inconsisione responses of soil microbial community structure and enzyme
activity to nitrogen ana shosphorus additions in two tropical forests. Plant soil 460, 453-468.
https://doi.org/10.1007/s11104-020-04805-9.

Ma, S., Chen, G., Tian, D., Du, E., Xiao, W.,, Jiang, L., Zhou, Z., Zhu, J., He, H., Zhu, B.,
Fang, J., 2020. Effects of seven-year nitrogen and phosphorus additions on soil microbial
community structures and residues in a tropical forest in Hainan Island, China. Geoderma 361.
https://doi.org/10.1016/j.geoderma.2019.114034.

Ma, X., Mason-Jones, K., Liu, Y., Blagodatskaya, E., Kuzyakov, Y., Guber, A., Dippold, M.A.,

32



Razavi, B.S., 2019. Coupling zymography with pH mapping reveals a shift in lupine
phosphorus acquisition strategy driven by cluster roots. Soil Biol. Biochem. 135, 420-428.
https://doi.org/10.1016/j.s0ilbio.2019.06.001.

Marklein, A.R., Houlton, B.Z., 2012. Nitrogen inputs accelerate phosphorus cycling rates
across a wide wvariety of terrestrial ecosystems. New Phytol. 193, 696-704.
https://doi.org/10.1111/j.1469-8137.2011.03967.X.

Moore, J.A.M., Anthony, M.A., Pec, G.J., Trocha, L.K., Treeny, A., Geyer, K.M., van
Diepen, L.T.A., Frey, S.D., 2021. Fungal community sructre and function shifts with
atmospheric ~ nitrogen  deposition.  Global Chayge  Biol. 27, 1349-1364.
https://doi.org/10.1111/gcb.15444.

Mori, T., Lu, X., Aoyagi, R., Mo, J., 20%s. Reconsidering the phosphorus limitation of soil
microbial  activity in tropicai forests. Functional Ecology 32, 1145-1154.
https://doi.org/10.1111/1365-2435.12 )4 3.

Morrissey, E.M., Mau, R.L., Jchwartz, E., Caporaso, J.G., Dijkstra, P., van Gestel, N., Koch,
B.J., Liu, C.M., Hayer, I 4, iMcHugh, T.A., Marks, J.C., Price, L.B., Hungate, B.A., 2016.
Phylogenetic  organizition of bacterial activity. ISME J. 10, 2336-2340.
https://doi.org/10.1038/ismej.2016.28.

Pan, Y., Birdsey, R.A., Fang, J., Houghton, R., Kauppi, P.E., Kurz, W.A., Phillips, O.L.,
Shvidenko, A., Lewis, S.L., Canadell, J.G., Ciais, P., Jackson, R.B., Pacala, S.W., McGuire,
A.D., Piao, S., Rautiainen, A., Sitch, S., Hayes, D., 2011. A large and persistent carbon sink in
the world’s forests. Science 333, 988-993.
https://www.science.org/doi/10.1126/science.1201609.

33



Phillips, R.P., Brzostek, E., Midgley, M.G., 2013. The mycorrhizal-associated nutrient
economy: a new framework for predicting carbon-nutrient couplings in temperate forests.
New Phytol. 199, 41-51. https://doi.org/10.1111/nph.12221.

Reay, D.S., Dentener, F., Smith, P., Grace, J., Feely, R.A., 2008. Global nitrogen deposition
and carbon sinks. Nat. Geosci. 1, 430-437. https://doi.org/10.1038/nge0230.

Rousk, J., Baath, E., Brookes, P.C., Lauber, C.L., Lozupone, C., Caporaso, J.G., Knight, R.,
Fierer, N., 2010. Soil bacterial and fungal communities across - ' y.adient in an arable soil.
ISME Journal 4, 1340-1351. https://www.nature.com/articl: s/isr 1ej201058.

Shah, F,, Nicolas, C., Bentzer, J., Ellstrom, M., Smit<, M. Rineau, F., Canback, B., Floudas,
D., Carleer, R., Lackner, G., Braesel, J., Hoffme sv r, D., Henrissat, B., Ahren, D., Johansson,
T., Hibbett, D.S., Martin, F., Persson, P., " u lia, A., 2016. Ectomycorrhizal fungi decompose
soil organic matter using oxidative mechanisms adapted from saprotrophic ancestors. New
Phytol. 209, 1705-1719. https://doi.c "0/10.1111/nph.13722.

Shao, S., Zhao, Y., Zhang, V." Hu, G., Xie, H., Yan, J., Han, S., He, H., Zhang, X., 2017.
Linkage of microbial .:siuue dynamics with soil organic carbon accumulation during
subtropical forest succession. Soil Biol. Biochem. 114, 114-120.
https://doi.org/10.1016/j.s0ilbio.2017.07.007.

Smith S.E, Read D.J., 2008. Mycorrhizal symbiosis, 3rd edn. New York: Academic Press.
Soong, J.L., Fuchslueger, L., Maranon-Jimenez, S., Torn, M.S., Janssens, I.A., Penuelas, J.,
Richter, A., 2020. Microbial carbon limitation: The need for integrating microorganisms into
our understanding of ecosystem carbon cycling. Global Change Biol. 26, 1953-1961.
https://doi.org/10.1111/gcb.14962.

34



Soong, J.L., Maranon-Jimenez, S., Cotrufo, M.F., Boeckx, P., Bode, S., Guenet, B., Penuelas,
J., Richter, A., Stahl, C., Verbruggen, E., Janssens, I.A., 2018. Soil microbial CNP and
respiration responses to organic matter and nutrient additions: Evidence from a tropical soil
incubation. Soil Biol. Biochem. 122, 141-149. https://doi.org/10.1016/j.s0ilbi0.2018.04.011.
Tang, W., Chen, D., Phillips, O.L., Liu, X., Zhou, Z., Li, Y., Xi, D., Zhu, F.,, Fang, J., Zhang,
L., Lin, M., Wu, J., Fang, Y., 2018. Effects of long-term increased N deposition on tropical
montane forest soil N, and N,O emissions. Soil Bio'. Siucchem. 126, 194-203.
https://doi.org/10.1016/j.s0ilbio.2018.08.027.

Tian, B.Y., Cao, Y., Zhang, K.Q., 2015. Metagenomi-. ins: Jhts into communities, functions of
endophytes, and their associates with infectio. by root-knot nematode, Meloidogyne
incognita, in tomato roots. Sci. Rep. 25:17us”. h.ps://doi.org/10.1038/srepl17087.

Treseder, K.K., Balser, T.C., Bradicvd, M.A., Brodie, E.L., Dubinsky, E.A., Eviner, V.T.,
Hofmockel, K.S., Lennon, J.T., Levi e U.Y., MacGregor, B.J., Pett-Ridge, J., Waldrop, M.P,,
2012. Integrating microbiai ecolugy into ecosystem models: challenges and priorities.
Biogeochemistry 109, 7 28. \.(ps://doi.org/10.1007/s10533-011-9636-5.

Trivedi, P., Delgado-Ba uerizo, M., Trivedi, C., Hu, H., Anderson, 1.C., Jeffries, T.C., Zhou,
J., Singh, B.K., 2016. Microbial regulation of the soil carbon cycle: evidence from
gene-enzyme relationships. ISME J. 10, 2593-2604. https://doi.org/10.1038/ismej.2016.65.
van der Heijden, M.G.A., Martin, F.M., Selosse, M.-A., Sanders, I.R., 2015. Mycorrhizal
ecology and evolution: the past, the present, and the future. New Phytol. 205, 1406-1423.
https://doi.org/10.1111/nph.13288.

Wang, A., Zhu, W., Gundersen, P., Phillips, O.L., Chen, D., Fang, Y., 2018. Fates of

35



atmospheric deposited nitrogen in an Asian tropical primary forest. Forest ecol. manag. 411,

213-222. https://doi.org/10.1016/j.foreco.2018.01.029.

Widdig, M., Heintz-Buschart, A., Schleuss, P.-M., Guhr, A., Borer, E.T., Seabloom, E.W.,

Spohn, M., 2020. Effects of nitrogen and phosphorus addition on microbial community

composition and element cycling in a grassland soil. Soil Biol. Biochem. 151: 108041.

https://doi.org/10.1016/j.s0ilbio.2020.108041.

Wood, S.A., Bradford, M.A., Gilbert, J.A., McGuire, K.L., Pal:ii, <.+, Tully, K.L., Zhou, J.,

Naeem, S., 2015. Agricultural intensification and the funciiona: capacity of soil microbes on

smallholder African farms. J. Aopl. Ecol. 52, 744-752.

https://doi.org/10.1111/1365-2664.12416.

Wau, J., Joergensen, R.G., Pommerening, ., ~hacssod, R., Brookes, P.C., 1990. Measurement

of soil microbial biomass C by fu.~igation extraction-an automated procedure. Soil Biol.

Biochem. 22, 1167-1169. https://doi.rr,/10.1016/0038-0717(90)90046-3.

Yuan, Y., Li, Y., Mou, Z, Kang, L., Wu, W., Zhang, J., Wang, F., Hui, D., Penuelas, J.,

Sardans, J., Lambers, .., Wuig, J., Kuang, VY., Li, Z.a., Liu, Z., 2021. Phosphorus addition

decreases microbial re:‘dual contribution to soil organic carbon pool in a tropical coastal

forest. Global Change Biol. 27, 454—-466. https://doi.org/10.1111/gcbh.15407.

Zheng, M., Huang, J., Chen, H., Wang, H., Mo, J., 2015. Responses of soil acid phosphatase

and beta-glucosidase to nitrogen and phosphorus addition in two subtropical forests in

southern China. Eur. J. Soil Biol. 68, 77-84. https://doi.org/10.1016/j.ejsobi.2015.03.010.

Zhou, Z., Jiang, L., Du, E., Hu, H., Li, Y., Chen, D., Fang, J., 2013. Temperature and substrate

availability regulate soil respiration in the tropical mountain rainforests, Hainan Island, China.

36



Journal Pre-proof

J. Plant Ecol. 6, 325-334. https://doi.org/10.1093/jpe/rtt034.

37



Figures captions

Fig. 1 Relative abundances of the dominant bacterial and fungal groups at the phylum level
under the control, nitrogen (N), phosphorus (P), and combined nitrogen and phosphorus (N+P)
fertilization treatments in tropical primary forest soils (a and c). Lowercase letters indicate
significant differences (p < 0.05, least significant difference (LSD) test between treatments.
The Shannon diversity (considering phyla as individuals) is given above each bar. Letters
beside the diversity values represent significant differercc> (0 <0.05). Redundancy
discriminate analysis (RDA) plots illustrate the relationsh ns b :tween soil physico-chemical
properties and the dominant bacteria and fungal rnyla (b and d), microbial community
composition and enzyme activities, and func’«or.al gene abundance (e and f). Principal
coordinates analysis (PCoA) between trzawens was conducted based on the operational

taxonomic units for bacteria and funy* (g and h).

Fig. 2 Activities of B-glucoc dase (B-Glu), xylosidase (XYL), N-acetylglucosaminidase
(NAG), leucine-aminopentida-= (LAP), acid phosphatase (ACP), and alkaline phosphatase
(ALP) in the soil ¢ a vwnni_al primary forest under the control, nitrogen (N), phosphorus (P),
and combined N and P (N+P) addition treatments. Lowercase letters indicate significant
differences (p < 0.05, least significant difference (LSD) test between treatments. Values are

means = SE (n =3).

Fig. 3 Content of individual and total amino sugars (reflecting microbial necromass content)
in the soil of a tropical primary forest under the control, nitrogen (N), phosphorus (P), and
combined N and P (N+P) addition treatments. Lowercase letters indicate significant
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differences (p < 0.05, least significant difference (LSD) test between treatments. Values are
means + SE (n = 3). GalN, galactosamine; GluN, glucosamine; F-GIuN, fungal glucosamine;

MurN, muramic acid; Total ASs, total amino sugars.

Fig. 4 Abundances of genes involved in microbial cellular P response and the mineralization
of soil organic P: alkaline phosphatase (phoA) (a), phytate hydrolysis (phytases) (b), C-P
lyases (phn) (c) and exopolyphosphatase (ppx) (d), high affinity "i-specific transporters (pst)
(e); P-starvation response regulation (phoB) (f) under the con.nl nitrogen (N), phosphorus
(P), and combined nitrogen and phosphorus (NP) adu.‘ion treatments in tropical primary
forest. Lowercase letters indicate significant differences (1 < 0.05, least significant difference

(LSD) test) between treatments. Values are means = GE (n = 3).

Fig. 5 Abundances of genes indic.‘ing the decomposition of organic compounds (starch,
cellulose, hemicellulose, chitin, and lirnin) in tropical primary soils under the control (C),
nitrogen (N), phosphorus (F, and combined N and P (N+P) addition treatments. Signal
intensities were summeJ >nu ormalized by the probe number for each substance. Lowercase
letters indicate significant differences (p < 0.05, least significant difference (LSD) test

between treatments. Values are means + SE (n = 3).

Fig. 6 Redundancy analysis (RDA) ordination biplot of soil properties and enzyme activities

(a), and soil properties and functional genes (b).

Fig. 7 Relationship between acid phosphatase activity and alkaline phosphatase activity with
P cycling gene abundance (a and b), and B-glucosidase and xylosidase (XYL) activity with
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carbon degradation gene abundance (c and d).

Fig. 8 A conceptual figure illustrating the microbial community, enzyme activity, and

functional gene abundance in response to long-term N and P inputs in tropical forests.
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Table 1 Effects of nitrogen (N), phosphorus (P), and combined nitrogen and phosphorus (NP)

fertilizer addition to the soil of a tropical primary forest on carbon C, N, and P pools, and soil

microbial biomass C, N, and P content.

Treatment (kg ha™ year ™)

Control N P NP
50 50 50-50

Soil chemistry
pH 4.8+0.1a 4.7+0.1a 4.8+0.1a 47+0.1a
Ca®" ( cmol1/3AI3kg-1) 0.4+0.10 a 1.1+0.3h 0.9+0.1ab  0.4#0.0a
AP (cmol1/3AP kg ™) 3.6x0.4a 59+05%a  4.0+0.3a 59+1.1a
Fe** (cmol1/3Fe®'kg™) 76.7+4.2 a 73.7+4va  828*1.7a  795%3.1a
K* (cmol K*kg™) 96.3+3.8 a 70 .4+.13a 79.7£126a 84.8+154a
Soil organic carbon (SOC) (g C* kg ) 219+4.1a c'225.6a 20.4+2.7 a 23.1+34a
Dissolved organic carbon (DOC) (mg 255+39.2a 7£5+49.1a 281+104.3a 284+949a
Clg?
Total nitrogen (TN) (g N kg™) 1.6£0.2 a 1. 7+0.4a 1.5+0.3 a 1.7+0.2a
Nitrate N (mg N kg™) 132440 3 11.5+2.9a  9.1#3.1a 8.5t1.5a
Ammonium N (mg N kg ™) .?.F:34a 28.7+3.0a 421+110a 40.7t11.9a
Total phosphorus (TP)(mg/kg) 140+.0a 140+30 a 220120 a 19020 a
Available phosphorus (AP) (mg /kg) .5h+0.7a 25+09a 12.0£1.5¢c 6.2+0.4 b
C:N 13.8+1.2a 14.6x1.1a 13.7¢0.5a 134404 a
CP 156+£10.0 ¢ 167£75¢ 93+7.3a 123+3.8b
N:P 11.340.3 ¢ 11.5+0.4 c 6.9+0.8 a 9.2+0.3b
Soil microbial biomass
MBN (mg kg% 68.5+16.4 a 776+124a 57.1+128a 93.1+228a
MBC (mg kg™) 554+18.2 a 679+24.3a  465+142.3a 573+829a
MBP (mg kg™) 22.245.1a 26.5+4.0ab  32.7+6.3ab  40.1+3.3b
MBC: MBP 274454 b 26.7£3.6 b 13.7x1.5a 14.5+2.3 a
MBN: MBP 3.1£0.4 Db 3.0£0.4 b 1.7£0.1a 2.3t0.5ab

Lowercase letters indicate significant differences (p <0.05, LSD test) between treatments.

Values are means £ SE (n = 3).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 8
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Highlights

Microbial community composition was more sensitive to P than to N addition.

Fungi were more sensitive to N and P addition than bacteria.

Nitrogen addition increased phosphatase activity and P addition decreased it.

Eliminating P deficiency can accelerate C cycling.

Carbon and P cycling are tightly coupled.
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