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Abstract

Biochar has been considered as a promising soil amendment for improving fertility and mitigating N,O emission from the arable
land. However, biochar’s effectiveness in acidic tea soil and underlying mechanisms are largely unknown. We conducted a short-
term microcosm experiment using two biochars (1% w/w, LB, generated from legume and NLB, non-legume biomass, respec-
tively) to investigate the effects of biochar amendments on soil chemical properties, N,O emission, and microbial community in
an acidic soil. Soil and headspace gas samples were taken on 1, 10, and 30 day’s incubation. Biochar amendment increased soil
pH and DOC, however, significantly reduced soil inorganic N. Both biochars at ~ 1% addition had little effect on microbial CO,
respiration but suppressed soil N,O emission by ~40% during the incubation. The divergence in N,O efflux rates between soils
with and without biochar addition aligned to some degree with changes in soil pH, inorganic N, and dissolved organic C (DOC).
We also found that biochar addition significantly modified the fungal community structure, in particular the relative abundance of
members of Ascomycota, but not the bacterial community. Furthermore, the copy number of nosZ, the gene encoding N,O
reductase, was significantly greater in biochar-amended soils than the soil alone. Our findings contribute to better understanding
of the impact of biochar on the soil chemical properties, soil N,O emission, and microbial community and the consequences of
soil biochar amendment for improving the health of acidic tea soil.
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Introduction

Tea (Camellia sinensis) an important cash crop often requires
a high rate of N fertilization (i.e., > 300 kg N ha™) and slightly
acidic soil conditions (pH 4.5-6.0) to grow well (USEPA
2008; Xue et al. 2010). However, the long-term and high rate
of N fertilization may accelerate the acidification of originally
acidic soil, resulting in a further decline of soil available nu-
trients, such as P, Ca, and Mg and yet an increase of Al toxicity
(Han et al. 2008; Li et al. 2016a; Alekseeva et al. 2010). The
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long-term and high rate of N fertilization also enhances soil
nitrous oxide (N,O) emissions compared to arable lands cul-
tivated with other grain and cash crops, such as maize, wheat,
and rice (Oertel et al. 2016). It is estimated that ~ 61 kg N,O-N
ha™' has been emitted annually from the soil of tea plantations
in East Asia (Li et al. 2016¢). Substantial N,O emission gen-
erates not only an economic loss but also great environmental
concerns given that N,O contributes to global warming and
damages the stratospheric ozone (Ravishankara et al. 2009).
Hence, there is an urgent need for developing management
practices that can help maintain soil pH and yet reduce soil
N,O emissions from tea plantations. Land application of bio-
char has been considered as a promising management strategy
to ameliorate soil physical, chemical, and biological properties
as well as mitigate soil N,O emissions.

The impacts of biochar on soil physical properties have
been largely investigated (Blanco-Canqu 2017). In general,
biochar amendment can reduce soil bulk density by 3-31%
and increase soil porosity by 14-64%, aggregate stability by
3-226%, and water availability by 4-130%. Biochar also of-
fers many opportunities to manipulate soil chemical
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properties. Given its alkalinity, liming potential represents one
of the significant impacts of biochar, specifically for a highly
weathered and acidic soil. Soil pH may be increased by up
to one unit, although this requires a large amount of bio-
char application (e.g., 40 tons ha™') (Laird et al. 2010;
Chintala et al. 2014). The pH improvement often leads
to enhanced soil fertility and a reduction in exchangeable
Al, and thus Al toxicity (Syuhada et al. 2016; Domingues
et al. 2017). Further, biochar can help enhance soil nutri-
ent retention through its capacity for cation and/or anion
exchanges, and this trait is particularly beneficial for soil
having extra N of plant needs.

The concept that land application of biochar can effectively
reduce N,O emissions has been fairly well recognized.
Underlying mechanisms have also been elucidated to some
extent. Under anoxic conditions, for example, biochar may
limit the total rate of denitrification and also stimulate the
complete reduction from NO;5™ to N, by regulating soil pH,
buffering capacity, moisture, aeration, and substrate availabil-
ity (i.e., dissolved organic C (DOC) and NO5") (Cayuela et al.
2013; Clough et al. 2013). Molecular-level investigations fur-
ther demonstrated that biochar’s mitigation on soil N,O emis-
sion could be at the population and pertinent gene expression
levels (Ducey et al. 2013; Harter et al. 2014;Wang et al. 2013;
Li et al. 2016b; Xu et al. 2014). In general, biochar has sup-
pressive or no effects on the abundances of nirS and nirK,
genes encoding NO reductase for catalyzing the reduction
from NO to N,O, but often stimulates the abundance of
nosZ, the gene encoding N,O reductase for catalyzing the
reduction from N,O to N,. Accordingly, biochar does not
affect or even abate N,O production and yet enhances N,O
consumption.

Besides denitrification, other microbial processes, such as
nitrification and fungal NO reduction, can also contribute to
soil N,O emissions (Chen et al. 2014; Huang et al. 2017; Li
et al. 2018). However, biochar’s influences on the ammonia
oxidizing microorganisms and fungal community are largely
unknown. In this work, we examined the impacts of biochar
on chemical and biological properties of a soil collected from
a tea plantation. Specifically, we aimed to compare bio-
char’s influences on population sizes of ammonia oxidiz-
ing archaea, ammonia oxidizing bacteria, and bacterial
denitrifying organisms and their associations with the
rates of soil N,O emissions. We also evaluated the fungal
community compositional changes in response to biochar
addition. Here, two biochars generated from legume and
non-legume biomass, respectively, were used for making
better inferences of mechanisms by which biochar may
help improve acidic tea soil health. Our hypotheses were
that (1) both biochars were able to improve soil pH and
reduce soil N,O emissions, and (2) effects could occur at
microbial population size and/or community composi-
tional levels.

Materials and methods
Soil and biochar samples

The soil sample (0-20 cm depth) was collected in March 2017
from a garden of famous Chinese green tea (West lake
Longjing) in Hangzhou (30° 11° N, 120° 5” E), eastern
China, where the annual mean temperature was ~ 17 °C, and
annual precipitation ranged from 1720 to 2100 mm. This soil
was developed from Anshan quartz-free porphyry and classi-
fied as ultisols (Han et al. 2013). Fertilizer N was applied at ~
900 kg N ha™ year™ to this 36-year-old tea plantation, leading
to a higher N,O emissions compared with that in adjacent
vegetable and forest systems (Han et al. 2013). The soil had
pH 3.7, 58 g organic C kg™ soil, and 4.6 g organic N kg™ soil.

Legume and non-legume biomass biochars (i.e., LB and
NLB) were made from the pyrolysis of soybean and rice
straws, respectively, under 500 °C and N, for 6 h (Khan
et al. 2015). LB and NLB were similar in pH 10.1 and
NH,*-N ~ 11 mg kg™, but differed significantly in electrical
conductivity (EC) and NO;™-N. The EC and NO5-N in NLB
were 10.4 mS cm™ and 6.6 mg kg™, respectively, which were
~ 2 times greater than the respective values in LB.

Experimental setup

An incubation experiment was set up to examine the impacts
of biochar amendment on acidic tea plantation soil N,O emis-
sions and also soil chemical and biological properties. Three
treatments were (1) soil alone (CK), (2) soil with the addition
of 1% LB, equivalent to a biochar application rate of 20 Mg
ha!, and (3) soil with the addition of 1% NLB. For improving
homogenous mixing with 2-mm-sieved soil sample, biochar
was ground to fine powder (< 0.9 mm). Respective treatments
(10 g soil of dry weight equivalent) were packed into 120-mL
serum bottles (5.5 cm dia.) in three replicates at a bulk density
of 1.1 g cm™, adjusted soil moisture to 60% water holding
capacity, and incubated at 25 + 0.5 °C in an incubator for 30
days. During the incubation, serum bottles remained capped
but air flushed for 30 min after soil and headspace gas samples
were taken on day 1, 10, and 30 (Yu et al. 2019). At each time
point, gas samples were withdrawn from the headspace of
each bottle using an auto-determination system a gas chroma-
tography, and soil of each bottle was sampled for determined
basic properties and stored at 4 °C.

Measurements of soil pH, inorganic N, and DOC

Soil pH was measured using a pH meter at a soil-to-water ratio
of 1:2.5. Soil NH,4*- and NO;™-N were analyzed using a con-
tinuous flow colorimeter (SEAL AutoAnalyzer 3,
Southampton, UK) after soil samples were extracted with
2 M KCI solution (1:5 w/v), shaken for 1 h, and filtered.
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DOC was measured using a total C analyzer (vario TOC,
Elementar, Germany) after soil samples were extracted with
0.05 M K,S0, (1:10 w/v) and filtered following the method of
Jones and Willett (2006).

N,O and CO, effluxes and biological contribution

Gas samples (3 ml) were withdrawn from the headspace of
serum bottles using an auto-sampler (CTC analytics AG), and
pumped by a Gilson Minipuls® 3 peristaltic pump into a gas
chromatography (Agilent 7890A, Agilent, Palo Alto, CA,
USA) for measuring N,O with an electron capture detector
and CO, with a thermal conductivity dector. Soil N,O (or
CO,) efflux (ug N kg™' soil day™) was calculated by the equa-
tion: ((Csampic - Cair) X M x V)/(r x m X t), where Cgympie and
C.ir are N,O (or CO,) concentrations in the headspace gas
sample and atmosphere (ppbv), respectively; M is molar mass
of N,O (or CO,, kg mol'l); V is the volume of serum bottle
headspace (L); r is the molar volume at 25 °C and 1 atm.
(24.45 L mol™"); m is the dry weight of soil (kg); and ¢ is the
measuring time (day).

For determining the contribution of nitrification and deni-
trification to soil N,O emissions, another 3-day incubation
experiment was conducted to compare soil N,O emissions
with or without the addition of a nitrification inhibitor.
Concerned over < 100% inhibition efficiency, we used two
nitrification inhibitors, acetylene (0.1% v/v) and
dicyandiamide (DCD, 20 pg g' soil) to examine
nitrification-mediated N>O emissions. Headspace N,O was
sampled and measured on day 3 according to the methods
described previously.

qPCR and MiSeq sequencing

At the end of incubation, soil genomic DNA was extracted
from 0.5 g soil with the PowerSoil® DNA Isolation Kit
(MoBio, Carlsbad, CA) according to the manufacturer’s pro-
tocols. DNA concentration was measured using a NanoDrop
ND 2000 spectrometer (DE, United States) and stored at — 20
°C prior to qPCR and high-throughput sequencing.

qPCR was performed to determine copy numbers of func-
tional genes involved in nitrification and denitrification. The
genes amoA, nirS/nirK, and nosZ that encode ammonia
monooxygenase in both ammonia oxidizing bacteria (AOB)
and ammonia oxidizing archaea (AOA), nitrite reductase, and
nitrous oxide reductase, respectively, were quantitatively am-
plified on a 96-well plate with a real-time PCR detection sys-
tem (Light Cycle 480, Roche, United States) using respective
target primers (Table A1) (Throback et al. 2004; Tourna et al.
2008; Yu et al. 2019). Each 20 uL qPCR reaction solution
contained 0.4 uL primer pair at respective concentration, 1
puL sample DNA (~ 10 ng), 10 pL 2 x SYBER Green qPCR
Master Mix (Thermo Scientific, NY, United States), and 8.6
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pL milli-Q water.qPCR cycling conditions included initial
denaturation at 95 °C for 3 min, followed by 40 cycles of
30 s at 95 °C for denaturation, 30 s at respective annealing
temperature required for individual primer pairs, and 30 s at
72 °C for extension, and then 5 min final extension at 72 °C.
The specificity of the qPCR reaction was estimated by melting
curve analysis (60-95 °C). Negative controls were also in-
cluded in the qPCR analysis. The standard curve for determin-
ing the respective functional gene copy number was made
using a series of 10-fold dilution of plasmid DNA that
contained the target functional gene with known copy number
(Yu et al. 2019).

MiSeq sequencing was run on an Illumina MiSeq platform
(300 x 2 paired end, [llumina, San Diego, CA, USA) after the
preparation of 16S rRNA gene and ITS region libraries. First,
PCR amplifications were made for bacteria 16S rRNA gene
and fungal ITS region using the primer pairs 515F/907R and
ITST1F/ITS2R, both with barcodes attached to 5’ end, respec-
tively (Wang et al. 2018). A total of 50 uL of PCR reaction
comprised 25 pL of 2 x GoTaq Green master mix (Promega,
Madison, WI, USA), 2 uL (~ 10 ng/uL) of template DNA, 1
pL of 10 mM of forward and reverse primers containing
barcodes, and 21 pLL of milli-Q water. PCR conditions includ-
ed 5 min initial denaturation at 95 °C; 35 cycles of 30 s dena-
turation at 95 °C, 30 s annealing at 55 °C for bacterial 16S
rRNA gene, and 60 °C for fungal ITS region, and 45 s exten-
sion at 72 °C, followed by 7 min final extension at 72 °C.
Then, PCR products were purified using a TIANgel Midi
Purification Kit (Tiangen Biotech, Beijing, China) and quan-
tified using a NanoDrop™ ™ 2000 spectrophotometer (Thermo
Scientific, NY, USA). Purified products were pooled in equi-
molar amounts for sequencing. Sequence reads have been
deposited into the NCBI Sequence Read Archive (SRA) under
the BioProject PRINAS517215.

Data analysis

Two-way analysis of variance (ANOVA) was used to evaluate
if differences in chemical and biological properties were sig-
nificant among three treatments (CK, LB, and NLB) over the
incubation using SPSS 20.0 (IBM Corp, Armonk, N.Y.,
USA). Raw reads were demultiplexed, trimmed to the expect-
ed size (300-385 bp for 16S rRNA gene and 190-380 bp for
ITS region), and then chimeras removed using USEARCH
v6.1.544. After quality trimming, sequences were clustered
into operational taxonomic units (OTUs) at 97% sequence
similarity and taxonomy was assigned using sequences avail-
able in the SILVA databases.

Operational taxonomic units (OTUs) with 97% similarity
were picked up using QIIME 1.9.1 and taxonomy was
assigned using sequences available in the Greengenes data-
base (13.8) for 16S rRNA gene sequencing data and UNITE
database (12.11) for fungal ITS region sequencing data. OTUs
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were analyzed for alpha and beta diversity at sequencing depth
35,000 for bacteria and 27,000 for fungi. Distance-based re-
dundancy analysis (dbRDA) was made from Bray-Curtis dis-
tance and soil chemical properties using the PRIMER
(Plymouth Routines in Multivariate Ecological Research
Statistical Software, v7.0.13, PRIMER-E Ltd, UK).

Results

Temporal changes in soil pH, inorganic N, and DOC
following biochar addition

Biochar addition did not alter dynamic patterns of soil pH,
inorganic N, and dissolved organic C during the incubation
process, but led to increases or decreases in respective soil
properties, compared to the soil alone treatment (Fig. 1). Soil
pH was increased immediately by ~ 0.3 and 0.5 units after
NLB and LB addition, respectively, and thereafter remained
relatively stable over the incubation. Soil pH in the CK treat-
ment also increased during first 10-day incubation perhaps
due to rapid degradation of organic acids. Nonetheless, soil
pH in the CK treatment was statistically lower than the pH of
soil with biochar addition, specifically with LB. Regardless of
soil treatments, soil NH,*-N increased rapidly and peaked 10
days after the incubation and thereafter declined; the differ-
ences between start and end of the incubation were ~2-fold on
average. In contrast, soil NO5™-N increased with the incuba-
tion, specifically for the 10 to 30-day period. Nevertheless,
biochar addition reduced both soil NH,* and NO;-N over
the incubation, and the largest reduction, ~ 22% in soil inor-
ganic N occurred in the LB treatment. Like inorganic N, DOC
was similar on day 1, but diverged between soils with or
without biochar addition over time. At the end of incubation,
DOC was ~ 7% greater in biochar-amended soils than in the
soil alone treatment, although DOC declined over the incuba-
tion irrespective of soil treatments.

N,O and CO, effluxes following biochar addition

Soil N,O efflux rates were similar for soil with or without the
addition of nitrification inhibitors (acetylene and DCD) (Fig.
A4), indicating that denitrification was the dominant process
for soil N,O emissions. Compared to the soil alone, biochar-
treated soil consistently emitted less N,O over the incubation
(Fig. 2), and biochar mitigation effects appeared to be stronger
during the earlier period. Consequently, soil cumulative N,O
emissions were reduced by ~ 40% on average by LB or NLB
amendment. However, biochar addition had little influence on
CO, effluxes; there were ~ 525 mg CO,-C kg™ soil emitted
over the incubation.

Microbial community compositional and functional
alterations following biochar addition

In total, 482,530 fungal ITS gene sequences passed quality
control with sequences ranging from 27,419 to 179,470 for
ITS genes. In addition, 484,953 bacterial 16S gene sequences
passed quality control with sequences ranging from 35,831 to
82,689 for 16S genes. Biochar addition modified bacterial and
fungal Shannon index but not observed OTUs (Table 1).
Compared to the soil alone, LB promoted bacterial Shannon
diversity, but reduced fungal Shannon diversity. NLB also
reduced fungal Shannon diversity. The dbRDA analysis
showed that only fungal community compositions diverged
significantly between soils with and without biochar addition
(Fig. 3). Together, the four soil properties, i.e., pH, NH4",
NO;’, and DOC, explained ~ 55% of variations in the fungal
community; NH,* contributed most (22%), followed by DOC
(~ 18%), and least for NO;™ and pH (~ 15%). However, no
individual soil properties contributed > 10% of variations of
bacterial community.

Of 35 bacterial phyla detected, a few were dominant, in-
cluding Actinobacteria (~ 43% on average across three soil
treatments, CK, LB, and NLB), Firmicutes (~ 20%),
Proteobacteria (~ 18%), Bacteroidetes (~ 13%),
Acidobacteria (~ 2%), Chloroflexi (~ 1%), and
Gemmatimonadetes (~ 1%) (Supplementary Fig. Al).
However, biochar addition had little influence on the relative
abundances of these dominant phyla and neither did for clas-
ses, orders, families, genera, and species (Supplementary Fig.
A2). Only Enterobacteriaceae, a class of
Gammaproteobacteria, and its order Enterobacteriales were
greater in LB-amended soil (7%) than the soil alone (2%).

Of 15 fungal phyla detected, Ascomycota dominated, ac-
counting for ~ 72% on average across the three soil treatments,
CK, LB, and NLB, followed by Basidiomycota (~ 13%)
(Supplementary Fig. Al). Significant differences in the rela-
tive abundance were not detected at the phylum level, but at
the level of class, order, family, genus, and species
(Supplementary Fig. A3). For example, Eurotiomycetes, a
class of Ascomycota, was less abundant in biochar-amended
soils (~ 7%) than the soil without biochar addition (~ 22%),
but Sordariomycetes was more abundant in biochar-amended
soils (~ 38%) than the soil alone (~ 16%). The relative abun-
dance of Hypocreales, an order of Sordariomycetes, was sig-
nificantly (P < 0.1) greater in biochar-amended soils (~ 13%)
than the soil alone (~ 4%). In contrast, Helotiales, an order of
Leotiomycetes, was less abundant in biochar-amended soils (~
2%) than the soil alone (~ 11%). At the family level,
Nectriaceae was more abundant in biochar-amended soils (~
9%) than the soil alone (~ 2%). Biochar addition also stimu-
lated the species Trichoderma hamatum and Phialophora
mustea, but reduced Pseudophialophora eragrostis compared
to the soil alone.
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Fig. 1 Temporal changes of soil pH (a), inorganic N (b, ¢), and dissolved
organic C (DOC) (d) over the 30-day incubation for soil alone (CK), soil
with 1% addition of non-legume biochar (NLB), and soil with 1%

Neither did biochar addition affect the amoA abundances of
bacterial and archaeal ammonia oxidizers nor the nirS and
nirK abundances of bacterial nitrite reducers (Fig. 4).
However, it significantly promoted the nosZ abundance of
bacterial nitrous oxide reducers. As such, the ratio of nirK/
nosZ gene copy number was significantly lower in biochar-
amended soils than the soil alone treatment.

Discussion

First, biochar moderately ameliorated the soil acidity and re-
duced the presence of extra inorganic N of tea plant need.
Second, biochar substantially mitigated soil N,O emission.
Third, biochar shaped the fungal community despite little in-
fluence on the bacterial community. Because fungi play an
important role in soil organic matter turnover and even con-
tribute to soil N,O production (Chen et al. 2014; Huang et al.
2017), biochar-induced changes in the fungal community
structure were assumed responsible in part for changes in soil
properties, nutrient (e.g., N) cycling, and thus the fate of nu-
trients (e.g., N) in the environment. Our study provided sev-
eral lines of evidence to support that biochar would help im-
prove the tea soil health.

Biochar application often mitigates soil N,O emissions,
specifically under O,-limited conditions (Sanchez-Garcia
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et al. 2014). Two independent meta-analyses using research
articles published in different periods (2007-2013, 2011-
2016) both documented that biochar application could sup-
press soil N,O emissions by 33-54% (Cayuela et al. 2014;
Schirrmann et al. 2017). This general statement was also con-
firmed by our data that biochar application substantially re-
duced soil N,O effluxes (~ 40%) from the acidic tea
plantation.

It is well known that nitrification and denitrification both
can contribute to soil N,O emission; however, in this study,
denitrification was likely the main culprit due to the experi-
mental setup. We measured CO, and N,O emissions using a
closed-container approach with varying measurement periods,
ie., 1,9, and 18 days. Accumulation of emitted gasover time
(e.g., > 30 min.) in the container headspace might reduce the
gas diffusion rate from soil to air, resulting in an underestima-
tion of gas efflux rate (Freijer and Bouten 1991). However,
this approach could help create O,-limited conditions due to
long-lasting microbial respiration and yet no external O, sup-
ply. Given that the tea plantation contained a great amount of
organic C (~ 5.8%), it was reasonably assumed that O, in soil
pores was consumed rapidly, thereby generating O,-limited
conditions and favoring denitrification. Based on soil bulk
density (1.1 g cm™), gravimetric water content (~27%, equiv-
alent to 60% water holding capacity), and CO, respiration rate
at~50 mg C kg ™' soil on day 1 of the incubation, we estimated
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Fig.2 Soil N,O efflux rates (a) and total CO, and N,O emissions (b) over
the 30-day incubation for CK-, NLB-, and LB-treated soils. Error bars
represent standard errors of means (n = 3). “*” represents significant at the
0.05 level. Different letters indicate significant difference o« = 0.05. See
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that O, concentration in the soil profile could drop to ~ 2% at
the absence of diffusion. The phenomenon that respiration can
substantially lower O, concentrations and therefore create
sub-oxic conditions for denitrification has been well described
(Morley and Baggs 2010). Little effects of nitrification inhib-
itors on soil N>O efflux rates also indicated the dominance of
denitrification and thus O,-limited conditions over the
incubation.

Biochar’s mitigation on soil N,O emissions has been attrib-
uted to influences on the rate and/or the completeness of

Table 1  Soil alpha diversity of bacterial and fungal communities
structure determined on day 30

Observed OTUs Shannon diversity index
Bacteria Fungi Bacteria Fungi
cK* 1958 a 731a 5.61b 555a
NLB 1956 a 730 a 5.59b 531b
LB 2142 a 735a 6.62 a 530b

# CK, soil alone; NLB, soil with 1% addition of non-legume biochar; and
LB, soil with 1% addition of legume biochar. Different letters indicate
significant difference « = 0.05

denitrification (Cayuela et al. 2013; Clough et al. 2013). In
the acidic tea soil, however, biochar’s mitigation effects were
unlikely through influences on the rate of denitrification be-
cause CO, efflux rates imparted by microbial respiration were
similar between soils with and without biochar addition. Also,
biochar-induced direct reduction in soil NO5™-N, the substrate
of denitrification, was much less than the biochar’s other N,O
mitigation effect. Further, the relative abundances of nirK and
nirS genes encoding the NO reductase for catalyzing NO re-
duction to N>,O were similar between soils with and without
biochar addition. All together, these suggested that biochar’s
N,O mitigation effects were mainly through influences on the
completeness of denitrification. This supposition was substan-
tiated by the observation that the relative abundance of nosZ,
the gene encoding N,O reductase for improving the complete-
ness of denitrification, was significantly greater in biochar-
amended soils than the soil alone. This finding was in agree-
ment with results from other similar studies (Ducey et al.
2013; Harter et al. 2016; Xu et al. 2014).

It is reasonable to assume that biochar addition could sig-
nificantly modify soil properties, critical to dictate whether the
end product of denitrification is N,O versus N,, such as pH,
porosity and aeration, and availability of C versus N. Despite
high porosity, biochar’s notable influence on total soil porosity
is moderate even at the high rate application (Hardie et al.
2014), suggesting that porosity alone cannot explain biochar’s
mitigation effects. Indeed, biochar-induced changes in poros-
ity have been considered to have little influence on N,O emis-
sion mitigation (Case et al. 2012; Cayuela et al. 2013). It was
also unlikely that biochar’s N,O mitigating effect was through
a control on the relative availability/limitation of organic C
versus NO5™. Soil NO;™ was ~ 40 mg N kg™ at the beginning
of the incubation and increased over time, suggesting that C
might be limiting factor for respiratory denitrification and thus
favoring a shortcut of NO5™ reduction with N,O as the end
product. Biochar’s addition did improve DOC content, but
this improvement was much stronger towards the end of in-
cubation, which did not align with the biochar’s stronger ef-
fects on N,O emission mitigation at the beginning of incuba-
tion. Instead, the liming effects of both NLB and LB were
more potent at the beginning of incubation. As such, we
considered the liming effects might be the key for biochar to
mitigate soil N,O emission in the tea soil. However, the
observation that significantly larger pH effect of LB than
NLB generating no difference in N,O emission mitigation
between the two implied that factors other than pH might
also be important. Cayuela et al. (2013) proposed that biochar
could serve as a reducing agent due to containing redox-
reactive elements, such as Mn (IV) and Fe (III) for facilitating
electron transfers to soil bacterial denitrifiers, resulting in en-
hanced reduction of N,O to N,. Given 2 times greater EC than
LB, NLB might be more robust as a reducing agent than LB to
promote the completeness of denitrification. Thus a combined
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effect of liming and reducing agent made NLB and LB has
comparable N,O mitigation effects in the tea soil.

Biochar’s effects on the soil bacterial community are often
inconsistent across published data, perhaps due to large vari-
ations in the types, application rates, and influencing periods
(long- versus short-term) of biochar as well as study sites
(Chen et al. 2013; Jenkins et al. 2017). Thus, it was not sur-
prising to observe that the bacterial community composition
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was unaffected by the addition of biochar, except for alpha
diversity enhanced by LB. However, fungal community com-
position changed dramatically, suggesting that fungal commu-
nity was more sensitive than the counterpart, bacterial com-
munity to the biochar amendment. This phenomenon was also
documented in the work of Jenkins et al. (2017), showing that
different responses of bacterial and fungal communities to
biochar addition were time issues, being short-term for the
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fungal community, i.e., 1 month after biochar addition and
long-term for the bacterial community, i.e., 1 year after bio-
char addition. Nonetheless, our findings add to the argument
that the direction and magnitude of biochar’s effects are de-
pendent on the soil environment and also indigenous micro-
bial community.

Tea soil used in this work was very acidic (pH ~ 3.7), and
dominant bacterial phyla were Actinobacteria, followed by
Proteobacteria, Bacteroidetes, and Firmicutes. Although pH
is a key regulator of the soil bacterial community (Lauber
et al. 2009; Rousk et al. 2010), moderate changes in soil pH
1 month after biochar amendment might not be sufficient to
shape the community. Rapid responses of the soil fungal com-
munity to the biochar addition have been associated with bio-
char’s properties, e.g., mineralizable C and inorganic nutrients
(Dai et al. 2018). Authors considered that biochar-associated
available C and nutrients might promote proliferation of some
saprophytes, resulting in a reduction in fungal diversity as well
as a change in community compositions. Indeed, dbRDA
showed that DOC and N availability were significant explan-
atory variables for differences in the fungal community be-
tween soil with and without biochar addition. Now the ques-
tion is whether this shift in the soil fungal community affected
the soil processes, such as N,O emission.

A recent work using an isotopomer technique for the
source tracking of soil N,O emission showed that the site
preference (~ 26%o), i.e., the difference betweenlSN—NzO in
the center position (5'°N*) and the end position (§'°NP), was
much greater in biochar-amended soil-manure system than the
system without biochar (~ 17%0) (Yuan et al. 2017). Although
biochar stimulation on N,O reduction could increase the site
preference (Winther et al. 2018), fungal NO reduction should
not be ruled out for soil N,O emission given that the site
preference of '’N-N,O from fungal NO reduction is often
around 30%o (Chen et al. 2016). In this study, most significant
changes of the fungal community were for the members of
Ascomycota, the phylum including diverse N,O-producing
fungi (Bollag and Tung 1972; Chen et al. 2014; Maeda et al.
2015; Mothapo et al. 2015; Huang et al. 2017). Specifically,
the class Sordariomycetes and its order Hyprocreale, which
contain numerous members of N,O-producing capability,
were significantly increased by LB and NLB additions.
Further, biochar also stimulated the proliferation of
Trichoderma harzianum, a known N,O-producing fungus.
Altogether, these observations seem to suggest that biochar
amendment might affect the source of N,O production, bac-
teria versus fungi.

Conclusions

Biochar was effective to suppress N,O emission from the tea
plantation. The underlying mechanisms were likely complex.

On one hand, biochar’s liming and/or reducing effects pro-
moted N>O consumption, leading to soil N,O emissions mit-
igation. On the other hand, biochar might regulate the relative
contribution of bacteria versus fungi to N,O emission given
that biochar promoted the fungal taxa capable of N,O produc-
tion. However, caution should be taken regarding biochar’s
long-term effectiveness in that the microcosm experiment on-
ly lasted for a month under the absence of growing plants. It
should be also noted soil disturbance might greatly mask the
in situ effects of biochar. The observation that soil pH in the
soil alone treatment increased rapidly during the first 10 days
of incubation indicated that organic acids were decomposed
quickly due to soil mixing and homogenization. This would
unlikely happen under the field conditions, thereby making
biochar’s liming effects much more significant compared to
soil without biochar addition. Nonetheless, this work is sig-
nificant since it provides direct evidence that biochar amend-
ment could mitigate N,O emission, improve soil pH, and re-
duce soil extra N in the acidic tea soil.

Funding information This work was supported by the National Natural
Science Foundation of China (Grant Nos. 41525002, 41701282, and
41761134085), the Strategic Priority Program of the Chinese Academy
of Science (Grant No. XDB15020300), the National Ten-Thousand
Talents Program of China (201829), and the Two-Hundred Talents Plan
of Fujian Province, China (2018A12).

References

Alekseeva T, Alekseev A, Xu RK, Zhao AZ, Kalinin P (2010) Effect of
soil acidification induced by a tea plantation on chemical and min-
eralogical properties of Alfisols in eastern China. Environ Geochem
Health 33(2):137-148. https://doi.org/10.1007/s10653-010-9327-5

Blanco-Canqui H (2017) Biochar and soil physical properties. Soil Sci
Soc Am J 81:687-711. https://doi.org/10.2136/sss52j2017.01.0017

Bollag JM, Tung G (1972) Nitrous oxide release by soil fungi. Soil Biol
Biochem 4(3):271-276. https://doi.org/10.1016/0038-0717(72)
90021-1

Case S, McNamara NP, Reay DS, Whitaker J (2012) The effect of biochar
addition on N,O and CO, emissions from a sandy loam soil—the
role of soil aeration. Soil Biol Biochem 51:125—134. https://doi.org/
10.1016/j.s0ilbi0.2012.03.017

Cayuela ML, Sanchez-Monedero MA, Roig A, Hanley K, Enders A,
Lehmann J (2013) Biochar and denitrification in soils: when, how
much and why does biochar reduce N,O emissions? Sci Rep 3:
1732. https://doi.org/10.1038/srep01732

Cayuela ML, Van ZL, Singh BP, Jeffery S, Roig A, Sanchez-Monedero
MA (2014) Biochar's role in mitigating soil nitrous oxide emissions:
a review and meta-analysis. Agric Ecosyst Environ 191:5-16.
https://doi.org/10.1016/j.agee.2013.10.009

Chen J, Liu X, Zheng J, Zhang B, Lu H, Chi Z, Pan G, Li L, Zheng J,
Zhang X, Wang J, Yu X (2013). Biochar soil amendment increased
bacterial but decreased fungal gene abundance with shifts in com-
munity structure in a slightly acid rice paddy from Southwest China.

@ Springer


https://doi.org/10.1007/s10653-010-9327-5
https://doi.org/10.2136/sssaj2017.01.0017
https://doi.org/10.1016/0038-0717(72)90021-1
https://doi.org/10.1016/0038-0717(72)90021-1
https://doi.org/10.1016/j.soilbio.2012.03.017
https://doi.org/10.1016/j.soilbio.2012.03.017
https://doi.org/10.1038/srep01732
https://doi.org/10.1016/j.agee.2013.10.009

35986

Environ Sci Pollut Res (2019) 26:35978-35987

Appl Soil Ecol 71: 33-44. https://doi.org/10.1016/j.apsoil.2013.05.
003

Chen H, Mothapo NV, Shi W (2014) The significant contribution of fungi
to soil N,O production across diverse ecosystems. Appl Soil Ecol
73(1):70-77. https://doi.org/10.1016/j.aps0il.2013.08.011

Chen H, Williams D, Walker JT, Shi W (2016) Probing the biological
sources of soil N,O emissions by quantum cascade laser-based >N
isotopocule analysis. Soil Biol Biochem 100:175-181. https://doi.
org/10.1016/}.50ilb10.2016.06.015

Chintala R, Mollinedo J, Schumacher TE, Malo DD, Julson JL (2014)
Effect of biochar on chemical properties of acidic soil. Arch Agron
Soil Sci 60:393-404. https://doi.org/10.1080/03650340.2013.
789870

Clough T, Condron L, Kammann C, Miiller C (2013) A review of biochar
and soil nitrogen dynamics. Agron J 3:275-293. https://doi.org/10.
3390/agronomy3020275

Dai Z, Enders A, Rodrigues JL, Hanley KL, Brookes PC, Xu J, Lehmann
J (2018) Soil fungal taxonomic and functional community compo-
sition as affected by biochar properties. Soil Biol Biochem 126:159—
167. https://doi.org/10.1016/j.s0ilbi0.2018.09.001

Domingues RR, Trugilho PF, Silva CA, Melo d, Isabel Cristina NA, Melo
LC, Magriotis ZM, Sanchez-Monedero MA (2017, e0176884)
Properties of biochar derived from wood and high-nutrient bio-
masses with the aim of agronomic and environmental benefits.
PLoS One 12. https://doi.org/10.1371/journal.pone.0176884

Ducey TF, Ippolito JA, Cantrell KB, Novak JM, Lentz RD (2013)
Addition of activated switchgrass biochar to an aridic subsoil in-
creases microbial nitrogen cycling gene abundances. Appl Soil
Ecol 65:65-72. https://doi.org/10.1016/j.aps0il.2013.01.006

Freijer JI, Bouten W (1991) A comparison of field methods for measuring
soil carbon dioxide evolution: experiments and simulation. Plant
Soil 135(1):133-142. https://doi.org/10.1007/BF00014786

Han W, Xu J, Wei K, Shi Y, Ma L (2013) Estimation of N20O emission
from tea garden soils, their adjacent vegetable garden and forest soils
in eastern China. Environ Earth Sci 70(6):2495-2500. https:/doi.
org/10.1007/s12665-013-2292-4

Han WY, Ma LF, Shi YZ, Ruan JY, Kemmitt SJ (2008) Nitrogen release
dynamics and transformation of slow release fertiliser products and
their effects on tea yield and quality. J Sci Food Agric 88(5):839—
846. https://doi.org/10.1002/jsfa.3160

Hardie M, Clothier B, Bound S, Oliver G, Close D (2014) Does biochar
influence soil physical properties and soil water availability? Plant
Soil 376(1-2):347-361. https://doi.org/10.1007/s11104-013-1980-x

Harter J, Krause HM, Schuettler S, Ruser R, Fromme M, Scholten T,
Kappler A, Behrens S (2014) Linking N,O emissions from
biochar-amended soil to the structure and function of the N-
cycling microbial community. ISME J 8:660-674. https://doi.org/
10.1038/ismej.2013.160

Harter J, Weigold P, El-Hadidi M, Huson DH, Kappler A, Behrens S
(2016) Soil biochar amendment shapes the composition of N,O-
reducing microbial communities. Sci Total Environ 562:379-390.
https://doi.org/10.1016/j.scitotenv.2016.03.220

Huang Y, Xiao X, Long X (2017) Fungal denitrification contributes sig-
nificantly to N,O production in a highly acidic tea soil. J Soils
Sediments 17(6):1599-1606. https://doi.org/10.1007/s11368-017-
1655-y

Jenkins JR, Viger M, Amold EC, Harris ZM, Ventura M, Miglietta F,
Girardin C, Edwards RJ, Rumpel C, Fornasier F, Zavalloni C (2017)
Biochar alters the soil microbiome and soil function: results of next-
generation amplicon sequencing across Europe. GCB Bioenergy
9(3):591-612. https://doi.org/10.1111/gcbb.12371

Jones DL, Willett VB (2006) Experimental evaluation of methods to
quantify dissolved organic nitrogen (DON) and dissolved organic
carbon (DOC) in soil. Soil Biol Biochem 38(5):991-999. https://doi.
org/10.1016/}.s0ilbi0.2005.08.012

@ Springer

Khan S, Wagas M, Ding F, Shamshad I, Arp HP, Li G (2015) The influ-
ence of various biochars on the bioaccessibility and bioaccumula-
tion of PAHs and potentially toxic elements to turnips (Brassica rapa
L.). J Hazard Mater 300:243-253. https://doi.org/10.1016/j.jhazmat.
2015.06.050

Laird DA, Fleming P, Davis DD, Horton R, Wang B, Karlen DL (2010)
Impact of biochar amendments on the quality of a typical
Midwestern agricultural soil. Geoderma 158:443-449. https://doi.
org/10.1016/j.geoderma.2010.05.013

Lauber CL, Hamady M, Knight R, Fierer N (2009) Pyrosequencing-
based assessment of soil pH as a predictor of soil bacterial commu-
nity structure at the continental scale. Appl Environ Microbiol
75(15):5111-5120. https://doi.org/10.1128/AEM.00335-09

Li S, Li H, Yang C, Wang Y, Xue H, Niu Y (2016a) Rates of soil acid-
ification in tea plantations and possible causes. Agric Ecosyst
Environ 233:60—66. https://doi.org/10.1016/j.agee.2016.08.036

LiS, Song L, Jin Y, Liu S, Shen Q, Zou J (2016b) Linking N,O emission
from biochar-amended composting process to the abundance of de-
nitrify (nirK and nosZ) bacteria community. AMB Express 6(1):37.
https://doi.org/10.1186/s13568-016-0208-x

LiY, Chapman SJ, Nicol GW, Yao H (2018) Nitrification and nitrifiers in
acidic soils. Soil Biol Biochem 116:290-301. https://doi.org/10.
1016/j.s0ilbi0.2017.10.023

LiY, Zheng X, Fu X, Wu Y (2016c) Is green tea still ‘green’? Geo 3(2):
e00021. https://doi.org/10.1002/geo02.21

Maeda K, Spor A, Edel-Hermann V, Heraud C, Breuil MC, Bizouard F,
Toyoda S, Yoshida N, Steinberg C, Philippot L (2015) N,O produc-
tion, a widespread trait in fungi. Sci Rep 5:9697. https://doi.org/10.
1038/srep09697

Morley N, Baggs EM (2010) Carbon and oxygen controls on N,O and N,
production during nitrate reduction. Soil Biol Biochem 42(10):
1864-1871. https://doi.org/10.1016/j.s0ilbi0.2010.07.008

Mothapo N, Chen H, Cubeta MA, Grossman JM, Fuller F, Shi W (2015)
Phylogenetic, taxonomic and functional diversity of fungal denitri-
fiers and associated N,O production efficacy. Soil Biol Biochem 83:
160—-175. https://doi.org/10.1016/j.s0ilbio.2015.02.001

Oertel C, Matschullat J, Zurba K, Zimmermann F, Erasmi S (2016)
Greenhouse gas emissions from soils—a review. Geochemistry
76(3):327-352. https://doi.org/10.1016/j.chemer.2016.04.002

Ravishankara AR, Daniel JS, Portmann RW (2009) Nitrous oxide (N,O):
the dominant ozone-depleting substance emitted in the 2 1st century.
Science 326:123—125. https://doi.org/10.1126/science.1176985

Rousk J, Baath E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG,
Knight R, Fierer N (2010) Soil bacterial and fungal communities
across a pH gradient in an arable soil. ISME J 4(10):1340-1351.
https://doi.org/10.1038/ismej.2010.58

Sanchez-Garcia M, Roig A, Sanchez-Monedero MA, &CayuelaML
(2014) Biochar increases soil N,O emissions produced by
nitrification-mediated pathways. Front Env Sci 2:25. https://doi.
org/10.3389/fenvs.2014.00025

Schirrmann M, Cayuela ML, Fuertes-Mendizabal T, Estavillo JM,
Ippolito J, Spokas K, Novak J, Kammann C, Wrage-Monnig N,
Borchard N(April, 2017) Biochar reduces N,O emissions from soils:
a meta-analysis. In EGU General Assembly Conference Abstracts
(Vol. 19, p. 8265).

Syuhada AB, Shamshuddin J, Fauziah CI, Rosenani AB, Arifin A (2016)
Biochar as soil amendment: impact on chemical properties and corn
nutrient uptake in a Podzol. Can J Soil Sci 96:400—412. https:/doi.
org/10.1139/cjss-2015-0044

Throback IN, Enwall K, Jarvis A, Hallin S (2004) Reassessing PCR
primers targeting nirS, nirK and nosZ genes for community surveys
of denitrifying bacteria with DGGE. FEMS Microbiol Ecol 49(3):
401-417. https://doi.org/10.1016/j.femsec.2004.04.011

Tourna M, Freitag TE, Nicol GW, Prosser JI (2008) Growth, activity and
temperature responses of ammonia-oxidizing archaea and bacteria


https://doi.org/10.1016/j.agee.2013.10.009
https://doi.org/10.1016/j.agee.2013.10.009
https://doi.org/10.1016/j.apsoil.2013.08.011
https://doi.org/10.1016/j.soilbio.2016.06.015
https://doi.org/10.1016/j.soilbio.2016.06.015
https://doi.org/10.1080/03650340.2013.789870
https://doi.org/10.1080/03650340.2013.789870
https://doi.org/10.3390/agronomy3020275
https://doi.org/10.3390/agronomy3020275
https://doi.org/10.1016/j.soilbio.2018.09.001
https://doi.org/10.1371/journal.pone.0176884
https://doi.org/10.1016/j.apsoil.2013.01.006
https://doi.org/10.1007/BF00014786
https://doi.org/10.1007/s12665-013-2292-4
https://doi.org/10.1007/s12665-013-2292-4
https://doi.org/10.1002/jsfa.3160
https://doi.org/10.1007/s11104-013-1980-x
https://doi.org/10.1038/ismej.2013.160
https://doi.org/10.1038/ismej.2013.160
https://doi.org/10.1016/j.scitotenv.2016.03.220
https://doi.org/10.1007/s11368-017-1655-y
https://doi.org/10.1007/s11368-017-1655-y
https://doi.org/10.1111/gcbb.12371
https://doi.org/10.1016/j.soilbio.2005.08.012
https://doi.org/10.1016/j.soilbio.2005.08.012
https://doi.org/10.1016/j.jhazmat.2015.06.050
https://doi.org/10.1016/j.jhazmat.2015.06.050
https://doi.org/10.1016/j.geoderma.2010.05.013
https://doi.org/10.1016/j.geoderma.2010.05.013
https://doi.org/10.1128/AEM.00335-09
https://doi.org/10.1016/j.agee.2016.08.036
https://doi.org/10.1186/s13568-016-0208-x
https://doi.org/10.1016/j.soilbio.2017.10.023
https://doi.org/10.1016/j.soilbio.2017.10.023
https://doi.org/10.1002/geo2.21
https://doi.org/10.1038/srep09697
https://doi.org/10.1038/srep09697
https://doi.org/10.1016/j.soilbio.2010.07.008
https://doi.org/10.1016/j.soilbio.2015.02.001
https://doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1126/science.1176985
https://doi.org/10.1038/ismej.2010.58
https://doi.org/10.3389/fenvs.2014.00025
https://doi.org/10.3389/fenvs.2014.00025
https://doi.org/10.1139/cjss-2015-0044
https://doi.org/10.1139/cjss-2015-0044
https://doi.org/10.1016/j.femsec.2004.04.011

Environ Sci Pollut Res (2019) 26:35978-35987

35987

in soil microcosms. Environ Microbiol 10(5):1357—-1364. https://
doi.org/10.1111/5.1462-2920.2007.01563.x

USEPA (2008) Registering pesticides. Washington D.C., pp 11-26

Wang C, Lu H, Dong D, Deng H, Strong PJ, Wang H, Wu W (2013)
Insight into the effects of biochar on manure composting: evidence
supporting the relationship between N,O emission and denitrifying
community. Environ Sci Technol 47:7341-7349. https://doi.org/10.
1021/es305293h

Wang X, Wang C, Sui J, Liu Z, Li Q, Ji C, Song X, Hu Y, Wang C, SaR,
Zhang J (2018) Isolation and characterization of phosphofungi, and
screening of their plant growth-promoting activities. AMB Express
8(1):63. https://doi.org/10.1186/s13568-018-0593-4

Winther M, Balslev-Harder D, Christensen S, Priemé A, Elberling B,
Crosson E, Blunier T (2018) Continuous measurements of nitrous
oxide isotopomers during incubation experiments. Biogeosciences
15(3):767-780. https://doi.org/10.5194/bg-15-767-2018

Xu HJ, Wang XH, Li H, Yao HY, SuJQ, Zhu YG (2014) Biochar impacts
soil microbial community composition and nitrogen cycling in an

Affiliations

acidic soil planted with rape. Environ Sci Technol 48(16):9391—
9399. https://doi.org/10.1021/es5021058

Xue D, Huang X, Yao H, Huang C (2010) Effect of lime application on
microbial community in acidic tea orchard soils in comparison with
those in wasteland and forest soils. J Environ Sci 22(8):1253-1260.
https://doi.org/10.1016/s1001-0742(09)60246-1

Yu Y, Zhao C, Zheng N, Jia H, Yao H (2019) Interactive effects of soil
texture and salinity on nitrous oxide emissions following crop resi-
due amendment. Geoderma 337:1146—1154. https://doi.org/10.
1016/j.geoderma.2018.11.012

Yuan Y, Chen H, Yuan W, Williams D, Walker JT, Shi W (2017) Is
biochar-manure co-compost a better solution for soil health im-
provement and N,O emissions mitigation? Soil Biol Biochem 113:
14-25. https://doi.org/10.1016/j.s0ilbi0.2017.05.025

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Ningguo Zheng >3 . Yongxiang Yu* - Wei Shi® - Huaiying Yao "**

' Key Laboratory of Urban Environment and Health, Institute of

Urban Environment, Chinese Academy of Sciences,
Xiamen 361021, People’s Republic of China

Key Laboratory of Urban Environmental Processes and Pollution
Control, Ningbo Urban Environment Observation and Research
Station-NUEORS, Chinese Academy of Sciences, Ningbo 315800,
People’s Republic of China

University of Chinese Academy of Sciences, Beijing 100049,
People’s Republic of China

Research Center for Environmental Ecology and Engineering,
School of Environmental Ecology and Biological Engineering,

Wauhan Institute of Technology, 206 Guanggu 1st road,
Wuhan 430205, China

Department of Crop and Soil Sciences, North Carolina State
University, Raleigh, NC 27695, USA

@ Springer


https://doi.org/10.1111/j.1462-2920.2007.01563.x
https://doi.org/10.1111/j.1462-2920.2007.01563.x
https://doi.org/10.1021/es305293h
https://doi.org/10.1021/es305293h
https://doi.org/10.1186/s13568-018-0593-4
https://doi.org/10.5194/bg-15-767-2018
https://doi.org/10.1021/es5021058
https://doi.org/10.1016/s1001-0742
https://doi.org/10.1016/j.geoderma.2018.11.012
https://doi.org/10.1016/j.geoderma.2018.11.012
https://doi.org/10.1016/j.soilbio.2017.05.025

	Biochar suppresses N2O emissions and alters microbial communities in an acidic tea soil
	Abstract
	Introduction
	Materials and methods
	Soil and biochar samples
	Experimental setup
	Measurements of soil pH, inorganic N, and DOC
	N2O and CO2 effluxes and biological contribution
	qPCR and MiSeq sequencing
	Data analysis

	Results
	Temporal changes in soil pH, inorganic N, and DOC following biochar addition
	N2O and CO2 effluxes following biochar addition
	Microbial community compositional and functional alterations following biochar addition

	Discussion
	Conclusions
	References




