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Effectiveness of Biodiesel Co Product (BCP) in decreasing N leaching from an acidic
soil (pH 3.7), effects on greenhouse gas emissions and N functional genes following
surface application (0-6 cm depth) and complete mixing (0-18 cm depth) of 1.5 mg
BCP-C g -1 soil was investigated in a 35 day laboratory lysimeter experiment. The
BCP additions significantly decreased AOA and AOB gene copy numbers, especially
from the surface BCP application . Both methods therefore inhibited nitrification and
decreased N leaching. Microbial biomass N and C significantly increased following
both types of BCP incorporation, particularly with surface mixing. BCP increased nifH
genes with both applications. Surface application of BCP produced higher emission
rates of N 2 O and CO 2 than complete mixing. Based upon ( nirS + nirK )/ nosZ
ratios, more N 2 O emissions, caused by denitrification, came from the surface
application than complete mixing, in support of the gaseous measurement of N 2 O.
However, complete mixing was more effective than surface BCP application in
decreasing N leaching: 2.14% of 15 N fertilizer in the leachate from complete mixing,
compared to 51% following surface application, and 68% without BCP addition. These
findings demonstrate that complete mixing was more effective than surface BCP
application in decreasing N leaching and gaseous losses. We conclude that BCP is an
effective and biologically safe method to prevent nitrate leaching in this acidic Chinese
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Authors' Response to Reviewers' Comments Click here to access/download;Authors' Response to
Reviewers' Comments;response to reviewers .docx

Response for editor
1) Q. Please delete L. 16-18 because they are general sentences. Please begin with

""Effectiveness of Biodiesel Co Product (BCP) in decreasing™

A. Thanks. Done. See lines 20-21.

2) Q. L. 26. Conceptual mistake: N fixation transforms N2 in ammonium-N and

then in amino acids whereas microbial N immobilization is the microbial process

not determined N fixation!!!!

A. Yes, Thanks for comments, we changed it: BCP increased nifH genes in both

applications. See line 27.

3) Please do not use the term of microbial biomass to indicate soil microbial
communities. Microbial biomass is the size of soil microbiome. L. 83, "soil

microbial community was"; see also L. 308;

A. Yes, Thanks for comments. We changed to microbial community. See lines 84 and

332.

4) The policy of the journal is guided by editorials and position/opinion papers.
In the case of extraction of DNA from soil and its characterization we follow
what reported by Vestergaard et al (2017) Biol Fertil Soils 53:479-484 and
Scholer et al (2017) Biol fertil Soils 53:485-489. They have suggested to carry our

negative controls because kits and solutions are often DNA-polluted;

A. Thanks, we extracted DNA by following the methods of Vestergaard et al (2017)
Biol Fertil Soils 53:479-484 and Scholer et al (2017) Biol fertil Soils 53:485-489.
‘All DNA samples were diluted to give between 10000 and 100000 reads per

I+
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sample, as suggested by Schoéler et al. (2017) and Vestergaard et al. (2017)’.
See lines173-175.

5) L. 310-311, be careful, heavy metals form hydroxydes, which are insoluble, by

increasing pH. This is another inactivation mechanism

A. We have deleted it. See lines 330-333: Some studies found that the metabolic
functions of the soil microbial community may be impaired at lower soil pH,
directly via proton toxicity, or by increased availability of toxic metals, such as Al

(Sanders 1983; Han et al. 2007).

6) L. 329, you have not data to state that nitrification rate was lower than urea

hydrolysis; for example, you have not a direct measurement of urea hydrolysis;

A. Yes, thanks. We have deleted it. See lines 339-340: Urea application increased
nitrification in our soil without BCP (Fig. 4b), which indicates that acid-tolerant

nitrifers exist in acidic soils and have high activity.

7) L. 333, the decrease of pH decreases nitrification as you have reported at L.
337-338. Please do not report contradictory sentences. Bacteria and thus AOB

are inhibited under acidic conditions;

A. Thanks, we have deleted the sentence. We have changed discussion: see lines
339-346. Urea application increased nitrification in our soil without BCP (Fig. 4b),
which indicates that acid-tolerant nitrifers exist in acidic soils and have high
activity. Increasing soil pH can promote nitrification and induce nitrate
accumulation in some acidic soils (De Boer et al. 1996; SteMarie and Pare 1999;
De Boer and Kowalchuk 2001; Zhang et al. 2017). BCP increased soil pH in our
study (Fig. S5) but we found that BCP significantly decreased AOA and AOB
amoA genes (Figs. 7a and 7b). This suggests that BCP potentially inhibited the



growth of microorganisms bearing AOA and AOB genes, it may contain

biological nitrification inhibitors (Sarr et al. 2020).

8) L. 344-345, 375-376, be careful nitrate immobilization can only occur in soil if
ammonium concentrations are low (there is an important paper by Rice and

Tiedje published in the 1980s);

A. Yes, we changed it. See lines 361-375: The immobilization of NO3s-N may be
inhibited by concentrations of NH4* as low as 0.1 pug NH4*-N g soil (Rice and
Tidje 1989). However, the accumulation of microbial biomass N in response to
BCP proceeded despite low exchangeable NHs™-N in the soil (Fig. 4). This
suggests that the quality of C (soil organic matter vs. BCP) is more important for
NOs™-N immobilisation than the concentration of exchangeable NH4*-N (Shen et
al. 2021). Cheng et al. (2017) also found that NOs~ immobilization is increased
by the addition of simple organic substrates at concentrations above 0.5 mg C g
soil. The amount of BCP we used was 1.5 mg C g* which was consistent with
this. Burger and Jackson (2003) also found high NOs™ immobilization rates in
neutral soils (pH=6.8 and 6.5) with low NH4"-N concentrations (around 1 pg N
g soil). Heterotrophic microbes assimilated less NHs* than NOs,, probably
because NHs" concentrations were low and competition by nitrifiers was
apparently strong. This suggests that BCP caused strong competition for NH4*
between nitrifiers and N immobilizers in our soils, causing NOs™ to be more
available to microbes. Previous studies also reported that fungi prefer NOs™ than
to NHs*and exchangeable NO3s™ was taken up by fungi (Marzluf 1997; Zhu et al.
2013).

9) Citations can be listed either by the alphabetical order or by the publication

year. However, the two systems can not be mixed as you have done. Please list



citations by the alphabetical order and check the text carefully;

A. Thanks. We have checked it.

10) L. 391-393, another cause of nitrification inhibition may be the presence of
the so called biological nitrification inhibitors in the BCP. | suggest reading Sarr

et al (2020) Biol Fertil Soils 56:145-166;

A. Thanks, we change to This suggests that BCP potentially inhibited the growth of
microorganisms bearing AOA and AOB genes, it may contain biological

nitrification inhibitors (Sarr et al. 2020). See lines 344-346.

11) L. 404 another conceptual mistake: microorganisms bearing genes can grow

and not gene can grow;

A. Thanks, we change to This suggests that BCP potentially inhibited the growth of
microorganisms bearing AOA and AOB genes, it may contain biological

nitrification inhibitors (Sarr et al. 2020). See lines 344-346.

12) 1 suggest deleting table 1 and icluding the content in the revised text as a

sentence ""The main soil properties were: pH..; microbiomas biomass C..; etc.

A. We have deleted Table 1. See lines 115-118: The soil is classified as a Ultisols

sandy sand soil, the main soil properties were: pH 3.71, 8.2% clay, 5.8% silt, 86%

sand, 0.21 g kg total N, 2.9g kg total C, 13.6 C/N, 250+0.63 pg g biomass C,

49.43+6.27 pg g biomass N, 2.98+0.22 nmol g ATP.

These are my specific comments:

There is a manuscript dealing with BCP under revision and including



Redmile-Gordon and you Phil, as co-authors, to be cited in this manuscript.

A.Thanks, we have cited it. See lines 325, 365. While we will put it in the reference

when it be accepted.
Please add ""microbial "before ""biomass™ at L. L. 24, 119, 122, 131, 191, 192, 193,
194, 197 (twice), 198, 199 (twice), 201, 202, 207, 213, 214, 215, 216, 217, 303, 304,
315, 317, 426, 648;
A. We have added it. See 26, 121, 124, 134, 204, 205, 206, 208, 211, 212 (twice), 213
(twice), 214, 216(twice), 217, 219, 223, 229, 230, 231, 232, 233, 316, 323, 326, 327,

469,766.

L. 30-31, ""18 cm); 2.14% of 15N fertilizer was in the leachate from the complete

mixing, compared™’;

Done. See lines 32-33.

Do not indent L. 41 (*"Nitrogen™ and not *...Nitrogen'), 112, 129, 158, 190, 220,
234, 264, 284, 304, 365;

Done. See lines 42, 113,132, 169, 203, 236, 250, 279, 298, 317, 431.

L. 48 ""Tokuda and Hayatsu 2001, 2004 are not included in the list of references;
the same for the citations at L. 56, 60-61, 98, 352;

Done. See Pages 32, 28, 23, 32, 33

L. 52, "Liu and Yang 2012"";



Done. See line 53.

L. 56, ""minimize N leaching"’;

Done. See line 56.

PLease delete numbers at L. 94, 123, 126, 157;

Done. See lines 95, 125, 128,168.

L. 108, ™) and involved in the N cycling.";

See line 109.

Delete numbers before headings and subheadings; see L. 110, 111, 128, 177, 188,
189, 219, 233, 263, 283, 302, 303, 364, 422;

Done. See lines 111, 112, 131,190, 201, 202, 235, 249, 278, 297, 315, 316, 430, 465

L. 150, 220, 221, 222, 223, 380, 381, 666, pleasae add "‘exchangeable' before

ammonium because you have determined this pool and not fixed ammonium;

Done. See lines 154, 236,238, 363, 365, 408, 784

L. 168, ""Gaby and Buckley 2012";

Done. See line 181.

L. 234, ""The total NH4+-N concentrations in leachates"";



Done. See line 250.

L. 307, ""byosynthesis (**;

Done. See line 320.

L. 316, "found microbial ATP";

Done. See line 327.

L. 318, ""Joergensen and Mueller (**;

Done. See lines 329.

There are too may pencileld comments on page 12 and thus | can not list all

comments here. | am attaching the scannerised copy of the page as a file;

Thanks for this. Done.

L. 356, ""Ritz and Griffith";

Done. See line 383.

L. 384, ""between abundances of AOA genes'”;

Done. See line 349.

Delete commas in the citations, see L. 415; please check carefully all text;



Done. See L. 463. Check it.

L. 418-419, "immobilization. However,..decreased abundances of ammonia'’;

Done. See lines 477-479. We moved it to conclusion.

L. 430, "nitrifier growth"";

Done. See line 474.

References

Please, please list them according to the alphabetical order;

Thanks, we improved it.

L. 450, ""Adv Soil Sci volume:113-142; the same at L. 531-532

Done. See line 492; 604.

L. 484, please include editoris, ""In...(Eds) Practices™;

Done. See line 543.

L. 493, "39:1468"; please delete the number of the issue at L 551 (15:), 562, 629;

Done. See lines 552, 631, 653, 743.

L. 564, ""In...(Eds) Global™";

Done. See line 647.



L. 572, pleaase delete the comma fter the family name and write ""Brookes PC

(2014).";

Done. See line 649.

L., 577, ""Geoderma volume:259-'";

Done. See line 653.

Are the references at L. 585, 598, 609, 612, 631 cited in the text?

Yes, L. 585, 598 and 631 in lines 62, 329, 54. We have deleted L.609 and 612.

L. 623, ""Plant Soil"*

Done. See 736.



Reviewers' comments:

Reviewer #1: Comments on BFSO-D-20-00790

Shen et al. report the effect of biodiesel co-product (BCP) on soil N
transformation by nitrification-denitrification or N fixation activity by soil
microbes in acidic soil for tea production. The authors used the small-scale
lysimeters with 350 g of soil (fig. 1) and compared the treatments between BCP
application to the surface (0-6 cm) and complete mixing of BCP to the soil (0-18
cm) with two types of control. The author assessed the N transformation
following the N application by measuring NO3 reaching, N20O emission, and
gPCR targeting nitrification (bacterial/archaeal amoA), denitrification (nirS,
nirkK, nosZ), and N fixation (nifH).

The major findings of this work are, the BCP addition can enhance the activity of
soil microbes, which can immobilize the N and prevent the NO3 leaching.
Complete mixing (T3) is most effective to prevent the NO3 leaching, while the
effect of surface application (T4) was very much limited (Fig. 5d). The
experimental design is clear enough and the dataset seems to be valuable.
However, the data interpretation and discussion section are very much
descriptive and not exciting enough. Most of the discussion section seems to be
only the repetition of the description of the results. The authors should try to
explain what happened in each treatment more. Therefore, this reviewer can
recommend the manuscript to be published in Biology and Fertility in Soils after

modification according to the comments below.

Thanks for your comments. We have improved our manuscript as requested

Major comments
It would be much helpful for the readers to make another figure which
summarizes the fate of the added N. It should be more comprehensive to include

the NOs reaching, NHs reaching, N2O emission, and remained N, to show the



whole N balance in each column. Then some figures like Figure 6 or 5¢c and d will

be unneeded.

A. Thanks for your comments. We have incorporated the figure of the whole N
balance in each column as new Fig.6. And we deleted 5c and d, and moved the
Figures 6 to SI.

[ Microbial biomass N
3.0x10% - [ Remined inorganic N in soil

[_INH,*-N leaching
[_INO, N leaching
B [ N,O emission
2.5x10*
c -
= b

—~ 2.0x10% 4
()
=
E 4
o 1.5x10% +
c
Q
o
Z 1.0x10* 4

5.0x10° ~

b a
a b
0.0 b_Lb ,
T1 T2
Treatments

Fig. 6 The fate of N after 35-day application of urea and/or BCP. Error bars
represent standard errors of the means (n = 3). Different lower case letters indicate
significant differences among different treatments, which were determined by an

one-way ANOVA by a Tukey test for post-hoc comparison at P < 0.05.

BCP addition seems to have several effects on N cycling, one is N immobilization
by N uptake by the microbe, others are lowering nitrification or enhancing the
denitrification and loss as N20O or N2 into the atmosphere. The authors should try
to partition these effects and summarize the whole N transformation in each
column more. The discussion section should be substantially revised from this

point of view.



A. Thanks for your comments. We have rewritten the discussion. Hope it meet your

request. We have added Fig.6.

NOs dropped significantly in the T4(0-6) treatment (Fig. 4b), which explains well
the high N20 emission in this treatment (Fig. 3), but I could not find any sentence
to state this. The authors claim that the rapid decline of NOs was immobilized by
soil microbe and it was not consumed by denitrification (L375-376), but I do not
see appropriate data presentation which supports this interpretation. The
authors should show the denitrification activity data with the acetylene
inhibition method, otherwise, the fate of NOs in these treatments are not clear at
all. Again, try to explain what happened in each treatment in the discussion

section and avoid just the repetition of your results.

A. Thanks for your comments. We have changed this section (See lines 359-378).

The authors provide CH4 emission without qPCR data of mcrA while providing
nifH abundance data without N2 fixation activity. These things should be
presented together otherwise the data interpretation can be poor. Try to explain
why CH4 emission dropped only in T4 on day 10 while others did not.

A. Thanks for your comments. Here, in our manuscript, we reported the effect of
biodiesel co-product (BCP) on soil N transformation by nitrification-denitrification by
soil microbes in acidic soil for tea production. Our main interest was N transformation,
so we didn’t provide qPCR data of mcrA. To make it clear, we put the CH4 and CO:
emission into S, we also have decreased discussion section of CH4 emission in the
discussion: See lines 395-405: We have revised the section to: The highest CHa
emission rate in T4 treatment from day 0-5 (Fig. S6b). This suggests that higher labile
C caused higher demand for O: leading to increased CHs emissions. After day 5,
CHas emission rate in T4 treatment greatly decreased, suggesting that labile C may be

depleted because of higher rate of CO2 emission before day 5.



Similarly, we provided nifH abundance data without N> fixation activity. nifH
abundance is not the main point. We have rewriten it: See lines 455-464: The nifH
gene abundance is strongly associated with the N fixation rate in soils with low
available N (0.5 ug N g*) (Lindsay et al. 2010). The abundance of nifH genes (Fig.
8d) in treatment T4 (0-6) was significantly higher than other treatments on day 5. It
decreased on day 35 but remained higher than in treatments T1 and T2. The copy
number of nifH genes in treatment T3 was significantly higher than in the other
treatments on day 35. This suggests that the surface application T4 (0-6 cm) of BCP
maintained increased nifH genes throughout the incubation, while the mixed
application T3 (0-18 cm) increased the nifH genes after the BCP was exhausted, as
increasing substrate C availability increases biological N2 fixation (Orr et al. 2012;
Chen et al. 2019), which has high energy requirements, supplied by BCP (Mortenson
1964; Silsbury 1977; De Luca et al. 2002).

Minor comments

L62 this sentence requires citation

Thanks. Done. See line 62.

L92 abbreviations AOA and AOB need clarification

Done. See line 93.

L142-144 15N-urea should be applied to 0-18 cm to make it same with (iii) but it

seems to be absent between 6-7 cm

Thanks for this, here, it is the same as 0-18cm. 0-6cm+7-18cm=0-18cm. So to make it
clear we changed to (iv) Treatment 4(T4) °*N-urea mixed 0-18 cm: surface application
of BCP (4500 pg g-1 soil) 0-6¢cm depth T4 (0-6); 7-18 cm sampling depth T4 (7-18).
See line 145.



L155-156 composition of BCP should be presented

Done. We have put it in Table 1. See line 161.

L163-165 citation needed for the primer sets

Done, in the Table S2.

L167 nosZ

Done, Thanks, see line 180.

L227 1 do not see any plot for T3(7-18) in Fig. 4b

Sorry, we made a mistake. We change to T4 (7-18). See line 236.

General comments on the discussion section: Overall, the discussion section is

not exciting with poor data interpretation, especially nitrogen fixation and nifH

gene RE. Discuss more and try to explain what happened in each treatment,

which should not be only the repetition of the description of the results. I see

many descriptive sentences that can be just a repeat of the results section. Avoid

repetitive sentences as much as you can.

A: Thanks for your comments. We have improved our manuscript. And we have

shortened it.

L400-406 it would be better to add the correlation analysis to explain the
relationship between (nirS+nirK)/nosZ (presented in Table 2) and N2O emission

like you did for between NOs and amoA gene abundance, which will help the



readers understanding.

Fig 4b: | do not see any T3 plots (for both depth). Were they all under detection

limit?

A. Thanks for your comments. However, the relationship between soil NOz and amoA
gene abundance was made in two separated depths.While the N2O was collected from
the top of the column, only have one result in each column, and the (nirS+nirK)/nosZ
was analyzed from two depths, so the N2O and ratios cannot be matched. The T3 plots
in Fig. 4b were overlaped with T4 (0-6). We have added an explanation in the legend
of figure 4 See lines 785: Fig. 4 The changes in soil exchangeable NH4* (a) and NO3”
(b) at the different incubation times (T3 plots of NOs were overlapped with T4

(0-6)).



Reviewer #2: This manuscript was shown that the application of Biodiesel
Co-Product (BCP) clearly suppressed the outflow of nitric acid, which has the
unigue and interesting viewpoint and contains important information. |
principally believe that this research data is very important for the agricultural
fields in an acidic tea soil. It is important to judge the data based on statistically
significant differences. If the author's focus is on the microbial flora, it is not
enough to simply carry out the data analysis to investigate the changes of
community structure. It is necessary to examine deeply on what that change

means in this manuscript.

This text contains some concerns. This manuscript is inadequate in

interpretation and assessment of relevance, and many typographical errors are

found.

1) Is it considered that there are no microorganisms in BCP?

A. Sorry, we have added this detail. See line 159. No microorganisms were detected

in BCP after heating (90°C) for 2 hours.

2) Please show the gas analysis method and DON measurement method in the

section ""Materials and Methods"* of the text.

A. Thanks for these. See lines 165-167.

3) The authors continuously sampled from the lysimeters (Lines128-149). Is there

a risk of soil disturbance? To avoid doubts of the reader, it is necessary to

describe the detailed method.



A. Thanks for this, here we used destructive sampling, New, intact columns were
used at each sampling date. See Lines 152-153. So it will not have the risk of soil
disturbance.

4) Please show the chemical properties of the BCP used in this study. Maybe,

BCP include glycerol, salts of fatty acids, methylesters, so on (Lines 62-67). Table

2 shows only the contents of total C and total N.

A. This is now given in Table 1. See line 162.

In addition, this manuscript has some parts that need to be improved as below;

Lines329-330: This sentence is unclear. In soil?

A. Yes, in soil, we have changed this part. See line 359.

Lines340-347: The author's claim was shown about "‘the immobilization of soil

NOs and NHs*"'. Please mention in relation with pH, immobilization, and

microbial community structure in acidic soil.

A. Thanks for the comments. We have added more information about the

immobilization of soil NO3". See lines 359-378.

Lines390-393: ""BCP inhibited AOA and AOB genes', What do you mean?

A. Sorry, we change to BCP inhibited the growth of microorganisms bearing AOA
and AOB genes. See lines 344-345.
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Abstract

Effectiveness of Biodiesel Co Product (BCP) in decreasing N leaching from an acidic soil
(pH 3.7), effects on greenhouse gas emissions and N functional genes following surface
application (0-6 cm depth) and complete mixing (0-18 cm depth) of 1.5 mg BCP-C g* soil
was investigated in a 35 day laboratory lysimeter experiment. The BCP additions
significantly decreased AOA and AOB gene copy numbers, especially from the surface BCP

application. Both methods therefore inhibited nitrification and decreased N leaching.
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Microbial biomass N and C significantly increased following both types of BCP
incorporation, particularly with surface mixing. BCP increased nifH genes with both
applications. Surface application of BCP produced higher emission rates of N2O and CO>
than complete mixing. Based upon (nirS+nirK)/nosZ ratios, more N2O emissions, caused by
denitrification, came from the surface application than complete mixing, in support of the
gaseous measurement of N2O. However, complete mixing was more effective than surface
BCP application in decreasing N leaching: 2.14% of '°N fertilizer in the leachate from
complete mixing, compared to 51% following surface application, and 68% without BCP
addition. These findings demonstrate that complete mixing was more effective than surface
BCP application in decreasing N leaching and gaseous losses. We conclude that BCP is an

effective and biologically safe method to prevent nitrate leaching in this acidic Chinese soil.

Key words: Biodisel Co-Product; °N-urea; Nitrogen leaching; N-O; N-related functional

genes; (nirkK+nirS)/nosZ

Introduction

Nitrogen (N) is one of the most important nutrients for plant growth. However, losses of N
derived from extensive applications of chemical fertilizers are a major source of
eutrophication on a global scale, causing decreased quality of ground and surface waters,
serious economic problems, and damage to aquatic and soil-based ecosystems (Norse 2005;
Williams et al. 1997). In China, approximately 300 million rural residents lack access to safe

drinking water because of agricultural pollution (Liu and Yang 2012). Nitrogen addition, in
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both mineral and organic fertilizers, may be applied at rates as high as 450-1000 kg N haty?
to Chinese tea plantations (Tokuda and Hayatsu 2001, 2004; Xue et al. 2006; Li et al. 2013).
Urea (46% N) is the most commonly used N fertilizer in China and especially in tea
plantations. High fertilizer N applications, especially urea, may cause excess residual N in
soil, which can increase the risk of nitrate leaching and nitrous oxide (N20O) emissions, and
soil acidification (Xue et al. 2006; Zhu et al. 2011; Hirono and Nonaka 2012; Liu and Yang
2012; Zhu et al. 2014). Therefore, to alleviate the contamination of groundwater by nitrate N
(NOs™-N) derived from tea fields, it is necessary to have better management of N, such as
proper fertilizer application rates and incorporation of residues, to immobilize N and
minimize N leaching (Morita et al. 2002). Although this is less effective than using cover
crops (Justes et al. 1999), their use is often inconvenient, due, for example, to adverse Spring
weather conditions. Nitrification inhibitors can also be effective in decreasing nitrate leaching
and N20O emissions (Menendez et al. 2012), as nitrate-N is preferred over N2O as a terminal
electron acceptor and N2O evolution can increase whenever NOs™-N supply is greater than the
reducing demands of the denitrifiers (Swerts et al. 1996).

Biodiesel Co-Product (BCP) has been previously tested as a way of decreasing N
leaching (Redmile-Gordon et al. 2014). It is produced as a byproduct during the conversion
of waste vegetable or animal cooking oils to biodiesel. It contains many residues from the
processing of biodiesel, including a water-soluble mixture of glycerol, salts of fatty acids,
methylesters, mono- and di-glycerides, potassium (or sodium) hydroxide, methanol and water
(Redmile-Gordon et al. 2015).

There are several major types of liquid biofuels, including biodiesel, bioethanol and
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pyrolysis bio-oil. In 2018, 2.6 M barrels of biofuels per day, dominated by the USA and
Brazillian markets, comprised about 87 % of global production. The EU and Chinese shares
were 5% and 3% respectively (Mizik et al. 2020). By 2050, biofuels are predicted to
comprise 27% of the world’s liquid fuel supply (Guo et al. 2020). Based on the projections of
OECD and the FAOQ, by 2027 the USA will still be the main producer. While its market share
will decline to 46%, Brazil’s will increase to 25%, and China’s will reach 8% (OECD 2020).
This suggests that there will be increased BCP produced in China. Biofuel production is
instrumental in improving energy security by decreasing foreign oil imports and promoting
renewable energy resources (Prasad et al. 2020).

Glycerine is the largest component of BCP. It has numerous uses, such as medical and
pharmaceutical preparations and as a food preservative. The use of BCP to prevent N
leaching losses has not yet been investigated in acidic tea soils but BCP production is in
excess of current use (Luo et al. 2016). With this further proposed use of BCP to decrease N
leaching, the cost of biodiesel production could decrease (Haas et al. 2006).

The application of BCP to soil as a substrate for the native soil microbial community
was previously found to be 99% effective in immobilizing inorganic N in near neutral soils
and preventing N leaching losses from the plough layer (Redmile-Gordon et al. 2014). The
BCP application also increased soil exocellular polysaccharides (EPS) and protein synthesis.
Therefore, biodiesel has considerable potential for improving N use-efficiency and limiting
the environmental damage caused by ‘leaky’ agriculture (Redmile-Gordon et al. 2015).
Increasing labile C availability, by adding BCP, will also increase biological N2 fixation (Orr

etal. 2012; Chen et al. 2019).
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Soil nitrification is a two-step process, where ammonia is first oxidized to nitrite by
ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB), then converted
to nitrate by nitrite-oxidizing bacteria (NOB). The AOA generally make a much greater
contribution than AOB to ammonia oxidation in acidic soils (Li et al. 2018). Denitrification
occurs under anaerobic conditions where oxygen is limited (Luo et al. 1999). During
denitrification, the nitrate is successively reduced to N>O or N2 by heterotrophic denitrifiers
(Liu et al. 2019). Nitrite reductase is encoded by the nirS and nirK gene and N20O reductase is
encoded by the nosZ gene (Avrahami and Bohannan 2010; Conrad 1996; Wrage et al. 2001;
Xu et al. 2017). The nifH gene has the ability to fix atmospheric N2 (Zehr et al. 2003).

Here, the BCP was either applied to the soil surface (0-6 cm depth) or incorporated into
soil to plough layer depth (7-18 cm depth) in a lysimeter study, using a tea soil supplied with
15N Ilabeled urea (5.18 atom % excess). The two methods of incorporation were chosen to
represent two different BCP incorporation practices in agricultural soils. The aim was to
determine the different N leaching losses and greenhouse gas emissions following the two
methods of BCP addition. The work was designed : 1) to test if differences in incorporation
of BCP affected soil nitrate immobilization and leaching; 2) to study the effect of the two
application methods on greenhouse gas emmissions; and 3) the responses of functional genes

(AOA, AOB, nirK, nirS, nosZ, nifH) involved in N cycling.

Materials and Methods and
Soil sampling and analyses

The soil was sampled from the surface layer (0-20 cm depth) of a tea field from Meijiawu tea

5
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region (30°21'N, 120°10'E), Hangzhou, Zhejiang Province, China by collecting 12 of 25 cm
diameter cores and bulking. The soil is classified as a Ultisol sandy. The main soil properties
were: pH 3.71, 8.2% clay, 5.8% silt, 86% sand, 0.21 g kg™ total N, 2.9g kg™ total C, 13.6 C/N,
250+0.63 pg g microbial biomass C, 49.43+6.27 pg g microbial biomass N, 2.98+0.22
nmol g ATP. The pH was determined using a 1: 2.5 soil: water ratio, and total C and N
contents by an elemental analyzer (Elementar Analysensysteme Gmb H., Germany). All
measurements were done immediately before leaching except the gaseous emissions. Soil
microbial biomass C (biomass C) was determined by fumigation extraction, and microbial
biomass C was calculated from: Biomass C = 2.22 Ec, where Ec = [(organic C extracted from
fumigated soil) - (organic C extracted from non-fumigated soil)] (Vance et al. 1987; Wu et al.
1990). Soil microbial biomass N (biomass N) measured in the same extracts as microbial
biomass C by fumigation extraction (KEc= 0.45) (Brookes et al. 1985). Soil adenosine
5'-triphosphate (ATP) was extracted from soil by ultrasonics (Jenkinson and Oades 1979) and
determined as described by Redmile-Gordon et al. (2011), with three replicates of moist soil
containing 3.0 g oven dry soil. ATP in the soil extracts blanks and standards (0-100 pmol 50
ult) were measured with a luminometer (Glomax 96. Promega, USA) using the firefly
luciferin-luciferase reagent.

Experimental design

After collection, the soils were sieved moist < 5 mm, soil moisture was adjusted to 40% of
water holding capacity (WHC) then the soils were incubated at 25 °C for 7 days prior to
determination of microbial biomass C and ATP. The soil was then added to soil columns (24

cm in length, 6 cm diameter). Twelve lysimeters were prepared, 3 lysimeters per treatment
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(Fig. 1). Each lysimeter contained moist soil equivalent to 350 g oven-dry soil, and was
supplied with 80 pg urea N g soil at 5.18% °N atom excess when required. The treatments
(all sampled 0-6 and 7-18 cm depth) were:
(i) Treatment 1 (T1) Control (no treatment): 0-6 cm sampling depth T1 (0-6)
and 7-18 cm sampling depth T1 (7-18)
(i) Treatment 2 (T2) °N-urea addition only: 0-6 cm sampling depth T2 (0-6)
and 7-18 cm sampling depth T2 (7-18)
(iii) Treatment 3 (T3) BCP (1.5 mg C g soil) and *°N-urea mixed 0-18 cm: 0-6
cm sampling depth T3 (0-6); 7-18 cm sampling depth T3 (7-18)
(iv) Treatment 4 (T4) ®N-urea mixed 0-18 cm: surface application of BCP (4.5
mg C g* soil) 0-6 cm depth T4 (0-6); 7-18 cm sampling depth T4 (7-18)
The same total amounts of BCP were applied to treatments T3 and T4.
After the treatments were applied, soil moisture was adjusted to 50% WHC. The soils were
leached at day 5, 10, 20, 35 with distilled water (100 ml). After each leaching had stopped,
the tops of the lysimeters were sealed with rubber stoppers for 24 hours to collect the gases
evolved from the soils. At each sampling time, three replicates of each treatment were
sampled from 0-6 cm depth and 7-18 cm depths. Destructive sampling was used in this
experiment, New, intact columns were used each sampling date. Soil inorganic N
(exchangeable NH4"and NOs™) were extracted with 0.5 M K2SOu4 (soil: solution ratio 1:4) and
measured by a flow injection analyzer (SAN**, Skalar, Netherlands). Total *®N and atom
percent °N in the leachates and soils were determined by isotope ratio mass spectrometry.

Total soil *°N on day 5 soil was determined before leaching. Soil DNA was extracted at days

7
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5 and 35 (See below). Biodiesel Co-Product was made in the laboratory from waste vegetable
cooking oil. It was first purged of excess methanol by heating to 90 °C for 2 h. Before
application, BCP was prepared in water and adjusted to pH 8 by adding 1 M HCI dropwise
(Redmile-Gordon et al. 2014). The organic constituents of BCP were determined as described
by Redmile-Gordon et al. (2015) and details are provided in Table 1. A methane conversion
furnace, flame ionization detector (FID), and electron capture detector (ECD) were used for
the determination of the CO2, CH4, and N20O, respectively (Wang et al. 2017). Dissolved
organic C (DOC) and N (DON) were determined using a TOC-TN analyzer (Shimadzu,
Japan). Dissolved organic N was calculated from: [dissolved total N (DON) minus (NH4*—N
+ NOz—N)].
DNA extraction and quantitative PCR (qPCR) analysis
The soil DNA was isolated from moist soils (0.5g oven-dry) using the FastDNASpin Kit for
soil (MP Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s instructions.
The DNA purity and concentrations were determined with a Nanodrop spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA) and the DNA quality was checked by gel
electrophoresis and stored at —20°C. All DNA samples were diluted to give between 10000
and 100000 reads per sample, as suggested by Scholer et al. (2017) and Vestergaard et al.
(2017).

The primers and conditions used for qPCR are shown in Table S2. The primer pairs
Arch-amoAF/Arch-amoAR were used for the qPCR of the AOA amoA genes, and AOB
amoA genes were quantified by the primers of amoA-1F/amoA-2R. The gPCR was carried

out using a Roche Light Cycler 480 Real-Time PCR Machine (Roche Applied Science). The
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nirS, nirk and nosZ genes of quantitative PCR analysis were determined as described by Di
et al. (2014). The nifH gene of quantitative PCR analysis was described by Gaby and Buckley
(2012). Each 20 pl PCR reaction contained 10 pul SYBR Premix Ex Taq (TaKaRa, Dalian,
China), with 400 pl nM of each primer. 1 ul of DNA template was added and the final volume
was adjusted with Milli-Q water. Plasmids were extracted from the representative clones
containing each target gene, and ten-fold serial dilutions of the plasmid DNA with the known
gene abundance were used as the standard curve. The plasmid concentrations were measured
using a Nanodrop® ND-2000 UV-vis and the standard copy numbers were calculated. The
amplification efficiencies were 91% to 99% with the R? values ranging between 0.997 and
0.999.
Laboratory analysis and data analysis
The percent recovery of the applied urea-1°N was calculated according to Cabrera and Kissel
(1989): N recovery (%) = p(c-b) / f(a-b) * 100
where p = mols of N in leachate and soil samples, f = mols of N in urea applied, ¢ =
atom%®®N abundance in leachate samples, a = atom%?°N abundance in the urea, b =
atom%*°N abundance in the leachate samples without added urea.

All statistical analyses were determined by Origin 9.0 and SPSS 21.0 software. One-way
ANOVA was used to analyze the treatment effects. Differences with values of P < 0.05 were
considered to be statistically significant. All analytical data are the means of triplicate

determinations.

Results
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Soil microbial biomass and ATP

Properties of the field sampled soil are presented above. The BCP additions significantly
increased microbial biomass C in treatment T3 at both depths and T4 (0-6) (Fig. 2a). The
greatest increase was with treatment T4 (0-6) where microbial biomass C was 655 ug
biomass C g* soil on day 5. Thus, by this time, microbial biomass C in treatment T4 (0-6)
had more than doubled compared to the other treatments. However, by day 35, while
microbial biomass C in treatment T4 (0-6) was higher than the other treatments, the
difference between them was very much less compared to previous sampling days, although
still significant (Fig. 2a).

Changes in microbial biomass N in the different treatments closely followed those of
microbial biomass C (Fig. 2b). Again, microbial biomass N was greater following both BCP
additions, with the greatest microbial biomass N contents in treatment T4 (0-6). Microbial
biomass N in treatment T4 (0-6) was about 75 pg g, and as with microbial biomass C, it
declined until day 35. Overall, there was a highly significant linear correlation between
microbial biomass N and microbial biomass C (R?=0.96) (Fig. S1b), However, there were
differences in mean microbial biomass C/N ratios in the different treatments. The highest
ratio was in treatment T4 (0-6) 6.48, followed with treatment T3 (7-18) at 5.48, and then
treatment T3 (0-6) with a ratio of 5.20. The microbial biomass C/N ratios with urea only were
4.74, 4.78 and 5.10 in the T2 (0-6), T2 (7-18) and T4 (7-18) treatments respectively. The
ratios in the control soils (T1) were 4.79 and 5.01 respectively in the two different depths.
(Fig. S1).

There was a close overall linear relationship between soil ATP and soil microbial

10
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biomass C (R?=0.96) (Fig. S1a). However, there were also significant differences between
treatments. The soil ATP concentrations in treatments T3 (0-6) (4.71 nmol g) and T3 (7-18)
(4.90 nmol g*) were higher than in treatment T4 (0-6) (4.33 nmol g*) during the incubation
with a maximum on day 5 (Fig. 2c). There were also significant differences between
microbial biomass ATP concentrations (umol ATP g* biomass C) (Fig. S1a). The lowest
concentration was 9.32 umol ATP g microbial biomass C in treatment T4 (0-6 cm) followed
by T3 (7-18) with 11.97 umol ATP g microbial biomass C. The concentrations in treatment
T3 (0-6), at 12.44 pmol ATP g* microbial biomass C was higher than in the others. Those in
treatments T2 (0-6) and (7-18) were 11.85 and 10.78 pumol ATP g microbial biomass C
respectively, and 12.23 umol and 11.94 umol ATP g microbial biomass C in treatment T1
(0-6) and (7-18) respectively (Fig. S1a).
Soil inorganic N
There was a distinct peak in soil exchangeable NH.*-N at day 5 in T2 (0-6); (7-18) and T4
(7-18). The highest concentration was with treatment T4 (7-18), at about 4.3 mg
exchangeable NHs*-N g? soil. By day 10, soil exchangeable NHs*-N had declined to
relatively similar levels in all treatments to between about 1.5 to 2.0 mg exchangeable
NH4*-N g soil. However, the smallest concentrations were consistently with treatment T3 at
around 1.5 mg kg* soil (Fig. 4a).

Soil NOz-N concentrations in treatments T3 (0-18) and T4 (0-6) were close to zero by
day 5 and remained so throughout the 35-day incubation. In contrast, the concentrations in
treatment T2 (0-6; 7-18), and T4 (7-18) increased, reaching a maximum at day 5 with about

33, 32 and 31 mg kg respectively, then remained at approximately these concentrations until

11
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the end of the incubation. Soil NOs-N concentrations in treatments T2 (0-6), T2 (7-18),
T1(0-6) and T1(7-18) were 21.99, 20.44, 19.14 and 19.52 mg kg respectively, followed by
treatment T4 (7-18) with 14.79 mg kg™* (Fig. 4b).

The effect of BCP on nitrogen leaching

The total NH4*-N concentrations in leachates from treatments T1 to T4 were 103, 171, 103,
and 118 pg respectively (Fig. 6). The amount of NH4*-N leached from treatment T3 was
significantly lower than from treatments T2 and T4, and was the same as in T1 (Fig. 6).
Except for treatment T1, the maximum amount of NH4*-N leached was on day 20.

The NO3z-N leached from the four treatments were 1031, 1060, 20, and 840 pg,
respectively (Fig. 6). The amount from treatment T3 was significantly lower than from all
other treatments, followed by treatment T4, and was maximal with treatment T2 (Fig. 6). The
NH4*-N leaching from treatment T3 was negligible after day 5 and remained stable until the
end of the leaching period. In treatment T2 and T4, NOs™-N leaching levels decreased by day
5, remaining at this low level throughout (Fig. 6). The recovery of *°N from the labeled urea
in the leachate from T3 was 2.14%, which was significantly lower than from T2 (68%) and
T4 (51%) (Fig. S2b) . The mixing treatment (treatment T3) was therefore more effective than
the surface application (T4) at decreasing N leaching. Treatment T3 decreased NO3-N
leaching 4 times more than from treatment T4, and 5 times more than from T2 (urea only)
(Fig. 6).

Similarly, the amount of dissolved organic N (DON) came from treatment T3 (2.1 mg)
and was highest in treatment T2 at 35.5 mg and with similar amounts of DON in treatments

T1 and T4. The largest amount of leached DOC was from treatment T4 at 29.2 mg, followed

12



©CO~NOOOTA~AWNPE

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

13

by T3, with 16.5 mg, then T2 and T1 with 11.2 mg and 10.6 mg respectively (Fig. S5).

The maximum leaching of NO3™-N and NH4"-N occurred at different times. The maximum
leaching of NO3z™-N was on day 5 in all treatments except treatment T3 as mentioned above
(Fig. 5b). The leaching of NH4*-N was at a maximum on day 20 except from T1, with a
maximum on day 10 (Fig. 5a). The biggest leaching loss was from treatment T2.

On day 5, before leaching commenced, the percentage recoveries of *N in soils (Fig. S2a)
were all similar, and nearly 100%. On day 35, the highest rate of °N recovery was from
treatment T3 (0-6) at 96.4%, followed by T3 (7-18) (88.7%) and T4 (0-6) (71.7%). Only
23.7%, 17.7% and 23.3% of added ®N remained in the soil treatments T2 (0-6), T2 (7-18)
and T4 (7-18) treatments respectively.

Functional gene shifts
The abundance of the AOA amoA genes were significantly higher than those of the AOB
amoA genes (Figs. 7a and 7b). The BCP additions significantly decreased the abundance of
AOA amoA genes on day 5 and day 35 (P < 0.05). The abundance of AOB amoA genes in the
BCP treatments were significantly lower than those in treatments without BCP except for
treatment T4 (7-18) on day 5. However, the abundance was significantly higher in treatment
T3 (7-18) than in the others where there were no significant differences on day 35. The linear
relationship between AOA genes and NOs-N concentrations (R? = 0.60; P < 0.001) was
stronger than between AOB genes and NOs™-N concentrations (R?= 0.16; P <0.01) (Figs. 7c
and 7d).

The abundance of nirS, nirK and nosZ genes in treatment T4 (0-6) was significantly

lower than in the other treatments on day 5 and day 35 (Fig. 8). The abundance of these genes
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in treatment T3 was significantly lower than in treatments without BCP on day 5, while both
of them increased on day 35. In contrast, the abundance of nifH gene in treatment T4 (0-6)
was highest at day 5, followed by treatment T4 (7-18). At day 35, the nifH genes in treatment
T3 were significantly higher than in the other treatments by 7 times. Also, they were still
significantly higher in treatment T4 when compared with T1 and T2 (Fig. 8d). The lowest
[nirK+nirS]/[nosZ] ratios were with treatment T4 (0-6) on day 5 (2.40) and 35 (2.24). The
highest ratio was with treatment T4 (7-18) (4.36) on day 5 (Table 2).

The effects of BCP on Greenhouse Gas emissions

The rate of nitrous oxide (N2O) emissions was largest in treatment T4. It rapidly increased
from day O to day 5, and reached 485 pg m™ h! at day 5. It then decreased to 98 pg m? h?at
day 10 and 14.5ug m h'! at day 20. However, the rates of other treatments were similar and
remained stable throughout, from around 40 ug m2 h™* to 14 pg m? h'* (Fig. 3).

Carbon dioxide (CO2) emissions from treatments T3 and T4 also showed a similar
pattern from day O to 20. The peak of CO2emission rate occurred on day 5, declined to day
20 then remained stable at about 99 mg m2 h'* until the end of the incubation time. The peak
emission rate in treatment T4 (951 mg m2 h') was higher than in treatment T3 (727 mg m™
ht). Before the rate of CO, emission from treatment T2 stabilized, it decreased from 84 mg
m h! to around 35 mg m? h™during the first 5 days. There was a decline in treatment T1
from day 0 to day 35 (86 to 29 mg m h'l) (Fig. S6a).

The emission rates of CHs4 increased slightly from day 0 to 5, afterwards, it halved in all
treatments by the end of the experiment. The differences in the rates between treatments T4>

T1>T3>T2 at 69, 67, 65.8 and 66.5 pug m? h't respectively were not significant by day 5.
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Then, all rates declined, with the fastest decline in treatment T4, which declined steeply to
31.2 ug m? h'lby day 10. After day 20, CH4emissions from all treatments had stabilized at
about 33 pg m? ht (Fig. S6b).
Discussion
Changes in microbial biomass and ATP concentrations
Microbial biomass C and ATP concentrations were significantly higher in the BCP treatments
(T3 and T4 (0-6)) compared to treatments without BCP (Figs. 2a and 2c). Therefore, at least a
large BCP fraction was biologically available, leading to high microbial growth and activity,
and also stimulation of microbial biosynthesis (Redmile-Gordon et al. 2014; Zhang et al.
2020). High microbial C utilization is typically associated with an enhanced N demand (Brant
et al. 2006; Mondini et al. 2006; Schneckenberger et al. 2008), consistent with the associated
increase in microbial biomass N with BCP (Fig. 2). The surface addition of BCP (T4 (0-6))
produced the highest biomass N content, due to the highest rate of BCP addition with a high
C/N ratio that promoted N immobilization (Redmile-Gordon et al. 2015; Shen et al., 2021).
There was a linear relationship between microbial biomass C and ATP (Fig. S1a) as reported
by Contin et al. (2002). Shen et al. (2018) also found microbial biomass ATP had linear
relationships with water-hold capacity (WHC). Microbial biomass C and N also had a linear
relationship (Fig. S1b), which is consistent with Joergensen and Mueller (1996).

The BCP significantly increased soil pH (P < 0.05; Fig. S5). Some studies found that the
metabolic functions of the soil microbial community may be impaired at lower soil pH,
directly via proton toxicity, or by increased availability of toxic metals, such as Al (Sanders

1983; Han et al. 2007). Many studies have shown that increasing soil pH enhances microbial
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activity and increases soil respiration (Kemmitt et al. 2006; Pietri and Brookes 2008).
Therefore, BCP, not only decreased N leaching but also has the potential to alleviate the
effects of fertilizer by increasing soil pH (Fig. S5), thereby increasing microbial activity (Fig.
2C).

Soil inorganic N and N leaching

Urea application increased nitrification without BCP (Fig. 4b), which indicates that
acid-tolerant nitrifers exist in acidic soils and have high activity. Increasing soil pH can
promote nitrification and induce nitrate accumulation in some acidic soils (De Boer et al.
1996; SteMarie and Pare 1999; De Boer and Kowalchuk 2001; Zhang et al. 2017). BCP
increased soil pH in our study (Fig. S5) but we found that BCP significantly decreased AOA
and AOB amoA genes (Figs. 7a and 7b). This suggests that BCP potentially inhibited the
growth of microorganisms bearing AOA and AOB genes, as it may contain biological
nitrification inhibitors (Sarr et al. 2020). The abundance of AOA amoA genes was
significantly higher than AOB amoA genes (Figs. 7a and 7b), which is consistent with other
findings (Herrmann et al. 2012; Sarr et al. 2020). There was also a linear relationship between
abundances of AOA genes and NOs-N concentrations in the soils. This is supported by the
findings of others that although AOA and AOB have the same functions, AOA, rather than
AOB dominates in acid soils (pH<4.9) (Leininger et al. 2006). Therefore, AOA generally
makes the greater contribution to ammonia oxidation in acid soils (Li et al. 2018; Yao et al.
2011). On day 5 the lowest AOB gene number was in treatment T4 (7-18), which suggests
that the surface addition of BCP consumed much O in the surface causing anaerobic

conditions in T4 (7-18). By day 35, the copy number of AOB in the BCP treatment T3 (7-18)
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was higher than in other treatments. while the AOA copy number in the BCP treatments were
still lower than in the others. This indicates BCP addition inhibited the growth of
microorganisms having AOA longer than those with AOB genes.

Addition of BCP greatly decreased the soil NO3z™-N concentrations (Fig. 5b). The lowest
amounts of NOz™-N leached in treatment T3 were less than in T4, compared to T1 and T2 i.e.
No BCP. The immobilization of NO3™-N may be inhibited by concentrations of NH4" as low
as 0.1 pg NH4*-N g soil (Rice and Tidje 1989). However, the accumulation of microbial
biomass N in response to BCP proceeded despite low exchangeable NH4*-N in the soil (Fig.
4). This suggests that the quality of C (soil organic matter vs. BCP) is more important for
NOs™-N immobilization than the concentration of exchangeable NH4*-N (Shen et al. 2021).
Cheng et al. (2017) also found that NOs~ immobilization is increased by the addition of
simple organic substrates at concentrations above 0.5 mg C gsoil. The amount of BCP we
used was 1.5 mg C g which was consistent with this. Burger and Jackson (2003) also found
high NO3™ immobilization rates in near neutral soils (pH 6.8 and 6.5) with low NHs*-N
concentrations (around 1 ug N g? soil). Heterotrophic microbes assimilated less NH4* than
NOs", probably because NH4" concentrations were low and competition by nitrifiers was
apparently strong. This suggests that BCP caused strong competition for NH4* between
nitrifiers and N immobilizers in our soils, causing NO3z™ to be more available to microbes.
Previous studies also reported that fungi prefer NO3™ than NHs"and exchangeable NO3z™ was
taken up by fungi (Marzluf 1997; Zhu et al. 2013). The application of BCP to the plough
layer (23 cm) in a high pH soil was 99% effective in NO3z™ immobilization thus preventing its

loss during winter (Redmile-Gordon et al. 2014). which was similar to findings of Ritz and
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Griffith (1987) and Park et al. (2006).

Labile C additions decreased N leaching in a sandy loam soil in other lysimeter
experiments (Eschen et al. 2007; Chaves et al. 2008). Sucrose and glucose additions also
immobilized urine-N and decreased N leaching (Shepherd et al. 2010). Glucose addition also
significantly decreased NOz™-N leached from a sandy soil (Ritz and Griffith 1987). These
results are consistent with ours. However, sucrose and glucose are too expensive for practical
use, unlike BCP. The recovery rates of °N-urea fertilizer in the leachates were least in the
mixed application of BCP (Treatment T3) (Fig. S2b). This suggests that it is effective in
decreasing fertilizer N leaching losses from soil to surface and groundwaters, so decreasing
environmental and human health risks (WHO 1984). The maximum leaching of NO3-N was
earlier than exchangeable NH4*-N (Figs. 5a and 5b). NOs™-N has a diffuse single negative
charge over a large anion and so is more mobile than the smaller and highly positively
charged NH4*-N ion, and it is not fixed by soil colloids (Wang 2008). Therefore, NH4*-N is
usually adsorbed by soil exchange sites and is little leached (Mengel 1985; Di and Cameron
2005). Overall, these findings indicate that: i) The abundance of AOA is higher than AOB in
strongly acidic soils, ii) BCP addition inhibited the growth of microorganisms bearing AOA
longer than bearing AOB genes, and iii) BCP decreases N (especially NO3™-N) leaching.
GHG-C emission rates (CO2 and CHa)

Higher labile C inputs cause higher cumulative CO2 emissions in aerobic soils (Tsai et al.
1997; Miller et al. 2008). This is consistent with our results where the highest rate of CO-
emission was from treatment T4, followed by treatment T3 (Fig. S6b). The higher rate of CO>

emission was on day 5 and then sharply declined. Brant et al. (2006) found that a readily
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mineralizable pool of substrate C was respired during the early stage (first 3d of incubation).
The CHg4 production rate was low, because methanogens is inhibited in strongly acidic soils
(Ye et al. 2012). The highest CH4 emission rate was in T4 treatment (Fig. S6b). This suggests
that the greater labile C in BCP caused a higher demand for O, producing anaerobic
conditions. After day 5, the CH4 emission rate in the T4 was greatly decreased, suggesting
that labile C was becoming depleted.

N20 emissions from soil

Parton et al. (1996) found that N2O fluxes caused by nitrification were proportional to soil N
turnover and that high levels of soil exchangeable NH4* (> 3 mg N kg soil) increased N2O
emission. In our soils the NH4*-N concentration was below 3 mg N kg?soil (Fig. 4a), so it
would not affect N2O emission. The highest rate of N2O emission was from the T4 treatment
on day 5 (Figs. 3 and 6). This suggests that the addition of high rates of BCP increases the
tendency for soil anoxia, favoring the growth of denitrifiers (Beauchamp et al. 1989; Azam et
al. 2002). Several studies have shown the importance of spatial and temporal soil
heterogeneity in providing soil Oz concentrations for N2O emissions (Meyer et al. 2002;
Khalil et al. 2004; Morley and Baggs 2010). Nitrification can account for 55-95% of N.O
emissions when the water filled pore space (WFPS) is between 40 and 60% (Linn and Doran
1984). In this study, the soil WHC was 50%, which is around 40%WFPS to 60%WFPS. The
N2O emissions rate was generally low (< 40 pg m™ h') in our soil except in the T4 treatment
(Fig. 3). This suggests that N2O emissions in T1, T2 and T3 are mainly derived from
nitrification. The N2O emission rate was high in treatment T4 but not in T3. This suggests

that the main N2O emission from T4 may not come from nitrification. Soil NOs-N
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concentration rapidly declined to zero in treatments T3 and T4 (0-6), which agrees with
previous work (Shen et al. 2021), indicating that NOs™-N was immobilized by soil microbes,
rather than being denitrified. Therefore, the high N2O emission rate may come from
denitrification in T4 (7-18), which will be discussed in next section. The recovery rate of
> N-urea in the soils of the different treatments at day 5 was almost 100 % (Fig. S2). This
suggests that volatilization loss of 1°N-urea was negligible before day 5. Rochette et al. (2013)
previously showed virtually no urea volatilization below soil pH<6, which agrees with this
finding.
Functional genes shifts
Gene copy numbers of nirS were more abundant than nirK in all treatments. This is consistent
with Kleineidam et al. (2010), who also found that nirS copy numbers were more abundant
than nirkK copy numbers in two arable soils. The BCP addition significantly decreased the
copy numbers of nirK, nirS and nosZ genes on day 5, indicating that BCP inhibited the
growth of denitrifiers and therefore changed the denitrifier communities. The copy numbers
of nirK, nirS and nosZ genes in treatment T4 (0-6) were significantly lower than in other
treatments on day 35 while these genes copy numbers in treatment T3 increased. This
suggests that the high application rates of BCP (T4 (0-6)) inhibited the growth of
microorganisms bearing denitrification genes longer than the relatively lower rate of BCP
application (T3).

The labile C in BCP does not only support the activity of denitrifiers, but also has the
indirect effect of causing microsite anaerobiosis, due to increased respiratory demand for Oa.

It would favor the completed denitrification to N> in saturated soil (90%WFPS), while it
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significantly stimulated N.O emissions at 40% WPFS (Sanchez-Martin et al. 2008). In our
study, the WHC of soil (50%) was lower than 90% (WFPS), indicating that BCP addition
would not support complete denitrification. Higher ratios of (nirS+nirK)/nosZ are related to
higher N2O emissions (Guo et al. 2018). The highest gene ratio of (nirS+nirK)/nosZ (4.36)
was in T4 (7-18) (Table 2), suggesting that the high N2O emission rate in T4 was derived
from denitrification from the 7-18 cm depth. The BCP addition would have caused more O>
consumption in the T4 (0-6) soil surface layer, leading to decreased O entering soil below
this depth, (Kuang et al. 2019), which may cause anaerobic conditions in T4 (7-18). This
supports the above findings (Fig. 3a). Also, the lowest ratio of (nirS+nirK)/nosZ was in T4
(0-6) on both day 5 and 35, suggesting that the high rate of BCP addition (T4 (0-6)) may have
the potential to decrease both N leaching and N2O emission.

The nifH gene abundance is strongly associated with the N> fixation rate in soils with
low available N (0.5 ug N g) (Lindsay et al. 2010). The abundance of nifH genes (Fig. 8d)
in treatment T4 (0-6) was significantly higher than other treatments on day 5. It decreased on
day 35 but remained higher than in treatments T1 and T2. The copy number of nifH genes in
treatment T3 was significantly higher than in the other treatments on day 35. This suggests
that the surface application T4 (0-6 cm) of BCP maintained increased nifH genes throughout
the incubation, while the mixed application T3 (0-18 cm) increased the nifH genes after the
BCP was exhausted, as increasing substrate C availability increases biological N fixation
(Orr et al. 2012; Chen et al. 2019), which has high energy requirements, supplied by BCP
(Mortenson 1964; Silsbury 1977; De Luca et al. 2002).

Conclusions
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Complete BCP mixing, (Treatment T3 (0-18)) was much more efficient in preventing NOz™N
leaching than T4 (Surface application (0-6)). This is attributed to more biological activity in
treatment T3 with its deeper mixed BCP application. Therefore, more fertilizer N was
immobilized, as shown by increased microbial biomass C and N and decreased DON
leaching losses. This suggests that Treatment T3 would also be best under field conditions.
No harmful effects of BCP applications on microbial activity were observed. Although the
surface application (T4) was less effective in decreasing N leaching, the high rate of
application (T4 (0-6)) maybe be more effective in decreasing N leaching by inhibiting
nitrifier growth. Also, it has potential in decreasing N2O emissions by decreasing the ratio of
(nirkK+nirS)/nosZ. Field trials in a range of acidic Chinese tea soils under different climatic
conditions are now required to test the efficiency and safety of BCP applications to decrease
N leaching under field conditions. Finally, whether BCP addition would promote biological
N2 fixation and why it decreased the abundances of ammonia oxidizers and denitrifiers need

further work.

Acknowledgements
China Agriculture Research System. P. C. B received support under the Thousand Talents

Programme supported by the Chinese Government. This is gratefully acknowledged.

References
Avrahami S, Bohannan BJM (2010) N2O emission rates in a California meadow soil are

influenced by fertilizer level, soil moisture and the community structure of

22



©CO~NOOOTA~AWNPE

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

23

ammonia-oxidizing bacteria. Glob Chang Biol 15: 643-65

Azam F, Miller C, Weiske A, Benckiser G, Ottow J (2002) Nitrification and denitrification as
sources of atmospheric nitrous oxide—role of oxidizable carbon and applied nitrogen. Biol
Fertil Soils 35: 54-61Beauchamp EG, Trevors JT, Paul JW (1989) Carbon sources for
bacterial denitrification. In Adv Soil Sci volume:113-142

Brant JB, Sulzman EW, Myrold DD (2006) Microbial community utilization of added carbon
substrates in response to long-term carbon input manipulation. Soil Biol Biochem 38:
2219-2232

Brookes PC, Landman A, Pruden G, Jenkinson DS (1985) Chloroform fumigation and the
release of soil nitrogen: A rapid direct extraction method to measure microbial biomass
nitrogen in soil. Soil Biol Biochem 17: 837-842

Burger M, Jackson LE (2003) Microbial immobilization of ammonium and nitrate in relation
to ammonification and nitrification rates in organic and conventional cropping systems.
Soil Biol Biochem 35: 29-36Cabrera ML, Kissel DE (1989) Review and simplification of
calculations in *°N tracer studies. Fert Res 20: 11-15

Chaves B, De Neve S, Boeckx P, Dupont R, Van Cleemput O, Hofman G (2008)
Manipulating the N release from °N-labelled celery residues by using straw and vinasses
in Flanders (Belgium). Agric Ecosyst Environ 123:151-160

Chen J, Wang P, Wang C, Wang X, Miao L, Liu S, Yuan Q (2019) Dam construction alters
function and community composition of diazotrophs in riparian soils across an
environmental gradient. Soil Biol Biochem 132:14-23

Cheng Y, Wang J, Wang J, Chang SX, Wang S (2017) The quality and quantity of exogenous

23



©CO~NOOOTA~AWNPE

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

24

organic carbon input control microbial NOs~ immobilization: a meta-analysis. Soil Biol

Biochem 115: 357-363

Conrad R (1996) Soil microorganisms as controllers of atmospheric trace gases (H2, CO, CHa,
OCS, N20, and NO). Microbiol Rev 60:609-640

Contin M, Jenkinson DS, Brookes PC (2002) Measurement of ATP in soil: correcting for
incomplete recovery. Soil Biol Biochem 34: 1381-1383

De Boer W, Gunnewiek PK, Parkinson D (1996) Variability of N mineralization and

nitrification in a simple, simulated microbial forest soil community. Soil Biol Biochem: 28:

203-211

De Boer W, Kowalchuk GA (2001) Nitrification in acid soils: micro-organisms and
mechanisms. Soil Biol Biochem 33: 853-866DeLuca TH, Zackrisson O, Nilsson MC,

Sellstedt A (2002) Quantifying nitrogen-fixation in feather moss carpets of boreal forests.

Nature 419: 917-920

Di HJ, Cameron KC (2005) Reducing environmental impacts of agriculture by using a fine

particle suspension nitrification inhibitor to decrease nitrate leaching from grazed pastures.

Agric Ecosyst Environ 109: 202-212

Di HJ, Cameron KC, Podolyan A, Robinson A (2014) Effect of soil moisture status and a
nitrification inhibitor, dicyandiamide, on ammonia oxidizer and denitrifier growth and
nitrous oxide emissions in a grassland soil. Soil Biol Biochem 73: 59-68

Ducey TF, Ippolito JA, Cantrell KB, Novak JM, Lentz RD (2013) Addition of activated

switchgrass biochar to an aridic subsoil increases microbial nitrogen cycling gene

abundances. Appl Soil Ecol 65: 65-72

24



©CO~NOOOTA~AWNPE

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

25

Eschen R, Mortimer SR, Lawson CS, Edwards AR, Brook AJ, Igual JM, Hedlund K,
Schaffner URS 2007. Carbon addition alters vegetation composition on exarable fields. J
Appl Ecol 44: 95-104

Francis CA, Roberts KJ, Beman JM, Santoro AE, Oakley BB (2005) Ubiquity and diversity
of ammonia-oxidizing archaea in water columns and sediments of the ocean. Proc Natl
Acad Sci USA 102:14683-14688

Gaby JC, Buckley DH (2012) A comprehensive evaluation of PCR primers to amplify the
nifH gene of nitrogenase. PloS one 7: e42149

Guo M (2020) The Global Scenario of Biofuel Production and Development. In: Mitra M,
Nagchaudhuri A (eds) In Practices and Perspectives in Sustain Bioenergy: 29-56

Guo L, Wang X, Diao T, Ju X, Niu X, Zheng L, Han X (2018) N20O emission contributions by
different pathways and associated microbial community dynamics in a typical calcareous
vegetable soil. Environ Pollut 242: 2005-2013

Haas MJ, McAloon AJ, Yee WC, Foglia TA (2006) A process model to estimate biodiesel
production costs. Bioresour Technol 97: 671-678

Hallin S, Lindgren P (1999) PCR detection of genes encoding nitrite reductase in denitrifying
bacteria. Appl Environ Microbiol 65:1652-1657Han W, Kemmitt SJ, Brookes PC (2007)
Soil microbial biomass and activity in Chinese tea gardens of varying stand age and
productivity. Soil Biol Biochem 39: 1468-1478

Herrmann M, Hadrich A, Kisel K (2012) Predominance of thaumarchaeal ammonia oxidizer

abundance and transcriptional activity in an acidic fen. Environ Microbial 14: 3013-3025

Hirono Y, Nonaka K (2012) Nitrous oxide emissions from green tea fields in Japan:

25



©CO~NOOOTA~AWNPE

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

26

contribution of emissions from soil between rows and soil under the canopy of tea plants.
Soil Sci Plant Nutr 58: 384-392

Jenkinson DS, Oades JM (1979) A method for measuring ATP in soil. Soil Biol Biochem 11:
193-199

Joergensen RG, Mueller T (1996) The fumigation-extraction method to estimate soil
microbial biomass: calibration of the KEN value. Soil Biol Biochem 28: 33-37

Justes E, Mary B, Nicolardot B (1999) Comparing the effectiveness of radish cover crop,
oilseed rape volunteers and oil seed rape residues incorporation for reducingnitrate
leaching. Nutr Cycl Agroecosyst 55: 207-220

Kemmitt SJ, Wright D, Goulding KW, Jones DL (2006) pH regulation of carbon and nitrogen
dynamics in two agricultural soils. Soil Biol Biochem 38: 898-911

Khalil K, Mary B, Renault P (2004) Nitrous oxide production by nitrification and
denitrification in soil aggregates as affected by O concentration. Soil Biol Biochem 36:
687-699

Kleineidam K, Sharma S, Kotzerke A, Heuer H, Thiele-Bruhn S, Smalla K, Schloter M (2010)
Effect of sulfadiazine on abundance and diversity of denitrifying bacteria by determining
nirk and nirS genes in two arable soils. Microb Ecol 60: 703-707

Kloos K, Mergel A, Rosch C, Bothe H (2001) Denitrification within the genus Azospirillum
and other associative bacteria. Funct Plant Biol 28: 991-998

Kuang W, Gao X, Tenuta M, Gui D, Zeng F (2019) Relationship between soil profile
accumulation and surface emission of N2O: effects of soil moisture and fertilizer nitrogen.

Biol Fertil Soils 55: 97-107

26



©CO~NOOOTA~AWNPE

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

27

Leininger S, Urich T, Schloter M, Schwark L, Qi J, Nicol GW, Prosser JI, Schuster SC,
Schleper C (2006) Archaea predominate among ammonia-oxidizing prokaryotes in soils.
Nature 442: 806-809

Li Y, Chapman SJ, Nicol GW, Yao H (2018) Nitrification and nitrifiers in acidic soils. Soil
Biol Biochem 116: 290-301

Li Y, Fu XQ, Liu XL, Shen JL, Luo Q, Xiao RL, Li YY, Tong CL, Wu JS (2013) Spatial
variability and distribution of N2O emissions from a tea field during the dry season in
subtropical central China. Geoderma 193-194: 1-12

Lindsay EA, Colloff MJ, Gibb NL, Wakelin SA (2010) The abundance of microbial
functional genes in grassy woodlands is influenced more by soil nutrient enrichment than
by recent weed invasion or livestock exclusion. Appl Environ Microbiol 76: 5547-5555

Linn DM, Doran JW (1984) Effect of water-filled pore space on carbon dioxide and nitrous

oxide production in tilled and non-tilled soils. Soil Sci Soc Am J 48: 1267-1272Liu J, Yang W

(2012) Water sustainability for China and beyond. Science 337: 649-650

Liu X, Ren J, Zhang Q, Liu C (2019) Long-term effects of biochar addition and straw return
on N20 fluxes and the related functional gene abundances under wheat-maize rotation
system in the North China Plain. Appl Soil Ecol 135: 44-55

Luo J, Tillman RW, Ball PR (1999) Factors regulating denitrification in a soil under pasture.
Soil Biol Biochem 31: 913-927

Luo X, Ge X, Cui S, Li Y (2016) Value-added processing of crude glycerol into chemicals
and polymers. Bioresour Technol 215: 144-154

Marzluf GA (1997) Genetic regulation of nitrogen metabolism in the fungi. Microbiol Mol

27



©CO~NOOOTA~AWNPE

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

28

Biol R 61:17-32

Menendez S, Barrena I, Setien I, Gonzalez-Murua C, Estavillo JM (2012) Efficiency of
nitrification inhibitor DMPP to reduce nitrous oxide emissions under different temperature
and moisture conditions. Soil Biol Biochem 53: 82—-89

Mengel K (1985) Dynamics and availability of major nutrients in soils. Adv Soil Sci volume:
65-131

Meyer RL, Kjar T, Revsbech NP (2002) Nitrification and denitrification near a soil-manure
interface studied with a nitrate-nitrite biosensor. Soil Sci Soc Am J 66: 498-506

Michotey V, Mégjean V, Bonin P (2000) Comparison of methods for quantification of
cytochrome cd 1-denitrifying bacteria in environmental marine samples. Appl Environ
Microbiol 66: 1564-1571

Miller MN, Zebarth B, Dandie CE, Burton DL, Goyer C, Trevors JT (2008) Crop residue
influence on denitrification, N2O emissions and denitrifier community abundance in soil.
Soil Biol Biochem 40: 2553-2562

Mirza BS, Potisap C, Nusslein K, Bohannan BJ, Rodrigues JL (2014) Response of free-living
nitrogen-fixing microorganisms to land use change in the Amazon rainforest. Appl Environ
Microbiol 80: 281-288

Mizik T (2020) Impacts of International Commodity Trade on Conventional Biofuels
Production. Sustainability 12: 2626

Mondini C, Cayuela ML, Sanchez-Moneder MA, Roig A, Brookes PC (2006) Soil microbial
biomass activation by trace amounts of readily available substrate. Biol Fertil Soils 42:

542-549Morita A, Takano H, Oota M, Yoneyama T (2002) Nitrification and denitrification

28



©CO~NOOOTA~AWNPE

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

29

in an acidic soil of tea (Camellia sinensis L.) field estimated by §*°N values of leached
nitrogen from the soil columns treated with ammonium nitrate in the presence or absence
of a nitrification inhibitor and with slow-release fertilizers. Soil Sci Plant Nutr 48: 585-593

Morley N, Baggs EM (2010) Carbon and oxygen controls on N2O and N2 production during
nitrate reduction. Soil Biol Biochem 42:1864-1871Mortenson LE (1964) Ferredoxin and
ATP, requirements for nitrogen fixation in cell-free extracts of Clostridium pasteurianum.
Proc Natl Acad Sci USA 52: 272Norse D (2005) Non-point pollution from crop production:
global, regional and national issues. Pedosphere 15: 1-10

OECD/FAO. OECD-FAO Agricultural Outlook 2019-2028. Available online:

https://stats.oecd.org/viewhtml.aspx?datasetcode=HIGH_AGLINK 2019&lang=en#

(accessed on 20 February 2020)

Orr C H, Leifert C, Cummings SP, Cooper JM (2012) Impacts of organic and conventional
crop management on diversity and activity of free-living nitrogen fixing bacteria and total
bacteria are subsidiary to temporal effects. PLoS One 7: 52891

Park JH, Matzner E (2006) Detrital control on the release of dissolved organic nitrogen
(DON) and dissolved inorganic nitrogen (DIN) from the forest floor under chronic N
deposition. Environ Pollut 143: 178-185

Parton WJ, Mosier AR, Ojima DS, Valentine DW, Schimel DS, Weier K, Kulmala AE (1996)
Generalized model for N2 and N2O production from nitrification and denitrification. Glob
Biogeochem Cycle 10: 401-412

Pietri JA, Brookes PC (2008) Relationships between soil pH and microbial properties in a

UK arable soil. Soil Biol Biochem 40: 1856-1861

29


https://stats.oecd.org/viewhtml

©CO~NOOOTA~AWNPE

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

30

Prasad S, Kumar S, Sheetal KR, Venkatramanan V (2020) Global Climate Change and
Biofuels Policy: Indian Perspectives. In: Venkatramanan V, Shah S, Prasad R (eds) In Glob
Clim Chang Environ Policy: 207-226

Redmile-Gordon MA, Armenise E, Hirsch PR, Brookes PC (2014) Biodiesel co-product
(BCP) decreases soil nitrogen (N) losses to groundwater. Water Air Soil Pollut 225: 1-15

Redmile-Gordon MA, Evershed RP, Kuhl A, Armenise E, White RP, Hirsch PR, Goulding
KWT, Brookes PC (2015) Engineering soil organic matter quality: Biodiesel Co-Product
(BCP) stimulates exudation of nitrogenous microbial biopolymers. Geoderma volume:
259-260

Redmile-Gordon MA, White RP, Brookes PC (2011) Evaluation of substitutes for para-quat
in soil microbial ATP determinations using the trichloroacetic acid based reagent of
Jenkinson and Oades (1979). Soil Biol Biochem 43:1098-1100

Rice CW, Tiedje JM (1989) Regulation of nitrate assimilation by ammonium in soils and in
isolated soil microorganisms. Soil Biol Biochem 21:597-602

Ritz K, Griffiths BS (1987) Effects of carbon and nitrate additions to soil upon leaching of
nitrate, microbial predators and nitrogen uptake by plants. Plant and Soil 102: 229-237

Rochette P, Angers DA, Chantigny MH, Gasser MO, MacDonald JD, Pelster DE, Bertrand N
(2013) Ammonia volatilization and nitrogen retention: how deep to incorporate urea? J
Environ Qual 42: 1635-1642

Rotthauwe JH, Witzel KP, Liesack W (1997) The ammonia monooxygenase structural gene
amoA as a functional marker: molecular fine-scale analysis of natural ammonia-oxidizing

populations. Appl Environ Microbiol 63: 4704-4712

30



©CO~NOOOTA~AWNPE

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

31

Sanchez-Martin L, Vallejo A, Dick J, Skiba UM (2008) The influence of soluble carbon and
fertilizer nitrogen on nitric oxide and nitrous oxide emissions from two contrasting
agricultural soils. Soil Biol Biochem 40: 142-151Sanders JR (1983) The effect of pH and
organic matter of some soils on the ionic activities and concentrations of trace elements in
soil solutions. J Sci Food Agric 34: 52

Sarr PS, Ando Y, Nakamura S, Deshpande S, Subbarao GV (2020) Sorgoleone release from
sorghum roots shapes the composition of nitrifying populations, total bacteria, and archaea
and determines the level of nitrification. Biol Fertil Soils 56: 145-166

Schneckenberger K, Demin D, Stahr K, Kuzyakov Y (2008) Microbial utilization and
mineralization of [(14)C]-glucose added in six orders of concentration to soil. Soil Biol
Biochem 40: 1981-1988

Schoéler A, Jacquiod S, Vestergaard G, Schulz S, Schloter M (2017) Analysis of soil microbial
communities based on amplicon sequenc-ing of marker genes. Biol Fertil Soils 53:485-489

Shen Q, Zhang K, Song J, Shen J, Xu J, Inubushi K, Brookes PC (2018) Contrasting biomass,
dynamics and diversity of microbial community following the air-drying and rewetting of
an upland and a paddy soil of the same type. Biol Fertil Soils 54: 871-875

Shepherd M, Menneer J, Ledgard S, Sarathchandra U (2010) Application of carbon additives
to reduce nitrogen leaching from cattle urine patches on pasture. N Z J Agric Res 53:
263-280

Silsbury JH (1977) Energy requirement for symbiotic nitrogen fixation. Nature 267: 149-150

Ste-Marie C, Paré D (1999) Soil, pH and N availability effects on net nitrification in the

forest floors of a range of boreal forest stands. Soil Biol Biochem 31: 1579-1589

31



©CO~NOOOTA~AWNPE

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

32

Swerts M, Merckx R, Vlassak K (1996) Denitrification, N> fixation and fermen-tation during
anaerobic incubation of soils amended with glucose and nitrate. Biol Fertil Soils 23: 229—
235

Throbéck 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: 401-417

Tokuda S, Hayatsu M (2001) Nitrous oxide emission potential of acidic tea field soils in
Japan. Soil Sci Plant Nutr 47:637-642

Tokuda S, Hayatsu M (2004) Nitrous oxide flux from a tea field amended with a large
amount of nitrogen fertilizer and soil environmental factors controlling the flux. Soil Sci
Plant Nutr 50:365-374

Tsai CS, Killham K, Cresser MS (1997) Dynamic response of microbial biomass, respiration
rate and ATP to glucose additions. Soil Biol Biochem 29: 1249-1256

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method for measuring soil

microbial biomass C. Soil Biol Biochem 19:703-707

Vestergaard G, Schulz S, Schéler A, Schloter M (2017) Making big datasmart—how to use
metagenomics to understand soil quality. Biol Fertil Soils 53:1-6Wang H, Liu S, Zhang X,
Mao Q, Li X, You Y, Mo J (2018) Nitrogen addition reduces soil bacterial richness, while
phosphorus addition alters community composition in an old-growth N-rich tropical forest

in southern China. Soil Biol Biochem 127: 22-30

32



©CO~NOOOTA~AWNPE

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

33

Wang W, Sardans J, Wang C, Zeng C, Tong C, Asensio D, Penuelas J (2017) Relationships
between the potential production of the greenhouse gases CO2, CHsand N2O and soil
concentrations of C, N and P across 26 paddy fields in southeastern China. Atmos

Environ 164: 458-467

Wang Z (2008) Soil inorganic nitrogen leaching and residual in dry land. In: Li S(ed) Adv
Agron: 263-289 (in Chinese)WHO (1984) Guidelines for Drinking Water Quality, vol. 1,
Recommendations. WHO, Geneva

Williams PH, Rowarth JS, Tregurtha RJ (1997) Influence of aperennial ryegrass seed crop on
nitrogen status. Proc Agron SocNZ 27: 15-18

Wrage N, Lauf J, Prado AD, Pinto M, Pietrzak S, Yamulki S, Oenema O, Gebauer G (2004)
Distinguishing sources of N>O in European grasslands by stable isotope analysis. Rapid
Commun Mass Spectrom 18: 1201-1207

Wrage N, Velthof GL, Beusichem MLV, Oenema O (2001) Role of nitrifier denitrification in
the production of nitrous oxide. Soil Biol Biochem 33:1723-1732

Wrage, N., Velthof, G. L., Van Beusichem, M. L., & Oenema, O. (2001). Role of nitrifier
denitrification in the production of nitrous oxide. Soil biology and Biochemistry, 33(12-13),
1723-1732.

Wu J, Joergensen RG, Pommerening B, Chaussod R, Brookes PC (1990) Measurement of
soil microbial biomass C by fumigation-extraction-an automated procedure. Soil Biol
Biochem 22:1167-1169

Xu X, Liu X, Yong L, Yu R, Liu Y, Zhang Q, Zheng L, Yan H, Xu J, Di H (2017) Legacy

33



©CO~NOOOTA~AWNPE

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

34

effects of simulated short-term climate change on ammonia oxidisers, denitrifiers, and
nitrous oxide emissions in an acid soil. Environ Sci Pollut Res Int 24:1-11

Xue D, Yao HY, Huang CY (2006) Microbial biomass N mineralization and nitrification
enzyme activities, and microbial community diversity in tea or-chard soils. Plant Soil 288:
319-331

Yao HY, Campbell CD, Qiao XR (2011) Soil pH controls nitrification and carbon substrate
utilization more than urea or charcoal in some highly acidic soils. Biol Fertil Soils 47:
515-522

Ye R, Jin Q, Bohannan B, Keller JK, McAllister SA, Bridgham SD (2012) pH controls over
anaerobic carbon mineralization, the efficiency of methane production, and methanogenic
pathways in peatlands across an ombrotrophic—minerotrophic gradient. Soil Biol Biochem
54: 36-47

Zehr JP, Jenkins BD, Short SM, Steward GF (2003) Nitrogenase gene diversity and microbial
community structure: a cross- system comparison. Environ Microbiol 5: 539-554Zhang K,
Chen L, Li Y, Brookes PC, Xu J, Luo Y (2017) The effects of combinations of biochar,
lime, and organic fertilizer on nitrification and nitrifiers. Biol Fertil Soils 53: 77-87

Zhang K, Chen L, Li Y, Brookes PC, Xu J, Luo Y (2020) Interactive effects of soil pH and

substrate quality on microbial utilization. Eur J Soil Biol 96: 103-151

Zhu TB, Meng T, Zhang JB, Yin Y, Cai ZC, Yang W, Zhong W (2013) Nitrogen
mineralization, immobilization turnover, heterotrophic nitrification, and microbial groups
in acid forest soils of subtropical China. Biol Fertil Soils 49: 323-331

Zhu TB, Zhang JB, Cai ZC, Miller C (2011) The N transformation mechanisms for rapid

34



©CO~NOOOTA~AWNPE

749

750

751

752

753

754

755

756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

776

7
778
779
780
781
782
783
784

35

nitrate accumulation in soils under intensive vegetable plantation. J Soils Sediments 11:
1178-1189

Zhu TB, Zhang JB, Meng T, Zhang Y, Yang J, Miller C, Cai ZC (2014) Tea plantation
destroys soil retention of NO3z™ and increases N2O emissions in subtropical China. Soil Biol

Biochem 73: 106-114

Legend of Figures

Fig. 1 The leaching column, 6 cm diameter, 24 cm length, 20 cm soil depth, (4 cm
headspace) .

Fig. 2 The changes in microbial biomass C (a), biomass N (b) and ATP (c) in the different
treatments at different incubation times. Error bars represent standard errors of the means (n
= 3). Different lowercase letters indicate significant differences among different treatments
within each incubtion day, which were determined by aone-way ANOVA by a Tukey test for
post-hoc comparison at P < 0.05. T1 (0-6): 0-6 cm sampling depth of control; T1(7-18): 7-18
cm sampling depthe of control; T2 (0-6): 0-6 cm sampling depth of *°N-urea addition; T2
(7-18): 7-18 cm sampling depthe of *°N-urea addition; T3 (0-6): 0-6 cm sampling depth of
application with mixture of BCP (1500 pg g* soil) and *°N-urea; T3 (7-18): 7-18 cm
sampling depthe of application with mixture of BCP (1500 pg g* soil) and *N-urea; T4 (0-6):
surface application (0-6¢cm) of BCP (4500 pg g™ soil) and *°N-urea; T4 (7-18): only **N-urea
applied to 7-18 cm depths.

Fig. 3 The emssion rates of N2O in the different treatments at different incubation times.
Error bars represent standard errors of the means (n = 3). T1: control; T2: **N-urea addition
only; T3: application with mixture of BCP (1500 ug g soil) and °N-urea; T4: surface
application (0-6 cm) of BCP (4500 pg g soil) and °N-urea together with only *N-urea
applied to 7-18 cm depths.

Fig. 4 The changes in soil exchangeable NH4* (a) and NOs" (b) at the different incubation
times (T3 plots of NO3™were overlap with T4 (0-6)). Error bars represent standard errors of
the means (n = 3). T1 (0-6): 0-6 cm sampling depth of control; T1(7-18): 7-18 cm sampling
depthe of control; T2 (0-6): 0-6 cm sampling depth of *°N-urea addition; T2 (7-18): 7-18 cm
sampling depthe of **N-urea addition; T3 (0-6): 0-6 cm sampling depth of application with
mixture of BCP (1500 pg g soil) and ®N-urea; T3 (7-18): 7-18 cm sampling depthe of
application with mixture of BCP (1500 pg g* soil) and *°N-urea; T4 (0-6): surface
application (0-6cm) of BCP (4500 pg g* soil) and °N-urea; T4 (7-18): only **N-urea applied
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to 7-18 cm depths.

Fig. 5 The leaching amounts of NH4" (a) and NO3™ (b) in the different treatments at the
different incubation times. Different letters indicate significant difference (p < 0.05). Error
bars represent standard errors of the means (n = 3). Different lowercase letters indicate
significant differences among different treatments, which were determined by aone-way
ANOVA by a Tukey test for post-hoc comparison at P < 0.05. T1: control; T2: *®N-urea
addition only; T3: application with mixture of BCP (1500 ug g soil) and **N-urea; T4:
surface application (0-6 cm) of (4500 pg g soil) and °N-urea together with only °N-urea
applied to 7-18 cm depths.

Fig. 6 The fate of N after 35-day application of urea and/or BCP. Error bars represent
standard errors of the means (n = 3). Different lower case letters indicate significant
differences among different treatments, which were determined by an one-way ANOVA by a
Tukey test for post-hoc comparison at P < 0.05.

Fig. 7 The copy number of AOA (a) and AOB (b) amoA genes in the different treatments at
day 5 and day 35. Error bars represent standard errors of the means (n = 3). Ina and b,
different lowercase letters indicate significant differences among different treatments within
each incubation day, which were determined by a one-way ANOVA by a Tukey test for
post-hoc comparison at P < 0.05. For ¢ and d: The linear relationships between NOz™-N
concentrations and AOA and AOB amoA gene copy number, respectively. T1 (0-6): 0-6 cm
sampling depth of control; T1(7-18): 7-18 cm sampling depthe of control; T2 (0-6): 0-6 cm
sampling depth of ®N-urea addition; T2 (7-18): 7-18 cm sampling depthe of °N-urea
addition; T3 (0-6): 0-6 cm sampling depth of application with mixture of BCP (1500 pg g
soil) and ®N-urea; T3 (7-18): 7-18 cm sampling depthe of application with mixture of BCP
(1500 pg g soil) and °*N-urea; T4 (0-6): surface application (0-6cm) of BCP (4500 ug g
soil) and *N-urea; T4 (7-18): only ®N-urea applied to 7-18 cm depths.

Fig. 8 The copy number of nirS (a), nirK (b), nosZ (c) and nifH (d) in the different treatments
at day 5 and day 35. Error bars represent standard errors of the means (n = 3). Different
lowercase letters indicate significant differences among different treatments within each
incuation day, which were determined by an one-way ANOVA by a Tukey test for post-hoc
comparison at P < 0.05. T1 (0-6): 0-6 cm sampling depth of control; T1(7-18): 7-18 cm
sampling depthe of control; T2 (0-6): 0-6 cm sampling depth of **N-urea addition; T2 (7-18):
7-18 cm sampling depthe of **N-urea addition; T3 (0-6): 0-6 cm sampling depth of
application with mixture of BCP (1500 pg g* soil) and *°N-urea; T3 (7-18): 7-18 cm

sampling depthe of application with mixture of BCP (1500 pg g* soil) and **N-urea; T4 (0-6):
surface application (0-6¢cm) of BCP (4500 pg g™ soil) and *°N-urea; T4 (7-18): only *N-urea
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24 Table 2
25
26
27 [nirK+nirS]/[nosZ] ratios in different treatments
28

29 mg C applied g* soil Treatments [nirK+nirS]/[nosZ] [nirK+nirS]/[nosZ]
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33
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35
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39
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41
42
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44
45
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49
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59
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o O O o

1.5

1.5

4.5
0

T1 (0-6)
T1 (7-18)
T2 (0-6)
T2 (7-18)
T3 (0-6)
T3 (7-18)
T4 (0-6)
T4 (7-18)

S0 (as BCP-C) day 5

3.66+0.02¢
3.50+0.23"
3.33+0.22°¢
3.80+0.06 "¢
3.40+0.19%°
3.39+ 0.06°
2.40+ 0.28¢
4.36+ 0.412

day 35

3.30+0.23°
3.37+0.18%
3.68+0.132
2.86+0.14°
2.57+0.34°
3.44+0.02%
2.24+0.224
3.38+0.04

abed | owercase letters denote statistically significant significance at P < 0.05.
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