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Abstract The effect of glucose, chicken manure, and

filter mud on the ammonium and nitrate concentrations,

ammonia-oxidizing bacterial community and bacterial

community in latosolic red soils during the incubation of

microcosms was investigated. The soil nitrate concentra-

tion was significantly lower in the glucose-treated soil than

in the filter mud or chicken manure-treated soil from days 2

and 5 to 21 of incubation. The ammonia-oxidizing bacteria

community composition, measured by terminal restriction

fragment length polymorphism analysis, was different

among the treatments 9 days after incubation, suggesting

that the control soil without external fertilization had a low

283-bp (Nitrosospira) fragment relative abundance (27 %)

compared with the glucose-treated (62 %), filter mud

(73 %) and chicken manure (78 %) samples. Additionally,

491-bp fragments (Nitrosomonas) were detected in all the

soil treatments except for the control soil, and 48-bp

fragments (from different Nitrosomonas) were detected in

the chicken manure-treated soil. The bacterial community

structure was markedly changed in the glucose-treated soil

on day 9 and in the filter mud-treated soil on day 31,

indicating that the effect of filter mud on the bacterial

community is delayed compared to the effect of glucose.

The chicken manure-treated soil showed less change,

similar to that of the control soil. Glucose fertilization

greatly increased the soil bacterial abundance and func-

tional diversity; however, the chicken manure and filter

mud did not stimulate soil bacterial activity on day 9.

These results indicated that nitrification may have been

somewhat suppressed in the glucose-treated soils, which

was possibly related to the improving ammonia-oxidizing

bacterial community, bacterial community and activity via

the available carbon application. The filter manure and

chicken manure treatments demonstrated fewer effects.

These results suggest that organic carbon quality, e.g.,

increasing the available carbon, regulates the nitrification

process and is beneficial to reducing soil nitrogen losses.

Keywords Ammonia-oxidizing bacteria � Available

carbon � Bacterial community � Lignin carbon �
Latosolic red soil � Nitrification

Introduction

Nitrification plays an important role in the retention of

nitrogen in ecosystems. Soil organisms are one of the key

factors for regulating nitrification. Much of this research

has focused on the relative contributions of chemolitho-

trophic (autotrophic nitrification) and chemo-organotrophic

(heterotrophic nitrification) microorganisms (De Boer and

Kowalchuk 2001; Kowalchuk and Stephen 2001; He et al.
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2012). Ammonia oxidation by autotrophic ammonia-oxi-

dizing bacteria (AOB) plays an essential role in the nitro-

gen (N) cycle and is stimulated by soil NH3 (Belser 1979;

Laanbroek and Woldendorp 1995). Recent studies showed

that ammonia-oxidizing archaea (AOA) possess homologs

of the bacterial ammonia monooxygenase gene and play an

important role in ammonia oxidization (Venter et al. 2004;

Treusch et al. 2005; Lehtovirta-Morley et al. 2011). Many

factors are involved in regulating soil nitrification,

including the soil pH (Stephen et al. 1998; Lehtovirta-

Morley et al. 2011; Zhang et al. 2012), fertilization meth-

ods (Li et al. 2011; Cai et al. 2012), temperature (Avrahami

et al. 2003; Tourna et al. 2008), vegetation composition

(Schaffers and Sykora 2000), organic carbon (C) quantity

and quality (Priha and Smolander 1999; Gundersen et al.

1998; Strauss and Lamberti 2002).

Organic amendments used in agriculture, including

poultry manures and crop residues, are the source of

nutrients for plants, and they provide elements to improve

the physical, chemical and biological characteristics of the

soil, to stimulate soil microbial activity and to alter the

community composition for the enhancement of various

microbiological soil processes (Garcia et al. 1994; Pascual

et al. 1997; Rivero et al. 2004). There have been several

research studies related to soil nitrification. Humic acid

inhibits changes in the AOB community composition in

soil saturated with urea during microcosm incubation

(Dong et al. 2009). There was an increase in the AOB

population size but a greater decrease in the metabolic

activity in mineral N-fertilized soil compared to organic

manure-fertilized soil in long-term fields (16 years; Chu

et al. 2008). He et al. (2007) found that organic manure

significantly alters the composition of the soil AOB in

long-term field experiments.

There are clear differences in the nitrification process by

various organic amendments. Racz et al. (2010) reported

that peptone and glucose had different effects on the com-

position of the heterotrophic bacteria community and on the

AOB community in mixed cultures. Nitrification of stream

sediments was completely inhibited by glucose added at a

concentration of 30 mg C L-1 in microcosm incubation

(Strauss and Lamberti 2002). The stimulation of nitrifica-

tion by the addition of organic N compounds such as pep-

tone has been proposed as evidence for the occurrence of

heterotrophic nitrification (Kreitinger et al. 1985; Adams

1986). The production of superoxide radicals during lignin

degradation may accelerate the degradation and lead to the

oxidation of simple organic substances, which leads to

nitrate formation. Bastida et al. (2009) indicated that a

lower availability of suitable substrates results in more

efficient nitrification rates. It has been suggested that the

stimulatory effect of amendments on soil nitrogen proper-

ties is predominantly related to the greater availability of

labile C sources (Deng and Tabatabai 1997). Chantigny

et al. (2002) indicated that pig slurry and alfalfa had better

effects on the stimulation of soil microbial activities than

cattle manure and maize residue, and these differences were

partly related to the lignin-to-N ratio of the various

amendments. The C and N transformations that occurred

were in part determined by the C degradability and N

availability of the organic amendments. Studies suggest that

the effects of soil fertilization on the bacterial and AOB

communities may be different depending on the nature of

the complex organic amendment fertilization.

Among the available organic fertilizers, filter mud (FM),

a rich resource in South China, is an agro-industrial waste

from sugarcane mills obtained from the clarification of

sugarcane juice. FM is a major source of plant nutrients,

such as nitrogen, phosphorus and potassium, and of notable

amounts of organic components, such as lignin (Elsayed

et al. 2008). Chicken manure (CM) is an organic waste

with lower lignin content that contains a considerable

amount of nutrients, such as nitrogen, phosphorus, potas-

sium, and other micronutrients. In contrast to FM, rapid

mineralization of organic N is expected from CM (Holbeck

et al. 2013). There is limited knowledge about the effect of

the different characteristics of FM and CM on the dynamic

soil nitrification process.

The objectives of this study were to evaluate the effect

of the incorporation of glucose, CM and FM into soils on

the dynamic nitrification processes over short periods of

microcosm incubation and to determine the effects of their

incorporation on the soil AOB, the bacterial community

structures, the microbial population and functional activity

that are possibly involved in microbial nitrification

mechanisms.

Materials and methods

Soil and organic amendment

Latosolic red soil was collected at a depth of 0–20 cm from

an experimental maize farm at the South China Agricul-

tural University, Guangzhou, PR China. Chicken manure

(CM) was collected from the South China Agricultural

University chicken farm (cage layer system). Filter mud

(FM) was obtained from the Guangzhou Sugar Factory.

The soil CM and FM samples were air-dried, ground,

passed through a 2-mm sieve and thoroughly mixed. The

basic characteristics of the soil, CM and FM samples are

shown in Table 1. The measurements of the physical and

chemical properties of the soils, CM and FM samples were

performed as described by Bao (2005). The total organic C

was determined by the potassium dichromate external

heating method. The pH value was determined using a
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combined glass electrode in a 1:1 (w:v) ratio of the sample

with distilled 1 M KCl. The total N was determined by the

Kjeldahl method. The total phosphorus (P) was determined

by the sodium hydroxide fusion molybdate colorimetric

method. The total potassium (K) was determined by a

flame photometer. The electricity conductivity (EC) was

determined by an EC meter. The lignin C content was

determined by Van Soest and Wine’s method (1967).

Experimental design

For each treatment, 0.6 kg (dry weight) of the air-dried soil

was incubated in a sterile 1 L polyethylene plastic vessel in

the dark. Before microcosm incubation, the soil sample

was air-dried for 7 days at room temperature. The air-dried

soil was adjusted to 70 % water retention capacity and pre-

incubated for 7 days at 28 �C to recover the soil microor-

ganisms. After the pre-incubation, the treatments (per-

formed in triplicate) were as follows: (1) CK = no

fertilization, (2) GL = 50 mg glucose C kg-1 soil, (3)

CM = 50 mg chicken manure C kg-1 soil and (4)

FM = 50 mg filter mud C kg-1 soil. Glucose was added to

the soil in solution. The chicken manure and filter mud

were dried for 72 h at 55 �C and ground to pass through a

2-mm screen before being mixed into the soil. Because the

CM and FM originally consisted of organic N, P and K,

different concentrations of chemical fertilizers (urea,

potassium dihydrogen phosphate and potassium chloride)

were added to all the treatments except to the CK soil. The

total N, P and K concentrations applied to all the treated

soil were 50 mg N, 25 mg P2O5 and 50 mg K2O kg-1 soil.

Mineral nutrients and organic carbon were added to the soil

as uniformly as possible. The fertilizer concentration was

applied following the fertilization level recommended for

local maize planting.

The soil moisture was maintained at 70 % water reten-

tion capacity, and deionized water was added to maintain

the soil water content throughout the entire incubation

period. The vessels were incubated for 31 days at 28 �C.

On days 0, 1, 2, 3, 5, 7, 9, 13, 21 and 31, a 30 g soil sample

was collected from each vessel and analyzed to determine

the pH and the NH4
?-N and NO3

--N concentrations. An

additional 2 g of soil from each sample were collected on

incubation days 1, 9 and 31 and stored at -20 �C for soil

microbial DNA extraction. Soil samples (5 g) were col-

lected on days 1, 9 and 31 for soil microbial population

analysis. Soil samples (5 g) were collected from each

replicate on incubation day 9 and stored at 4 �C for soil

microbial community-level physiological profile analysis.

Soil chemical and general microbial population

measurements

The soil pH was determined using a combined glass elec-

trode that was immersed in a 1:1 (w:v) ratio of soil to

distilled 1 M KCl. The soil NO3
--N concentration was

determined using the phenol disulfonic acid colorimetric

method, and the soil NH4
?-N concentration was deter-

mined using the KCl extraction-indophenol blue colori-

metric method (Bao 2005). The cultivable bacteria,

actinomycetes and fungal populations were determined by

soil dilution plating on various agar media (Alef and

Nannipieri 1995). Five grams of soil was weighed and

added to 95 mL of sterile water, vigorously stirred for

15 min, diluted serially and plated on nutrient agar for total

bacterial counts, on Martin agar for total fungal counts, and

on Gause No. 1 agar for actinomycete counts.

Soil microbial DNA extraction, PCR and TRFLP

analysis

Microbial genomic DNA was extracted from the soil using

a Power SoilTM DNA Isolation Kit (MoBio Labs, Solana

Beach, CA). Terminal restriction fragment length poly-

morphism (TRFLP) analysis was performed according to

the modified protocol developed by Park and Noguera

(2004). Briefly, the 8–27 F and 1,378–1,401 R primers

(Heuer et al. 1997) were used to amplify the bacterial 16S

rDNA gene, and the amoA-1F and amoA-2R primers

(Rotthauwe et al. 1997) were used to amplify the AOB

amoA gene. The forward primers were labeled with car-

boxyfluorescein (6-FAM). The amplification was per-

formed with a master gradient thermocycler (Eppendorf,

Hamburg, Germany) under the following conditions:

denaturation at 95 �C for 5 min followed by 32 cycles of

denaturation at 95 �C for 30 s, annealing at 56 �C for

1 min, and elongation at 72 �C for 1.5 min, with a final

elongation at 72 �C for 10 min. The bacterial PCR

Table 1 Basic characteristics of the soil, chicken manure and filter mud

Samples pH Total N (g kg-1) Total P (g kg-1) Total K (g kg-1) Organic C (g kg-1) Lignin C (g kg-1) EC (ls cm-1)

Soil 4.8 2.2 1.3 22.3 14.8 – 99.5

Chicken manure 8.2 13.5 28.0 23.3 200.2 14.0 3,976

Filter mud 7.7 18.5 38.9 2.1 221.0 44.7 861

– indicated no measured
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products were digested with the HaeIII restriction endo-

nuclease, and the amoA PCR products were digested with

the TaqI restriction endonuclease (MBI Fermentas, Hano-

ver, MD). Aliquots (1 lL) of the digested PCR products

were mixed with 1 lL of GeneScanTM 600 LIZ Size

Standard and 20 lL of formamide. The fluorescently

labeled terminal fragments were separated by capillary

electrophoresis using an ABI PRISM 3130XL Genetic

Analyzer (Applied Biosystems, NJ, USA). The TRFLP

profiles, which were plotted as the peak area (relative

abundance) versus the fragment size, were analyzed using

the Peak Scanner software (version 1.0, Applied Biosys-

tems, NJ, USA). Peaks with an area\1 % of the total were

reassigned as zero, and the proportion of each remaining

peak was recalculated. An identical procedure was used for

the amoA-TRFs (terminal restriction fragment size), but

only amplicons between 48 and 500 bp were included

because a 48-bp TRF could potentially belong to the AOB

(Park and Noguera 2004).

Soil microbial community-level physiological profiles

The method described by Garland and Mills (1991) was

used to determine the soil microbial community-level

physiological profiles (CLPP). Briefly, 5 g of soil was

added to 45 mL of sterile H2O and shaken on an orbital

shaker for 30 min at 190 rpm. A 150-lL supernatant ali-

quot from 10-3 dilutions of each soil sample was added to

each well of a Biolog EcoPlateTM (Biolog, Hayward, CA,

USA). The plates were incubated at 25 �C, and the color

development was measured at an absorbance of 595 nm

(A595) using a microplate reader (Emax, Molecular

Devices, Oxford). The A595 was measured immediately

and every 24 h for 5 days. The average well color devel-

opment (AWCD), the Shannon index for diversity and the

richness (the number of positive wells on the EcoPlateTM)

were calculated based on the bacterial community after

EcoPlateTM incubation for 96 h (Zak et al. 1994; Gomez

et al. 2006).

Statistical analysis

A two-way analysis of variance (ANOVA) was used to

determine the significant changes relative to the sampling

day and the significant effects of the organic amendments

on the six characteristics analyzed (soil pH, NH4
?–N

concentration, NO3
--N concentration, and cultivable bac-

teria, actinomycete and fungi populations). A one-way

ANOVA was performed to determine the significant vari-

ations induced by the amendments during the identical

incubation periods. The results were analyzed as a com-

pletely randomized design and compared using an ANOVA

by Duncan’s multiple range test with SAS software (SAS

Institute, Inc., Cary, NC). The soil bacterial 16S rDNA

communities profiles and the ammonia-oxidizing bacteria

(AOB) communities profiles under the different treatments

during microcosm incubation on days 1, 9 and 31 and the

soil bacterial community-level physiological profiles

(CLPP) on day 9 were analyzed by a principal component

analysis (PCA) using ADE-4 software (Thioulouse et al.

1997). These results were graphed with loading plots of the

variables and score plots of the gravity center of each

treatment at the points. Lines were drawn connecting the

samples. A possible correlation between the soil chemical

characteristics data and the AOB profiles was measured

using Pearson’s correlation coefficient analysis.

Results

Soil pH, ammonium and nitrate concentration

According to the two-way ANOVA, the pH values in the

control soil were not significantly different among all the

sampling times, and the soil pH values in all the treated soil

samples significantly decreased by day 5 and reached the

lowest value by day 9, compared with the control soil pH,

and subsequently remained stable from day 9 to day 31

(p \ 0.01) (Fig. 1a). There was no significant difference

among the GL, CM and FM fertilization treatments.

The soil NH4
? concentrations were significantly dif-

ferent at the various sampling times (p \ 0.01) (Fig. 1b).

The NH4
? concentration of the control soil was

14.0 mg N kg-1 soil prior to incubation and increased to

18.3 mg N kg-1 soil on day 2, subsequently significantly

decreased to 7.0 mg N kg-1 soil on day 7 (p \ 0.05), and

decreased to 6.7 mg N kg-1 soil by day 31. All the treated

samples (GL, CM and FM) had their highest NH4
? con-

centration on day 3, and the concentration in the CM

sample subsequently decreased significantly on day 5 rel-

ative to that on day 3. The concentrations in the GL and

FM samples remained stable from day 3 to day 5. The

concentrations in the GL sample at sampling days 7 and 13

were significantly higher than the values in the CM and FM

samples. However, there were no data on day 9 for

ammonium because of experiment error. After day 13 of

sampling, the soil ammonium concentrations were not

significantly different in the control soil and in all the

treated samples.

The soil NO3
- concentration with all the treatments

increased during the entire incubation period. The NO3
-

concentration (Fig. 1c) of the control soil was

9.1 mg N kg-1 soil at the beginning and gradually

increased to 38.9 mg N kg-1 soil by day 31. During the

entire incubation period, the value of the control soil was

the lowest compared with the values of the treated soils.
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For sampling days 2–21, except for day 3 (possibly because

of an experimental error), the soil nitrate concentration in

the FM-treated soil was significantly higher than the value

in the GL-treated sample (Fig. 1c). The soil NO3
- con-

centrations on day 31 were not significantly different, and

62.8, 64.1 and 66.1 mg N kg-1 soil were recorded for the

GL, CM and FM treatments, respectively.

Soil bacteria, actinomycete and fungi populations

A two-way ANOVA indicated that the soil bacteria pop-

ulations, as determined by the soil dilution plate method,

were significantly different among the treatments

(p \ 0.01) and were significantly different according to the

sampling day (p \ 0.01) (Fig. 2a). The bacterial counts

showed no differences between the GL, CM, FM soil

samples on day 1; the bacterial counts of the GL sample on

days 9 and 31 were significantly higher than those of the

CM, FM and CK samples. The actinomycete count was

significantly different among the treatments (p \ 0.05) and
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concentrations under different fertilization treatments during micro-
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experiment error. The bars indicate the standard errors of the means
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manure fertilization; FM, filter mud fertilization. These treatments are

the same in the following figure. a Two-way ANOVA significance

levels: sampling day: p \ 0.01, treatment: p \ 0.01. b Two-way
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the soil under different soil treatments following microcosm incuba-
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significantly different when comparing the count among

the sampling days (p \ 0.01) (Fig. 2b). The soil actino-

mycete count of GL sample on day 1 was significantly

higher than those of the CM, FM and CK sample; however,

it showed no difference between the GL, CM and FM

samples on day 9. The soil fungi count (Fig. 2c) was sig-

nificantly different among the treatments (p \ 0.01) and

significantly different when comparing the count among

the sampling days (p \ 0.01). The average fungi counts for

all the treatments were ordered as follows: day 31 [ day

9 [ day 1. The average fungi counts among the treatments

were ordered as follows: GL [ CM and FM [ CK.

Response of the soil bacterial community to different

fertilization treatments

The bacterial 16S rDNA TRFs histograms were com-

pared among all the treatments on days 1, 9 and 31

(Fig. 3). A total of 21 TRFs were considered: 61, 64, 67,

74, 116, 120, 132, 135, 162, 177, 186, 200, 207, 212,

213, 226, 239, 253, 259, 309 and 409-bp. The 64, 207

and 259 TRFs fragments are predominant and had high

relative abundance (64-bp 12 %, 207-bp 17 % and

259-bp 22 % average values in all the treatments and the

sampling times). There was no obvious difference in the

bacterial TRFs profiles in the CK soil at all the sampling

times. There were obvious differences in the bacterial

TRFs profiles among the GL, CM and FM treatments on

days 1, 9 and 31. One 309-bp TRF (11 % relative

abundance) was detected after the FM fertilization

treatment on day 1 but not on days 9 and 31. One new

116-bp TRF was detected after the GL treatment on days

9 and 31 and after the CM treatment on day 31, but not

following any FM treatment. The PCA of the bacterial

TRFs profiles indicates that there is a relationship

between the community composition, fertilization and

incubation time (Fig. 4). The bacterial community com-

position for the FM treatment on day 31, with an

increase in the relative abundance of 64, 74, 259 and

409-bp TRFs, had the highest first principal component

(PC1) values and the lowest second principle component

(PC2) values. The value for the FM treatment was

clearly different from the GL and CM treatment values.

The GL and CM sample values on day 31 were similar

to the CM value on day 1 and to the CK sample value

on day 1, 9 and 31.

Response of the soil AOB community to different

fertilization treatments

The amoA gene TRFs histograms were compared among

all the treatments on days 1, 9 and 31 (Fig. 5). The 10

AOB TRFs fragments were as follows: 48, 54, 66, 74, 85,

96, 116, 218, 283 and 491-bp. The 54 and 283 TRFs

fragments are predominant and had high relative abun-

dance (54-bp 47 % and 283-bp 38 % average value in all

the treatments and the sampling times). The amoA gene

profiles from all of the treatments were similar on days 1

and 31 (Figs. 5, 6) but different on day 9. New 491-bp

fragments were noted by day 9 in all the treatments. The

CM sample had a high relative abundance (3 %) of 48-bp

fragments on day 9, and additional 85-bp fragments were

observed in the GL and CM treatment samples on day 9.

The relative abundance of the 54-bp fragments decreased,

but the relative abundance of the 283-bp fragments

increased by day 9 in the GL, CM and FM treatment

samples. The CK soil without external fertilization had a

low 283-bp (Nitrosospira) fragment relative abundance
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(n = 2). The 21 bacterial TRF

fragment sizes were as follows:
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212, 213, 226, 239, 253, 259,

309 and 409 bp
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(27 %) compared with the GL-treated (62 %), FM (73 %)

and CM (78 %) samples The PCAs of the AOB com-

munity composition on days 1, 9 and 31, as based on the

TRFLPs from the different soil treatments, are shown in

Fig. 7. The AOB communities in all the treatments were

clearly different, suggesting that, on day 9, the GL-treated

soil had high PC1 and PC2 values and that the CM and

FM-treated soils had a high PC1 value and a low PC2

value, which was different from the low PC1 value of the

CK soil on day 9.
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and their involvement in PC1 (X axis) and PC2 (Y axis) is plotted.

b Score plots of soil samples on the basis of soil treatment and

incubation periods. The small squares and circles linked by lines

represent the location of each sample and their means (n = 2). CK1,

CK2 and CK3 represent soil sample from no fertilization after 1, 9 and

31 days of microcosm incubation, respectively. GL1, GL2 and GL3

represent soil samples from glucose fertilizations after 1, 9 and

31 days of microcosm incubation, respectively. CM1, CM2 and CM3

represent soil samples from chicken manure fertilizations after 1, 9

and 31 days of microcosm incubation, respectively. FM1, FM2 and

FM3 represent soil samples from filter mud fertilizations after 1, 9

and 31 days of microcosm incubation, respectively. The same

samples are presented in Fig. 6
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Response of the soil bacteria community-level

physiological profile to different fertilization treatments

The community-level physiological profile of the soil

bacteria exposed to different fertilization treatments was

measured using a Biolog EcoPlateTM (Table 2) on day 9.

There was a difference in the soil bacterial functional

diversity among the treatments. The AWCD among the

various treatments was ranked as follows: GL [ CM and

FM [ CK. The richness was ranked GL [ CM, FM and

CK. The Shannon index values were ranked as follows:

GL [ FM and CK [ CM. The PCA values of the soil

community-level physiological profiles after 9 days of

treatment are shown in Fig. 7 and Table 3. The soil
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Fig. 6 The principal component analysis (PCA) of the soil ammonia-

oxidizing bacteria (AOB) TRFs profiles sample from different soil

treatments and incubation periods. a Loading plots of variables of the

10 AOB TRFs fragments for the fragments that were 48, 54, 66, 74,

85, 96, 116, 218, 283 and 491 bp in size under different soil

treatments and incubation periods; their involvement in PC1 (X axis)

and PC2 (Y axis) is plotted. b Score plots of soil samples on the basis

of soil treatments and incubation periods
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plots of variables of the utilized 31 carbon resources under different

soil treatments; their involvement in PC1 (X axis) and PC2 (Y axis) is

plotted. b Score plots of soil samples on the basis of soil treatment

after a 9-day microcosm incubation
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bacterial community substrate metabolism profiles

accompanying the GL, CM and FM treatments were

extremely different. The GL sample had high PC1 values

(Fig. 3), with higher first eigenvector of utilization of

amino acids (L-arginine, L-phenylalanine and glycyl-L-

glutamic acid), carbohydrates (i-erythritol, D-mannitol, N-

acetyl-D-glucosamine, glucose-1-phosphate and D-galac-

tonic acid c-lactone) and carboxylic acids (D-glucosaminic

acid) (Table 3). The FM samples had low PC1 values with

higher first eigenvector of utilization of carboxylic acids

(pyruvic acid methyl ester) (Table 3). The CM samples had

medium PC1 values, which were close to the values

observed in the CK soil samples without fertilization.

Discussion

In the control sample with an initial pH of 4.8 and an

ammonium concentration of 14.0 mg N kg-1 soil, the

nitrate concentration increased and the AOB community

structure measured by the TRFLP analysis remained

Table 2 The comparison of the average well color development

(AWCD), Shannon index and richness of the soil bacterial commu-

nities under different soil treatments after microcosm incubation for

9 days

Treatment AWCD Richness Shannon index

CK 1.29 ± 0.03c 25.67 ± 0.33b 1.34 ± 0.01bc

GL 1.58 ± 0.02a 28.33 ± 0.33a 1.40 ± 0.01

CM 1.33 ± 0.02b 24.67 ± 0.67b 1.32 ± 0.00c

FM 1.37 ± 0.01b 25.33 ± 0.88b 1.35 ± 0.01b

The data represent the averages and standard errors of the means

(n = 3). Different letters in the same column indicate that the values

are significantly different (p \ 0.05) according to Duncan’s Multiple

Range Test. CK, no fertilization; GL, glucose fertilization; CM,

chicken manure fertilization; FM, filter mud fertilization

Table 3 The first and second

eigenvectors of principal

components analysis (PCA) of

31 C resource utilization in soils

under different soil treatments

and incubation in Biolog

EcoPlatesTM for 96 h

No. C source Biochemical group First eigenvectors Second eigenvectors

1 Pyruvic acid methyl ester Carboxylic acids -0.22 -0.03

2 Tween 40 Polymers 0.12 -0.24

3 Tween 80 Polymers 0.12 -0.08

4 a-Cyclodextrin Carbohydrates -0.20 0.19

5 Glycogen Carbohydrates 0.10 -0.07

6 D-Cellobiose Carbohydrates -0.09 0.27

7 a-D-Lactose Carbohydrates 0.18 0.10

8 b-Methyl-D-glucoside Carbohydrates -0.02 0.10

9 D-Xylose Carbohydrates 0.17 0.19

10 i-Erythritol Carbohydrates 0.24 0.15

11 D-Mannitol Carbohydrates 0.21 0.03

12 N-Acetyl-D-glucosamine Carbohydrates 0.22 -0.10

13 D-Glucosaminic acid Carboxylic acids 0.26 -0.15

14 Glucose-1-phosphate Carbohydrates 0.21 0.12

15 D,L-a-Glycerol phosphate Carbohydrates 0.14 0.29

16 D-Galactonic acid c-lactone Carbohydrates 0.22 -0.25

17 D-Galacturonic acid Carboxylic acids 0.03 0.20

18 2-Hydroxy benzoic acid Phenolic compound -0.08 -0.36

19 4-Hydroxy benzoic acid Phenolic compound 0.24 0.10

20 r-Hydroxybutyric acid Carboxylic acids 0.00 0.00

21 Itaconic acid Carboxylic acids 0.25 0.13

22 a-Ketobutyric acid Carboxylic acids 0.14 0.01

23 D-Malic acid Carboxylic acids 0.25 -0.08

24 L-Arginine Amino acids 0.28 -0.03

25 L-Asparagine Amino acids 0.10 -0.10

26 L-Phenylalanine Amino acids 0.24 0.06

27 L-Serine Amino acids -0.17 0.21

28 L-Threonine Amino acids 0.05 0.35

29 Glycyl-L-glutamic acid Amino acids 0.20 0.22

30 Phenylethylamine Amines 0.19 0.01

31 Putrescine Amines -0.09 0.34
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relatively stable for the 31 incubation days. These results

indicated that stimulated nitrification in the control soil did

not result from AOB but possibly from AOA or hetero-

trophic nitrification. Similar observations that ammonia

resources generated from the mineralization of organic

matter stimulated nitrification have been recorded in soil

incubations without external nitrogen addition (Offre et al.

2009; Gubry-Rangin et al. 2010). The low-level ammonia

concentrations ranging from 0.00437 to 1.22 mM selec-

tively favored the growth of AOA (He et al. 2012). AOA

has been shown to be predominant in soil with pH 4.5 and

an initial NH4
? concentration of 0.86 mg kg-1 (Gubry-

Rangin et al. 2010) and in soil with pH 4.2 and an initial

NH4
? concentration of 39.2 mg kg-1 (Zhang et al. 2012).

The control soil is within the concentration range that

stimulates AOA nitrification. The organic amendments

(GL, CM and FM) soil samples added 50 mg N kg-1 soil;

therefore, these samples had higher nitrate concentrations

after day 7 than those of the CK samples. Their AOB

community structure at sampling day 9 significantly

changed and was different from that of the control soil,

which indicated that autotrophic nitrification was stimu-

lated. This finding is consistent with the hypothesis that

AOB is responsible for the ammonia oxidation supplied by

nitrogen fertilizer (Xia et al. 2011), despite the important

role of AOA in acidic soil ecosystems (He et al. 2012).

Verhamme et al. (2011) reported that soil AOA commu-

nities changed significantly at all concentrations of added

ammonium (0, 20, 200 mg kg-1 soil), whereas AOB

communities changed significantly only at the highest

ammonium concentration.

Effect of organic amendment characteristics on soil

nitrification

The FM-treated soil had the highest nitrate concentration,

the CM-treated soil had a moderate nitrate concentration,

and the GL-treated soil had the lowest nitrate concentration

and delayed nitrate release during microcosm incubation

following N fertilization. On the sampling days 2, 5, 7, 9

and 21, the soil nitrate concentrations of the GL-treated soil

were significantly lower than those of the FM-treated soil.

These results demonstrate that the organic amendment

characteristics have a significant effect on the soil nitrify-

ing process. The glucose delayed nitrate accumulation

compared to the filter mud. Several possible theories may

explain these results. The first theory hypothesized that soil

bacteria typically responded rapidly and increased

remarkably after simple C (glucose, etc.) amendment

compared to complex C (lignin, etc.) amendment, which

resulted in mineral N being assimilated as microbial cell N;

thus, the autotrophic nitrification was inhibited by the soil

heterotrophic bacteria because of the high competition for

ammonium (Strauss and Lamberti 2002; Choi et al. 2006).

The evidence in this experiment supporting this theory was

that the bacteria count in the glucose soil on day 9 was the

highest compared to the chicken manure and filter mud

samples. Another possible theory suggested that soil het-

erotrophic nitrification is most likely relative to the amount

of organic nitrogen and organic carbon, especially from

lignin, present in acid soil (De Boer et al. 1988; De Boer

and Kowalchuk 2001), Nitrification stimulation by the

addition of peptone and not by the addition of ammonium

salts has been proposed as evidence supporting the theory

of fungal soil nitrification (Kreitinger et al. 1985; Adams

1986). Fungal heterotrophic nitrification is positively

linked to lignin degradation, and the lignin-degrading

basidiomycete Clitocybe metachroa has been shown to

possess a fungal nitrification function (Kuyper and Bokeloh

1994; Kusel and Drake 1995; Trap et al. 2009). The third

theory is that the AOA preferred to use ammonia produced

by organic nitrogen mineralization and stimulated the

nitrification (He et al. 2012). Further studies are needed to

investigate and verify the phenomenon with additional

experiments.

Effect of organic amendment characteristics on soil

bacteria count dynamics

The soil bacterial populations in the GL, CM, FM and CK

samples were not significantly different on day 1; and the

bacterial population of the GL samples, but not those of

the FM and CM samples, was significantly increased by

day 9. Subsequently, the GL sample bacterial population

decreased but was still higher than those of the CM and

FM samples on day 31. These results are consistent with a

previous study that indicated that the bacterial abundance

in soil samples amended with simple C (glucose) and

complex C (red clover) for a 24-h microcosm incubation

did not cause measurable changes (Miller et al. 2009).

Simple C (glucose) and complex C (plant residues, liquid

manures or artificial root exudates) used as a soil adden-

dum for 1 month have been shown not to change the soil

bacterial abundance (Miller et al. 2008, 2009; Henry et al.

2008). Calbrix et al. (2007) reported that the bacteria

population was significantly increased on days 7 and 30

following the application of sewage sludge and turkey

manure with 7.6 and 2.4 % lignin contents, respectively,

whereas the application of compost (31.6 % lignin con-

tent) produced from a mixture of turkey manure and lig-

nin-like waste did not seem to alter the bacterial

population. These studies provide evidence that the

dynamics of bacteria population, which may have

involved soil nitrification functions, were dependent on

the sampling day and on the C availability of the organic

amendments.
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Effect of organic amendment on the soil bacterial

community structure

In the TRFLP analysis, peaks with an area \1 % of the

total were reassigned as zero. There were 21 TRFs frag-

ments obtained during the treatments. The study revealed

that the FM soil treatment exhibited 309-bp fragments on

day 1 but not on days 9 and 31 (Figs. 3, 5). These results

indicated that the 309-bp fragments that originated from

the filter mud could not colonize in the microcosm soil.

This finding is consistent with previous study results

showing that a number of strains from an external organic

amendment could not survive in soil (Innerebner et al.

2006). The high abundance of 64, 74, 259 and 409-bp

fragments in the FM sample on day 31 indicated that the

filter mud treatment possibly resulted in bacterial com-

munity structure changes, and these FM changes were to

some extent delayed until day 31 (at the end of the incu-

bation). The bacterial TRF profile of the GL samples with

116, 120 and 64-bp fragment abundance was high on day 9

but not on day 31, which reflects the temporary modifica-

tion and quick recovery of the bacterial community profile

in glucose-treated soil. The CM bacterial TRF profile did

not change considerably during the incubation period.

Cytryn et al. (2011) reported that the bacterial commu-

nity profile of compost-amended soils was a time-related

succession from a compost-like (day 1) to an original soil-

like profile (days 3–5). Subsequently, the transient presence

of the Pseudomonas and Bacteroides strains becomes

affiliated with the degradation of the compost-derived

persistent organic compounds (days 5–13), and restoration

of the baseline community structure takes longer than

50 days. This previous research and our results suggest that

modifications of bacterial community structures are

dependent on the quality of the organic amendment

material; a higher available organic C content results in a

stronger but briefer effect on the bacterial communities,

while a higher complex C content results in a weaker but

longer lasting effect on the bacterial communities.

Effect of organic application on soil AOB community

structure

A total of 10 TRFs fragments were obtained among the

treatments by the TRFLP analysis, which indicated that

283-bp fragments (identified as Nitrosospira) predomi-

nated in the studied soil. These results are in accordance

with previously published evidence that Nitrosospira are

the most commonly detected AOB genus in acidic soils

(Kowalchuk et al. 1997; Stephen et al. 1998; Nugroho et al.

2005). These results are also consistent with the hypothesis

that low pH conditions select for Nitrosospira. This finding

is consistent with previous observations that Nitrosospira

recovery is more efficient following MPN enrichment

using a slightly acidic medium (Kowalchuk et al. 2000).

Nitrosospira or Nitrosospira-like species have been shown

to be predominant in 12 treatments in forest soil with a pH

range of 4.12–5.20 (Long et al. 2012).

In addition, 491-bp fragments (Nitrosomonas) were

noted in all the treatment samples on day 9, and the relative

abundance of 491-bp fragments had a strong relationship

with the soil NH4
? concentration (r = 0.05, p \ 0.05) and

pH (r = -0.05, p \ 0.05). An analysis revealed that 48-bp

fragments from an additional Nitrosomonas species were

detected in the CM treatment soil on days 9 and 31. This

change might occur in response to increased ammonium

concentration in the latosolic red soil because Nitroso-

monas are frequently detected in high N environments

(Wang et al. 2009).

Effect of organic carbon application on soil bacterial

activity

In this study, the soil AWCD, richness and Shannon index

values were significantly higher (p \ 0.05) in the GL

samples than in the FM and CM samples (Table 2). The

GL samples had a higher utilization of amino acids and

carbohydrates (Table 3; Fig. 7), which was related to the

soil C and N cycling. Soil microbes normally respond

rapidly in terms of activity to the addition of readily

available C (Hatch et al. 2000; Jackson et al. 2004; Carr-

anca et al. 2009). Bengtsson et al. (2003) reported that

gross nitrification rates were negatively related to ATP

content. The results of these studies suggest that the nitri-

fication inhibition in the GL-treated soil may be also

related to the increasing activity of the microbial

community.

The CM sample had significantly lower Shannon index

values compared with the FM sample (Table 2). The soil

bacterial community-level physiological profile from the

CM sample was more similar to that of the control soil

compared with the FM sample (Fig. 7). It is possible that

this finding results from the high toxicity effect of EC or

other toxin in chicken manure. The EC in the chicken

manure is higher than that in the filter mud in this study.

Other studies have reported that poultry manure has also a

high toxicity from CO3
2- content and lower fatty acids

(Materechera and Mkhabela 2008; Azeez et al. 2010).

Further research is recommended to elucidate this

phenomenon.

Conclusion

In this study, the soil nitrate concentration was significantly

lower in the GL-treated soil than in the FM and CM-treated
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soil from incubation days 2 and 5–21. This finding is

possibly linked to the C availability and organic N. GL

greatly increased the soil bacterial population and soil

bacterial functional diversity, especially from the higher

utilization of carbohydrates and amino acids, which are

involved in soil C and N cycling; however, the CM and FM

treatments did not stimulate an increase in the soil bacterial

population and function. The AOB community composi-

tion was significantly different among the treatment sam-

ples on day 9; and the CK sample had the lowest relative

abundance of 283-bp fragments (Nitrosospira, 27 %),

compared with the GL (62 %), FM (73 %) and CM (78 %)

treatments. In addition, 48-bp fragments (another Nitroso-

monas species) were detected in the CM-treated soil on

days 9 and 31. These results indicate that organic carbon

has a considerable and instantaneous effect on the soil

AOB community. In conclusion, nitrification may have

been suppressed to some extent in the GL samples, which

was possibly related to the improving AOB community,

bacterial community composition and activity and to

increasing bacterial abundance via the available C fertil-

ization. It is possible to regulate the dynamic soil nitrifi-

cation process by optimizing the characteristics of the

organic amendment used (e.g., increasing the available

carbon), and this optimization may be helpful in reducing

nitrogen losses in soil.
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