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Abstract A 4-month field experiment was conducted in an
organic vegetable production system; two crops, Brassica
chinensis and Cichorium endivia L., were cultivated succes-
sively and treated with 0 (CKC), 30 (PC1), 60 (PC2), or 120
(PC3)tha ' of pig manure-based compost. The replicated and
heavy application of pig manure-based compost increased the
total amounts of some heavy metals (Zn, Cu, Pb, and Cd) in
the short term in soil. Despite the Shannon (bacterial diversity),
Chaol (richness), and evenness indices of different samples
calculated after pyrosequencing analysis were similar, changes
occurred in the bacterial community composition in soils
amended with different rates of compost. The joint cluster
and principal component analysis (PCA) indicated that heavy
rates of compost may not change bacterial diversity in the short
term and, in some cases, even produce a lower genetic diver-
sity. The optimum rate, as well as the period, for compost
application should be evaluated to promote the sustainable
development of organic agriculture.
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Introduction

Conventional agriculture, which is dependent on intensive
inputs of synthetic fertilizers, herbicides, and pesticides, has
created many environmental problems including soil erosion,
salinization, organic matter depletion, biodiversity reduction,
groundwater contamination, and water eutrophication, with
problems in the quality and safety of the agricultural products
(Horrigan et al. 2002; Zhou et al. 2005). However, applica-
tions of chemical products are completely prohibited in organ-
ic farming, which is characterized by organic inputs, recycling
for nutrients, biological approaches, and careful cropping
system design for pest management (Tu et al. 2006).
Thus, organic agriculture has gained worldwide acceptance
and undergone vigorous development in the last decades for
providing lower environmental pressure and safer agricultural
products than conventional agriculture.

Composts are obtained by the biological decomposition
of organic materials, and during the composting process,
chemical stabilization of organic substrates is obtained
without the presence of weed seeds and human and plant
pathogens (Trewavas 2004). Animal manures from the
livestock industry are the most popular materials being
used for composting in China. However, the presence of
high concentrations of heavy metals, that are derived from
salt and additives provided for improving animal health
and productivity, as well as the composting process itself,
may cause heavy metal contamination of the compost
(Baldantoni et al. 2010). Therefore, the long-term appli-
cation of manure-based compost may cause accumulation
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of heavy metals in soils especially at high rates (Wong
et al. 1999; Zhou et al. 2005; Achiba et al. 2009, 2010).
Unfortunately, overuse of manure-based compost in or-
ganic agriculture systems in China is common, especial-
ly during the transition period from conventional to or-
ganic systems (Ju et al. 2007). However, the changes of
heavy metal concentration caused by excessive application
of manure-based compost are generally ignored. Moreover,
the accumulation of potentially toxic heavy metals might also
have a detrimental influence on activity, biomass, and compo-
sition of microbial communities (Singh and Kalamdhad
2013).

Soil microorganisms, which are involved in nutrient cy-
cling, transformation processes, and soil aggregate formation,
as well as in plant pathology or plant growth promotion, play a
vital role in defining soil quality and productivity (Widmer
et al. 2000). It is necessary to describe the dynamics of micro-
bial communities and identify the possible functions of these
populations when amendments are applied to cultivated fields.
A 12-year crop rotation field experiment conducted by Ros
et al. (2006) showed that application of composts produced
from urban organic wastes, green wastes, manure, and sewage
sludge increased the diversity of ammonia oxidizers and bac-
teria of soil, as shown by the denaturing gradient gel electro-
phoresis (DGGE) analysis of 16S rDNA. However, in a short-
term (2-year) study of soil amended with municipal solid
waste (MSW) compost, no distinct influence occurred in bac-
terial community compositions even though the addition had a
positive influence on the crop production (Convertini et al.
1999). On the other hand, Sun et al. (2014) showed that
the 10 % manure treatment produced a more diverse
bacterial community composition, as determined by
DNA-based pyrosequencing, in apple rhizosphere soil
than other manure rates in a 3-year pot experiment.
The studies mentioned above demonstrated that both
the application rate and period of organic amendments
can affect the composition of soil microflora.

However, little information is available concerning the
short-term effects of applying high rates of manure-based
compost on the total heavy metal accumulation and bacterial
community composition of soil. We hypothesized that heavy
and replicated application of manure-based compost in the
short term may change heavy metal content and composition
of soil. For this reason, a 4-month field experiment was con-
ducted in an organic vegetable production system (i) to char-
acterize the total heavy metal accumulation in amended soils
and (ii) to determine the bacterial diversity by 454 pyrose-
quencing in soil treated with different rates of pig manure-
based compost. It has been shown that only a small portion
of soil microbial diversity has been identified or adequately
characterized (Myrold and Nannipieri 2014) and it depends in
the used method (Crecchio et al. 2004; Bakken and Frostegérd
2006; Van Elsas et al. 2014).
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Materials and methods
Field experiment

The field experiment was conducted from March 13 to July 12
0f 2013 at the organic farm of Jiangyang at Yangzhou in Jiangsu
Province, China, located at longitude 119° 7" 8.52" W and lati-
tude 32° 23" 1.55" N. Brassica chinensis and Cichorium endivia
L. were cultivated for 4 months. The compost produced from
pig manure mainly was applied prior to the first and second
crop, at the rates of 0 (CKC), 30 t ha ' crop ' (PC1),
60 t ha ' crop ' (PC2), and 120 t ha ' crop ' (PC3). The
used compost rates were those employed by Wong et al.
(1999), who conducted a field experiment to evaluate the
growth of B. chinensis and Zea mays L. on loamy soil.
Each treatment was replicated three times. The main prop-
erties of the loamy soil (sand 43.9 %, silt 36.4 %, clay
19.7 %) and compost are summarized in Table 1. The bac-
terial community composition of the applied pig manure-based
compost was analyzed using 454 pyrosequencing (Fig. 1 and
Table s1). The experimental plan included 12 plots and each
plot consisted of a 4x5-m square, which was separated from
each neighboring plot by a neutral zone of 0.5 m. All plots were
arranged in a complete randomized design.

Different rates of compost were evenly spread to the soil
surface by hand and incorporated to a depth of 15-20 cm by
manual hoeing prior to each planting. The seedlings of
B. chinensis were grown for 20 days in a greenhouse and then
transplanted with 20%20 cm row plant spacings and irrigated
once every 24 h until they were established. The plots were
weeded manually every month. After B. chinensis harvesting,
the seedlings of C. endivia L., grown for 30 days in a green-
house, were also transplanted with 20x20 cm row and plant
spacings.

Table 1  Physicochemical properties of the plow layer (0-20 cm) soil
and pig manure-based compost before application (mean+SD). Results
are expressed on dry weight basis

Plow layer soil Pig manure-based compost

PHi200:2.5) 7.07+0.134 7.85+0.107
Total C (%) 1.10+0.008 23.03+0.720
DOC (gkg ™) 2.3740.942 18.15+0.831
Total N (%) 0.1240.004 1.72+0.113
NH, "N (mg kg ") 1.04+0.324 879.35+67.264
NO; -N (mg kg ") 8.23+2.568 1037.17+213.241
Olsen-P (mg kg ") 36.06+5.543 75.27+2.021
Total Cu (mgkg ")  23.44+1.033 317.25+5.307
Total Zn (mg kg ") 77.49+5.260 637.19+10.300
Total Pb (mg kg ") 16.14+0.562 53.91+0.846
Total Cd (mg kg ) 0.40+0.057 2.25+0.327
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Fig. 1 The relative abundance of 401

phyla and proteobacterial classes
for pig manure-based compost
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Soil sampling and total heavy metal analysis

Soil samples were collected at a depth of 0-20 cm in each plot
after each crop harvest at five different spots using a hand
auger (5 cm diameter); the mixed samples were immediately
divided into two parts: one part was stored at —80 °C and the
other was air-dried immediately. The air-dried compost and
soil samples were pulverized, sieved (<2 mm), and digested
by an acid mixture (HNO3 65 % and HF 50 %, 2:1=v/v) for
determining the total amounts of Zn, Cu, Pb, and Cd. Heavy
metal concentrations were determined with an ICP-OES
(Spectroflame Modula E Spectro Analytical Instruments,
Kleve, Germany). Details of the methods are described by
Baldantoni et al. (2010).

DNA extraction and quantitation, 16S ribosomal RNA
gene amplification, and pyrosequencing

The total DNA was extracted from 0.5 g thawed soil using an
E.ZN.A. Soil DNA Kit (Omega Bio-Tek Inc., Norcross, GA,
USA) following the manufacturer’s instructions. The extracted
DNA was checked on a 1 % agarose gel and the A260/A280
ratio of DNA was determined using a NanoDrop ND-2000
spectrophotometer (NanoDrop, Wilmington, DE, USA). The
DNA concentration was adjusted to 5 ng L~ for each sample
and was amplified by the bacterial 16S ribosomal RNA
(rRNA) primers 27F (5'-GCCTTGCCAGCCCGCTCAG-TC-
AGAGTTTGATCCTGGCTCAG-3") and 533R (5'-GCCTCC
CTCGCGCCATCAG-AC-NNNNNNNNNN-TTACCGCG
GCTGCTGGCAC-3'). This fusion primer included Roche-454
A/B adapters (shown in italics) and a 2-bp linker sequence
(shown in bold) followed by a unique, error-correcting barcode
sequence (Ns) (Zhao et al. 2014).

The PCRs were replicated three times; the 20-pL mixture
contained 2 uM of each primer, 0.25 uM dNTPs (Takara),

4 uL 5x FastPfu Buffer (TransGen, TransGen Biotech Co.,
Ltd., Beijing, China), 1 U of FastPfu DNA polymerase
(2.5 U uL™", TransGen), and 10 ng soil DNA template; a
negative control was also included. The amplification pro-
gram consisted in an initial denaturation at 95 °C for 2 min
followed by 25 cycles at 95 °C for 30 s (denaturation), at
55 °C for 30 s (annealing), and at 72 °C for 30 s (extension);
the final extension was at 72 °C for 5 min. The PCR products
were visualized on 2 % agarose gels, and all PCR products of
each sample were pooled and purified by a PCR Clean-up Kit
(Axygen Bio, USA).

Pyrosequencing data and statistical analysis

The pyrosequencing was performed on a 454 GS-FLX
Titanium System (Roche, Switzerland) by Majorbio Bio-
pharm Technology Co., Ltd (Shanghai, China). Raw sequence
data were processed using Mothur (version 1.29.2) according
to the Schloss standard operating procedure (Schloss et al.
2009). The details were as follows: sequences having a min-
imum flow length of 450 flows were denoised using the
Mothur-based reimplementation of the PyroNoise algorithm
with the default parameters (Quince et al. 2011). Denoised
sequences were sorted based on sample-specific tags and
eliminated if they could not be sorted by a tag, they were
shorter than 50 bases, or they contained more than 1 undefined
base (Bibby et al. 2010). The unique sequences with the tag
and primer sequences removed were aligned against the Silva
106 database (Pruesse et al. 2007). A distance matrix was built
using the eliminated chimer sequences and by considering a
distance threshold of 0.2. The remaining sequences of each
sample were clustered to operational taxonomic units (OTUs)
based on 97 % sequence similarity criterion; the representative
sequences of each OTU were compiled and compared to the
Ribosomal Database Project II (RDP II) (Cole et al. 2007)
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using the “Naive Bayesian rRNA Classifier” to identify the
nearest phylogenetic homologue (confidence level of 80 %).
The relative abundance was defined as the number of se-
quences of the same phylogenetic group divided by the total
number of the target phyla or genera per sample. Additionally,
the evenness, Simpson, Chaol, abundance-based coverage
estimator (ACE), and Good’s nonparametric coverage indices
were also calculated to describe the «-diversity of each sam-
ple. Canoco 4.5 was used to run principal component analysis
(PCA).

Means, standard deviation, and analysis of variance
(ANOVA) were determined by the SPSS computer package
(version 11.0). The means were compared using the Duncan
test with a significance level of p<0.05. The mean values of
three triplicates and standard errors were shown in figures.

Results and discussion
Total heavy metal concentration

At the end of the first crop, no significant effect on the Pb and
Cd contents of soil (0-20 cm) was observed for all rates of
applied pig manure compost, but the concentrations of both
Zn and Cu were increased after incorporation of 120 t ha ™'
crop ' (Fig. 2). However, after the second application of pig
manure-based compost at the rate of 120 t ha ' crop !, the
content of Pb was also significantly increased, whereas there

was no positive effect for the Cd content. Generally, the pig
manure compost applied at high rates gave high inputs of
some heavy metals, and obvious accumulation of Zn, Cu, and
Pb was observed in the surface of treated soils (0-20 cm) after
the second pig manure compost application.

However, the pig manure compost did not have any effect
on the heavy metal content at 20—40 cm depth (data not
shown). A high concentration of organic matter in the 0-20-
cm soil layer and the low rainfall during the experiment prob-
ably blocked the mobility of heavy metals (Achiba et al.
2009). Also, the relatively high content of clay in soil may
have contributed to limit the movement of heavy metals
through the soil (Walker et al. 2004).

The increase in the total content of heavy metals of the
surface soil layer (0—20 c¢cm) has been previously observed
after long-term applications of pig manure-based compost
(Weber et al. 2007; Baldantoni et al. 2010). Our results indi-
cated that the heavy metal limits as well as the rate and period
for compost application should be established, based on sci-
entific research, to prevent soil pollution. These limits have
been set up in several countries such as Belgium, Holland, and
Germany (Singh and Kalamdhad 2013), but they may be not
suitable.

Compost application has been known to increase soil nu-
trients and crop production (Wong et al. 1999) as obtained in
this study (Table s2 and Fig. sl). The highest contents of
NH,"-N, NO; -N, dissolved organic C (DOC), and Olsen-P
were detected in the soil treated with 120 t of pig manure-

Zn
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=3
2

CKC w PC1

-] PC2

Metal content(mg kg'! dw)

Season

0.6+

0.5+

0.4+

0.3+

0.2+

0.1+

Season

Fig. 2 Total concentrations of Zn, Cu, Pb, and Cd in soils treated with
different rates of pig manure compost. CKC is the untreated soil; PC1 is
the soil treated with 30 t pig manure-based compost ha ' crop '; PC2 is
the soil treated with 60 t pig manure-based compost ha ' crop '; PC3 is
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the soil treated with 120 t pig manure-based compost ha ' crop '. The
numbers indicate the replicates of each treatment. Different letters indi-
cate statistically different numbers between treatments (p<0.05)
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based compost ha™ ' crop '. Antibiotics are commonly added
to animal feed as supplements, and percentages often exceed-
ing 70 % of administered dosage are excreted as parent com-
pounds or metabolites in manure (Kumar et al. 2005). Heavy
rates of pig manure-based compost added to soil may cause
antibiotic pollution for incomplete degradation of antibiotics
during the composting process (Dolliver et al. 2007).
Therefore, it is necessary to evaluate the content of antibiotic
in manure compost-treated soils.

Estimated number of observed sequences and bacterial
diversity of each sample

Short-term changes of bacterial diversity due to different rates
of pig manure-based compost applied to soil were determined
by pyrosequencing of soil samples collected after the harvest
of the second crop. The total number of valid sequences
was 75,304 and the average read length was 400 bp;
93.44 % of these sequences were classified at the phylum
level. Additionally, the mean number of quality sequences
for each sample was 6275, a number similar to or greater
than the bacterial sequence numbers of previous studies of soil
samples analyzed by pyrosequencing (Lauber et al. 2009;
Zhao et al. 2014).

As shown in Table 2, the coverage values ranged between
0.55 and 0.62, indicating that the sequencing was not suffi-
cient to reveal the complete bacterial diversity of compost-
treated soils as also confirmed by the rarefaction curves since
the plateau was not reached (Fig. 3). However, the coverage
values for all treatments were similar. Other indices including
OTUs, ACE, Chaol, evenness, and Shannon index, that are
regularly used to evaluate bacterial diversity, were also calcu-
lated using all sequences of each sample. No statistically sig-
nificant differences among the respective indices were ob-
served, suggesting that the application rates of pig manure-

based compost in the short term might have no effect on the
bacterial diversity. This phenomenon may be explained by the
resistance and resilience of soil microbial communities sub-
jected to these treatments (Griffiths and Philippot 2013).
Innerebner et al. (2006) suggested that compost did not leave
direct microbial effects in soil even after long-term applica-
tions. Poulsen et al. (2013) also considered that the soil type
and particle size were the two most important determinants of
bacterial diversity, rather than type of the applied fertilizer.
However, Cytryn et al. (2011) showed that compost amend-
ment affected the activity, size, and composition of soil micro-
bial communities. Probably, the physicochemical properties of
the compost and not the compost-borne microorganisms can
affect the microbial diversity of the treated soil.

Bacterial diversity at the phylum and genus levels

As shown in Fig. 4, most of the observed sequences about more
than 65 % for all samples were affiliated with Proteobacteria,
Actinobacteria, Chloroflexi, Acidobacteria, and Bacteroidetes
(relative abundance >5 %), and a minor percentage belonged
to TM7, Verrucomicrobia, Planctomycetes, Firmicutes,
Gemmatimonadetes, OD1, Cyanobacteria, Nitrospira, and
Armatimonadetes. These bacterial groups are always found in
soils and are capable of utilizing a variety of substrates
(Asakawa and Kimura 2008).

Despite the dominant phyla of the four treatments being
similar, the compost application dose affected the distribution
of each phylum. The relative abundance of Firmicutes only
increased significantly after application of 30 t of pig manure-
based compost ha ', whereas it decreased at the rates of 60
and 120 tha™' crop ' compared with the control without com-
post. Poulsen et al. (2013) also found a significant increase of
Firmicutes in the MSW compost-amended soil. The improve-
ment of soil structure after the addition of high amounts of

Table 2 Estimated number of

observed sequences, OTUs, CKC PCI PC2 PC3
richness, evenness, diversity, and
coverage of each treatment Number of sequences per treatment 19,296 19,153 15,092 21,763
Number of sequences per plot 4829 5823 2430 8990
7138 4567 6286 6244
7329 8763 6376 6529
OTUs 3639 (a) 3690 (a) 2996 (a) 4013 (a)
Coverage 0.61 (a) 0.58 (a) 0.55 (a) 0.62 (a)
Chaol 8596 (a) 9266 (a) 9266 (a) 9760 (a)
Shannon 7.89 (a) 7.92 (a) 7.68 (a) 7.93 (a)
ACE 13,392 (a) 15,039 (a) 12,959 (a) 15,296 (a)
Evenness 0.96 (a) 0.96 (a) 0.96 (a) 0.96 (a)

CKC is the untreated soil; PC1 is the soil treated with 30 t pig manure-based compost ha

! crop ' ; PC2 is the soil

treated with 60 t pig manure-based compost ha ' crop ' ; PC3 is the soil treated with 120 t pig manure-based
compost ha™’ cropf' . Different letters indicate statistically different numbers between treatments
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Fig. 3 Rarefaction curves of bacterial communities based on observed
OTUs at 3 % distance for individual samples

compost (60 and 120 t ha™' crop ') significantly decreased the
relative abundance of Clostridia, whose members are strictly
anaerobic and belong to the phylum of Firmicutes (data not
shown). The greater concentrations of heavy metals added
with high rates (60 and 120 t ha ' crop ') of pig manure-
based compost may have decreased the abundance of
Firmicutes, because this group of microorganisms is not de-
tected in heavy metal-contaminated soils (Gremion et al.
2003; Margesin et al. 2011).

Only the highest rate (120 t ha ") of added compost signif-
icantly influenced the relative abundance of Proteobacteria
phylum. The subclasses o-, 3-, -, and 6-Proteobacteria were
detected in all soil samples, and their relative abundances,
except that of «x-Proteobacteria, were significantly increased
when 120 t ha ' of pig manure-based compost was applied
compared with the control without compost. «-Proteobacteria

Fig. 4 The relative abundance of
phyla and proteobacterial classes
for each soil treatment. CKC is
the untreated soil; PC1 is the soil
treated with 30 t pig manure-
based compost ha ' crop '; PC2
is the soil treated with 60 t pig
manure-based compost ha '
crop '; PC3 is the soil treated
with 120 t pig manure-based
compost ha ' crop!. The
numbers indicate the replicates of
each treatment. Asterisks indicate
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are capable of degrading complex organic compounds
and are less competitive than other bacterial subclasses
under high-nutrient concentrations (Newton et al. 2011).
Sphingomonas and Pseudomonas belonging to «- and
y-Proteobacteria, respectively, were the two most abundant
genera of Proteobacteria; their relative abundances signifi-
cantly decreased when high amounts of pig manure-based
compost were applied (Table 3). The two widespread bacterial
genera are involved in various processes occurring in soil.
Members of the genus Sphingomonas can degrade aromatic
hydrocarbons (Aislabie et al. 2000) as well as produce
sphingolipids which might contribute to the survival of
Bacteroides under environmental stress (An et al. 2011).
Pseudomonas strains are involved in N, fixation, deni-
trification, and degradation of pollutants and can also
promote plant growth and suppress plant disease (Haas
and Défago 2005; Lalucat et al. 2006). Gomez-Balderas
et al. (2014) demonstrated that the relative abundance of
Pseudomonas significantly decreased in the rhizosphere
soil by increasing Zn and Cd contaminations even
though they present a high resistance to elevated Zn
concentration as shown in this study. Conversely, the
greatest relative abundances of four important genera
belonging to Proteobacteria including Steroidobacter,
Anaeromyxobacter, Phaselicystis, and Hyphomicrobium
were observed in the soil treated with the highest rate
(120 t ha ' crop ') of compost.

Actinobacteria are widely distributed in soil, water, and
compost and play an import role in degrading recalcitrant
compounds and suppressing pathogenic microorganisms by
secreting various antibiotics (Franke-Whittle et al. 2009).
This microbial phylum is dominant in heavy metal-
contaminated soils, indicating high metal resistance.
Margesin et al. (2011) have suggested that these Gram-
positive bacteria with a high DNA G + C content could be
taken as an indicator of the effects of heavy metal
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Table 3 Abundance of the most

abundant classified bacterial Abundance (%) CK PC1 PC2 PC3 Phylum

genera in percent of all classified

sequences of each treated soil Longilinea 5.93 (a) 5.39 (a) 6.04 (a) 345 (b) Chloroflexi
Subdivision3 328 (a) 335(a) 4.53 (a) 2.25 (a) Verrucomicrobia
Gp6 3.00 (a) 3.26 (a) 2.75 (a) 2.90 (a) Acidobacteria
Gemmatimonas 2.31 (a) 1.88 (a) 1.84 (a) 2.10 (a) Gemmatimonadetes
Bellilinea 225 (a) 2.60 (a) 2.66 (a) 1.79 (a) Chloroflexi
™7 1.83 (¢) 3.14 (be) 3.35 (ab) 4.65 (a) ™7
Marmoricola 1.80 (a) 1.04 (b) 0.90 (b) 0.49 (c) Actinobacteria
Ohtaekwangia 1.71 (a) 2.15 (a) 1.63 (a) 2.17 (a) Bacteroidetes
Sphingomonas 1.67 (a) 1.37 (ab) 1.09 (b) 0.90 (b) Alphaproteobacteria
Nocardioides 1.57 (a) 1.11 (b) 0.94 (b) 0.90 (b) Actinobacteria
Gplo6 1.56 (a) 1.36 (a) 141 (a) 1.01 (a) Acidobacteria
Pseudomonas 1.50 (a) 1.28 (b) 1.02 (c) 0.80 (d) Gammaproteobacteria
Gp4 1.40 (a) 0.98 (b) 0.85 (b) 0.71 (b) Acidobacteria
Spartobacteria 1.29 (a) 0.73(ab) 1.12 (a) 0.39 (b) Verrucomicrobia
Opitutus 1.29 (a) 145 (a) 1.86 (a) 1.40 (a) Verrucomicrobia
Caldilinea 1.28 (a) 1.17 (a) 2.13 (a) 1.15 (a) Chloroflexi
Aciditerrimonas 1.24 (a) 1.17 (a) 0.87 (b) 0.81 (b) Actinobacteria
Arthrobacter 1.06 (a) 0.72 (b) 0.36 (c) 0.85 (b) Actinobacteria
Pasteuria 1.04 (a) 1.23 (a) 1.42 (a) 1.04 (a) Firmicutes
ODI 1.00 (b) 1.36 (a) 1.54 (a) 1.25 (ab) OD1
Thermoleophilum 1.09 (a) 0.65 (bc) 0.72 (b) 0.44 (c) Actinobacteria
Phycisphaera 0.93 (ab) 1.03 (ab) 1.26 (a) 0.89 (b) Planctomycetes
Steroidobacter 0.92 (c) 1.17 (be) 1.31(b) 2.22 (a) Gammaproteobacteria
Anaeromyxobacter 0.67 (b) 0.80 (b) 0.69 (b) 1.30 (a) Deltaproteobacteria
Phaselicystis 0.61 (b) 1.04 (b) 1.06 (b) 1.86 (a) Deltaproteobacteria
Hyphomicrobium 0.30 (c) 0.88 (b) 1.17 (ab) 1.52 (a) Alphaproteobacteria

CKC is the untreated soil; PC1 is the soil treated with 30 t pig manure-based compostha ' crop ' ; PC2 s the soil
treated with 60 t pig manure-based compost ha ' crop ' ; PC3 is the soil treated with 120 t pig manure-based
compost ha™! crop . Different letters indicate statistically different numbers between treatments

contamination. However, with the higher rates of pig manure-
based compost incorporated and, thus, the high heavy metals
accumulated in soil, the relative abundance of Actinobacteria
did not change probably because the content of heavy metals
in our soil was much lower than that studied by Margesin et al.
(2011). In addition, the nutrients added to soil with compost
may promote the growth of heavily sensitive bacteria, thus
obscuring any toxic effect. Ryckeboer et al. (2003) reported
that Actinobacteria are relatively ineffective competitors un-
der high-nutrient conditions compared with many other mi-
croorganisms. Marmoricola, Nocardioides, Aciditerrimonas,
Arthrobacter, and Thermoleophilum were the five most
abundant genera belonging to Actinobacteria, and their rel-
ative abundances generally decreased by increasing the ap-
plied compost rate (Table 3). Among them, Arthrobacter is
dominant during the thermophilic stage of composting and
can take up heavy metals such as Cu, Mn, Ni, and Pb, thus
decreasing heavy metal bioavailability in soil (Veglio et al.
1996; Tian et al. 2013).

The relative abundance of Acidobacteria significantly
decreased at the highest compost applied rate (120 t ha ).
The ecological functions of Acidobacteria are poorly
known despite being a dominant group in soil (Yang
et al. 2013). The three most abundant genera of
Acidobacteria, namely Gp6, Gpl6, and Gp4, also found in
the present study, were negatively correlated with organic C
availability (Fierer et al. 2007; Jones et al. 2009). Thus, the
significant decrease of Acidobacteria abundance after the ad-
dition of 120 t ha ' crop ' may be due to the increase of
organic C availability.

The relative abundances of Chloroflexi, Nitrospira, and
Armatimonadetes phyla significantly decreased in soil treated
with the compost application rate of 120 t ha ' crop '. The
three most abundant genera of Chloroflexi, namely
Longilinea, Bellilinea, and Caldilinea, were detected in all
compost-treated soils (Table 3), probably due to the fact that
Chloroflexi is ubiquitous (Poulsen et al. 2013; Zhao et al.
2014). However, their biological functions are poorly known
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since most of these microbial groups are uncultured (Yamada
and Sekiguchi 2009). The abundance of Nitrospira, which are
involved in nitrification, was significantly affected by the
higher pig manure-based compost addition rates, probably
due to the elevated levels of ammonium and heavy metals of
the amended soil.

Abundances of bacterial groups

The abundance of most animal, human, and plant pathogens
significantly decreased in soil by increasing the applied com-
post rate (Table 4). This may depend on the high content of
ammonium at the high rate of applied compost soil. Indeed,
Tenuta and Lazarovits (2002) have detected pathogen death
when ammonium was accumulated in soil.

However, it was interesting to note that after application of
30 t compost ha ' crop ! to soil, abundances of Clostridium,
Rhodococcus, Nocardia, and Staphylococcus genera were

high, which may be attributed to growth stimulation of these
indigenous soil bacteria, or those of the pig manure-based
compost, since an improperly managed composting process
can allow the survival of these pathogens (Franke-Whittle
et al. 2009). Poulsen et al. (2013) also found that the abun-
dance of Clostridium, Rhodococcus, and Nocardia genera in-
creased after the application of MSW compost equivalent to
approximately 100 kg N ha ' year '. However, we have not
observed the increase of Legionella genus and this discrepan-
cy may be due to differences in soil and compost types (Bailey
and Lazarovits 2003). The highest relative abundance of
Streptomyces genus was detected in soil treated with
120 t ha ' crop ' compost, and this may be attributed to stim-
ulation of their growth by compost nutrients and their toler-
ance to heavy metal pollution (Franke-Whittle et al. 2009).
The human pathogens Salmonella and Escherichia were not
detected in all soil samples. Plant pathogens such as Fusarium
oxysporum, Rhizoctonia solani, and Verticillium biguttatum

Table 4 Abundance of selected

bacterial groups or genera of each Abundance (%o) CK PCI PC2 PC3

treated soil
Possible pathogens total 41.73 (a) 35.36 (b) 29.50 (c) 24.61 (c)
Clostridium 1.13 (a) 1.20 (a) 0.87 (a) 0.67 (a)
Burkholderia 17.97 (a) 10.37 (b) 9.03 (b) 4.90 (c)
Pseudomonas 15.03 (a) 12.77 (a) 10.23 (b) 8.03 (¢)
Acinetobacter 0.53 (a) 0.43 (a) 0.17 (a) 0.50 (a)
Legionella 1.03 (a) 0.70 (a) 0.77 (a) 0.83 (a)
Rhodococcus 0.70 (a) 0.93 (a) 0.40 (a) 0.27 (a)
Nocardia 0.03 (a) 0.13 (a) 0.00 (a) 0.00 (a)
Streptomyces 3.60 (b) 2.30 (b) 3.30 (b) 5.43 (a)
Campylobacter 0.03 (a) 0.00 (a) 0.00 (a) 0.00 (a)
Mycobacterium 1.07 (a) 1.00 (a) 1.33 (a) 0.73 (a)
Azospirillum 0.23 (a) 0.07 (ab) 0 (b) 0 (b)
Acidovorax 0.20 (a) 0.13 (a) 0 (a) 0 (a)
Staphylococcus 0.17 (ab) 047 (a) 0.07 (ab) 0 (c)
Rhizobium total 5.87 (a) 4.73 (ab) 4.37 (ab) 3.30 (b)
Bradyrhizobium 2.60 (a) 2.00 (ab) 1.13 (b) 1.40 (b)
Azorhizobium 0.03 (a) 0.00 (a) 0.00 (a) 0.00 (a)
Sinorhizobium 0.00 (a) 0.00 (a) 0.00 (a) 0.07 (a)
Mesorhizobium 1.80 (a) 1.93 (a) 2.27 (a) 1.27 (a)
Rhizobium 1.43 (a) 0.80 (a) 0.97 (a) 0.57 (a)
Cyanobacteria total 14.40 (a) 9.23 (a) 7.13 (a) 6.98 (a)
Family IX 0.80 (a) 0.37 (ab) 0.00 (b) 0.13 (b)
Family XIII 6.70 (a) 3.90 (b) 227 (c) 1.40 (c)
Family IV 1.57 (a) 0.70 (a) 1.13 (a) 0.80 (a)
Family 1 1.27 (ab) 1.37 (a) 0.57 (b) 0.70 (ab)
Family V 0.17 (a) 0.00 (a) 0.10 (a) 0.10 (a)
Family VIII 0.10 (a) 0.07 (a) 0.07 (a) 0.00 (a)
Unclassified 3.80 (a) 2.83 (a) 3.00 (a) 3.85(a)

CKC is the untreated soil; PC1 is the soil treated with 30 t pig manure-based compost ha

1

crop ' ; PC2 s the soil

treated with 60 t pig manure-based compost ha ' crop ' ; PC3 is the soil treated with 120 t pig manure-based

compost ha™’ cropf' . Different letters indicate statistically different numbers between treatments
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can be a problem in organic agriculture. Further studies are
needed to evaluate changes in their activity and abundance.
Abundance of Bradyrhizobium genus, involved in fixing at-
mospheric N,, was significantly decreased in soil treated with
60 and 120 t compost ha ' crop ', probably due to the rela-
tively high N content compared with the other treatments. A
similar result has been reported by Giller et al. (1998).
However, the present study does not include N fixation as well
as functions of other important bacterial groups.

Similarity analysis of different samples

An unweighted heat map of bacterial communities was gen-
erated based on Bray-Curtis distance indices that were calcu-
lated by OTUs at a distance of 3 %. This approach is an
additional comparison between different treatments (Fig. 5a).
The hierarchical cluster plot showed that different bacterial
communities were detected after application of different rates
of pig manure-based compost. It has been shown that different
fertilization regimes can influence bacterial community com-
position (Crecchio et al. 2004; Ding et al. 2013; Zhao et al.
2014). The three replicates of each soil treated with the same
rate of pig manure-based compost almost clustered together,
indicating similar bacterial communities among replicates.
However, one of the replicates (PC21) of the 60 t compost
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Fig. 5 Heat map and principal component analysis (PCA) of bacterial
communities based on Bray-Curtis distance indices and OTUs at a dis-
tance of 3 %, respectively. a Heat map analysis, clustering of samples
based on Bray-Curtis distance indices calculated by OTUs at a distance of
3 %. Color from black to red indicates increasing similarity. b PCA

0.25

02

0.15

0.1

0.05

ha ' crop ! treated soil was close to replicates of the 120 tha™*
crop ' compost-treated soil (PC31). Only 2430 valid se-
quences were obtained from PC21 for technical reason, and
this number was much lower than those of the other two rep-
licates (6286 and 6376 for PC23 and PC23, respectively).
There was a positive linear correlation between the number
of sequences and predicted OTUs with Chaol (R*=0.99,
Poulsen et al. 2013). PCA of the relative abundance of bacte-
rial species (OTUs) further confirmed the results determined
by cluster analysis (Fig. 5b).

Conclusion

Application of heavy rates of pig manure-based compost in-
creased the total amounts of each heavy metal (Zn, Cu, Pb,
and Cd) in the short term. The diversity indices did not reveal
significant changes in the bacterial diversity, but some detailed
variations in the abundance of the bacterial community com-
position occurred in soils treated with different rates of pig
manure-based compost. The joint cluster and PCA analysis
demonstrated that heavy rates of compost applied in a short
term did not increase bacterial diversity. Short-term composi-
tion and functional changes in microbial community compo-
sition under other soil conditions should be conducted and the
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analysis: the first two components are 39.6 and 22.0 %. CKC is the
untreated soil; PC1 is the soil treated with 30 t pig manure-based compost
ha ' crop '; PC2 is the soil treated with 60 t pig manure-based compost
ha ! crop '; PC3 is the soil treated with 120 t pig manure-based compost
ha ' crop!
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optimum rate and period for compost application should be
evaluated in future studies.
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