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Abstract The world acreage of organic crop pro-
duction systems is increasing, but the soil microbial
dynamics in these systems are not fully understood.
We studied the composition and functioning of soil
microbial communities in 4-year organic or conven-
tional rotations. The organic systems were tilled to
control weeds, and N,-fixing legumes or compost
supplied nutrients. The conventional systems were
managed under no-till; herbicides controlled weeds,
and compost or fertilizers supplied nutrients. Soil
microbial biomass C (MBC), the diversity and com-
position of bacterial communities, and activities of
enzymes that mediate C, N, P, and S cycling were
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determined. The bacterial classes Gemmatimona-
detes, CO119 (phylum Chloroflexi), and Thermomi-
crobia (phylum Chloroflexi) were more abundant in
organic than conventional cropping systems, so were
some genera from the class Actinobacteria. The bac-
terial B-diversity showed similar cropping system dif-
ferences. However, acid phosphomonoesterase activ-
ity was greater in conventional than organic cropping
systems, presumably because the soil P from the large
amounts of compost applied in the organic system
suppressed this enzyme. MBC, bacterial a-diversity,
the relative abundances of the bacterial classes
O-Proteobacteria, y-Proteobacteria, and Bacilli (phy-
lum Firmicutes) were all greater in compost than no-
compost treatments. The relative abundances of three
genera from Actinobacteria class were negatively
correlated with acid phosphomonoesterase activity
due to the high relative abundances of these genera,
but low acid phosphomonoesterase activities, where
compost was applied in the organic system. There-
fore, there were soil bacterial compositional differ-
ences between organic and conventional cropping
systems, but only differences in the activities of a P
cycling enzyme were detected.

Keywords Compost - Soil microbial diversity - Soil
enzyme activities - Nutrient cycling
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Introduction

The acreage devoted to organic production systems
in agriculture is increasing throughout the world.
In Canada, there were 0.98 million hectares under
organic production in 2015, representing 1.5% of
total agricultural land (Statistics Canada 2017).
These systems consist of operations that are sus-
tainable and harmonious with the environment.
In crop production systems, soil fertility is man-
aged mainly by promoting soil biological activity
through organic soil inputs that add organic C to the
soil because synthetic fertilizers are not allowed.
These organic inputs include animal manures/com-
post, green manures, and cover crops that increase
soil organic C (Gopinath et al. 2008; Li et al. 2015;
Chen et al. 2020). Because most soil microorgan-
isms depend on organic C for their metabolism,
organic manures increase soil microbial charac-
teristics including biomass, diversity, and activ-
ity (Lupwayi et al. 2017a; Denbi et al. 2018; Tully
and McAskill 2020). Another difference between
organic and conventional production systems is that
synthetic pesticides are not allowed in organic sys-
tems, and weeds are controlled by mechanical till-
age. Whereas organic soil inputs boost soil micro-
bial communities, the tillage used to control weeds
accelerates loss of soil organic C by breaking soil
aggregates that protect it from oxidation and soil
erosion (Li et al. 2015; Kibet et al. 2016). This till-
age-induced loss of soil organic C could adversely
affect soil microbial communities if it exceeds C
additions through organic inputs. Because of the
soil conservation and soil health advantages of no-
till systems (Nunes et al. 2020), organic research-
ers and growers are seeking ways of reducing tillage
in weed control (Fernandez et al. 2019; Alba et al.
2020).

On the Canadian prairies, Li et al. (2012)
reported greater relative abundance of Proteobac-
teria in organic crop production than conventional
production, but the reverse for Actinobacteria and
Chloroflexi. However, in the Netherlands, Proteo-
bacteria and Euryarchaeota (Archaea) were more
abundant in conventional than organic systems,
but vice versa for Acidobacteria and Planctomy-
cetes (Lupatini et al. 2017). In both of these and
many other trials (Tautges et al. 2016; Massaccesia
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et al. 2020), tillage was used in both systems; the
organic and conventional systems differed only in
soil nutrient supply and pest control methods. Such
comparisons are justifiable for field trials that were
established before the advent of no-till systems.
However, no-till systems are widely used now in
crop production on the Canadian prairies, enabled
by use of herbicides and herbicide-resistant crops
to control weeds. Therefore, tilled organic systems
should be compared with no-till conventional sys-
tems. The objectives of this work were to compare
tilled organic crop production rotations with no-till
conventional rotations in soil microbial biomass,
bacterial composition, and the activities of enzymes
that mediate C, N, P, and S cycling. We also aimed
to relate the composition of the soil microbiome to
the enzyme activities.

Materials and methods
Experimental site, treatments, and design

Four-year rotations were established at Beaverlodge
((55.2° N, 119.4° W) in Alberta, Canada, from 2006
to 2009. The soil was a Dark Gray Luvisol (Hapludalf
in Soil Taxonomy) with the following 0-15 cm depth
characteristics: clay loam (27% sand, 39% clay, and
34% silt), pH (water) 7.9, and 5.1% OC. There were
five treatments, consisting of two organic cropping
treatments (Treatments 2 and 4) and three conven-
tional cropping treatments (Treatments 1, 3, and 5):-

1. Conventional, no-till: Pre-seeding glyphosate and
in-crop herbicides controlled weeds. N and P fer-
tilizers supplied the nutrients according to soil
test results.

2. Organic, tillage: No pre-seeding glyphosate, in-
crop herbicides, or fertilizer were applied. Weeds
were controlled by tillage, and N,-fixing legumes
(without P fertilizer) supplied the nutrients.

3. N, fixing crops+fertilizer, no-till: Pre-seeding
glyphosate and in-crop herbicides controlled
weeds. N,-fixing legumes supplied the nutrients,
which were supplemented by P fertilizer (to leg-
umes) and N and P fertilizer (to non-legumes).

4. Organic+compost N, tillage: No pre-seeding
glyphosate or fertilizer was applied. Weeds were
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controlled by tillage, and compost was applied at
the N-requirement rate to supply the nutrients.

5. Compost P+fertilizer, no-till: Pre-seeding
glyphosate and in-crop herbicides controlled
weeds. Compost was applied at the P-require-
ment rate, and the extra N required was supplied
by N fertilizer.

The crops and nutrient inputs in each treatment
and year are listed in Table 1 and the compost chemi-
cal composition in Table 2. In Treatments 1 and 5,
the crop rotation from 2006 to 2009 was field pea
(Pisum sativum L.) — canola (Brassica napus L.)
— barley (Hordeum vulgare L.) — oat (Avena sativa
L.). In Treatments 2 to 4, canola was replaced with
faba bean (Vicia faba L.) silage. The treatments were
arranged in a randomized complete block design
(RCBD) in plots 15.2 m long and 3.66 m wide, with
four replicates.

Soil sampling

Soil samples were collected every year (2006-2009).
The same plots were sampled once a year, but the
crops grown in those plots varied each year accord-
ing to the rotation. The samples were collected at the
flag-leaf stage of cereals, flowering stage of canola,

Table 2 The chemical composition of compost on dry matter
basis each year

Chemical 2006 2007 2008 2009
characteristic ¢

N 1.35 2.01 1.96 1.79
P 0.84 1.22 1.13 1.12
K 1.71 222 2.80 2.60
Ca 5.03 5.47 5.35 4.70
Mg 1.06 1.11 1.06 1.00
S 0.31 0.47 0.46 Not determined

or flat-pod stage of legumes, usually in midsummer
(July). Plants were excavated from four random 0.5-m
lengths of row in each plot. Loose soil was shaken
off the roots, and the remaining soil that had strongly
adhered to the roots was carefully brushed off and
kept as rhizosphere soil. Non-rhizosphere (bulk) soil
(0-7.5 cm depth) was sampled with a core sampler
from the middle of two adjacent crop rows at four
locations per plot. The four bulk or rhizosphere soil
samples from each plot were combined into one com-
posite sample, passed through a 2-mm sieve and fro-
zen at—20 °C until analysis. Soil microbial biomass
C was determined every year, but DNA sequencing
and enzyme activity analyses were done in 2016. Soil

Table 1 Treatments, crop rotations, and nutrient inputs according to soil test results. The compost rates in Treatment 4 were based
on crop N requirements, and those in Treatment 5 on crop P requirements

Treatment 2006 2007 2008 2009
1 Standard, no-till Field pea® Canola® Barley! Oat®
Inoculant 5.6 kg ha™! 6kg N ha™! 45kg N ha™! 78 kg N ha™!
15 kg P ha™! 35kgPha™! 35kgPha™! 35kgPha™!
2 Organic, tillage Field pea Faba bean® silage Barley Oat
No fertilizer No fertilizer No fertilizer No fertilizer
3 N fixation + fertilizer, no-till ~ Field pea Faba bean silage Barley Oat
Inoculant 5.6 kg ha™! No fertilizer 51kg Nha™! 66 kg N ha™!
15 kg P ha™ 15 kg P ha™! 35kg P ha™!
4 Organic + compost, tillage Field pea Faba bean silage Barley Oat

No compost or fertilizer No compost or fertilizer

5 Compost +fertilizer, no-till ~ Field pea
Inoculant 5.6 kg ha™
Compost 8.6 t ha™

No fertilizer

Canola
Compost 5.7 t ha™! compost
No fertilizer

Compost 15 t ha™!
No fertilizer

Compost 15 t ha™!
No fertilizer

Barley Oat

Compost 6.3 tha™'  Compost 6.3 t ha~
23 kg N ha™! 53 kg N ha™!

1

“Field pea, Pisum sativum L.; "Canola, Brassica napus L.; ‘Faba bean, Vicia faba L.; dBarley, Hordeum vulgare L.; °Oat, Avena

sativa L
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storage at—20 °C has minimal effects on soil micro-
bial properties (Rubin et al. 2013; Cui et al. 2014).

Microbial biomass C (MBC)

Every year, soil MBC was measured using the sub-
strate-induced respiration method, in which 300 mg
of glucose was dissolved in 4.5 to 6.0 mL water and
added to 50 g soil to bring it to 50% water-holding
capacity. The exact amount of water added depended
on the pre-determined water content and water-hold-
ing capacity of the soil. After stir-mixing, the soil was
incubated in a 1 L jar for 3 h at 22 °C, and the amount
of CO, that accumulated in the head space was meas-
ured using gas chromatography.

Soil bacterial communities

The diversity and composition of the bacterial com-
munities were characterized in the oat rhizosphere
samples collected in 2009. DNA was extracted from
the soil using the PowerSoil™ kit (Mo BIO Labora-
tories, Carsbad, CA). The 16S rRNA gene V4 vari-
able region PCR primers 515/806 with barcode on
the forward primer were used in a 28 cycle PCR (5
cycle used on PCR products) using the HotStar-
Taq Plus Master Mix Kit (Qiagen, USA) under the
following conditions: 94 °C for 3 min, followed
by 28 cycles of 94 °C for 30 s, 53 °C for 40 s, and
72 °C for 1 min, after which a final elongation step
at 72 °C for 5 min was performed. After amplifica-
tion, PCR products were checked in 2% agarose gel
to determine the success of amplification and the
relative intensity of bands. Multiple samples were
pooled together (e.g., 100 samples) in equal propor-
tions based on their molecular weight and DNA con-
centrations. The pooled samples were purified using
calibrated AMPure XP beads. The pooled and puri-
fied PCR product was then used to prepare Illumina
DNA library. Sequencing was performed at MR
DNA (www.mrdnalab.com, Shallowater, TX, USA)
on a MiSeq sequencer following the manufacturer’s
instructions.

Bioinformatics
Sequence quality control, screening, and align-

ment processes completed using the MiSeq SOP
in mothur (Kozich et al. 2013). In short, sequences
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were screened for length, ambiguous base calls,
and homopolymer runs exceeding 8 bp. Sequences
with <200 bp, or that did not meet the other screen-
ing criteria were removed. Sequences that did not
span the longest alignment region were also removed
from the dataset and chimeras were removed from the
samples using the sequence collection (UCHIME)
as its own reference database (Edgar et al. 2011).
Sequences were then aligned against the SILVA
alignment database for 16S rRNA genes to define
operational taxonomic units (OTUs) at 97% pairwise
identity threshold (Kozich et al. 2013). All OTUs
with a relative abundance >0.1% were included in the
statistical analysis. For calculation of the nonparamet-
ric species richness estimators including number of
sequences, Good’s coverage, number of OTUs, Chao
1 index, Shannon index, and Simpson index, mothur
software was also used. Diversity indices were cal-
culated using rarified OTU data, calculated using the
lowest number of sequences found in every sample.
Sequences and OTUs were classified in mothur soft-
ware against the Silva reference v128 database (Quast
et al. 2013).

Soil enzyme activities

The soil microbial functioning was evaluated by
quantifying the activities of p-glucosidase (C
cycling), N-acetyl-p-glucosaminidase (NAG) (C and
N cycling), acid phosphomonoesterase (P cycling),
and arylsulphatase enzymes in oat rhizosphere sam-
ples collected in 2009. Microplate fluorimetric assays
(Freeman et al. 1995; Deng et al. 2011) were used for
B-glucosidase, NAG, and acid phosphomonoester-
ase, based on the detection of 4-methylumbellifer-
one (MUF) released by the enzymatic hydrolysis of
MUF-labelled substrates incubated with soil at the
optimal pH of each enzyme as described by Lupwayi
et al. (2019). This method produced inconsistent data
for arylsulphatase activity, and so a bench-scale assay
was used to measure its activity by colorimetrically
determining p-nitrophenol released by the enzyme
after incubating 1 g soil with buffered (pH 6.0)
p-nitrophenyl-f-D-glucoside (Dick et al. 1996).

Statistical analysis

The MBC data were analyzed by analysis of variance
(ANOVA) as repeated-measures in the RCBD of the
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trial, where the repeated measure was year. Bacterial
a-diversity (indices), bacterial relative abundance,
and enzyme activity data were analyzed by ANOVA
using the RCBD. In all cases, treatment differences
were considered significant at 5% significance level,
and means were separated by the least significant dif-
ference (LSD) method. Orthogonal contrast analyses
were also conducted for (a) organic cropping systems
(Treatments 2 and 4) vs conventional cropping sys-
tems (Treatments 1, 3, and 5), and (b) compost (Treat-
ments 4 and 5) vs no-compost (Treatments 1-3).
These differences were also considered significant at
5% significance level. The p-diversity of the bacteria
was assessed by principal component analysis (PCA)
ordination to classify treatments according to the rela-
tive abundances of the different bacterial classes. A
correlation matrix of the relative abundance data was
used in PCA, and, after classification, the bacterial
classes that accounted for differences between treat-
ments were identified by correlating principal com-
ponent scores with the relative abundances of the
bacterial classes. The soil microbial compositional
properties were related to the functional properties
by Pearson correlation analysis of the relative abun-
dances of bacterial genera to enzyme activities.

Results

In 2006, the growth-period (May to August) monthly
rainfall was above-normal (long-term average) in
May and June, but 21% of normal rainfall in August
(Table 3). The rainfall in June and July of 2007 and
2008 was below-normal. In 2009, June was dry (21%

Table 3 Growth period (May to August) rainfall (% of 30-yr
mean) from 2006 to 2009

Month 2006 2007 2008 2009 30-yr mean®
% of 30-yr mean mm

May 224 190 93 107 38

June 136 77 30 21 64

July 91 52 28 175 72

August 21 131 128 36 58

Mean (total for 118 113 70 85 232
30-yr mean)

41981 -2010

of normal rainfall), but July received above-normal
(175%) rainfall.

From 2006 to 2009, the organic+compost treat-
ment had higher soil MBC than other treatments
except the compost+ fertilizer treatment both in oat
rhizosphere and bulk soil (Table 4). Contrast analy-
sis confirmed that the treatments with compost had
greater MBC than treatments without compost. Soil
MBC was highest in 2009 when July (soil sampling
time) had 175% of normal rainfall, and lowest in 2008
when July rainfall was 28% of normal rainfall. There-
fore, rainfall, rather than the different crops grown,
explained the yearly differences in soil MBC.

The rest of the results below are for oat rhizos-
phere in 2009, when the composition of the soil
microbial communities and enzyme activities were
characterized. There were 23 bacterial phyla and
one archaeal phylum (Crenarchaeota) identified in
the study. The predominant phyla were Proteobac-
teria (29.0% relative abundance, averaged over all
treatments), Actinobacteria (24.3%), Acidobacteria
(12.0%), Chloroflexi (8.2%), Gemmatimonadetes
(8.1%), Bacteroidetes (5.0%), Verrucomicrobia
(3.5%), Planctomycetes (3.2%), Crenarchaeota)
(3.0%), and Firmicutes (1.3%). At class level, the
relative abundances of the dominant (with at least
1% relative abundance) bacteria and archaea in all
treatments are shown in Fig. 1. Analysis of vari-
ance showed that Gemmatimonadetes were most
abundant in the Organic (without compost) treat-
ment and least abundant in the compost + fertilizer
treatment (Table 5). The relative abundance of
y-Proteobacteria was lower in the Organic (with-
out compost) treatment than in all other treat-
ments, and Bacilli (Firmicutes) were more abun-
dant in the treatments with compost than in the
other treatments. This latter result was confirmed
by contrast analysis, which showed the same pat-
tern for d-Proteobacteria and y-Proteobacteria, but
the reverse for Solibacteres (Acidobacteria). For
organic vs conventional cropping systems, Gemma-
timonadetes, CO0I119 (Chloroflexi) and Thermomi-
crobia (Chloroflexi) were more abundant in organic
than conventional cropping systems. Interestingly,
the two contrasts were not significant at the same
time, i.e., when the organic vs conventional crop-
ping systems contrast was significant, the compost
vs no-compost contrast was not, and vice versa. A

@ Springer



558

Org. Agr. (2021) 11:553-565

Table 4 Soil microbial
biomass C (MBC) in the

Treatment

MBC (mg C kg™! soil)

cropping systems from Cropping system (n=32)

2006 to 2009 Standard, no-till 703be?
Organic, tillage 625¢
N-fixing crops + fertilizer, tillage 673c
Organic + compost, tillage 840a
Compost + fertilizer, no-till 783ab
Standard error (30 degrees of freedom for error) 36.05
Soil location (n=80)
Rhizosphere 680a
Bulk soil 770a
Standard error (30 degrees of freedom for error) 23.1
Year (n=40)
2006 657b
2007 702b

a 2008 432¢

Means followed by

the same letter within 2009 1108a

a treatment are not Standard error (90 degrees of freedom for error) 25.5

significantly different at 5% Contrasts

iigniﬁcan.ce .level Organic vs conventional NSP

NS not significant at 5% Compost vs none Compost >none

significance level

possible reason is that one of the compost treatments
was organic (organic 4+ compost) while the other was
conventional (compost + fertilizer).

Analysis of variance did not reveal any treatment
effects on the a-diversity (at OTU level) of the soil
bacteria, but contrast analysis showed that Shannon
and Chao 1 indices were greater where compost had
been applied (9.16 and 6139, respectively) than where
no compost had been applied (9.00 and 5984, respec-
tively). Principal component analysis (p-diversity) did
not show clear separation of compost vs no-compost
treatments, but PC 2 separated organic cropping sys-
tems from conventional cropping systems (Fig. 2a).
The bacterial classes associated with organic crop-
ping systems included Gemmatimonadetes, Ther-
momicrobia, and C0I19 (Fig. 2b), in agreement with
the analysis of variance and contrast analysis results
above, and the classes associated with conventional
cropping systems included o-Proteobacteria and
B-Proteobacteria.

At genus level, the results (Table 6) were similar
to those at class level (Table 5), i.e., either the abun-
dances were greater in organic than conventional
cropping systems or in compost than in no-compost
treatments. There were two exceptions: the genus
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Janthinobacterium (B-Proteobacteria) was more
abundant in conventional than in organic cropping
systems (as PCA showed in Fig. 2), and Solibacillus
spp. (class Bacilli, phylum Firmicutes) were more
abundant in no-compost treatments than in compost
treatments even though the opposite was true for
Bacilli at class level (Table 5).

Analysis of variance did not detect treatment dif-
ferences in the activities of the enzymes (Table 7).
However, contrast analysis showed that acid phos-
phomonoesterase activity was greater in conventional
than organic cropping systems. The relative abun-
dances of Phycicoccus spp., Streptomyces spp. and
Terracoccus spp. (which are all Actinobacteria) were
negatively correlated with acid phosphomonoesterase
activity, but the relative abundance of Solibacillus
spp. was positively correlated with the activity of this
enzyme (Table 8).

Discussion
Compost was probably the main input that affected

the soil microbial communities in these cropping
systems, whether organic or conventional. Microbial
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biomass C (Table 4), bacterial a-diversity, the relative
abundances of the bacterial classes 8-Proteobacteria,
y-Proteobacteria, and Bacilli (phylum Firmicutes)
were all greater in compost than no-compost treat-
ments (Table 5). One exception was the genus Soliba-
cillus spp. (class Bacilli, phylum Firmicutes), which
was more abundant in no-compost treatments than in
compost treatments. The increase in soil MBC and
a-diversity with compost have been reported in other
studies (Jacinthe et al. 2011; Lupwayi et al. 2018),
but a decrease in a-diversity has also been reported
(Tian et al. 2015). Proteobacteria and Firmicutes
are both usually classified as copiotrophs, which are
fast-growing bacteria found in C-rich and N-rich soils
(Fierer et al. 2007; Ahn et al. 2016). Compost added
organic C and N to the soil, and most soil microor-
ganisms require organic C for energy and growth.

Relative abundance (%)

[584 Acidobacteriia

XX Actinobacteria

[T AlphaProteobacteria

BB Bacilli (Firmicutes)

E= BetaProteobacteria

B C0119 (Chlorflexi)

E=3 DeltaProteobacteria

Ellin6529 (Chlorflexi)

FZZ1 GammaProteobacteria

B=1 Gemmatimonadetes
Phycisphaerae (Planctomycetes)
I Planctomycetia

KX Solibacteres (Acidobacteria)
[ Thaumarchaeota (Archaea)
[0 Thermoleophilia (Actinobacteria)
[ Thermomicrobia (Chlorflexi)
74 TK10 (Chlorflexi)

[ Others

The differences between organic and conventional
cropping systems in the composition of the soil micro-
biome seemed to reflect differences in soil nutrient
availability. The bacterial classes Gemmatimonadetes,
C0119 (phylum Chloroflexi), and Thermomicrobia
(phylum Chloroflexi) were more abundant in organic
than conventional cropping systems (Table 5), so
were genera of the phylum Actinobacteria (Nocar-
dia spp., Streptomyces spp., and Terracoccus spp.)
(Table 6). These differences were also reflected in
the p-diversity of the bacterial communities (Fig. 2).
Gemmatimonadetes are oligotrophs (Li et al. 2019),
which are slow-growing bacteria that are tolerant of
low organic C and N soil conditions. Although Act-
inobacteria are classified as copiotrophs, they have
been shown to exhibit characteristics of oligotrophs
in their responses to organic manures in the Canadian
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Table 5 Cropping system effects on the relative abundances of rhizosphere bacterial classes in 2009. Only those classes with signifi-

cant treatment differences are listed

Cropping system® Relative abundance (%)°

Gemmat  Solibact S-proteo y-proteo C0119  Bacilli Thermom

Std, NT 7.0labc®  4.75a 3.30a 2.56a 1.47a  0.96b 1.00a
Organic, T 7.80a 5.40a 2.93a 1.87b 1.84a  1.12b 1.33a
Nfix +fert, NT 6.78bc 4.74a 3.18a 2.41a 1.48a  0.96b 1.02a
Organic+comp, T 7.55ab 4.14a 3.80a 2.76a 1.71a  1.58a 1.26a
Comp + fert, NT 6.57c 4.53a 3.63a 2.47a 1.35a  1.53a 1.12a
SE (12 df) 0.284 0.283 0.239 0.166 0.137  0.133 0.107
Contrasts

Organic (O) vs Conventional (C) O>C NS¢ NS NS O>C NS 0>C
Compost (comp) vs none NS None>Comp Comp>none Comp>none NS Comp>none NS
NT vs T T>NT NS NS NS NS NS NS

Std standard; NT no-till; T tillage; Nfix N,-fixing crops; Comp compost; fert fertilizer; SE standard error; df degrees of freedom

YGemmat, Gemmatimonadetes; Solibact, Solibacteres; proteo, proteobacteria; Themom, Thermomicrobia. The phyla that these

classes belong to are listed in the legend of Fig. 2

“Means followed by the same letter are not significantly different at 5% significance level

4NS not significant at 5% significance level

prairies (Li et al. 2012; Lupwayi et al. 2017b). Chen
et al. (2018) also reported greater relative abundances
of Gemmatimonadetes, Chlorflexi, and Actinobac-
teria in organic cropping systems than in conven-
tional systems. Therefore, the greater abundances of
all these bacteria in organic than conventional crop-
ping systems suggest that conventional cropping
system had more available nutrients, especially N,
than organic systems. No inorganic fertilizers were
applied in organic cropping systems (Table 1), which
explains the difference in the types of bacteria that
were abundant there. Actinobacteria are some of the
key bacteria in C cycling in breaking down cellu-
lose in plant residues in the soil (Lewin et al. 2016),
and their abundance in organic soils suggests their
importance in soils that received only organic inputs.
However, soil enzyme analyses showed no treatment
effects on the activities of pB-glucosidase (C cycling)
or NAG (C and N cycling). One exception was the
genus Janthinobacterium (B-Proteobacteria), which
was more abundant in conventional than organic
cropping system (Table 5), and the community struc-
tures also showed that B-Proteobacteria were associ-
ated with conventional cropping systems (Fig. 2b).
p-Proteobacteria have been classified in different
environments as copiotrophic (Fierer et al. 2007)
or oligotrophic (Ménnist6 et al. 2016). In bulk soil,
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Bakker et al. (2018) reported that more taxa of Pro-
teobacteria and Acidobacteria were enriched in an
organic system than those enriched in a conventional
system. Our study on soil bacterial communities was
on rhizosphere soil.

Of the soil enzymes studied, only acid phospho-
monoesterase was affected by the experimental treat-
ments of this study. The activity of this enzyme was
greater in conventional than organic cropping sys-
tems. Many comparisons of organic vs conventional
systems have shown greater acid phosphomonoester-
ase (and other enzymes) activity in the former than
the latter systems (Niemi et al. 2008; Liang et al.
2014; Tautges et al. 2016). The reason is that inor-
ganic P fertilizer, which was applied in conventional
cropping systems in our study, increases soil avail-
able P that suppresses the activity or synthesis of
acid phosphomonoesterase because the soil microbes
do not need to acquire more P from organic sources
(Colvan et al. 2001). Our seemingly contradictory
results can probably be explained by compost appli-
cations. Manure/compost applied on the basis of crop
N requirements adds more P to the soil than crops
need, resulting in excessive available P accumula-
tion in the soil (Eghball and Power 1999; Hao et al.
2008). It is recommended that manure/compost be
applied according to crop P requirements when the



Org. Agr. (2021) 11:553-565

561

( a ) Component Scores
4
[0)
o)
34 Organic+Compost, T _%
+
[$)
2] 61 &
Organic, S
s 17 ©
N
wn
]
& o0+ =
o =
Q Std, NT é
17 Compost+Fert, NT +
©
2 S
Nfix+Fert, NT 'E'
g
-3 4 c
o
O
-4 T T T T T
6 4 2 0 2 4 6

PC 1 (49.76%)

Gemmatimonadetes
Thermomicrobia

b C0119
( ) Component Loadings
1.0 °
Actino WW"Q %
0.8 =
+
0.6 - Phycis Q
Bacilli c
©
0.4 4 =
= DeltaProt  Thaum ©
s 02+ Ellin
0
@ -
8 00 GammaProt =
N " =
Solibac .
O 0.2 ©
0.4 AlphaProt ThekA8 x
-0.4 A ©
BetaProt c
Ke]
-0.6 <
Plancto . §
0.8 Acido g
(&)
-1.0 T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 1.5

PC 1 (49.76%)

Fig. 2 Oat rhizosphere bacterial community structures
(B-diversity) in the cropping systems in 2009 (a), and the bac-
terial classes (full names in Fig. 2) that were associated with
the different community structures (b). The ordination by prin-
cipal component analysis (PCA) shows the percentages of data
variance explained by PC1 and PC2

buildup of soil P is a concern (Eghball and Power
1999). In this trial, compost was added according
to crop N requirements in the organic treatment and
according to crop P requirements in the conventional
treatment. Because of that difference, Table 1 shows
that in 2009, the compost applied in the organic treat-
ment (15 t ha™! in Treatment 4) was 2.4 X the amount

in the conventional treatment (6.3 t ha™! in Treatment
5). Therefore, the lower activity of acid phosphomo-
noesterase in the organic than conventional systems
was most likely because it was suppressed by exces-
sive soil P in the organic+compost treatment, and
Table 7 confirms that this treatment had the lowest
activity of this enzyme. Soil tillage in this treatment
mixed the compost with the soil, which increased
contact between the otherwise immobile soil P and
the soil microbes. Therefore, the low acid phospho-
monoesterase activity in the organic system was not a
result of low soil available P, but high soil available P
from compost. In an incubation experiment, Hazarika
et al. (2021) also reported decreases in acid phospho-
monoesterase activities with pig and poultry manure
additions to an acid soil, but they attributed this effect
to the liming effects of these manures.

Correlations between the relative abundances of
three bacterial genera were negatively correlated with
acid phosphomonoesterase activity mainly because
their relative abundances were high, while the activ-
ity of this enzyme was low in organic cropping sys-
tems or where compost had been applied. The relative
abundance of Solibacillus spp. was positively corre-
lated with acid phosphomonoesterase enzyme mainly
because this genus (class Bacilli, phylum Firmicutes)
was more abundant in no-compost treatments than in
compost treatments although the opposite was true
for Bacilli at class level. Besides crop nutrition, bio-
logical crop protection is also important, especially in
organic cropping systems where synthetic pesticides
cannot be used. In Australian agricultural soils, the
suppression of the pathogen Fusarium oxysporum
was positively correlated with the relative abundances
of Actinobacteria and Firmicutes, but negatively cor-
related with the relative abundance of Acidobacteria
(Trivedi et al. 2017).

In the organic vs conventional system comparison
in this study, the effects of individual field opera-
tions were compounded. For example, a no-till vs till-
age comparison could not be made because both of
the organic cropping system rotations were tilled and
conventional system rotations were under no-till. That
difference reflects the differences in weed control in
the two systems. What we compared were differences
in soil microbial properties between the two cropping
systems as packages, i.e., the way that they are prac-
ticed, rather than individual field operations.

@ Springer
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Table 1 Enzi/lme e}ctizvitiesa Cropping system® B-glucosidase N-acetyl-f- Acid phospho-  Arylsulphatase
in oat rhizosphere in 2009 glucosaminidase monoesterase

pmol MUF g~ soil h™! mg p-nitrophe-

nol kg™ soil

aStd standard; NT no tillage; h!
T tillage; Nfix N,-fixing
crops; Fert inorganic Std, NT 1635a° 578a 4038a 49.6a
fertilizer; Org organic; Organic, T 1656a 518a 3983a 38.0a
Comp compost; Conv Nfix + fert, NT 1534a 549a 4291a 44.0a
conventional, SE standard .
error, df degrees of freedom Organic +comp, T 1241a 483a 3624a 29.8a
bMeans followed by Comp + fert, NT 1544a 429a 4031a 32.3a
the same letter are not SE (12 df) 180.7 79.9 157.5 8.17
significantly different at 5% Contrasts
significance level Org (0) vs Conv (C)  NS° NS C>0 NS
°NS not significant at 5% Compost vs none NS NS NS NS

significance level

Summary and conclusion

The major input that affected soil microbial prop-
erties in both the tilled organic or no-till conven-
tional cropping systems was compost. It increased
soil MBC, bacterial a-diversity and the relative
abundances of copiotrophic bacteria, presumably
by adding more organic C to the soil than crop
residues. The soil bacterial community p-diversity
(community structure) was also altered because
oligotrophic bacteria were associated more with
organic cropping systems than conventional crop-
ping systems. However, these differences did not
translate into detectable differences in the activi-
ties of enzymes that mediate C, N, and S cycling in
the soil. For P cycling, acid phosphomonoesterase
activity was greater in conventional than in organic
cropping systems. More compost was applied (and
mixed with the soil with tillage) in the organic sys-
tem than the conventional system, which presum-
ably increased soil available P that suppressed the

Table 8 Correlations between the relative abundances of bac-
terial genera and acid phosphomonoesterase activities

Bacterial genus Correlation coefficient (and probability)

with acid phosphomonoesterase activity

Phycicoccus -0.557 (0.008)
Solibacillus 0.494 (0.027)
Streptomyces -0.568 (0.009)
Terracoccus -0.444 (0.050)

Only statistically significant correlations are presented

activity of this enzyme. The study has shown some
soil microbial compositional and functional differ-
ences that may be important in nutrient cycling (and
other biological processes) that occur in organic and
conventional cropping systems.
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