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ABSTRACT 

The microbial community structure in various 
microaggregates in a loamy sand soil was in- 
vestigated. The microaggregates were separated 
into outer and inner aggregates using a series of 
soil washes. Further physical fractionation of 
inner aggregates was achieved by separation 
into coarse and fine sand as macroaggregate 
fractions, coarse and fine silt as microaggregate 
fractions, and clay. Research on microbial com- 
munities and soil microaggregates can aid in 
our understanding of soil microhabitats and mi- 
croorganisms in soil structures, with applica- 
tions that may contribute to increasing crop 
production and maintaining sustainable agri- 
culture. In order to study the microbial commu- 
nity structure of aggregates, polymerase chain 
reaction denaturing gradient gel electrophoresis 
(PCR-DGGE) was performed using 16S rRNA 
genes. The PCR-DGGE of Bacteria, Actinomy-
cetes and Archaea showed divergent results be- 
tween the different aggregate fractions. The re- 
sults showed that the bacterial community stru- 
cture was highly similar between bulk soil and 
clay; the inner aggregate community structure 
of Actinomycetes was closely related between 
coarse and fine sand and coarse silt, and the 
Archaea community structure of outer and inner 
aggregates was more similar than that of total 
bacteria or Actinomycetes. 
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1. INTRODUCTION 

Microaggregates (diameter < 250 m) are very stable in  

water, whereas macroaggregates (diameter > 250 m) are 
easily broken down into microaggregates, coarse parti- 
cles, and small pieces of organic debris in aquatic envi- 
ronments. Tisdall and Oades [1] demonstrated that roots 
and fungal hyphae are predominantly responsible for 
stabilizing macroaggregates. Whereas macroaggregation 
is also controlled by soil management practices (e.g., 
crop rotation and tillage), microaggregation is independ- 
ent of management practices and depends on the persis- 
tence of organic binding agents. Organic binding agents 
include microbial polysaccharides that essentially glue 
fine mineral particles together [2]. 

Studies of soil aggregates have employed numerous 
separation methods, with varying degrees of success [3]. 
The aggregate hierarchy of Oxisol soils is drastically 
different from those of Alfisols and Mollisols, and or- 
ganic matter (OM) content is one of the primary deter- 
minants of soil aggregation [4]. Therefore, the study of 
soil aggregates can be largely dependent on the nature 
and content of OM. Highly productive agricultural soils 
are significantly aided by stable soil structure and aggre- 
gate properties. The microbial metabolic products in soil 
have a greater impact on soil structure than does the 
sheer number of microbial species. Furthermore, fungi 
have been found to be involved in the binding of larger 
soil particles and bacteria in the stabilization of microag- 
gregates and clay particles [5]. Bacteria play a major role 
in the formation and stabilization of microaggregates. 
The capsule surrounding many bacteria, especially Gram- 
negative bacteria, is composed of polysaccharides. This 
polysaccharide layer causes clay particles to physically 
adhere to the bacteria, and together with polyphenols 
attracted by ionic charges, protects the polysaccharide 
from microbial attack. This collection of clay particles 
and bacteria forms a microaggregate of about 20 μm in 
diameter. Additionally, saprotrophic fungal hyphae can 
grow between these microaggregates and continue the 
accumulation of material to produce larger aggregates, 
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possibly by cation bridges between the hyphal polysac- 
charides and the clay particles [1,2]. 

The majority of microbial studies have been conducted 
on homogenized bulk soil samples, a practice which av- 
erages localized heterogeneity and does little to reveal 
the spatial origins of detected strains [6]. Many important 
microbial processes occur in spatially segregated micro- 
habitats, and therefore improving our knowledge of the 
microbial community structure at the aggregate level 
deserves further investigation. Mendes and Bottomley [7] 
reported that microbial mineralization and enzyme activ- 
ity vary among different sizes of soil aggregates, and 
several studies have explored the microbial community 
composition of aggregate fractions using cultivation- 
based and molecular techniques [6,8-13]. 

In general, the proportion of bacteria and fungi within 
a soil varies with aggregate size, as a greater proportion 
of bacteria are associated with microaggregates and a 
lesser proportion with macroaggregates [14]. Through 
the use of microarray techniques, Kim et al. [15] sug- 
gested that the ephemeral nature of soil aggregates in 
desert agricultural soils may reduce differences in the 
spatial distribution of bacterial populations when com- 
pared to those in soils with more stable aggregates. Ran- 
jar et al. [10,11] utilized the genetic fingerprinting ap- 
proach, based on ribosomal gene analysis, to compare 
the genetic structure of bacteria located in different size 
classes of aggregates. By using fractionated soil, a more 
accurate view of the bacterial composition of soil was 
obtained. Other researchers have used molecular meth- 
ods, such as denaturing gradient gel electrophoresis 
(DGGE) [16], terminal restriction fragment length poly- 
morphism (T-RFLP) [13,17], and cloning and sequence 
analysis of the 16S rRNA gene [6], to elucidate the rela- 
tionship between aggregate fractions and microbial com- 
munity structure in soils. 

In this study, we performed soil fractionation to evalu- 
ate the community structure of Bacteria and Archaea in 
various microenvironments. We measured the structure 
of Bacterial, Actinomycetes and Archaea communi- ties 
associated with the aggregate size fractions of a de- sert 
agricultural soil. 

2. MATERIALS AND METHODS 

2.1. Size Fractionation of Soil Aggregates 

Nine 10-cm soil cores were systematically collected 
from fields planted with lettuce in the Imperial Valley, 
California, as explained previously [15]. The samples 
were immediately transferred to our laboratory in ice 
coolers and then stored at 4˚C for 72 h before processing. 
The Imperial soil is a loamy sand (fine, smectitic, cal- 
careous, hyperthermic Vertic Torrifluvents) containing 
79.5% sand, 6.5% silt, and 14.0% clay. 

Prior to aggregate fractionation, the soil samples were 
passed through a 2-mm sieve using a Tyler Ro-Tap Sieve 
Shaker (Mentor, OH, USA) and then pooled. The soil 
microenvironments were fractionated as described pre- 
viously [11]. The entire fractionation procedure was per- 
formed twice on 30 g of soil. The method involved 15 
successive soil washes in a sterile 0.8% NaCl solution 
using a rotary shaker (100 rotation·min−1) for 1 min. The 
supernatants were then pooled and centrifuged at 9800 × 
g for 20 min. The pellet (outer fraction) was resuspended 
in 50 mL of 0.8% NaCl solution, and the remaining 
washed soil (inner fraction) was further fractionated into 
five separate particle size fractions as described previ- 
ously [9]. The inner fraction was divided into coarse and 
fine sand fractions (2000 - 250 µm and 250 - 53 µm, 
respectively), coarse and fine silt fractions (53 - 20 µm 
and 20 - 2 µm, respectively), and dispersible clay frac- 
tions (<2 µm). The selected chemical properties of the 
aggregate fractions are shown in Table 1. 

To quantify the fraction of various aggregate sizes, an 
AMRAY 3200 (AMRAY Inc., Bedford, MA) scanning 
electron microscope using a backscatter electron detector 
was used to obtain images of the fractionation of soil 
aggregates. Scanning electron microscopy (SEM) indi- 
cated that the aggregate separation was well fractionated. 
The sample left after being washed was fractionated as 
the inner soil portion, which consisted of coarse and fine 
sand fractions for the macroaggregates, and coarse and 
fine silt fractions for the microaggregates (Figure 1). 
After 15 consecutive washes, the outer aggregate por- 
tions were collected and the outer part was dried and 
observed as a photograph because direct observations 
were insufficient for describing the true characteristics of 
the outer portion. 

2.2. Denaturing Gradient Gel 
Electrophoresis 

The DNA of soil aggregate fractions was extracted 
using the Fast DNA Spin Kit for Soil (Bio 101, QBio- 
 
Table 1. Representative properties of unfractionated soil and 
aggregate fractions. 

Aggregate 
size 

C 
(%) 

N 
(%) 

C/N 
ratio 

Aggregate 
distribution (%)

Unfractionated soil 1.67 0.07 24 100 

Outer part 2.68 0.15 18 3.93 

Inner part 1.55 0.06 27 96.07 

2000 - 250 μm 7.86 0.58 14 0.42 

250 - 53 μm 1.29 0.04 33 53.47 

53 - 20 μm 1.98 0.04 44 35.47 

20 - 2 μm 1.56 0.15 10 0.93 

<2 μm 0.81 0.11 7 5.53 
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Figure 1. Scanning electron micrograph of soil aggregate fractions. 
 

(35.47% for distribution, 1.98 for total carbon); 4) fine 
silt (1.56 for total carbon); and 5) clay (0.81 for total 
carbon). The microaggregates in our soil (Entisol) con- 
tained 89.94% fine sand and silt, which explained the 
carbon content of this size fraction. The coarse silt frac- 
tion contained predominantly quartz grains (Figure 1). 

gene, Vista, CA, USA) as described in detail [15]. We 
performed PCR of DNA using 16S rRNA genes and 
DGGE primers from Invitrogen (Carlsbad, CA, USA) 
(Table 2). The PCR conditions were 5 min at 95˚C, 30 
cycles of 30 s at 94˚C, 30 s at 50 or 55˚C, 1 min at 72˚C, 
and a final extension for 10 min at 72˚C. The PCR prod- 
ucts were examined using DGGE. All 16S rRNA gene 
PCR forward primers were utilized with the universal 
reverse primer r518 (with GC-clamp). The gels were 
prepared as described [18]. Electrophoresis was per-
formed for 13 hours at a constant voltage of 50 V. Stain-
ing was per- formed with ethidium bromide and the gels 
were scanned using Gel-doc and then analyzed using 
Quantity One (Bio-Rad, Hercules, CA, USA). On the 
basis of the DGGE profile, community similarities were 
analyzed using cluster analysis (Minitab, State College, 
PA, USA). Similarities in community structure quantified 
by cluster analysis were determined using the single 
linkage method with Euclidean distance measurements 
for the determination of differences between clusters. 

While the distribution of fine sand and coarse silt was 
very widespread (found in 88.9% of the aggregates), the 
cation exchange capacity (CEC) was not low (33.19 
cmolc/kg). The carbon content of clay (%) was very low 
(0.81%). Christensen (1996) reported that clay generally 
accounts for >50% of the carbon in some soils, with clay 
and silt (<20 μm) together accounting for >90%. The 
proportion of carbon in carbohydrates generally in- 
creases with decreasing particle size and a greater micro- 
bial input to clay than to silt which is indicated by hexose 
to pentose ratios. Cultivation has been found to induce 
shifts in soil carbon composition from coarser to finer 
size fractions [19]. Soil fractionation methods vary 
widely, making a direct comparison of results difficult. 
The loss of carbon is due to the mineralization and trans- 
fer of soil organic matter (SOM) to silt- and clay-sized 
particles. As indicated in the review [20], soil aggrega- 
tion increased as much as 92% in an Entisol under no- 
tillage cultivation. 

3. RESULTS AND DISCUSSION 

The inner fraction was a combination of macroaggre- 
gates, microaggregates, and smaller sizes. Previously, 
Tisdall and Oades [1] utilized SEM in the analysis of 53 - 
250 μm, 90 - 250 μm, and 20 - 90 μm fractions of an 
Alfisol. The fine silt and clay fractions were difficult to 
observe in detail due to the limited resolution of SEM. 
The three-dimensional arrangement of particles identi- 
fied by SEM indicated the following: 1) macroaggregates, 
coarse sand (0.42% for distribution, 7.86 for total carbon; 
2) microaggregates, fine sand (53.47% for distribution, 
1.29 for total carbon); 3) microaggregates, coarse silt  

The microbial community structure of different soil 
aggregate sizes was assessed by PCR-DGGE using 16S 
rRNA gene primers (Figure 2). Bacteria and Actinomy-
cetes populations were not highly related between the 
outer and inner aggregate regions, whereas Archaea po- 
pulations had a high degree of homology with 96.3% si- 
milarity (Figure 2). 

In bacterial composition, the outer fraction was clus- 
tered with the 20 - 2 μm fraction (94.4% similarity). The 

OPEN ACCESS 



J.-S. Kim, D. E. Crowley / Journal of Agricultural Chemistry and Environment 2 (2013) 75-80 78 

 
Table 2. Primers and conditions used in PCR-DGGE experiments. 

Target group Primer (positions) Sequences (5’-3’) Annealing Tm. Gradient Reference 

Actinomycetes F243 (226-243) 5’-GGATGAGCCCGCGGCCTA-3' 50 30% - 60% [21] 

Bacteria F338 (338-357) 5’-ACTCCTACGGGAGGCAGCAG-3' 55 20% - 70% [22] 

Archaea F344 (344-363) 5’-ACGGGGAGCAGCAGGCGCGA-3' 55 30% - 60% [23] 

All reverse R518 (518-534) 5’-ATTACCGCGGCTGCTGG-3'   [18] 

 GC-clamp 5’-CGCCCGGGGCGCGCCCCGGG    

  CGGGGCGGGGCGGGGCAGGGGGG-3'    

 

BK <2 Outer 20-2 Inner 53-20 2000-250 250-53

Similarity

100

90

93

96

   Outer BK Inner 2000-250 250-53 53-20 <2 20-2

Similarity

100

88

92

96

 
(a) Bacteria                                             (b) Actinomycetes 

BK Outer Inner 2000-250 53-20 20-2 <2 250-53

Similarity

100

92

95

97

 
(c) Archaea 

Figure 2. Cluster analysis of DGGE banding patterns for (a) Bacteria, (b) Actinomycetes, and (c) Archaea within the inner 
and outer aggregate fractions. BK, unfractionated soil; Outer, outer fraction; Inner, inner fraction; 2000 - 250, 2000 - 250 
μm; 250 - 53, 250 - 53 μm; 53 - 20, 53 - 20 μm; 20 - 2, 20 - 2 μm; <2, <2 μm. 

 
inner fraction was clustered with the coarse silt fraction. 
There was a 95.4% similarity between the coarse and 
fine sand fractions; whereas the clay fraction showed 
little similarity between the outer and inner fractions. 
Ranjard et al. [11] showed similarities among the coarse 
and fine sand fractions and the coarse and fine silt frac- 
tions. More specifically Ranjard et al. [11] found that the 
outer fraction was similar to clay, whereas the present 
data show a similarity to the fine silt fraction. Ranjard et 
al. [11] also found the inner fraction and bulk soil to be 
located in the same cluster, whereas the present data 
show the clay and bulk soil in the same cluster, similar to 
the findings [16]. Ranjard et al. [11] analyzed their data 
using rRNA Intergenic Spacer Analysis (RISA) and 
DGGE analysis. Kandeler et al. [16] showed that bulk 
soil was clustered more closely with the clay than with 

other fractions, and silt (63 - 2 μm) and fine sand were 
closer than coarse sand. In our data, bulk soil was clus- 
tered closer to coarse sand and fine sand than to coarse 
silt and fine silt. These differences may be due to differ- 
ent separation methods of soil aggregates and different 
soil types [9,17]. 

In Actinomycetes, there was a difference in clustering 
between the outer and inner fractions. The composition 
of coarse and fine sand and coarse silt fractions was 
close to the inner fraction, while small particles (fine silt 
and clay) were far from the outer and inner fractions. The 
inner fraction cluster was related to coarse sand (macro- 
aggregates), followed by fine sand and coarse silt frac- 
tions. Therefore, the Actinomycetes composition of the 
inner fraction was more similar to macroaggregates (coar- 
se sand) than to microaggregates (fine silt and clay). In 
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the inner fraction, the distribution of Actinomycetes over- 
lapped with coarse and fine sand and coarse silt. 

In Archaea, there was 95% similarity between the 
outer and inner fractions. The cluster of the inner fraction 
and coarse sand had similarities of 99% and 97% with 
coarse silt, 96% with the outer fraction, and 95.5% with 
fine silt. However there was not a high similarity with 
either fine sand or clay. Nonetheless, the main cluster 
and the two particle sizes did not have a low similarity. 
That is, the outer and inner fractions were very similar in 
terms of species composition and they may have a simi-
lar species composition to those of coarse sand and 
coarse silt. To our knowledge, this work is the first 
DGGE analysis of Archaea in soil aggregates. Clay and 
fine sand may have specific compositions. That is, Ar-
chaea may be in between microaggregates, or Archaea 
may use the aggregates as habitat including microaggre-
gates, which are composed of a specific composition of 
clay and fine sand. 

In conclusion, in Bacteria, the DGGE separation of 
16S rRNA gene fragments revealed that the microbial 
diversity was predominantly within the clay fraction. 
Actinomycetes was predominantly in the outer fraction. 
In the inner fraction Actinomycetes was clustered with 
coarse and fine sand and coarse silt, and Archaea was 
clustered with coarse and fine sands. 
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