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Changes in the soil bacterial community of a coniferous forest were analyzed to assess microbial
responses to wildfire. Soil samples were collected from three different depths in lightly and severely
burned areas, as well as a nearby unburned control area. Direct bacterial counts ranged from 3.3-
22.6 % 10 cells/(g - soil). In surface soil, direct bacterial counts of unburned soil exhibited a great degree
of fluctuation. Those in lightly burned soil changed less, but no significant variation was observed in the
severely burned soil. The fluctuations of direct bacterial count were less in the middle and deep soil lay-
ers. The structure of the bacterial community was analyzed via the fluorescent in situ hybridization
method. The number of bacteria detected with the eubacteria-targeted probe out of the direct bacterial
count varied from 30.3 to 84.7%, and these ratios were generally higher in the burned soils than in the
unburned control soils. In the surface unburned soil, the ratios of o-, B- and y-proteobacteria, Cytoph-
aga-Flavobacterium group, and other eubacteria groups to total eubacteria were 9.9, 10.6, 15.5, 9.0, and
55.0%, respectively, and these ratios were relatively stable. The ratios of o, B- and y-proteobacteria, and
Cytophaga-Flavobacterium group to total eubacteria increased immediately after the wildfire, and the
other eubacterial proportions decreased in the surface and middle layer soils. By way of contrast, the
composition of the 5 groups of eubacteria in the subsurface soil exhibited no significant fluctuations dur-
ing the entire period. The total bacterial population and bacterial community structure disturbed by
wildfire soon began to recover, and original levels seemed to be restored 3 months after the wildfire.
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Soil microorganisms are critical for the maintenance of
belowground systems, which are, in turn, essential for the
sustainability of all terrestrial ecosystems (Neary et al.,
1999). The physical, chemical, and biological character-
istics of soil which support aboveground plant growth,
including soil structure, nutrient and water holding capac-
ity, aeration, water infiltration, and others, are deeply
involved with the activity of soil microbes. Therefore, dis-
ruption of the soil microbial community may have imme-
diate and long-lasting deleterious effects on plant growth
in general. Fire is one of the many disruptive forces at
play in the forest ecosystem. It destroys the physicochem-
ical properties of soil, and kills animals and plants. It also
disrupts the community of soil microorganisms (Neary et
al., 1999). Hazardous compounds, such as dioxins, poly-
cyclic aromatic hydrocarbons, and polychlorinated biphe-
nyls are also produced during wildfire, and also tend to
inhibit the growth and survival of soil organisms (Mar-
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tinez et al., 2000; Gabos et al., 2001). Although the
importance of microbes in the soil ecosystem is well
established, and numerous forest fires occur everywhere
around the world, the effects of fire on microbial com-
munities have not been investigated in details. Several
reports have focused on the effects of fire on soil
microbes, but they have been, unfortunately, limited only
to the population changes of some large taxonomic groups
or physiological groups (Sharma, 1981; Vazquez et al.,
1993; Harris et al., 1995; Acea and Carballas, 1996; Acea
et al., 2003). Moreover, in those studies microbial popu-
lations were determined by plate counting, which signif-
icantly underestimates the actual soil microbial population
(Amann et al., 1995). Baath et al. (1995) investigated the
soil microbial community structure using phospholipid
fatty acid (PLFA) analysis, demonstrating that burning
induced the largest treatment effect on the PLFA pattern.
However, they were not able to characterize in detail the
changes occurring in the soil microbial community as a
result of fire.

Recently, the fluorescent in situ hybridization (FISH)
method was developed, and has been applied to the anal-
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ysis of microbial communities in a variety of environ-
ments (Hicks er al., 1992, Trevesius et al., 1994). The
FISH method is easier and more rapid than other molec-
ular biological techniques for the analysis of microbial
community structure. However, it has been used primarily
in analyses of aquatic systems (Alfreider et al., 1996;
Belkova et al., 2003). In this study, the microbial com-
munity of a coniferous forest's soil after a wildfire was
monitored by direct counting and the FISH method, dur-
ing the 90 days after the fire. We have comparatively ana-
lyzed the effects of fire severity and soil depth on wildfire-
induced changes in the microbial community.

Materials and Methods

Study area

The study area was a temperate coniferous forest (30-year
old Pinus densiflora) located in Kangnung, Republic of
Korea. The wildfire occurred on March 21-22, 2001 dur-
ing a dry spring, and 25.4 ha of forest was burned. The
research areas were classified into lightly burned sites
damaged by surface fire, severely burned sites damaged
by crown fire, and the nearby control site, which was
unaffected by wildfire. Each site was randomly divided
into triplicate plots (10 mx 10 m each).

Soil sampling and treatment

Soil collection commenced on April 9, 17 days after the
fire, and continued until July 5 (total 5 collections). From
each plot, 3 random subsites were selected, ash and
unburned plant residue was removed, and underlying soil
was collected separately from the surface layer (0-5 cm
depth), middle layer (6-15 cm) and deep layer (16-25 cm)
soils. Soil samples of each depth from 3 subsites were
combined, constructing composite samples for each plot.
Samples were placed in a sterile plastic bag, and imme-
diately transferred to the laboratory. The fresh soil was
then filtered through a 2-mm mesh sieve, and the moisture
contents were measured. The soil was sandy loam at a pH
of 5.2, and organic matter content was measured as 3.85%
by the loss-on-ignition method. Sterile distilled water (100
ml) was added to 10 g soil samples and homogenized for
45 sec in a mechanical blender. This soil suspension was

Table 1. The oligonucleotide probes used in this study
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ultrasonicated for 30 min (28 KHz, 400 W) in order to
detach the adsorbed bacteria from the mineral and organic
particles.

Microbial community analyses
The soil suspension was diluted in a 10-fold series, and
the properly diluted soil suspensions were fixed with neu-
tral formalin (final conc. 2%). For the direct counting of
total bacteria, 10 pul of fixed sample was filtered through
black polycarbonate membrane filters (Nuclepore, pore
size 0.2um, dia. 25 mm), and stained with acridine
orange (final conc. 0.01%) (Hobbie et al., 1977). The
stained bacterial population on the membrane filter was
counted under an epifluorescent microscope (Olympus
BX60, Japan). Total bacterial count was averaged from
the bacterial numbers obtained in 20 microscopic fields.
In order to analyze of the structure of the bacterial com-
munity by the FISH method, diluted soil suspensions
were fixed by the addition of freshly-prepared 4%
paraformaldehyde, and 30 ul was passed through 0.2 pm
pore-sized polycarbonate filters. The filters were washed
free of paraformaldehyde three times with 0.5 ml phos-
phate buffered saline and then sterile water, and dried in
the air. The rRNA probes used included: EUB338 for the
detection of eubacteria, ALF1b for o-proteobacteria,
BET42a for B-proteobacteria, GAM42a for y-proteobac-
teria, and CF319a for the Cytophaga-Flavobacterium
group (Table 1), all of which have been designed and uti-
lized frequently for the FISH analysis of environmental
bacteria (Manz et al., 1992; Alfreider ef al., 1996; Glock-
ner et al., 1999). Oligonucleotide probes were commer-
cially constructed and labeled with tetramethylrhodamine
(TaKaRa, Japan). The filter was placed on a gelatin-
coated slide glass, and 16 ul of hybridization solution [0.9
M NaCl, 20 mM Tris-HCl (pH 7.4), 0.01% SDS, forma-
mide (concentrations for EUB, ALF, BET, GAM and CF
were 0, 20, 35, 35, and 15%, respectively)] was added. At
that time, 2 ul of probe solution (25 ng) was added (Alfre-
ider et al., 1996). After mixing the solutions, each slide
was placed into a hybridization chamber, and incubated at
46°C for 90 min. The hybridization mixture was then
removed by immersing each filter in the wash buffer [20
mM Tris-HCI (pH 7.4), 5 mM EDTA, 0.01% SDS, NaCl

Probe Probe structure (5'-3") rRNA type, Detected positions bacterial group
EUB338 GCTGCCTCCCGTAGGAGT 16S, 338-355 Total eubacteria
ALF968 GGTAAGGTTCTGCGCGTT 16S, 968-986 Alpha-Proteobacteria
BET42a GCCTTCCCACTTCGTTT 238, 1027-1043 Beta-Proteobacteria
GAM42a GCCTTCCCACATCGTTT 23S, 1027-1043 Gamma-Proteobacteria
CF319a TGGTCCGTGTCTCAGTAC 16S, 319-336 Cytophaga-Flavobacterium
NON338 ACTCCTACGGGAGGCAGC - Negative control
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solution (centrations for EUB, ALF, BET, GAM and CF
were 0.9 M, 0225 M, 80 mM, 80 mM and 80 mM,
respectively)] at 48°C for 20 min. The slide was then gen-
tly rinsed with distilled water and air-dried. Since the 8-
and y-group of proteobacteria tend to interfere with each
other, 2 ul each of non-labeled GAM42a and BET42a
were used, together with labeled BET and GAM probes,
for the detection of the B and 7y group, respectively, to pre-
vent interference (Manz et al., 1992). For the counter-
staining of total bacteria, a subset of filters was stained
solely with 4', 6-diamidino-2-phenylindole (DAPI). DAPI
and rhodamine-stained bacteria on the filter were counted
from over 20 microscopic fields under an epifluorescent
microscope, and the cell numbers were averaged.

All experiments were carried out in triplicate, and the
mean values are presented.

Results and Discussion

Direct counts of soil bacteria
Soil microorganisms are involved in soil genesis, the
development of soil structure, and a variety of other soil
processes. As the microbial population and distribution
after wildfire can be used as indicators for the ecological
state of the soil, the structure of the microbial community
can be used as an indicator for the degree to which the
burned forest has recovered (Ahn et al., 2002). In this
study, the direct bacterial count of the surface layer (0-5
cm depth) of the unburned control soil was 8.7x10° cells/
(g - soil) on April 9 (Fig. 1A). This count increased by a
factor of 3 by April 21, but this was probably largely
attributable to rainfall (11.9 mm) occurring on April 11. It
has been reported that remoistening increases the micro-
bial activity in dried soil, probably by the liberation of
absorbed organic nutrients (Stevenson, 1956). The study
area, located in the eastern Tacbaek Mountain region, was
experiencing very dry weather due to the Fohn phenom-
enon, which leads to low precipitation. Therefore, the
microflora in the dry soil of this area might have been sig-
nificantly affected by this rainfall. Lund and Goksgyr
(1980) reported a 5-6 fold increase in the direct bacterial
counts after 5 to 10 days of rewetting in podzol soil.
The total bacterial count in the lightly burned soil,
12.3x10° cells/(g - soil) April 9, was higher than that
recorded in the control soil, and these increased levels per-
sisted for about 1 month (Fig. 1A). Vazquez er al. (1993)
also reported an increase in microbial population, includ-
ing aerobic heterotrophic bacteria, after 1 month of wild-
fire in an Atlantic forest of 30-year old Pinus pinaster.
However, in this case, the positive effect of the fire did not
persist for as long a time. It has been established that low-
intensity fire does not have a major effect on microbial
populations, and in some cases, the number of het-
erotrophic microbes can increase as a consequence of bac-
terial utilization of fire-killed vegetation as a growth
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substrate (Neary et al., 1999). The bacterial counts in the
severely burned soil persisted at a lower level than those of
the control and lightly burned soils, and have not changed
significantly during the study period (Fig. 1A). Moreover,
there might be some fire-killed or fire-inactivated cells in
our samples, which can be enumerated by direct counting.
Although most heat is lost to the atmosphere during a fire,
some of the heat is transferred into the soil, killing or dam-
aging soil organisms (Walstad er al., 1990). Therefore, the
severe fire in this site had a massive effect on microbes,
especially in the surface soil, and the recovery of bacterial
populations appeared to be arduous during the short period
immediately following the wildfire.

25

A
20 A
15 A
10
5
0
2 B
oo 20 -
2
2
2
&
= 15 1
y—
%
| 5
£ 10
£
=
=
E 5
=
2
<
]
-]
0
C
20 A
15 1
N \\/
5

April9  April 21 May 9 June 8 July 8
Sampling date

Fig. 1. Changes of bacterial counts measured by acridine orange direct
counting at 3 different soil depths (A : 0-5 cm, B: 6-15 cm, C: 16-25
cm) after a wildfire in a coniferous forest in Kangnung, Korea. @;
unburned control soil, O; lightly burned soil, ¥; severely burned soil.
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The patterns of change with regard to the bacterial
counts in the control, lightly burned and severely burned
soils were quite similar in the middle layer (6-15cm
depth) and deep layer (16-25 cm) soils (Fig. 1B and 1C).
Total bacterial counts of the severely burned soils at both
depths were fairly consistently lower than those of the con-
trol and lightly burned soils. The fluctuations occurring in
subsurface soils during the study period tended to be less
pronounced than those in the topsoil, and the differences
between the subsurface soils of the control, lightly burned,
and severely burned sites were also less dramatic than
those observed in the surface soil. It has been well-estab-
lished that subsurface soil is less affected by fire, and fires
effects on microorganisms are greatest in the organic hori-
zon and/or the top 1-2 cm of soil (Neary et al., 1999). On
July 8, 3Y2 months after the wildfire, the direct counts of all
soil samples had become similar, indicating a recovery of
the pre-fire soil microbial population levels.

Although the direct bacterial count may reveal changes
in soil bacterial populations, it can also include many dead
cells. Furthermore, many fluorescent mineral particles
tend to be included in soil suspensions, making the enu-
meration of soil bacteria by direct counting more difficult
and less accurate. Therefore, other enumerating methods
should be applied in any precise examination of the struc-
ture of a soil bacterial community.

Changes of bacterial community structure after wildfire
Investigation of the structure of microbial communities in
a given environment is crucial in the examination of fun-
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damental ecosystem processes. Although the importance
of soil microorganisms in ecological processes is well
known, the role of microbial diversity and community
structure in maintaining the sustainability of an ecosystem
is not yet so well understood (Neary et al., 1999). The
ratio of eubacteria, determined by the FISH method, to
total bacteria, enumerated by direct counting, was highly
variable, and in most cases no definite pattern of change
could be discerned between soil samples from different
depths and fire intensities (Figs. 2, 3 and 4). In this study,
the range of these ratios was 30.3-84.7%, and these ratios
were generally higher in the burned soils than in the con-
trol soils. Hicks et al. (1992) reported that 35-67% of
direct counts of natural bacterioplankton were detectable
by the FISH method with a EUB probe. Ratios between
40.2-80.7% were determined in snow and in a mountain
lake (Alfreider et al., 1996). Although some Archaea,
which can not be detected with a EUB probe, might be in
soil, these somewhat low ratios of eubacteria to direct
counts were primarily due to the differences between the
two enumeration techniques. Hicks er al. (1992) reported
that about 30% of total count was lost during the transfer
from filter to slides in the FISH method. Probe perme-
ability is another problem with FISH analysis, as not all
bacterial cells, especially Gram-positive bacteria and bac-
teria with capsules or slime layers take up the rRNA probe
including EUB easily. This is another factor which may
effectively lower the measured percentage of eubacteria
(MacGregor, 1999).

In this study, the soil microbial community was inves-
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Fig. 2. Changes in bacterial community structure in surface layer soils (0-5 cm depth) of the unburned control site (A), lightly burned site (B) and
severely burned site (C) after wildfire in a coniferous forest. ALF; o-Proteobacteria, BET; B-Proteobacteria, GAM; y-Proteobacteria, CF; Cytophaga-

Flavobacterium group, OTHERS; Other eubacteria.
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Fig. 3. Changes in bacterial community structure in middle layer soils (6-15 cm depth) of the unburned control site (A), lightly burned site (B) and
severely burned site (C) after wildfire in a coniferous forest. ALF; o-Proteobacteria, BET; B-Proteobacteria, GAM; y-Proteobacteria, CF; Cytophaga-

Flavobacterium group, OTHERS; Other eubacteria.
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Fig. 4. Changes in bacterial community structure in deep layer soils (16-25 cm depth) of the unburned control site (A), lightly burned site (B) and
severely burned site (C) after wildfire in a coniferous forest. ALF; o-Proteobacteria, BET; [3-Proteobacteria, GAM; y-Proteobacteria, CF; Cytophaga-

Flavobacterium group, OTHERS; Other eubacteria.

tigated with 5 different rRNA probes. The eubacteria
were divided into the a-, B-, and y-proteobacteria, and
the Cytophaga-Flavobacterium group, and others, which
were not hybridized with the probes targeted to the pre-
vious 4 groups among the eubacteria, were classified as
“QOther eubacteria”. These 4 groups of bacteria are the

most abundant group in a variety of natural environ-
ments, and the pioneering investigations of microbial
community structure were performed with these groups
of rRNA probes (Hicks et al., 1992; Alfreidner et al.,
1996). In surface soils from unburned control sites, the
ratios of o-, B-, and y-proteobacteria, Cytophaga-Fla-
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vobacterium group, and the Other eubacteria group to
total eubacteria were 9.9, 10.6, 15.5, 9.0, and 55.0%,
respectively, on April 9 (Fig. 2). Those ratios might rep-
resent pre-fire values, although they were not examined
on or before the wildfire which occurred on March 21.
The ratios of a-, B-, and y-proteobacteria and the Cytoph-
aga-Flavobacterium group ranged from 7.3-11.0%, 7.8-
10.6%, 7.5-16.05%, and 8.22-8.37%, respectively, during
the study period. In contrast, Other eubacteria accounted
for 32.2-59.1% in the control surface soil, which is a
much larger percentage than the previous 4 groups. The
ratios of each group were relatively stable, with the
exception of the larger Cyfophaga-Flavobacterium group
and the smaller Other eubacteria group, on April 21, pos-
sibly due to the rainfall on April 11. When the bacterial
community structure in the same soil was analyzed by ter-
minal restriction fragment length polymorphism (T
RFLP), the proportions of Actinobacteria, o-proteobacte-
ria, Bacilli, B-proteobacteria, y-proteobacteria, Clostridia
and Sphingobacteria were suggested to be 31, 16, 13, 10,
10, 6, and 4%, respectively. Among these groups, Gram-
positive bacteria comprised 50%, and Gram-negative bac-
teria only 40% (Kim, 2002). The results obtained from T-
RFLP should be corroborated by other tests, however, the
ratio of other unknown eubacteria seemed to be higher
because of the high proportion of Gram-positive bacteria
in this soil.

The ratios of o, B-, and y-proteobacteria and Cytoph-
aga-Flavobacterium group to total eubacteria increased in
the surface and middle layer soils immediately after the
wildfire, whereas the Other eubacterial proportion
decreased right after wildfire (on April 9) (Figs. 2 and 3),
but they returned to pre-fire levels thereafter. In contrast,
the proportions of the 5 groups of eubacteria in the sub-
surface soil layer (16-25 cm) exhibited no significant fluc-
tuations during the study period (Fig. 4), indicating that
the fire effect was not strong enough to change the struc-
ture of the microbial community in this area. This is also
likely due to the temperature insulating effect of soil
(Vasander and Lindholm, 1985; Swift e al., 1993). The
increases in the a-, -, and y-proteobacteria and Cytoph-
aga-Flavobacterium groups in the surface soils after wild-
fire may be partially due to increases in the population of
bacteria which can degrade several recalcitrant organic
compounds produced during forest fires. These com-
pounds include polycyclic aromatic hydrocarbons, poly-
chlorinated biphenyls, polychlorinated dibenzodioxins,
and dibenzofurans (Martinez et al., 2000; Gabos et al.,
2001). Although there are some exceptional bacterial
groups, such as Bacillus and Mycobacterium, with the
ability to degrade such compounds, most representative
bacteria in this category are included in the proteobacte-
ria: Sphingomonas in the o-proteobacteria, Alcaligenes,
Burkholderia and Commamonas in the B-proteobacteria,
Pseudomonas, Acinetobacter and Shewanella in the y-pro-
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teobacteria, and Flavobacterium in the Cytophaga-Fla-
vobacterium group (Wackett and Hershberger, 2001;
Madigan er al., 2003).

It has been established that fire effects depend on fire
intensity and duration, soil water content, and organic
matter content (Neary et al., 1999). As soil environments
are quite heterogeneous in terms of texture, water content,
and organic matter content, fire effects are highly variable,
rendering the effects of fire on soil microbial communities
even harder to examine and analyze. In this study, we
monitored the soil bacterial community after wildfire by
both direct counting, and the FISH method. It was dem-
onstrated that the wildfire affected mostly surface soil,
and that the total bacterial population and bacterial com-
munity structure, after disruption by fire, began to recover
quite quickly, such that the original level seemed to be
restored only 3 months after the wildfire. The FISH
method is known to be easier and more rapid than other
molecular biological techniques for the detection of bac-
teria of various taxonomic levels (Manz et al., 1992;
Amann ef al., 1995). Although the microscopic observa-
tion inherent in FISH analysis is difficult to use with soil
samples, due to background fluorescence and interference
by mineral particles in the soil, it was carefully, but effec-
tively, used in this study. The proportion of bacteria in the
total bacterial population which could not be detected by
FISH was quite large in some cases, and the reasons for
this should be revealed in the near future. The proportion
of other unknown eubacteria, which appeared to be
largely Gram-positive bacteria, was higher than expected,
but all of the oligonucleotide probes used in this study tar-
geted for subgroups of eubacteria were for Gram-negative
bacteria. To date, the FISH method has been applied
mainly to studies of aquatic systems and biofilms (Trebe-
sius et al., 1994; Alfreider et al., 1996), and the probes
used in this study were also developed for those purposes
(Ahn et al., 2002; Belkova et al., 2003). The thickness of
bacterial cell walls may sometimes inhibit the penetration
of probes into the cytoplasm, and reliable pretreatment
techniques for Gram-positive bacteria still need to be
developed (Hartmann er al., 1997; MacGregor, 1999).
Therefore, all the problems in the detection of Gram-pos-
itive bacteria should be resolved before the pursuit of a
comprehensive FISH analysis of the soil bacterial com-
munity.
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