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Microbiological community structure 
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Abstract 

It is important for civil engineering applications to investigate resistance to wood decay in aqueous environments. 
DNA from microorganisms inhabiting logs (groynes) that had been used for about 15 years as a water control system 
to prevent riverbank erosion was extracted and the microbial community structure was examined. DNA was extracted 
from specimens in four sections, above and under the water, under the ground and from the bottom parts of the logs 
that were pulled out from the river. Then, barcode sequences for the detection of fungi and bacteria were amplified 
from each DNA sample by polymerase chain reaction. Microbes were identified from the nucleotide sequences, and 
the relationships between microbes and environmental conditions were discussed. The wood in the section above 
the water was significantly decayed, while slight decay and strength loss were observed in the other sections. The 
white-rot basidiomycete Xeromphalina sp. was detected in the section above the water, suggesting that this fungal 
species was responsible for the significant decay of the logs in this study. Wood in the sections under the water and 
under the ground including the bottom of the logs was not decayed even though the fungus was detected in all sec-
tions of the logs, suggesting that Xeromphalina sp. could not degrade the wood in the water and underground where 
the oxygen supply was limited.
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Introduction
Wood is a renewable material produced by plants 
through carbon fixation. The use of wood has positive 
ripple effects because it is carbon neutral, functions as 
a carbon sink, can revitalize forest industries and help 
prevent landslide disasters through proper forest man-
agement. In recent years, therefore, wood has been 
re-evaluated as a material for building and civil engi-
neering [1, 2]. Examples of wood utilization for civil 
engineering applications include ground improvement, 
loggers, wooden fences, erosion control dams, river 
improvement, water control, and guardrails, in which 
construction methods taking advantage of the strength, 
viscoelasticity and environmental affinity of wood have 
been developed [3–7]. The long-term use of wood as 

a civil engineering material is thought to contribute to 
the reduction of carbon dioxide emission and the miti-
gation of climate change from the perspective of carbon 
sinks and storage because civil engineering consumes a 
large amount of wood [5, 8–10]. To optimize the use of 
wood in civil engineering, it is necessary to provide infor-
mation about durability because wood is deteriorated by 
various environmental factors including biological and 
non-biological reactions.

A river groyne is a civil engineering structure that 
is used for the control of water flow by installing huge 
stones and concrete blocks in the bank of the river. 
The structure enables the control of riverbank erosion 
at a bend in the river and protects the bank from the 
action of running water [11–14]. In addition to stones 
and concrete blocks, water control technology using 
logs has been also used in many parts of the world. The 
wood-based river groyne system has some advantages 
from the viewpoints of environmental friendliness 
and landscape harmony, but the log piles used for this 
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purpose can be attacked by microorganisms when they 
are used over long periods. Therefore, it is important 
to understand the biodegradation mechanism of log 
piles with long-term use as well as the effects of envi-
ronmental factors such as water, temperature, oxygen, 
light, and pH on the properties of log piles [15]. There 
is currently limited knowledge of the biodegradation 
mechanism of log piles.

In this study, three Japanese cedar (Cryptomeria 
japonica) logs that had been installed as a water con-
trol system in the Kokubu River in Kochi Prefec-
ture, Japan, for about 10  years were collected, and the 
microbial degradation of the logs was investigated. The 
logs had been driven into the riverbed to prevent ero-
sion by water and spanned the area from the air to the 
ground through the water. Therefore, they were con-
sidered suitable for a comparative study of microbial 
degradation in different environments. The strength of 
the same logs was previously evaluated by Hara et  al., 
showing that the wood was sound below the water level 
[16, 17]. In the present study, DNA-based techniques 
were applied to these logs to detect wood degrading 
microbes present in the different environments. The 
method using genetic analysis has advantages over con-
ventional methods in terms of the short time required 
to obtain results, reproducibility, and objectivity [18, 
19]. Furthermore, the extraction of DNA directly from 
the wood samples enables the detection of fungi that 
are difficult to culture and the detection of microbes 
present at low abundance [20–23]. We show here the 
microbiological community composition on the logs 
in different environments and discuss the relationship 
between the microbiological communities and residual 
strength of the logs.

Materials and methods
Sample collection and measurement of Pilodyn 
penetration depth
Three C. japonica logs used as river groynes were col-
lected in Dec. 2017. The logs were installed on the outside 
of a bend in the Kokubu River (N33.5883, E133.6059) in 
Kochi City, Kochi Prefecture (Fig. 1); this area was dam-
aged by heavy rains in Sep. 1998 and the water system 
using the logs was constructed as a part of a river restora-
tion project during 1998–2004. The site where logs were 
installed had almost no slope, and the water level was 
almost constant throughout the year because there was a 
weir just downstream. Logs No. 1, No. 2, and No. 3 were 
about 430 cm, 325 cm, and 435 cm long, respectively, and 
all were approximately 20  cm in diameter. The bottom 
end of the logs had been cut into a pencil shape with a 
length of 30 cm and some parts of the bark remained on 
the logs when they were pulled out (Fig. 2). The logs were 
promptly evaluated for log surface soundness using a Pil-
odyn 6J-Forest with pin diameter of 2.5  mm and meas-
urement range of 0–40  mm (Proceq, Schwerzenbach, 
Switzerland) [16]. Pilodyn shots on each of four aspects 
were taken at 5 cm intervals of the longitudinal direction. 
The logs were then divided into the aerial, aqueous, and 
underground sections, and the pencil-shaped bottom tip, 
and samples for microbial analysis were cut from sap-
wood of the logs (Fig. 2).

Observation of split sections of wood using a scanning 
electron microscope
The dried wood blocks were cut into small cubes (1 cm3) 
and then affixed to aluminum stubs with electron-
conductive carbon tape. They were coated with gold 
using a JFC 1200 Fine Coater (JEOL, Tokyo, Japan). The 

Fig. 1 A full view of river groynes using logs in the Kokubu River: a from the upstream side, b from the downstream side
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degradation of the cell wall and the microbes around 
them were observed with a Hitachi S-3000N scanning 
electron microscope (SEM; Hitachi High Technologies, 
Tokyo, Japan) at an accelerating voltage of 15 kV and at a 
working distance of 30 mm.

DNA extraction from wood samples
After removing the surface of each sample to avoid 
microbial contamination, the inside of the sample 
was cut into small pieces. These operations were con-
ducted with a knife sterilized with ethanol. The small 
pieces were ground into a powder using a Qiagen Tis-
sue Lyser (Qiagen, Venlo, Netherlands) at 25 Hz. DNA 
extraction was performed using ISOPLANT II (Nip-
pon Gene, Tokyo, Japan) with a modification of the 
manufacturer’s protocol. Approximately 0.1 g of wood 
powder was placed in a 2 mL polypropylene tube with 

one 7-mm zirconia bead and 1 mg of 0.2-mm zirconia 
beads, and then ground into powder using the tissue 
lyser at 25 Hz for 2 min. 1000 µL of Wash buffer from 
the ISOPLANT II kit was added to the tube and mixed 
using the tissue lyser for 2 min. After centrifugation at 
15,000 rpm for 10 min, the supernatant was discarded 
and the purified wood powder was collected. After 
that, genomic DNA was extracted in accordance with 
the ISOPLANT II instructions. If the DNA could not 
be extracted by the above method, it was extracted 
using the Qiagen Genomic DNA (20G) kit with a mod-
ified protocol. Approximately 0.1  g of wood powder 
was placed in a 5 mL polypropylene tube, then 1.5 mL 
of Tris–EDTA buffer was added and mixed to wash 
the wood powder. After centrifuging at 15,000 rpm for 
10 min and discarding the supernatant, 1 mL of Tris–
EDTA was added to wash the wood powder again. 

Fig. 2 A diagram of the investigated logs. Left panel shows sectioning of the logs: (a) the aerial section, (b) the aqueous section, (c) the 
underground section and the pencil-shaped bottom tip. The numbers on the logs indicate the sampling sites. Right panel shows an overview of the 
log: (A) log with bark, (B) pencil-shaped bottom part (approximately 30 cm long)



Page 4 of 9Ishiyama et al. J Wood Sci           (2021) 67:11 

After that, genomic DNA was extracted in accordance 
with the manufacturer’s protocol.

Analysis of microbial communities
Polymerase chain reaction (PCR) was conducted to 
obtain DNA fragments of the internal transcribed 
spacer (ITS) region of the rRNA gene for detection of 
fungi and the V3–V4 region of the 16s rRNA gene for 
bacteria. MightyAmp DNA Polymerase Ver.2 (Takara 
Bio, Kusatsu, Japan) was used for PCR. Nested PCR 
was performed to increase the yield of amplicons using 
the primer pairs as follows; NS7 and NL4 primer pairs 
for the first round PCR, and ITS1 and ITS4 primer 
pairs for the second round PCR to amplify the ITS 
region [24]; 27F and 1492R primer pairs for the first 
round PCR [25], and 341F and 805R primer pairs for 
the second round PCR to amplify the V3–V4 region 
[26, 27]. PCR amplicons were purified using the Nucle-
ospin Gel and PCR clean-up kit (Takara Bio) in accord-
ance with the manufacturer’s protocol. A clone library 
analysis was conducted separately for each section 
in each log using the Mighty TA-cloning kit (Takara 
Bio). About 20 clones per section of sample log were 
sequenced with the Sanger method for species identi-
fication. The sequences obtained were compared with 
the GenBank/DDBJ/EMBL database by BLAST search 
and species were identified by comparison with highly 
homologous sequences.

Results
Evaluation of soundness of the logs and SEM observation 
of the cell wall surface
The wood in the aerial section of the logs used as river 
groynes (Fig. 2A) was significantly deteriorated almost to 
collapse by touching. A characteristic white pocket rot 
was observed on the inside part of the aerial section of 
the logs (Fig. 3b). In the other sections, no deterioration 
was detected visually and some of the bark remained on 
the log surface. The cross section of the logs showed that 
the outer side of the log was slightly discolored to gray, 
but the color of the heartwood and sapwood inside the 
log was almost unchanged (Fig.  3a). The Pilodyn pen-
etration depth of all sections except for the aerial sec-
tion was between 20 and 24 mm in the No. 1 and 2 logs, 
and 24–27  mm in the No. 3 log (Table  1). The average 
moisture content in the aqueous and underground sec-
tions was 171% and 180%, respectively [16]. A compari-
son between the penetration depth of this study and the 
values reported in previous studies suggested that the 
cedar logs collected in this study were almost sound [28, 
29]. The split surfaces of the log were observed by SEM 
to investigate the microbial presence and microstructure 
inside the log (Fig. 4). On the inside of the severely deteri-
orated wood in the aerial section, thinned cell walls were 
observed, probably because of degradation by wood-rot-
ting fungi; however, no mycelia or other microbial struc-
tures were observed (Fig. 4a). Around a boundary region 
between the aerial and aqueous sections, little degrada-
tion of cell walls was observed, although good growth 

Fig. 3 Appearance of the cross section of the No. 3 log. a The surface of the cross section just after the log was pulled out showed that the original 
color of the heartwood was maintained. b A honeycomb-like pocket rotting (white arrows) was found in the deteriorated part in the aerial section
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of mycelium was observed (Fig. 4b). In the aqueous and 
underground sections, there was little wood degrada-
tion, and spherical cell-like structures were found on the 
lumen of the tracheids (Fig. 4c).

Identification of microbes and analysis of microbial 
communities
Almost no amplicon was obtained when single round 
PCR was performed with the extracted DNA as a tem-
plate. Therefore, nested PCR was performed to obtain 
enough amplicon for sequence-based identification of 
microorganisms, although PCR amplicons were still not 
obtained for some samples. The obtained amplicons were 
sub-cloned for sequencing analysis followed by BLAST 
search as described in the materials and methods sec-
tion. Bacterial diversities were low in both the aerial and 
aqueous sections, but were higher in the underground 
and pencil-shaped sections. Pseudomonas spp., which 
was detected in the pencil-shaped sections in the pre-
sent study (Table 2), have been reported to be associated 
with wood degradation [30, 31]. In addition, Dongia sp. 
was detected in the aerial and underground sections, 
Bradyrhizobium sp. was detected in the aerial and aque-
ous sections, and Chloroflexi spp., Syntrophomonas spp. 
and Firmicutes sp. were detected in the pencil-shaped 
sections (Table  2). There was low genus-level diversity 
of fungal communities in all sections (Table 2). Charac-
teristically, the white-rot fungus Xeromphalina spp. was 
widely detected from the wood in the aerial, aqueous 
and underground sections of all logs. In addition, known 
wood decay fungi including Byssomerulius corium, Xylo-
don paradoxus and Xylodon sp. were detected. The ITS 
region amplicons of plants, not cedar, were detected in 
all sections except for the pencil-shaped bottom section. 
These were thought to come from plant tissue or pollen 
in the water that might have been attached to the logs, 
suggesting that the amount of microbial DNA in the logs 
was very small. The reason why no microbial DNA was 
detected by PCR in the significantly degraded wood in 
the aerial section even though the pocket rot-like appear-
ance was observed, was because the microbial DNA had 

been degraded or washed away by sunlight irradiation 
and water flow, respectively.

Discussion
The logs employed as river groynes for about 15  years 
showed little or no deterioration except for the aerial 
section. This was supported by the results of the Pilodyn 
penetration test. Hara et al. evaluated the Young’s modu-
lus of the same logs by vertical compressive strength and 
vibration methods and reported that the strength of these 
logs remained as strong as that of sound cedar wood [16]. 
It is empirically known that wood is barely degraded in 
environments such as in water or underground because 
of the lack of oxygen supply, which was confirmed by the 
soundness of logs in this study. The thinned cell walls 
observed in the significantly degraded logs in the aerial 
section was thought to be caused by sunlight and biodeg-
radation. The pocket rot-like appearance of the logs in 
the aerial section indicated that wood-rotting fungi were 
involved in this wood deterioration. The white-rot fungus 
Xeromphalina sp. was detected and identified by DNA 
sequencing analysis in the aerial, aqueous, and under-
ground sections. The genus Xeromphalina was reported 
to be found on cedar wood [32]. SEM observations 
showed that the cell walls in the air section were thinner 
due to degradation, but no degradation was observed in 
the water part. These facts suggest that members of this 
fungal genus can degrade wood in the presence of oxy-
gen, as in the aerial section, but might not be capable 
of wood decay under an oxygen-deficient environment. 
Wood, used in underwater construction work such as 
water groynes, or in underground construction such as a 
Log Piling Method for Liquefaction Mitigation and Car-
bon Stock (LP-LiC method) [33–35], is considered to 
have a long service life because the degradation activity of 
wood-rotting fungi that use oxygen is almost completely 
stopped and the deterioration in strength progresses very 
slowly [36]. In this study, in a stable underwater environ-
ment with small fluctuations in water level, almost no 
wood deterioration by fungi occurred.

For wood degradation in the environment with 
low oxygen supply, such as in the water or below the 

Table 1 The average Pilodyn penetration depth in each section (mm)

SD standard deviation

No. 1 No. 2 No. 3

Avg. SD Avg. SD Avg. SD

Aerial section 31.8 4.9 21.3 1.4 38.0 2.3

Aqueous section 23.6 1.1 21.8 1.0 26.8 1.5

Underground section 22.5 1.0 19.5 0.5 25.4 1.1

Pencil-shaped bottom section 23.8 1.4 24.0 1.6 24.1 1.6
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groundwater level, anaerobic bacteria might be impor-
tant. In this study, a rich diversity of bacteria was 
detected in the pencil-shaped sections under the ground. 
In the case of logs with bark as in this study, bacteria 
are thought to have entered through the pencil-shaped 

section where the cross section of wood was exposed 
as it was reported that bacteria migrate into the wood 
with water flow [36]. Bacteria, along with the water, are 
thought to migrate upward with time [37, 38]. Pseu-
domonas spp. were predominantly detected in the 

Fig. 4 Scanning electron microscopy observation of cell walls of wood. a Thinned cell walls in the aerial section; b spreading mycelia around 
wood tissue in a relatively shallow part of the aqueous section; c wood tissue in the aqueous section, where a few spherical cells were observed 
(arrowheads)
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pencil-shaped sections in the logs of the present study. 
They have been reported to be associated with serious 
wood degradation over several decades even in water 
and soil [39–41]. Dongia sp., detected in the aerial and 
underground sections, is a widespread bacterium in soils 

and other areas [42], and has been reported to increase 
in abundance in soil contaminated with aromatic com-
pounds [43]; however, its function in wood degradation 
is not yet well understood. Other bacteria were detected, 
such as the root-nodulating bacterium Bradyrhizobium 

Table 2 Bacterial and fungal species identified in the logs

a BA Actinomycetes, BAc Acidobacteria, BC Chloroflexi, BF Firmicutes, BPa Alphaproteobacteria, BPb Betaproteobacteria, BPg Gammaproteobacteria, BPd 
Deltaproteobacteria, BV Verrucomicrobia, FB Basidiomycota, FM Mucoromycota, P plant, U unidentified
b See Fig. 2

Bacteria Fungi

Identification Taxonomya Sampling  siteb Number 
of clones

Identification Taxonomya Sampling  siteb Number 
of clones

Aerial section Firmicutes sp. BF 7 1 Botrytis cinerea FA 4 2

Bradyrhizobium sp. Bpa 7 1 Penicillium bialow-
iezense

FA 7 3

Dongia sp. Bpa 7 2 Xeromphalina sp. FB 4, 7 6

Opitutus sp. BV 7 1 Leucosporidium sp. FB 7 1

Psathyrella abieti-
cola

FB 7 1

Camellia sinensis P 4 1

Aqueous section Bradyrhizobium sp. Bpa 1 2 Ramularia sp. FA 1 3

Lactobacillus sp. BF 1 1 Xeromphalina sp. FB 1 1

Staphylococcus 
warneri

BF 1 1 Camellia sinensis P 1 3

Underground 
section

Caulobacter henricii Bpa 5 1 Byssomerulius 
corium

FB 2 1

Dongia sp. Bpa 5 1 Mortierella sp. FM 5 2

Escherichia sp. FPg 5 1 Rubellisphaeria 
abscondita

FA 5 1

Rhizobium sp. Bpa 5 1 Xeromphalina sp. FB 5 3

Staphylococcus sp. BF 5 1 Xylodon paradoxus FB 2, 9 7

Streptomyces sp. BA 5 1 Cucumis melo P 5 1

Pencil-shaped 
section

Actinomycetes sp. BAc 6 1 Uncultured organ-
ism clone

U 6 2

Anaerosinus sp. BF 3 1

Chloroflexi spp. BC 3, 6, 10 3

Cutibacterium acnes BA 3 1

Dactylosporangium 
sp.

BA 3 1

Firmicutes sp. BF 10 3

Methylocystis sp. BPa 3 1

Pantoea sp. BPg 6 1

Pseudomonas spp. BPg 6, 10 7

Rothia mucilaginosa BA 3 1

Smithella sp. BPd 3 1

Stenotrophomonas 
maltophilia

BPg 6 1

Streptococcus 
pneumoniae

BF 6 1

Syntrophomonas 
spp.

BF 6, 10 2

Veillonellaceae sp. BF 10 1

Zoogloea sp. BPb 10 1
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sp., the photosynthetic bacterium Chloroflexi spp., and 
anaerobic bacteria Syntrophomonas spp. and Firmicutes 
sp., but their role in wood degradation is unknown. 
SEM observation of the wood tissue in the water section 
showed the cell wall was almost sound and there were lit-
tle bacteria on them, suggesting that bacterial deteriora-
tion was hardly progressed. The present study showed 
that there are few concerns around using wood as a civil 
construction material in water or underground over a 
10-year period, however, further investigation is needed 
to understand the longer-term effects of fungal and bac-
terial degradation under anaerobic conditions.

Conclusions
In this study, the following conclusions were drawn 
from the investigation of river groyne logs that had been 
installed for about 10 years:

• The wood in the aerial section of the logs was 
severely degraded by white-rot fungi.

• White-rot fungi that degraded wood in the aerial sec-
tion grew into the wood of the aqueous and under-
ground sections.

• In the aqueous and underground sections, there was 
no active wood degradation by white-rot fungi.

• As a result, the residual strength of wood decreased 
only in the aerial section, and the effects of microbes 
were negligible for 10–15  years in the water and 
underground. However, the degradation of wood in 
the outdoor environment can be greatly influenced 
by the surrounding environment and the microbial 
species present, with further study of other cases 
required.
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rDNA: 16S ribosomal RNA; ITS: Internal transcribed spacer.
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