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Abstract

In this study, the diversity of wood inhabiting Penicillium
species in Korea was investigated through the analysis of
their phenotypic traits and phylogeny. Moreover, the discol-
oration and growth patterns of these species on the surfaces
of two commercially important conifers were examined.
From a collection of 137 Penicillium isolates from various
wood species, 37 Penicillium species have been identified
including six unknown Penicillium species. The occurrence
of six Penicillium species in Korea was demonstrated for the
first time: P. biourgeianum, P. decaturense, P. kloeckeri, P.
meleagrinum var. viridiflavum, P. ochrochloron, and P. suma-
trense. P. funiculosum was the most prevalent species
(15.4%). Sapwood blocks of Japanese red pine (Pinus den-
siflora) and radiata pine (Pinus radiata) were exposed to
each Penicillium species to examine their discoloration and
growth patterns on these woods. The blocks of Japanese red
pine were more susceptible to Penicillium growth, and the
highest discoloration rate on both sapwood blocks was
achieved by one of the recently described species P
decaturense.

Keywords: (-tubulin; internal transcribed spacer (ITS);
large subunit (LSU); mold; Penicillium; phylogeny; wood
discoloration.

Introduction

Forests play an important role in ecosystems by providing
habitat for numerous organisms depending on it. This is also
true for wood as the main biomass produced in forest (Ste-
vens 1997). Wood is an organic material mainly consisting
of cellulose, hemicelluloses, and lignin (Panshin and De
Zeeuw 1980). The supramolecular architecture of these com-
pounds was reviewed recently by Salmén and Burgert
(2008). Molds and stain fungi colonize sapwood of fresh
fallen dead wood rapidly (Robbins and Morrell 2002). Stored

sugars in living cells and other nutrients on the wood surface
are helpful in this regard (Carll and Highley 1999). Molds
derogate the appearance of wood and lower its economic
value. Moreover, they also adversely affect human health
(Bush et al. 20006).

Penicillium Link, a genus of deuteromycetous fungi with
more than 225 recognized species (Samson and Pitt 2000),
is one of the most well-known molds. It is commonly iso-
lated from forest woods (Crawford et al. 1990), and many
studies describe it as one of the most frequently encountered
genera in sawmills (Halpin et al. 1994; Simeray et al. 1997;
Sivrikaya and Kara 2009).

Currently, there are more than 60 Penicillium species in
Korea (Kim et al. 2007), most of which are described as
soil-inhabiting fungi, and some as plant pathogenic fungi.
Usually, they are identified only by their phenotypic char-
acteristics. Little is known about the diversity of wood inhab-
iting species and it is not known how fast they grow, even
though prevention of mold growth by fungicides has been
extensively studied (Kim et al. 2002).

In this study, the diversity of Penicillium species inhabit-
ing woods has been investigated by means of phenotypic and
phylogenetic analysis. The discoloration and colonization
patterns typical for these molds were also measured on two
commercially important conifers.

Materials and methods

Fungal isolation

Investigated trees included Douglas-fir (Pseudotsuga mencziesii),
Japanese red pine (Pinus densiflora), Korean pine (Pinus koraien-
sis), larch (Larix kaempferi), Norway spruce (Picea abies), and
radiata pine (Pinus radiata). The stems were taken from sawmills,
log yards, and from the beams of cooling towers, including chro-
mated copper arsenate (CCA)- and creosote-treated woods in Korea
in the time range between 2000 and 2007 (Table 1). Fungi were
isolated and purified as described by Huh et al. (2010).

Cultures

Spore suspensions obtained from each isolate were inoculated in
three points onto malt extract agar (MEA, malt extract 20 g, peptone
1 g, glucose 20 g, agar 15 g, distilled water 1000 ml; pH 5.5), 25%
glycerol nitrate agar (G25N, glycerol, analytical grade 250 g,
NaNO; 3 g, K,HPO, 1 g, KC1 0.5 g, MgSO,4-7 H,0 0.5 g, FeSO,4-7
H,0 0.01 g, yeast extract 5 g, agar 15 g, distilled water 750 ml; pH
6.5) and Czapek yeast autolysate agar (CYA, NaNO; 3 g, K,HPO,
1 g, KC10.5 g, MgSO,+7 H,O 0.5 g, FeSO,+7 H,0 0.01 g, sucrose
30 g, yeast extract 5 g, agar 15 g, distilled water 1000 ml; pH 6.5)
in 9 cm Petri dishes and incubated at 25°C for 7 days. Phenotypes
were examined following the method described by Pitt (1979). All
isolates were preserved in 20% glycerol at -80°C as well as in sterile
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RP
7d/14d/21d
2/4/4
0/1/3
2/3/4
2/3/4

Discoloration rate"
JP

3/5/5

2/4/4

2/3/4

2/3/4

7d/14d/21d

Fungus
Penicillium species 3
Penicillium species 4
Penicillium species 5
Penicillium species 6

S (%)2
96.3
96.3
98.9
98.9

Closet fungal match
(acc. no.)"
P. sclerotiorum (AF033404)
P. verruculosum (AF510496)

P, brasilianum (AB455514)
P. simplicissimum (AF203084)

Sample location®

YI (1)
IS 3)
IC (1)

BS (1)

Source!

RP (1)
DF (1)
RP (3)
RP (1)

No. of isolates
(% frequency)®
1(0.7)
1(0.7)
3(2.2)
1(0.7)
*KUC: Korea University Culture Collection, Seoul, Korea.

GenBank

acc. no.’

(number of isolates/total isolates)>100.
ICCAKP, CCA-treated Korean pine; CCALA, CCA-treated larch; CCARP, CCA-treated radiata pine; CTW, creosote-treated wood; DF, Douglas-fir; JP, Japanese red pine; KP, Korean pine; LA,

larch; NS, Norway spruce; RP, radiata pine.

HM469421
HM469422
HM469417
HM469409

£Similarity scores from pairwise alignments of sample sequences with closest BLAST match or reference strains; similarity of ITS sequences are in regular font and similarity of B-tubulin

sequences are in italic font.
"Discoloration rate: 0 to 5, with 5 corresponding to the highest growth rate and largest discolored area; JP, Japanese red pine; RP, radiata pine.

°BH, Bonghwa; BS, Busan; GP, Gapyeong; GM, Gwangmyeong; IS, Tksan; IC, Incheon; SU, Seoul; Y1, Yongin; YJ, Yeoju.

®Accession numbers of tDNA (ITS and LSU) sequences are in regular font and B-tubulin gene sequences are in italic font.
fAccession numbers of ITS sequences are in regular font and B-tubulin gene sequences are in italic font.

Table 1 (Continued)

Isolate
number®
KUC1795-3
KUC1907
KUC1754
KUC1651
‘Frequency

water at 4°C in Korea University Culture Collection (KUC), Korea
University, Korea.

DNA extraction, PCR, DNA sequencing, and
phylogenetic analysis

DNA extractions are described in detail in Part 1 of this publication
(Huh et al. 2010). The nuclear internal transcribed spacer (ITS),
including 5.8S ribosomal DNA (rDNA), as well as a phylogeneti-
cally informative segment of the nuclear ribosomal large subunit
(LSU) rDNA, were amplified with primers ITSIF (5'-CTTGGT-
CATTTAGAGGAAGTAA-3') and LR5 (5'-TCCTGAGGGAAAC-
TTCG-3') or ITSIF/LR3 (5'-CCGTGTTTCAAGACGGG-3') primer
set (Hopple and Vilgalys 1994) by means of the Accupower PCR
premix kit (Bioneer, Seoul, Korea). When identification of fungi
with ITS and LSU rDNA was not possible, the partial 3-tubulin
gene was also amplified with Bt2a (5-GGTAACCAAATCGGT-
GCTGCTTTC-3') and Bt2b (5'-ACCCTCAGTGTAGTGACCCTT-
GGC-3') primer set (Glass and Donaldson 1995) using the Takara
ex Taq polymerase (Takara, Otsu, Shiga, Japan). PCR reactions were
carried out in a Bio-Rad MyCycler (Bio-Rad, Hercules, CA, USA).
PCR cycling conditions of the ITS and LSU rDNA regions were as
follows: an initial denaturation step of 95°C for 7 min, followed by
30 cycles of 95°C for 40 s, 51°C for 40 s, and 72°C for 1 min 20 s.
An elongation step of 72°C for 7 min was performed in the end.
The amplification of the partial B-tubulin gene followed the con-
ditions described by Samson et al. (2004). PCR amplicons were
detected, purified, and sequenced as described by Huh et al. (2010).
The amplicons of the Bt2a/Bt2b, ITS1F/LR3, and ITS1F/LR5 prim-
ers were approximately 400, 1100, and 1400 bp, respectively. The
sequences obtained in this study were deposited in GenBank under
accession numbers HM469392-HM469430 (Table 1). The proce-
dures for phylogenetic analyses are also described in detail in Part
1 of this publication (Huh et al. 2010).

Wood discoloration characteristics

For the discoloration test, fresh sapwood blocks of two commer-
cially important conifers, Japanese red pine and radiata pine, were
prepared as described by Huh et al. (2010).

Penicillium strains grown on MEA were inoculated on both ends
of the wood block. They were incubated for 3 weeks at 25°C and
the discoloration degrees were measured every 7 days, being scored
from O to 5 based on the intensity of growth and discolored area of
the wood blocks. Discoloration characteristics such as colonizing
patterns and color changes were also observed.

Results and discussion

Fungal identification and phylogenetic analysis

A total of 137 isolates of Penicillium were collected during
the investigation of six wood species. The 37 species were
identified by examining their morphological and molecular
traits. Six unknown Penicillium species (Table 1) were also
found, referred to here as species 1-6. P funiculosum
(15.4%) was the most prevalent, followed by P. glabrum
(10.9%), and P. minioluteum (9.5%). Together, these three
species represent more than one-third of the total number of
isolates collected. Lee et al. (2003) reported that P. funicu-
losum and P. glabrum were commonly found in forest and
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paddy field soil in Korea. Kim (2005) isolated P. funiculosum
and P. minioluteum as plastic degrading fungi.

Most species identified in this study have been previously
described as soil-inhabiting fungi except P. fellutanum, which
was isolated from pitch pine (Pinus rigida) as an endophyte
(Kim et al. 2008), and P. citrinum, P. crustosum, P. expan-
sum, and P. oxalicum, which have been reported as causing
plant diseases (The Korean Society of Plant Pathology 2009).
Interestingly, P. biourgeianum, P. decaturense, P. kloeckeri,
P meleagrinum var. viridiflavum, P. ochrochloron, and P.
sumatrense had not been previously reported in Korea.

The distribution of Penicillium might also be influenced
by the specificity of the species with their hosts in a special
geographic region. For example in Bonghwa, P. biourgeia-
num (0.7%) was found exclusively on Japanese red pine.
Similarly, P. decaturense (2.9%) and P. sumatrense (1.5%)
were isolated only from Korean pine in Gapyeong and from
larch in Yeoju, respectively. By contrast, P. citrinum, P. com-
mune, P. crustosum, P. fellutanum, P. funiculosum, P. janthi-
nellum, P. minioluteum, P. oxalicum, and P. purpurascens
were found on treated woods. Among them, P. citrinum and
P. commune were found exclusively on woods treated with
both CCA and/or creosote, indicating that these two species
might be more resistant to wood preservatives than the other
Penicillium species studied.

The evolutionary relationships within this genus as
inferred from ITS sequences are depicted in Figure la. The
phylogenetic resolution was generally strong and most Pen-
icillium species formed distinct clades with strong or mod-
erate maximum parsimony bootstrap proportions (MPBP)/
neighbor-joining bootstrap proportions (NJBP) values.
However, among the sequences examined, P. meleagrinum
var. viridiflavum and P. sumatrense were clustered in the
same clade (MPBP =94%, NJBP =100%), but their phylog-
enies were resolved in a study involving other loci as pro-
posed by Serra et al. (2008). As shown in Figure 1b, these
two Penicillium species were identified by B-tubulin gene
sequences.

Regarding the unknown species, Penicillium species 1
KUC1434 and P. citreonigrum CBS 454.93 were strongly
clustered in the same clade (MPBP=99%, NJBP=100%).
However, they had a similarity of 98.7% and the LSU region
sequence from Penicillium species 1 KUC1434 did not
match to any of P citreonigrum sequences available in
GenBank. Penicillium species 2 KUC1552 was grouped with
P. purpurogenum (MPBP=100%, NJBP=100%), but they
are readily distinguishable by the presence of purple pig-
ment. Penicillium species 3 KUC1795-3 was in the same
clade as P. sclerotiorum NRRL 2074 (MPBP =66%, NJBP =
51%), but their similarity was rather low (96.3%). Penicil-
lium species 4 KUC1907 also showed a low similarity value
(96.3%) with P. verruculosum ATCC 62396. Penicillium spe-
cies 5 KUC1754 and Penicillium species 6 KUC1651 were
most closely matched to P. brasilianum FKI-3368 (similarity
of 98.9% in the ITS region) and to P. simplicissimum IBT
15303 (similarity of 98.9%, ITS region), respectively, but
their LSU region sequences were identical and most closely
matched to P skrjabinii (99.8%). ldentification of these

unknown Penicillium species will therefore require a thor-
ough investigation with type strains and additional loci.

Wood discoloration characteristics

Sapwood blocks of Japanese red pine and radiata pine were
inoculated with each of the 37 Penicillium species identified
(Table 1). These two species exhibited a different degree of
susceptibility to each Penicillium species, and vice versa the
Penicillium species also differed in their ability to attack the
wood specimens. Overall, blocks of Japanese red pine were
more susceptible to Penicillium growth than blocks of radiata
pine. Within 7 days, approximately half of the Penicillium
species showed a discoloration score higher than 3 on Jap-
anese red pine blocks, whereas only P. decaturense KUC1522
reached the same score on blocks of radiata pine. The entire
surface area of Japanese red pine blocks was occupied after
21 days by most Penicillium species, but only three species
— P, decaturense KUC1522, P. fellutanum KUC3020, and P,
multicolor KUC1626 — achieved a discoloration rate of 5 on
radiata pine within the same period. These results might be
due to the different abundance of low-molecular weight sug-
ars or nitrogenous compounds in the sapwoods (Terziev and
Nilsson 1999), which means that Japanese red pine might be
rich in those nutrients compared to radiata pine.

In terms of the discoloration patterns, most Penicillium
species showed lumpy or sparse patterns with greenish or
brownish colors on woods. However, some species also
exhibited different patterns. For example, P. minioluteum
KUC1680 discolored the sapwood specimens sparsely into
pinkish, whereas P. radicum KUC1679 and P raistrickii
KUC1729 showed no obvious spore colors due to little spor-
ulation. Interestingly, P multicolor KUC1626 not only dis-
colored the blocks greenish by spores but also stained them
yellowish by soluble pigment. Similarly, P. verruculosum
KUC1794 stained the wood blocks into a brownish tone.

The three predominant species, P. funiculosum, P. gla-
brum, and P. minioluteum, exhibited a high discoloration rate
on Japanese red pine. Their growth rate was similar and the
maximum discoloration degree was achieved after 7—14 days.
The highest discoloration rate on radiata pine was that of P,
Sfuniculosum, followed by P. glabrum and P. minioluteum. Of
all species, the newly recorded P. decaturense KUC1522 had
the highest discoloration rate on both types of sapwood
blocks, covering the entire surface of the sapwood blocks
and discoloring them in 7 days. The other newly recorded
species showed relatively low discoloration rates on radiata
pine. Consequently, we suggest that the most abundant spe-
cies as well as the species showing the highest discoloration
rate should be considered as target mold species by future
studies to prevent mold growth on woods.

Conclusions

In this study, we describe the diversity of Penicillium species
inhabiting woods and their discoloration patterns on com-
mercially important wood species. Among the 37 Penicillium
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96/98

98/100; Penicillium pinophilum (GU5662186)
/68 KUC1758

Penicillium verruculosum (AF510496)
KUC1794

Penlcnllum minioluteum (PECRR58SC)
KUC16

100/100

100/100

78/82

84/72 Penlcnllum glabrum (AF033407)
KUC15.

Pemcnllum purpurascens (AF033408)
KUC1788

Penicillium spinulosum (AF033410)
571721 KUC1617

Penicillium citreonigrum {(AY157489)
99/100[ KUC1434 9

- Penicillium sumatrense (AF033424)

941100 KUC1613

92/89

KUC1678 o
1004100 ; Penicillium citrinum (EF634428)
94/99 KUC3084
Penicillium steckii (EF634431)
6110071 KyC1681-1
84/92, Penicillium decaturense (AF125946)
100/[" KUC1522
:_— Pemcnhum miczynskii (AF033416)
57/84 - KUC1551
67, KUC1754
93/98 1 Penicillium brasilianum (AB45551
KUC1433
Pemcnllum oxalicum (DQ123663)
100/100! KUC16
Penicillium 5|mpI|<:|SS|mum (AF203084)
KUC1651
KUC5153
Penicillium simplicissimum (DQ026013)
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51/
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KUC30
KUC190

100/100 Penicillium purpurogenum (DQ681328)
97 { KUC1552
Penicillium diversum (DQ308554)
1007100 KUC1284

93/99, Penicillium radicum (EU262660)
58/

KUC1679
Penicillium variabile (AY373936)
KUC1476

Talaromyces wortmannii (=Penicillium klceckeri) (AY533693)
KUC1286

(AF033404)

66/51 Penicillium sclerctiorum
99/51 KUC1795-3
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KUC1626

Penicillium meleagrinum var. viridiflavum (EF198531)

g6/100 (PENICillium sumatrense (EF198503)
KUC1613
100/100) Penicillium meleagrinum var. viridiflavum (EF198510)
KUC1678
Penicillium citrinum (AF004157)
— 10 Change

4) b

1001100, Penicillium biourgeianum (AY484911)

Penlcﬂhum brevicompactum (EF634407)

QOutgroup

10 Change
a

Figure 1 (a) Maximum parsimonious tree based on ITS region sequences. The dataset comprised 528 characters, of which 329 were
constant, 12 were parsimony uninformative, and 187 were parsimony informative. The tree length was 565 steps with consistency index
(CI)=0.5611 and retention index (RI)=0.9005. (b) Maximum parsimonious tree based on the (3-tubulin region. The dataset comprised 389
characters, of which 330 were constant, 48 were parsimony uninformative, and 11 were parsimony informative. Tree length was 64 steps
with CI=1.0000 and RI=1.0000. Bootstrap values are shown above branches (MP bootstrap proportions/NJ bootstrap proportions). Strains
found in this study are in bold font. References taken from GenBank are in regular font. Genetic distances between strains are represented

by branch length and accession numbers are indicated in parentheses.

species identified, six species had their first record of occur-
rence in Korea and six other species were previously
unknown. Further studies with additional loci should help
understand their relative positions in the phylogeny of the

group.

As a matter of fact, similar to Trichoderma species des-
cribed in Part 1 of this publication (Huh et al. 2010), the
species of Penicillium are found worldwide and most of
these species dominantly cause damage in damp building
materials, including logs and lumber products.
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