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Abstract To examine the effects of water stress and Cenangium ferruginosum (CF) on the fungal endophytic community of
needles of Pinus koraiensis (PK), fungal endophytes isolated from the needles of 5-year-old PK seedlings were compared before
and after exposure to water stress conditions and artificial inoculation with CF ascospores. Artificial CF inoculation was successfully
confirmed using PCR with CF-specific primers (CfF and CfR). For comparison of the degree of water deficit in water-stressed and
control groups of PK seedlings infected with CF, the water saturation deficit and water potential were measured. Lower water
potential estimates were found in the water-stressed seedlings than in the control group. The fungal endophytes isolated from the
second-year needles of non-water-stressed seedlings before and after CF inoculation revealed that primary saprobes were
approximately 30% and 71.7%, respectively, and the remaining endophytes were rot fungi or pathogens. Sixty days after CF
inoculation, diverse fungal endophytes in the first-year needles were isolated from the water-stressed seedlings. However, some
fungal endophytes isolated from the non-water-stressed seedlings were also identified. Fungal endophytes in the second-year
needles of the water-stressed and non-water-stressed seedlings were approximately 8% and 71.7% of saprobes, respectively, and
the remaining endophytes were rot fungi or pathogens. On the basis of the results, we conclude that water deficit and CF can
have an effect on fungal endophytic communities in the needles of PK seedlings.
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Cenangium dieback is a disease caused by Cenangium
ferruginosum (CF) that appears when a tree is weakened by
environmental stress, and it results in damage to twigs,
branches, and whole trees [1]. CF is known to be an
endophyte fungus and a primary decomposer of weakened
and dying trees [2-4]. The fact that CF can pose a serious
threat under various environmental conditions is of particular
concern [5-7]. In 1989, 2007, and 2009, Cenangium dieback
caused severe damage to major pine species (Pinus densiflora,

P. thunbergii, and P. koraiensis) in South Korea [8]. Endophytic
CF has been isolated from the needles of healthy P.
sylvestris, and it has also been isolated from the shoots of P.
nigra with no symptoms of Cenangium dieback [9, 10]. CF
was not detectable from the needles of P. koraiensis (PK)
[11-13]. The weak pathogenicity of CF suggests that it is a
dehydration-induced saprobe rather than a parasite dieback
[8, 9, 14]. In contrast to evidence of weak pathogenicity of
CF observed in pine trees in other countries, CF on PK in
South Korea showed strong pathogenicity. This result
prompted multi-faceted studies of the morphological and
cultural characteristics of CF [8]. In addition, the colony
color, mycelial growth, and genetic characteristics varied
among strains isolated from P. densiflora, P. thunbergii, and
PK [14].

Fungal endophytes are mostly non-pathogenic and are
known to have symbiotic relationships with their hosts, in
which secondary metabolites are used for the biological
control of other microorganisms [15, 16]. Various pathogens
are also isolated when separating fungal endophytes from
conifers, and many studies have been reported for using
these pathogens as biological control agents [9, 16-18].
However, the correlation between most fungal endophytes
and pathogens has yet to be determined.
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Among the various types of damage caused by water
stress to trees, needle necrosis is a common symptom that
occurs in conifer species, and it is also referred to as
conifer dieback. While there have been many studies on
the effects of water-stress on fungal endophyte communities
isolated from the bark and sapwood of Quercus robur [19],
few studies have reported on fungal endophyte communities
in coniferous needles.

In this study of the disease development of Cenangium
dieback, fungal endophytes were isolated from the needles
of 5-year-old PK seedlings (after artificial CF inoculation)
before and after exposure to water-stress conditions.
Additionally, the fungal endophytes isolated from PK needles
were analyzed before and after artificial CF inoculation to
determine the effect of water-stress and/or CF.

MATERIALS AND METHODS

Identification and inoculation of CF and sample
collection. To obtain a single spore from the apothecium,
an optical microscope (Carl Zeiss Axio Imager A1; Zeiss
Co., Göttingen, Germany) and a dissecting microscope
(SZX-ILLK200; Olympus Co., Tokyo, Japan) were used to
observe the morphological characteristics of CF [8]. The
isolate was cultured on MSA (3% malt extract; 0.3%
soytone; 1.5% agar; Difco Co., Detroit, MI, USA) culture
medium at 20oC for approximately 4 wk under dark
conditions prior to use in the study [14].

Ten 5-yr-old PK seedlings were obtained from the Forest
Practice Research Center (Korea Forest Research Institute,
South Korea) on April 3, 2014. The seedlings were
transplanted in pots, and then rooted for 2 mon under
greenhouse conditions. For comparisons of fungal endophyte
communities from needles of PK seedlings before and after
artificial CF inoculation, the fungal endophytes were isolated
from the second-year and third-year needles of five healthy
control seedlings, which did not have the first-year needles
at that time.

Artificial CF inoculation used ascospores collected in
Hongcheon, Korea. Ascospores were only harvested from
the CF fruiting body, and they were subsequently
suspended in sterile water. Each of the 10 healthy seedlings
was then sprayed on needles with 10 mL of the ascospore
suspension (approximately 104 ascospores/mL; 87.0%
ascospore germination rate). PK seedlings inoculated with
CF ascospores were maintained at a humidity level ≥ 90.0%
for 3 days to induce spore germination and infection. During
the second week of experimentation, 5 of the trees inoculated
with CF were irrigated twice a week for normal water
supply, and the other 5 trees were not given any water.
After 6 wk, the fungal endophytes from the 10 inoculated
trees were isolated from the first-year and second-year
needles taken from the second branch from the base of the
tree crown.

Needle samples for the measurements of water saturation
deficit (WSD) and water potential (WP) as well as for the

isolation of fungal endophytes were used immediately
upon collection. The specimens used to detect CF were
treated in liquid nitrogen for 5 min immediately after
harvesting, and were stored in an ultralow temperature
freezer for later use.

WSD and WP of PK needles. The fresh weight (FW)
was measured using 20 needles. The turgid weight (TW)
was measured by taking the raw weight of sterile water at
20oC and fully submerging 20 needles. The submerged
needles were then allowed to absorb moisture under light
conditions for 4 hr, and the moisture remaining on the
surface of the leaves was then removed. The dry weight
(DW) was measured after 48 hr of drying the needles in a
dry oven at 90oC. Each measured value was used in the
following formula to calculate the WSD: WSD (%) = (TW −

FW)/(TW − DW) × 100 [20, 21]. WP (Ψw) was measured
using a Dewpoint PotentiaMeter (WP4; Decagon Devices,
Pullman, WA, USA). Each bundle of needles was measured
5 times.

Isolation and identification of fungal endophytes
from PK needles. The surfaces of the needles collected
for isolating fungal endophytes were sterilized (70% ethanol
for 1 min, 1% NaOCl for 1 min, and rinsed in sterile
water), 5 mm of each was cut at three places (the apical,
middle, and basal parts of the needle), and subsequently
placed on potato dextrose agar (Difco Co.) and malt agar
(Difco Co.) culture media. The cut needles were then
cultured for five cycles in 15oC and 25oC incubators for
15~30 days to isolate the fungal endophytes.

The isolated fungal endophytes were identified by nucleotide
sequences of 18S rDNA internal transcribed spacer (ITS)
regions using the BLAST tool (http://blast.ncbi.nlm.nih.gov/),
thereby confirming the samples with an identity rate of
≥ 99%.

Twelve species (Lophodermium nitens, Lophodermium
macci, Lophodermium pini-excelsae, Biscogniauxia maritima,
Annulohypoxylon annulatum, Colletotrichum gloeosporioides,
Cladosporium sphaerospermum, Phomopsis eucommicola,
Alternaria alternata, Botryosphaeria dothidea, Diaporthe eres,
and Sydowia polyspora) within the identified fungal endophytes
were used as controls for CF detection tests.

Genomic DNA extraction. Genomic DNA was extracted
from 1 mg of mycelium using a ZR Fungal/Bacterial DNA
MiniPrep Kit (Zymo Research, Irvine, CA, USA), according
to the manufacturer’s instructions, and freeze-dried in a
chamber at −20oC for further study. Genomic DNA was
extracted from the needles of PK seedlings using a PowerSoil
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA,
USA) according to the manufacturer’s instructions, with
slight modifications. To extract genomic DNA from needles
of PK seedlings, 20 needles were surface-cleaned and
homogenized using liquid nitrogen. One milligram of the
homogenized needle tissues was then immediately transferred



Effects of Water Stress and C. ferruginosum on Fungal Endophytes 333

to a 2 mL PowerSoil bead tube (MoBio Laboratories) for
processing.

PCR conditions and sequencing. PCR amplification
was carried out using ITS1 (5'-TCC GTA GGT GAA CCT
GCG G-3') and ITS4 (5'-TCC TCC GCT TAT TGA TAT
GC-3') primer sets for identification of fungal endophytes
[22]. CfF (5'-GAT CAT TAC CAG AAG TGT CC-3') and
CfR (5'-CCT AGG TGA GTT GGG GTT GC-3') primer
sets specific to CF were designed based on the 18S rDNA
ITS region using the Lasergene PrimerSelect program
(DNASTAR Co., Madison, WI, USA). The expected amplicon
size using CfF and CfR primer sets was 477 bp.

PCR was performed in a total reaction volume of 50 μL
containing 2 μL of genomic DNA, 1 μL (20 pM) of each
primer, and 25 μL of 2 × PCR Master Mix (Promega Co.,
Madison, WI, USA). The cycling profile for PCR consisted
of an initial denaturation at 95oC for 3 min, followed by 40
cycles of denaturation at 95oC for 30 sec, annealing at 56oC
for 30 sec, and extension at 72oC for 1 min. A final extension
was performed at 72oC for 5 min. PCR amplification using
CfF and CfR primers was performed with an annealing
temperature of 70oC for 30 sec. The amplification reaction
was conducted on a Dyad Peltier Thermal Cycler (Bio-
Rad, Hercules, CA, USA). The amplification products were
analyzed by electrophoresis (Mupid-21; Cosmo Bio Ltd.,
Tokyo, Japan) on a 1.5% (w/v) agarose gel in 1× TAE
buffer (Promega Co.) after staining with Loading Star
(DyneBio Inc., Seoul, Korea), and then visualized using a
UV transilluminator (GBOX; Syngene Co., Cambridge,
UK).

Amplified products were sequenced using an ABI
PRISM 3730XL Analyzer Sequencer (Applied Biosystems,
Foster City, CA, USA).

Statistical analysis, diversity, and dominance indices.
A one-way ANOVA (Tukey’s test) statistical analysis was
performed using the SPSS ver. 19 (IBM SPSS Inc.,
Armonk, NY, USA).

The Shannon index was used to calculate the diversity
of the species distribution: H = − Σ (ni/N) (log ni/N) [23].
The Simpson’s index was used to calculate the dominance
of the species distribution: D = Σ (ni (ni − 1)/N (N − 1))
[24].

RESULTS AND DISCUSSION

Specificity of the CF-specific marker. In order to
verify the success of artificial CF inoculation, CF-specific
markers (CfF and CfR primers) were generated using
nucleotide sequences from the 18S rDNA ITS region.
These primers only produced a CF-specific amplicon, and
the amplicon was not produced from the 12 strains of PK
fungal endophytes that were used as controls. Moreover,
the amplicon was not produced from PK needles that were
not inoculated with CF; however, it was amplified in the

non-infected PK needles that were mixed with CF mycelium
(Fig. 1). The nucleotide sequence of the amplicon was a
100% match with that of the rDNA ITS sequence of CF
(data not shown). Therefore, the CfF and CfR primers can
be effectively used to amplify the CF marker and to detect
CF from PK needles. In studies of other tree pathogens,
markers specific to the respective pathogens were developed
as diagnostic tools [25].

Detection of CF from PK needles. To verify the success
of artificial CF inoculation, PCR analyses were performed
before and after inoculation. As a result, CF-specific
amplicons were detected in all of the inoculated seedlings,
whereas none were detected in the initial seedlings (Table 1).

Fig. 1. The PCR products amplified from genomic DNA of
fungal species mycelium (top) and needles (bottom) using
Cenangium ferruginosum (CF)-specific primers CfF and CfR. CF-
specific primers were designed using the 18S rDNA ITS region.
Lane: 1~3, CF; 4, Lophodermium nitens; 5, Lophodermium
macci; 6, Lophodermium pini-excelsae; 7, Biscogniauxia
maritima; 8, Annulohypoxylon annulatum; 9, Colletotrichum
gloeosporioides; 10, Cladosporium sphaerospermum; 11, Phomopsis
eucommicola; 12, Alternaria alternata; 13, Botryosphaeria
dothidea; 14, Diaporthe eres; 15, Sydowia polyspora; A, needle
of Pinus koraiensis seedling non-infected with CF; B, lane A
+ C; C, CF mycelium.

Fig. 2. Water saturation deficit and water potential of needles
of Pinus koraiensis seedlings by water stress condition.
*Significant differences using one-way ANOVA (Tukey’s test,
p < 0.05).
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Therefore, artificial CF inoculation was successful. The
size of the amplified PCR product was 477 bp, and the
nucleotide sequence was a 100% match with that of CF.
In fact, species-specific markers have been produced
by various methods and utilized to detect tree pathogens
[25, 26].

Comparison of WSD and WP of PK needles associated
with water stress. When water stress treatment was
administered after artificial CF inoculation, the seedlings
having a normal supply of water (control group) appeared
to be healthy based on visual observation, but the seedlings
exposed to water stress (treatment group) showed overall
necrotic symptoms of second-year needles (data not shown).

To compare the degree of water stress on the treatment
and control groups, the WSD (%) and the WP (MPa)
inside the needles were measured. As a result, in the first-
year needles, the average WSD of the control and treatment
groups were 21.1 ± 9.5% and 14.8 ± 4.1%, respectively. In
the second-year needles, the WSD of the control and
treatment groups were 15.6 ± 1.6% and 10.4 ± 2.0%,
respectively (p < 0.05). The WP in the first-year needles
was determined to be −12.4 ± 7.0 MPa in the control group
and −53.5 ± 10.5 MPa in the treatment group, while it was
−18.3 ± 9.5 and −54.3 ± 14.5 MPa, respectively, for the
second-year needles (p < 0.05). The WP in the treatment
group was lower in comparison to that of the control
group, and for both control and treatment groups, the
moisture content in the second-year leaves was lower than
that of the first-year leaves (Fig. 2). Therefore, the treatment
group experienced more water stress as compared to the
control group.

Comparison of fungal endophyte community isolated
from PK needles. When the fungal endophytes were
isolated from the apical, middle, and basal parts of needles,
the highest number was obtained when isolated from the
basal parts of all seedlings, followed by the middle and
apical parts (data not shown). These results have also been
reported in other studies [9, 27].

In the needles of the initial PK seedlings before the CF
inoculation, a total of 129 fungal endophytes were isolated,
belonging to 1 kingdom, 1 phylum, 3 classes, 8 orders, 8
families, 13 genera, and 13 species, with Rhytismatales
(32.6%) and Xylariales (52.2%) being the most dominant.
Thirty percent were confirmed to be primary saprobes,
with the remaining 70.0% being rot fungi or pathogens.
When the fungal endophytes in the second-year and third-
year needles were isolated and compared, the latter
outnumbered the former and the fungal endophytes isolated
in large numbers in the third-year needles were also
represented in large numbers in the second-year needles
(Table 2). The diversity index of fungal endophytes was
higher in third-year needles than in second-year needles
(Table 3). Thus, more fungal endophytes were isolated
from the third-year needles than from the second-year
needles, which implies that fungal endophyte strains increase
over time. Similar results have also been reported in other
studies [17, 28]. Despite the fact that the seedlings were
healthy prior to CF inoculation, the presence of saprobes,
rot fungi, and pathogens in the needles suggests that they
can thrive in healthy trees as fungal endophytes, which is
consistent with the results reported in other studies [9, 12, 13].
Furthermore, the abundance of rot fungi and pathogens in
the needles of initial seedlings may be attributable to

Table 1. Detection of Cenangium ferruginosum (CF) from living needles of Pinus koraiensis seedlings

Seedlings Age of needle (yr) Detection Size (bp)
Initial seedlings 2 0/5 (0)a -

3 0/5 (0)a -
CF-inoculated After 1 wk 1 5/5 (100) 477

2 5/5 (100) 477
After 6 wk Non-water stress 1 5/5 (100) 477

2 5/5 (100) 477
Water stress 1 5/5 (100) 477

2 5/5 (100) 477
aThe number of detection/5 replications (detection rate, %).

Table 2. Number and frequency (%) of fungal species isolated from living needles of Pinus koraiensis seedling

Fungal species
No. of isolates (%)

NCBI accession
No.

Identity
(%)Initial seedling CF-inoculated seedling

2-yr-olda 3-yr-olda 1-yr-olda 2-yr-olda 1-yr-oldb 2-yr-oldb

Lophodermium pinastri - 1 (1.4) - 1 (1.4) - 1 (0.5) FJ861986.1 099
Lophodermium macci - 2 (2.8) - 3 (4.1) 5 (8.3) 4 (2.1) AF540560.1 100
Lophodermium australe - 1 (1.7) - - - - FJ861969.1 099
Lophodermium pini-excelsae - - - 2 (2.7) 3 (5.0) 4 (2.1) FJ861987.1 099
Lophodermium conigenum - - - 2 (2.7) 1 (1.7) - FJ861975.1 099
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Table 2. Continued

Fungal species
No. of isolates (%)

NCBI accession
No.

Identity
(%)Initial seedling CF-inoculated seedling

2-yr-olda 3-yr-olda 1-yr-olda 2-yr-olda 1-yr-oldb 2-yr-oldb

Lophodermium nitens 7 (12.1) 7 (9.9) - 7 (9.6) - 1 (0.5) JF332166.1 99
Lophodermium sp. - - - 1 (1.4) - 1 (0.5) JQ760369.1 100
Leptostroma sp. - 1 (1.4) - - - - KC354586.1 99
Rhytismataceae sp. 9 (15.5) 14 (19.7) - 1 (1.4) 1 (1.7) 1 (0.5) KC283119.1 99
Leotiomycetes sp. - - - - 2 (3.3) 2 (1.0) JQ761252.1 99
Phomopsis eucommicola - - - - - 3 (1.6) AY578071.1 100
Phomopsis sp. - - - 1 (1.4) 16 (26.7) 62 (32.5) HM751825.1 99
Diaporthe phaseolorum - - - - 2 (3.3) 6 (3.1) AF001018.2 99
Diaporthe eres 1 (1.7) - - - - 3 (1.6) FJ478132.1 99
Diaporthe cf. nobilis - - - - 2 (3.3) 4 (2.1) KC343148.1 99
Diaporthe sp. - - - - 11 (18.3) 7 (3.7) KC145882.1 99
Diaporthales sp. - - - - 4 (6.7) 1 (0.5) GQ996124.1 99
Annulohypoxylon annulatum 1 (1.7) - 1 (12.5) 1 (1.4) - - FJ481153.1 99
Annulohypoxylon truncatum 1 (1.7) - - - - - JQ303335.1 98
Hypoxylon crocopeplum - 1 (1.4) - - - - JN979411.1 98
Hypoxylon sp. - 1 (1.4) - - - - JN660823.1 92
Hansfordia sp. 1 (1.7) - - - - - GQ906969.1 99
Biscogniauxia maritima 3 (5.2) 1 (1.4) 1 (12.5) 2 (2.7) 4 (6.7) - JQ247198.1 99
Nodulisporium sp. - - - 1 (1.4) - - GQ906948.1 99
Pestalotiopsis sp. - - - 1 (1.4) - - JF439507.1 99
Arthrinium phaeospermum - - - 1 (1.4) - - AB220268.1 100
Xylaria primorskensis - 2 (2.8) - - - - FJ707473.1 99
Xylaria sp. - 1 (1.4) - - - - AB731127.1 99
Xylariales sp. - - - 1 (1.4) 2 (3.3) 1 (0.5) AB495010.1 99
Xylariaceae sp. 25 (43.1) 29 (40.8) - - - - AB741589.1 96
Colletotrichum gloeosporioides - 1 (1.4) - 1 (1.4) - - JF682848.1 100
Nigrospora oryzae - - - 1 (1.4) - 1 (0.5) KC341981.1 99
Cladosporium sphaerospermum - - 1 (12.5) 6 (8.2) 2 (3.3) 1 (0.5) EU823317.1 100
Cladosporium cladosporioides - - - 24 (32.9) 2 (3.3) 2 (1.0) JX981454.1 100
Cladosporium sp. - - 1 (12.5) 1 (1.4) - - EU167592.1 99
Toxicocladosporium irritans - - - - - 1 (0.5) JN974765.1 99
Alternaria alternata - - - - - 1 (0.5) JF973295.1 100
Alternaria sp. - - - - - 4 (2.1) KF438091.1 100
Cenangium ferruginosum - - 2 (25) 5 (6.8) 1 (1.7) 1 (0.5) - -
Botryosphaeria dothidea - - - - - 77 (40.3) HQ660453.1 100
Peniophora sp. - - - - 1 (1.7) - HM535362.1 100
Sydowia polyspora 1 (1.7) 1 (1.4) - 2 (2.7) - - GQ412722.1 100
Penicillium fellutanum - - - 1 (1.4) - - JX091420.1 100
Penicillium sumatrense - - - 2 (2.7) - - HE962603.1 100
Penicillium sp. - - - 3 (4.1) - - HE962588.1 99
Meyerozyma guilliermondii - - 1 (12.5) - - - KC237294.1 100
Podospora sp. 1 (1.7) - - - - - FJ197969.1 97
Sordariomycetes sp. 1 (1.7) - - - - - GU222395.1 95
Phyllosticta papayae - 1 (1.4) - - - - JF414731.1 99
Preussia sp. 1 (1.7) - - - - - JN225886.1 99
Dothideomycetes sp. - 1 (1.4) - - - - JQ758763.1 99
Unidentified 1 2 (3.4) 1 (1.4) - - - - HF674740.1 89
Unidentified 2 - 1 (1.4) - - - - HQ823749.1 96
Unidentified 3 3 (5.2) 4 (5.6) - - - - EF373587.1 99
Unidentified 4 - 1 (1.4) - - - - GQ334426.1 81
Unidentified 5 - - 1 (12.5) 2 (2.7) 1 (1.7) 2 (1.0) - -
No. of isolates obtained (%) 58 (100) 71 (100) 8 (100) 73 (100) 60 (100) 191 (100) - -

CF, Cenangium ferruginosum.
aNon-water stress.
bWater stress.
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massive infiltrations of the organisms in trees weakened by
transplantation. However, CF was not found in the needles
of initial seedlings, and the examination of the fungal
endophytes isolated from the needles of PK in other
studies showed the same results [11-13].

In the needles of the post-inoculation seedlings in the
control group, a total of 81 fungal endophytes were
isolated, belonging to 1 kingdom, 1 phylum, 5 classes, 10
orders, 11 families, 14 genera, and 17 species, with
Rhytismatales (21.0%) and Capnodiales (40.7%) being the
most dominant. Seventy-two percent were confirmed to be
primary saprobes, with the remaining 28.0% being rot
fungi or pathogens. When the fungal endophytes from the
first-year and second-year needles were isolated and
compared, the latter outnumbered the former, with only 8
strains isolated from the former (Table 2). The diversity
and dominance indices of fungal endophytes were higher
in second-year needles than in first-year needles (Table 3).
It has been reported that the diversity of fungal endophytes
is heavily influenced by climate, and that older needles
exhibit greater diversity in isolated fungal endophytes [17,
28-30]. Therefore, it is assumed that the small number of
fungal endophytes isolated from the first-year needles may
be due to the narrow range of climate variability under
greenhouse conditions, which resulted in the infiltration of
fewer fungi than when left in field. The dominant species
from second-year needles was C. cladosporioides (32.9%),
but it was not isolated from first-year needles. Instead,
isolated CF strains accounted for 8.0%, which proves that
artificial CF inoculation was successful (Table 2). The
percentage of isolated CF was very low, presumably owing
to the characteristics of CF to move to the branch after
inoculating the needle, resulting in a decrease in the number
of surviving mycelia in the needle [1, 31].

In the needles of PK seedlings water-stressed after CF
inoculation, a total of 251 fungal endophytes were isolated,
belonging to 1 kingdom, 2 phylum, 4 classes, 9 orders, 9
families, 11 genera, and 17 species, with Diaporthales
(48.2%) and Botryosphaeriales (30.7%) being the most
dominant. Eight percent of the fungal endophytes were
confirmed to be primary saprobes, with the remaining
92.0% being rot fungi or pathogens. The dominant species
from first-year needles were Phomopsis sp. (26.7%) and
Diaporthe sp. (18.3%), and Phomopsis sp. (32.5%), and B.
dothidea (40.3%) from second-year needles. Of the isolated

strains, CF accounted for 0.8%. When the fungal endophytes
from the first-year and second-year needles were isolated
and compared, more fungal endophytes were isolated from
the second-year needles, but distinct differences in the
dominant fungal endophytes in the first- and second-year
needles were detected. However, the dominant fungal
endophytes isolated from each needle were mostly rot fungi
and pathogens (Table 2). There have been reports of only a
few fungi being dominant among the fungal endophytes
[30, 32]. Regarding the first-year needles, the diversity
index of fungal endophytes was higher than the second-
year needles, but the dominance index was lower (Table 2).

The fungal endophytes isolated from the second-year
needles of non-water-stressed seedlings before and after CF
inoculation revealed that primary saprobes were 30.0% and
71.7%, respectively, and the rest were rot fungi or pathogens.
In pine needles, it was confirmed that saprobes, rot fungi,
and pathogens were already widely distributed before the
onset of needle necrosis, and that the primary saprobes
increased over time. The possibility of an increase in
primary saprobe density due to CF inoculation cannot be
eliminated, but to identify the exact cause, additional
research will be required to determine the effect of CF on
these fungal endophytes. Xylariaceae spp. were isolated in
large numbers before, but not after CF inoculation. In
contrast, C. cladosporioides were not isolated before CF
inoculation, but were isolated in large numbers after CF
inoculation (Table 2). C. cladosporioides is a very common,
cosmopolitan, and saprobic species. It often occurs as a
secondary invader in necrotic parts of many different host
plants, and is a common endophytic or quiescent fungus
[33-36]. The diversity index of fungal endophytes of the
second-year needles after CF inoculation was higher than
the second-year needles before CF inoculation, but the
dominance index was lower (Table 3). In the needles of
initial seedlings before CF inoculation, rot fungi and
pathogens were high, which is assumed to be the result of
weakened seedlings from transplant stress. The resulting
weakness is improved over time as the tree recovers from the
stress, and leads to an increase in primary saprobe density.

When the fungal endophytes were isolated from the
first-year PK needles inoculated with CF in the water stress
treatment and control groups, diverse fungal endophytes
were isolated from the treatment group, but virtually no
fungal endophytes were isolated from the control group.

Table 3. Comparison in diversity and dominance indices of fungal endophytes isolated from Pinus koraiensis needles

Seedlings Age of needle (yr) Diversity index Dominance index
Initial seedlings 2 0.821 0.220

3 0.920 0.212
CF-inoculated Non-water stress 1 0.828 0.036

2 1.128 0.127
Water stress 1 1.044 0.116

2 0.808 0.269
CF, Cenangium ferruginosum.
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This can result from the needles being weakened by water
stress in the treatment group, making them vulnerable to
massive infiltrations of rot fungi and pathogens. The
second-year needles in the treatment group only represented
approximately 8.0% of primary saprobes, whereas primary
saprobes accounted for over 71.7% in the control group
(Table 2). The diversity index of fungal endophytes of the
second-year needles in the water stress treatment groups
was lower than the second-year needles in the control
groups, but the dominance index was higher (Table 3). In
the water stress treatment groups, the number of Phomopsis
sp. and Diaporthe sp. increased, but the number of C.
cladosporioides decreased. B. dothidea was isolated in large
numbers in the water stress treatment groups, but was not
in the control groups. The asexual states of Diaporthe and
Phomopsis species have broad host ranges and are widely
distributed, and occur as plant pathogens, endophytes or
saprobes [37]. B. dothidea is a latent pathogen capable of
endophytic infections, and is a primary opportunist that
preferentially colonizes wounded and stressed tissue [38].
Pinus needle decomposition starts before the falling of
needles, and the decomposition of brown and green-brown
needles is related to primary saprobes such as Lophodermium,
Cenangium, Aureobasidium, and Cladosporium [2-4]. Thus,
we conclude that many fungal species invade during the
period of weakness experienced by the first-year needles,
and that the second-year needles die because of dominant
rot and pathogenic fungi. When fungal endophytes are
isolated from conifers, various rot fungi and pathogens are
also isolated, as confirmed by various reports [9, 11-13, 17].
The second-year needles in the treatment group manifested
the necrotic symptoms first, which can be aggravated by
the propagation of the endophytic rot fungi and pathogens,
or those that infiltrated the weakened needles. Thus, it can
be assumed that the second-year needles succumbed to
dieback first under water stress because of the endophytic
or infiltrated rot fungi and pathogens.

Furthermore, if the correlation between the isolated
fungal endophytes and CF can be further studied by
verifying both the levels of competitiveness for secondary
metabolites and resistance to dehydration impairment,
then the effects of CF on the dieback of water-stressed
seedling needles and the fungal endophyte community
may be determined.

ACKNOWLEDGEMENTS

This study was supported by the Research Fellowship of
the Korea Forest Research Institute in 2013-2014.

REFERENCES

1. Sinclair W, Lyon HH. Diseases of trees and shrubs. Ithaca:
Cornell University Press; 2005. p. 210-11.

2. Soma K, Saito T. Ecological studies of soil organisms with
references to the decomposition of pine needles. I. Soil

macrofaunal and mycofloral surveys in coastal pine plantations.
Rev Ecol Biol Sol 1979;16:337-54.

3. Tokumasu S. Fungal successions on pine needles fallen at
different seasons: the succession of interior colonizers.
Mycoscience 1998;39:409-16.

4. Tokumasu S. Fungal successions on pine needles fallen at
different seasons: the succession of surface colonizers.
Mycoscience 1998;39:417-23.

5. Koiwa T, Sakuyama T, Takahashi K. Damage of Japanese
pines caused by Cenangium ferruginosum in northern Honshu,
Japan. In: Foliage, shoot and stem diseases of trees. Proceedings
of the IUFRO Working Party 7.02.02; 1997 May 25-31;
Quebec City, Canada. Sainte-Foy: Laurentian Forestry Centre;
1998. p. 95-102. 

6. Sinclair WA, Hudler GW. Tree and shrub pathogens new or
noteworthy in New York state. Plant Dis 1980;64:590-2.

7. Van Vloten H, Gremmen J. Studies in the Discomycete
genera Crumenula de Not. and Cenangium Fr. Acta Bot Neerl
1953;2:226-41.

8. Lee SY, Jung JH, Lee JK. Cultural characteristics and
pathogenicity test of a die-back fungus, Cenangium ferruginosum
isolated from Pinus koraiensis. J Korean For Soc 1998;87:557-
61.

9. Kowalski T. Fungi in living symptomless needles of Pinus
sylvestris with respect to some observed disease processes. J
Phytopathol 1993;139:129-45.

10. Kowalski T, Zych P. Fungi isolated from living symptomless
shoots of Pinus nigra growing in different site conditions.
Osterr Z Pilzkd 2002;11:107-16.

11. Seo ST, Kim KH, Kim MJ, Hong JS, Park JH, Shin SC.
Diversity of fungal endophytes from Pinus koraiensis leaves in
Korea. Kor J Mycol 2009;37:108-10.

12. Yoo JJ, Eom AH. Molecular identification of endophytic fungi
isolated from needle leaves of conifers in Bohyeon Mountain,
Korea. Mycobiology 2012;40:231-5.

13. Kim CK, Eo JK, Eom AH. Diversity and seasonal variation of
endophytic fungi isolated from three conifers in Mt. Taehwa,
Korea. Mycobiology 2013;41:82-5.

14. Jung JH, Lee SY, Lee JK. Comparison of Cenangium dieback
fungus isolated from three different species of pine. Plant
Pathol J 2001;17:216-21.

15. Fisher PJ, Anson AE, Petrini O. Novel antibiotic activity of an
endophytic Cryptosporiopsis sp. isolated from Vaccinium
myrtillus. Trans Br Mycol Soc 1984;83:145-8.

16. Carroll G. Fungal endophytes in stems and leaves: from latent
pathogen to mutualistic symbiont. Ecology 1988;69:2-9.

17. Stone JK. Initiation and development of latent infections by
Rhabdocline parkeri on Douglas-fir. Can J Bot 1987;65:2614-
21.

18. Clay K. Fungal endophytes of grasses. Annu Rev Ecol Syst
1990;21:275-97.

19. Gonthier P, Gennaro M, Nicolotti G. Effects of water stress
on the endophytic mycota of Quercus robur. Fungal Divers
2006;21:69-80.

20. Barrs HD. Determination of water deficits in plant tissue. In:
Kozlowski TT, editor. Water deficits and plant growth. New
York: Academic Press; 1968. p. 235-368.

21. Boyer JS. Measurement of the water status of plants. Annu



338 Lee et al.

Rev Plant Physiol 1969;20:351-64.
22. White TJ, Bruns T, Lee S, Taylor J. Amplification and direct

sequencing of fungal ribosomal RNA genes for phylogenetics.
In: Innis MA, Gelfand DH, Sninsky JJ, White TJ, editors.
PCR protocols: a guide to methods and applications. New
York: Academic Press; 1990. p. 315-22.

23. Shannon CE, Weaver W. The mathematical theory of
communication. Urbana: University of Illinois Press; 1949. p.
1-117.

24. Hill TC, Walsh KA, Harris JA, Moffett BF. Using ecological
diversity measures with bacterial communities. FEMS
Microbiol Ecol 2003;43:1-11.

25. Lee DH, Lee SK, Lee SH, Lee SY, Lee JK. Accurate detection
of chestnut ink disease causing Phytophthora katsurae by
nested PCR. Aust Plant Pathol 2012;41:535-9.

26. Lee DH, Lee SK, Lee SY, Lee JK. Development of SCAR
markers for the identification of Phytophthora katsurae causing
chestnut ink disease in Korea. Mycobiology 2013;41:86-93.

27. Hata K, Futai K. Endophytic fungi associated with healthy
pine needles and needles infested by the pine needle gall
midge, Thecodiplosis japonensis. Can J Bot 1995;73:384-90.

28. Bernstein ME, Carroll GC. Internal fungi in old-growth
Douglas fir foliage. Can J Bot 1977;55:644-53.

29. Carroll GC, Carroll FE. Studies on the incidence of
coniferous needle endophytes in the Pacific Northwest. Can J
Bot 1978;56:3032-43.

30. Petrini O, Sieber TN, Toti L, Viret O. Ecology, metabolite
production, and substrate utilization in endophytic fungi. Nat

Toxins 1992;1:185-96.
31. Hata K, Futai K, Tsuda M. Seasonal and needle age-dependent

changes of the endophytic mycobiota in Pinus thunbergii and
Pinus densiflora needles. Can J Bot 1998;76:245-50.

32. Santamaria J, Bayman P. Fungal epiphytes and endophytes of
coffee leaves (Coffea arabica). Microb Ecol 2005;50:1-8.

33. Bensch K, Groenewald JZ, Dijksterhuis J, Starink-Willemse
M, Andersen B, Summerell BA, Shin HD, Dugan FM,
Schroers HJ, Braun U, et al. Species and ecological diversity
within the Cladosporium cladosporioides complex (Davidiellaceae,
Capnodiales). Stud Mycol 2010;67:1-94.

34. El-Morsy EM. Fungi isolated from the endorhizosphere of
halophytic plants from the Red Sea Coast of Egypt. Fungal
Divers 2000;5:43-54. 

35. Kumaresan V, Suryanarayanan TS. Endophyte assemblages in
young, mature, and senescent leaves of Rhizophora apiculata:
evidence for the role of endophytes in mangrove litter
degeneration. Fungal Divers 2002;9:81-91.

36. Riesen TK. Endophytic fungi in winter wheat (Triticum
aestivum L.). Zürich: Swiss Federal Institute of Technology;
1985.

37. Gomes RR, Glienke C, Videira SI, Lombard L, Groenewald
JZ, Crous PW. Diaporthe: a genus of endophytic, saprobic,
and plant pathogenic fungi. Persoonia 2013;31:1-41.

38. Smith H, Wingfield MJ, Crous PW, Coutinho TA. Sphaeropsis
sapinea and Botryosphaeria dothidea endophytic in Pinus spp.
and Eucalyptus spp. in South Africa. S Afr J Bot 1996;62:86-8.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


