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Abstract Little is known in continental Antarctic about

patterns of abundance, diversity, and succession of

microfungi within moss profiles consisting of live, senes-

cent, and dead tissues in different stages of decomposition.

In the present study, vertical patterns of the abundance and

diversity of microfungi and their relationship with chemi-

cal compositions were examined within moss colonies

collected from coastal outcrops in the Lützow–Holm Bay

area (Queen Maud Land), East continental Antarctica.

Total and darkly pigmented hyphal length, the richness of

molecular operational taxonomic units (MOTUs) of

microfungi, and the occurrence of Phoma herbarum and

Pseudogymnoascus pannorum increased with the depth of

moss profiles. The content of organic chemical components

and nitrogen in moss tissues decreased, whereas ash con-

tent increased with the depth of moss profiles. Relative

amount of recalcitrant compounds and total carbohydrates

did not significantly differ among the vertical layers. The

downward increase of the microfungal richness and

occurrence in the Antarctic moss profiles without MOTU

replacement was consistent with the directional-nonre-

placement model of succession, indicative of the high

environmental resistance, which represents the sum of the

adverse factors hindering the success of species establish-

ment. This contrasted with the fungal succession in arctic

moss profiles, which accorded with the directional-re-

placement model, in which species replacement took place

due to modification of habitat and competition. More

hostile environmental conditions than those in the Arctic

characterized the fungal succession and limited the fungal

decomposition of moss in continental Antarctica.

Keywords Continental Antarctica � Bryophyte � Bryum
pseudotriquetrum � Decomposition � Hyphal length �
Phoma herbarum

Introduction

Mosses are major components of terrestrial ecosystems of

Antarctica and contribute importantly to the crucial bud-

gets of carbon and nutrients via primary production and

concomitant decomposition and accumulation of moss

tissues in soil (Kanda and Inoue 1994; Ochyra et al. 2008;

Cannone et al. 2013). The accumulated live, senescent, and

dead moss tissues, termed the Bryosphere (Lindo and

Gonzalez 2010), harbors a variety of fungi and other

organisms driving carbon and nutrient dynamics in the

Bryosphere (Davey and Currah 2006; Osono and Trofy-

mow 2012). Previous studies have examined the accumu-

lation and decomposition of terrestrial moss mainly in

maritime and peninsular Antarctica (Baker 1972; Fenton

1980; Davis 1981), but less in continental Antarctica. Such

bias in study location holds true for the study of Antarctic

moss-associated fungi, which has been conducted mainly

in maritime and peninsula Antarctica (Stevens et al. 2007;

Zhang et al. 2013; Arenz et al. 2014; Yu et al. 2014), and

less in continental Antarctica (McRae and Seppelt 1999;
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Tosi et al. 2002; Ruisi et al. 2007). Very little is known

about Antarctic patterns of abundance, diversity, and suc-

cession of microfungi within moss profiles consisting of

live, senescent, and dead tissues in different stages of

decomposition.

The purpose of the present study was to examine vertical

patterns of the abundance and diversity of microfungi and

their relationship with chemical compositions within moss

profiles collected from coastal outcrops at five locations in

the Lützow–Holm Bay area (Queen Maud Land), East

continental Antarctica. Colonies of Bryum pseudotri-

quetrum (Hedw.) P. Gaertn., B. Mey. & Scherb./B. arch-

angelicum Bruch & Schimp. complex were collected and

divided into four layers according to the color and texture.

The changes in organic chemical and nutrient contents in

the profiles are indicative of the pattern of decomposition

and accumulation of organic matter. Investigating the

microfungal abundance and composition in the profiles

would help to identify possible factor(s) affecting the

microfungal succession in decomposing tissues and the

roles of microfungi in the decomposition processes.

Materials and methods

Study area

Samples were collected at five sites in two ice-free regions

(Langhovde and Skarvsnes) in the Lützow-Holm Bay area

in East Antarctica (Table 1; Fig. 1). These sites are along a

creek or a lake and did not appear to be affected by colo-

nies of large animals. Samples were collected during the

51st Japanese Antarctic Research Expedition (JARE-51)

from December 2009 to January 2010. At each site, five

blocks (each sized 2 9 2 cm, approximately 6–10 cm

below the surface) of Bryum pseudotriquetrum/B. arch-

angelicum complex, one of the dominant moss species in

the regions (Kanda and Inoue 1994; Fig. 2a), were col-

lected, making a total of 25 moss blocks. The blocks were

divided into 4 layers (denoted as layers G, R, B, and BT

from the upper to the lower) according to color and texture

(Fig. 2b), making a total of 100 samples. Moss stems (2 cm

total length) were chosen from within the sample with

tweezers sterilized with flame and 70% ethanol, preserved

in a sterilized vial (1.5 mm3 volume), and stored at -20 �C
to be used for fungal isolation. The remaining moss sam-

ples were divided into two subsamples and weighed for

fresh weight. One subsample was preserved in a vinyl bag

and stored at -20 �C to be used for hyphal length esti-

mation. The other subsample was preserved in paper bags

and dried at room temperature to be used for chemical

analyses. These samples were taken back to the laboratory

in Japan for further processing.

Hyphal length estimation

Hyphal lengths in moss profiles were estimated using the

agar film method of Jones and Mollison (1948) but with

several modifications (Osono et al. 2006b). One gram of

moss tissues was taken from the frozen subsample for

hyphal length estimation for each profile. Total hyphal

length was calculated as the sum of the lengths of hyaline

hyphae stained with fluorescent brightener and of darkly

pigmented hyphae. The details of the methods are descri-

bed in Osono et al. (2006b).

Isolation of fungi

Fungi were isolated from moss stems with a modified

washing method (Osono et al. 2008). Moss stems were

washed five times with 10 ml of sterilized 0.005% Aerosol-

OT (di-2-ethylhexyl sodium sulfosuccinate) solution and

then rinsed with sterilized water three times in a sterile test

tube using a vertical type automatic mixer (S-100; Taitec

Co., Ltd, Japan). The rinsed stems were transferred to a

sterile filter paper in 9-cm Petri dishes and dried for 30 min.

The stems were then placed on the surface of corn meal agar

(Nissui Pharmaceutical Co., Ltd, Japan) in 100 mg/l chlo-

ramphenicol plates, and then the plates were incubated at

15 �C in the dark. The incubated plates were observed

microscopically nine times at 1-week intervals. Any fungal

colonies appearing on the plate were isolated, transferred to a

plate containing a 1:1 mixture of corn meal agar and malt

extracted agar supplemented with yeast extract (Nissui

Pharmaceutical Co., Ltd, Japan), incubated, and identified by

observing micromophological characteristics.

Table 1 Locations of the

sampling sites at Lützow–Holm

Bay area

Site ID Region Location Date Latitude S Longitude E Elevation (m)

#4 Langhovde Yukidori Valley 24 Dec 2009 69�14.443 39�46.203 157

#5 Yukidori Valley 24 Dec 2009 69�14.265 39�45.171 125

#6 Yukidori Valley 25 Dec 2009 69�14.467 39�44.497 60

#19 Skarvsnes Yubiwa Valley 10 Jan 2010 69�29.771 39�37.732 55

#20 Suribati Lake 10 Jan 2010 69�28.916 39�39.858 -17
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Molecular analysis of fungi

Fungal isolates were transferred to fresh malt extract agar

overlaid with a cellophane membrane, and genomic DNA

was extracted from the mycelia following the modified

CTAB method (Hirose et al. 2013). Molecular analysis was

performed as described by Tateno et al. (2015). Polymerase

chain reactions (PCR) were performed for genomic DNA

extracted from mycelia using a Quick Taq HS DyeMix

(Toyobo, Osaka, Japan). Each PCR reaction contained a

50 ll mixture [21 ll distilled water, 25 ll master mix, 3 ll

ca. 0.5 ng ll-1 template DNA, and 0.5 ll of each primer

(final, 0.25 lM)]. To amplify the region including the

rDNA ITS and 28S rDNA D1-D2 domain by PCR, the

primer pair its1f (Gardes and Bruns 1993) and LR3 (Vil-

galys and Hester 1990) was used. Each DNA fragment was

amplified using a PCR thermal cycler (DNA Engine; Bio-

Rad, Hercules, CA, USA) using the following thermal

cycling conditions. The first cycle consisted of 5 min at

94 �C, followed by 35 cycles of 30 s at 94 �C, 30 s at

50 �C for annealing, 1 min at 72 �C, and a final incubation

for 10 min at 72 �C. The reaction mixture was then cooled

Fig. 1 Locations of the ice-free

coastal outcrops from which the

moss samples were collected.

Detailed location maps are

given in Tanabe et al. (2017)
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at 4 �C for 5 min. PCR products were purified with a

QIAquick PCR Purification Kit (Qiagen, Germany)

according to the manufacturer’s instructions.

Purified PCR products were sequenced by FASMAC

Co., Ltd. (Kanagawa, Japan). Sequencing reactions were

performed in a Gene Amp PCR System 9700 (Applied

Biosystems, USA) using a BigDye Terminator V3.1 (Ap-

plied Biosystems), following the protocols supplied by the

manufacturer. The fluorescent-labeled fragments were

purified from the unincorporated terminators using an

ethanol precipitation protocol. The samples were resus-

pended in formamide and subjected to electrophoresis in an

ABI 3730xl sequencer (Applied Biosystems).

The rDNA ITS sequences of the fungal isolates were

compared with sequences available in the GenBank data-

base using BLASTN searches (Altschul et al. 1997). We

defined molecular operational taxonomic units (MOTUs)

within the rDNA ITS sequences dataset by clustering the

sequences with the BLASTclust program provided online

by the Max Planck Institute (http://toolkit.tuebingen.mpg.

de/blastclust#) based on 97% sequence similarity and 90%

coverage criteria. Occurrence of MOTU was recorded as

presence-absence in each sample. The sequences of

MOTUs determined in this study were deposited in the

DNA Data Bank of Japan (DDBJ) (Accession: LC085207–

LC085220) (Table 2).

Chemical analyses of moss

The subsamples for chemical analyses were oven-dried to a

constant mass at 40 �C to determine oven-dry mass.

Moisture content was calculated gravimetrically according

to the equation: moisture content (%) = amount of water/

oven-dry mass 9 100. The subsamples were then ground in

a laboratory mill to pass a 0.5-mm screen and used for

chemical analyses according to the methods described in

detail in Osono et al. (2006a). Acid-unhydrolyzable residue

(AUR, also known as the acid-insoluble residue or ‘Klason

lignin’ fraction) and extractive (EXT) contents were mea-

sured by sulfuric acid digestion and alcohol-benzene

extraction, respectively (King and Heath 1967). Acid-un-

hydrolyzable residue contains not only true lignin of plant

origin but also condensed tannin, phenolic compounds,

carboxylic compounds, and alkyl compounds such as cutin

(Preston et al. 1997). It should be noted that no ‘true’ lignin

has been found in moss, but other phenolic cell wall

material has been found (Erickson and Miksche 1974).

Total carbohydrate (TCH) content was measured by a

phenol–sulfuric acid method (Dubois et al. 1956). Total

carbon and nitrogen contents were measured by automatic

gas chromatography (NC analyzer SUMIGRAPH NC-900,

Sumitomo Chemical Co., Ltd, Osaka, Japan). The contents

were expressed in mg g-1 ash-free dry material.

Lignocellulose index (LCI) is a useful indicator of the

availability of organic chemical compounds for decom-

poser organisms (Osono and Takeda 2005). The LCI

denotes the amount of carbohydrates relative to lignocel-

lulose matrix in plant tissues and is calculated as:

LCI = TCH content/(TCH content ? AUR content).

Statistical analysis

We first used generalized linear models (GLMs) to evalu-

ate the difference in total hyphal length, darkly pigmented

hyphal length, the proportion of darkly pigmented hyphal

length with respect to the total hyphal length, MOTU

richness, and the occurrence of major fungal MOTUs using

moss layer and sampling site as predictor variables. Major

MOTUs were defined as those that occurred on more than

Fig. 2 Moss colonies at site #6, from which the samples were

collected (a) and a moss sample from site #5 (b). Four vertical layers
were denoted as G, R, B, and BT from the upper to the lower. The bar

in (b) is 5 mm
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10 out of 100 moss samples tested. We then used GLMs to

evaluate the difference in chemical contents in moss tissues

using moss layer and sampling site as predictor variables.

Finally, factors affecting the hyphal lengths, MOTU rich-

ness, and the occurrence of major MOTUs were analyzed

with additional GLMs with moss layer and sampling site as

categorical predictors, and chemical contents as continuous

predictors. The error structure of the GLM was Gaussian

(hyphal lengths), Poisson (MOTU richness), or binomial

(occurrence of major MOTUs). The GLM function in the R

software package for Macintosh 3.1.2 (http://www.R-pro

ject.org) was used to perform the analysis, with the glht

function of the R multcomp package for multiple com-

parisons with Tukey’s test, and an automatic stepwise

model selection with Akaike information criterion (AIC)

was performed to find the most parsimonious model, using

the minimum AIC as the best-fit estimator.

Results

Hyphal length

Total and darkly pigmented hyphal lengths in moss ranged

on average from 1256 to 5406 m/g dry material and from

35 to 1818 m/g, respectively, and were significantly greater

in layers R, B, and BT than in layer G (Fig. 3a, b; Table 3).

The proportion of darkly pigmented hyphal length with

respect to the total hyphal length ranged from 2 to 43% on

average and was the highest in layer B and was signifi-

cantly higher in layers R and BT than in layer G (Fig. 3c;

Table 3). Total hyphal length was not significantly differ-

ent among the five sampling sites (Fig. 3a; Table 3), while

darkly pigmented hyphal length and its proportion relative

to the total hyphal length were significantly higher at site

#5 than at the other four sites (Fig. 3b, c; Table 3).

Richness and occurrence of fungi

A total of 72 isolates were obtained from 53 (53%) out of

the 100 moss samples from five sites, with zero to three

isolates (0.7 isolates on average) per sample (Table 4).

These fungal isolates were classified into 14 MOTUs

(Table 2). The most frequent MOTU was Phoma herbarum

Westend., accounting for 31% (31 samples) of the 100

samples, followed by Pseudogymnoascus pannorum (Link)

Minnis & D.L. Lindner (15%). The other 12 MOTUs

constituted 6% (Dothideomycetes sp.1), 4% (Phaeo-

sphaeria sp.1), or less (1–3% of the samples; Cadophora

malorum (Kidd & Beaum.) W. Gams, Cladophialophora

minutissima M.L. Davey & Currah, Cryptococcus victoriae

M.J. Montes, Belloch, Galiana, M.D. Garcı́a, C. Andrés, S.

Ferrer, Torr.-Rodr. & J. Guinea, Phaeosphaeria sp.2, Te-

tracladium sp., and five unidentified species of

Leotiomycetes).

Fungal MOTU richness and the occurrences of P. her-

barum and P. pannorum increased significantly from layer

G to layer BT (Fig. 4a–c; Table 3). Fungal MOTU richness

Table 2 List of 14 molecular taxonomic units (MOTUs) isolated from 100 moss samples with their accession numbers, number of sample

isolated, and BLAST search results. QC, query coverage; SS, sequence similarity

MOTU Accession

number

Number of

sample

isolated

BLAST Accession

number

QC (%) SS (%)

Best identified BLAST match

taxa

Phoma herbarum LC085217 31 Phoma herbarum AY337712 100 99

Pseudogymnoascus pannorum LC085212 15 Pseudogymnoascus pannorum KP411572 99 100

Dothideomycetes sp.1 LC085210 6 Dothideomycetes sp. AB752248 99 99

Phaeosphaeria sp.1 LC085211 4 Phaeosphaeria typharum KF251192 99 98

Leotiomycetes sp.1 LC085213 3 Helotiales sp. JX852359 94 95

Leotiomycetes sp.5 LC085220 3 Leohumicola minima NR_121307 53 90

Cryptococcus victoriae LC085209 2 Cryptococcus victoriae JX188144 100 99

Tetracladium sp. LC085218 2 Tetracladium sp. JX171194 100 97

Cadophora malorum LC085207 1 Cadophora malorum GU212432 100 99

Cladophialophora

minutissima

LC085208 1 Cladophialophora minutissima EF016385 71 99

Leotiomycetes sp.2 LC085214 1 Leuconeurospora sp. JQ857040 99 99

Leotiomycetes sp.3 LC085215 1 Helotiales sp. JX852366 91 93

Leotiomycetes sp.4 LC085216 1 Helotiales sp. JX852359 95 96

Phaeosphaeria sp.2 LC085219 1 Phaeosphaeria sp. JX171188 100 99
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was significantly higher at site #19 than at site #20

(Fig. 4a; Table 3). Phoma herbarum occurred at a signifi-

cantly higher frequency at site #4 than at site #6, and it was

not isolated from moss samples at site #20 (Fig. 4b;

Table 3). Pseudogymnoascus pannorum occurred at a sig-

nificantly higher frequency at site #19 than at the other four

sites (Fig. 4c; Table 3).

Chemical composition of moss tissues

Generally, the contents of AUR, TCH, EXTR, total carbon,

and total nitrogen decreased significantly from layer G to

layer BT, whereas ash content increased significantly from

layer G to layer BT (Fig. 5a, b, d–g; Table 3). The LCI was

not significantly different among the four layers (Fig. 5c;

Table 3), while the C/N ratio was the highest in layer R and

was significantly higher in layers G and B than in layer BT

(Fig. 5h; Table 3). The chemical contents were signifi-

cantly different among the sites, with the AUR and TCH

contents higher at sites #4 and #5 than at the other sites,

and N content was in the order of: site #4[ sites #5 and

#6[ sites #19 and #20 (Fig. 5a, b, d, e, f, g; Table 3). The

LCI was highest at site #19 and was significantly higher at

sites #4, #6, and #20 than at site #5 (Fig. 5c; Table 3). C/N

ratio was significantly higher at sites #5 and #20 than at

sites #4 and #6 (Fig. 5h; Table 3).

Stepwise model selections resulted in significant effects

of moss layer and/or sampling location on hyphal lengths,

MOTU richness, and the occurrence of major MOTUs

(Table 5). Of the chemical contents, EXT and nitrogen

contents were selected as predictor variables for total

hyphal length but had v2 values that were not statistically

significant (P[ 0.05) (Table 5). Ash and nitrogen contents

were selected as predictor variables for MOTU richness, of

which ash content had a significant v2 value and a positive

regression coefficient (Table 5). Carbon and water contents

were selected as predictor variables for the occurrence of

P. herbarum, and carbon content had a significant v2 value
and a negative regression coefficient (Table 5). Carbon

content was selected as a predictor variable for the occur-

rence of P. pannorum that had a significant v2 value and a

negative regression coefficient (Table 5).

Discussion

The total hyphal lengths in moss tissues (Fig. 3) were

within the range in previous reports for dead plant tissues

and soil in the Antarctic and Arctic (i.e., up to 7000 m g-1)

(Dowding and Widden 1974; Miller and Laursen 1974;

Robinson et al. 1996; Osono et al. 2014). Bailey and

Wynn-Williams (1982) reported a similar value of the

mean hyphal length (2783 m g-1) for Mountain moss

(surface 0–1.3 cm) in Signy Island, Antarctica. Our pre-

vious study in the Arctic also found similar levels of total

hyphal lengths, with mean values ranging from 104 to

6310 m g-1 within the profiles (up to 18 cm depth) of two

moss species (Osono et al. 2012). Total hyphal length

increased significantly in the region of moss senescence

from layer G to R, whereas it showed no significant net

change from layer R to BT (Fig. 3). This suggests that the

hyphal ingrowth was restricted in layer G, possibly due to

environmental constraints, such as the antifungal activity of

live moss tissues, which can impede fungal invasion (Le-

htonen et al. 2009), or UV radiation (Tosi et al. 2005).

Fig. 3 Total hyphal length (a), the length of darkly pigmented

hyphae (b), and the proportion of darkly pigmented hyphal length

relative to the total hyphal length (c) in moss profiles, with respect to

the vertical layers (left) and sites (right). The same letters indicate that

there is not a significant difference at the 5% level by Tukey’s HSD

test. Bars indicate standard errors (n = 5)
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Darkly pigmented hyphal lengths have rarely been

investigated in the Antarctic and Arctic regions, despite the

adaptive importance of hyphal pigmentation and

melanization under environmental stresses such as low

temperature, desiccation, and exposure to UV radiation

(Butler and Day 1998). The lengths of darkly pigmented

Table 3 Summary of

generalized linear model for

hyphal length, richness and

occurrence of fungi, and

chemical properties using layer

and site as predictor variables

Response variable Layer Site

Deviance p Deviance p

Hyphal length

Total hyphal length 70465721 \0.0001 7265269 0.293

Darkly pigmented hyphal length 11825498 \0.0001 5167054 0.0007

% Darkly pigmented hyphae 6406 \0.0001 2599 \0.0001

Richness and occurrence of fungi

MOTU richness 19.4 0.0002 9.9 0.042

Occurrence of Phoma herbarum 11.2 0.011 27.9 \0.0001

Occurrence of Pseudogymnoascus pannorum 19.4 0.0002 28.1 \0.0001

Chemical property

Acid-unhydrolyzable residues (AUR) content 1136 \0.0001 1160 \0.0001

Total carbohydrates (TCH) content 1898 \0.0001 1444 \0.0001

Lignocellulose index (LCI) 0.004 0.658 0.105 \0.0001

Extractives content 95.6 \0.0001 155.0 \0.0001

Ash content 3653 \0.0001 1373 \0.0001

Carbon content 3254 \0.0001 2263 \0.0001

Nitrogen content 6.3 \0.0001 6.9 \0.0001

Carbon to nitrogen (C/N) ratio 1767 \0.0001 2365 \0.0001

Data are summarized in Figs. 2, 3, and 4

Table 4 Number of moss samples from which fungal molecular taxonomic units (MOTUs) were isolated

MOTU Site #4 Site #5 Site #6 Site #19 Site #20

G R B BT G R B BT G R B BT G R B BT G R B BT Sum

Phoma herbarum 1 4 4 4 1 1 1 2 1 0 1 2 0 2 3 4 0 0 0 0 31

Pseudogymnoascus

pannorum

0 0 0 1 0 0 0 1 0 0 0 2 0 3 4 4 0 0 0 0 15

Dothideomycetes sp.1 0 0 0 0 0 0 2 2 0 0 0 1 0 0 0 0 0 0 1 0 6

Phaeosphaeria sp.1 0 0 0 0 0 0 0 0 2 1 0 0 0 0 1 0 0 0 0 0 4

Leotiomycetes sp.1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 3

Leotiomycetes sp.5 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 1 3

Cryptococcus victoriae 0 0 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 2

Tetracladium sp. 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 2

Cadophora malorum 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Cladophialophora

minutissima

0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1

Leotiomycetes sp.2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1

Leotiomycetes sp.3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1

Leotiomycetes sp.4 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1

Phaeosphaeria sp.2 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1

Sum 1 4 4 5 1 1 4 10 5 3 1 5 0 5 8 9 0 0 3 3 72

Number of MOTUs 1 1 1 2 1 1 3 8 3 3 1 3 0 2 3 3 0 0 3 3 14

Five moss samples were examined for each site and each moss layer, making a total of 100 samples for the present study. Five sites are as in

Table 1. Moss layers G, R, B, and BT are as in Fig. 2
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hyphae and its proportions relative to the total length in the

present study were similar to those reported for Arctic

mosses (Osono et al. 2012) and dead vascular plant tissues

and forest floor materials in arctic tundra and temperate

forests (Osono et al. 2006b, 2011, 2014). Darkly pigmented

hyphae are attributable to those of dematiaceous species,

such as Cadophora and Cladophialophora (Table 2).

Colonization of moss tissues by these fungal species may

have contributed to some extent to the accumulation of

darkly pigmented hyphae in moss profiles. Alternatively,

melanized hyphae simply accumulated from layer G to B

because of slower degradation and turnover of melanized

hyphae than hyaline hyphae (Fernandez and Koide 2014).

The present study was not successful in elucidating pos-

sible effects of chemical composition on darkly pigmented

hyphae (Table 5). The reasons for the decrease in the

proportion of darkly pigmented hyphal length with respect

to the total hyphal length in layer BT (Fig. 3c) remain

unclear, but one possibility would be less extreme fluctu-

ations in temperature and moisture in the lowermost layer

than in the upper layers (Osono et al. 2012), which could

enhance the survival of hyaline hyphae in the lowermost

layer.

The present study found 14 MOTUs (at the 97% simi-

larity threshold), which was within the range of previous

reports for the richness of microfungi associated with moss

and dead plant tissues from the Antarctic (10–28 species or

OTUs; McRae and Seppelt 1999; Tosi et al. 2002; Hirose

et al. 2013; Zhang et al. 2013; Yu et al. 2014) and Arctic

(Osono et al. 2012, 2014) but appeared to be lower than in

temperate mosses (Thormann et al. 2004; Osono and Tro-

fymow 2012). It was also similar to the levels of micro-

fungal richness in Antarctic soils (Malosso et al. 2006;

Bridge and Newsham 2009; Rao et al. 2012). The increase

of MOTU richness from the upper layer G to the lowermost

layer BT (Fig. 4a) was related to the increase of ash con-

tent (Fig. 5e; Table 5), suggesting the gradual mixing of

moss tissues with soil might partly account for the occur-

rence of fungi. The lower richness in the upper profile may

also have been related to the more extreme fluctuations in

temperature and moisture and to the antifungal activity of

live moss tissues, as discussed above.

Phoma herbarum and P. pannorum are common com-

ponents of fungal assemblages of moss in continental

Antarctica (McRae and Seppelt 1999; Tosi et al. 2002). The

adaptation of P. herbarum to Antarctic soil conditions,

which are characterized by low temperature, high thermal

variation, and freeze–thaw cycles, is probably related to its

ability to produce exopolysaccharide (Selbmann et al.

2002). These fungal species are known as psychrotrophic or

psychrophilic, and are known to also be distributed in Arctic

regions (Robinson 2001; Domsch et al. 2007; Osono et al.

2012). Hirose et al. (2016) found contrasting patterns in the

geographical distributions of P. herbarum and P. pannorum

in the Lützow-Holm Bay and Amunzen Bay areas of con-

tinental Antarctica. That is, P. herbarum was distributed

widely in these areas and tended to occur more frequently in

moss tissues with higher total nitrogen content, whereas P.

pannorum exhibited a localized distribution.

The downward increase of P. herbarum and P. panno-

rum was related to the decrease of total carbon content

(Table 5), implying the fungal decomposition of organic

materials in moss tissues. Indeed, these two species were

capable of utilizing polymericcarbohydrates, such as cel-

lulose and starch (Domsch et al. 2007; Leung et al. 2011).

The C/N ratio in moss tissues decreased from layer R to

Fig. 4 MOTU richness (a) and the occurrence of Phoma herbarum

(b) and Pseudogymnoascus pannorum (c) in moss profiles, with

respect to the vertical layers (left) and sites (right). The same letters

indicate that there is not a significant difference at the 5% level by

Tukey’s HSD test. Bars indicate standard errors (n = 5)
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Fig. 5 Contents of acid-unhydrolyzable residue (a) and total carbo-

hydrates (b), lignocellulose index (c), the contents of extractives (d),
ash (e), carbon (f), and nitrogen (g), and carbon to nitrogen ratio (h) in
moss profiles, with respect to the vertical layers (left) and sites (right).

The same letters indicate that there is not a significant difference at

the 5% level by Tukey’s HSD test. Bars indicate standard errors

(n = 5)
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layer BT (Fig. 5h). Such a decrease of C/N ratio during

decomposition has often been attributed to the incorpora-

tion of nitrogen in fungal hyphae (Berg and Söderström

1979; Osono and Takeda 2001) and/or the secondary for-

mation of recalcitrant compounds registered as AUR,

possibly caused by the activity of decomposer fungi (Berg

1986; Osono and Takeda 2004; Fukasawa et al. 2009). In

the present study, neither fungal hyphae (Fig. 3a) nor AUR

accumulation (Fig. 3c) could account for the decrease of

C/N ratio from layer R to BT. Alternative explanations for

the decrease of C/N ratio may include the roles of other

microbes, such as bacteria, and/or soil animals (Davis

1981; Lindo and Gonzalez 2010), but further studies are

needed to test these speculations.

The vertical patterns of abundance and richness of fungi

and chemical changes in the Antarctic moss profiles exhib-

ited interesting similarities and contrasts to those of the

Arctic ones (Table 6). Osono et al. (2012) conducted similar

investigations using arctic moss profiles of Hylocomium

splendens (Hedw.) W.P. Schimp. and Racomitrium lanugi-

nosum (Hedwig) Bridel on Ellesmere Island, Canada (80�N).
The hyphal length, the microfungal richness, and chemical

changeswere generally similar betweenAntarctic andArctic

moss profiles (Table 6). Meanwhile, marked differences

were found for fungal succession and lignocellulose

decomposition between Antarctica and the Arctic (Table 6).

Species composition of microfungi changed successively

downward within the Arctic moss profiles, concomitantly

with the decrease of species richness and the relative

decrease of TCH, indicating the competition for carbohy-

drates and competitive exclusion between microfungal

species. In contrast, a cumulative increase of microfungal

MOTUswith no significant changes in LCI characterized the

succession in Antarctic moss profiles. These two patterns of

fungal succession and resource utilization are analogous to

the models of primary succession in polar deserts proposed

by Svoboda and Henry (1987). Svoboda and Henry (1987)

summarized plant succession in marginal arctic environ-

ments and presented three models of succession: a direc-

tional-replacement model in low resistance environments, a

directional-nonreplacement model in high resistance envi-

ronments, and a nondirectional-nonreplacement model in

extremely resistant environments. The richness and occur-

rence of microfungi increased in the Antarctic moss profiles,

but there was little evidence of MOTU replacement

(Table 4), in the chronosequence, indicating directional-

nonreplacement succession and the high environmental

resistance, which represent the sum of the adverse factors

hindering the success of species establishment. In contrast,

the fungal succession in Arctic moss profiles is consistent

with the directional-replacement model, in which species

replacement takes place due to competition. The contrasting

patterns of fungal succession suggest that more hostileT
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environmental conditions in continental Antarctica than in

the Arctic characterize the pattern of succession in decom-

posing moss tissues and limit the roles of microfungi in the

decomposition processes.

To our knowledge, the present study is the first to

determine the detailed picture of the vertical pattern of

fungal occurrence within moss profiles (i.e., the Bryo-

sphere) of continental Antarctica, with reference to hyphal

length and culturable fungal assemblages in relation to

chemical changes in decomposing moss tissues. Mosses are

a major component of poorly vegetated, ice-free coastal

outcrops in continental Antarctica, and studies of their

diversity, distribution, and biomass have been conducted

(Kanda and Inoue 1994; Ochyra et al. 2008; Cannone et al.

2013). Our dataset provides useful insights into the abun-

dance and diversity of fungi, potential factors affecting

them, and possible roles of fungi in chemical changes in

moss profiles in continental Antarctica.
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