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Abstract

To validate the mechanism of cellulose breakdown in cold climate wetlands, we

investigated cellulase activity in sediments collected from 17 wetland sites in Hokkaido,

the northern area of Japan. We evaluated cellulase activity by quantitative analysis of

glucose released from carboxymethyl cellulose and found that sediments from peat fens

demonstrated high activity, followed by sediments from lagoons and estuaries.

Sediments from peat fens also contained greater amounts of organic matter, followed by

lagoons and estuaries, thereby suggesting a strong positive correlation between organic

matter content and cellulase activity. Evaluation of cellulase activity by qualitative

cellulose zymographic analysis showed that various cellulases with different molecular

sizes were implicated in cellulose breakdown in wetlands. Among them, cellulose

breakdown in Meguma Pond (peat fen), Notsuke Gulf (peat fen) and Lake Utonai

(lagoon) was potentially due to microorganism cellulase, while that in Lake Chobushi

(lagoon) was ascribed to meiobenthos (Oligochaeta species) cellulase. The findings

presented herein suggest that the origin and activity level of cellulase varied, depending

on the types of cold climate wetlands.

Keywords: Cellulase - Cellulose + Cold district -+ Microorganism - Hokkaido -

Meiobenthos « Sediment « Wetland
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Introduction

Wetlands play ecologically important roles as breeding grounds and stopping

points for migratory birds, as well as habitats for aquatic invertebrates, because of the

richness of nutrients derived from rivers, lakes, and seas [1]. Cellulose, a component of

plant cell walls, is a major organic material in the sediment of wetlands. Cellulose is a

high-molecular-weight polysaccharide comprised of 3-1,4-linked glucose residues and

biochemically stable compared to starch, in which glucose residues are bound by a-1,4

linkages and a-1,6 linkages [2,3]. Cellulase, which is a general term for enzymes that

belong to the glycoside hydrolase family and catalyzes the hydrolysis of the

B-1,4-glycoside linkages of cellulose chains, includes endo-B-1,4-glucanase (EC

3.2.1.4) and cellobiohydrolase (EC 3.2.1.91). Endo-B-1,4-glucanase and

cellobiohydrolase degrade cellulose to cellulodextrin or cellobiose, and another enzyme

B-glucosidase (EC 3.2.1.21) further degrades them into glucose [4]. Cellulases from

bacteria [5], filamentous fungi [6], basidiomycetes [7], myxomycetes [8], and protozoa

[9] have been extensively studied. Occurrence of cellulase of which genes are encoded

on chromosomes of their own have been reported from termite [10] and nematoda [11,

12]. Occurrence of these endogenous cellulases has also been reported in aquatic
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animals, such as blue mussels, abalones, sea urchins [13, 14, 15], and brackish clam

[16].

Cellulase and B-acetylglucosaminidase activities in sediments collected from

various wetlands in Japan were measured as part of the research conducted for The

International Collaborative Research on the Management of Wetland Ecosystem of the

National Institute for Environmental Studies between 1998 and 2002 [17]. In this report,

high cellulase activities were detected in the sediments from Lake Furen and Biwase

River, located in the east area of Hokkaido Prefecture of Japan, and the activities were

assumed to be derived from microorganisms. Recently, it was shown that the cellulase

activities in these northern areas of Japan can be ascribed to meiobenthos, but not to

microorganisms, and suggested that meiobenthos play an important role in the

breakdown of cellulose, especially in cold climates [18]. Meiobenthos are defined as

animal that pass through a 1-mm mesh filter and are known to be composed of a variety

of fauna corresponding to 22 phyla [19].

There are many untouched wetlands in Hokkaido, which has the greatest

number of wetlands on the registry of the 500 most important wetlands in Japan

maintained by the Ministry of Environment [20] and Ramsar Convention [21]. Wetlands

are classified as lakes, rivers, or estuaries. Hokkaido has many lakes, most of which are
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classified as lagoons that were formed when a part of the sea was enclosed by land.

Many lagoons are located in Hokkaido (e.g., Lake Saroma and Lake Furen).

Land-derived organic matter accumulates more easily in lagoons than in estuaries,

because lagoons have only a narrow mouth open to the sea [22]. Many peat fens are

localized in the eastern and northern parts of Hokkaido, because cellulose breakdown by

microorganisms is suppressed at low level due to low temperature throughout a year.

For example, annual mean temperatures around Meguma Pond and Notsuke Gulf in

2010 were 6.7°C and 6.3°C, respectively (Japan Meteorological Agency Web:

http://www.jma.go.jp/ “Accessed 19 August 2011”.). Because enough amount of

cellulose derived from undecayed plants in peat fens could be available, it is assumed

that various cellulose consumers inhabit there [23]. Although various types of wetlands

located in Hokkaido are presumed to be inhabited by diverse cellulose consumers such

as microorganisms and meiobenthos, it remains unknown what types of organisms are

mainly involved in cellulose breakdown in these wetlands.

In the present study, in order to evaluate cellulose breakdown in cold climate

wetlands, we compared the degree of cellulose breakdown among the different types of

wetlands in Hokkaido and tried to identify major cellulose consumers in these wetlands.
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Materials and methods

Materials

Figure 1 shows the sampling sites and their latitude and longitude measured by

a handy GPS (eTrex Vista HCx; Garmin, Olathe, KS, USA). Sampling was performed

from early to mid-August 2010 and from mid-September to early October 2010. We

collected sediments from 11 lagoons (Koetoi Onuma Pond, Lake Kuccharo, Lake

Saroma, Lake Notoro, Lake Abashiri, Lake Furen, Mochirippu Pond, Lake Akkeshi,

Pashikuru Pond, Lake Chobushi, and Lake Utonai), 2 peat fens (Notsuke Gulf and

Meguma Pond), and 4 estuaries (Teshio River, Ishikari River, Mukawa River, and Saru

River). Sediments from Lake Saroma, Lake Notoro, Lake Abashiri, Lake Akkeshi, Lake

Furen, Notsuke Gulf, Mochirippu Pond, Pashikuru Pond, and Lake Chobushi were

collected on August 9-12, 2010, and those from the other sites were collected from

September 29 to October 2, 2010. We collected approximately 1 kg of sediments from a

depth of 5 cm of each collecting site. We selected one collecting site apparently without

plants for each wetland and transported these samples at 4°C back to the laboratory at

Kyoto University. Sediment samples were stored at 4°C until analyses. Salt

Fig. 1
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concentration of environmental water from each sampling site was measured by a

salinometer (IS/Mill-E; AS ONE corporation, Osaka, Japan). Table 1 and Table 2 show

salinity and composition of grain sizes of each wetland, respectively. Unless otherwise

specified, special grades of reagents were commercially obtained from nacalai tesque

(Kyoto, Japan).

Measurement of sediment cellulase activity by quantitative analysis

Cellulase activity of sediments was measured within 2 weeks of collection,

according to the method of Hayano et al. [24], by using tetrazolium as a coloring agent

[25]. Five grams (wet weight) of sediment, passed through a 2 mm-filter, was collected

in a 50 ml-conical tube and added to 0.5 ml toluene for sterilization. Next, 10 ml of 0.2

M acetate buffer (pH 5.9) and 10 ml of 1% sodium carboxymethyl cellulose (CMC;

Sigma, St Louis, MO, US) were added and incubated in a water bath at 30°C for 24 h

with shaking. The same reaction mixture containing water instead of CMC was used as

a control. After incubation, tubes were centrifuged at 8,000 x g for 5 min, and 100 pl of

supernatant was added to a 1.5-ml tube. One milliliter of blue tetrazolium was added to

the tube and heated at 100°C for 4 min in a block incubator (Block Incubator BI-525;

Table 1

Table 2
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ASTEC, Fukuoka, Japan), and the absorbance at 660 nm was measured by a

spectrophotometer (UV mini 1240; Shimadzu Corporation, Kyoto, Japan) after cooling.

The value of the absorbance was converted to glucose concentration by using a standard

curve of glucose (0180 pg/ml) created at the same time. The pellet obtained by

centrifugation was dried in a dryer (PS-420; ADVANTEC, Tokyo, Japan) at 60°C

overnight to determine the dry weight. Cellulase activity was represented as the amount

of glucose released from CMC per 1 g sediment (dry weight) per 1 h.

Isolation of meiobenthos

Meiobenthos were isolated alive from sediments within 1 week of collection.

Meiobenthos were recovered in the fraction that included materials small enough to pass

through a 1-mm mesh filter but too large to pass through a 63-um mesh filter. Each

meiobenthos was isolated under observation with a microscope (S2X12; Olympus,

Tokyo, Japan). Classification of meiobenthos was performed at the level of Class

according to Robert et al. [19] except for nematoda due to the difficulty in classification

of this species. Classification of arthropods was performed according to Joei et al. [26].

We used single body of meiobenthos for qualitative cellulase assay and two bodies for
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quantitative assay.

Cellulase activity of oligochaeta from Notsuke Gulf was measured

quantitatively according to the modified method of Niiyama and Toyohara [27]. Briefly,

two bodies of living oligochaeta were homogenized with cold 110 pl

phosphate-buffered saline (PBS, containing 140 mM NaCl, 2.7 mM KCI, 8 mM

Na,HPOQO,, and 1.5 mM KH,POy, pH 7.4). Then, 3 pl of meiobenthos extract, 3 pul of 1

M sodium acetate buffer (pH 5.9), and 24 ul of 1% CMC solution were mixed.

Reactions were carried out at 30°C and 4°C for 1, 3,7,12, and 24 h with shaking. After

incubation, the mixtures were heated at 100°C for 3 min in the block incubator

described above to terminate the enzyme reaction. The amount of reducing sugar

produced was measured by the tetrazolium blue method [25]. The absorbance at 660 nm

was measured with a UV-mini 1240 spectrophotometer.

Preparation and culture of cellulose breakdown microorganisms

Sediment was spread on an agar plate (1.5% agar containing 0.5% CMC,

0.15% Ca(NO3), 0.05% MgSOy4, 0.05% K,HPO,4) and cultured at 25°C for 1 week.

Autoclaved 0.1% soft agar was then added to the cultured plate, and the surface of the
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plate containing microorganisms was scraped with a bacteria spreader. Soft agar

containing cultured microorganisms was added to a liquid culture medium (0.5%CMC,

0.15% Ca(NO3),, 0.05% MgSO,, and 0.05% K,HPO,) and cultured at 25°C for 1 week.

Culture medium was then filtered through paper filter (No. 1; Toyo Roshi Kaisha,

Tokyo, Japan), and the filtrate was used for SDS-PAGE zymographic analysis.

Measurement of cellulase activity by qualitative analysis with sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE) zymography

An aliquot of sediment and a 1/5 volume of 6 x SDS sample buffer (containing

0.6 M Tris-HCI (pH 6.8), 60% glycerol, 6% SDS, and 0.06% bromophenol blue) were

mixed with a homogenizer (HandySonic UR-20P; TOMY SEIKO, Tokyo, Japan),

incubated on ice for 2 h, and centrifuged at 8,000 x g for 5 min. The supernatant was

used for SDS-PAGE zymographic analysis.

Meiobenthos were picked up from the sediments one by one using a pair of

tweezers under a binocular microscope (S2X12; Olympus, Tokyo, Japan), and each was

then homogenized alive with cold 20 ul PBS to prepare a meiobenthos extract for

SDS-PAGE zymographic analysis. Approximate lengths of each meiobenthos are as

10
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follows. A nematoda obtained from Meguma Pond is 2-3 mm long and that from Lake

Utonai is 4 mm long. An oligochaeta species from Meguma Pond, Lake Notoro and

Lake Utonai is 1-2 mm long, 4 mm long, and 8 mm long, respectively. A polychaeta

species from Lake Utonai is 1-2 mm long. Maxillopoda species from Meguma Pond is 1

mm long.

Cellulase zymographic analysis was performed using 7.5% SDS-PAGE gels

containing 0.1% CMC. After electrophoresis, the gels were soaked in 10 mM acetate

buffer (pH 5.5) containing 0.1% TritonX-100 for 30 min to remove SDS from the gels.

The gels were transferred to 10 mM acetate buffer (pH 5.5), incubated at 37°C or 4°C

overnight, and then stained with 0.1% Congo Red. In case of sediment of Notsuke Gulf,

the gel was incubated for 4 days because of low activity. The gels were destained using

1 M NaCl. The active bands were detected as nonstained bands.

Measurement of organic component ratio

Dried sediment obtained as mentioned above was heated in a mantle heater

(KCA-10A; Koito, Tokyo, Japan) at 600°C for 3 h [28]. Organic component ratio (%)

11
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was calculated according to the formula below.

Organic component ratio (%) = [(dry weight — ignition weight)/(dry weight)] % 100

Results

Comparison of cellulase activity level by quantitative cellulase analysis

Among 17 wetland sites in Hokkaido, Meguma Pond showed the highest

cellulase activity (peat fen, 737.88 nmol/gh, Table 1), followed by Notsuke Gulf (peat

fen, 92.39 nmol/gh), Lake Utonai (fresh water lagoon, 44.45 nmol/gh), Lake Saroma

(lagoon, 28.48 nmol/gh), Lake Akkeshi (lagoon, 21.42 nmol/gh), and Lake Notoro

(lagoon, 13.86 nmol/gh), as summarized in Table 1. Sediments from the estuaries of the

Teshio River, Ishikari River, Mukawa River, and Saru River showed little or no

cellulase activity.

Qualitative analysis of cellulases by SDS-PAGE zymography

Among 17 wetlands in Hokkaido, active cellulase bands were detected in all

12

Fig. 2
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samples by SDS-PAGE zymographic analysis, except for sediments from Pashikuru

Pond, Mukawa River, Saru River, and Lake Abashiri (data not shown). For meiobenthos,

active cellulase bands were detected in the Oligochaeta species in Meguma Pond (Fig.

2), Notsuke Gulf (Fig. 2), Lake Notoro and Lake Abashiri (data not shown), Lake

Chobushi (Fig. 2), Lake Utonai (Fig. 2), Ishikari River, and Koetoi Onuma Pond (data

not shown); Malacostraca species in Lake Kuccharo (data not shown); Nematoda

species in Lake Saroma (data not shown); Foraminifera species in Lake Akkeshi (data

not shown); and Polychaeta species in Teshio River (data not shown).

As shown in Fig. 2a, sediment from Meguma Pond demonstrated activity as a

broad smear above 38 kDa. For meiobenthos, Oligochaeta species showed an active

band at 48 kDa, but Nematoda species and Maxillopoda species showed no activity.

However, culture medium of microorganisms showed an active band of high molecular

weight (above 199 kDa).

Figure 2b shows the cellulase activity from the Notsuke Gulf sample. Sediment

exhibited intensive active bands at 33 and 87 kDa and faint active bands at 49, 146, 172

and 244 kDa, while Oligochaeta species showed at 26, 29 and 30 kDa. On the other

hand, culture medium of microorganisms showed active bands at 108, 146, 172 and 244

kDa.

13
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Figure 2c shows the cellulase activity from the Lake Notoro sample. Sediment

showed weak active bands at 24, 30, and 58 kDa. Oligochaeta species showed a strong

active band at 28 kDa and a weak active band at 29 kDa. Ostracoda species

demonstrated a weak active band at 27 kDa, while the culture medium of

microorganisms showed active bands at 49, 108, and 230 kDa.

Figure 2d shows results from the Lake Chobushi sample. Sediment showed

active bands at 33, 59, and 62 kDa, while Oligochaeta species showed active bands at

30, 33, 36, 38, 43, 59, and 62 kDa. Although smear active bands were detected by 24

h-incubation because of the intensive cellulase activity of Oligochaeta species, sharp

bands could be detected by 10 h-incubation.

Figure 2e shows the results from the Lake Utonai sample. Sediment showed

active bands at 46, 65, and 105 kDa. Nematoda species showed no activity, while

Oligochaeta species showed an active band at 68 kDa.

Demonstration of cellulase activity of meiobenthos at low temperature

As shown in Fig.3, Oligochaeta species demonstrated the substantial cellulase

activity bands at 4°C in zymographic analysis, of which activity levels were

corresponded to those at 37°C. Oligochaeta species in Notsuke Gulf showed 29 and 30

14

Fig. 3
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kDa active bands, while those in Lake Chobushi showed 36, 38, 43 and 59 kDa active

bands.

Figure 4 shows the cellulase activity of oligochaeta species in Notsuke Gulf. Fig.4

Higher activity was detected at 30°C than at 4°C. It should be stressed that the activity

level at 4°C was almost corresponded with 30% of that at 30°C.

Relationship between the amount of organic matter and cellulase activity level

As shown in Table 1, sediment from peat fens such as Meguma Pond and

Notsuke Gulf contained large amounts of organic matter, 66.6% and 16.9%, respectively.

Sediments from lagoons such as Lake Saroma, Lake Akkeshi, and Lake Utonai

contained 1.5%, 6.4%, and 1.5% organic matter, respectively. Sediments from the

estuaries of the Teshio River, Ishikari River, and Saru River contained 1.0%, 0.1%, and

0.1% organic matter, respectively. There was a strong positive correlation (r = 0.96)

between the amount of organic matter and the cellulase activity level among sediments

collected from 17 wetlands.

Discussion

15
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We measured cellulase activity in sediments collected from 17 wetlands in

Hokkaido to evaluate cellulose breakdown in cold climates. According to our

quantitative analysis (Table 1), sediments from peat fens showed the highest cellulase

activity, followed by those from lagoons and estuaries so far as measured on August

and September in the specific collecting site.

SDS-PAGE zymographic analysis revealed that the molecular size of active

cellulase bands in sediments from Notsuke Gulf (peat fen) corresponded with those

from culture medium of microorganisms. To confirm microorganism cellulases

actually act at cold temperature, we measured activity at 4°C. As shown in Fig. 3(a),

culture medium of microorganisms showed active bands of 146 and 172 kDa,

suggesting that microorganism cellulases might play any function in cellulose

breakdown in Notsuke Gulf. The molecular sizes of active cellulase bands in the

sediments of Lake Chobushi (lagoon) corresponded with those from meiobenthos.

These findings suggest that microorganisms and meiobenthos play important roles in

cellulose breakdown, especially in these wetlands in Hokkaido. However, the

possibility that the molecular sizes of cellulase active bands of sediments and

microorganisms/meiobenthos apparently coincided is not completely ruled out. Further

16



©CO~NOOOTA~AWNPE

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

immunological analysis is needed to validate that the active bands of sediments were

derived from microorganisms or meiobenthos.

Oligochaeta showed a strong active band that did not coincide with any bands

in the sediment samples from Lake Notoro (Fig. 2c). Despite the fact, it is assumed

that Oligochaeta species could play any function in cellulose breakdown in Hokkaido,

together with the fact that oligochaeta played an important role in Lake Chobushi as

described above. As shown in Fig.3, Oligochaeta species demonstrated the substantial

cellulase activity at 4°C in qualitative analysis. Oligochaeta species in Notsuke Gulf

actually demonstrated the activity at 4°C almost corresponded with 30% of that at

30°C (Fig.4), suggesting that meiobenthos might play any role to degrade plant

residues at low temperature. Since same active bands were demonstrated at 4°C and

37°C, these Oligochaeta species were assumed to possess cellulases active at broad

temperature range.

As shown in Table 1, a strong positive correlation was observed between the

amount of organic matter and the cellulase activity level. Based on the following facts;

(i) organic matters are assumed to be derived from plant residues [29], (ii) in Meguma

Pond and Notsuke Gulf where high content of organic matters are detected in sediments,

cellulase activity of sediments was derived from microorganisms (Figs. 2a and b), and

17
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(iii) microorganisms secrete cellulases extracellularly[30], (iv) Liu and Toyohara

reported that fungal cellulase actually bound to plant residues [31], it seems likely that

cellulases secreted from microorganisms would bind to plant residues and degrade them

in the wetlands of peat fen sediments. In our preliminary experiments, cellulases from

Corbicula japonica bound to plant residues similar to fungal cellulases (data not shown),

meiobenthos cellulases would function as sediment-binding form in sediment of

Hokkaido wetlands.
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Figure captions

Figure 1 Sampling sites of wetlands in Hokkaido. Geological types of wetlands are

classified into 3 types: lagoon, peat fen, or estuary. Letters indicating sampling sites

correspond to those in Table 1 and Table 2.

Figure 2 Qualitative analysis of cellulase activity by SDS-PAGE cellulose zymography

at 37°C. (a) Meguma Pond: Lane 1, sediment; lane 2, Nematoda; lane 3, Oligochaeta;

lane 4, Maxillopoda; lane 5, microorganisms. (b) Notsuke Gulf: Lane 1, sediment; lane

2, Oligochaeta; lane 3, microorganisms. (c) Lake Notoro: Lane 1, sediment; lane 2,

Oligochaeta; lane 3, Ostracoda; lane 4, microorganisms. (d) Lake Chobushi: lane 1,

sediment; lane 2, Oligochaeta (24h-incubation); lane 3, Oligochaeta (10 h-incubation).

(e) Lake Utonai: Lane 1, sediment; lane 2, Nematoda; lane 3, Oligochaeta; lane 4,

microorganisms. Note that active bands of each animal do not reflect the enzyme

activity level correctly. Asterisks mean that the animal belongs to meiobenthos.

Figure 3 Qualitative analysis of cellulase activity of oligochaeta species from Notsuke

Gulf (a) and Lake Chobushi (b). (a) Notsuke Gulf: Lane 1, sediment; lane 2,
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426

Oligochaeta; lane 3, microorganism. Asterisks mean that the animal belongs to

meiobenthos.

Figure 4 Cellulase activity of oligochaeta species in Notsuke Gulf at 4°C and 37°C as a

function of time. Values are mean = standard deviation (n=3).

25



Authors' Response to Reviewers' Comments
Click here to download Authors' Response to Reviewers' Comments: 120219_yamada_answer.pdf

FER T EE

AITR

CDEVEFCEBEBYHYNES CSVWELZ 1 2OBEEDI A Y ML
TROKESITHIEN-LELT-, BEEEDERICHEVEMEREZIT o120,
STERBORENENT-CLEEBFEVVEZLET, TBEDIFE, £ALLSE
BEL VM= LET,

HAR

T 24 £2 B19 H

REBRZEFHER SFEE

Major points

1. Fig. 212D\ T

1-1 N FIRR2—2 2DV T

FIEIN S ZEESI Nk 5 TIH, S— DL/ FHOREZ TLVEE S /ZILEE
CEHA, HIZFig. 2b D sediment DL—>?D 121 & 172kDa D/v> FixE S5 E
TL PCEIBILTLHIRIL TE) Id0FYEIFELZFEFEA. CDETIEETE
FEEMEBEIEECLIZTTELEEADT, sediment D L— 2 FNE ZFETH.
RIGERFES T8 EICL YBFBEL/INY FEERL TS S, Fig 2e (2D
WTELTINEEICRZ v L TS EL S EE TIL sediment & microorganism
DEINST—CIFEACIHEFEL DODHE LAEFEAL, CATHEZRCEDT
HBEELEHTBDITEELSHEEFELFEFT, LA=DDT—Z/L |ine252-253
[CEEH IR TS L IIZ. KigX B THEICEELHME LGS T—XTI DT,
Fig 2b (B FEDFET, Fig 2e [FFHATRIVBELS L L L S THAIL,
sediment DERDFED/N> K& microorganism [ZIF5 & B 500 #HI L =5
DROWEBENET,

—CHERICHEVFig 2b OFMFEREEIZOVTIE4 BEADOREZEIT5 2 & T, B
HEEMNVFERET A ENTE-DT, TOT—2EELBRAF L,
EIELEROIELTORY TY,

L186-187:In case of sediment of Notsuke Gulf, the gel was incubated for 4 days
because of low activity. The gels were destained using 1 M NaCl. The active bands were
detected as nonstained bands.



L226-230:Sediment exhibited intensive active bands at 33 and 87 kDa and faint active
bands at 49, 146, 172 and 244 kDa, while Oligochaeta species showed at 26, 29 and 30
kDa. On the other hand, culture medium of microorganisms showed active bands at 108,
146, 172 and 244 kDa.

—Fig. 2 [2DWTIFBEHZT TENVEDRRE2 Y LTLESTZE=D
sediment DEDF/\> K% microorganism [ZIRE B At #HIBRLE LT,
STIELI=EAIXLLTODEY T

L273-275:SDS-PAGE zymographic analysis revealed that the molecular size of active
cellulase bands in sediments from Notsuke Gulf (peat fen) corresponded with those
from culture medium of microorganisms.

1-2 ZFEICELT

- Nematoda, 0/igochaeta, Harpcitcoida, Ostracoda, Polychaeta (&4 E#1
meiobenthos [Z/ET BFELETH Y. microorganism [ZH L THEHT L TIVBC E/E
BHBIZFH, &LL< IFFWMETRINETZTHHZDYPTOEENET,

— THEREICEVNEFNRFAOEYD Meiobenthos THBZ ENMY ZL DL
SIZEABIZ* TRLELF=, E-FHIZEUFigure caption IZE2iEMZ FEL
f=o STELE=ERIELLTDEY T,

L418: Asterisks mean that the animal belongs to meiobenthos
L422-423 : Asterisks mean that the animal belongs to meiobenthos

- F/=Harpcitcoida & Ostracoda [EFHEIZ 7o TIVE T, —ARICH #EFK L TH
HIFTZEDE,. #IZ[@ES5 LD T, Harpeitcoida (Va3 2aF) . Ostracoda
(DAL THY) FIZIZELLETOLSICECET, & LEASHDELL DS

Lo BENEENFET,

—CHEHnEY . REETETELFE L, STELEHAEUTORY TY,
L233:0stracoda species demonstrated a weak active band at 27 kDa.

L414-415:(c) Lake Notoro: Lane 1, sediment; lane 2, Oligochaeta; lane 3, Ostracoda;
lane 4, microorganisms.



L180:Maxillopoda species from Meguma Pond is 1 mm long.

L223:but Nematoda species and Maxillopoda species showed no activity.
L411-412:Meguma Pond: Lane 1, sediment; lane 2, Nematoda; lane 3, Oligochaeta;
lane 4, Maxillopoda; lane 5, microorganisms.

- &5/, CHIFEL B suggestion TI A, LD Nematoda (#RFEZEIYFT) .
0/ igochaeta (BE#) . Polychaeta (ZE#i) . Harpcitcoida (V33223
B) . Ostracoda (#1442 TF#g) I1ZF7. #i. BEABEDEBEHELESL T,
Mejobenthos D5 EBI1FEE IZEAE ik S5 TT A, FE—SALTHRIL S/IZEE
WEF, CHIZEIL T Introductjon 4T meiobenthod 2B 3 B LML 0
DB/ RNEBENET

—CtEHn@EY . #(class) LANLIZH— LE LTz, BNEBMMDREERERIE
Joei 5D EEIZHELN(26) . Harpacticoida (H) I Maxi | lopoda (#8) ~.
Tanaidacea [ Malacostraca (#8) ~&Z&EEZETIE L E L=, Ostracoda (& Joei
LDNETIIETHS=H. TOEFFERFLLFE LT, Nematoda ICEALF L TIE
BLARILODENERICRETH SO, HINELTHALRILTEZZDES
1384THIZEZEMAF LTz, STELEHRIELUTDAEY T,

Fl-62-64 TRICAAM AR FRADEE. RPRVSIAXEEMAE L=,
ELEEBRIEILTDREY T,

ouji
—

L62-64:Meiobenthos are defined as animal that pass through a 1-mm mesh filter and are
known to be composed of a variety of fauna corresponding to 22 phyla [19].
L138-139:Classification of meiobenthos was performed at the level of Class according
to Robert et al. [19] except for nematoda due to the difficulty in classification of this
species. Classification of arthropods was performed according to Joei et al. [26].
L180:Maxillopoda species from Meguma Pond is 1 mm long.

L223:but Nematoda species and Maxillopoda species showed no activity.
L411-412:Meguma Pond: Lane 1, sediment; lane 2, Nematoda; lane 3, Oligochaeta;
lane 4, Maxillopoda; lane 5, microorganisms.

L218: Malacostraca species in Lake Kuccharo (data not shown);

2 Fig. 3/2D0'T
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— B HEICDOVNTIEFZIC4°CL I CTEEMITEEZAEL. TORBENE
ItZzR4 ELTEMBLELE, ZOEMIZEN., BIEZEIZOWNTHICTRE
DXEZENMHBLELE, BEHMICOVTIEHEAE > TN =ORIEIE R
C < EMREEMDAIZEBHE LT,
EBMLUEESAIETUTOREY TY,

L142-152: Cellulase activity of oligochaeta from Notsuke Gulf was measured
quantitatively according to the modified method of Niiyama and Toyohara [27]. Briefly,
two bodies of living oligochaeta were homogenized with cold 110 pl
phosphate-buffered saline (PBS, containing 140 mM NaCl, 2.7 mM KCI, 8 mM
Na;HPOQ,, and 1.5 mM KH,PO,, pH 7.4). Then, 3 pl of meiobenthos extract, 3 pl of 1
M sodium acetate buffer (pH 5.9), and 24 ul of 1% CMC solution were mixed.
Reactions were carried out at 30°C and 4°C for 1, 3,7,12, and 24 h with shaking. After
incubation, the mixtures were heated at 100°C for 3 min in the block incubator
described above to terminate the enzyme reaction. The amount of reducing sugar
produced was measured by the tetrazolium blue method [25]. The absorbance at 660 nm
was measured with a UV-mini 1240 spectrophotometer.

L251-252: Figure 4 shows the cellulase activity of oligochaeta species in Notsuke Gulf.
Higher activity was detected at 30°C than at 4°C. It should be stressed that the activity
level at 4°C was almost corresponded with 30% of that at 30°C.

L291-295: As shown in Fig.3, Oligochaeta species demonstrated the substantial
cellulase activity at 4°C in qualitative analysis. Oligochaeta species in Notsuke Gulf
actually demonstrated the activity at 4°C almost corresponded with 30% of that at 30°C
(Fig.4), suggesting that meiobenthos might play any role to degrade plant residues at
low temperature.

L425-426: Figure 4 Cellulase activity of oligochaeta species in Notsuke Gulf at 4°C and
37°C as a function of time. Values are mean = standard deviation (n=3).

«E/1ine266 [ZH B L 5/= 0/ igochaeta 7V 4CTHD /L O—XPEIZHIVTEZE
THBEUV ST BEEIE, Fig 2b 4CT7TL), sediment &
microorganism D/\> N & [@FIZEZEFTNEFTH,

— ¥4I %€ Ly sediment, Oligochaeta, microorganism [ZDUL\T 4°CTH A £
J574—%1T0, TO#HERFFig3at LTDIDEELBZE LT,



Fig3alZ;Rg & 51, Oligochaeta (X 4°CTEM/N> K (29,30 kDa) #RL1T-
ZEhn, BEEICEVWTHELO—XNREELTHY. EETOE/ILO—
ARRICHALGHDEEZRE-LTWS I EMNHRIEShET, LML, ERER
KDt O—RHfE/N> K (172,146 kDa) & Oligochaeta M/\> FDH A X%
—HBLEBEWZ EMDS, BEERIZESLTOligochaeta DEILS—FIFEERT
FEWEEBZONET, LA > TIHRERT267 THICEEBLELLZTEEL]
EWVWSRBIIEETIEIGLDT, FHE-LGREBTIETEDLSITETEL=LEL
T=o

L294-295:, suggesting that meiobenthos might play any role to degrade plant residues at
low temperature.

L273-279:SDS-PAGE zymographic analysis revealed that the molecular size of active
cellulase bands in sediments from Notsuke Gulf (peat fen) corresponded with those
from culture medium of microorganisms. To confirm microorganism cellulases actually
act at cold temperature, we measured activity at 4°C. As shown in Fig. 3(a), culture
medium of microorganisms showed active bands of 146 and 172 kDa, suggesting that
microorganism cellulases might play any function in cellulose breakdown in Notsuke
Gulf.

3 Sediment &t/ 5 —EDEHFIZDIVT

- EBEE 1 EHEBHL TLVB L S/Z sediment D /L5 —1E meiobenthos,
microorganism Dt /L —EDEFNS— DIFEEBTT, meiobenthos,
microorganism s s 5 A=t/ 5 —15Y sediment EDREFICHEE L TLHY S
EUVV IR (HEAILTIFX) 5B o0 ELENWEENFEFT,

—HIEFRELDRARENLCEDEILS —ENEEMS . FICHEYZEIZER R
BIBDEVWSIEEZRTMXEHRRNV-LELR: (BBXHI) . £L-FHEE
BRTEHYEIN. YISO DIDEILT—ENRBRICHEMEREZEDRIEMS
[CREHZRIHERLBTCHEYVET . ChoDABETHEFEAFHIC. TEIC T
BEOEREMICENT., MEYBXOEILS—ENEERSCKE L TEH
ZRELTWAAERMEAHEIZ L. RUAMATAY FABHEDEILS—ELE
BRICIEBEEMFICEVWTEERDICRE LR TEEZREL TLSAIEEMS
NHHI L] ZRINEZEMBLEL -, FEITHALLEBAELTOREY
TY,



L303-309:(iv) Liu and Toyohara reported that fungal cellulase actually bound to plant
residues [31], it seems likely that cellulases secreted from microorganisms would bind
to plant residues and degrade them in the wetlands of peat fen sediments. . In our
preliminary experiments, cellulases from Corbicula japonica bound to plant residues
similar to fungal cellulases (data not shown), meiobenthos cellulases would function as
sediment-binding form in sediment of Hokkaido wetlands.

Minor points

Line 25

——Lake Utonai (lagoon) was potentially due to fungal cellulose

— Lake Utonai (lagoon) was potentially due to microorganism cellulose
—CHERICHEWETEEW=LE LTz, STEELERIILUTOREY TY,

L25-26: Lake Utonai (lagoon) was potentially due to microorganism cellulose

Line 59

Recently, we showed

—  Recently, it was shown (XK 18 [CKRHXEZFDRARILL)
— CHEREICHEWETEEW = LEL . STELERMIEILUTORY TY

L59-62: Recently, it was shown that the cellulase activities in these northern areas of
Japan can be ascribed to meiobenthos, but not to microorganisms, and suggested that
meiobenthos play an important role in the breakdown of cellulose, especially in cold
climates [18].
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Table

Table 1 Comparison of cellulose activities among wetlands in Hokkaido. Cellulase

activity was determined by the quantitative assay as described in the text

Organic
Geological Cellulase activit Salinit
Site Wetland Location g ) y component y
type (nmol/gh) ratio (%)° (%o)

45°24° N

A Meguma Pond peat fen 737.88 £ 35.69 66.62 0
141’49 E
43°61’ N

B Notsuke Gulf peat fen 92.39+£0.79 16.85 26
145°27 E
45°23’ N

C Onuma Pond lagoon 6.74 +1.28 0.96 9
141°46’ E
45°13’ N

D Lake Kuccharo lagoon 6.31+0.29 1.07 14
142°25°E
44°08’ N

E Lake Saroma lagoon 28.48 + 0.66 1.48 25
143°57 E
44°06’ N

F Lake Notoro lagoon 13.86 £ 0.81 1.84 23
144°10°E
N 43°59°N

G Lake Abashiri lagoon 2.80 £ 0.26 0.78 0
144°13’E
43°18’N

H Lake Furen lagoon 4.22 +0.69 16.68 17
145°19°E
N 43°01’ N

| Mochirippu Pond lagoon 431+£0.35 6.65 26
145°01’ E
_ 43°03° N

J Lake Akkeshi lagoon 2142+1.11 6.45 20
144°51’E
_ 42°92°N

K Pashikuru Pond lagoon 6.65 +1.32 0.65 0
144°00’ E
_ 42°65° N

L Lake Chobushi lagoon 1.58+0.23 1.69 3
143°61’ E
_ 42°70°N

M Lake Utonai lagoon 44.45 +2.00 1.49 0
141°70’ E
o 44°54’ N

N Teshio River estuary 5.88 £ 0.50 1.04 0

141°43° E



43°15°N

@) Ishikari River estuary 2.58 +0.58 1.23
141°22° E
) 42°33’ N

P Mukawa River estuary 0 1.41
141°55’ E
] 42°30°N

Q Saru River estuary 0 1.48
142°00’ E

% Cellulase activity and organic component ratio showed a strong positive correlation (r
= 0.96). p value was calculated as 8.78x10° , which was statistically significant

(P<0.01). Thus, null hypothesis that the coefficient is zero is completely excluded.



Table 2 Composition of grain size of 17 wetlands in Hokkaido

Composition by weight of grain size (%)

Site  Wetland >1 mm 1 mm- 500 pm- 250 pm - 63 um>
500 um 250 pm 63 pum
A Meguma Pond ND? ND? ND? ND? ND?
B Notsuke Gulf 14.34 11.12 40.38 9.58 24.58
C Onuma Pond 46.36 19.40 25.54 7.16 1.54
D Lake Kuccharo 40.30 10.34 25.54 21.98 1.84
E Lake Saroma 26.90 57.60 12.58 1.50 1.42
F Lake Notoro 6.96 39.60 37.18 15.42 0.84
G Lake Abashiri 18.15 47.76 26.71 7.38 0
H Lake Furen 40.94 23.96 24.98 8.66 1.46
I Mochirippu Pond 15.58 36.64 36.96 10.24 0.58
J Lake Akkeshi 18.80 28.26 22.24 25.40 5.30
K Pashikuru Pond 11.38 10.10 39.28 38.76 0.48
L Lake Chobushi 76.50 13.60 7.15 2.75 0
M Lake Utonai 58.40 28.64 8.39 4.56 0
N Teshio River 9.44 35.61 48.17 6.78 0
0 Ishikari River 0 2.35 88.06 9.59 0
P Mukawa River 25.40 48.74 12.06 13.38 0.42
Q Saru River 2.08 10.90 64.92 21.46 0.64
* ND: not determined



