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Abstract Increased atmospheric N deposition could

suppress plant litter decomposition, due to the P limitation

for soil microorganisms in Japanese forested Andisols with

a high P sorption capacity. To explore this possibility, we

used a laboratory incubation experiment to study the

influence of N addition on b-D-glucosidase and polyphenol

oxidase activities, which are important for cellulose and

lignin degradation, respectively, in an Andisol with larch

(Larix kaempferi) leaf litter. The addition of N increased

the b-D-glucosidase activity, whereas it decreased the

polyphenol oxidase activity in the soil. However, the

addition of both N and P increased the polyphenol oxidase

activity in the soil, suggesting the possibility of; (1) an

inferior competitive ability of polyphenol oxidase-produc-

ing microorganisms under nutrient-rich conditions and; of

(2) their P limitation through competition in the Andisol.

Keywords Lignin � Nitrogen � Phosphorus �
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Introduction

The combustion of fossil fuels and use of chemical N

fertilizers have released a large amount of reactive N into the

atmosphere, leading to large N inputs into the terrestrial

environment including forested ecosystems. The increased

inputs of anthropogenically derived N may have a significant

impact on the turnover of plant litter and humus in the ter-

restrial ecosystem (Fog 1988; Berg and Matzner 1997). The

effects of N depositions on C cycling in the terrestrial eco-

system, particularly the forest ecosystem, the largest reser-

voir of terrestrial C (Dixon et al. 1994), have attracted

considerable attention, because any change might affect the

levels of atmospheric CO2 that play a central role in con-

trolling climate.

Of all the naturally produced organic chemicals, lignin is

probably the most recalcitrant, and is also second only to

cellulose in abundance (Kirk and Farrell 1987; Hammel

1997). Thus, the biodegradation of lignin is an important

process in the global C cycle. Polyphenol oxidase facilitates

the degradation of lignin and other phenolic compounds,

and its activity is reported to be the rate-limiting step for the

overall decomposition of litter (Carreiro et al. 2000) and

humus (Waldrop et al. 2004a). The response of polyphenol

oxidase activity in litter and soil to N input is sometimes

negative (e.g., Carreiro et al. 2000; Frey et al. 2004;

Waldrop et al. 2004b), but is also sometimes positive (e.g.,

Carreiro et al. 2000; Michel and Matzner 2003; Waldrop

et al. 2004b) or neutral (e.g., Carreiro et al. 2000; Michel

and Matzner 2003); the detailed mechanism for the variable

response to N input is still not clear. In contrast, activation

of cellulases (e.g., b-D-glucosidase) that catalyze degrada-

tion of the major component of plants, cellulose, often

occurs in response to N input (e.g., Waldrop et al. 2004b).

Studies concerning effects of N input on plant litter

decomposition have been mostly conducted in the forests

of North America and Europe, which have high rates of

atmospheric N deposition (e.g., Townsend et al. 1996).

Few such studies have been performed in Japan, although

some Japanese forest ecosystems also receive considerable

inputs of atmospheric N ([10 kg N ha-1 year-1) (Ohrui

and Mitchell 1997; Baba and Okazaki 1998). Volcanic ash
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soils (Andisols), whose high capacity for P sorption might

limit biodegradation of plant litter and humus, are widely

distributed in Japan (Shoji et al. 1993). According to Ino

and Monsi (1964), soil respiration increased by the addition

of P in a Japanese Andisol (grassland). Similar results were

also reported for Andisols from Colombia and France

(Munevar and Wollum 1977; Boudot et al. 1986). In

addition, N is sometimes considered as the limiting nutrient

for microorganisms in a terrestrial environment (Wardle

1992; Kaye and Hart 1997; Kunito and Nagaoka 2009).

Hence, increased atmospheric N deposition could enhance

the P limitation in Japanese forested Andisols. In the

present study, the influences of N addition on b-D-gluco-

sidase and polyphenol oxidase activities in a forested

Japanese Andisol with plant litter were examined in a

laboratory incubation study.

Materials and methods

Soil and litter samples

The soil sample (ca. 2 kg) was taken from the A horizon

(0–15 cm) of the Andisol, and larch (Larix kaempferi)

needle-leaf samples from the L horizon in a larch planta-

tion at 1,270 m elevation at the Nishikoma Station, Edu-

cation and Research Center of Alpine Field Studies,

Shinshu University (35.83�N, 137.87�E). The soil sample

was sieved through a 2-mm mesh and homogenized well. A

portion of the soil was air-dried for chemical analyses,

while the remainder was maintained field-moist at 4�C.

The soil pH was obtained from a 1:2.5 soil–water sus-

pension. The amounts of organic C and total N were

measured with an NC analyzer (YANACO MT-5, Kyoto).

A pipet method was used for particle-size analysis. Non-

crystalline Fe (Feo) and Al (Alo) were extracted with 0.2 M

acid ammonium oxalate at pH 3 in the dark (Blakemore

et al. 1981), and the Fe and Al were analyzed by atomic

absorption spectrometry (Perkin Elmer 5100ZL, Tokyo).

All subsequent data are expressed on a dry weight basis.

The air-dried larch needle leaves were ground with a

vibrating sample mill (Heiko Seisakusho TI-100, Tokyo)

and then used for the laboratory incubation experiment and

litter chemical analyses. The total C and N contents were

determined as mentioned above. The total P content in the

sample was measured by the vanadomolybdate method

(Japan Soil Association 2000) after digestion with nitric

acid. The organic materials in the ground litter sample

were fractionated into lipids, water-soluble polysaccha-

rides, hemicellulose, cellulose, and lignin at Createrra Inc.

(Tokyo), using the proximate analytical method of

Waksman and Stevens (1930) with some modifications

(Japan Soil Association 2000).

Influence of N addition on b-D-glucosidase

and polyphenol oxidase activities

To evaluate the effects of N addition on the b-D-glucosi-

dase and polyphenol oxidase activities in the soil amended

with the larch leaf litter, the ground litter (79 mg g-1 soil)

and nitrogen (as a solution of ammonium chloride) at two

levels (0.57 and 1.14 mg N g-1 soil) were added to the

preincubated soil and then mixed well. The soil sample was

preincubated at 60% of water holding capacity (WHC) for

1 week at 22�C, and then treated as follows: (1) soil, (2)

soil ? larch litter, (3) soil ? larch litter ? lower N, and

(4) soil ? larch litter ? higher N. The treated samples

were incubated in loosely capped bottles at 22�C, and

distilled water was occasionally added to maintain the soil

moisture at a constant level. On days 0, 3, 7, 14, and 28,

b-D-glucosidase and polyphenol oxidase activities were

determined. The b-D-glucosidase activity was measured

using p-nitrophenyl-b-D-glucopyranoside as the substrate

(Hayano 1992), and polyphenol oxidase using catechol

(Perucci et al. 2000). These measurements were done in six

replicates.

Influences of N ? P and N ? C additions

on polyphenol oxidase activities

To examine the effects of C and P additions on the polyphenol

oxidase activity in the soil, another incubation experiment the

same as that described above, except for C and P additions was

conducted. The polyphenol oxidase activity was measured

3 days after the following treatments: (1) soil ? larch litter,

(2) soil ? larch litter ? N, (3) soil ? larch litter ? N ? C,

(4) soil ? larch litter ? N ? P, and (5) soil ? larch

litter ? N ? C ? P. The amounts of treated C, N and P were

intended to approximate the stoichiometry of microbial bio-

mass, and added as sodium acetate (2.9 mg C g-1 soil),

ammonium chloride (0.57 mg N g-1 soil), and sodium

phosphate (0.12 mg P g-1 soil) according to Allison and

Vitousek (2005).

Microbial groups contributing to the soil enzyme

activities

The bacterial and fungal contributions to the b-D-glucosi-

dase and polyphenol oxidase activities in the soil were

estimated according to Hayano and Tubaki (1985). The

soil was oven dried at 105�C for 12 h, and then antibiotics

in aqueous solution were added to the soil as follows:

(1) no addition, (2) cycloheximide (2 mg g-1 soil), (3)

chloramphenicol (1 mg g-1 soil), and (4) cycloheximide

(2 mg g-1 soil) ? chloramphenicol (1 mg g-1 soil). The

content of the added antibiotics was based on the results of

our preliminary experiment for the soil (unpublished result).

362 Eur J Forest Res (2009) 128:361–366

123



Distilled water was added to the soil to 60% of the WHC, and

a small amount of the untreated moist soil was inoculated for

each treatment. After a 7-day incubation at 22�C, the

b-D-glucosidase and polyphenol oxidase activities were

determined.

Statistical analyses

Repeated measure two-way analysis of variance (ANOVA)

was employed to detect significant influences of the treat-

ments and incubation time on the b-D-glucosidase and

polyphenol oxidase activities in the soil. Tukey’s HSD test,

along with one-way ANOVA, were conducted to examine

the influence of N addition on b-D-glucosidase and poly-

phenol oxidase activities at each incubation period, to

evaluate the influences of P and C additions on the poly-

phenol oxidase activities in the soils amended with larch

litter and N, and to compare the effects of the antibiotics on

the b-D-glucosidase and polyphenol oxidase activities in

the soil. A P value of less than 0.05 was considered to

indicate a statistical significance. All of the statistical

analyses were done using the program SYSTAT (version

11; SYSTAT Software).

Results

The characteristics of the soil and larch leaf litter samples

are shown in Table 1. The C:N ratio was 51, the lignin:

N ratio was 37, and the lignocellulose index [lignin/

(holocellulose ? lignin)] was 0.64 in the larch leaf litter,

indicating that this is high-lignin and recalcitrant litter.

The effects of N addition on the b-D-glucosidase and

polyphenol oxidase activities in the soil amended with the

larch leaf litter are shown in Fig. 1. The b-D-glucosidase

activity increased with the litter addition, and was further

increased by N addition in a dose-dependent manner.

Activity rapidly increased and reached a plateau at 7 days

of incubation for all the three treatments. After 7-day

incubation, N addition significantly increased the b-D-glu-

cosidase activity compared to the soil added with litter only

(P \ 0.01), except for the soil added with lower N at

14 days of incubation. In contrast, the polyphenol oxidase

activity tended to decrease with litter addition, and further

decreased with N addition to the soil, which completely

contrasted with the b-D-glucosidase results. The significant

influence of N addition on the polyphenol oxidase activity

compared to the soil added with litter only (P \ 0.05) was

observed after 3-day incubation, except for the soil added

with lower N at 7 days of incubation. The pH was slightly

increased (from pH 4.5 to 5.1) in the soil ? larch litter

sample after the 28-day incubation, while the pH change

was less than 0.1 in the other treatments. Therefore, the

effects of N addition on the enzyme activities are unlikely

to be caused by the pH change in the soil.

Table 1 Properties of soil and larch leaf litter samples (expressed on

a dry weight basis)

Soil Larch leaf

litter

pH 4.5 –

Total C (mg g-1) 66 540

Total N (mg g-1) 5.0 11

Total P (mg g-1) – 0.67

Texture Light clay

Sand (%) 37

Silt (%) 35

Clay (%) 28

Feo (mg g-1) 34

Alo (mg g-1) 31

Lipids (mg g-1) 87

Water-soluble polysaccharides (mg g-1) 76

Hemicellulose (mg g-1) 116

Cellulose (mg g-1) 109

Lignin (mg g-1) 405

Feo and Alo: noncrystalline Fe and Al, respectively, which are

extractable with acid ammonium oxalate
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Fig. 1 Variations in b-D-glucosidase and polyphenol oxidase activ-

ities during incubation in the soil. Filled circle soil, open square
soil ? larch leaf litter, filled triangle soil ? larch leaf litter ? lower

N, open circle soil ? larch leaf litter ? higher N (see details in the

text). Each point and error bar represent the mean ± 1SD. Double
asterisk denotes significance at P \ 0.01 in two-way ANOVA
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To examine the reason why N addition decreased the

polyphenol oxidase activity in the soil, the influences of C or

P addition as well as N on the enzyme activity were deter-

mined (Fig. 2). Addition of N ? C had no significant influ-

ence on the activity (P [ 0.05), whereas the addition of

N ? P significantly increased the polyphenol oxidase activity

in the soil (P \ 0.001). This positive effect of P addition on

the activity was also observed in the N ? C ? P treated soil.

The contributions of bacteria and fungi to the b-D-glu-

cosidase and polyphenol oxidase activities in the soil were

evaluated by a selective inhibition method, using the fungi-

cide cycloheximide and the bactericide chloramphenicol

(Fig. 3). The production of b-D-glucosidase was drastically

inhibited by the cycloheximide treatment, but the activity in

the chloramphenicol-treated soil was higher than in the non-

treated soil. This result indicates that b-D-glucosidase

was exclusively produced by the fungi in the soil. Unlike

b-D-glucosidase, the polyphenol oxidase activities were

comparable among the non-cycloheximide-, and chloram-

phenicol-treated soils. The b-D-glucosidase activity showed

a 3.6-fold increase in the non-antibiotic treated soil after

inoculation of a small amount of moist soil to the heat-treated

soil, compared to that in the original soil (Fig. 1). In sharp

contrast, the polyphenol oxidase activities in these

soils (Fig. 3) were markedly lower (by 86%) than those

in the original soil (Fig. 1). These results suggest that

the b-D-glucosidase-producing microorganisms might

rapidly increase in abundance, whereas the polyphenol

oxidase-producing microorganisms could not compete

against the other microorganisms under the high-nutrient

condition due to the heat treatment. Alternatively, the

production of b-D-glucosidase and polyphenol oxidase was

promoted and suppressed, respectively, in the microbial

community of the soil.

Discussion

Addition of N caused an increase in the b-D-glucosidase

activity, whereas it decreased the polyphenol oxidase
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Fig. 2 Influences of N, C and P additions on polyphenol oxidase

activity in the soil with larch leaf litter. Each bar and error bar
represent the mean ± 1SD. Values not sharing a common letter are

significantly different at P \ 0.001 in post hoc Tukey’s HSD test after

significant one-way ANOVA (P \ 0.001)
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Fig. 3 Inhibition of b-D-glucosidase and polyphenol oxidase activ-

ities in the soil treated by fungicide cycloheximide (Cy) and

bactericide chloramphenicol (Ch). Each bar and error bar represent

the mean ± 1SD. For the b-D-glucosidase, values not sharing a

common letter are significantly different at P \ 0.001 in post hoc

Tukey’s HSD test after significant one-way ANOVA (P \ 0.001). For

the polyphenol oxidase, no significant difference was found (one-way

ANOVA, P = 0.34)
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activity in the Andisol amended with larch leaf litter in the

present study (Fig. 1). The decrease in the polyphenol

oxidase activity with N addition might be due to the

recalcitrant nature of the larch leaf litter. According to

Waldrop et al. (2004b), polyphenol oxidase activity

decreases with N addition in ecosystems with more recal-

citrant litter, whereas it increases with N addition in eco-

systems with a relatively labile litter. This difference might

be due to the fact that ecosystems with more recalcitrant

litter contain abundant white rot basidiomycetes, whereas

other microorganisms that respond positively to N addition

dominate in ecosystems with a relatively labile litter

(Waldrop et al. 2004b), and that the production of lignin-

olytic enzymes is stimulated by N limitation, but sup-

pressed by N sufficiency at least for some white rot

basidiomycetes (Kirk and Farrell 1987; Hammel 1997). In

contrast, N addition is found to stimulate the b-D-glucosi-

dase activity in an ecosystem-independent manner

(Waldrop et al. 2004b). In the present study, however, the

decreased polyphenol oxidase activity with N addition

throughout the incubation period (28 days) was not likely

to be explained solely by the repressed synthesis of poly-

phenol oxidase in the white rot basidiomycetes, because

most of the added N should be immobilized by microor-

ganisms during the incubation. The decrease in the poly-

phenol oxidase and increase in the b-D-glucosidase

activities in the soil might be due to C limitation for

microorganisms under excess N, in spite of the litter

addition. The microbial community might preferentially

expend resources in the form of b-D-glucosidase production

rather than polyphenol oxidase production to acquire C

from cellulose, which is easier to utilize than lignin.

Alternatively, N addition might change the composition of

the decomposer community through competition in the

soil. If the polyphenol oxidase-producing microbes are

competitively inferior for nutrients, especially P, in the

Andisol having a high P sorption capacity when larch leaf

litter and N are added, then this would cause a decline in

their polyphenol oxidase production as well as a decline in

their abundance.

To distinguish between these possibilities, the influences

of C or P addition as well as N on the polyphenol oxidase

activity in the soil were determined (Fig. 2). The addition

of C had no significant influence on the activity (P [ 0.05),

suggesting that the suppressed polyphenol oxidase pro-

duction was not due to C allocation to b-D-glucosidase

production rather than to polyphenol oxidase production in

the soil microbial community. In contrast, the addition of P

significantly increased the polyphenol oxidase activity in

the soil (P \ 0.001). If production of the polyphenol

oxidase is physiologically suppressed in white rot basidi-

omycetes by N addition, the addition of P should not

stimulate the polyphenol oxidase activity. Hence, this

result might indicate that the production of polyphenol

oxidase is not physiologically suppressed by excess N, and

that decomposers of lignin poorly compete under high-

nutrient conditions, and therefore, P becomes limiting for

these microorganisms in the Andisol. It is reported that

fast-growing microbes require a higher amount of P than

do slow-growing microbes (Elser et al. 2003). Hence, we

expect that the additions of litter and N might select fast-

growing microorganisms requiring labile organic matter

and also a higher amount of P, and the high P demands of

the fast-growing microorganisms might cause the micro-

bial community to be more P limited in the Andisol.

Indeed, a rapid decline in the available soil P was observed

in the Andisol amended with larch leaf litter (unpublished

results). It should be noted that grinding the larch leaf

might exacerbate insufficiencies of N and P in the soil by

increased utilization of easily degradable C components in

the litter (Kunito and Nagaoka 2009).

The polyphenol oxidase activities were not suppressed

by either the fungicide or the bactericide (Fig. 3). Poly-

phenol oxidase is generally considered to be produced by

fungi (Kirk and Farrell 1987; Hammel 1997), but laccase,

which belongs to a group of polyphenol oxidases, occurs

in many bacteria (Alexandre and Zhulin 2000; Claus

2003). Hence, it might be possible that the cyclohexi-

mide-resistant fungi or chloramphenicol-resistant bacteria

produce this enzyme in the soil. It should be noted that

the polyphenol oxidase activities in these heat-treated and

inoculated soils (Fig. 3) were markedly lower than those

in the original soil (Fig. 1). This result might suggest that

the polyphenol oxidase-producing microorganisms poorly

competed in the heat-treated soil, which would have

contained nutrients derived from heat-killed microorganisms,

although it might also be possible that the production of

polyphenol oxidase was physiologically suppressed in

white rot basidiomycetes by N released from the

heat-killed microbes. We prefer the former hypothesis

based on the positive effect of P addition on the poly-

phenol oxidase activity shown in Fig. 2 and general

acceptance that ligninolytic microbes are considered to

grow very slowly (Moorhead and Sinsabaugh 2006;

Osono 2007) and that these microbes predominate at the

final stage of litter decomposition (Dix and Webster

1995). Considered together, we assume that the sup-

pressed polyphenol oxidase activity with N addition was

probably due to the inferior competitive ability of the

polyphenol oxidase-producing microorganisms and their P

limitation through competition in the Andisol. Further

studies are needed to examine whether the positive effect

of P addition on the polyphenol oxidase activity is a

general phenomenon in forested Andisols or in ecosys-

tems with recalcitrant litter, or in forested Andisols with

recalcitrant litter.
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