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Abstract—Theinvestigation of microbiological succession and changesin the enzymatic activity, temperature,
pH, and phytotoxicity of lignin during its composting showed that the addition of a starter culture (a specially
devel oped association of microorganisms) affects degradational succession in the compost pile. The process of
composting can be monitored either microbiologically or biochemically, by measuring the activity of some
enzymes. The compost isready for use when the activity of oxidoreductases (particularly polyphenol oxidases)
falls and the activity of invertase stabilizes at a certain level.
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Lignocellulosic waste materials are large-capacity
byproducts of the wood-chemical industry. One such
byproduct islignin, which isnot recycled and is depos-
ited in huge amounts in dumps. The lignin dumps are
ecologically hazardous because of their inflammability
and high content of acids (the pH of ligninisabout 2.5),
which are washed out by the rain runoff and carried to
soil and then to groundwater. The atmosphere is also
polluted by the small-grain fractions of lignin, which
are lifted into the air with winds. The lignin dumps of
the Irkutsk region alone contain more than 2 million
tons of lignin [1]. Great efforts are now being directed
toward decreasing the impact of lignin dumps on the
environment and developing economically efficient
methods of lignin salvage. However, amost al of the
methods proposed cannot be employed on alarge scale
and are energy- and labor-consuming [2, 3]. One of the
most feasible methods of lignin reprocessing is com-
posting [4-6].

The natural composting of thelignocellulosic refuse
isavery slow process, which can, however, be acceler-
ated by the addition of a starter culture, i.e., aspecially
devel oped association of microorganismsisolated from
thelignin dumps [7].

The aim of the present work was to study microbial

succession in compost and to devel op reliable methods
for monitoring its maturity.

MATERIALS AND METHODS

The experimental compost pile was made late in
May using fresh lignin from awood-chemical plant [7].
The compost was mixed 3, 7, and 10 weeks after the
onset of the experiment, when the temperature mea-
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sured inside the compost pile decreased. The control
pile contained the same components as the experimen-
tal compost pile except for the starter culture. The pro-
cess of composting was monitored by measuring the
compost temperature, the pH of the salt liquor and the
agueous solution of compost, its microbiological com-
position, enzymatic activity, and phytotoxicity.

The temperature was measured two times aweek at
depths of 0-10, 3040, 60-70, 90-100, and 120-130 cm
from the surface on the southern and northern sides of
the piles. Compost samples were taken at 1- to 2-week
intervals from depths of 0-10, 20-30, and 50-60 cm at
15 sites throughout the pile and were combined for
analysis.

The pH of the salt liguor and aqueous solutions was
measured using an EB-74 universal ion-meter [8].
Microorganisms were enumerated by the standard pro-
cedures using the following agar media [9]: nutrient
agar for the total bacteria, Sabouraud’s medium for
fungi, Czapek medium for actinomycetes, Winograd-
sky medium for nitrifying bacteria, nutrient broth for
ammonifying bacteria, Giltey medium for denitrifying
bacteria, Hutchinson medium for aerobic cellulolytics,
and Kosmacheva medium for thermophiles. All mea-
surements were carried out in 34 replicates.

Catalase was assayed with permanganate. Polyphe-
nol oxidase and peroxidase were assayed with iodine
[10]. Theactivity of invertase, cellulase, and urease was
measured as described by Khaziev [11]. Phytotoxicity
was estimated by the Ten Khak Mun method [12].

RESULTS AND DISCUSSION

The fermentation of plant debrisin acompost pileis
considered to be terminated when the compost temper-
atureis equal to the surrounding temperature even after
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Fig. 1. Temperature dynamics during the composting of lig-
nin: (1) compost; (2) lignin; and (3) air.

mixing the compost [12]. In our experiments, the com-
post temperature began increasing 1 day after introduc-
ing a starter culture and elevated temperature persisted
for about 10 days (Fig. 1). Then the temperature tended
to decrease, indicating a decline in the intensity of
microbiological processes and a deficiency of oxygen.
After mixing the compost, its temperature again
increased. The maximum temperature (more than
60°C) wasinside the compost pile, at adepth of 6070 cm
from the top. In the surface compost layer, the temper-
ature was lower (no more than 42°C on the southern
side) and less variable due to heat dissipation into the
surroundings. In the bottom layer of the compost pile,
the temperature did not exceed 31°C. This was likely
due to airless conditions, which are unfavorable for
microbial fermentation. In the control pile, to which the
starter was not added, the temperature virtually did not
differ from the surrounding temperature.

After introducing lime, the pH of the compost
increased to 8.9, but as soon as after 1 week, it
decreased to 6.0-6.5 (due to the lime neutralization by
the acids present in thelignin) and persisted at thislevel
throughout the rest of the experiment. The pH of the
salt liquor and the aqueous sol ution of the compost dif-
fered insignificantly. The pH of the control pile varied
negligibly, which can be accounted for either by the
absence of the effect of the introduced microfloraor by
the establishment of the pH value that was optimal for
the fermentation of the lignocellulosic material.

The total number of fungi, bacteria, and actino-
mycetes in the experimental compost drastically
increased two weeks after the introduction of the starter
(Fig. 2). The number of nitrifiers, particularly ammo-
nia-oxidizing bacteria, increased at a lower rate.
Nitrite-oxidizing bacteria appeared only by the 6th
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Fig. 2. Dynamics of the abundance (N) of different groups
of microorganisms during the composting of lignin: (1) total
bacteria; (2) fungi; (3) actinomycetes; (4) NOo-nitrifying
bacteria; (5) NOs-nitrifying bacteria; (6) anmonifying bac-
teria; and (7) denitrifying bacteria. Microorganism were
enumerated before the addition of the starter.

week. Peaks in the number of aerobic cellulolytics and
thermophiles coincided with the peaks of the compost
temperature (Fig. 3). Such a coincidence was not
observed for the other groups of the microorganisms
present in the compost (Fig. 2). The coincidence of the
dynamics of the total number of bacteria with the
dynamics of cellulolytics and thermophiles between the
6th and 12th weeks of incubation suggests that the cel-
lulolytics and thermophiles are primarily represented
by bacteria. The total number of microorganisms in
the compost stabilized at a considerable level by the
3rd month of incubation, indicating the development
of a stable microbial community and, hence, compost
maturity.

Microbial succession in the control pile was entirely
different. After 2 weeksof incubation, thiscompost was
dominated by actinomycetes, whereas the number of
bacteriaand fungi had remained insignificant for along
time. The number of all microbial groups tended to
slowly increase in the course of time.

The microbiological analysis of composts is very
informative but labor- and time-consuming. For this
reason, we attempted to devel op an enzymatic approach
to the analysis of the compost maturity. Tested were
urease (an enzyme of nitrogen metabolism), invertase
(an enzyme of carbon metabolism), cellulase (the
enzyme catalyzing the degradation of the cellulosic
moiety of lignocellulosic materials), aswell as catal ase,
peroxidase, and polyphenol oxidase (enzymesinvolved
in oxidative metabolism).

The high activity of oxidoreductases was observed
assoon as after 2 weeks of incubation (Figs. 4aand 4b).
Oxidase activity correlated with the temperature
dynamics of composting. By the end of composting, the
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Fig. 3. Dynamics of the abundance (N) of thermophiles and
aerobic cellulolytics during the composting of lignin:
(1) temperature; (2) aerobic cellulolytics; and (3) thermo-
philes.

activity of the oxidoreductases decreased to nearly
zero.

In the control pile, the activity of polyphenol oxi-
dase reached a detectable level only by the 6th week of
incubation and then followed the dynamics observed in
the experimental compost, abeit at a lower level. The
activities peroxidase and catalase were low throughout
the composting period. The activity of peroxidase
peaked in the 11th week of incubation, when the perox-
idase activity of the experimental compost was already
close to zero.

The dynamics of cellulase activity coincided with
the dynamics of temperature and the number of aerobic
cellulolytic bacteria (Fig. 5). The activity of invertase
showed asmall peak in the 4th week of incubation and
then tended to increase. By the 13th week, it stabilized
at a high level. It should be noted that high invertase
activity is typical of fertile soils [13]. Urease was at a
maximum in the 8th week of incubation, but then
tended to decrease to approximately zero by the end of
the composting period.

Cedllulase and invertase activities in the control pile
werelower than in the experimental pile but had similar
dynamics, except for the absence of the invertase activ-
ity peak in the 4th week of incubation. Urease activity
showed two peaks (in the 2nd and 11th weeks of incu-
bation) and did not correlate either with the compost
temperature or with the abundance of any microbial
group.

The phytotoxicity of the experimental compost cor-
related with the activity of the enzymes tested. This
observation is in agreement with the results of the lab-
oratory experiment [7]. Initially, lignin was not phyto-
toxic but showed a high phytotoxicity as soon as after
2 weeks of composting (Fig. 6). By the end of the
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Fig. 4. Dynamicsof (1) peroxidase, (2) polyphenol oxidase,
(3) catalase, and (4) temperature during the composting of
lignin.
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Fig. 5. Dynamicsof (1) invertase, (2) cellulase, and (3) tem-
perature during the composting of lignin.

experiment, the phytotoxicity of the compost decreased
to alevel typical of soil.

Thus, the addition of a starter culture affects degra-
dational succession in the compost pile. The process of
composting can be monitored either microbiologically
or by measuring the activity of some enzymes. The
compost is ready for use when the activity of oxi-
doreductases (the most appropriate indicator enzymes
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Fig. 6. The phytotoxicity of (1) ligninin the control pile, (2) untreated lignin, (3) untreated lignin with mineral supplements, (4) soil,
and lignin subjected to composting for (5) 2, (6) 4, (7) 6, (8) 8, (9) 10, (10) 12, and (11) 13 weeks. The phytotoxicity was expressed
as a percentage of seeds germinated after (a) 1, (b) 2, and (c) 3 days of incubation.

are polyphenol oxidases) falls and the activity of inver-
tase stabilizes at a certain level. Some other enzymes
and the phytotoxicity of compost can be used as the
auxiliary indicators of compost maturity. With this
approach, there is no need to perform microbiological
and other time- and labor-consuming analyses.
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