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This report describes novel fungal inocula for bioaugmentation of soils contaminated with hazardous
organic compounds. The inocula are in the form of pelleted solid substrates coated with a sodium alginate
suspension of fungal spores or mycelial fragments and incubated until overgrown with the mycelium of selected
lignin-degrading fungi. The organisms evaluated were Phanerochaete chrysosporium (BKM F-1767, ATCC
42725), P. sordida (HHB-8922-SP), |rpex lacteus (Mad-517, ATCC 11245), Bjerkandera adusta (FP-135160-SP,
ATCC 62023), and Trametes versicolor (MD-277). The pelleted fungal inocula resisted competition and prolif-
eration from indigenous soil microbes, were lower in moisture content than current fungal inocula, and had
sufficient mechanical strength to allow handling and introduction into the soil without a change in the
mechanical consistency of the pellets. Inoculated at a rate of 3% in artificially contaminated nonsterile soil, 1.
lacteus, B. adusta, and T. versicolor removed 86, 82, and 90%, respectively, of the pentachlorophenol in 4 weeks.
A mathematical model was developed to explain moisture distribution in a hydrogel-coated pelleted substrate.

The use of lignin-degrading basidiomycetes for remediation
of soils contaminated with hazardous organic compounds has
been studied extensively (5, 11-17, 19, 21). The salient feature
that makes these organisms attractive as microbial agents in
bioremediation is their ability to degrade a wide variety of
hazardous compounds (16). Despite this recognized potential,
development of fungal bioaugmentation for use on an indus-
triadl scale has been hampered by inconsistent treatments in the
field. One of the primary factors leading to variable treatment
effectiveness is the approach to inoculum formulation, produc-
tion, delivery, and application to soil.

There is an extensive literature on different types of carriers
of fungal inocula for biological control, fungal spawn, intro-
duction of mycorrhizal fungi, and bioaugmentation. Examples
include peat, granular vermiculite mixtures, grains, and ag-
inate pellets (24, 26, 27, 28). Currently, lignin-degrading fungi
are delivered to soil via various organic substrates such as
wood chips, wheat straw, corn cobs, commercial mushroom
spawn, and other agricultural products that are thoroughly
grown through with selected fungi (7, 19, 23, 25). These sub-
strates contain a nutrient reserve that supports fungal coloni-
zation of contaminated soil. However, produced inocula have
low inoculum potential (fungal biomass produced per unit of
weight or volume of the inoculum), are of inconsistent quality,
are relatively expensive to produce (e.g., $2.50 kg of mushroom
spawn™), and are mostly water by weight (e.g., 60% moisture
content). Low inoculum potential necessitates the production
and application of vast inoculum quantities. Inoculum appli-
cation rates have commonly ranged from 10 to 40% (dry
weight) of the dry weight of the soil. Also, maintenance of the
inoculum potential of these inocula during transportation and
application has been difficult. Despite the use of refrigeration,
“flashing” or the production of excessive amounts of metabolic
heat has occurred during the transportation of large fungal
inoculum quantities (11). This process reduces the inoculum
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potential through the consumption of nutrients that would
normally be used to support fungal growth subsequent to soil
application and by the destruction of fungal biomass as a result
of elevated temperatures. Deterioration of inoculum potential
during the application process as a result of the destruction of
fungal biomass has aso been reported (11).

The development of effective, low-cost fungal inocula that
are engineered to maintain inoculum potential during trans-
port and application is one of the keys to the commercializa-
tion of fungal soil remediation. The objective of the present
work was to develop fungal inocula with high inoculum poten-
tial that are sufficiently physicaly and biologically robust to
maintain this potential during transportation and application.
The construction of the inocula was based on pelleting of the
proper formulation of agricultural and wood industry by-prod-
ucts. The effectiveness of the inocula for removal of pentachlo-
rophenol (PCP) was tested by using artificially contaminated
soil.

MATERIALS AND METHODS

Organisms. Phanerochaete chrysosporium (BKM F-1767, ATCC 42725), P.
sordida (HHB-8922-Sp), Irpex lacteus (Mad-517, ATCC 11245), Bjerkandera
adusta (FP-135160-Sp, ATCC 62023), and Trametes versicolor (MD-277) were
obtained from the Center for Forest Mycology Research, Forest Product Labo-
ratory, Madison, Wis. The fungi were grown and maintained on 2% potato
dextrose agar (PDA) (Sigma, St. Louis, Mo.)

Medium and culture conditions. P. chrysosporium was cultured on 2% PDA at
30°C for 7 to 10 days to produce conidia. The conidia were collected from agar
plates with deionized, sterile water, and the spore suspension was filtered
through glass wool. Spore concentration was determined by measuring the op-
tical density of the spore suspension at 650 nm (2.5 x 10°spores ml™corre-
sponds to an E,of 0.5 [10]). The spore suspension was then used in sodium
aginate for coating of the pelleted substrate.

P. sordida, I. lacteus, and B. adusta were grown in 300-ml Erlenmeyer flasks
containing 40 ml of growth medium with 2% glucose (Mallinckrodt, Paris, Ky.)
and 2% malt extract (Difco Laboratories, Detroit, Mich.) in stationary culture
mode at 30°C for 7 to 14 days to form a mycelial mat. The growth medium was
inoculated with agar plugs taken from PDA plates.

T. versicolor was grown in 300-ml Erlenmeyer flasks containing 60 ml of growth
medium with 2% glucose, 2% malt extract, and 0.1% Tween 80 in a rotary shaker
at 250 rpm and 30°C for 7 to 10 days to form mycelia pellets. The growth
medium was inoculated with fungal fragments obtained by fragmentation of
mycelia pellets or surface mat mycelia obtained from a stationary culture, as
described below.

Fragmentation of fungal mycelia. Surface mat mycelia from stationaryphasc-
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grown cultures or mycelia pellets from shake cultures of T. versicolor were
filtered from the growth medium and then washed and resuspended in a volume
of sterile, deionized water equal to that of the origina growth medium. The
resulting mycelial suspensions were fragmented four times for 5 s each time at
22,000 rpm in a laboratory blender. The dry weight of mycelial fragments in the
suspension was determined by collecting the mycelia fragments on preweighed
Whatman no. 1 filters and weighing them after drying them at 60°C for 24 h.
Mycelial fragments were used in sodium alginate suspensions for coating of the
pelleted substrates.

Conditioning of mycelial fragments. Sixty milliliters of a malt extract (2%) and
glucose (2%) solution was added to an equal volume of T. versicolor mycelial
fragment homogenate. The enriched suspension was then transferred to a sterile
300-ml Erlenmeyer flask and conditioned by incubation on a rotary shaker at 250
rpm and 30°C for 6 to 12 h.

Sterilization and pelleting of substrate. A substrate for pellet production was
composed of 75% aspen sawdust (Walter Brothers, Holkum, Wis.), 15% starch
(Staley, Decatur, 11l.), 8% corn meal (CPC, Summit Argo, IIl.), and 2% calcium
lignosulfonate (Lignotech, Greenwich, Conn.). A mixture of these materials was
sterilized in 2,800-ml Erlenmeyer flasks (250 g per flask) by autoclaving for 20
min at 120°C. The sterile substrate was moistened to 27 to 30%, and then
pelleted, 500 g per batch, with a laboratory scale pellet press (Amandus Kahl
Nachf., Hamburg, Germany). Three or four passes through the pellet press were
required to obtain pellets with the desired mechanical properties. To prevent
contamination of pelleted substrates, the pellet press was stationed in a positive-
pressure room with constant circulation of air through HEPA filters. Prior to use,
the pellet press was decontaminated with 75%, ethanol and the room was ster-
ilized by exposure to UV light. Sterile substrates were fed into the pellet press at
arate of approximately 500 g min*with a dry-material feeder (Accu-Rate Inc.,
Whitewater, Wis.). The pellet press was operated at a grinder roller speed of 120
rpm. The model pelleted substrate was 6 mm in diameter and averaged 8 mm in
length.

Drying and coating of pelleted substrate. Batches of the pelleted substrate
were dried to a moisture content of 3 to 10% in a sterile environment in a stream
of hot air (approximately 80°C) with a commercial variable-temperature heat
gun (Master Appliance, Racine, IlIl.), placed in sterile 60-ml polyethylene bags
(Cole-Parmer, Niles, Ill.), and stored at -6°C until further use.

Dried pellets (35 to 40 g) from one polyethylene bag were coated under sterile
conditions with sodium alginate hydrogel that contained fungal biomass (Wag-
ner, Minneapolis, Minn. ) by using a commercial spray gun. A deionized-water
solution of medium-viscosity sodium alginate (Sigma) was sterilized by autoclav-
ing for 10 min at 120°C. Known amounts of fungal biological material that
consisted of either conidia, chlamydospores, and mycelial fragments or only
mycelial fragments of test fungi were added to cooled sodium aginate to form a
2% sodium alginate hydrogel solution. Different concentrations of fungal bio-
logical material in sodium alginate hydrogel (0-, 10-, 100-, 1,000-, and 10,000-fold
dilutions of the original conidial suspensions or mycelial fragment homogenates)
were tested for coating. Pellets were coated by consecutive spraying with the
alginate hydrogel-biological material suspension and small amounts of a 5%
solution of sterile, analytical grade CaCl,An alginate hydrogel film was formed
immediately on the pellet surface when calcium ions cross-linked the alginate by
electrostatic interactions with carboxylate groups of neighboring macromolecules
(1). The amount of hydrogel applied was determined by weighing the pelleted
substrate before and after spraying.

Overgrowth of pellets with fungal mycelium. Coated pellets were transferred
to sterile 60-ml polyethylene bags, incubated at 24 and 30°C until the pellets were
thoroughly overgrown with mycelium, and then immediately used for testing.

Uncoated pellets. Moisture content of sterile pellets in polyethylene bags was
adjusted to 30, 35, 40, 45, and 50%, and pellets were inoculated with PDA plugs
overgrown with P. chysosporium. Bags with pellets were incubated at 30°C and
inspected for fungal growth. The bags were periodically weighed, and sterile,
deionized water was added to maintain the initial moisture content.

Viability of fungal spores and mycelial fragment propagules. Serial dilutions
of a 2% sodium alginate spore suspension or a 25% sodium alginate mycelia
fragment suspension in sterile, deionized water were prepared, Aliquots of 0.2 ml
were spread on petri dishes with PDA (three plates per replicate per dilution).
Germinating spores or fungal colonies from mycelial fragments were counted on
the agar plates after 18 h or 3 days of incubation at 30°C, respectively, and
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populations were reported as CFU, A 1,000-fold dilution of the original sodium
alginate spore and sodium alginate mycelial fragment suspension was found to be
the most useful for colony counting.

Mechanical strength of pelleted fungal inoculum. The mechanical strength of
the uncoated pellets, hydrogel-coated pellets, and pellets overgrown with fungal
mycelium was assessed by two independent methods. In the first method, the
force (F) needed to rupture the pellets was measured with force gauges (spring
scales) with various scales (10 to 250 N, 0 to 2,000 N, and 0 to 15,000 N; Osborn
Inc., New York, N. Y.) and expressed in Newtons. One-half of the pellet was fixed
in a clamp in a test stand equipped with a force gauge; the free half was hooked
to the force gauge. Force was imposed on the pellet by manually pulling the force
gauge from the fixed pellet. The peak force at the moment of pellet rupture was
measured. hr the second method, a specially designed instrument was used to
determine the impact energy that the structure of the pellet substrate could
absorb before breaking down. The impact energy (W) was calculated after mea-
suring the distance between a free-falling block of steel with a known mass and
a fixed pellet and expressed in Joules.

The adequate range of mechanical strength of pellets for successful inocula-
tion into soil was determined by simulating mixing of the inoculum with soil in a
V-shaped laboratory mixer with a 5-liter capacity. Pellets with different mechan-
ical strengths (1.94 + 0.78 N and 0,02 + 0.01 J, 1.25 + 0.52 N and 0.04 + 0.00
J,and 17.51 + 4.94 N and 0.11 + 0.02 J) were mixed with dry sands with different
particle sizes (fine, particles of > 2 mm, and coarse) and with Marshan soil with
different moisture contents (3.5 and 40%) for different times. Fracture and
abrasion of pellets were determined by measuring the decrease of the initial dry
weight of pellets after separation from the soil by screening through a 3-mm
sieve.

Contamination of fungal inocula. Soils artificialy contaminated with PCP and
soils collected from actual contaminated sites were used to study the attack and
proliferation of indigenous soil bacteria and fungi on fungal inocula (see Table
4). Coated pellets were inserted into the soil to approximately three-fourths of
their length and monitored for proliferation of inoculated fungi in the soil and
for possible soil-borne microbial contamination. The inoculated soils were incu-
bated at 24°C in jars (30 g of sail, three pellets per jar) with modified covers. (To
allow adequate air exchange, a piece of microporous material was placed over a
3.2-mm hole on the inside of the cover.) The microbia contaminants on the
pellets were identified by transferring pieces of contaminated pellets to PDA and
malt extract agar (2% malt extract, 1.5% Bacto Agar [Difco]). The indigenous
soil fungi were also identified on PDA and malt extract agar plates after inocu-
lation of agar plates with soil pieces and with deionized, sterile water-soil ex-
tracts.

Electron microscope examinations. For scanning electron microscopy, over-
grown pellets were air dried and mounted on metal stubs with silver paste.
Samples were coated with gold by using a Denton Desk-1 sputter coater and then
viewed and photographed in a JEOL 840 scanning electron microscope.

Measurement of equilibrium moisture content. Alginate hydrogel films and
half-split substrate pellets were placed in closed chambers, partly filled with
saturated salt solutions to maintain constant relative humidity (RH), and incu-
bated at 30°C. Saturated salt solutions used to maintain RH were as follows: 92%
for NaSO,, 84% for KCl, 75% for NaCl 68% for CUCI,, 50% for Ca(NO,),,
43% for K,CO,, and 32% for MgC1,(29). Deionized water was used to maintain
100% RH. After 15 days of equilibration, the moisture content of the pelleted
substrate and alginate hydrogel films was determined by weighing before and
after drying at 60°C for 24 h.

To obtain aginate films, 5 ml of 1, 1.5, and 2% alginate hydrogel (Danisco
Ingredients, New Century, Kans.) was spread over a petri dish, sprayed with 5%
CaCl,, and washed with deionized water.

Measurement of diffusion coefficients. Alginate hydrogel beads and substrate
pellets with known initial moisture contents were placed in closed chambers with
a constant RH as described in the previous section. The bead and pellet moisture
loss after 48 and 12 h of incubation, respectively, was determined as aready
described, and the average moisture content of alginate beads and substrate
pellets during incubation was calculated. The mean radius of 10 beads before and
after incubation was obtained for each RH, and the average radius during
incubation was calculated.

Alginate beads were prepared by dropwise addition of 1, 1.5, and 2% alginate
hydrogel (Danisco Ingredients) in a stirred solution of 5% CaCl,. After 30 min

TABLE 1. Effect of spraying on viability of biological material in sodium aiginate hydrogel

Mean concn of fungi (CFU/ml) = SEM Viability of material

Fungus Type of material Betors soraving After sprayinE afer spraying (%)
P. chrysosporium Conidia (7.5 £ 2.5) X 10° (7.5 = 1.8) x 10° 100
P. sordida Mycelium, chlamydospores 2.5 % 10° 2.5 x 10° 100
L lacteus Mycelium (7.2 = 2.2) x 10* (1.8 = 0.3) x 10° 252
B. adusta Mycelium (9.0 = 3.0) x 10* (82 + 1.8) x 10* 91
T. versicolor Mycelium (13.5 = 0.6) X 10° (143 = 0.1) x 10° 106
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TABLE 2. Conditions for overgrowth of treated pellets with fungal mycelia
Lowest concn of biological . Time for growth of . .
- - Incubation X Amt of growth medium Concn of spores and mycelium
Fungus material for mycelial " mycelial coat on . b . A
& coat formation? temp (°C) pellets (days) required for coat’ in growth medium
P. chrysosporium 3,200¢ ml~! 30 3 198 cmz_ 533 X 10."“ cEr:’Z
P. sordida 0.9 X 107* g liter ™! 30 7 0.02 liter 1.13 gl!terﬂ
I lacteus 0.085 g liter ™! 30 5 15.9 liters 1.06 g l!ter‘]
B. adusta 0.0297 g liter™! 24 8 6.5 liters 248¢g l!ter_1
T. versicolor 0.1713 g liter™* 30 4 7.23 liters 7.84 g liter
@ Lowest concentration needed to produce fungal mycelial coat over pelleted substrate.
b Amount needed to provide sufficient material to coat 1 metric ton of pellets.
¢ Dry-weight concentration.
4 Conidia.
of incubation, alginate heads were washed with deionized water and quickly The set of 34 differential equations (equation 5, i = 1...34) was solved

dried on a paper towel. Substrate pellets were cut smooth at the edges with a
razor blade and sealed with melted polyethylene glycol (molecular weight, 1,500)
at both ends to ensure radial diffusion of water vapor.

It was assumed that the initial concentration of moisture inside the alginate
beads and substrate pellets was uniform and that the surface moisture concen-
tration was constant and in equilibrium with the RH of the surrounding air.
Crank (3) solved the Fick’s first law equation for diffusion in spherical objects for
these conditions and obtained the following equation:

MyM. = 1 = 6w+ >, 1in® - exp(~Dr’wiir) o)

n=1

where M |isthe moisture leaving the aginate bead (sphere) or substrate pellet
(cylinder) in time t, M. is the corresponding moisture after infinite time, pisthe
effective diffusion coefficient, and r is the average radius during incubation.

For radial diffusion in cylindrical objects, Crank (3) obtained the following
solution:

MM, = 1 — > 4(Palexp(—Da,0) o)

n=1

where «,, is the successive positive roots of the Bessel function of the first kind
of order zero, tabulated in tables of Bessel functions.

M ,and M, were determined experimentally as described in the previous
section. The effective diffusion coefficients for the alginate hydrogel and pelleted
substrate with different average moisture contents were calculated numerically
from equations 1 and 2 by using the bisection method (6). For all determinations,
15 summation elements were adequate fur determining D to three significant
figures.

Mathematical model for moisture distribution. Mass transfer of moisture (C)
was assumed to follow Fick’s first law (3) for radial diffusion in a cylinder-shaped
object:

8C/ot = D¥C/d3r* + (Dir)(dC/3r) ©)

Equation 3 was approximated by a system of ordinary differential equations as
described previously (6) by assuming that the radial length of a pellet is subdi-
vided into 33 equal intervals (i = 1...34) with length h and by using the following
approximation formula:

3CIr = (Cioy — 2C; + Gy )W @
Applying equation 4 to equation 3 results in
dCidt = (DIUC; | — 2C; + Civy) + DIRANG = Cio) (5

numerically by using the Runge-Kutta method of fourth order (6). Equilibrium
moisture concentrations of the pelleted substrate and hydrogel in phase bound-
aries (pelleted substrate-air [ i = 34] for uncoated pellets and pelleted substrate-
hydrogel and hydrogel-air [ i = 30 and 34, respectively] for coated pellets) were
obtained from experimental data (see Fig. 5A and B). Equilibrium moisture
concentrations for the pelleted-substrate-hydrogel system would be difficult to
obtain experimentally and were calculated from equilibrium moisture concen-
tration data for pelleted substrate-air (see Fig. 5A) and hydrogel-air (see Fig.
5B). Diffusion coefficients were obtained from data presented in Fig. 5C and D.

Soil culture preparation. A Marshan sandy loam and a Batavia silty clay loam
were collected from A and Bt2 horizons, respectively, air dried, crushed, mixed
thoroughly, sifted through a 2.5-mm sieve, and stored in plastic bags at 4°C. The
chemical characteristics and trace constituents of the soils were reported else-
where (15). The PCP-amended soils were prepared by adding PCP in acetone to
obtain a final concentration of 100 pg g’. The moisture content of nonsterile
Marshan and Batavia soils was adjusted to 48% (weight of moisture/weight of dry
soil) with deionized water. The soils were inoculated with approximately 3%
fungal pellets or 3% sterile pellets for control (dry weight of pellets/weight of dry
soil). The inoculated soils were incubated in nonsterile jars at 24°C in the dark
(30 g of soil per jar). Jars were equipped with modified covers (see the section on
contamination of fungal inocula). Two replicates were prepared for each fungus-
inoculated soil and control soil culture.

PCP analyses. Two 5-g soil samples were extracted from each fungus-inocu-
lated and control soil culture, and the extracts were analyzed for concentrations
of PCP and pentachloroanisole (PCA) by gas chromatography-electron capture
detection (ECD) as described by Lamar et al. (15), To determine the efficiency
of PCP extraction, the Marshan soil was spiked with 42,500 dpm of [*C]PCP.
Recoveries averaged 84.5% * 3.8%.

RESULTS

Coating, inoculation, and overgrowth of pellets. Spray coat-
ing of dried, sterile substrate pellets with a suspension of alg-
inate hydrogel and conidia of P. chrysosporium, chlamydo-
spores, mycelial fragments of P. sordida, and mycelial
fragments of |. lacteus, B. adusta, and T. versicolor did not
reduce the viability of biologica material (Table 1). Mycelial
fragments of T. versicolor required conditioning after fragmen-
tation and prior to inoculation in alginate to maintain viability
after spraying on pellets. The aginate suspension of |. lacteus
produced by spraying enhanced the number of CFU, most
likely through further fragmentation of mycelia fragments.

Coated pellets were incubated until overgrown with fungal

TABLE 3. Mechanical strength of pelleted fungal inocula

Fungus Mean coating on pellets

Mean strength of pellets after overgrowth =+

Mean strength of pellets after coating = SEM SEM

(%) = SEM -

Breaking force (N) Impact encrgy (J) Breaking force (N) Impact encrgy (J)
P. chrysosporium 33+19 8.7 = 0.70 1+0.02 57x1.2 0.06 = 0.02
P. sordida 27.7 27 104 = 2.0 0.10 = 0.04 83 x22 0.07 = 0.02
I lacteus 198 £ 0.8 125 €22 0.11 £ 0.05 10.5 £ 3.0 0.07 = 0.02
B. adusta 218 = 1.7 145 £28 0.18 = 0.05 10.4 £ 2.0 0.16 = 0.03
T. versicolor 36.1 = 0.5 9.7 +2.5 0.044 = 0.013 93+23 0.05 = 0.01
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FIG. 1. Coated and uncoated pelleted substrates. (A) Pelleted substrate
composed of 75% aspen sawdust, 15% potato starch, 8% corn meal, and 2%
calcium lignosulfonate. (B) Pelleted substrate coated with a sodium alginate
mycelial fragment suspension and overgrown with 7-day-old I. lacteus.

mycelia The time needed for formation of an active fungal
mycelial coat varied from 3 days for P. chrysosporium to 8 days
for B. adusta (Table 2). The optimum incubation temperature
for the test fungi was 30°C, except for B. adusta, which was
incubated at 24°C. The lowest concentration of biologica ma-
terial in the alginate hydrogel coating that produced a mycelia
coat on the pellet surface was also determined (Table 2). Pel-
lets were typically coated with 20 to 30% hydrogel (Table 3).
At an average pellet weight of 0.2 g, 0.02 liter (P. sordida) to
15.9 liters (l. lacteus) of fungal growth medium was needed for
production of the biological material required to inoculate
1,000 kg of pellets (Table 2). During the overgrowth period,
the funga inoculum lost 3 to 8% of its moisture. The final
moisture contents of overgrown pellets were 32.8, 28.0, 20.7,
225, and 35.5% for pellets coated with P. chrysosporium, P.
sordida, |. lacteus, B. adusta, and T. versicolor, respectively.

Pellets thoroughly overgrown with fungal mycelium were
considered ready for use as a fungal inoculum for bioremedia-
tion of contaminated soils. The pelleted substrate and formed
fungal inoculum are shown in Fig. 1. Scanning electron micro-
scopic analysis revealed an extensive network of mycelia on the
surface of the pellets (Fig. 2). Some fungal hyphae were aso
observed in internal cavities of the pellets.

Mechanical strength of pelleted fungal inoculum. Figure 3
presents data obtained from experiments that simulated inoc-
ulation of soil with a fungal inoculum by mixing of the pellets
with soil and sand in a laboratory mixer. The mechanical
strength of pelleted fungal inocula that were mixed into soil or
sand without significant weight reduction exceeded 2 N and
0.04 J. Mechanica strength depended on pellet moisture con-
tent (Fig. 4). The mechanical strength values of pelleted over-
grown fungal inocula are presented in Table 3.
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Contamination in soil. Fungal inocula thoroughly over-
grown with active mycelia of P. chrysosporium, P. sordida, I.
lacteus, B. adusta, and T versicolor and introduced into non-
sterile soils (Table 4) were highly resistant to contamination by
indigenous soil bacteria and fungi. Contamination was ob-
served only with pellets overgrown with P. sordida and I. lacteus
inoculated into the Florida site A and Indiana soils, respec-
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FIG. 3. Decrease of initial dry weight of pellets with differcnt mechanical
strength values after mixing of 3% pellets with 1 kg of sand or soil during a
30-min period. Group A symbols: [, pellets (17.5 N, 0.12 J) mixed with finc sand;
A, pellets (17.5 N, 0.11 J) mixed with sand with >2-mm particles; X, pellets (17.5
N, 0.11 J} mixed with coarse sand; <, pellets (1.3 N, 0.04 J) mixed with Marshan
soil with 40% moisture. Group B symbols: <, pellets (1.9 N, 0.02 J) mixed with
Marshan soil with 40% moisture; B, pellets (1.3 N, 0.04 J) mixed with fine sand,;
O, pellets (1.9 N, 0.02 J) mixed with fine sand; A, pellets (1.3 N, 0.04 J) mixed
with Marshan soil with 3.5% moisture; X, pellets (1.3 N, 0.04 J) mixed with
coarse sand; <, pellets (1.3 N, 0.04 1) mixed with sand with >2-mm particles; A,
pellets (1.3 N, 0.04 J) mixed with 3 kg of coarse sand. Group C symbols: B, pellets
(1.9 N, 0.02 J) mixed with sand with >2-mm particles; O, pellets (1.9 N, 0.02 1)
mixed with coarse sand.



VoL. 62, 1996

40 - mycellal |
;:oat -—
= ormation’
£ .30
oo
s2 i
- O |
%= 20 :
o ;
-9
> 2 10 - inadequate ]
E strength Iﬁ\

0 j_: VVVVVV I .......... Y [ = ‘[!j:,;]

0 10 20 30 40 50
% moisture

B mycellal
coat =P
iotmatlon

e

inadequate

strength l

T T T T 1

0 10 20 30 40 50
% moisture

FIG. 4. Mechanical strength of pelleted substrates with different moisture con-
tents. (A) Force needed to rupture pellets. (B) Maximal impact energy absorbed
by pellet structure. Dotted lines indicate the percentage of moisture that allows
fungal growlh on uncoated pcllets and the region of mechanical strength that is

lﬂaﬂCqu[C for mlxmg with soil. Error bars reprnbenl b[dl’ludru UCVldLIUl]S o1 l[ll'k.C
replicates.

© ©
w -
{ J

(=
piry
|

Pellet strength
(impact energy, J)
o
[\ -]

o
o

FUNGAL INOCULA FOR AUGMENTATION OF CONTAMINATED SOILS 2049

tively, where 11% of pellets were contaminated with Tri-
choderma and Fusarium spp.

Pellets coated with either P. chrysosporium conidia or myce-
lia fragments of P. sordida and I. lacteus but not overgrown
with mycelium were overcome by competition from soil micro-
flora and generally failed to survive and proliferate in the soil.
The microbial contaminants found to attack fungal inocula
were Trichoderma and Fusarium spp.

Moisture distribution in pellets. The equilibrium moisture
content and diffusion coefficients of the aginate hydrogel and
pelleted substrate were determined to enable modeling of the
moisture distribution in uncoated and coated pellets (Fig. 5).
Diffusion coefficients were found to be dependent on the mois-
ture concentrations of the hydrogel and the pelleted substrate.
The percentage of alginate did not influence the hydrogel
equilibrium moisture content.

The proposed model for an uncoated pellet with an initial
moisture content of 45% that was incubated at an RH of 90%
and 30°C showed that the pellet dries out rapidly, particularly
a the surface (Fig. 6A). The mode for the pellets with an
initial total moisture content of 42% that were coated with
22.5% hydrogel shows that the hydrophilic alginate hydrogel
provides the necessary moisture for fungal growth at the sur-
face of the pelleted substrate (Fig. 6B). The moisture content
on the pellet core-hydrogel interface thus remains high, while
that in the center of the pellet slowly decreases.

Removal of PCP from artificially contaminated soil. Visua
inspection of the soil cultures revealed that in Marshan soils, P.
chrysosporium grew primarily in the area around the inserted
pellets. Growth of B. adusta and |. lacteus was well distributed
through the soil surface, with some penetration into the depth
of the soil mass. The growth of P. sordida and T. versicolor was
between the two extremes. In Batavia soil, P. chrysosporium
colonized only the surface close to the inserted pellets. The
PCP concentration in Marshan soil inoculated with sterile pel-
lets declined only dlightly (Fig. 7A). Shortly after inoculation
into the soil, growth of Fusarium spp. was found on the pellets.
In Batavia and Marshan soils inoculated with P. chrysosporium,
the PCP concentration decreased by 61 and 85%, respectively,

TABLE 4. Soil contamination variables

. Contaminant(s) Ficld H,0 Actual soil H,O¢
Soil type or . < Funod ic 3 ctual soil H;
origin Type(s) Amt(s) (ng/e) Indigenous fungi capacity” (%) content (%)
Marshan PCP (added) 100 Fusarium spp., Penicillium spp., Aspergillus spp., 88.1 48
Trichoderma spp.
Batavia PCP (added) 100 Penicillium spp., Mucor spp. 67.5 48
Utah PCB® Fusarium spp., Scytalidium spp., Trichoderma spp., 23.9 19.4
Penicillium spp.
Indiana 2,4-Dichlorophenoxyacetic >30  Mucor spp., Penicillinium spp., Trichoderma spp., 55.7 26.3
acid Fusarium spp.
Florida site A PCP, PCA 145,65  Fusarium spp., Trichoderma spp. 37.6 34.5
Mississippi PCP, PAH 1,200 Talaromyces spp., Fusarium spp., Aspergillus spp., 37 279
Arthrinium spp., Bispora spp., Phialacephala spp.
Wisconsin PCP, PCA 220, 120 Fusarium spp., Penicillinium spp. 17.2 14.2
Florida site B PCP, PAH¢ 1,200 Fusarium spp., Aspergillus spp. 24.7 233

¢ Values are based on dry soils.
» PCB, polychlorinated biphcnyl.
¢ PAH, polyaromatic hydrocarbon.
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after 4 weeks. Most of the PCP was found to be transformed
into PCA (Fig. 7B and C). In Marshan soil inoculated with P.
sordida, the PCP concentration decreased by 92% (Fig. 7D).
However, most of the PCP was transformed into PCA. In soils
inoculated with a pelleted fungal inoculum containing 1. lac-
teus, B. adusta, and T. versicolor, the PCP concentrations de-
creased by 86, 82, and 90%, respectively, after 4 weeks (Fig.
7E, F, and G). Only a small part of the PCP was found to be
transformed into PCA by these fungi.

DISCUSSION

Funga inocula currently used for bioaugmentation of con-
taminated soils are produced by techniques developed for the
production of fungal spawn for supply to mushrooms growers
or rely on “bulking up” of pure cultures of selected fungi on
large amounts of organic substrates or agricultural wastes.
These techniques are labor intensive, and the quality of the
inoculum produced is quite variable.

Pelleted fungal inocula (pelleted core containing a carrier,
nutrient source, binder, and lubricant) that are encapsulated
by a layer of mature funga mycelia (Fig. 1) can be produced
from the same inexpensive materials as are currently used for
inocula. However, pelleted inocula can be produced with con-
sistent quality because each inoculum possesses a specified
ratio between the amount of fungus and the substrate for
growth and activity. Therefore, the amount of growth and/or
pollutant-degrading activity from each inoculum unit (i.e., pel-
let) can be predetermined and the quality of each inoculum
batch can be evaluated.

Sufficient mechanical strength of the funga inoculum is es-
sential for maintaining inoculum potential in the process of
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collection, packing, and transportation. Mechanical strength is
particularly important for soil application, in which damage to
fungal mycelia resulting from the grinding action of soil parti-
cles can reduce the inoculum potentia (11). In the study re-
ported here, the mechanical strength of the overgrown pelleted
fungal inoculum varied from 5.7 + 1.2 N and 0.06 + 0.02 J for
P. chrysosporium to 10.4 + 2.0 N and 0.16 + 0.03 Jfor B. adusta
(Table 3). These strengths are substantially higher than the
strength (2 N and 0.04 J [Fig. 3]) that was found to be inade-
quate for successful delivery of pellets into the soil.

The effectiveness of bioaugmentation depends on the sur-
vival and activity of inoculated microorganisms in soil. When
introduced into a wide variety of nonsterile, contaminated soils
(Table 4), pellets overgrown with active fungi resisted attack
from indigenous soil bacteria and fungi. The presence of a
dense, active mycelial coat on the pelleted substrate (Fig. 2)
and unshared access by the inoculated fungus to the nutrients
in the pellet core seemed to provide a competitive advantage
and thus may be important for survival and growth of the
inoculated fungus (2). In contrast, pellets coated with spores or
slowly growing mycelia fragments that were not overgrown
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with the inoculated fungi were unable to rapidly penetrate the
pellet substrate, and the substrates became colonized by indig-
enous microorganisms. Fungal inocula in the form of spores or
mycelial fragments are also much more sensitive to growth
inhibition by contaminants, such as PCP, than are actively
growing fungal mycelia (9, 20, 22). This is another possible
reason for failure of a not-overgrown fungal inoculum to sur-
vive and proliferate in contaminated soil.

One way to improve the economics of fungal bicaugmenta-
tion is to produce inocula with lower moisture content to
decrease the cost of transportation. Current inoculum formu-
lations (e.g., a nutrient-fortified grain-sawdust mixture) ap-
plied at a rate of 10% to a site that contained 100,000 m’of
contaminated soil would require 25,000 metric tons (wet
weight) of inoculum (60% moisture). In the study reported
here, the average moisture content of pelleted inocula varied
from 20.7% for an inoculum with I. lacteus to 35.5% for an
inoculum with T. versicolor, about half of that of the nutrient-
fortified grain-sawdust mixture (11). A further decrease in the
cost of transportation and storage would be due to an increase
in the specific weight of the pelleted substrates. The pelleted
inoculum was reduced approximately 50% in volume com-
pared with the original substrate mixture.

Biomass production would be an expensive step in fungal
pellet production. However, as shown in Table 2, 0.02 to 15.9
liters of fungal growth medium would be sufficient for produc-
tion of biomass for inoculation of 1,000 kg of pellets.

A mathematical model was developed to examine the influ-
ence of the hydrogel coating on moisture distribution in the
pellet. A model for uncoated pellets indicated rapid drying of
the pellet surface (Fig. 6A) as a result of the high moisture
diffusion coefficient (Fig. 5D) and the low equilibrium mois-
ture content of the pelleted substrate (Fig. 5B). This corre-

sponds to our observations that a moisture content of 45% or
higher and constant demoistening were required to support the
growth of P. chrysosporium on uncoated pellets. The mycelia
coat was poorly developed, and most of the fungal growth
appeared to penetrate the pellet structure. The mechanical
strength of pelleted fungal inocula with this moisture content
did not alow successful delivery into soil (Fig. 3 and 4). A
model proposed for a pellet coated with hydrogel (Fig. 6B)
indicated that the hydrogel provided moisture for fungal
growth on the surface of the pellet, where an extensive fungal
mycelium network was observed (Fig. 2). The lower moisture
content of the pellet core enabled the coated, overgrown pellet
to retain acceptable mechanical properties. The pellet core was
probably too dry for intensive fungal growth during the over-
growth step, and a larger part of the substrate was most likely
preserved until the inoculum was delivered to the wet soil.
Such a moisture distribution in coated pellets was caused by
the higher equilibrium moisture content of the alginate hydro-
gel than of the pelleted substrate (Fig. 5A and B).

A pelleted inoculum formed with severa different white-rot
fungi and applied at a rate of 3% was tested for its ability to
deplete PCP in soil. In Marshan soil with I. lacteus, B. adusta,
and T. versicolor, 82 to 90% of the PCP was depleted (Fig. 7E,
F, and G) in 4 weeks with production of only insignificant
amounts of PCA. The methylation of PCP to PCA (Fig. 7B and
C) was reported previously for P. chrysosporium and P. sordida
introduced into the soil via wood chips and commercia mush-
room spawn (12, 15) and for other fungi (4, 8, 23). Transfor-
mation of PCP to PCA was found to be induced by the low
biological potential of the fungal inoculum (18).

The shelf life of pelleted funga inocula is the subject of our
ongoing research.
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