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ABSTRACT

2-Methylisoborneol (MIB) is a secondary metabolite of cyanobacteria and
fungi that causes earthy and musty taste and odor. This is a significant problem in
the aquaculture industry and large scale water supplies. Water and aquaculture
products exposed to this compound may become unacceptable to consumers.
Especially the accumulation of this compound in the fish flesh is a major problem
for the channel catfish industry. To monitor the levels of this compound for
quality control and abatement, rapid. sensitive and inexpensive methods are
needed.

This research reports the development of an indirect enzyme linked
immunosorbent assay (ELISA) for MIB using monoclonal antibodies. For the
preparation of monoclonal antibodies against MIB, MIB-Limulus polyphemus
hemocyanin (LPH) and borneol-LPH were synthesized as an immunogen. In
order to compare and optimize the effect of solid phase conjugate structure,
borneol-bovine serum albumin (BSA), isoborneol-BSA, MIB-BSA were
synthesized as a solid phase protein conjugate. TQ produce monoclonal
antibodies, two mice (3-4 weeks, female, BALB/c) were immunized with
borneol-LPH protein conjugate and another two mice were immunized with MIB-
LPH. Hybridoma cells were made by the fusion of myeloma cells and spleen cells
of the mice that showed high antibody titer and specificity. Hybridoma cells that
secreted high affinity monoclonal antibodies were cloned by the limiting dilution

method three times to ensure clonality. For the optimization of ELISA, different
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Ab concentrations and different solid phase conjugate concentrations were tested.
At lower concentrations of antibody and solid phase conjugate, the sensitivity was
greatest, however the signal also began to decrease. The effect of solid phase
conjugate structure was studied by comparing the sensitivity of ELISA using
borneol-BSA, isoborneol-BSA, and MIB-BSA as a solid phase conjugate. When
MIB-BSA was used as a solid phase conjugate, the affinity for the free MIB was
improved against the affinity to MIB-BSA and the sensitivity of ELISA was
greatest. By using anti-borneol monoclonal antibody (1/250) and MIB-BSA (0.5
ng/ml) as a solid phase conjugate, standard curve was constructed from 100 mg/L
to 0.1 ng/L range. The linear range of this standard curve was found to occur
between 1ng/LL and lmg/L MIB. The detection limit, defined as the MIB

concentration giving an A/Ao value of 0.8, was found to be approximately 1ng/L.

Xi
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CHAPTER 1. INTRODUCTION

Geosmin and 2-methylisoborneol are produced by blue green algae,
filamentous bacteria and fungi (Gerber, 1967; Dionigi et al., 1992; Safferman et
al., 1967; Lovell and Sackey, 1973). These compounds can impart musty and
earthy off-flavors to potable water, aquaculture raised fishes and food, causing
economic losses in these and related industries (Lorio et al., 1992). As low
amounts of these compounds are required for “off-flavor” and microorganisms
that produce these compounds are ubiquitous, the musty flavor compounds
geosmin and 2-methylisoborneol are a problem in the potable water and
aquaculture industries.

These two main compounds responsible for earthy and musty flavors are
synthesized by blue green algae and actinomycetes. They are taken up through the
gills and accumulate in the fatty tissues (Tucker and Martin, 1991).

Farm raised catfish (lctalurus punctatus) has gained wide acceptance
among consumers as a high quality product with a mild flavor. Fish producers are
most affected by the off-flavor problem because of their inability to market their
fish crop when desired. The first step of quality control in the processing of farm
raised catfish is a flavor evaluation to check for the presence of off-flavors. Off-
flavor fish can not be harvested and brought to the market. If harvested fish arrive
at a processing plant and are determined to be off-flavor, they are returned to the

pond. The most often used practice for off-flavor improvement is depurating the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



undesirable odor or flavor by changing the environment and holding for an
indefinite period of time (Arganosa and Flick, 1992).

Producers are doing a thorough job of screening and taste testing fish and
water for flavor quality to maintain standards (Chung et al., 1991). Sensory
evaluation is the most sensitive method of analysis currently available (Johnsen
and Kelly, 1990). However, as it is a subjective method, it may show large
variation between tasters and between replicate samples.

Gas chromatographic (GC) methods for the determination of geosmin
have been developed and are non-subjective. However the lack of sensitivity,
expense, technical training, extensive sample preparation and variability limit the
application of these methods by industry.

Immunochemical methods can be accurate, simple and sensitive. There is
a great demand for a rapid, sensitive and non-subjective method for monitoring
off-flavor problems in the catfish production and processing industries as well as
for research.

Polyclonal antibody produced by Chung et al. (1990) was not acceptable
because of poor sensitivity. In this study a ELISA system was developed specific
for MIB and having a detection limit low enough to detect MIB from fish or water

without sample concentration.
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CHAPTER 2. REVIEW OF LITERATURE

2.1 Off-flavor problem in water and aquaculture industries
2.1.1 Off-flavor problems in water and in aquaculture industries

"Off-flavors" are objectionable tastes or odors in water or foods. Off-
flavors in fish can be caused by feed ingredients, natural foods, post-mortem
oxidative rancidity, or odorous compounds absorbed from the environment.
Sources of environment related off-flavors include chemical pollution and extra-
cellular metabolites of aquatic bacteria or algae. Organic compounds responsible
for off-flavors are rapidly absorbed by fish from water and stored in lipid rich
tissues; elimination is relatively slow (Tucker and Martin, 1991).

Two metabolites, which are the primary compounds responsible for earthy
or musty "off-flavor" in frush catfish, are geosmin (1a, 10b-dimethyl-9a-decalol)
(Figure 1) and 2-methylisoborneol (1-R-exo-1,2,7,7,-tetramethyl-bicyclo-{2.2.1]-
heptan-2-ol) (MIB) (Figure 1). These two compounds are metabolites synthesized
by some cyanobacteria, actinomycetes and fungi, and cause problems for the
potable water and aquaculture industries because of the ubiquitousness of the
organisms that produce these metabolites (Hansen, 1964; Gerber, 1967;
Safferman et al., 1967; Lovell and Sackey, 1973; Izaguire et al., 1982; Persson,
1982; Yagi, 1983; Yagi et al., 1983; Aoyama, 1990; [zaguire and Taylor,1995).

A causal relationship between certain odors in surface waters and aquatic
microorganisms was suspected before the turn of the century. This relationship

was suggested by the similarity of odors in water and odors produced in cultures
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of certain bacteria. The most common odor produced by these cultures has been
variously described as "muddy”, "musty" or "earthy"”. Berthelot and Andre (1891,
as cited by Gerber 1979) considered the odors produced by actinomycete cultures
to be similar to those of freshiy plowed soil. They noted that the substance
responsible for the typical odor of soil could be extracted from soil by steam and
was chemically neutral. Thaysen (1936) described the compound that caused the
“earthy” odor as an organic compound which is slightly soluble in water, volatile
in steam, soluble in ether and partly soluble in alcohol. Similar flavors have been

noticed in fish for centuries.

2-methylisoborneol geosmin
Figure 1. The structure of off-flavor compounds, 2-methylisoborneol and
geosmin.

Gerber and Lechevalier (1965) analyzed an odor concentrate from an
actinomycetes culture by gas chromatography and found a single sharp peak
corresponding to the earthy odor detected at the exit port. They named the
compound geosmin from the greek "ge", for earth, and "osme", for odor. It was
described as a colorless neutral oil which darkens very slightly on long storage

and is unstable in an acidic environment (Gerber 1979). Chemical synthesis
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revealed that geosmin had four isomers, but only one gave the earthy odor
(Marshall and Hochestettler, 1968).

Soon after the identity of geosmin was known, another earthy-smelling
metabolite of actinomycetes was described (Gerber, 1969; Medsker et al., 1969).
This compound, 2-methyisoborneol, was previously known as a synthetic product
prepared by methylation of camphor. The odor of 2-methyisoborneol is musty or
earthy in dilute solution, but camphorous in concentrated solutions. This
compound has been isolated from soils and fresh waters worldwide (Tucker and
Martin, 1991). MIB is a small terpenoid compound wi'th a boiling point of 210 °C
(Rosen etal., 1970).

Geosmin and 2-methylsioborneol are synthesized via the isoprenoid
biosynthetic pathway (Bentley and Meganathan, 1981). Geosmin is probably
derived from a C-15 sesquiterpenoid by loss of an isopropyl side group. 2-
methylisoborneol appears to be derived from methyl addition to a monoterpenoid.
Intermediate products and mechanisms controlling bisosynthesis are unknown.
The biosynthetic pathways for geosmin and 2-methylisoborneol are presumably
common to all organisms found to produce these compounds (Tucker and Martin,
1991).

2.1.2. Occurrence of off-flavor compounds in natural waters

Offensive tastes and odors in potable water may arise in the raw water
supply, during treatment procedures at water works (chlorination), or by microbial
growth in the distribution systems. Off-flavors in fish are generally due to the

same compounds that cause a bad taste and odor in the water (Persson, 1983). In
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U.S. water supplies, offensive odors have been noticed since the 1850s, and in
European and Australian fisheries have been recorded since the beginning of the
century. Off-flavors in natural waters have been known for a long time and they
are a world wide problem (Persson, 1983).

Various water supply systems have experienced elusive taste and odor
episodes not attributable to planktonic algae or actinomycetes. One such system is
that of The Metropolitan Water District of Southern California (U.S.A). It is a
major water wholesaler, serving about 12 million people in six counties, that
receives its water from the Colorado river and from northern California via the
massive State Water Project. In late 1974 and early 1975, there was an off-flavor
problem affecting the Colorado river portion of the system, but no cause was
conclusively pinpointed. Again in September and October of 1979, numerous
complaints of musty taste were received, but despite extensive sampling
throughout the system, nothing was found that could explain the problem. In
September 1980, there was a recurrence of earthy-musty odor in the water, but by
then the analytical methods for detecting odorous compounds in water had been
developed, and the problem was traced to MIB from a large source water reservoir
(McGuire et al., 1981; [zaguire et al., 1983).

The practical consequences of off-flavors are obvious and include
consumer dissatisfaction, high treatment costs for water works, economic losses
for fisheries and reduced aesthetic value of recreational areas (Persson, 1983). In

Finland, 75 water areas have been affected by off-flavors (Persson, 1978).
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Lake Biwa is the largest lake in Japan. A musty odor was first found in
1969, and since then musty odor problems commonly occurred from May to early
June due to the metabolites produced by Phormidium tenue in 1970s. The
problem in the summer of 1981 was found to be caused by an algal bloom of
Anabaena macrospora. MIB was found to be produced by Phormidium tenue,
whereas geosmin by Anabaena macrospora (Yagi et al., 1983).
2.1.3. Earthy—musty or muddy flavor in fish

The first complete description of the origin and nature of earthy off-flavors
in fish was provided by Thayson (1936) and Thayson and Pentelow (1936). They
associated the cause of off-flavor in Atlantic salmon (Sa/mo salar) from certain
rivers in Scotland with actinomycetes present in decaying beds of submerged
reeds along the river bank. Thayson (1936) speculated that the earthy compound
produced by these actinomycetes is absorbed across the gills and transported to
various tissues via the bloodstream. The earthy flavor was also experimentally
produced in fish exposed to concentrated distillates from cultures of
actinomycetes (Thayson and Pentelow, 1936). A casual relationship between
certain odors in surface waters and aquatic microorganisms was suspected before
the turn of the century and production of earthy odors by cultures of
actinomycetes has been recognized since before 1900 (Thaysen, 1936).

In experimental aquaculture areas in Manitoba studied by Tabachek and
Yurokowski (1976), 30% of the lakes were affected by muddy odor. In the
autumn of 1969, a severe problem of muddy odor in fish in the Oulu sea area in

Finland caused hundreds of fisherman to lose income (Persson, 1974). A muddy-
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earthy flavor in rainbow trout (Salmo gairdneri), channel catfish (Ictalurus
punctatus) and carp (Cyprinns carpio) has been associated with the presence of
species of actinomycetes and blue green algae in aquatic environments (Arganosa
and Flick, 1992). The culturing of rainbow trout in prairie pot-hole lakes in central
Canada has been impaired by the occurrence of this muddy-earthy flavor. Off-
flavor also has been reported as a common occurrence in carp ponds in China,
Japan, and Europe (Arganosa and Flick, 1992). Considerable research has been
conducted on earthy flavors in rainbow trout (Oncorhynchus mykiss) cultured in
prairie pot-hole lakes in central Canada. Two highly odorous compounds,
geosmin and MIB, were confirmed as causes of the flavors, and cyanobacteria
capable of producing these compounds were isolated and identified (Yurokowski
and Tabachek, 1974; Tabachek and Yurokowski, 1976). These two compounds
also caused off-flavor in walleye (Stizostedium vitreum), cisco (Coregonus
artedii), lake whitefish (Coregonus clupeaformis) and northern pike (Esox lucius)
from Cedar lake, an important commercial fishery in Manitoba, Canada
(Yurokowski and Tabachek, 1980).

Kuusi and Suihko (1983) surveyed off-flavors in fish from Finland from
1969 to 1981. Most of the off-flavors were related to man-made pollution, but
earthy off-flavors were common, particularly in carp. Ashner et al. (1967)
reported from Israel that carp cultured in a sandy soil pond which was practically
mud-free and was supplied by water rich in plant nutrients were off-flavor. They
suspected the blue-green alga Oscillatora tenuis that was present in the pond to be

the cause of earthy flavor.
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Bream, Abramis brama, from a shallow eutropic brackish water bay in the
Gulf of Finland had a muddy flavor. This flavor was significantly correlated with
the amount of Oscillatoria agardhii in the area (Persson, 1978, 1979, 1981).
Oscillatoria agardii and O. princeps were also suspected of being the cause of an
off-flavor which affected a lake in Germany (Comellius and Bandt, 1933 as cited
by Aschner et al., 1967).

Lovell (1971) reported that a characteristic, objectionable earthy-musty
flavor is frequently found in intensively cultured catfish in south-central and
southeastern United States. Heavy concentrations of odor—producing
actinomycetes and blue-green algae have been identified in ponds with “earthy-
musty” flavored catfish and were suspected of being the organisms responsible for
the problem (Lovell and Sackey, 1973). It is clear from this evidence that an
earthy-musty or muddy flavor in fish is a common problem throughout the world
(Persson, 1983).

2.1.4. Off-flavor problems in the catfish industry

Off-flavors, associated with algal blooms in aquaculture are a major
problem for the channel catfish industry. These undesirable tastes in catfish result
from accumulation of geosmin and 2-methylisoborneol in fish flesh. Warm water
temperature and high feeding rates are associated with the incidence of off-flavor
in catfish ponds ( Johnsen, 1989 and Johnsen and Dupree, 1991).

Earthy off-flavors in pond raised channel catfish were initially described

by Lovell and Sackey (1973) and Malgalig et al. (1973). The incidence of off-
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flavor in channel catfish has increased dramatically as culture practices have
changed to increase fish yields (Brown and Boyd, 1982).

When ‘musty’ fish cannot be harvested and brought to the market, the fish
are held and fed until deemed “on-flavor’ by an experienced human taster
employed by the processing plant. Earthy/musty flavors constitute a significant
restriction to the growth of the catfish industry. Fish that do not meet the
processor’s quality standards are called off-flavor and are not harvested until
flavor quality has improved enough for fish to be considered acceptable to
consumers. [f the flavor of the fish sampled is unacceptable, the fish are rejected
for processing; fish are either not harvested or returned to the pond from the
transport truck (Tucker and Martin, 1991). The Research Committee of the
Catfish Farmers of America identified off-flavor as the most serious problem in
the industry. Reasons for the seriousness of the problem are the high rate of
occurrence of off-flavor, the damage that can be done to product image if off-
flavor fish get into market channels, and the lack of control measures for off-
flavor (Lelana, 1987).

Sensory scores for channel catfish sampled from four experimental ponds
at Stoneville, Mississippi (Tucker and Martin, 1991) illustrate the dynamic nature
of the incidence and severity of off-flavor. On the initial sampling in July, all four
ponds were judged to contain acceptably flavored fish; in early October, three of
the four samples were judged off-flavor to varying degrees. Off-flavor episodes
varied from two weeks to over three months. The highest incidence of off-flavor

occurred in September and October with samples from 10 of the 14 ponds judged

10
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off-flavor. The most intense off-flavors also occurred at this time; the flavor
described as "blue-green” (confirmed as being caused by MIB) was most common
and the most severe (Tucker and Martin, 1991). Studies of catfish culture ponds in
Alabama showed fish from 50-75 % of the ponds sampled in late summer or early
fall were off-flavor and unacceptable for harvesting (Brown and Boyd, 1982;
Armstrong et al., 1986; Lovell et al., 1986). These two off-flavor compounds,
MIB and geosmin, afflicted 50-70% of the ponds involved in channel catfish
culture in Western Mississippi (Martin et al., 1987). The predominant off-flavor
was "earthy-musty". Geosmin was confirmed in 80% of the fish with earthy-
musty off-flavors; MIB was not detected in any fish sampled (Lovell et al., 1986).
The reasons for the different chemical etiologies of earthy-musty off-flavors in
Alabama and Mississippi are not known.

Total incidence of ponds with off-flavor fish, and the incidence of earthy-
musty flavors increased during the summer growing season as phytoplankton
biomass increased in response to higher water temperatures and amounts of feed
added to ponds. During the summer and autumn months approximately half of the
commercially cultured channel catfish presented for processing at a given time,
are rejected because of objectionable flavor and odor (Martin et al., 1988a and
1990; Brown, 1996).

2.1.5. Economic burden

Producers of channel catfish consistently identify environment related off-

flavors as their major production problem (Tucker and Martin, 1991). Pond

culture of channel catfish is the largest aquaculture industry in the United States.

11
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In 1988, over 150 million kg of fish were produced. About 80% of the total was
produced in a limited geographical area of west central Mississippi. In 1990,
about 62,000 ha of water were used to produce about 164 million kg of catfish in
the United States. Alabama and Mississippi had about 12% and 60% of the total
area and catfish production (Hariyadi et al., 1994).

Keenum and Waldrop (1988) attempted to estimate the effects of off-
flavor on production costs of Mississippi pond-raised channel catfish. When off-
flavor occurred during the winter, the only additional cost charged was an
opportunity cost for delayed income. When off-flavor occurred during the
summer growing season, interest was charged on the quantity of fish that couldn't
be sold. Other potential costs accruing from off-flavor are difficult to estimate.
Fish may be lost to infectious diseases or poor water quality while the fish are in
inventory waiting for off-flavor to abate. Market constraints (not being able to sell
fish when they reach market size, also called quotas) also impact annual
production cost.

After production of geosmin or MIB ceases, the compound is purged from
the fish. However the costs associated with delayed harvest of off-flavor fish can
be substantial. For example, it has been estimated that environment-derived off-
flavor may add 10-20% to the cost of producing channel catfish in the
southeastern United States (Paerl and Tucker, 1995). Holding market size fish in
inventory because of off-flavor, restricts sales and cash-flow and increase the cost
of production by $0.02-0.20/1b fish because of feeding, aeration, and lost

opportunities to sell fish (Weirich, 1995).

12
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2.1.6. Detection thresholds of off-flavor compounds

The human gustatory thresholds of geosmin or MIB are reported to be
0.004 pg/L to 0.2 pg/L (Safferman et al.,, 1967; Buttery et al., 1976; Persson,
1980; Johnsen and Kuan, 1987; Mallevialle and Suffet, 1987; Arganosa and Flick,
1992). Table 1 depicts the threshold odor concentrations of geosmin and MIB that
have been previously reported in the literature. The results of the threshold tests
for geosmin and MIB are variable depending on the panelist. As the definition of
the threshold concentration is different between the groups, the threshold
concentrations are variable in each previous report. Persson (1979b) defined the
threshold odor concentration of MIB as the concentration that 75% of the judges
considered muddy and found that threshold concentration of MIB in water was
from 0.018 to 0.042 pg/L.

The sensory threshold concentration of geosmin in fish ranges from 0.6 to
6.5 png/kg (Yurokowski and Tabachek, 1974; Persson, 1980). Sensory threshold
flavor concentrations vary with the species tested; geosmin is most easily detected
in mild-flavored fish than in fish that have a fairly strong flavor, such as rainbow
trout (Tucker and Martin, 1991).

The threshold concentration of geosmin in rainbow trout was found to be
6.5 pg/kg (Yurokowski and Tabachek, 1974), in bream it was found to be 0.9
ng/kg (Persson, 1980) and in channel catfish it was found to be 8.4 pug/kg (Lelana,
1983). The threshold odor concentration of 2-methylisoborneol is about 0.04 pg/L

(Persson, 1979b). This is higher than the threshold odor concentration for geosmin
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Table 1. Threshold odor concentrations of geosmin and MIB reported in

literature.
Sample Off flavor | Odor Threshold | Reference
compound
Bream geosmin 0.9 ug/kg Persson, 1980
Catfish geosmin 8.4 ng/kg Lelana, 1983
Pike geosmin 0.59 ug/kg Persson, 1980
Rain bow geosmin 6.5 pg/kg Persson, 1980
trout
Rainbow geosmin 6.5 ug/kg Yurokowski and Tabachek,
trout 1974
Water geosmin 0.004 pg/L Mallevialle and Suffet, 1987
Water geosmin 0.01ug/L Ceesetal., 1974
Water geosmin 0.015 pg/L Persson, 1979
Water geosmin 0.02 ug/L Zoetman, 1980
Water geosmin 0.02 pg/L Sano, 1988
Water geosmin 0.021 ug/L Buttery et al., 1976
Water geosmin 0.022 ug/L Ito et al, 1988
Water geosmin 0.03 pug/L Johnsen and Kuan, 1987
Water geosmin 0.05 pg/L Arganosa et al., 1992
Water geosmin 0.05 pug/L Medsker et al., 1968
Water geosmin 0.2 ug/L Safferman et al., 1967
Pike MIB 0.085 pg/kg Persson, 1980
Rainbow MIB 0.55 ug/kg Persson, 1980
trout
Bream MIB 0.095 pg/kg Persson, 1980
Cat fish MIB 100-200 pug/kg | Martin et al., 1988b
Water MIB 0.1 pg/L Wood and Snoeyink, 1977
Water MIB 0.1ug/L Medsker etal., 1969
Water MIB 10 pg/L Martin et al., 1988b
Water MIB 0.042 ug/L Persson, 1979
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