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Selected monoterpenes inhibited methane oxidation by methanotrophs (Methylosinus trichosporium OB3b,
Methylobacter luteus), denitrification by environmental isolates, and aerobic metabolism by several heterotro-
phic pure cultures. Inhibition occurred to various extents and was transient. Complete inhibition of methane
oxidation by Methylosinus trichosporium OB3b with 1.1 mM (—)-a-pinene lasted for more than 2 days with a
culture of optical density of 0.05 before activity resumed. Inhibition was greater under conditions under which
particulate methane monooxygenase was expressed. No apparent consumption or conversion of monoterpenes
by methanotrophs was detected by gas chromatography, and the reason that transient inhibition occurs is not
clear. Aerobic metabolism by several heterotrophs was much less sensitive than methanotrophy was; Esche-
richia coli (optical density, 0.01), for example, was not affected by up to 7.3 mM (—)-a-pinene. The degree of
inhibition was monoterpene and species dependent. Denitrification by isolates from a polluted sediment was
not inhibited by 3.7 mM (—)-a-pinene, y-terpinene, or 3-myrcene, whereas 50 to 100% inhibition was observed
for isolates from a temperate swamp soil. The inhibitory effect of monoterpenes on methane oxidation was
greatest with unsaturated, cyclic hydrocarbon forms [e.g., (—)-a-pinene, (S)-(—)-limonene, (R)-(+)-limonene,
and vy-terpinene]. Lower levels of inhibition occurred with oxide and alcohol derivatives [(R)-(+)-limonene
oxide, a-pinene oxide, linalool, a-terpineol] and a noncyclic hydrocarbon (3-myrcene). Isomers of pinene
inhibited activity to different extents. Given their natural sources, monoterpenes may be significant factors

affecting bacterial activities in nature.

Monoterpenes are naturally occurring compounds produced
by plants and animals. The majority of these compounds are
unsaturated hydrocarbons (C,,), but there are also oxygenated
derivatives, such as alcohols, ketones, and carboxylic acids, and
collectively these compounds are known as monoterpenoids
(12). These compounds, the main components in volatile es-
sential oils of plants, are widely distributed throughout vege-
tation types but are found in especially high concentrations in
plants such as the conifers (12, 23). The monoterpenes are a
significant natural source of atmospheric nonmethane hydro-
carbons. They are involved in a variety of atmospheric reac-
tions (16, 23, 36) and can contribute to production of tropo-
spheric ozone (16).

Monoterpenoids have long been used in the food, perfume,
and pharmaceutical industries because of their flavoring and
antimicrobial properties. They are currently of interest indus-
trially as replacements for chlorofluorocarbons and haloge-
nated solvents (21, 24). Recently, it has been suggested that
monoterpenes play an important role in altering nitrogen (N)
and carbon (C) cycling in forest soils (36).

The inhibition of activity and growth of some microorgan-
isms by monoterpenes is well-known (22, 27). However, other
microbes may be stimulated. Volatile oil from aromatic plants
has increased CO, production in soil samples sixfold (31).
Microbial degradation of monoterpenes under both aerobic
(24) and anaerobic (18) conditions has been described (re-
viewed in reference 28). The ability to inhibit some microor-
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ganisms but not others makes monoterpenes potential factors
in the control of microbial processes in environments where
they are abundant, such as forest soils (38).

It has been suggested that inhibition of nitrification by
monoterpenes in forest soils has a major influence on N cycling
in these environments (33-36). It has been proposed that
monoterpenes have a direct effect on the primary enzyme of
this process, ammonia monooxygenase (AMO) (34, 35). Meth-
ane (CH,) monooxygenase (MMO), the primary enzyme in the
CH, oxidation process, and AMO are susceptible to many of
the same inhibitors (8). Thus, it might be expected that mono-
terpenes that inhibit nitrification should also inhibit CH, oxi-
dation. We recently found that a variety of monoterpenes
inhibit methane consumption by forest soils under field-moist
and slurry conditions (3). These compounds, which are typi-
cally most concentrated in the forest litter, along with other
soluble, inhibitory soil components (5) may explain the lack of
methane consumption in the top layers of many forest soils (1,
6). Preliminary studies showed that pure cultures of meth-
anotrophs were also inhibited (3, 36).

In this study, we examined the effect of several monoter-
penes on methane oxidation by pure cultures of the meth-
anotrophs Methylosinus trichosporium OB3b and Methylobacter
luteus, denitrification by six environmental isolates, and aerobic
metabolism by several heterotrophic laboratory cultures.

MATERIALS AND METHODS

Bacterial cultures. The methane oxidizers, Methylosinus trichosporium OB3b
and Methylobacter luteus, were gifts from R. S. Hanson (University of Minneso-
ta). Cells were grown in a nitrate mineral salts medium (NMS) (37) supple-
mented with 10 wM copper (Cu) under an atmosphere containing 20% CH, in
air. Methylosinus trichosporium OB3b was also grown in NMS containing no Cu
in order to stimulate production of soluble MMO (sMMO) (17) under the same
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atmosphere. Cultures (volume, 0.5 liter) were grown in 2-liter Erlenmeyer flasks
with a side arm at 25°C, with agitation provided by a magnetic stir bar.

Denitrifying isolates were obtained from a temperate swamp (isolates D1 and
D3; obtained from Mt. St. Hilaire, Québec, Canada [4]) and a polluted sediment
(isolates HH1, HH3, HH4, and HH6; obtained from Hamilton Harbour, On-
tario, Canada [26]). These isolates were grown on a rotary shaker (250 rpm) in
nutrient broth (NB) (BBL) supplemented with 10 mM KNO; at 25°C under a
helium atmosphere.

The effect of monoterpenes on aerobic activity was tested by using laboratory
cultures of Pseudomonas aeruginosa, Escherichia coli, Serratia marcescens, Bacil-
lus subtilis, and Staphylococcus aureus. Cells were grown in the presence of the
ambient atmosphere in 50 ml of NB in 125-ml Erlenmeyer flasks at 25°C on a
rotary shaker (250 rpm).

Incubations. The effect of monoterpenes on CH, oxidation by methanotrophs
was tested by using 58-ml serum bottles capped with grey butyl stoppers and
aluminum crimps. The bottles were acid washed (0.12 N HCI) and rinsed four
times with deionized water to minimize contamination in experiments in which
no Cu was added. Medium (10 ml) was added to the bottles and sterilized before
monoterpenes were added. Pure monoterpenoids (approximately 0.6 to 6 pl)
were added with a Hamilton glass microsyringe directly to the bottles to give final
concentrations of 0.37 to 3.7 mM (0.5 to 5 ppm [wt/vol] for hydrocarbon monot-
erpenoids). These values are well below the aqueous solubilities of the com-
pounds (32), but due to volatilization and adsorption they should be considered
the upper limits of the dissolved concentrations. The bottles were then inocu-
lated with late-log-phase methanotroph cells to give final optical densities at 600
nm (ODy,) ranging from 0.04 to 0.095. Some bottles were preincubated without
cells for 3 days to allow the monoterpene levels in the headspace to equilibrate.
Incubations were carried out in the dark at 25°C on a rotary shaker (230 rpm)
under atmospheres containing 4 to 20% CH, in air. Consumption of CH, and
production of CO, were monitored for 2 to 5 days, as described below.

Experiments with denitrifying isolates were carried out as described above
except that NB containing KNO; and a helium atmosphere were used. The
bottles also received acetylene (10%, vol/vol), a monoterpene (3.1 mM), or
acetylene plus a monoterpene to determine if N,O production (and hence
denitrification) was affected by the monoterpene addition. The initial culture
ODyy varied from 0.03 to 0.12.

The remaining laboratory cultures were grown aerobically in NB at 25°C on a
rotary shaker (250 rpm) in 50-ml Erlenmeyer flasks capped with Suba-Seal
stoppers (William Freeman Co., Barnsley, United Kingdom) in the presence of
various concentrations of monoterpenes. Microbial activity was measured by
measuring the production of CO, over an incubation period of 38 h. The initial
cell concentrations were equivalent to an ODy, of 0.01.

The data given below are the means * standard errors of the means from
duplicate or triplicate incubations.

Analyses. Samples (0.3 to 0.5 ml) of the gases in the headspaces of incubation
vessels were obtained with a syringe, and the gases were quantified by gas
chromatography. The CH, and CO, levels were measured by thermal conduc-
tivity detection, while the N,O level was measured by electron capture detection
(2, 4, 26). Standard gas mixtures were used to calibrate each measurement. The
volatile monoterpenes in the headspaces were measured by using a Varian model
1700 gas chromatograph equipped with a flame ionization detector and a 3-m
packed column containing 20% Carbowax 4000 (39) coated onto Chromsorb W,
HP (80/100 mesh; Chromatographic Specialties Inc., Brockville, Ontario, Cana-
da). The injector and detector temperatures used were 175 and 250°C, respec-
tively. The column temperature was programmed to increase from 100 to 150°C
at a rate of 4°C min~'. The measurements were not calibrated with a known
standard and thus were measurements of the relative amounts of the volatile
monoterpenes present in each flask. Changes in machine sensitivity were deter-
mined each day by injecting a freshly prepared volatile sample of (—)-a-pinene.
No significant difference in sensitivity was observed during the experiment (data
not shown). The minimum detection limits were estimated to be about 0.1 mM.

Cell densities were measured with a Spectronic 21 spectrophotometer at 600
nm.

Monoterpenoids. The following compounds were tested for their effects on
microbial activities: (—)-a-pinene, a-terpinene, and B-myrcene from ICN Bio-
chemicals, Aurora, Ohio; and (+)-a-pinene, (—)-B-pinene, y-terpinene, (R)-
(+)-limonene, (S)-(—)-limonene, (+)-limonene oxide, a-pinene oxide, a-terpin-
eol, and (*)-linalool from Aldrich Chemical Co., Milwaukee, Wis. The
monoterpenoids used are commonly found in nature, and their chemical struc-
tures are given in Fig. 1. The sterility of the monoterpenoids was confirmed by
aseptically introducing 1 pl of each compound into 10 ml of NB. No growth was
observed over a 15-day incubation period (data not shown).

RESULTS

Effects of pinenes on CH, oxidation. (—)-a-Pinene inhibited
CH, oxidation by Methylosinus trichosporium OB3b, as ob-
served in preliminary studies (3, 36). After 2 days of incuba-
tion, significant inhibition (>50%) occurred with =0.73 mM
(—)-a-pinene (0.1 mg ml ") (Fig. 2). One-half this amount had
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FIG. 1. Representative structural formulae of the monoterpenoids used. 1,
(R)-(+)-limonene; 2, (+)-limonene oxide; 3, (+)-a-pinene oxide; 4, a-pinene; 5,
(—)-B-pinene; 6, y-terpinene; 7, a-terpinene; 8, a-terpineol; 9, B-myrcene; 10,
linalool.

no effect on CH, oxidation, while a pinene concentration of 1.1
mM inhibited essentially all activity over a 2-day period. There
was no lag phase in CH, oxidation with 0.37 mM pinene, but
0.73 mM pinene resulted in a lag of about 1 day before oxida-
tion began (Fig. 2). After an additional 2 to 3 days of incuba-
tion the culture to which 1.1 mM pinene was added also
showed CH, oxidation (data not shown). Thus, the inhibitory
effect of this compound is transient under the experimental
conditions described above. Furthermore, the more dilute the
culture, the longer the lag period during which no oxidation
occurred (data not shown). Because (—)-a-pinene was a strong
inhibitor of CH, oxidation, this compound was used exten-
sively in further experiments.

To determine if loss or degradation of the monoterpene was
responsible for the observed transient inhibition, we monitored
the headspace (—)-a-pinene content over time in inoculated
and uninoculated serum bottles (Fig. 3). CH, oxidation again
occurred after a 2-day lag period and was nearly complete after
5 days when 1.1 mM (—)-a-pinene was added. However, the
rate of oxidation was lower than the rate of oxidation in the
inoculated control without (—)-a-pinene. The uninoculated
control showed little change in CH, concentration. The head-
space pinene levels (and hence dissolved levels) decreased by
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FIG. 2. Effects of different levels of (—)-a-pinene on CH, oxidation by
Methylosinus trichosporium OB3b. a-Pinene at final concentrations of 0 mM (O),
0.37 mM (m), 0.73 mM (A), and 1.10 mM (V) was added to cultures having an
initial ODg, of 0.05. The values are means = standard errors of the means
determined from triplicate experiments. d, day.
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FIG. 3. Changes in the levels of total CH, (A) and headspace (—)-a-pinene
(B) during CH, oxidation by Methylosinus trichosporium OB3b. Control, inocu-
lated flasks were incubated without (—)-a-pinene (O). (—)-a-Pinene (1.10 mM)
was added to both inoculated (m) and uninoculated (A) flasks. An initial ODgq,
of 0.045 was used. The values are means * standard errors of the means
determined from duplicate experiments. d, day.

one-half and at the same rate in both inoculated and uninocu-
lated flasks (Fig. 3), indicating that microbial degradation or
conversion of pinene was not significant. Furthermore, pinene
addition did not stimulate CO, production by the meth-
anotrophs, and no conversion products were detected by gas
chromatography (data not shown). Thus, it is likely that the
decrease in headspace (—)-a-pinene content was due to ad-
sorption to the walls or rubber stopper of the incubation vessel.

However, this decrease did not explain the transient nature
of pinene inhibition. The level of volatile (—)-a-pinene in the
headspace became stable after about 3 days of preincubation
with shaking (Fig. 4). In preincubated flasks, in which the
headspace (—)-a-pinene levels remained the same over the
entire incubation period, the same pattern of inhibition was
observed. Omitting the preincubation step resulted in a slightly
longer lag phase in CH, oxidation (Fig. 4).

The mechanism of this inhibition is not known. One possi-
bility is that the (—)-a-pinene has a direct effect on the MMO
enzyme, as has been suggested for the AMO enzyme (34, 36).
Group II methanotrophs (e.g., Methylosinus trichosporium) ex-
press a SMMO enzyme under Cu-deficient conditions and a
membrane-bound, particulate MMO (pMMO) enzyme under
Cu-sufficient conditions (14, 17). We tested the effect of dif-
ferent forms of pinene on cultures expressing one or the other
of these enzyme forms. CH, consumption by Methylosinus
trichosporium OB3b was the same in control cultures (cultures
containing no pinene) grown with and without Cu (Table 1).
However, when cultures were supplemented with different
pinenes, CH, consumption by Cu-sufficient cultures was inhib-
ited to a greater extent than CH, consumption by Cu-deficient
cultures. This trend was especially evident when (+)-o-pinene
and (—)-B-pinene were added; in these cases inhibition of Cu-
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FIG. 4. Changes in the levels of total CH, (A) and headspace (—)-a-pinene
(B) in preincubated (m) and nonpreincubated (A) flasks inoculated with Methy-
losinus trichosporium OB3b. Preincubated flasks were supplemented with (—)-
a-pinene and shaken for 3 days before inoculation. Nonpreincubated flasks were
inoculated immediately after (—)-a-pinene was added. Control flasks were in-
cubated without (—)-a-pinene (O). An initial cell ODg, of 0.075 and 1.80 mM
(—)-a-pinene were used. The values are means *+ standard errors of the means
determined from triplicate experiments. d, day.

sufficient cultures was approximately 40% greater. Methylobac-
ter luteus, a Group I methanotroph which produces only the
Cu-dependent pMMO (14, 17), also exhibited little CH, con-
sumption with (+)-a-pinene compared to Methylosinus tricho-
sporium incubated without Cu (Table 1). Interestingly, (—)-B-
pinene was less inhibitory than the « isomers in each case, despite
the very similar molecular structures of these compounds (Fig. 1).

Effects of different monoterpenoids on CH, oxidation. Twelve
monoterpenoids, including oxide and alcohol forms, were
tested to determine their effects on CH, oxidation (Table 2).
Activity was measured by measuring the CO, produced, since
this procedure detected low rates of CH, oxidation more sen-
sitively than measuring CH, consumption in a headspace con-

TABLE 1. Effects of a- and B-pinenes on CH, oxidation by
methanotrophs incubated with and without Cu

Amt of CH, oxidized (pwmol flask—")“

Supplement Methylosinus trichosporium OB3b? Methylobacter
Without Cu With Cu luteus with Cu®
None (control) 300 = 6 278 =20 133 = 11
(—)-a-Pinene 73 £ 7(76) 45 + 21 (84) 11 =15(92)
(+)-a-Pinene 187 =7 (38) 26 = 8 (91) 21 =11 (84)
(—)-B-Pinene 287 =13 (4) 158 £ 15 (43) 56 = 4(58)

“The values are means * standard errors of the means determined from
triplicate experiments. The values in parentheses are percentages of inhibition
compared with the control.

® Measured after 2 days of incubation with an initial CH, content of 20%
(vol/vol) and a cell ODg of 0.095.

“Measured after 1 day of incubation with an initial CH, content of 10%
(vol/vol) and a cell ODgy, of 0.095.
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TABLE 2. Inhibition of CH, oxidation by Methylosinus
trichosporium OB3b (ODy, 0.06) with selected
monoterpenes (concentration, 1.8 mM)

% Inhibition of

Expt Compound added” CH, oxidation®

A (—)-a-Pinene 96 =5
a-Pinene oxide -3=*0.1
(—)-B-Pinene 41 =4
(R)-(+)-Limonene 84 £22
(8)-(—)-Limonene 93 =16
(+)-Limonene oxide 29+7
a-Terpinene 25*6
v-Terpinene 82 =10

B (—)-a-Pinene 89 =5
3-Myrcene 7*1
(*)-Linalool 68 +3
a-Terpineol 48 =3

% The amounts used in experiments A and B were 81.1 and 44.6 wmol flask ™,
respectively.

? Based on CO, production over 1.8 days and compared to a control to which
no monoterpene was added. The values are means = standard errors of the
means determined from duplicate experiments.

taining 10% CH, initially. Our experiments showed that no
CO, production occurred unless CH, was present (data not
shown), which confirmed the reliability of this method. All of
the hydrocarbon monoterpenes except B-myrcene showed
strong inhibition. B-Myrcene was the only noncyclic unsatur-
ated hydrocarbon monoterpene used. (—)-a-Pinene, the li-
monenes, and <y-terpinene showed the greatest inhibition
(>80%). Both a-pinene oxide and (R)-(+)-limonene oxide
were much less inhibitory than the corresponding hydrocarbon
forms. (*)-Linalool was significantly more inhibitory than
B-myrcene, despite the fact that these compounds are struc-
turally very similar (Fig. 1). This greater inhibition may have
been related to the much higher aqueous solubility of the
alcohol monoterpenoids (32). As observed previously (Table
1), (—)-B-pinene was less inhibitory than (—)-a-pinene. The
difference between these two forms of pinene is the position of
the unsaturated C-C bond (subterminal in the « isomer and
terminal in the B isomer). The results suggest that in general,
the lack of a subterminal double bond decreases the potential
of monoterpenes to inhibit CH, oxidation, as shown by the low
levels of inhibition observed with a-pinene oxide, (—)-B-
pinene, and (R)-(+)-limonene oxide, which lack the C-C dou-
ble bond of the ring (Fig. 1). The presence of a C ring may also
be important, as suggested by the low level of inhibition ob-
served with B-myrcene (Table 2).

Effects of monoterpenes on denitrifiers. Three monoter-
penes, (—)-a-pinene, y-terpinene, and B-myrcene, were tested
to determine their effects on denitrification by isolates from
Hamilton Harbour and Mt. St. Hilaire. The accumulation of
N,O by a Hamilton Harbour isolate (isolate HHI) (Fig. 5A)
was the same in the presence of acetylene alone and in the
presence of acetylene plus monoterpene, indicating that none
of the monoterpenes tested inhibited denitrification of nitrate
to N,O. In contrast, a swamp soil isolate (isolate D1) (Fig. 5B)
showed N,O accumulation only with acetylene alone, and no
denitrification occurred when (—)-a-pinene was present. Only
partial N,O production (compared to flasks containing only
acetylene) occurred with y-terpinene, and B-myrcene had no
effect. A similar pattern was obtained with four other isolates
(HH3, HH4, HH6, and D3), in which case only swamp soil
isolate D3 showed sensitivity to (—)-a-pinene (data not shown).
Both isolate D1 and isolate D3 also failed to grow aerobically

EFFECT OF MONOTERPENES ON MICROBIAL ACTIVITIES 523

(-)-o-pinene y-terpinene B-myrcene
A 60 T T T T T T
50 + —- 4 _
% 401 - +
©
=
9\‘ 30 -+ -+ E
z
3 —_ -
g 20 4
S
10 -+ . i
0 L * L * *——eo! .
B 60 T T T T T T
50 - -+ =4 .
% 40 —+ - g
=
9\‘ 30 - - - E
z
g 20 - -+ + i
3
10 |- -+ + i
0 - & - &
5 10 0 5 10 0 5 10 15
Time (d) Time (d) Time (d)

FIG. 5. Effects of selected monoterpenes on denitrification (N,O accumula-
tion) by environmental isolates from Hamilton Harbour (HH1)(A) and Mt. St.
Hilaire (D1)(B). Flasks were incubated with acetylene (O), monoterpene (@),
and acetylene plus monoterpene (m). The initial culture densities (ODy,) were
0.12 (for pinene and terpinene additions) and 0.03 (for myrcene additions). The
monoterpene concentrations were 3.70 mM. The results for isolate HH1 (A) are
representative of the results obtained with isolates HH3, HH4, HH6, and the
results for isolate D1 (B) are similar to the results obtained with isolate D3 (see
text). The values are means * standard errors of the means determined from
duplicate experiments. d, day.

in the presence of (—)-a-pinene (data not shown), indicating
that this compound exhibited general antimicrobial action
against these organisms. We found no evidence of specific
inhibition of N,O reduction by monoterpenes since no N,O
accumulated with monoterpene alone. Our results illustrate
the considerable differences in tolerance to monoterpenes of
different microbes.

Effects of monoterpenes on aerobic activity by several het-
erotrophs. We compared the sensitivities of methanotrophs
and denitrifiers used in this study with the sensitivities of some
aerobically grown heterotrophic reference strains. (—)-a-
Pinene (3.7 mM) had a negligible effect on the final CO,
concentrations in E. coli, P. aeruginosa, and Serratia marcescens
cultures compared to control cultures, showing that these or-
ganisms were not inhibited (Table 3). This lack of effect oc-
curred despite the high ratios of monoterpene content to cell
density used compared to the experiments performed with

TABLE 3. Aerobic metabolism by heterotrophic bacteria (CO,
evolution over a 38-h period; initial ODy,, 0.01) in the presence
and absence of (—)-a-pinene (concentration, 3.7 mM)

Amt (pmol) of CO,

produced day ™! %
Organism —— Inhibition
Control Culture containing
a-pinene
Escherichia coli 151 =14 139 £ 0.1 8
Pseudomonas aeruginosa 255 £ 9 268 = 10 =5
Serratia marcescens 188 =1 203 = 14 -8
Staphylococcus aureus 167 £ 6 111 =15 33
Bacillus subtilis 125 =2 2.6 =0.1 98

“The values are means * standard errors of the means determined from
duplicate experiments.
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(CO, production) of E. coli (®) and B. subtilis (m) over a 38-h period. The initial

cell ODgy was 0.01. The values are means = standard errors of the means
determined from duplicate experiments.

methanotrophs (Fig. 1 through 3 and Table 2). However,
Staphylococcus aureus produced 33% less CO, and B. subtilis
produced 98% less CO, in the presence of (—)-a-pinene (Ta-
ble 3). The levels of CO, evolution during 38 h in E. coli and
B. subtilis cultures (initial ODg, 0.01) were compared after
different (—)-a-pinene concentrations were added (final con-
centrations, 0 to 7.3 mM) (Fig. 6). No significant effect was
found for E. coli over the concentration range tested, but for B.
subtilis there was a sharp decrease in CO, evolution in the
presence of (—)-a-pinene concentrations greater than 1.8 mM.
Similar inhibition patterns for these bacteria have been ob-
served with other monoterpenes (7, 27).

DISCUSSION

The effects of monoterpenoids on microbial growth and
activity have been studied primarily to determine the potential
use of these compounds in preventing growth of pathogens in
the food industry (20, 27). Microbial biotransformation of
monoterpenoids into commercially valuable compounds (10)
and degradation of monoterpene-containing wastes from in-
dustrial sources (19, 24) have also received attention. However,
relatively little is known about how monoterpenes affect bac-
terial processes in nature, such as the cycling of elements.
Monoterpene inputs into forest soils stimulate microbial me-
tabolism (31) and can enhance assimilation of ammonium (9).
It has been suggested that monoterpenes are important inhib-
itors of nitrification in some forest soils (34, 36) and in cultures
of Nitrosomonas europaea (11). Recently, we found that forest
soil methanotrophs are similarly inhibited (3). In the current
study, we found that cultures of methanotrophs and some
denitrifying environmental isolates are more sensitive to
monoterpene inhibition than are several other bacteria.

The magnitude of the inhibitory effect of (—)-a-pinene de-
pended on the concentration of the compound. For example, a
(—)-a-pinene concentration of 0.73 mM was required to cause
a significant effect on Methylosinus trichosporium OB3b cul-
tures having an initial ODg, of 0.05 (6.75 X 10° cells ml~*
[14]). Other workers have reported that inhibition depends on
the ratio of monoterpene to cells for bacteria (27) and yeasts
(30). This effect has been interpreted as indicating that cellular
uptake of monoterpenes occurs, perhaps into the hydrophobic
membrane (30). However, up to tenfold more (—)-a-pinene
had little effect on E. coli cultures having much lower initial
densities (ODg,, 0.01). Large differences in susceptibility
among different bacteria, especially differences among E. coli,
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Serratia marcescens, and B. subtilis (see above), have also been
described by other workers (7, 27), and these differences may
depend on the mechanism of action of the compounds (see
below). The high sensitivity which we observed in methano-
trophs, however, is important because it has an impact on one of
the major global CH, sinks, biological CH,, consumption (17).

The concentrations of monoterpenes used in this study (0.37
to 3.7 mM or 0.05 to 0.5 mg ml of culture ') are ecologically
relevant. For example, monoterpene levels in excess of 3 to 5
mg g~ ! occur in forest litter layers and fresh foliage (36, 38).
Thus, inhibition of methanotrophy in nature by these com-
pounds is possible, as recently observed with aqueous extracts
of other forest soil components (5). Such an effect is consistent
with the lack of methane consumption seen in the top layers of
many forest soils (1, 6).

The differences in susceptibilities to monoterpenes among
denitrifying environmental isolates suggest that any control of
denitrification by these compounds in different environments
depends on the denitrifiers present. The lack of sensitivity of
the Hamilton Harbour isolates (HH1, HH3, HH4, and HH6) is
interesting in view of the fact that plant-derived terpenoids
induce polychlorinated biphenyl degradation by bacteria (13)
because of structural similarities between the molecules. Ham-
ilton Harbour is a highly polluted site containing a variety of
industrial wastes, including aromatic compounds (26). It is
possible that bacteria surviving in this environment acquire a
tolerance for cyclic organic compounds. Species-specific differ-
ences, as observed for E. coli and B. subtilis, may also explain
the different levels of tolerance of the denitrifiers to monoter-
penes. Although none of the isolates could use (—)-a-pinene,
a-terpinene, or -myrcene as a single carbon source (25), deni-
trifying monoterpene degraders have been isolated from Ham-
ilton Harbour sediments (25), as well as from activated sludge
and waterlogged forest soil (18). Although we cannot conclude
that monoterpenes are specific inhibitors of denitrification, it is
clear that these compounds inhibit a subset of denitrifiers,
which makes them potential factors in controlling the process
in some environments.

The general antimicrobial properties of monoterpenoids
may be related to their interactions with microbial membranes,
because of their hydrophobicity (30). At high levels (5 mM)
they can disrupt electron transport and uncouple oxidative
phosphorylation in bacteria (22). Andrews et al. (7) found that
a-pinene (2 mM) disrupted the cytoplasmic membranes of
Saccharomyces cerevisiae and the gram-positive organism Ba-
cillus thuringiensis, but that gram-negative bacteria were more
resistant to terpenes. 3-Pinene inhibited respiration at the
cytochrome b portion of the electron transport chain of yeast
cells (30). White (34, 35) proposed a more specific mechanism
for the inhibition of nitrification by monoterpenes, a mecha-
nism involving direct binding to the AMO enzyme, based on
the similarity of these compounds to many known nitrification
inhibitors. Indeed, monoterpene-dependent inhibition of nitri-
fication by pure cultures of N. europaea does occur (11), but
the actual mechanism remains speculative. The similar prop-
erties of the AMO of nitrifiers and the MMO of meth-
anotrophs (17), including sensitivity to the same inhibitors (8),
suggest that monoterpenes might inhibit CH, oxidation and
nitrification in similar ways.

Green and Dalton (15) found that purified sMMO of Methy-
lococcus capsulatus (Bath) converted B-pinene to B-pinene
oxide and another product. This implies that B-pinene bound
to the active site of the enzyme, a characteristic of a compet-
itive inhibitor. We did not detect any volatile conversion prod-
ucts of B-pinene or other monoterpenes resulting from incu-
bation with methanotrophic cultures. However, such conversions



VoL. 64, 1998

may have occurred but resulted in products that were below
the level of sensitivity of the analytical method used. The
higher level of inhibition seen under conditions that support
expression of the pMMO than under those that support ex-
pression of the sSMMO may indicate that there is an indirect
effect involving membrane disruption by the monoterpenes. It
is possible that a variety of specific and general effects work in
concert to give the inhibition seen with the methanotrophs and
other bacteria used in our study.

No matter what the actual mechanisms involved, inhibition
showed specificity with regard to monoterpene structure. We
found that in general, the presence of a C ring and a subter-
minal C-C double bond was important for inhibition. This
differs slightly from White’s proposal (34). White postulated
that a terminal C-C double bond, when associated with a six-
carbon ring structure, should be highly inhibitory to nitrifica-
tion, since this structure is similar to the structure of many
nongaseous inhibitors of AMO. Of course, as discussed above,
inhibition by monoterpenes may occur via a variety of actions
that do not necessarily involve specific action on an enzyme.
Indirect action on associated proteins and indirect action by
chelation of required metals, such as Cu?* (8), are examples of
other mechanisms. It should also be noted that some inhibitors
(for example, nitrapyrin) may function differently in nitrifiers
and methanotrophs (8).

Understanding the mechanism of inhibition should help ex-
plain the transient nature of CH, oxidation inhibition that we ob-
served. One possible explanation is that, upon initial contact
with the monoterpene, a significant fraction of the cells are killed,
leading to a lag phase during which activity by the survivors is
undetectable. A variety of physical and chemical factors may
also influence the inhibitory properties of monoterpenes. For
example, it has been proposed that molecular aggregation and
droplet size affect the toxicity of monoterpenes (29).

In conclusion, monoterpenes appear to be potentially im-
portant inhibitors of processes such as CH, oxidation and, in
some cases, denitrification. The monoterpene concentrations
that we used are environmentally relevant in view of the re-
ported natural levels (36, 38). Their inhibitory effects of mono-
terpenes on methanotrophs, for example, may contribute to
the stratification of methane consumption in forest soils (1, 5,
6). Thus, given their widespread distribution, monoterpenes
may be regulators of microbial processes in nature. Because of
the increased use of these compounds by industries (21, 24)
and their large-scale release by wood pulping processes (19),
these effects may be even more important.
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