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Summary

The objective of our work was to evaluate whether mixed
methanotrophic/heterotrophic cultures are capable to degrade
linear alkylbenzenesulphonates (LAS) major surfactants used
in household detergents and widespread pollutants in waste
water and natural waters. Mixed bacterial culture (MM1) con-
taining a type Il methanotroph and four heterotrophic strains,
originating from an uncontaminated groundwater aquifer and
a mixed bacterial culture consisting of five heterotrophic strains,
isolated from the waste water of a detergent plant were used.
Biodegradation experiments were conducted in shake flasks at
21 °C. Methane, carbon dioxide and oxygen concentrations
were determined by headspace analysis on a Fisher-Hamilton
gas partitioner. Concentrations of Cy;LAS and their inter-
mediates were measured by reversed-phase high-performarnce
liquid chromatography (RP-HPLC). Comparison of the kinetic
parameters shows that the mixed heterotrophic culture was more
efficient in degradation of the alkyl chain than the mixed cul-
ture containing type Il methanotroph. On the contrary, mixed
culture MM1 was able to further the degradation of C;1LAS
breakdown intermediates (sulphophenylalcanoic acids), while
mixed culture with only heterotrophic species did not express
this capability under the same experimental conditions. Occur-
rence of the same intermediates and only C-odd sulphophenyl-
alcanoic acids suggested that the most probable mechanism for
the degradation of the alkyl part of LAS molecule by both mixed
cultures was w- and B-oxidafion. The rate studies for methane
utilization demonstrate competitive inhibition of methane oxi-
dation in the presence of C1;LAS.

Introduction

The main objective of our work was to evaluate pos-
sible metabolic role of methanotrophs in the oxidation of
linear alkylbenzenesulphonates (LAS), major anionic sur-
factants used in detergent industry. Methanotrophic bac-
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Sazetal

Ciij naseg rada bio je istraZiti ulogu metanotrofnih bak-
terija 4 razgradnji linearnih alkilbenzensulfonata (LAS),
povr$insko-aktivnih tvari Koje se upotrebljavaju u proizvodnji
detergenata, a koji su Cesti oneliséavali otpadnih i prirodnih
voda. Upotrijebljene su dvije bakterijske kulture, i to: mjeSovita
metanotrofno-heterotrofna kultura (MM1) porijeklom iz vodo-
nostog sloja podzemnih voda, koja sadrZava metanotrof tipa II,
te Cetiri sofa heterotrofnih bakterija, 1 mjesovita heterotrofna
kultura (5 sojeva) porijeklom iz otpadne vode tvornice deter-
genata. Tijekom submerznog uzgoja kultura na tresilici pri
temperaturi od 21 °C odredivana je koncentracija metana,
ugljik(1V)-oksida i kisika primjenom plinske kromatografije, te
konceniracija LAS-a i nastalih meduproizvoda primjenom
tekucinske kromatografije visoke djelotvornosti u sustavu s
obratnom fazom (RP-HPLC). Analizom kinetickih pokazatelja
biolodke razgradnje LAS-a utvrdeno je da je mjeSovita hete-
rotrofrt kultura djelotvornija u razgradnji alkilnog lanca od
kulture MM1. Nasuprot tome, kultura MM1, koja sadrZava
metanotrof tipa II, nastavila je razgradnju nastalih meduproiz-
vode (kratkolancane sulfofenil-karboksilne kiseline), dok mjeso-
vita hel erotrofna kultura nije pokazala to svojstvo tijekom po-
kuse. Fojava samo sulfofenil-karboksilnih kiselina s neparnim
brojem C-atoma pokazuje da je najvjerojatniji mehanizam raz-
gradnje CyiLAS-a primjenom obje kulture w-, a zatim f-oksi-
dacija. Analiza brzine potroska metana tijekom uzgoja kulture
MM1 upucuje na kompetitivnu inhibiciju oksidacije metana u
prisutnosti Cy;LAS-a.

teria constitute one of the major groups of free-living or-
ganisnis, and their metabolic activities play an important
role in the degradation of complex organic compounds,
partict larly hydrophobic organic compounds (7). This ex-



3 D. HRSAK and D. GRBIC-GALIC: LAS Degradation by Methanotrophs, Prehrambeno-tehnol. biotehnol. rev. 31 (1) 7-14 (1993)

traordinary and unexpected capability of methano rophs
is currently in the spotlight of research interest, imolying
that it is merely due to the lack of specificity of oxidative
enzymes, whose primary function is to effect the oxida-
tion of methane to carbon dioxide. Numerous investiga-
tions concerned with LAS biodegradability and environ-
mental acceptability have been carried out and many
papers published (2-15). Despite these intensive studies
and a general belief that we know more on LAS biodegra-
dability than of any other synthetic chemical, this anicnie
surfactant is still a matter of environmental conside ration
and research interest. There are two main reasons fcr that:
a) LAS is still most widely used synthetic anionic surfac-
tant with the prospect of further increase in its use (16)
and b) there is a high abundance of LAS in waste water
treatment plants and the accumulation of LAS ind/or
their intermediates in anaerobically digested sewage
sludges, river and sea sediments (17,18).

It is well known and obvious from their chemical
structure that LAS catabolism confronts microorganisms,
generally heterotrophic bacteria, to convert different struc-
tures: namely the aliphatic chain with a non-uniform
number of C atoms, and the aromatic ring substituted by
sulphonate group distributed randomly over the alkyl
chain. Therefore it is not surprising that mixed hetzrotro-
phic cultures are frequently more efficient in conplete
LAS mineralization than single cultures since they likely
possess full enzymatic potential for conversion of all the
structures mentioned. Furthermore, it has also been doe-
umented (9,12,19) that bacteria capable to degrad= LAS,
especially its aliphatic part including terminal or w -oxida-
tion followed by B-oxidation, are widespread in nature,
while those capable to oxidize the aromatic part are not so
common.

In our experiment two well defined mixed bicterial
cultures were used, i.e., 1. the mixed methanotrop hic/he-
terotrophic culture which was efficient in the oxidation of
trichloroethylene (20,21) and halogenated aromalic hy-
drocarbons (22) and 2. the mixed heterotrophic culture
which was previously used in the biodegradation of lin-
ear alkylbenzene sulphonate, showing much higher effi-
ciency in the oxidation of alkyl chain than in the ‘urther
oxidation formed ring-containing intermediates (4.

Materials and Methods

Mixed bacterial cultures

Mixed methanotrophic/heterotrophic culture (MM1) was
enriched from aquifer material collected from the Moffet
Field, Naval Air Base, Mountain View, Californiz, USA.
This is a stable consortium consisting of one methano-
troph and four heterotrophs. The methanotroph was a
nonmotile irregularly-shaped coccobacillus that con-
tained the internal membrane structure characteristic of
type Il methanotrophs, lipid inclusions and utilizec serine
pathway. Detailed description of the enrichmernt tech-
nique, culture conditions, morphological, physiclogical
and other characteristics of this mixed culture have been
described elsewhere (20,21).

Mixed heterotrophic culture (MC) was isolated from the
waste water of the detergent plant Saponia, Osijel, Croa-

tia. It consisted of five strains belonging to the genus Psen-
domonas and two strains each of the genera Achromobacter
and Acinetobacter. Detailed characterization of this mixed
culture during the enrichment experiments in continuous
culture using a mineral medium with commercial linear
alkylbenzene sulphonate (LAS) as the limiting carbon and
energy source was described in previous reports (4,23,24).

Media

Modified Whittenbury medium (mineral medium). A
modification of Whittenbury medium (25) was made in
our experiments by adding NH4Cl (0.53 g/L) instead of
KNOj (1 g/L) as nitrogen source. With the addition of the
proper concentration of CyjLAS this mineral medium was
used for biodegradation experiment carried out with both
mixed cultures.

Enriched Whittenbury medium (enriched medium). This
medium was prepared by adding 160 mg Bacto Peptone
and 110 mg meat extract (both from Difco Labaratories,
Detroit Mich.) in 1 L modified Whittenbury mineral me-
dium and was used for the maintenance of the mixed he-
terotrophic culture.

Reagents

Undecylbenzenesulphonate (C1;LAS), pure homologue
of chemical purity 64 %, determined by RP-HPLC method
using 4-octylbenzene sulphonic acid, sodium salt (Aldrich
Chemical Co., Inc., Deerfield, IL) as internal standard, was
supplied by Unilever, Port Sunlight, UK. Structure of
Cq1LAS is presented in Fig. 1.

2¢C11 LAS

SO;Na
Isomers: 2-,3-,4-,5-and 66 C;; LAS

Fig. 1. Undecylbenzenesulphonate (C1jLAS) consisting of five
phenyl positional isomers (14)
Slika 1. Undecilbenzensulfonat (Cy;LAS) sadrZava pet
izomera (14)

4-Sulphophenylvaleric Acid Disodium salt (4-C5SPC) and
3-Sulphophenylheptanoic acid disodium salt (3-C;SPC) were
donated by Monsanto Co., St. Louis, MO and were used
as standards for identification and quantitative determi-
nation of ring-containing Cy1LAS intermediates.

Methane (99.3 % pure) and Oxygen (Univ. Medical) were
purchased from Liquid Carbonic Specialty Gas Corp. Chi-
cago, IL., USA.

All chemicals used for the growth media were of ana-
lytical reagent grade (Aldrich, Chemical Co., Milwaukee,
WI, USA) except for the vitamins Sigma grade (Sigma
Chemical Co., St. Louis, MO, USA). All solvents for HPLC
analyses were of HPLC grade (Aldrich, Chemical Co., Mil-
waukee, WI, USA).
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Fig. 2. Scheme of C11LAS biodegradation assays
Slika 2. Shema pokusa odredivanja bioloike razgradnje CyLAS

C11LAS transformation assays

Scheme of C11LAS biodegradation experiments is pre-
sented in Fig. 2. The mixed cultures were prepared in the
following way:

Original culture MM1 (grown in continuously-stirred
reactor with magnetic stir bar agitation under the stream
of 30-35 % methane in air and stored at 4 °C for 3 months
without methane) was grown in Whittenbury medium to
the mid-log phase of growth in shaken flasks (with addi-
tion of methane, 20 mL and oxygen, 20 mL). Then culture
was transferred to a fresh medium with Cy;LAS (5 mg/L)
amended with 20 mL oxygen (approximately 30 % in head-
space) and 10 mL methane (approximately 9 % in head-
space) and incubated on rotary shaker (250 rpm). This was
repeated three times over the period of 10-14 days. The cul-
ture grown to the mid-log phase was centrifuged for 5 min
at 6000 g, resuspended in mineral medium to the turbidi-
ty of 0.08-0.09, and after Cy;LAS addition (18 mg/L) thus
prepared culture was used in biodegradation experiments.

MC culture, stored under glicerol (40 %) at —16 °C for
a few years, was grown over a period of two months in
shaken Erlenmeyer flasks (500 mL) in enriched Whitten-

bury medium with 10 mg/L of C;;LAS at 28 °C. Every two
weeks 10 mL culture was transferred to the fresh medium
(100 L) and thus prepared one-week-old shaken culture
(10 %) was used as inoculum.

Biodegradation experiments were performed in 100 mL
serum bottles containing 40 mL cultures prepared under
mentioned conditions. The bottles were sealed with butyl
septa [Supelco, Inc., Bellefonte, PA) and amended with
15 mL oxygen (approximately 30 % oxygen in headspace).
When mixed culture MM1 was used, 5 mL methane was
also irjected to achieve a starting aqueous concentration
of approximately 1.4 mg/L (5.6 % methane in headspace).
Methane injection (5 mL) was repeated twice (on the 7th
and 12th day). The bottles were incubated on a rotary shaker
(250 rpm) in a 21 °C environmental chamber.

All biodegradation experiments were performed in
triplicate. Three types of controls were evaluated, i.e. cul-
tures with addition of HgCl; (50 mg/L), sterile mineral
medium blanks and culture control (without Cy;LAS).
The first two controls were used to evaluate the extent of
sorption of Cy;LAS to the glass and/or the cells. It was ob-
servec that less than 5 % C1LAS was adsorbed to the cul-
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ture and/or glass, suggesting that abiotic elimination of
both compounds was negligible under the conditions of
this study. The third control was conducted for the eval-
uation of the possible toxic effect of C;;LAS on the mixed
culture MM1 and on the methane consumption.

Headspace analysis

Headspace samples (400 uL) were injected int> a Fi-
sher-Hamilton Gas partitioner model 25 V (Fisher Scient-
ific Pittsburg PA) equipped with thermal conductivity de-
tector, (helium as carrier gas) and methane, carbone
dioxide, oxygen and nitrogen concentrations were deter-
mined. For the calibration certified gas standards (Liquid
Carbonic Specialty Gas Corp., Chicago IL) were usec. Dur-
ing Cy1LAS transformation studies methane and cxygen
uptake and carbon dioxide formation were expressed as a
total amount of gases in the bottles (in mmol) and ploited
against time (in days).

C11LAS analysis

Culture samples (3 mL) were centrifuged for 5 mir. at
6000 g to remove the cells and supernatants were submit-
ted to the direct analysis of C1jLAS concentrations and
evaluation of their ring-containing intermediates formed
by subsequent shortening of alkyl chain. Two inte-medi-
ates, 4-C5SPC and 3-C55PC, were identified and their fur-
ther transformation evaluated. The former analyses were
performed by RP-HPLC method.

The HPLC system consisted of a Perkin Elmer Series
3B liquid chromatograph (Norwalk, Connecticut, USA)
equipped with Rheodyne injector (Model 7152) and SP
4000 Chromatography data system (Spectra-Physics, San-
ta Clara, CA). Detection was performed by the spectro-
photometric detector (Perkin Elmer LC-75) at 223 nm.

Initial and residual concentrations of Cy1LAS were de-
termined at isocratic conditions using a column 250 x 2.1
mm ID packed with octylsilica particles of 3 #m (Supelcosil
LC-18-DB, Supelco, Inc., Bellefonte, PA) and fitted with a
20 mm long precolumn of the same packing material. The
mobile phase (0.2 mL/min) consisted of a mixture of azetoni-
trile/water of volume ratio 51/49 containing 10 g/L sodium
perchlorate.

The separation of ring-containing intermediates {ormed
during Cq;LAS degradation was performed on a column 250
x 4.6 mm ID packed with octylsilica particles of 5 um (Super-
cosil LC-18) and equipped with a 20 mm long precoliimn of
the same packing material. For these analyses ion suppres-
sion chromatography and a gradient mode using the eluents
A (mixture of water/acetonitrile of volume ratio 85/15 conta-
ining trichloroacetic acid, 0.125 mM) and B (water con'airing
trichloroacetic acid 0.125 mM) were used. During the gradient
elution the composition of the mobile phase was changed
linearly from 10 to 15 % A in 5 min, then to 77.2 % A in
further 10 min, this final composition being kept for another
7 min. The HPLC was operated at ambient temperatuire at a
flow rate of 1.0 mL/min.

Biomass concentration

Cell biomass was determined on the optical censity
basis by measuring the absorbance at 600 nm (A;p) on
UV-spectrophotometer. Data were converted to a biomass

dry weight (mg/L) using calibration curves generated on
a dry weight of the cultures of known optical density. To
ensure as accurate a measure of biomass dry weight as
possible, specially prepared 0.2 um Supor filters (Gelman
Sciences Inc., Ann Arbor, MI) were used as described pre-
viously (7).

Methane oxidation rate and growth rate of culture MM1

Specific methane oxidation rates (k) were determined for
a particular cultivation period (t,_1 — ;) by using the
equalion:

AM 1

il vy

(1/day)
where: AM = mass of CHy consumed (mg), x = average
biomass concentration (mg/L), and V| =volume of lig-
uid (L).

Specific growth rates of culture MM1 (i), mean values,
for a particular cultivation period (t,,_1 — t,) were calculat-
ed by using the equation:

1 Xn—1

= 1/d:
" ti—1 = In x ( / ay)

where: x, and x,_1 are biomass (dry weight in mg/L) at
the time t, and t,_1, respectively.

Results and Discussion

Comparison of C11LAS transformation by mixed MM1
and MC cultures

In order to gain more insight into the mechanism of
C11LAS transformation by mixed culture MM1, a compar-
ative study with well defined mixed heterotrophic culture
(MC) previously used in the biodegradation experiment
of LAS (4,23) was performed. To ensure good comparison
of C1LAS transformation, the culture MC was grown un-
der the same conditions as the culture MM1 except for the
addition of CHy. Results on primary degradation of indi-
vidual 2-phenyl isomer and a mixture of other C{{LAS
containing isomers, presented in Fig. 3. confirmed our
previous observation of preferential transformation of 2-
-phenyl positional isomer by the culture MC (4), and sug-
gested that culture MM1 exhibited the same capability.
This clearly indicated that both cultures transformed ex-
ternal isomers faster than the isomers with a sulphophe-
nyl group situated closer to the middle of the alkyl chain.
It is also evident that under the conditions of this study
the culture MC degraded C;;LAS significantly faster than
the culture MM1 (all isomers were transformed into tran-
sient intermediates after 30 and 96 h, respectively). RP-
-HPLC analyses of culture samples during Cy1LAS degra-
dation (some characteristic chromatograms presented in
Fig. 4) showed that four major peaks of intermediates
which did not degrade as fast as they were formed, appeared
in chromatograms of both cultures. Identification of the
peaks belonging to 4-CzSPC and 3-C;5PC, developed
from 2- and 5-phenyl isomers, and appearance of two
other peaks with similar elution time (probably developed
from 3- and 4-phenyl isomers) suggested that the terminal
oxidation, followed by f-oxidation, might be the most
probable mechanism for the transformation of alkyl part
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Fig. 3. Comparison of C11LAS primary degradation by mixed
methanotrophic/heterotrophic culture, MMT1 (circles) and mixed
heterotrophic culture, MC (triangles) determined by RP-HPLC

method. Degradation of individual 2-phenyl isomer is shown

as full symbols and of a mixture of 3- to 6-phenyl isomers as
open symbols.

Slika 3. Usporedba pocetne razgradnje Cj1LAS pomoéu
mjedovite metanotrofno-heterotrofne kulture, MM1 (kruZiéi) i
mjedovite heterotrofne kulture, MC (trokuti) odredene RP-
HPLC metodom. Razgradnja 2-fenil izomera prikazana je
praznim simbolima, a razgradnja smjese 3- do 6-fenil izomera
punim simbolima.

Mixed methanotrophic/heterotrophic culture

A

I6h iCSPC

4C5SPC
I
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rd

K
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of Cy1_AS molecule by both cultures. It is well documen-
ted and there is a general belief that this is the most prob-
able and most common mechanism for the initiation and
partial transformation of LAS molecules by heterotrophic
bactera (2,5,9,14,27), although some other methabolic
routes are also possible (12,19).

Gradual decrease of characteristic peaks observed af-
ter exlended incubation (7 days) with the culture MM1
anc their complete disappearance on the 20th day (Fig. 4)
indica'ed that the culture MMI1 continued to transform
ring-containing intermediates. On the contrary, persis-
tence of all the peaks developed at 44 h until the end of
experiment (20 days) with the culture MC, showed that
under the conditions of this study mixed culture contain-
ing orly heterotrophic species did not exhibit the capa-
bility 1o continue the transformation of formed key inter-
media es, i.e. short chain sulphophenylcarboxylic acids.

Methane consumption and growth kinetics of mixed
culture

RIHPLC measurements of culture samples and head-
space analyses of methane consumption during the
growth of mixed culture MM1 under the conditions of
this stiidy, i.e modified Whittenbury medium with the ad-
dition of Cy;LAS, 18 mg/L, initial biomass dry weight 65

Mixed heterotrophic culture

B 20h
4C.SPC
3
4C,SPC
! -
44h 20 days
4C,SPC
L 3C,SPC 3C,SPC
v o vimL vimL
0 5 10 15 20 250 5 10 15 20 25
t/min t /min

Fig. 4. RP-HPLC chromatograms of C1LAS intermediates during biodegradation experiment with mixed methanotrophic/
/heterotrophic culture and mixed heterotrophic culture. Initial C11LAS concentration was 18 mg/L, and remaining CjLAS as
follows: MMT - 1.0 mg/L at 76 h; MC — 16.3 mg/L at 8 h, and 15.2 mg/L. at 20 h. Peaks of the two identified intermediates
(4-C55PC and 3-C55PC) are indicated or. the chromatograms.

Slika 4. RP-HPLC kromatogrami meduproizvoda nastalih razgradnjom C;;LAS-a primjenom metanotrofno-heterotrofne kulture i
mjeSovite heterotrofne kulture. Podetna koncentracija Cp1LAS-a iznosila je 18 mg/L, a zaostala kako slijedi: MM1 — 1.0 mg/L. pri 76 h;
MC - 16.3 mg/L pri 8 h i 15.2 mg/L. pri 20 h. Pikovi identificiranih meduproizvoda (4-C5SPC i 3-C75PC) naznadeni su na kromatogramima.
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Fig. 5. Degradation of Cy;LAS by mixed culture MM1 exp-essed
as degradation of alkyl chain (0-0) and as degradation of ben-
zenering containing intermediates (4-C55PC, +-+, and
3-C45PC, *-*). Methane consumption (0-0) during binde-
gradation experiments is also shown.

Slika 5. Razgradnja Cy1LAS-a primjenom mjeSovite metanotrof-
no-heterotrofne bakterijske kulture, izraZena kao razgrzdnja
alkilnog lanca (0-0) i kao razgradnja nastalih meduproizvoda
(4-CsSPC, +-+, i 3- G5SPC, *-*). Takoder je prikazan potrogak

metana ([J-0) tijekom pokusa.

mg/L and with methane amendment (5.6 % in headspace),
are presented in Fig. 5. It is evident that mixed calture
containing type Il methanotroph revealed the ability of si-
multaneous methane oxidation and C;;LAS degracation.
The shape of the curves suggested that the culture MM1
possesses the capability of immediate methane oxication,
while C11LAS degradation started after a few hours delay.
Similar stagnation in degradation was observed for tran-
sient intermediate 4-C5SPC after extended incubation
(16 days) at two repeated methane amendments (the 7th
and 12th day). This indicated that the competition for the
same enzyme methane monooxygenase (MMO), which
could be responsible for the oxidation of terminal C-atom
in the alkyl chain or hydroxylation of transient inlerme-
diates, could be one of possible reasons for this observa-
tion. Results presented in Fig. 5 also show that despite the
4 and 2 days starvation (without methane) betwecn the
second and the third CH; amendment, the culture MM1
retained the ability of methane oxidation.

In order to gain more insight into the mechanisms of
C11LAS degradation, a detailed analysis of growth k netics
of the culture MM1 was performed together with the ki-
netics of methane and oxygen uptake, and carbone diox-
ide formation. Data on headspace analyses presented in
Fig. 6. showed that almost similar trends of methare and
oxygen consumption and carbone dioxide formation were
observed when culture MM1 was growing in mineral me-
dium with or without addition of Cy;LAS. The same could
be said for the growth curves, which showed similar pat-
tern in control experiment (with methane only) and in the
presence of both methane and C;;LAS. However, a de-
tailed analysis of specific rate of methane oxidation and
growth kinetics of the culture MM1 (Tab. 1) showed s ightly
impaired methane oxidation rate under the first 43 h of
experiment (Ist CHy amendment, when Cj;LAS and meth-
ane were simultaneously degraded) compared with the
control experiment. This suggested that the competition
for the same enzyme (MMO) could be a possible explana-
tion for this observation. Other possibilities, such as toxic

0,13 CULTURE MMI A

n/mmol
Agoonm {biomass)

Time/day

0,13 CULTURE MM1+C,LAS B
06

105

n/mmol
n)
kel
=

03

102

ABOO nm (biomass)

kAl

"z 3 % 5 6 7 6 80 W2 BB
Time /day
Fig. 6. Methane (J-0) and oxygen (0-0) consumption and
carbon dioxide formation (A -4) during growth of mixed culture
MMI1 on methane only (A), or during Cy;LAS degradation (B).
Growth curves of mixed culture MM1 (x-x) are also shown.
Slika 6. Potro3ak metana ((J-0) i kisika (0-0) te nastanak
ugljik(1V)-oksida (4-A) tijekom rasta mjesovite kulture MM1
samo u prisutnosti metana (A) i uz dodatak Cy1LAS (B). Ta-
koder su prikazane krivulje rasta mjesovite kulture MM1 (x-x).

effect of C{;LAS on the methanotroph in culture MM1
and the changes in the composition of mixed culture, may
also account. Decreased specific methane oxidation rate,
specific growth rate and growth yield at the 2nd and espe-
cially the 3rd methane addition in the control experiment,
which were also observed although pronounced in the
presence of Cq1LAS, indicated that depletion of reductant
and of some nutrients might have occurred during extended
incubation of the culture MM1 under the conditions of
transformation experiment.

Mechanisms of C11LAS degradation by mixed culture
MM1

Comparative study of C1qLAS transformation by two
well defined and characterized mixed cultures showed
that despite faster primary C;1LAS degradation obtained
by mixed heterotrophic culture (MC), mixed methanotro-
phic/heterotrophic culture (MM1) revealed the ability of a
more complete oxidation of these molecules. At first sight,
it could be surprising that the culture MM, characterized
as very efficient in the transformation of trichloroethylene
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Table 1. Specific rate of methane consumption (k), specific growth rate () ard growth yield (y) of culture MM1 during C11LAS degra-

dation experiment

Tablica 1. Specifiéna brzina potro3nje metana (k), specifiéna brzina rasta (u) i prirast biomase (y) kulture MMT1 tijekom pokusa razgradnje

C]]LAS-ii
Medium CHj addition k" /(1/day) u° /(1/day) y* /mg dry wt/mg CH,)
Podloga CH4 dodatak k* /(1/dan) yb /(1/dan) y* /(mg suhe tvari/mg CHy)
1 0.34+0.033 0.38+0.026 0.66=0.045
prvi
Control i 0.2420.022 0.25+0.017 0.68+0.038
Kontrola drugi
3rd 0.17+0.013 0.130.009 0.36+0.021
treci
e 0.27 +0.015 0.38+0.031 0.78+0.052
prvi
C;,LAS amendment ond 0.2520.012 0.23+0.014 0.57+0.042
CLAS dodatak drugi
3rd 0.23+£0.014 0.14+0.007 0.35+0.025
treci

“ Average specific methane oxidation rate of three replicates determined at the following cultivation intervals: 048 h (1°f CH,
addition), 5-7 days (2"! CHy addition) and 12-14 days (3" CHj addition).
Prosjedna brzina oksidacije metana odredjena u 3 uzorka u slijedeéem razdobljima: 0-48 h (prvi dodatak CHy), 5-7 dan (drugi

dodatak CHy) i 12-14 dan (treéi dodatak CHy).

b Average specific growth rates of MM1 culture (three replicates) at same cu tivation intervals as in 2.
Prosjedna specifi¢na brzina rasta kulture MMT1 (3 uzorka) odredjena u istim vremenskim razdobljima kao u %

“ Average growth yield expressed as mg biomass dry weight/m g CHy normal zed to C. For the evaluation of carbon in biomass,

typical empirical formulation for bacterial cells CsH70;N was used.

Prosjecni prirast biomase, izraZen kao ugljik (C). Za izraunavanje udjela C 1 biomasi primijenjena je empirijska formula za

bakterije C5I170,N.

and chloroform (20,21,26), exhibited this ability, while the
culture MC, adapted to LAS and characterized as efficient
in degradation of commercial mixture and pure linear al-
kylbenzene sulphonate (3,4,23), did not. The fact that the
same and only C-odd short-chain sulphophenylalcanoic
acids, resulted from Cy;LAS primary degradation, sugges-
ted that mixed culture MM, containing type Il methano-
troph, degraded alkyl chain by the same mechanisms, i.e.
oxidation of terminal methyl group followed by f-oxida-
tion, as mixed culture containing only heterotrophs. Al-
though we are fully aware that the activity of other mem-
bers (heterothrophs) of mixed culture MM1 should not be
overlooked, owing to the analysis of methane consump-
tion, and to the growth kinetics of mixed culture MM1
obtained in this study, and based on the available litera-
ture (1,11,20,28,29) it seems likely to propose that type II
methanotroph of mixed culture possesses the ability to
initiate Cy1LAS transformation. The possibility of this me-
thanotroph to continue the shortening of the alkyl chain
by #-oxidation still remains uncertain, making a valuable
area for further research. An equally interesting field of
investigation is a possible role of type Il methanotroph in
transformation of short-chain sulphophenylalcanoic acids
that can be expected based on more complete oxidation of
C11LAS molecules by mixed culture MM1 than by mixed
culture containing only heterotrophic bacteria. In this
case simple co-metabolic reaction of hydroxylation, analo-
gous to the oxidation of methane to methanol and/or de-
sulphonation of the aromatic ring, might be essential for
further degradation of key intermediates by heterotrophic
species in mixed culture,

Although there is controversy about the importance
of methanotrophs in the transformation of multi-carbon

compounds due to the lack of specificity of oxidative en-
zymes (11), it is well authenticated that these bacteria are
able to introduce oxygen into many compounds including
long-chain alkanes, alkenes, aromatic and alicyclic hydro-
carbons (1,22,28,29). Furthermore, based on transforma-
tion experiment with 1-(14C)-n-hexadecane, Higgins et al.
(1) reported that Methylosinus trichosporium can slowly de-
gracle long-chain alkanes to COjy, suggesting that the de-
gradation process probably involves w- and f-oxidation. It
has also been generally accepted (1,11,29) that acetate once
formec can serve as a carbon source for methanotrophs
and that in the case of type Il species, which possess an
intact Iricarboxylic acid cycle, acetate can be oxidized to
CO,, yielding reducing equivalent and ATP.

More essential work should be done to test the above-
mentioned hypotheses about substantial role of methano-
trophs in the oxidation of complex LAS molecules, includ-
ing, study of competitive inhibition, transformation study
of pure LAS isomers and sulphophenylalcanoic acids by
pure methanotrophic culture and also growth kinetics
study of pure culture of methanotrophs during LAS trans-
formation.
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