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Three methanogenic enrichment cultures, grown on ortho-phthalate, iso-phthalate, or terephthalate were ob-
tained from digested sewage sludge or methanogenic granular sludge. Cultures grown on one of the phthalate
isomers were not capable of degrading the other phthalate isomers. All three cultures had the ability to degrade
benzoate. Maximum specific growth rates (png™*) and biomass yields (Yx ) of the mixed cultures were deter-
mined by using both the phthalate isomers and benzoate as substrates. Comparable values for these param-
eters were found for all three cultures. Values for pg™* and Yx g were higher for growth on benzoate compared
to the phthalate isomers. Based on measured and estimated values for the microbial yield of the methanogens
in the mixed culture, specific yields for the phthalate and benzoate fermenting organisms were calculated. A
kinetic model, involving three microbial species, was developed to predict intermediate acetate and hydrogen
accumulation and the final production of methane. Values for the ratio of the concentrations of methanogenic
organisms, versus the phthalate isomer and benzoate fermenting organisms, and apparent half-saturation
constants (Kg) for the methanogens were calculated. By using this combination of measured and estimated
parameter values, a reasonable description of intermediate accumulation and methane formation was obtained,
with the initial concentration of phthalate fermenting organisms being the only variable. The energetic effi-
ciency for growth of the fermenting organisms on the phthalate isomers was calculated to be significantly

smaller than for growth on benzoate.

All three phthalic acid isomers (ortho, meta, and para ben-
zene dicarboxylic acid) are produced in massive amounts around
the world and are primarily anthropogenic compounds. They
are used in the chemical production of a wide range of plastics.
Diesters of ortho-phthalic acid are mainly used as a plasticizer
in the production of polyvinyl chloride (10). para-Phthalic acid
(terephthalic acid) and the corresponding dimethyl ester are
used in the production of polyester fibers and polyethylene
terephthalate. This latter compound is well known for its ap-
plication in bottles for carbonated drinks. meta-Benzene dicar-
boxylic acid (isophthalic acid) is produced in smaller amounts
than its ortho- and para-oriented isomers and is used in the
production of specialty chemicals.

Introduction of phthalic acid isomers into the environment
may occur through leaching from plastics (10). In addition to
this diffuse source of environmental pollution with phthalic
acids, large point sources are generated during production of
phthalate isomers from their corresponding xylenes (2). Both
liquid and solid wastestreams, generated during production of
the phthalate isomers, contain high concentrations of these
aromatic acids. Furthermore, heavily contaminated soil with
high concentrations of phthalic acid isomers can be found
around chemical factories (20).

Microbial activity is the principal method for the removal of
phthalic acid isomers and their corresponding esters from the
environment. The metabolic pathway for anoxic degradation of
phthalic acid isomers in a denitrifying Pseudomonas sp. in-
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volves initial activation of ortho-phthalate by coenzyme A
(CoA), probably followed by decarboxylation resulting in the
formation of benzoyl CoA (21, 22, 30). No experimental evi-
dence is available about the exact location of the decarboxy-
lation in the degradation pathway, but the current view is that
benzoyl-CoA is the only central intermediate in the anoxic
mineralization of a large range of aromatic compounds (be-
sides aromatic compounds with at least two phenolic function-
al groups). Degradation of benzoyl-CoA proceeds through ini-
tial reduction of the aromatic ring, followed by ring cleavage
(9, 26). Hardly any information is available about the anaero-
bic mineralization of phthalate isomers under sulfate reducing
or methanogenic conditions. It has been suggested that metha-
nogenic degradation of ortho-phthalate proceeds analogously
to degradation under denitrifying conditions because metha-
nogenic enrichment cultures grown on ortho-phthalate had the
ability to degrade benzoate (26).

In methanogenic environments, complex organic matter (in-
cluding aromatic compounds) is converted into a mixture of
methane and carbon dioxide in a complex network of various
metabolic groups of bacteria. Bacteria in these consortia de-
pend entirely on each other to perform the metabolic conver-
sions observed (25, 28) and are therefore referred to as syn-
trophic consortia. In these syntrophic consortia, fermentative
bacteria convert complex organic matter into a mixture of ace-
tate and hydrogen or formate, which are substrates for metha-
nogenic bacteria. Fermentative conversions of substrates
are often energetically unfavorable under standard condi-
tions (AG®” > 0), implying the need for continuous removal of
the fermentative products by methanogens.

In this study three methanogenic enrichment cultures de-
grading either ortho-phthalate, isophthalate, or terephthalate
are described. Emphasis is put on the kinetics of mineraliza-
tion of the phthalate isomers. A method is described to calcu-
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TABLE 1. Chemical reaction equations for the individual steps in mineralization of phthalate isomers and benzoate and
the standard Gibbs free-energy changes during the conversions, corrected for a temperature of 37°C

Reaction no. Reaction Equation AGY, 37°C (KJ - reaction™ ')
1 Phthalate fermentation CyH,0,” + 8H,0—3C,H;0,  + 3H" + 3H, + 2HCO,"~ 38.9¢
2 Benzoate fermentation C,H,O0,” + 7TH,0—3C,H;0,” + 3H" + 3H, + HCO;~ 59.6
3 Hydrogenotrophic methanogenesis 0.75HCO,~ + 0.75H" + 3H,—0.75CH, + 2.25H,0 —98.4
4 Acetoclastic methanogenesis 3C,H,0,” + 3H"—3CH, + 3CO, —97.8
5 Mineralization of phthalate C¢H,0,> + 6.5H,0—3.75CH, + 2HCO;~ + 2.25CO, —157.3
6 Mineralization of benzoate C,H;O, + 5.5H,0—3.75CH, + HCO,  + 2.25CO, —136.6

“ The value represents the calculated AG"" for isophthalate and terephthalate fermentation; the value for ortho-phthalate fermentation is estimated to be 34.9 kJ -
reaction” !. Applied AG,° values for ortho-phthalate, isophthalate, and terephthalate were —548.6, —552.6, and —552.7, respectively (5).

late the kinetic parameters of the individual trophic groups
involved in mineralization of the aromatic substrates. The
specific role of benzoate in the anaerobic degradation of tere-
phthalate is presented in a separate study (14).

MATERIALS AND METHODS

Source of the biomass and enrichment procedure. Biodegradability experi-
ments were performed with three different types of biomass and a set of aromatic
compounds that are present in phthalic acid isomer production wastewaters (13).
Sludge types used for these experiments were digested sewage sludge and two
types of granular sludge from full-scale upflow anaerobic sludge bed (UASB)
reactors. The initial concentrations of the phthalate isomers were 2.1 mM. When,
after a lag phase ranging from 15 to 150 days, mineralization of the phthalate
isomers was observed, the substrate was replenished to a concentration of 6 mM.
Substrate dosage was repeated until a phthalate isomer degradation rate of
approximately 1 mM - day ' was reached. At this point 20% of the culture liquid
was transferred into prereduced fresh medium containing 6 to 12 mM phthalate
isomer. Cultivation was performed in 300-ml serum bottles sealed with butyl
rubber septa by using a liquid volume of 70 ml. Serum bottles were incubated
statically at 37°C in the dark. To monitor degradation of the phthalate isomers,
the methane concentration in the headspace of the serum bottles was measured
at least twice a week. This procedure was used for more than 18 months in order
to obtain stable and highly enriched cultures. Best growth on ortho-phthalate was
obtained with the culture initially seeded with granular sludge from a UASB
reactor treating wastewater from a paper factory, while cultivation on isophtha-
late proceeded most rapidly with cultures initially seeded with digested sewage
sludge. These two enrichment cultures were therefore used for the experiments
described here.

The inoculum of the terephthalate degrading enrichment culture was obtained
from a laboratory-scale anaerobic hybrid reactor. Hybrid reactors are upflow
reactors equipped with carrier material in the top of the reactor instead of the
three-phase separator used in UASB reactors. The hybrid reactor had been in
continuous operation for a period of 12 months with terephthalate as the sole
carbon and energy source. The specific terephthalate conversion rate of the
biomass grown in this reactor was approximately 1.7 mmol - (g - day) ~'. Similar
cultivation methods were used as described for the ortho-phthalate and isophtha-
late degrading cultures for more than 1 year before the experiments described
here were carried out.

Medium and substrate preparation. The basal medium used in the experi-
ments contained the following (in mg - liter of liquid volume ~'): NaHCOj3, 3,000;
NH,CI, 280; K,HPO,, 250; CaCl, - 2H,0, 10; yeast extract, 18; and 1 ml of a
trace element stock solution according to the composition described by Huser et
al. (12). Stock solutions of disodium ortho-phthalate, isophthalate, and terephtha-
late were prepared in demineralized water.

Experimental procedure. Experiments were performed in 300- or 120-ml se-
rum bottles with liquid volumes of 70 or 25 ml, respectively. Medium and
substrate were added to the serum bottles. The bottles were sealed with butyl
rubber septa and aluminum screw or crimp caps, and the headspace was flushed
with a mixture of N, and CO, (70:30 [vol/vol]). After flushing, Na,S - 7-9H,0
was added from a concentrated stock solution to obtain a final concentration of
150 mg - liter . Serum bottles were preincubated at 37 = 1°C in an orbital-
motion shaker prior to inoculation by syringe. Liquid samples (1 ml) were
withdrawn from the serum bottles for component analyses. Measured methane
concentrations in the headspaces of the bottles were corrected for the volumes
of samples removed.

Analytical procedures. The methane content of the headspace was determined
by gas chromatograph (Hewlett Packard 438/S). Samples (100 pl) were injected
by using a gas-lock syringe (Dynatech, Baton Rouge, La.). A stainless-steel
column (2 m by 2 mm) packed with Poropak Q (80 to 100 mesh) was used.
Nitrogen was used as a carrier gas. The temperatures of the column, injection
port, and flame ionization detector were 60, 200, and 220°C, respectively.

The concentration of water-soluble aromatic acids was determined by high-
pressure liquid chromatography (HPLC). Centrifuged liquid samples (3 min at

10,000 x g) were diluted to concentrations smaller than 50 mg - liter ! by using
a Meyvis Dilutor (type no. 401), and a volume of 10 ul was injected by using an
autosampler (Marathon). Separation of the aromatic acids was obtained by using
a Chromospher 5C18 column (100 by 3 mm). The solvent used as a carrier was
a mixture of methanol and a 1% acetic acid solution in water in a 40/60 ratio. The
applied flow rate amounted 0.3 ml - min~'. The separated components were
detected by a UV detector (Spectroflow 773) at a wavelength of 230 nm. Typical
retention times for ortho-phthalate, terephthalate, isophthalate, and benzoate
were 2.8, 3.6, 4.1, and 6.8 min, respectively. Chromatograms were stored and
integrated by using the software package Minichrom.

The concentration and composition of volatile fatty acids in the medium were
determined with a gas chromatograph (Hewlett Packard 5890A). A glass column
(2 m by 4 mm) packed with Supelcoport (100 to 200 mesh), coated with 10%
Fluorad FC431, was used. The temperatures of the column, injection port, and
flame ionization detector were 130, 200, and 280°C, respectively. Nitrogen gas
saturated with formic acid was used as a carrier gas at a flow rate of 50 ml -
min~'. Prior to analysis, the samples were diluted and fixed with a formic acid
solution (3% [vol/vol]). After formic acid addition aromatic acids precipitate, and
samples had to be centrifuged (3 min, 10,000 X g).

Hydrogen was determined by gas chromatography (Hewlett Packard 5890).
The gas chromatograph was equipped with a stainless-steel column (1.5 m by 6.4
mm) packed with molecular sieve 25H (60 to 80 mesh). The temperatures of the
column, injection port, and thermal conductivity detector were 40, 110, and 125°C,
respectively. Argon was used as a carrier gas at a flow rate of 25 ml - min~'.

Determination of kinetic parameters. The total biomass yield of the mixed
cultures growing on the phthalate isomers and benzoate was determined in batch
experiments. A known amount of biomass was transferred into fresh medium
containing a high concentration of substrate (10 to 12 mM for benzoate and the
phthalate isomers). After complete mineralization of the substrate, the concen-
tration of volatile solids was determined and the biomass yield was calculated by
relating the increase of the biomass concentration to the amount of substrate
degraded. In case of degradation of a complex substrate by a syntrophic culture,
the sum of the yield factors of all the species participating in the degradation is
measured. Consequently, the measured yield is referred to as Yx, s (g - mol-
S™1). For determination of the microbial yield on acetate (Yx, \,c2)s several
portions of 5 mM acetate were supplied to avoid substrate inhibition.

The maximum specific growth rate (W3*, day ') of the cultures was calculated
from the exponential part of substrate depletion and/or product formation
curves. In case of zero-order kinetics (Cg > Kg), Monod-based equations for
substrate depletion and product formation can be integrated and the following
equations apply (neglecting maintenance and/or decay):

Cx(0 max
O
YX S

tot!

Cs(t) = C(0) + ) 1)

SO e
U @)

Ce(t) = Cp(0) = fop * (1 = M) *

where fgp stands for the number of moles of product, produced per mole of
substrate (mol-P - mol-S™!) according to the stoichiometry of the reaction (Table
1), and mx, s is the electron yield as can be calculated from the measured yield
according to equation A-4 (see Appendix). By using measured values for the
microbial yield and measured substrate concentrations (Cs, mol - liter ') and/or
product concentrations (Cp, mol - liter ') as a function of time, the initial bio-
mass concentration [Cx(0), g - liter '] and p** can be estimated with an opti-
mization procedure as available in most spreadsheet programs. Optimization was
based on minimizing the absolute error between measured and calculated values
for Cg and Cp.

Calculation of kinetic parameters. In order to describe intermediate accumu-
lation and final methane production during growth of the mixed cultures on the
phthalate isomers and benzoate, a mathematical model was derived (see Appen-
dix). Nonmeasured parameter values that were required as input for the model
were estimated by using the procedures described below.

The biomass yield of the organisms responsible for fermentation of the phtha-
late isomers and benzoate (Yxp,,,s) was calculated from the (measured) total
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TABLE 2. Maximum specific growth rate (ug'**) and total biomass
yield (Yx,s) for three phthalate-isomer-degrading enrichment
cultures, grown on the phthalate isomers, benzoate, or acetate”

Y5 max -

Culture Substrate (¢ [dry w>t(]mfsmol") e (day 1)
Isophthalate Isophthalate 8.5(0.8) 0.092 (0.012)
Benzoate 11.5 (0.6) 0.130 (0.020)

Acetate 0.97 (0.09) 0.131 (0.014)

ortho-Phthalate  ortho-Phthalate 82(1.2) 0.087 (0.007)
Benzoate 12.8 (0.5) 0.216 (0.009)

Acetate 1.01 (0.15) 0.100 (0.013)

Terephthalate Terephthalate 8.6 (0.5) 0.094 (0.007)
Benzoate 129 (1.2) 0.180 (0.011)

Acetate 1.23 (0.11) 0.120 (0.009)

“ Values in parentheses represent standard deviations of the measured values.
Values are the average of at least three separate measurements.

biomass yields (Y, s) and the biomass yields of the acetoclastic and hydroge-
notrophic methanogens (Yx, ,, and quyM) according to the following equation:

Yxtompa = Yxora = fraca - (1 = Nxeenpa) * Yxaocz = feam = (1 = xpempa) * Yz (3)

where fpac, and fpayy, are, respectively, the number of moles of acetate and of
hydrogen formed per mole of phthalate isomer (mol-C2/H2 - mol-PA~") accord-
ing to the chemical reaction equation for phthalate fermentation (Table 1, reac-
tion 1), and mxg,  pa is the electron yield of the phthalate isomer fermenting
culture (e-mol-Xpe,p, © e-mol-PA™'). Substitution of equation A-4 (Appendix)
into equation 1 allows for direct calculation of the biomass yield for the ferment-
ing bacteria.

Since during growth on the phthalate isomers the intermediate concentrations
of acetate and hydrogen were found to be relatively constant (dCc./dt and
dCyy/dt equal 0; Fig. A1), the actual specific growth rates of the different species
in the mixed culture must be equal (23). Definition of this boundary condition
allows for calculation of the concentration ratio of the acetoclastic methanogens
relative to the fermenting organisms according to the following equation:

Citren

Cxam a feaca * (1 = Mxgenpa) * Y2

YXFumPA

4

From the average concentrations of acetate and hydrogen measured during
exponential growth on the phthalate isomers (see Table 3) and the observation
that these concentrations remained constant during growth on the phthalate
isomers, the apparent half-saturation constants for acetate and hydrogen (K¢,
and Kyy,) can be estimated. At phthalate concentrations significantly higher than
the half-saturation constant for phthalate fermentation (Kp, ), the following equa-
tion enables calculation of K¢»:

Ccme
L S e ®)
Axpempa * frac2 * (1 = Mxeenpa)  Xerm @

KCZ

o <~
Xaenc2 Xaem

Expressions equivalent to equations 4 and 5 were used for calculation of Cx/
Cxtypyn aNd K.

Gibbs free-energy changes. Standard Gibbs free-energy changes for the indi-
vidual steps in anaerobic mineralization of the phthalate isomers and benzoate
were calculated according to the method of Thauer et al. (31) (Table 1). AG,"
values for the phthalate isomers were calculated from benzoate by using the
group contribution method described by Dimroth (5). AG values were cor-
rected for a temperature of 37°C by using the Van’t Hoff equation (4).

Microscopical observation. The cultures were routinely observed by using a
phase-contrast microscope. Cultures grown on ortho-phthalate and isophthalate
were prepared for scanning electron microscopy. Samples (10 ml) were filtered
into 1-ml observation chambers. The observation chambers were closed and fixed
with 2.5% gluteraldehyde. After fixation, samples were stored overnight in a
0.5% osmium tetraoxide solution in a buffer of sodium cacodylate (0.1 M, pH
7.1). After three rinses with demineralized water, samples were dehydrated
stepwise with ethanol. Samples were mounted on stubs with carbon cement,
critical point dried with CO,, and sputter coated with 3 nm of platinum. The
coated specimens were observed in a Jeol JSM 6300F scanning microscope at 5
to 8 kV.

APPL. ENVIRON. MICROBIOL.

RESULTS

Enrichment cultures. Three stable enrichment cultures with
the ability to degrade either ortho-phthalate, isophthalate, or
terephthalate were obtained through numerous transfers into
fresh medium throughout a period of more than 1 year. Mul-
tiple doses of substrate (6 to 12 mM phthalate isomer) were
necessary to obtain high conversion rates. Once the conversion
rate amounted to approximately 1 mM - day ', 20% of the
culture was transferred into fresh medium. No stable growth
was obtained when (i) smaller amounts of the cultures were
transferred or when (ii) the cultures were transferred when
rates were significantly lower. Moreover, when transferring the
cultures after complete depletion of the substrate, long lag
phases and nonexponential growth were observed. These ob-
servations were studied in more detail by using the terephtha-
late-grown enrichment culture, and the results obtained are
described elsewhere (14). Due to their low growth rate (Table
2), the cultures could be transferred approximately once a
month. A typical example of the methane production profile
found during several transfers of the isophthalate-grown cul-
ture into fresh medium is shown in Fig. 1.

Cultures grown on one of the phthalate isomers were not
able to degrade either of the other two phthalate isomers, sug-
gesting that specific organisms are responsible for the degra-
dation of each of the phthalate isomers. All three cultures were
able to degrade benzoate without a lag period at rates compa-
rable to the phthalate isomer degradation rates.

During exponential growth on the phthalate isomers, only
small amounts of acetate and hydrogen were found (approxi-
mately 1 to 4 mM and 3 to 5 Pa, respectively), indicating tight
syntrophic coupling between the fermenting organisms and the
methanogens (Fig. 2). Intermediate accumulation of benzoate
was only observed in the ortho-phthalate-grown culture, but
the measured concentrations were very low (1 to 3 uM). No
other intermediates were detected during exponential growth
on the phthalate isomers.

Addition of Na,SO, as an exogenous electron acceptor (fi-
nal concentration, 5 mM) did not affect the phthalate isomer
conversion rate in any of the three cultures. The addition of
NaNOj (final concentration, 5 mM) resulted in complete in-
hibition of the degradation of the phthalate isomers.

Kinetic parameters. The calculated values for the maximum
specific growth rate (pg™*) and the total yield (Yx_s) of the

IF, CH4/3.75 [mM]
25

20

15

10

0 50 100 150
time [days]

FIG. 1. Calculated (solid lines) and measured (CJ) methane concentrations
(CH,) and substrate levels (dashed lines) during several transfers of the isoph-
thalate (IF)-grown culture.
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FIG. 2. Terephthalate (TA, OJ) degradation and intermediate accumulation
of acetate (C2, O) and hydrogen (H,, ) and final production of methane (CH,,
A). Markers correspond to measured concentrations and lines were drawn by
using the mathematical model described in the Appendix.

three cultures are summarized in Table 2. Values for these
parameters were determined with the three phthalate isomers,
with benzoate and acetate as substrates. Both parameters were
measured in exponentially growing batch cultures.

From the data presented in Table 2 it can be seen that the
differences in pg™* and Yy g among the three cultures grown
on either phthalate, isophthalate, or terephthalate are small.
For all enrichment cultures, pg"™* and Yx g are significantly
smaller for the phthalate isomer than for benzoate.

When the maximum specific growth rates on acetate and the
phthalate isomers are compared, it can be seen that higher
values were found for growth on acetate. These data suggest
that only limited amounts of acetate will accumulate during
degradation of the phthalate isomers. This was confirmed by
the low concentrations of acetate, measured during exponen-
tial growth on the phthalate isomers (1 to 4 mM), as shown in
Fig. 2 for growth on terephthalate.

The situation is different for growth on benzoate. The cal-
culated maximum specific growth rates of the cultures grown
on benzoate are either comparable (isophthalate and tere-
phthalate) or significantly higher (ortho-phthalate) than the
maximum specific growth rates determined with acetate.
These parameter values indicate that during incubation of the
ortho-phthalate-grown culture with benzoate, large amounts of
acetate will accumulate. Smaller amounts of acetate are pre-
dicted to accumulate in the isophthalate- and terephthalate-
grown cultures when incubated with benzoate. These indica-
tions were confirmed by measured acetate concentrations
during benzoate degradation, as shown in Fig. 3.

Product formation during degradation of the phthalate iso-
mers when incubated with BES. In order to study product
formation of the fermenting organisms, the cultures were in-
cubated with the phthalate isomers and 10 mM bromoethane-
sulfonate (BES), a specific inhibitor of methanogenesis. From

ANAEROBIC DEGRADATION OF PHTHALATE ISOMERS 1155

the results shown in Fig. 4 it can be seen that trace amounts of
benzoate accumulated during incubation with BES of a tere-
phthalate-grown culture. No benzoate was detected in exponen-
tially growing cultures, except for the ortho-phthalate-grown
culture, where up to 3 wM benzoate was found.

The methanogenic substrates acetate and hydrogen accumu-
lated to concentrations significantly higher than those observed
in exponentially growing cultures. According to the stoichiom-
etry of the fermentation of the phthalate isomers (Table 1,
reaction 1), equimolar amounts of acetate and hydrogen
should accumulate during incubation with BES. However, the
results show that much higher concentrations of acetate accu-
mulate. Two reasons can be distinguished to explain this ob-
servation: (i) small amounts of methane were formed during

BA, C2 [mM] CH, [mM]
14 0 25
12 A 0°¢
SR o 1 20
156
10
5
0
0 5 10 15 20 25
time [days]
BA, C2 [mM] CH, [mM]
10 30
B
8 PAL 25
2. BA 20
6 A~
as
aN 15
4 .
B0y ¢ 10
2 B QAE\ 415
N
0 J, 1 AL 0
0 5 10 15 20
time [days]
BA, C2 [mM] CHg4 [mM]

time [days]

FIG. 3. Benzoate (BA, A) degradation and concomitant acetate (C2, )
accumulation and methane (CH,, O) formation in ortho-phthalate (A)-, isophtha-
late (B)-, and terephthalate (C)-grown cultures. Markers correspond to mea-
sured concentrations, and lines were calculated by using the mathematical
model described in the Appendix.
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AG' [kd/m]

time [days]

FIG. 4. Accumulation of acetate (C2, A), benzoate (BA, <), and molecular
hydrogen (H2, O) during incubation of the terephthalate-grown culture with
terephthalate and 20 mM BES (bottom graph). The actual Gibbs free energy for
terephthalate fermentation (Table 1, reaction 1) is indicated in the top graph.

the initial 2 days of incubation, suggesting incomplete initial
inhibition of methanogenesis from hydrogen by BES, and (ii)
the formation of another reduced product besides molecular
hydrogen was observed. This product was identified as cyclo-
hexanecarboxylate by gas chromatography.

Based on the measured concentrations of the phthalate iso-
mer, acetate, and hydrogen, the actual Gibbs free energy (AG')
for fermentation of the phthalate isomers (Table 1, reaction 1)
can be calculated. From Fig. 4 it can be seen that fermentation
of terephthalate stopped at AG’ values exceeding —69 kJ -
(mol-terephthalate)~'. As for the fermentation of terephtha-
late, the degradation of ortho-phthalate and isophthalate
stopped when AG’ exceeded approximately —65 kJ - (mol-
phthalate isomer) .

Microscopical observation. All three phthalate isomer-grown
cultures formed dense flocs of 0.5 to 2 mm in statically incu-
bated serum bottles. Methanosaeta-like organisms were identi-
fied as the predominant acetoclastic methanogen in all three
cultures.

In the ortho-phthalate-grown culture (Fig. 5A), two domi-
nant types of organisms were observed other than the Meth-
anosaeta-like organisms (arrow 1): short fat rods (0.6 to 0.8 by
1 to 2 wm) with rounded ends (arrow 2) and very small rods
(0.3 by 1.0 to 1.2 pm) (arrow 3). The fat rods were found in
large amounts and are presumed to be responsible for the fer-
mentation of ortho-phthalate. The very small rods were em-
bedded in extracellular material and always close to the short
fat rods and may be hydrogenotrophic methanogens belonging
to the genus Methanobacterium.

The isophthalate-grown culture (Fig. 5B) was less well de-
fined than the ortho-phthalate-grown culture, which may partly

APPL. ENVIRON. MICROBIOL.

be the result of the low conversion rates observed in this cul-
ture at the moment samples were drawn for electron micros-
copy. Dense clusters of different types of organisms, embedded
in extracellular material, were observed in a loose matrix of
Methanosaeta-like organisms.

The terephthalate-grown culture was only examined with a
light microscope (not shown) and spore-forming rods of 3 to
4 wm were observed besides Methanosaeta- and Methanospiril-
lum-like organisms. The spore-forming rods were probably in-
volved in the fermentation of terephthalate.

DISCUSSION

General observations. At least three different species of
bacteria are involved in the methanogenic degradation of the
phthalate isomers: fermentative organisms that convert the
phthalate isomers to a mixture of acetate and hydrogen (Table
1, reaction 1), acetoclastic methanogens that convert acetate
into a mixture of methane and bicarbonate (Table 1, reac-
tion 4), and hydrogenotrophic methanogens that reduce bicar-
bonate with hydrogen under formation of methane (Table 1,

FIG. 5. Scanning electron micrographs of the methanogenic enrichment cul-
tures grown on ortho-phthalate (A) and isophthalate (B). The numbers are ex-
plained in the text.
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TABLE 3. Specific biomass yields, specific phthalate- and benzoate-fermenting activities, and the specific biomass yield values normalized to

an energy quantum of 70 kJ + mol

~1 of the fermentative organisms in the three mixed cultures grown on benzoate or the phthalate isomers

YXpems qax @ Acetate” H,* AG’® YxpomaG
Culture Substrate (g [drywt] “mol™)  (mol-S-[g (dnwo)- day])  (mM)  (Pa) (K -mol-S~) (g [drywi]-70 k)
Isophthalate Isophthalate 4.7 0.019 1.6 35 -92.4 3.6
Benzoate 7.8 0.017 2.5 6.0 —56.0 9.7
Phthalate Phthalate 43 0.020 4.0 4.0 —88.5 34
Benzoate 9.0 0.024 10.0 6.0 —452 13.9
Terephthalate ~ Terephthalate 4.0 0.023 1.3 3.0 —95.4 3.0
Benzoate 8.4 0.021 25 4.0 -59.1 10.0

“The maximum specific conversion rate was calculated according as follows: qy’

*lbs
m

XFerm$S

® The acetate and hydrogen concentrations represent average concentrations, dsFmedsured durlng exponential growth of the cultures.
¢ Values for the actual Gibbs free-energy change for fermentation of the phthalate isomers (reaction 1, Table 1) and benzoate (reaction 2, Table 1), calculated with
a concentration of 4 mM for the phthalate isomers and benzoate and a bicarbonate concentration of 40 mM.
@ Measured biomass yields (see Table 2) normalized to an energy quantum of 70 kJ - (mol-S)~".

reaction 3). Conversion of the phthalate isomers into acetate
and hydrogen is energetically unfavorable under standard con-
ditions (AG"" = 38.6 kJ - mol-phthalate "), suggesting that the
phthalate-isomer-fermenting cultures strictly depend on the
presence of acetoclastic and hydrogenotrophic methanogens in
the mixed culture to maintain sufficiently low intermediate
concentrations of acetate and hydrogen. Methanogens depend
on the phthalate-isomer-fermenting bacteria for generation of
their substrates. Due to their mutual dependency, the mixed
cultures can be designated as syntrophic cultures (25).

As proposed for denitrifying bacteria (21, 22, 30), the initial
step in the degradation of phthalate isomers is suggested to
be decarboxylation to benzoate because (i) all the phthalate-
isomer-grown cultures were capable of benzoate degradation
without a lag phase and (ii) small amounts of benzoate
accumulated in phthalate-isomer-degrading cultures incubated
with the methanogenic inhibitor BES.

Modelling degradation of the phthalate isomers and ben-
zoate. In order to describe the dynamic formation and con-
sumption of acetate and hydrogen during degradation of the
phthalate isomers and benzoate, a mathematical model was
developed (see Appendix). The model was based on the reac-
tion stoichiometries shown in Table 1. Even though no shift in
microbial population can be excluded to occur during benzoate
degradation, we assumed that one organism was responsible
for the fermentation of the phthalate isomers and benzoate.
Additional kinetic parameter values that were required as in-
put for the model were calculated using equations 3 to 5.

The calculated biomass yields of the phthalate- and benzo-
ate-fermenting organisms (equation 3) are presented in Table
3. For the biomass yield of the acetoclastic methanogens in the
mixed culture, the measured values as reported in Table 2
were used. For the biomass yield of the hydrogenotrophic
methanogens we estimated a value of 0.33 g - mol-H, ! from
the energetic efficiency for growth under hydrogen-limiting con-
ditions of Methanobacterium bryantii (27). With this estimated
value, the maximum contribution of the biomass yield of the
hydrogenotrophic methanogens to the total biomass yield during
growth on the phthalate isomers or benzoate amounts to only
12%, suggesting that the errors introduced into the calculations of
the biomass yield of the fermenting organisms are small.

Based on measured values for the maximum specific growth
rate on the phthalate isomers and benzoate (Table 2) and the
corresponding biomass yield values of the fermenting bacteria
(Table 3), the maximum specific conversion rates for benzoate
and the phthalate isomers (qx%.. s) were calculated (Table 3).

The results indicate that the maximum specific conversion
rates for benzoate and the phthalate isomers are in the same
order of magnitude, which confirms the observation that the
initial rates of degradation of benzoate and the phthalate iso-
mers are comparable, as described above.

The observation that acetate and hydrogen concentrations
remained constant during degradation of the phthalate iso-
mers allowed for calculation of (i) the biomass concentra-
tion ratios Cy, /Cx,  and Cx_ /CXH ,, according to equation
4 and (ii) the half-saturation constants for the methanogenic
substrates acetate and hydrogen (K¢, and Ky;)) according to
Equation 5. To enable calculation of Ky, we estimated from
the data reported by Seitz et al. (27) a value of 0.60 mol-H, -
g ' day ! for i, - Calculated values for these parameters
are shown in Table 4.

By using the measured and estimated parameter values
(shown in Tables 2 to 4), the degradation of the phthalate
isomers and benzoate can be described with the initial concen-
tration of fermenting bacteria [Xg.,,(0)] as the only variable
(and estimated values for K, and Ky ,). When the boundary
conditions are sufficiently fulfilled, the derived model accu-
rately describes the accumulation of acetate and hydrogen
during the degradation of the phthalate isomers, as shown for
terephthalate degradation in Fig. 2.

The assumptions made to calculate the biomass ratios and
the half-saturation constants for the methanogens (Table 4)
were based on measurements with the phthalate isomers as a
substrate. To validate the model, intermediate accumulation
and product formation during benzoate degradation were cal-
culated. From the results shown in Fig. 4 it can be seen that the
intermediate formation of acetate and final production of
methane are reasonably well predicted for benzoate degra-
dation. If it is taken into account that minor errors in, for ex-

TABLE 4. Calculated specific biomass ratios and apparent
half-saturation constants for acetate and hydrogen for
the methanogens in the phthalate-isomer-
degrading mixed cultures

Culture ) Xeem (g-g") Ke(mM) Ky (Pa)
Xacm XHyM
Isophthalate 1.7 4.9 0.7 4.0
ortho-Phthalate 1.5 4.4 0.6 5.1
Terephthalate 1.1 4.2 0.4 3.4
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ample, the measured values for Yy, -, lead to large differ-
ences in the estimated biomass ratio, the results are satisfactory.

In summary, we suggest that the developed three-species
model adequately describes the intermediate accumulation of
acetate and hydrogen and the final production of methane
during degradation of the phthalate isomers and benzoate.
Description of the conversions observed as a function of the
kinetic properties of the individual trophic groups in the mixed
culture provides additional insight into its metabolic properties.

Kinetic parameter values. Measured and estimated values of
the kinetic parameters for benzoate and acetate degradation
correspond well with previously reported values. A growth
yield on benzoate of 8.5 g - mol-benzoate ™" has been reported
for strain BZ-2 cocultured with Methanospirillum sp. strain
PM-1 (assuming a protein content of 60%) (6) and of 6.2 and
8.2 g - mol-benzoate ! for Syntrophus buswellii GA cocultured
with Methanospirillum hungatei or Desulfovibrio sp., respective-
ly (1). From our data we calculated a similar average value of
9.3 = 0.5 g mol-benzoate ! if the growth of acetoclastic meth-
anogens was omitted from the calculation.

Maximum specific growth rates reported for two different
Syntrophus buswellii strains, cocultured with either M. hungatei
or Desulfovibrio sp., are 0.10 to 0.29 and 0.17 to 0.37 day ',
respectively (19, 32). The average value of 0.17 = 0.04 day !
we obtained for the maximum growth rate on benzoate in our
cultures is in the same order of magnitude.

Methanosaeta-like organisms were observed in all three phtha-
late isomers degrading mixed cultures by microscopical obser-
vation. The biomass yield, half-saturation constant, and maxi-
mum growth rate reported in the literature for Methanosaeta
soehngenii grown on acetate at 37°C are 1.47 g - mol-acetate ™!,
0.47 mM, and 0.11 day !, respectively (33). These values are in
the same order of magnitude as the average values we mea-
sured or calculated for our cultures (Yxc, = 1.15+0.28 g -
mol-acetate !, K, = 0.55 = 0.13 mM and u23* = 0.12 = 0.02
day™ ).

In the literature no kinetic parameter values for methano-
genic cultures degrading one of the phthalate isomers were
found. The maximum growth rates we calculated for the phtha-
late isomers (wpaX) were low: 0.091 = 0.003 day . Compara-
ble values have been found for methanogenic enrlchment cul-
tures degrading the poorly degradable substrates toluene and
ortho-xylene (0.11 and 0.07 day ", respectively [7]).

Energetic efficiency for growth on the phthalate isomers and
benzoate. Correlations between thermodynamics and biomass
yields have been developed by several researchers (11, 17, 29).
Stouthamer (29) stated that the biomass yield of anaerobic
bacteria is in the range of 5 to 12 g+ mol-ATP~!, with an
average value of 10.5 g - mol-ATP . Under physiological con-
ditions, an average amount of 70 kJ - mol-ATP ' was esti-
mated to be needed for irreversible ATP synthesis (25). With
average values for the substrate and product concentrations for
fermentation of the phthalate isomers and benzoate, the Gibbs
free energy change of the fermentations and the biomass yield
normalized to an energy quantum of 70 kJ - mol " (Yx,..a0)
can be calculated from the measured specific biomass yields
(Yx,,,,s)> as shown in Table 3.

The average value we calculated for Yy AG for benzoate
fermentation is 11.2 = 1.9 g - 70- kJ Wthh is close to the
average value of 10.5 g+ mol-ATP™ reported by Stouthamer
(29) Values for Yy g for fermentation of the phthalate
isomers are much lower (33+03g-70-kI 1), suggestlng that
the energetic efficiency for growth on the phthalate isomers is
much lower compared to benzoate. The observation that no
degradation of the phthalate isomers was observed at Gibbs

APPL. ENVIRON. MICROBIOL.

free-energy changes exceeding —65 kJ - mol ! confirms that an
energetic inefficiency in degradation of the phthalate isomers
may exist. Assuming that the phthalate isomers and benzoate
are degraded by the same organism and that benzoate is the
first intermediate in the degradation of the phthalate isomers,
the postulated energetic inefficiency during growth on the phtha-
late isomers should manifest within the initial steps of the
phthalate isomer degradation.

A possible reason for the postulated energetic inefficiency
in fermentation of the phthalate isomers can be found in the
mechanism of substrate transport across the microbial mem-
brane. The pK,, , values for the phthalate isomers (pK,, , for
ortho-, iso-, and terephthalate are 3.0, 3.6, and 3.5, respec-
tively) are considerably lower than the pK, value of 4.2 for
benzoate (8). To enable comparable uptake rates for the phtha-
late isomers and benzoate as suggested by the comparable
values for qx7" pa and qx;. g4 (Table 3), active uptake under
expense of Gibbs free-energy may be required for the phtha-
late isomers, whereas no (or less) energy is required for the
uptake of benzoate.

Another explanation for the postulated energetic ineffi-
ciency can be found in the decarboxylation of the phthalates to
benzoate (or their CoA analogues). Taylor and Ribbons (30)
suggested that decarboxylation of phthalate may proceed after
the initial partial reduction of the aromatic ring (in a one- or
two-electron mechanism), followed by oxidative decarboxyla-
tion. The initial reduction of the aromatic ring is endergonic
and requires the investment of energy in the form of ATP (3).
If this amount of energy cannot (or can only partially) be
regained during oxidative decarboxylation, this may explain the
net energy consumption during decarboxylation of the phtha-
late isomers.

In summary, it is postulated that the calculated low energetic
efficiency for growth on the phthalate isomers can be due to
the need for energy consumption (i) for active uptake of the
phthalate isomers across the microbial membrane or (ii) to
initiate the decarboxylation of the phthalate isomers to benzo-
ate.
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APPENDIX

A mathematical model was developed for predicting the intermedi-
ate accumulation of acetate and hydrogen and for production of meth-
ane during degradation of the phthalate isomers and benzoate. The
model is based on Monod kinetics (18) and, consequently, the volu-
metric rate of substrate consumption (A-1), biomass growth (A-2), and
product formation (A-3) in a batch reactor can be described by using
the following equations (neglecting maintenance and/or decay):

B }Lrgnax CS

Rs = " Y Ks TG Cx (A-1)
Ry = —Yxs*Rg (A—2)
Rp = —fsp* (1 — mxs) * R (A-3)

where fgp stands for the number of moles of product formed per mole
of substrate according to the chemical reaction equation mol-S + mol-
P~! and where myg is the biomass yield for growth of biomass X on
substrate S, expressed as electron yield (e-mol-X « e-mol-S™ ). This
parameter can be calculated from the measured (or calculated) bio-
mass yield according to the following equation:
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FIG. Al. Differential equations describing terephthalate and benzoate degradation with concomitant production and consumption of acetate and hydrogen and

production of methane.

B vx * C-lengthx
Tixs = oo C-lengthg - MWy

Yxs (A-4)

where v is the degree of reduction (e-mol - C-mol™"') as defined by
Heijnen et al. (11), C-length is the carbon chain length (C-mol -
mol™!), and MW is the molecular weight (g-mol~'). We used an
average biomass composition of C,H,,0,N5 (11, 16) and NH, " as
the nitrogen source. By using these kinetic equations and mass bal-
ances based on the stoichiometry of the conversion reactions shown in
Table 1, differential equations for all substrates, products, and different
types of biomass were derived (Fig. Al). During the derivation of these
equations the following assumptions were made: (i) the phthalate
isomers and benzoate are fermented by the same organism (Xgem);
(ii) kinetic parameters for fermentation of the phthalate isomers and
benzoate may be different; and (iii) the ratio of fermentation products
equals the ratio predicted by the chemical conversion reactions de-
scribed in Table 1 and is therefore independent of biomass growth.

The differential equation describing the change in hydrogen concen-
tration over time is expressed in atm - (liter - day) ! by correction of
the molar rates for the liquid volume (Vqq, liter), the headspace
volume (V,, liter), of the serum bottle, and the volume of 1 mole of gas
(Vg liter - mol ™). To include the observed threshold concentrations
of hydrogen in the model, an additional term was included in the
differentialequationdescribinghydrogenconsumptionduetohydrogeno-
trophic methanogenesis. This term is based on reversible enzyme kine-
tics as described by Labib et al. (15) and avoids hydrogen consumption
if hydrogenotrophic methanogenesis is endergonic (AG' 5., > 0). No
product inhibition terms for the fermentation of the phthalate isomers
and benzoate were included in the model because in general only small
amounts of acetate and hydrogen accumulated during our experi-
ments.

The differential equations A-5 to A-12 (Fig. A1) were integrated
by using a fourth-order Runge-Kutta algorithm with adaptive step-
size control (24). Optimization of parameter values or initial condi-
tions was performed by using the downhill simplex method in multi-
dimensions as described by Press et al. (24). Optimization was based
on minimizing the absolute error between measured and calculated
values for the individual concentrations. The software program incor-
porating the model was written in Turbo Pascal 6.0 on a personal
computer (80486-DX33).

An example of the model is shown in Fig. A2 for the degradation of

terephthalate and benzoate. This figure clearly demonstrates the dif-
ferences in intermediate accumulation during terephthalate and ben-
zoate degradation. The parameter values used for calculating Fig. A2
are presented in Tables 2 to 4.

BA, TA, C2 [mM]

15
TA
10 |
-~ BA-C2
BA XN
5 .
o e TAC? o
60 8
[ BA-CHs
o
CHa [mM] .
6
40 |
4
H. [Pa
20 b= 2 [Pa]
2
0 b '] Il 1 'l 0
0 3 6 9 12 15

time [days]

FIG. A2. Terephthalate (TA) and benzoate (BA) degradation and concom-
itant intermediate accumulation of acetate (C2) and hydrogen (H,) and final
production of methane (CH,) as predicted by the model.
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