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Abstract

The aerobic cometabolic biodegradation of a mixture of chlorinated aliphatic hydrocarbons (CAHs) including vinyl chloride (VC), cis- and trans-
1,2-dichloroethylene (cis-DCE, trans-DCE), trichloroethylene (TCE), 1,1,2-trichloroethane (1,1,2-TCA) and 1,1,2,2-tetrachloroethane (1,1,2,2-
TeCA) was investigated at both 25 and 17 °C by means of bioaugmented and non-bioaugmented sediment-groundwater slurry microcosm tests. The
goals of the study were (i) to study the long-term aerobic biodegradation of a CAH mixture including a high-chlorinated solvent (1,1,2,2-TeCA)
generally considered non-biodegradable in aerobic conditions; (ii) to investigate the efficacy of bioaugmentation with two types of internal inocula
obtained from the indigenous biomass of the studied site; (iii) to identify the CAH-degrading bacteria. VC, methane and propane were utilized as
growth substrates. The non-bioaugmented microcosms were characterized, at 25 °C, by an average 18-day lag-time for the direct metabolism of
VC (accompanied by the cometabolism of cis- and trans-DCE) and by long lag-times (36-264 days) for the onset of methane or propane utilization
(associated with the cometabolism of the remaining CAHs). In the inoculated microcosms the lag-phases for the onset of growth substrate utilization
and CAH cometabolism were significantly shorter (0—15 days at 25 °C). Biodegradation of the 6-CAH mixture was successfully continued for
up to 410 days. The low-chlorinated solvents were characterized by higher depletion rates. The composition of the microbial consortium of a
propane-utilizing microcosm was determined by 16s rDNA sequencing and phylotype analysis. To the best of our knowledge, this is the first study
that documents the long-term aerobic biodegradation of 1,1,2,2-TeCA.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorinated aliphatic hydrocarbons (CAHs) are widespread
subsurface contaminants that are often present in polluted sites
as complex mixtures [1,2]. Several studies showed that most
CAHs can be biodegraded via aerobic cometabolism by sin-
gle bacterial strains or mixed microbial populations grown on
aromatic and aliphatic hydrocarbons such as methane, propane,
butane, phenol or toluene. While most studies monitored the
aerobic biodegradation of single CAHs (e.g. [3-7]) or the short-
term transformation of binary or ternary CAH mixtures [1,2,8,9],
the long-term aerobic biodegradation of complex CAH mix-
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tures was investigated in a limited number of studies (e.g.
[10,11]). High-chlorinated CAHs, such as carbon tetrachlo-
ride (CT), 1,1,1,2- and 1,1,2,2-tetrachloroethane (1,1,1,2- and
1,1,2,2-TeCA) and perchloroethylene (PCE) are generally con-
sidered non-biodegradable in aerobic conditions [12—14]. Sev-
eral studies also evidenced that some low-chlorinated CAHs
can be transformed via aerobic direct metabolism, and that
some aerobic strains grown on vinyl chloride (VC) can degrade
cis- and trans-1,2-dichloroethylene (cis- and trans-DCE) via
cometabolism [15-18].

Bioaugmentation is a powerful tool for enhancing the aerobic
cometabolic CAH biodegradation [19-21]. In particular, it can
be aimed at inducing the rapid onset of the degradation activity in
those cases where the site’s indigenous biomass would require
a long lag-phase before starting the cometabolic transforma-
tion process. Because in situ bioaugmentation with exogenous
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Table 1
Temperature and added compounds in the seven groups of microcosms

Group of microcosms Set up Microcosm Temperature Added primary substrate Added nutrients
day label °C) -
Type Aq. phase Nitrate Phosphate
concentration (mol N) (pmol P)
(nM)
vCl1,2 25 vC 25 32 1.1
VC (indigenous biomass + VC) 0 VC3,4 25 25 - -
VC5,6 17 31 32 1.1
MI1,2* 25 CHy, VC 125,25 128 4.3
M (indigenous 0 M7, 8 25 31,25 32 1.1
biomass + methane + VC) M3, 4 25 125,25 - -
MS5,6 17 144, 31 128 43
P1,2 25 C3Hg, VC 46, 25 128 4.3
P (indigenous 0 P7,8 25 11, 25 32 1.1
biomass + propane + VC) P3,4 25 46,25 - -
P5,6 17 50,31 128 43
I-M (indigenous inoculum from 152 I-M1,2 25 CHy, VC 125,25 - -
microcosm M4 + mthane + VC) I-M 3,4 17 144, 31 - -
I-P (indigenous inoculum from 23 I-P1,2 25 CsHg, VC 46, 25 - -
microcosm P2 + propane + VC) I-P 3,4 17 50, 31 — -
b 0 Cl 25 vC 25 - -
C2 25 CHy4, C3Hg, VC 125, 46, 25 - -

2 At day 224 microcosm M2 was inoculated with biomass taken from M4. Therefore, relatively to the data obtained after that time, it is considered as belonging

to group I-M.

b Sterile controls for abiotic reactions and losses due to absorption in the septa or sampling procedures. Sterilized with NaN3 57 mM.

inocula is in some countries not easily accepted by the control
authorities, the utilization of indigenous inocula represents an
interesting field of investigation.

In this microcosm study we investigated the long-term aero-
bic cometabolic degradation of a mixture of six CAHs including
a high-chlorinated compound (1,1,2,2-TeCA) by mixed micro-
bial cultures grown on VC, methane or propane. The micro-
cosms were set up with soil and groundwater sampled from an
industrial CAH-contaminated site. We examined the efficacy of
bioaugmentation with two types of indigenous inocula, and we
evaluated the long-term CAH depletion rates in slurry condi-
tions. Finally, the 16s rDNA of the microbial consortium of one
of the best-performing reactors was analyzed following total
DNA extraction and PCR amplification.

2. Materials and methods
2.1. Experimental scheme and microcosm set up

The study was conducted in aerobic slurry batch microcosms,
prepared using 119-mL bottles with Teflon-lined rubber septa.
Each microcosm contained 20 g of soil (sand 48%, silt 46%,
clay 6%) and 50 mL of brackish groundwater taken from a site
contaminated by VC, cis-DCE, trans-DCE, trichloroethylene
(TCE), 1,1,2-trichloroethane (1,1,2-TCA) and 1,1,2,2-TeCA.
The 59-mL headspace was filled with air. To avoid bacterial con-
tamination, bottles, caps and all the tools used for microcosm
preparation were autoclaved (121 °C, 20 min).

The experimental scheme, consisting of 15 operational condi-
tions studied in duplicate microcosms plus 2 control conditions
(sterilized with NaN3) and reported in Table 1, was designed
to take into account four variables: temperature (17 or 25 ochy,
concentration of macro-nutrients (N and P), effect of the addi-
tion of microbial inocula and type and concentration of primary
substrate. In particular, in microcosm group VC, vinyl chloride
was the only substrate supplied, whereas in groups M and P,
in addition to VC, methane (group M) and propane (group P)
were supplied, in order to investigate the effectiveness of these
growth substrates in stimulating the biodegradation of a CAH
mixture that includes VC. When active bacterial consortia began
to develop in the M and P microcosms, inocula were taken from
reactors M4 (1 x 10° CFUmL ') and P2 (4 x 10 CFUmL ™)
and utilized to set up two further sets of microcosms, I-M and
I-P, in order to investigate the effect of the inoculation on the lag-
times for the onset of the CAH mixture biodegradation process
and on the depletion rates achievable in slurry conditions. The
inocula were performed by introducing 1 mL of suspension sam-
pled from the parent microcosm with a sterile syringe in a newly
set up microcosm. The initial aqueous-phase concentrations of
the CAHs and of other significant groundwater constituents at
25 and 17 °C are reported in Table 2.

' A 17°C is the average yearly temperature of the aquifer where the soil and
groundwater were sampled. Several tests were performed at 25 °C in order to
speed up the biodegradation processes and to obtain an indication of the effect
of temperature on the CAH degradation rates.



D. Frascari et al. / Journal of Hazardous Materials B138 (2006) 29-39 31

2.2. Analysis and chemicals

The CAHs and propane were purchased from Aldrich
(Gillingham, UK), whereas methane was taken from the distri-
bution network of the local gas company. Purities were: propane,
VC and TCE, 99.5%; 1,1,2-TCA, 99%; trans-DCE, 1,1,2,2-
TeCA and methane, 98%; cis-DCE, 97%. The gas-phase concen-
trations of methane, propane and CAHs were measured with a
HP6890 gaschromatograph equipped with a capillary HP-VOC
column (30 m x 0.32 mm) connected to a flame ionization detec-
tor (250 °C) for the analysis of methane, propane and VC and
to an electron capture detector (250 °C) for the analysis of the
remaining CAHs (injector temperature 250 °C; injection vol-
ume 500-pL; split ratio 10:1; oven temperature 3 min at 60 °C,
ramp to 230°C at 20 °C/min, 5 min at 230 °C; carrier gas He
at 0.9 mL/min). To avoid microbial cross contamination, before
each analysis the syringe was kept in the GC injector (250 °C)
for about 1 min and subsequently filled twice with hot gas from
the GC injector. Detection limits were (uM in the aq. phase):
methane and propane, 0.007; VC, 1.2; trans-DCE, 0.08; cis-
DCE, 0.15; TCE, 4 x 107%; 1,1,2-TCA, 0.01; 1,1,2,2-TeCA,
0.02. The standard methods [22] were applied for the analy-
sis of pH, C1~, SO42~, NH3-N, NO3 ~-N, P, Fe and Mn. All the
methods were calibrated with external standards. Total masses
and aqueous phase concentrations were calculated utilizing the
gas/liquid and solid/liquid equilibrium constants estimated at
25 or 17°C [23,24]. Bacterial plate counts were performed as
described by Frascari et al. [25]. Total DNA extraction and

Table 2
Chlorinated solvents and other significant groundwater constituents: initial con-
centrations in the microcosm aqueous phase

Parameter Initial concentration® (LM)

Tests at 25°C Tests at 17°CP
VC 25 (20-41)° 31 (25-51)¢
Trans-DCE 34 (2.2-5.8)° 3.9 (2.5-6.5)°
Cis-DCE 3.1 (2.3-6.2)° 3.3 (2.5-6.7)¢
TCE 1.9 (1.0-2.7)¢ 2.2 (1.2-3.1)°
1,1,2-TCA 0.30 (0.41-1.08)¢ 0.31 (0.41-1.09)¢
1,1,2,2-TeCA 0.15 (0.24-0.65)¢ 0.15 (0.24-0.65)¢
pHY 6.5 6.5
Cl~ 366000 366000
SO4%~ 7800 7800
NH3-N 14500 14500
NO3;~-N <550 <550
P <3 <3
Fe 1.8 1.8
Mn 4.0 4.0

2 The initial concentration of each CAH in the microcosm aqueous phase
results from the equilibrium partitioning into the three phases of the amount
of CAH initially present in the soil and groundwater plus the following initial
additions: 40 L of VC; 10 nL of a stock solution of trans-DCE (7380 wM) and
TCE (4410 uM) in water.

b In the tests at 17°C, as a consequence of the addition, in each pulse, of the
same mass of each CAH as in the tests at 25 °C, CAH concentrations were higher
than in the 25 °C tests.

¢ The interval of variation of the initial concentration in the subsequent pulses
is reported in parenthesis.

d pH units.

purification, 16S rDNA amplification, cloning and sequencing
of microbial consortia were performed as described by Fedi et
al. [26].

2.3. Microcosm operation

In microcosm groups M, P, I-M and I-P, after the onset of
methane or propane utilization, these substrates were supplied in
consecutive spikes (5.4 mL of methane or 1.85 mL of propane,
at a room temperature of 20-22 °C) corresponding to average
feed rates of about 4 mgc/week. The initial methane or propane
concentration in each consecutive pulse was that reported in
Table 1 except for microcosms M7, M8, P7, P8, where the
subsequent pulses were characterized by initial concentrations
equal to those reported in Table 1, respectively, for microcosms
M1, M2, P1 and P2. Ammonium (as NH4Cl) and phosphate (as
KH,PO4 and KoHPO4 at 0.65:1 weight ratio) were periodically
added, so as to prevent N and P from being limiting factors for
bacterial growth. Each time all the six CAHs were completely
degraded, they were re-introduced by spiking 60-120 pL of
gaseous VC and 15-40 p.L of a concentrated aqueous solution of
cis-DCE (9720 uM), trans-DCE (10 940 uM), TCE (5260 pM),
1,1,2-TCA (1540 pM) and 1,1,2,2-TeCA (900 nM). The CAH
amount introduced in a given microcosm was varied from pulse
to pulse in order to study — limitedly to low-concentration ranges
— the effect of concentration on the transformation rates. Table 2
shows the ranges of variation of the CAH initial concentrations in
the pulses. As a consequence of these operational procedures, in
the four microcosm groups amended with methane or propane
the VC average feed rate was about 150 times lower than the
average methane or propane feed rate. Therefore, the biomasses
developed in these microcosms can be considered primarily
as methane- or propane-growing, although they might include
small fractions of VC-growing strains. During each pulse of
the 6-CAH mixture, the amount of each compound lost as a
result of the headspace samplings for GC analysis (as an average,
10500-p.L samplings in each pulse) varied between 0.15% (for
1,1,2,2-TeCA) and 4.7% (for VC) of the total amount depleted.
Therefore, the lower frequency of headspace samplings in the
sterilized controls with respect to the viable microcosms did not
significantly affect the comparison of the CAH depletion rates
calculated for the two types of microcosms. Aqueous phase
samplings were always performed in the absence of CAHs.
Prior to each primary substrate supply oxygen (7.5-9 mL) was
supplied with a frictionless glass syringe, so as to maintain aer-
obic conditions and to compensate the pressure decrease due
to the headspace samplings for GC analysis and to the reaction
of oxidation of the primary substrate to CO,. The utilization
of a frictionless syringe allowed to introduce oxygen until the
attainment of atmospheric pressure in the microcosms. Follow-
ing oxygen addition, the supply of methane or propane led to a
small overpressure in the microcosm headspace. As a result of
this operational procedure, the headspace pressure in the micro-
cosms followed within each pulse of primary substrate consump-
tion a cyclic trend with variations between 1.10 and 0.90 atm
(1.03-0.90 atm in the propane-fed tests). During the phases of
headspace pressure higher than 1 atm, the CAH analytical proce-
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Fig. 1. VC uptake and cometabolic biodegradation of cis- and trans-DCE by VC-utilizing biomasses in a microcosm with a single VC spike (a) and in one with
subsequent VC re-spikes (b): aqueous phase concentrations vs. time, and interpolating lines. In part (a), the VC, cis-DCE and trans-DCE concentrations measured

in the sterile controls during the first 100 days of operation are also shown.

dure resulted, at the most, in a 9% underestimation of the actual
headspace concentration (3% in the propane-fed tests). In order
to remove CO; and possible volatile toxic degradation prod-
ucts, the aqueous phases of all microcosms were periodically
stripped (in the absence of CAHs) for 15 min with 0.2 pm-
filtered air introduced with a sterile needle. Microcosms were
kept in continuous agitation in two rollers operated at 3.3 rpm
and maintained, respectively, at 25 +0.5 and 17 £0.5°C, and
were operated for a time variable between 90 and 450 days.

2.4. Estimation of lag-times and degradation rates

The lag-times for the onset of primary substrate consumption
and CAH degradation were obtained by the intersection of the
maximum slope line of the concentration—time curve with the
horizontal line passing through the initial concentration value.
Each pulse was characterized by the maximum degradation rate
relative to each substance, calculated by dividing the maximum
slope of the mass—time curve by the volume of the liquid phase.
Each degradation rate was associated with the aqueous phase
concentration corresponding to the initial value of the portion of
the mass—time curve utilized to calculate the degradation rate.
The uncertainties relative to average lag-times, degradation rates
and total amounts degraded are reported as 95% confidence
intervals.

3. Results and discussion
3.1. CAH depletion in the sterilized controls

The CAH initial depletion rates obtained at 25°C in
the sterilized control microcosms, reported in detail in
SI-1 in the Electronic Supplementary Material together
with the corresponding initial concentrations, varied
between 0.7 nmolL,, ,phase_ld_l (for 1,1,2-TCA) and
95 nmol Laq.phas{] d™' (for VC). The comparison between
these rates and the depletion rates obtained in the viable
microcosms is reported and commented in Sections 3.2-3.4.
The CAH concentration profiles in the sterilized controls fol-

lowed a first-order kinetic. The best estimates of the first-order
constants, reported in SI-1, correspond to abiotic half-lives
varying between 2 months (for TCE and 1,1,2,2-TeCA) and 2.5
years (for cis-DCE).

3.2. Utilization of VC as primary substrate

As shown in Fig. 1 for two representative microcosms, in all
the non-inoculated microcosms (groups VC, M and P) the degra-
dation of VC began after a lag-time variable between 14 and 50
days and before the onset of the microbial uptake of methane
or propane (where present), and rapidly proceeded until com-
plete VC depletion. The VC lag-time resulted independent of
the presence and concentration of methane, propane or added
nutrients but strongly influenced by temperature, with an aver-
age value of 18 &= 1 days at 25°C and of 43 £ 3 days at 17 °C.
These results are in agreement with numerous studies on direct
VC metabolism [15,17,18] indicating that aerobic VC-utilizing
bacteria are relatively common in soils and that the onset of
the process is typically characterized by a lag-phase of some
weeks. As shown in Fig. 1b for a representative case, in 10 of
the 22 non-inoculated microcosms the VC degradation process
was maintained for about 45 days (25 days in the tests at 17 °C)
by introducing consecutive spikes (2.9 wmolyc) corresponding
to a mass rate of about 0.13 mgc/week. Fig. 2 shows that the VC
rate increased with increasing VC mass degraded, suggesting
that VC was utilized as the growth substrate. As an average, the
VCrateat 17 °C was 60% lower than that at 25 °C. The VC aque-
ous phase concentrations measured in a sterile control during the
initial 100 days of operation are compared in Fig. 1a with the
corresponding concentrations obtained in a viable microcosm
characterized by the supply of a single VC pulse. The VC deple-
tion rate obtained in the sterilized control microcosms (at 25 °C
and at an average 29.5 wM initial concentration) corresponds to
0.5% of the highest VC rate obtained, at the same temperature
and at a slightly lower initial concentration, in the VC-utilizing
microcosms, indicating that abiotic reactions (such as hydrol-
ysis) and losses through caps gave a negligible contribution to
the VC rates attained in the viable microcosms. In the inocu-
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Fig. 2. Average VC degradation rate vs. cumulative VC mass degraded, with
95% confidence intervals.

lated microcosms (groups I-M and I-P), as reported in detail
in Table 4, the onset of VC degradation was characterized by
a short lag-time and by the contemporary onset of methane or
propane utilization. A representative example of VC concentra-
tion versus time in an inoculated methane-utilizing microcosm is
shown in the upper part of SI-2 in the Electronic Supplementary
Material.

3.3. Cometabolic degradation of cis-DCE and trans-DCE
by VC-growing cultures

As shown for two representative microcosms in Fig. 1, in
all the microcosms where direct metabolism of VC took place,

the contemporary depletion of cis-DCE and trans-DCE was

Table 3

observed. At25 °C, the cis-DCE degradation rate varied between
0.24 and 1.0 pmol Laq‘phase_1 d~!, with an average molar ratio
of cis-DCE rate to VC rate of 3.2% £ 0.9% (in correspondence
with an average ratio of cis-DCE to VC initial concentration
equal to 0.14). The cis-DCE and trans-DCE aqueous phase
concentrations measured in a sterile control during the ini-
tial 100 days of operation are compared in Fig. la with the
corresponding concentrations obtained in a viable microcosm
characterized by the supply of a single VC pulse. The cis-DCE
depletion rate of the sterile controls corresponds to 0.2—1.0% of
the cis-DCE rates obtained, at the same temperature and initial
concentration, in the VC-utilizing microcosms, indicating again
the negligible contribution of non-biological processes. In the
microcosms where VC was not re-spiked after exhaustion of
the amount initially present, 0.10-0.22 pmol of cis-DCE were
degraded, with a residual 0.72-2.6 wM concentration (Fig. 1a),
whereas in the tests where VC was re-spiked, cis-DCE degra-
dation proceeded, and was completed in correspondence with
the 3rd or 4th VC pulse (Fig. 1b), suggesting that cis-DCE
was degraded via cometabolism by VC-growing biomasses. In
the tests characterized by a residual cis-DCE concentration, the
ratio of cis-DCE moles degraded to VC moles utilized (trans-
formation yield) resulted equal to 4.9% £0.3% at 25°C and
2.8% +0.6% at 17°C. A marked VC inhibition on cis-DCE
degradation was observed in all microcosms: cis-DCE deple-
tion stopped each time VC was re-spiked, and resumed when
VC fell below 3—4 uM (Fig. 1b). VC inhibition on cis-DCE aer-
obic cometabolism is reported also by Verce et al. [15].

VC utilization was also accompanied by trans-DCE
depletion (Fig. la and b), with an average rate equal to
0.06 pumol Lyg, phase_l d~! at 25 °C (7 times higher than the aver-
age rate obtained in the sterilized controls). When VC re-spiking
was halted the trans-DCE rate became equal to the abiotic rate,

Lag-times for the onset of primary substrate (methane or propane) uptake and CAH mixture cometabolic biodegradation (days)

Groups of microcosms Temperature Methane-fed microcosms Propane-fed microcosms
°C
¢ Test Substrate CAH mixture Test Substrate CAH mixture
lag-time lag-time® lag-time lag-time?®
Ml 247 0 P1 139 0
Test M2 is included in group I-MP P2 102 7
25 M3 242 22 P3 77 0
M4 34 2 P4 132 17
Indigenous biomass (P, M) M7 103 0 P7 243 0
M8 103 0 P8 109 0
17 M5 179 39 P5 308 15
M6 >450¢ P6 362 0
I-M1 <1 0 I-P1 10 0
25 I-M2 <1 10 I-P2 10 5
b
Inoculated microcosms (I-P, I-M) M2 <l 8
17 I-M3 <1 8 I-P3 43 8
I-M4 <1 8 I-P4 43 8

2 The CAH-mixture lag-time is defined as the longest of the lag-times relative to the six CAHs and is calculated from the end of the primary substrate (methane or

propane) lag-time.

b At day 224, M2 was inoculated with biomass taken from M4 in order to test whether the long methane lag-phases could be ascribed to the presence of conditions

not favorable for the development of methane-utilizing biomasses.
¢ M6 was still in lag-time when the study was terminated.
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Table 4
Average lag-time of the single CAHs in each group of microcosms
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Temperature (°C) Microcosm group

Average lag-time® (day)

vC +-DCE ¢-DCE TCE 1,1,2-TCA 1,1,2,2-TeCA
)5 M b 0 0 0.7 11 0
P b 5 0 0 0 0
. M b 0 0 39 34 0
P b 0 0 4 7 0
)5 I-M 0 0.5 0.8 2 5 6
I-P 0 2 5 0 0 0
. I-M 0 5 7 3 2 0
I-P 0 8 0 0 0 0

2 The lag-time of each CAH is calculated from the end of the primary substrate (methane or propane) lag-time.
b VC was not present in any of the non-inoculated microcosms at the onset of substrate uptake, as it had previously been depleted via direct metabolism. When it
was re-spiked in subsequent CAH-mixture pulses, its degradation began immediately.

suggesting that also the observed trans-DCE disappearance was
a cometabolic process. The average ratio of trans-DCE mass
degraded to VC mass utilized resulted equal to 2.4% 4 0.6% at
25°C and 1.4% £ 0.3% at 17 °C. No cometabolic degradation
of TCE, 1,1,2-TCA or 1,1,2,2-TeCA by VC-growing biomasses
occurred.

3.4. Lag-times for the onset of the cometabolic
biodegradation of the CAH mixture by propane- and
methane-utilizing biomasses

In 23 of the 24 microcosms amended with either methane
or propane (groups M, P, I-M and I-P) the onset of consump-
tion of the main substrate supplied was observed within at the
latest 1 year, and was followed by the onset of the degrada-
tion of the CAH mixture. Conversely, in one of the methane-fed
non-inoculated microcosms (M6), no significant substrate con-
sumption had been observed at the end of the study (day 450).
Table 3 reports the growth substrate (methane or propane) lag-
time and the CAH-mixture lag-time (calculated from the end of
the growth substrate lag-time and defined as the longest of the
lag-times relative to the 6 CAHs) observed in each microcosm.

The detailed lag-times of each CAH are reported in Table 4
in terms of average value in each group of microcosms. The
initial pulse of the CAH mixture in a non-inoculated M-type
microcosm is shown in Fig. 3, whereas the initial three pulses
of the CAH mixture in an inoculated I-M type microcosm are
shown in SI-2 in the Electronic Supplementary Material. It can
be observed in Fig. 3 that while VC consumption, accompanied
by a decrease in cis- and trans-DCE concentration, occurred
before the onset of methane utilization (day 20), at day 34 the
start of methane uptake was rapidly followed by the onset of
TCE, 1,1,2-TCA and 1,1,2,2-TeCA biodegradation and by the
completion of cis- and trans-DCE depletion.

In the non-inoculated tests (P and M), the onset of substrate
uptake proved to be the limiting step, with lag-phases ranging
between 36 and more than 450 days with a tendency to higher
values at 17 °C and without any significant effect of substrate
or macro-nutrients initial concentration. The CAH-mixture lag-
time was zero in most tests, and significantly shorter than the
substrate lag-phase in the remaining cases. Where present, the
CAH lag-time was due to trans-DCE, TCE or 1,1,2-TCA, with
a tendency to longer lag-times at 17 °C (Table 4). The bioaug-
mented microcosms resulted in significantly shorter lag-times

L
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Table 5

Average methane or propane utilization rate and average culturable biomass concentration in each microcosm group = 95% confidence intervals

Temperature (°C)

Microcosm group

Culturable biomass
concentration®

Primary substrate (methane or
propane) utilization rate
(mgC Laq, phase_I d_l)

25 M
P
Indigenous biomass ; M
P
55 I-M
I-P
Inoculated microcosms LM
17 LP

5543 6.2 x 100 +£2.5 x 10°
56+ 5 5.3 x100+1.8 x 10°
31+ 6 b
3345 b
5348 1.5 x 10°+£6.5 x 10°
57+5 1.1 x 10° £ 4.4 x 10°
3347 b
38 4+ 0.7 b

 Total aerobic heterotrophs (CFU mL~h).
b Not enough biomass measurements available.

than the non-inoculated ones (0—15 days at 25 °C), with the best
performance in the I-M group (0-10 days at 25 °C) and with
CAH lag-times due, in the propane-fed tests, only to trans-DCE,
and in the methane-fed to all the CAHs present. The substrate
lag-times we obtained in the non-inoculated assays are signif-
icantly longer than those reported for the same substrates in
similar studies, which are in the 5-25 days range [27,28].

3.5. Cometabolic biodegradation of the CAH mixture by
methane- and propane-utilizing biomasses

After the onset of the biodegradation processes, the entire
6-CAH mixture was completely degraded in all the methane-
and propane-utilizing microcosms. After three to six pulses of
methane or propane uptake (8—16 mgc utilized), all microcosms
reached a pseudo steady-state value of substrate utilization rate
and culturable biomass concentration, reported in Table 5 in

terms of average value in each microcosm group. Both param-
eters were quite uniform within each group of microcosms (as
indicated by the low 95% confidence intervals). The average
substrate rate proved to be significantly affected by temperature
(with a 39% average decrease from 25 to 17 °C), but not by
the type of substrate or by the supply of inoculum. The aver-
age biomass concentration was not markedly affected by the
type of substrate, but it proved lower (although of the same
order of magnitude) in the inoculated microcosms with respect
to the non-inoculated ones. A representative trend of total het-
erotrophic biomass concentration versus time in a microcosm
of group M is reported in SI-3 in the Electronic Supplementary
Material.

The CAH mixture biodegradation was carried on in the
methane-fed reactors for up to 15 CAH pulses (410 days of
active CAH degradation) and in the propane-fed reactors for
up to 11 pulses (310 days of CAH degradation). The depletion
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Fig. 5. Rate-concentration plots relative to the depletion of TCE in the I-M
microcosms at 17 and 25 °C.

rate of each contaminant was characterized in most microcosms
by sharp pulse-to-pulse increases during the initial two to three
CAH pulses: for example, in the representative case reported in
SI-2 in the Electronic Supplementary Material the ratio of deple-
tion rate in the third CAH pulse to depletion rate in the first
CAH pulse varied between 4.4 (for VC) and 99 (for 1,1,2,2-
TeCA). Subsequently, in each microcosm the CAH depletion
rates attained a stationary condition, characterized, for each
CAH, by a maximum depletion rate in each pulse depending on
the initial concentration of the compound. This result indicates
that in both types of reactors we developed microbial consortia
able to perform a sustainable long-term degradation of a 6-CAH
mixture. The CAH aqueous phase concentrations during a rep-
resentative CAH pulse are shown in Fig. 4, together with the
corresponding concentrations measured in the sterile controls
during the initial 20 days of operation. It can be observed in
Fig. 4 that the TCE and 1,1,2-TCA depletion rates are charac-
terized by a sharp increase about 1 day after the onset of the CAH
pulse: this behavior is probably due to mutual inhibition among
the CAHs, although this aspect was not specifically investigated
in this study. The average ratio of total CAH mass degraded to
growth substrate mass utilized (transformation yield) was equal
to 0.4% (0.06% if expressed as mol/mol) in the methane-fed
microcosms and to 0.5% (0.2% if expressed as mol/mol) in the
propane-fed microcosms.?

In order to compare the long-term depletion rates obtained
for the six CAHs in the different experimental conditions tested
we constructed a rate-concentration plot for each contami-
nant/microcosm group/temperature combination, for a total of
60 plots. As an example, the TCE rate—concentration plots rel-
ative to the I-M microcosms at 17 and 25°C are shown in
Fig. 5. All the plots were satisfactorily interpolated with lin-
ear regressions. This result, given the roughly equal biomass
concentrations obtained in the different microcosms of each
group (Table 5), indicates that a first-order kinetic model can be

2 VC was considered a growth substrate in this analysis.

applied to the specific CAH transformation rates in our concen-
tration ranges. The first-order hypothesis is in agreement with
the observation that the CAH half-saturation constants reported
in the literature are typically higher than the concentration ranges
investigated in this study [29-31]. Thus, we utilized the slope of
the linear rate—concentration regressions as an index to compare
the CAH rates obtained in the different microcosm groups. As
observable in Fig. 6, which reports the results obtained at 25 °C,
the slopes are characterized, within each microcosm group, by a
progressive decrease as the number of chlorine atoms in the
solvent increases, with a difference of more than one order
of magnitude between VC and 1,1,2,2-TeCA. The only excep-
tion to this trend is represented, in the two propane-fed groups,
by the trans-DCE slopes, which are lower than the slopes of
any other solvent in these two microcosm groups. Overall, the
methane-utilizing biomasses were more effective towards trans-
DCE, whereas the propane-utilizing consortia gave better results
with TCE, 1,1,2-TCA, 1,1,2,2-TeCA and, secondarily, cis-DCE.
For both primary substrates, the slopes obtained in microcosm
groups [-M and I-P, despite the lower biomass concentrations
measured in these microcosms, are equal or higher than those
obtained in the parent non-inoculated microcosm groups M and
P, respectively, suggesting the attainment of higher specific CAH
degradation rates in the inoculated microcosms. The slopes esti-
mated for the 17 °C-microcosms, shown in SI-4 in the Electronic
Supplementary Material, follow analogous trends. The reduc-
tion of the estimated slope due to the 8 °C temperature decrease
varied between 41% (average in group I-P) and 61% (average
in group I-M).

Table SI-5 in the Electronic Supplementary Material reports,
for each CAH and microcosm group, the ratio between the ini-
tial depletion rate in the sterile controls and the corresponding
depletion rate in the viable microcosms evaluated, by applica-
tion of the first-order constants reported in Fig. 6 (25 °C), at the
initial concentration of the sterile controls. This ratio is lower
than 0.1% in several cases and has a maximum value of 2.7%
(for 1,1,2,2-TeCA in microcosm group M), indicating the neg-
ligible contribution of abiotic reactions and losses through caps
to the depletion rates observed in the microcosms with viable
biomass. Given the particularly high concentration of chloride
ion in the groundwater utilized (366 mM, or 12980mgL~"),
it was not possible to evaluate the degree of conversion of the
organic ClI contained in the CAHs to chloride ion.

While several studies report the anaerobic biodegradation
of 1,1,2,2-TeCA, this compound has been generally regarded
in the literature as non-biodegradable in aerobic conditions
[3,12,14,32,33]. Although its aerobic cometabolic biodegrada-
tion by methane-oxidizing cultures was evidenced by a pre-
vious work [1], to the best of our knowledge this is the first
study that documents the biodegradation of this solvent — even
though in a low-concentration range — by propane-oxidizing cul-
tures and that reports its long-term aerobic transformation rates.
As indicated in detail in Section 2.3, the headspace samplings
and microcosm operational procedure did not affect the TeCA
depletion rates obtained in the viable microcosms. The average
first-order constants reported in the literature for the two main
abiotic reactions of this compound, evaluated at 25 °C and pH
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Table 6

Results of the analysis of the sequenced 16S rDNA of the bacterial consortium of microcosm I-P3

Identification no. Homology (%) Reference strain Reference Occurrence® (%)
AB062106 97 Porphyrobacter sanguineus [33] 20
AY 162047 96 a-Proteobacterium PI_GH2.1.D5 [38] 19
AY 690598 99 Roseobacter sp. YSCB-1 b 19
AB159609 98 Sphingomonas sp. B9 b 11
AF235995 97 a-Proteobacterium FO812 b 8
AF407713 98 Uncultured Bacterium b 8
AJ505839 96 a-Proteobacterium A-col-BFA-6 [39] 6
AF245634 93 Uncultured Roseobacter NACI11-6 [36] 3
AF359525 99 Marine Bacterium ATAM407_61 [40] 3
AY258097 100 Bacterium DG1024 [41] 3

? Defined as the percentage of screened clones with the same restriction profile, and, consequently, reasonably corresponding to the same species.

5 Unpublished data.

7, are equal to 1.6 y~! for hydrolysis (resulting in the formation
of trichloroethanol) and to 2.1y~! for the elimination reaction
(resulting in the formation of TCE) [34,35]. Therefore, the over-
all abiotic first-order constant accounts for 89% of the first-order
depletion constant we evaluated in the sterile microcosms (equal
to 4.1 y~1), indicating that losses through caps and other minor
abiotic reactions gave a minor contribution to the abiotic 1,1,2,2-
TeCA depletion we observed.

3.6. Microbiological characterization of a
propane-utilizing consortium

Total DNA extracted from the biomass of propane-fed micro-
cosm I-P3 was utilized for the amplification of 16s rDNA with
universal primers 27F and 1525R. The amplification products
obtained were employed to construct a 16s rDNA gene clone
library. Ninety clones were analyzed by restriction fragment
length polymorphism (RFLP) as described by Fedi et al. [26].
One clone from each of the ten clone clusters characterized by
the same RFLP profile was selected for 16s rDNA sequenc-
ing to obtain the phylotype analysis shown in Table 6. Most of
the sequenced 16s rDNAs corresponded to the a-phylogenetic
group of the bacterial domain. Several sequences were affili-
ated to the genus Roseobacter and Sphingomonas, while others
showed high homology with 16S rDNA sequences of uncultured
a-proteobacteria. Most sequences showed similarity with those
of bacterial strains isolated from marine environments; of these,
some were related to the 16s rDNA sequences of bacteria asso-
ciated with oceanic algal blooms and playing important roles

in carbon, nitrogen, and sulphur cycling [36]. Some sequences
showed a high similarity with those of bacteria involved in the
degradation of halogenated solvents [37].

4. Conclusions

e The indigenous biomass of the aquifer material investigated in
this study proved able to grow on VC 18-43 days (depending
on the temperature) after the establishment of aerobic condi-
tions, and to degrade via cometabolism cis- and trans-DCE
butnot TCE, 1,1,2-TCA or 1,1,2,2-TeCA present. Conversely,
the supply of methane or propane led to the biodegradation
of the entire 6-CAH mixture.

e The bioaugmentation treatments, performed with internal
inocula obtained from the site’s indigenous biomass, were
highly effective in reducing the long and variable lag-phases
required for the onset of propane or methane uptake in the
non-augmented microcosms.

e In all the propane- or methane-fed microcosms the biodegra-
dation of each CAH rapidly reached a stationary condition
with higher rates in the low-chlorinated solvents.

e We consider of particular interest the long-term aerobic
cometabolic transformation of 1,1,2,2-TeCA by propane-
utilizing biomasses.
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