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ABSTRACT

Long-term field manipulation experiments investigating the effects of subsurface redox conditions.
on the fate and transport of soluble U(V1) were conducted at the OR-IFRC over a 3-year period. In
the highly contaminated Area 3, introduction ov ethanol to the subsurface stimulated native
denitrifying, and reduced U to
below 0.03 mg/L. Subsequenlly, oxygen and nltrale were expenmenlally re-introduced into the
subsurface to examine the potential for and of (I
oxygen or nitrate caused changes in subsurface geuchem\s‘ry and re-oxidation of U. After
reoxidation, the subsurface experienced several months of starvation conditions before ethanol
injection was restored to reduce the treatment zone. Subsurface microorganisms were
characterized by community fingerprinting, functional gene arrays (Geochip), targeted population
analyses, and quantitative PCR of key functional groups in 50 samples taken during multiple
phases of field manipulation. Statistical analysis confirmed the hypothesis that the microbial
community would co-vary with the shifts in the subsurface geochemistry. Multidimensional scaling
plots reveal distinctive shifts in microbial community structure during ethanol amendment, nitrate
reoxidation, and starvation phases of field manipulation. Principal components analysis further
shows that community structure correlates with the accumulation of reductants (Fe(ll), suffide)
during ethanol treatment and oxidants (nitrate, U(V1)) during reoxidation. U(V1) concentrations were
correlated with elevated nirate and negatively correlated with ethanol amendments in the absence
of nitrate. Ethanol and nitrate+ethanol amendments yielded significant shifts in microbial community
structure; however, the effect of ethanol alone was small relative to differences by sampling well
and depth. Conversely, nitrate+ethanol treatment and starvation selected for a similar microbial
community regardless of sampling location. GeoChip analysis indicated that the functional
‘community was more affected by ethanol and nitrate than reoxidation. Ethanol addition increased
the diversity and abundance of functional genes, while nitrate had the opposite effect. All functional
gene groups were detected during starvation and reoxidation conditions, indicating a resiliency in
the community. The level of hydraulic connectivity of sampling wells to the injection well was readily
tracked by microbial communily analysi. Overall, the bacterial community was dominated by
denitrifying 9 of the genus Geothrix, and sulfate-
reducing bacteria from the genera De We
quanmallve\y that specific populations, especially DesuNDsﬂorosmus, are heavily influenced by
eochermical conditions and positvely correlate with the immobilzation of uranium. Following
mlrale reoxidation, populations of Fe g, organisms ( showed
anincrease in relative abundance.

TRACKING MICROBIAL COMMUNITY STRUCTURE AND
BIOGEOCHEMISTRY DURING NITRATE AND OXYGEN
REOXIDATION

| SITE DESCRIPTION AND BACKGROUND

Fwios

p s been conducted for monitoring in situ bioreduction and immobilization of
uranium with ethanol as an electron donor, and for monitoring the stability of immobilized uranium
(above). Prior work has demonstrated that U(VI) can be effectively removed from groundwater by
bioreduction to U(IV), but that under both aerobic and anaerobic conditions, U(IV) can be oxidized and
remobilized. Although the geochemical effects of nitrate and oxygen injection to the groundwater have
been well established, the characterization of the subsurface microbial community and the effect of
shifting treatment regimens on the structure of the microbial community have not been well
characterized. We have employed a suite of molecular techniques, from cloning and sequencing,
terminal restriction length polymorphism (TRFLP) and functional gene arrays to characterize large
numbers of samples. Ordination methods have been employed to provide a comprehensive framework.

Ordination methods approach to community structure analysis of Area 3 treatment zone
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Principal component analysis of groundwater
geochemistry. All data were transformed to meet  community composition. A resemblance matrix
assumptions of normality and standardized to using Bray-Curtis similarity was generated from
reduce weighting biases. The principal component  normalized terminal restriction fragment (TRF) peak
axes explained 429% and 27% of the variation, area data for each sample. Five major groups of 40%
respectively. The blue vectors indicate increasing  similarity are indicated by green circles. Ethanol

alone stimulated a wide array of microbial

communities (C1, C2) likely depending on prior
elevated concentrations of ferrous iron and sulfide.  community composition and hydraulic connectivity
Starvation conditions are more oxidized and sulfate  to injection well. Starvation treatments yield more
accumulates. Nitrate and ethanol treatments resultin —similar communities (B). Nitrate-rethanol injections
more varied geochemical conditions, but altered the microbial community and this shift
correlate with elevated concentrations of nitrate persisted for at least several weeks after injections
and hexavalent uranium. were halted (A1, A2).

Multi-dimensional scaling plot of bacterial

DO Exposure Nitrate Exposure

e After
community / nitrate

exposure

e
Recovering
10 Axis 1, 62.6% 50

QAN 1, 122%,
05 Axis2,17.2% 25

©

Axis 2,35.2%

Detrended correspondence analysis (DCA) results of GeoChip data from two operational phases
Samples were collected from sampling wells during and after exposure to elevated dissolved oxygen
(DO) (left) and nitrate (right) and analyzed using GeoChip, a functional gene array containing >24.000
genes involved in C and N cycling, sulfate reduction, metal resistance and reduction, and organic
contaminant degradation. During the exposure to DO, the communities (FW101-2, gray circles:
W102-3, black circles) clustered into two main groups (circled) ~ one of wells during resting (no,

ethanol addition) and reoxidation periods during which no ethanol was injected and the other after
oxygen control was reestablished and ethanol injections were restarted. A shift in community structure
was observed after introduction of nitrate (right). Recovery was slow, but by 200 days post exposure
the community was more similar to the original community than to the nitrate exposed community.
These results suggest that ethanol and nitrate were stronger drivers of community structure than DO in

ese communities. However, regardless of the stressor, the communities maintained the ability to
reduce U(VI) indicating a functional stability important in bioremediation.

| CHARACTERIZING IN SITU MICROBIAL COMMUNITIES |

Ptz fwols Aoz

wio23_Septor

w1013 septor

I I I ith i 1l
Tracking sulfate reducing bacteria in the OR-IFRC treatment ing ethanol

wio13

dvhcopies prg
suge saple sediment

Community structure associated with uranium reoxidation by oxygen

Bioreduction and immobilization of uranium in situ has been achieved by intermittently
injecting ethanol to the with U(VI) in

below the EPA maximum contaminant limit (MCL). Four steps in an oxygen re-oxidation
experiment were followed over ten months: (i) resting period during which ethanol injection
was halted, (i) biostimulation with ethanol, (ii) reoxidation with DO injections and no ethanol,
and (iv) recovery, with intermitient ethanol injections. U(VI) concentrations increased when,
(a) ethanol injections ceased (due to intrusion of groundwater), and (b) during DO injection.
Using the Geochip, microbial gene diversity was explored. Using DCA analysis, communities
under different treatment steps (above) were compared. As with the nitrate reoxidation
studies, wells undergoing starvation (i.e. no ethanol addition) were more tightly clustered than
during ethanol injection. This is an indication of the sensitivity of the sampling approach to
hydraulic connectivity to the injection source. DCA analysis indicates that the microbial
communities are significantly altered after ethanol and oxygen addition. Regardless of
condition, contaminant degradation and metal resistance genes were highly abundant in the
Geochip analysis. The relative abundance of genes coding for su\fate reduction (dsr)
decreased during the oxygen hase;

genes were commonly recovered Denirication pathway genes (e.g nitrite-reductase, nirK)
were detected during most phases (See poster #26, Wed., Kostka et al. for further

(A) Dendogram of bacterial community structure in surge samples from sampling wells FW101 and 102
under starvation conditions (pink) and ethanol amended. reduced conditions (blue). The sample FW101-3
lost hydraulic connectivity to the injection well between September and December of 2007, and was not
further stimulated by ethanol. (B) Representative bacterial community T-RFLP profiles generated for cach
sample used to generate the bacterial community dendogram. (C) Ratio of copy number of dissimilatory
sulfite reductase genes (dsrA) to bacterial 165 rRNA genes. Large circles represent a greater abundance of
SRB as a proportion of the total microbial community [Range of ratio values is 0.04 — 2.74%]. (D)
Tracking the relative abundance of the Gram positive SRB, Desulfosporosinus. The relative proportion of
peak arca attributed to Desulfosporosinus in three distinct enzyme digests is shown. The gray bars indicate
ethanol-reduced samples (December 2007). (E) Quantitative PCR of dsrA gene copy number, normalized
to copies per gram sediment. For wells with good hydraulic connectivity, dsrA gene copy number
increases at least one order of magnitude. This trend is consistent with the dramatic increase in
Desulfosporosinus detected by rRNA gene analysis. For well, FW101-3 which lost the connection o the
injection source, no significant increase in dsrA gene copy number was observed, and the community
became largely dominated by Gram negative SRB from the genus Desulfocapsa.

Dominant bacteria in the OR-IFRC Area 3 Treatment
zone. (A) Phylum-level distribution of abundant bacteria
in the OR-IFRC subsurface treatment zone under all
conditions. (B) Genus-level distribution of dominant
subsurface anaerobes from the treatment zone under all
conditions, including nitrate-reducing bacteria (NRB),
sulfate-reducing bacteria (SRB), and iron(ITT)-reducing
bacteria (FeRB). (C) Tracking key bacterial taxa in
subsurface groundwater and sediment during experimental
manipulation of the subsurface geochemical conditions.

Genera containing representatves
Known to reduce UGVI) and oxidize
UV e it with n st

Funding for this study was pro

denitrifiers and denitrification genes). In addition, genes from a Thiobacillus-
like organism were detected (carbon fixation & contaminant degradation).

Community structure associated with uranium reoxidation by nitrate

The reoxidation of the bioreduced treatment zone by nitrate was examined in a four-step
experiment: (i) injection of a nitrate-bromide solution to the inner loop, (i) injection of nitrate,
bromide and ethanol, (i) injection of ethanol alone, and (iv) no injection. An increase in U(VI)
was observed in all wells after nitrate injection, but accelerated in the presence of ethanol in
addition to nitrate. We demonstrate a strong shift in the bulk community structure during
nitrate and ethanol amendment, and that Thiobacillus spp. are one member of the
community that significantly increases during this treatment stage. Other denitrifiers, such as
those affiliated with the genera Denitratisoma and Azospira, are similarly stimulated
Thiobacillus and Denitratisoma appear to remain abundant in the sediment during long term
starvation conditions (i.e. 2 months without ethanol and nitrate injections), while other taxa
are much more transient (e.g. Propionivibrio). Consistent with oxygen re-oxidation studies
(above) SRB such as Desulfosporosinus and Desulfovibrio, abundant during ethanol bio-
reduced conditions, decrease significantly during starvation conditions. Conversely, bacteria
from the versatile FeRB genera Geothrix and Geobacter are abundant in bioreduced, nitrate
and ethanol treated, and subsequent starvation conditions. Bacteria affiiated with the genus
Geothrix are particularly persistent under starvation conditions i the groundwater and
sediment.
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