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The project site, remedial design, remedial action, and
optimization is previously discussed in Guerra et al.
Bioremediation of a Chlorinated Hydrocarbon Plume: A
Superfund Site Field Pilot Test, Applied Sciences, 2021, 11, 10005,
https://doi.org/10.3390/app112110005

——RECIRCULATED GROUNDWATER FLOW < ——
UNDERGROUND

I

1. TRACER

2. NUTRIENTS

3. ELECTRON DONORS
(EMULSIFIED
VEGETABLE OIL, ETHYL
LACTATE, DAIRY WHEY)

P — ~ | 4. HYDROGENGAS
o e INFUSION

I

SAMPLE

e e e s o PRESSURE

. O - Source Area Injection Well ;;(. 3 TR S aae WELL SCREEN @
- Source Area Extraction Well St ) \ Il ‘ 2
@ - Hot Spot Injection Well Siect e . taLH it 7% ,// // / 7 /,’y/
O - Hot Spot Extraction Well - 2] ' m ‘“ -
- cun AN : v ~7 METERS (~25 FEET) o

North Railroad Avenue Plume (NRAP) Superfund Site located in Espanola, New Mexico, USA ®

@ Approximate groundwater plumes prior to remediation and the groundwater flow directions

in the shallow aquifer (red plume and arrow) and deep aquifer (blue plume and arrow) are

shown. The location of the source of contamination, a former drycleaner/laundromat business,

is also shown.

® Source and Hot-spot Areas of the shallow plume and remediation wells from which
groundwater DN A samples were collected for comparison

@ Conceptual schematic of selected remedy for the Source and Hot-spot Areas consisting of

groundwater recirculation with the addition of bioamendments, nutrients and hydrogen gas.

Groundwater-microbe Sample Collection

zorrcetAre‘a;v I3 0 months, Baseline (June, 2007)
xtraction We
(SAE3) 4 months (Nov. 2007)*

23 months (June, 2009)
39 months (Oct. 2010)**
Eott Spt(_’t . 0 months, Baseline (June, 2007)
(I-)I(S?Gc) 101 AEE 4 months after start (Nov. 2007)*
23 months after start June, 2009)

* Listed as SAE3-5 and HSE3-5 in the JGI database
** Listed as SAE3-47 in the JGI site
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Environmental Metagenome Workflow

Sample Mlcroblal Extract DNA
Community from et AdEnoras? PCR = Amoli
Groundwater Well 9 mplicons
Functional y |
omology
Genes Detection
e.g. rah (e.g., microarray)
Fragment DNA for NO
Library Construction 165
NOTES
- Joint Genome Institute NGS A el’? 16S
- i . . MpPpIcons
GOLD - Genomes OnLine Database Library Construction P

NGS - Next Generation Sequencing
OTU - Operational Taxonomic Unit
PCR - Polymerase Chain Reaction
rdh - reductive dehalogenase gene
WGS - Whole Genome Sequencing
- Assembled and Unassembled (WGS)
Greyed symbols and text indicate
protocols not used in this study

Sequenced

Library Amplification

Sequencing NO

Read Quality Control

YES

Phylogeny Report

Read Identification by

Read

; —— : homology to reference strains NO
OTUs involved in biodegradation
from literature and datagases 16S-Genegenes Database was-0) Asse?mbly
Abundance and diversity WGS - GOLD :
Comparisons over time YES

— (WGS-A)
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Assemble Reads into

Identify phylogentic
lineage and genes <

Scaffolds

Function Report
Genes involved in biodegradation ¢
from literature and databases

Identification of Novel OTUs with Functional Genes
biodegradation functions and Gene Clusters

Scaffolds with functional gene

I GROUND SURFACE TRANSMISSION LINE
s = —— J
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Metagenome-Associated Genomes
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COLLECTION
2. FLOW RATE AND

MEASUREMENTS

Initial microbial collection and DNA extraction are similar, except that whole WGS requires more
DNA than PCR. WGS requires fragmentation of the DNA prior to the addition of adapters that
include sequences from which amplification and sequencing procedures proceed. PCR starts with an
amplification step that utilizes universal primers, and the resulting fragments (amplicons) that can be
assigned taxa by homology comparison using hybridization techniques, such as microarrays, or
undergo the same NGS process as WGS fragments. The resulting sequence data for amplicons are
compared to 16S databases to identify the taxonomic group. For WGS, databases of genome
reference stains are necessary to tag each read with a phylogenetic identification. Abundance,
richness calculations, and visualization of results from both techniques facilitates comparison.
Assembled reads creates scaffolds in which gene coding regions can be found and annotated. Steps
in grey are not included in this study.
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Microbe concentration and DNA extraction
have been previously described in Reiss et
al. Standards in Genomic Sciences (2016)
11:88 DOI 10.1186/s40793-016-0209-z.
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capsule® which was discharged to a graduated bucket.

after treatment.

On-Site Sampling. After purging the transmission lines from the extraction wells and the extraction-well flow-

control and sampling manifold D, recirculating groundwater flow was diverted @ through a sterile filter

@ Samples were collected from two wells, SAE3 and HSE6 prior to the start of remediation and up to 39 months

® Sampling and DNA vyield Results. For each well, the solid line is the amount of water filtered on site and
the dotted line is the pg of DNA per L of water extracted. The shaded region is pre-remediation.

Summary of WGS-U Results

ey BRI e e
DNA/L raw data Data # Reads ID’d D’d
| Overall | 644,215,230 627,783,262 18,591,015 3.0%
1.35 95,204,046 92,029,566 173,596 0.2%
16.05 111,898,856 109,931,044 2,511,640 2.3%
| HSEG-04 HERIK: 130,851,632 128,284,954 2,944,944 2.3%
36.08 107,826,190 105,748,376 3,347,195 3.2%
162.39 116,961,818 112,008,068 5,142,674 4.6%
28.39 81,472,688 79,781,254 4,470,966 5.6%

Summary of WGS-A Results

Te+10) o Scaffold
& # Bases Sequenced = —— R : .

g 1e+8 = <
% | »—+ Fragment
O  1e+7 += Read (known sequence)
g —— Roughly known length but not known sequence
¥ o6 - Whatis a Scaffold?
§ r________ffc?f_f?'fj_s..._.......--------""'"" A scaffold is a portion of the
% 1e45 genome sequence reconstructed
@ ' — from end-sequenced whole-
N .." MoanScald SIZo D) 4 genome shotgun clones. Scaffolds
15 ~ are composed of contigs and
1e+3 - gaps. A contig is a contiguous
1 - length of genomic sequence in
1e+2' - s SEnE ...~ which the order of bases is
g o Mogfhs > " known to a high confidence level.
Gaps occur where reads from the
two sequenced ends of at least
The solid grey line are the total number of bases for one fragment overlap with other
each time point, the black dotted line indicates the reads in two different contigs (as
number of scaffolds at each time point and the solid long as the arrangement is
black line is the mean scaffold size. The bars indicate the = otherwise consistent with the
range of scaffold size, asterisks indicate significantly contigs being adjacent). Since the
different mean scaffold size (One way ANOVA, Tukey lengths of the fragments are
HSD, 0.05) and the shading indicates pre-treatment. roughly known, the number of

bases between contigs can be

estimated.
https://mycocosm.jgi.doe.gov/help/scaffolds.jsf

A. WGS-U
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Legend
m Archaea
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WGS-U 16
Respiring Genera
208080 238888
Caldithrix RPM .
Deferrisoma <25000 Function-Informed
Desulfomonile* 20000 .
Dehalococcoides* 10000 Lhylogenetics was used to select
Dehalogenimonas™ . .. .
Desulfitobacterium* 9000 strains containing rdh genes in
Desulfosporosinus 8000 ;
Desulfobacula 7000 the GOLD database using IMG
P B (6000 (1,4orated Microbial
ehalobacter*
halobagter 5000 (Intregrated Microbia
Methanoplanus (4000 Genonmes) and cross-
Ferroglobus* 3000 . .
Therr’r‘r”%c;%?ggg 15000 referencing the WGS-U list. The
Psychromonas | |1000 abundance of these genera is
lostridioides 1500
Flavonifractor 100 based on the genomes that
Ferrimonas 150 ) .
Roseobacter . contain rdh genes in the GOLD
Ahrensia 10 .
., Roseibium o database. Those in red have rdh
Nitratireductor i
Pseudovibrio, genes in the NRAP dataset.
Jannaschia* Asterisks indicate literature-
Octadecabacter i :
Trichlorobacter* validated Organohalide
Dethiobacter ..
Leisingera Respiring Genera (OHRG).
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Strain-level Abundances for

Literature-validated OHRG

PCE, TCE

DCE
VC

Genome

Dehalobacter restrictus DSM 9455

These genomes have the Dehalococcoides mccartyi CBDB1

113 : : Desulfitobacterium hafniense DCB-2

aﬁihty t%resplre ?.{a-“‘l“ Sd Desuiftobaatorm o LT, DaN 10544
esulfitobacterium s

crlisiozirEnes snel Tneiisle Desulfomonile t:ecq%: DCB-1, DSM 6799

rdh genes in the sequenced Sulfurospirillum multivorans [58M 12446*

) Dehalogenimonas Iykanthroporepellens WBC2

reference strains. The Trichlorobacter Iovled/l SZ**

Dehalococcoides mccartyi DCMB5

abundance of reads Dehalococcoides mccartyi GT

. . Dehalococcoides mccartyi BAV1

attributable to each strain at Dehalococcoides mccartyi VS

. Dehalococcoides mccartyi BTF08
NRAP is based on Dehalococcoides mcc}értyi 195

unassembled WGS reads. *Fomerly known as Dehalospirillum multivorans DSM 12446

**Fomerly known as Geobacter lovieyi SZ

Percentages of Archaea are shown.
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Taxa Richness by Method
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Environment
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216 257 132 459 564 237 1514 2560

197 99 428 156 1368
177 85 377 134 1153
177 83 377 133 1154
177 97 377 155 1155
177 91 376 143 1153

105 377 178 1155

Phyla and Selected Class-Level Results

Phylum

Pseudomonadota’

Bacteroidota
Actinomycetota’
acillota’
anobacteriota

P anctomycetota
Euryarchaeota’
Chlorofilexota’
Spirochaetota

SAE3-04 S
HSEB-04 )
SAE3-23 D

HSEB-23 C
SAE3-39

SAE3-00

SAE3-00
SAE3-04
HSEG-04 5y
SAE3-23 O

HSE6-23
SAE3-39

Acidobacteriota’
Chlorobiota
Nitrospirota

Nitrososphaerota

Thermoproteota?

Deinococcota
Chlamydiota

Aquificota

M,g oplasmatota
usobacteriota
Calditrichota

Gemmatimonadota

Synergistota

Candidatus Cloacimonetes

ibacterota

Thermodesulfobacteriota

Candidatus Saccharibacteria
Candidatus Poribacteria
Candidatus Thermoplasmatota

Candidatus Absconditabacteria
Candidatus Geoarchaeota

Candidatus Marinimicrobia

Chrysiogenota
r)ésahigeolota

Lentisphaerota

aldisericota
Fibrobacterota

Only phyla that are present post-remediation are shown, those in brackets are not assigned to a class

Candidatus Korarchaeota

Dictyoglomerota
Elusimicrobiota

Nanoarchaeota
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. ostridi -
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= % Bac:llg’vi Jtos? 7500
= 3 Negativicute.
S & el 2600
= acillota, natc,
QL :erell;aé 1000
500
o S Methanomicrobia® 100
y Halobacteria 50
3 s Methanobacteria® 0
2 § Methanococci [ J
g Thermococc
§ Archaeo lobi
£ plasmata
QS kE'u haeota, natc]
ethanopyri
] Anaerolineae
Chloroflexia
S- Caldilineae
X 5 Thermomicrobia
=5 Dehalococcoidia?
o) Thermofilexia
L5 Ktedonobacteria
S Chloroflexota, natc]
ermobacula

0 4 2339 0 4 23239

Months

1. Taxa contains OHRG and CoMG
2. Taxa contains OHRG

3. Taxa contains CoMG

4. natc = not assigned to class

(natc). Data are sorted on abundance in WGS baseline (0 months). Superscripts indicate taxa known to

contain literature-validated dehalogenating members
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L SR P :
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SHLHLH SHTHL T x
PR REM metabolizing Genera
Streptomyces <6000
Methylomonas* 3000
myphomiciooiuny | R 1000 These genera have genomes with
aucoision=i-i I oo either MMO or TMO genes and
MgggY1gléug?g* 500 increase in abundance over time in
Pseudoman;ag — ?88 WGS-U. Those underlined have
,%%%,‘%—@ 150 scaffolds containing MO genes in the
Sdlfobaciliss m 100 WGS-A data The asterisks indicate
Them",,”gm,c’; '%)‘l" g - genera validated in the literature as
Methylocella L being able to catalyze the oxidation of
Months TCE.

A. Dehalobacter

10

0 10 20

C. Dehalogenimonas

B. Dehalococcoides

D. Desulfobacula

Select NRAP rdh Containing Scaffolds

A. Dehalobacter sp.
1

5689

4l < KK

reductive
dehalogenase

rdhA

ABC ABC Crp/Fnr family

transporter transporter transporter transcriptional
permease permease ATP-binding
subunit protein
rdhB? rdhB?

regulator
rdhK

trigger
factor

rdhT

B. Dehalococcoides mccartyi

response

containing sensor regulator
histidine kinase transcription

pyridoxamine

5-phosphate
oxidase

factor hypothetical family protein

protein

> P

orfB

reductive

dehalogenase
rdhA

fransposase protein

D>

H

5431

Crp/Fnr family precornn-6Y C5,15-
methyltransferase,

transcriptional
regulator
rahK

trichloroethene trichloroethene
reductive reductive
dehalogenase dehalogenase

rdhA”™ rdhA

2920

hypothetical
proten
S6AA

hypothetical
protein
177 AA

MarR family
franscription

* Potential VC reducatase gene

al FAD-dependent

putative
rdhF?

regulator thymidylate synthase

DD

dehalogenase
rahA

reductive hypothetical reductive

dehalogenase

rahA

Select OHRGs in Relation to PCE and Its Respiration to Ethene

trans-DCE

H

\Czc/

74
cl

H
\C=C/
/ BN

Cl

cis-DCE

OHRGs in relationship to
Dissolved PCE Concentrations and
Its Biodegradation Byproducts

A. Dehalobacter (Phylum Bacillota),
B. Dehalococcoides (Chloroflexota)
and C. Dehalogenimonas
(Chloroflexota) are validated in the
literature as OHRG and scaffold(s)
with rdh genes are present in WGS-A
data.

D. Desulfobacula is not yet known
to be an OHRG, but a scaffold
containing a rdh gene is present in

WGS-A.

An assembly that included WGS for all
timepoints and both wells reveals 384
scaffolds containing dehalogenase genes.

20 of the 384 were rdh-containing sctfolds.
Two species annotated with rdh genes,
Desulfocarbo indianensis and Desulfobacula
phenolica, are not yet known to be involved
in chlorinated-solvent biodegradation.
Multiple genes with functions that support
reductive dichlorination were identified in
the WGS-A scaffold analysis. The length of
the scaffold are indicated by the numbering.
A. Dehalobacter scaffold with genes
transcribed in the same direction,

indicative of an operon.
B-D. Dehalococcoides scaffolds.

Scaffold C is notable since it contains two
potential VC reductase genes and a

transposase gene.

NOTES:

1. Arrows indicate direction of transcription
2. Scaffold length in base pairs is shown

Legend
. a . Potential Accessory Hypothetical or
eductive Dehalogenase Blotein Other Protein
a Accessory Protein q Transcription Regulator




