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A B S T R A C T

The global antibacterial resistance requires urgent attention from different fields of engineering. Here, several
unit operations were assessed in a novel water treatment train capable of remediating antibacterials, metals
and pathogenic DNA to generate clean water. The analyses used 14C-respirometry, spectrometry, and a set
of molecular analyses. Multiresistant bacteria hold antibacterial resistance genes (ARGs), which were har-
nessed for bioremediation of pollutant mixtures. Treatment efficiencies were 25–71% for 8-days with aerobic
Cr(VI) reduction and removal of Cd and Pb; and 34.8% erythromycin (ERY) was biodegraded aerobically in
20 days. The anaerobic digestion (AD) bioremediated 65–73% mixed antibacterials ERY and sulfamethox-
azol (SMX) in 60 days. However, high concentrations of mixed antibacterials induced inhibition of bacteria
and methanogens and higher diversity of ARGs. ARGs were eliminated at 60 °C and 5.8kPa for 10 min. The
suggested coupling sequence of operations was metal, then antibacterial aerobic bioremediation, AD (yielding
biomethane as energy source), recirculation of ARGs in situ, and thermo-pressure pathogenic DNA degrada-
tion.

© 2017.

1. Introduction

Failure of antibacterials to cut short bacterial infections is already
a prominent global health issue (The Lancet, 2015). The issue is com-
plicated by multiresistance, the ability of bacteria to survive or thrive
in the presence of different pollutants, owing to ARG transmission.
These mechanisms have been described in several studies; transfer-
ence of ARGs has been widely documented and is probably the chief
mechanism for resistance gene dispersion (Perry et al., 2014). Multire-
sistance expresses the resistance of bacteria to compounds as different
as aromatic-ring pollutants (antibacterials, hydrocarbons) and metals.

Of particular concern are the most extensively used antibacte-
rials. These are often veterinary drugs also listed as essential hu-
man medicines, including sulfamethazine (SMZ) and sulfamethoxa-
zole (SMX), and natural bacteriostatics like tetracycline (TET), ery-
thromycin (ERY), or chloramphenicol (CHLO) (World Health
Organization, 2013). SMZ, SMX, TET, ERY and CHLO are persistent
in the environment due to their aromatic-ring structure, which makes
them difficult to degrade. As to metals, they act as gene transcription
inducers, increasing expression of regulatory genes associated with
antibiotic resistance (Aydin et al., 2015b).

A set of human technologies are hotspots and mixing vessels of
pollutants, which force bacteria to maintain ARGs in water (Fig. 1).
ARGs can be dispersed between sylvatic reservoirs (Arnold et al.,

∗ Corresponding author.
Email address: marinaislas@ymail.com (M. Islas-Espinoza)

2016), domestic animals, cultivated vegetables, and human popula-
tions, owing to water runoff and roads. Engine fuels and industries
contribute metals (Islas-Espinoza and de las Heras, 2015) which
washout from the atmosphere or are transported by water. Fuel (aro-
matic) hydrocarbons, aromatic antibacterials and some metals seem to
be resisted by the same bacterial species (Máthé et al., 2012).

Technologies responsible for outstanding gains in human survival
are now being implicated in the multiresistance health crisis: sew-
erage-sanitation, antibiotics, animal husbandry and crop production
(Ferriman, 2007; Laxminarayan et al., 2013; Roca et al., 2015).
Wastewater treatment plants (WWTPs) are a chief release point of an-
tibiotics and ARGs (Giannakis et al., 2016; Michael et al., 2013). Hu-
mans and domestic animals are amplifying hosts for a pathogen, are
often co-infected by several pathogens, and add to waterborne ARG
transfers (De las Heras et al., 2016). When WWTPs or ranch releases
meet drinking water sources, or are reused in crop irrigation, the fe-
cal-oral infection cycle is closed.

New technologies are not devoid of a role in ARG retention by bac-
teria: SMX is now used as anticonvulsant, anti-diabetic and diuretic
(Reis et al., 2014). Food preservation, ethanol production, horticulture,
aquaculture and apiculture are expanding the point sources of antibac-
terial or ARG pollution (Meek et al., 2015). Antimicrobial nanoparti-
cles in textiles, toys and food packaging are propagating metals (Ma
et al., 2016).

Removal of antibiotics by chlorination has been explored (Michael
et al., 2013), but chlorination and currently used potabilization com-
pounds and processes generate disinfection byproducts (DBPs) which
are human carcinogens. Alternatives to chlorination

https://doi.org/10.1016/j.jclepro.2018.02.068
0959-6526/© 2017.
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Fig. 1. The anthropogenic multiresistance cycle. Humans disperse antibiotics and pollutants that maintain the need for ARGs in bacteria. The circles denote the point sources where
aromatic-ring antibacterials and metals were sampled for this study; pharma wastewater was artificially prepared.

such as ozone, UV or bromide/iodide compounds may still release
many toxic DBPs (Richardson et al., 2007). Moreover, DBPs might
enhance cross-resistance to antibiotics (Ma et al., 2016). Contrariwise,
thermal disinfection appears to be DBP-free (Loo et al., 2012).

An additional problem is that ARGs are more difficult to destroy
than pathogens (Giannakis et al., 2016). ARGs are found in plasmids
(as well as integrons and transposons) which commonly exist in water
and facilitate the transmission of ARGs (Karni et al., 2013). Antibac-
terial, Metal and ARGs (AMA) pollution should be treated in situ (by
industries, hospitals and households) to separate AMA pollutants, un-
like WWTP that mix and disperse pollutants.

The hypothesis is that a combination of natural bacterial degra-
dation capabilities can fulfill the depuration functions in wastewaters
polluted with antibacterials, metals and DNA (ARGs and potential
pathogens). We aimed at measuring the efficiency of unit operations in
a treatment train capable of remediating water polluted with antibac-
terials, metals and DNA.

2. Materials and methods

Here, four unit operations (Fig. 2) were tested individually, a com-
mon practice to assess in the laboratory the viability of coupling

Fig. 2. AMA wastewater treatment train, conceptual design. 1–2: Aerobic Metal and
Antibacterial biofilters. 3: Anaerobic Antibacterial and Metal digester. 4: Thermo-pres-
sure DNA Degradation using AD CH4 as fuel.

and scaling them up in a prototype. In particular, efficiency and rate of
biodegradation, initial pollutant concentration, and volumetric flows
were obtained to determine a better sequence of operations and size of
the apparatus.

2.1. Aerobic treatment of antibacterial pollution

The faster catabolism of aerobic antibacterial-resistant bacteria
was used to mitigate antibacterial peaks that jeopardize optimal opera-
tion of AD. Aerobic catabolic activity of the aromatic-ring antibacteri-
als 14C-labeled Sulfamethazine (SMZ) and 14C-labeled Erythromycin
(ERY) was determined by respirometry assays (Islas-Espinoza et al.,
2012); the bacteria were isolated from soil and/or manure from pigs
treated with antibacterials. A clone library was built to identify the
soil-manure bacterial communities from which the most able antibac-
terial-degraders were determined and isolated. Bacterial 16S rRNA
genes from isolated bacteria were amplified by PCR for identifica-
tion, and known bacterial pathogens were excluded. The antibacter-
ial doses to be treated were based on minimum inhibitory concentra-
tions (MICs) as well as bacterial growth measured by optical density
spectrophotometry (OD600). Four bacteria that showed multidrug re-
sistance (ERY, SMZ, Chloramphenicol (CHLO), Tetracycline (TET)
and Kanamycin (KAN)), high MICs and grew in presence of the an-
tibacterials, were selected and pooled into a consortium.

The effect of cometabolism (i.e. the use in the culture medium
of a cosubstrate providing complementary mineral, vitamin or carbon
source) was ascertained. Cometabolism was used to initiate the degra-
dation, because to break the aromatic-ring structure of the antibacteri-
als high energy levels are required. They were provided by an avail-
able carbon source (yeast extract) different from the recalcitrant car-
bons of the aromatic-ring (Islas-Espinoza et al., 2012).

Isolated bacteria were incubated and agitated at 150 rpm (digital
oscillator, Thermolyne, USA). MICs of antibiotics in bacteria were
determined by optical density (OD600) on a (Bio-Rad SmartSpec Plus,
USA) spectrophotometer. The equipment used to measure bacterial
14CO2 respiration was a (Canberra Packard Tri-carb 2250CA, USA)
liquid scintillation counter. More information on the process parame-
ters can be found in the online Supplementary Material.
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2.2. Aerobic treatment of metal pollution

Bioremediation of metal mixtures in chromium-plating wastewater
prior to anaerobic digestion (AD) was conducted with the bacteria
Brevundimonas diminuta, which was isolated from a Cr-plating work-
shop. Bioreduction of CrVI to CrIII was assessed as well as biotrans-
formations of Pb, Cd and the mixture of CrVI, Pb and Cd. Total Cr, Cd
and Pb were determined using atomic absorption, and UV–Vis spec-
trophotometry for CrVI. Because Pb is only soluble in water at acidic
pH, its remediation was probed at pH = 2. Cr and Cd were probed at
pH 2 and 6. Growth of the bacteria in the presence of metals was mea-
sured via optical density spectrophotometry (OD600). Cellular sorption
or accumulation of CrVI, Pb and Cd in the bacteria were ascertained
via freezing-thawing thermal shock to induce cell lysis, release and re-
suspend the metals in water.

The equipment used to determine total Cr, Cd and Pb was a (Var-
ian SpectrAA-600, USA) atomic absorption spectrophotometer. To
conduct CrVI reduction measurements, a (Cary 1E UV–Vis, Agi-
lent Technologies, Inc., Australia) spectrophotometer was used at
λ = 543nm. Growth of isolates in presence of metals was measured via
OD600 using a (Hach DR 2800, USA) spectrophotometer.

2.3. Anaerobic treatment of antibacterial pollution

Three anaerobic sequencing batch reactors (ASBRs) were inoc-
ulated with anaerobic granular sludge. A synthetic substrate (see
Startup and operation in the online Supplementary Material) was used
to resemble wastewater from a pharmaceutical industry. After ac-
climation, SMX and ERY were spiked at increasing concentrations
in the influent until CH4 production collapsed (irreversibly initiated
decline until total absence of this gas), at which point antibacter-
ial spiking stopped to observe possible recovery. The control ASBR
was fed synthetic wastewater, another ASBR was spiked with SMX
(50 mg L−1 on days 1 and 31 and 100mg L−1 on days 61 and 91) and
the other ASBR with ERY+SMX (25 + 25 mg L−1 on days 1 and 31
and 50 + 50 mg L−1 on days 61 and 91).

During anaerobiosis, mRNA copies of genes encoding formyl-
tetrahydrofolate synthetase (FTHFS), methyl-coenzyme M reductase
(mcrA) and acetyl-coA synthetase (ACAS) were targeted to mea-
sure enzymatic activity inhibition in homoacetogens, methanogens
and acetoclastic methanogens, respectively. Homoacetogenic bacteria
use H2 and CO2 and oxidize volatile fatty acids to acetate (Town et al.,
2014), while acetoclastic methanogenic archaea only use acetate and
are responsible for 70% of the CH4 produced.

Total RNA was extracted and cDNAs were synthesized from iso-
lated RNAs by reverse transcription PCR (RT-PCR). Biogas produc-
tion and volatile fatty acids (VFA) were measured by gas chromatog-
raphy. Biodiversity changes were evaluated by sequencing the whole
16S rRNA using genomic DNA. Determination of the active micro-
bial community used synthesized cDNA templates and quantitative
real-time PCR targeting bacteria, archaea and methanogens. Abun-
dances of ERY (ereA, ereB, ermB, ermF, ermX, mefA, ermA), sulfon-
amide (sul1, sul2, sul3) and mexB, mdtF resistance genes were quan-
tified with qPCR from the effluent and sludge of the reactors using Il-
lumina sequencing (Aydin et al., 2015b). SMX and ERY degradation
was measured using HPLC with a UV detector (Aydin et al., 2015a).

Daily biogas production was measured using a (Ritter Digital
Counter, USA) milligas counter. Methane content in biogas was mea-
sured using a (Perichrom, France) gas chromatograph. VFA concen-
trations were measured using gas chromatography with a flame ion

ization detector (Agilent Technologies 6890N, USA) and an
Elite-FFAP column (30 m × 0.32mm). The ERY, SMX and TET as-
says were performed using HPLC (Shimadzu LC-10 AD, Japan)
equipped with a (SPD 10-A) UV–Vis Detector, and a C18 analytical
column.

Genomic DNAs were extracted using PureLink Genomic DNA
Kits (Invitrogen, UK). Extracted gDNA concentrations were deter-
mined using a Qubit 2.0 Fluorometer (Invitrogen, UK). Absolute
quantification analysis of cDNA was carried out with a LightCycler
480 (Roche Applied Science, Switzerland). PCR products were se-
quenced using an ABI prism Big Dye Terminator Cycle Sequencing
Ready Reaction Kit on an ABI Prism 377 DNA sequencer (Applied
Biosystems, USA). Purified PCR products were used as calibration
standards for real time PCR quantification after their DNA concentra-
tions were determined by fluorometry (Qubit, Invitrogen, USA).

2.4. Thermo-pressure degradation of DNA

Thermal DNA degradation under dry conditions occurs above
190°C, while complete DNA degradation occurs at 100–110°C when
water temperature and pressure are combined (Karni et al., 2013).
Temperature and pressure conditions can be obtained more sustain-
ably by combustion of biomethane obtained from AD treatment of
wastewater.

Escherichia coli DNA was extracted with an UltraClean Water
DNA kit (Mo Bio Laboratories, Inc.). Tick and chicken kidney DNA
were extracted by phenol-chloroform extraction and ethanol precipita-
tion (Girish et al., 2005). About 0.75μg DNA was used for each reac-
tion (n = 3).

Low-iron borosilicate glass tubes (20 mL, Kimax) were used to
heat the DNA contained in (1 mL) distilled water, and closed with rub-
ber caps. Temperatures tested were 20, 40, 60, 80, 90, 100 and 150°C
and pressures were observed in the 1.4–16kPa gauge pressure range.
Additionally, E. coli colonies (resistant to 100mg L−1 ERY, SMX
and CHLO, separately) were tested for inactivation in the same tubes
(n = 3). Temperatures were controlled with a digital sensor coupled to
a hot plate (MS400 Magnetic Stirrer, Bante Instruments, China). The
tubes were placed on a pan with sand to keep them in place, and heated
on the hot plate, covered with aluminium foil. Pressure was measured
with a data logger equipped with a needle (Almemo 2690-8, Ahlborn,
Germany).

The breaking of the covalent bonds of DNA was determined by
gel electrophoresis using 1% agarose, for 60min at 70V. Staining was
done with ethidium bromide (Invitrogen, UK) and DNA was visual-
ized under UV light (Karni et al., 2013).

3. Results

3.1. Aerobic antibacterial and metal bioremediation

Bacterial growth simultaneous with biodegradation of antibacte-
rials or metals demonstrated the possibility of sustained biodegrada-
tion (Figs. 3 and 4), which was enhanced by yeast extract addition
(Supplementary Material Tables 6 and 7).

ERY was used as carbon source by the bacteria: they produced
14CO2 while 14C-ERY concentrations decreased. Exposure to
14C-ERY in water (750 mg L−1) led to 34.8% biodegradation by an aer-
obic consortium of four bacteria in a 20-day assay (Fig. 3). Bacteria of
the consortium adapted differently to antibacterials: A. defluvium and
P. putida grew better with CHLO, B. licheniformis and Alcaligenes
sp. with TET or ERY (all differences p< 0.05) (GenBank accession
numbers in Supplementary Material Table 5). Higher biodiversity en
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Fig. 3. Erythromycin aerobic bioremediation by a consortium which grew in presence of the antimicrobial and used it as carbon source.

Fig. 4. Metal mixture bioremediation by aerobic metal-resistant bacteria. B. diminuta grew in presence of and remediated the mixture.

hanced antimicrobial biodegradation (Supplementary Material Table
6).

Toxic CrVI was reduced to the micronutrient CrIII while Cd2+ and
Pb2+ concentrations decreased from the water, as shown by atomic ab-
sorption following 8 days of bioremediation (Fig. 4). Bacteria grew in
water at pH = 2 with mixed metals. In general, Brevundimonas dimin-
uta reduced more CrVI and accumulated less CrIII at lower pH and
in the metal mixture (Supplementary Material Tables 8–10). Metal
reduction and removal efficiencies were 25–71% in 8-days assays
(CrVI: 255, Cd: 0.65, and Pb: 0.65mg L−1, respectively).

3.2. High doses and mixtures of antibacterials curtail
methanogenesis

The anaerobic reactors monthly degraded 73% SMX and 65%
ERY (after a 25:25 mg L−1 SMX:ERY mixture was applied twice),
for 60 days before CH4 production waned. They subsequently de-
graded 39% SMX and 24% ERY (after 50:50 mg L−1 SMX:ERY ap-
plied twice) (Fig. 5). These data confirmed the ability of AD to biode-
grade antibacterials but waning called for pre-treatments to reduce
chronic and acute exposure to mixed antibacterials.

In presence of ERY+SMX, COD biodegradation stabilized in a
few days (Fig. 5), but a second (low) dose of ERY+SMX drove the
reactor to a lower COD degradation efficiency, after a 20-day lag.

Early on, CH4 production in the SMX+ERY reactor initiated a
slow descent by stages, indicative of independent water bioreme-
diation and gas production processes. CH4 production collapse fol-
lowed a gradual pH decrease suggestive of inhibition of volatile fatty
acid utilization pathways at higher SMX+ERY concentrations, partic-
ularly acetic acid (by the SMX and SMX+ERY reactors) and propi-
onic or butyric acids (by SMX and SMX+ERY reactors, respectively)
(Supplementary Material Fig. 1).

Methanogens decreased 100 times compared to a 10 thousand-fold
decrease of bacteria in general (Supplementary Material Fig. 2). Con-
currently, ACAS expression (by acetoclastic methanogens) resisted
more (slower and shallower inhibition) than the other metabolic en-
zymes (Supplementary Material Fig. 2). Nevertheless, a second
ERY+SMX low dose simultaneously tipped all enzymatic gene ex-
pressions and microbial taxa downwards. Simultaneous onset and de-
cline of FTHFS and mcrA probably occurred because the former is ex-
pressed at an earlier step of AD and feeds methanogenesis. In turn, de-
pressed FTHFS (just before CH4 production demise) may have obeyed
pH decrease and VFA accumulation (Supplementary Material Figs. 1
and 2).

As to ARGs, their abundance increased in long term AD oper-
ation, and the mixed antibacterials had a synergistic effect increas-
ing ARG diversity and changing the dominance from SMX to ERY
resistance genes (Fig. 5). Abundance of SMX resistance genes was
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Fig. 5. Organic matter (COD) degradation, antibacterial multidegradation efficiencies, and CH4 production index [day 1 = 100] in the ERY+SMX anaerobic reactor.

sul1>sul2>sul3 in effluent wastewater and sludge of the SMX re-
actor. ERY resistance genes were more diverse with
ereA>ereB>ermB>ermX>ermF>mefA>ermA abundances in the
SMX+ERY reactor (Fig. 6).

In the case of the lower dose of a single antibacterial, anaero-
bic biodegradation of organic matter was a robust process: 94–98%
COD (2500 mg L−1 initial concentration) was degraded in the 60 days
following SMX spiking, and organic matter was feedstock for bio-
methane production. Metabolic enzyme gene expression was also sev-
eral orders of magnitude higher than in the mix.

3.3. Thermo-pressure degradation of DNA

The DNA from E. coli, chicken, and tick showed that complete
thermo-pressure degradation of DNA in water was effective after
10min at 60°C and 5868Pa gauge pressure (Fig. 7). No E. coli colony
grew above this temperature and pressure in the tubes, nor grew in
solid medium.

3.4. Sequence of operations

Although same orders of magnitude were achieved in aerobic and
anaerobic antibacterial biodegradation rates (Table 1), initial con-
centrations in aerobic concentrations were one order of magnitude

higher, justifying them as pre-treatments to the AD. Acclimation of
the biomass was in the order of 100 days prior to any of the bioreme-
diation unit operations. This strongly suggested recirculation of ARGs
in the AMA treatment train.

Since the metal treatment was faster, it should be the first oper-
ation. Bioremediation-capable biomass, pollutant concentration and
contact time determine this operation's size. It should be followed by a
larger aerobic antibacterial treatment. Size could be traded for a set of
parallel antibacterial biofilters. As to the anaerobic digester, it allowed
for water bioremediation and CH4 production. Finally, a fast CH4-fed
DNA-elimination and pathogen-disinfection would be able to treat any
effluent volumetric flow from the other operations.

4. Discussion

This study analyzed the bioremediation mechanisms underlying
“improved water and sanitation” technologies as suggested by the
Global Antibiotic Resistance Partnership's Strategy number 1 on Sus-
tainable antibacterial use (The Center for Disease Dynamics
Economics and Policy - Global Antibiotic Resistance Partnership,
2015). The study used similar antibacterial concentrations to phar-
maceutical and other industrial wastewaters which are in the
100–500mg L−1 range (Aydin, 2016).

Fig. 6. Distribution of antibacterial resistance genes in the SMX and ERY+SMX anaerobic reactors.
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Fig. 7. Gel images of DNA. E: E. coli, C: chicken, T: tick, (−): Negative control, (+): Positive control, and M: Molecular weight marker (1000 kb), following 20, 40, 60, 80, 90, 100
and 150 °C, for 10 min.

Table 1
Pollutant removal rates.

Treatment
Initial concentration (mg/
L)

Treatment
duration
(days)

Pollutant
removal
(%)

Removal
rate
(%/day)

14C-ERY 750 20 34.77 1.74
14C-SMZ 100 20 7.83 0.39
CHLO 428 10 31.00 3.10
TET 36 10 20.00 2.00
Pb + Cd + CrVI
mixture

Pb 0.65 8 32.81 4.10

Cd 0.65 71.88 8.99
CrVI 255 25.28 3.16

ERY + SMX
mixture

ERY day
1 + day
31

25 + 25 60 65.00 1.08

SMX 25 + 25 73.00 1.22
DNA
degradation

0.75μg 1/6 100.00 600.00

As regards aerobic pre-treatments of antibacterials, literature is still
scarce, but SMX at initial concentration of 100mg L−1 was biode-
graded aerobically in 8 days (Jiang et al., 2014), similar to 10–20 days
here for several antibacterials. SMX 84–94% biodegradation at 16h
with 50mg L−1 initial concentration was enabled by vitamin cometab-
olism (Zhang et al., 2016). SMX removal at 48h by a consortium in-
cluding Alcaligenes faecalis (also used here), and vitamins cometabo-
lism, outperformed single species. SMX was biodegraded rather than
adsorbed by the cell (Li et al., 2016), similar to what occurred here.

Biodegraders found here were also reported elsewhere:
Pseudomonas putida reduced CrVI in a pollutant mix, using MSM
cometabolism (Mahmood et al., 2013). Pseudomonas putida 5-day
±80% biodegradation from 10mg ERY L−1 initial concentration, using
yeast extract (as done here), outperformed other treatments (Gao et al.,
2015). Microbacterium bioremediated antibacterials (Supplementary
Material Table 4) and metals (Supplementary Material Table 8). Mi-
crobacterium with previous exposure (as done here) helps accelerate
biodegradation of SMZ and a tetracycline in soil (Topp et al., 2013).
Pseudomonas and Microbacterium seem capable of bioremediation in
a variety of environments. Multiresistance acquisition required accli-
mation time, so recirculation of ARGs in the treatment train is recom-
mended.

As regards the anaerobic treatment, sustainability hinges on it:
wastewater treatments are now required to be more energy-efficient
(Christgen et al., 2015), or generate useful byproducts. AD gener-
ates biomethane, usable as fuel rather than dispersed in the atmos-
phere. The combustion of CH4 produces one molecule of CO2 (as does
respiration), unlike other hydrocarbons (e.g. fossil fuels). AD opera-
tion costs are routinely cut by CH4 recovery, and using waste feed-
stocks. Worthy of notice is the CH4 production potential using agri-
cultural waste and the mixed microbiome of different domestic ani-
mals (Islas-Espinoza et al., 2017). This water reclamation train may in
future recover metal during AD-acidogenesis (Meulepas et al., 2015),
residues for green chemistry (such as CO2 from both AD and CH4
combustion), and sludge as soil amender.

The AD used synthetic pharma wastewater. It differed from the
widely varied mixtures of process compounds and sanitizing agents
found in the pharma industry discharges; these make any wastewater
characterization and treatment difficult, and any one study difficult to
extrapolate. But industrial processes are often standardized which al-
lows for specific wastewater pollutants to be targeted.

As to the thermo-pressure post-treatment, it appears justified by
ARG-pathogens co-occurrence in AD, relative AD inefficiency in
ARG removal compared to pathogen removal (Ju et al., 2016), and by
the 27% ARG subtypes still detected in effluents of sulfonamide and
CHLO anaerobic-aerobic coupled treatments (Christgen et al., 2015).

The exposure of DNA to temperature and pressure affected irre-
versibly the DNA structure of different organisms (Bacteria and Eu-
karya). Since ARGs are encoded in genomic or plasmid-DNA, the
complete degradation of DNA destroyed ARGs effectively. It must
be noted that polyextremophile archaea can survive up to 106°C and
70MPa, so further research on ARG elimination might be required.

Large networked sewerage and centralized wastewater treatments
currently act as mixing vessels of pollutants and magnifying vessels
of ARGs. The pharma and metal industries, hospitals, husbandry op-
erations, wastewater treatment plants, but also groups of households,
should consider adapting AMA operations to their wastewater instal-
lations.

4.1. Techno-economic viability and scaling up potential to
commercial practice

The treatment train considered here would use mass-produced fluid
containers and appurtenances worth 2000 US dollars and ex
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pected to work for 15 years (0.37$/m3). Alongside a liquid nitrogen
container used as bacterial strain reservoir (0.033$/m3 per plant, in-
tended to hold a reserve for ten 1m3/day plants), an electrophoresis
chamber and UV camera for DNA analyses (0.115$/m3) to monitor
disinfection, and replacement biofilters ($0.044/m3), the capital cost
would be 0.562$/m3.

Operation costs would include firstly, maintenance labor of all
unit operations including unclogging pre-treatment filters (8.6$/m3),
weekly monitoring of metals in the influent and effluent, especially
while the biofilters initiate, with absorption and UV–Vis spectropho-
tometry ($2.13/m3 including reagents). Similar antibacterial moni-
toring with HPLC ($31.43/m3) and DNA disinfection monitoring
(reagents: $0.71/m3) would complete the monitoring process. Disin-
fection electricity in a lossless world (perfectly isolated vessel) would
amount to 3.73$/m3, but more realistically, a 30% efficiency would
mean 12.43$/m3. The total costs would be 55.86$/m3 (1% capital and
99% operation).

Lower costs would stem from lessening HPLC antibacter-
ial-biodegradation monitoring costs; this may include sporadic moni-
toring allowed by stable production processes, and avoiding mixtures
of wastewaters. Monitoring improvements could also correct for un-
derestimates of antimicrobial degradation (Polesel et al., 2016). But
wise use of sustainable energy sources should be a chief concern too.
This includes use of gravity rather than pumps; in situ treatments are
more adapted to the use of gravity. Reuse of heat waste from bio-
methane combustion can be used to heat the AD. This would further
avert CO2 emissions. The system's resilience to intermittent availabil-
ity of energy could also improve via solar thermal/biomethane hy-
bridization of disinfection. And, since solid waste is a vast biomethane
resource (Islas-Espinoza et al., 2017) as well as a reservoir of ARGs
and potential pathogens, additional use of solid waste feed for bio-
methane is warranted. Finally, small-size and modularity make for
easier upgradings.

In the absence of alternative coupled treatments for antibacterial,
metal and genetic pollution, comparison hinges on several unit op-
erations: Assuming that wastewaters are similar, the cost of metal
treatments varies from 1.19 to 1.81 $/m3 (electrocoagulation of metal
compounds with Al and Fe electrodes, respectively) (Demirbas and
Kobya, 2017) to 31.31$/m3 (flocculation and chemical treatment of
CrVI) (Boer and Blaga, 2016). Much more difficult to come by are
costs of biological treatments of antibacterials and metals. Disinfec-
tion ranges 0.02–0.14 $/m3 (thermal pasteurization and high pres-
sure processing, respectively, with intermediate costs for pulse elec-
tric fields). Capital costs range from 5% to 26% of total costs (ther-
mal pasteurization and pulse electric fields, respectively) (Sampedro
et al., 2014). As to generalist treatments, such as ceramic and poly-
mer membranes, their total costs are 1087.82 and 934.02 $/m3, respec-
tively, with capital shares of the cost higher than 99.9% (Park et al.,
2014).

Techno-economic assessments should also factor in irredeemable
drawbacks in several existing technologies. For lack of space, only
general criteria are outlined here: Firstly, conventional treatments in
wastewater plants both contribute ARG spread (Pruden et al., 2013)
and are ineffectual in removing compounds like antibacterials
(Homem and Santos, 2011). Secondly, sludge-producing treatments
have low efficiencies in degrading pharmaceuticals (Ahmed et al.,
2017) and produce vast quantities of biosolids that spread ARGs
(Pruden et al., 2013); pyrolysis of biosolids will remain expensive
(Marousek et al., 2017) and may release toxic polycyclic aromatic
hydrocarbons, depending on temperature and oxygen content
(Islas-Espinoza and de las Heras, 2015). Thirdly, membranes greatly
enrich the xenobiotic content of the obtained concentrate (Dainelli
et al.,

2017; Prasse et al., 2015). Fourthly, electrochemical treatments might
produce toxic disinfection byproducts (Prasse et al., 2015). Finally, the
fate of titanium dioxide used in photocatalysis (Homem and Santos,
2011), and similar hazardous materials, require more information.
Contrariwise, progress in biological treatments is expected from com-
bining (an)aerobic treatments targeted to specific pollutants (Falås et
al., 2016); combined processes using renewable energy and produc-
ing useful byproducts seem most adequate when treating antibiotics
(Homem and Santos, 2011). Failing to combine temperature and pres-
sure leads to incomplete disinfection (Sampedro et al., 2014).

5. Conclusions

This was the first proof-of-concept of a sustainable bioremediation
train aimed at modifying wastewater technologies implicated in mul-
tiresistance. Bacterial resistance was harnessed for aromatic-ring an-
tibacterial and metal bioremediation, water organic pollution, and pro-
duction of biomethane.

Biodegradation was initiated and enhanced by biodiverse commu-
nities. Their growth media can be complemented by a diversity of
wastes. And conversely, mixed, chronic, frequent or highly-dosed pol-
lutants inhibit methanogenic gene expression and augment the diver-
sity of ARGs. ARGs must be treated in a controlled environment to
avoid dispersion.

The hypothesis set forth in this study seems to have been demon-
strated: A combination of bacterial capabilities (found in one species,
a selected consortium or a whole community) may be organized in
specifically targeted pre-treatments to smooth out pollution peaks in
the influent of the treatment. The disinfection post-treatment avoids
releases of the pollutants. The sustainability of the system hinges on
the use of wastewater organic matter as energy and nutrient source for
the biodegraders, and for the production of an energy carrier (CH4)
useful in disinfection.

Biomedical advances such as discovery of new antibacterials, and
policies such as reduced antibacterial use, need to be complemented
by sustainable technologies that prevent resistance genes, antibacterial
and metal accumulations in the environment.

Funding

This work was supported by the State of Mexico University [pro-
ject 3883M/2015].

Acknowledgements

We thank Margaret Wexler at Breast Cancer UK, Carolina Is-
las-Espinoza, MD at Hospital Gustavo Baz Prada, Mexico, and Ed-
uardo Rincón-Mejía at UACM-Energy Program, Mexico, for their
valuable comments. We are also grateful for input from two anony-
mous reviewers.

Appendix A. Supplementary data

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.jclepro.2018.02.068.

References

Ahmed, M.B., Zhou, J.L., Ngo, H.H., Guo, W., Thomaidis, N.S., Xu, J., 2017.
Progress in the biological and chemical treatment technologies for emerging conta-
minant removal from wastewater: a critical review. J. Hazard Mater. 323 (Part A),
274–298 https://doi.org/10.1016/j.jhazmat.2016.04.045.



UN
CO

RR
EC

TE
D

PR
OO

F

8 Journal of Cleaner Production xxx (2018) xxx-xxx

Arnold, K.E., Williams, N.J., Bennett, M., 2016. “Disperse abroad in the land”: the
role of wildlife in the dissemination of antimicrobial resistance. Biol. Lett. 12, 1–8
https://doi.org/dx.doi.org/10.1098/rsbl.2016.0137.

Aydin, S., 2016. Microbial sequencing methods for monitoring of anaerobic treatment
of antibiotics to optimize performance and prevent system failure. Appl. Micro-
biol. Biotechnol. 100, 5313–5321 https://doi.org/10.1007/s00253-016-7533-5.

Aydin, S., Ince, B., Cetecioglu, Z., Arikan, O., Ozbayram, E.G., Shahi, A., Ince, O.,
2015a. Combined effect of erythromycin, tetracycline and sulfamethoxazole on
performance of anaerobic sequencing batch reactors. Bioresour. Technol. 186,
207–214.

Aydin, S., Ince, B., Ince, O., 2015b. Development of antibiotic resistance genes in mi-
crobial communities during long-term operation of anaerobic reactors in the treat-
ment of pharmaceutical wastewater. Water Res. 83, 337–344.

Boer, J., Blaga, P., 2016. Optimizing production costs by redesigning the treatment
process of the industrial waste water. Proc. Technol. 22, 419–424 https://doi.org/
10.1016/j.protcy.2016.01.071.

Christgen, B., Yang, Y., Ahamed, Z., Li, B., Rodriguez, D.C., Zhang, T., Graham,
D.W., 2015. Metagenomics shows low energy anaerobic-aerobic treatment reac-
tors reduce antibiotic resistance gene dissemination from domestic wastewater. En-
viron. Sci. Technol. 49, 2577–2584 https://doi.org/10.1021/es505521w.

Dainelli, N., Manfrida, G., Petela, K., Rossi, F., 2017. Exergo-economic evaluation of
the cost for solar thermal depuration of water. Energies 10, 1–19 https://doi.org/10.
3390/en10091395.

De las Heras, A., Islas-Espinoza, M., Amaya-Chavez, A., 2016. Pollution: the patho-
genic and xenobiotic exposome of humans and the need for technological change.
Encycl. Environ. Manag. 1–10. https://doi.org/10.1081/E-EEM-120052926.

Demirbas, E., Kobya, M., 2017. Operating cost and treatment of metalworking fluid
wastewater by chemical coagulation and electrocoagulation processes. Process Saf.
Environ. Protect. 105, 79–90.

Falås, P., Wick, A., Castronovo, S., Habermacher, J., Ternes, T.A., Joss, A., 2016.
Tracing the limits of organic micropollutant removal in biological wastewater
treatment. Water Res. 95, 240–249 https://doi.org/10.1016/j.watres.2016.03.009.

Ferriman, A., 2007. BMJ readers choose sanitation as greatest medical advance since
1840. BMJ 334, 111.

Gao, P., Wei, X., Gu, C., Wu, X., Xue, G., Shi, W., Sun, W., 2015. Isolation and char-
acterization of an erythromycin-degrading strain and application for bioaugmenta-
tion in a biological aerated filter. Water Air Soil Pollut. 226 (190) https://doi.org/
10.1007/s11270-015-2449-8.

Giannakis, S., Inmaculada, M., López, P., Spuhler, D., Antonio, J., Pérez, S.,
Fernández, P., 2016. Solar disinfection is an augmentable, in situ-generated
photo-Fenton reaction — Part 2: a review of the applications for drinking water
and wastewater disinfection. Appl. Catal. B Environ. 198, 431–446 https://doi.org/
10.1016/j.apcatb.2016.06.007.

Girish, P., Anjaneyulu, A., Viswas, K., Shivakumar, B., Anand, M., Patel, M., Sharma,
B., 2005. Meat species identification by polymerase chain reaction-restriction frag-
ment length polymorphism (PCR-RFLP) of mitochondrial 12S rRNA gene. Meat
Sci. 70, 107–112 https://doi.org/10.1016/j.meatsci.2004.12.004.

Homem, V., Santos, L., 2011. Degradation and removal methods of antibiotics from
aqueous matrices - a review. J. Environ. Manag. 92, 2304–2347 https://doi.org/10.
1016/j.jenvman.2011.05.023.

Islas-Espinoza, M., de las Heras, A., 2015. WEF nexus: from cancer effects of xenobi-
otics to integrated sustainable technologies. Sustain. Prod. Consum. 2, 128–135
https://doi.org/10.1016/j.spc.2015.07.003.

Islas-Espinoza, M., Reid, B.J., Wexler, M., Bond, P.L., 2012. Soil bacterial consortia
and previous exposure enhance the biodegradation of sulfonamides from pig ma-
nure. Microb. Ecol. 64, 140–151.

Islas-Espinoza, M., de las Heras, A., Vázquez-Chagoyán, J., Salem, A., 2017. Anaero-
bic cometabolism of fruit and vegetable wastes using mammalian fecal inoculums:
fast assessment of biomethane production. J. Clean. Prod. 141, 1411–1418 https://
doi.org/10.1016/j.jclepro.2016.09.215.

Jiang, B., Li, A., Cui, D., Cai, R., Ma, F., Wang, Y., 2014. Biodegradation and meta-
bolic pathway of sulfamethoxazole by Pseudomonas psychrophila HA-4, a newly
isolated cold-adapted sulfamethoxazole-degrading bacterium. Appl. Microbiol.
Biotechnol. 98, 4671–4681 https://doi.org/10.1007/s00253-013-5488-3.

Ju, F., Li, B., Ma, L., Wang, Y., Huang, D., Zhang, T., 2016. Antibiotic resistance
genes and human bacterial pathogens: co- occurrence, removal, and enrichment in
municipal sewage sludge digesters. Water Res. 91, 1–10 https://doi.org/10.1016/j.
watres.2015.11.071.

Karni, M., Zidon, D., Polak, P., Zalevsky, Z., Shefi, O., 2013. Thermal degradation of
DNA. DNA Cell Biol. 32, 1–4 https://doi.org/10.1089/dna.2013.2056.

Lancet, The, 2015. The G7 and global health: inaction or incisive leadership?. Lancet
385 (2433) https://doi.org/10.1016/S0140-6736(15)61121-7.

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A.K.M., Wertheim, H.F.L., Sumpradit,
N., Peralta, A.Q., 2013. The Lancet infectious diseases commission antibiotic re-
sistance — the need for global solutions. 3099 (13).

Li, X., Xu, Q.-M., Cheng, J.-S., Yuan, Y.-J., 2016. Improving the bioremoval of sul-
famethoxazole and alleviating cytotoxicity of its biotransformation by laccase pro

ducing system under coculture of Pycnoporus sanguineus and Alcaligenes faecalis.
Bioresour. Technol. 220, 333–340 https://doi.org/10.1016/j.biortech.2016.08.088.

Loo, S.-L., Fane, A.G., Krantz, W.B., Lim, T.-T., 2012. Emergency water supply: a re-
view of potential technologies and selection criteria. Water Res. 46, 3125–3151
https://doi.org/10.1016/j.watres.2012.03.030.

Ma, Y., Metch, J.W., Yang, Y., Pruden, A., Zhang, T., 2016. Shift in antibiotic resis-
tance gene profiles associated with nanosilver during wastewater treatment. FEMS
Microbiol. Ecol. 92, 1–8 https://doi.org/10.1093/femsec/fiw022.

Mahmood, S., Khalid, A., Mahmood, T., Arshad, M., Ahmad, R., 2013. Potential of
newly isolated bacterial strains for simultaneous removal of hexavalent chromium
and reactive black-5 azo dye from tannery effluent. J. Chem. Technol. Biotechnol.
88, 1506–1513 https://doi.org/10.1002/jctb.3994.

Marousek, J., Vochozka, M., Plachy, J., Zak, J., 2017. Glory and misery of biochar.
Clean Technol. Environ. Policy 19, 311–317 https://doi.org/10.1007/
s10098-016-1284-y.

Máthé, I., Benedek, T., Táncsics, A., Palatinszky, M., Lányi, S., Márialigeti, K., 2012.
Diversity, activity, antibiotic and heavy metal resistance of bacteria from petro-
leum hydrocarbon contaminated soils located in Harghita County (Romania). Int.
Biodeterior. Biodegrad. 73, 41–49.

Meek, R.W., Vyas, H., Piddock, L.J.V., 2015. Nonmedical uses of antibiotics: time to
restrict their use. PLoS Biol. 13 (10), 1–11 https://doi.org/10.1371/journal.pbio.
1002266.

Meulepas, R.J., Gonzalez-Gil, G., Teshager, F.M., Witharana, A., Saikaly, P.E., Lens,
P.N., 2015. Anaerobic bioleaching of metals from waste activated sludge. Sci. To-
tal Environ. 514, 60–67.

Michael, I., Rizzo, L., Mcardell, C.S., Manaia, C.M., Merlin, C., Schwartz, T.,
Fatta-kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the re-
lease of antibiotics in the environment: a review. Water Res. 47 (3), 957–995 https:
//doi.org/10.1016/j.watres.2012.11.027.

Park, S.H., Park, Y.G., Lim, J.-L., Kim, S., 2014. Treatment Evaluation of ceramic
membrane applications for water treatment plants with a life cycle cost analysis.
Desalin. Water Treat. 54, 1–6 https://doi.org/10.1080/19443994.2014.912162.

Perry, J.A., Westman, E.L., Wright, G.D., 2014. The antibiotic resistome: what's new?.
Curr. Opin. Microbiol. 21, 45–50 https://doi.org/10.1016/j.mib.2014.09.002.

Polesel, F., Andersen, H.R., Trapp, S., Plosz, B.G., 2016. Removal of antibiotics in bi-
ological wastewater treatment systems – a critical assessment using the Activated
Sludge Modelling framework for Xenobiotics (ASM-X ). Environ. Sci. Technol.
50, 10316–10334 https://doi.org/10.1021/acs.est.6b01899.

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., Ternes, T.A., 2015. Spoilt
for choice: a critical review on the chemical and biological assessment of current
wastewater treatment technologies. Water Res. 87, 237–270 https://doi.org/10.
1016/j.watres.2015.09.023.

Pruden, A., Larsson, D.G., Amézquita, A., Collignon, P., Brandt, K.K., Graham, D.W.,
Zhu, Y.-G., 2013. Management options for reducing the release of antibiotics and
antibiotic resistance genes to the environment. Environ. Health Perspect. 121,
878–885.

Reis, P.J.M., Reis, A.C., Ricken, B., Kolvenbach, B.A., Manaia, C.M., Corvini, P.F.X.,
Nunes, O.C., 2014. Biodegradation of sulfamethoxazole and other sulfonamides by
Achromobacter denitrificans PR1. J. Hazard Mater. 280, 741–749 https://doi.org/
10.1016/j.jhazmat.2014.08.039.

Richardson, S.D., Plewa, M.J., Wagner, E.D., Schoeny, R., DeMarini, D.M., 2007. Oc-
currence, genotoxicity, and carcinogenicity of regulated and emerging disinfection
by-products in drinking water: a review and roadmap for research. Rev. Mutat.
Res. 636, 178–242 https://doi.org/10.1016/j.mrrev.2007.09.001.

Roca, I., Akova, M., Baquero, F., Carlet, J., Cavaleri, M., Coenen, S., Heure, O.E.,
2015. The global threat of antimicrobial resistance: science for intervention. New
Microbes New Infect. 6, 22–29 https://doi.org/10.1016/j.nmni.2015.02.007.

Sampedro, F., McAloon, A., Yee, W., Fan, X., Geveke, D.J., 2014. Cost analysis and
environmental impact of pulsed electric fields and high pressure processing in
comparison with thermal pasteurization. Food Bioprocess Technol. 7, 1928–1937
https://doi.org/10.1007/s11947-014-1298-6.

The Center for Disease Dynamics Economics and Policy - Global Antibiotic Resis-
tance Partnership, 2015. The State of the World's Antibiotics 2015, Washin.

Topp, E., Chapman, R., Devers-Lamrani, M., Hartmann, A., Marti, R., Martin-Laurent,
F., Sumarah, M., 2013. Accelerated biodegradation of veterinary antibiotics in
agricultural soil following long-term exposure, and isolation of a sulfamet-
hazine-degrading Microbacterium sp. J. Environ. Qual. 42, 173–178 https://doi.
org/10.2134/jeq2012.0162.

Town, J.R., Links, M.G., Fonstad, T.A., Dumonceaux, T.J., 2014. Molecular character-
ization of anaerobic digester microbial communities identifies microorganisms that
correlate to reactor performance. Bioresour. Technol. 151, 249–257.

World Health Organization, 2013. WHO Model List of Essential Medicines. 18th List.
(April 2013) (Final Amendments – October 2013). Geneva.

Zhang, Y., Zhou, J., Xu, Q.-M., Cheng, J.-S., Luo, Y.-L., Yuan, Y.-J., 2016. Exoge-
nous cofactors for the improvement of bioremoval and biotransformation of sul-
famethoxazole by Alcaligenes faecalis. Sci. Total Environ. 565, 547–556 https://
doi.org/10.1016/j.scitotenv.2016.05.063.

View publication statsView publication stats

https://www.researchgate.net/publication/323161810

	
	
	


