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Abstract 

Sulfonamides were the first fully synthetic antibiotics successfully applied to therapy. The 

intensive and sometimes imprudent use of these antimicrobials has made them ubiquitous 

micropollutants and resulted in the onset and spread of resistance. Despite the increasing 

levels of resistance, this class of antibiotics is still invaluable for modern veterinary 

medicine and animal husbandry, and it remains useful for the treatment of a selected 

number of infections in humans. 

In recent years our knowledge of the biological transformation of these drugs has been 

steadily increasing. Current research on this topic has shown that sulfonamides can be 

transformed mostly by acetylation, hydroxylation, deamination, and oxidation of the 

primary amine. These molecules were also found to be susceptible to biodegradation 

through reactions such as the ipso-hydroxylation and subsequent cleavage of the 

sulfonamide bond. An increasing minority of Actinobacteria isolates has been reported to 

catalyze this reaction and to partially mineralize the sulfonamide molecule. Sulfonamide-

mineralizing strains from the Microbacterium and Arthrobacter genera have been shown 

to carry a conserved gene cluster consisting of a sulfonamide monooxygenase (sadA), 4-

aminophenol monooxygenase (sadB) and an FMN-reductase (sadC).  

Achromobacter denitrificans PR1, a Proteobacteria enriched and isolated from activated 

sludge, was previously described as a sulfamethoxazole-degrader (SMX). Nevertheless, 

later studies revealed that some colonies spontaneously lost the ability to metabolize this 

antibiotic. This instability and our lack of knowledge regarding the dissemination of the 

sad cluster motivated further genomic and metabolic analysis with this culture. Thus, two 

main goals were defined for this thesis: (i) characterization of the metabolic pathway for 

SMX degradation; and (ii) determination of the genetic determinants linked to the 

degradation of this antibiotic. 
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The study of the metabolic pathway for SMX degradation revealed that ipso-hydroxylation 

of the molecule was the underlying mechanism of SMX transformation in the culture 

containing A. denitrificans PR1. As previously described in Microbacterium sp. BR1, this 

reaction led to the release of 3-amino-5-methylisoxazole (3A5MI), as a dead-end 

metabolite, and 4-aminophenol (4AP) that serves as carbon and energy source. 

Interestingly, this reaction also caused molecular rearrangements that led to the 

accumulation of 3 additional dead-end metabolites. These rearrangements comprised (i) 

an NIH shift of the sulfonyl group leading to the formation of 5-amino-2-

hydroxybenzenesulfonic acid; (ii) a Baeyer-Villiger rearrangement resulting from the 

migration of the sulfo-methylisoxazole moiety to the oxygen atom of the hydroxyl group; 

and (iii) an unspecific hydroxylation at meta or ortho position of the benzene ring. Some of 

these reactions had been previously observed for ipso-hydroxylation of other aromatic 

substrates. Nevertheless, they were described for sulfonamides here for the first time. 

The assessment of A. dentrificans PR1 metabolic instability led to the discovery of a low-

abundance and slow-growing actinobacterium. This new strain, named strain GP, 

displayed a syntrophic behavior and was unable to grow independently from the 

Proteobacteria. 

Noticeably, SMX and 4AP were only degraded by the consortium of the two bacteria but 

not by axenic cultures of A. denitrificans PR1, suggesting that strain GP played a crucial 

role in this process. To assess the nature of the syntrophic relationship in this two-

member sulfonamide-degrading consortium, two independent approaches were used. In 

the first study several different media, co-factors and culture conditions were tested. In 

the second study, an in silico comparative genomics approach was used. 

The findings obtained in both studies indicate that strain GP represents a new species and 

possibly even a new genus within the Microbacteriaceae family. Noticeably, it did not 

display a significant genome reduction as commonly observed in other syntrophs. Instead, 
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this strain showed a moderate loss of genes linked to tetrapyrrole and heme biosynthesis 

and appeared to lack thiol transporters, essential to maintain the redox balance in the 

periplasm. This reduction would avert the synthesis of cytochromes, essential for aerobic 

growth. Nevertheless, exogenous heme, catalase and even addition of A. denitrificans PR1 

supernatant and crude cell extract failed to produce isolated colonies of the Actinobacteria. 

Comparison of the genome of strain GP and A. denitrificans PR1 revealed that only the first 

one harbored homologs of the genes previously linked to sulfonamide metabolism: sadA, 

sadB, and sadC. Interestingly, strain GP carried sadA within a transposable element flanked 

by a yceI transporter, an SOS-response peptidase, and an IS1380 family transposase, while 

sadB and sadC where dispersed into other regions of its genome. A similar transposon was 

observed in the sulfadiazine-degraders Arthrobacter sp. D2 and D4, while a single isolated 

copy of the IS1380 transposase was also found in the genome of Microbacterium sp. BR1, 

far from its sadABC cluster. 

The findings obtained in this thesis indicate that syntrophs may play an essential role in 

the elimination of sulfonamides in the environment. Furthermore, the detection of a 

similar transposable element in different Actinobacteria suggests that sadA may be mobile. 

Thus, further studies are necessary to assess the risk of horizontal gene transference 

(HGT) of these determinants and the subsequent risks for human and animal health. 
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Resumo 

As sulfonamidas foram os primeiros antibióticos usados com sucesso na medicina. O seu 

uso intensivo e, por vezes, imprudente tornou-os micropoluentes globais e levou ao 

desenvolvimento e disseminação de vários mecanismos de resistência. Hoje, esta classe de 

antibióticos continua a ser importante para a medicina veterinária, pecuária e no 

tratamento dum número limitado de infeções bacterianas em pacientes humanos. 

O conhecimento sobre a transformação e degradação biológica destes antibióticos tem 

vindo a aumentar nos últimos anos. Atualmente sabemos que as sulfonamidas podem ser 

transformadas por acetilação, hidroxilação, desaminação e oxidação da amina primária. 

Estas moléculas são também suscetíveis à biodegradação por ipso-hidroxilação que resulta 

na clivagem do grupo sulfonamida e parcial mineralização da molécula. A metabolização e 

mineralização destes antibióticos tem sido observada numa crescente minoria de isolados 

do filo Actinobacteria. Estas estirpes, dos géneros Microbacterium e Arthrobacter, possuem 

um operão conservado que consiste numa sulfonamida monooxigenase (sadA), numa 4-

aminofenol monooxigenase (sadB) e numa FMN redutase (sadC). 

A estirpe Achromobacter denitrificans PR1, uma Proteobacteria enriquecida e isolada de 

lamas ativadas, foi previamente descrita como um organismo degradador de 

sulfametoxazole (SMX). No entanto, estudos posteriores revelaram que algumas colónias 

desta bactéria perdiam espontaneamente a capacidade de metabolizar o antibiótico. Essa 

instabilidade metabólica e a falta de conhecimento relativamente à disseminação deste 

operão motivaram estudos adicionais com esta estirpe. Com base nisto, definiram-se dois 

objetivos fundamentais para esta tese: (i) a caracterização da via metabólica e (ii) 

identificação dos genes envolvidos na degradação deste antibiótico. 

O estudo da via metabólica da degradação do SMX revelou que a cultura contendo a A. 

denitrificans PR1 transformava o SMX por ipso-hidroxilação. Como descrito anteriormente 

para o Microbacterium sp. BR1, esta reação levou à formação de 3-amino-5-metilisoxazol 
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(3A5MI), como produto final da reação, e 4-aminofenol (4AP) que serve de fonte de 

carbono e energia. Curiosamente, esta reação provocou rearranjos moleculares adicionais 

que levaram à acumulação de outros 3 metabolitos. Estes rearranjos consistiram em: (i) 

um “NIH shift” do grupo sulfonilo que resultou na formação de ácido 5-amino-2-

hidroxibenzenossulfónico; (ii) um rearranjo de Baeyer-Villiger resultando na migração do 

grupo sulfo-metilisoxazole para o átomo de oxigénio do grupo hidroxilo; e (iii) uma 

hidroxilação inespecífica na posição ortho ou meta do anel de benzeno. Alguns destes 

metabolitos foram previamente observados como resultado da ipso-hidroxilação de outros 

substratos aromáticos. Contudo, estes rearranjos nunca tinham sido observados em 

sulfonamidas. 

A avaliação da instabilidade metabólica da A. denitrificans PR1 levou à descoberta da 

presença de uma actinobactéria de baixa abundância e crescimento lento na mesma 

cultura. Esta nova estirpe, denominada por estirpe GP, aparentou ser um microrganismo 

sintrófico dependente do contacto constante com a A. denitrificans PR1. 

Curiosamente, o SMX e o 4AP apenas foram degradados pelo consórcio das duas bactérias 

e nunca por culturas puras da A. denitrificans PR1. O que indica que a estirpe GP 

desempenha um papel importante neste processo. Duas abordagens independentes foram 

usadas para avaliar a natureza da dependência metabólica da estirpe GP e o processo de 

degradação de sulfonamidas neste consórcio. No primeiro estudo, testaram-se diferentes 

meios de cultura, co-fatores e condições de crescimento. O segundo estudo, focou-se numa 

abordagem de genómica comparativa in silico. 

Os resultados obtidos em ambos os estudos indiciam que a estirpe GP representa uma 

nova espécie e, possivelmente, um novo género dentro da família das Microbacteriaceae. 

Contudo, esta bactéria não apresentou um genoma reduzido como é frequentemente 

observado em microrganismos sintróficos. Ao invés disso esta estirpe mostrou apenas 

uma perda moderada de genes associados à síntese de tetrapirroles e heme e ao 
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transporte de tiol, estes últimos essenciais para a regulação do equilíbrio redox no 

periplasma. A perda destes genes poderá estar associada à perda da capacidade de 

sintetizar citocromos, vitais para o crescimento em aerobiose. No entanto, a incorporação 

de heme, catalase e mesmo de sobrenadante e extratos celulares da A. denitrificans PR1 

não permitiu a formação de colónias isoladas e puras desta Actinobacteria.  

A comparação do genoma da estirpe GP e A. denitrificans PR1 revelou que apenas a 

primeira contém genes homólogos ao operão sadABC, recentemente ligados ao 

metabolismo de sulfonamidas noutras Actinobacteria. Curiosamente, na estirpe GP o gene 

sadA encontra-se codificado dentro de um transposão contendo um transportador yceI, 

uma proteína de resposta SOS e uma transposase da família IS1380, enquanto o sadB e 

sadC se encontram dispersos por outras regiões do seu genoma. 

Um transposão similar foi detetado nos genomas dos degradadores de sulfadiazina, 

Arthrobacter sp. D2 e D4. Também, uma cópia isolada do gene que codifica a transposase 

IS1380 foi detetada no genoma do Microbacterium sp. BR1, longe do seu operão sadABC. 

Os resultados obtidos nesta tese indicam que os microrganismos sintróficos podem 

desempenhar um papel importante na eliminação das sulfonamidas do ambiente. Para 

além disso, a deteção de um transposão similar entre diferentes Actinobacteria sugere que 

a sadA pode ser adquirida por transferência horizontal. Deste modo, estudos adicionais 

são necessários para avaliar o risco de transferência horizontal (HGT) dos genes do operão 

sadABC e potenciais consequências para a saúde humana e animal. 
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Chapter 1 – General introduction 

 

2 
 

1.1 Consequences of the antibiotic era 

The discovery of antibiotics and their introduction into clinical use in the early 20th 

century has revolutionized modern human and veterinary medicine. The advent of 

antibiotics had great impact on human and veterinary health, but also, as has been 

discovered over the past decade, on the environment. 

Current human and animal medicine practices rely heavily on the availability of 

antibiotics. However, the intense and sometimes imprudent use of these antimicrobial 

compounds has led to a widespread environmental contamination with residues of the 

parent compounds or metabolites thereof (Berendonk et al. 2015; Petrie et al. 2015), 

which in turn may favour the development and spread of antibiotic resistance (Aminov 

2010; van Hoek et al. 2011). 

Because antibiotics often leave the body unaltered, antibiotic residues as well as 

antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARG), end up in 

excreta. Via manure application onto agricultural fields and the wastewater treatment 

process they contaminate soil and different water bodies, respectively (FAO 2014; 

Berendonk et al. 2015; Petrie et al. 2015). Today it is generally recognized that wastewater 

treatment plants (WWTP) and animal farming are both potential sources of ARGs and 

ARBs. Here the constant exposure of bacteria at high cell densities to antibiotics residues 

and other stressful conditions may promote the development and spread of resistance 

(Teuber 2001; Rizzo et al. 2013; Manaia et al. 2016) (Fig. 1.1). Therefore, antibiotics are 

being regarded as emerging pollutants, causing the proliferation of ARBs and ARGs in both 

clinical and environmental settings (Baquero et al. 2008; Kemper 2008; Kümmerer 2009; 

Martinez 2009; Carvalho et al. 2015). To tackle the problem of antibiotic resistance and 

contamination we have to go beyond the mere optimization of current treatment 

processes in wastewater treatment plants; first, we need to understand how the presence 

of resistance and the degradation of antibiotics correlate in natural populations. 
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Both knowledge and research on antibiotic resistance are extensive (Blair et al. 2015). 

Furthermore, many studies have been dedicated to the degradation of antibiotics. 

However, few of these studies have described and characterize microorganisms that can 

use antibiotics as carbon and energy source, i.e., "antibiotrophs" (Dantas et al. 2008; 

Barnhill et al. 2010). Research on degradation and subsistence has been intensified in the 

last decade, but knowledge on these antibiotic degraders is still scarce, and their role in 

the environment poorly understood. Beyond their value as tools for bioremediation and 

biological treatment in WWTP, understanding these organisms may also be a way to 

understand the evolution of resistance (Fig. 1.1). Recent studies suggest that antibiotic 

degraders can protect susceptible members of the microbial community by removing the 

antibiotic and thus abolishing the need of the latter to acquire resistance genes of their 

own (Nicoloff and Andersson 2016; Sorg et al. 2016). This mechanism, known as indirect 

resistance, poses serious risks in clinical settings and it is often linked to antibiotic therapy 

failures. However, we lack knowledge of the role of this mechanism in environmental 

settings. Research on antibiotic degradation could hold the key to understand the 

equilibrium between resistance and susceptibility and the evolution of resistance itself. 

For sulfonamides especially the subsistence phenotype has been established, as many 

heterotrophic bacteria were found to use these drugs as carbon and energy source. 

Furthermore, the enzymes responsible for this transformation have been identified. Some 

of these sulfonamide-degrading bacteria were found to carry additional resistance genes 

(e.g., sul1), raising important questions regarding the interactions between degradation 

and traditional resistance mechanisms. However, many studies fail to explore the 

molecular basis of antibiotic degradation. Hence, it is still unclear if antibiotic degradation 

evolves strictly in antibiotic-resistant bacteria (i.e., those who already carry traditional 

resistance genes) or if the evolution of these two mechanisms is independent. 
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Figure 1.1. - Vicious cycle for the development of antibiotic resistance and degradation in bacteria and 
the potential interplay between these two mechanisms on the development and spread of new 

mechanisms of resistance. The WWTP image is courtesy of the Integration and Application Network 
(ian.umces.edu/symbols); vectors graphics are designed by FreePik (www.freepik.com); the molecular 

structure is from tetX enzyme – PDB ID 2XDO (Volkers et al. 2011) – obtained from RCSB PDB 
(www.rcsb.org). 

 

1.2 A brief history of sulfonamide antibiotics 

Since the discovery of the antimicrobial properties of sulfanilamide in the 1930s by the 

German pathologist and bacteriologist Gerhard Domagk, sulfonamides have had a long 
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history of success. These synthetic antibiotics are structural analogs of p-aminobenzoic 

acid (Table 1.1) that compete for the active sites of dihydropteroate synthetase (DHPS) 

and, as a result, block the synthesis of folic acid (Masters et al. 2003). 

Since the discovery of sulfanilamide, more than 5,000 different molecules of this class of 

antibiotics have been developed (Rang et al. 2003). Currently, the most commonly used 

sulfonamide for human therapy is sulfamethoxazole (SMX) in combination with 

trimethoprim, known as co-trimoxazole. Trimethoprim is a diaminopyrimidine first 

introduced in 1962 (Huovinen 1987). Despite being structurally different from 

sulfonamides, trimethoprim shares most of the antibacterial spectrum and mechanism of 

action with the antibiotics of this class. It acts by inhibiting dihydrofolate reductase 

(DHFR), a downstream enzyme also involved in the synthesis of folic acid. Used separately, 

these drugs are bacteriostatic, but the synergistic combination of SMX and trimethoprim 

bears them bactericidal properties (Poe 1976; Huovinen 1987). 

Co-trimoxazole is primarily used to treat urinary tract infections (targeting members of 

the family Enterobacteriaceae), respiratory tract infections (Streptococcus pneumoniae, 

Haemophilus influenzae, and Moraxella catarrhalis), gastrointestinal infections (Salmonella 

spp. and Shigella spp.), and skin-associated infections (Staphylococcus aureus and S. 

epidermidis). It is also the drug of choice for treatment and prophylaxis of Pneumocystis 

jiroveci pneumonia in HIV-infected patients (Masters et al. 2003). Furthermore, high doses 

of co-trimoxazole were shown to be effective against methicillin-resistant Staphylococcus 

aureus (MRSA) infections (Cassir et al. 2014). 

Substantial use of other sulfonamide antibiotics in human therapy (i.e., sulfamethizole and 

sulfadimethoxine) has been reported only in a few European countries (Coenen et al. 

2011; Gelband et al. 2015). Conversely, sulfadiazine, sulfamethazine, and sulfathiazole are 

mostly used for therapy and prophylaxis in veterinary medicine and animal husbandry 
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(Sarmah et al. 2006). Besides their therapeutic applications, sulfonamides are also often 

employed as growth promoters in animal husbandry (García-Galán et al. 2008). 

Table 1.1. - General chemical structure of the most commonly used sulfonamide antibiotics, composed by 

an aniline moiety, a sulfonamide group and a heterocyclic moiety (R), adapted from Ingerslev and 

Halling-Sørensen (2000). 

General structure Sulfonamide Heterocyclic moiety (R) 

 

Sulfanilamide  

Sulfamethoxazole 

 

Sulfamethizole 

 

Sulfadimethoxine 

 

Sulfadiazine 

 

Sulfamethazine 

 

Sulfathiazole 

 
 

Resistance against these antibiotics emerged not long after their introduction into clinical 

use (Huovinen et al. 1995), which is now restricting their use for human therapy (Sköld 

2000). For both sulfonamides and trimethoprim, resistance occurs mainly by mutation of 

the chromosomally encoded DHPS (folP gene) and DHFR or by plasmid-mediated 

horizontal gene transfer (HGT) of insensitive versions of these enzymes (Sköld 2000; 

Sköld 2001; Perreten and Boerlin 2003). For sulfonamide antibiotics, several widespread 

genes encoding for mutated versions of folP have been described, namely, sul1, sul2, sul3 

and sul4 (Sköld 2000; Perreten and Boerlin 2003; Razavi et al. 2017). Also, SmeDEF efflux 
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transporters were found to confer resistance to sulfonamides and trimethoprim alike 

(Sánchez and Martínez 2015). 

Despite the high levels of resistance, these antibiotics are still widely used mainly in 

veterinary medicine. The applied amounts are close to those of tetracyclines and beta-

lactams, which are the two most-consumed antibiotics in this sector (Sarmah et al. 2006; 

European Medicines Agency - EMA 2016). Due to their intensive use, persistence and 

inconsistent removal in conventional WWTP (Chen and Xie 2018), these drugs have 

become widespread micropollutants: they are frequently detected in surface water, 

groundwater and drinking water at 12 µg/l, 113 ng/l and 116 ng/l, respectively (Göbel et 

al. 2005; García-Galán et al. 2008; Zhang and Li 2011; Suzuki and Hoa 2012; Deng et al. 

2018). Despite their limited adsorption to sediments, sulfonamides can also pollute soils 

through the use of antibiotic-contaminated manure (Deng et al. 2018). Indeed, 

sulfonamides are frequently detected in agricultural soils in concentrations up to 760 

µg/kg (Deng et al. 2018). 

In the next sections, we will focus on SMX since it is the model substance of sulfonamides 

and the main focus of this thesis. Firstly, we will discuss biotransformation reactions 

(section 1.3), and later, known biodegradation reactions entailing the cleavage of the 

sulfonamide bond (section 1.4.1) or the breakdown of the isoxazole ring (section 1.4.2). A 

similar underlying mechanism has been shown to mediate the transformation of several 

sulfonamide antibiotics. Hence, the transformation of other sulfonamides is discussed in 

section 1.5 and compared with SMX degradation. 

1.3 Sulfamethoxazole biotransformation 

The biotransformation of SMX (Fig. 1.2, Table 1.2) by pure cultures under aerobic 

conditions and in the presence of additional nutrients was first characterized by Gauthier 

et al. (2010) and Larcher and Yargeau (2011). For Rhodococcus rhodochrous (Gauthier et 

al. 2010), the authors observed a substitution of the primary amine in the aniline moiety 



Chapter 1 – General introduction 

 

8 
 

with a hydroxyl group. This yielded a product (SMX-1, Fig. 1.2) that could not be further 

metabolized by this strain. Later, for Rhodococcus equi and Pseudomonas aeruginosa, the 

same authors hypothesized the biotransformation of SMX into N4-acetylsulfamethoxazole 

(SMX-2, Fig. 1.2), which would be further transformed into an alcohol derivative (possibly 

N4-hydroxy-acetylsulfamethoxazole, SMX-2.1, Fig. 1.2) that accumulated at low amounts 

(Larcher and Yargeau 2011). Subsequently, Zhang et al. (2016) observed that a strain of 

Alcaligenes faecalis would also transform SMX into N4-acetylsulfamethoxazole (SMX-2, Fig. 

1.2). Besides, the same strain also accumulated a second metabolite, hydroxylamine 

sulfamethoxazole (SMX-2.2, Fig. 1.2) (Zhang et al. 2016).  Interestingly, both N4-

acetylsulfamethoxazole and hydroxylamine sulfamethoxazole are one of the main human 

metabolites for this antibiotic (Cribb and Spielberg 1992; García-Galán et al. 2008). 

A later study by Reis et al. (2018b) showed that the N4-acetylation of SMX was a fairly 

common microbial transformation process. In this study, the authors showed that multiple 

Proteobacteria strains isolated from mineral water (Pseudomonas spp., Brevundimonas 

spp. and Stenotrophomonas spp.) catalyzed the acetylation of SMX when grown in complex 

and rich medium, without accumulating other transformation products. 

Noticeable, complex microbial communities in aerobic conditions were found to 

accumulate different products. For instance, incubations of soil amended with SMX led to 

the identification of an N1-acetylated metabolite (SMX-3, Fig. 1.2) in addition to the N4-

acetylated metabolite reported above for pure cultures (Koba et al. 2017). 

SMX was also reported to be transformed into 4-nitro-sulfamethoxazole (SMX-4 Fig. 1.2) 

by activated sludge enriched for ammonia-oxidizing bacteria (AOB) under aerobic 

conditions with ammonium (NH4+) as an energy source (Kassotaki et al., 2016). Indeed, 

the transformation of SMX on these environments was concomitant with nitrification. 

Besides, the addition of allylthiourea (ATU) completely suppressed this process, strongly 
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indicating that copper-containing enzymes, like ammonia-monooxygenase (AMO), may be 

responsible for the transformation of SMX.  

Communities consisting of a mixture of river water and sediment under anoxic conditions 

with NO3- as an electron acceptor were observed to transform SMX into 4-nitro-

sulfamethoxazole and desamino-sulfamethoxazole (SMX-4 and 4.1, Fig. 1.2) (Banzhaf et al. 

2012; Nödler et al. 2012; Barbieri et al. 2012). Both these products were formed 

concomitantly with SMX degradation and nitrate reduction. Nevertheless, once the nitrite 

was fully consumed, 4-nitro-sulfamethoxazole reverted back to its original parental form, 

suggesting that SMX concentration in the environment may fluctuate depending on nitrate 

availability. 

Particular consideration should be given to such biotransformation products when 

evaluating elimination rates. In some cases, only minor changes of the molecule occur, 

without elimination of the antibiotic activity or even resulting in an increased toxicity (e.g., 

4-nitro-sulfamethoxazole) (Majewsky et al. 2014); in other cases, the metabolites can 

retransform back into the parental form. The latter process was also demonstrated by 

Radke et al. (2009) for N4-acetylsulfamethoxazole in microcosm experiments with river 

water and sediment at a 3:1 ratio incubated in the darkness at 20 °C, an initial pH of 8 

during 64 days.  

Hence, even though some SMX products may exhibit lower toxicity compared to their 

parental form, such as N4-acetylsulfamethoxazole (Majewsky et al. 2014), SMX 

transformation does not guarantee complete detoxification of the drug because the 

metabolites may be quickly reverted (Radke et al. 2009). 
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1.4 Sulfamethoxazole biodegradation 

1.4.1 Cleavage of the sulfonamide bond 

The earliest observations regarding the potential of aerobic heterotrophic bacteria to 

cleave SMX was first noted in activated sludge by Ingerslev and Halling-Sørensen (2000) 

and Pérez et al. (2005). In 2013, Müller and collaborators showed that activated sludge 

communities could degrade this antibiotic in either the presence or absence of additional 

carbon and nitrogen sources (Müller et al. 2013). Nevertheless, depending on nitrogen 

availability, two parallel metabolic pathways could occur. In the presence of additional 

carbon and nitrogen sources, SMX was fully converted into 3-amino-5-methylisoxazole 

(3A5MI, SMX-5, Fig. 1.2), which lacks antibiotic activity (Majewsky et al. 2014). These 

authors also observed that SMX degradation was faster in the absence of additional carbon 

and nitrogen sources. Nevertheless, continuous cultivation under these conditions caused 

a decrease in overall metabolic activity, but it remained unclear whether this happened 

because the drug is a poor carbon source for heterotrophic bacteria or because continuous 

exposure actively selected for degrader strains, decreasing the overall microbial diversity 

and activity of the sludge microbiota. 

Studies with single bacterial strains further supported these findings. Very often, these 

strains were shown to cleave the sulfonamide bond resulting in the accumulation of the 

heterocyclic moiety as a dead-end product, while using the aniline moiety as carbon and 

energy source (Bouju et al. 2012; Topp et al. 2012; Ricken et al. 2013; Topp et al. 2016). 

Ricken et al. (2013) demonstrated that the degradation of SMX by Microbacterium sp. BR1 

was initiated by ipso-hydroxylation of the aniline moiety, resulting in the cleavage of the S-

N bond and accumulation of 3A5MI (SMX-5, Fig. 1.2). Concomitantly, sulfite and 4-

aminophenol (SMX-6, Fig. 1.2) were transiently accumulated (Ricken et al. 2013), and the 

latter was further transformed into 1,2,4-trihydroxybenzene (THB, SMX-6.2) presumably 

via hydroquinone (HQ, SMX-6.1, Fig. 1.3) (Ricken et al., 2015a). Enzymes that cleave the 
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aromatic ring of trihydroxybenzene are widespread; therefore THB can be transformed 

into cis-cis-muconic acid before being channeled into the central metabolism via the citric 

acid cycle (Vaillancourt et al. 2006). 

In 2017, a two-component flavin-dependent monooxygenase (SadA) was identified as the 

enzyme responsible for the initial ipso-hydroxylation of sulfonamide molecules resulting 

in the release of 4-aminophenol (SMX-6, Fig. 1.2) (Ricken et al. 2017). The gene that 

encodes SadA is contained in a cluster that also bears a second flavin-dependent 

monooxygenase (SadB) and an FMN reductase (SadC). E. coli cells expressing SadB were 

shown to transform 4-aminophenol into THB (SMX-6.2, Fig. 1.2), and SadC provided 

reduced FMN for both SadA and SadB.  

More recently, Mulla et al. (2018) isolated three SMX-degrading strains from wastewater, 

activated sludge, and pig manure (Table 1.2) affiliated to Actinobacteria (Gordonia sp.) and 

Proteobacteria (Ochrobactrum sp. and Labrys sp.). The authors confirmed the presence of 

4AP, 3A5MI, and HQ as main metabolites in cell-free supernatants. To date, no draft 

genomes were obtained for these bacterial strains, however the presence of the same 

metabolites accumulated by Microbacterium sp. BR1 suggests the same underlying 

mechanism for SMX transformation and possibly the presence of homologs encoding for 

the conserved sulfonamide monooxygenase (SadA). 

Contrarily to the other Proteobacteria isolates, the cold-adapted Pseudomonas 

psychrophila HA-4 has been reported to degrade SMX through a different pathway (Jiang 

et al. 2014). In this study, sulfanilamide (SMX-7.2, Fig. 1.2) was detected instead of 4-

aminophenol, suggesting that the cleavage occurs through hydrolysis of the N-C bond. This 

initial hydrolysis led to the formation of the unstable 4-amino-N-hydrobenzesulfonamide 

(hypothetical, SMX-7) followed by deamination and desulfurization into aniline (SMX-7.1) 

and release of sulfanilamide (SMX-7.2) through an unknown pathway. However, 3A5MI 

(SMX-5) was also detected suggesting that SMX may be transformed by two independent 
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pathways in this strain: (i) the S-N cleavage, similar to Microbacterium sp. BR1 (Ricken et 

al. 2013), and (ii) the N-C hydrolysis resulting in the transient accumulation of aniline and 

sulfanilamide. 4-aminothiophenol (SMX-8) was also detected in this study; however, the 

underlying mechanism for this transformation could not be further elucidated and, to the 

best of our knowledge, no other isolates were shown to catalyze a similar reaction. 

1.4.2 Cleavage of the isoxazole ring 

Cleavage of the isoxazole ring has been first reported in anaerobic conditions. For 

instance, Mohatt et al. (2011), who investigated the transformation of SMX in soil under 

anaerobic Fe(III)-reducing conditions, found that the predominant reaction was the 

reductive cleavage of the N-O bond in the isoxazole group. This cleavage formed an 

unstable radical anion, which led to parallel reactions resulting in several stable dead-end 

products (SMX-9 to 9.3, Fig. 1.2), without cleavage of the S-N bond. However, the same 

reductive cleavage was observed in abiotic conditions with Fe(II) and goethite, suggesting 

that this reaction could be merely a by-product of the Fe(III) reduction carried out by soil 

microbiota and not the result of catalysis by specific enzymes. Similar dead-end products 

were reported by Jia et al. (2017) and by Alvarino et al. (2016), which observed the 

cleavage of the isoxazole moiety in sulfate-reducing conditions and in activated sludge 

under anaerobic conditions with a complex substrate mixture (skimmed milk and 

bicarbonate) (not shown). This finding suggests that the isoxazole moiety could be more 

easily degraded under reducing conditions, regardless of the nature of the electron 

acceptor. Alvarino et al. (2016) showed that despite the quick reduction of the isoxazole 

moiety, limited mineralization occurred (between 1.2% and 2.2%), implying that contrary 

to its behavior in aerobic conditions, the aniline moiety may remain intact.  
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Figure 1.2 - Summary of the main metabolites detected during biotransformation (orange arrows) and biodegradation (dark arrows) of SMX by individual bacteria and 
complex microbial communities under aerobic and anaerobic conditions. 
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Table 1.2. - Microbial communities and single bacterial strains able to degrade the antibiotic sulfamethoxazole. 

Class Order Organism Origin Conditions Identified metabolites Reference 

Complex microbial community 

Activated sludge Aerobic 3A5MI (SMX-5) and an additional 
uncharacterized metabolite 

[1] 

Soil Anaerobic (Fe3+ 
reducing) 

Cleavage of the N-O bond in the oxazole 
moiety (SMX-9 to 9.3) 

[2] 

Water/ sediment Anoxic (nitrate 
reducing) 

4-nitro-sulfamethoxazole (SMX-4); desamino-
sulfamethoxazole (SMX-4.1) 

[3], [4] 

Anaerobic digester 
sludge 

Anoxic (MFC) Benzenesulfinic acid (SMX-10); 3A5MI (SMX-
5) and isopropanol (SMX-5.1) 

[5] 

Actinobacteria Actinomycetales 

Rhodococcus sp. BR2 Membrane reactor Aerobic N.d. [6] 
Microbacterium sp. BR1 Membrane reactor Aerobic 4-aminophenol (SMX-6); HQ (SMX-6.1); THB 

(SMX-6.2); 3A5MI (SMX-5), sulfite and CO2 
[6], [7], [8] 

Rhodococcus rhodochrous 
ATCC 13808 

Culture collection  Aerobic Hydroxyl-N-(5-methyl-1,2-oxazole-3-
yl)benzene-1-sulfonamide (SMX-1) 

[9] 

Rhodococcus equi ATCC 
13557 

Culture collection Aerobic N4-Hydroxy-acetylsulfamethoxazole (SMX-
2.1) 

[10] 

Gordonia sp. SMX-W2-
SCD14 

Activated sludge Aerobic 4-aminophenol (SMX-6); HQ (SMX-6.1); 
3A5MI (SMX-5) 

[11] 

Alphaproteobacteria Rhizobiales 
Ochrobactrum sp. SMX-
PM1-SA1 

Pig manure 
Aerobic 

4-aminophenol (SMX-6); HQ (SMX-6.1); 
3A5MI (SMX-5) 

[11] 
Labrys sp. SMX-W1-SC11 Wastewater 

Betaproteobacteria Burkholderiales 

Alcaligenes faecalis CGMCC 
1.0767 

Culture collection Aerobic N4-Acetylsulfamethoxazole (SMX-2); 
Sulfamethoxazole hydroxylamine (SMX-2.2)  

[12] 

Ralstonia sp. HB1 and HB2 
Achromobacter sp. BR3 

Membrane reactor Aerobic N.d. [6] 

Gammaproteobacteria Pseudomonadales 

Pseudomonas aeruginosa 
PA01* 

Culture collection Aerobic N4-Acetylsulfamethoxazole (SMX-2) [10], [13] 

P. psychrophila HA-4 Activated sludge Aerobic 3A5MI (SMX-5); 4-aminothiophenol (SMX-8); 
4-amino-N-hydrobenzesulfonamide (SMX-7); 
aniline (SMX-7.1); sulfanilamide (SMX-7.2) 

[14] 

P. mandelii McBPA4a Mineral water Aerobic N4-Acetylsulfamethoxazole (SMX-2) [15] 

N.d. not determined. a Several other strains affiliated to Proteobacteria were shown to catalyze this transformation in this study; *Genome sequences are available for these strains. 

References: [1] Müller et al. (2013); [2] Mohatt et al. (2011); [3] Banzhaf et al. (2012); [4] Nödler et al. (2012); [5] Wang et al. (2016); [6] Bouju et al. (2012); [7] Ricken et al. (2013); 

[8] Ricken et al. (2015); [9] Gauthier et al. (2010); [10] Larcher and Yargeau (2011); [11] Mulla et al. (2018); [12] Zhang et al. (2016); [13] Stover et al. (2000); [14] Jiang et al. (2014); 

[15] Reis et al. (2018b). 
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This instability of the isoxazole moiety of SMX was also observed in anoxic conditions by 

Wang et al. (2016). In microbial fuel cells (MFCs) with potassium ferricyanide as an 

electrolyte in the cathode chamber, SMX could be cleaved with the accumulation of 

benzenesulfinic acid and 3A5MI (SMX-10 and SMX-5, respectively) (Wang et al. 2016). In 

contrast with aerobic degradation of SMX, 3A5MI could be effectively degraded in these 

conditions whereas the benzene ring was not cleaved and accumulated as a dead-end 

metabolite (Wang et al. 2016). The further degradation of 3A5MI was confirmed by 

feeding MFCs directly with this intermediate, which yielded isopropanol as a final product 

(SMX-5.1, Fig. 1.2).  

Mulla et al. (2018) were the first authors reporting the degradation of 3A5MI under 

aerobic conditions, by bacterial isolates from Actinobacteria and Proteobacteria phyla. 

Unfortunately, no further products of 3A5MI transformation have been identified. 

However, these findings suggest that this moiety may not accumulate in the environment, 

even if it is released as a dead-end product of SMX degradation by some bacterial strains. 

1.5 Biotransformation and biodegradation of other sulfonamides 

Biotransformation of other sulfonamide antibiotics has not been so extensively studied. 

However, many sulfonamide antibiotics have been shown to undergo similar N4-

acetylation and hydroxylation reactions as described extensively for SMX in section 1.3 

(Ascalone 1981; Nouws et al. 1987; Lamshöft et al. 2007). However, to the best of our 

knowledge, these metabolites are yet to be detected in environmental samples. 

Conversely, in anaerobic conditions, only some sulfonamides were reported to undergo 

biotransformation. Mohring et al. (2009) and Mitchell et al. (2013), studied sulfadiazine 

and sulfamethazine degradation in anaerobic digesters inoculated with sludge and 

manure. These authors found that sulfadiazine was extensively transformed by 

hydroxylation of the pyrimidine ring, whereas sulfamethazine, with two methyl groups 

attached to the pyrimidine ring, was not transformed at all.  
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As for SMX, biodegradation of other sulfonamide antibiotics has been reported. Yang et al. 

(2015) studied on the degradation of sulfamethazine, a pyrimidine-substituted 

sulfonamide, by activated sludge from a municipal WWTP. The process was characterized 

by quick sorption to the sludge and a slow biodegradation process (Yang et al. 2015). 

Biodegradation yielded sulfanilic acid and sulfamethazine dimers as transient metabolites, 

but no metabolic pathway was proposed (Yang et al. 2015). 

Liao et al. (2016) reported the degradation of sulfanilamide, a sulfonamide lacking 

heterocyclic moiety, by acclimatized biomass from a pilot-scale biological-activated-

carbon filter system used to treat contaminated lake water. In this study, a slight increase 

in optical density occurred concomitantly with sulfanilamide degradation and led to the 

assumption that these microorganisms could use sulfanilamide as a source of carbon. The 

authors identified (i) benzene sulfonamide (loss of the primary amine, SML-1, Fig. 1.3) and 

(ii) hydroxylamine benzene sulfonamide (hydroxylation of the primary amine, SML-1.2, 

Fig. 1.3) as metabolic products. Another metabolite was found in this study, (iii) p-

phenylenediamine (“extrusion” of the sulfonyl group, SML-1.3, Fig. 1.3); however, the 

reactions leading to its formation are difficult to explain from a mechanistic point of view. 

Besides, the authors studied the microbial diversity of the acclimatized microbial 

community, identifying Bacillus and Chryseobacterium as the dominant genera. These 

microorganisms were not explicitly linked to sulfonamide degradation, and it is unclear 

whether sulfanilamide was mineralized because CO2 release was not assessed. 

 

Figure 1.3 – Sulfanilamide degradation in biological-activated-carbon filter system described by Liao et 
al. (2016). 
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Biodegradation of other sulfonamide antibiotics was also reported by Ricken et al. (2013). 

These authors showed that Microbacterium sp. BR1 could degrade several sulfonamides 

(i.e., sulfadiazine, sulfadimethoxine, sulfamethazine, sulfamethizole) through the same 

underlying mechanism as the one observed for SMX transformation. Furthermore, for all 

investigated compounds, the corresponding heterocyclic moieties were released as dead-

end products. However, the degradation rates were significantly different among the 

different sulfonamides (Ricken et al. 2013). These findings suggest that the nature and 

bulkiness of the heterocyclic group influence the affinity of each sulfonamide for the active 

site(s). From a mechanistic point of view, two features of the moiety bearing the 

heteroatom affect the kinetics of degradation. The first is its ability to accept the 

delocalized electron pair resulting from hydroxylation at the ipso-position, and the second 

is its ability to give rise to several resonance structures. 

Further studies with single bacterial isolates frequently showed that sulfonamide 

degradation is often accompanied by the accumulation of their corresponding heterocyclic 

moieties. For example, 2-aminopyrimidine (SDZ-1, Fig. 1.4) has been detected in culture 

supernatants of the sulfadiazine degraders Microbacterium lacus sp. SDZm4 (Tappe et al. 

2013) and Arthrobacter spp. strains D2 and D4, respectively (Deng et al. 2016), while 2-

amino-3,4-dimethylpyridine (SMT-1, Fig. 1.4) is accumulated by sulfamethazine-degrading 

isolates from the genus of Microbacterium as described by Topp et al. (2012). The 

presence of these metabolites hinted that the same underlying mechanism could be 

involved in sulfonamide-degradation by these bacterial isolates and Microbacterium sp. 

BR1. Subsequently, the analysis of the draft genomes of these strains revealed that all 

these isolates shared a highly conserved sulfonamide monooxygenase (SadA) that was 

shown to ipso-hydroxylate the SMX molecule and released 3A5MI as a stable dead-end 

metabolite in Microbacterium sp. BR1 (Ricken et al. 2017). 

Eventually, some of these dead-end products were also found to be susceptible to 

degradation. For instance, the two Arthrobacter sp. strains were found to only transiently 
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accumulate 2-aminopyrimidine and to further hydroxylate it (2-amino-

hydroxypyrimidine, SDZ-1.1, Fig. 1.4) and presumably use it as a carbon source as well. 

Furthermore, even bacteria unable to degrade sulfonamides may degrade this dead-end 

product, as shown in a study by Tappe et al. (2015), which described a Terrabacter sp. 

strain isolated from a sulfadiazine-enriched sample able to hydroxylate 2-

aminopyrimidine into 2-amino-hydroxypyrimidine (SDZ-1.1) and to further mineralize 

this aromatic molecule. 

 

Figure 1.4 – Biodegradation of sulfadiazine and sulfamethazine by several bacterial strains under 
aerobic conditions. 

 

1.6 Sulfonamide degradation by ligninolytic enzymes 

Ligninolytic enzymes have also been shown to degrade sulfonamide antibiotics. Eibes et al. 

(2011) investigated the degradation of SMX by versatile peroxidase of the filamentous 

fungi Bjerkandera adusta. As observed in previous studies with heterotrophic bacteria, 

degradation by peroxidase yielded 3A5MI as the main stable metabolite. Carboxylic acids 
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(acetic and oxalic acid) and anions (nitrate, nitrite, and sulfate) were detected, suggesting 

that the aniline ring was effectively degraded by this enzyme, possibly through ipso-

hydroxylation of the molecule as described by Ricken et al. (2013). 

1.7 Feasibility of bioaugmentation and bioremediation to attenuate 

sulfonamides contamination 

The research of Yang et al. (2016) explored the potential application of ligninolytic 

enzymes in bioremediation strategies. The authors applied spent mushroom compost 

(SMC, a potential source of ligninolytic enzymes) from Pleurotus eryngii to a soil-sludge 

mixture. On its own, SMC did not completely mineralize the sulfonamides. However, the 

unknown degradation products could be further mineralized easily. 

Despite recent advances in the molecular characterization of bacterial sulfonamide 

degraders, few studies have assessed the feasibility of applying these degraders to 

attenuate sulfonamide degradation and resistance. 

These strains may not perform well under environmental conditions, as Fenu et al. (2015) 

observed in membrane bioreactors spiked with Microbacterium sp. BR1 operating at 

temperatures below 20 °C and with 120-60 ng/l SMX. Compared to control experiments, 

this specialized strain did not improve SMX removal, because it was unable to thrive at 

low temperatures and to degrade the antibiotic at environmentally relevant 

concentrations. 

Because some sulfonamide degraders were also shown to carry highly conserved 

sulfonamide resistance genes (Ricken et al. 2017), the direct application of these 

degraders may further promote an undesirable spread of resistance. A few studies have 

addressed this issue. For instance, Vila-Costa et al. (2017) investigated the correlation 

between SMX degradation and the spread of known resistance genes (sul1 and sul2) in 

mesocosms with river water and biofilm from pristine and polluted environments. The 

authors observed an interesting effect, especially at high SMX concentrations (5 µg/l) in 
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waters from pristine environments: the quick degradation of the antibiotic lead to a 

reduced spread of the known resistance genes. These findings suggest that degradation 

may, in fact, decrease the horizontal gene transference of resistance genes and the 

proliferation of antibiotic-resistant bacteria. This study did not take into account a robust 

assessment of microbial diversity and overlooked the amount of mineralization. 

Nevertheless, it raised new and interesting questions regarding the role of these antibiotic 

degraders in achieving the equilibrium between antibiotic resistance and susceptibility in 

natural communities. 

1.8 Microbial cooperation and pollutant degradation 

As previously observed, the degradation of pollutants in the environment can result from 

metabolic cooperation between different members of a microbial community (Morris et al. 

2013; Pande and Kost 2017). Perhaps the most compelling evidence of metabolic 

cooperation in the degradation of sulfonamides is the study of sulfadiazine degradation in 

lysimeter experiments by Tappe et al. (2013; 2015). Earlier studies with 14C labeled 

sulfadiazine in lysimeters indicated substantial degradation of both the aniline and the 

pyrimide moieties of this antibiotic (Tappe et al. 2013). Nevertheless, first isolation 

attempts led only to the purification of Microbacterium lacus SDZm4 (Tappe et al. 2013), 

that mineralized the aniline moiety and released 2-aminopyrimidine (SDZ-1, Fig. 1.4a) as a 

dead-end metabolite. This finding suggested that other members of the community could 

further transform the heterocyclic moiety of sulfadiazine. 

Indeed, a posterior enrichment with 2-aminopyrimidine using lysimeter biomass as 

inoculum led to the isolation of a Terrabacter sp. strain. This strain was shown to 

hydroxylate 2-aminopyrimidine into 2-amino-hydroxypyrimidine (SDZ-1.1, Fig. 1.4a) and 

to further use it as a carbon source (Tappe et al. 2015). In this way, in the sulfadiazine-

acclimatized lysimeters, this antibiotic appears to be initially cleaved by M. lacus that 
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mineralizes the aniline moiety and releases 2-aminopyrimidine as a dead-end metabolite 

that, in turn, serves as a carbon source for Terrabacter sp. 

In this study, M. lacus and Terrabacter sp. could grow independently and appeared to 

cooperate only in the breakdown and mineralization of sulfadiazine. However, the 

evolution of environmental communities in heavily polluted environments is frequently 

driven by different selecting agents that often lead to niche-specialization and, 

consequently, to the onset of complex microbial cooperation strategies (Stewart 2012; 

Ponomarova and Patil 2015). 

Many environmental microorganisms recurrently exchange metabolites or co-factors and 

often associate with xenobiotic-degraders to thrive in polluted environments (Schloss and 

Handelsman 2005; Merhej et al. 2009; Stewart 2012; Morris et al. 2013; Ponomarova and 

Patil 2015; Widder et al. 2016). These associations are commonly referred to as microbial 

syntrophy or cross-feeding, and they result from long-term and stable interactions 

between organisms within a given niche. This phenomenon has been extensively 

discussed by several authors; however, there is a lack of consensus in the literature 

regarding the best classification system (Estrela et al. 2012; Morris et al. 2013; Pande et al. 

2015). From a microbial ecology perspective, perhaps the most appropriate approach has 

been outlined by Estrela et al. (2012). In this study the authors divide microbial syntrophy 

into several categories; however, they have also highlighted that the outcome of these 

associations is often hard to predict: 

i. Mutualism (one-way or two-way): when the benefits of the association outweigh 

the competitive costs. An example of this type of association has been reported in 

the mutualistic interaction between Desulfovibrio vulgaris (a sulfate-reducing 

bacterium) and Methanococcus maripaludis (a methanogenic archaeon) in 

anaerobic communities. These microorganisms were shown to exchange electrons 
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with the purpose of gaining energy in the degradation of lactate into acetate and 

methane (Stolyar et al. 2007); 

ii. Competition: when the effect of the interaction is detrimental for the members of 

the community. These type of associations are common in natural communities 

because most bacteria have to compete with their neighbors for limited space and 

resources. A prevalent example is that of antibiotic producers that excrete 

antimicrobial compounds to kill or inhibit other members of the community and, 

therefore, gain better access to resources (Hibbing et al. 2010);   

iii. Exploitation: when one member of the community benefits at the expense of 

other(s). Microorganisms may exploit public goods (metabolically expensive 

molecules that diffuse to the environment) or other microorganisms and thus 

become opportunistic. This behavior can be observed in co-culture experiments 

with Pseudomonas aeruginosa and a polymer-degrader Aeromonas hydrophila 

(Jagmann et al. 2010). When growing on chitin, P. aeruginosa would arrest the 

citric acid cycle in A. hydrophila by producing secondary metabolites (quorum 

sensing regulative molecules) and profit from the acetate released by this 

bacterium during the degradation of the polymeric resource. 

These type of microbial interactions frequently lead to gene loss and, consequently, to 

“unculturability” under standard laboratory conditions (Stewart 2012; Morris et al. 2013; 

Pande and Kost 2017). This phenomenon in environmental microbial populations can be 

driven by nutrient availability and spatial distribution of microorganisms, and it is often 

illustrated by the “black queen hypothesis” (Morris et al. 2012). This hypothesis states that 

when a nutrient is abundant, auxotrophic mutants unable to synthesize it become favored 

and gain a fitness advantage when compared to prototrophs. Indeed, most studies on 

bacterial syntrophy report dependency on essential nutrients produced by prototrophs 

such as amino acids, vitamins, growth factors (e.g., siderophores) or proteins (Pande and 

Kost 2017). However, an increasing number of studies show that detoxification and 
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pollutant degradation can also drive microbial cooperation (Schloss and Handelsman 

2005; Merhej et al. 2009; Stewart 2012; Widder et al. 2016). This type of cooperation has 

been previously reported in the degradation of terephthalate, an essential raw material 

used in the production of many plastics (Lykidis et al. 2011; Wu et al. 2013). These 

terephthalate-degrading organisms thrive in an intricate network formed between H2-

producing syntrophs and methanogenic archaea, with numerous other secondary 

interactions essential for the stability of the consortium (Lykidis et al. 2011; Wu et al. 

2013). 

Similarly, anammox bacteria which carry out the anaerobic removal of ammonium, are 

reported to form stable biofilm communities with ammonia-oxidizing (AOB) and nitrite-

oxidizing bacteria (NOB) (Jetten et al. 2005a; Jetten et al. 2005b; Oshiki et al. 2013). 

Indeed, a delicate balance between these microbial populations is reported to be essential 

to guarantee optimal nitrogen removal efficiencies and to protect the sensitive anammox 

from atmospheric O2 (Jetten et al. 2005a; Kindaichi et al. 2007; Oshiki et al. 2013; Ma et al. 

2015). 

Interestingly, none of these groups have pure culture representatives. To better 

understand detoxification and degradation in the environment high-throughput 

methodologies such as functional metagenomics should complement culture-dependent 

approaches. These approaches have proven to be successful for the discovery of new 

tetracycline oxidoreductases (Diaz-Torres et al. 2003; Forsberg et al. 2015). For instance, 

Diaz-Torres et al. (2003) isolated a novel tetracycline modifying enzyme, Tet37, using 

functional metagenomics with oral-microbiome samples from healthy individuals. This 

new gene carried out the NADPH-dependent transformation of this antibiotic conferring a 

high level of resistance to aerobically grown transformed Escherichia coli. More recently, 

Forsberg et al. (2015) investigated farm and grassland soil using functional metagenomics 

and a human pathogen (Legionella longbeachae) in search for enzymes that could cause 

resistance to tetracyclines. The study identified nine new flavoproteins able to oxidize 
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tetracyclines; these enzymes were found to be structural homologs to the initially 

described oxidoreductase TetX (Yang et al. 2004; Volkers et al. 2011), but shared little 

amino acid similarity with this gene. 

1.9 Main objectives of this study 

Sulfonamide consumption is still highly prevalent in animal farming and veterinary 

medicine leading to a dependency on these antibiotics and high levels of contamination 

and resistance. Recently, sulfonamide degradation has been reported in many 

heterotrophic bacteria and linked to the presence of a sad cluster consisting of a 

sulfonamide monooxygenase (sadA), 4-aminophenol monooxygenase (sadB) and an FMN-

reductase (sadC). This cluster appears to be conserved in Actinobacteria; however, there is 

still a lack of knowledge regarding its dissemination among bacteria from different 

environments. 

Recently, we have identified Achromobacter denitrificans strain PR1 as a sulfonamide 

degrader (Reis et al. 2014). However, further studies with this apparently axenic culture 

showed that this metabolic trait was spontaneously lost upon repeated sub-culturing of 

this strain in laboratory conditions. In this study, we aimed at understanding the reason 

behind this apparent metabolic instability in strain PR1. We also aimed at characterizing 

the metabolic pathway for SMX degradation by this strain and at identifying the genetic 

machinery linked to this trait. Moreover, we compared the genetic determinants with 

those of the previously described sad cluster. Finally, we analyzed the genetic vicinity of 

these genes in an attempt to assess the risk of dissemination through horizontal gene 

transference.  
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Sulfonamides were the first synthetic antibiotics successfully applied in therapy (Sköld 

2000; Masters et al. 2003). Presently, these drugs are still among the most used in animal 

farming and veterinary medicine, and they are essential for a multitude of applications 

including the treatment of infections, prophylaxis and controversially used as growth 

promoters (Sarmah et al. 2006; García-Galán et al. 2008; European Medicines Agency - 

EMA 2016). However, due to increasing levels of resistance, sulfonamides are only 

sparsely used for human medicine (Masters et al. 2003; Cassir et al. 2014; Van Boeckel et 

al. 2014). Nevertheless, co-trimoxazole, containing trimethoprim and SMX in a one-to-five 

ratio as active substances, is still commonly used to treat a selected number of infections 

and as the drug of choice for the treatment of pneumonia in HIV-infected patients (Masters 

et al. 2003). 

Current conventional treatments (WWTP) are often ineffective in the removal of these 

contaminants (Chen and Xie 2018). Conversely, some studies found that WWTP may even 

provide the ideal conditions (i.e., selective pressure and high cell density) for the 

proliferation and dissemination of ARB and ARG, thus aggravating the burden of 

resistance (Rizzo et al. 2013). Animal farming residues, such as manure, also contribute to 

the increase of resistance as they are often applied untreated to agricultural soils that may 

result in leaching and contamination of surface and ground waters with ARB and ARG 

alike (FAO 2014; Berendonk et al. 2015; Petrie et al. 2015). Hence, for these reasons, 

sulfonamides became widespread contaminants frequently detected at sub-inhibitory 

concentrations in many environmental compartments such as wastewaters, surface 

waters, ground waters and soils (Göbel et al. 2005; García-Galán et al. 2008; Zhang and Li 

2011; Suzuki and Hoa 2012). The concentrations found in the environment are frequently 

insufficient to inhibit bacterial growth. However, they were shown to trigger the 

development of new antibiotic resistance mechanisms and to enhance the spread of pre-

existing ARG (Martinez 2009; Gullberg et al. 2011). As the cost of new antibiotic discovery 

keeps rising and the research in this topic keeps dwelling (Welte 2016; Simpkin et al. 
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2017), it is crucial to develop strategies to contain the spread of resistance against existing 

antibiotics. Namely, by removing the antibiotic residues before the discharge of treated 

wastewater or agriculture residues in the environment. 

Although a high number of studies have shown that sulfonamides can be removed from 

contaminated water by physicochemical processes, such as photo-Fenton, UV/H2O2 and 

TiO2 photocatalysis (Hu et al. 2007; Batista et al. 2014), the implementation of these 

processes has a high cost (Baran et al. 2006). As referred to in the Introduction, in the past 

decades, many heterotrophic bacteria have developed the ability to transform and 

degrade these drugs. Hence, the feasibility of their application on biological treatment 

systems has been investigated. One of such studies was carried out by our research group. 

In this study, SMX-degraders were enriched from activated sludge collected from an urban 

WWTP (Reis et al. 2014). The enrichment culture was exposed to an increasing amount of 

SMX and decreasing amounts of yeast extract and was shown to degrade SMX with the 

stoichiometric accumulation of 3A5MI. The SMX-degrading culture was then serially 

diluted and spread according to Maltseva and Oriel (1997). This procedure resulted in the 

isolation of several bacterial strains, including Achromobacter denitrificans strain PR1 that 

was identified as an effective sulfonamide degrader (Reis et al. 2014). However, ongoing 

studies showed that this metabolic trait was spontaneously lost by some cells upon 

repeated sub-culturing in brain heart infusion agar (BHI) with SMX as a supplementary 

carbon source. This apparent metabolic instability prompted further functional and 

metabolic studies with this strain, which constitute the work of this thesis. 

Initially, we had hypothesized that the enzyme responsible for the breakdown of 

sulfonamides could be encoded in a large catabolic plasmid. These plasmids are known to 

impose high metabolic burdens on their hosts and often produce plasmid-free progeny 

during replication (Lenski and Bouma 1987). In this way, we started by performing whole-

genome sequencing (WGS) of strain PR1 with Illumina Miseq and MinION long-read 

sequencing (Oxford Nanopore Technologies, UK). The analysis of the complete genome of 
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strain PR1 revealed that it shared a high Average Nucleotide Identity (ANI) with the type 

strain of A. denitrificans (DSM 30026T), further confirming its affiliation to this species. 

Furthermore, no potential plasmids were detected in its genome. The results of the 

sequencing and assembly of the complete genome of strain PR1 are presented in Chapter 3. 

In an ongoing attempt to elucidate strain PR1 instability, we have discovered a low-

abundance and slow-growing actinobacterium (strain GP) able to grow only in close 

contact with the Proteobacteria isolate after extended periods of incubation (≥ 10 days). In 

order to understand its role in sulfonamide degradation further studies were carried out 

with this consortium.  

Although no pure cultures were obtained for strain GP, metagenomics and clone libraries 

of the 16S rRNA gene allowed the tentative identification of this strain as the 

representative member of a new species within the Leucobacter genus or potentially even 

of a new genus with the Microbacteriaceae family. Moreover, several experiments 

indicated that strain GP is the actual sulfonamide-degrader in this consortium and a 

putative degradation pathway could be proposed based on mass spectrometry studies 

(Ion Trap LC-MS and UPLC-QTOF-MS). These findings are discussed throughout Chapter 4. 

Several experiments were devised in an attempt to isolate strain GP, and most of these 

findings are also discussed in Chapter 4. However, in an attempt to eliminate strain PR1 

and purify strain GP, we isolated a bacteriophage able to infect strain PR1 and performed 

co-inoculation studies of this phage and the consortium. This study led to the discovery 

and characterization of a new polyvalent and virulent phage (vB_Ade_ART) able to infect 

multiple species of the Achromobacter genus. This characterization is presented in Chapter 

5, as well as the implications of phage treatment for strain GP abundance and SMX-

degradation activity. 

At this point, the results suggested that direct contact with strain PR1 could be crucial for 

the growth of strain GP, both in liquid cultures and agar plates. In this way, we 
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reconstructed the draft genome of this bacterium from whole-metagenome sequencing of 

the consortium. We further analyzed the genome of this bacterium and compared it with 

the genomes of previously published Leucobacter spp. and with other fully sequenced 

sulfonamide-degraders. In this study, we set out to devise hypotheses that could explain 

the dependent phenotype of strain GP and further determine the genetic machinery linked 

to sulfonamide degradation in this strain. The results of this analysis are discussed in 

Chapter 6. 
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3.1 Abstract 

Achromobacter denitrificans strain PR1 was isolated from an enrichment culture able to 

use sulfamethoxazole as an energy source. Here we describe the complete genome of this 

strain sequenced by Illumina Miseq and Oxford Nanopore MinION. 

3.2 Genome Announcement 

Achromobacter denitrificans are Gram-negative, rod-shaped bacteria commonly found in 

soil and occasionally in human infections (Kersters and De Ley 1984; Coenye et al. 2003). 

Members of this species have been previously linked with xenobiotics degradation (Sałek 

et al. 2013; Pradeep et al. 2015; Mawad et al. 2016; Benjamin et al. 2016) highlighting 

their potential for bioremediation. Here we described the complete genome of A. 

denitrificans strain PR1, obtained originally from enriched activated sludge able to use 

sulfamethoxazole (SMX) as an energy source (Reis et al. 2014). 

Strain PR1 was incubated overnight at 30°C in mineral medium B (Barreiros et al. 2003) 

with ammonium sulfate (0.54 g/l), succinate (0.83 g/l), yeast extract (0.2 g/l) and SMX 

(0.15 g/l). Genomic DNA extraction was performed with GenElute Bacterial Genomic DNA 

Kit (Sigma) and sequenced using Miseq (Illumina) and MinION (Oxford Nanopore). For 

Miseq paired-end sequencing (2 x 300 bp), two libraries were independently prepared 

from 1 µg DNA with TruSeq DNA LT Sample Prep Kit (lib1) from Illumina or KAPA 

HyperPrep Kit (lib2) from Kapa Biosystems. The MinION library was prepared from 1 µg 

DNA, sheared into 5 kb fragments with a g-TUBE (Covaris), subsequently prepared with 

Genomic DNA sequencing kit (SQK-MAP-103) and sequenced using flow cell with R7 

chemistry (Oxford Nanopore). The library was loaded in the beginning and after 24 h to 

coincide with g1-to-g2 pore switch (Ip et al. 2015). 

Miseq sequencing generated 2.5 million (lib1) and 0.3 million (lib2) paired-end raw reads. 

All reads were screened for PhiX contamination, adapter and quality-trimmed (>Q20) with 

BBDuk tool (https://sourceforge.net/projects/bbmap/). MinION sequencing generated 

https://sourceforge.net/projects/bbmap/
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12,591 2D reads (>Q9) that were converted to fastq format with poretools v0.5.1 (Loman 

and Quinlan 2014). Hybrid de novo assembly was done with SPADES version 3.10.0 

(Bankevich et al. 2012) with the options –careful and –nanopore. Contigs > 1 x coverage 

were removed from the assembly resulting in a single scaffold. Circularization was 

confirmed by designing primers to bridge the gap between the beginning and end of the 

single contig generated by de novo assembly with Primer-BLAST (Ye et al. 2012). The 

amplification of this region was performed with primers Gap_F and Gap_R (Table 3.1) in a 

50 µl reaction containing 20 ng DNA, 0.5 µM of each primer (Eurofins), 1 x high fidelity 

buffer, 200 μM of dNTP mixture and 1 U of Phusion Polymerase (New England Biolabs). 

The PCR program was as follows: 98 °C for 3 min, 30 cycles of 98 °C for 10 sec, 67 °C for 15 

sec and 72 °C for 30 sec, and a final extension at 72 °C for 5 min. Sanger sequencing 

(Eurofins) of the fragment generated a single circular chromosome of 6,929,205 bp with 

46-fold average k-mer coverage and  

67.4 % in G+C. 

Table 3.1 - Sequences of the primers used to circularize the genome of A. denitrificans strain PR1. 

Primer Sequence (3’ – 5’) Length (bp) 

Gap_F CTTGATCACCGAAGTAGCCG 20 

Gap_R GTGACGCTGCCTGCTTG 17 

 

Analysis with Rapid Annotation using Subsystem Technology (RAST) server v2.0 

(Overbeek et al. 2014) predicted 6,425 protein-coding sequences (CDS), 4 copies of the 

rRNA operon and 59 tRNA. Functional prediction of the CDS was further refined by 

aligning protein sequences against the Gene Ontology (GO) database (The Gene Ontology 

Consortium 2015) with InterProScan (Quevillon et al. 2005) and BLASTp (Altschul et al. 

1997) in Blast2GO version 4.1 (Conesa et al. 2005) of the total CDS, 5,210 (81.1%) had a 

functional prediction and, from these, 2,939 (45.7%) had catalytic activity (891 hydrolases 
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and 746 oxidoreductases). ResFinder (Zankari et al. 2012) analysis identified multiple 

antibiotic resistance genes (sul1, sul2, tetC), with some (cmlA1h, aadA2) within the new 

class I integron In1410 (Moura et al. 2009). Average nucleotide identity (ANI) analysis 

(Rodriguez-R and Konstantinidis 2016) and in silico DNA-DNA hybridization (DDH) 

analysis (Clarke et al. 2002; Klenk et al. 2014) with A. denitrificans type strain genome 

(GenBank accession number BCTQ00000000) showed that strain PR1 belongs to the same 

species (ANI of 99.33%, DDH of 94.60% and a difference in G+C content of 0.19 %). 

 

Figure 3.1 – ANI (a) and AAI (b) heatmaps comparing values between all fully sequenced strains of A. 
denitrificans: NBRC 15125T (GCA_001571365); USDA-ARS-USMARC-56712 (GCA_001514355); DP_1 

(GCA_002192685); NCTC8582 (GCA_900444675); MT3 (GCA_001945385); NCTC3233 (GCA_900444685) and 
UBA1869 (GCA_002338195). Presence/absence heatmap (c) for antibiotic resistance proteins found in 
each strain against aminoglycosides (AadA2), beta-lactams (Oxa-258), phenicols (CatB3 and CmlA1), 

sulfonamides (Sul1, Sul2), tetracyclines (TetC) and multidrug resistance efflux pumps (AdeF, AxyX, AxyY, 
OprZ). 
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The genome of strain PR1 was also compared with other Achromobacter denitrificans 

strains available in the National Center for Biotechnology Information (NCBI) 

(NCBI Resource Coordinators 2017) using BLAST Ring Image Generator (BRIG) (Alikhan 

et al. 2011). Furthermore, average nucleotide and average amino acid identity (ANI and 

AAI, respectively) were calculated AAI/ANI-matrix from the enveomics toolbox 

(http://enve-omics.ce.gatech.edu/g-matrix) (Rodriguez-R and Konstantinidis 2016). 

Antimicrobial resistance genes were analyzed in Comprehensive Antibiotic Resistance 

Database (CARD) with Resistance Gene Identifier for perfect and strict hits (Jia et al. 

2017a). 

 

Figure 3.2 - Genome-wide nucleotide comparison (BLASTn) between fully sequenced strains of A. 

denitrificans. Strain PR1 genome is the innermost black circle and rings correspond, from inside out, to 

the draft/complete genome assemblies of strains: NBRC 15125T (GCA_001571365); USDA-ARS-USMARC-

56712 (GCA_001514355); DP_1 (GCA_002192685); NCTC8582 (GCA_900444675); MT3 (GCA_001945385); 

NCTC3233 (GCA_900444685) and UBA1869 (GCA_002338195).Within each ring, zones with higher 

transparency correspond to lower nucleotide identity. Gaps in the alignment correspond to the unique 

http://enve-omics.ce.gatech.edu/g-matrix
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regions found in the genome of strain PR1. Relevant antibiotic resistance genes of strain PR1 are 

indicated in red. The plot was generated with BRIG (Alikhan et al. 2011). 

 

The analysis shows that strain PR1 is highly similar to the other strains of this species with 

ANI values ranging between 84.9 and 99.3 % and AAI values between 84.3 and 99.3 % 

(Fig. 3.1). Interestingly, alignment of the genomes with BRIG revealed that this strain 

possesses unique regions, most of these linked with antibiotic resistance (Fig. 3.1 and 3.2). 

Indeed, strain PR1 is the only strain within this group of A. denitrificans to harbor genes 

conferring resistance against aminoglycosides (aadA2) sulfonamides (sul1, sul2) and 

tetracyclines (tetC). 

The genome of strain PR1 will provide further insights into SMX metabolism in this 

microbial consortium and into the species versatility and potential for xenobiotic 

degradation. 

3.3 Nucleotide accession number 

This complete genome sequence has been deposited in GenBank under the accession no. 

CP020917. The version described in this paper is the first version. 
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4.1 Abstract 

In the last decade, biological degradation and mineralization of antibiotics have been 

increasingly reported feats of environmental bacteria. The most extensively described 

example is that of sulfonamides that can be degraded by several members of 

Actinobacteria and Proteobacteria. Previously we reported sulfamethoxazole (SMX) 

degradation and partial mineralization by Achromobacter denitrificans strain PR1, isolated 

from activated sludge. However, further studies revealed an apparent instability of this 

metabolic trait in this strain. Here we investigated this instability, and describe the finding 

of a low-abundance and slow-growing actinobacterium, thriving only in co-culture with 

strain PR1. This organism, named GP, shared highest 16S rRNA gene sequence similarity 

(94.6-96.9 %) with the type strains of validly described species of the genus Leucobacter. 

This microbial consortium was found to harbor a homolog to the sulfonamide 

monooxygenase gene (sadA) also found in other sulfonamide-degrading bacteria. This 

gene is overexpressed in the presence of the antibiotic and evidence suggest that it codes 

for a group D flavin monooxygenase responsible the ipso-hydroxylation of SMX. Additional 

side reactions were also detected comprising an NIH shift and a Baeyer-Villiger 

rearrangement, which indicate an inefficient biological transformation of these antibiotics 

in the environment. This work contributes to further our knowledge in the degradation of 

this ubiquitous micropollutant by environmental bacteria. 

4.2 Introduction 

Sulfonamides are synthetic drugs which were introduced into clinical use in the late 

1930s, thus becoming the first selective antibiotics with application in human medicine. 

They are structural analogs of p-aminobenzoic acid, and, therefore, compete for the active 

sites of dihydropteroate synthetase (DHPS), blocking the synthesis of folic acid in bacteria 

(Masters et al. 2003). However, soon after their introduction, the intensive use of these 

drugs led to the onset and spread of antibiotic resistance, which occurs mainly through 

horizontal gene transference (HGT) of insensitive forms of DHPS encoded by the genes 
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sul1, sul2, sul3, and, the more recently described, sul4 (Sköld 2000; Perreten and Boerlin 

2003; Razavi et al. 2017). For this reason, the use of sulfonamides for human therapy has 

been steadily declining over the past decades. Currently, it is mostly limited to the 

combination of sulfamethoxazole (SMX) and trimethoprim, also known as co-trimoxazole 

(Sköld 2000; Masters et al. 2003; Van Boeckel et al. 2014). In contrast, due to their 

inexpensive synthesis, sulfonamides, such as sulfadiazine, sulfamethazine, and 

sulfathiazole are still heavily used in animal farming and agriculture, being amongst the 

most used antibiotic classes of this sector (Sarmah et al. 2006; EMA 2016). Consequently, 

these antibiotics and their corresponding resistance genes, are still considered ubiquitous 

micropollutants (Sköld 2000; García-Galán et al. 2008). They contaminate soils, river 

sediments and water bodies through the discharge of polluted effluents from Wastewater 

Treatments Plants (WWTP) or the use of contaminated manure or sewage sludge for soil 

fertilization (García-Galán et al. 2008; Heuer et al. 2011; Rizzo et al. 2013). SMX, for 

instance, has been consistently detected in WWTP effluents, surface water, and 

groundwater in concentrations ranging from 20 ng/l to 1 µg/l (Kümmerer 2009). While 

sulfamethazine and SMX have been reported in manure and soils up to 1 mg/kg (Martinez 

2009; Chen et al. 2012), concentrations that were found to be mutagenic to 

microorganisms and bio-accumulate in some plant species, altering their growth 

(Martinez 2009). Moreover, these residual amounts of antibiotics are known to contribute 

to the propagation of resistance genes and the development of new mechanisms of 

resistance (Teuber 2001; Rizzo et al. 2013; Manaia et al. 2016). 

The intensive use of these “miracle drugs” not only increased resistance but, as we saw in 

the last decade, contributed to the development of antibiotic degradation mechanisms in 

many heterotrophic bacteria (Larcher and Yargeau 2012; Ricken et al. 2017). This 

metabolic ability was initially reported in complex microbial communities, such as 

activated sludge (Ingerslev and Halling-Sørensen 2000; Pérez et al. 2005; Müller et al. 

2013), and, more recently, in several phylogenetically distant bacteria. The biodegradation 
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of these drugs was shown to occur via three main routes: (i) co-metabolic transformation 

resulting in the introduction or cleavage of specific functional groups (e.g., hydroxylation, 

acetylation, hydrolysis, deamination, etc.); (ii) cleavage of the sulfonamide bond (S-N) 

followed by partial or near-complete mineralization of the benzene ring with or without 

accumulation of the heterocyclic moiety as a dead-end product; and, (iii) cleavage of the N-

O bond present in sulfonamides with an isoxazole group (Larcher and Yargeau 2012; Deng 

et al. 2018; Reis et al. 2018b; Chen and Xie 2018). 

The ability to mineralize sulfonamides has been increasingly reported in members of the 

phyla Proteobacteria and Actinobacteria, namely from the genera Pseudomonas (Jiang et al. 

2014), Ochrobactrum (Mulla et al. 2018) and Acinetobacter (Wang et al. 2018), and 

Microbacterium (Bouju et al. 2012; Topp et al. 2012; Islas-Espinoza et al. 2012; Tappe et al. 

2013), Gordonia (Mulla et al. 2018) and Arthrobacter (Deng et al. 2016), respectively. Most 

of these Actinobacteria members appear to harbor a conserved sulfonamide degradation 

cluster consisting of two monooxygenases (SadA and SadB) and one FMN-reductase 

(SadC), which allows them to hydroxylate the sulfonamide molecule at the sulfonyl group 

(Ricken et al. 2017). In Microbacterium sp. BR1 (Ricken et al. 2013; Ricken et al. 2015a; 

Ricken et al. 2017), in which this cluster has been described originally, the ipso-

hydroxylation of SMX was shown to result in the accumulation of 3-amino-5-

methylisoxazole (3A5MI) as a stable dead-end product and transient formation and 

subsequent mineralization of 4-aminophenol.  

Although many studies have focused on the elucidation of the metabolic pathway for 

sulfonamide degradation in microbial isolates, few have attempted to characterize the 

metabolic associations and pathways in sulfonamide-degrading communities. Syntrophic 

relationships and interdependence has been previously described in xenobiotic-degrading 

communities for the degradation of simple and complex molecules. For instance, Sørensen 

et al. (2002) have previously described an herbicide-degrading Sphingomonas sp. strain 

that required amino acids produced by other soil bacteria to grow. Furthermore, the 
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degradation of several xenobiotic compounds has been shown to result from the metabolic 

cooperation within bacterial communities. This is the case of the degradation of 4-

chlorosalicylate, an intermediate in the aerobic degradation of important organic 

pollutants (Pelz et al. 1999); the herbicide molinate (Barreiros et al. 2003); terephthalate, 

an essential raw material used in the production of many plastics (Lykidis et al. 2011; Wu 

et al. 2013). 

In a previous study (Reis et al. 2014) we had concluded Achromobacter denitrificans strain 

PR1, a Proteobacteria, to be an effective sulfonamide degrader, assuming the same 

underlying mechanism of sulfonamide degradation as the one present in Actinobacteria. 

However, subsequent studies have shown this apparent metabolic trait to be unstable and 

subject to spontaneous loss upon repeated sub-culturing of this strain. In this study, we 

aimed at elucidating the reason for the presumed metabolic instability of strain PR1 and 

describe the finding of a lowly-abundant and slow-growing Actinobacteria present in 

apparently axenic cultures of strain PR1. We show that SMX degradation is carried out by 

the two-member consortium, with the Actinobacteria being the probable responsible for 

the initial cleavage of the molecule.  

4.3 Materials and methods 

4.3.1.1 Chemicals 

14C-SMX ([14C]aniline [uniform]) with a specific radioactivity of 0.33 MBq mmol-1 was from 

Hartmann Analytic, and 18O2 (isotopic purity, 97%) was from Sigma (Switzerland). TiO2 for 

photocatalytic experiments was AEROXIDE®P25 from Evonik (Germany). Unless stated 

otherwise, all other reagents were of analytical grade and purchased from Sigma. 

4.3.2 Microorganisms and culture conditions 

Achromobacter denitrificans strain PR1 (Reis et al. 2014) was recovered from a glycerol 

stock at -80°C and plated on 25% BHI with 0.6 mM SMX and 15 g/l agar (BHI-SMX-agar). 
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After 10 days of incubation in the dark at 30°C, two distinct morphotypes were visible 

(beige colonies and beige and yellow mixed colonies, respectively). In an attempt to purify 

all the organisms, each morphotype was successively streaked/spread onto several media 

and conditions (supplementary materials, section 1). This procedure only resulted in the 

purification of strain PR1, which formed beige colonies, and for which the complete 

genome was obtained (Reis et al. 2017). The colonies with the two morphotypes were 

successively re-purified onto BHI-SMX-agar 4 times and incubated for 3/4 weeks to 

ensure that only the organisms responsible for these morphotypes were present. This 

microbial consortium can be requested from the corresponding author. Axenic strain PR1 

was deposited in public Bacterial Collection from the Belgian Co-ordinated Collections of 

Micro-organisms (BCCM/LMG) under the accession number LMG 30905. 

Axenic cultures of strain PR1 and the microbial consortium were grown in either BHI-

SMX-agar or in mineral medium B (Barreiros et al. 2003) with 0.6 mM SMX, 4 mM 

ammonium sulfate, 0.2 g/l yeast extract, and 7 mM succinate (MMSY-SMX). All incubations 

were carried out in the dark at 30°C, and liquid cultures were also continuously stirred at 

120 rpm. 

For resting cells assays, cells were prepared by growing either axenic cultures of A. 

denitrificans PR1 or the microbial consortium in MMSY-SMX for 36-38 h. At this point, 

near-complete degradation of SMX (> 80%) by the consortium was confirmed 

spectrophotometrically by modified Griess nitrate reaction (Ricken et al. 2015a), and the 

biomass was collected by centrifugation (9,000 xg) and washed twice with sterile 

phosphate buffer (PB, 50 mM, pH 7.2). Unless stated otherwise, all resting cells assays 

were performed at room temperature (RT, 22 °C) in 50 mM PB and under constant stirring 

at 120 rpm. 
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4.3.3 Attempts at purification of Leucobacter sp. strain GP 

Several attempts were made to obtain pure cultures of strain GP on agar plates.  Firstly, 

the consortium was diluted and spread on agar media with different compositions: BHI 

(100 or 25 % w/v), Tryptic Soy Agar (TSA), PY-BHI (Morais et al. 2006), Lysogeny Broth 

(LA) and R2A. For all media, the incubation was carried out in parallel under different 

atmospheric conditions: aerobic, microaerophilic (CampyGen sachets, Oxoid) or anaerobic 

(AnaeroGen sachets, Oxoid) atmosphere, respectively. The latter two conditions were 

incubated in a 2.5 l anaerobic jar.  

Secondly, some modifications were introduced to 25% BHI plates: (i) Gellan Gum (Gelzan 

CM, Sigma), a less toxic solidifying agent, was used instead of agar as described elsewhere 

(Janssen et al. 2002); (ii) plates were supplemented with 1% (v/v) of crude cell extracts of 

A. denitrificans PR1; (iii) with 20% (v/v) of strain PR1 MMSY/BHI culture-spent 

supernatant or (iv) a mixture of supernatant and crude cell extracts. Crude cell extracts 

and culture-spent supernatant were obtained by growing axenic cultures of A. denitrificans 

PR1 for 15 h in MMSY or BHI with 0.6 mM SMX. The culture was centrifuged, and the 

supernatant filter-sterilized (cellulose acetate, 0.22 µm, Merck) and the remaining pellet 

was re-suspended in 10 ml of 50 mM PB (5.3 gcell dry weight/L), passed 3 times through a 

high-pressure homogenizer (Emulsiflex-B15, Avestin) at 2,000 bar. The cell slurry was 

further centrifuged and sterilized by filtration (cellulose acetate, 0.22 µm, Merck) before 

incorporation into the agar plates. 

According to the results obtained by Bhuiyan et al. (2015) some Leucobacter spp. may 

require exogenous porphyrins to grow on agar plates. Therefore, 25% BHI medium was 

also modified with 0.1-1 mg/l of heme (Sigma) or other commercially available porphyrin 

precursors, namely: coproporphyrin III (Lucerna-CHEM), coproporphyrin III 

tetramethylester (Sigma) and coproporphyrin I dihydrochloride (Sigma). 
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Considering that strain GP may require constant interaction with viable cells of strain PR1, 

a community culture approach was also tested (Pham and Kim 2012). Briefly, low binding 

membranes (0.22 µm, cellulose acetate, VWR) were used to filter several dilutions (10-3 to 

10-8) of the microbial consortium and placed on top of a strain PR1 lawn. After 3 weeks 

incubation, strain GP yellow colonies of strain GP grown on the upper surface of the 

membrane were re-suspended in sterile PB, diluted, and filtered and the membrane again 

placed on top of strain PR1 lawn. 

4.3.4 16S rRNA metagenomics sequencing 

The composition of the microbial consortium was assessed by 16S rRNA metagenomics 

using the MinION platform (Oxford Nanopore). The consortium was incubated in MMSY-

SMX for 15 h.  Genomic DNA was extracted from 109 cells with the GenElute Bacterial 

Genomic DNA Kit (Sigma) following the protocol for Gram-positive cells with a few 

modifications: digestion with 20 mg/ml lysozyme was increased to 2 h, the biomass was 

disrupted with 100 mg of glass beads (≤ 106 µm, acid-washed, Sigma) in a FastPrep-24 

device (MP Biomedicals) at speed 6.0 for 60 s prior to incubation for 30 min in lysis 

solution. The complete 16S rRNA gene was amplified with universal primers 27f and 

1391r (Lane 1991; Turner et al. 1999) with an annealing temperature of 47 °C and 30 

cycles using HotStartTaq DNA Polymerase (Qiagen). DNA library was prepared from 700 

ng using the Ligation Sequencing Kit 1D (SQK-LSK108, Oxford Nanopore) and omitting the 

End-repair and A-tailing steps since Taq DNA polymerase produces 3’ adenine overhangs. 

The adapter-ligated library was further prepared with the Library Loading Bead Kit (EXP-

LLB001, Oxford Nanopore) and loaded into a SpotON Flow Cell (R9.4, FLO-MIN106, Oxford 

Nanopore). 1D sequencing on the MinION was performed for a total of 24 h with live base 

calling. 

1D raw reads were adapter trimmed with Porechop v0.2.3 

(https://github.com/rrwick/Porechop/) and filtered with BBduk v38.05 from the BBMap 

https://github.com/rrwick/Porechop/
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package (https://sourceforge.net/projects/bbmap/) to the mean quality and size of ≥Q9 

and 1200-1450 bp, respectively. Error correction was further performed with Canu v1.7 

(Koren et al. 2017) with default settings. Error corrected reads were further clustered into 

operational taxonomic units (OTU) using CROP at 97% sequence identity threshold (Hao 

et al. 2011) with the following arguments: -s –r 0 –z 100. Clusters with only one sequence 

(singletons) were removed, and chimeric sequences were identified with DECIPHER 

(Wright et al. 2012). The taxonomic classification was performed with the RDP classifier 

trained with a 16S rRNA training set (TS16) at 80% confidence threshold (Wang et al. 

2007) and further confirmed by aligning the sequences with Mega BLAST against the NCBI 

16S ribosomal RNA database on the 10th of June of 2018 (Johnson et al. 2008). The long-

reads of the 16S rRNA gene-based metagenome have been deposited into the NCBI 

Sequence Read Archive under the accession number SRP150172. 

4.3.5 16S rRNA gene clone libraries 

Biomass of the mixed colonies grown in MMSY-SMX for 15 h was used for genomic DNA 

extraction as described above. To decrease the relative abundance of strain PR1 some 

samples were pre-treated by alkaline lysis before extraction (Birnboim and Doly 1979). 

Briefly, the biomass was resuspended in TE solution (25 mM Tris-HCl at pH 8, 50 mM 

glucose, 10 mM EDTA) to a final cell density of 3 x 109 cells/ml, 2 volumes of alkaline lysis 

solution (0.2 M NaOH and 1% SDS) were added and the mixture was incubated for 10 min 

at RT to selectively lyse and digest the cells of the Gram-negative strain PR1 (Birnboim 

and Doly 1979; Wada et al. 2012). After incubation, the remaining cells were collected by 

centrifugation and washed four times with sterile PB.  

The 16S rRNA gene was amplified from genomic DNA samples, pre-treated or not with 

alkaline lysis, as described above. PCR products were ligated into the p-GEM T-easy 

plasmid vector (Promega), with 3:1 ratio (insert:vector) and according to the 

manufacturer's instructions. Cloned fragments were further sequenced by Sanger 

https://sourceforge.net/projects/bbmap/
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(Eurofins), and the 16S rRNA gene sequences were compared with others available in the 

EzBioCloud database (Yoon et al. 2017). To further classify strain GP, the 16S rRNA gene 

sequence of all validly described Leucobacter sp. type strains were retrieved from the 

LPSN database (Parte 2014), and inter-species pairwise similarity was determined based 

on the global alignment in the EzBioCloud webserver (Yoon et al. 2017). The near-

complete 16S rRNA gene sequence (1382 bp) of strain GP was obtained and deposited in 

GenBank under the accession number MH094815. 

4.3.6 Role of strain GP in the SMX-degrading consortium  

Axenic cultures of strain PR1 and cultures of the consortium were grown in MMSY-SMX 

for 40 h, diluted in sterile PB and spread on BHI-SMX-agar. After 2 weeks of incubation, 10 

beige colonies of A. denitrificans PR1 and 10 mixed colonies were picked and inoculated in 

2 ml of MMSY-SMX. These cultures were incubated in parallel to an abiotic control and 

screened for their ability to degrade SMX. 

To determine if the presence of signaling molecules produced by mixed colonies could 

induce SMX degradation in axenic cultures of strain PR1, culture-spent supernatant (40 h 

in MMSY-SMX) of the consortium was filtered-sterilized with a low binding membrane 

(cellulose acetate, 0.22 µm, Merck) and replenished with nutrients of the MMSY medium. 

This modified medium (MMSY-CS) was reinoculated with axenic cultures of A. denitrificans 

PR1 and 0.6 mM SMX and was incubated for a total of 2 weeks and screened for SMX 

degradation activity. 

4.3.7 Detection and sequencing of genes related to the metabolism of 

sulfonamides 

The presence of the recently reported sulfonamide degradation gene cluster (Ricken et al. 

2017) was investigated in the microbial consortium. Sulfonamide monooxygenase 

(encoded by sadA, GenBank accession number CDJ99310.1), 4-aminophenol 
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monooxygenase (encoded by sadB, GenBank accession number CDJ99309.1) and FMN 

reductase (encoded by sadC, GenBank accession number CDJ99306.1) were first aligned 

with BLASTp against the complete genome of A. dentrificans PR1 (Reis et al. 2017), with an 

e-value and amino acid identity cutoffs set to 1e-3 and 60%, respectively. Moreover, 

primers targeting sadA, sadB, and sadC were designed and their specificity tested with 

Primer-BLAST (Ye et al. 2012). End-point PCR was performed according to the conditions 

in Table 4.1 with total DNA extracted from overnight grown cultures of the microbial 

consortium in MMSY, with or without alkaline lysis pre-treatment. The DNA of axenic 

cultures of strain PR1 grown in the same medium was used as a negative control, and the 

DNA of Microbacterium sp. strain BR1 (Ricken et al. 2017)  was used as a positive control. 

PCR products were sequenced by Sanger (Eurofins) and deposited in Genbank under the 

accession number MH253763. The sadA gene was then locally aligned to its homolog in 

Microbacterium sp. strain BR1 using the local similarity program in the ExPASy server 

(Gasteiger et al. 2003). The amino acid sequence of the sadA gene was further aligned to 

the conserved domain database in NCBI (Marchler-Bauer et al. 2017) and its structure was 

inferred by homology modeling using the SWISS-MODEL server (Waterhouse et al. 2018). 

Table 4.1 - Primers and conditions used for the end-point amplification of sadA, sadB and sadC genes. 

Target 

gene 
Forward primer (5’-3’) Reverse primer (5’-3’) 

Amplicon 

size (bp) 
Annealing 

sadA ATGAAATCTGTCCAATCGGCT CTAAATCGGCATGACGAACTC 1242 

62 °C sadB ATGGTCGATAGCAGTTTGCC CTCAAACCAGAGGCGTAACG 1200 

sadC ACATCGGTCGCCTCTATGAG CGGTTGCTGATCGAGTTCTG 342 

 

4.3.8 Quantitative PCR (qPCR) and reverse transcriptase qPCR (RT-qPCR) 

The absolute quantification of each of the strains during growth and degradation of SMX in 

MMSY was performed by qPCR with species-specific primers targeting the 16S rRNA gene. 

Total DNA was extracted from 1 to 4 ml culture as described in section 2.3 without the 

alkaline lysis pre-treatment. Standard curves were prepared using serial ten-fold dilutions 
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of the near-complete fragment of the 16S rRNA gene of each strain. DNA quantification 

and purity were measured with QuantiFluor (Promega) and spectrophotometrically with 

Nanodrop Spectrophotometer ND-1000 (NanoDrop Technologies). Gene copy numbers 

were calculated by the standard curve method as described elsewhere (Brankatschk et al. 

2012). 

For gene expression studies (RT-qPCR) the microbial consortium was grown in MMSY 

medium with (0.6 or 2 mM) or without SMX, and the cells were collected after 21 h of 

incubation and preserved in RNA later (Sigma) at -80 °C until RNA extraction. Total RNA 

was extracted using RNeasy Plus extraction Kit (Qiagen) with prior mechanical lysis of the 

cells by sonication (three-times: 0.5 s/s cycle and 100% amplitude for 30 s and 30 s rest 

on ice, Labsonic M, Sartorius). TURBO DNase Kit (Invitrogen) was used to eliminate 

genomic DNA from RNA preparations with and cDNA synthesis was performed with M-

MLV reverse transcriptase, random primers, dNTPs and RNasin ribonuclease Inhibitor 

from Promega according to the manufacturer’s instructions. Species-specific primers 

targeting the 16S rRNA gene of PR1 or GP and sadA were designed with Primer-BLAST 

(Table 4.2) (Ye et al. 2012). 

To determine changes in gene expression during degradation of SMX by the microbial 

consortium the relative quantification, also known as the ∆∆Ct method was used (Livak and 

Schmittgen 2001). The fold-change in gene expression is calculated using the following 

formula: 

RQ =  
Etarget

(Cttest−Ctcontrol)

Ereference
(Cttest−Ctcontrol)

 

 

RQ represents relative quantification, Etarget PCR efficiency of the target gene and Ereference of 

the reference gene, Cttest threshold cycle in the test condition and Ctcontrol in the control 
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condition. Incubations without SMX were used as the control condition and the 16S rRNA 

gene of strain GP as the reference gene. 

Table 4.2 - Primers, PCR conditions, and efficiency for the qPCR experiments. 

Strains Target Primers (5’ – 3’) 
Primers 

(µM) 

Amplicon 

size (bp) 
Efficiency Annealing 

PR1 16S rRNA 
FW: AGTAGCGGGGGATAACTACG 

RV: CTCAAACCAGCTACGGATCG 
0.2 162 1.93 60 °C 

GP 

16S rRNA 
FW: GGGACTCTTTGGACACTGGT 

RV: AACATAGGACGAGGGTTGCG 
0.2 105 1.87 60 °C 

sadA 
FW: GAACGCGATTGACACTGCAC 

RV: GATGGACTCTCGACATAGCAC 
0.9 153 1.93 63 °C 

 

qPCR reactions were performed with DNA (diluted 100 fold) or undiluted cDNA in a CFX 

Connect Real-Time system (Bio-rad). The reactions were carried out in 20 µl with 1x 

GoTaq qPCR Master Mix (Promega), and formamide (1.25%, v/v) was added as a PCR 

enhancer in sadA gene amplification reactions. Gene amplification was performed using 

the following program: 95 °C for 5 min and 40 cycles of 95 °C for 30 s followed by an 

annealing/extension step for 1 min. Additionally melting curves with increments of 0.5 °C 

from 65 to 95 °C were determined to assess the homogeneity of the amplification. The 

results were analyzed using the CFX software (Bio-rad). Specificity of the primers was 

confirmed visually by analyzing PCR fragments on an agarose gel and by including 

negative controls (DNA standard of the other strain) in each qPCR run. 

4.3.9 Identification of metabolites 

Elucidation of the metabolic pathway 

The kinetics of SMX degradation and formation of 3A5MI, sulfite, sulfate, and ammonium 

ions were measured in resting cells experiments with the bacterial consortium and 0.3 

mM SMX. 10-times diluted buffer (PB 5 mM, pH 7.2) was used for these assays to reduce 

the interference of phosphate ions and increase the sensitivity of the subsequent Ion 
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Chromatography (IC) analysis. Samples for IC and HPLC-UV/Vis were centrifuged and the 

supernatant filtered through 0.45 µm PVDF membrane filters prior to analysis.  Sulfite and 

sulfate concentrations were quantified on an Ion Chromatography System (IS, Dionex 

2100, Thermo Fisher Scientific) equipped with a self-regenerating suppressor (ASRS 300). 

An IonPac AS15 (2 x 250 mm, Dionex) analytical column and AG15 guard column (2 x 50 

mm) were used for analysis at 35°C with a flow rate of 0.5 ml/min. The gradient of KOH 

(EGC III KOH eluent generator, Thermo Fisher Scientific) was as follows: for 4.5 min rising 

on a gradient from 40 to 45 mM, from 4.5-7 min further increase to 65 mM, from 7-9.9 min 

isocratic mode, 9.9-11 min decrease to 40 mM. Ammonium ion concentrations were 

quantified spectrophotometrically by a modified Berthelot reaction (Krom 1980; Laskov et 

al. 2007) using a microplate reader (Biotek) and recording absorbance at 660 nm. 

Comparative kinetics experiments with SMX, 4-aminophenol (4AP) and sulfanilic acid (SA) 

were assessed by resting cells. To further assess if 4AP, hydroquinone (HQ) and 1,2,4-

trihydroxybenzene (THB) are part of the metabolic pathway for SMX degradation, resting 

cells assays were also performed with 0.2 mM 14C-SMX (0.36 µCi/ml). Additionally, some 

replicates were spiked with an excess (1 mM) of non-labeled 4AP, HQ or THB, respectively, 

with the purpose of saturating the reaction and further allow the accumulation of 14C-

labeled metabolites. For assays spiked with an excess of 4AP, samples were collected over 

time to determine retro-inhibition of SMX degradation. Furthermore, due to the polarity of 

this metabolite and its tendency to auto-oxidate, part of each sample was acetylated with 

acetic anhydride (final concentration of 10% v/v, reaction time was 1 h at room 

temperature followed by immediate neutralization with 10M NaOH 10 M). The N-

acetylation reaction of 4AP forms paracetamol that can be easily separated by reverse 

phase HPLC-UV/Vis. Assays carried out with an excess of HQ and THB were end-point 

assays aiming at determining the accumulation of their 14C-labeled counterparts in the 

supernatant. All experiments were carried out in triplicate with the microbial consortium, 

axenic cultures of strain PR1 and abiotic controls. 
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SMX, 3A5MI, SA, N-acetyl-4AP (paracetamol), HQ and THB were quantified in a High-

Performance Liquid Chromatography system (HPLC 1200 series, Agilent Technologies) 

using a Zorbax SB-C18 column (3.5 µm, 3.0×150 mm) equipped with a Zorbax SB-C18 

guard column (5 μm, 4.6×12.5 mm) (Agilent Technologies). The compounds were 

separated using a gradient of formic acid (0.1% v/v) and methanol as previously 

described by Ricken et al. (2013). For detection and quantification of 14C-SMX, 14C-4AP, 

14C-HQ, and 14C-THB, the HPLC-UV system was further coupled to a radioisotope detector 

‘Ramona Star’ (Raytest) and the radioactivity of 14C-labelled compounds were detected by 

adding Ultima-Flo M (PerkinElmer) cocktail at a flow 2.0 ml/min. Since 14C-SMX is labeled 

exclusively in the aniline moiety, the molarity of subsequent aromatic metabolites could 

be estimated using a standard curve with 14C-SMX standards, by plotting molarity against 

radioactivity. The final molarity of 4AP was finally corrected taking into account the 

reaction yield of the acetylation process. 

Rates of degradation and metabolite formation were calculated assuming zero-order 

kinetics by linear regression of the data, and statistical analysis was performed as 

described elsewhere (Reis et al. 2014). 

Ion Trap LC-MS analysis and 18O2 experiments 

Metabolic by-products were further investigated in cell-free supernatant of the microbial 

consortium, incubated in 50 mM PB with 0.2 mM SMX and an initial OD600 of 10 (5.3 gcell dry 

weight/L). Samples were collected periodically and analyzed by LC-MS. Replicate assays 

were performed on subsequent days with freshly prepared whole cells of the consortium 

and in parallel to an abiotic (PB with SMX) and a biotic control (cell suspension in PB 

without SMX), to exclude abiotically formed products and unrelated metabolites produced 

by these strains. 

To assess the incorporation of atmospheric oxygen in the metabolites, resting cell tests 

were performed in the same conditions in PTFE-sealed flasks, flushed with nitrogen and, 
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posteriorly filled with 20% (v/v) 18O2. These assays were performed in triplicate and in 

parallel to controls in a 16O2 atmosphere and to biotic and abiotic controls. The cell-free 

supernatant of the samples and controls were also analyzed by Ion Trap LC-MS. 

The Ion Trap LC-MS system (1200 Series, Agilent) consisted of an Ion Trap Mass 

spectrometer (6320, Agilent) with electrospray ionization (ESI, Agilent). The samples 

were separated on a Nucleodur C18 Pyramid column (3.0 μm, 4.0 x 150 mm, Macherey-

Nagel) equipped with a Nucleodur C18 Pyramid guard column (3.0 μm, 4.0 x 8.0 mm). The 

separation of parent compounds and metabolites was performed at room temperature, 

and the injection volume was 20 μl. Separation was achieved with a gradient program 

using (A) ammonium formate 20 mM and (B) acetonitrile at 0.6 ml/min. The elution 

program started with 0% (B) for 6 min, followed by a linear increase to 25% (B) in 20 min, 

and a further increase to 50% (B) in 3 min. The system was equilibrated to the initial 

conditions for 20 min before starting the next analysis. ESI operated in positive and 

negative modes, and ions were scanned within a mass range from 50 to 500 amu with a 

maximum accumulation time of 200 ms. Product ion scan mode (MS2) was used to 

elucidate the structure of target compounds. MS2 spectra were obtained at fragmentation 

amplitude 0.7. Capillary spray voltage was set to -1500 V, the nebulizer to 50 psi, drying 

gas to 10 l/min and drying temperature to 350˚C. 

Solid-Phase Extraction (SPE) and UHPLC-QTOF-MS 

Metabolite M5 was further characterized by UHPLC-QTOF-MS to obtain its exact mass and 

product ion spectra. Briefly, M5 was produced by incubating the microbial consortium 

with 0.3 mM 4AP in resting cells conditions (see section 4.2). At least 10 ml of culture 

supernatant was injected and separated by Ion Trap LC-MS (see section 4.7.2) to collect 

the fraction eluting between 3.5 and 4.0 min. This fraction was then acidified to pH 1 with 

1 M HCl and loaded into an SPE cartridge (Oasis HLB, 1 cm3 x 30 mg, Waters) previously 

conditioned with 5 ml of methanol and 5 ml of acidified water (pH 1). After loading the 
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sample, the cartridge was dried under vacuum for 30 min, and the compound was eluted 

in 8 ml of acetonitrile. The eluted fraction was concentrated to 0.5 ml under gentle N2 

stream at 50°C. 

Molecular structure characterization of the compound was performed on a UHPLC 1290 

system combined with a 6540 quadrupole time-of-flight (Q-TOF) mass spectrometer 

(Agilent Technologies). The UHPLC system was used for flow injection analysis with a 

system flow of 0.4 ml/min. The mobile phase consisted of water/acetonitrile (40/60, v/v) 

plus five mM ammonium formate and the injection volume was set to 5 µl. The ESI source 

was operated in negative mode with the following settings: nebulizer pressure 35 psig, 

nozzle voltage 0 V, sheath gas flow 11 L/min, sheath gas temperature 375 °C, drying gas 

flow 8 l/min, drying gas temperature 250 °C, capillary voltage 3000 V, and fragmentor 

voltage 175 V. The mass spectrometer ran in targeted MS/MS mode with a predefined 

precursor list. The MS scan spectra were acquired over a range of 100 – 1000 m/z. For 

MS/MS experiment, the range was set from 50 – 150 m/z with an acquisition rate for both 

modes of one spectrum per second. The collision-induced dissociation experiment was 

performed with 22 V collision energy and nitrogen as collision gas with a collision cell flow 

of 18 psig. The instrument state mass range was set to 1700 m/z in high-resolution mode 

with 4 GHz analog-to-digital converter rate at a resolving power of 19 000 (measured at 

m/z 127). For internal reference mass correction two reference ions with exact masses of 

m/z 119.0363 and 966.0007 were used. The system control and data analysis were 

performed with MassHunter software (Agilent Technologies). The software feature 

“Generate Formulas” was used to calculate the sum formula of the metabolite based on 

mass accuracy, isotope abundance, and isotope spacing. Further, MetFrag Web tool was 

used with a database search against ChemSpider and with spectral similarity enabled 

(Wolf et al. 2010). The possible list of candidates was compared to the expected 

metabolite. 
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Synthesis of ortho/meta hydroxylated SMX by TiO2/UV  

Mono-hydroxylated SMX at ortho/meta position was synthesized by TiO2/UV 

photocatalytic treatment of 0.3 mM SMX solutions prepared in ultrapure water. Briefly, 30 

ml of SMX solution was treated with 1 g/l of TiO2 (Degussa P25, Evonik) in a solar 

radiation simulator (ATLAS, model SUNTEST XLS+) at full irradiation (300-800 nm) for 40 

min. The reaction was stopped by filtering the solution through a 0.45 µm syringe filter 

(PTFE). 

4.4 Results 

4.4.1 Identification of Leucobacter sp. strain GP 

Previously, we have concluded Achromobacter denitrificans strain PR1 to be a sulfonamide 

degrader from activated sludge, able to cleave SMX and mineralize its aniline moiety, 

releasing 3A5MI as a stable dead-end product (Reis et al. 2014). However, subsequent 

studies revealed that this metabolic trait was highly unstable and irreversibly lost by the 

majority of strain PR1 colonies upon repeated sub-culturing on BHI-SMX-agar (data not 

shown). After prolonged incubation of initial stocks of this strain, small yellow colonies 

started to emerge on the surface of the beige colonies characteristic of this Proteobacteria 

(Fig. 4.1). The yellow colonies became visible only after more than 10 days of incubation, 

whereas the beige colonies formed after only 2 days. The Gram staining of these mixed 

colonies revealed the presence of both Gram-negative and Gram-positive organisms. 

The beige colonies, composed only by Gram-negative staining cells, were readily purified 

from the original glycerol stocks of strain PR1 and grew in axenic conditions. The analysis 

of the complete genome of this organism confirmed its identification as  A. denitrificans 

strain PR1 (Reis et al. 2017). In contrast, the Gram-positive yellow colonies grew only on 

the surface or in close contact with strain PR1 colonies. Moreover, the inclusion of 

diffusible and intracellular metabolites of strain PR1 in the culture media was insufficient 

to allow the purification of the Gram-positive morphotype.  
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Figure 4.1 - Picture of the microbial consortium taken under a magnifying glass with bright field after 11 
days of incubation on BHI-SMX-agar, yellow colonies of the Leucobacter sp. GP (red arrows) growing 

attached to the beige colonies of A. denitrificans PR1. 

 

As none of the tested conditions allowed the isolation of the yellow colonies (see 

supplementary material, section 1) in axenic cultures, to identify this new strain the 16S 

rRNA gene-based metagenome of the mixed colonies was obtained. Sequencing resulted in 

283,310 1D raw reads that were filtered, and error corrected resulting in 10,927 high-

quality sequences. These sequences were clustered into 9 representative non-chimeric 

OTU. Classification with the RDP Classifier and NCBI Blast against 16S rRNA gene database 

revealed that 6 of these OTU were affiliated either to Leucobacter or Achromobacter 

genera (Table 4.3), with the latter being the most abundant genus in the consortium 

(98.9%). The 3 remaining OTU, which constituted approximately 0.15 % of the total reads, 

could not be affiliated to any validly described genus but could be affiliated to the family 

level, sharing highest sequence similarity with organisms from Microbacteriaceae and 

Alcaligenaceae families (87-91%). The alignment of these clusters to the 16S rRNA gene 

sequence of representative strains revealed a high percentage of indels (4-5% gaps in the 

alignment), a standard error associated with 1D sequencing on the MinION platform. 
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Table 4.3 - Taxonomic classification of representative OTU in the SMX-degrading consortium obtained 
with RDP classifier and confirmed with NCBI BLAST against the 16S ribosomal RNA database, and 
pairwise sequence similarity of each representative OTU with the 16S rRNA gene sequence of strains PR1 
or GP retrieved from the clone libraries. 

Taxonomic classification 
Number 

OTU 

Relative 

abundance (%) 

Identity of 

clusters to 

strains PR1/GP 

Bacteria; Proteobacteria; Betaproteobacteria;  

Burkholderiales; Alcaligenaceae; Achromobacter 
3 98.88 97-99% to PR1 

Bacteria; Actinobacteria; Actinobacteria; 

Actinomycetales; Microbacteriaceae; Leucobacter 
3 0.97 98-99% to GP 

Bacteria; Proteobacteria; Betaproteobacteria; 

Burkholderiales; Alcaligenaceae 
2 0.10 87-91% to PR1 

Bacteria; Actinobacteria; Actinobacteria; 

Actinomycetales; Microbacteriaceae 
1 0.05 91% to GP 

 

To further confirm the identity of the consortium members, 16S rRNA clone libraries were 

performed. The DNA of the consortium was extracted with and without the alkaline lysis 

pre-treatment, to reduce the highly dominant and easily lysed Proteobacteria. The 

libraries originated from non-treated biomass yielded sequences 100% identical to strain 

PR1 (data not shown), while the sequences found in clones derived from pre-treated 

biomass, which could not be identified as strain PR1, were identical among themselves 

and shared highest sequence similarity with members of the Leucobacter genus. This new 

microorganism, designated strain GP, showed low pairwise similarities with other type 

strains of validly described species of Leucobacter (94.6 - 96.9 %) suggesting that it 

probably represents a new species within this genus (supplementary material, Table 4.4).  
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Table 4.4 - Inter-species pairwise similarity between Leucobacter sp. GP and other, validly described, Leucobacter spp. was determined based on the global alignment in 
the EzBioCloud webserver (Yoon et al. 2017). 
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 

1  96.5% 95.8% 96.3% 97.3% 96.3% 96.1% 97.9% 97.8% 96.3% 97.0% 98.7% 95.5% 96.6% 97.0% 97.4% 98.1% 98.1% 95.2% 99.4% 97.4% 96.5% 95.6% 

2 
  

96.8% 98.8% 97.2% 96.1% 96.4% 96.6% 96.3% 97.1% 97.5% 96.7% 94.9% 97.6% 98.6% 97.6% 98.1% 98.1% 95.2% 96.8% 95.7% 96.6% 95.5% 

3 
   

97.8% 98.2% 97.0% 96.6% 97.2% 96.8% 99.4% 97.6% 95.7% 95.5% 98.1% 97.1% 97.0% 98.2% 98.2% 95.3% 96.1% 96.3% 96.2% 95.6% 

4 
    

98.0% 96.9% 97.1% 97.6% 97.4% 98.1% 98.5% 96.5% 95.2% 98.7% 98.5% 97.6% 97.9% 97.9% 95.9% 96.5% 96.2% 96.5% 96.1% 

5 
     

100.0% 99.3% 99.1% 98.9% 98.7% 98.3% 97.9% 97.0% 98.2% 97.7% 98.0% 97.8% 97.8% 97.3% 97.8% 97.8% 97.5% 96.7% 

6 
      

97.7% 97.3% 97.2% 97.6% 97.2% 96.5% 96.3% 97.2% 96.5% 96.9% 97.8% 97.8% 96.2% 96.5% 96.7% 96.7% 95.7% 

7 
       

96.8% 96.4% 97.4% 97.1% 96.7% 95.4% 96.8% 96.9% 96.5% 97.8% 97.8% 96.0% 96.5% 96.7% 97.1% 95.3% 

8  
       

99.5% 97.4% 97.7% 98.1% 94.9% 97.8% 97.0% 98.3% 98.2% 98.2% 95.2% 98.1% 97.1% 96.3% 96.0% 

9   
       

97.1% 97.6% 97.7% 94.6% 97.6% 96.8% 98.3% 98.1% 98.1% 95.2% 97.9% 97.0% 96.3% 96.0% 

10 
          

97.9% 96.3% 95.9% 98.4% 97.5% 97.4% 98.4% 98.4% 95.9% 96.4% 96.4% 96.4% 96.2% 

11 
           

96.7% 96.1% 98.2% 97.8% 97.6% 98.0% 98.0% 96.1% 97.1% 96.2% 96.8% 96.2% 

12 
            

94.5% 96.3% 97.1% 97.5% 98.2% 98.2% 94.6% 99.1% 97.7% 96.5% 95.3% 

13 
             

95.4% 94.9% 95.3% 95.8% 95.8% 95.9% 94.8% 94.9% 95.7% 94.6% 

14 
              

97.6% 97.9% 98.1% 98.1% 95.2% 96.5% 96.5% 96.5% 96.0% 

15 
               

98.1% 98.8% 98.8% 95.5% 97.2% 96.2% 96.9% 96.2% 

16 
                

99.5% 99.5% 95.4% 97.6% 96.8% 96.9% 96.7% 

17 
                 

100.0% 95.9% 98.2% 97.8% 97.9% 96.9% 

18 
                  

95.9% 98.2% 97.8% 97.9% 96.9% 

19 
                  

 95.0% 94.9% 95.7% 95.1% 

20 
                   

 97.4% 96.6% 95.7% 

21 
                    

 97.2% 95.5% 

22 
                     

 96.0% 

23 
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Although we cannot completely rule out the presence of other very low-abundant bacteria, 

the analysis of the 16S rRNA gene of the consortium through clone libraries and long read 

sequencing suggests that A. denitrificans strain PR1 and Leucobacter sp. strain GP compose 

the consortium. 

4.4.2 Role of the members of the sulfamethoxazole-degrading consortium 

As observed before (Reis et al. 2014), SMX degradation in mineral medium with succinate 

and yeast extract (MMSY) resulted in the accumulation of equimolar amounts of 3A5MI 

(Fig. 4.2a). qPCR targeting the 16S rRNA gene of A. denitrificans strain PR1 or Leucobacter 

sp. strain GP revealed that these organisms grow simultaneously in this medium (Fig. 

4.2a), maintaining a stable relative proportion throughout all phases of growth. Strain PR1 

remained highly dominant in comparison to Leucobacter sp. strain GP (> 96%). Despite its 

low abundance, strain GP appears to carry out a crucial role in SMX degradation, as the 

degradation of this sulfonamide was only achieved by cultures obtained from mixed 

colonies (Fig. 4.1, red arrows) but never in A. denitrificans PR1 axenic cultures.  

 

Figure 4.2 - Abundance of strains PR1 and GP, respectively, during growth of the consortium in MMSY 

medium with SMX as a supplementary carbon source. a: growth of both strains over time in MMSY with 

0.6 mM of SMX. b: abundance of both strains after 7 h incubation with different SMX concentrations. SMX 

concentration (); 3A5MI concentration (); 16S rRNA gene copy number of strain PR1 per ml of culture 

or ng of DNA (white bars); 16S rRNA gene copy number of strain GP per ml of culture or ng of DNA (grey 

bars). Values are the mean of triplicates and error bars represent standard deviation. 
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This result also held true for PR1 cultures supplemented with culture spent-supernatant 

of the consortium (MMSY-CS), pointing out that strain GP or other low abundance strain of 

this consortium do not produce signaling molecules able to induce degradation of SMX in 

strain PR1. Additionally, increasing SMX concentrations in MMSY medium significantly 

favored the growth of strain GP (p < 0.05, Fig. 4.2b), while the abundance of strain PR1 

was not affected. In this way, these results point out that SMX degradation occurs only in 

the consortium and that strain PR1 may not participate in the initial cleavage of the 

molecule. 

4.4.3 Elucidation of the metabolic pathway 

In diluted phosphate buffer (PB, 5 mM) the degradation of SMX by the consortium (1.62 ± 

0.05 µmol/gcell dry weight min) was accompanied by the concomitant release of near 

equimolar amounts of 3A5MI (1.52 ± 0.03 µmol/gcell dry weight min), sulfur-species (sulfite + 

sulfate, 1.21 ± 0.05 µmol/gcell dry weight min) and ammonium ions (1.22 ± 0.11 µmol/gcell dry 

weight min) (Fig. 4.3). 

 

Figure 4.3 - Degradation of SMX () by the microbial consortium in resting cells assays with the 
concomitant release of the dead-end product 3A5MI (), sulfur species (sulfite and sulfate, dark yellow 
) and ammonium ions (dark red ). Values are the mean of triplicates and error bars represent 

standard deviation. 
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Mass spectrometry analysis (Ion Trap LC-MS) of cell-free supernatants from resting cells 

assays was further used to identify additional metabolites. Total ion chromatograms of 

resting cells incubated with SMX were compared to the respective abiotic (buffer with 

SMX without cells) and biotic controls (buffer with cells without SMX). Respective 

standard and fragmentation confirmed the identity of the previously reported 3A5MI in 

the positive mode (Fig. 4.4). In addition to 3A5MI, six other potential metabolites were 

detected (M1-M6, Table 4.5, Fig. 4.5). To elucidate the structure of these metabolites, 

protonated molecular ions [M+H]+ or deprotonated molecular ions [M-H]- were further 

fragmented in subsequent analyses, product ion mass spectra were recorded, and the 

structure of each metabolite was proposed (Table 4.5). 

 

 

Figure 4.4 - Mass spectrum of 3-amino-5-methylisoxazole product ion recorded in positive mode with 
possible sum formula annotation. 
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Figure 4.5 - Extracted ion chromatogram (EIC) of some of the main metabolites identified throughout 
this study recorded in negative mode (-ESI). 

 

SMX, with protonated molecular ion [M+H]+ at m/z 254, was fragmented in positive mode 

creating specific product ions at m/z 92, 99, 108, 156, 160 and 188, respectively (Fig. 4.6). 

The difference between SMX and metabolites M1, M2, and M3 (Fig. 4.7, 4.8 and 4.9, 

respectively) with protonated molecular ions [M+H]+ at m/z 270 is 16 Da, indicating the 

incorporation of an oxygen atom into each of these molecules. The incorporation of 

molecular oxygen was further confirmed by analyses of cells incubated with SMX in 18O2-

atmosphere, which resulted in a mass shift of 2 Da (m/z 272) of the molecular ions [M+H]+ 

for all three metabolites. This shift indicates that all three metabolites were formed by the 

incorporation of one atmospheric oxygen atom (Table 4.5). Since SMX degradation results 

in the accumulation of equimolar amounts of the methylisoxazole moiety of the antibiotic, 

the hydroxylation in M1, M2, and M3 most probably occurs in the aniline moiety (Reis et 

al. 2014). For metabolites M2 and M3, the hydroxylation of the benzene ring was further 

confirmed by a typical fragment of the MS2 spectra at m/z 99 corresponding to the 

methylisoxazole ion (Fig. 4.8 and 4.9). 
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Figure 4.6 - Mass spectrum of sulfamethoxazole product ion recorded in positive mode with possible 
sum formula annotation. 

 
 

 

 

 

Figure 4.7 – Mass spectrum of M1 product ion recorded in negative mode with possible sum formula 

annotation. 
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Figure 4.8 – Mass spectrum of M2 product ion recorded in positive mode with possible sum formula 
annotation. 

 
 
 
 

 

Figure 4.9 – Mass spectrum of M3 product ion recorded in positive mode with possible sum formula 
annotation. 

 

Hydroxylamine-SMX, with [M+H]+ at m/z 270, was observed before as a metabolite of SMX 

transformation in bacteria (Zhang et al. 2016) and humans (Cribb and Spielberg 1992). 

Nevertheless, it was ruled out as a potential metabolite since its retention time, and 

fragmentation pattern did not fit with any of the mono hydroxylated SMX metabolites 
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(data not shown). Due to the inexistence of other commercially available standards, 

hydroxylation of the SMX molecule was achieved by TiO2/UV treatment as this method has 

been previously shown to produce several hydroxy derivatives of the antibiotic (García-

Galán et al. 2008) (supplementary material, section 3). Indeed, one of the most significant 

photo-transformation products was found to have a molecular ion [M+H]+ at m/z 270. This 

transformation, representing a hydroxylation in the benzene ring in ortho or meta 

position, has been previously reported as one of the most prominent products of TiO2/UV 

treatment by several authors (Hu et al. 2007; Su et al. 2016). These authors found it to 

have the same molecular ion and an MS2 spectrum identical to that of metabolite M2 (Fig. 

4.8). Although the specific position of this substitution in M2 was not experimentally 

confirmed, it can be predicted based on the resonance and the steric hindrance of the 

molecule. The primary amine substituent donates a pair of electrons to the benzene ring 

while the sulfonyl group delocalizes the electron density of the ring towards itself. This 

conformation leaves the carbons near the amine group more exposed and vulnerable to 

electrophilic attacks. In this way, providing that the reaction does not result from 

intracellular radical attacks, the substitution is more likely to occur in the carbon adjacent 

to the amine group, forming a meta-hydroxylated SMX. 

Since no additional standards were available, structures of metabolites M1 and M3 were 

further deduced from their MS2 spectra. Hydroxylation at the ipso position was 

considered as a candidate mechanism. Ipso-hydroxylation is a common mechanism which 

has been reported for many different enzyme families (Ricken et al. 2015b). Previously it 

has been found to be the mechanism of SMX degradation by Microbacterium sp. BR1 

(Ricken et al. 2013) and three other isolates from Actinobacteria and Alphaproteobacteria 

(Mulla et al. 2018). Based on the analysis of the MS2 spectra, metabolite M1 can be 

assumed to result from an ipso-hydroxylation of SMX.  
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Table 4.5 - Metabolites detected by LC-MS (Ion Trap) during SMX degradation in resting cells of the microbial consortium. Oxygen atoms in red represent probable atoms 
originated from the incorporation of atmospheric O2. N.d., not determined; (*) metabolite confirmed with a standard; (1) M1 could not be fragmented in positive mode (ESI+), 
therefore, the product ions correspond to fragmentation in negative mode (ESI-). 

Compound 
Precursor ion m/z Molecular 

formula 
tR (min) 

Main product ions 
ESI+/ESI- 

Proposed structure 
16O2 18O2 

Sulfamethoxazole [M+H]+ 254 254 C10H11N3O3S 26.9 
ESI+: 194, 188, 160, 

156, 147, 108, 92 

 

3-amino-5-methylisoxazole* [M+H]+ 99 99 C4H6N2O 12.5 ESI+: 72, 71, 55 

 

M11 [M+H]+ 270 272 C10H11N3O4S 24.1 
ESI-: 241, 187, 169, 

122, 97 

 

M2* [M+H]+ 270 272 C10H11N3O4S 24.7 
ESI+: 204, 172, 109, 

108, 99 

 

M3 [M+H]+ 270 272 C10H11N3O4S 23.7 ESI+: 99, 108 

 

5-amino-2-
hydroxybenzenesulfonic acid 

(M4)* 
[M+H]+ 190 192 C6H7NO4S 5.0 ESI+: 172, 124 

 

(Z)-6-Oxohex-3-enoic acid 
(M5) 

[M-H]- 127 131 C6H8O3 3.7 N.d. 

 
M6 [M-H]- 138 144 N.d. 4.5 N.d. N.d. 
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This metabolite was fragmented in negative mode, and significant product ions at m/z 187 

and 169 were created (Fig. 4.7). Nevertheless, unlike the other mono-hydroxylated 

metabolites (M2 and M3), M1, when fragmented in positive mode, did yield detectable 

fragments. This observation partially confirms the ipso-hydroxylation hypothesis, because 

to create the typical positive ion at m/z 99, a neutral loss of 171 Da (C6H5NO3S) is 

necessary. Ipso hydroxylation prevents the formation of a double bond between the sulfur 

and benzene ring, and thus the neutral loss of 171 Da is not released, and the typical 

positive ion at m/z 99 is not created. 

Metabolite M3 was probably formed from a spontaneous rearrangement of metabolite M1 

by migration of sulfo-methylisoxazole moiety to the oxygen atom of the hydroxyl group, a 

mechanism known as Baeyer-Villiger rearrangement (Baeyer and Villiger 1899). This 

mechanism is an expected consequence of ipso-hydroxylation of aromatic molecules as 

nonylphenols and bisphenol A (Gabriel et al. 2005; Kolvenbach et al. 2007). This molecular 

rearrangement enables the neutral loss of 171 Da; thus an intensive signal at m/z 99 was 

detected after fragmentation in positive mode (Fig. 4.9).  

Metabolite M4 was identified as 5-amino-2-hydroxybenzenesulfonic acid by comparison 

to an authentic standard (Table 4.5). The retention time of both the metabolite M4 and the 

standard was 5.0 min, and both compounds shared similar product ion spectra (Fig. 4.10). 

Assays in 18O2-atmosphere increased the mass of the molecular ion by 2 Da, pointing out 

the incorporation of a single oxygen atom. 4-amino-2-hydroxybenzenesulfonic acid and 4-

amino-3-hydroxybenzenesulfonic acid were also analyzed as standards. While they had 

the same molecular ion as metabolite M4 ([M+H]+ m/z 190), their retention times (3.5 and 

3.1 min, respectively) and product ion spectra (data not shown) were considerably 

different from those of M4. 
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Figure 4.10 –Mass spectrum of 5-amino-2-hydroxybenzenesulfonic acid (M4) product ion recorded in 
positive mode with possible sum formula annotation. 

 

Further downstream metabolites were detected, namely metabolites M5 and M6, featuring 

molecular ions [M-H]- of m/z 127 and 138, respectively. In assays with 18O2-atmosphere, 

these metabolites showed a shift of 4 Da and 6 Da, indicating the incorporation of two and 

three atmospheric oxygen atoms, respectively. However, only M5 accumulated in amounts 

sufficient for further characterization. This metabolite was partially purified by 

preparative HPLC, concentrated by solid-phase extraction (SPE) and analyzed by UHPLC-

QTOF-MS to determine its exact mass and possible molecular formula. Product ion spectra 

(Fig. 4.11) resulted in no significant hits against the MassBank database (Wolf et al. 2010) 

and, therefore, the molecular formula and structure were proposed by in silico 

fragmentation using MetFrag (Wolf et al. 2010). Due to the high polarity, low 

concentration and unavailability of commercial standards for this compound the 

molecular formula could not be further confirmed. 
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Figure 4.11 - Product ion (QTOF) mass spectra of [M - H]- of metabolite M5 and possible molecular 
structure. 

 

Neither 4-aminophenol (AP) nor sulfanilic acid (SA), two commonly reported metabolites 

resulting from bacterial degradation of sulfonamide antibiotics (Ricken et al. 2013; Yang et 

al. 2015; Mulla et al. 2018), could be identified as metabolites produced by the consortium. 

However, since SMX appears to be hydroxylated at ipso position, 4AP was the most 

plausible candidate. Indeed, comparative resting cells assays showed that the microbial 

consortium could readily degrade 4AP, but not SA, while axenic suspensions of strain PR1 

degraded neither of these substrates (Fig. 4.12). 
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Figure 4.12 - Degradation of sulfamethoxazole (a), 4-aminophenol (b) and sulfanilic acid (c) in resting 
cells conditions by the microbial consortium (), axenic cultures of strain PR1 () and in abiotic controls 

(). Values are the mean of triplicates and error bars represent standard deviation. 

 

Moreover, the degradation of 4AP by the consortium occurred at a significantly higher rate 

(p < 0.05) when compared to SMX controls (1.81 ± 0.15 and 1.04 ± 0.03 µmol/gcell dry weight 

min, respectively), further indicating that this metabolite is immediately transformed 

without accumulation. To support these observations, we investigated the degradation of 

14C-SMX in the presence and absence of 1 mM non-labeled 4AP. The excess of non-labeled 

4AP led to an accumulation of 14C-4AP (Fig. 4.13). Furthermore, it resulted in a decreased 

rate of SMX degradation when compared to non-spiked controls (0.65 ± 0.01 and 1.35 ± 

0.02 µmol/gcell dry weight min, for spiked and non-spiked assays respectively). This apparent 

retro-inhibition effect further indicates that SMX degradation occurs via 4AP. 
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Figure 4.13 - Release of 14C-4AP (white bars) during the consumption of 14C-SMX (green bars) in assays 
spiked (a) and non-spiked (b) with 1 mM of non-labelled 4AP. Values are the mean of triplicates and error 

bars represent standard deviation. 

 

In Microbacterium sp. BR1, the further transformation of 4AP is suspected to occur 

through its successive oxidation into hydroquinone (HQ), and 1,2,4-trihydroxybenzene 

(THB) (Ricken et al. 2015a; Ricken et al. 2017). However, none of these two metabolites 

were detected in the supernatant during SMX, 14C-SMX or 4AP degradation, even when 

assays with the 14C labeled subtract were saturated with an excess of unlabeled HQ or 

THB. Only the metabolites M5 and M6 were further detected in the supernatant of the 

consortium during 4AP degradation. 

4.4.4 Detection and expression of the sadABC cluster in the consortium 

As pointed out before, Microbacterium sp. BR1 (Ricken et al. 2017) harbors a gene cluster 

consisting of two genes coding for monooxygenases (sadA and sadB, respectively) and one 

coding for a flavin reductase (sadC). The two monooxygenases, sadA, and sadB, code for 

the enzymes that carry out the specific hydroxylation of SMX and 4AP, respectively, 

whereas the product of sadC provides reduced FMN required by both monooxygenases. 
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However, it was shown that the lack of sadC could be compensated by a related FMN 

reductase present in Escherichia coli (Ricken et al. 2017). 

The possible involvement of these enzymes and their coding genes in SMX oxidation by the 

consortium was assessed first in silico and, posteriorly, through end-point PCR and RT-

qPCR. BLASTp searches showed that no homologs to sadA, sadB or sadC genes were found 

in the genome of strain PR1 (Reis et al. 2017). Using PCR primers targeting the three 

genes, DNA samples of the consortium, pre-treated or not with alkaline lysis, only yielded 

PCR products with primers apt to amplify sadA (Fig. 4.14) while the DNA from axenic PR1 

cultures did not yield any product for any of these genes. The near-complete gene 

sequence of the sadA homolog found in the consortium shares 93.8 % amino acid identity 

to the sadA gene carried by Microbacterium sp. BR1. Furthermore, gene expressions 

studies by RT-qPCR revealed that sadA transcripts were significantly enriched in the 

consortium during degradation of SMX in MMSY with a higher amount of transcripts 

detected in incubations with 2 mM in comparison to those with 0.6 mM SMX (p < 0.05),  

2.9 ± 0.2 versus 2.3 ± 0.1 fold increase, respectively. 

 

Figure 4.14 - Agarose gel electrophoresis of the PCR products obtained from the amplification of sad 
cluster. sadA (1-5), sadB (6-10) and sadC (11-15). 1/6/11: Consortium. 2/7/12: Consortium after alkaline lysis. 

3/8/13: Microbacterium sp. BR1 (positive control). 4/9/14: A. denitrificans PR1 (negative control). 5/10/15: 
Blank. 

4.4.5 Functional classification of the sulfonamide monooxygenase SadA 

The alignment of the amino acid sequence of SadA to the conserved domain database in 

NCBI (Marchler-Bauer et al. 2017) revealed the presence of an acyl-CoA dehydrogenase 

domain, indicating that this enzyme is a Group D flavoprotein monooxygenase according 
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to the most recent classification by Huijbers et al. (2014). Furthermore, homology 

modeling with SWISS-MODEL (Waterhouse et al. 2018) showed the highest homology to 

XiaF protein from Streptomyces sp.  (PDB: 5LVU), 4-hydroxyphenylacetate hydroxylase 

from Acinetobacter baumannii (PDB: 2JBR) and HsaA monooxygenase from 

Mycobacterium tuberculosis and Rhodococcus sp., respectively (PDB: 3AFE and 2RFQ). Up 

to now, Group D enzymes were only shown to catalyze aromatic hydroxylation and N-

hydroxylation reactions, however, SadA appears to catalyze the ipso-hydroxylation of SMX, 

a reaction that, so far, has been restricted to Group A enzymes (alkylphenol 

monooxygenases), suggesting that it could be the first Group D enzyme able to catalyze 

such reactions. 

4.5 Discussion 

Previously, we described A. denitrificans PR1 as a sulfonamide degrading bacterium (Reis 

et al. 2014). However, after prolonged incubation (≥10 d) some colonies of strain PR1 

were found to consist of a heterogeneous mixture of two distinct morphotypes. 

Metagenomic sequencing and clone library of the 16S rRNA gene revealed the presence of 

a bacterium of low-abundance, designated strain GP. Despite forming a stable association 

in agar plates, strain PR1 could be readily purified and grown in axenic conditions. 

In contrast, the growth of the actinobacterium was found to be confined to the surface of 

the colonies of strain PR1, a limitation that was independent of the tested medium and 

culture conditions, suggesting that strain GP requires constant interaction with strain PR1 

for growth. It is not the first time that syntrophic behavior has been reported in a 

Leucobacter sp. strain. Bhuiyan et al. (2015) described a Leucobacter sp. strain dependent 

on diffusible growth factors produced by Sphingopyxis sp. GF9, a member of the phylum 

Proteobacteria. However, in this study, we found that neither diffusible nor intracellular 

growth factors produced by strain PR1 allowed the isolation of strain GP on agar plates. 

The dependence of a helper strain to form colonies was also reported before, namely by 

Vartoukian et al. (2016). These authors observed that some bacteria from the oral 
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microbiome would grow only on the surface of a helper strain, averting further attempts 

to purify some strains. Moreover, the authors suggested that this behavior could result 

from a specific and unknown genetic adaptation to a biofilm lifestyle (Vartoukian et al. 

2016). 

The results herein obtained suggest that strain PR1 may either carry out the typical role of 

a helper strain, supplying essential and possibly unstable or insoluble growth factors to 

strain GP, or that both strains may interact through cross-feeding, typically observed in 

biofilm and other natural communities (Pelz et al. 1999; Schink 2002; Wintermute and 

Silver 2010). These studies point out the challenges of understanding the intricate 

metabolic networks formed by natural communities. Furthermore, they also show that the 

microbiome may have evolved to be more interdependent than initially anticipated. 

Therefore, it can be shortsighted to attempt to isolate independent organisms without first 

understanding their environment and interaction with other members of the microbiota 

(Lykidis et al. 2011; Hays et al. 2015).  

Despite our inability to purify strain GP and to further determine the nature of the 

metabolic cooperation within this consortium, several observations strongly suggest that 

strain GP is solely responsible for the initial cleavage of the SMX molecule and subsequent 

hydroxylation of the 4AP intermediate. Indeed, axenic cultures of PR1 were unable to 

degrade SMX or 4AP. Furthermore, a higher relative abundance of strain GP was observed 

in incubations with increasing SMX concentrations, and a sadA homolog was present and 

overexpressed by the consortium. This gene, which has been previously linked to 

sulfonamide metabolism in another Actinobacteria (Ricken et al. 2017), is significantly 

overexpressed during degradation of SMX (2.3 to 2.9-fold increase) but is absent in the 

genome of A. denitrificans PR1 (Reis et al. 2017). 

An in-depth study of the metabolic pathway in this consortium revealed that SMX 

degradation is initiated by ipso-hydroxylation of the molecule at the sulfonyl group, 
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resulting in the transient accumulation of an ipso-substituted SMX (M1, Fig. 4.15). This 

mechanism was initially proposed by Ricken et al. (2013) for Microbacterium sp. BR1 and 

for several other isolates by Mulla et al. (2018), but these authors only detected 4AP and 

not the ipso-substituted SMX metabolite, which is reported in this study for the first time. 

Evidence gathered in this, and previous studies (Ricken et al. 2017) suggest that this 

reaction is mediated by the SadA sulfonamide monooxygenase, which is present and 

overexpressed in the microbial consortium. Moreover, homology modeling revealed that 

SadA is a Group D flavin monooxygenase due to the presence of an acyl-CoA 

dehydrogenase domain, becoming the first described enzyme able to catalyze an ipso-

hydroxylation reaction, a reaction that was thought to be restricted to Group A enzymes. 

The ipso-substituted SMX is quickly converted into sulfite and 4AP (Fig. 4.3 and 4.13). In 

opposition to Mulla et al. (2018)  and Ricken et al. (2013), no evidence of the further 

degradation of 4AP to HQ or THB before further channeling of intermediates into the 

Krebs cycle were gathered. The additional downstream metabolites detected in this study, 

namely M5 and M6, accumulated in negligible amounts, which averted further structural 

confirmation. Nevertheless, the structure of M5 could be proposed by in silico analysis of 

the product ion spectra generated by fragmentation with QTOF. The proposed structure 

for M5 suggests that it may result from the reduction of maleylacetate, a known metabolite 

formed during degradation of several aromatic compounds, including 4AP (Takenaka et al. 

2003; Kolvenbach et al. 2012). 

Contrary to previous studies (Ricken et al. 2013; Mulla et al. 2018), we found that the 

hydroxylation at the ipso position caused additional molecular rearrangements consisting 

of a NIH shift of the sulfonyl group (Guroff et al. 1967), from the C1 to the C2 position (M4) 

and a Baeyer-Villiger rearrangement (M3, side reaction II, Fig. 4.15), inserting the oxygen 

between the aromatic moiety and the sulfonyl group. These two side reactions are well 

stabilized and were previously described for the ipso-hydroxylation of nonylphenols, 

bisphenol A, 4-hydroxyarylaldehydes and fluorinated benzenes (Gabriel et al. 2005; 
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Kolvenbach et al. 2007; Ricken et al. 2015b). However, unexpectedly, NIH shift is usually 

reported for hydrogen, deuterium, halogens, acyl, aryl, alkyl and methyl groups (Yagi et al. 

1972; Owens 2012). An NIH shift involving the migration of a sulfur-species has only been 

reported before for the degradation of 1-naphthalene sulfonic acid by Scenedesmus 

obliquus (Kneifel et al. 1997). This green alga accumulates high amounts of an NIH shifted 

metabolite during the ineffective desulfonation of the molecule. In the microbial 

consortium of strain PR1 and GP, both M4 and M3 also appear to be dead-end metabolites 

of SMX degradation since they were still detected in the supernatant of resting cells after 

overnight incubation. Also, directly feeding the mixed culture with M4 resulted in no 

appreciable degradation after 20 min of incubation (data not shown). 

 

Figure 4.15 - Proposed metabolic pathway for sulfamethoxazole degradation in microbial consortium 
between Leucobacter sp. strain GP and Achromobacter denitrificans PR1, oxygen atoms marked in red 

represent atoms originating from atmospheric O2, as confirmed in assays with 18O2. 

 



Chapter 4 – Consortium between Achromobacter denitrificans PR1 and strain GP 

 

76 
 

In parallel to the ipso-hydroxylation and molecular rearrangement reactions, we detected 

the accumulation of another hydroxylated SMX, metabolite M2 (side reaction I, Fig. 4.15). 

This metabolite possessed similar product ion spectra to the mono-hydroxylated SMX 

produced by photocatalysis with TiO2/UV, corresponding to the insertion of a hydroxyl 

group in ortho or meta position. Similar parallel hydroxylation reactions were observed 

before in other biological systems (Zakharieva et al. 1998; Taupp et al. 2006; Ullrich and 

Hofrichter 2007; El-Awaad et al. 2016), and, as shown by multiple authors, it can be a 

feature of monooxygenases when acting on substrates other than their original substrate 

(Gorsky et al. 1984; Hillas and Fitzpatrick 1996). However, this reaction could also be non-

enzymatic, as it has already been described for SMX degradation in boiled human liver 

microsomes by Sanderson et al. (2008). None of the dead-end metabolites detected in this 

study (M2 to M4) accumulated in sufficient amounts to further assess their toxicity or 

antimicrobial activity. 

In this study, we describe a new microbial consortium between a cultivable Proteobacteria 

and a new organism affiliated to the Leucobacter genus. Although we have previously 

identified A. denitrificans strain PR1 as a sulfonamide degrader, the results presented here 

show that the initial cleavage of SMX and transformation of the downstream metabolite 

4AP is carried out only by the consortium. Metagenomics and RT-qPCR studies indicate 

that the Leucobacter strain GP is the probably responsible for the initial ipso-hydroxylation 

of the parent molecule through a sulfonamide monooxygenase encoded by a gene homolog 

to sadA.  

The metabolic relationship between these two phylogenetically distant strains could not 

be further elucidated. However, further research is being carried out in an attempt to fully 

characterize this consortium using metagenomics and metatranscriptomics approaches. 

These studies will be vital to increase our knowledge and further our understanding of the 

degradation of these environmental micropollutants. 
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5.1 Abstract 

Bacteria of the genus Achromobacter are increasingly recognized as emergent 

opportunistic pathogens but also as versatile xenobiotic degraders with potential 

application for bioremediation. Therefore, the isolation of phages able to infect members 

of this ubiquitous and diverse genus is increasingly important. In this study we isolated 

and characterized a phage active against A. denitrificans strain PR1. This phage, named 

vB_Ade_ART, is a new member of the Siphoviridae family possibly affiliated to the genus 

Jwrvirus. It has a linear dsDNA genome with 95,343 bp and a polyvalent nature, 

propagating in members of A. denitrificans, A. mucicolens, and A. insolitus. 

Its broad host range is possibly linked to the mosaic nature of this phage, which may result 

from the presence of gene clusters linked to the queuosine biosynthetic pathway and DNA 

recombination. When applied to a microbial consortium consisting of strain PR1 and the 

PR1-dependent and sulfonamide-degrader strain GP, phage ART was able to increase the 

abundance of the slow-growing strain GP and, therefore, enhance the overall degradation 

efficiency of sulfamethoxazole.  These preliminary results suggest that besides therapy, 

phages have potential application to increase the success of bioremediation strategies by 

shaping the dynamics of bacterial communities. 

 

5.2 Introduction 

In natural communities, bacteriophages have been considered as key players in the 

biology of microbes, shaping dynamics and even long-term evolution of microbial 

populations (Clokie et al. 2011). Besides, due to their ability to lyse microbes, they have 

also been regarded as suitable alternatives to antibiotics for the treatment of infections in 

humans, animals, and plants (Borysowski et al. 2011; Pirnay et al. 2012; Chan et al. 2013; 

Silva et al. 2016).  

Despite the potential of phage therapy, their application as antibacterial agents has been 

restricted to the former Soviet Union and Eastern European countries (Kutateladze and 
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Adamia 2010; Chanishvili 2012), where phages have been continuously and extensively 

used in clinic for the past decades. Presently, the increased prevalence of multi-drug 

resistant infections has stirred the interest in phage therapy (Chan et al. 2013; Bragg et al. 

2014). 

In addition, phages have been drawing the attention of the scientific community due to 

their potential application in agriculture and aquaculture (Dy et al. 2018; Kering et al. 

2019). Their ability to control pests and infections, provide a highly selective way to 

increase the productivity of these industries. However, their potential to enhance or 

suppress several environmental processes has often been overlooked. 

The genus Achromobacter, a highly diverse group of the class Betaproteobacteria, 

comprises Gram-negative rod-shaped bacteria with a ubiquitous distribution among 

different environments including soil and surface waters (Kersters and De Ley 1984; 

Coenye et al. 2003; Amoureux et al. 2013). It is unclear whether these organisms are part 

of the normal human microbiota. However, they are increasingly reported as 

opportunistic and shown to cause severe infections in immunocompromised individuals, 

such as in persons with cystic fibrosis (Ridderberg et al. 2012), cancer (Aisenberg et al. 

2004), and HIV (Tatro et al. 2014). This opportunistic behavior is predominantly found in 

isolates from A. xylosoxidans and A. denitrificans species, which also have high levels of 

intrinsic and acquired antibiotic resistance (Li et al. 2013). Also, several strains of these 

two species have been previously reported to degrade xenobiotics (Sałek et al. 2013; 

Pradeep et al. 2015; Mawad et al. 2016; Benjamin et al. 2016) highlighting their potential 

for bioremediation.  
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Table 5.1 – List of Achromobacter spp. strains used in this study. Sequence type (ST) was retrieved from sequences publicly available at the Achromobacter pubMLST 
database (www.pubmlst.org/achromobacter; Jolley and Maiden, 2010). N.A. means not available. 
 

Species Strain 
Culture 

collection no. 

Sequence type 

(ST) 
Origin 

16S rRNA 

accession no. 

Achromobacter anxifer Type strain LMG 26857 100 Human sputum, cystic fibrosis 

patient 

HF586508 

Achromobacter deleyi Type strain LMG 3458 133 Mouse, lung autopsy sample HG324053 

Achromobacter denitrificans Type strain LMG 1231 102 Soil AJ278451 

Achromobacter denitrificans PR1 LMG 30905 419 Activated sludge KJ124851 

Achromobacter insolitus Type strain LMG 6003 99 Leg wound AY170847 

Achromobacter kerstersii Type strain LMG 3441 138 Soil HG324052 

Achromobacter mucicolens Type strain LMG 26685 106 Human sputum, non-cystic 

fibrosis patient 

HE613446 

Achromobacter piechaudii Type strain LMG 1873 167 Pharyngeal swab AB010841 

Achromobacter ruhlandii Type strain LMG 1866 30 Soil AB010840 

Achromobacter xylosoxidans Type strain LMG 1863 20 Ear discharge Y14908 

Achromobacter xylosoxidans T7 DSM 11852 N.A. Soil MH656843 

Achromobacter xylosoxidans CCUG 48386 DSM 26073 N.A. Human sputum, cystic fibrosis 

patient 

MH656900 

 

  

http://www.pubmlst.org/achromobacter
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Strain PR1 was isolated from activated sludge and identified as Achromobacter 

denitrificans (Reis et al. 2017). Furthermore, it represents a new sequence type (ST, Table 

5.1) within this species, as confirmed by multilocus sequence analysis of nusA, eno, rpoB, 

gltB, lepA, nuoL and nrdA gene fragments (www.pubmlst.org/achromobacter) (Jolley and 

Maiden 2010; Spilker et al. 2012). Strain PR1 was also initially identified as a sulfonamide 

degrader (Reis et al. 2014; Nguyen et al. 2017). Nevertheless, further studies have shown 

that, what initially appeared to be an axenic culture, was, in fact, a consortium between 

strain PR1 and a slow-growing Leucobacter sp. This strain, named strain GP, is unable to 

grow independently from A. denitrificans and, interestingly, it was shown to be the 

probable responsible for the initial cleavage of the sulfonamide bond (Reis et al. 2018a). 

Despite its importance in this sulfonamide degrading consortium, strain GP remains a 

stable minority throughout all phases of growth and cannot be further purified due to the 

fast-growing and multi-drug resistant phenotype of strain PR1. 

In this study, we aimed at isolating and characterizing phages able to infect A. denitrificans 

strain PR1 and to assess the feasibility of using phage treatment to influence the 

cooperation of the two strains in the sulfonamide-degrading consortium. Furthermore, 

since many Achromobacter spp. isolates have been increasingly reported as opportunistic 

we tested this phage’s ability to infect other species within this genus, assessing the 

feasibility of using this phage as an alternative to antibiotic therapy. 

5.3 Materials and methods 

5.3.1 Bacterial strains and culture conditions 

Axenic cultures of Achromobacter denitrificans strain PR1 and the microbial consortium 

consisting of this strain and Leucobacter sp. strain GP (Reis et al. 2017; Reis et al. 2018a) 

were grown with 0.6 mM sulfamethoxazole (SMX) either in 25% Brain Heart Infusion 

Broth (BHI) with 15 g/l agar (BHI-SMX-agar) or in mineral medium B (Barreiros et al. 

2003) with 4 mM ammonium sulfate, 0.2 g/l yeast extract, and 7 mM succinate (MMSY-

http://www.pubmlst.org/achromobacter
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SMX). All incubations were carried out in the dark at 30°C, and liquid cultures were also 

continuously stirred at 120 rpm. 

Eleven additional Achromobacter spp. strains (Table 5.1) were obtained either from 

BCCM/LMG (Belgium) or DMSZ (Germany) and cultured in Tryptic Soy Agar (TSA, Sigma) 

at 30°C for 48 h. 

5.3.2 Determination of antibiotic resistance phenotypes for Achromobacter 

spp. 

Antibiotic resistance phenotypes were determined using the agar diffusion method (CLSI 

2018) on Mueller-Hinton agar (Oxoid). The antibiotics tested were: erythromycin (ERY, 15 

µg); gentamicin (GEN, 10 μg); sulfamethoxazole (SMX, 100 µg); ciprofloxacin (CIP, 5 μg); 

chloramphenicol (CHL, 30 μg); doxycycline (DOX, 30 μg) and ampicillin (AMP, 10 μg). 

Filter paper disks impregnated with a specific amount of SMX were prepared as 

recommended in the guidelines (CLSI 2018); the remaining disks were purchased from 

Bio-rad. The plates with bacterial lawns and antibiotic discs were incubated for 48 h at 30 

°C before the determination of the inhibition diameters. The concentration of SMX tested 

in this study was not included in the CLSI list, in this way, the phenotype was determined 

according to the following the criteria: S ≥ 17/R < 12. Inhibition zone diameters between 

13 and 16 mm were referred to as intermediary. 

5.3.3 Bacteriophage isolation, propagation and culturing conditions 

For phage isolation, 50 ml of activated sludge were collected after secondary treatment in 

an urban wastewater treatment plant (WWTP, Basel, Switzerland). The sludge was filtered 

through a 0.2 µm pore-size membrane (Millex-GS), mixed with Tryptic Soy Broth (TSB) 

and the host strain PR1 (108 CFU/ml) in a ratio of 10:10:1, and incubated overnight  

at 37 °C. 

The obtained lysate was centrifuged and tested for lytic activity on the host strain, 

followed by titration using the double layer agar method (Adams, 1959; Gratia, 1936). 
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Single plaques were further purified by repeated single plaque isolation. The phage was 

propagated in TSB medium and concentrated by high-speed centrifugation (at 20,000 xg 

for 3 h). This phage was named following the nomenclature of viruses of Bacteria and 

Archaea (Kropinski et al. 2009). 

5.3.4 Efficiency of plating (EOP) 

Phage with an initial concentration of 107 PFU/ml was tittered on the host strain by 

double layer agar and incubated at 4 °C, 22 °C, 30 °C or 37 °C for 24 h.  The efficiency of 

plating (EOP) was assessed relative to the optimal temperature (with the highest number 

of negative plaques), and the temperature displaying the highest efficiency of infection 

was selected for subsequent studies. 

5.3.5 Infection parameters  

Adsorption 

The mixture of exponentially grown bacteria and phage at a multiplicity of infection (MOI) 

of 0.1 was incubated at 37°C. Samples were taken every 5 min, filtered through 0.2 µm 

pore size filters (Millex-GS) and tittered to determine the number of non-adsorbed phages. 

One-step growth curve analysis was performed according to the method of  Ellis and 

Delbrück (1939).  Phage-bacteria mixture at an MOI 0.01 was incubated for 10 min at 37°C 

to allow adsorption. After removal of the excess phage by centrifugation, the cell pellet 

was resuspended in fresh TSB medium and incubated shaking at 37°C. Samples at 

different time points were immediately serially diluted and plated for phage titration. 

The latent period was defined as the interval between adsorption of the phages to the 

bacterial cells and the release of phage progeny. The ratio between the final number of 

released phage particles and the number of infected bacterial cells during the latent period 

was considered as a burst size (Adams, 1959).  
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Host Range Analysis 

The host range of the bacteriophage was tested on the 11 environmental and clinical 

Achromobacter spp. isolates. Phage lysate was diluted in liquid TSB medium to 107 

PFU/ml, and 10 µl aliquots were spotted on the bacterial lawns containing 100 µl log 

phase cells of Achromobacter spp. Plates were incubated at 30°C for 24 h. Lysis of strains 

was further confirmed by the development of single plaques by double-layer agar 

technique upon appropriate dilution of the phages. 

Phage stability 

The phage diluted in phosphate buffer (50 mM) with an initial concentration of 107 

PFU/ml was used for stability tests. The residual infectivity was determined by double 

layer agar method. 

Sensitivity to five different temperatures (−20, 4, 22, 60, and 70 °C; 37 °C as control) and 

four pH values (pH 2, 4, 8 and 10; pH 7 as control) were tested by incubating the phage for 

1 h under these conditions. For the stability test at -20 °C, 50% (v/v) glycerol was also 

added to the storage buffer. To test sensitivity to UV radiation, the phage was exposed at 

short wavelengths (254 nm) for up to 5 min. Its resistance to osmotic shock was tested by 

incubating in phosphate buffer with sodium chloride (final concentration 4.5 M) for 15 

min, followed by transference to the same buffer without NaCl. Sensitivity to detergents 

was assessed by incubating in 0.1% SDS (w/v, sodium dodecyl sulfate) for 20 min at 45 °C, 

0.1% Sarkosyl (w/v, sodium lauroyl sarcosinate) and 0.1% CTAB (w/v, 

cetyltrimethylammonium bromide) at 22 °C for 10 and 1 min respectively. The effect of 

organic solvents was studied in 63% (v/v) ethanol and 90% (v/v) acetone after 1 h of 

incubation; and also in 90% (v/v) chloroform and 50% (v/v) DMSO at 4 °C for 24 h. 

5.3.6 Electron microscopy 

Virion morphology was studied by Transmission Electron Microscopy (TEM) and 

Cryogenic electron microscopy (Cryo-TEM). 
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For TEM analyses, 4 µl aliquot of the sample was adsorbed onto a glow-discharged carbon 

film-coated copper grid, and subsequently negatively stained with 2% uranyl acetate. 

Images were recorded using Philips FEI Spirit Electron Microscope operating at 80 kV on a 

Veleta CCD camera (Olympus, Germany). 

For Cryo-TEM, 4 µl aliquot of the sample was adsorbed onto the holey carbon-coated grid 

(Lacey, Tedpella), blotted with Whatman 1 filter paper and vitrified into liquid ethane at -

180 °C using a vitrobot (FEI, Netherlands) (Dubochet et al. 1988). Frozen grids were 

transferred onto a Talos Electron microscope (FEI, USA) using a Gatan 626 cryo-holder 

(GATAN, USA). Electron micrographs were recorded at an accelerating voltage of 200 KV 

using a low-dose system (30 e-/Å2) and keeping the sample at -175°C. Defocus values 

were -3 to 6 µm. Micrographs were recorded on 4K x 4K Ceta CMOS camera. 

5.3.7 Bacteriophage DNA extraction, genome sequencing and assembly  

DNA extraction was performed from concentrated cell lysates of A. denitrificans PR1 after 

pre-treatment with DNase I (New England Biolabs) at 37 °C for 30 min to minimize host 

DNA contamination. Viral genomic DNA was extracted with Dneasy Blood & Tissue DNA 

Extraction Kit (Qiagen) according to the manufacturers’ instructions. High-quality DNA 

was used for paired-end sequencing (2 x 150 bp) with the Hiseq platform (Illumina) by 

GATC Biotech (Germany). Paired-end reads were adapter and quality trimmed (≥Q20) 

with the BBDuk tool (https://sourceforge.net/projects/bbmap). To avoid chimeric 

assemblies between phage and host DNA, the resulting data was further screened to 

remove reads with high sequence identity (≥ 98%) to the host DNA using BBMap version 

38 (https://sourceforge.net/projects/bbmap). A subset of reads (1%) was used for 

assembly with SPAdes version 3.11.1 (Bankevich et al. 2012) with the option –careful. 

Reads were mapped to scaffolds with BWA-MEM (Li 2013) and used for further 

scaffolding with BESST version 2.2.8 (Sahlin et al. 2014). The final assembly was polished 

with several iterations with Pilon version 1.22 (Walker et al. 2014), and the final genome 

https://sourceforge.net/projects/bbmap
https://sourceforge.net/projects/bbmap
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coverage was calculated with Qualimap version 2.2.1 (Okonechnikov et al. 2015). The 

complete linear genome of this bacteriophage has been deposited in GenBank under the 

accession number MH746817. 

5.3.8 Genome annotation and phylogenetic analysis 

Open-reading frames (OFR) were predicted and annotated with Prokka (Seemann 2014) 

using the virus and prophage database from August 3, 2017, available on PHASTER 

(http://phaster.ca/databases) (Arndt et al. 2016) and the Prokaryotic Virus Orthologous 

Groups (pVOGs) (Grazziotin et al. 2017). The 15 closest relatives to phage ART were 

determined using the PAirwise Sequence Comparison (PASC) web tool (Bao et al. 2014). 

Amino acid and nucleotide similarity values between the closest relatives were calculated 

using the web-based tool AAI/ANI matrix calculator (http://enve-omics.ce.gatech.edu/g-

matrix/) (Saitou and Nei 1987; Rodriguez-R and Konstantinidis 2016). Furthermore, 

amino acid sequences were compared using the Genome-BLAST Distance Phylogeny 

(GBDP) method under settings recommended for prokaryotic viruses (Meier-Kolthoff et al. 

2013; Meier-Kolthoff et al. 2017). The resulting intergenomic distances were used to infer 

a balanced minimum evolution tree with branch support via FASTME including SPR post-

processing  (Lefort et al. 2015) for each of the formulas D0, D4, and D6, respectively. 

Branch support was inferred from 100 pseudo-bootstrap replicates. Taxon boundaries at 

the species, genus, and family level were estimated with the OPTSIL program (Göker et al. 

2009), the recommended clustering thresholds and an F value (fraction of links required 

for cluster fusion) of 0.5 (Meier-Kolthoff et al. 2014; Meier-Kolthoff et al. 2017). The 

resulting tree was visualized with FigTree version 1.4.3 

(http://tree.bio.ed.ac.uk/software/figtree/). Comparative genomic analysis between 

phage vB_Ade_ART and others from the same genus was performed with Roary with a 

BLASTp identity threshold set to 70 % (Page et al. 2015) to determine the core genes of 

this genus and the accessory genes present in the novel phage isolate.  

http://phaster.ca/databases
http://enve-omics.ce.gatech.edu/g-matrix/
http://enve-omics.ce.gatech.edu/g-matrix/
http://tree.bio.ed.ac.uk/software/figtree/


Chapter 5 – Achromobacter phage vB_Ade_ART 

 

87 
 

5.3.9 Bacterial consortium DNA extraction and quantitative PCR (qPCR) 

The genomic DNA of the bacterial consortium was extracted from 1 ml of culture medium 

with the GenElute Bacterial Genomic DNA Kit (Sigma) as described previously (Reis et al. 

2018a). The absolute quantification of strains PR1 and GP was performed by qPCR with 

species-specific primers targeting the 16S rRNA gene as described by Reis et al. (2018). 

5.3.10 Effect of the bacteriophage in a sulfonamide-degrading consortium 

 The feasibility of using the test phage for strain PR1 population control in the sulfonamide 

degrading consortium was assessed in batch experiments at different MOI. Firstly, the 

impact of Leucobacter sp. GP on phage infection and propagation were studied by 

assessing the efficiency of plating at a different multiplicity of infection (MOI) on strain 

PR1 axenic cultures and the consortium. Both axenic cultures and the consortium were 

incubated overnight before measuring the efficiency of plating. 

Furthermore, the effect of the phage infection on the activity of the dependent Leucobacter 

sp. was tested by measuring the ability of the consortium to degrade SMX under different 

MOI. This experiment was performed in triplicate and parallel to a non-infected control, 

and the flasks were incubated at 30 °C with constant stirring (120 rpm) for 48 h. The 

abundance of each bacterial strain was measured by qPCR as previously described (Reis et 

al. 2018a), and the quantification of SMX was performed by HPLC as previously described 

by Ricken et al. (2013). Significant differences (p < 0.05) between the overall abundance of 

strain GP were determined by one-way ANOVA (using the ratio of the 16S rRNA copies/ml 

of strains GP and PR1) and Tukey's tests in R (de Mendiburu, 2013; R Core Team, 2015). 

5.4 Results and discussion 

5.4.1 Isolation of the bacteriophage 

The bacteriophage was isolated from an activated sludge sample taken in 2017 from an 

urban WWTP in Basel, Switzerland.  After checking lytic activity, the primary lysate was 
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tittered on A. denitrificans PR1. From three different phage clones, one with a clear plaque 

and the highest titer on the host strain was selected for further studies and named 

vB_Ade_ART.  

5.4.2 Morphological analysis  

Phage vB_Ade_ART forms clear plaques typical for lytic (virulent) phages, 1-2 mm in size, 

indicating larger virions, presumably because of slow diffusion through the top agar (Park 

et al, 2000).  

 

Figure 5.1 – Electron micrographs of the bacteriophage vB_Ade_ART negatively stained in (a) and frozen 
hydrated in (b). The magnification in (a) is 17500 and in (b) is 24000x. 

 

Virion morphology examined by transmission electron microscopy (TEM and Cryo-TEM) 

revealed that phage vB_Ade_ART belongs to the order of tailed phages- Caudovirales, 

family Siphoviridae (long non-contractile tail), the most abundant and well-described 

phage family. The following parameters were determined: head diameter (67 ± 1 nm); tail 

width (11 ± 1 nm); and tail length (123 ±1 nm) (Fig. 5.1). Virion size and morphology 

corresponds to the phage genomic and physiological properties. In particular, head size 

fits the large size genome, while the tail tip complex consisted of central spike and 3 fibers, 

resulting in high efficiency of infection (Shao and Wang 2008). 
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5.4.3 Infection parameters  

The studies on phage adsorption and single-step growth processes provided general 

information of the phage infection cycle, including the adsorption velocity, the latent 

period and the burst sizes. After 5 min, 67.5% of the phage particles were already 

adsorbed, while the maximal adsorption was achieved within 20 min (> 90 %) (Fig. 5.2). 

Adsorption velocity (constant) of this phage into its host was of 1.2 x 10-10 ml/min. 

Furthermore, this phage showed a latent period of approximately 20 min and a burst size 

of 130 new phage particles per infected cell. 

The efficient adsorption, short latent period, and a high number of newly produced phage 

particles (titter 3 x 1011 in 2 hours), characterize this phage as highly infective (Fig. 5.2).  

 

 

Figure 5.2 – Adsorption (a) and one-step growth cycle (b) of Achromobacter phage vB_Ade_ART. Values 
for adsorption are plotted as percentage of free PFU and one-step growth cycle (PFU/ml) is plotted in 

logarithmic scale. All values are the mean of triplicates, and the error bars represent the standard 
deviation. 

 

5.4.4 Phage host range determination 

Bacteriophages are essentially genus-specific and even species-specific in replication 

(Ackermann et al. 1978). However, some lytic phages have been reported to have a broad 

host range, crossing the boundaries of different taxa (Evans et al. 2010). These phages are 
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also referred to as polyvalent bacteriophages. To investigate the specificity of phage 

vB_Ade_ART, 11 clinical and environmental Achromobacter spp. isolates were tested for 

phage sensitivity by spot test. The phage was additionally tittered on different strains to 

distinguish infection from a phenomenon of “lysis from without” (Adriaenssens et al. 

2012).  

 

 

Figure 5.3 – Phylogenetic tree derived from 16S rRNA gene sequence analysis, showing the relationship 
between all type strains of the genus Achromobacter. Type strains of Kerstersia, Taylorella and 

Burkholderia genera were used as outgroups. The maximum likelihood phylogenetic tree based on the 
16S rRNA gene was inferred with the Jukes-Cantor model from 1000 bootstrap replicates in MEGA6 

software (Tamura et al. 2013). Bootstrap values at or above 50 %, are indicated at branch points. The scale 
bar indicates the number of substitutions per site. Strain names in bold indicate the species used in this 

study, strains with a circle next to the tip of the branch indicate the species that could be infected by 
Achromobacter phage vB_Ade_ART. 

 

To the best of our knowledge, all of the previously described Achromobacter phages were 

found to be specific to A. xylosoxidans (Wittmann et al. 2014a; Wittmann et al. 2014b; Li et 

al. 2016; Dreiseikelmann et al. 2017). Phage vB_Ade_ART is, therefore, the first described 

phage able to infect strains of A. denitrificans. Furthermore, contrary to the previously 

described phages, phage vB_Ade_ART showed a broader host range, showing interspecies 

infectivity and propagating in strains from distinct species (Fig. 5.3), namely the type 

strains of A. mucicolens and A. insolitus, noticeably, both opportunistic human pathogens 

(Fig. 5.4) (Li et al. 2017). Furthermore, all infected strains exhibited a multi-drug resistant 
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phenotype, highlighting the potential use of phage vB_Ade_ART as an alternative to 

antibiotics for the treatment of opportunistic infections in immunocompromised 

individuals (Aisenberg et al. 2004; Ridderberg et al. 2012; Tatro et al. 2014). However 

unlike previously isolated phages for Achromobacter spp., phage vB_Ade_ART was unable 

to infect any of the A. xylosoxidans strains, since all the three strains of this species herein 

tested were found to be phage - insensitive or showed “lysis from without” at phage 

concentrations of 106 PFU/ml (data not shown). 

 

Figure 5.4 – Antibiotic resistance pattern and bacteriophage host range for different strains of the 
genus Achromobacter. For both antibiotics and phage red represents resistant, yellow intermediate and 

green susceptible phenotypes. 

 

5.4.5 Phage stability 

Phages are quite resistant to natural and anthropogenic stressors. They are more stable 

than their hosts in particular environments without the loss of their infectious capabilities. 

In sensitivity assays at different temperatures, phage titer was shown to be stable at -20, 4, 

22°C and 37°C – the range of temperature required for phages used as biocontrol agents 

(Rombouts et al. 2016) (Fig. 5.5). This stability has been reported before and is a well-

known characteristic of tailed phages (Ackermann et al. 2004). Moreover, phages of the 
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Siphoviridae family show long-term survivability when kept lyophilized with 50% glycerol. 

Although EOP analysis revealed that incubation at low temperature (4 °C) completely 

inhibits the infection process, while the phage successfully infects the host when grown at 

temperatures of 22 °C, 30 °C and 37 °C with the highest effectiveness at 37 °C.  It is known 

that lower than optimal temperatures decreases penetration efficiency and, therefore, 

fewer phages get involved in the multiplication phase (Jończyk et al. 2011). According to 

the previously suggested grouping of phages based on the effect of temperature on the 

efficiency of plating (Kaliniene et al. 2010), this phage belongs to mid-temperature phage, 

plating in the range of 15–42 °C. 

At high temperature, phage titer did not decrease significantly, with a reduction of 0.62 ± 

0.2 log PFU/ml or 2.19 ± 0.07 log PFU/ml at 60°C and 70°C, respectively (Fig. 5.5). Thus, 

the phage can be considered as quite thermostable. Based on previous studies, the 

formation of disulfide cross-links within phage capsid proteins could play a role in the 

stabilization of the phage against thermal denaturation (Caldeira and Peabody 2007). 

Another important factor influencing phage stability is the acidity of the environment. In 

the stability test with low and high pH, reduction in phage titer was negligible at pH 

ranging from pH = 4 – 10; at pH 8 there was even a minor increase of some PFU/ml (Fig. 

5.5). In opposite, the viability of phage particles dramatically dropped at pH 2. Stability at 

alkaline rather than in acidic pH is a general feature of Siphoviridae family phages (Hamdi 

et al. 2017). Sharp and Hook (1946) suggest irreversible coagulation and precipitation 

might be the factors limiting phage activity in a highly acidic environment.  

UV irradiation for 5 min does not cause any considerable damage to the bacteriophage 

capsid, as shown by a minor decrease in phage titer (decrease of 0.35 ± 0.07 PFU/ml). This 

feature is also described in different phages, presumably related to the phage morphology 

(Lee and Sobsey 2011). Tailed phages and especially phages from Siphoviridae family are 

the most resistant to UV radiation (Ackermann et al. 2004; Lee and Sobsey 2011). 

Consequently, one can expect a high efficiency of infection by phage vB_Ade_ART not only 
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in habitats devoid of UV, like in human or animal guts but also in other environments, 

outside of the mammalian organism. This stability in different conditions may enable 

phage to persist for a long time in natural environments and thus, becoming a good 

candidate for biotechnological applications. 

 

 

Figure 5.5 – Active phage particles after incubation under different pH values (a), temperature (b) and 

the presence of organic solvents (c). Control conditions correspond to pH 7 at 22 °C in the absence of 
organic solvents. Values for PFU/ml are in logarithmic scale and represent the mean of three replicates 

and error bars represent the standard deviation. 

 

On the contrary, organic solvents such as ethanol and acetone caused a significant 

decrease in phage titter, though the virions were more stable in DMSO and relatively 

resistant to chloroform (Fig. 5.5). This acute sensitivity to organic solvents might be 

explained by the possible presence of a lipid-rich membrane. The same sensitivity has 

been described in some membrane –containing phages (Poranen et al. 2015). The factors 

influencing the phagecidal activity of alcohol solutions was explained by the difference 

between the hydrophobicity-hydrophilicity balance of these solutions, and the 

hydrophobicity-hydrophilicity balance of the phage surface proteins (Yamashita et al. 

2000). 
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Phage vB_Ade_ART showed a high sensitivity to detergents. For instance, sarcosyl and 

CTAB were able to inactivate all phage particles in a short period (10 and 1 min, 

respectively), while only a few phage particles remained active after incubation with SDS 

(reduction of 6.16 ± 0.06 log PFU/ml after 20 min). Inhibition of infectivity by detergents 

has been described for some phages (Jurczak-Kurek et al. 2016), perhaps indicating 

enzymatic interference with phage adsorption (Srinivasan and Ramasamy 2017). 

5.4.6 Taxonomic classification and genomic analysis 

Genome sequencing generated 13 million paired-end reads that were trimmed and quality 

filtered resulting in 12.3 million paired-end reads. De novo assembly resulted in a double-

stranded DNA sequence of 95,343 bp with 128 putative open reading frames (ORFs) and 

55 % of GC content. 

Amino acid and nucleotide sequence comparison revealed that Achromobacter phage 

vB_Ade_ART probably represents a new member of the genus Jwrvirus, with only two 

other representative phages described to date (Fig. 5.6). Comparative genomic analysis 

revealed that these three members have an AAI value of 72-73%, ANI value of 77-82% and 

share at least 30 core genes, the majority of these with unknown function (Table 5.2). 

Beside early genes which are linked to essential functions such as DNA metabolism and 

packaging, host interaction, transcription, replication, structure and lysis (Wittmann et al. 

2014b), these three members all share a tRNA for Proline (TGG) (locus tag ART_00058) 

and an integrase gene (locus tag ART_00043) (Table 5.2). The presence of tRNA is an 

expected characteristic of virulent phages since it ensures optimal translation and, 

therefore, faster replication which results in higher infectivity (De Paepe and Taddei 2006; 

Bailly-Bechet et al. 2007). 

Furthermore, the comparative analysis revealed that phage vB_Ade_ART possesses unique 

genes with no close homologs in the genomes of Achromobacter phage 83-24 (accession 

NC_028834) and Achromobacter phage JWX (NC_028768), the other two representative 

members from the same genus (amino acid identity cutoff of 70%) (Fig. 5.7, Table 5.3).  
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Table 5.2 – Core genes of the Jwrvirus genus as determined by core/pangenomic analysis. *, these 
genes are not annotated in GenBank, the nucleotide position of the coding sequence is presented instead. 

 
Locus tag 

Annotation/function 
Achromobacter 

phage vB_Ade_ART 
Achromobacter 

phage 83-24 
Achromobacter 

phage JWX 

Bifunctional 3'-5' 
exonuclease/DNA polymerase 

ART_00001 AVV27_gp46 AVV28_gp48 

Hypothetical protein ART_00003 AVV27_gp44 AVV28_gp46 

Helicase ART_00004 AVV27_gp43 AVV28_gp45 

Hypothetical protein ART_00005 AVV27_gp42 AVV28_gp44 

Hypothetical protein ART_00007 AVV27_gp40 AVV28_gp42 

Thymidylate synthase ART_00010 AVV27_gp36 AVV28_gp39 

Deoxycytidylate deaminase ART_00011 AVV27_gp35 AVV28_gp38 

Hypothetical protein ART_00012 AVV27_gp34 AVV28_gp37 

Hypothetical protein ART_00013 27005..27259* AVV28_gp36 

Endolysin ART_00014 AVV27_gp33 AVV28_gp35 

Hypothetical protein ART_00017 25556..25846* AVV28_gp32 

Hypothetical protein ART_00019 AVV27_gp28 AVV28_gp30 

Tail component protein ART_00022 AVV27_gp25 AVV28_gp27 

Hypothetical protein ART_00024 AVV27_gp23 AVV28_gp25 

Tape measure domain protein ART_00030 AVV27_gp19 AVV28_gp21 

Putative tail protein ART_00033 AVV27_gp16 AVV28_gp18 

Major structural phage protein ART_00034 AVV27_gp15 AVV28_gp17 

PD-(D/E)XK nuclease 
superfamily protein 

ART_00037 AVV27_gp56 AVV28_gp61 

Hypothetical protein ART_00042 AVV27_gp52 AVV28_gp56 

Integrase ART_00043 AVV27_gp51 AVV28_gp55 

Hypothetical protein ART_00044 AVV27_gp50 AVV28_gp54 

Hypothetical protein ART_00045 AVV27_gp49 AVV28_gp53 

Hypothetical protein ART_00047 AVV27_gp03 AVV28_gp04 

Putative terminase small 
subunit 

ART_00049 AVV27_gp05 AVV28_gp07 

Terminase large subunit ART_00050 AVV27_gp06 AVV28_gp08 

Portal protein ART_00051 AVV27_gp07 AVV28_gp09 

Scaffold protein ART_00052 AVV27_gp08 AVV28_gp10 

Putative major capsid protein ART_00053 AVV27_gp09 AVV28_gp11 

Virion structural protein ART_00056 AVV27_gp12 AVV28_gp14 

Virion structural protein ART_00057 AVV27_gp61 AVV28_gp67 
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Table 5.3 – Genes unique to Achromobacter phage vB_Ade_ART within the Jwrvirus genus as 
determined by core/pangenomic analysis and manual curation of the results.  

Annotation/function Gene length (bp) Locus tag 

Phosphoribosyl-ATP pyrophosphohydrolase 464 ART_00008 

Structural protein 290 ART_00026 

Minor tail protein 1862 ART_00027 

Putative tail chaperonin protein 344 ART_00032 

Bifunctional 3'-5' exonuclease/DNA polymerase 1964 ART_00059 

Tail component protein 3467 ART_00062 

MazG nucleotide pyrophosphohydrolase 698 ART_00067 

DNA polymerase 2069 ART_00068 

DNA polymerase beta subunit 995 ART_00069 

Putative cysteine dioxygenase type 1 500 ART_00074 

Queuosine tRNA-ribosyltransferase 920 ART_00075 

GTP cyclohydrolase FolE 677 ART_00078 

putative 6-pyruvoyl tetrahydropterin synthetase protein 
QueD 

446 ART_00079 

Putative queuosine biosynthesis protein QueC 860 ART_00080 

Organic radical activating enzyme QueE 716 ART_00081 

Helicase 1709 ART_00086 

Exonuclease 908 ART_00087 

Putative ATPase AAA 683 ART_00089 

Putative DNA binding protein 461 ART_00092 

Chaperone protein DnaJ 263 ART_00095 

Replicative primase helicase 2363 ART_00100 

Endonuclease 449 ART_00101 

Putative D-alanyl-D-alanine carboxypeptidase 572 ART_00107 

Terminase small subunit 731 ART_00111 

Terminase large subunit 1535 ART_00112 

Putative structural protein 1634 ART_00113 

Putative scaffold protein 707 ART_00114 

Putative major capsid protein 1034 ART_00115 

Structural protein 518 ART_00118 

Structural protein 377 ART_00119 

Structural protein 473 ART_00120 

Major structural phage protein 1325 ART_00121 

Putative structural protein 470 ART_00122 

Putative tail chaperonin protein 293 ART_00123 

Putative tail completion protein 434 ART_00124 

Tape measure domain protein 2555 ART_00125 

Tail fiber protein 1319 ART_00128 
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However, the majority of these unique genes are closely related to other phylogenetically 

distantly phages suggesting that they may have been acquired through homolog 

recombination between different phages and between the phage and different hosts 

(Hendrix 2002). This recombination resulted in a highly mosaic phage which may explain 

its broader host range in comparison to other phages for Achromobacter spp previously 

described. 

 

Figure 5.6 – Phylogenomic GBDP tree from representative phages from the Siphoviridae family inferred 
using the balanced minimum evolution method based on the D4 formula (Meier-Kolthoff et al. 2017). 

Pseudo-bootstrap support values were generated from 100 replications, values above 50% are indicated 
at branch points. Tree was rooted at the midpoint and visualized with FigTree. Scale bar represents the 

number of substitutions per site. 
 

However, interestingly, it also resulted in a highly incongruent phylogenetic nature, since, 

among other genes, phage vB_Ade_ART appears to have acquired additional terminase 

subunits (ART_00111 and ART_00112) similar to the ones found in Burkholderia phage 

BcepGomr (accession number YP_001210221.1 and YP_001210224.1, respectively). This 

incongruence is a well-described characteristic among other phages, particularly in the 

extremely versatile bacteriophage lambda (Hendrix 2002; Hillyar 2012). Although, to the 

best of our knowledge, this is the first described phage harboring two phylogenetically 

distant copies of both large and small terminase subunits. 
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Phage mosaicism is a well-studied characteristic, and particularly well described for 

lambda phage (accession number J02459.1). In this phage, strong genetic mosaicism is 

commonly linked to the recombination machinery consisting of a cluster of three genes: 

exonuclease Exo (AAA96569.1), ssDNA-binding protein Bet (AAA96570.1) and host 

nuclease inhibitor protein Gam (AAA96571.1) (Hillyar 2012).  

 

Figure 5.7 – Circular representation of the genome of Achromobacter phage vB_Ade_ART obtained with 
BRIG (Alikhan et al. 2011). The beginning of the genome is placed on the leftmost side of the virion DNA. 

The genomes of the closest relatives were aligned with BLAST+ and are represented as follows: 
Achromobacter phage 83-24 (orange), Achromobacter phage JWR (green) and Burkholderia phage 

BcepGomr (blue). Genes from the queuosine biosynthetic cluster are represented in red; genes possibly 
involved in recombination are represented in black. 

 

However, phage vB_Ade_ART has no close homologs to any of these genes in its genome. 

Despite the lack of closely related genes, the functional annotation of phage ART genome 

revealed the presence of a gene cluster in the intermediate region linked with DNA 

replication, recombination and repair. These genes consist of a helicase (ART_00086), 

exonuclease (ART_00087), ATPase AAA (ART_00089), putative DNA-binding protein 

(ART_00092) and a chaperone protein DnaJ (ART_00095). Furthermore, phage 
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vB_Ade_ART harbors part of the non-essential queuosine biosynthetic pathway, a rare 

nucleoside which may protect phage DNA against host endonucleases (Nikolskaya et al. 

1976; Kulikov et al. 2014; Thiaville et al. 2016). 

In contrast to phage lambda, which relies on protein Gam for protection, phage 

vB_Ade_ART harbors several genes of the queuosine pathway, including tgt, queC, queD, 

queE and folE (locus tag ART_00075 and ART_00078 to ART_00081, respectively), which 

may carry out a similar function. The presence of this cluster has been reported in other 

phages from the Siphoviridae family namely in several members of the genus Seuratvirus 

and well characterized in Escherichia coli phage 9g (Kulikov et al. 2014; Sazinas et al. 

2018). 

5.4.7 Effect of phage in the sulfonamide-degrading consortium 

The highest burst size of the phage was obtained at the multiplicity of infection MOI= 10. 

The efficiency of plating was slightly higher (with minor differences in titer) when 

propagating Achromobacter PR1 alone, rather than in the consortium of this strain and the 

low-abundance Leucobacter sp. GP. Although, at some multiplicities, phage infection was 

more successful in the presence of this actinobacterium (Fig. 5.8). As a result, the 

inhibition of phage infection by this dependent strain was excluded. Moreover, co-

inoculation of the phage and the consortium resulted in a significantly higher abundance 

of Leucobacter sp. strain GP after 48 h of incubation at all MOI (p > 0.05) when compared 

with the control (Fig. 5.9). 

This effect was slightly enhanced at high MOI values, suggesting that a higher amount of 

phage particles in comparison to PR1 cells favors the propagation of this phage in the 

culture and enhances the abundance of the slow-growing actinobacterium. 

Interestingly, SMX degradation was more efficient at lower MOI values (p > 0.05). This 

result was expected based on our previous observations that the growth of strain GP may 

be linked to the viability of its helper – strain PR1 (Reis et al. 2018a). In this way, optimal 
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SMX degradation efficiency is achieved with a specific ratio between the two strains, and 

not only correlated with the overall abundance of strain GP. 

 

 

Figure 5.8 – Phage titer at different multiplicity of infection (MOI) in Achromobacter denitrificans PR1 and 
in the consortium between this strain and Leucobacter sp. GP. Values for phage titer in PFU/ml in strain 

PR1 (white bars) and in the microbial consortium (orange bars) are in logarithmic scale and represent the 
mean of triplicates and error bars the standard deviation. 

 

Specifically, at high MOI, plating efficiency showed a considerable decrease in the viability 

of strain PR1 (Table 5.4). Nevertheless, we observed no considerable decrease in the 16S 

rRNA gene copy number for strain PR1. These results suggest that either the pellet used 

for extraction contained lysed and non-viable PR1 cells or it may point out to incomplete 

or inefficient lysis of this strain. This result agrees with previously published observations 

(Wittmann et al. 2014a) whereas the efficiency of the lysis was always low when a single 

bacteriophage was applied as a biocontrol tool. In this way, for effective biocontrol of a 

specific bacterial strain, the application of a phage cocktail of two or more phages would 

be a more suitable approach (Chan et al. 2013). 
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Table 5.4 – Viability (log CFU/ml) of strain PR1 determined by plating after 90 min incubation in mineral 
medium (MMSY – SMX) at different MOI. 

Multiplicity of infection (MOI) 
Strain PR1 viable cells (log CFU/ml) 

Initial 90 min incubation 

Control without phage 8.18 ± 0.04 8.90 ± 0.08 
10 7.27 ± 0.03 4.90 ± 0.08 
1 7.63 ± 0.21 7.26 ± 0.26 

 

The enhanced degradation efficiency and increased abundance of strain GP obtained in 

this study indicate that phages could be used as useful biocontrol tools to engineer 

microbial communities and increase the efficiency of specific biological functions. 

 

 

Figure 5.9 – Effect of phage vB_Ade_ART in the abundance of Leucobacter sp. strain GP in the 
consortium with A. denitrificans strain PR1 after 48 h of incubation in MMSY with 0.6 mM SMX. Values for 
16S rRNA gene copies per ml for strain PR1 (white bars) and strain GP (orange bars) are in logarithmic 
scale. Degradation of SMX () is represented as the percentage of antibiotic concentration decrease. 

Abiotic controls present negligible degradation of SMX. At all MOI, phage titer after 48 h is of 9.85 ± 0.30 
log PFU/ml. All values are the mean of triplicates and error bars represent the standard deviation. 

Significant differences in strain GP / strain PR1 ratio are indicated by a, b, c, d, e and f (from higher to 
lower values of the mean) as determined by one-way ANOVA and the Tukey test at p < 0.05. 
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5.5 Conclusions 

In conclusion, in this study we isolated a new polyvalent phage able to infect multiple 

species of the Achromobacter genus. Genomic analysis of the phage revealed a highly 

mosaic nature, suggesting that this phage underwent extensive recombination. The 

findings obtained this study provide new insights into the nature of environmental 

Achromobacter phages. Further studies suggested that this phage could influence the 

stability and evolution of a sulfonamide-degrading consortium, slightly enhancing its 

efficiency, however, more studies are necessary to understand the effectiveness of this 

phage in contaminated natural systems. 
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6.1 Abstract 

Background: Microbial communities recurrently establish metabolic associations 

resulting in increased fitness and ability to perform complex tasks, such as xenobiotic 

degradation. In a previous study, we have described a sulfonamide-degrading consortium 

consisting of a novel low-abundant actinobacterium, named strain GP, and Achromobacter 

denitrificans PR1. However, we found that strain GP was unable to grow independently 

and could not be further purified. 

Results: Previous studies suggested that strain GP might represent a new putative species 

within the Leucobacter genus (16S rRNA gene similarity < 97 %). In this study, we found 

that average nucleotide identity (ANI) with other Leucobacter spp. ranged between 76.8 

and 82.1 %, further corroborating the affiliation of strain GP to a new provisional species. 

The average amino acid identity (AAI) and percentage of conserved genes (POCP) values 

were near the lower edge of the genus delimitation thresholds (65 and 55 %, 

respectively). Phylogenetic analysis of core genes between strain GP and Leucobacter spp. 

corroborated these findings. 

Comparative genomic analysis indicates that strain GP may have lost genes related to 

tetrapyrrole biosynthesis and thiol transporters, both crucial for the correct assembly of 

cytochromes and aerobic growth. However, supplying exogenous heme and catalase was 

insufficient to abolish the dependent phenotype. The actinobacterium harbors at least two 

copies of a novel genetic element containing a sulfonamide monooxygenase (sadA) flanked 

by a single IS1380 family transposase. Additionally, two homologs of sadB (4-aminophenol 

monooxygenase) were identified in the metagenome-assembled draft genome of strain GP, 

but these were not located in the vicinity of sadA nor of mobile or integrative elements. 

Conclusions: Comparative genomics of the genus Leucobacter suggested the absence of 

some genes encoding for important metabolic traits in strain GP. Nevertheless, although 

media and culture conditions were tailored to supply its potential metabolic needs, these 
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conditions were insufficient to isolate the PR1-dependent actinobacterium further. This 

study gives important insights regarding strain GP metabolism; however, gene expression 

and functional studies are necessary to characterize and further isolate strain GP. 

Based on our data, we propose to classify strain GP in a provisional new species within the 

genus Leucobacter, ‘Candidatus Leucobacter sulfamidivorax’. 

6.2 Background 

Microbial communities are known to establish sophisticated metabolic interactions in 

order to achieve complex and energy-expensive tasks (Jetten et al. 2005a; Lykidis et al. 

2011; Oshiki et al. 2013; Wu et al. 2013; Ponomarova and Patil 2015). These syntrophic 

relationships are frequently studied in bacterial pathogens and symbiotic bacteria, where 

the interaction with the host often drives progressive adaptation, mutation, and 

subsequently, gene loss. These phenomena may render the bacteria “unculturable” or 

difficult to grow under standard laboratory conditions (Silva et al. 2001; Moran 2003; 

Stewart 2012; Pham and Kim 2012; Bryant et al. 2012; Vartoukian et al. 2016).  

On the contrary, the phenomena underlying metabolic cooperation and competition 

within environmental communities are often more complex, and their implications for 

microbial ecology are still poorly understood (Stewart 2012; Ponomarova and Patil 2015). 

These communities recurrently exchange metabolites or co-factors and are often 

associated with xenobiotic-degraders thriving in polluted environments (Schloss and 

Handelsman 2005; Merhej et al. 2009; Stewart 2012; Morris et al. 2013; Ponomarova and 

Patil 2015; Widder et al. 2016). This syntrophy has been previously observed in 

terephthalate-degrading communities (Lykidis et al. 2011; Wu et al. 2013), anammox 

(Jetten et al. 2005a; Jetten et al. 2005b; Oshiki et al. 2013), in the dichloromethane-

degrader ‘Candidatus Dichloromethanomonas elyunquensis’ (Kleindienst et al. 2017), and 

in members of the candidate phylum ‘Candidatus Latescibacteria’, that thrive in 

hydrocarbon-impacted environments (Youssef et al. 2015; Farag et al. 2017). However, to 
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date, no representatives of these groups could be isolated as pure cultures and their 

metabolic needs are difficult to assess. 

Terephthalate-degraders, for instance, thrive in an intricate network formed between H2-

producing syntrophs and methanogenic archaea, with numerous other secondary 

interactions essential for the stability of the consortium (Lykidis et al. 2011; Wu et al. 

2013). Anammox bacteria were shown to form stable biofilm communities with ammonia-

oxidizing bacteria (AOB), that appear to be essential to protect the sensitive anammox 

species from atmospheric O2 (Jetten et al. 2005a; Kindaichi et al. 2007; Oshiki et al. 2013; 

Ma et al. 2015). 

The evolution of these communities is driven by selective pressure and stress and may 

result in complex syntrophic relationships that may lead to niche-specialization and 

dependency on other members of the community. In order to characterize the members of 

these communities, cell-sorting and metagenomics approaches are being used to 

circumvent the need for cultivation (Schloss and Handelsman 2005). Furthermore, these 

studies are frequently complemented with comparative genomics which has emerged as a 

valuable tool to determine the evolution and functional prediction between even distantly 

related bacteria (Makarova et al. 2006; Lee et al. 2008; Merhej et al. 2009). The cultivation 

of several members of the ubiquitous SAR11 aquatic bacteria, with no closely related 

culturable relatives, has been made possible by in silico metabolic studies and next-

generation sequencing approaches (Tripp 2013). Furthermore, the evolution of this 

abundant group of Alphaproteobacteria and their ecological importance has been further 

elucidated using comparative genomic approaches (Thrash et al. 2014). 

In a previous study, we have described a microbial consortium between Achromobacter 

denitrificans strain PR1 and strain GP that depends on strain PR1’s presence for growth 

(Reis et al. 2018a). Strain GP showed the highest pairwise similarity of its 16S rRNA gene 

sequence to members of the genus Leucobacter. Independently of the tested culture media, 
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cofactors and culture conditions no pure cultures were obtained for strain GP (Reis et al. 

2018a).  To characterize strain GP, we have sequenced the two-member consortium and 

reconstructed its draft genome. Also, we performed comparative genomic studies in order 

to understand its phylogenetic relationship with other members of the Leucobacter genus 

and propose the hypothesis that may allow us to understand why this strain has eluded 

isolation in previous studies. 

6.3 Results and discussion 

6.3.1 Morphological and physiological characterization of the 

consortium 

The microbial consortium between strain A. denitrificans and the low-abundant strain GP 

was visualized by Cryo-TEM during mid-stationary phase (Fig. 6.1), as well as by FISH (Fig. 

6.2). As expected, strain PR1 showed the typical morphology of Gram-negative rods with 

an average cell size of 801.3 ± 40.2 nm (width), 1332 ± 98.7 nm (length) and 38.2 ± 6.5 nm 

(periplasmic space) (Fig. 6.1a). Moreover, peritrichous flagella were observed by negative 

stain electron microscopy (FG, Fig. 6.1c and d). Although flagella have not been previously 

reported for the type strain of A. denitrificans, their presence has been repeatedly 

observed in other strains from this species (Glupczynski et al. 1988) and other species of 

the Achromobacter genus (Igra-Siegman et al. 1980; Nejidat et al. 2008). Conversely, strain 

GP displayed the typical morphology of Gram-positive rods. Its cells showed an average 

size of 506.6 ± 30.1 nm (width) and 1341.0 ± 29.7 nm (length) (Fig. 6.1b), and the rigid cell 

wall of this organism had an average thickness of 20.6 ± 2.2 nm. No flagella were observed 

for this bacterium, suggesting that it is non-motile, like previously reported for other 

members of the Leucobacter genus (Morais et al. 2006; Sturm et al. 2011). 
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Figure 6.1 - Electron micrographs of frozen hydrated Achromobacter denitrificans strain PR1 (a) and 
strain GP (b). Micrographs of negatively stained A. denitrificans PR1 showing the presence of peritrichous 

flagella (c and d). PM – Plasma membrane; OM – Outer membrane; FG – Flagellum; CW – Cell wall; C – 
Carbon support grid. 
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Figure 6.2 – Fluorescence microscopy composite images of DAPI-stained cells of the microbial 
consortium (blue) and (A) cells hybridized with the modified ActORD1 FISH probe (stains strain GP, 5’ 

fluorophore: FAM, green) or with (B) cells hybridized with Alca2 FISH probe (stains strain PR1; 5’ 
fluorophore: Cy3, orange/red). 

The two members of the consortium revealed significant differences regarding their 

respective tolerances toward temperature, pH and salinity (Fig. 6.3). While the abundance 

of strain PR1 was constant when incubating at 22, 30 and 37 °C, respectively, strain GP 

abundance was significantly reduced at 37 °C (p < 0.05) when compared to the other 

tested temperatures. Strain GP also showed a lower abundance when incubated at pH 5.5, 
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in comparison to cultures incubated in media at neutral (pH 7.2) and basic (pH 9.5) pH 

values (Fig. 6.3). As it is typically observed for members of the Achromobacter genus 

(Vandamme et al. 2016), NaCl concentrations up to 4 % (w/v) did not influence the 

abundance of strain PR1; however, its abundance was significantly reduced above this 

value (Fig. 6.3). Although the absolute amount of strain GP 16S rRNA copy numbers also 

decreased above 4 % NaCl (w/v), the relative abundance of this strain in the consortium 

was significantly higher (ranging from 0.24 % at 0 % NaCl, to a maximum of 4.26 % at 8 % 

NaCl). Interestingly, the abundance of strain GP was significantly lower in complex media 

(TSA, BHI, and R2A) than in mineral media with defined carbon sources (MMSY, Fig. 6.4).  

These results suggest that strain GP is possibly oligotrophic, unlike previously described 

for members of the Leucobacter genus, which thrive in complex media, such as BHI 

enriched with peptone and yeast extract, as observed for L. luti RF6T (Morais et al. 2006). 

 

Figure 6.3 - Abundance of strain PR1 and strain GP after 15 h incubation at different pH and salinity in 
DLB and at different temperatures in MMSY. The values for copies of the 16S rRNA gene per ml are 
plotted in logarithmic scale for strains PR1 (white) and GP (orange). Values are the mean values of 
triplicates and the error bars represent the standard deviation. Significant differences in strain GP 

abundance are indicated by a, b, c and d (from higher to lower values of the mean) as determined by two-
way ANOVA and the Tukey test at p < 0.05 within each tested condition (pH, temperature and salinity) (R 

Core Team 2015). 
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Figure 6.4 - Abundance of strain PR1 and strain GP after 15 h incubation in different media. The values 
for copies of the 16S rRNA gene per ml are plotted in logarithmic scale for strains PR1 (white) and GP 

(orange). Values are the mean values of triplicates, and the error bars the standard deviation. Significant 
differences in strain GP abundance (16S rRNA copy numbers of strain GP divided by those of PR1) are 
indicated by a, b, c and d (from higher to lower values of the mean) as determined by one-way ANOVA 

and the Tukey test at p < 0.05 among all tested media (R Core Team 2015). 

 

6.3.2 Analysis of the metagenome-assembled genome of strain GP 

The analysis of the metagenomic contigs with SSU finder (rRNA small subunit) from 

CheckM (Parks et al. 2015) revealed the presence of only two phylogenetic distinct 

organisms: one identified as A. denitrificans PR1 and the other as strain GP. The 

reconstruction of strain GP’s genome from whole-consortium sequencing generated a 

MAG consisting of 11 contigs, with 3.84 Mb, 3,621 CDS, 69.68 % in G+C and a total mapped 

coverage of 61x (Table 6.1). In spite of an enrichment step with 2-phenylethanol, only 

18.5% of the total of reads obtained with Oxford Nanopore (ONT) and Illumina 

technologies were mapped to strain’s GP MAG, while the remaining reads mapped to the 

complete genome of A. denitrificans PR1 (Table 6.2), previously determined (Reis et al. 

2017). 
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Table 6.1 - List of named species of the Leucobacter genus used in the phylogenetic and comparative studies. Assembly quality was calculated using QUAST (Konstantinidis 
and Tiedje 2005) with a minimum contig size set to 200 bp. Completeness and contamination were computed with CheckM (Parks et al. 2015). 16S rRNA pairwise similarity 
was computed with the global alignment tool in the EzBioCloud web server (Yoon et al. 2017). Strains sequenced in this study are shown in bold. 

Strain 

16S rRNA 
pairwise 

similarity 
to GP 

Genome*/ 
assembly 

accession no. 

Completeness 
(%) 

Contamination 
(%) 

Number 
contigs/ 
scaffolds 

Genome 
size 

(Mb) 

Contig 
N50 

G+C 
content 

(%) 

Number 
of CDS 

Reference 

‘Candidatus Leucobacter  
sulfamidivorax’ GP 

- QZLF00000000 95.91 0.58 11 3.84 956,104 69.68 3,621 This study 

L. aridicollis L-9T 96.23 % QYAE00000000 99.27 0.58 8 3.56 888,847 67.3 3,212 This study 
L. celer subsp. astrifaciens 
CBX151T 

95.87 % GCA_001273835.1 98.83 0.00 235 4.14 349,813 69.1 3,661 
Clark and 

Hodgkin (2015) 

L. chironomi MM2LBT 95.43 % GCA_000421845.1 100.00 0.88 27 2.96 268,438 69.9 2,662 
Laviad et al. 

(2015) 
L. chromiireducens subsp. 
chromiireducens L-1T 

96.23 % QYAD00000000 100.00 0.58 6 3.22 623,960 67.0 2,843 This study 

L. chromiireducens subsp. 
solipictus TAN 31504T 

96.15 % QYAC00000000 99.42 2.05 11 3.54 451,461 68.9 3,096 This study 

L. chromiiresistens J31T 96.23 % GCA_000231305.1 100.00 0.00 2 3.21 2,823,343 70.3 2,895 
Sturm et al. 

(2011) 

L. chromiiresistens NS354 96.37 % GCA_001477055.1 95.03 0.00 194 2.79 35,220 70.8 2,423 
Midha et al. 

(2016) 
L. komagatae DSM 8803T 96.79 GCA_006716085.1 98.54 1.75 2 3.75 3,292,530 66.6 3,253 Unpublished 
L. luti RF6T 96.81 % QYAG00000000 100.00 0.58 5 3.62 1,858,864 69.4 3,088 This study 

L. massiliensis 122RC15T 96.52 % GCA_002982315.1 100.00 1.75 24 3.14 232,656 71.0 2,789 
Leangapichart et 

al. (2018) 
L. musarum subsp. 
japonicus  CBX130T 

95.87 % GCA_001273855.1 99.56 0.58 144 3.59 248,155 66.8 3,311 
Clark and 

Hodgkin (2015) 
L. musarum subsp. 
musarum CBX152T 

95.87 % GCA_001273845.1 99.85 0.58 125 3.44 200,785 66.8 3,147 
Clark and 

Hodgkin (2015) 
L. salsicius M1-8T 95.94 % GCA_000350525.1 99.42 0.00 28 3.18 197,637 64.5 2,741 Yun et al. (2014) 
L. triazinivorans JW-1T 96.4 GCA_004208635.1 100.00 0.88 1 3.48 - 69.37 2,978 (Sun et al. 2018) 
L. zeae CC-MF41T 95.88 % QYAB00000000 99.85 0.58 6 3.47 2,226,772 70.6 3,042 This study 
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The MAG of strain GP encoded a complete rRNA operon and harbored two copies of the 5S 

and one copy of the 16S and 23S rRNA subunits, respectively. Moreover, analysis with 

tRNAscan-SE (Lowe and Chan 2016) identified 44 tRNA encoding for all 20 amino acids. 

Analysis with CheckM (Parks et al. 2015) showed high completeness and low 

contamination values for this assembly as only 7 marker genes were not detected in the 

draft genome and 3 markers had 2 copies in the assembly (95.9 % completeness and 0.6 % 

contamination, respectively). Therefore, according to Bowers et al. (2017), these findings 

indicate that this methodology allowed the reconstruction of a high-quality MAG for strain 

GP. 

Table 6.2 - Mean coverage and GC content per strain and contig in the metagenome assembly of the 
consortium consisting of Achromobacter denitrificans PR1 and 'Candidatus Leucobacter sulfamidivorax’ 

   Mapped coverage (x)  

Strain/Contig CDS Size (bp) Illumina ONT Total G+C (%) 

PR1 / Genome 6,357 6,929,205 58.8 89.6 148.4 67.40 

GP / 1 1,415 1,477,215 13.6 42.2 

61.0 

70.09 

GP / 2 861 956,104 13.6 41.9 70.26 

GP / 3 796 867,453 14.4 43.3 68.92 

GP / 4 347 329,436 14.0 42.8 69.85 

GP / 5 80 74,101 42.2 109.1 63.24 

GP / 6 59 65,197 12.9 39.7 71.71 

GP / 7 25 22,555 128.5 357.5 62.64 

GP / 8 13 15,023 12.8 45.9 70.20 

GP / 9 8 11,854 44.3 133.4 64.29 

GP / 10 11 11,114 16.5 45.5 67.51 

GP / 11 6 7,813 13.4 38.5 70.79 

 

6.3.3 Analysis of mobile and conjugative elements 

The identification of potential plasmids and other mobilizable elements in the genome of 

strain GP was performed in silico by measuring differences in coverage and G+C content 

between the contigs of the draft assembly. Compared to the average values for all contigs, 

for at least three (5, 7 and 9) showed a significantly higher coverage, and lower G+C 

content (Table 6.2). The differential coverage among contigs was observed consistently 
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with both Illumina and ONT libraries, which were prepared from different biological 

replicates of the consortium. Therefore, these differences are unlikely to arise from library 

preparation and sequencing bias. The differences encountered suggest that these contigs 

may represent potential plasmids with an average copy number per cell of approximately 

2-3 (contigs 5 and 9) and 9 (contig 7), respectively. Furthermore, conserved domain 

search and CONJscan revealed the presence of several elements linked to plasmid 

replication, stability, partitioning, conjugation, and mobility (Table 6.3). 

Out of these three contigs, only contig 9 (11.8 kb) was marked as circular by Circlator 

(Hunt et al. 2015); however, it had no relevant hits to other plasmids available in the 

National Center for Biotechnology Information (NCBI) database. Contrarily, contig 7 (22.5 

kb) featured residual homology to a new plasmid found in Cnuibacter physcomitrellae XAT 

(accession number CP020716.1, 4,285 bp alignment with 99 % identity to this plasmid), 

and the plasmid pKpn-35963cz from Klebsiella pneumoniae Kpn-35963cz (accession 

number MG252894.1, 2,030 bp alignment with 99 % identity to this plasmid). The 

respective homologous regions contained genes encoding for transposases and mercury 

resistance. Both contigs 7 and 9 carry a gene encoding for a putative relaxase (locus tag: 

D3X82_18105, D3X82_18250, respectively) with a TrwC family domain (accession no. 

pfam08751; E-value: 3.7e-28 and 7.6e-25, respectively), commonly observed in proteins 

from the MOBF (mobility) family (e.g., TraA from Arthrobacter sp. Chr15, accession no. 

ABR67091.1 (Garcillán-Barcia et al. 2009)). This classification was further confirmed by 

CONJscan (Guglielmini et al. 2014; Mareuil et al. 2017; Afgan et al. 2018), which found that 

both D3X82_18105 (contig 7) and D3X82_18250 (contig 9) possess a highly conserved 

MOBF domain (E-values of 5.3e-105 and 4.1e-106, respectively). Additional mobility 

elements were only found in contig 7. This contig was found to harbor a putative plasmid 

replication protein (locus tag: D3X82_18090; Family: RepA_C; accession no: pfam04796; 

E-value: 9.0e-07).  
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Table 6.3 - Genes and corresponding conserved domains linked to integrative, conjugative and 
resistance elements found in contigs 5, 7 and 9 from the draft assembly of strain GP. Families and E-
values in bold indicate the best hits obtained with CONJscan (Abby et al. 2014). n.a., not applicable. 

System Contig Locus tag Description Family Accession E-value 

Replication, 

stabilization 

and 

partitioning 

5 D3X82_17420 Toxin protein from a 

toxin/antitoxin system 

Zeta_toxin pfam06414 1.6e-19 

5 D3X82_17550 Plasmid partition protein A BcsQ 

partition_RepA 

COG1192 

TIGR03453 

2.2e-43 

5.7e-16 

5 D3X82_17555 Single-stranded DNA-binding 

protein 

SSB_OBF cd04496 8.5e-12 

7 D3X82_18090 Plasmid replication protein RepA_C pfam04796 9.0e-07 

Mobilization 

and 

conjugative 

elements 

5 D3X82_17410 Plasmid mobilization 

relaxosome protein MobC 

MobC pfam05713 5.7e-05 

5 D3X82_17470 Conjugal transfer protein TrwC 

MOBF 

pfam08751 

n.a. 

9.0e-97 

1.3e-85 

5 D3X82_17385 Type IV secretion protein 

(T4SS) 

VirB4 n.a. 1.40e-25 

5 D3X82_17390 Coupling protein (T4CP) 

 

VirD4 

T4CP2 

COG3505 

n.a. 

4.2e-16 

5.7e-40 

5 D3X82_17405 Relaxase 

 

Relaxase 

MOBP1 

pfam03432 

n.a. 

9.8e-10 

4.20e-40 

7 D3X82_18105 Conjugal transfer protein TrwC 

MOBF 

pfam08751 

n.a. 

3.7e-28 

5.3e-105 

9 D3X82_18250 Conjugal transfer protein TrwC 

MOBF 

pfam08751 

n.a. 

7.6e-25 

4.1e-106 

Multi-drug 

and heavy 

metal 

resistance 

5 D3X82_17365 

D3X82_17695 

Sulfonamide monooxygenase 

SadA 

NcnH 

CaiA 

Acyl-CoA_dh_2 

cd01159 

COG1960 

pfam08028 

1.52e-84 

1.93e-30 

5.8e-20 

5 D3X82_17485 Tet(A)/Tet(B)/Tet(C) family 

tetracycline efflux MFS 

transporter 

MFS_TetA cd17388 2.4e-145 

5 D3X82_17505 ANT(3'')-Ia family 

aminoglycoside 

nucleotidyltransferase 

AadA1 

PRK13746 

DUF4111 

PRK13746 

pfam13427 

0e+00 

1.31e-41 

5 D3X82_17510 Quaternary ammonium 

compound efflux SMR 

transporter QacE delta 1 

Multi_Drug_Res pfam00893 1.75e-28 

5 D3X82_17515 Sulfonamide-resistant 

dihydropteroate synthase 

Sul1 

Pterin_bind pfam00809 1.8e-87 

5 D3X82_17685 Mercury(II) reductase MerA TIGR02053 1.2e-171 
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In this way, according to Guglielmini et al. (Guglielmini et al. 2014) and Smillie et al. 

(Smillie et al. 2010), the presence of a MOB element in contigs 7 and 9 suggests these 

putative elements are mobilizable but non-conjugative. Contig 5, with 74 kb, was found to 

contain various integrative and conjugative elements (Table 6.3) (Martini et al. 2016). 

Besides, this contig contained all antimicrobial resistance genes found in the genome of 

strain GP (sul1, tet(33), aadA1, qacE), as well as two copies of the sadA gene encoding for 

the previously described sulfonamide monooxygenase (Reis et al. 2018a).  

Homology searches for contig 5 against the NCBI database (NCBI Resource Coordinators 

2017) revealed residual homology to Enterobacter cloacae strain EclC2185’s genomic 

island (accession number MH545561.1, 5,187 bp alignment with 99 % identity to the 

genomic island of this strain) containing a class I integron with multi-drug resistance 

genes (aadA1, sul1, and qacE). Other significant alignments included regions conferring 

mercury resistance (Cnuibacter physcomitrellae XAT plasmid, accession number 

CP020716.1, 5,928 bp alignment with 99 % identity to this plasmid) and intergenic 

regions of the new plasmid pOAD2 from Flavobacterium sp. KI723TI (accession number 

D26094.1, 14,820bp alignment with 94 % to this plasmid). 

According to conserved domain search and CONJscan analyses, two putative MOB 

elements were found in contig 5: (i) D3X82_17470, a relaxase from the MOBF family with a 

TwrC conserved domain (CONJscan domain search: E-value 1.3e-85); (ii) D3X82_17405, a 

relaxase from the MOBP1 family (CONJscan domain search: E-value 4.2e-40). Other 

essential mobilizable elements detected include a type IV coupling protein (T4CP, locus 

tag D3X82_17390) with a conserved VirD4 domain (CONJscan domain search: E-value 

5.7e-40) and a type IV secretion protein (T4SS, locus tag D3X82_17385) with a VirB4 

domain (CONJscan domain search: E-value 1.4e-25). According to Smillie et al. (Smillie et 

al. 2010), these three elements are at the core of plasmid conjugation, however, no other 

known accessory proteins were detected in our analysis, presumably due to incomplete 

assembly and/or low identity to previously characterized proteins from the mating-pair 
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formation (MPF) system. In this way, no complete type IV secretion systems were detected 

in contig 5 suggesting this element may be mobile but possibly not conjugative. 

6.3.4 Phylogenetic analysis 

As reported previously, strain GP shares the highest 16S rRNA gene sequence similarity 

with members of the genus Leucobacter (94.6-96.9 %, Table 6.4), below the 98.7 % 

threshold currently used to define a new species (Chun et al. 2018; Reis et al. 2018a) and 

the close to 97 % threshold used to define a new genus (Stackebrandt and Goebel 1994). 

The phylogenetic analysis inferred from the alignment of the near-complete 16S rRNA 

gene between all the type strains of the Microbacteriaceae family and all fully sequenced 

Leucobacter spp. showed that strain GP indeed clusters with Leucobacter spp. (Fig. 6.5). 

Nevertheless, the ANI values between strain GP and the type strains of the validly named 

species of this genus ranged between 80.0 and 82.1 % (Fig. 6.6a), well below the general 

species delimitation thresholds (94-96 %) (Konstantinidis and Tiedje 2005; Richter and 

Rosselló-Móra 2009), indicating that strain GP could not be affiliated to any of these 

species. Average amino acid identity (AAI) comparisons between this strain and the type 

strains of the validly named species of this genus ranged between 64.2 and 69.1 % (Fig. 

6.6b). These values are near the lower edge of the typical genus delimitation boundaries 

(approximately 65 %) (Konstantinidis and Tiedje 2005), and the specific interspecies 

boundaries found between the analyzed type strains of Leucobacter spp. (51.0 – 87.3 %). 

This result was further supported by the percentage of conserved genes (POCP) (Qin et al. 

2014). POCP values ranged between 46.7 and 56.5 % (Fig. 6.6c), which is also on the lower 

edge of the interspecies boundaries found for this genus (42.0 – 81.3 %) and the value 

suggested by Qin et al. (Qin et al. 2014) for new genus delimitation (55 %).   
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Table 6.4 - List of all bacterial strain used for comparative genomics. (T) type strain; (*) sulfonamide degraders; N.A. not available; (bold) strains sequenced in this study; (1) 
available on Github ; * the 16S rRNA gene sequence of this strain has a gap between positions 706 and 761; ** no rRNA was annotated in this sequence; cells highlighted in 
orange indicate strain for which the genome sequence became available after November 2018, and, therefore were not included in the comparative genomics studies to 
assess gene loss in strain GP. 

Organism 
Genbank accession 

no. 
16S rRNA accession no. 

or locus tag 
%G+C 

16S 
rRNA 

ANI AAI POCP 
Free-
living 

Origin 

Agromyces aureus AR33T GCA_001660485.1 NZ_CP013979.1 70.39 92.32 78 55.41 40.35 Yes Mining site 

Arthrobacter sp. D2* GCA_001742015.1 NZ_LUKB01000087.1 63.42 92.74 82.25 50.81 34.12 Yes Activated sludge (AS) 

Arthrobacter sp. D4* GCA_001742005.1 NZ_LUKC01000100.1 63.41 92.74 79.38 50.61 33.86 Yes Activated sludge (AS) 

Gulosibacter molinativorax ON4T GCA_003010915.1 NZ_PXVE01000103.1 64.28 93.92 82.59 54.21 42.12 Yes 
Molinate-contaminated 
soil 

Leifsonia aquatica ATCC 14665T GCA_000469485.1 NZ_AULS01000007.1 70.17 92.78 78.4 55.41 38.47 Yes Distilled water 

Leucobacter aridicollis L-9T N.A. D3229_13785 67.3 96.23 80.47 64.44 48.41 Yes Activated sludge (AS) 

Leucobacter celer subsp. astrifaciens 
CBX151T 

GCA_001273835.1 NZ_JHEI01000141.1 69.1 95.87 81.37 68.44 54.19 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter chironomi MM2LBT GCA_000421845.1 NZ_ATXU01000012.1 69.9 95.43 81.71 68.51 56.49 No Chironomidae (arthropod) 

Leucobacter chromiireducens LYC-2 GCA_003917135.1 
not included in the 
phylogenetic trees 

69.85 n.a. ** 80.55 67.24 51.19 Yes Tannery wastewater 

Leucobacter chromiireducens subsp. 
chromiireducens L-1T 

N.A. D3226_06110 67 96.23 80.17 67.44 52.46 Yes Activated sludge (AS) 

Leucobacter chromiireducens subsp. 
solipictus TAN 31504T 

N.A. D3230_15760 68.9 96.15 79.99 67.11 53.64 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter chromiiresistens JG 31T GCA_000231305.1 NZ_JH370379.1 70.3 96.23 81.23 66.98 51.65 Yes Activated sludge (AS) 

Leucobacter chromiiresistens NS354 GCA_001477055.1 NZ_LDRK01000056.1 70.8 96.37 80.97 67.21 49.06 No Oryza sativa (plant) 

Leucobacter komagatae DSM 8803T GCA_006716085.1 NZ_VFON01000001.1 66.63 96.79 80 64.19 46.73 Yes Culture contaminant 

Leucobacter komagatae VKM ST2845 GCA_000834055.1 
not included in the 
phylogenetic trees 

65.3 n.a. ** 79.8 63.75 46.56 Yes Environment 

Leucobacter luti BIGb0106 GCA_004339635.1 NZ_SMGC01000003.1 64.67 96.92 79.4 66.97 49.9 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter luti JUb18 GCA_004362775.1 NZ_SNYA01000014.1 64.42 96.92 79.66 66.95 49.84 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter luti RF6T N.A. NR_042425.1 69.4 96.81 80.66 67.66 54.63 Yes Activated sludge (AS) 



 

119 
 

Leucobacter massiliensis 122RC15T GCA_002982315.1 NZ_MWZD01000014.1 71 96.52 81.77 68.43 51.8 No Pharynx (human) 

Leucobacter musarum subsp. japonicus 
CBX130T 

GCA_001273855.1 NZ_JHBX01000111.1 66.8 95.87 80.44 65.76 49.75 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter musarum subsp. musarum 
CBX152T 

GCA_001273845.1 NZ_JHBW01000088.1 66.8 95.87 80.52 65.55 48.52 No 
Caenorhabditis elegans 
(nematode) 

Leucobacter salsicius M1-8T GCA_000350525.1 NZ_AOCN01000008.1 64.5 95.94 79.99 65.99 52.9 Yes Jeotgal (food) 

Leucobacter sp. 4J7B1 GCA_001373475.1 NZ_CDWJ01000013.1 67.44 96.16 80.43 66.93 49.39 No Rhizosphere (Nerium sp.) 

Leucobacter sp. 7(1) GCA_900163635.1 NZ_FUID01000098.1 65.83 96.01 79.9 66.61 53.04 Yes 
Soft smear-ripened 
cheese 

Leucobacter sp. AEAR1 N.A. N.A. 70.25 96.3 81.7 66.7 44.52 No 
Caenorhabditis angaria 
and C. remanei 
(nematode) 

Leucobacter sp. Ag1 GCA_000980875.1 NZ_LAYO01000034.1 70.27 96.08 81.21 65.87 49.99 No 
Anophelesgambiae 
(arthropod) 

Leucobacter sp. DSM 101948 GCA_004028235.1 NZ_CP035037.1 70.47 95.49 81.89 67.93 49.56 No Mus musculus 

Leucobacter sp. G161 GCA_001482305.1 NZ_LOHP01000073.1 65.32 95.86 80.1 63.73 47.16 Yes 
Chromate-contaminated 
soil 

Leucobacter sp. OAMLP11 GCA_002763835.1 NZ_MTCJ01000069.1 70.3 96.3 81.22 67.44 50.89 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OAMSW11 GCA_002752515.1 NZ_MTCK01000097.1 70.32 96.3 81.2 67.45 50.68 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OH1287 GCA_003859945.1 NZ_RQYM01000028.1 58.87 95.16 77.32 58.65 37.95 No Canis lupus familiaris 

Leucobacter sp. OH2974_COT-288 GCA_003858425.1 NZ_RQYU01000008.1 56.66 94.93 76.83 58.19 35.86 No Canis lupus familiaris 

Leucobacter sp. OLAS13 GCA_002752375.1 NZ_MRAR01000001.1 70.49 96.3 81.3 67.44 51.28 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLCALW19 GCA_002752215.1 NZ_MPIM01000021.1 70.48 96.3 81.31 67.43 51.31 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLCS4 GCA_002752325.1 NZ_MRAS01000099.1 70.49 96.3 81.24 67.48 51.29 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLDS2 GCA_002752395.1 NZ_MRAT01000024.1 70.5 96.3 81.26 67.47 51.33 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLES1 GCA_002752315.1 MRAU01000032.1 70.15 96.72 81.57 66.97 44.75 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLIS6 GCA_002752355.1 NZ_MRAV01000007.1 70.49 96.3 81.24 67.46 51.36 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. OLJS4 GCA_002752415.1 NZ_MRAW01000114.1 70.5 96.3 81.28 67.5 51.16 No Orius laevigatus 
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(arthropod) 

Leucobacter sp. OLTLW20 GCA_002752295.1 NZ_MRAQ01000065.1 70.27 96.3 81.22 67.45 50.83 No 
Orius laevigatus 
(arthropod) 

Leucobacter sp. PH1c GCA_000633415.1 NZ_AYMV01000048.1 71.32 96.08 81.34 67.85 51.51 No Phytotelma sp. (plant) 

Leucobacter sp. UBA1945 GCA_002336855.1 N.A. 64.78 48.35 * 79.95 68.06 47.94 Yes Wastewater 

Leucobacter sp. UCD-THU GCA_000349545.1 NZ_KB714599.1 70.34 95.37 81.73 68.38 51.51 Yes Residential toilet 

Leucobacter sp. wl10 GCA_003569785.1 NZ_KZ984022.1 69.86 95.44 81.53 67.7 53.8 Yes Wastewater 

Leucobacter triazinivorans JW-1T GCA_004208635.1 NZ_CP035806.1 69.37 96.4 82.09 69.07 55.62 Yes Activated sludge (AS) 

Leucobacter zeae CC-MF41T N.A. D3248_15480 70.6 95.88 81.4 67.31 51.66 No Rhizosphere of maize 

Microbacterium lacus SDZm4* GCA_002812805.1 NZ_NMUM01000037.1 67.27 92.37 82.11 56.12 44.67 Yes Lysimeters 

Microbacterium luticocti DSM 19459T GCA_000422405.1 NZ_ATXU01000010.1 70.69 91.73 77.64 55.45 41.63 Yes Sewage sludge compost 

Microbacterium paraoxydans DSM 
15019T 

GCA_900105335.1 NZ_LT629770.1 70.02 93.26 77.79 55.47 42.04 No Blood (human) 

Microbacterium sp. BR1* GCA_002812725.1 NZ_NMUN01000004.1 68.08 92.16 81.5 55.64 44.35 Yes 
Membrane bioreactor 
(AS) 

Microbacterium sp. C448* GCA_000582705.1 NZ_KI271991.1 67.39 92.16 78.73 55.54 43.12 Yes Agricultural soil 

Microbacterium sp. CJ77* GCA_002911615.1 NZ_PQBR01000006.1 68.27 92.23 81.5 55.72 44.54 Yes 
Sulfonamide-
contaminated sediments 
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Figure 6.5 - Cladogram of the 16S rRNA gene inferred from maximum likelihood estimation with MEGA6 
with the best-fitting model: TN93+G+I (Tamura et al. 2013). Leucobacter spp. strains sequenced in this 

study are marked with an asterisk, and sulfonamide degraders are shown in bold. The tree was rooted at 
the outgroup and visualized with FigTree. The scale bar represents the number of expected substitutions 

per site. Bootstrap values were inferred from 1000 replicates, values above 70% are shown at the 
corresponding nodes. 
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Figure 6.6 – ANI (a), AAI (b) and POCP (c) heatmaps comparing values between strain GP and validly 
named species of the Leucobacter genus at the time of the analysis. 

 



Chapter 6 – Comparative genomics 

 

123 
 

 

Figure 6.7 – Phylogenomic relationships between the Leucobacter genus and strain GP inferred from 
concatenated amino acid alignments of 400 universal proteins obtained with PhyloPhlAn (Segata et al. 

2013). Representative members of genera Microbacterium, Leifsonia, Gulosibacter, Agromyces and 
Arthrobacter were included as the outgroup. Leucobacter spp. strains sequenced in this study are 
marked with an asterisk, and sulfonamide degraders are shown in bold. Node labels indicate local 

support values obtained with FastTree using the Shimodaira-Hasegawa test (Shimodaira 2002). The scale 
bar represents the number of expected substitutions per site. The tree was rooted at the outgroup node 

and visualized with FigTree. 

 

The G+C content of strain GP was of 69.7 % (Table 6.1), which, according to previous 

studies (Goodfellow and O’Donnell 1993) is within the expected G+C interval (10 %) for 

organisms of the same genus. In fact, for the type strains of all validly named species of the 

Leucobacter genus, G+C content ranged between 64.5 and 71.0 % (Table 6.4). Moreover, 
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the phylogenetic analysis of 400 conserved proteins of Leucobacter spp. using the 

PhyloPhlAn pipeline (Segata et al. 2013) revealed that although strain GP appears to share 

a common origin with the other isolates of Leucobacter spp. (Fig. 6.7), it also does not 

cluster with any of the analyzed strains.  

6.3.5 Core and softcore genome of Leucobacter spp. 

Orthologs gene cluster analysis with GET_HOMOLOGUES (Contreras-Moreira and Vinuesa 

2013) revealed that Leucobacter spp. and strain GP core and softcore genome contain 456 

and 885 orthologs gene clusters, respectively (Fig. 6.8). However, only a fraction of these 

(approximately 50 %) could be functionally annotated with eggNOG-Mapper and 

BlastKOALA (Kanehisa et al. 2016; Huerta-Cepas et al. 2017). This analysis revealed that 

most of these clusters are related to central metabolic pathways (Koonin and Galperin 

2003), including nucleotide and amino acid metabolism (118 clusters), and carbohydrate 

and lipid metabolism (16 clusters) (Table 6.5), respectively. Furthermore, these strains 

lack orthologs linked to antimicrobial resistance, quorum sensing, and biofilm formation, 

suggesting that they form a diverse and versatile genus with specific adaptations to 

different environments. 

Only a few of the fully sequenced Leucobacter spp. analyzed in this study are free-living 

organisms isolated from wastewater or soil. These free-living strains did not form a clade. 

The majority of the strains form facultative symbiotic associations with arthropods, 

nematodes, and plants (Table 6.4).  While Leucobacter sp. AEAR (Percudani 2013), whose 

genome has been directly reconstructed from whole genome sequences of the nematodes 

Caenorhabditis angaria and Caenorhabditis remanei, could not be isolated, all Leucobacter 

spp. symbionts were able to grow independently from their hosts. Nevertheless, the 

analysis of strain AEAR genome revealed that it should be able to grow independently as 

all essential pathways seem to be present in its draft genome (Percudani 2013). This 

observation is further supported by the analysis of the phylogenomic tree (Fig. 6.7), which 
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shows that strain AEAR forms a monophyletic clade with Leucobacter sp. Ag1 (accession 

no. GCA_000980875.1) and other 9 strains, which are all facultative symbionts from 

arthropod species (Chen et al. 2017). These results suggest that the living style does not 

correlate with the phylogeny of the strains. 

Interestingly, strain GP appears to share many conserved genes with L. chironomi DSM 

19883T (Laviad et al. 2015), a facultative symbiotic bacterium isolated from a member of 

the Chironomidae family (56.49 % POCP, Fig. 6.5c). Bidirectional best-hits (BDBH) analysis 

with GET_HOMOLOGUES of these two strains showed that they share 1,372 orthologs gene 

clusters, amounting to 38.6 % of the total CDS of strain GP. Most of these genes are linked 

to central metabolic pathways. As strain GP, L. chironomi also carries iron-heme 

acquisition operons hmuTUV (accessions no. WP_024357741.1, WP_024357742.1 and 

WP_029747012.1, respectively) and efeUOB (accessions no. WP_024356012.1, 

WP_024356011.1 and WP_024356010.1, respectively), and a homolog of heme oxygenase 

(hmuO, accession no. WP_024356032.1). However, unlike in strain GP, L. chironomi does 

not bear these operons efeUOB and hmuTUV adjacently in its genome. The efeUOB operon 

and hmuO are absent from the softcore genome of Leucobacter spp. but are shared 

between several members of this genus (data not shown). Furthermore, strain GP also 

carries a chromate transport protein A (locus tag D3X82_06990) which was demonstrated 

to be linked to chromate resistance, and a common feature shared between several 

members of the Leucobacter genus (Yun et al. 2014). 
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Table 6.5 - Complete and near-complete (1 block missing = 1 ortholog gene missing) modules of the softcore genome of Leucobacter spp. and strain GP reconstructed in 
silico with KEGG Mapper (Kanehisa et al. 2017). 

Pathway Module Paths 

No. of 

KEGG 

orthologs 

Coverage 

Carbon fixation 
M00167 Reductive pentose phosphate cycle map00710 map01200 map01100 map01120 8 Complete 

M00168 CAM (Crassulacean acid metabolism) dark map00710 map01200 map01100 map01120 1 1 block missing 

Methane metabolism M00345 Formaldehyde assimilation map00680 map01200 map01120 2 1 block missing 

Central carbohydrate 

metabolism 

M00002 Glycolysis map00010 map01200 map01230 map01100 5 1 block missing 

M00003 Gluconeogenesis map00010 map00020 map01100 8 1 block missing 

M00307 Pyruvate oxidation map00010 map00020 map00620 map01200 map01100 3 1 block missing 

M00009 Citrate cycle (TCA cycle Krebs cycle) map00020 map01200 map01100 13 1 block missing 

M00010 Citrate cycle, first carbon oxidation map00020 map01200 map01210 map01230 map01100 3 Complete 

M00011 Citrate cycle, second carbon oxidation map00020 map01200 map01100 10 1 block missing 

M00007 Pentose phosphate pathway, non-oxidative phase map00030 map01200 map01230 map01100 map01120 4 1 block missing 

Other carbohydrate 

metabolism 

M00012 Glyoxylate cycle map00630 map01200 map01100 map01110 4 1 block missing 

M00549 Nucleotide sugar biosynthesis map00520 map01100 2 1 block missing 

Fatty acid metabolism 

M00082 Fatty acid biosynthesis, initiation map00061 map01212 map01100 4 Complete 

M00083 Fatty acid biosynthesis, elongation map00061 map01212 map01100 3 1 block missing 

M00086 beta-Oxidation,  acyl-CoA synthesis map00071 map01212 map0110 1 Complete 

M00087 beta-Oxidation map00071 map01212 map01100 4 1 block missing 

Lipid metabolism M00093 Phosphatidylethanolamine (PE) biosynthesis map00564 map01100 2 1 block missing 

Purine metabolism 

M00048 Inosine monophosphate biosynthesis map00230 map01100 10 Complete 

M00049 Adenine ribonucleotide biosynthesis map00230 map01100 5 Complete 

M00050 Guanine ribonucleotide biosynthesis map00230 map01100 5 Complete 

Pyrimidine 

metabolism 

M00051 Uridine monophosphate biosynthesis map00240 map01100 9 1 block missing 

M00052 Pyrimidine ribonucleotide biosynthesis map00240 map01100 4 Complete 

M00053 Pyrimidine deoxyribonuleotide biosynthesis map00240 map01100 8 1 block missing 

Serine and threonine 

metabolism 

M00020 Serine biosynthesis map00260 map01200 map01230 map01100 3 Complete 

M00018 Threonine biosynthesis map00260 map01230 map01100 map01110 6 Complete 
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Cysteine and 

methionine 

metabolism 

M00021 Cysteine biosynthesis map00270 map01200 map01230 map01100 map01110 2 Complete 

Branched-chain 

amino acid 

metabolism 

M00019 Valine/isoleucine biosynthesis map00290 map01210 map01230 map01100 map01110 5 Complete 

M00535 Isoleucine biosynthesis map00290 map01210 map01230 map01100 3 1 block missing 

M00570 Isoleucine biosynthesis map00290 map01230 map01100 6 Complete 

M00432 Leucine biosynthesis map00290 map01210 map01230 map01100 map01110 3 1 block missing 

Arginine and proline 

metabolism 

M00015 Proline biosynthesis map00330 map01230 map01100 3 Complete 

M00844 Arginine biosynthesis map00220 map01230 map01100 3 Complete 

M00029 Urea cycle map00220 map01230 map01100 4 1 block missing 

Aromatic amino acid 

metabolism 

M00022 Shikimate pathway map00400 map01230 map01100 map01110 map01130 8 Complete 

M00023 Tryptophan biosynthesis map00400 map01230 map01100 map01110 8 1 block missing 

M00025 Tyrosine biosynthesis map00400 map01230 map01100 3 1 block missing 

M00040 Tyrosine biosynthesis map00400 map01230 map01100 map01110 2 1 block missing 

Other amino acid 

metabolism 
M00027 GABA (gamma-Aminobutyrate) shunt map00250 map01100 4 1 block missing 

Cofactor and vitamin 

biosynthesis 

M00115 NAD biosynthesis map00760 map01100 5 1 block missing 

M00120 Coenzyme A biosynthesis map00770 map01100 6 Complete 

M00140 C1-unit interconversion, prokaryotes map00670 map01100 2 1 block missing 

M00141 C1-unit interconversion, eukaryotes map00670 map01100 1 1 block missing 

Polyamine 

biosynthesis 

M00134 Polyamine biosynthesis map00330 map01100 1 1 block missing 

M00135 GABA biosynthesis eukaryotes map00330 map01100 2 1 block missing 

 

 

 



 

128 
 

 

Figure 6.8 – Presence/absence heatmap representation and dendrograms of the 12,998 orthologs gene clusters found in the pangenome of Leucobacter spp. and strain GP 
obtained with the GET_HOMOLOGUES package (Contreras-Moreira and Vinuesa 2013). Each column represents a different gene cluster which can be absent (white) or 
present (blue) in each strain. As paralogs were included in the analysis, some clusters have more than one homolog per genome, and these are shown in darker blue. 

 

 

  



Chapter 6 – Comparative genomics 

 

129 
 

6.3.6 Estimation of gene loss in strain GP 

Prior studies suggested that strain GP was obligatorily dependent on A. denitrificans PR1 

for growth, as no isolated colonies of this organism were recovered after incubation in 

several conditions (Reis et al. 2018a). Surprisingly, despite its dependent phenotype, 

strain GP did not show significant genome reduction as it is commonly reported in 

symbiotic bacteria (Table 6.1) (McCutcheon and Moran 2012). In fact, the number of genes 

and the genome size of this strain was similar to the ones found in other members of the 

Leucobacter genus (Table 6.4). These results suggest that, despite the PR1-dependent 

phenotype, strain GP differs from obligate parasites that, in the process of adapting to 

their hosts, undergo a process called reductive genome evolution, which results in 

relatively small genomes (often < 1 Mb) (Andersson and Kurland 1998; Wernegreen 

2015). 

Comparative genomic analysis of the Leucobacter genus revealed that the pangenome 

consists of 12,998 unique clusters. The clusters present in at least 90 % of the Leucobacter 

spp. (28 of 31 genomes) were used as reference to determine potentially missing genes in 

the draft genome of strain GP. These results were carefully analyzed and manually 

curated, due to the high frequency of annotation errors associated with draft assemblies 

(Denton et al. 2014; Salzberg 2019). In this way, of all these clusters, only 141 were 

present in 90 % of the Leucobacter spp. and were apparently absent from the draft 

genome of strain GP. 

From these 141 clusters, only 9 clusters were non hypothetical genes and no alternative 

pathways were found in the draft genome of strain GP (Table 3). 

Strain GP may have lost genes linked with amino acid metabolism, specifically genes 

linked to the metabolism of methionine, arginine, and ornithine (accession no. 

WP_042543310.1 and WP_024355584.1). MtnA (WP_024355584.1), for instance, 

catalyzes the first step of the methionine salvage pathway and is absent from the genome 
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of both strains PR1 and GP (Reis et al. 2017; Reis et al. 2018a). This pathway allows the 

recovery of methionine and, consequently sulfur, from 5'-methylthioadenosine (MTA), a 

byproduct of polyamine biosynthesis (Albers 2009). Nevertheless, even though strain GP 

may be unable to recycle this metabolite, it should be capable of regenerating L-

methionine from L-homocysteine since it encodes for a homolog of methionine synthase 

(locus tag D3X82_09525). However, as no alternative pathways for MTA degradation are 

present, its accumulation may become detrimental to the cells since this metabolite was 

found to be cytotoxic (Parveen and Cornell 2011; Sauter et al. 2013).  

Table 6.6 – Essential genes missing from the draft genome of strain GP identified by core/pangenome 
analysis with GET_HOMOLOGUES (Contreras-Moreira and Vinuesa 2013). 

Representative accession no. 
KO identifiers Description Pathway/System 

Leucobacter Strain PR1 

WP_042543310.1 ASC67664.1 K01476 Arginase RocF L-arginine biosynthesis/ 

Urea cycle 

WP_024355584.1 Absent K08963, K08964 S-methyl-5-thioribose-1-

phosphate isomerase MtnA 

Methionine salvage 

pathway 

WP_024357159.1 ASC65015.1 K06147, K06148, 

K16013, K16014 

Thiol reductant ABC 

exporter subunit CydD Glutathione / L-cysteine 

ABC transporter WP_042544611.1 ASC65016.1 K06148, K16012 Thiol reductant ABC 

exporter subunit CydC 

WP_084766924.1 ASC65168.1 K02492 Glutamyl-tRNA reductase 

HemA 

Porphyrin and 

chlorophyll metabolism 

WP_042543805.1 ASC64797.1 K01698 Porphobilinogen synthase  

HemB 

WP_084766919.1 ASC63016 K01749 Porphobilinogen deaminase 

HemC 

WP_042543807.1 ASC64317.1 K01599 Uroporphyrinogen 

decarboxylase HemE 

WP_042545361.1 ASC67862.1 K02083, K06016 Allantoate deiminase AllC Purine metabolism 

 

Arginase, an enzyme catalyzing the hydrolysis of L-arginine into L-ornithine and urea 

(Solomon et al. 2010), is also absent in strain GP yet present in the genome of strain PR1 

(accession no. ASC67664). Although strain GP seems to carry alternative pathways for the 

synthesis of L-ornithine (argJ, locus tag D3X82_05235, L-arginine biosynthesis II – acetyl 
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cycle), the lack of RocF may prevent from storing an excess of nitrogen in the form of urea. 

However, the urea cycle is facultative in bacteria. Hence, a defective cycle has only been 

linked to a decreased fitness in pathogenic acid-sensitive Helicobacter pylori, which relies 

on urease activity for protection against acidic conditions (McGee et al. 1999). 

The draft genome of strain GP shows the loss of a homolog of allantoate deiminase (allC), 

an inducible enzyme from the (S)-allantoin degradation pathway which allows bacteria to 

recover the nitrogen from purine compounds, such as allantoin (Huerta-Cepas et al. 2017). 

However, despite the presence of homologs of allC in other Leucobacter spp., the 

remaining enzymes of this pathway appear to be missing from the softcore genome. 

Nevertheless, this is a facultative metabolic pathway; therefore, its absence is unlikely to 

be detrimental to the growth of strain GP. 

Noticeably, several essential genes linked to the porphyrin and chlorophyll pathway 

(hemABCE) and thiol transport (cydDC) seem to be missing. Both essential systems for the 

synthesis and correct assembly of cytochromes (Georgiou et al. 1987; Poole et al. 1994; 

Goldman et al. 1996; Dailey et al. 2017). The CydDC complex performs the transport of 

glutathione and L-cysteine and is responsible for maintaining an optimal redox balance in 

the periplasm (Pittman et al. 2002; Pittman et al. 2005). This balance is crucial for the 

correct assembly of cytochromes in the plasma membrane, and its loss is usually 

associated with increased sensitivity to high temperature and oxidative stress, 

respectively (Georgiou et al. 1987; Poole et al. 1994; Goldman et al. 1996). HemABCE 

encodes the proteins involved in the synthesis of tetrapyrroles and, subsequently, heme 

which acts as a prosthetic group in many respiratory and non-respiratory cytochromes 

(Dailey et al. 2017).  

To the best of our knowledge, only a few bacterial strains have been found to be incapable 

of de novo heme biosynthesis (Choby and Skaar 2016). These strains are mainly 

pathogenic and affiliated to Haemophilus influenza, except the recently described 
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environmental isolate Leucobacter sp. strain ASN212 which requires exogenous heme for 

growth (Bhuiyan et al. 2015; Choby and Skaar 2016; Takai et al. 2017). As well as many 

pathogenic bacteria, these organisms rely on complex heme-acquisition systems to thrive 

in iron-deficient environments and to synthesize essential heme-containing proteins. 

Functional analysis of the draft genome of strain GP revealed the presence of a heme ABC 

transport operon (hmuTUV) that encodes for a hemin-binding periplasmic protein HmuT 

(locus tag D3X82_13650), a permease protein HmuU (D3X82_13655) and an ATP-binding 

protein HmuV (D3X82_13660), respectively. This system has been extensively described 

and found to be highly conserved in the Gram-positive Corynebacterium diphtheria (Choby 

and Skaar 2016). However, in this organism, additional heme-binding genes (htaABC) and 

a heme oxygenase hmuO were found to be essential for successful heme and iron-heme 

acquisition (Choby and Skaar 2016). A homolog to hmuO was found in the genome of 

strain GP (locus tag D3X82_07630). However, the conserved htaABC operon, essential for 

exogenous heme-binding, appeared to be missing. Instead of this operon, strain GP 

possesses a different adjacent gene cluster encoding for a deferrochelatase/peroxidase 

EfeB (D3X82_13665), an iron uptake system component EfeO (D3X82_13670) and a 

ferrous iron permease EfeU (D3X82_13675). These enzymes have been previously linked 

to ferrous/ferric iron acquisition in Bacillus subtilis (Miethke et al. 2013) and to intact 

heme transport in Escherichia coli (Létoffé et al. 2009). However, to the best of our 

knowledge, the EfeUOB system has not been directly linked to intact heme-acquisition in 

Gram-positive bacteria. 

In previous studies (Reis et al. 2018a) we have supplied the consortium with exogenous 

heme and known heme precursors such as coproporphyrin III, coproporphyrin III 

tetramethylester and coproporphyrin I dihydrochloride, replicating the conditions that 

allowed the isolation of the heme-dependent Leucobacter sp. ASN212 (Bhuiyan et al. 2015; 

Reis et al. 2018a). However, adding these metabolites to agar plates did not abolish the 

dependent phenotype of strain GP. This result was unexpected as strain GP possesses 
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several downstream genes of the porphyrin pathway; therefore, it should at least be able 

to use coproporphyrin III as a heme precursor. This finding suggests that either the heme 

transport system of strain GP is insufficient for intact heme transport across the thick 

peptidoglycan cell wall or that other essential cofactors or conditions are missing. 

Unfortunately, the genome of strain ASN212 is not publicly available, which hinders 

further efforts to characterize the transport of intact heme and heme precursors across 

the cell wall of this heme-dependent actinobacterium.  

Considering that strain GP may also lack homologs to thiol ABC transporters (accession 

numbers WP_024357159.1 and WP_042544611.1), it may be vulnerable to oxidative 

stress and unable to correctly assemble cytochromes (Georgiou et al. 1987; Poole et al. 

1994; Goldman et al. 1996). In other sensitive organisms, the absence of this redox 

regulating system has been compensated by growing deficient strains in catalase-

containing media and even in co-culture with catalase-producing bacteria (Goldman et al. 

1996; Morris et al. 2011). However, none of these strategies allowed the independent 

growth of strain GP. 

Furthermore, the accumulation of the toxic MTA metabolite during polyamine synthesis in 

strain GP may affect the growth of this actinobacterium. Although polyamines (e.g. 

putrescine and spermidine) are not mandatory for growth, mutant strains lacking this 

pathway were found to have increased susceptibility to oxidative stress (Jung et al. 2003). 

In this way, we attempted supplying the strain with exogenous putrescine to decrease the 

intracellular accumulation of MTA. Nevertheless, this also did not abolish the strain’s 

dependent phenotype. Furthermore, a combination of exogenous heme, catalase and 

putrescine were insufficient to allow the independent growth of strain GP. 

Genomic studies are inherently limited because they rely on gene homology for functional 

annotation and prediction (Silva et al. 2001). Furthermore, draft genomes are known to 

present extensive annotation errors (Denton et al. 2014), and the presence of a given gene 
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may not even be translated into a particular phenotype. Indeed, genes can be silenced by 

mutations in the coding region or their promoters, a common phenomenon in the 

evolution of dependent and pathogenic bacteria which suffer progressive phenotypic and 

genetic changes due to the interaction with their hosts and environment (Beacham 1987; 

Laskos et al. 1998; Silva et al. 2001). Therefore, these preliminary results require further 

functional studies in order to understand gene expression and activity in both strains from 

the microbial consortium. 

6.3.7 Unique genes shared between sulfonamide degraders 

Genetic synteny 

As previously discussed, strain GP was shown to be responsible for the breakdown of 

sulfonamides in the two-member consortium (Reis et al. 2018a).  Some members of the 

Microbacterium genus able to degrade sulfonamides carried a conserved gene cluster 

encoding for two monooxygenases (SadA and SadB, accession no. WP_100812327.1 and 

WP_036299419.1, respectively) and one FMN-reductase (SadC, WP_100812326.1). SadA is 

known to catalyze the ipso-hydroxylation of SMX releasing 4-aminophenol, while SadB 

appears to be responsible for the further oxidation of this unstable and transient 

metabolite (Ricken et al. 2017; Reis et al. 2018a). Although the former enzymes appear to 

be highly specific for these substrates, the role of SadC can easily be fulfilled by other 

enzymes with similar activity. This has previously been demonstrated in assays with 

transformed E. coli that contained an incomplete cluster encoding for SadA and SadB alone 

(Ricken et al. 2017). The genetic synteny in Microbacterium spp. (Fig. 6.9) appears to be 

highly conserved (Ricken et al. 2017). Indeed, all strains of this genus harbor a cluster 

consisting of a trwC relaxase (WP_100812428.1), a polyisoprenoid-binding protein yceI 

(WP_100812427.1), a sadA monooxygenase (WP_100812327.1), a sadB monooxygenase 

(WP_036299419.1) and a sadC flavin monooxygenase (WP_100812326.1). 
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Figure 6.9 – Representation of the genetic organization of the sad cluster in sulfonamide degraders: Microbacterium sp. strains BR1 and CJ77, Arthrobacter sp. strains D2 
and D4 and strain GP. Scaffolds or contig numbers and locus are shown next to the DNA backbone. 
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Except for the putative sulfonamide degrader, Microbacterium sp. CJ77 that carries an 

additional gene within the sad cluster encoding for an IS3 family transposase 

(WP_103663393.1), located between trwC and yceI (Fig. 6.9). 

Likewise, strain GP carries homologs for most of these genes, albeit with a different 

synteny. This strain harbors at least two identical copies of a transposon containing a 

homolog of sadA (locus tag D3X82_17695 and D3X82_17365) in contig 5 (Fig. 6.8). Both 

copies of sadA are flanked downstream by a gene encoding for an SOS response-associated 

peptidase (D3X82_17690 and D3X82_17360, respectively), and upstream by a single 

IS1380 family transposase (D3X82_17710 and D3X82_17380, respectively) and a 

polyisoprenoid-binding protein yceI (D3X82_17700 and D3X82_17370, respectively) (Fig. 

6.9). 

Except for the SOS response peptidase, a similar genetic organization was found in the 

draft genome of the two sulfonamide-degraders from the Arthrobacter genus – strains D2 

and D4 (Fig. 6.9). Interestingly, Arthrobacter spp. and strain GP have a truncated sad 

cluster with the genes coding for the SadB monooxygenase and the SadC reductase found 

in different regions of the genome (Fig. 6.9). However, in contrast to all other sulfonamide-

degrading isolates, strain GP appears to carry two similar copies of the SadB homolog 

(locus tag D3X82_00235 and D3X82_03160, 93 % amino acid identity against each other), 

one of these near SadC reductase (locus tag D3X82_00250). 

One of the copies of the sadA-cluster of strain GP (contig 5, locus 1 to 4909 bp, Fig. 6.9) is 

flanked by a T4CP (locus tag D3X82_17390), T4SS (locus tag D3X82_17385), two 

recombinases from different families (D3X82_17355 and D3X82_17350 from 

Ser_Recombinase and Zn_ribbon_recom superfamilies, respectively) and a class I integron 

with multiple resistance genes (aadA1, sul1 and qacE), as described above (Table 6.3). 

Notably, Microbacterium sp. BR1 was also shown to harbor a homolog of the IS1380 

transposase (WP_100810554.1) identical to the transposase found in the sadA-containing 
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transposon of strain GP. However, contrarily to strain GP, this transposase did not cluster 

with the sad genes and was found in a different region of Microbacterium sp. BR1’s 

genome (contig 4, instead of contig 9).  

Phylogenetic analysis 

The analysis of proteins associated with sulfonamide degradation showed that the SadA 

and YceI homologs shared a high percentage of amino acid identity between 

Microbacterium sp. and strain GP, while the two Arthrobacter sp. isolates were more 

similar among themselves (Fig. 6.10).  

 

Figure 6.10 – Heatmaps representing amino acid identity (BLASTp) of the SadABC complex and YceI 
transporter among isolates from the Microbacterium genus (strains BR1, C488, SDZm4 and CJ77), 

Arthrobacter genus (strains D2 and D4) and strain GP. 

 

The high identity between these homologs among strains affiliated to different bacterial 

species suggests that these genetic determinants may share a common ancestor. This 
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hypothesis was further supported by phylogenetic studies of these proteins. For instance, 

the Maximum Likelihood (ML) phylogenetic tree shows that all SadA and YceI homologs 

form a conserved clade with high support values (Figure 6.11), also obtained when using 

both cladistic (Bayesian inference) and distance-based (Neighbor Joining, NJ) methods. 

Furthermore, the co-existence of both the SadA monooxygenase and the YceI transporter 

in all the genomes suggests that the YceI binding-protein may play a complementary role 

in the sulfonamides degradation by enhancing the uptake of these molecules, as previously 

described for other systems (Bosdriesz et al. 2015). 

In contrast, SadB and SadC homologs were highly identical in all Microbacterium sp. 

isolates and Arthrobacter sp. D2 (Fig. 6.10). And the phylogenetic analysis revealed that 

these proteins form a highly conserved clade (Fig. 6.11).  

Despite the lower identity between the SadB homologs in Arthrobacter sp. D4 and strain 

GP, in comparison to the other sulfonamide-degraders (Fig. 6.10), these proteins also 

appear to share a common ancestor with their homologs in Microbacterium spp. (Figure 

6.11b). Conversely, the SadC homologs found in these two strains do not appear to share a 

common ancestor between themselves nor with the other sulfonamide-degrading strains. 

This result is in agreement with previous studies with the recombinant SadABC complex 

from Microbacterium sp. BR1 (Ricken et al. 2017). This study showed that SadA and SadB 

are sufficient to carry out complete SMX degradation in recombinant E. coli, suggesting 

that the role of SadC could be fulfilled by other flavin reductases present in the genome of 

the host strain (Ricken et al. 2017). 

Noticeable, the IS1380 transposase flanking SadA in strain GP is identical to a homolog in 

Microbacterium sp. BR1 (WP_100810554.1, amino acid identity of 100 %), and these two 

proteins form a highly conserved clade in the phylogenetic tree (Figure 6.11). 

Interestingly, the IS1380 family transposase is located far from the sad cluster in 

Microbacterium sp. BR1 (contig 4, instead of contig 9), suggesting that this transposase 
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may be involved in gene mobility in different species and genera of the Actinobacteria 

phylum. 

 

Figure 6.11 – Maximum likelihood phylogenetic trees inferred from amino acid alignments with MEGA6 
(Tamura et al. 2013) of (a) SadA, (b) SadB, (c) SadC, (d) YceI transporter and (e) IS1380/IS3/IS4 

transposases shared between sulfonamide degraders. Strain GP is shown in bold; sulfonamide 
degraders are marked with an asterisk (*); and structural homologs to these enzymes obtained with 
SWISS-MODEL (Waterhouse et al. 2018) are shown in bright blue. Node labels indicate ML bootstrap 

support above 50% (in bold) / NJ bootstrap support values above 50% / Bayesian posterior probabilities 
above 70%. The scale bar represents the number of expected substitutions per site. The tree was rooted 

at the midpoint and visualized with FigTree. 

 

 

Structural analysis of SadA and SadB 

Structurally, all SadA and SadB homologs contain an acyl-CoA dehydrogenase domain (Fig. 

6.12), classifying them as Group D flavoprotein monooxygenases (Huijbers et al. 2014; 

Reis et al. 2018a)..  
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Figure 6.12 –Amino acid alignment with MUSCLE (Edgar 2004) of Acyl-CoA domains: N-terminal (a), 
middle (b) and C-terminal (c); between SadA and SadB homologs in Microbacterium sp. BR1, Arthrobacter 
sp. D2 and D4 and strain GP (SadB1: D3X82_00235; SadB2: D3X82_03160). Conserved regions within SadA 
and SadB and highlighted in green and conserved regions shared between all proteins are marked with 

an asterisk. 

 

* * * * * * * * *

SadA [Strain GP] 50 H E H A P D S D R D R R V S E V V I D A L E E L D L F Q V C T P R R Y G G F Q S N F R T L F E L T A

SadA [Microbacterium  sp. BR1] 50 H E H A P D S D R D R R V S E V V I D G L E E L D L F Q V C T P R R Y G G F Q S N F R T L F E L T A

SadA [Arthrobacter  sp. D2] 41 R E H A L D S D R D R R V S Q V V I D K M E E L D L F Q V C T P R R Y G G F Q A N F R T L F D L T A

SadA [Arthrobacter  sp. D4] 41 R E H A L D S D R D R R V S Q V V I D K M E E L D L F Q V C T P R R Y G G F Q A N F R T L F D L T A

SadB1 [Strain GP] 20 E A N G A Q G E T D R R V L Q D S I D A L E A I G A F R V T Q P K K Y G G F Q G L S Q D H V D V A R

SadB2 [Strain GP] 3 E A N G A K G E A D R R V A Q E S I D A L E A I G A F R V T Q P K K Y G G F Q G L S Q D H V D V A R

SadB [Microbacterium  sp. BR1] 25 E K N A A Q G E A E R R V S Q E S I D A L E A I G A F R V T Q P A K Y G G Y E G D S R A Q V D V G A

SadB [Arthrobacter  sp. D2] 25 E K N A A Q G E A E R R V S Q E S I D A L E A I G A F R V T Q P A K Y G G Y E G D S R A Q V D V G A

SadB [Arthrobacter  sp. D4] 21 R A N G E Q G E Q N R R V A Q E S I E A L E A V G A F R V T Q P S R F G G F Q G D S R A Q V D V S R

* * * * * * * * * *

SadA [Strain GP] 100 E I A R G D G G T A W A F A L L N S N A W G V G T Y S R E A Q

SadA [Microbacterium  sp. BR1] 100 E I A R G D G G T A W A F A L L N S N A W D V G T Y S R E A Q

SadA [Arthrobacter  sp. D2] 91 E I A R G D G G T A W A F G L L N S N A W D V G T Y S R Q A Q

SadA [Arthrobacter  sp. D4] 91 E I A R G D G G T A W A F G L L N S N A W D V G T Y S R Q A Q

SadB1 [Strain GP] 70 A V G R G D G G T G W I T A L I N M A G W L T A L L P D Q A Q

SadB2 [Strain GP] 53 A V G R G D G G T G W I T A L I N M A G W L T A L L P E Q A Q

SadB [Microbacterium  sp. BR1] 75 A V G K G D G G T A W V V A L T N I A N W L T A L Y P E K A Q

SadB [Arthrobacter  sp. D2] 75 A V G K G D G G T A W V V A L T N I A N W L T A L Y P E K A Q

SadB [Arthrobacter  sp. D4] 71 A I G K A D G G T A W V V A L I N I S N W L T S L Y P R Q A Q

* * * * * * * * * * * * * * *

SadA [Strain GP] 149 A A G S T A S A R K V D G G Y V I S G R W P Y A S G S L H A Q W V N L G F D . V E I D G A P V R M M

SadA [Microbacterium  sp. BR1] 149 P A G P T A S A R K V D G G Y V I S G R W P Y A S G S L H A Q W A E L G F V . V E I D G A P V R M M

SadA [Arthrobacter  sp. D2] 140 A A G P T A S A R R V D G G Y L I S G R W P Y A S G S L H A Q W A E L G F D . V E I D G E T V WM M

SadA [Arthrobacter  sp. D4] 140 A A G P T A S A R R V D G G Y L I S G R W P Y A S G S L H A Q W A E L G F D . V E I D G E T V WM M

SadB1 [Strain GP] 116 . . A T N G K T R R V P G G Y I V S G E W G Y A S G S W H A E W S F L G A E L V D E N G D F D D A A

SadB2 [Strain GP] 99 . . A T N G K T K R V P G G Y I V S G E W G Y A S G S W H A E W S F L G A E L V D E D G N F D D A A

SadB [Microbacterium  sp. BR1] 121 . . A T N G K T Q R V D G G Y L V S G E W S Y N S A S W H T Q W A I L G A E L V D E N G D F V D T A

SadB [Arthrobacter  sp. D2] 121 . . A T N G K T Q R V D G G Y L V S G E W S Y N S A S W H T Q W A I L G A E L V D E N G D F V D T A

SadB [Arthrobacter  sp. D4] 117 . . A T S G T T R R V D G G Y V V S G E W P Y A S G S L H S D W A I V G A N L V D E D G N F D D A A

* * * * * * * * * * * *

SadA [Strain GP] 198 S . L V P M D E V T L E D T W Y V A G M R G S G S N T V V G T

SadA [Microbacterium  sp. BR1] 198 T . L V P M D E V T L E D T W Y V A G M R G S G S N T V V G T

SadA [Arthrobacter  sp. D2] 189 T . L L P I N E V T V E D T W Y V A G M R G S G S N T I V G R

SadA [Arthrobacter  sp. D4] 189 T . L L P I N E V T V E D T W Y V A G M R G S G S N T I V G R

SadB1 [Strain GP] 164 Q L L I P K S D L G Y Q D T W Y V A G M R S S G S N T W T A D

SadB2 [Strain GP] 147 Q L L I P K T D L G Y K D T W Y V A G M R S S G S N T W V A E

SadB [Microbacterium  sp. BR1] 169 Q L L I P R S D L G F K D I W H V A G M R S S G S N A L S A T

SadB [Arthrobacter  sp. D2] 169 Q L L I P R S D L G F K D I W H V A G M R S S G S N A L S A T

SadB [Arthrobacter  sp. D4] 165 Q L L I P R S E F A Y K D T W Y V A G M R S S G S N T L I A N

* * * * * * * * * *

SadA [Strain GP] 268 V L V G A Q I G L A Q A A L D Y A L E K L P T R G V T Y T K Y A K G S D A P T N Q I A V A E A A N A

SadA [Microbacterium  sp. BR1] 268 V L V G A Q V G L A Q A A L D Y A L E K L P T R G V T N T K Y A K G S D A P T N Q I A V A E A A N A

SadA [Arthrobacter  sp. D2] 259 I L V A A Q I G L A Q A A L D F A L E I L P Q R G V T K T K Y R K G S E A P S N Q I A V A E A A N A

SadA [Arthrobacter  sp. D4] 259 I L V A A Q I G L A Q A A L D F A L E I L P Q R G V T K T K Y R K G S E A P S N Q I A V A E A A N A

SadB1 [Strain GP] 237 I L A G A Q L G I G R A V L D K A I A G A . S K P I A Y T S I A H K S D S V A F Q L D I A K A A L T

SadB2 [Strain GP] 220 I L A G A Q L G I G R A V L D K V I A G A . A K P I A Y T S I A H K S D S V A F Q L D V A K A A L T

SadB [Microbacterium  sp. BR1] 242 I L V G P Q L G M G R A V L E R V I S K A D S K A I A Y T S F E R Q S D S I A F Q L D I A K A A L L

SadB [Arthrobacter  sp. D2] 242 I L V G P Q L G M G R A V L E R V I S K A D S K A I A Y T S F E R Q S D S I A F Q L D I A K A A L L

SadB [Arthrobacter  sp. D4] 238 I L T G A Q L G I G R G V L E L V A E K A N K K S I A Y T S F E R Q S D S V A F Q L D I A K A A L L

* * * * * * * * * *

SadA [Strain GP] 318 I D T A R M L G R R A C Y D I D A A V V T N R G Q I D W A T R A R I R M D L A T I A V L C R E S I D

SadA [Microbacterium  sp. BR1] 318 I D T A R M L G R R A S Y D I D A A A V T N R G Q I D W A T R A R I R M D A A T I A V L C R E S I D

SadA [Arthrobacter  sp. D2] 309 I D V A R M L A K R A C Y D I D A A A V F N G G A I D L P T R A R I R M D T A S I A V Q C R E A I E

SadA [Arthrobacter  sp. D4] 309 I D V A R M L A K R A C Y D I D A A A V F N G G A I D L P T R A R I R M D T A S I A V Q C R E A I E

SadB1 [Strain GP] 286 L D S A D L M I A R A C R E I D E P A . A A G V Y P D Y L T R A R N R A Y V G W A A E T V S K A I E

SadB2 [Strain GP] 268 L D S A D L M I E R A C R E I D E P A . A A G E Y P D Y L T R A R N R A Y V G W A A E T V S R A I E

SadB [Microbacterium  sp. BR1] 292 L E A A E G F A H R A T D E I D I P A . A Q G V Y P D Y L T R A R N R A Y V G W I V E H T A R A I E

SadB [Arthrobacter  sp. D2] 292 L E A A E G F A H R A T D E I D I P A . A Q G V Y P D Y L T R A R N R A Y V G W I V E H T A R A I E

SadB [Arthrobacter  sp. D4] 288 L D A A D M F V E R A C K E I D L P A . E A G E Y P G Y L V R A R N R A Y V G W S V E H I S R A I E

* * * * * * * * * * * *

SadA [Strain GP] 368 K M L T A I G S A A F A S V N P L Q Q V W R D S E T A S R H A M V N

SadA [Microbacterium  sp. BR1] 368 K M L T A I G S A A F A S V N P L Q Q I W R D S E T A S R H A L V N

SadA [Arthrobacter  sp. D2] 359 R L L T A V G S A A F A S T S P L Q Q I W R D A G T A S R H A M V N

SadA [Arthrobacter  sp. D4] 359 R L L T A V G S A A F A S T S P L Q Q I W R D A G T A S R H A M V N

SadB1 [Strain GP] 335 M L L T A H G S G G F A E V N A I Q R F W R D Q A V A A R H A F I L

SadB2 [Strain GP] 317 T L L T A H G S G G F A E V N A I Q R F W R D Q A V A A R H A F I L

SadB [Microbacterium  sp. BR1] 341 M L L T A H G S G A F A E V N P L Q R L W R D Q A V A S R H A F V L

SadB [Arthrobacter  sp. D2] 341 M L L T A H G S G A F A E V N P L Q R L W R D Q A V A S R H A F V L

SadB [Arthrobacter  sp. D4] 337 M L L T S A G S G A F A E V N V L Q R MW R D Q A V V A R H A F V L

(a) Acyl-CoA dehydrogenase, N-terminal (Pfam Acyl-CoA_dh_N)
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(b) Acyl-CoA dehydrogenase, middle domain (Pfam Acyl-CoA_dh_M)
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(c) Acyl-CoA dehydrogenase, C-terminal (Pfam Acyl-CoA_dh_2)
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Furthermore, structural homology search with SWISS-MODEL  (Waterhouse et al. 2018) 

resulted in highest similarity with XiaF (FADH2) from Streptomyces sp. HKI0576 (PDB: 

5LVW), 4-hydroxyphenylacetate hydroxylase (4-HPA) from Acinetobacter baumannii 

(PDB: 2JBR), HsaA monooxygenase from Mycobacterium tuberculosis and Rhodococcus 

jostii RHA1 (PDB: 3AFE and 2RFQ, respectively). All of these monooxygenases are known 

to hydroxylate aromatic compounds 

For instance, XiaF is likely involved in terpenoid biosynthesis in Streptomyces sp., it is 

tetrameric and acts in a two-component system together with a flavin reductase (Kugel et 

al. 2017). Furthermore, this monooxygenase can use indole as a surrogate substrate and 

form indigo and indirubin, as previously described by Kugel et al. (2017) while 4-HPA (EC 

1.14.14.9) and HsaA monooxygenases (EC 1.14.14.12) catalyze the insertion of oxygen in 

the benzene ring of 4-hydroxyphenylacetate or 3-hydroxy-9,10-seconandrost-1,3,5(10)-

triene-9,17-dione, respectively. 

The similarities between XiaF and SadA (32 % amino acid identity, 51 % similarity, 4 % 

gaps and E-value of 8e-66), SadB1 (locus tag: D3X82_00235, 33 % identity, 51 % 

similarity, 2 % gaps and E-value of 8e-68), and SadB2 (locus tag: D3X82_03160, 35 % 

identity, 52 % similarity, 1 % gaps and E-value of 9e-69) are sufficient to suggest a high 

degree of confidence on the homologous relationship between these proteins (Sander and 

Schneider 1991; Pearson 2013). The use of XiaF as a template for modelling resulted in a 

robust structural prediction of these proteins with quality scores above -4 (QMEAN, 

Qualitative Model Energy ANalysis) (Benkert et al. 2011): -2.45, -1.48 and -1.52, for SadA, 

SadB1 and SadB2, respectively. These results suggest that the comparison with XiaF is 

suitable to perform preliminary structural analysis of these monooxygenases. 

Phylogenetic analysis revealed that XiaF shares a common ancestor with other xenobiotic-

degrading enzymes (Kugel et al. 2017), suggesting that both monooxygenases of the 

SadABC complex likely share ancestry with similar enzymes. However, pairwise sequence 
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alignment revealed a low degree of similarity within the substrate binding pocket of XiaF 

and homologs regions of SadA and SadB. For instance, the presence of isoleucine I237 in 

an alpha-helix of XiaF (Fig. 6.13a) constricts the size of the substrate binding pocket of this 

monooxygenase. However, alanine residues neighboring I237 are substituted in strains 

GP, Microbacterium sp. BR1 and Arthrobacter sp. D2 and D4 by proline residues (P261 and 

P264 in strain GP) that may induce its structural change to a loop. This conformation 

probably creates a wider pocket in SadA and may allow easier access to the active site of 

this monooxygenase. 

Additional substitutions in the active site of all SadA homologs further support this 

hypothesis. Specifically, the serine residue (S121, Fig. 6.12a and 6.13) of XiaF is 

substituted by an alanine in strain GP (A145) and threonine in Microbacterium sp. BR1 

(T144) and both Arthrobacter sp. (T135). The serine residue has a hydroxymethyl and 

side chain, while alanine and threonine have a methyl and 1-hydroxyethyl groups, 

respectively. Serine and threonine are both polar amino acids and likely make the active 

site of these enzymes amenable for polar cyclic substrates while SadA of strain GP may 

prefer aromatic substituted substrates.  
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Figure 6.13 – Pairwise alignment with BLASTp of the regions of the substrate binding pocket of XiaF 
(accession number 5LVW) and each homolog of SadA (a) and SadB (b) in strains GP, Microbacterium sp. 
BR1 and Arthrobacter sp. D2 and D4. Conserved regions between the different SadA and SadB homologs 

are highlighted in green, non-conserved residues are highlighted in red. Residues shared by all 
sequences are marked with an asterisk. The diagrams were designed with Excel 2013. 

 

Furthermore, the alanine residue (A145) in the SadA of strain GP would make the active 

site of this enzyme slightly larger than the active sites of SadA of Microbacterium sp. BR1 

and XiaF. These findings may explain the differences in SMX degradation rate found 

between the consortium of strain GP and A. denitrificans PR1 and axenic cultures of 

Microbacterium sp. BR1 (Ricken et al. 2013; Reis et al. 2014). For instance, in resting cells 

conditions the specific degradation rates of the axenic cultures and the consortium were 

similar (approximately 2 µmol/gcell dry weight x min) (Ricken et al. 2013; Reis et al. 2014), 

however, considering that the abundance of strain GP is significantly low (1-4 % relative 

abundance, Reis et al. 2018a), this strain appears to be more efficient than Microbacterium 

sp. BR1. Furthermore, in the consortium, 4-aminophenol never accumulated in sufficient 

amounts to be detected and was only observed in incubations with 14C-SMX saturated with 

an excess of the unlabeled 4-aminophenol (Reis et al. 2018a). 

a *

XiaF 134 K L A . S V F A 140 251 T A A I A A M 257

SadA [Strain GP] 141 R I T W A T N P 149 260 T P M A P H F 266

*

XiaF 134 K L A S V . . . 138 251 T A A I A A M 257

SadA [Microbacterium  sp. BR1] 141 R I T T V T N P 148 260 T P M V P N H 266

*

XiaF 134 K L A S V F . A 140 251 T A A I A A M 257

SadA [Arthrobacter  sp. D2] 132 R I T T A T R P 139 250 T P L A P N H 256

SadA [Arthrobacter  sp. D4] 132 R I T T A T R P 139 250 T P L A P N H 256

b * * * *

XiaF 134 K L A S V F A A 141 251 T A A I A A M 257

SadB1 [Strain GP] 112 K V T V V L A T 119 229 A G W I P W L 235

SadB2 [Strain GP] 95 K V T V V L A T 102 212 A G W I P W L 218

SadB [Microbacterium  sp. BR1] 117 K V S V V L A T 124 234 A G W I P V L 240

SadB [Arthrobacter  sp. D2] 117 K V S V V L A T 124 234 A G W I P V L 240

SadB [Arthrobacter  sp. D4] 113 K V S V V L A T 120 229 A G W I P V L 235
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Conversely, the substitutions and subsequent changes in the structure of SadB are harder 

to predict. For instance, in all SadB homologs, the XiaF S121 is substituted by a valine 

(isopropyl side chain, Fig. 6.13b). Furthermore, the A236 of XiaF is substituted by 

tryptophan in all SadB homologs (W231 in SadB1 of strain GP) suggesting that SadB’s 

binding pocket could be significantly smaller than XiaF’s and thus accommodate smaller 

substrates. Despite the low amino acid identity between some of the SadB homologs (Fig. 

6.10), the analysis of the conserved domains indicates that the active site could be highly 

conserved among these enzymes. 

In this way, although none of the expected metabolites were detected during 4AP 

degradation in strain GP (Reis et al. 2018a), the presence of homologs of SadB in the 

genome of this strain suggests that it might catalyze 4AP hydroxylation as previously 

described for Microbacterium sp. BR1 (Ricken et al. 2015a). 

 

Figure 6.14 – Close-up of the substrate-binding pocket of XiaF (PDB: 5LVW) bound to FADH2 and indole 
obtained by Kugel et al. (2017). FADH2 is the co-factor, indole the substrate and S121 and I237 are the 

residues that are modified in SadA of Microbacterium sp. BR1 and strain GP. The ribbon (a) and 
electrostatic surface potential (b) diagrams have been prepared with PyMol (Schrödinger 2002). In b 

negative potential is shown in red and positive potential in blue. 

 

6.3.8 Taxonomic classification of strain GP 

The total dependency of strain GP on strain PR1 and the lack of similar organisms hinder 

further efforts for accurate taxonomic classification. Nevertheless, according to the 
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recommendations of the International Committee on Systematic Bacteriology, organisms 

unable to grow in pure culture can have a provisional taxonomic status (Candidatus) 

(Murray and Stackebrandt 1995). 

When comparing our data with the standards proposed by Konstantinidis et al. 

(Konstantinidis et al. 2017) to describe uncultivated prokaryotes and/or those forming 

microbial consortia, we propose to classify strain GP in a provisional new species within 

the genus Leucobacter, ‘Candidatus Leucobacter sulfamidivorax’. 

6.3.9 Description of ‘Candidatus Leucobacter sulfamidivorax’ 

‘Candidatus Leucobacter sulfamidivorax’ [sul.fa.mi.di.vo’rax N.L. n. sulfamidum, 

sulfonamide; L. adj. vorax devouring, ravenous, voracious; N.L. masc. adj. sulfamidivorax, 

sulfonamide-degrading]. 

Forms a bacterial consortium with A. denitrificans strain PR1 and can only be cultured in 

association with this Proteobacteria. Cells stain Gram-positive, present a rod-shaped 

morphology (1.3±0.03 µm long and 0.5±0.03 µm wide), and are probably non-motile. It 

produces light yellow-colored colonies with less than 1 mm in diameter on top of the 

colonies of A. denitrificans strain PR1 after 10 d of incubation on 25% (w/v) BHI plates at 

30 °C. In liquid medium, it constitutes between 1 and 4% of the total cells. In medium 

MMSY, the aerobic growth is significantly impaired at 37°C when compared to that at 22 

and 30°C. Growths well at neutral (pH 7.2) and basic (pH 9.5) pH values when compared 

to that at pH 5.5. Grows better in oligotrophic media (e.g., MMSY), in comparison to 

complex and rich medium (e.g., BHI and TSA). Tolerates up to 8 % (w/v) NaCl. The DNA 

G+C content is 69.68 mol%. The representative strain, GP, which degrades sulfonamides, 

was obtained from a sulfamethoxazole enrichment culture produced from activated sludge 

from an urban WWTP, in North Portugal, in 2011. 
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6.4 Conclusions 

The genomic analysis showed that strain GP carries at least two copies of sadA encoding 

for the previously described sulfonamide monooxygenase. Both copies are flanked by a 

single IS1380 family transposase and were found in contig 5 that represents a potential 

plasmid carried by strain GP. Noticeably, a highly similar sadA-containing cluster was also 

found in the genomes of Arthrobacter sp. D2 and D4. 

All sulfonamide-degrading Actinobacteria harbored homologs to sadB and sadC, 

nevertheless, in strains GP and Arthrobacter sp. D2 and D4 these genes were not in the 

vicinity of sadA and were not associated neither with mobile nor integrative elements. 

Functional analysis of strain GP genome revealed that this strain may have lost some 

essential genes, mainly of genes linked to tetrapyrrole biosynthesis and thiol transporters. 

These results strongly suggest that strain GP may be unable of synthesizing respiratory 

and non-respiratory cytochromes, essential for aerobic growth, and may need a helper 

strain to provide exogenous heme and help maintain an optimal redox balance. However, 

supplying strain GP with exogenous heme and catalase did not abolish this strain’s 

dependent phenotype. Additional studies are necessary to evaluate the gene expression in 

strain GP and the mechanisms of intact heme acquisition in this Gram-positive bacterium. 

Our data suggests that strain GP should be considered as the representative strain of a 

putatively new species within the Leucobacter genus, ‘Candidatus Leucobacter 

sulfamidivorax’. 

6.5 Methods 

6.5.1 Culture conditions and DNA extraction 

Five type strains of the genus Leucobacter were selected for comparative studies based on 

16S rRNA gene pairwise similarity to strain GP (Table 6.1) (Reis et al. 2018a) and 

purchased from DMSZ (Germany). These strains were grown in Brain-Heart Infusion (BHI, 
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Sigma) for 15 h. All incubations were carried out in the dark at 30°C under continuous 

shaking at 120 rpm. 

The two-member consortium (Reis et al. 2018a) consisting of Achromobacter denitrificans 

PR1 (LMG 30905) and strain  GP was incubated for 7 d in mineral medium with 0.2 g/l 

yeast extract, 700 mM succinate, 0.6 mM SMX, and 2.5 g/L 2-phenylethanol (Sigma) as an 

inhibitor of Gram-negative cells (MMSY-SMX-PE). Further attempts to isolate strain GP 

were performed by incubating the consortium in 25% BHI agar plates (v/v) with 0.6 mM 

SMX, heme or heme precursors (10 µg/l, coproporphyrin III, coproporphyrin III 

tetramethylester, coproporphyrin I dihydrochloride) (Reis et al. 2018a), putrescine (9 

µg/l) and catalase (500 U) from Sigma, respectively. 

Genomic DNA extraction of the Leucobacter spp. type strains and the two-member 

consortium was performed from 2 x 1010 cells with GenElute Bacterial Genomic DNA Kit 

(Sigma) as previously described (Reis et al. 2018a). 

6.5.2 Physiological characterization of the consortium 

The effect of environmental parameters on the abundance of each strain of the consortium 

was investigated. The effect of temperature was examined by incubating the culture in 

MMSY at 22°C, 30°C and 37°C. The influence of pH was tested at 30°C in diluted LB 

medium (DLB, 25% w/v) with 12 mM of MES (pH 5.5), 12 mM phosphate buffer (pH 7.2) 

or 12 mM of CAPS (pH 9.5) at 30°C. The tolerance to NaCl was examined in DLB 

supplemented with NaCl at final concentrations of 2, 4, 6, 8 or 10% (w/v) at 30°C. To 

determine the influence of different standard media in the growth of strain GP, the 

consortium was incubated in unbuffered R2A, TSA and different dilutions of BHI (5, 25, 50, 

75 and 100%). Cultures under all these conditions were incubated at 30 °C for 15 h and 

carried out in triplicate and in parallel to an abiotic control. The abundance of each strain 

in the consortium was assessed by quantitative PCR with primers targeting the 16S rRNA 

gene as previously described (Reis et al. 2018a). Significant differences (p < 0.05) between 
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overall abundance of strain GP were determined either by two-way ANOVA (to compare 

16S rRNA copies/ml of GP and PR1 at different pH, temperature and salinity) or one-way 

ANOVA (to compare the ratio of the 16S rRNA copies/ml of strains GP and PR1 across 

different media) and Tukey's tests using RStudio v 1.1.463 running with R v3.5.2 (de 

Mendiburu 2013; Team 2015a; Team 2015b).  

6.5.3 Microscopy  

The consortium was visualized in mid-stationary phase (12 h incubation, MMSY, 0.6 mM 

SMX) by Cryo-Transmission Electron Microscopy (Cryo-TEM) for morphological 

characterization. Briefly, a 4 µl aliquot of the overnight grown liquid culture was adsorbed 

onto a holey carbon-coated grid (Lacey, Tedpella, USA), blotted with Whatman 1 filter 

paper and vitrified into liquid ethane at -180 °C using a vitrobot (FEI, USA). Frozen grids 

were transferred onto a Talos Electron microscope (FEI, USA) using a Gatan 626 cryo-

holder (GATAN, USA). Electron micrographs were recorded at an accelerating voltage of 

200 kV using a low-dose system (20 to 40 e-/Å2) and keeping the sample at -175°C. 

Defocus values were -3 to 6 µm. Micrographs were recorded on 4K x 4K Ceta CMOS 

camera. The cell size, and periplasmic and cell wall thickness were measured with Fiji 

from the ImageJ platform (Schindelin et al. 2012). 

For TEM analyses, 4 µl aliquot of the sample was adsorbed onto a glow-discharged carbon 

film-coated copper grid, and subsequently negatively stained with 2% uranyl acetate. 

Images were recorded using Philips CM200FEG electron microscope operating at 200 kV 

on TemCam-F416 CMOS camera (TVIPS, Germany). 

Fluorescence in situ hybridization (FISH) was performed as previously described 

(Pernthaler et al. 2001) with a few modifications. To analyze strain GP (A) the cells of the 

microbial consortium were fixed with ethanol for 16 h at 4 °C. Prior to hybridization the 

cells were pre-treated with achromopeptidase (Sigma) at 60 U/ml for 60 seconds at 37 °C. 

While, to analyze Achromobacter denitrificans PR1 cells (B) the microbial consortium was 
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fixed with 4 % (v/v) formaldehyde (Sigma) for 3 h at 4 °C and no pre-treatment was 

performed. Probe concentration was 3 or 10 ng/µl for strain PR1 and GP, respectively. 

Formamide (Sigma) concentration was 25 or 50% (v/v) for PR1 and GP, respectively.  

To visualize strain GP the modified ActORD1 FISH probe was used: 5’ fluorophore: FAM, 

green; sequence: 5’- CACCAGGAATTCCAATCTCC-3’; original probe accession number: pB-

1931 (Kyselková et al. 2008). To visualize strain PR1, cells hybridized with the Alca2 FISH 

probe: 5’ fluorophore: Cy3; orange/red; sequence: 5’- CATCTTTCTTTCCGAACCGC-3’; 

probe accession number: pB-2127 (Sanguin et al. 2006). 

6.5.4 Leucobacter spp. type strains whole-genome sequencing and 

assembly 

High-quality DNA of the selected Leucobacter spp. type strains (Table 6.1) was used for 

paired-end sequencing (2 x 150 bp) with the Hiseq 2500 platform (Illumina) by GATC 

Biotech (Germany). Paired-end reads were adapter and quality trimmed (≥Q20) with the 

BBDuk from the BBMap package v35.74 (https://sourceforge.net/projects/bbmap). High-

quality reads were used for de novo assembly with SPAdes version v3.11.1 (Bankevich et 

al. 2012) with the option –careful. Contigs longer than 500 bp were used a further 

extension with SSPACE v3.0 (Boetzer et al. 2011) with recommended settings.  

6.5.5 Whole consortium sequencing 

The metagenome of the consortium was sequenced in the Miseq (Illumina) and MinION 

(Oxford Nanopore Technologies, ONT) platforms. The paired-end Miseq library was 

prepared from 1 µg of high-quality DNA with KAPA HyperPrep Kit (Kapa Biosystems) and 

TruSeq DNA PCR-free LT Kit library adaptors (Illumina) with a few modifications. Briefly, 

enzymatic fragmentation of the genomic DNA was increased to 25 min, and ligation was 

performed for 2 h at 20°C. 8 cycles of enrichment PCR and size selection for fragments 

with approximately 500-700 bp was carried out with NucleoMag magnetic beads 

https://sourceforge.net/projects/bbmap
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(Macherey Nagel). Paired-end sequencing (2 x 250 bp) was performed in an Illumina 

Miseq system (Illumina) with a V2 MiSeq Reagent Kit (500 cycles). 

Two independent libraries were prepared for MinION long-read sequencing. Both libraries 

were prepared from 1.5 µg high-quality DNA sheared with a g-TUBE (Covaris) to 

approximately 8 kb fragments. The libraries were then prepared with the 1D genomic 

DNA sequencing kit (SQK-LSK108), pooled, loaded with the Library Loading Bead Kit 

(EXP-LLB001) and sequenced using a flow cell with R9.4 chemistry (FLO-MIN 106, Oxford 

Nanopore). 

6.5.6 Metagenome-assembled genome (MAG) of strain GP 

ONT long reads were adapter trimmed with Porechop v0.2.3 

(https://github.com/rrwick/Porechop). Illumina paired-end reads were adapter and 

quality trimmed (≥Q20) with BBDuk from the BBMap package v35.74 

(https://sourceforge.net/projects/bbmap/). The high-quality paired-end reads were used 

for hybrid error correction of ONT reads with LoRDEC v0.9 (Salmela and Rivals 2014). The 

resulting long reads were subsequently used for whole-metagenome assembly with Canu 

v1.7 (Koren et al. 2017). 

Metagenomics contigs were analyzed with SSU finder from CheckM v1.0.11, to determine 

the amount and affiliation of taxonomic bins present in the metagenome (Parks et al. 

2015). The metagenome was aligned to the complete genome of strain PR1 (Genbank 

accession no. CP020917) (Reis et al. 2017) with BLASTn v2.7.1+ to remove contigs 

affiliated to the proteobacterium (Zhang et al. 2000) (e-value, identity and hit length 

threshold cutoffs set to 1e-10, 80% and 30%, respectively). Contigs without significant 

hits were retrieved from the metagenome and used to construct the new taxonomic bin 

corresponding to strain GP. 

https://github.com/rrwick/Porechop
https://sourceforge.net/projects/bbmap/
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Both ONT Illumina-corrected and Illumina reads were used for read binning between 

strain PR1 and GP with GraphMap v0.5.2 (Sović et al. 2016) and BWA v0.7.12 (Li 2013), 

respectively. Reads mapping uniquely to strain GP bin were used for re-assembly with 

SPAdes v3.7.1 (Bankevich et al. 2012). High-coverage contigs (≥1x k-mer coverage) 

obtained with hybrid assembly were used for further scaffolding and polishing with 

Circlator v1.5.5 (Hunt et al. 2015) and four iterations with Pilon v1.22 (Walker et al. 

2014). All data has been deposited in NCBI under the Bioproject accession number 

PRJNA490017. 

6.5.7 Genome annotation, completeness, and mobile genetic elements 

Quality scores of draft assemblies were assessed with QUAST v4.6.3 (Konstantinidis and 

Tiedje 2005). Genome contamination and completeness were determined with CheckM 

v1.0.11 (Parks et al. 2015), and tRNA were identified with tRNAscan-SE v2.0 (Lowe and 

Chan 2016). Open-reading frames (ORFs) were predicted and annotated with NCBI 

Prokaryotic Genome Annotation Pipeline (PGAP) v4.7 (Tatusova et al. 2016) and with 

RASTtk on the RAST webserver v2.0 (Brettin et al. 2015). Antibiotic resistance genes were 

confirmed by aligning amino-acid sequences with BLASTp v2.7.1+ against the Antibiotic 

Resistance Database (ARDB) v1.1 from July, 2009 (Liu and Pop 2009) and by analyzing the 

draft genome with the Resistance Gene Identifier (RGI) against the CARD database v3.0.1 

(Jia et al. 2017a). Functional annotation and KEGG Orthology (KO) assignment was further 

performed with eggNOG-Mapper v4.5.1 (Huerta-Cepas et al. 2017) and BlastKOALA v2.1 

(Huerta-Cepas et al. 2017). 

The presence of plasmids in the genome of strain GP was investigated by assessing 

differences in coverage and G+C content between contigs, and by further searching for 

similarities with other plasmids using NCBI Blast to search against the non-redundant (nr) 

database on November, 2018 (Johnson et al. 2008). The differences in coverage were 

identified by mapping both Illumina and ONT reads against the metagenome of the 
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consortium (concatenated draft assembly of strain GP and complete genome of strain PR1) 

with BWA v0.7.12 (Li 2013) or Graphmap v0.5.2 (Sović et al. 2016), respectively. The 

coverage of sorted bam files was evaluated with Qualimap v2.2.1 (Okonechnikov et al. 

2015).  

Genes typically associated with plasmids (Martini et al. 2016) were identified by aligning 

amino-acid sequences against the CDD database (v3.17) using the NCBI conserved domain 

search with default settings on November, 2018 (Finn et al. 2014; Marchler-Bauer et al. 

2015; Finn et al. 2016). Conjugative elements associated with the type VI secretion 

systems and possible origins of replication were analyzed with CONJscan  v1.0.2 using the 

Galaxy platform at Pasteur (Guglielmini et al. 2014; Mareuil et al. 2017; Afgan et al. 2018). 

6.5.8 Phylogenetic analysis of strain GP 

The full genome and the 16S rRNA gene of all fully sequenced Leucobacter spp. isolates 

and MAGs were used for phylogenetic analysis (Table 6.4). Sequences were retrieved from 

the NCBI database (last accessed on November, 2018) (NCBI Resource Coordinators 

2017), except for Leucobacter sp. AEAR which was available in GitHub 

(https://github.com/Percud/Leucobacter). Moreover, representative genomes of 

Microbacterium, Leifsonia, Agromyces and Arthrobacter genera, were further included to 

serve as outgroup (Table 6.4). 

16S rRNA sequences were used for multiple sequence alignment with MUSCLE in MEGA6 

(Edgar 2004; Tamura et al. 2013). The phylogenetic tree was inferred from maximum 

likelihood analyses using MEGA6 (Tamura et al. 2013) with the best-fitting model: 

Tamura-Nei (Tamura and Nei 1993) substitution model with gamma distribution and 

invariant sites (TN93+G+I). Bootstrap support values inferred from 1000 replicates. 

The PhyloPhlAn pipeline v0.99 (Segata et al. 2013) was used to infer phylogenomic 

relationships among all fully sequenced members of the Leucobacter genus and strain GP 

https://github.com/Percud/Leucobacter


Chapter 6 – Comparative genomics 

 

153 
 

(data available on July 2019, Table 6.4). 400 universal proteins were identified and 

extracted with USEARCH v5.2.32 (Shimodaira 2002) and used for amino acid alignments 

with MUSCLE v3.8.31 (Edgar 2004). The concatenated alignments were used for 

approximately-maximum-likelihood analysis with FastTree v2.1.8 (Price et al. 2010) and 

for the computation of local support values was performed using the Shimodaira-

Hasegawa test (Shimodaira 2002). Both the 16S rRNA phylogenic tree and the PhyloPhlAn 

phylogenomic tree were visualized with FigTree v1.4.3 

(http://tree.bio.ed.ac.uk/software/figtree) and rooted at the midpoint or the outgroup, 

respectively. 

16S rRNA gene pairwise sequence similarity, Average Nucleotide Identity (ANI), Average 

Amino-acid Identity (AAI), and Percentage of Conserved Proteins (POCP) (Qin et al. 2014) 

between strain GP and all validly named and fully sequenced strains of the Leucobacter 

genus on July 2019 (Table 6.1) were determined using the pairwise similarity tool and 

16S-based ID app available on the EzBioCloud platform (Yoon et al. 2017), AAI/ANI-matrix 

from the enveomics toolbox (http://enve-omics.ce.gatech.edu/g-matrix) (Rodriguez-R and 

Konstantinidis 2016) and the POCP.sh script provided by Harris et al. (Harris et al. 2017) 

(https://doi.org/10.6084/m9.figshare.4577953.v1). 

6.5.9 Leucobacter spp. core and pangenome analysis 

Gene search between Leucobacter spp. genomes (last accessed on November 2018) and 

strain GP (Table 6.4) was computed with GET_HOMOLOGUES package v3.1.4 (Contreras-

Moreira and Vinuesa 2013) using all-against-all BLASTp with default settings and Pfam-

domain scanning. Clustering was performed with COGtriangles v2.1 (-G -t 0 -D), orthoMCL 

v1.4 (-M -t 0 -D) and BDBH (-D -e) algorithms. For comparison between two genomes only 

BDBH was used. For the pangenome analysis, the clusters were generated from the 

intersection of COGtriangles and orthoMCL using the compare_clusters.pl script (-t 0) from 

the GET_HOMOLOGUES pipeline (Contreras-Moreira and Vinuesa 2013). Orthologs gene 

http://tree.bio.ed.ac.uk/software/figtree
http://enve-omics.ce.gatech.edu/g-matrix
https://doi.org/10.6084/m9.figshare.4577953.v1
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clusters present in the core and softcore genome (present in 95% of the genomes) (Kaas et 

al. 2012) were used for functional annotation with eggNOG-Mapper (Huerta-Cepas et al. 

2017) and BlastKOALA (Huerta-Cepas et al. 2017). The list of KO identifiers was used to 

visualize and analyze core metabolic pathways in KEGG (Kanehisa et al. 2017) and 

compared to the metabolic reconstruction obtained with Pathway Tools v22.0 (Karp et al. 

2016). 

To evaluate possible gene loss, clusters present in at least 90% (28 of 31 genomes) of 

Leucobacter spp. genes but absent in the genome of strain GP were found by analyzing all 

clusters with the parse_pangenome_matrix.pl script from the GET_HOMOLOGUES pipeline 

(Contreras-Moreira and Vinuesa 2013). To exclude annotation errors, clusters marked as 

missing were further curated by aligning representative sequences of each cluster to the 

draft genome of strain GP with tBLASTn (Johnson et al. 2008). 

6.5.10 Whole genome comparisons and evolution of the SadABC complex 

Whole genome comparison between strain GP and other sulfonamide degraders (Table 

6.4), was performed with the GET_HOMOLOGUES package as described above (Contreras-

Moreira and Vinuesa 2013). The core and softcore genes shared between these strains 

were obtained by computing the intersection of clusters generated by COGtriangles and 

orthoMCL using the compare_clusters.pl script (-t 7; -t 6, respectively). Relevant gene 

clusters (i.e., SadA, SadB, SadC, YceI, and IS1380/IS3/IS4 transposases) were further used 

for homology searches with BLASTp against the NCBI non-reductant database (Johnson et 

al. 2008), structural modelling in SWISS-MODEL (Waterhouse et al. 2018) and conserved 

domain searches in NCBI database (Marchler-Bauer et al. 2017). The phylogeny and 

evolution of these proteins and their corresponding homologs were inferred from amino 

acid alignments with MUSCLE in MEGA6 (Edgar 2004; Tamura et al. 2013). The phylogeny 

was estimated from combination of three methods: Maximum Likelihood (ML), Bayesian 

optimization and Neighbor Joining (NJ). For the ML method, the amino acid alignments 
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were first evaluated with ProtTest v3.4.2 (Darriba et al. 2011) to find the best-fitting 

model of protein substitution. For SadA and SadB phylogeny the LG substitution model 

was used (Le and Gascuel 2008) with gamma plus invariant sites heterogeneity model 

(G+I); for SadC and YceI the WAG model (Whelan and Goldman 2001) was used with G or 

G+I, respectively; and for the transposase the JTT model (Jones et al. 1992) was used with 

the G heterogeneity model. The ML trees with bootstrap support values from 1,000 

replicates were constructed with MEGA6 (Tamura et al. 2013). Bayesian optimization was 

calculated with BEAST v1.10.4 (Suchard et al. 2018). Markov chain Monte Carlo (MCMC) 

were run using one million iterations and trees were sampled every 100 generations. The 

results of triplicate runs were combined with LogCombiner from the BEAST package 

(Suchard et al. 2018), and the combined output was analyzed with Tracer v1.7.1 to assess 

the overall quality of the estimation (Rambaut et al. 2018). Posterior probability support 

values and consensus tree was calculated from 10 % of the total number of iterations 

(300,000). For the NJ method, the phylogenetic trees were constructed in MEGA6 using 

the JTT model (Jones et al. 1992) with uniform rates and bootstrap support values were 

inferred from 1,000 replicates. The ML trees were rooted at midpoint and visualized with 

FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/), Bayesian posterior probability 

values, and ML and NJ bootstrap support values were included in the final tree. 

Functional comparison between strain GP and its helper strain, A. denitrificans PR1, was 

performed by submitting both genomes for annotation with RASTtk (Brettin et al. 2015). 

Furthermore, the metabolic reconstruction and comparison between these distantly 

related strains were achieved with the function based comparison tool in the SEED viewer 

version 2.0 (Overbeek et al. 2014). 

http://tree.bio.ed.ac.uk/software/figtree/
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Antibiotic resistance is considered an ancient phenomenon that has spread to 

unprecedented levels due to the intensive and sometimes imprudent and inappropriate 

use of these drugs over the past decades (Andersson and Hughes 2010; Gullberg et al. 

2011). Many resistance mechanisms are thought to have evolved by mutation and 

transference of genes conferring protection to antibiotic-producing bacteria (Martin and 

Liras 1989; Hopwood 2007; Van Goethem et al. 2018). Presently, resistance is reported to 

occur through three primary mechanisms: (i) target modification, (ii) efflux and (iii) 

enzymatic inactivation (Wright 2005; Blair et al. 2015). Overall, the widespread 

dissemination of these mechanisms has led to the loss of efficiency of current antibiotics 

and plunge the world into crisis (Ventola 2015; Welte 2016; Simpkin et al. 2017). In this 

way, new strategies need to be developed in order to attenuate the burden of resistance. 

7.1 Antibiotic degraders: a threat or an opportunity? 

In this framework, many researchers are investigating antibiotic degradation by 

microorganisms as a way to control the propagation of resistance. However, in light of the 

most recent knowledge, we should consider the following question: do antibiotic 

degraders present a threat or an opportunity? 

Antibiotics are especially hard to remove. They are micropollutants that exert important 

changes in environmental communities, especially at concentrations well below their 

minimum inhibitory limits (Martinez 2009; Gullberg et al. 2011; Nicoloff and Andersson 

2016). This phenomenon is recurrent in stressful environments with high cell densities 

typically found in WWTP and animal farms. In these environments, the presence of these 

micropollutants may promote the development of resistance, instead of reducing it (Rizzo 

et al. 2013). Furthermore, these niches can often act as resistance hotspots and have most 

likely aided in the widespread dissemination of these traits among pathogenic and 

commensal bacteria (Rizzo et al. 2013; Lood et al. 2017; Sabri et al. 2018). In this way, 

antibiotic contamination cannot be dealt in the same way as contamination with persistent 

pollutants. Therefore, typical bioaugmentation and bioremediation strategies need to be 
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revised before being further considered. Instead, a more heuristic approach should 

integrate the knowledge on the development and spread of resistance with the knowledge 

on strategies for xenobiotic decontamination.  

Naturally occurring antibiotics, perhaps due to the more prolonged exposure of the 

microbiota, are expected to be more susceptible to degradation in comparison to their 

synthetic counterparts. An example of this phenomenon is the enzymatic hydrolysis of 

beta-lactams. The prolonged and extensive use of these natural and semi-synthetic 

antibiotics has intensified the development of an ever-increasing amount of hydrolytic 

enzymes able to cleave the beta-lactam ring (Naas et al. 2017). These beta-lactamases can 

cleave the beta-lactam ring of penicillins and semi-synthetic beta-lactams such as 

carbapenems, leading to the complete loss of antimicrobial susceptibility (Bush and Jacoby 

2010; Amador and Prude 2013; Naas et al. 2017). Noticeably, enzymes with beta-

lactamase activity are thought to be ancient and have recently been identified in 

microorganisms isolated from a pristine four-million-year-old cave (Bhullar et al. 2012).  

However, researchers have suspected that microbiota in stressful conditions would 

eventually evolve to degrade even synthetic antibiotics, as it has been continuously 

described for other xenobiotic compounds (Timmis and Pieper 1999; Rieger et al. 2002). 

Indeed, transformation and consequent inactivation of antibiotics have been extensively 

described for antibiotics of almost all classes (Wright 2005; Larcher and Yargeau 2012; 

Woappi et al. 2014; Caracciolo et al. 2015), including sulfonamides, the first fully synthetic 

antibiotics with application in therapy. 

The ability to degrade antibiotics presents an opportunity to decontaminate the 

environment and mitigate the burden of resistance. However, many antibiotic 

transformations serve only as a mean of detoxification and, thus are often reversible (see 

Introduction section 1.3). Nevertheless, an increasing minority of microorganisms has 

been shown to use antibiotics as carbon and energy sources (Woappi et al. 2014; Deng et 
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al. 2018). These reactions often involve the cleavage of important bonds within the 

antibiotic molecule. Hence, they are expected to be irreversible and to form metabolites 

devoid of antimicrobial activity (see Introduction section 1.4).  

Therefore, this ability could be exploited for bioremediation and bioaugmentation, but, far 

from an opportunity, it is increasingly regarded as a public health concern. Indeed, the 

ability to degrade antibiotics may also confer resistance to the host strain. This resistance 

phenotype has been observed in many bacterial strains carrying beta-lactamase-encoding 

genes (Bush 1989; Paterson and Bonomo 2005; Amador and Prude 2013). Also, 

sulfonamide resistance was significantly enhanced in recombinant Escherichia coli 

transformed with an arylamine N-acetyltransferase (BanatC) from Bacillus anthracis 

(Pluvinage et al. 2007); and, more recently, in an imipenem-susceptible Escherichia coli 

transformed with a Baeyer-Villiger monooxygenase (Ar-BVMO) from Acinetobacter 

radioresistens (Minerdi et al. 2016). Furthermore, as shown for the tetracycline 

monooxygenase encoded by tetX (Yang et al. 2004; Leski et al. 2013; Ghosh et al. 2015) 

and for tetracycline destructases (Forsberg et al. 2015), these elements may be highly 

mobile and transfer from environmental into commensal and even pathogenic bacteria 

with aggravated risks to human and animal health. 

Many studies subsequently showed that these antibiotic degraders might also cause 

indirect resistance by inadvertently conferring protection to susceptible pathogenic 

bacteria and leading to treatment failures (Leski et al. 2013; Forsberg et al. 2015; Nicoloff 

and Andersson 2016). For these reasons, strategies aiming to harness microorganisms’ 

ability to degrade antibiotics to mitigate antibiotic resistance should take into account the 

risks of HGT. 

7.2 A sulfonamide-degrading two-member consortium and 

dependency of strain GP 

Motivated by the need to understand antibiotic degraders further, our group had 

previously carried out enrichment cultures that lead to the isolation of A. denitrificans 
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strain PR1, which seemed to catalyze the partial mineralization of SMX with concomitant 

accumulation of its corresponding heterocyclic moiety (3A5MI) (Reis et al. 2014). Even 

during the earlier studies, the isolation of this degrader from the original enriched culture 

proved to be difficult. The degrader appeared to be a minority in this mixed culture and, as 

we later discovered, it also irreversibly lost the ability to degrade sulfonamides after 

repeated sub-culturing in laboratory conditions. It was only when incubation time was 

increased to more than 10 d (Chapter 4) that an additional morphotype became visible on 

agar plates. The additional morphotype, named strain GP, was identified as representing a 

new species and potentially a new genus within the Microbacteriaceae family (Chapter 4 

and 6). Curiously, it was also found to be unable to grow independently from A. 

denitrificans PR1, suggesting that a syntrophic relationship may form between the two 

members of this sulfonamide-degrading consortium. 

Metabolic syntrophy or dependency on community members is increasingly recognized as 

a generalized behavior in natural communities. Relevant examples of important syntrophs 

are terephthalate-degrading communities (Lykidis et al. 2011; Wu et al. 2013), anammox 

(Jetten et al. 2005a; Jetten et al. 2005b; Oshiki et al. 2013), dichloromethane-degrader 

‘Candidatus Dichloromethanomonas elyunquensis’ (Kleindienst et al. 2017), and members 

of the candidate phylum “Latescibacteria”, which thrive in hydrocarbon-impacted 

environments (Youssef et al. 2015; Farag et al. 2017). Interestingly, to date, no culturable 

representatives were obtained for these microorganisms. 

To the best of our knowledge, the only other description of a sulfonamide-degrading 

consortium has been made by Levine (2016). These authors enriched soil from a cattle 

feedlot with sulfadiazine. This procedure resulted in the recovery of a sulfadiazine-

degrading consortium. The main culturable members of this culture were isolated and 

identified as Brevibacterium epidermidis and Castellaniella sp. However, neither axenic 

cultures of each isolate nor the co-culture of the two were able to catabolize the 
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sulfonamide molecule (Levine 2016), suggesting that the sulfonamide-degrader may be an 

unculturable member of the consortium. 

Syntrophic relationships, like the ones described above, are hard to characterize when one 

or several members of the consortium cannot be grown in axenic cultures. Hence, in order 

to elucidate the type of syntrophic relationship between the members of our sulfonamide-

degrading consortium several attempts were made to isolate strain GP. These attempts 

started by testing different media, co-factors and culture conditions (Chapter 4). However, 

these approaches failed to produce axenic cultures, further suggesting that strain GP may 

need PR1 to provide non-diffusible or unstable growth factors or to prevent the 

accumulation of toxic metabolites. 

Later, comparative studies between the draft genome of strain GP and its closest relatives 

(Leucobacter spp.) revealed a moderate gene loss in this sulfonamide degrader (Chapter 

6). This analysis showed that strain GP might be unable to synthesize heme and other 

tetrapyrrole compounds and lacked thiol transporters. Noticeably, the inability of de novo 

tetrapyrrole and heme biosynthesis appears to be rare and it has only been reported in 

strains of the pathogen Haemophilus influenza and a single environmental isolate affiliated 

to Leucobacter spp. (Bhuiyan et al. 2015; Choby and Skaar 2016; Takai et al. 2017). 

However, in these strains, the supplementation of the growth medium with exogenous 

heme sources was sufficient to allow them to grow independently. Furthermore, the 

inclusion of catalase, which has been previously shown to compensate the lack of thiol 

transporters in deficient strains (Goldman et al. 1996; Morris et al. 2011), was also 

insufficient to abolish the dependent phenotype. Additionally, the enrichment of the 

growth medium with a combination of exogenous heme, porphyrins, and catalase did not 

allow the further isolation of this slow-growing Actinobacteria. 

Surprisingly, 3-month-long incubations of the consortium and axenic cultures of A. 

denitrificans PR1 with 5 mM SMX as sole carbon source revealed that the Proteobacteria’s 

abundance and viability were not significantly affected by the presence or absence of 
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strain GP (data not shown). These findings revealed that the presence of strain GP does 

not inhibit or enhance the survival of A. denitrificans PR1. In this way, a one-way 

mutualistic interaction between strain GP and strain PR1 is the most probable type of 

association between these two bacteria. In sum, the results herein obtained allowed the 

generation of hypotheses and, subsequently, will enable the design of further studies to 

evaluate the co-factors exchanged by the members of this consortium. 

7.3 Pathway and genes involved in sulfamethoxazole degradation 

In metabolic studies carried out with the two-member consortium (Chapter 4 and 6), we 

found that strain GP carried a sulfonamide monooxygenase gene (sadA) initially described 

in Microbacterium sp. BR1 (Ricken et al. 2017), and that its expression was significantly 

enhanced in the presence of high amounts of SMX (Chapter 4, section 4.4.4). Furthermore, 

studies with 14C-SMX allowed the identification of 4-aminophenol as the main transient 

metabolite, as previously described for Microbacterium sp. B1 (Fig. 4.12 and 4.13, Chapter 

4). Surprisingly, despite the high similarity between SadA in strain GP and its homolog in 

Microbacterium sp. BR1 (94% amino acid identity), additional new products arose from 

the ipso-hydroxylation of this antibiotic in strain GP. Two additional side-reactions were 

detected and resulted in the accumulation of dead-end metabolites at residual amounts. 

These dead-end metabolites derived mainly from abiotic rearrangements of the SMX 

molecule and included: (i) hydroxylated SMX (M2, ortho or meta position in the benzene 

ring), (ii) NIH shift of the sulfonyl group (Guroff et al. 1967), from the C1 to the C2 position 

(M4) and a Baeyer-Villiger rearrangement (M3, Fig. 4.15, Chapter 4), inserting the oxygen 

between the aromatic moiety and the sulfonyl group. 

Studies with Microbacterium sp. BR1 and multiple strains from Actinobacteria (Gordonia 

sp.) and Proteobacteria (Ochrobactrum sp. and Labrys sp.) phyla (Mulla et al. 2018) show 

that either THB or HQ, respectively, can be released during 4AP degradation. However, 

these products have yet to be detected in the two-member consortium. Indeed, in 

supernatants collected during SMX degradation by the two-member consortium, only two 
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lower-mass metabolites were detected (M5 and M6, Table 4.5, Chapter 4). However, only 

M5 structure could be proposed (Fig. 4.11, Chapter 4). This metabolite could result from 

the reduction of maleylacetate, a known metabolite formed during degradation and ring 

opening of several aromatic compounds, including 4AP (Takenaka et al. 2003; Kolvenbach 

et al. 2012). 

Antibiotic degradation by hydroxylases is quite rare. To the best of our knowledge, the 

first antibiotics reported to be susceptible to hydroxylation were tetracyclines which 

could be transformed by the flavoprotein TetX (tetracycline monooxygenase) (Yang et al. 

2004). This protein subsequently led to the discovery of structurally similar hydroxylases, 

able of extensive tetracycline transformation in a functional metagenomic study by 

Forsberg et al. (2015). More recently Minerdi et al. (2016) reported increased resistance 

to imipenem, a carbapenem, mediated by a Baeyer-Villiger monooxygenase (Ar-BVMO). 

Among these enzymes, Ar-BVMO was found to have the broader substrate range as it was 

shown to oxidize two anticancer drugs (i.e., danusertib and tozasertib) besides imipenem. 

Including SadA, all of these enzymes are flavin-containing monooxygenases. 

Unlike the previous transformations which reduced toxicity and antimicrobial activity of 

the parent compound, sulfonamide transformation by SadA alone may be a double-edged 

sword, because, this reaction releases 4AP as a toxic and mutagenic intermediate (Yoshida 

et al. 1998). In Microbacterium sp. BR1, this potential shortcoming seems to be 

compensated by the presence of a gene encoding for a 4-aminophenol monooxygenase 

(SadB) in the same genetic cluster as sadA. However, as seen in comparative genomic 

studies between all available genomes of sulfonamide degraders (Chapter 6), these two 

genes may not be co-acquired. Indeed, the sulfonamide degraders affiliated to the genus 

Microbacterium carry a highly conserved cluster (sadABC). 

In contrast, in strains Arthrobacter sp. D4 and GP, the homologs of these genes, do not 

form a cluster. Instead, these strains share a novel transposable element containing sadA 
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and flanked by a single copy of an IS1380 family transposase (Fig. 6.7, Chapter 6). The 

synteny between this distantly related Actinobacteria suggests that at least the sadA gene 

may have been acquired through HGT.  

7.4 Potential application for bioaugmentation 

The presence of mobile genetic elements in the vicinity of sadA or the sadABC complex 

(i.e., transposase and relaxase, respectively) indicates that HGT may mediate the spread 

and acquisition of these genes. This finding suggests that the burden of resistance may be 

aggravated by the direct use of these strains for bioremediation and bioaugmentation in 

antibiotic-polluted environments.  

Despite these concerns, there is a lack of knowledge regarding the application of these 

sulfonamide degraders and potential risks of HGT and indirect resistance. The few studies 

that tackled this research questions focused on the optimization of degradation efficiency. 

For instance, Fenu et al. (2015) studied the performance of membrane bioreactors spiked 

with Microbacterium sp. BR1. In this study, the bioaugmentation strategy did not influence 

the overall SMX degradation efficiency of the bioreactor. However, studies by Nguyen et al. 

(2017; 2019) showed more promising results. These studies were carried out with 

sulfonamide-degrading cultures of A. denitrificans PR1, before the detection of the low-

abundance and slow-growing strain GP in the consortium (Nguyen et al. 2017; 2019). 

Preliminary studies showed that the A. denitrificans PR1 and strain GP consortium was 

able to degrade SMX at environmentally relevant concentrations (down to 600 ng/l) 

(Nguyen et al. 2017). Additional bioaugmentation studies in membrane bioreactors 

treating pre-clarified wastewater effluent collected from a municipal WWTP showed only 

a slight enhancement of the overall SMX degradation efficiency, but only when the 

antibiotic concentration was 10 µg/l SMX (Nguyen et al. 2019). Indeed, experiments with 

10 µg/l SMX, 4 mM acetate and 6 h hydraulic retention time (HRT) resulted in a specific 

elimination rate of 6.4 ± 3.4 μgSMX/(gSS x d) and 4.9 ± 1.7 μgSMX/(gSS x d) for the 
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bioaugmented and non-bioaugmented reactors, respectively. In contrast, when the SMX 

was closer to environmental values (1 µg/l), specific elimination rates did not differ 

significantly between bioaugmented and non-bioaugmented reactors and were 

approximately 1.9 ± 0.2 μgSMX/(gSS x d) at an HRT of 6 h and 4 mM acetate (Nguyen et al. 

2019). 

Nevertheless, the authors also showed that the abundance of A. denitrificans PR1, as well 

as the overall degradation efficiency, decreased over time, indicating that both members of 

the consortium may be easily out-competed by the autochthonous microbiota. These 

findings are a promising step; however, further studies are needed to assess the risk of 

dissemination of genes linked to sulfonamide resistance (sul1, sul2) and degradation 

(sadA, sadB) carried by this microbial consortium. 
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The main conclusions of this work can be summarized as follows:  

 A. denitrificans strain PR1, initially described as an effective sulfonamide degrader, 

was only part of a two-member consortium established between this strain and a 

slow-growing and low-abundance actinobacterium, named strain GP; 

 Comparative genomics and phylogenetic studies using the draft genome of strain 

GP showed that it could represent a new genus within the Microbacteriaceae 

family closely related to the Leucobacter genus; 

 Genomic analysis showed that strain GP carries at least two copies of a novel 

transposable element containing a copy of an highly conserved sulfonamide 

monooxygenase (sadA), previously described in Microbacterium sp. BR1, a yceI 

binding protein and a single copy of an IS1380 family transposase. This element 

was also detected in the previously described sulfadiazine degraders, Arthrobacter 

sp. D2 and D4; 

 In strain GP, one of these transposons was located near a class I integron with 

multi-drug resistance genes (aadA1, sul1, and qacE), recombinases and an enzyme 

affiliated to the type IV secretion system, indicating it may be prone to potential 

HGT; 

 Studies with SMX and its downstream metabolite 4AP showed that A. denitrificans 

PR1 was unable to degrade either of these compounds. Furthermore, the sadA 

gene carried by strain GP was significantly overexpressed in the presence of this 

antibiotic. These findings indicate that both the initial cleavage of the sulfonamide 

bond and subsequent degradation of 4AP, are probably catalyzed by strain GP 

alone; 

 Degradation of SMX by strain GP resulted in additional metabolites not observed in 

other SMX degraders. These side reactions consisted of the accumulation of 



Chapter 8 – Main Conclusions 

 

169 
 

residual amounts of: (i) ortho/meta hydroxylated SMX, (ii) an NIH shift and an (iii) 

putative Baeyer-Villiger molecular rearrangement. These differences may be 

explained by a substitution of threonine by an alanine in strain GP, in comparison 

to its homolog in Microbacterium sp. BR1. This mutation may increase the size of 

the enzyme’s active site in strain GP making it more efficient, but also, enhance 

abiotic rearrangements of the molecule; 

 Although strain PR1 was shown to grow independently, no pure cultures were 

obtained for strain GP. Furthermore, co-inoculation of this consortium with phage 

vB_Ade_ART showed that a decrease in strain PR1 viability resulted in a slight 

increase of strain GP abundance. However, a higher MOI did not linearly correlate 

with a significant enhancement in SMX degradation. These findings suggest that an 

ideal ratio between the two strains may be essential for optimal SMX degradation; 

 Comparative genetic studies allowed the identification of missing essential genes 

in the genome of strain GP related to cytochrome synthesis and assembly. Namely, 

this strain lacked several genes from the upstream pathway of tetrapyrrole 

biosynthesis and thiol transporters, which were shown to be essential to maintain 

a good redox balance in the periplasm. However, the inclusion of these essential 

metabolites and catalase did not allow further purification of strain GP. 

In summary, this study led to the identification of a novel specialized syntroph able to 

catalyze the ipso-hydroxylation of sulfonamide antibiotics. The results suggest that other 

sulfonamide degraders may have acquired homologs of sadA through HGT and that sadB 

and, consequently, 4AP degradation may be transferred independently. Moreover, these 

findings raise important questions about bacterial syntrophy and the role of these 

syntrophs in the degradation of xenobiotics and antimicrobials in contaminated 

environments. 
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The present work has shed light into sulfonamide degradation in the microbial consortium 

between the high-abundance and fast-growing A. denitrificans PR1 and the slow-growing 

actinobacterium strain GP. In concrete, it led to the description of a putative sulfonamide 

degradation pathway and the identification of a sulfonamide monooxygenase homolog 

(sadA) in the genome of strain GP. A highly conserved gene shared with other fully 

sequenced Actinobacteria able to degrade sulfonamides. Moreover, we found that in strain 

GP the sad cluster was fragmented with sadA being flanked by a single transposon and 

homologs to sadB present in other regions of the genome, far from the gene encoding the 

enzyme responsible for the initial breakdown of SMX. Notwithstanding, multiple 

observations made during this study led to other research questions: 

 In Chapter 6, the analysis of strain GP genome suggested that sadA could be 

encoded within a plasmid, due to differences in coverage, G+C content, and 

enrichment of integrative elements in this scaffold. In this way, the presence of this 

plasmid could be confirmed by electrophoresis techniques (e.g., total DNA 

separation by PFGE) and by attempting to extract plasmid DNA from the 

consortium using established techniques relying in alkaline lysis (Birnboim and 

Doly 1979), proven to be effective in the isolation of multiple environmental 

plasmids (Burton et al. 1982; Delaney et al. 2018). This work is undergoing. 

 What is the nature of the syntrophic relationship between strain GP and its helper, 

strain PR1? Although multiple growth conditions were tested, strain GP could not 

be further isolated and always grew in tight association with strain PR1. 

Furthermore, the media tailored to supplement strain GP metabolic needs (with 

heme, catalase, and putrescine) was also insufficient to stimulate the development 

of independent colonies. Additional research is necessary to determine gene 

expression in this consortium (e.g., RNA-seq), and further functional studies (e.g., 

knock-outs of missing genes in similar strains or producing strain GP clones 
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containing these genes) are crucial to understanding heme transport and synthesis 

in this Actinobacteria. 

  Although a homolog to sadA was found in the genome of strain GP, this gene was 

not within a cluster with sadB and sadC as previously described for other 

sulfonamide degraders. Two sadB homologs were found in other regions of the 

genome of strain GP. Unlike sadA, which seemed to be acquired through horizontal 

gene transference in the strain, the sadB homologs had a lower amino acid 

similarity to the original gene described for Microbacterium sp. BR1 (73 %). In this 

way, further functional studies should be carried to determine the role of these 

homologs in 4AP degradation in strain GP. 

 Because the homolog of sadA in strain GP appears to be highly conserved, it is 

essential to understand how widespread this gene is and study its frequency in 

important ARG and ARB reservoirs, such as hospital and urban wastewaters and 

soils using qPCR and metagenomics sequencing approaches.  

 Moreover, is it the sadA sufficient to confer sulfonamide resistance to a sensitive 

strain? Can this gene alone be considered a true antibiotic resistance gene? 

Alternatively, does the host carrying sadA requires additional genes in order to 

degrade the toxic intermediate, 4AP, further? Also, what is the role of these 

degraders in the proliferation of sulfonamide resistance in natural communities? 

Preliminary work by Vila-Costa et al. (2017) showed that these degraders could 

attenuate the development of resistance in natural communities; however, further 

studies are necessary to assess the real implications of these findings. 
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