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Background  
The EU PAHazards funded review related to antimicrobial resistance, in particular with a focus on how the 

issue could be addressed in the future via indicators within HELCOM, is an ongoing process that aims to 

develop a concise report addressing the issue and offering possible guidance on the way ahead in HELCOM. 

The attached report represents a short introduction to some of the progress made so far and the EN-HZ 

group is invited to contribute with guidance or identification of key issues that could also be considered 

under further work on the report. 

 

Action requested 
The Meeting is invited to provide any guidance or identify key issues that could be considered. 
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The health status of the Baltic Sea has been the focus of the Helsinki Commission (HELCOM) since its inception, 

with accepted mandate to assess, monitor, and maintain the aquatic and related environment, while homogenizing 

the activities of each member country. The Swedish Environmental Protection Agency together with HELCOM 

have commissioned this desktop study to derive recommendations for the development of indicators for antibiotics 

and antimicrobial resistance indicators in the Baltic Sea.  

The aim of this report is to summarize the ongoing desktop study’s progress detailing the types and levels of 

AMR genes in the Baltic Sea, criteria for selection of potential chemical and genetic indicators, and progress being 

made in standardization. The basis for this report are scientific publications, governmental, and commission 

reports ranging from chemical pollutant monitoring to biodiversity measures involving adequate levels of AMR 

gene sequencing in related projects in the region.  

Keywords: Antibiotics, Antimicrobial Resistance, Genes, Baltic Sea 
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The relationship between anthropogenic antimicrobial consumption and the frequency of 

isolation of specific antibiotic resistant microbial isolates is well established. While the clinical 

consumption of antibiotics in developed countries can be accurately monitored and clearly 

connected to increasing resistance levels, current knowledge on pollutant levels derived from 

other sources leave much to be desired. There are several reasons for the knowledge gaps 

presented in this report, several of which are currently being tackled by the scientific 

establishment. Among the reasons identified through the vast, growing body of literature on 

AMR, are lack of genetic standards, selective monitoring, and the disparate monitoring 

schemes in the different countries in the Baltic Sea region. Coupling academically derived data 

to agency goals requires the synthesis and comparison of data acquired under particular 

circumstances that are not necessarily congruent. Such efforts have been recently initiated 

under the One Health platform, to establish guidelines and proof of principle monitoring 

schemes for AMR. Hand in hand with this is the expectant improvement of chemical detection 

methods for antibacterials as found in the different parts of the Baltic Sea. Reconciling such 

initiatives with those of the Helsinki Commission will be crucial for obtaining and maintaining 

in the future, good environmental status (GES). 

  
The use of indicator-based protocols to assess ecosystem status is well-established and the plurality 

of indicators is believed to provide a better appreciation of the state of a given environment. While 

GES is not clearly defined in the context of microbes and their genetics, it implies some range of 

optimality in the diversity, structure and function of microbiomes in any given environment. In this 

case, the microbiome and its pan-genome are representative of part of the food web as a whole. 

These microbes operate on all trophic levels due to the fluidity of compartments between various 

hosts and their aquatic environment. Conceptually and practically, there is gene flow between air, 

water, and land surfaces. These interactions may be shaped directly or indirectly by humans or other 

larger animal species and as such gene flow is somewhat ubiquitous between ecological 

compartments and between microbes. Deciding on particular AMR indicators for ecosystem health 

accordingly, requires proper definitions, appropriate species, and stringent criteria for genetics-

based identification of (preferably validated in vivo) marker genes.  

Chemical pollution and the monitoring of chemical pollutants has long been of interest both 

scientifically and societally. The direct link between a community’s or ecosystem’s health 

status and specific chemicals has been in many instances painstakingly charted. A key criterion 

in the establishment of standards is the reproducible ability to detect pollutants and measure 

their levels as well as the assessment of their downstream effects. These effects can be on the 

Introduction  
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organismal level, e.g. host species fecundity and survival, or on whole ecosystems e.g. 

biodiversity, carbon and nitrogen fixation. Already in the first half of the 20th century when 

antibiotics were being discovered, pioneers such as Fleming already identified resistance 

emergence as a natural consequence of their use. The description of a direct cause-relation, 

linear interaction between clinical antibiotic consumption and AMR levels was from 

comparing Icelandic clinical use data to resistant infection frequencies (Anderson & Takahashi, 

1981). Similar correlations have been drawn between antibiotics in agricultural / aquaculture 

runoff, and specific resistance gene frequencies. To complicate matters further, it has been 

demonstrated that other forms of resistance including to heavy metals, drive antibiotic 

resistance through marker co-selection or piggy-backing on the same mobile genetic elements. 

Since there has been increasing awareness of, and due to the obvious detrimental effects of 

increasingly resistant pathogens on human survival, significant efforts have been made to 

reduce the consumption of antibiotics worldwide (ReACT, WHO, ECCMID). Agricultural 

consumption of such compounds however, remains high and insufficiently regulated in some 

Baltic Sea countries. Additionally, the amount of these drugs that flow into the Baltic Sea 

compartment is difficult to quantify and can only be extrapolated from continuous monitoring 

surveys. However, standards do exist for the accurate and standardized measurement of 

chemical (antibiotic) concentrations, while AMR has several experimental modes of 

determination with standards derived primarily for clinical use.  
 

Microbial Growth Dynamics 

Discussing AMR in lieu of microbes can be likened to playing tennis without a court. By this is meant 

that the microbial propagation of AMR genes is reliant upon the growth of ostensibly resistant 

populations.  In the absence of selective pressure, antimicrobial resistance markers may confer upon 

a given microbe a fitness cost which affects their ability to efficiently compete for resources in a 

given niche. In turn, the fitness itself is a function of nutrient availability and antibiotic 

concentration. These factors combined with co-selection derived state equations as in (Model 

descriptor), act to modulate any given AMRs frequency in a given population. In clinical 

microbiology, extensive efforts are made to culture and quantify AMR in common pathogens while 

in environmental or ecological studies, AMR has more often been assayed bioinformatically.  
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Taken  

Taken from Pierre-Louis Toutain,  

 

Whereas the former accurately determines a target pathogen’s AMR profile, the latter will arguably 

remain anecdotal pending either i) the ability to ascribe resistance markers to individual species in 

silico or in vivo, or ii) better standards and controls to allow for cross-sample comparison. One 

potential solution is normalizing particular resistance gene levels to the concentration of drug in the 

milieu. However, the numerous findings that some resistance genes persevere in the environment in 

the absence of detectable drug concentrations implies that only a limited set of antibiotics are 

amenable to such an approach.   

    

Sources of pollution that have direct relevance to AMRs 

While antibiotics are the strongest drivers of resistance evolution and propagation, heavy metal ions 

have been shown to select indirectly for resistance. These include Zn2+, Cu2+, Hg+ and Cd2+. Other 

compounds toxic to bacteria like Arsenic are also known to be associated with AMR selection in 

various niches. As of 2016, eutrophication levels, from HELCOM data, was most pronounced in the 

Bay of Bothnia where maximal levels of nitrogen and phosphorus influx into the sea was observable. 

Due to statistic uncertainty however, both the Bothnian Bay and the Gulf of Finland remain 

designated as under the maximum allowable inputs pending further study (See Fig X). Accordingly, 

more focus is warranted in these regions (See Section X: Ongoing Monitoring) as such variations 

serve to skew the microbial populations significantly towards more heterotrophic microbes. Rapid 

population expansions, and ultimately, reduced oxygen availability further starve the available 

niches leading to dead zones with little microbial activity (Ref). Combinations of high eutrophication 

levels with heavy metal and antibiotic concentrations within the Mutant Selective Window would be 

additive to the AMR microbial population density.  
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Figure X. Baltic Sea Region showing A: Eutrophication levels (Yellow, NA; Green, > MAI; Brown, < 

MAI), B: Nitrogen and C: Phosphorus loads from industry, aquaculture and municipalities. 

 

AMR types and environmental dissemination  

The mode of resistance to antibiotics can result from; 

i)   Efflux (AcrAB multidrug efflux pump; Escherichia coli) 

ii)  Target modification (Rifampicin resistance) 

iii) Antibiotic degradation (𝛽-lactam resistance) 

iv) Antibiotic modification (Chloramphenicol acetyl transferase) 

v)  de novo evolution of alternate pathway (Vancomycin resistance in G(+) bacteria 

 

Microbial resistance to toxic compounds can evolve in naturally occurring communities in the 

absence of exposure. The premise for resistance propagation however, is exposure to the antibiotic, 

heavy metal, or other toxic molecule. Fundamentally, toxicity can be general as with heavy metals 

and reactive oxygen species, or specifically due to the activity of a given antibiotic on a gene-

encoded target, protein or RNA primarily. Resistance in the former case is often mediated by efflux 

pumps, a family of membrane associated proteins that as the name implies, pump out these 

molecules, often in an energy-dependent manner (Refs). Efflux pumps are ubiquitous in bacteria but 

often do not mediate high level resistance, rather acting as a stepping stone; any advantage allowing 

increased survival of a clone will inadvertently increase the likelihood of a further resistance-

enhancing mutation among its progeny. Primary resistance emerges often from a genetic selection 

acting on natural variants in larger populations. These variants occur randomly and can either be 

primary determinants (e.g. High level Rifampicin resistance is caused by a point mutation in the rpoB 

gene) or low to moderate level determinants that further mutations in associated genes can 

enhance (e.g. gyrA and parC cumulatively contributing to high level Ciprofloxacin resistance). 

Irrespective of the type of AMR gene, the propagation is either via vertical inheritance (mother to 

daughter cell), or horizontal (via mobile genetic elements such as bacteriophage and plasmids). The 

horizontal transmission of genetic determinants has the largest ecological effects as it includes 

interspecies exchange which increases the effective range of a given AMR gene.  
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Measurements of AMR 

Antibiotic resistance is determined clinically, on growing strains of pathogenic bacteria, using 

a host of methods, primarily the broth microdilution assay (Ref).  

The Minimum Inhibitory Concentration of a given antibiotic is the term given to the lowest 

drug concentration that inhibits the growth of a small population of bacteria. Accordingly, the 

MIC is specific to a bug:drug combination and clinically can be used to determine which drugs 

can be used in treatment protocols. A Mutant Prevention Concentration was proposed to define 

a window of clinical dosage that would prevent the emergence of resistant mutants. This MPC 

however, proves to be of little benefit beyond academic consideration, as exceedingly low 

concentrations of drugs can still drive resistance emergence in a population (Andersson & 

Hughes, 2009?). Furthermore, the horizontal transmission of high-level resistance genes makes 

it less likely that slow selection acting on low-level resistance genes is the most critical 

component to consider within environmental samples. Such findings are profound and highly 

relevant to the discourse around defining maximum boundary values for companies, agencies 

and countries in all aspects of society that contribute to the problem of resistance.  

 

Environmental measures of AMR 

While the measurement of resistance as performed from a clinical perspective may be 

informative, it is much more difficult to culture individual microbes from the marine 

environment and little work has been done to chart AMR in those microbes. It may not have 

been practical for many reasons, to carry out painstakingly standardized measures on multiple 

indicator bacterial species. With the advent of DNA sequencing and its increasingly declining 

costs, a wealth of data has been accruing over the last three decades. So-called shotgun 

sequencing allowed for the identification of genes from a host of organisms in complex niches, 

including marine environments and even parts of the Baltic Sea. Due to earlier characterization 

of AMR in pathogens, and their validation as bona-fide causative factors, bioinformatics based 

analyses of such datasets have facilitated the identification of all resistance genes in various 

datasets. These genes define the resistome and provide a glimpse of the diversity of AMR-

related genetic material isolated from various environments. Several problems plague this 

approach however including the inability to functionally ascribe the resistance gene to a 

phenotype in lieu of culture-dependent techniques. The utility of these culture-dependent 

techniques will be discussed in greater detail (see…)    
 

One Health as an organizing theme for the cartography of antibiotic resistance 

The One Health paradigm draws upon the interconnectivity of human anthropogenic activity and 

alterations to ecosystems as disparate as farms and sea sediment. While there is a reservoir of 

naturally occurring and microbial-derived antibiotics, in particular, 𝛽-lactam antibiotics, it is believed 

that human activity drives increases in antibiotic levels in aquatic ecosystems. This phenomenon has 

been clearly observed in several river systems connected to industrial pharmaceutical waste; the 
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dumping of pharmaceutical waste in several river systems has led to forebodingly high levels of AMR 

in microbiological isolates. Some indication of this is seen in the Baltic Sea today (Refs).  

The interconnections between various ecosystems including between aquaculture / agriculture, and 

the marine environment although not accurately determined, is supposed. While different microbial 

communities exist in the different compartments, the genetic superhighway still exists primarily due 

to a continuum of horizontal gene exchange in microbial environments. As a result, microbial 

inhabitants and even more ideally, keystone species of the environment of interest should be 

selected as indicator species.  

 

Candidate microbes 

Indicators that could reflect the GES of the Baltic Sea region must fulfil several criteria in order to be 

informative and comparable. The microbial composition of the Baltic Sea can vary like that of any 

body of water with brackish and marine zones, industrial anthropogenic activity of various sorts, and 

direct pollution such as caused by shipping. For accurate monitoring and standardization therefor, it 

is essential that appropriate standards are developed or incorporated in form of methodology, 

metadata acquisition, and sample storage. Although cost-effectiveness is much sought after, it may 

be necessary to utilize different indicator microbes for different parts of the Baltic Sea grid and from 

sediment, water column as well as guts of HELCOM-monitored vertebrate species. Of the bacterial 

candidates, coliform bacteria remain most attractive for comparison of AMR genes from vertebrate 

gut microbiomes. In addition to this, it would be prudent to assess similarly, the AMR-content of 

Vibrio-like organisms, Desulfobulbaceae recently proposed as anoxic environment indicator 

(HELCOM-related study), and Alteromonas species.  

 

 

Candidate Antimicrobials 

The goal for environmental monitoring of GES while different from clinical monitoring and 

biodiversity study, overlaps somewhat in a genomic age. Identification of the diversity of classes of 

AMR genes may provide more epidemiological data but for the sake of environmental monitoring, 

better markers can be used. An important criterion is the longevity or half-life of antimicrobials; 

longer durations provide for longitudinal sampling sets that can illustrate general trends related to 

achieving a GES (as defined in the future).  While 𝛽-lactam antibiotics are easily and commonly 

measured, their ubiquitous production by microbes could lead to confounding data that is difficult to 

derive trends from. On the other hand, since upregulated production of these molecules is usually in 

response to stress, they may provide an additional parameter to incorporate, a ‘microbial stress 

index’. More study would be required however, and the production of 𝛽-lactamases by cheaters and 

non-cheaters alike would likely confound such a measure as well. The best described antibiotic 

resistance mechanisms include those of both Gram(+) and Gram(-) bacteria, to DNA topoisomerase-, 

or DNA gyrase-inhibitors respectively, i.e. Ciprofloxacin. This class, i.e. fluoroquinolones and their 

derivatives are both easily detected chemically, and result from a clockwork of several mutations 

giving rise to high level resistance (Diarmaid’s work; Andersson and Hughes again). In addition, they 

are known to be highly stable with as they sorb to organic matter. Their use in agriculture is well-

documented and although a reduction in their clinical use has been established, resistance levels of 

clinical indicator strains remain higher than anticipated.  In addition to Ciprofloxacin, Metronidazole, 
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Sulphonamides and Trimethoprim as well as Tetracycline and Macrolides have been applied in aqua-

, mari-, and agriculture with input into the Baltic Sea. From these studies, there are documented 

downstream effects on resistance genes in samplings from the various parts of the Baltic Sea.      

 

Candidate Genes 

This discussion becomes relevant when horizontal gene transmission (HGT) is concerned. As the key 

to broad-based dissemination of AMR, identification of promiscuous plasmids as well as 

bacteriophage genes. Relatively recently, the Int-1 integrase gene was proposed as a proxy for 

anthopogenic input. Various promiscuous plasmids can also serve as targets via their unique 

replication origins. This is of course contingent upon a shotgun-based approach. Some studies have 

used a size-based fractionation of mobile genetic elements to scan as a proxy for mobilized genes. 

However, the requirement for high sequencing depth compounded by a dearth of funding for 

plasmid research over the last decades leaves much to be desired in databases for plasmid 

sequences.  

   

Detection methods 

qPCR: difficult to compare between labs unless stringent controls are used. Normalization is difficult 

as various microbes have various numbers of ribosomal copies…. Genome equivalent normalization 

is not practical in a complex mix.  

 

Antibiotics as pollutants  

 

Diversity of antimicrobial resistance genes  

 
  


