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1 Introduction 67 

1.1 Background and Terms of Reference as provided by the requestor 68 

Combatting antimicrobial resistance (AMR) is a priority in the European Union (EU). Several 69 
measures have already been put in place to limit its development. In 2006, the EU banned 70 
the use of antibiotics as feed additives for growth promotion. The provisions established in 71 
the new Medicated Feed Regulation1 are further concrete actions to deal with the issue. The 72 
cross-contamination of non-target feed (feed, whether medicated or not, which is not intended 73 
to contain a specific active substance) with antimicrobials has been identified as one of the 74 
core issues addressed in this context. Cross-contamination may occur during manufacture, 75 
processing, storage or transport of feed where the same production and processing 76 
equipment, including for mobile mixing, storage facilities or means of transport are used for 77 
feed with different components. For the purposes of the Medicated Feed Regulation, the 78 
concept of cross-contamination is used specifically to designate the transfer of traces of an 79 
active substance contained in a medicated feed to a non-target feed. Contamination of non-80 
target feed with active substances contained in medicated feed should be avoided or kept as 81 
low as possible. The respective Article 7 on cross-contamination stipulates in paragraph 3: 82 
The Commission shall, by 28 January 2023, adopt delegated acts in accordance with Article 83 
20 in order to supplement this Regulation by establishing, as regards the antimicrobial active 84 
substances listed in Annex II, specific maximum levels of cross-contamination for active 85 
substances in non-target feed and methods of analysis for active substances in feed. 86 
Regarding maximum levels of cross-contamination, those delegated acts shall be based on a 87 
scientific risk assessment carried out by EFSA. Moreover, recital 17 of that Regulation 88 
highlights the protection of animal health, human health and the environment and suggests 89 
EFSA to do the risk assessment in cooperation with the European Medicines Agency (EMA). 90 
Finally, Article 107 of the new Regulation on veterinary medicinal products2 stipulates in its 91 
paragraph 2: Antimicrobial medicinal products shall not be used in animals for the purpose of 92 
promoting growth nor to increase yield. The development of AMR and the resulting impact on 93 
human health, animal health and the environment, represents an important consequence of 94 
low-level concentration of antimicrobials in feed. Only very limited data are available on the 95 
chain between a low concentration of an antimicrobial in feed, the development of resistance 96 
to microbial agents relevant for human and animal health (zoonotic bacteria, commensals, 97 
animal pathogens) and the possible transfer of resistance determinants and/or resistant 98 

                                                             

1 Regulation (EU) 2019/4 of the European Parliament and of the Council of 11 December 2018 on the manufacture, 
placing on the market and use of medicated feed, amending Regulation (EC) No 183/2005 of the European Parliament 
and of the Council and repealing Council Directive 90/167/EEC. OJ L 4, 7.1.2019, p. 1–23.  
2 Regulation (EU) 2019/6 of the European Parliament and of the Council of 11 December 2018 on veterinary medicinal 
products and repealing Directive 2001/82/EC. OJ L 4, 7.1.2019, p. 43–167.  
 

Note: 

- sections shown in grey font are for information only, not for comment;  

- sections shown in black font are for comment. 
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agents to humans. Therefore, it would be appropriate to investigate the effect of the exposure 99 
to the antimicrobials at low concentrations via feed on the microbiota of animals, and in 100 
particular the selection for resistance in microbial agents relevant for human and animal 101 
health. Subject to availability of supporting scientific evidence, the impact of the low-level 102 
presence in feed on the environment should be considered, too. Further, in order to avoid any 103 
misuse of the antimicrobials, use levels of the antimicrobials for promoting growth or 104 
increasing yield should, where applicable, be identified and assessed. With respect to the 105 
scope of the non-target feed to be addressed it has to be noted that medicated feed for food-106 
producing animals and medicated pet food are produced and distributed in separate ways. 107 
Moreover, the antimicrobials at stake are not authorised for incorporation into medicated pet 108 
food. Therefore, the scope of this assessment should be focused on the low-level 109 
concentration of the antimicrobials in feed for food-producing animals. The European 110 
Commission will mandate the European Union Reference Laboratory (EURL) for Feed Additives 111 
(Commission Directorate General JRC, Geel) to recommend methods of analysis for the 112 
antimicrobials in feed. For this task, some data might be relevant which is to be compiled for 113 
the assessment of the cross-contamination levels. Therefore, an exchange of information 114 
between the EURL, EFSA and EMA, including national authorisation authorities, would be 115 
useful. In order to protect animal health, human health and the environment, maximum levels 116 
of cross-contamination for active substances in non-target feed should be established, based 117 
on a scientific risk assessment performed by the European Food Safety Authority (EFSA) and 118 
in cooperation with EMA. The maximum levels should be compared with the use levels of the 119 
antimicrobials for promoting growth or increasing yield, where applicable, to determine a final 120 
appropriate level.  121 

TERMS OF REFERENCE AS PROVIDED TO EFSA:  122 

The European Commission requests the EFSA to assess the impact of the presence of low-123 
level concentration in feed of the antimicrobial active substances listed in the Annex on animal 124 
health, human health and, where possible, on the environment. In particular, EFSA, in close 125 
collaboration with EMA, is asked, by 30 September 2021: 126 

1.To assess the specific concentrations of antimicrobials resulting from cross-127 
contamination in non-target feed for food-producing animals, below which there 128 
would not be an effect on the emergence of and/or selection for resistance in 129 
microbial agents relevant for human and animal health, i.e. the end point for this 130 
assessment should be the excretion of resistant bacteria from the animals. However, the 131 
assessment should also consider the impact on the environment of the low-level 132 
concentrations in feed, where possible. 133 

2. To assess which levels of the antimicrobials have a growth promotion/increase 134 
yield effect. 135 

Annex: List of antimicrobial active substances to be assessed 136 

Active substance 137 

1. Amoxicillin 

2. Amprolium 

3. Apramycin 

4. Chlortetracycline 

9. Lincomycin 

10. Neomycin 

11. Spectinomycin 

12. Sulfonamides 

17. Penicillin V 

18. Tiamulin 

19. Thiamphenicol 

20. Tilmicosin 
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5. Colistin 

6. Doxycycline 

7. Florfenicol 

8. Flumequine 

13. Tetracycline 

14. Oxytetracycline 

15. Oxolinic Acid 

16. Paromomycin 

21. Trimethoprim 

22. Tylosin 

23. Valnemulin 

24. Tylvalosin 

 138 

1.2 Interpretation of the Terms of Reference  139 

Low levels of antimicrobials contaminating a non-target feed could lead to the development 140 
of resistance in the microbiota of animals consuming the feed. To avoid the emergence of 141 
and/or selection of resistant bacteria, concentrations at or above the lowest concentration of 142 
antimicrobials that give the resistant strains a competitive advantage should not be present. 143 

To indicate the specific antimicrobial concentrations in non-target feed not selecting for 144 
resistance a two-step approach should be followed. First, to determine the lowest 145 
concentrations of different antimicrobials that select for resistance in a community composed 146 
of a diversity of bacteria, based on available scientific evidence. Subsequently, to estimate the 147 
active fraction of the consumed antimicrobial reaching the animal compartment where contact 148 
with microbiota occurs, different factors (e.g. pharmacokinetic parameters, degradation) 149 
should be considered. Integration of both datasets facilitates the assessment of the maximal 150 
concentration of antimicrobial in feed that does not select for resistance in the animal 151 
microbiota. 152 

Accordingly, the antimicrobial concentrations below which there would not be an effect on the 153 
emergence of and/or selection for resistant bacteria will be assessed. No recommendations to 154 
set levels will be made as the BIOHAZ Panel and the WG were only asked to indicate the 155 
specific selective concentrations in the context of risk assessment and will not consider risk 156 
management aspects.  157 

Among food-producing animals, swine, ruminants (cattle, goats, sheep), poultry (broilers, 158 
laying hens), rabbits, aquaculture (salmon, trout, sea bass/bream) and horses will be selected 159 
as targets for the assessment.  160 

The bacterial species to be included in the assessment will not be restricted to the target 161 
bacterial species considered in the therapeutic indications for each antimicrobial, but will 162 
include intestinal and rumen bacteria (either commensals or pathogens) that could potentially 163 
be exposed to antimicrobial residues within the animal after the ingestion of feed as explained 164 
below. 165 

To answer the ToRs, different approaches will be explored to assess the threshold 166 
concentrations of antimicrobials, at feed level, with no impact on the emergence of and/or 167 
selection for resistant bacteria, depending on the availability of data. All other aspects, such 168 
as good manufacturing practices when producing feed, use of antimicrobial medications or 169 
other antimicrobial resistance aspects in bacteria from animals, food or the environment are 170 
outside the scope of this opinion. The assessment does not take into consideration other 171 
aspects beyond the scientific ones that were considered to calculate those antimicrobial 172 
concentrations at feed level (e.g. detection limits of current methodologies applied for 173 
regulatory surveillance, or aspects related to feed manufacturing, storage, and/or transport).  174 

Depending on the availability of data, extrapolations may be needed, and uncertainties will be 175 
explored. 176 
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To answer ToR1, “To assess the specific concentrations of antimicrobials resulting from cross-178 
contamination in non-target feed for food-producing animals, below which there would not be 179 
an effect on the emergence of and/or selection for resistance in microbial agents relevant for 180 
human and animal health, i.e. the end point for this assessment should be the excretion of 181 
resistant bacteria from the animals. However, the assessment should also consider the impact 182 
on the environment of the low-level concentrations in feed, where possible.”: 183 

In this opinion, the levels of antimicrobials that will be provided will be those present in the 184 
feed before consumption. Only the selective activity of feed antimicrobial residues reaching 185 
the rumen and large intestine will be assessed. 186 

The end point will be the bacteria present in the rumen and large intestine, where selection 187 
of resistant bacteria by the intake of the antimicrobial should not occur at the specified levels 188 
of antimicrobials. The reasons for selecting these bacteria as the end point are: i) rumen and 189 
large intestinal bacteria are exposed to antimicrobials ingested through feed intake; ii) there 190 
is a high density and diversity of bacteria at rumen and large intestine  level which will increase 191 
the possibilities of emerging resistance; iii) the release of a great number of rumen and large 192 
intestinal bacteria exposed to antimicrobials that can further disperse systemically within the 193 
animal, on foods derived from the animal and in environment via shedding in faeces. 194 

The assessment will not specifically address the impact of the presence of residues of 195 
antimicrobials in feed on the development of resistance in the environment. Currently, EFSA 196 
is working on a scientific opinion that will cover the role played by the environment in the 197 
emergence and spread of antimicrobial resistance (AMR) through the food chain (deadline 198 
April 2020)3. 199 

Assessment of specific antimicrobial will only be performed in relation to the animal species 200 
for which pharmacokinetics parameters associated with oral administration (at least the oral 201 
bioavailability) is available. The oral bioavailability for the considered animal species and drug 202 
should at least be described in the literature to implement the approach. If other data, such 203 
as presence of metabolites or activity of the drug at gut is lacking, different simulations with 204 
a large range of values will be performed. 205 

1.3 Additional information 206 

1.3.1 Definitions and information relevant for the present opinion according to the 207 
Regulation (EU) 2019/4 208 

“(6) Medicated feed is one of the routes for the oral administration of veterinary medicinal 209 
products. Medicated feed is a homogeneous mixture of feed and veterinary medicinal 210 
products. Other routes for oral administration, such as mixing of water for drinking with a 211 
veterinary medicinal product or manual mixing of a veterinary medicinal product into feed 212 
should not fall within the scope of this Regulation. The authorisation for use in feed, the 213 
manufacture, distribution, advertising and supervision of those veterinary medicinal products 214 
are governed by Regulation (EU) 2019/6 of the European Parliament and of the Council”.  215 

                                                             

3 http://registerofquestions.efsa.europa.eu/roqFrontend/questionLoader?question=EFSA-Q-2019-00343  
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“(16) Cross-contamination may occur during manufacture, processing, storage or transport 216 
of feed where the same production and processing equipment, including for mobile mixing, 217 
storage facilities or means of transport are used for feed with different components. For the 218 
purposes of this Regulation, the concept of cross-contamination is used specifically to 219 
designate the transfer of traces of an active substance contained in a medicated feed to a 220 
non- target feed. Contamination of non-target feed with active substances contained in 221 
medicated feed should be avoided or kept as low as possible”.  222 

“(17) In order to protect animal health, human health and the environment, maximum 223 
levels of cross-contamination for active substances in non-target feed should be 224 
established, based on a scientific risk assessment performed by the European Food Safety 225 
Authority (EFSA) and in cooperation with the European Medicines Agency, as well as taking 226 
into account the application of good manufacturing practice and the ‘as low as reasonably 227 
achievable’ (‘ALARA’) principle. Until the completion of that scientific risk assessment, national 228 
maximum levels of cross-contamination for active substances in non-target feed, regardless 229 
of its origin, should apply, taking into account the unavoidable cross-contamination and the 230 
risk caused by the active substances concerned.”  231 

According to Art. 3 of the Regulation (EU) 2019/4, the following definitions also apply:  232 

“(a) ‘medicated feed’ means a feed, which is ready to be directly fed to animals without 233 
further processing, consisting of a homogenous mixture of one or more veterinary medicinal 234 
products or intermediate products with feed materials or compound feed;  235 

(b) ‘intermediate product’ means a feed, which is not ready to be directly fed to animals 236 
without further processing, consisting of a homogenous mixture of one or more veterinary 237 
medicinal products with feed materials or compound feed, exclusively intended to be used for 238 
the manufacture of medicated feed;  239 

(c) ‘non-target feed’ means feed, whether medicated or not, which is not intended to contain 240 
a specific active substance;  241 

(d) ‘cross-contamination’ means contamination of a non-target feed with an active 242 
substance originating from the previous use of the facilities or equipment.”   243 

The importance of antimicrobial resistance from the One-health perspective is included also 244 
in the preambles of the Regulation (EU) 2019/4: 245 

“(22) It is important to take into consideration the international dimension of the development 246 
of antimicrobial resistance. Antimicrobial resistant organisms can spread to humans and 247 
animals in the Union and third countries through consumption of products of animal origin, 248 
from direct contact with animals or humans or by other means. This has been recognised in 249 
Article 118 of Regulation 2019/6 which provides that operators in third countries are to respect 250 
certain conditions relating to antimicrobial resistance for animals and products of animal origin 251 
exported from such third countries to the Union. This is to be taken into consideration also in 252 
respect of the use of antimicrobial medicinal products concerned if they are administered via 253 
medicated feed. Furthermore, in the context of international cooperation and in line with the 254 
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activities and policies of international organisations such as the World Health Organization 255 
(WHO) Global Action Plan and the Strategy on Antimicrobial Resistance and the Prudent use 256 
of Antimicrobials of the World Organization for Animal Health, steps restricting the use of 257 
medicated feed containing antimicrobials in order to prevent a disease should be considered 258 
worldwide for animals and products of animal origin exported from third countries to the 259 
Union.”  260 

“(30) The ‘One Health’ concept, endorsed by the WHO and the World Organization for Animal 261 
Health (OIE), recognises that human health, animal health and ecosystems are interconnected 262 
and it is therefore essential for both animal and human health to ensure prudent use of 263 
antimicrobial medicinal products in food-producing animals.”  264 

“(31) On 17 June 2016, the Council adopted conclusions on the next steps under a One 265 
Health approach to combat antimicrobial resistance. On 13 September 2018, the 266 
European Parliament adopted a resolution on a European One Health Action Plan against 267 
Antimicrobial Resistance.”  268 

1.3.2 Antimicrobial resistance 269 

Food-producing animal production is an important reservoir, in EU and non-EU countries, of 270 
antimicrobial-resistant bacteria with relevance for human and animal health (EMA CVMP and 271 
EFSA BIOHAZ Panel, 2017; EFSA and ECDC, 2020).  272 

Antimicrobials are used in food-producing animal production for treatment and prevention of 273 
a large number of infections, and also for growth promotion in non-EU countries. Antimicrobial 274 
resistance emergence and spread is promoted by exposure of bacteria to antimicrobials, and 275 
also favored in settings where numerous and diverse bacteria co-exist, such as in animal 276 
production and storage or processing of faecal waste or waste/wash water. The evidence to 277 
date demonstrates that exposure to sub-inhibitory concentrations of some antimicrobials does 278 
not only select for resistant bacteria but also contributes to an increase in the rate of DNA 279 
mutation and emergence of multidrug-resistant mutants, as well as promoting dissemination 280 
of antimicrobial resistance (Andersson and Hughes, 2014; Nové et al., 2020).  281 

Antimicrobial use has always been associated with the development of resistance via induction 282 
or selection of mutant strains, including spontaneous mutants that always occur within a 283 
bacterial population but do not normally persist, and selection of naturally resistant organisms 284 
or stimulation of transfer of mobile genetic elements (MGEs) (Baylay et al., 2019). Such 285 
phenomena can occur in bacteria from humans, animals and the environment, either 286 
saprophytic, commensal or pathogenic. When antimicrobials are consumed, susceptible 287 
bacterial cells are placed at a selective disadvantage, leaving or selecting resistant strains that 288 
continue to multiply; the so called antimicrobial selective pressure effect. Bacteria can acquire 289 
resistance as a consequence of mutations, or due to the acquisition of foreign DNA by 290 
horizontal gene transfer (HGT), usually involving MGEs such as plasmids and integrative 291 
conjugative elements (frequently carrying transposons, insertion sequences, integrons), or 292 
bacteriophages, and/or membrane vesicles. Once acquired, antimicrobial resistance genes can 293 
be transferred to the cell progeny by vertical transmission, or to other bacteria of the same or 294 
different species by horizontal transmission, when associated with MGEs. These resistance 295 
genes encode different mechanisms that may be classified within four large groups, as follows: 296 
(1) Enzymatic inactivation/modification where bacteria produce enzymes that are capable of 297 
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modifying or destroying the antimicrobial before it reaches its target, such as ß-lactamases 298 
which degrade penicillins and cephalosporins or aminoglycoside modifying genes. 299 
(2) Alternative pathways, such as in the resistance to antimicrobials that inhibit dihydrofolate 300 
synthesis, e.g. sulphonamides and trimethoprim. (3) Decreased accumulation of the 301 
antimicrobial, via a reduction in drug uptake (e.g. altered porins) or enhanced export of 302 
antimicrobials from the bacterial cell (efflux) e.g. imipenem resistance mediated by OprD 303 
function impairment and tetracycline extrusion from the cell by acquired efflux pumps. 304 
(4) Modifications of the antimicrobial target, thereby decreasing the affinity for the drug, such 305 
as in resistance to macrolides and (fluoro)quinolone antimicrobials.  306 

Resistance to an antimicrobial class can occur as a result of different biochemical pathways 307 
that can be simultaneously present in the same bacterial cell, leading to an additive effect, 308 
usually resulting in increasing levels of resistance. As an example, the coexistence in the same 309 
bacterial cell of three fluoroquinolone resistance mechanisms: i) mutations in gyrase and 310 
topoisomerase IV, the target proteins of fluoroquinolones; ii) efflux pump, e.g. QepA, and iii) 311 
production of a modifying enzyme, the AAC(6’)-Ib-cr, provides an additive combination of 312 
mechanisms resulting in the bacteria being resistant to higher concentrations of the 313 
antimicrobial. Similarly, higher minimum inhibitory concentrations (MICs) may be associated 314 
with the accumulation of multiple copies of the same AMR gene (Decano et al., 2019; Vinué 315 
Santolalla et al., 2019). Of note, some mechanisms of resistance for a given antimicrobial are 316 
more common for some bacterial species/groups, such as, for the β-lactams, the 317 
predominance of β-lactamases in Gram-negative bacteria versus the modifications in β-318 
lactams target site: the penicillin-binding proteins (PBPs) in Gram-positive bacteria. 319 

Selection and enrichment of resistant bacteria due to low level antimicrobial 320 
concentration 321 

Numerous studies have demonstrated that levels above the minimal inhibitory concentration 322 
of an antimicrobial will result in the selection of antimicrobial resistant bacteria. However, the 323 
role of sub-MIC concentrations in enrichment of antimicrobial resistance is less well studied 324 
and defined. Since antimicrobial concentrations due to cross contamination of non-medicated 325 
feed are likely to be well below the MIC of the various antimicrobials included in the present 326 
assessment for the relevant target bacteria, it is of utmost importance to understand how 327 
sub-MIC levels of antimicrobials impact on the selection of resistance and to find sensitive and 328 
accurate methods to determine which are the lowest selective concentrations for different 329 
antimicrobials. Relevant in this context is the demonstration in publications during the last 330 
decade that antimicrobial levels that are several hundred-fold below the MIC of susceptible 331 
bacteria (e.g. E. coli, S. enterica) can not only enrich for pre-existing resistant bacteria 332 
(Gullberg et al., 2011, 2014; Liu et al., 2011; Andersson and Hughes, 2014) but also select 333 
de novo (Wistrand-Yuen et al., 2018) for high-level resistant bacteria (see Section 2.2.3.3). 334 
For example, a ciprofloxacin concentration of 100 pg/mL (230-fold below MIC) could enrich 335 
for a pre-existing resistant gyrA mutant (Gullberg et al., 2011). Recently published data 336 
(Wistrand-Yuen et al., 2018) also shows that antimicrobial concentrations well below the MIC 337 
can select from a susceptible starting strain for highly resistant (above clinical breakpoints) E. 338 
coli bacteria. These findings unambiguously demonstrate that sub-MIC concentrations can be 339 
selective and underline the potential for very low levels of antimicrobials to act as drivers of 340 
resistance evolution in natural settings. A central concept that was introduced based on these 341 
studies is the Minimal Selective Concentration (MSC), which designates the lowest drug 342 
concentration that can result in enrichment of resistant bacteria in a mixture of resistant and 343 
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susceptible strains that are isogenic except for the resistance mutation. Apart from the above 344 
studies, this experimental measure has been utilized in several other studies, including 345 
resistance selection in complex communities (Lundström et al., 2016; Khan et al., 2017; 346 
Kraupner et al., 2018), indicating its usefulness as a key parameter to use for assessing risk 347 
of resistance selection. In the scientific opinion text below the use of MSC for risk assessments 348 
will be further described. 349 

1.3.3 Establishment of limits for consumer safety of antimicrobial residues in foodstuffs 350 
derived from animals treated with veterinary medicinal products – EMA/VICH 351 
approach (VICH GL364)  352 

Veterinary medicinal products used in the treatment or prevention of disease in food producing 353 
animals may give rise to residues of such products or their metabolites in foodstuffs obtained 354 
from treated animals. In order to ensure consumer safety, an assessment of the safety of 355 
residues of all pharmacologically active substances contained in veterinary products for food- 356 
producing animals should be conducted in accordance with Regulation (EC) No 470/2009.5 357 

The approach used by the Committee for Medicinal Products for Veterinary Use (CVMP) for 358 
the evaluation of the consumer safety of active substances used in veterinary medicinal 359 
products is based on the determination of the Acceptable Daily Intake (ADI) and of maximum 360 
residues limits (MRLs). MRLs are the maximum allowed concentration of residues in a food 361 
product obtained from an animal that has been treated with a veterinary medicinal product 362 
and are established based on the calculated ADIs from pre-clinical data and residue depletion 363 
studies in target animal species. Commission Regulation (EU) 2018/7826 describes the 364 
methodology to be used in the scientific risk assessment and establishment of risk 365 
management recommendations relevant to MRL applications. Accordingly, the ADI is the total 366 
amount of residue (expressed per unit body weight) that can be ingested daily over a lifetime 367 
without a health risk to the consumer. The ADI is set on the basis of the lowest value obtained 368 
from toxicological, pharmacological or microbiological studies. The microbiological studies are 369 
addressed in VICH GL36(R2). They focus on determining if the substance and/or its residues 370 
will have an effect on the human intestinal flora, by assessing the “disruption of the 371 
colonization barrier” and the “increase of the population(s) of resistant bacteria”. For most 372 
antimicrobial substances a microbiological ADI (mADI) is calculated on the basis of sensitivity 373 
testing (MIC determination) of representative micro-organisms of the human gut flora, as well 374 
on parameters influencing the amount of active drug at the gut level.  375 

As described in the VICH GL 36(R2), the mADI could be determined from two microbiological 376 
endpoints, and each of them can be addressed by in vitro or in vivo studies:   377 

                                                             

4 https://www.ema.europa.eu/en/documents/scientific-guideline/vich-gl36r2-studies-evaluate-safety-
residues-veterinary-drugs-human-food-general-approach-establish_en.pdf 
5 Regulation (EC) No 470/2009 of the European Parliament and of the Council of 6 May 2009 laying down 
Community procedures for the establishment of residue limits of pharmacologically active substances in 
foodstuffs of animal origin, repealing Council Regulation (EEC) No 2377/90 and amending Directive 
2001/82/EC of the European Parliament and of the Council and Regulation (EC) No 726/2004 of the European 
Parliament and of the Council. OJ L 152, 16.6.2009, p. 11–22. 
6 Commission Regulation (EU) 2018/782 of 29 May 2018 establishing the methodological principles for the risk 
assessment and risk management recommendations referred to in Regulation (EC) No 470/2009. OJ L 132, 
30.5.2018, p. 5–30.  
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i) “Disruption of the colonization barrier. Changes in bacterial populations are indirect 378 
indicators of potential disruption of the colonization barrier”. When the ADI is derived from 379 
MICs, the susceptibility of “a minimum of 10 isolates from each of the genera” of the most 380 
representative of the healthy human flora should be obtained. “Depending on the drug and 381 
the data available at the time of assessment, the concentration used to derive mADI could be 382 
the lowest obtained MIC, the lowest MIC50 or MICcalc”, as illustrated in the guideline.  383 

ii) “Increase in the population(s) of resistant bacteria in the human colon”. If the endpoint of 384 
concern is an increase in the population(s) of resistant bacteria, MICs are not used to address 385 
the resistance endpoint but no-observed-adverse-effect concentrations (NOAECs) need to be 386 
derived from different in vitro studies or no-observed-adverse-effect level (NOAEL) from in 387 
vivo studies as described in the guideline. As mentioned in the guideline, “studies to evaluate 388 
the emergence of resistance should take into account the organisms of concern in the 389 
intestinal tract and the documented resistance mechanisms to the drug class. […] Changes in 390 
the proportions of resistant organisms during pre-treatment, treatment and post-treatment 391 
periods can be evaluated by enumeration techniques on media with and without the 392 
antimicrobial drug, applying phenotypic and molecular methodologies.”  393 

Accordingly, an increase of the population(s) of resistant bacteria is assessed”. For the 394 
purposes of VICH GL36(R2) guideline, “resistance is defined as the increase of the 395 
population(s) of bacteria in the intestinal tract that is (are) insensitive [or show reduced 396 
susceptibility] to the test drug or other antimicrobial drugs. This effect may be due either to 397 
the acquisition of resistance by organisms which were previously sensitive or to a relative 398 
increase in the proportion of organisms that are already less sensitive to the drug”. 399 

Semi-continuous, continuous and fed-batch culture test systems are recommended by the 400 
guideline. “The NOAEC derived from the lower 90% confidence limit for the mean NOAEC 401 
from in vitro systems should be used to account for the variability of the data.  Therefore, in 402 
this formula uncertainty factors are not generally needed to determine the microbiological 403 
ADI.  However, where there are concerns arising from inadequacies in the quality or quantity 404 
of in vitro data used in determining the NOAEC, the incorporation of an uncertainty factor may 405 
be warranted.”  406 

mADI =  
𝑁𝑂𝐴𝐸𝐶 ×  volume of colon content (500

mL
day

)

Fraction of oral dose available to microorganisms ×  60 kg person
 407 

 408 

Changes in resistant populations can also be assessed in vivo (HFA rodents). 409 

Two endpoints must be considered to derive the mADI. The most sensitive endpoint of the 410 
two will be retained as the basis for the mADI.  411 

For a number of antibiotics, the disruption of the colonization barrier was considered the most 412 
sensitive end point and therefore a microbiological ADI was calculated for these substances 413 
on the basis of in vitro susceptibility testing obtained by standard test methods (MIC), using 414 
the following relevant intestinal bacteria (E. coli, and species of Bacteroides, Bifidobacterium, 415 
Clostridium, Enterococcus, Eubacterium (Collinsella), Fusobacterium, Lactobacillus, 416 
Peptostreptococcus/Peptococcus). 417 
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The main limitations associated with the estimation of NOAEC (increase of resistance) are: 418 

 Limited bacterial groups diversity, as only a small number of culturable bacterial genera 419 
are considered representative of the human microbiota and assessed; 420 

 Bacterial species representativeness of the genus indicated are not specified in 421 
guidelines, resulting in uncertainty on whether the more sensitive species are tested;  422 

 Animal species representativeness of the in vivo studies to investigate resistance 423 
development. 424 

1.3.4  Animal production and feeding 425 

The different animal species are kept in a variety of production systems, some of which are 426 
relatively standard (e.g. most poultry and pigs), and intensive, particularly for poultry and 427 
pigs, whereas others, particularly for beef herds, may be highly variable. Also, the type of 428 
feed and its preparation (e.g. home mixing, forages, liquid feed) used varies depending on 429 
the animal species.  430 

Most feed is held at 15% moisture, or less, limiting bacterial growth, so mutations and transfer 431 
of AMR are unlikely in properly stored dry feed (Hinton, 1993). Moist conditions during cooling 432 
of heat-treated feed, or storage that is subject to condensation may permit bacterial growth, 433 
but the influence of this on the occurrence or transfer of AMR is not known (Vukmirović et al., 434 
2017).  In this opinion, only the selective activity of feed antimicrobial residues that occurs 435 
after consumption of the feed is assessed. 436 

1.3.5 Antimicrobials in animal production 437 

Antimicrobials are used in animal production via medicated feed to treat or prevent disease in 438 
large groups of animals. Other routes of administration of antimicrobials are used in animal 439 
production and are not addressed in this opinion. The use of antibiotics for growth promotion 440 
has been forbidden in the European Union since 20067. Many antimicrobials are known to 441 
have growth promoting effects at levels much lower than the MIC or recommended doses for 442 
administration via feed. In addition, sick animals may not consume the expected allowance of 443 
feed, so are likely to be under-dosed. Antimicrobials, other than coccidiostats or 444 
histomonostats, cannot be authorised in the European Union to be used as ‘feed additives’ 445 
and can only be used subject to a veterinary diagnosis and prescription (Regulation (EC) No 446 
1831/20038).  447 

1.3.6 Antimicrobials pharmacokinetics, degradation and modification 448 

After ingestion of cross-contaminated non-target feed, the main location for resistance 449 
selection is considered to be within the digestive tract, and particularly the region of the 450 
intestinal tract where there is the greatest density and diversity of bacteria, even if the 451 

                                                             

7https://ec.europa.eu/commission/presscorner/detail/en/IP_05_1687 
8 Regulation (EC) No 1831/2003 of the European Parliament and of the Council of 22 September 2003 on 
additives for use in animal nutrition. OJ L 268, 18.10.2003, p. 29–43. 
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selection of resistance in commensal bacteria from other body sites (e.g. nasopharynx, skin 452 
and urogenital area) cannot be excluded.   453 

To predict the influence of the cross-contamination of animal feed by antimicrobials on the 454 
selection of resistance in intestinal bacteria, the antimicrobial concentrations in the large 455 
intestines obtained after ingestion of the feed should be known or predicted. Following the 456 
ingestion of the feed, the active intestinal concentrations will mainly depend on:  457 

 the ingested dose (% of contamination=mg of the antimicrobial per kg food),   458 
 the bioavailability after oral administration (e.g. if the antimicrobial is 459 

extensively absorbed in the proximal part of intestines, low concentrations will 460 
reach the large intestines). 461 

 the elimination process of the drugs (e.g. if eliminated in urine or metabolised 462 
to produce an inactive metabolite, the concentrations in intestines will be 463 
lower).  464 

 the degradation or antimicrobial binding to metals or other components of the 465 
intestinal content that reduce the fraction of active antimicrobial in the 466 
intestines or provide protection against degradation.   467 

2 Data and Methodologies 468 

2.1 Data 469 

 Data from the European Medicines Agency (EMA)  470 

Endpoint data from relevant studies used for the derivation of the mADI is published in 471 
European Public MRL Assessment Reports (EPMARs) (also called Summary Reports for older 472 
MRL applications9) and was assessed for this scientific opinion.  Moreover, access to detailed 473 
study summaries aimed to determine the potential impact of the substance to the intestinal 474 
flora when ingested by consumers, has been made available to the experts when necessary 475 
by EMA, respecting the confidentiality agreement as established by the Memorandum of 476 
Understanding on working arrangements that is in place between EMA and EFSA10. 477 

 Public data on minimal inhibitory concentrations for antimicrobials under 478 
assessment 479 

The selective pressure that an antimicrobial agent exerts on a bacterial strain is correlated to 480 
the MIC of that specific antimicrobial agent (Oz et al., 2014). Therefore, different sources 481 
were examined to retrieve MIC data regarding the antimicrobials to be assessed in this 482 
scientific opinion. MIC data collections that are useful in this context must have been obtained 483 
using standard methods (i.e. CLSI or EUCAST) and, where possible, derive from diverse 484 
sources of isolates, both in terms of species and geographical origin, to ensure the widest 485 
possible representation of bacterial populations. 486 

                                                             

9https://www.ema.europa.eu/en/medicines/field_ema_web_categories%253Aname_field/Veterinary/ema_gr
oup_types/ema_document-maximum_residue_limits_report?sort=field_ema_public_date  
10 https://www.ema.europa.eu/en/documents/other/memorandum-understanding-working-arrangements-
between-european-medicines-agency-european-food-safety_en.pdf 
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EUCAST has MIC distributions for a wide range of bacteria and antimicrobial agents 487 
(http://www.eucast.org/mic_distributions_and_ecoffs/ ). These distributions are based on a 488 
large amount of collated MIC data from clinical, commensal and environmental bacteria from 489 
worldwide sources, including veterinary programmes (e.g. VetCAST). As EUCAST distributions 490 
adhere to specific quality standards (http://www.eucast.org/documents/sops/), and are not 491 
restricted to any specific time period, host and geographical origin, they are the currently best 492 
available resource to represent the variability of MIC values within and between bacterial 493 
populations. MIC distributions for each antimicrobial agent were downloaded from the EUCAST 494 
website (https://mic.eucast.org/Eucast2/, last accessed 31.08.2020). For every antimicrobial, 495 
there are different numbers of bacterial species that have been tested in this way, ranging 496 
from 97 bacterial species with MIC distributions for tetracycline down to no bacterial species 497 
having MIC distributions for amprolium, apramycin, chlortetracycline, oxolinic acid, 498 
paromomycin, valnemulin and tylvalosin. The EUCAST MIC distributions in this context should 499 
be seen as representing the diversity of bacterial populations.   500 

Other data sources are being examined to potentially complement the data available in 501 
EUCAST. EFSA in EU and NARMS in USA publish the results of programs for surveillance of 502 
AMR in pathogenic and commensal bacteria from animals. The available data can be 503 
summarized as follows:   504 

EFSA: EFSA collects MIC data from all Member States regarding the European AMR monitoring 505 
which targets food producing animals including cattle under 1 year, pigs, poultry, turkeys and 506 
laying hens and foods derived thereof. The bacterial species represented in the EU AMR 507 
monitoring are Salmonella spp., Campylobacter spp. and commensal E. coli, and some 508 
countries also report MRSA and Enterococcus spp. on a voluntary basis. Since 2014, there are 509 
standardized sampling scheme and methodology across EU Member States, thus bacterial 510 
isolates are representative of production systems with different antimicrobial use. MIC data 511 
are available for some bacterial groups and antimicrobials (colistin for Salmonella enterica. 512 
and E. coli; sulphonamides and trimethoprim for Salmonella enterica, E. coli and MRSA; 513 
tetracycline for Salmonella enterica, E. coli, MRSA and Campylobacter spp.; tiamulin for 514 
MRSA). However, the range of concentrations to be tested for different antimicrobials differs 515 
from those required by EUCAST to include data in their MIC database, and thus, for many of 516 
the antimicrobials, the lowest concentrations tested to be reported to EFSA, are higher than 517 
the lowest concentrations available in EUCAST MIC distributions. Thus, the data from the EU 518 
AMR monitoring were not examined further.  519 

NARMS (US National Antimicrobial Resistance Monitoring System): NARMS collects AMR 520 
monitoring data regarding enteric bacteria from humans, food animals and retail meats in USA 521 
(https://www.cdc.gov/narms/antibiotics-tested.html and https://www.fda.gov/animal-522 
veterinary/national-antimicrobial-resistance-monitoring-system/integrated-523 
reportssummaries, https://www.fda.gov/media/79976/download). Furthermore, NARMS 524 
collects AMR monitoring data for selected animal pathogens (https://www.fda.gov/animal-525 
veterinary/national-antimicrobial-resistance-monitoring-system/integrated-526 
reportssummaries). MIC data are available for: i) amoxicillin and chlortetracycline for 527 
Salmonella spp.; ii) doxycycline for Salmonella spp., E. coli, Campylobacter spp. and 528 
S. pseudintermedius; iii) florfenicol for Salmonella spp., E. coli, Campylobacter spp.; 529 
iv) neomycin, oxytetracycline, spectinomycin, tiamulin, tilmicosin and tylosin for Salmonella 530 
spp. and E. coli; v) sulphametoxazole and/or sulfisoxazole for Salmonella spp., Shigella spp., 531 
E. coli and Vibrio spp. other than V. cholerae; vi) tetracycline for Salmonella spp., Shigella 532 
spp., E. coli, Campylobacter spp.,Vibrio spp. other than V. cholerae, Enterococcus spp. and 533 
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S. pseudintermedius; and vii) lincomycin and tylosin for Enterococcus spp. In the ranges of 534 
concentrations tested, the lowest concentration of any of the antimicrobials mentioned above 535 
was higher or equal to the lowest concentration available in EUCAST MIC distributions with 536 
the exception of tylosin. Thus, the data from the NARMS monitoring were not examined 537 
further, with the exception of data for tylosin (NARMS value lower than EUCAST value and 538 
only one species in EUCAST).  539 

Based on the fact that EUCAST appears to be the most comprehensive source of MIC data, it 540 
was decided to search for additional MIC data only for the antimicrobial agents for which 541 
EUCAST MIC distributions are available for less than 10 bacterial species. These include MIC 542 
distributions for i) flumequine, lincomycin, tiamulin, thiamfenicol, tilmicosin and tylosin, which 543 
have limited representation in EUCAST; and ii) amprolium, apramycin, oxolinic acid, 544 
paromomycin, valnemulin and tylvalosin, which are not represented in EUCAST. 545 

To find sources for these data, public reports from national AMR monitoring programmes 546 
encompassing animal pathogens were examined (see 2.2.1). We initially focused on reports 547 
(e.g. FINRES-VET, NORM-VET and SVARM-PAT) and published articles describing AMR 548 
monitoring programmes (e.g. VetPath) from EU countries. However, these programmes differ 549 
for the tested bacterial pathogens, antimicrobial agents and concentration ranges, and for 550 
time periods. In these reports, it was possible to retrieve MIC distributions for oxolinic acid, 551 
valnemulin and tylvalosin, for which no data are available in EUCAST. Furthermore, for, 552 
tiamulin and tylosin, the lowest MIC available from the national AMR monitoring programmes 553 
in animal pathogens was lower than the one reported in EUCAST, and in case of sufficient 554 
representativeness (number of isolates, sources, etc.), these lowest values will be used for 555 
the assessment of those antimicrobials.  556 

No MIC data for amprolium, apramycin and paromomycin were found in those MIC data 557 
collections at the time of doing the current assessments (end August 2020).  558 

Additional data sources will be taken into consideration if those data are accessible for EFSA. 559 

 Other Data  560 

- For the purpose of this report, only some relatively standardised animal production systems 561 
are included. Further to this, the production systems included are stratified by age-class where 562 
deemed relevant (see example Table 5). 563 

- A normalised body weight (EFSA FEEDAP Panel, 2017), and daily faecal output mass/dry 564 
matter is also included based on available literature (see example in Table 5). These do not 565 
cover all breeds or hybrid lines within a species, but include the presumed most likely breeds 566 
and hybrid lines, i.e. less common breeds and hybrid lines may not be covered by the listed 567 
information. 568 

- Published data on PK of antimicrobials after oral administration and on binding and activity 569 
of antimicrobials in intestinal contents whenever available.  570 

- Data retrieved from outsourcing extensive literature review on growth promotion activity to 571 
address ToR2.  572 
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2.2 Methodologies 573 

 Literature search  574 

The information used to look for information on mechanisms of antimicrobial resistance was 575 
based on expert knowledge supported by extensive literature searches, as described in 576 
Bortolaia et al. (2020). Also expert knowledge and literature searches were used to retrieve 577 
information on development/selection/spread of resistance to antimicrobials, including at low 578 
levels, and methods for determining the lowest concentration of antimicrobials not selecting 579 
for antimicrobial resistance. In all these cases, the searches were broadened out using 580 
‘footnote chasing’ (White et al., 1992), reference citation, and supplemented by citation input 581 
by Working Group (WG) members and information about relevant publications provided by 582 
members of the EFSA Biological Hazards (BIOHAZ) Panel. This activity continued throughout 583 
the term of the mandate until the WG members were satisfied that a thorough coverage of 584 
the subject had been achieved. The relevance of each record in terms of providing robust 585 
information on the aforementioned topics was assessed by screening the title, keywords and 586 
the abstract and based on the knowledge and expertise of the WG members.  587 

AMR surveillance reports were retrieved using knowledge available within the EU Reference 588 
Laboratory for Antimicrobial Resistance Network (https://www.eurl-ar.eu/). Only reports 589 
available online and written in English were selected. 590 

For pharmacokinetics and predicted intestinal concentrations, a literature search was carried 591 
out in PubMed using a broad range of terms covering, for each drug and each animal species 592 
(cattle, calf, sheep, lamb, goat, pig, horse, poultry, broiler, rabbit) “urinary excretion AND 593 
oral”, “bioavailability AND oral”, “fecal/faecal AND concentrations”, “intestinal AND 594 
concentrations”, “digestive AND concentrations”, “activity AND intestinal”, “binding AND 595 
intestinal”. For each drug, the research was conducted with the name of the drug, the name 596 
of the class and the names of the related drugs. As an example, for tetracyclines, the data on 597 
tetracycline, chlortetracycline and oxytetracycline were collected. Many data being very old, 598 
no limit was applied for the date of publication. Two books of reference in veterinary 599 
pharmacology (Veterinary Pharmacology and Therapeutics, Riviere and Papich, 10th edition) 600 
and veterinary antimicrobial therapy (Antimicrobial therapy in Veterinary Medicine, Giguère, 601 
Prescott and Dowling, 5th edition) were also consulted to collect the cited primary references. 602 

A literature search was also made with the key words “water absorption AND colon” for each 603 
species. Only one article was retrieved. 604 

For data relating to intestinal and faecal volume, mass, dry matter output parameters, 605 
searches were carried out in Google, Google Scholar and Scopus using exploratory key words 606 
relating to the production sector, intestine/gut, faecal output/dry matter, etc. Furthermore, 607 
snowballing (Sayers, 2007) was used to identify additional literature. Only sparse data were 608 
found which mainly related to the effect of experimental diets on the above parameters 609 
described in old studies.  This means that the data may not be fully representative of values 610 
that apply to modern animal production and commercial hybrid lines and breeds, which are 611 
subject to rapid genetic change due to intensive selection programs, especially by poultry-612 
breeding companies that operate globally.  613 
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 Uncertainty analysis  614 

The uncertainty in this Opinion was investigated in a qualitative manner following the 615 
procedure detailed in the EFSA guidance on uncertainty analysis in scientific assessments 616 
(EFSA Scientific Committee, 2018a,b). The sources of the main uncertainties were identified 617 
and for each of these the nature or cause of the uncertainties was described by the experts. 618 
Expert judgement was used to estimate the individual impact of each of the uncertainties on 619 
the determination, at feed level, of concentrations for specific antimicrobials below which there 620 
would not be an effect on the emergence of and/or selection for resistance in microbial agents 621 
relevant for human and animal health. The overall impact of the identified uncertainties on 622 
the assessment conclusion will be also included. 623 

 Determination of the lowest concentration of 624 

antimicrobials not selecting for antimicrobial resistance  625 

The key objective in this opinion is to determine the concentration of different antimicrobials, 626 
in so far as, that if bacteria were exposed to them at this concentration or lower, no selection 627 
and/or enrichment of resistant bacteria (that are either pre-existent or emerge de novo via 628 
mutational changes or lateral gene transfer) would occur over an extended time-period (up 629 
to several years). 630 

A number of different approaches are available to determine the antimicrobial levels below 631 
which selection and enrichment of resistant bacteria (which may either be pre-existing or 632 
emerge de novo via mutational changes or lateral gene transfer) is not detected. All these 633 
methods have different underlying assumptions, advantages and disadvantages; while some 634 
methodologies are based on simplified in vitro experimental systems, others try to mimic a 635 
more natural situation. Importantly, they also have very different sensitivities to detect 636 
selection for resistance by low antimicrobial levels. In this context, it has to be remembered 637 
that a majority of the selective processes in biology, including antimicrobial resistance 638 
evolution, occur over long time periods and act on small selective differences that might be 639 
very difficult to detect if the assay is not sensitive enough. To exemplify, the problems we 640 
face today, in human and veterinary medicine, the very high frequency of resistant pathogenic 641 
bacteria is the result of about 80 years of antimicrobial use that has gradually resulted in 642 
enrichment of resistant bacteria by natural selection. Thus, the selective advantage (i.e. the 643 
growth difference between a susceptible and a resistant bacterium at a given antimicrobial 644 
concentration) can be very small but still, as a result of many generations of growth (i.e. over 645 
a long time), generate a strong enrichment of resistant bacteria. 646 

This creates a dilemma since most natural set-ups (for example, where researchers look for 647 
an increase in the fraction of resistant bacteria in the intestinal microbiome of an animal that 648 
is treated with antimicrobials for a relatively short time, i.e. typically days to weeks, as 649 
compared to a non-treated animal) are also the least sensitive, especially when performed as 650 
short-term experiments. In contrast, methods performed under highly controlled laboratory 651 
conditions are less natural, but they have a much higher sensitivity and allow for the detection 652 
of very small selective effects at low antimicrobial levels (please see further explanation on 653 
Section 2.2.3.4 and Section 4).  654 

Below three different methods, including Predicted No Effect Concentration (PNEC), Minimal 655 
Selective Concentration (MSC), and Predictive Minimal Selective Concentration (PMSC), for 656 
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determining the lowest concentration of antimicrobials not selecting for antimicrobial 657 
resistance are presented and their strengths and limitations discussed. 658 

2.2.3.1 Predicted No Effect Concentration (PNEC) for resistance selection 659 

Bengtsson-Palme and Larsson (2016) used MIC distributions from the EUCAST database to 660 
calculate PNEC for resistance selection. The fundamental idea underpinning this modeling is 661 
that a concentration of an antimicrobial that inhibits the growth of (or kills) any one of the 662 
strains in a community will inevitably, in the long run, select for a more resistant microbial 663 
community, either through strain replacement or via acquisition of resistance mutations or 664 
genes. In short, the Bengtsson-Palme and Larsson approach is based on MIC data for 665 
111 antimicrobials obtained from the public EUCAST database. In this data, the 1% lowest 666 
observed MICs were identified for each combination of tested antimicrobial and species (i.e. 667 
the value where 99% of the tested isolates for a given bacterial species had a higher MIC) to 668 
avoid including outliers that may be present in the database due to an individual experimental 669 
mistake or a strain mix-up. The lowest of these MIC values across species for a given 670 
antimicrobial was then chosen as the lowest MIC for that antimicrobial. For many species, the 671 
numbers of tested strains/isolates are low and to compensate for this, the lowest MICs for 672 
antimicrobials with less than 40 species tested were adjusted for the number of tested species. 673 
This adjustment was based on modeling of the MIC distributions for antimicrobials with more 674 
than 40 tested species. The best fitting model for this correction turned out to be one where 675 
the observed lowest MIC for an antimicrobial is multiplied by the number of tested species for 676 
the same antimicrobial and then divided by 41. After this correction, PNECs for resistance 677 
selection were calculated by applying an assessment factor of 10 to account for differences 678 
between MICs and minimal selective concentrations as elaborated on in Bengtsson-Palme and 679 
Larsson (2016) and shown in Figure 1.   680 

 681 

Figure 1. Example of the PNEC calculation 682 

The AMR Industry Alliance has adopted this method to calculate PNECs as the best available 683 
targets to help limit the selection pressure on the aquatic microbiome from discharges of 684 
antimicrobials from manufacturing sites (Tell et al., 2019).  685 

The main uncertainty specific to this calculation is whether the lowest observed MIC 686 
corresponds to the actual lowest MIC across all bacteria, i.e. whether the distribution of tested 687 
species in EUCAST is representative for all bacteria in nature. For antimicrobials with more 688 
than 40 tested species, this effect was estimated to be negligible in an analysis made in the 689 
Bengtsson-Palme and Larsson paper. This means that this uncertainty can basically be ignored 690 
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for antimicrobials with more than 40 tested species in EUCAST, but the fewer the number of 691 
tested species, the larger this uncertainty will be. The model used by Bengtsson-Palme and 692 
Larsson accounts for that effect, but it is unknown how reliable the estimates are for 693 
antimicrobials with just a small number of bacterial species tested. Importantly, though, a 694 
central part of the approach is to include all tested bacteria in this MIC calculation, rather than 695 
limiting the analysis to what may seem like relevant bacteria in a particular environment (such 696 
as the animal intestine). This is because this wide diversity of bacteria functions as a proxy, 697 
capturing the width of the sensitivity distribution. The use of the sensitivity of all bacterial 698 
species included in EUCAST as a proxy for the general sensitivity of bacterial species is 699 
reasonable, based on the assumption that antimicrobial sensitivity is not significantly different 700 
for human-associated bacteria compared to other bacterial species, such as those present in 701 
the animal intestine. At present, the existing data suggests that this assumption is valid. The 702 
distribution of antimicrobial sensitivities for human-associated bacteria is wide and does not 703 
seem to be significantly different from the sensitivity distribution of non-human associated 704 
bacteria. For these reasons, cherry-picking which bacteria to include from the distribution 705 
results in a less accurate number for the PNEC, as fewer representatives would be included, 706 
increasing the uncertainty around the lowest MIC. These considerations, which are also 707 
relevant for the methodology described in the section below (2.2.3.2), have been included in 708 
the Sections 4 (data gaps and other considerations) and 5 (uncertainties analysis).  709 

Furthermore, as described in detail by Bengtsson-Palme and Larsson (2016), the relationship 710 
between the MICs derived from EUCAST and the concentrations that potentially would be 711 
selective below the MIC (see the discussion on minimal selective concentrations below) is also 712 
a factor of uncertainty in the PNEC estimation process. Therefore, depending on the context, 713 
Bengtsson-Palme and Larsson emphasize that additional safety margins should be employed 714 
if there are reasons to believe that certain environments need particular protection, or if there 715 
is experimental data suggesting high selective potency for certain antimicrobials substantially 716 
below the MIC. As the assessment factor used is intentionally small, exposure limits for 717 
antimicrobials should never exceed the suggested PNECs unless there are strong and relevant 718 
experimental evidence for lack of effects at higher concentrations.  719 

In line with the interpretation of the terms of reference, PNECs will not be used to determine 720 
the lowest concentrations of antimicrobials not selecting for antimicrobial resistance. As the 721 
PNECs explicitly also take other factors related to the risk assessment process into account 722 
(including a trade-off between feasibility and small risks for selective capacity of 723 
antimicrobials), they may not be fully protective against resistance development in all 724 
situations. We have therefore opted for a more stringent approach to predict no-effect levels 725 
for resistance selection (see below). 726 

2.2.3.2 Minimal selective concentration (MSC) and predictive 727 

minimal selective concentration (PMSC)  728 

Another approach to assess the risk of resistance selection is based on using experimentally 729 
determined minimal selective concentration (MSC). With this approach one determines which 730 
is the lowest concentration that can either enrich for a pre-existing resistant bacterium when 731 
in competition with a congenic susceptible strain (method A) or, beginning with a susceptible 732 
strain, select for de novo resistance (method B). The advantages of these methods over 733 
inferred data from MIC determinations is that it is an extremely sensitive and reproducible 734 
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approach to assess risk of resistance selection and that method B can be applied to any 735 
bacterial species and antibacterial compound. Method A is technically more challenging and 736 
requires that the bacterial species examined is genetically amenable (e.g. through the 737 
possibility to introduce genes encoding fluorescent markers such as green fluorescent protein 738 
(GFP) that are largely neutral in their effect on bacterial growth). Since at present no/very 739 
limited published experimental data is available that is generated using method B (de novo 740 
selection), this scientific opinion will only describe and use results obtained from method A 741 
(competition approach). Below we outline in Figures 2-4 in detail how method A is used to 742 
determine the MSC for an antimicrobial drug. Figure 2 shows the underlying principle of the 743 
meaning of an MSC value. Thus, in a competition between isogenic susceptible and resistant 744 
bacteria, it designates the concentration where the selective effect of the antimicrobial is 745 
balanced by the fitness cost of the resistance (i.e. the intercept of the two curves in Figure 746 
2). If the antimicrobial concentration is above the MSC the resistant bacteria will be enriched 747 
and if it is below no enrichment of the resistant bacteria will occur. 748 

 749 
(@copyright Gulberg et al., 2011, permission to reproduce the figure provided by Dan Anderson) 750 

Green indicates a concentration interval where the susceptible strain (blue line) will outcompete the resistant strain 751 
(red line). Orange (sub-MIC selective window) and red (traditional mutant selective window) indicate concentration 752 
intervals where the resistant strain will outcompete the susceptible strain.  753 
MICsusc: minimal inhibitory concentration of the antimicrobial for the susceptible strain susceptible strain; MICres: 754 
minimal inhibitory concentration of the resistant strain; MSC: minimal selective concentration. 755 

Figure 2. Schematic representation of growth rates as a function of antimicrobial concentration for 756 
susceptible and resistant bacteria  757 

Figures 3 and 4 below show how the MSC value is determined from a competition experiment 758 
at different antimicrobial concentrations (i.e. method A). In the example shown in Figure 3, a 759 
susceptible and resistant strain (fluoroquinolone resistant due to a gyrA mutation) are mixed 760 
1:1 and then the ratio of resistant/susceptible bacteria is determined (by flow cytometry since 761 
the strains are genetically tagged with different fluorescent markers) as a function of number 762 
of generations of growth (typically 20-40 generations) at different fluoroquinolone 763 
concentrations. In absence of antimicrobial, the slope is slightly negative, indicating that the 764 
susceptible strain outcompetes the resistant strain. As the antimicrobial concentration is 765 
increased the slope becomes positive (i.e. the resistant strain increasingly outcompetes the 766 
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susceptible strain). At the drug concentration where the slope is zero, the fitness cost of the 767 
resistance is balanced by the antimicrobial selective effect = MSC. 768 

 769 
On the Y-axis are the ratios of resistant:susceptible bacteria and on X-axis are the number of generations of 770 
growth. The strains are genetically tagged with different fluorescence markers allowing flow-cytometric detection 771 
of large numbers of cells and therefore very precise determinations. 772 

Figure 3. Competition experiments between ciprofloxacin-susceptible and -resistant strains of E. coli 773 
at different concentrations of antimicrobials as a function of number of generations of growth  774 

To be able to more easily determine the MSC, the slopes (i.e. selections coefficients) obtained 775 
in Figure 3 are plotted as a function of antimicrobial concentration, resulting Figure 4. The 776 
intercept on the X-axis is the MSC value and the intercept on the Y-axis is the fitness cost of 777 
the resistance. The fitness cost of the resistance is the negative effect the resistance 778 
mechanism has on bacterial growth in the absence of antimicrobial. For example, if the fitness 779 
cost is 2% it means that a resistant bacterium grows 2% slower than the corresponding 780 
isogenic susceptible strain. 781 

 782 
On the Y-axis are the selection coefficients (slope of curves from Figure 3) and on the X-axis are the antimicrobial 783 
concentrations. 784 

Figure 4. Calculated selection coefficients as a function of antimicrobial concentrations (data from 785 
Figure 3) 786 
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Using the above methodology, a few papers (Gullberg et al., 2011, 2014; Andersson and 787 
Hughes, 2014; Wistrand-Yuen et al., 2018) have determined MSCs for E. coli and S. enterica, 788 
and the antimicrobials streptomycin, tetracycline, ciprofloxacin, trimethoprim and 789 
erythromycin, based on method A (competitions). The MSCs are always at least 4-fold below 790 
the MIC-value and in some cases, several hundred times below (e.g. ciprofloxacin 230-fold, 791 
illustrated in Figures 2-4 above, and tetracycline 100-fold). It is important to point out that 792 
the MSC value will be influenced by the specific resistance mechanism and in particular its 793 
fitness cost. Thus, as can be seen in Figure 4, if the fitness cost of the resistance mechanism 794 
is increased the plotted curve will move downwards and the intercept with the X- axis will 795 
move towards the right resulting in a higher MSC. In other words, MSC values should be 796 
determined for the clinically most prevalent resistance mechanisms to provide the most 797 
relevant data. 798 

The use of method A and determination of MSC values to guide the determination of non-799 
selective antimicrobial concentrations is rational and scientifically sound but it also has, at 800 
present, associated limitations that have to be considered. These limitations are associated 801 
with a lack of experimental data and MSC determinations for different species and strains, 802 
antimicrobials and environmental conditions. Thus, the data available at present is only for 803 
specific strains of E. coli and S. enterica and the antimicrobials tetracycline, ciprofloxacin, 804 
trimethoprim, erythromycin and streptomycin. Because experimental data is limited certain 805 
extrapolations would have to be made. Below we outline three major limitations and the 806 
approaches we have chosen to address them. 807 

(i) Impact of complexity on determined MSCs. Since MSC values are determined under 808 
very defined conditions with one specific strain of a species present, a second limitation is to 809 
what extent increased complexity due to presence of, for example, other bacterial species, 810 
predators and altered growth conditions can influence the MSC. A priori it is difficult to make 811 
any general predictions about how a community setting would affect the MSC. However, it 812 
has been argued that a community could act to reduce the free concentration of drug and/or 813 
increase the cost of the resistance, thereby increasing the apparent MSC (Klümper et al., 814 
2019). A limited number of studies have allowed single species versus community comparisons 815 
to be made. For one case (tetracycline), the MSC is 15-fold lower in the community compared 816 
to the defined single species set-up (1 µg/L vs. 15 µg/L) (Gullberg et al., 2011; Lundström et 817 
al., 2016). For the two other cases (ciprofloxacin and gentamicin/kanamycin) the pattern is 818 
the opposite and the MSC is 10-fold higher for the community compared to the defined single 819 
species and strain set-up (1 µg/L vs. 0.1 µg/L for ciprofloxacin, Gullberg et al., 2011; Kraupner 820 
et al., 2018) and approximately 40-fold higher for gentamicin and kanamycin (1 µg/L vs. 821 
0.025 µg/L) (Klümper et al., 2019). The potential reasons as to why the MSC values differ 822 
between single-species and community measurements are unknown but could, for example, 823 
be associated with differences in the availability of free antimicrobials (assumed to be lower 824 
in a complex community) in the experimental system or the specific species/strains examined 825 
or the effect of nutrient limitation or chemical and environmental stress (which may also 826 
increase the rate of MGE transfer in complex bacterial communities - see Zhang et al., 2020). 827 
Another concern is that a defined single species experiment and a community set-up cannot 828 
be directly compared because in the community set-ups the number of generations of growth 829 
is generally unknown, meaning that the selective strength of an antimicrobial is harder to 830 
assess. Thus, the sensitivity of the MSC determination is dependent on the number of 831 
generations of growth (i.e. more generations of growth mean higher sensitivity) and a fair 832 
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comparison of two different experimental systems would require that the number of 833 
generations of growth are known in both of them. In addition, growth conditions might be 834 
different in the assay systems. As a consequence of the above considerations and available 835 
data we cannot make any generalisations regarding MSC-values obtained for single-836 
species/strains versus communities and whether it is expected they would differ in a 837 
systematic and predictable way. Until further data is available the assumption made in this 838 
assessment is that MSC values obtained in single cultures are similar to those determined in 839 
microbial communities. These considerations have been included in Sections 4 (data gaps and 840 
other considerations) and 5, uncertainties analysis.  841 

(ii) Extrapolation between different bacterial species. A third limitation is that, at 842 
present, MSCs have only been experimentally determined for E. coli and S. enterica. A key 843 
question is how one can extrapolate from these data to obtain the MSC for an untested 844 
bacterial species. In this assessment, this problem was circumvented by making the 845 
assumption that the MIC/MSC ratio is the same for the tested and untested bacterial species 846 
and that the resistance mechanisms are similar. Thus, the MSC for the untested bacterial 847 
species is inferred from the MIC of the most susceptible untested species/strain (MIClowest) and 848 
the MIC/MSC ratio of the tested species/strain (MICtest / MSCtest), resulting in a predicted 849 
MSC value, PMSC (see Figure 5). Here the data obtained from experimental measurements 850 
of MSCs in E. coli and S. enterica are used to calculate the MSCs for the most susceptible 851 
species using the MIC values calculated by the PNEC approach (1% lowest observed 852 
MIC values for a certain antimicrobial). Thus, based on the experimentally determined MIC 853 
and MSC for species A and MIC value for species B (which is the species with the lowest MIC 854 
value) one infers the PMSC for species B based on the assumption that MIC/MSC ratios for a 855 
given antimicrobial are similar for different species/strains. The advantage with this method 856 
is that it is based on experimentally derived MIC and MSC values and the reasonable 857 
assumption that the MIC/MSC ratio for a given antimicrobial remains similar for species that 858 
have different MIC values. This approach can be considered a worst-case scenario for a PMSC 859 
calculation since it is based on the most susceptible relevant animal/human pathogen. It is 860 
very unlikely therefore that an antimicrobial concentration that is under this derived value will 861 
confer any enrichment/selection of antimicrobial resistant bacteria. These and related 862 
considerations have been included in the Sections 4 (data gaps and other considerations) and 863 
5 (uncertainties analysis).  864 

(iii) Extrapolation from one antimicrobial to another within an antimicrobial class. 865 
One limitation is to what extent one can extrapolate data for one specific antimicrobial within 866 
a class to other antimicrobials within the same class. For example, if the MIC/MSC ratio has 867 
been determined for the fluoroquinolone ciprofloxacin, is it then reasonable to assume that 868 
the MIC/MSC ratios are similar for all fluoroquinolones? The assumption made in this 869 
assessment is that they are similar if the different antimicrobials within a class share an 870 
identical MIC, mechanism of action and resistance mechanisms. These considerations have 871 
been included in Sections 4 (data gaps and other considerations) and 5 (uncertainties 872 
analysis).  873 

 874 
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 875 

On the Y-axis are the MIC/MSC ratios and along the X-axis are different bacterial species with different MIC values 876 
for a given antibiotic. MIC and MSC is experimentally determined (MICtest and MSCtest) for one species (represented 877 
by E. coli/S. enterica) and it is assumed that the MIC/MSC ratio is similar for the species that is most susceptible 878 
(MIClowest). For this species, the predicted MSC can then be derived as:  PMSC = MIClowest / MICtest / MSCtest 879 

Figure 5. Predicted MSC values (PMSC) and no-effect concentration for species where only MIC is 880 
known  881 

Based on the above reasoning, the PMSCs for different antimicrobials and their relation to the 882 
PNECs were calculated (Table 1). As indicated in the data section, the lowest MICs used were 883 
those presented by the most susceptible bacteria included in the EUCAST MIC distributions 884 
(https://mic.eucast.org/Eucast2/ last accessed 31.08.2020). 885 

  886 
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Table 1. Comparison of data obtained from MSC determination based on competitions to PNEC and 887 
PMSC 888 

Antimicrobial MICtest 
(mg/L) 
values 

MSCtest 
(mg/L) 
values 

MICtest/ 
MSCtest 
ratios 

Lowest 
MIC 

(mg/L) of 
all species 
included 

in 
EUCAST 
data* 

(MIClowest) 

Predicted 
MSC 

(PMSC) 
(mg/L) for 

most 
susceptible 

species 
(MIClowest/ 

MICtest/ 
MSCtest) 

PNEC 
(mg/L) 
values 

PMSC/
PNEC 

Tetracycline 1.5 
(S. enterica) 

0.015 
(S. enterica) 

100 0.016 0.00016 0.001 0.160 

Ciprofloxacin 0.023 
(E. coli) 

0.0001 
(E. coli) 

230 0.002 0.0000087 0.000064 0.136 

Trimethoprim 0.2 
(E. coli) 

0.002 
(E. coli) 

100 0.008 0.00008 0.0005 0.16 

Erythromycin 12 
(E. coli) 

0.2 
(E. coli) 

60 0.008 0.00013 0.001 0.13  

Streptomycin 4  
(S. enterica) 

1 
(S. enterica) 

4 0.25 0.0625 0.016 3.91 

Kanamycin 0.5  
(E. coli) 

0.3 
(E. coli) 

1.7 0.125 0.0735 0.002 36.8 

MIC: minimal inhibitory concentration; MIClowest: minimal inhibitory concentration of the most susceptible 889 
species/strain included in the EUCAST database; MICtest: minimal inhibitory concentration of the susceptible 890 
isolate used in the competition experiments to calculate the MSC; MSC: minimal selective concentration; PMSC: 891 
predicted MSC; PNEC: Predicted No-Effect Concentration. 892 
*EUCAST MIC distribution accessed August 2020, outlier observations have been discarded, as in Bengtsson-893 
Palme and Larsson (2016)  894 

As can be seen in Table 1, for tetracycline, ciprofloxacin, trimethoprim and erythromycin the 895 
PMSC are the more conservative estimates (by 2- to 6-fold). For aminoglycosides, the PNEC 896 
values (+ 10-fold safety margin) are the more conservative estimates (by 4- to 37-fold). 897 

A general concern with using MIC values to assess the risk of resistance selection 898 

It is important to note that the two methods described above (PNEC and PMSC) that are used 899 
for determining the non-selective drug concentration are in some manner linked to 900 
measurements of the minimal inhibitory concentration (MIC) of an antimicrobial. Thus, any 901 
caveats associated with using MIC values will also be part of the uncertainty of these methods. 902 
MIC values can be determined by a number of different methods and they are defined as the 903 
lowest concentration of drug that prevents bacterial growth.  Typically, a MIC assay will involve 904 
exposing bacterial cells to a gradient of antimicrobial concentrations and then determining at 905 
which drug concentration there is no bacterial growth. Since MIC assays are associated with 906 
several caveats, these need to be understood so MIC values are applied and interpreted in a 907 
correct and rational manner.  908 

First, MIC-values are contextual and will depend on the method used (e.g. broth micro-dilution 909 
or agar plate dilution-based MICs, agar plate strips diffusion (E-tests), growth rate assays) 910 
and the specific growth conditions (temperature, growth media, time of incubation, recent 911 
culture history, etc.) under which they are tested. Thus, it is important that comparative 912 
studies take these potential differences in methodology into account (for example, MIC values 913 
determined with strips diffusion on agar plates are not necessarily the same as those 914 
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determined in liquid culture by broth micro-dilution). Second, MIC values are only semi-915 
quantitative because they generally use a 2-step concentration serial dilution range (i.e. 1, ½, 916 
¼ and so on) and generally no information is obtained for the intermediate concentrations. 917 
Third, for the majority of assays used, the read-out is based on a visual inspection of a culture 918 
or plate, which is obviously associated with subjectivity. This is a particular problem for broth 919 
micro-dilution where the apparent absence of growth does not necessarily mean no growth 920 
at all but could rather indicate a certain reduction in growth. Thus, the difference between no 921 
growth and some limited growth is difficult to assess and a two-dilution tolerance is usually 922 
applied to reflect this variability in determining the MIC value. Fourth, and most importantly, 923 
MIC values do not per se give any information regarding the risk of resistance selection (even 924 
though they are sometimes used as if they would provide such information). It is clear that if 925 
the level of the drug is above the MIC there will be selection for antimicrobial resistance, but 926 
the key question is how far below the MIC value a drug concentration can still result in 927 
selection for resistance. The PNEC and PMSC methods all attempt to address this question 928 
using different approaches and it was therefore attempted to sort out their respective 929 
problems and benefits as described in the text below. 930 

In spite of the above general concerns regarding MIC determinations, for some data sets (for 931 
example those from EUCAST) there is a strict procedure and definition for determination of 932 
the MIC values which reduces variability in growth conditions and therefore generates better 933 
inter-study reliability. 934 

Sensitivity of MSC vs. in vivo experiments 935 

In a typical animal experiment exposure to an antimicrobial occurs over a certain time period 936 
with subsequent collection of faeces and enumeration (e.g. by selective plating and CFU 937 
determination of live bacteria and/or determination of abundance of specific resistance genes 938 
by various metagenomics approaches) to assess whether the frequency of resistant 939 
bacteria/resistance genes is increasing in the intestine. Because of the relative lack of 940 
sensitivity of these enumeration methods, combined with the generally observed extensive 941 
variability between individual animals, these assays can only detect strong selective effects. 942 
In contrast, the in vitro MSC assay has a much higher sensitivity allowing for detection of 943 
much smaller selective differences. For example, for the MSC assay an experiment running 944 
for 2 days with 10 replicates will allow the detection of selective differences as small as 0.1%. 945 
If an in vivo animal exposure experiment is run for a few weeks (which is often the case), the 946 
sensitivity of detection of selection and enrichment of resistant bacteria is several hundred-947 
fold lower than for the MSC competition experiment. In other words, to obtain a similar 948 
detection sensitivity in an animal set-up as for the in vitro competition, the exposure time 949 
would have to extend for >1 year and include many animals to detect weak selection and 950 
obtain statistically significant results.  951 

Further considerations have been discussed in Sections 4 (data gaps and other considerations) 952 
and 5 (uncertainties analysis). 953 

In Table 2 comparison of the different methods (PNEC, MSC and PMSC), that have been 954 
considered in this opinion is outlined, along with their strengths and weaknesses for the 955 
determination of the lowest concentration of antimicrobials not selecting for antimicrobial 956 
resistance.  957 
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Table 2. Overview of methodologies to determine the lowest concentration of antimicrobials not selecting for antimicrobial resistance   958 

 PNEC MSC PMSC 

Brief description A theoretical method to predict antimicrobial 
no-effect concentrations that do not select 
for antimicrobial resistance based on MIC 
data 

An experimental approach to find 
the lowest antimicrobial 
concentrations that can select for 
antimicrobial resistance 

A method that merges elements of the PNEC and MSC 
methods to produce a hybrid method utilizing the benefits 
of both 

Goal of 
methodology(a) 

Avoid selection for antimicrobial resistance by 
protecting the most sensitive species of 
bacteria 

Avoid selection for antimicrobial 
resistance by finding the lowest 
concentration that would select 
for resistance under a worst-case 
scenario 

Avoid selection for antimicrobial resistance in the most 
sensitive species of bacteria by estimating its MSC 

Process   Obtain the MIC distribution for all species 
for a given antimicrobial 

 Identify the lowest MIC in the 
distribution 

 Compensate for small number of tested 
species (if < 40)(b) 

 Apply an assessment factor to arrive at 
the PNEC 

 Compare the fitness of two 
isogenic strains that only 
differ in a specific resistance 
factor in competition 
experiments with different 
concentrations of 
antimicrobials 

 Use the experimental data to 
determine the concentration 
where the resistance factor 
does not provide the resistant 
strain with a growth 
advantage  

 Obtain the MIC distribution for all species for a given 
antimicrobial 

 Identify the lowest MIC in the distribution (MIC 
MIClowest) 

 Compensate for small number of tested species (if < 
40) (b) 

 Calculate MICtest/MSCtest ratio 
 Calculate PMSC= MIClowest /MICtest / MSCtest 

 

Required data MIC data for the relevant antimicrobial for 
more than one species 

Experimental data for every 
combination of antimicrobial, 
species and resistance factor of 
interest 

MIC data for the relevant antimicrobial for more than one 
species as well as MSC data for at least one species for the 
relevant antimicrobial 

Strengths  Much data already exists 
 Relatively easy to generate new data 

 Extremely sensitive 
compared to the other two 
methods 

 Directly measures the desired 
endpoint 

 Extremely sensitive 
 Relatively easy to generate new data 
 Stronger link to the desired endpoint comparing to 

PNECs and MICs 
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 PNEC MSC PMSC 

 Can clearly show if resistance 
selection below the MIC 
takes place 

Weaknesses  For some antimicrobials, MIC data is 
available for only a limited number of 
bacterial species and might not be 
representative for the relevant bacteria in 
animals 

 Uncertain as to what extent the PNEC 
protects against resistance selection 
below the MIC 

 Very little MSC data exists 
 Time-consuming and 

somewhat costly to generate 
new data, at least at a large 
scale 

 Tested strains should ideally 
be genetically tractable and 
have known resistance 
mechanisms 

  

 Very little MSC data exists. 
 For some antimicrobials, MIC data is available for 

only a limited number of bacterial species and 
might not be representative for the relevant 
bacteria in animals. 

 Tested strains should ideally be genetically 
tractable and have known resistance mechanisms  

Regulatory uses Suggested by the O’Neill (2016) to be used 
as discharge limits for antimicrobials from 
pharmaceutical production. Adopted by the 
Industry AMR Alliance for self-regulation of 
antimicrobial emissions from production 
facilities. 

None Proposed for use in this document 

Example values 
Tetracycline 
Trimethoprim 
 

  
0.001 mg/L 
0.001 mg/L 

  
0.015 mg/L 
0.002 mg/L 

 
0.00016 mg/L 
0.00008 mg/L 

MIC: minimal inhibitory concentration; MIClowest: minimal inhibitory concentration of the most susceptible species/strain included in the EUCAST database (last accessed 959 
31 August 2020); MICtest: minimal inhibitory concentration of the susceptible isolate used in the competition experiments to calculate the MSC; MSC: minimal selective 960 
concentration; PMSC: predicted MSC; PNEC: Predicted No-Effect Concentration. 961 
(a): MSC values are typically determined for only one species, whereas the derived PNEC and PMSC values are expected to be non-selective for any bacterial species. 962 
(b): as described in Bengtsson-Palme and Larsson (2016). 963 
 964 
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Concluding remarks 965 

The experimental approach conceptually sound and highly sensitive to find the lowest 966 
antimicrobial concentrations that can select for antimicrobial resistance is MSC determination 967 
by competitive experiments. However, there is very little MSC data.  968 

In the absence of an experimental MSC value for the most sensitive bacterial species, a model 969 
was developed to predict the MSC of any species (PMSC). The PMSC method merges elements 970 
of the PNEC and MSC methods to produce a hybrid method extremely sensitive utilizing the 971 
benefits of both. Thus, it is expected that an antimicrobial level in natural settings that is 972 
below the PMSC will not cause selection for resistant bacteria. Conversely, using a 973 
method with low sensitivity and that cannot detect small selective differences (such as for 974 
example an analysis of enrichment of resistant bacteria in an animal or a fermenter-based gut 975 
model after a short antimicrobial exposure) would be associated with the risk that an 976 
antimicrobial selective effect goes undetected. In addition, in vivo models that closely mimic 977 
real-life conditions require complex experimental settings that are very difficult to standardize 978 
(e.g. variation in microbial community composition depending on source of faeces, individual 979 
animals and animal species, feed used, etc.) and compare between laboratories. In contrast, 980 
the high sensitivity of methodologies based on in vitro competition assays, as PMSC, can be 981 
fully defined and controlled, generating better inter-study comparability. Finally, there are to 982 
date no data available from more complex models for the substances under evaluation in this 983 
Opinion.  984 

It is therefore the opinion of the WG and the Panel that in the absence of MSC for the most 985 
susceptible bacterial species, the PMSC model presented is also conceptually sound, highly 986 
sensitive, allowing the determination of the concentrations of antimicrobials below which 987 
selection of resistance for any bacteria would not be expected. 988 

 Proposed method to estimate the maximum 989 

concentrations of antimicrobials in feed that would not 990 

select for antimicrobial resistance in the rumen and large 991 

intestines  992 

In order to compare antimicrobial concentrations in the digestive tract of the animals to the 993 
PMSC, a prediction of the activity of the drug and of the drug concentrations in the rumen 994 
and large intestine after the consumption of cross-contaminated feed is needed. 995 

The proposed approach to predict the Antimicrobial Resistance Selection Quantity 996 
(ARSQ) in the distal part of the intestines will be derived from the equation for determination 997 
of mADI (VICH GL36(R2)) whereas a different calculation will be made to predict the ARSQ in 998 
the rumen of ruminants.  999 

mADI is an estimate of the total amount of residue (expressed per unit body weight) that can 1000 
be ingested daily over a lifetime without leading to higher concentrations in the colon than a 1001 
defined maximal concentration. For the mADI calculation, the selected maximal concentration 1002 
can either be based on MICcalc/NOAEC obtained from disruption of barrier effect investigations 1003 
or on a NOAEC obtained from increase of resistance investigations (see Section 1.3.3).  1004 
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The mADI (VICH GL36(R2)), expressed in mg/kg body weight (BW), is calculated from 1005 
equation 1: 1006 

Equation1  1007 

mADI =  
𝑁𝑂𝐴𝐸𝐶 ×  volume of colon content (500

mL
day

)

Fraction of oral dose available to microorganisms ×  60 kg person
 1008 

where NOAEC is derived from the lower 90% confidence limit for the mean NOAECs from in 1009 
vitro or in vivo systems. 1010 

The NOAEC will be replaced by the PMSC in mg/L as described above for the calculation 1011 
of ARSQ.   1012 

Since the data on the volume of colon content is not available for the considered animal 1013 
species and that the large intestine size (relative to the bodyweight) can greatly vary between 1014 
species, the volume of the colon content was replaced by the daily output of faeces in 1015 
kg/day or in mL/day if a density of faeces around 1 kg/L is assumed.  1016 

By using the daily output of faeces in the calculations, it is considered that the occurrence of 1017 
the antimicrobial going through the distal part of the intestines (including caeca for poultry) 1018 
after a daily intake will also be similar in faeces over 1 day, allowing for changes in dry matter 1019 
that occur before defaecation. The uncertainty derived from the estimation of volume of large 1020 
intestines by the volume of faeces will therefore be described and taken into account. The 1021 
main role of the colon being water reabsorption, the concentrations of drug in faeces can be 1022 
higher than in the proximal part of the colon, especially for species with high water 1023 
reabsorption such as sheep and goats. The publication of Hecker et al. (Hecker and Grovum, 1024 
1975) showed that the water content ranged approximatively from 7 g of water /g of dry 1025 
matter in the proximal colon of sheep to 1.5 g of water /g of dry matter in the distal part of 1026 
the colon, suggesting that concentrations could be 5-fold lower in the proximal region of the 1027 
colon than in faeces. Therefore, the ARSQ obtained by using the volume of faeces could be 1028 
5-fold lower than the value that would be obtained by directly using the volume of large 1029 
intestinal content. For cattle, the water content was only reduced by 2-fold along the colon. 1030 
No data were found for pigs and poultry.  1031 

From the current VICH GL36(R2), the fraction of an oral dose available for large intestine 1032 
microorganisms should be based on in vivo measurements for the drug administered orally 1033 
or, alternatively, if sufficient data are not available, the fraction of the dose available for large 1034 
intestine microorganisms can be calculated as 1 minus the fraction (of an oral dose) excreted 1035 
in urine. Such data are very rare for animal species, so for all the combinations of drug and 1036 
species without these data, some estimations of the fraction of an oral dose available for large 1037 
intestine microorganisms were made from the bioavailability of the drug after oral intake. The 1038 
oral bioavailability (F), which is the fraction of the dose absorbed from the digestive tract to 1039 
the plasma, is very often reported in published articles. Approximate digestive concentrations 1040 
of the drug in contact of microorganisms can be deduced from the non-absorbed fraction of 1041 
the drug (1-F) as confirmed by an article by Peeters et al. (2016) who showed an inverse 1042 
correlation between the bioavailability of four drugs (chlortetracycline, doxycycline, 1043 
sulfadiazine and trimethoprim) after oral administration and their concentrations in the colonic 1044 
and caecal contents and faeces. The sources of errors that can occur by only considering the 1045 
bioavailability to estimate drug concentrations in large intestines will be assessed for each 1046 
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drug and each species. As some examples, the drug concentrations in the large intestines can 1047 
be:  1048 

 Underestimated if the absorption continues beyond the small intestines   1049 
 Underestimated if the absorbed drug is subject to entero-hepatic recirculation and is 1050 

eliminated through the gut.  1051 
 Overestimated if the non-absorbed antimicrobials are rapidly and extensively degraded 1052 

in the gut (e.g. presence of beta-lactamases or other enzymatic degradation by 1053 
ruminal flora) (Erickson et al., 2014).   1054 

More information on this can be found in Section 5. 1055 

In addition to the factors included in the calculation of mADI in Equation 1, the activity 1056 
of the drug in the colon was considered. The binding of the drug to celluloses, ions and other 1057 
substances can be very high in the digestive tract, thereby limiting the activity on intestinal 1058 
microorganisms. Thus, the data on the binding or the inactivation of the drug will be 1059 
included in the calculations when available.  1060 

Detailed approach: 1061 

The maximum Acceptable Active Daily Quantity (AADQ) (in mg) of the drug in the large 1062 
intestines of animals will be estimated by the product of PMSC (mg/L) and daily output of 1063 
faeces (in kg) (equation 2). The average density of faeces will be considered around 1 kg/L 1064 
with a probable maximal range from 0.5 to 2 kg/L. 1065 

Equation 2  1066 

𝐴𝐴𝐷𝑄(𝑚𝑔) = 𝑃𝑀𝑆𝐶 × 𝑑𝑎𝑖𝑙𝑦 𝑓𝑒𝑐𝑒𝑠 1067 

Since a fraction of the drug called “I” can be inactive in the digestive tract as a result of 1068 
binding or degradation, the maximum AADQ of the drug in the large intestines will be 1069 
converted to the maximum Acceptable Total (inactive and active) Daily Quantity (ATDQ) (in 1070 
mg) of the drug in the large intestines (Equation 3). 1071 

Equation 3  1072 

𝐴𝑇𝐷𝑄(𝑚𝑔) =   1073 

where I is the fraction of drug that is inactive in the large intestines 1074 

If the entire drug is active in the large intestines (I=0), the maximum AADQ of the drug in 1075 
the large intestines will be equal to the maximum ATDQ. 1076 

If a fraction of the drug is inactive, ATDQ will be higher than AADQ. 1077 

To predict the Antimicrobial Resistance Selection Quantity (ARSQ) expressed in mg of the 1078 
drug acceptable in the large intestines from ATDQ, the pharmacokinetics of the drug need to 1079 
be considered. After oral administration, a fraction of the drug can leave the digestive tract 1080 
before interacting with bacteria by being absorbed to the plasma (this fraction is called F and 1081 
corresponds to the bioavailability) and should be subtracted to estimate the drug 1082 
concentrations in the large intestines. However, a fraction (GE) of this absorbed drug can be 1083 
secondly eliminated through the gut and can increase drug concentrations in the digestive 1084 
tract. GE is equal to the fraction of drug eliminated unchanged from plasma to gut and so, 1085 
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the product of F by GE (F x GE) is equal to the fraction of ingested/consumed drug that is first 1086 
absorbed and then eliminated in gut. Thus, the ARSQ can be calculated by Equation 4. 1087 

Equation 4  1088 

ARSQ (𝑚𝑔) =
𝐴𝑇𝐷𝑄

1 − 𝐹 + 𝐹 × 𝐺𝐸
 1089 

Where F is the fraction of drug absorbed from the digestive tract and GE is the fraction of drug 1090 
eliminated unchanged from plasma to gut.   1091 

If there is no absorption (F=0), the ARSQ will be equal to the ATDQ. 1092 

If there is complete absorption (F=1) followed by an exclusive elimination of the unchanged 1093 
drug from plasma to large intestines (GE=1), the ARSQ will also be equal to the ATDQ. 1094 

If there is a very high absorption (F=0.9) not followed by an elimination in the large intestines 1095 
(GE=0), the ARSQ will be ten- fold higher than the ATDQ. 1096 

Finally, the Feed Antimicrobial Resistance Selection Concentration (FARSC) (in mg/kg 1097 
feed) will be calculated considering ARSQ (in mg) and the feed intake (in kg feed/day) 1098 
(equation 5) 1099 

Equation 5  1100 

FARSC (mg kg feed⁄ ) =
ARSQ (mg)

daily feed intake (kg feed day)⁄
 1101 

To conclude, the FARSC corresponding to the maximal acceptable residue concentration in feed 1102 
not selecting resistance will be calculated from the equation 6  1103 

Equation 6 1104 

FARSC (mg kg feed⁄ ) =
PMSC ×  daily feces

(1 − 𝐼) × (1 − 𝐹 + 𝐹 × 𝐺𝐸) × daily feed intake
 1105 

Assumptions and uncertainties made for these calculations 1106 

The calculation made in Equation 4 implies that, as for the calculation of mADI from VICH 1107 
GL36(R2) (Equation 1), we do not consider the possible selection of resistance in the small 1108 
intestine. At a given time point, the drug contained in the intestines is therefore assumed to 1109 
be entirely contained in the large intestine and homogenously distributed within its contents. 1110 
Thus, by using the daily output of faeces, it is considered that the drug going through the 1111 
large intestine, including caeca in the case of poultry, after daily ingestion will also be 1112 
homogeneously recovered in faeces over 1 day.  1113 

Since the data on the volume of the large intestine was difficult to obtain from the different 1114 
animal species and age classes, we considered that the concentration of drug in faeces was 1115 
representative of the highest concentrations in the large intestine. Indeed, due to water 1116 
reabsorption through the large intestine, the concentrations in the large intestine, and 1117 
especially in the proximal part, can be lower than faecal concentrations. These and related 1118 
considerations have been included in Sections 4 (data gaps and other considerations) and 5 1119 
(uncertainties analysis). 1120 
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For ruminants, the maximum concentrations of antimicrobials in feed that would not select 1121 
for antimicrobial resistance in the rumen were also estimated by considering that the ingested 1122 
drug would be homogeneously distributed in the rumen.  1123 

The maximum Acceptable Active Daily Quantity (AADQrumen) (in mg) of the drug in the rumen 1124 
of animals will be estimated by the product of PMSC (mg/L) and volume of rumen (in L) 1125 
(equation 7).  1126 

 Equation 7  1127 

𝐴𝐴𝐷𝑄 (𝑚𝑔) = 𝑃𝑀𝑆𝐶 × 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑢𝑚𝑒𝑛 1128 

Since a fraction of the drug called “I” can be inactive in the rumen by binding or degradation, 1129 
the maximum AADQ of the drug in the rumen will be converted in the maximum Acceptable 1130 
Total (inactive and active) Daily Quantity (ATDQrumen) (in mg) of the drug in the rumen 1131 
(Equation 8). 1132 

Equation 8  1133 

𝐴𝑇𝐷𝑄 (𝑚𝑔) = = 𝐴𝑅𝑆𝐶   1134 

where I is the fraction of drug inactive in the rumen. 1135 

In the rumen, ATDQrumen is equal to ARSQrumen since we consider that at this step, the 1136 
absorption of the drug has not started.  1137 

Finally, the FARSC (in mg/kg feed) will be deducted from ARSQrumen (in mg) by taking into 1138 
account the feed intake (in kg feed/day) (equation 9) 1139 

Equation 9  1140 

FARSC (mg kg feed⁄ ) =
𝐴𝑅𝑆𝑄  (mg)

daily feed intake (kg feed day)⁄
 1141 

 1142 

3 Assessment of ToR1 1143 

Microbiological, pharmacological or physiological concepts affecting feed and animal were 1144 
discussed and considered for the determination of the maximum antimicrobial residue 1145 
concentration in feed not selecting for resistance in a certain animal species (FARSC).  Selected 1146 
data were included in the model established (Equations 6 and 9) (Figure 6). This 1147 
methodological approach will result in a value for antimicrobial concentration in feed that 1148 
would be expected to prevent the selection of resistance at large intestine level. 1149 
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 1150 

Figure 6. Compartments and data relevant for the assessments  1151 

 1152 

Structure of the assessment: 1153 

For each antimicrobial substance or grouped by classes, the following structure was 1154 
followed: 1155 

1) Introduction: 1156 

- Short description of the substance 1157 
- Main use (including target animal species, infection types and bacterial species) 1158 
- Main resistance mechanisms 1159 
- Resistance development/spread due to the use of the substance 1160 
- Main PK aspects 1161 
- Main information on known growth promotion effect 1162 

 1163 

2) Estimation of the antimicrobial levels in the feed that would not develop 1164 
resistance 1165 

- Predicted minimal inhibitory concentration (PMSC) 1166 
- Feed Antimicrobial Resistance Selection Concentration (FARSC) 1167 

 1168 

3.1 Example: Tetracyclines Assessment  1169 

3.1.1 Introduction 1170 

Short description of the class/substances 1171 

The tetracyclines are a class of antimicrobials first described in the late 1940s. 1172 
Chlortetracycline (CTC), oxytetracycline (OTC) and tetracycline (TC) were among the first 1173 
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substances described within this class. They are natural products of different Streptomyces 1174 
spp. bacteria and are usually referred to as first generation tetracyclines. The second (e.g. 1175 
doxycycline, DOX) generation tetracyclines are mainly the products of semisynthetic 1176 
approaches with increased lipophilicity compared to the first-generation tetracyclines. The 1177 
third (tigecycline) and fourth (eravacycline, omadacycline) generation tetracyclines are 1178 
obtained from total synthesis and were specifically designed to overcome common 1179 
mechanisms of tetracycline resistance (Agwuh and MacGowan, 2006; Greer, 2006; Fuoco, 1180 
2012; Grossman, 2016). Most tetracyclines target the ribosomal complex. Once inside the 1181 
bacterial cell, they bind reversibly to the 16S rRNA of 30S ribosomal subunit, blocking protein 1182 
synthesis by preventing accommodation of incoming aminoacyl-tRNAs at the acceptor site (A-1183 
site) (Chopra and Roberts, 2001; Wilson, 2009). These tetracyclines are bacteriostatic when 1184 
administered at therapeutic concentrations (Nelson and Levy, 2011). The more lipophilic 1185 
tetracyclines have a bactericidal mechanism of action that relies on membrane perturbation 1186 
(Nelson and Levy, 2011). 1187 

The spectrum of activity and MIC values of TET, CTC and OTC is similar (EMEA/MRL/023/95)11. 1188 
The 3th and 4th generation products have higher activity (lower MIC). TET, CTC and OTC will 1189 
be addressed jointly in the framework of this scientific opinion. Conversely, DOX is analyzed 1190 
separately due to its specific pharmacokinetics and antimicrobial activity.    1191 

Main use 1192 

Tetracyclines are first-line drugs in food animals including aquaculture species. They are 1193 
broad-spectrum antimicrobials, acting against Gram-positive and Gram-negative bacteria, 1194 
mycoplasma and several protozoans. The main indication for tetracycline in food-producing 1195 
animals is the treatment of respiratory infections in cattle (Pasteurella multocida, Mannheimia 1196 
haemolytica, Mycoplasma spp.), swine (Pasteurella multocida, Actinobacillus pleuropneumonia 1197 
e, Mycoplasma spp.) and poultry (Pasteurella multocida, Mycoplasma gallispeticum, 1198 
Mycoplasma synoviae and secondary bacterial infections). Other treated infections include 1199 
chlamydiosis, Lawsonia proliferative enteropathy, rickettsiosis and salmonellosis (Agunos et 1200 
al., 2013; Giguère et al., 2013; Riviere and Papich, 2017). The most commonly used in food-1201 
producing animals is OTC even though TC, OTC and CTC are available as oral formulations 1202 
(feed, water, oral doser, bolus medications) for all the food-producing species in Europe, as 1203 
well as intramammary, intrauterine (mainly bovine) and topical applications. 1204 

TC is the representative molecule for first generation tetracyclines used in susceptibility testing 1205 
assays because it is more stable than CTC and OTC molecules in culture media.  1206 

The broad-spectrum, the low cost, the ease of administration per os and the general 1207 
effectiveness led to the first-generation tetracyclines being widely used in food animals, but 1208 
with the drawback of rapid selection for, and emergence of (mainly) transferable, resistance 1209 
(Giguère et al., 2013; Riviere and Papich, 2017) in some pathogens and commensal 1210 
organisms. 1211 

                                                             

11 https://www.ema.europa.eu/en/documents/mrl-report/oxytetracycline-tetracycline-chlortetracycline-
summary-report-3-committee-veterinary-medicinal_en.pdf 
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Main resistance mechanisms 1212 

Several mechanisms of tetracycline resistance have been described in bacteria, including 1213 
increased efflux, reduced uptake, ribosomal protection and enzymatic inactivation (Chopra 1214 
and Roberts, 2001; Grossman, 2016). Tetracycline resistance can be mediated by acquisition 1215 
of resistance genes and upregulation and/or mutation of intrinsic genes (Grossman, 2016) 1216 
Tetracycline resistance is widespread in bacteria and has been described in at least 49 Gram-1217 
positive and 85 Gram-negative genera (https://faculty.washington.edu/marilynr/). Increased 1218 
tetracycline efflux may be mediated by changes in the expression of intrinsic transcriptional 1219 
activators and two-component systems and by horizontal acquisition of genes, as described 1220 
both in Gram-negative and in Gram-positive bacteria. Various compounds including 1221 
tetracyclines can modulate the expression of transcriptional regulators and two-component 1222 
systems leading not only to tetracycline resistance, but to a multidrug resistance phenotype 1223 
(Grossman, 2016). Regarding acquired genes, at least 33 genes carried on transposons or 1224 
plasmids have been described. Intracellular accumulation of tetracyclines can also be 1225 
controlled by reducing tetracycline uptake, which is a resistance mechanism described in 1226 
association with modulation of expression of intrinsic genes in Gram-negative bacteria 1227 
(Grossman, 2016). Ribosomal protection may be mediated by at least 14 genes and 11 mosaic 1228 
genes, and such resistance has been described both in Gram-positive and in Gram-negative 1229 
species. Most ribosomal protection genes mediating tetracycline resistance are carried on 1230 
plasmids and a few have also been detected in the chromosome. Recently, a gene conferring 1231 
resistance to tetracycline, phenicols and oxazolidinones was described (Antonelli et al., 2018). 1232 
Enzymatic inactivation may be mediated by at least 13 genes which have been described in 1233 
Gram negative bacteria and, for the majority, in uncultured bacteria. These genes have been 1234 
identified both in transposable elements, plasmids and in the chromosome, but for the 1235 
majority the genomic location remains unidentified. The possibility of also inactivating the 1236 
fourth generation tetracyclines, as occurs with TetX, already described in several clinically 1237 
relevant Gram-bacteria is of special concern (Yang at al., 2004). Finally, a gene mediating 1238 
tetracycline resistance by an unknown mechanism has been described in Gram-positive 1239 
bacteria, although its role in tetracycline resistance is controversial (Caryl et al., 2012; Roberts 1240 
and Schwarz, 2019). Notably, new tetracycline resistance genes are continuously being 1241 
discovered. 1242 

Resistance development/spread due to tetracycline 1243 

Several publications have demonstrated the development and selection of resistance to 1244 
tetracyclines (including TC, OTC and DOX) due to the use of these antimicrobials at low 1245 
concentrations, especially in animal feed. Similarly, sub-inhibitory concentrations of 1246 
tetracyclines may significantly increase the conjugation transfer frequency (in vitro and in the 1247 
animal gut and in moist/wet feed or the environment), which could also indirectly cause an 1248 
increase in tetracycline resistance. Finally, tetracyclines can also have effects on the virulence 1249 
properties of bacteria, which potentially could increase spread of resistant clones. A sub-set 1250 
of several relevant studies are briefly summarized below with regard to their main findings. 1251 

Effects of low levels of tetracyclines on selection for resistance: 1252 

 In a competition experiment in defined laboratory growth medium between a 1253 
tetracycline susceptible and resistant (due to the presence of a Tn10 element) S. 1254 
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enterica, the MSC for TC was determined to 15 ug/L, which is 100-fold below the MIC 1255 
of the susceptible strain (Gullberg et al., 2011). 1256 

 TC (0.01 mg/L) increased the relative abundance of TC-resistant bacteria in in vitro 1257 
experiments representing biofilms of complex aquatic bacterial communities. In the 1258 
same study, it was shown that TC (0.001 and 0.01 mg/L) selected for tet(A) and tet(G). 1259 
Furthermore, despite not affecting the overall taxonomic diversity, tetracycline (0.001 1260 
and 0.01 mg/L) had an effect on specific genera (Lundström et al., 2016).  1261 

 Exposure of P. aeruginosa to 1/10 MIC of TC resulted in selection for resistance in a 1262 
few hundred generations of serial passage (Chow et al., 2015). 1263 

 TC (1, 10, and 100 mg/L) administered via drinking water to human-microbiota-1264 
associated mice selected for several tetracycline-resistant bacteria including Gram-1265 
positive anaerobes, Bacteroides fragilis, enterobacteria and enterococci, whereas it 1266 
was not possible to conclude on the effect of tetracycline on selection of resistant 1267 
lactobacilli, bifidobacteria and clostridia (Perrin-Guyomard et al., 2001). 1268 

 In in vitro experiments with a TC susceptible (MIC=4 μg/mL) E. coli strain, it was 1269 
shown that at TC concentration between 0.0075 and 0.06 μg/mL there was an increase 1270 
in bacterial counts as compared to the control without TC (Migliore et al., 2013). This 1271 
is an example of hormesis, i.e. a biphasic dose-response relationship that occurs when 1272 
low concentrations of toxic agents elicit apparent improvements in growth. 1273 

 Gut bacterial communities of honeybees in the United States appear to have 1274 
accumulated an abundant and diverse set of TC resistance genes, likely as a 1275 
consequence of prolonged use of OTC in beekeeping in that country. Indeed, in the 1276 
gut microbiota of honeybees from countries in which OTC had not been used, only 1277 
two-three TC resistance genes, each in very low copy number, were identified as 1278 
compared to the eight TC resistance genes identified in the gut microbiota of 1279 
honeybees from the United States (Tian et al., 2012).  1280 

 The effects of 0.15, 1.5, 15, and 150 mg/L of TC, after 24 h and 40 days of exposure, 1281 
in 3% human faecal suspensions, collected from three individuals were investigated 1282 
using in vitro batch cultures. The evaluation of bacterial community changes at the 1283 
genus level, from control to TC-treated faecal samples, suggested that TC (of 1284 
0.15 mg/L or above) under the conditions of the study could lead to slight differences 1285 
in the composition of intestinal microbiota. Twenty-three resistance genes were 1286 
screened, being four tet genes (tetO, Q, W, and X) major in control and tetracycline-1287 
dosed faecal samples. A variable or slight increase of copy number of TC genes was 1288 
identified and appeared to be related to TC treatment, inter-individual variability and 1289 
duration of exposure (Jung et al., 2018). 1290 

 Benthic denitrification rates and bacterial communities were examined during 1291 
continuous exposure to TC at (0.5, 20 and 10,000 ug/L) for 2 weeks in flow-through 1292 
reactors. Denitrification rates were unaffected by exposure to TC. In contrast, the 1293 
bacterial community composition changed significantly from sub-inhibitory to 1294 
therapeutic exposure concentrations (Roose-Amsaleg et al., 2020). 1295 

 Veal calves received therapeutic oral dosages of 1 g oxytetracycline (OTC-high), twice 1296 
per day, during 5 days or (OTC-low) 100–200 ug per day during 7 weeks, mimicking 1297 
animal exposure to environmental contamination. The temporal effects on the gut 1298 
microbiota and antimicrobial resistance gene abundance was analysed by 1299 
metagenomics sequencing. OTC-high had a transient effect, significantly impacting gut 1300 
microbiota composition between day 0 and day 2. Metagenomic sequence analysis 1301 
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showed that six antimicrobial resistance genes representing three gene classes (tetM, 1302 
floR and mel) were increased in relative abundance in the OTC-high group but no 1303 
increase was seen in OTC-low (Keijser et al., 2019). 1304 
 1305 

Effects of low levels of tetracyclines on horizontal gene transfer and virulence: 1306 

 TC (0.01 mg/L) increased horizontal transfer of resistance (including ampicillin, 1307 
chloramphenicol, ciprofloxacin, gentamicin, streptomycin and/or tetracycline 1308 
resistance) from a complex donor community (treated effluent from a sewage 1309 
treatment plant) to a recipient E. coli strain in in vitro experiments (Jutkina et al., 1310 
2016).  1311 

 TC (20 mg/L) increased the expression levels of genes involved in the conjugative 1312 
transfer of a trimethoprim, sulphonamide and tetracycline resistance plasmid from 1313 
Aeromonas hydrophila, which is expected to result in increased conjugation frequency 1314 
in Aeromonas hydrophila (Cantas et al., 2012). 1315 

 In microcosm experiments, addition of 200 ppm (final concentration) of OTC notably 1316 
increased transfer frequency of a broad-host range tetracycline resistance plasmid 1317 
from Aeromonas salmonicida to diverse recipients compared to the antimicrobial-free 1318 
control (Sandaa and Enger, 1994). However, it was not possible to establish the extent 1319 
to which this observation was due to an increase in conjugation frequency and/or to 1320 
positive selection of transconjugants. 1321 

 In in vivo experiments to study the transfer of Tn916 (a conjugative, tetracycline 1322 
resistance transposon) from E. faecalis, administration of TC (5, 10 and 50 mg/L) to 1323 
mice resulted in significantly higher numbers of transconjugants (measured as CFU/g 1324 
of faeces) compared to the untreated controls. No significant difference in number of 1325 
transconjugants among the mice receiving 5, 10 or 50 mg/L of tetracycline was 1326 
observed (Bahl et al., 2004).  1327 

 E. coli transconjugants acquiring a TC-resistance plasmids from an E. coli donor 1328 
increased significantly in the gut of mice administered 0.1 g/L of tetracycline in drinking 1329 
water as compared to the number of transconjugants in the gut of mice receiving 0, 1330 
0.01 or 0.2 g/L of tetracycline. This was likely due to a selective advantage of the 1331 
transconjugants as colonizers in the presence of low but non-negligible amounts of 1332 
TC, which led the authors to hypothesize that there is an optimal “window” between 1333 
the highest and the lowest TC doses tested that allows the establishment of 1334 
transconjugants in the intestine (Licht et al., 2003). 1335 

 Addition of TC (0.01 g/L) in drinking water of chickens increased the transfer of TC 1336 
resistance between chicken-origin E. coli in an in vivo chicken model (Hart et al., 2006).  1337 

 Stimulation (40- to 2300-fold) of transfer of conjugative transposon Tn916 in E. 1338 
faecalis by sub-inhibitory levels of several antimicrobials, including TC and DOX. For 1339 
TC, maximum transfer frequency at 20 mg/L and for DOX at 2 mg/L. However, 1340 
stimulatory effects start at 0.1 mg/L and 0.01 mg/L, respectively (Scornec et al., 2017).  1341 

 Up to 106-fold stimulation of transfer of conjugative transposon CTnDOT in Bacteroides 1342 
at 1 mg/L of TC (Whittle et al., 2002). 1343 

 Transcriptomic analysis showed that TC added at 16 mg/L caused an increase in 1344 
expression of genes associated with an invasive phenotype of S. enterica (Brunelle et 1345 
al., 2015). 1346 
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 Sub-MIC levels of DOX and OTC (1 mg/L) induce htpG gene (encodes a virulence 1347 
factor) in S. Typhimurium and increase virulence in mouse model (200 mg/L in drinking 1348 
water, in vivo concentration unknown) (Verbrugghe et al., 2016). 1349 

In summary, several different studies show that that sub-MIC concentrations of tetracyclines 1350 
in both defined single species and complex microbial communities can have a number of 1351 
effects, including selection for de novo resistance, enrichment of pre-existing resistance, 1352 
alterations in composition of bacterial communities, increased horizontal gene transfer and 1353 
increased bacterial virulence, all of which could potentially contribute to an increase in both 1354 
the number of resistance genes (fraction of bacteria that are resistant) and the level of 1355 
resistance (MIC value of the resistant cells) in a population. With regard to the concentrations 1356 
of tetracyclines where the biological effects are observed, the concentration for resistance 1357 
enrichment and selection appears to be the lowest (0.001 and 0.015 mg/L depending on 1358 
experimental set-up) whereas effects on horizontal gene transfer occurs in the 0.01-1 mg/L 1359 
range and virulence effects are seen at even higher levels (mg/L).   1360 

Main pharmacokinetic data for tetracycline, oxytetracycline and chlortetracycline  1361 

The bioavailability of the tetracyclines TC, CTC and OTC after oral administration in fed animals 1362 
is generally very low.  1363 

The oral bioavailability of OTC in fed animals has been reported as 5% (Luthman and 1364 
Jacobsson, 1983) - 46% (in milk replacer) (Schifferli et al., 1982) in calves, 3-5 % in pigs 1365 
(Decundo et al., 2019), 3% in fish (Rogstad et al., 1991), 6% in chickens (Ziółkowski et al., 1366 
2019) and 9% in turkeys (Dyer, 1989).  1367 

The oral bioavailability of CTC in fed animals was reported as 37 % in calves (Luthman and 1368 
Jacobsson, 1983), 6% (Nielsen and Gyrd-Hansen, 1996), 13% (Wanner et al., 1991), 18% 1369 
(Kilroy et al., 1990) or 25% in pigs (Riviere and Papich, 2017), 1% (Riviere and Papich, 2017) 1370 
– 18% in chicken (Anadón et al., 2012) and 6% in turkeys (Pollet et al., 1985).  1371 

The oral bioavailability of TC in fed animals ranged from 5% (Nielsen and Gyrd-Hansen, 1996) 1372 
to 23% in pigs (Kniffen et al., 1989). 1373 

These percentages of bioavailability can be reduced by complexation with multivalent cations 1374 
that precipitate with increasing pH, or by food particles. In contrast, water and feed acidifiers 1375 
improve the release and absorption of tetracyclines from medicated feeds in pigs without 1376 
leading to high bioavailability.  1377 

These results suggest that around 50 to 99% of the dose would pass through the distal part 1378 
of the digestive tract before being eliminated in faeces and be available to microorganisms 1379 
after consumption of contaminated feed. In a study of Peeters et al. (2016), in which 6 pigs 1380 
were administered with feed containing CTC with 3% carry-over corresponding to 9.98 ± 5.35 1381 
mg/kg food for 10 days, very high concentrations of CTC ranging from 4 to 11 mg/kg were 1382 
found in caeca and colonic contents. The mean concentration in faeces from day 4 to 10 was 1383 
10 mg/kg meaning equal to the concentration in food. The authors correlated this high transfer 1384 
ratio of 100% (the concentration in feed is equal to the concentration in faeces) to the low 1385 
bioavailability of CTC by oral route. 1386 

For the fraction of the drug absorbed (1 to 46% of the dose depending on the drug and on 1387 
the species), the elimination occurs mainly by glomerular filtration resulting in the excretion 1388 
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in urine and finally in the environment. Tetracyclines can also be partly excreted in bile and 1389 
are recycled back to the intestinal tract (especially for the most lipid soluble drugs) but this 1390 
intestinal elimination has, based on PK calculations, a very small influence on the already high 1391 
intestinal concentrations resulting from the low level of systemic absorption of most 1392 
tetracyclines after oral administration.    1393 

Chelation of tetracyclines by polyvalent metallic cations was described many years ago to 1394 
explain decreased bioavailabilty of the antimicrobial after oral administration. Penttila et al. 1395 
showed that, in man, the plasma concentration obtained after the oral administration of 1396 
500 mg of tetracycline hydrochloride was 30% lower when administered simultaneously with 1397 
zinc sulphate (45 mg Zn2+) (Penttilä et al., 1975), and, similarly, the OTC plasma 1398 
concentrations obtained after the administration of 500 mg OTC to human subjects were 50-1399 
60 % lower when administered simultaneously with ferrous sulphate (200 mg) (Neuvonen et 1400 
al., 1970). However, these results, although suggesting that chelates are not absorbable, did 1401 
not directly prove that bound tetracyclines remained inactive in the gut.  1402 

A recent study from Ahn et al. (2018), provided detailed information on the activity of 1403 
tetracycline in the human gut in the context of the determination of mADI. This study 1404 
demonstrated by means of in vitro experiments that, in human faecal slurries proposed to be 1405 
representative of colon content, only 41% of chelated tetracyclines would remain active 1406 
because of extensive binding. No information was provided regarding the molecules to which 1407 
tetracyclines were bound, therefore there are uncertainties associated with extrapolating this 1408 
finding to animals as the animal gut content may show different binding properties than 1409 
human material, and may vary within groups of animals according to their age and diet.  1410 

Main pharmacokinetic data for doxycycline  1411 

Doxycycline (DOX) is a semi-synthetic derivative of OTC and is more lipophilic than 1st 1412 
generation TC. There are several formulations containing doxycycline hyclate for food-1413 
producing animals can be mixed to feed or drinking water. DOX is not intended for use in 1414 
lactating cattle and layer hens as no maximum residue limits (MRL) are available 1415 
(EMA/MRL/270/97-FINAL).  1416 

The bioavailability of DOX after oral administration in fed animals is higher than CTC and OTC 1417 
but remains low in most animal species.  1418 

The average oral bioavailability of DOX has been reported as 70% in fed pre-ruminant calves 1419 
(Meijer et al., 1993), 36% in fasted adult sheep (Castro et al., 2009), 21% in unfasted pigs 1420 
(Baert et al., 2000), 3% in fish (Rogstad et al., 1991), 41% in fasted chickens (Anadón et al., 1421 
1994), 25-63% in fasted turkeys (Santos et al., 1996 ) and 6% after top dressing application 1422 
in unfasted horses (Winther et al., 2011 ).  1423 

These results suggest that 30 to 94 % of the dose would pass through the digestive tract and 1424 
be available to microorganisms after consumption of contaminated feed. In a study of Peeters 1425 
et al. (2016), in which 6 pigs were administered with feed containing DOX with 3% carry-over 1426 
corresponding to 6.76 mg DOX/kg feed for 10 days, very high concentrations of DOX ranging 1427 
from 1 to 6 mg/kg were found in caeca and colonic contents. The mean concentration in 1428 
faeces from day 4 to 10 was around 4 mg/kg faeces corresponding to 60% of the 1429 
concentration in food.  1430 
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DOX is distinguished from the other tetracyclines by its high rate of elimination through 1431 
secretion through the intestinal wall. It is characterised with enterohepatic cycling (Riviere 1432 
and Papich, 2017). In pigs and cattle, DOX was described as not transformed (Riond et al., 1433 
1989; Riond and Riviere, 1990). However, a report from EMA suggested that DOX may be 1434 
metabolised by up to 40% and be largely excreted in faeces probably in a microbiologically 1435 
inactive form (EMEA-CVMP, 1997). This assumption comes from an old article on the 1436 
disposition of DOX in humans and dogs (Schach Von Wittenau and Twomey, 1971) 1437 
demonstrating that oral doxycycline was well absorbed from the digestive tract while the 1438 
doxycycline excreted via intestines seemed not to be reabsorbed. They also observed that 1439 
formic acid was needed to recover doxycycline from faeces, suggesting that DOX could be 1440 
conjugated or included in a stable complex in faeces. The conclusion of the article was that 1441 
the reasons for the apparent unavailability of much of the DOX eliminated with feces was not 1442 
clear at that time and no other data have been published since then. 1443 

 1444 

3.1.2 Estimation of maximum concentrations of tetracycline, oxytetracycline and 1445 
chlortetracycline at feed level that would not develop resistance in the rumen 1446 
and intestinal bacteria  1447 

As explained in the methodology section (2.2.4.) the estimation of this value for these three 1448 
tetracyclines for different animal species is performed as follows: 1449 

PMSC for TC  1450 

Resistance selection was performed in defined environments with a single species (S. enterica 1451 
var Typhimurium LT2). The MSC determined from competition experiment between wildtype 1452 
(wt) and a tetA (tetracycline resistance) mutant was 100-fold below MIC of wildtype 1453 
(MICtest=1.5 mg/L and MSCtest = 0.015 mg/L (Gullberg et al., 2011). Accordingly, the ratio 1454 
MICtest/MSCtest was 100 (Table 3). 1455 

The PMSC for tetracycline, calculated using the lowest MIC value available in the EUCAST MIC 1456 
distribution database (MIClowest), divided by the MICtest/MSCtest factor (as described in 2.2.3.2), 1457 
was 0.00016 mg/L. 1458 

Table 3 Calculation of the tetracycline predicted minimal selection concentration (PMSC)  1459 

Antimicrobial 
(all values in 

mg/L) 

MICtest  MSCtest  MICtest/
MSCtest 
ratio 

MIClowest* Predicted MSC (PMSC) 
for most susceptible 

species 
(MIClowest / MICtest / 

MSCtest) 
Tetracycline 1.5 

(S. enterica) 
0.015 

(S. enterica) 
100 0.016 0.00016 

MIC: minimal inhibitory concentration; MICtest: minimal inhibitory concentration of the susceptible isolate used in the competition 1460 
experiments to calculate the MSC; MSC: minimal selective concentration. 1461 
* Lowest MIC data included for tetracycline in the EUCAST data base, most sensitive bacteria Helicobacter pylori. The number of 1462 
species with MIC data in the EUCAST MIC distribution database for TC was =99 (database last accessed 31 August 2020). See 1463 
Table 1. 1464 

 1465 
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Feed Antimicrobial Resistance Selection Concentration (FARSC) 1466 

From the PMSC, the Feed Antimicrobial Resistance Selection Concentration (FARSC) 1467 
corresponding to the maximal concentrations in feed were calculated for each species from 1468 
Equation 6 by including specific values for TC.  1469 

Equation 6  1470 

𝐹𝐴𝑅𝑆𝐶 (𝑚𝑔 𝑘𝑔 𝑓𝑒𝑒𝑑⁄ ) =
𝑃𝑀𝑆𝐶 ×  𝑑𝑎𝑖𝑙𝑦 𝑓𝑎𝑒𝑐𝑒𝑠

(1 − 𝐼) × (1 − 𝐹 + 𝐹 × 𝐺𝐸) × 𝑑𝑎𝑖𝑙𝑦 𝑓𝑒𝑒𝑑 𝑖𝑛𝑡𝑎𝑘𝑒
 1471 

With daily faeces being the daily faecal output in kg, I the inactive fraction, F the fraction available, GE 1472 
the fraction eliminated in the gut and daily feed intake being the daily feed intake expressed in kg.  1473 

A recent publication of Ahn et al. (2018) estimated that the binding of tetracyclines was 1474 
56.9±9.1% and 58.2±10.8% in 25% (w/v) human faecal slurries spiked with 0.15 and 1.5 1475 
µg/mL TC respectively. Therefore, I for tetracyclines was set to 0.5. Due to the lack of 1476 
information for animal species and to the possibility that TC chelates to intestinal contents, 1477 
other simulations were performed with I equal to 0.2 and 0.8.  1478 

From the publications cited above, F for TC was set to 0.3 for ruminants and 0.1 for pigs, 1479 
poultry, horse and rabbits. Due to the large range of reported bioavailability in the literature, 1480 
other additional simulations performed with values ranging from 0.01 to 0.5 depending on the 1481 
species. GE was set to 0 as the elimination through the gut was considered negligible 1482 
compared to the low bioavailability. 1483 

The different values of the parameters used for the calculations are summarized in Table 4 1484 
and the estimated FARSC values are reported in Table 5. 1485 

Table 4. PMSC and PK values used for the calculation of FARSC of TC for the different species 1486 

 1487 

 1488 

 1489 

 1490 

 1491 

 1492 

 1493 

  1494 

Tetracycline data 
Data for 
scenario #1 

Data for 
scenario #2 

Data for 
scenario #3 

PMSC (mg/L) 0.00016 

Inactive fraction 0.5 0.2 0.8 

bioavailability (F) ruminants 0.3 0.05 0.5 

bioavailability (F) pig 0.1 0.03 0.25 

bioavailability (F) poultry 0.1 0.01 0.2 
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Table 5. The Feed Antimicrobial Resistance Selection Concentration (FARSC) of tetracyclines 1495 
corresponding to the maximum concentration of residues in feed that would not develop resistance 1496 
in the large intestines of bacteria  1497 

Species Age group 

FEEDAP 
Panel 

guidance 
weight 
(kg)(a) 

FEEDAP 
Panel 

Guidance 
Daily Feed 
Intake (kg 

DM)(a) 

Daily output of 
faeces (kg)(b) 
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pig sow lactating 175 5.28 7.875 0.53 0.31 1.59 

pig weaned piglets 20 0.88 0.9 0.36 0.21 1.09 

pig pigs for 
fattening 

60 2.2 2.7 0.44 0.25 1.31 

cattle dairy cows 650 20 39 0.89 0.41 3.12 

cattle veal calves 100 1.89 6 1.45 0.67 5.08 

cattle beef cattle 400 8 24 1.37 0.63 4.80 

goat > 12 months 60 1.2 1.56 0.59 0.27 2.08 

sheep > 12 months 60 1.2 1.5 0.57 0.26 2.00 

chicken broiler 2 0.158 0.17 0.38 0.22 1.08 

chicken laying hen 2 0.106 0.136 0.46 0.26 1.28 

turkey poultry 3 0.176 0.141 0.28 0.16 0.80 

horse adult 400 8 12.8 0.57 0.33 1.71 

rabbit adult 2 0.1 0.08  0.28 0.16 0.85 
DM: dry matter. 1498 
(a): EFSA FEEDAP Panel, 2017.  1499 
(b): data collected from the literature.  1500 
(c): According to Equation 6, FARSC is calculated as mg drug/kg feed. Due to the low values obtained, for practical 1501 
reasons, the numbers are provided in µg/kg feed.  1502 

The values of FARSC, for the species with available data, ranged in the first scenario using 1503 
averaged published values from 0.3 and 0.4 µg/kg feed in turkeys and weaner pigs 1504 
respectively to 1.45 µg/kg feed in veal calves. From other simulations (scenario 2 and scenario 1505 
3) made with a wider range of values for the data used in the calculation, FARSC would range 1506 
from 0.2 to 0.8 µg/kg feed for turkeys, from 0.2 to 1.6 µg/kg feed in weaner pigs, and from 1507 
0.7 to 5.1 µg/kg feed in veal calves. 1508 

For the estimation of Feed Antimicrobial Resistance Selection Concentration in rumen 1509 
(FARSCrumen), no data were available concerning the activity of TC so, “I” was set to 0. The 1510 
estimated FARSCrumen values are reported in Table 6. 1511 

  1512 
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Table 6. The Feed Antimicrobial Resistance Selection Concentration (FARSCrumen) of tetracyclines 1513 
corresponding to the maximum concentration of tetracycline residues in feed that would not develop 1514 
resistance in the rumen bacteria  1515 

Species Age group 
FEEDAP Panel 

guidance 
weight (kg)(a) 

FEEDAP Panel 
Guidance Daily 
Feed Intake (kg 

DM)(a) 

Daily output 
of faeces 

(L)(b) 
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)  
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dr
ug

/k
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cattle beef cattle 400 8 60 1.2 
goat > 12 months 60 1.2 6 0.8 

sheep > 12 months 60 1.2 6 0.8 
DM: dry matter. 1516 
(a): EFSA FEEDAP Panel, 2017.  1517 
(b): data collected from the literature.  1518 
(c): According to Equation 9, FARSC is calculated as mg drug/kg feed. Due to the low values obtained, for practical 1519 
reasons, the numbers are provided in µg/kg feed. 1520 

The values of FARSCrumen ranged from 0.8 to 1.2 µg/kg feed.  1521 

Uncertainties for these estimations  1522 

With regard to the uncertainties described in the main text we identify the following specific 1523 
factors for tetracycline: 1524 

(i) Limited MSC data: tetracycline data for MSCs is available for S. enterica (Gullberg et al., 1525 
2011). This limitation was overcome by the PMSC approach.  1526 

(ii) Extrapolation from one antimicrobial to another within an antimicrobial class: 1527 
we suggest that this uncertainty is limited with the reasonable assumption that MSCs are 1528 
similar if the different antimicrobials within a class share an identical mechanism of action and 1529 
resistance mechanisms. 1530 

(iii) Impact of complexity on determined MSCs: limited data available suggesting that 1531 
the MSCs differ by 15-fold between communities and single species. Thus, for tetracycline the 1532 
MSC is reported to be 15-fold lower in the community compared to the defined single species 1533 
set-up (1 ug/L vs. 15 ug/L) (Gullberg et al 2011; Lundström et al 2016). The conservative 1534 
estimate would therefore be the community MSC value (1 ug/L).  1535 

(iv) Bioavailability: the bioavailability for TC, OTC and CTC were considered as similar for 1536 
a given species. For horses and rabbits, the value of the bioavailability in pigs (monogastric 1537 
mammal) was used. No data were found for adult ruminants and the value of bioavailability 1538 
found for young ruminants (not for pre-ruminants) was also applied to adults. 1539 

(v) Inactive fraction: no data obtained for animal species in large intestines or in the rumen. 1540 

A detail analysis of the uncertainties is included in Section 5. 1541 

 1542 

3.1.3 Estimation of maximum concentrations of doxycycline at feed level that would 1543 
not develop resistance in the rumen and intestinal bacteria 1544 

The PMSC value used was the same as for all other tetracyclines (see Section 3.1.2). 1545 
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 1546 

Feed Antimicrobial Resistance Selection Concentration (FARSC) for DOX 1547 

From the PMSC, the Feed Antimicrobial Resistance Selection Concentration (FARSC) 1548 
corresponding to the maximal concentrations in feed were calculated for each species from 1549 
Equation 6 by including specific values for DOX.  1550 

Equation 6  1551 

𝐹𝐴𝑅𝑆𝐶 (𝑚𝑔 𝑘𝑔 𝑓𝑒𝑒𝑑⁄ ) =
𝑃𝑀𝑆𝐶 ×  𝑑𝑎𝑖𝑙𝑦 𝑓𝑎𝑒𝑐𝑒𝑠

(1 − 𝐼) × (1 − 𝐹 + 𝐹 × 𝐺𝐸) × 𝑑𝑎𝑖𝑙𝑦 𝑓𝑒𝑒𝑑 𝑖𝑛𝑡𝑎𝑘𝑒
 1552 

With daily faeces being the daily faecal output in kg, I the inactive fraction, F the fraction available, GE 1553 
the fraction eliminated in the gut and daily feed intake being the daily feed intake expressed in kg.  1554 

 1555 

Due to the lack of information for the inactive fraction in the digestive tract, the I value was 1556 
set to 0. However, since one old study suggested that the inactivation of DOX in the distal 1557 
part of the intestines could be high, other simulations were done with I set to 0.7. 1558 

From the publications cited above, F for DOX was set to 0.7 for calves, 0.3 for adult ruminants, 1559 
0.2 for pigs, 0.06 for horses and 0.03 for rabbits. Due to the wider range of reported individual 1560 
bioavailabilities in the literature, other additional simulations were performed with F values 1561 
from 0 to 0.8 depending on the species. 1562 

Since the EMEA reported that doxycycline was mainly excreted in faeces, mostly in a 1563 
microbiologically inactive form, the GE was set to 0. 1564 

The different values of the parameters used for the calculations are summarized in Table 7 1565 
and the estimated FARSC values are reported in Table 8. 1566 

Table 7. PMSC and PK values used for the calculation of FARSC of DOX for the different species 1567 
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PMSC (mg/L) 0.00016 

Inactive fraction 0 0 0.7 

bioavailability (F) calves 0.7 0.5 0.8 

bioavailability (F) adult ruminant 0.3 0.1 0.5 

bioavailability (F) pig 0.2 0.05 0.4 

bioavailability (F) poultry 0.4 0.2 0.6 

bioavailability (F) horse  0.06 0 0.15 

bioavailability (F) rabbit 0.03 0 0.1 

Gastrointestinal elimination 0 0 0 

DOX: doxycycline; FARSC: Feed Antimicrobial Resistance Selection Concentration; PK: pharmacokinetic; PMSC: 1568 
predicted minimal selective concentration.  1569 
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Table 8. The Feed Antimicrobial Resistance Selection Concentration (FARSC) of DOX corresponding 1570 
to the maximum concentration of doxycycline residues in feed that would not develop resistance in 1571 
the large intestinal bacteria 1572 

Species Age group 

FEEDAP 
Panel 

guidance 
weight 
(kg)(a) 

FEEDAP Panel 
Guidance 
Daily Feed 
Intake (kg 

DM) (a) 

Daily 
output of 
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pig sow lactating 175 5.28 7.875 0.30 0.25 1.33 

pig weaned piglets 20 0.88 0.9 0.20 0.17 0.91 

pig pigs for fattening 60 2.2 2.7 0.25 0.21 1.09 

cattle dairy cows 650 20 39 0.45 0.35 2.08 

cattle veal calves 100 1.89 6 1.69 1.02 8.47 

cattle beef cattle 400 8 24 0.69 0.53 3.20 

goat > 12 months 60 1.2 1.56 0.30 0.23 1.39 

sheep > 12 months 60 1.2 1.5 0.29 0.22 1.33 

chicken broiler 2 0.158 0.17 0.29 0.22 1.43 

chicken lay hen 2 0.106 0.136 0.34 0.26 1.71 

turkey poultry 3 0.176 0.141 0.21 0.16 1.07 

horse adult 400 8 12.8 0.27 0.26 1.00 

rabbit adult 2 0.1 0.08  0.13 0.13 0.47 

(a): EFSA FEEDAP Panel, 2017.  1573 
(b):data collected from the literature.  1574 
(c): According to Equation 6, FARSC is calculated as mg drug /kg feed. Due to the low values obtained, for practical 1575 
reasons, the numbers are provided in µg /kg feed.  1576 

The values of FARSC, for the species with available data, ranged in the first scenario, using 1577 
averaged published values, from 0.2 µg/kg feed in turkeys and weaner pigs to 1.7 µg/kg feed 1578 
in veal calves. From the scenario 2, FARSC would range from 0.2 for turkeys and weaner pigs 1579 
to 1 µg/kg feed in veal calves. From scenario 3, performed by considering a high level of 1580 
inactivation of doxycycline in the distal part of the intestines, the values of FARSC were far 1581 
higher, ranging from 1 for weaner pigs to 8.5 µg/kg feed in veal calves. 1582 

The estimation of Feed Antimicrobial Resistance Selection Concentration of DOX in rumen 1583 
(FARSCrumen) was identical as FARSCrumen for TC since the PMSC was the same and “I” was also 1584 
set to 0 (absence of data). 1585 

  1586 
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Table 9. The Feed Antimicrobial Resistance Selection Concentration (FARSCrumen) of TC corresponding 1587 
to the maximum concentration of doxycycline (DOX) residues in feed that would not develop 1588 
resistance in the rumen bacteria  1589 

Species Age_group 
FEEDAP Panel 

guidance 
weight (kg)(a) 

FEEDAP Panel 
Guidance Daily 
Feed Intake (kg 

DM)(a) 

Volume of 
rumen 

content 
(L)(b) 
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cattle beef cattle 400 8 60 1.2 
goat > 12 months 60 1.2 6 0.8 

sheep > 12 months 60 1.2 6 0.8 
DM: dry matter. 1590 
(a): EFSA FEEDAP Panel, 2017.  1591 
(b): data collected from the literature.   1592 
(c): According to Equation 9, FARSC is calculated as mg drug /kg feed. Due to the low values obtained, for practical 1593 
reasons, the numbers are provided in µg per kg feed.  1594 
 1595 

The values of FARSCrumen ranged from 0.8 to 1.2 µg/kg feed.   1596 

Uncertainties for these estimations  1597 

With regard to the uncertainties described in the main text, we identify the following specific 1598 
for DOX: 1599 

(i) Limited MSC data  1600 

(ii) Extrapolation from one antimicrobial to another within an antimicrobial class  1601 

(iii) Impact of complexity on determined MSCs  1602 

(iv) Inactive fraction: no data were available for DOX and the estimations were obtained 1603 
with a value of 0 for the inactive fraction. As the chemical properties of DOX and other 1604 
tetracyclines are different, the obtained values for the inactive fraction of tetracyclines in 1605 
humans was not applied for DOX. The inactive fraction is perhaps higher than estimated, as 1606 
suggested by one publication on the disposition of DOX in dogs and humans in 1971.  1607 

(v) Intestinal elimination: the EMEA reported that doxycycline was excreted in faeces 1608 
mostly in microbiologically inactive form. So, the fraction eliminated in intestines (GE) was set 1609 
to 0. However, it must be noticed that two old publications reported an absence of metabolism 1610 
in pig and cattle.  1611 

A detailed analysis of uncertainties and data gaps associated with the assessments is included 1612 
in Sections 5 and 4, respectively. 1613 

4 Data gaps and important considerations 1614 

4.1  Data gaps 1615 

There are numerous data gaps, mainly relating to the very small number of studies that are 1616 
relevant to this assessment, which only cover a limited range of antimicrobials; mostly for 1617 
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those that are not included in the list of approved feed additives in the EU, so no relevant 1618 
data exists for most of the compounds included in the mandate list. Similarly, the competition 1619 
studies that have been carried out to determine MSCs have only included Salmonella and E. 1620 
coli, which are relevant target bacteria for such studies of resistance, in that they can be 1621 
pathogenic and sources or recipients of transferable resistance, but may not be representative 1622 
for the whole of the intestinal bacterial population, most of which are considered to be non-1623 
culturable, or so fastidious that meaningful competition experiments in the presence of 1624 
antimicrobials could not be reliably carried out. There may also be strain differences within 1625 
bacterial species, so it is important that the experimental strains provide a sensitive model 1626 
and are also representative of their species. Questions have also been raised about the 1627 
representativeness of the competition experiments in relation to complex intestinal microbiota, 1628 
but it is not possible to carry out such studies in a standardized and repeatable way with 1629 
complex microbial populations, and the very limited studies that have attempted this provide 1630 
conflicting results regarding the increased or reduced probability of observing resistance 1631 
selection.  1632 

The lack of data in the literature on the volume of intestinal contents of different animal 1633 
species and on the PK of antimicrobials also limited/compromised the prediction of active 1634 
antimicrobial concentrations in the rumen and large intestines after consumption of cross-1635 
contaminated feed. The bioavailability of most of antimicrobials after oral administration was 1636 
obtained for many species even though the number of studies per species was low and there 1637 
can be variability according to age, diet and animal production sector. These data were used 1638 
to predict the percentage of antimicrobials remaining in the large intestines after ingestion. 1639 
However, several other factors such as the actual activity of the non-absorbed drug or the 1640 
possible excretion of active metabolites were very poorly described in the literature.  1641 

The specific data gaps are considered in more detail below:  1642 

MSC/PMSC Data 1643 

-MSC Data for antimicrobial class/substances: 1644 

 Quinolones: MSC published data available only for the fluoroquinolone ciprofloxacin 1645 
(not included in the Mandate list), but not for the quinolones flumequine and oxolinic 1646 
acid. Due to the differences in the MICs between the fluoroquinolones and the 1647 
quinolones included in the list of antimicrobials to be assessed, oxolinic acid and 1648 
flumequine, no extrapolation on the MSC data can be done.  1649 

 Aminoglycosides: MSC published data available only for streptomycin and kanamycin 1650 
(not included in the Mandate list), but not for apramycin, neomycin, spectinomycin, 1651 
nor paromomycin. Based on their mechanism of action and resistance mechanism and 1652 
MICs, the MSC and PMSC expected values for neomycin would be similar to those from 1653 
kanamycin. However, no extrapolations were done. 1654 

 Macrolides: MSC published data available only for erythromycin (not included in the 1655 
Mandate list), but not for tilmicosin, tylosin nor tylvalosin. 1656 

 No MSC data are available for amoxicillin, penicillin V, sulfonamides, amprolium, 1657 
lincomycin, florfenicol, tiamfenicol, tiamulin, valnemulin, nor colistin. 1658 

-MSC data for the most susceptible species:  1659 
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 MSC data for the species with the lowest MIC for a certain antimicrobial is lacking. If 1660 
this data was available, it would not be needed to calculate the PMSC. 1661 

-MSC data for Gram positive species: 1662 

 We also tried to gather some MSC data on Gram positive bacteria from the existing 1663 
literature. One method used by Greenfield et al. (2018) involves deducing the MSC 1664 
from a dose-response (growth rate) experiment for two isogenic strains; one resistant 1665 
and one susceptible to the antimicrobial considered. This methodology was validated 1666 
by comparison with the experimental competition data obtained from Gullberg et al. 1667 
(2011) and was shown to provide good predictions. In principle, this method could be 1668 
used for the species and antimicrobials for which no MSC data presently exists, but it 1669 
would require experimental determination of the dose-response curve and validation 1670 
by additional competitions.  1671 

 By screening the literature, the work by Ankomah et al. (2013) was identified as a 1672 
potential source of data for Gram positive bacteria. However, the data presented there 1673 
was only for susceptible strains and therefore not deemed useful for the present 1674 
opinion. Therefore, future studies should include determination of MSC of Gram 1675 
positive bacteria. 1676 

Animal digestive anatomy 1677 

 The anatomy of large intestines greatly varies between animal species and even when 1678 
the topography of the organs was extensively described among species, their content 1679 
in terms of volume is rarely available. Therefore, the volume of daily faecal output, 1680 
which is better described in the literature was used in the calculations to predict large 1681 
intestinal concentrations of drug. 1682 

PK Data 1683 

- Bioavailability  1684 

 The bioavailability for TC, OTC and CTC were considered as similar for a given species. 1685 
For horses and rabbits, the value of the bioavailability in pigs (also a monogastric 1686 
mammal) was used. No data were found for adult ruminants and the value of 1687 
bioavailability described for young ruminants (not for pre-ruminants) was also applied 1688 
to adults. 1689 

- Inactive fraction  1690 

 Data on the inactive fraction of the drug in rumen or large intestines of animals was 1691 
very rarely available. No data were found for TC, OTC, CTC or DOX.  1692 

- Metabolites 1693 

 The presence of active metabolites for TC, OTC, CTC or DOX in the digestive tract was 1694 
not described in the literature and so the calculation of FARSC was performed by only 1695 
considering the activity of the parent drug on the microbiota. 1696 
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4.2  Other considerations 1697 

Resistant mutants that appear de novo or are pre-existing have some probability to increase 1698 
in frequency, and potentially become fixed in a specific environment (e.g. a human or animal 1699 
host or population). This probability will depend on several complex evolutionary and 1700 
ecological factors, including both the bacterial and host population structure, fitness of the 1701 
resistant mutants in different environments, environmental conditions such as microbiota, 1702 
levels of nutrients and selectors such as antimicrobial agents as well as other factors (see for 1703 
example Levin et al., 2000; Patwa and Wahl, 2008; Hiltunen et al., 2017; Lakshmaiah 1704 
Narayana et al., 2020; Leónidas Cardoso et al., 2020). In this opinion, the main focus is on 1705 
determining the lowest level of an antimicrobial agent that can enrich for a specific resistant 1706 
mutant under defined experimental conditions in laboratory settings.  1707 

Clearly the various factors mentioned above could influence the estimate of the PMSC (it could 1708 
be either higher or lower). However, they have not been addressed here (with the exception 1709 
of the reference to the impact of complex communities on selection for which there is a small 1710 
amount of conflicting data), mainly because of lack of data and estimates of how they 1711 
potentially could influence the magnitude of the PMSC. This lack of knowledge generates an 1712 
uncertainty in the estimate of the PMSC. 1713 

Ideally, the increase of resistance from residues in animal feed should be directly determined 1714 
for all 24 antimicrobial substances in the various target animals. Such studies may possibly 1715 
represent different species-specific real-life conditions such as the pharmacokinetics of the 1716 
drug and the composition of the commensal bacterial communities, but the potential for 1717 
variability is huge. Moreover, the prolonged time required for such experiments to reliably 1718 
demonstrate no selective effect might further hinder the implementation of such studies. 1719 
Additionally, alternative methods to animal experimentation according to the 3R principles: 1720 
‘Replacement, Reduction and Refinement’ should be considered.12  1721 

5 Uncertainty analysis 1722 

The specific uncertainties identified and their impact on the determination of the Feed 1723 
Antimicrobial Resistance Selective Concentration (FARSC) are included in Excel Table 10 (file 1724 
provided separately for this public consultation). 1725 

The overall impact of the identified uncertainties on the conclusions will be included in a later 1726 
stage. 1727 
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Glossary and/or abbreviations and/or acronyms 2038 

AADQ: Acceptable Active Daily Quantity  2039 

ADI: Acceptable Daily Intake 2040 

ALARA: “as low as reasonably achievable” 2041 

AMR: antimicrobial resistance 2042 

ARSQ: Antimicrobial Resistance Selection Quantity 2043 

ATDQ: Acceptable Total Daily Quantity  2044 

BIOHAZ: Biological Hazards 2045 

BW: body weight 2046 

CFIA: Canadian Food Inspection Agency  2047 

CTC: chlortetracycline  2048 

CVMP: EMA Committee for Medicinal Products for Veterinary Use 2049 

DHFR: dihydrofolate reductase  2050 

DM: dry matter 2051 

DOX: doxycycline 2052 

EMA: European Medicines Agency 2053 

EPMAR: European Public MRL Assessment Report 2054 

EUCAST: European Committee Antimicrobial Susceptibility testing (European Society for 2055 
Clinical  2056 

EURL: European Union Reference Laboratory 2057 

FARSC: Feed Antimicrobial Resistance Selection Concentration 2058 

FDA: US Food and Drug Administration 2059 

FSCJ: Food Safety Commission Japan  2060 

GE: fraction of drug eliminated unchanged from plasma to gut 2061 

GFP: green fluorescent protein 2062 

HGT: horizontal gene transfer 2063 

LOQ: limit of quantification 2064 

mADI: microbiologically acceptable daily intake 2065 

MGE: mobile genetic element 2066 

MIC: minimal inhibitory concentration 2067 
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MIClowest: minimal inhibitory concentration of the most susceptible species/strain included in 2068 
the EUCAST database for a certain antimicrobial 2069 

MICres: minimal inhibitory concentration of the resistant strain 2070 

MICsusc: minimal inhibitory concentration of the susceptible strain 2071 

MICtest: minimal inhibitory concentration of the susceptible isolate used in the competition 2072 
experiments to calculate the MSC 2073 

MRL: maximum residues limit 2074 

MSC: minimal selective concentration 2075 

NARMS: US National Antimicrobial Resistance Monitoring System 2076 

NOAEC: no-observed-adverse-effect concentration 2077 

NOAEL: no-observed-adverse-effect level 2078 

OIE: World Organization for Animal Health 2079 

OTC: oxytetracycline  2080 

PBP: penicillin-binding protein 2081 

PK: pharmacokinetic 2082 

PMSC: Predicted MSC 2083 

PNEC: Predicted No-Effect Concentration 2084 

TC: tetracycline 2085 

TMR: total mixed ration 2086 

TRG: tetracycline resistance gene 2087 

VETCAST: Veterinary Committee on Antimicrobial susceptibility test (ESCMID) 2088 

WG: Working Group 2089 




