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Abstract 23 

Background 24 

This review follows on from the International Conference on One Health Antimicrobial 25 

Resistance (ICOHAR 2019), where strategies to improve the fundamental understanding and 26 

management of antimicrobial resistance at the interface between humans, animals and the 27 

environment were discussed.  28 

Objective 29 

This review identifies alternatives to antimicrobials in a One Health context, noting how 30 

advances in genomic technologies are assisting their development and enabling more targeted 31 

use of antimicrobials.  32 

Sources 33 

Key articles on the use of microbiota modulation, livestock breeding and gene editing, 34 

vaccination, anti-virulence strategies and bacteriophage therapy are discussed. 35 

Content 36 

Antimicrobials are central for disease control, but reducing their use is paramount due to the 37 

rise of transmissible antimicrobial resistance. This review discusses antimicrobial alternatives 38 

in the context of improved understanding of fundamental host-pathogen and microbiota 39 

interactions using genomic tools. 40 

Implications 41 

Host and microbial genomics and other novel technologies have an important role to play in 42 

devising disease control strategies for healthier animals and humans that in turn reduce our 43 

reliance on antimicrobials. 44 

 45 

 46 



 47 

Introduction 48 

Over the past half century, global livestock production has dramatically increased [1], which 49 

has been made possible by intensification of livestock systems and genetic selection for 50 

improved feed conversion efficiency. However, this has come at a cost, with strong evidence 51 

that high stocking densities increases the risk of infectious disease [2–5]. Disease eradication, 52 

vaccination and antimicrobial use have been instrumental in mitigating the impacts of 53 

infectious disease on animal health, welfare and production. Whilst there are regional examples 54 

of successful disease eradication [6–10], rinderpest is the only animal disease to have been 55 

eradicated globally [11,12]. Many production limiting diseases in livestock are not 56 

satisfactorily controlled by vaccination, particularly in highly productive individuals, where 57 

metabolic resources are potentially allocated to production at the expense of immune function 58 

[13]. As such, some highly productive livestock systems rely on antimicrobials to control 59 

production limiting disease complexes, evidenced in part by predictions of an increase in global 60 

antimicrobial use in livestock production from 63,151 tons in 2010 to 105,596 tons by 2030 61 

[14]. In some countries, sub-therapeutic doses of antimicrobials are used as dietary additives 62 

to promote the growth of farmed animals, however this is now prohibited in the European 63 

Union due to fears that this practice results in the transmission of antimicrobial resistance to 64 

clinically-relevant human pathogens.  65 

 66 

Whilst there is ongoing debate relating to the magnitude of the impact of antimicrobial use in 67 

livestock on human health [15,16] and the environment [17], there is sufficient evidence to 68 

support the adoption of a precautionary principle with respect to antimicrobial use in many 69 

animal production systems [18]. Livestock owners are therefore faced with the challenge of 70 

how to reduce antimicrobial use, whilst improving the health, welfare and productivity of their 71 



animals. Of most concern is that many production systems have become reliant on 72 

antimicrobial use and that if use is reduced, without other changes, there is a significant risk of 73 

increased levels of disease and decreased animal welfare and production.  74 

 75 

Fundamental research aiding our understanding of host-pathogen interactions, and gene 76 

exchange [19], is key to developing alternatives. Such research has improved our 77 

understanding of the complexity of interactions between eukaryotes, prokaryotes, viruses and 78 

their environments, which has been accelerated by sequencing technologies. This short review 79 

will highlight some key alternative approaches to reduce infections in livestock species that in 80 

turn could ease the reliance on antimicrobials, and therefore reduce the emergence and 81 

maintenance of AMR alleles in these populations and the potential impact on humans. These 82 

are summarized in Figure 1. 83 

 84 

Microbiota modulation 85 

Microbiota modulation, using probiotics, altered nutrition or faecal transplantation, has been 86 

intensively studied in the context of human, livestock and plant health (as previously reviewed 87 

[20–22]). Improved understanding of these techniques requires further study of host-88 

microbiota dynamics, which is reliant on genomic tools to define the microbial populations 89 

present. 90 

 91 

One of the clearest examples of the importance of the host microbiota is the protective role 92 

against enteric pathogens (as previously reviewed [23–26]). Gut microbiome studies usually 93 

target faeces, but unique taxonomic profiles have been revealed in discrete gut sections [27–94 

30]. For example, bacterial populations in the porcine small intestine have been shown to 95 

change in response to an increase in dietary protein and exposure to enterotoxigenic 96 



Escherichia coli [29], in the absence of changes in the faecal microbiome [29,31]. Probiotics 97 

have also shown targeted effects, with Bacillus pumilus supplementation being shown to 98 

decrease Lawsonia intracellularis shedding and numbers of small intestinal lesions in pigs 99 

[32]. Supplementation with other Bacillus probiotic strains showed a reduction of intestinal 100 

Clostridium perfringens counts and a reduction of Salmonella colonisation in broiler chickens 101 

[33,34]. Such work highlights the importance of targeted microbiome studies, at both key 102 

digestion and colonisation sites, whilst also demonstrating the potential of microbiota 103 

modulation in reducing bacterial colonisation without antibiotic use. 104 

 105 

Additionally, a higher resolution understanding of microbiota dynamics is required. For 106 

example, the use of large-scale cross sectional [35] and longitudinal [36] microbiome data has 107 

linked the effects of antibiotic administration with AMR gene abundance and diversity in pig 108 

production systems. Specifically, metagenomic sequencing allows a comprehensive analysis 109 

of both microbial taxonomy and identification of genes encoding for antimicrobial resistance, 110 

toxin production and the presence of mobile genetic elements. Such an approach facilitates an 111 

understanding of the maintenance of AMR gene and virulence determinants within the 112 

microbiome, whilst also demonstrating the impact of management and disease (including viral 113 

and parasitic infections) on microbiota composition and function.  114 

 115 

In the context of microbiota modulation, genomic tools will be instrumental in identifying both 116 

the reservoirs and mechanisms of AMR, as well as the development and testing of novel 117 

interventions to reduce AMR gene carriage and colonisation by production limiting and 118 

zoonotic infections. Additionally, a better functional understanding of metabolic pathways 119 

within the microbiota provides the opportunity for modulation to achieve more efficient ration 120 

utilisation, and this area aligns with research to understand how antibiotics can be successful 121 



growth promoters. This raises the question whether this is due to reducing pathogen loads 122 

and/or initiating more general changes in microbiota composition that favour nutrient 123 

acquisition by the animal.  124 

 125 

Livestock breeding and gene editing 126 

Increased productivity has been selected for since the domestication of livestock and has been 127 

accelerated in recent decades through the use of breeding indices, based on production data 128 

collected from well-defined pedigrees. Initially, these indices were almost exclusively focused 129 

on feed conversion efficiency and total yield, and their implementation has negated the benefits 130 

achieved via use of antimicrobial growth promoters over time [37]. However, the importance 131 

of including more balanced traits, including disease susceptibility, has come to the fore.  132 

 133 

Genetic gains in livestock traits have been most obvious in developed countries, but now there 134 

is an emphasis to improve productivity by dissecting the basis of livestock traits associated 135 

with resilience to climate, disease and nutritional stressors. Genomic selection using breeding 136 

values based on genome-wide markers [38], has the potential to further accelerate rates of 137 

genetic improvement in livestock, whilst also ensuring more balanced selection for traits 138 

important to health and disease. A key challenge is to balance sustainable genetic gains against 139 

narrowing of genetic diversity, particularly with respect to Major Histocompatibility Complex 140 

haplotypes that are vital for presentation of diverse antigens.   141 

 142 

Transgenic and gene editing technologies open up further possibilities for disease control (as 143 

previously reviewed [39]). Early applications of this technology included engineering of 144 

lysozyme and lysostaphin into milk-producing species to reduce susceptibility to bacterial 145 

pathogens that cause mastitis. which are significant drivers of antibiotic use in dairy cattle [40]. 146 



As new technologies have become available, more targeted approaches have been 147 

demonstrated, such as gene editing in pigs for resistance to porcine reproductive & respiratory 148 

syndrome virus (PRRSV). PRRSV is an immunomodulatory pathogen that has significant 149 

impacts on pig production globally and is a major driver of antimicrobial use due to secondary 150 

bacterial infections. A detailed understanding of host-pathogen interactions identified CD163 151 

as an important internal receptor for the virus [41]. This was combined with knowledge of the 152 

specific domain bound by the virus, as well as splicing data, to precisely delete only the virus 153 

binding domain, leaving other important functions of CD163 intact. When homozygous, this 154 

edit results in complete resistance to both main types of the virus in macrophages and to 155 

PRRSV-1 in edited animals [42,43].  156 

 157 

Such methods still need to pass regulatory and public acceptance [44], but they clearly have 158 

the potential to offer a step-change for resistance to certain diseases, especially where 159 

integrated supply chains exist from nucleus genetic stocks that could be modified and rapidly 160 

distributed. Genome-wide mutagenesis to identify host genes that influence viral replication 161 

[45,46] is being used to define new targets for gene editing. Whether bacterial infections offer 162 

such opportunity for targeted editing remains unclear.  163 

 164 

Vaccination 165 

Vaccines have a vital role in the control of antimicrobial resistance as they can reduce the 166 

number of cases of disease requiring therapy, both directly by protecting recipients and 167 

indirectly via herd immunity [47]. Moreover, they can reduce the number of pathogens 168 

associated with clinical syndromes permitting narrow-spectrum therapies, and can be used to 169 

combat the transmission of pathogens and their antimicrobial resistances from animals to 170 

humans.  171 



 172 

Priority pathogens for veterinary vaccines remain ill-defined, compounded by the fact that 173 

some diseases are polymicrobial in origin (e.g. ovine foot rot, necrotic enteritis in poultry), or 174 

may be caused by different pathogens for which specific diagnoses are not necessarily sought 175 

(e.g. mastitis). Even for diseases associated with a single pathogen, genetic diversity and rapid 176 

evolution can impede the design of cross-protective vaccines. Priorities and novel approaches 177 

for animal vaccines were recently reviewed [48,49], and include viral diseases that attract 178 

significant antibiotic use for secondary bacterial infections owing to immunosuppression. 179 

Where effective vaccines have been implemented, reduced antimicrobial use can be 180 

documented, as with vaccines for Lawsonia intracellularis, Actinobacillus pleuropneuomia, 181 

PRRSV and porcine circovirus-2 in pigs [48]. 182 

 183 

Comparative and functional genomic analysis have powerful roles to play in vaccine 184 

development. Sequence analysis can predict pathogen-specific factors that are conserved and 185 

accessible to antibody by virtue of secretion signals, which can then be evaluated as subunit 186 

vaccines, a concept termed reverse vaccinology [50]. This was first applied to develop vaccines 187 

for group B meningococci [51] and extended to animal diseases, including brucellosis, mastitis 188 

and systemic E. coli infections. Analysis of pathogen gene expression within the host can 189 

further narrow the selection of targets. A major advance in recent years has been the advent of 190 

transposon sequencing approaches that can assign phenotypes to mutants screened in complex 191 

pools with minimal animal use. These rely on massively-parallel sequencing of transposon-192 

flanking sequences in pools of mutants, and when applied to inocula and output pools 193 

recovered from animals, can simultaneously identify transposon insertion sites and quantify 194 

the relative abundance of the cognate mutants [52].  These identify key virulence factors that 195 

could be used as subunit vaccines, vectored in carrier strains, or mutated to produce live-196 



attenuated vaccines. However, selection of candidates for live-attenuated vaccines that will 197 

confer lasting protection with minimal persistence and in the absence of pathology remains a 198 

key challenge. Importantly, screening of the same mutant library across multiple hosts can 199 

reveal host- or tissue-specific virulence factors, with important implications for vaccine design 200 

[53]. Whilst genomics is being increasingly applied to antigen discovery, there is a need to 201 

explore its utility to understand the host response to vaccination, particularly with respect to 202 

novel adjuvant and vaccine platform development. This is particularly important in livestock 203 

species, given the limited immunological reagents to study host immune responses. 204 

 205 

Anti-virulence strategies  206 

 ‘Anti-virulence’ (AV) compounds disarm pathogenic bacteria by blocking activity or 207 

expression of virulence factors which are required to colonise and persist in their host. Genomic 208 

approaches have the capacity to identify virulence factors, regulons and regulators that are 209 

important for infection.  These can then be the focus of screens for inhibitors, building on the 210 

regulatory disruption shown for the first published AV inhibitor, virstatin, which inhibits the 211 

expression of virulence genes in Vibrio cholerae via the downregulation of the transcriptional 212 

regulator, ToxT [54]. Bacterial biofilms have been targeted for AV development [55–57] and 213 

small molecule screens are key in defining biofilm inhibitors. Genomic approaches such as 214 

RNAseq can be applied to study the pathways affected [56], potentially identifying more 215 

refined targets. An example of this is ajoene, a sulphur-rich molecule isolated from garlic, that 216 

has been shown to inhibit biofilm formation by sRNA inhibition [58].  217 

 218 

Compounds specifically targeting toxin activity are attractive areas for development, including 219 

a hydroxamate inhibitor of lethal factor anthrax toxin [59] and binders of Shiga toxin aimed at 220 

preventing toxicity systemically [60] or by ‘bacterial mops’ expressing the receptor in the gut 221 



[61]. A high-throughput screen of synthetic compounds led to the identification of compounds 222 

which reduce Shiga toxin production in a dose-dependent manner [62]. An AV strategy has 223 

been designed to neutralise the key toxins produced by virulent strains of Clostridium difficile 224 

toxins [63,64]. In 2017, the FDA approved the monoclonal antibody Bezlotoxumab, which 225 

targets C. difficile Toxin B, as a therapy for patients with recurring C. difficile infections [65]. 226 

As with toxins, as we define critical virulence factors, these can be specifically targeted. Many 227 

significant Gram-negative pathogens express a Type III Secretion System (T3SS) and this is a 228 

primary target for AV therapy [66–69]. Notably, synthetic salicylidene acylhydrazide 229 

derivatives have been used to inhibit T3S effectively [70,71]. One promising T3S inhibitor is 230 

Aurodox which has the benefit of not inducing Shiga-toxin production [72] [73] [74].   231 

 232 

Bacteriophage therapy   233 

Bacteriophages (phages) are viruses that specifically infect and kill bacteria as part of their 234 

natural life cycle. The success of antibiotics has restricted the wider development of phage 235 

therapy, but it has been and continues to be applied to treat a variety of infections [75–79].  236 

Phages can be utilised in livestock production to improve animal health or to reduce bacterial 237 

load before slaughter, or further upstream in food processing and packing. Examples of this 238 

include adding phages to aquaculture systems to improve fish health [80] and to 239 

remove Escherichia coli O157:H7 from cattle before entering the food chain [81,82]. 240 

   241 

There are increasing numbers of publications reporting the potential of phage therapy, but there 242 

are hurdles to overcome before phages can be used therapeutically. Firstly, phages active on 243 

the proposed target in clinically-relevant environments must be identified. Traditional methods 244 

of manually screening a phage library are labour intensive and low throughput. By contrast, a 245 

computational approach can be taken to predict phage-host bacterium interactions in silico 246 



[83,84]. Our own work, based on  machine learning of genotype to phenotype relationships 247 

[85], uses phage-bacterium interaction data along with the bacterial genome sequence to 248 

predict which phages will be active on a clinical isolate.  As routine diagnostics implement 249 

more whole-genome sequence data, effective phage treatments could be predicted from the 250 

genome sequence as currently being applied for antibiotic sensitivity [86].  The genome 251 

sequence of the pathogen therefore will allow selection of tailored therapies including 252 

antibiotics and phages.   253 

 254 

In addition to guiding the selection of correct phages for treatment, genomic approaches can 255 

also be used to identify bacterial resistance mechanisms.  The capacity to select effective 256 

phages will be greatly improved if we can identify resistance determinants. For example, in the 257 

competitive environment of a mammalian host, it is likely that bacteria will employ CRISPR-258 

based resistance mechanisms rather than surface factor resistance which can have a fitness cost 259 

for the bacteria [87].  Bringing phage therapy into routine clinical use will also require safety 260 

issues to be resolved and practical issues to be tackled, such as the stability of therapeutic 261 

phages.  There is concern that phages could introduce AMR or virulence alleles into a pathogen 262 

and so phages used should be sequenced. A new gene caller called PHANOTATE [88] has 263 

been designed to specifically identify phage genes and phage genomes can be analysed for the 264 

presence of antibiotic/virulence factors using gene databases [89]. PHACTS software [90] can 265 

also be applied which allows identification of lytic rather than lysogenic phages.  266 

 267 

Summary 268 

Antimicrobial use is under scrutiny, especially in production animals which utilise over half of 269 

the world’s manufactured antibiotics. The challenge is to control the infectious diseases that 270 

compromise animal welfare and production, whilst using less of these remarkable compounds. 271 

This can be achieved in part by better system management and ‘high herd health’ approaches, 272 



however disease complexes and specific pathogens represent an ongoing threat to animal 273 

welfare and productivity. Genomic technologies are key to understanding both host and 274 

pathogen to drive the development of better diagnostics and more directed treatments. Rapid 275 

genomic-level diagnostics in particular are essential to delivery of bespoke treatments, not just 276 

with traditional antibiotics; but with microbiota and immune modulators, vaccines and phages. 277 

High-throughput screens are powerful approaches for the identification of key pathogen and 278 

host determinants to develop vaccines and inhibitors, as well as markers to accelerate breeding 279 

programs or as targets to engineer resistance.  This work goes hand-in-hand with developments 280 

in animal genomics, computational tools and assessment of impact in One Health systems. 281 
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Figure legend 294 

Figure 1.  Summary of alternatives to antibiotics in a one health context that are covered in this 295 

review.  296 

 297 



 298 

References 299 

[1] Thornton PK. Livestock production : recent trends, future prospects. Philos Trans R 300 

Soc B 2010;365:2853–67. 301 

[2] Tsiouris V, Georgopoulou I, Batzios C, Pappaioannou N, Ducatelle R. High stocking 302 

density as a predisposing factor for necrotic enteritis in broiler chicks. Avian Pathol 303 

2015;44:59–66. 304 

[3] Madec F, Bridoux N, Bounaix S, Cariolet R, Duval-Iflah Y, Hampson DJ, et al. 305 

Experimental models of porcine post-weaning colibacillosis and their relationship to 306 

post-weaning diarrhoea and digestive disorders as encountered in the field. Vet 307 

Microbiol 2000;72:295–310. 308 

[4] Gast RK. Frequency and duration of fecal shedding of Salmonella enteritidis by 309 

experimentally infected laying hens housed in enriched colony cages at different 310 

stocking densities. Front Vet Sci 2017;4:1–7. 311 

[5] Vanderwaal K, Deen J. Global trends in infectious diseases of swine. PNAS 312 

2018;115:11495–500. 313 

[6] Rautiainen E, Oravainen J, Virolainen J V. Regional eradication of Mycoplasma 314 

hyopneumoniae from pig herds and documentation of freedom of the disease. Acta Vet 315 

Scand 2001;42:355–64. 316 

[7] Nuotio L, Neuvonen E, Hyytiäinen M. Epidemiology and eradication of infectious 317 

bovine rhinotracheitis/infectious pustular vulvovaginitis (IBR/IPV) virus in Finland. 318 

Acta Vet Scand 2007;49:1–6. 319 

[8] Sandvik T. Progress of control and prevention programs for bovine viral diarrhea virus 320 

in Europe. Vet Clin North Am - Food Anim Pract 2004;20:151–69. 321 

[9] Alexander DJ. Newcastle disease in the European Union 2000 to 2009. Avian Pathol 322 



2011;40:547–58. 323 

[10] Schulz K, Staubach C, Blome S. African and classical swine fever: Similarities, 324 

differences and epidemiological consequences. Vet Res 2017;48:1–13. 325 

[11] Roeder P, Mariner J, Kock R, Roeder P. Rinderpest: the veterinary perspective on 326 

eradication. Philos Trans R Soc B 2013;368:20120139. 327 

[12] Morens DM, Holmes EC, Davis AS, Taubenberger JK. Global rinderpest eradication: 328 

Lessons learned and why humans should celebrate too. J Infect Dis 2011;204:502–5. 329 

[13] Rauw WM. Immune response from a resource allocation perspective. Front Genet 330 

2012;3:1–14. 331 

[14] Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, et al. 332 

Global trends in antimicrobial use in food animals. PNAS 2015;112:1–6. 333 

[15] Thanner S, Drissner D. Antimicrobial resistance in agriculture. MBio 2016;7:1–7. 334 

[16] Marshall BM, Levy SB. Food animals and antimicrobials: Impacts on human health. 335 

Clin Microbiol Rev 2011;24:718–33. 336 

[17] Singer AC, Shaw H, Rhodes V, Hart A. Review of antimicrobial resistance in the 337 

environment and its relevance to environmental regulators. Front Microbiol 2016;7:1–338 

22.  339 

[18] O’Neill J. Antimicrobials in agriculture and the environment: Reducing unnecessary 340 

use and waste. 2015. 341 

[19] Smillie CS, Smith MB, Friedman J, Cordero OX, David LA, Alm EJ. Ecology drives a 342 

global network of gene exchange connecting the human microbiome. Nature 343 

2011;480:241–4. 344 

[20] Brugman S. A comparative review on microbiota manipulation: Lessons from fish, 345 

plants, livestock, and human research. Front Nutr 2018;5:1–15. 346 

[21] Young VB. Therapeutic manipulation of the microbiota: past, present, and 347 



considerations for the future. Clin Microbiol Infect 2016;22:905–9. 348 

[22] Relman DA, Lipsitch M. Microbiome as a tool and a target in the effort to address 349 

antimicrobial resistance. Proc Natl Acad Sci U S A 2018;115:12902–10. 350 

[23] McKenney PT, Pamer EG. From hype to hope: the gut microbiota in enteric infectious 351 

disease. Cell 2016;163:1326–32. 352 

[24] Pan D, Yu Z. Intestinal microbiome of poultry and its interaction with host and diet. 353 

Gut Microbes 2014;5:108–19. 354 

[25] Malmuthuge N, Griebel PJ, Guan LL. The gut microbiome and its potential role in the 355 

development and function of newborn calf gastrointestinal tract. Front Vet Sci 356 

2015;2:1–10. 357 

[26] Pluske JR, Turpin DL, Kim JC. Gastrointestinal tract (gut) health in the young pig. 358 

Anim Nutr 2018;4:187–96. 359 

[27] Villmones HC, Haug ES, Ulvestad E, Grude N, Stenstad T, Halland A, et al. Species 360 

level description of the human ileal bacterial microbiota. Sci Rep 2018;8:1–9. 361 

[28] Glendinning L, Watson KA, Watson M. Development of the duodenal, ileal, jejunal 362 

and caecal microbiota in chickens. Anim Microbiome 2019;1:1–11. 363 

[29] Pollock J, Hutchings MR, Hutchings KEK, Gally DL, Houdijk GM. Changes in the 364 

ileal, but not fecal, microbiome in response to increased dietary protein level and 365 

enterotoxigenic Escherichia coli exposure in pigs. Appl Environ Microbiol 2019;85:1–366 

12. 367 

[30] Yan W, Sun C, Zheng J, Wen C, Ji C, Zhang D, et al. Efficacy of fecal sampling as a 368 

gut proxy in the study of chicken gut microbiota. Front Microbiol 2019;10:1–11. 369 

[31] Pollock J, Gally DL, Glendinning L, Tiwari R, Hutchings MR, Houdijk JGM. Analysis 370 

of temporal fecal microbiota dynamics in weaner pigs with and without exposure to 371 

enterotoxigenic Escherichia coli. J Anim Sci 2018;96:3777–90. 372 



[32] Opriessnig T, Karuppannan AK, Beckler D, Ali TA, Atienzar AC, Halbur PG. Bacillus 373 

pumilus probiotic feed supplementation mitigates Lawsonia intracellularis shedding 374 

and lesions. Vet Res 2019;50:14–7. 375 

[33] Knap I, Kehlet AB, Bennedsen M, Mathis GF, Hofacre CL, Lumpkins BS, et al. 376 

Bacillus subtilis (DSM17299) significantly reduces Salmonella in broilers. Poult Sci 377 

2008;90:1690–4. 378 

[34] Vilà B, Fontgibell A, Badiola I, Jiménez G, Castillo M, Brufau J. Reduction of 379 

Salmonella enterica var. enteritidis colonization and invasion by Bacillus cereus var. 380 

toyoi inclusion in poultry feeds. Poult Sci 2009;88:975–9. 381 

[35] Van Gompel L, Luiken REC, Sarrazin S, Munk P, Knudsen BE, Hansen RB, et al. The 382 

antimicrobial resistome in relation to antimicrobial use and biosecurity in pig farming, 383 

a metagenome-wide association study in nine European countries. J Antimicrob 384 

Chemother 2019;74:865–76. 385 

[36] Pollock J, Muwonge A, Hutchings MR, Mainda G, Bronsvoort BM, Gally DL, et al. 386 

Resistance to change: AMR gene dynamics on a commercial pig farm with high 387 

antimicrobial usage. Sci Rep 2020;10:1708.. 388 

[37] Organisation for Economic Co-operation and Development. Global antimicrobial use 389 

in the livestock sector. 2015. 390 

[38] Tait-Burkard C, Doeschl-Wilson A, McGrew MJ, Archibald AL, Sang HM, Houston 391 

RD, et al. Livestock 2.0 – genome editing for fitter, healthier, and more productive 392 

farmed animals. Genome Biol 2018;19:1–11. 393 

[39] Proudfoot C, Lillico S, Tait-burkard C. Genome editing for disease resistance in pigs 394 

and chickens. Anim Front 2019;9. 395 

[40] Oliver S, Jayarao S, Almeida R. Foodborne pathogens in milk and the dairy farm 396 

environment: Food safety and public health implcations. Foodborne Pathog Dis 397 



2005;2:115–29. 398 

[41] Gorp H Van, Breedam W Van, Delputte PL, Nauwynck HJ. Sialoadhesin and CD163 399 

join forces during entry of the porcine reproductive and respiratory syndrome virus. J 400 

Gen Virol 2008;89:2943–53. 401 

[42] Burkard C, Opriessnig T, Mileham AJ, Stadejek T, Ait-ali T, Lillico SG. Pigs lacking 402 

the scavenger receptor cysteine-rich domain 5 of CD163 are resistant to porcine 403 

reproductive and respiratory syndrome virus 1 infection. J Virol 2018;92:1–13. 404 

[43] Burkard C, Lillico SG, Reid E, Jackson B, Mileham AJ, Ait-ali T, et al. Precision 405 

engineering for PRRSV resistance in pigs: Macrophages from genome edited pigs 406 

lacking CD163 SRCR5 domain are fully resistant to both PRRSV genotypes while 407 

maintaining biological function. PloS Pathog 2017;13:e1006206. 408 

[44] Waltz E. First transgenic salmon sold. Nature 2017;5. 409 

[45] Han J, Perez JT, Chen C, Li Y, Benitez A, Lee Y, et al. Genome-wide CRISPR/Cas9 410 

screen identifies host factors essential for influenza virus replication. Cell Rep 411 

2018;23:596–607. 412 

[46] McCormick D, Lin Y, Grey F. Identification of host factors involved in human 413 

Cytomegalovirus replication, assembly, and egress using a two-step small interfering 414 

RNA screen. MBio 2018;9:1–15. 415 

[47] Lipsitch M, Siber R. How can vaccines contribute to solving the antimicrobial 416 

resistance problem? MBio 2016;7:1–8. 417 

[48] Hoelzer K, Bielke L, Blake DP, Cox E, Cutting SM, Devriendt B, et al. Vaccines as 418 

alternatives to antibiotics for food producing animals. Part 1: Challenges and needs. 419 

Vet Res 2018;49. 420 

[49] Hoelzer K, Bielke L, Blake DP, Cox E, Cutting SM, Devriendt B, et al. Vaccines as 421 

alternatives to antibiotics for food producing animals. Part 2: New approaches and 422 



potential solutions. Vet Res 2018;49. 423 

[50] Seib KL, Zhao X, Rappuoli R. Developing vaccines in the era of genomics: A decade 424 

of reverse vaccinology. Clin Microbiol Infect 2012;18:109–16. 425 

[51] Pizza M, Scarlato V, Masignani V, Giuliani MM, Aricò B, Comanducci M, et al. 426 

Identification of vaccine candidates against serogroup B meningococcus by whole-427 

genome sequencing. Science 2000;287:1816–20. 428 

[52] van Opijnen T, Bodi KL, Camilli A. Tn-seq; high-throughput parallel sequencing for 429 

fitness and genetic interaction studies in microorganisms. Nat Methods 2009;6:767. 430 

[53] Chaudhuri RR, Morgan E, Peters SE, Pleasance SJ, Hudson DL, Davies HM, et al. 431 

Comprehensive assignment of roles for Salmonella typhimurium genes in intestinal 432 

colonization of food-producing animals. PLoS Genet 2013;9:e1003456. 433 

[54] Hung DT, Shakhnovich EA, Pierson E, Mekalanos JJ. Small-molecule inhibitor of 434 

Vibrio cholerae virulence and intestinal colonization. Science 2005;310:670–4. 435 

[55] Hentzer M, Wu H, Andersen JB, Riedel K, Rasmussen TB, Bagge N, et al. Attenuation 436 

of Pseudomonas aeruginosa virulence by quorum sensing inhibitors. EMBO J 437 

2003;22:3803–15. 438 

[56] Kong C, Chee CF, Richter K, Thomas N, Abd Rahman N, Nathan S. Suppression of 439 

Staphylococcus aureus biofilm formation and virulence by a benzimidazole derivative, 440 

UM-C162. Sci Rep 2018;8:2758. 441 

[57] Curtis M, Russell R, Moreira C, Adebesin A, Wang C, Williams N, et al. QseC 442 

inhibitors as an antivirulence approach for Gram-negative pathogens. MBio 2014;5:1–443 

11. 444 

[58] Jakobsen TH, Warming AN, Vejborg RM, Moscoso JA, Stegger M, Lorenzen F, et al. 445 

A broad range quorum sensing inhibitor working through sRNA inhibition. Sci Rep 446 

2017;7:1–12. 447 



[59] Shoop WL, Xiong Y, Wiltsie J, Woods A, Guo J, Pivnichny JV., et al. Anthrax lethal 448 

factor inhibition. Proc Natl Acad Sci U S A 2005;102:7958–63. 449 

[60] Trachtman H, Cnaan A, Christen E, Gibbs K, Zhao S, Acheson DWK, et al. Effect of 450 

an oral shiga toxin–binding agent on diarrhea-associated hemolytic uremic syndrome 451 

in children: A randomized controlled trial. JAMA 2003;290:1337–44. 452 

[61] Paton AW, Morona R, Paton JC. Bioengineered bugs expressing oligosaccharide 453 

receptor mimics: Toxin-binding probiotics for treatment and prevention of enteric 454 

infections. Bioeng Bugs 2010;1:172–7. 455 

[62] Huerta-Uribe A, Marjenberg ZR, Yamaguchi N, Fitzgerald S, Connolly JPR, Carpena 456 

N, et al. Identification and characterization of novel compounds blocking Shiga toxin 457 

expression in Escherichia coli O157:H7. Front Microbiol 2016;7. 458 

[63] Kuehne SA, Cartman ST, Heap JT, Kelly ML, Cockayne A, Minton NP. The role of 459 

toxin A and toxin B in Clostridium difficile infection. Nature 2010;467:711–3. 460 

[64] Lyras D, O’Connor JR, Howarth PM, Sambol SP, Carter GP, Phumoonna T, et al. 461 

Toxin B is essential for virulence of Clostridium difficile. Nature 2009;458:1176–9. 462 

[65] Navalkele BD, Chopra T. Bezlotoxumab: An emerging monoclonal antibody therapy 463 

for prevention of recurrent Clostridium difficile infection. Biol Targets Ther 464 

2018;12:11–21. 465 

[66] Kimura K, Iwatsuki M, Nagai T, Matsumoto A, Takahashi Y, Shiomi K, et al. A 466 

small-molecule inhibitor of the bacterial type III secretion system protects against in 467 

vivo infection with Citrobacter rodentium. J Antibiot 2011;64:197–203. 468 

[67] Beckham KSH, Roe AJ. From screen to target: insights and approaches for the 469 

development of anti-virulence compounds. Front Cell Infect Microbiol 2014;4. 470 

[68] Pendergrass HA, May AE. Natural product type III secretion system inhibitors. 471 

Antibiotics 2019;8:162. 472 



[69] Zambelloni R, Marquez R, Roe AJ. Development of antivirulence compounds: A 473 

biochemical review. Chem Biol Drug Des 2015;85:43–55. 474 

[70] Veenendaal AKJ, Sundin C, Blocker AJ. Small-molecule type III secretion system 475 

inhibitors block assembly of the Shigella type III secreton. J Bacteriol 2009;191:563–476 

70. 477 

[71] Wang D, Zetterström CE, Gabrielsen M, Beckham KSH, Tree JJ, Macdonald SE, et al. 478 

Identification of bacterial target proteins for the salicylidene acylhydrazide class of 479 

virulence-blocking compounds. J Biol Chem 2011;286:29922–31. 480 

[72] McHugh RE, O’Boyle N, Connolly JPR, Hoskisson PA, Roe AJ. Characterisation of 481 

the mode of action of Aurodox, a type III secretion system inhibitor from Streptomyces 482 

goldiniensis. Infect Immun 2018;87:e00595-18. 483 

[73] Berger J, Lehr HH, Teitel S, Maehr H, Grunberg E. A new antibiotic X-5108 of 484 

Streptomyces origin I. Production, isolation and properties. J Antibiot 1972;26:15–22. 485 

[74] Maehr H, Leach M, Yarmchuk L, Mitrovic M. Antibiotic X-5108. IX. Chemical 486 

conversion of mocimycin to aurodox and derivatives of aurodox, goldinamine and 487 

mocimycin. J Antibiot 1979;32:361–7. 488 

[75] Patel DR, Bhartiya SK, Kumar R, Shukla VK, Nath G. Use of customized 489 

bacteriophages in the treatment of chronic nonhealing wounds: A prospective study. 490 

Int J Low Extrem 2019;1534734619881076. 491 

[76] Kutateladze M, Adamia R. Phage therapy experience at the Eliava Institute. Med Mal 492 

Infect 2008;38:426–30. 493 

[77] Schooley RT, Biswas B, Gill JJ, Hernandez-Morales A, Lancaster J, Lessor L, et al. 494 

Development and use of personalized bacteriophage-based therapeutic cocktails to 495 

treat a patient with a disseminated resistant Acinetobacter baumannii infection. 496 

Antimicrob Agents Chemother 2018;61:e00954-17. 497 



[78] Dedrick RM, Guerrero-Bustamante CA, Garlena RA, Russell D, Ford K, Harris K, et 498 

al. Engineered bacteriophages for treatment of a patient with a disseminated drug-499 

resistant Mycobacterium abscessus. Nat Med 2019;25:730–3. 500 

[79] Jault P, Leclerc T, Jennes S, Pirnay JP, Que YA, Resch G, et al. Efficacy and 501 

tolerability of a cocktail of bacteriophages to treat burn wounds infected by 502 

Pseudomonas aeruginosa (PhagoBurn): a randomised, controlled, double-blind phase 503 

1/2 trial. Lancet Infect Dis 2019;19:35–45. 504 

[80] Almeida GMF, Mäkelä K, Laanto E, Pulkkinen J, Vielma J, Sundberg LR. The fate of 505 

bacteriophages in recirculating aquaculture systems (RAS)—towards developing 506 

phage therapy for RAS. Antibiotics 2019;8:1–9. 507 

[81] Hong Y, Pan Y, Ebner PD. Development of bacteriophage treatments to reduce 508 

Escherichia coli O157:H7 contamination of beef products and produce. J Anim Sci 509 

2014;92:1366–77. 510 

[82] Sabouri S, Sepehrizadeh Z, Amirpour-Rostami S, Skurnik M. A minireview on the in 511 

vitro and in vivo experiments with anti-Escherichia coli O157:H7 phages as potential 512 

biocontrol and phage therapy agents. Int J Food Microbiol 2017;243:52–7. 513 

[83] Edwards RA, McNair K, Faust K, Raes J, Dutilh BE. Computational approaches to 514 

predict bacteriophage-host relationships. FEMS Microbiol Rev 2016;40:258–72. 515 

[84] Leite DMC, Brochet X, Resch G, Que YA, Neves A, Peña-Reyes C. Computational 516 

prediction of inter-species relationships through omics data analysis and machine 517 

learning. BMC Bioinformatics 2018;19. 518 

[85] Lupolova N, Dallman TJ, Matthews L, Bono JL, Gally DL. Support vector machine 519 

applied to predict the zoonotic potential of E. coli O157 cattle isolates. Proc Natl Acad 520 

Sci USA 2016;113:11312–7. 521 

[86] Shelburne SA, Kim J, Munita JM, Sahasrabhojane P, Shields RK, Press EG, et al. 522 



Whole-genome sequencing accurately identifies resistance to extended-spectrum β-523 

lactams for major Gram-negative bacterial pathogens. Clin Infect Dis 2017;65:738–45. 524 

[87] Alseth EO, Pursey E, Luján AM, McLeod I, Rollie C, Westra ER. Bacterial 525 

biodiversity drives the evolution of CRISPR-based phage resistance. Nature 526 

2019;574:549–52. 527 

[88] McNair K, Zhou C, Dinsdale EA, Souza B, Edwards RA. PHANOTATE: a novel 528 

approach to gene identification in phage genomes. Bioinformatics 2019;35:4537–529 

4542. 530 

[89] Cui Z, Guo X, Dong K, Zhang Y, Li Q, Zhu Y, et al. Safety assessment of 531 

Staphylococcus phages of the family Myoviridae based on complete genome 532 

sequences. Sci Rep 2017;7:1–8. 533 

[90] McNair K, Bailey BA, Edwards RA. PHACTS, a computational approach to 534 

classifying the lifestyle of phages. Bioinformatics 2012;28:614–8. 535 

 536 


