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Abstract 26 

 27 

Widespread endemism of host-adapted pathogens poses a heavy burden on animal and human 28 

health. Mechanisms underpinning long-term host pathogen co-existence and concurrent costs 29 

are poorly understood. We use infections in pigeons with pathogenic, pigeon adapted 30 

Salmonella Typhimurium to explain how host and pathogen trade-offs and benefits sustain 31 

long-term pathogen endemism. An experimentally infected group of pigeons that was studied 32 

for 15 months showed that pathogen persistence decreased host condition and reproductive 33 

success, but conferred protection against Salmonella-induced clinical disease. The relevance 34 

of these findings was confirmed in nature, where this pathogen was shown to widely occur in 35 

feral pigeons (Columba livia), yet without clinical disease. Pathogen transmission and long-36 

term persistence were associated with intermittent faecal shedding, which markedly increased 37 

during crop feeding and natural stress periods. Exploiting host specific traits in the presence of 38 

protective host population immunity thus facilitates long-term co-existence, be it at a 39 

significant reproductive cost. 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

 48 

Abbreviations 49 

CFU: Colony Forming Units; IgY: Immunoglobulin Y; OD: Optical Density; PT: Phage Type 50 
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Introduction 51 

 52 

While limiting the impact of exposure to pathogens presents a continuous challenge to 53 

life on earth, pathogens face a similar struggle to assure their survival and persistence. Globally, 54 

bacterial pathogens that depend on a narrow host range as primary niche pose a heavy burden 55 

on animal and human health. Pronounced host adaptation requires maximizing pathogen 56 

persistence and transmission opportunities while limiting the negative impact on host 57 

populations [1,2]. Although key in epidemiology, the mechanisms sustaining endemism of 58 

host-adapted bacterial pathogens in the host population and associated trade-offs are currently 59 

poorly understood [3,6,8,9] hampering attempts for endemic disease mitigation [6,10]. The 60 

underpinning infection dynamics are supposedly driven by host factors (e.g. age, stress and 61 

immunity), environment (e.g. biotic and abiotic factors such as food availability, stress, 62 

population size and density and pathogen reservoirs) and pathogen determinants such as level 63 

of host adaptation, virulence factors and transmission mechanism [3,4]. Adverse effects of 64 

endemic infections on the host may vary at the individual and population level [5–7] but overall 65 

could be expected to be tempered, avoiding long-term host population declines with substantial 66 

reduction of the pathogen’s niche.  67 

We here use Salmonella as a model organism to study mechanisms of pathogen 68 

endemism. Salmonella enterica subspecies enterica consists of over 2500 serovars, several of 69 

which are known to be endemic in various animal populations and even humans [1,8,11–13]. 70 

The host-adapted Salmonella enterica subspecies enterica serovar Typhimurium (Salmonella 71 

Typhimurium) PT99 strain in pigeons (Columba livia) is characterized by a very narrow host 72 

spectrum and pigeons are considered its main host [1,14,15]. Similar to other host-adapted 73 

Salmonella serovars, the course of an infection with this lineage may vary from subclinical to 74 
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a typhoid fever-like disease, with a tropism for the host gonads, suggesting that vertical 75 

transmission occurs [14,15].  76 

In a one year infection trial, we identified factors driving Salmonella infection dynamics 77 

during endemism and associated costs and benefits for the host population. We determined to 78 

what extent Salmonella exploits host specific traits associated with stress (molting, breeding) 79 

or reproduction (crop feeding of nestlings, vertical transmission through infected eggs) that 80 

may increase bacterial shedding and promote transmission. Finally, we conducted a field study 81 

across Flanders (northern Belgium) in which we estimated Salmonella prevalence and clinical 82 

impact in populations of feral pigeons to confirm the validity of the experimental results.  83 

 84 

Results 85 

 86 

Subclinical Salmonella infections are endemic in feral pigeon populations  87 

Salmonella Typhimurium occurrence was found in all four studied urban pigeon 88 

populations. High risk of exposure to Salmonella was demonstrated by marked seroprevalence 89 

(33.83%, range: 13.33% - 56.41%, see Fig. 1; average true prevalence varies between 5.0% 90 

and 78.4%, 95% confidence interval, see table S1a).  91 

 92 
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 93 

 94 

Fig 1. Faecal Salmonella shedding and presence of serum anti-Salmonella antibodies in feral 95 

pigeons. White bars represent the percentage of pigeons from which Salmonella Typhimurium 96 

was isolated (on average 3.76%), and grey bars the percentage of Salmonella seropositive 97 

pigeons (on average 33.83%) in a given population. 98 

 99 

In all populations, a low percentage of pigeons shed low numbers of Salmonella 100 

Typhimurium in the faeces (average apparent prevalence: 3.76%, range: 2.56% - 6.90%; 101 

average true prevalence varies between 0.8% and 8.4%, 95% confidence interval, table S1b). 102 

There was no significant correlation between health status, body constitution score and the 103 

presence of faecal Salmonella or serum anti-Salmonella antibodies within hosts (all P-values > 104 

0.164; see online appendix tables S2a and S2b). 105 

 106 
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Disease occurs during the initial phase of infection only, but long-term persistence incurs 107 

a reproductive cost  108 

Salmonella Typhimurium infection dynamics in an experimentally infected group of 109 

pigeons were followed up during 66 weeks, spanning two consecutive breeding seasons (Fig. 110 

2) and including natural stress periods (molt, breeding, introduction of new group members). 111 

Shortly after inoculation, Salmonella shedding increased drastically (Fig. 2).  112 

 113 

 114 

Fig 2. Temporal dynamics of faecal Salmonella shedding by experimentally infected pigeons. 115 

Experimentally inoculated pigeons showed a significant increase in shedding during: A, 116 

breeding period 1 (Parental); B, molting; C, introduction of naïve pigeons and D, breeding 117 

period 2 (Parental + F1 generation). Grey bars indicate the duration of each stressful period. 118 

 119 

The best fitting model (i.e. the lowest AIC-value: 17.38; table S3) obtained for 120 

describing trends in Salmonella shedding after the inoculation period had an ARIMA(1,0,1) 121 

structure with non-zero mean, and included both induced stress periods and the number of 122 

pigeons present as important external regressors (P-values < 0.0001). This first-order 123 

autoregressive model (AR1 estimate and standard error: -0.47±0.26) with simple exponential 124 
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smoothing confirms that after inoculation, Salmonella faecal shedding declines towards a non-125 

zero mean (2.27±0.29, P-value < 0.0001; i.e. Salmonella remains present in the population). 126 

Alleged stress periods correspond to temporary increases in Salmonella shedding (0.42±0.08, 127 

P-value < 0.0001) but with a negative correlation between the number of pigeons in an aviary 128 

and Salmonella faecal shedding (-0.04±0.01, P-value < 0.0001; table S3).  129 

Salmonella was shed intermittently at low levels in the faeces during the entire 130 

experimental trial of 66 weeks (Fig. 2). This continued presence of Salmonella and temporary 131 

host-stress associated Salmonella flare-ups did not result in persistent disease in the chronically 132 

infected group during the 66-week experiment. Only shortly after initial and experimental 133 

inoculation of the naive founder pigeons, clinical signs of paratyphoid (e.g. diarrhea, anorexia, 134 

polydipsia) were observed. Body mass trends differed between the experimentally infected and 135 

the control group (interaction between month and treatment, P-value < 0.0001), but this 136 

difference is mainly due to lower body masses of experimentally inoculated pigeons in the time 137 

periods immediately following the inoculation (experimental infection versus control group 138 

month 1: -39.10±7.65, P-value < 0.001; month 2: -23.65±7.70, P-value = 0.012). In later 139 

months, body weights of infected birds remained lower than those of control birds (P-values > 140 

0.05 but < 0.10) but only for the last month, this difference was significant (P-value = 0.03, 141 

Fig. 3; table S4). Clinical recovery was established 14 days post exposure and no clinical signs 142 

of paratyphoid were noted thereafter.  143 

 144 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2020. ; https://doi.org/10.1101/2020.10.12.336370doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.12.336370
http://creativecommons.org/licenses/by-nd/4.0/


8 
 

 145 

 146 

Fig 3. Mean body weight of the adult pigeons in the Salmonella infected vs. the negative control 147 

group. The mean body weight per group is given (mean ± se) before and after inoculation with 148 

Salmonella Typhimurium varietas Copenhagen DAB69 and sham inoculation respectively. 149 

Significance codes: *** < 0.001, ** <0.01, * < 0.05, 0.05 < . < 0.10.  150 

 151 

Salmonella exploits host-specific behavior for horizontal transmission 152 
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The crops of six out of eight pigeons that crop-fed their offspring were positive for 153 

Salmonella after enrichment. All crop-fed nestlings with at least one positive parent became 154 

positive for Salmonella from day three after hatching. Adult pigeons excreting Salmonella in 155 

the crop did not simultaneously shed detectable numbers of Salmonella in the faeces. During 156 

the first nesting period (28 days), no Salmonella was detected in any of the cloacal swabs, but 157 

during the second breeding period, Salmonella was detected in the cloacal swabs of 53.3% 158 

(8/15) of the nestlings, with first Salmonella detections on average from day 4.6 ± 3.6 post 159 

hatching.  160 

 161 

Association with the host reproductive tract does not typically result  in vertical pathogen 162 

transmission but impairs host reproductive success 163 

Salmonella Typhimurium showed a marked association with the pigeons’ gonads, as 164 

evidenced by the isolation of Salmonella from 5 of the 13 ovaries and/or oviducts and 6 of the 165 

20 testes. Presence of Salmonella in the pigeons’ reproductive tissues was confirmed by 166 

immunohistochemical staining (Fig. S1a-b). Despite this association with the pigeons’ gonads, 167 

Salmonella could not be isolated from any of the semen samples (n = 121) collected during the 168 

whole experimental trial. Salmonella was found in 4.5 % of the eggs laid (i.e. five out of 111) 169 

in the infected group. Four of these 5 eggs were found to be non-fertilized. At day of hatch, 170 

none of 35 faecal and cloacal swabs sampled from hatchlings in the infected pigeon group were 171 

positive for Salmonella during both breeding periods. We thus conclude that, despite strong 172 

association with the female reproductive tract, vertical pathogen transmission to the offspring 173 

is a rare event. 174 

Association of Salmonella with the host reproductive tract correlated with reduced 175 

reproductive performance through negative effects on both eggs and nestlings. Salmonella 176 

infected pigeons had nests characterized by lower egg masses, more shape/shell anomalies and 177 
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a lower hatching success compared to control group pigeons. Hatchlings also had lower body 178 

masses, showed delayed fledging and gained less mass in the 28 days after fledging, -compared 179 

to the negative control group (all P-values < 0.028, table 1; tables S5a-f). Clutch size, the 180 

number of nests with one egg only and the prevalence of infertile eggs did not differ between 181 

groups (all P-values > 0.219, table 1; tables S5g-i). During the first breeding period, none of 182 

the 20 nestlings died due to paratyphoid in the infected group. During the second breeding 183 

period in this group, five out of 15 nestlings died of paratyphoid during the first 28 days after 184 

hatching (on average at day 16 ± 9). No clinical signs were observed among the remaining 185 

nestlings, except for 1 nestling during the second breeding period which presented depression 186 

and right elbow joint arthritis. Breeding phenology was similar too, as no differences were 187 

found in the onset of nesting, nest building and mating behavior, nor in laying dates (P-value 188 

= 0.889, table 1; table S5j).  189 

 190 

Table 1. Reproductive parameters measured during breeding periods. All results are given as 191 

total number or average number ± SD. 192 

Parameter Negative control group Infected group p-value 

Clutch size 9.44 ± 0.53 8.54 ± 2.3 0.537 

Shape/shell anomalies 0 out of 86 eggs 12 out of 111 eggs 0.011 

Number of 1 egg nests 10 out of 28 nests 20 out of 36 nests 0.219 

Egg mass (g) 19.36 ± 2.21 18.11 ± 2.28 0.0009 

 Salmonella presence 0 out of 86 eggs 5 out of 111 eggs n.a 

Infertile eggs 15 out of 71 eggs 26 out of 92 eggs 0.299 

Laying date 7.25 ± 0.45 7.28 ± 0.57 0.889 

Hatching success 88.63% 75.9% 0.015 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2020. ; https://doi.org/10.1101/2020.10.12.336370doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.12.336370
http://creativecommons.org/licenses/by-nd/4.0/


11 
 

Hatchling mass (g) 17.27 ± 3.67 15.41 ± 2.19 0.015 

Mass gain over 28-day period (g) 378 ± 46 328 ± 61 0.005 

Nestling mortality (up to day 28) 96.4% 74.3% 0.028 

Fledging age (days) 28.04 ± 0.51 30.03 ± 1.28 <0.0001 

 193 

 194 

Acquired population immunity protects against clinical disease but not infection 195 

The host immune response to Salmonella infection was evidenced by a pronounced 196 

humoral response in the adult pigeons: Enzyme Linked ImmunoSorbent Assay (ELISA) results 197 

revealed seroconversion of the experimentally infected pigeons from four weeks after 198 

inoculation, whereas the control group remained negative. Infected pigeons seroconverted and 199 

remained seropositive until the end of the 66-week experiment (P-value = 0.0010; Fig. S2; 200 

Table S6a). The offspring of these pigeons was characterized by significantly higher levels of 201 

maternal anti-Salmonella antibodies (IgY) in their blood at birth as compared to the control 202 

group (P-value = 0.0002). While still significantly different, these antibody titers decreased 203 

over a 14-day period (day 0 versus day 14: P-value = 0.009; day 14 versus day 28: P-value = 204 

0.177; Tables S6b-c; Fig S3). After an experimental oral challenge with Salmonella, age-205 

matched (5-6 months old) pigeons from the infected group showed a significantly better faecal 206 

consistency (P-value=0.0001, Table S6d), shed lower amounts of faecal Salmonella (P = 207 

0.0257; Table S6e) and had less clinical signs as compared to the pigeons of the control group 208 

(P=0.057, Table S6f). Also for the other parameters tested, pigeons born in the infected group 209 

tended to be less strongly affected than those from the control group, but these differences 210 

failed to reach statistical significance. After the experimental oral challenge with Salmonella, 211 

pigeons from the infected group did not have more severe organ lesions (-0.083±0.116, P-212 

value=0.486; Table S6g) compared to the pigeons from the control group. The latter tended to 213 
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seroconvert slower than the juveniles born in the infected pigeon group (-0.670±0.519, P-value 214 

= 0.208; Table S6h, Fig S4). Pigeons from the infected group had similar Salmonella organ 215 

loads (-0.244±0.808, P =0.767; table S6i) as pigeons from the control group. Pigeons from the 216 

infected group were characterized by higher body masses compared to control group pigeons 217 

(53.5±22.3 g, P=0.031, table S6j), but both groups exhibited a similar body mass trend (decline 218 

in mass through time, -1.844±7.148. P=0.798; table S6k). 219 

  220 

Stress periods result in flare-ups of infection  221 

The two breeding periods, moult and the introduction of five naive animals in the group 222 

coincided with marked flare-ups of the Salmonella infection, as evidenced by significantly 223 

increased faecal Salmonella shedding (P- value < 0.0001, see ARIMA model above, Fig. 2; 224 

Table S3). This higher faecal Salmonella excretion was, however, not accompanied by the 225 

occurrence of clinical symptoms, but resulted in an efficient transmission of Salmonella to 226 

newly-introduced pigeons which started to excrete viable bacteria within on average 8 days 227 

after introduction in the positive group, though without showing any signs of illness.  228 

To establish a causal relationship between stress and flare-up of infection, pigeons were 229 

housed individually. Individual housing resulted in significantly increased faecal Salmonella 230 

shedding (P-value < 0.0001; Fig 4A, table S7a), and increased the variance in corticosterone 231 

levels in the individually housed pigeons compared to the control group (control group: no 232 

change in variance, F-test P-value = 0.584, experimental group: increase in variance, F-test P-233 

value < 0.001, table S7b). Mean plasma corticosterone levels increased as well in individually 234 

housed pigeons, although this increase failed to reach statistical significance compared to 235 

corticosterone trends in the negative group (P-value=0.325, table S7c, Fig. 4B).  236 
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 237 

 238 

Fig 4. Faecal Salmonella shedding (A) and plasma corticosterone levels (B) in pigeons, housed 239 

individually or in group. Each symbol represents one pigeon and the horizontal bar indicates 240 

the mean value.  241 

 242 
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 243 

Discussion  244 

 245 

Impaired host condition and reproduction offset by population immunity in a context of 246 

pathogen endemism 247 

Successful long-term host-pathogen co-existence entails trade-offs and benefits for 248 

both host and pathogen. From the perspective of a host-restricted pathogen, the limited 249 

availability of potential hosts supposedly is outweighed by a pathogen competitive advantage 250 

through adaptation to a specialized host niche [16,17]. Here, we show that endemism of a host 251 

restricted pathogen in the host population comes with a cost for host condition and reproductive 252 

success but also with a clear long-term benefit for host disease resistance. Salmonella affected 253 

body weight and thus body condition in infected pigeons. While more severe during early 254 

establishment of infection, this effect persisted at least one year after pathogen introduction. 255 

The observed negative impact of bacterial pathogen endemism on host reproduction resembles 256 

effects of chronic parasite infections, such as Plasmodium sp. infections in blue tits (Cyanistes 257 

caeruleus) [18,19], schistosome infections in snails [20] and Toxoplasma gondii infections in 258 

mice [21]. Impaired reproduction and weight gain could be explained by increased host 259 

investment (e.g. acquired immunity) in controlling pathogen burden [18,21] and by the 260 

development of lesions (granulomata) associated with Salmonella persistence [22] and should 261 

be considered a trade-off for both the pathogen (reduction of the number and condition of 262 

suitable hosts) and the host (potential negative impact on population persistence). The host 263 

investment in immunity confers protection against paratyphoid disease at population level. The 264 

presence of high titers of antibodies in nestlings at day of hatching combined with exposure to 265 

Salmonella via parental crop content and the lack of Salmonella-induced mortality in early life 266 

suggest efficient protection by maternal immunity shortly after hatching. A marked decrease 267 
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of serum antibody levels by 14 days of age coincided with elevated mortality in older nestlings, 268 

suggesting an immunity gap between passive and active immunity [23–26]. When translating 269 

these experimental findings to a real world pathogen context, where Salmonella was found to 270 

be widely present in populations of feral pigeons, population immunity is likely to offer a 271 

distinct advantage. At population level, the protection against clinical disease and population 272 

decline at least partly compensates condition and reproductive costs associated with host-273 

pathogen co-existence.  274 

 275 

Exploiting host characteristics for pathogen transmission and persistence  276 

Maximizing pathogen transmission maximizes the probability of pathogen maintenance 277 

in a host population [27]. We here demonstrate that Salmonella exploits the host specific 278 

physiological trait of crop-feeding to promote colonization of novel hosts. Shedding of 279 

Salmonella in the crop could only be detected in adult birds crop-feeding their offspring. Since 280 

the stress associated with the breeding period resulted in a significant Salmonella 281 

recrudescence (see further), shedding in the crop may be the mere result of the overall increased 282 

Salmonella burden in the parent pigeon. This crop-feeding route of pathogen transmission is a 283 

pseudo-vertical transmission [28], allowing fast and efficient transmission of the pathogen to 284 

the parents’ offspring without the risk of infertile eggs or embryo mortality. Indeed, despite 285 

close association with the host gonads, we could not find any evidence of true vertical 286 

transmission (incorporation of Salmonella in the egg, resulting in an infected hatchling). The 287 

association of Salmonella with the pigeons’ gonads thus contributes to pathogen persistence in 288 

the host, but not significantly to pathogen transmission. Persistence in the pigeon gonads may 289 

be explained by the specific niche Salmonella occupies here. Immunohistochemistry showed 290 

Salmonella to be mainly localized extracellularly in the ovarian medulla and within the tubuli 291 

seminiferi and between sertoli cells in the male testes. These sites may favor Salmonella 292 
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persistence through their relative inaccessibility for the host’s immune system [29,30]. Despite 293 

Salmonella being considered a chiefly intracellular pathogen, residing in the host macrophages 294 

[1,14], extracellular persistence in niches poorly accessible to the immune system provides 295 

evidence for multiple pathogen strategies [31].  296 

 297 

Host stress promotes pathogen dispersal 298 

Natural stress periods such as breeding, moult and social interactions (introduction of 299 

new birds to the group) were shown to temporarily increase Salmonella shedding in the pigeons 300 

with no discernible impact on bird health. Stress is proven to be a trigger for re-excretion of a 301 

pathogen by carrier and corticosteroids have recently been proven to drive Salmonella 302 

recrudescence [32–34]. Such temporary and corticosteroid associated recrudescence of 303 

Salmonella infection in the presence of novel hosts (newborn nestlings or naive newcomers) is 304 

likely to contribute to pathogen maintenance within a host population.  305 

 306 

Conclusion 307 

We have demonstrated that Salmonella Typhimurium exploits host characteristics 308 

associated with reproduction and stress to establish and maintain endemism in the pigeon 309 

population. This entails a reproductive cost for the hosts, which is outweighed by the 310 

development of immunity that protects the birds against pathogen-induced mortality and results 311 

in a stable pathogen reservoir.  312 

 313 

 314 

 315 

 316 

 317 
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Materials and Methods 318 

 319 

Salmonella Typhimurium faecal shedding and seroprevalence in feral pigeons 320 

Salmonella Typhimurium prevalence in feral pigeon populations was estimated by 321 

screening cloacal swabs and serum from pigeons in four populations ((Brussels 322 

(50,84667/4,35472; n = 30), Antwerp (51,22139/4,39722; n = 35 ), Bruges (51,20944/3,22528; 323 

n = 39) and Louvain (50,8775/4,70444; n = 29)) for the presence of Salmonella Typhimurium 324 

and antibodies against Salmonella Typhimurium respectively. A clinical examination was done 325 

to assess the pigeon’s health status and samples were taken after euthanasia (performed for pest 326 

control) . An alert, active pigeon without any signs of disease was scored 0; inactive pigeons 327 

showing signs of ill health were scored 1. A body condition score, adapted from Gregory and 328 

Robins (1998) and Møller et al. [36], ranging from 1 to 5 was assigned, based on the bird’s 329 

general appearance, breast muscle size and crista sternalis/breast muscle ratio; 1: skinny, 330 

muscle atrophy, clearly noticeable crista sternalis; 2: underdeveloped breast muscles, crista 331 

sternalis noticeable; 3: normal muscle size, crista sternalis palpable; 4: well fed, firm, big 332 

breast muscles, crista sternalis palpable but not clearly noticeable; 5: obese, big breast muscles, 333 

presence of subcutaneous fat behind the sternum. Bacteriological analysis of cloaca swabs and 334 

an ELISA on serum samples were performed as described below. For the feral pigeons, it was 335 

necessary to first determine the Salmonella serotypes present in the faeces. Therefore, tests 336 

were performed on possible (‘pink’) colonies, which were confirmed to be Salmonella based 337 

on their biochemical characteristics: glucose fermentation, absence of lactose fermentation, 338 

H2S production, lysine decarboxylation positive and absence of urease activity. Subsequently 339 

they were serotyped by slide agglutination, targeting the somatic antigens (Pro Lab 340 

Diagnostics, Bromborough, UK).  341 

 342 
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Experimental animals  343 

Forty clinically healthy one-month-old pigeons were obtained from a captive breeding 344 

colony free of Salmonella. The animals were negative for the presence of Salmonella in their 345 

faeces on multiple samplings at 1-week intervals as well as for agglutinating antibodies and 346 

anti-Salmonella IgY antibodies (ELISA) in their blood (see below). Sex was determined using 347 

a polymerase chain reaction targeting the CHD genes as described by Griffiths et al. (1998). 348 

They were group-housed in an aviary with a 12 h photoperiod and fed a commercial seed-based 349 

diet ad libitum. All the experiments were carried out with the approval of the ethical committee 350 

of the Faculty of Veterinary Medicine, Ghent University (EC2013/137; EC2014/96; 351 

EC2015/01). 352 

 353 

Experimental Design 354 

Two pigeon groups (similar in age and sex) were formed from the same parental 355 

population. In the first group (n = 20), an endemic Salmonella Typhimurium infection was 356 

established and followed during 66 weeks. The second group (n = 20) was not infected and 357 

served as negative control, providing baseline data for clinical signs and reproductive 358 

parameters. Mechanisms and trade-offs of Salmonella endemism were examined by 1) 359 

determining Salmonella infection dynamics with focus on identifying routes of transmission, 360 

both horizontal (faecal shedding, crop feeding) and vertical (egg and/or semen contamination), 361 

2) quantifying the effect of a Salmonella infection on pigeon health and reproductive 362 

parameters 3), estimating the role of population immunity in protection against clinical 363 

Salmonella disease and 4) estimating the contribution of stress periods as inducers of 364 

Salmonella infection flare-ups. 365 

 366 

Salmonella infection and disease dynamics in a pigeon group  367 
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Salmonella Typhimurium varietas Copenhagen PT99 DAB69, isolated from a pigeon 368 

and proven to be pathogenic to pigeons [14], was grown in Luria Bertani (LB) broth overnight 369 

at 37°C while shaking. At the age of three months, the 40 pigeons were divided in two groups 370 

of 20 pigeons each: (i) pigeons inoculated with Salmonella, and (ii) pigeons sham-inoculated. 371 

Each pigeon of the first group was inoculated in the crop with 1 x 108 Colony Forming Units 372 

(CFU) of the bacterial suspension in 1 mL of inoculum. Birds from the second group were 373 

sham-inoculated with LB broth and served as a negative control group. After inoculation, the 374 

pigeons, their eggs and their offspring were followed for 15 months (including two breeding 375 

seasons) to quantify infection and disease dynamics. Birds were examined daily for the 376 

presence of paratyphoid symptoms (anorexia, polydipsia/polyuria, diarrhea, weight loss…) and 377 

faecal shedding of the Salmonella strain. Salmonella shedding in the crop of crop-feeding 378 

adults was assessed daily by collecting crop swabs from both pigeon groups. Faecal 379 

consistency was scored daily as described by Pasmans et al. (2008): 0, normal faeces; 1, faeces 380 

not well formed; 2, watery faeces; 3, severe diarrhea; 4, hematochezia; 5, absence of faecal 381 

production combined with anorexia. 382 

The numbers of Salmonella CFU per gram of matrix were determined by plating ten-383 

fold serial dilutions on Brilliant Green Agar (BGA) plates (LabM, Lancashire, UK). If negative 384 

after direct plating, the samples were pre-enriched overnight in buffered peptone water (Oxoid, 385 

Basingstoke, UK) at 37°C and then enriched in tetrathionate brilliant green broth (Merck 386 

KGaG, Darmstadt, Germany) at 37°C. Therefore, within the infected group, faeces was 387 

collected on a daily base to obtain the average daily number of CFU for the entire group and 388 

subsequently the average weekly number of CFU. Cloacal swabs and crop swabs were plated 389 

on BGA agar and investigated for the presence of Salmonella as described above.  390 

At the end of the experiment, all Salmonella-infected pigeons were humanely 391 

euthanized with an intravenous injection of sodium pentobarbital (100mg/kg, Natrium 392 
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Pentobarbital 20%, KELA, Belgium) and necropsied. The organs (intestines excluded) were 393 

scored for the presence of lesions by the same person using the following system: 0, no 394 

macroscopic lesions; 1, organ enlargement; 2, presence of small granuloma’s of < 3 mm; 3, 395 

presence of granuloma’s of 3-6 mm; 4, presence of granuloma’s of 7-9 mm; 5, presence of 396 

granuloma‘s of > 9 mm. The intestines were scored using the following system: 0, no 397 

macroscopic lesions; 1, serosal congestion; 2, abnormal content; 3, hemorrhagic content; 4, 398 

presence of granuloma’s of <3 mm; 5, presence of granuloma‘s of >3 mm. Tissues were 399 

homogenized and the number of CFU of Salmonella per g tissue was determined as described 400 

above.  401 

 402 

Dynamics of circulating antibodies in pigeons with endemic Salmonella infection 403 

We used serum anti-Salmonella antibodies dynamics as proxy for the acquired 404 

immunity response against the Salmonella strain in the pigeon groups. To detect anti-405 

Salmonella antibodies, a specific eELISA was developed. This ELISA was home-made 406 

according to Leyman et al. (2011) with some minor modifications. ELISA plates (F96 407 

maxisorp Nunc-immuno plates, Nunc, Roskilde, Denmark) were coated with 140 µL of a 408 

suspension containing formalin-inactivated Salmonella Typhimurium varietas Copenhagen 409 

strain DAB69 bacteria diluted in coating buffer to an optical density (OD) of 660 nm, measured 410 

with a spectrophotometer (Ultraspec III®). Serum was diluted 1/1000 and added to the wells 411 

(100 µL). Conjugate consisted of a 1/1000 dilution of a goat anti-bird IgY antibody (Alpha 412 

Diagnostics International, San Antonio, Texas, USA). All samples were run in triplicate; 2 413 

positive and 2 negative controls were added to each plate. The washing steps in this protocol 414 

were carried out using the Wellwash 4 Mk 2 (Labsystems Oy, Helsinki, Finland). The optical 415 

density was measured using a Multiskan MS Reader (Labsystems Oy, Helsinki, Finland) with 416 

the Ascent Software, version 2.6. Using this ELISA, blood samples (0.5 mL), collected at 2-417 
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month intervals were examined for the presence of anti-Salmonella antibodies in all pigeons of 418 

both the infected and non-infected group during the whole experiment.  419 

 420 

Protection of pigeons from a group with endemic Salmonella infection against clinical 421 

salmonellosis 422 

To assess to what extent pigeons born in the endemically infected group were protected 423 

against a subsequent Salmonella infection and to what extent the presence of anti-Salmonella 424 

antibodies correlated with protection, we randomly removed eight age- and sex-matched 425 

pigeons born in the negative control group and eight born in the infected group from their 426 

groups and inoculated them with the Salmonella strain. The pigeons of between 5-6 months of 427 

age were individually housed and a blood sample (0.5 mL) was taken prior inoculation to check 428 

for the presence of anti-Salmonella IgY antibodies. Each pigeon was inoculated in the crop 429 

with 1 x 10³ CFU Salmonella Typhimurium PT99 DAB69 in 1 mL of inoculum. The numbers 430 

of Salmonella CFU per gram of faeces were determined and the birds were followed up 431 

clinically as described above. At day 14 post inoculation, a blood sample (0.5 mL) was taken 432 

and the pigeons were humanely killed. Internal organs were collected and processed for 433 

Salmonella quantification as described above.  434 

 435 

Reproductive cost of an endemic Salmonella infection 436 

Two months after inoculation with Salmonella, the dark/light cycle was gradually 437 

adjusted to a daily 16 h photoperiod. Both groups of 20 pigeons each were housed in an indoor 438 

aviary (5x2.5x2.5m), given water and feed ad libitum and were provided with nesting sites and 439 

given the opportunity to make nests and start breeding to study the effect of an endemic 440 

pathogen on the host’s reproductive success. We collected data in both groups with regard to a 441 

set of parameters, related to reproduction, to estimate the impact of an endemic Salmonella 442 

.CC-BY-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted October 12, 2020. ; https://doi.org/10.1101/2020.10.12.336370doi: bioRxiv preprint 

https://doi.org/10.1101/2020.10.12.336370
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

infection on host reproduction. The time required to proceed to nest building, the time until the 443 

first egg was laid and the number of eggs laid was noted for pigeons in both groups. After 444 

laying, the eggs were weighed to the nearest 0.01 g and measured (length and width) using a 445 

caliper to the nearest 0.1 mm and given a unique number. To assess whether Salmonella is 446 

incorporated in the pigeons’ eggs (vertical transmission), the first clutch of eggs was examined 447 

for the presence of Salmonella. Therefore a swab was taken from the egg shell before egg 448 

surface decontamination. Subsequently, the egg was opened and the egg yolk and albumen 449 

were removed followed by egg shell and membrane homogenization. Each egg matrix was 450 

examined for the presence of Salmonella using the above described method. To assess the 451 

potential role of semen in Salmonella transmission between birds, semen was collected 1-2 452 

times a week from the male pigeons in both groups using a lumbo-sacral and cloacal region 453 

massage technique [39,40]. Semen samples were examined for the presence of Salmonella as 454 

described above.  455 

The pigeons were allowed to incubate the second clutch of eggs. The following 456 

parameters were noted: total number of eggs per group, clutch size and egg mass. Unfertilized 457 

eggs, determined by egg candling every two days, were processed for Salmonella culture as 458 

described above. At hatching, nestlings were weighed and a blood sample (20 µL) was taken 459 

from the vena jugularis to determine the presence of maternal IgY using ELISA. The number 460 

of unhatched eggs was noted and again these eggs were processed for Salmonella culture as 461 

described above. From then on, the young nestlings were weighed daily until the age of 28 days 462 

(fledging age). Blood was taken at 14 and 28 days of age (0.5 mL) from the vena ulnaris 463 

superficialis. Cloacal swabs and crop swabs were taken daily from day 1 until fledging and 464 

checked for the presence of Salmonella. Additionally, crop swabs were taken from the crop-465 

feeding parents. The offspring was further kept in the parental group. One year later, the F1 466 
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generation of pigeons was also allowed to breed and raise young. All procedures were repeated 467 

as described above.  468 

 469 

Role of stress during Salmonella endemism in pigeons  470 

Periodic stress may be important in maintaining endemic infections through its 471 

potential to induce infection flare-ups [41]. Known stress periods in our experiments were the 472 

introduction of new animals, the molting period and the breeding period [32,42–44], and we 473 

tested whether exposing pigeons to such stressors influenced the Salmonella numbers shed in 474 

their faeces.  475 

To test for a causal link between stress and Salmonella shedding in faeces, we used 476 

single housing as a stressor (often used in stress-related research, e.g. see Baker et al., 2019; 477 

Dunn et al., 2015) and determined faecal shedding of Salmonella and corticosterone levels in 478 

the blood. Ten pigeons from the infected group (chosen ad random, equal sex ratio) were 479 

individually housed. A blood sample (0.5 mL) was taken from each pigeon prior to individual 480 

housing and 24 h later, this within 30 sec after capture to avoid any other influence on 481 

corticosterone levels. After individual housing, faecal samples from each pigeon were collected 482 

(within 2 and after 24 h,  and after 48 and 72 h) for bacteriological titration. As a control, blood 483 

samples (0.5 mL) were collected at similar time points from pigeons that stayed in their group. 484 

Faecal samples were processed as described before to quantify the number of Salmonella 485 

bacteria. 486 

To evaluate the effect of the introduction of new animals as a stressor on the group, in 487 

a second experiment, we examined the fate of naive pigeons upon introduction in the 488 

Salmonella positive group. For this purpose, 5  randomly selected pigeons (3 males, 2 females), 489 

born in the negative control group, were introduced in the infected pigeon group. Cloacal swabs 490 
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were taken daily and processed as described above. After 1 month, a blood sample was taken 491 

and IgY antibodies were assessed using the Salmonella specific ELISA as described above.  492 

 493 

Corticosterone analysis 494 

Sample pre-treatment and LC-MS/MS analysis 495 

To 50 µL of plasma we added 50 µL of the internal standard (IS) working solution 496 

(corticosterone-d8, 10 ng mL-1 in methanol) and 400 µL of liquid chromatography-mass 497 

spectrometry (LC-MS) grade water, followed by a vortex mixing (15 sec) and equilibration (5 498 

min, room temperature) step. After the addition of 3 mL of diethylether, the samples were 499 

extracted for 20 min on a rotary apparatus. The samples were centrifuged for 10 min at 4750 500 

rpm and 4°C. The supernatant was transferred to another tube and evaporated to dryness using 501 

a gentle stream of nitrogen (N2; ~ 40°C). The dry residue was reconstituted in 75 µL of LC-502 

MS grade methanol and vortexed for 15 sec, followed by the addition of 75 µL of LC-MS grade 503 

water. After vortexing, the sample was passed through a 0.22 µm Millex® Nylon syringe filter 504 

and transferred to an autosampler vial. A 10 µL aliquot was injected onto the liquid 505 

chromatography-tandem mass spectrometry (LC-MS/MS) instrument. The LC-MS/MS system 506 

consisted of an Acquity H-Class Quaternary Solvent Manager and Flow-Through-Needle 507 

Sample Manager with temperature controlled tray and column oven in combination with a 508 

Xevo TQ-S® MS/MS system, equipped with an electrospray ionization (ESI) probe operating 509 

in the positive mode (all from Waters, Zellik, Belgium). More details about the LC-MS/MS 510 

method can be found in De Baere et al. (2015) (47).  511 

Quantification of corticosterone in pigeon plasma was performed using matrix-matched 512 

calibration curves. The calibrator samples were prepared by spiking 50 µL aliquots of pigeon 513 

plasma with corticosterone levels of 0.0, 0.5, 1.0, 2.0, 5.0, 10.0 and 20 ng mL-1. The standard 514 

working solutions of corticosterone and the IS were directly applied onto the samples, followed 515 
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by a vortex mixing step. After 5 min of equilibration, the sample preparation procedure was 516 

performed as described above. The basal concentration of corticosterone in the plasma samples 517 

used for the preparation of the calibration curve was determined in order to correct the 518 

corticosterone concentrations in the study samples. Limits of quantification (LOQ) and 519 

detection (LOD) were 0.5 ng mL-1 and 0.2 ng mL-1 respectively. 520 

 521 

Immunohistochemistry 522 

The gonads (ovary, oviduct and testes) were fixed in 4% phosphate buffered 523 

formaldehyde and embedded in paraffin for routine light microscopy. The 524 

immunohistochemical staining protocol to specifically stain the Salmonella bacteria was done 525 

as described by Morrison et al. (2012) and Van Parys et al. (2010) with some modifications 526 

(48, 49). In short, sections of 5 µm were cut followed by deparaffinization, hydration and 527 

antigen retrieval in citrate buffer (pH 6.0) using a microwave oven. Slides were incubated with 528 

a 3% H2O2 in methanol solution (5 min) and 30% goat serum (30 min) to block endogenous 529 

peroxidase activity and non-specific reactions, respectively. This was followed by an 530 

incubation step with a Polyclonal rabbit anti-Salmonella O4 antibody, targeting the O4 somatic 531 

antigen (1/1000; Pro Lab Diagnostics, Bromborough, UK) for 30 min. A biotinylated goat anti-532 

rabbit IgG antibody (1/500; DakoCytomation, Glostrup, Denmark) served as secondary 533 

antibody. After rinsing, the sections were incubated with a streptavidin-biotin-HRP complex 534 

(DakoCytomation) and the brown color was developed with diaminobenzidine 535 

tetrahydrochloride (DAB, Dako) and H2O2. Counterstaining was done using hematoxylin 536 

before dehydration and coverslip placement. All incubation steps were done using a Dako 537 

Autostainer apparatus. 538 

 539 

Statistical analyses 540 
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Salmonella infections are endemic in feral pigeon populations 541 

To quantify the presence of Salmonella Typhimurium in the faeces of free-living, urban 542 

pigeons, we used the truePrev function of the R library ‘prevalence’ [50]. This method allows 543 

deriving a Bayesian estimate of true prevalence from apparent prevalence obtained by testing 544 

individual samples, using a sensitivity value of at least 0.90 and a specificity value of at least 545 

0.99 [51]. To test whether Salmonella presence was related to pigeon health status or body 546 

constitution score, we applied linear mixed models (R library lme4, Bates et al., 2015) (52) 547 

with city of capture as a random effect. Health status or body constitution score were specified 548 

as dependent variable while presence of faecal Salmonella, presence of serum anti-Salmonella 549 

antibodies and pigeon sex and age (and their two-way interactions) were included as fixed 550 

effects. Health status was modelled using a binomial model, for health score a Gaussian error 551 

distribution was used. We adopted a frequentist approach whereby full models (i.e. models 552 

containing all explanatory variables considered here) were reduced in a stepwise manner, by 553 

excluding the variable with the highest p-value until only p < 0.05 predictors remained. 554 

Statistics and P-values mentioned in the text and tables are from the minimal model (all 555 

significant terms included), whereas statistics and P-values of non-significant terms were 556 

obtained by fitting each non-significant term separately into the minimal model.  557 

 558 

Endemism noticed in the wild can be experimentally replicated, and is sustained mainly 559 

by horizontal transmission despite marked pathogen association with the host 560 

reproductive tract 561 

To test whether Salmonella Typhimurium becomes endemic when introduced into a 562 

colony of naive pigeons, and to verify whether exposure to stress events increases Salmonella 563 

Typhimurium prevalence (and thus helps maintaining long-term endemism), weekly data were 564 

collected on the density of Colony Forming Salmonella Typhimurium Units (CFU) present in 565 
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the colony’s faeces. From an epidemiological perspective, CFU density in a given week will 566 

likely be correlated with the previous week, and measurements thus do not represent 567 

independent data and should be treated as a time-series. We therefore opted to apply an ARIMA 568 

(autoregressive integrated moving average) model to analyze temporal dynamics of faecal 569 

Salmonella shedding. Models were fitted using the ’auto.arima’ function of the R library 570 

‘forecast’ [53], using AIC values as criterion for model selection. Designated periodic stress 571 

events (i.e. breeding periods, molting periods and introductions of new individuals, see 572 

methods) and the total number of pigeons in the colony were included as covariates. Variable 573 

coefficients were divided by their standard errors to obtain the z-statistics, which were then 574 

used to calculate the P-values reported.  575 

To compare trends in body mass of experimental versus control group pigeons, a linear 576 

mixed model was used. Body mass was specified as a dependent variable and time period 577 

(every second month), treatment (experimental versus control) and their interaction as fixed 578 

effects. Individual pigeon identity was always included as a random effect. Model were run 579 

with a Gaussian error distribution. In addition to testing overall trends throughout the 580 

experiment, we verified at which time periods significant differences between experimental 581 

and control group arose using the glht function of R library ‘multcomp’ [54], to obtain P-values 582 

corrected for multiple testing. 583 

 584 

Salmonella endemism impairs host reproduction but does not affect adult pigeon health 585 

To test whether the experimental inoculation of pigeons with Salmonella Typhimurium 586 

resulted in impaired reproduction, differences in reproductive parameters between the 587 

experimental and the control group were assessed using linear mixed models. Differences 588 

between the experimental and the control group were tested for by specifying any of the 589 

aforementioned parameters as dependent variable and time period (if applicable), treatment 590 
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(experimental versus control) and their interaction as fixed effects. Models were run with either 591 

binomial or Gaussian error distribution as appropriate, and variables were log transformed 592 

when needed to obtain normality of residuals (i.e. Shapiro-Wilk ≥ 0.95).  593 

 594 

Endemism coincides with population immunity offering protection against clinical 595 

disease but not infection 596 

To test whether the experimental inoculation of naïve pigeons born in the negative 597 

control group resulted in an increase in clinical symptoms, the occurrence and/or severity of 598 

several parameters for disease in the experimental (pigeons born in the infected group) versus 599 

the (naïve) control group of pigeons was assessed using linear mixed models. These parameters 600 

(i.e. faecal Salmonella count, body mass, faecal consistency scores, diverse morphological 601 

anomalies, organ lesions, Salmonella presence in organs and antibody titers; see above) were 602 

collected either daily, weekly or at the end of the experiment after euthanasia. Differences 603 

between experimental and control groups were tested for by specifying any of the 604 

aforementioned symptoms as dependent variable and time period (daily or weekly), treatment 605 

(experimental versus control) and their interaction as fixed effects. For organ lesions at 606 

euthanasia, only treatment was included as fixed effect. Individual pigeon identity was always 607 

included as a random effect. Models were run with either binomial or Gaussian error 608 

distribution as appropriate, and variables were log transformed when needed to obtain 609 

normality of residuals.  610 

 611 

Stress periods result in flare-ups of infection  612 

Linear models were used to test whether individual housing (stressor) of endemically 613 

infected pigeons resulted in an increase in faecal Salmonella shedding accompanied by an 614 

increase in plasma corticosterone levels. To test whether housing pigeons individually 615 
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increased faecal Salmonella shedding, amount of faecal Salmonella was specified as the 616 

dependent variable and time as fixed effect (time after individual housing). Differences in mean 617 

plasma corticosterone levels between the control and the experimental group were tested by 618 

specifying time period (time after individual housing), treatment (experimental versus control) 619 

and their interaction as fixed effects. Models were run with a Gaussian error distribution. F-620 

tests were used to test whether the individual housing stress experiment affected the variance 621 

in plasma corticosterone in the control versus the experimental group.  622 
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