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Abstract  20 

Pathogen reinfections occur widely, but the extent to which reinfected hosts contribute to 21 

ongoing transmission is often unknown despite its implications for host-pathogen dynamics. 22 

House finches (Haemorhous mexicanus) acquire partial protection from initial exposure to the 23 

bacterial pathogen Mycoplasma gallisepticum (MG), with hosts readily reinfected with 24 

homologous or heterologous strains on short timescales. However, the extent to which reinfected 25 

hosts contribute to MG transmission has not been tested. We used three pathogen priming 26 

treatments– none, intermediate (repeated low-dose priming), or high (single high-dose priming)– 27 

to test how prior pathogen priming alters the likelihood of transmission to a cagemate during 28 

index bird reinfection with a homologous or heterologous MG strain. Relative to unprimed 29 

control hosts, the highest priming level strongly reduced maximum pathogen loads and 30 

transmission success of index birds during reinfections. Reinfections with the heterologous 31 

strain, previously shown to be more virulent and transmissible than the homologous strain used, 32 

resulted in higher pathogen loads within high-primed index birds, and showed higher overall 33 

transmission success regardless of host priming treatment. This suggests that inherent differences 34 

in strain transmissibility are maintained in primed hosts, leading to the potential for ongoing 35 

transmission during reinfections. Finally, among individuals, transmission was most likely from 36 

hosts harboring higher within-host pathogen loads, while associations between disease severity 37 

and transmission probability were dependent on a given bird’s priming treatment. Overall, our 38 

results indicate that reinfections can result in ongoing transmission, particularly where 39 

reinfections result from heterologous and highly transmissible strains, with key implications for 40 

virulence evolution. 41 

 42 
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Importance 43 

As Covid-19 dramatically illustrated, humans and other animals can become infected with the 44 

same pathogen multiple times. Because individuals already have defenses against pathogen their 45 

immune systems have encountered before, reinfections are typically less severe, and are thought 46 

to be less contagious, but this is rarely directly tested. We used a songbird species and two 47 

strains of its common bacterial pathogen to study how contagious hosts are when their immune 48 

systems have some degree of prior experience with a pathogen. We found that reinfected hosts 49 

are not as contagious as initially infected ones. However, the more transmissible of the two 50 

strains, which also causes more harm to its hosts, was able to multiply more readily than the 51 

other strain within reinfected hosts, and was more contagious in both reinfected and first-infected 52 

hosts. This suggests that reinfections might favor more harmful pathogen strains that are better 53 

able to overcome immune defenses. 54 

 55 
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Introduction 57 

Reinfections are a common but understudied feature of many host-pathogen systems (1–58 

4), including those of humans (e.g., SARS-Cov-2; (5)). The apparent pervasiveness of 59 

reinfections is somewhat surprising given that vertebrate immune systems harbor specific 60 

immune memory (6), allowing hosts to respond more rapidly and effectively to reinfection with 61 

the same pathogen. Nonetheless, the immune memory generated by prior pathogen infection is 62 

often incomplete, meaning some degree of reinfection is possible in many systems (7–9). The 63 

extent to which acquired protection from infection is “incomplete” can also increase over time as 64 

an individual’s initial acquired immunity wanes, increasing the risk of reinfection (10, 11). 65 

Overall, the growing recognition that many vertebrate host-pathogen systems are characterized 66 

by reinfection potential, whether immediately following recovery from initial infection or after 67 

initial acquired protection has waned, has led to recent calls for epidemiological models that 68 

better account for variability in infection-derived immunity (reviewed in 9). Nonetheless, the 69 

extent to which reinfected hosts contribute to ongoing pathogen transmission is still not well 70 

understood, despite the importance of this question for both epidemiological and evolutionary 71 

dynamics of host-pathogen interactions (8, 12). 72 

 Because initial pathogen infection generates acquired immunity with some degree of 73 

specificity for many hosts, reinfections with the same pathogen generally result in lower 74 

pathogen loads, reduced disease severity, and/or increased survival relative to hosts infected for 75 

the first time, which have no acquired protection (e.g. 13). Lower pathogen loads during 76 

reinfection are predicted to reduce a reinfected host’s transmission potential relative to a host 77 

infected for the first time. In two studies that experimentally infected mice with Plasmodium 78 

chabaudi parasites and then rapidly treated them to create “immunized” mice, a three to four-79 
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fold reduction in the density of transmission stage parasites was documented in previously 80 

immunized versus non-immunized mice (14, 15). Interestingly, the extent of reductions in 81 

transmission-stage parasites due to prior immunization was equivalent for homologous versus 82 

heterologous challenge strains of P. chabaudi, though heterologous strains were better able to 83 

transmit to mosquitoes (14). Further, numerous studies of vaccinated hosts across diverse taxa 84 

find that hosts challenged with the specific pathogen they were vaccinated against show lower 85 

transmission ability relative to unvaccinated hosts (16–19). Notably though, effects of 86 

vaccination on host transmission probability can also vary across pathogen strains. For example, 87 

vaccination of chickens for Marek’s virus reduced their transmission potential (relative to 88 

unvaccinated hosts) for a low-virulence strain of virus, but actually enhanced transmission 89 

potential of high-virulence strains (17). This occurred because vaccination against Marek’s virus 90 

generates incomplete immunity, protecting hosts from viral-induced mortality but not viral 91 

replication; together, this extends the infectious periods for virulent strains in vaccinated versus 92 

unvaccinated hosts, the latter of which rapidly succumb to virulent strains, often prior to 93 

transmitting (17). Thus, in addition to host pathogen loads, it is important to understand how 94 

immunization from prior infection or vaccination influences disease severity, which may 95 

determine reinfected host survival. 96 

Other characteristics of pathogen strains, in addition to virulence, can potentially 97 

influence transmission potential during reinfection. Across taxa, inherent differences in strain 98 

within-host replication rates are often positively associated with transmission rates (20), 99 

suggesting that strain characteristics that influence within-host replication can, at least in some 100 

cases, predict transmission potential. High within-host replication rates are, in turn, associated 101 

with strain virulence in many systems (20, 21); for example, across ten parasite clones of P. 102 
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chabaudii infecting laboratory mice, parasite clone growth, virulence, and transmissibility were 103 

positively related (15). Although strains infecting immunized mice showed overall reductions in 104 

all three pathogen fitness traits, the positive relationships between clonal growth, virulence, and 105 

transmissibility persisted in immunized hosts, potentially favoring virulent strains able to 106 

generate sufficient within-host growth, and thus transmissibility, in immunized hosts (22, 23). In 107 

addition to traits such as virulence and transmissibility, antigenic relationships among strains can 108 

determine the ability to sufficiently overcome host immune protection generated by initial 109 

infection: for example, serum from humans previously infected with a variant of SARS-CoV-2 110 

showed stronger neutralization ability against homologous versus heterologous viral variants 111 

(24). Overall, such studies suggest that transmission success during reinfection can be strain 112 

specific, with transmission more likely during reinfections with heterologous and/or more 113 

virulent strains (14, 25, 26), provided such strains can better escape or overcome the acquired 114 

protection present in immunized hosts (22).  115 

In addition to strain characteristics, the extent to which reinfected hosts transmit is likely 116 

dependent on the strength of acquired protection harbored by an individual at the time of 117 

reinfection. For example, the degree of SARS-Cov2 infectiousness (viral load) during 118 

reinfections or breakthrough infections was lowest for individuals who had both been vaccinated 119 

and experienced prior natural infection (27), and for malaria, individuals with prior infections in 120 

quick succession had serum stronger transmission-blocking immunity(28). Natural host-121 

pathogen systems are inherently variable in the extent of initial pathogen exposure that hosts 122 

experience (e.g. 29, 30). Given that the strength of protection acquired from initial infection can 123 

vary with the dose (28, 29, 31) and frequency (28, 32) of prior pathogen exposure that a host 124 
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experiences, variation in the extent of pathogen priming is predicted to influence the likelihood 125 

of ongoing transmission during reinfection. 126 

 Natural systems in which reinfections are common, such as the bacterial pathogen 127 

Mycoplasma gallisepticum (hereafter “MG”) of house finches (Haemorhous mexicanus), allow 128 

examination of how the extent of pathogen priming alters host transmission potential during 129 

reinfection with distinct pathogen strains (e.g., homologous versus heterologous). MG causes 130 

seasonal epidemics of mycoplasmal conjunctivitis in house finch populations (33). MG is largely 131 

transmitted at bird feeders (34), and because this obligate pathogen is short-lived outside of the 132 

host (35), finches experience variable levels of exposure at contaminated feeders. Diseased 133 

finches in the wild recover at high rates (36), and experimental studies show that reinfections are 134 

characterized by significantly lower pathogen loads and disease severity relative to first 135 

infections (37). Nonetheless, recovered individuals remain susceptible to reinfection with both 136 

homologous and heterologous strains (8, 37, 38), with little evidence for additional protection 137 

associated with reinfection strain homology (8).  138 

 While prior work suggests that reinfections are common in this host-pathogen system, the 139 

likelihood and severity of reinfection varies with both the degree of initial pathogen priming and 140 

the identity of the reinfecting strain. Leon and Hawley (39) experimentally varied the degree of 141 

pathogen priming experienced by finches, finding that a single high-dose MG priming treatment 142 

results in stronger host protection from homologous reinfection than intermediate degrees of MG 143 

priming such as repeated, low-dose exposures. A follow-up study (40) using similar priming 144 

treatments three distinct MG strains found that reinfections of primed hosts by a heterologous, 145 

more virulent MG strain were associated with higher within-host pathogen loads relative to MG 146 

strains with lower virulence and within-host replication rates (8, 40). Because within-host 147 
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pathogen loads serve as a potential proxy for transmission likelihood, such results suggest that 148 

reinfection with a heterologous, more-virulent strain may result in higher transmission in this 149 

system, but work to date has not directly assessed transmission success. Given that prior studies 150 

have found discrepancies between effects of host immunization on proxies of transmission (such 151 

as the density of transmission-stage parasites) versus direct measures of transmission success 152 

(e.g. 14), it is key to examine effects of pathogen priming on between-host transmission success 153 

to fully uncover the importance of reinfections for pathogen ecology and evolution. 154 

 While no studies have examined MG transmission potential during host reinfection, 155 

several past studies quantified transmission in immunologically-naïve house finches. Among 156 

MG strains, higher within-host pathogen loads are associated with higher transmission rates (41), 157 

within a given strain, higher pathogen loads result in greater deposition of MG onto feeder port 158 

surfaces (42). In addition to pathogen loads, host disease severity is associated with transmission 159 

potential (43), with birds with more severely inflamed conjunctiva more likely to transmit to 160 

cagemates, even when accounting for the higher pathogen loads associated with higher disease 161 

severity (44–46). Given that reinfections in this system (8, 39) and others (15) are characterized 162 

by significant reductions in disease severity relative to hosts infected for the first time, the 163 

respective roles of pathogen load and disease severity in predicting transmission potential for 164 

pathogen-naive and reinfected hosts is key for understanding the selective pressures on 165 

pathogens to cause higher disease severity (i.e. virulence) in hosts.  166 

 Here we test how pathogen priming alters transmission potential for hosts reinfected with 167 

one of two strains (homologous versus heterologous), and quantify individual correlates of 168 

transmission success (disease severity, pathogen load). Although we did not have sufficient 169 

strain replication to isolate effects of strain virulence per se on transmission success, our 170 
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reinfections used two strains that differ in virulence (8, 47), within-host replication rate (40, 47) 171 

and transmission potential (41). We specifically selected a more virulent strain as our 172 

heterologous strain for reinfections because MG strains collected from free-living house finches 173 

have increased in virulence over time (47, 48), with more virulent strains associated with higher 174 

transmissibility (41, 44). Thus, our experimental design mimicked a natural population in which 175 

individuals are most likely to be reinfected by either an endemic strain homologous to that which 176 

the host recently recovered from, or by an invading heterologous strain that has higher inherent 177 

transmissibility and virulence (44). To create variation in the degree of priming experienced by 178 

hosts, we varied the number and concentration of priming doses with a single MG strain (VA94) 179 

to create three priming levels: none, intermediate, or high. After recovery, we (re)-inoculated 180 

hosts and assessed effects of priming treatment on transmission success to a naïve cagemate 181 

during reinfection with one of two MG strains (the homologous strain, VA94, or the 182 

heterologous strain, NC06). Based on prior work (39, 40), we predicted the highest priming level 183 

would result in lowest host transmission potential. We also predicted that, consistent with prior 184 

work (40, 41), the heterologous, more virulent strain (NC06) would have higher overall 185 

transmission success, regardless of host priming treatment, with potential interactive effects of 186 

host priming and strain identity on transmission, as detected in the rodent-malaria system (e.g. 187 

14). Finally, based on prior work (44, 45), we predicted that disease severity would correlate 188 

with transmission potential in naive hosts, but less so for reinfected hosts, which typically show 189 

stronger protection from disease versus pathogen loads (39). 190 

 191 

Methods 192 

Experimental Design  193 
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Seventy-eight captive, MG-naïve house finches (see Supplement) were randomly 194 

assigned to one of three priming treatments (n=26/group) that varied in both dose of pathogen 195 

exposure and total number of exposures (Figure 1). These priming levels - a negative control 196 

group (no priming), a low-dose repeat exposure group (“intermediate” priming), and a single 197 

high-dose exposure group (“high” priming) - were selected because they produced the greatest 198 

range in acquired protection in prior work, as measured by pathogen loads and disease severity 199 

during reinfection challenge (40). Inoculations for the intermediate priming group, which 200 

received six sequential exposures at 101 color changing units (CCU)/ml, were given every other 201 

day and designed so that all groups received their final inoculation on the same day to allow for 202 

the same window of recovery prior to challenge (Fig. 1). 203 

Individuals were housed alone during priming treatment and given 39 days to recover 204 

from priming exposures, consistent with prior work (40). All birds then received a secondary, 205 

high-dose challenge with either a homologous or heterologous strain of MG (n=13 pairs/group; 206 

Fig. 1). At the time of secondary challenge, each of these 78 individuals was pair-housed with an 207 

MG-naïve cagemate to determine how pairwise transmission success varies with both the degree 208 

of pathogen priming and strain identity. Hereafter, individuals who acted as “transmitters” are 209 

referred to as “index” birds, and their immunologically-naïve cagemates used to assess 210 

transmission potential are referred to as “naïve” birds. Sex ratios of index birds were even for 211 

priming treatment groups (13:13 male:female). For secondary treatments, all transmission pairs 212 

were same sex, but because groups had a sample size of 13 (Fig 1), sex ratios were randomly 213 

assigned as either 6:7 male:female pairs or 7:6 female:male pairs. All protocols for animal use 214 

were approved by Virginia Tech’s Institutional Animal Care and Use Committee. See 215 

Supplement for capture and housing details. 216 
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 217 

Figure 1. Experimental design and timeline. Index individuals (housed alone for the priming 218 

portion) were given one of three priming treatments (y-axis) with the M. gallisepticum strain 219 

VA94 (blue squares), with treatments varying by number of priming exposures and dose (the 220 

color gradient indicates variation in dose, with more intense color indicating increasing dose 221 

concentration; CCU = color changing units). On day 39 post-priming treatment, all index birds 222 

challenged with one of two strains: one homologous to that used in priming exposures (VA94, 223 

seen in blue) or a heterologous strain (NC06, seen in yellow) and then pair-housed with an MG-224 

naive cagemate to assess pairwise transmission success. 225 

 226 

Pathogen inoculations 227 

Two strains were selected based on previous work demonstrating differences in the 228 

maximum and average pathogen loads and virulence they produce in immunologically-naïve 229 

house finches (8, 47). The house finch MG strain “VA94” (7994-1 7P 2/12/09) (49) was used for 230 

all priming exposures, whether intermediate or high priming (Fig 1). Secondary challenge 231 

inoculations were all at high dose and varied only in strain identity: either the priming strain 232 

(homologous) or a heterologous strain “NC06” (2006.080-5 (4P) 7/26/12), used to represent a 233 
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hypothetical invading strain with higher transmissibility. Inoculations were administered via 234 

droplet installation directly into the conjunctiva (70uL total volume across both conjunctiva) via 235 

micropipette (see Supplement). The negative control (sham inoculation) group received 70uL of 236 

sterile media.  237 

 238 

Disease severity and pathogen load 239 

Disease severity was assessed by scoring the degree of visible inflammation, eversion, 240 

and exudate in conjunctival tissue (50) on a scale of 0-3 for each eye, and summing across eyes 241 

per individual within a given sampling date. Scoring was done blind to treatment. Pathogen load 242 

was assessed via swabbing of conjunctival tissue and MG-specific qPCR (see Supplement), with 243 

loads log10 transformed for analysis.  244 

Index birds were eye scored and sampled for pathogen load on post-secondary 245 

inoculation days (PSID) 4, 7, 14, 21 and 28. To obtain high resolution data on transmission 246 

timing, naïve cagemates were eye scored daily on PSID 5 through 18 and then on days 21, 23, 247 

25, 28, 32 and 35. Additionally, to ensure all individuals were still naive to MG just prior to the 248 

start of the experiment, we sampled for eye score and pathogen load on pre-inoculation day 19, 249 

as well as pre-challenge day 4 to obtain baseline data prior to re-inoculation. Responses to 250 

priming exposure levels have been previously examined (39), and are not included here. 251 

 252 

Transmission 253 
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Pairwise transmission was quantified as successful when a previously naïve cagemate 254 

developed scorable eye lesions (>0). Although the use of eye score as the assay for transmission 255 

can miss low-level, subclinical infections, prior work comparing the two metrics (34) showed 256 

that using eye score as the transmission metric robustly captures naïve individuals with minimum 257 

pathogen loads (> 1349 copies across both conjunctiva) considered to be infectious in this 258 

system. Further, the use of eye score eliminates potential false positives, which are known to 259 

occur in our qPCR assay (39).  260 

 261 

Analyses 262 

All analyses were done using the statistical software R (51). In models where interactions 263 

were not significant, overall level effects were analyzed using Type II Likelihood Ratio tests 264 

using the car package in R (52). Whenever significant interactions were present, effects were 265 

analyzed using a Type III Likelihood Ratio (52). Post-hoc pairwise differences for significant 266 

interactions of interest were generated using the emmeans function and a Tukey adjustment for 267 

multiple comparisons.  268 

Within-Host Responses. Because we were interested in the extent to which transmission 269 

success was a function of within-host responses, we analyzed both disease severity and pathogen 270 

load during secondary challenge of index birds with distinct priming treatments. As in our prior 271 

work (8), we ensured independence of repeated-measures data by analyzing only the maximum 272 

eye score and pathogen load for each index bird across four post-secondary challenge time-273 

points (PSID 7, 14, 21, 28). For both models, fixed effects included priming treatment, secondary 274 

strain, and an interaction between the two effects (removed if not significant). To account for the 275 
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non-continuous nature of score data, maximum eye score was treated as an ordinal factor and 276 

analyzed using cumulative link models (CLM) in the ordinal package (53). Maximum pathogen 277 

load was analyzed using a generalized linear model with a Gamma distribution, chosen because 278 

pathogen load was positively skewed, and inverse link function (lme4 package in R, (54)).  279 

Transmission. Pairwise transmission (Y or N), assessed via any visible eye lesions in 280 

cagemates, was analyzed using logistic regression with binomial distribution and a logit link 281 

function. Fixed effects included priming treatment and secondary challenge strain. An interaction 282 

between priming exposure and secondary strain was tested but not included in the final model, as 283 

we did not have sufficient statistical power to fit a model with interactions.  284 

To determine which host factors (eye score, pathogen load, or both) are predictive of 285 

transmission success across priming treatments, pairwise transmission was also analyzed across 286 

individuals using a second logistic regression with binomial distribution and a logit link function. 287 

Because our analyses of eye score and pathogen load indicated that priming treatment influences 288 

each host response somewhat distinctly, we included priming treatment in interaction with 289 

maximum pathogen load and eye score in the model. Although previous work found correlations 290 

between pathogen load and eye score across MG strains (47), in this study, the two variables 291 

were correlated at a level of 0.48 (Pearson correlation coefficient) across individuals, allowing us 292 

to include these variables as independent fixed effects in our model (55).  293 

 294 

  295 
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Results 296 

Index Bird Within-Host Responses  297 

All birds recovered from priming-induced disease (eye scores = 0) by the time of 298 

reinfection challenge on day 39. The level of pathogen priming that an index bird received 299 

significantly predicted host disease severity (i.e., maximum eye scores) during reinfection 300 

challenge, with the lowest disease in birds that received high pathogen priming prior to challenge 301 

(CLM estimates: intermediate priming: -1.48 ± 0.71; high-dose priming: -3.34 ± 0.93); priming 302 

treatment LR Chisq= 31.8, df = 2, P <0.0001; Fig. 2A). As expected, the more virulent NC06 303 

strain produced higher maximum disease severity in birds than VA94 (strain[NC06]:1.59 ± 304 

0.72), but secondary strain was not significant in the overall model (secondary strain LR = 2.15, 305 

df = 1, P = 0.14). There was no significant interaction between priming treatment and secondary 306 

strain identity on disease severity in index birds (priming:secondary LR = 5.10, df = 2, P = 307 

0.078), suggesting effects of priming on disease severity were largely similar between the strains.  308 

 Pathogen loads just prior to reinfection challenge (day -4) were slightly elevated in index 309 

birds that received high priming treatment (Fig S1), suggesting complete clearance of high-dose 310 

priming had not universally occurred by the time of reinfection challenge. Nonetheless, birds that 311 

received high priming reached lower maximum pathogen loads during reinfection challenge than 312 

did birds with intermediate or no priming, indicating that residual pathogen from priming 313 

treatments was outweighed by effects of the protection acquired from priming (GLM assuming 314 

gamma distribution [parameters on inverse scale]: intermediate priming: 0.049 ± 0.036; high 315 

priming: 0.616 ± 0.10; priming treatment LR = 68.42, df = 2, P <0.0001; Fig. 2B). Priming 316 

treatment also interacted with strain identity to predict pathogen loads during reinfection 317 

(priming:secondary strain LR = 11.68, df = 2, P = 0.0023). Specifically, in index birds given 318 
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high priming, hosts challenged with the heterologous, more virulent strain NC06 harbored 319 

significantly higher maximum pathogen loads than those challenged with VA94 (Table 1). 320 

Secondary strain did not have a significant main effect on pathogen loads (secondary strain LR = 321 

0.245, df = 2, P = 0.62). 322 

A) 323 

B) 324 

 325 
 326 

Figure 2. A) Maximum eye scores and B) pathogen loads after secondary challenge with one of 327 

two Mycoplasma gallisepticum strains (Left: homologous VA94, blue; Right: heterologous 328 

NC06, yellow) in index birds with distinct pathogen priming histories (x-axis: none, 329 

intermediate, or high). Each point represents maximum responses for each individual over four 330 

sample points. While eye scores are visualized as continuous here, they were analyzed as ordinal 331 

factors to account for their non-continuous distribution. 332 
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Table 1. Pairwise post-hoc comparisons for the significant interactive effect of priming (“prim.”) 333 
treatment (none, intermediate=”int”, or high) and secondary strain (VA94 or NC06) on 334 
maximum pathogen loads following secondary challenge. Interactive comparisons (strain 335 
differences within priming treatment) are in italics for ease of visualization. Upper triangle (light 336 
gray cells) gives Tukey-adjusted p-values (*p<0.05, **p<0.01), the bottom triangle (unfilled 337 
cells) shows estimates for each pairwise comparison, and diagonal cells (dark gray, white text) 338 
show predicted pathogen loads (emmeans) for each combination on the response scale. Within 339 
the high priming treatment only, birds reinfected with NC06 had significantly higher pathogen 340 
loads than birds infected with VA94.  341 
 342 

Priming: strain No priming 
VA94 

Int. Prim. 
VA94 

High Prim. 
VA94 

No priming 
NC06 

Int. prim. 
NC06 

High prim. 
NC06 

No priming VA94 5.37 0.735 <0.001** 0.996 1.000 0.0007** 
Intermediate VA94 -0.049 4.24 <0.001** 0.436 0.656 0.0218* 
High priming VA94 -0.616 -0.567 1.25 <0.001** <0.0001** 0.0119* 
No priming NC06 0.015 0.064 0.631 5.83 0.999 0.0002** 

Intermediate NC06 0.004 0.054 0.620 -0.011 5.49 0.0005** 
High priming NC06 -0.234 -0.185 0.382 -0.249 -0.239 2.38 

 343 
 344 
 345 
Transmission Success 346 

Pairwise transmission success was significantly lower, relative to unprimed birds, in 347 

reinfected index birds that received intermediate or high priming prior to secondary challenge, 348 

with the strongest reduction in transmission potential in the high priming group (logistic 349 

regression with a binomial distribution: intermediate priming: -0.7703 ± 0.381; high priming: -350 

1.581 ± 0.470; LR = 13.63, df = 2, P = 0.001; Fig 3). The heterologous, higher virulence NC06 351 

strain had higher overall transmission success than the VA94 strain (NC06 strain: 0.8627 ± 352 

0.351; LR = 6.45. df = 1, P = 0.011; Fig. 3). Although NC06 was notably the only strain with 353 

detectable transmission from high priming index birds, the low overall transmission success from 354 

hosts with high priming (2/13 pairs for NC06, relative to 0/13 for VA94) made any statistical 355 

interactions between secondary strain identity and priming treatment challenging to estimate.  356 

 357 
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 358 

Figure 3. Pairwise transmission of Mycoplasma gallisepticum from captive house finches with 359 

variable pathogen priming (x-axis) that were experimentally inoculated with one of two pathogen 360 

strains  (Left: VA94 - homologous, seen in blue; Right: NC06 - heterologous, seen in yellow). 361 

Percent transmission (y-axis) from index birds (transmitters) was measured in pathogen-naive 362 

cagemates. Higher degrees of priming reduced an index bird’s transmission potential to its 363 

cagemate for both strains, though the NC06 strain produced higher transmission regardless of 364 

host priming. Each treatment group had 13 pairs. Error bars represent binomial standard errors 365 

calculated using sample size. 366 

 367 

Host Factors Predictive of Transmission 368 
 369 

The model of index bird transmission (Y/N) with the strongest support included an index 370 

bird’s maximum pathogen loads during secondary challenge, as well as the interaction between 371 

index bird maximum eye score and priming treatment. Specifically, across all priming 372 

treatments, index bird pathogen loads were positively associated with transmission probability 373 
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(logistic regression: pathogen load: 3.93 ± 1.52, LR = 14.58, df = 1, P <0.001). In contrast, the 374 

relationship between an index bird’s maximum eye score and transmission success depended on 375 

a bird’s priming treatment (eye score*priming treatment: LR = 6.70, df = 2, P = 0.035; 376 

interaction visualized in Fig. 4). For birds given intermediate priming, higher maximum eye 377 

scores during reinfection were associated with slightly lower transmission (intermediate 378 

priming*score: -0.938 ± 0.601), while a positive effect of eye score was estimated for high 379 

primed birds (high priming*score: 46.1 ± 5055.7), although the model parameter could not be 380 

estimated with any precision due to the low number of high-primed birds with detectable eye 381 

score. The three-way interaction between pathogen load, disease severity, and priming treatment 382 

was not significant (LR = 0.44, df = 2, P = 0.80) and was removed from the model.    383 

384 
Figure 4. Successful pairwise transmission of Mycoplasma gallisepticum (filled symbols) from 385 

index house finches (n=78) given various priming treatments (symbols: unprimed birds = circles, 386 

intermediate priming = squares, high priming = triangles) was a function of the pathogen load of 387 

the index bird (y-axis), with successful transmission occurring only from index birds above a 388 

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

The copyright holder for this preprintthis version posted October 24, 2024. ; https://doi.org/10.1101/2024.10.21.619473doi: bioRxiv preprint 

https://doi.org/10.1101/2024.10.21.619473
http://creativecommons.org/licenses/by-nc/4.0/


 

20 
 

threshold pathogen load of log10 ~ 4.5. There were also significant effects of index bird 389 

maximum eye score (x-axis) in interaction with pathogen priming treatment, with higher eye 390 

scores associated with lower transmission success at intermediate priming levels (squares), while 391 

for high priming birds (triangle), intermediate eye scores, which were the highest maximum 392 

reached for this treatment, were positively associated with transmission likelihood. 393 

 394 

Discussion 395 

We show that pathogen priming significantly reduces transmission success during 396 

reinfections relative to birds that are infected for the first time. Nonetheless, reinfected hosts 397 

were still associated with a notable degree of successful pairwise transmission, particularly in 398 

cases where index birds had an intermediate priming level and reinfections were with a 399 

heterologous, higher virulence MG strain. Together, our findings suggest that reinfections 400 

meaningfully contribute to transmission dynamics in this system, particularly in cases that 401 

approximate our intermediate priming treatment, such as when pathogen priming in a population 402 

is variable, or acquired protection from previous infection has waned over time (37). As such, 403 

variation in the degree of acquired protection among hosts in natural populations, in systems 404 

where reinfections are common, can be an important impediment to transmission, placing 405 

selective pressure on invading pathogen strains to overcome host acquired protection.  406 

 Our main objective was to determine how the degree of pathogen priming, and thus the 407 

degree of acquired protection, alters host transmission potential during reinfection. For both 408 

strains examined, we found that the highest priming level resulted in strong reductions in 409 

transmission potential relative to unprimed hosts. These results are consistent with effects of host 410 

immunization on transmission likelihood in other key systems where this question has been 411 

examined, including mouse models (14, 15), and malaria (28) and SARS-Cov-2 in humans (27, 412 
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56–58). Together, these results demonstrate that prior pathogen infection or vaccination at levels 413 

sufficient to generate acquired protection can have strong effects on epidemic dynamics in wild 414 

populations, as documented in vaccinated human populations (e.g. 59), and likely provides 415 

strong selection on pathogens circulating in host populations where many individuals have 416 

acquired protection (17).  417 

Our results also suggest that the degree of pathogen priming a host experienced has key 418 

effects on transmission success, potentially akin to the additive effects of vaccination and prior 419 

natural infection on the infectiousness of breakthrough SARS-Cov2 infections (27). Here, while 420 

our highest priming treatment caused strong reductions in transmission success for both strains, 421 

there were apparent, though not statistically significant, differences between the two strains in 422 

response to our intermediate priming level. The homologous VA94 strain showed no difference 423 

in transmission success between the no priming and intermediate priming levels. In contrast, the 424 

intermediate priming treatment resulted in fewer successful transmission events relative to 425 

unprimed birds for the heterologous NC06 strain. Future work should incorporate a low priming 426 

treatment such as a single, low-dose priming dose (39), to test whether there are strain-specific 427 

effects of lower degrees of pathogen priming on transmission in this system.  428 

We also detected overall strain differences in transmission success akin to prior work 429 

(41), with the NC06 strain showing higher transmission success than VA94, regardless of a 430 

host’s priming treatment. For within-host pathogen loads, however, effects of strain were 431 

dependent on host priming background, with the NC06 strain reaching significantly higher 432 

within-host pathogen loads than the VA94 strain within the high-priming group. This pathogen 433 

load advantage for NC06 may explain why there was successful transmission (~15%) of the 434 

NC06 strain even from hosts with the high priming level, whereas there were no instances of 435 
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successful transmission of the VA94 strain from hosts with the same high priming level. Overall, 436 

our findings align with mouse-malaria studies showing that parasite clone differences in growth 437 

rate and transmission are largely maintained in immunized hosts, despite overall reductions in 438 

average growth and transmission (15). Although heterology of the reinfection strain relative to 439 

the priming strain may partly explain the ability of NC06 to successfully replicate within and 440 

transmit during reinfection from hosts with the highest priming level, heterology is unlikely to be 441 

the main driver of these patterns: first, heterology is only a relevant mechanism in primed hosts, 442 

whereas transmission success of NC06 was substantially higher in unprimed hosts, for which the 443 

NC06 strain was the first MG strain that such hosts had been exposed to (and thus was not truly 444 

“heterologous”). Second, if heterology was an important driver of transmission potential during 445 

reinfection, we would predict that NC06 strain transmission would have been less affected by 446 

our intermediate priming level than was the homologous strain; instead NC06 appears more 447 

strongly affected (relative to unprimed birds) by intermediate priming than was VA94, the 448 

homologous strain. Finally, prior work in this system using larger numbers of MG strains found 449 

that strain virulence was a stronger predictor of reinfection likelihood than homology (8, 40), 450 

although effects of homology may result in small increases in acquired protection (8). Overall, 451 

our results complement prior work showing higher transmission rates (41, 44) for virulent MG 452 

strains in immunologically-naive hosts, and suggest that this transmission advantage is 453 

maintained in the presence of strong acquired protection from priming.  454 

We can use our results to hypothesize as to how detected effects of pathogen priming on 455 

transmission potential might ultimately influence virulence evolution in this system, although 456 

studies using replicate heterologous strains are needed to confirm effects of strain virulence on 457 

transmission potential during reinfection. For directly-transmitted pathogens, where virulence 458 
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typically reduces opportunities for transmission (60), high virulence should be favored when it is 459 

an unavoidable by-product of the high within-host replication needed for transmission given a 460 

contact (20). Thus, any within-host selective environment that requires higher levels of 461 

replication to achieve transmission should favor higher pathogen virulence, a prediction 462 

supported by prior studies in the mouse-malaria system (22, 23). Because pathogen priming led 463 

to significant reductions in pathogen loads and transmission success in reinfected hosts in our 464 

study, and maximum pathogen loads were associated with successful transmission, a host 465 

population with acquired protection from priming would favor a higher optimal pathogen 466 

virulence relative to an unprimed, naïve host population. Second, optimal virulence is predicted 467 

to increase whenever acquired protection in hosts reduces the costs of virulence to pathogens (8, 468 

15, 17) by preventing reinfected hosts from dying when infected with strains of higher virulence. 469 

These predictions were confirmed empirically in chickens vaccinated with Marek’s virus (17), 470 

which are able to successfully transmit virulent strains in vaccinated flocks. Notably, priming at 471 

both intermediate and high levels in our study resulted in significantly lower index bird disease 472 

severity during reinfection, and disease severity is a relevant proxy for infection-mediated 473 

mortality in this system (61). Thus, while survival did not vary here (because birds survive MG 474 

infection in captive conditions where predators are absent), our results suggest that primed hosts 475 

in the wild are more likely to survive reinfections, potentially resulting in longer infectious 476 

periods for virulent strains in primed hosts (17). Overall, our findings, alongside prior modeling 477 

work on this system (8), suggest that acquired protection from priming in this system will favor 478 

higher optimal pathogen virulence.  479 

 Our results also reveal a key role for pathogen load in driving transmission success 480 

among individuals. In contrast to work by Bonneaud at al. (44) that did not detect effects of 481 
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strain-level variation in pathogen loads on MG transmission success, we found that individual 482 

variation in pathogen loads was positively associated with pairwise transmission success, 483 

regardless of host priming background. Although we also predicted that individual variation in 484 

disease severity would correlate with transmission as seen previously in this system (44, 45), we 485 

found that associations of disease severity with transmission success depended on a bird’s 486 

priming treatment. For intermediate-primed birds, higher disease severity was associated with 487 

reductions rather than increases in transmission success, such that several birds with both high 488 

levels of disease severity and pathogen load did not successfully transmit to cagemates. While 489 

the reasons for this are unclear, one possibility is that because birds with high levels of disease 490 

severity also show behavioral morbidity during infection (61), high levels of disease severity 491 

may sometimes suppress rather than augment transmission opportunities in this system, and 492 

likely others (62). Indeed, prior work (45) found that MG-infected house finches that maintained 493 

foraging activity were more likely to transmit to cagemates, consistent with the idea that 494 

behavioral morbidity can suppress transmission. In contrast, for high-primed birds, disease 495 

severity appeared positively associated with transmission success, but due to the strong effects of 496 

high priming on protection from disease, we did not have sufficient numbers of high-primed 497 

birds with detectable eye scores to estimate this relationship with any precision. Overall, our 498 

findings suggest that effects of disease severity on transmission success differ between reinfected 499 

and naive hosts, with potential consequences for virulence evolution.  500 

 Overall, our results demonstrate that acquired protection from pathogen priming alters 501 

transmission success, potentially in distinct ways for different pathogen strains. Our results add 502 

to broader growing recognition (9, 12), that many epidemiological systems fall between the 503 

classically studied Susceptible-Infected-Recovered (SIR) systems, where recovered individuals 504 
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acquire complete protection that can wane over time, and Susceptible-Infected-Susceptible (SIS) 505 

systems, where hosts acquire no lasting protection from infection. As mathematical models 506 

continue to evolve to better capture this variation in infection- or vaccine-induced immunity (9, 507 

63, 64), it is important to empirically quantify how parameters such as transmission success vary 508 

with acquired protection in both vaccinated and reinfected populations to better understand 509 

transmission dynamics and predict the evolution of more harmful pathogens.  510 
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Supplemental Materials 694 

 695 

 696 

Figure S1. A) Disease severity (eye score) and B) pathogen loads over the course of secondary 697 

infection for index birds with distinct levels of pathogen priming given a secondary high-dose 698 

challenge with one of two strains of Mycoplasma gallisepticum (A: VA94; B: NC06). Exposure 699 

history (purple, circles – no priming; light blue, squares – intermediate priming; dark blue, 700 

triangular points – high priming) largely determined the extent of disease and pathogen load 701 
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across both strains, although the heterologous strain (NC06) produced higher levels of disease 702 

than the homologous strain (VA94), overall. Error bars represent standard error from the mean.  703 

 704 

Bird Capture and Housing 705 

Hatch-year house finches were captured in Montgomery County, VA in June-July 2016 706 

using a combination of mesh wire traps and mist-nets under permits from VDGIF (056090) and 707 

USFWS (MB158404-1). To ensure that birds used in our experiments had no previous exposure 708 

to MG in the wild, captive animals underwent a two-week quarantine protocol wherein they were 709 

monitored for visible signs of infection and blood sampled on day 14 post-capture to test for 710 

MG-specific antibodies (as per (65)). Only individuals that never showed clinical signs of 711 

infection, had not been housed with an infected individual, and were seronegative for pathogen-712 

specific antibodies were included in the experiment (n=156 total).  713 

All animals were pair-housed during quarantine, but index birds were single-housed prior 714 

to the start of and for the duration of the priming portion of the experiment. After recovery from 715 

priming exposures and immediately following secondary challenge, the index birds were then 716 

pair-housed with MG-naïve cagemates to assess pairwise transmission potential during 717 

reinfection. For the entirety of their time in captivity, finches were held at constant day length 718 

(12L:12D) and temperature, and were fed an ad libitum diet (Daily Maintenance Diet, 719 

Roudybush Inc., Woodland, CA). Individuals were given food in open-cup dishes for the 720 

priming portion of the study (when no transmission could occur due to individual housing). 721 

When inoculated birds were pair-housed with pathogen-naïve cagemates to quantify pairwise 722 

transmission, all pairs were given a two-port hanging tube feeder to mimic the feeder type most 723 

likely to facilitate transmission in the wild (34, 66).  724 
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Inoculation 725 

Stock inocula were grown in Frey’s broth media with 15% swine serum (FMS) and 726 

provided by D.H. Ley, North Carolina State University, College of Veterinary Medicine, 727 

Raleigh, NC, USA. All inocula were stored at -80°C and thawed and diluted immediately before 728 

use. Inoculation dilutions for priming exposures were calculated using the starting viable count 729 

of 107 CCU/ml of VA94. To control for the stress of extra handling and inoculation for birds in 730 

the repeated low-dose priming group, a randomly selected subset of individuals from the no 731 

priming and high-dose priming groups were given a sham inoculation of sterile FMS on priming 732 

days 1, 3, 5, 7 and 9 (Fig. 1).  No effect of this sham treatment was detected on disease (F = 733 

0.048, df = 30, P = 0.83) or infection outcomes (F = 1.28, df = 12, P = 0.28) compared to control 734 

animals not given sham inoculations.  735 

 736 

Pathogen load quantification 737 

Both conjunctival sacs were swabbed for 5 seconds using separate sterile cotton swabs 738 

dipped in tryptose phosphate broth (TPB) and eluted in a single tube containing 300uL of TPB. 739 

Samples were kept on ice until frozen at -20°C and remained frozen until thawed for DNA 740 

extraction. DNA was extracted using Qiagen DNeasy 96 Blood and Tissue kits (Qiagen, 741 

Valencia, CA). Quantitative polymerase chain reaction (qPCR) was performed using a Bio-Rad 742 

C1000 CFX96 Real-time System (Hercules, CA). Primers and probes that target the Mgc2 gene 743 

of MG were used, and a standard curve of 2.98 x 101 to 2.98 x 108 copy numbers was produced 744 

using a plasmid containing a 303 bp Mgc2 insert (67). Cycling parameters used were as follows: 745 

95°C for 3 minutes then 40 cycles of 95°C for 3 seconds followed by 60°C for 30 seconds. 746 
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