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ABSTRACT: Host individuals and populations often vary in their
responses to infection, with direct consequences for pathogen spread
and evolution. While considerable work has focused on the mech-
anisms underlying differences in resistance—the ability to kill path-
ogens—we know little about the mechanisms underlying tolerance—
the ability to minimize fitness losses per unit pathogen. Here,
we examine patterns and mechanisms of tolerance between two
populations of house finches (Haemorhous [formerly Carpodacus]
mexicanus) with different histories with the bacterial pathogen My-
coplasma gallisepticum (MG). After infection in a common environ-
ment, we assessed two metrics of pathology, mass loss and eye lesion
severity, as proxies for fitness. We calculated tolerance using two
methods, one based on pathology and pathogen load at the peak of
infection (point tolerance) and the other based on the integrals of
these metrics over time (range tolerance). Alabama birds, which have
a significantly longer history of exposure to MG, showed more pro-
nounced point tolerance than Arizona birds, while range tolerance
did not differ between populations. Alabama birds also displayed
lower inflammatory cytokine signaling and lower fever early in in-
fection. These results suggest that differences in inflammatory pro-
cesses, which can significantly damage host tissues, may contribute
to variation in tolerance among house finch individuals and popu-
lations. Such variation can affect pathogen spread and evolution in
ways not predictable by resistance alone and sheds light on the costs
and benefits of inflammation in wild animals.

Keywords: disease ecology, emerging infectious disease, house finches,
inflammation, tolerance, resistance, Mycoplasma gallisepticum.

Introduction

The mechanisms underlying the extraordinary variation
in how individuals, populations, and species respond to
infectious agents have fascinated the medical and biolog-
ical communities for decades (Schmid-Hempel 2011). Un-
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covering these mechanisms can reveal predictive markers
of disease susceptibility, clearance, or transmission (Long
et al. 2008; Poland et al. 2008; Vollmer-Conna et al. 2008).
Despite progress on the molecular and immunological ba-
sis of resistance, or a host’s ability to reduce pathogen
numbers, relatively less attention has focused on an al-
ternative yet fundamental host strategy for responding to
infectious agents: tolerance, or the ability to minimize the
per-pathogen reduction in host fitness (Jokela et al. 2000;
Rausher 2001; Réberg et al. 2007, 2009). While empirical
and theoretical interest in tolerance has grown in recent
years (Jokela et al. 2000; Rausher 2001; Restif and Koella
2003, 2004; Raberg et al. 2007, 2009), few studies have
examined variation in tolerance for ecologically relevant
diseases of wild animals (but see Rohr et al. 2010 and
Tobler and Schmidt 2010). Moreover, the physiological
mechanisms that enable animals to tolerate infection re-
main unclear. Because the extent to which hosts tolerate
rather than resist infections has far-reaching implications
for pathogen evolution and spread (Roy and Kirchner
2000; Pfennig 2001; Ferrari et al. 2004; Lloyd-Smith et al.
2005; Miller et al. 2006; Carval and Ferriere 2010; Little
et al. 2010; Long and Boots 2011), understanding the
mechanisms that underlie variation in resistance and tol-
erance in naturally occurring host-parasite systems is par-
ticularly important.

One mechanism proposed to drive variation in resis-
tance and tolerance in animals involves the balance be-
tween pro- and anti-inflammatory immunological signal-
ing (Raberg et al. 2009; Sears et al. 2011). Inflammatory
responses include both local and systemic processes, such
as localized swelling and infiltration of white blood cells,
production of reactive oxygen species, and fever (Janeway
et al. 2005; Medzhitov 2008). While such responses effec-
tively kill diverse types of pathogens, they carry high risks
of immunopathology, or damage to a host’s own tissues
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(Kluger 1991; Graham et al. 2005; Medzhitov 2008; Ashley
et al. 2012). When engaging inflammatory responses, hosts
must balance the damage resulting directly from the par-
asite’s actions against the damage resulting from the im-
mune system itself (Rolff and Siva-Jothy 2003; Graham et
al. 2005, 2010, 2011; Viney et al. 2005). By reducing the
degree of inflammation, hosts may be able to reduce im-
munopathology, limiting total damage and moving toward
a more tolerant phenotype (Raberg et al. 2009; Sears et
al. 2011). For diseases involving inflammation, vertebrate
hosts may increase tolerance by reducing production of
proinflammatory signals, including the cytokines interleu-
kin 18 (IL-1B), interferon-vy, and tumor necrosis factor-
o (TNF-«), or by increasing production of anti-inflam-
matory signals, including cytokines such as interleukin 10
(IL-10) and transforming growth factor-3 (Réberg et al.
2009; Sears et al. 2011).

Here, we ask whether links between resistance, toler-
ance, and early inflammation exist in a recently emerged
host-pathogen system: house finches (Haemorhous mexi-
canus) infected with Mycoplasma gallisepticurn (MG). This
bacterial pathogen first jumped from poultry to house
finches in the early 1990s (Ley et al. 1996; Dhondt et al.
1998). MG causes severe conjunctivitis in house finches
and has been related to population declines in the eastern
half of North American (Hochachka and Dhondt 2000).
In house finches, as well as chickens, this pathogen is
known to induce proinflammatory responses at both sys-
temic and local levels, including proinflammatory cytokine
production, local infiltration of lymphocytes and hetero-
phils, and fever, all of which can increase damage to host
cells (Luttrell et al. 1998; Mohammed et al. 2007; Hawley
et al. 2012). Therefore, this system is particularly well
suited to examining pro- and anti-inflammatory responses
in relation to resistance and tolerance.

The house finch—-MG system is also particularly inter-
esting for examining population differences in tolerance
because of the contrasting histories of host populations
with this pathogen. Since its initial detection in house
finches, MG spread rapidly through populations east of
the Rocky Mountains (Dhondt et al. 1998) but did not
reach western North America until approximately 10 years
after emergence (Ley et al. 1996; Dhondst et al. 2006). Thus,
eastern populations of house finches have a distinctly
longer history with MG than do western populations. Re-
cent work on two house finch populations, one in the
West with no history of MG (Arizona) and one in the East
with a 12-year history of MG at the time of the study
(Alabama; Nolan et al. 1998), documented differences in
resistance to MG consistent with their histories with this
pathogen (Bonneaud et al. 2011). Bonneaud and col-
leagues (2011) showed that after 2 weeks of infection,
Alabama birds showed significantly lower pathogen load,
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or higher resistance, than did Arizona birds. Given the
high potential for costly inflammation during MG infec-
tion, we hypothesized that Alabama birds should also ex-
hibit a phenotype more tolerant than that of Arizona birds.
Importantly, theoretical work suggests that higher toler-
ance and higher resistance are not necessarily mutually
exclusive if the relative costs of these responses are similar
(Restif and Koella 2003, 2004).

Here, we utilize birds from the same eastern and western
populations studied by Bonneaud and colleagues (2011),
Alabama (AL) and Arizona (AZ), to determine whether
tolerance and components of the costly inflammatory re-
sponse to MG infection differ between populations. Be-
cause many Mycoplasma species express immunomodu-
latory and evasive mechanisms in their coevolved hosts,
including the downregulation of inflammatory signaling
and suppression of both B- and T-cell responses (Razin
et al. 1998; Ganapathy and Bradbury 2003; Gaunson et al.
2006; Mohammed et al. 2007), we sought to minimize any
such effects in our study. We therefore used the earliest
MG isolate available from house finches, obtained in 1994,
shortly after the pathogen’s initial jump from chickens
(Ley et al. 1996). This method limited the chance that
differences between hosts were the result of pathogen ad-
aptation to a specific house finch population.

To assess differences in tolerance and inflammation be-
tween these populations, we experimentally infected MG-
naive captive finches and measured pathogen load and two
components of pathology, eye lesion severity and mass loss,
which served as proxies for fitness costs of infection. To
ascertain how pro- and anti-inflammatory signaling differ,
we measured relative messenger RNA (mRNA) expression
of the proinflammatory cytokine IL-18 and the anti-
inflammatory cytokine IL-10 in peripheral blood. We also
measured fever and sickness behavior, two whole-body
components of the early inflammatory response to infec-
tion (Hart 1988; Kluger 1991). Finally, because antibody
responses against Mycoplasma can be important for both
pathogen clearance and immunopathology (Razin et al.
1998) and thus potentially contribute to both resistance
and tolerance, we measured MG-binding immunoglobulin
Y (IgY) production.

Methods
Host Species and Capture Locations

House finches are socially monogamous passerines whose
range covers most of North America (Badyaev et al. 2012).
The species was originally native to western North Amer-
ica. A small, introduced population on the East Coast has
expanded since the mid-1900s to cover most of the United
States east of the Rockies (Badyaev et al. 2012). Studies of
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neutral genetic markers and major histocompatibility
complex (MHC) diversity reveal differences between east-
ern and western populations that are consistent with ge-
netic isolation (Hawley et al. 20064, 2008; Hawley and
Fleischer 2012). In addition, western populations are
largely sedentary (with no known migration in AZ; Bad-
yaev et al. 2012), whereas limited migration has been doc-
umented in southeastern-US populations along a south-
west-northeast axis (Able and Belthoff 1998).

In February 2010, eight adult house finches were cap-
tured in feeder traps near Arizona State University, in
Tempe (33°25'39.30"N, 111°56'55.96"W). In September
2010, 11 additional adults were captured in feeder traps
on or near the Auburn University campus, Auburn, Al-
abama (32°2529.78"N, 85°29'13.59"W). Birds were trans-
ported to Virginia Tech via commercial aircraft (Arizona)
or automobile (Alabama) and housed in groups of two or
three in indoor cages (76 cm x 46 cm x 46 cm) on a
12L: 12D cycle for at least 4 months before the start of
experiments. All animals used in this experiment showed
no clinical signs of MG infection and were seronegative
for anti-MG antibodies. A subset of birds captured in Al-
abama for other experiments (~10%-20%) showed clinical
signs of MG during a 2-week quarantine, which is typical
for birds from eastern-US populations (J. S. Adelman and
D. M. Hawley, personal observation). No birds captured
in Arizona showed any signs of MG or anti-MG antibodies.
On the basis of plumage estimates, all birds were adults
at the time of the experiment. The sex ratio of experi-
mentally infected animals (females : males) was 4 : 3 in AZ
and 5:3 in AL. Three females from AL and one female
from AZ were not infected and served as controls (see
“Analyses” below). Animals were captured and experi-
ments were performed under the following permits: Vir-
ginia Tech Institutional Animal Care and Use Committee
(10-059-BIOL), Arizona Game and Fish Department
(SP573456), Alabama Department of Conservation and
Natural Resources (5436), US Fish and Wildlife Service
(MB158404-1), and United States Geological Survey Bird
Banding Lab (23513).

Experimental Time Line

Before the start of experiments, birds were moved to in-
dividual cages. On day 7 before inoculation, we took base-
line measurements for mass change, eye lesion scores, and
conjunctival pathogen load and drew blood for baseline
measurement of circulating anti-MG antibody (see below
for specific methodologies). As initial mass did not differ
between populations (¢,, = 0.15, P = .88), we report ab-
solute change rather than proportional change in mass to
facilitate ease of interpretation. On day 2 before inocu-
lation, birds were fitted with radio transmitters for baseline

temperature measurement. Birds were inoculated with MG
or control media on experimental day 0. Twenty-four
hours after inoculation, blood was drawn to assess cytokine
expression. Fever and sickness behavior were monitored
by radio telemetry (Adelman et al. 2010a). We limited our
use of telemetry to 6 days after inoculation in order to
avoid any possible inaccuracies due to the limited battery
life of the transmitters. Eye lesion scores, pathogen load,
and mass change were measured on days 1, 3, 7, 14, 21,
28, 42, and 56 after inoculation.

Experimental Inoculation

On day 0, birds were inoculated in the palpebral con-
junctiva of both eyes with 0.025 mL of Mycoplasma gal-
lisepticum suspended in Frey’s media or with 0.050 mL of
media alone. The MG isolate used here (VA1994) was
obtained from a house finch with conjunctivitis in Virginia
in 1994 (Ley et al. 1996). We used an expansion of the
seventh in vitro passage of VA1994 as inoculum (7994-1
7P 2/12/09; D. H. Ley, North Carolina State University,
College of Veterinary Medicine, Raleigh). This passage had
a viable count of 2.24 x 107 color changing units (CCU)
per milliliter, determined by the most-probable-number
method (Meynell and Meynell 1970). Immediately after
the inoculum thawed, we diluted it 1 : 7.37 in Frey’s media
in order to match the target dose of other isolates in a
concurrent experiment (D. M. Hawley, unpublished data).
Our final dose for inoculation was 3.04 x 10° CCU/mL.

Eye Lesion Scoring

The severity of eye lesions was scored on a three-point
scale per eye (Hawley et al. 2011, modified from Syden-
stricker et al. 2006). Briefly, a score of 0 indicates no pa-
thology, 1 indicates minor swelling around the eye, 2 in-
dicates moderate swelling and slight eversion of the
conjunctiva, and 3 indicates moderate to severe swelling,
eversion of the conjunctiva, and noticeable exudate. Scores
from both eyes were summed to give a total eye score
ranging from 0 to 6 for each individual.

Pathogen Load

We assessed pathogen load by using a quantitative PCR
assay that targets the mgc2 gene of MG by using the prim-
ers, probes, and sampling methods of Grodio et al. (2008).
Briefly, each bird’s conjunctiva was swabbed by the same
observer (D. M. Hawley) for 5 s with sterile cotton swabs
dipped in tryptose phosphate broth (TPB). Swabs were
then swirled in 300 pL of sterile TPB in a microcentrifuge
tube. Swabs were wrung out against the side of the mi-
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crocentrifuge tube to remove as much liquid as possible
and then discarded. Samples were then frozen at —20°C.

We extracted genomic DNA from these samples with
Qiagen DNeasy 96 Blood and Tissue kits (Qiagen, Valen-
cia, CA). Quantitative PCR reactions were performed in
a total liquid volume of 25 uL, including 12.5 uL iQ Su-
permix (2X) (Bio-Rad Laboratories, Hercules, CA), 0.65
uL of a 10-mM solution of each primer, 0.35 pL of a 10-
mM solution of probe, 5.85 pL of DNase-free water, and
5 uL of template. Reactions were performed on a MyiQ
Single Color Real-Time PCR Detection System (Bio-Rad)
under the following conditions: 95°C for 3 min, followed
by 40 cycles of 95°C for 3 s and 60°C for 30 s, with a
ramp rate of 0.5°/s. Standard curves for each run were
generated with serial dilutions of a plasmid containing a
303-bp mgc2 insert, ranging from 1.15 x 10* to 1.15 x
10* copy numbers (Grodio et al. 2008). Consistent with
prior work (Grodio et al. 2008), samples for pathogen load
taken at the same time from an individual’s left and right
eyes were highly correlated (in our study: intraclass cor-
relation coefficient = 0.96, based on a total of 170 left-
eye and 170 right-eye samples from 19 individuals), sug-
gesting that our method is highly repeatable.

Cytokine mRNA Expression

We measured relative RNA expression of two cytokines,
IL-18 and IL-10, in comparison to the reference gene
GADPH. Total RNA was isolated from whole-blood sam-
ples stored in RNAlater, with the commercially available
RNeasy Mini Kit (Qiagen) according to the manufacturer’s
recommended protocol for animal tissues with minor
modification. Briefly, the samples were centrifuged for 10
min to remove the RNAlater, and pelleted cells were lysed
and homogenized with 915 uL of Buffer RLT. RNA was
precipitated with 1 volume of 70% ethanol. RNA was ex-
tracted from this lysate and eluted in 30 uL of RNase-free
water and stored at —80°C until use. RNA concentrations
were quantified with the NanoDrop 2000 (Thermo Sci-
entific, Wilmington, DE) and normalized to equal con-
centrations before complementary DNA (cDNA) synthe-
sis. The cDNA was synthesized with Applied Biosystems
High Capacity cDNA Reverse Transcription Kit (Foster
City, CA) according to the manufacturer’s instructions.
Real-time quantitative PCR for cytokine mRNA ex-
pression was performed with iQ SYBR Green Supermix
(Bio-Rad). Each 15-uL reaction consisted of 7.5 uL of iQ
SYBR Green Supermix, 0.5 uM each of forward and reverse
primers, 3 pL of 1,000-ng cDNA template, and 3 uL of
water. Reactions were run on the MyiQ Single Color Real-
Time PCR Detection System (Bio-Rad) with the following
cycling parameters: one cycle of 95°C for 3 min, 40 cycles
of 95°C for 10 s and a combined annealing-extension step
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of 30 s, ranging from 57.4° to 68.5°C, depending on the
primer set (see table Al). Final expression levels are based
on threshold cycle values calculated by the MyiQ Optical
System Software 1.0 (Bio-Rad).

Radio Telemetry: Fever and Sickness Behavior

Changes in body temperature and locomotor activity were
measured with the methods of Adelman et al. (2010a).
Briefly, a small patch of feathers was trimmed from each
bird’s back, just lateral to the spine. Then, temperature-
sensing radio transmitters (model LB-2NT, Holohil Sys-
tems, Carp, Ontario, Canada) were affixed with eyelash
adhesive (Andrea, American International Industries, Los
Angeles) and Vetbond surgical glue (3M, St. Paul, MN).
With an automated receiving unit (model 10-1000, Spar-
row Systems, Champaign-Urbana, IL), transmitters were
monitored for pulse signal strength and interpulse interval,
from which we determined locomotor activity and tem-
perature, respectively. At 2-min intervals across the entire
day, a bird was determined to be inactive if the signal
strength from its transmitter fluctuated by less than +4
dB from the prior interval (Kjos and Cochran 1970). The
temperature-to—interpulse interval relationship was cali-
brated for each transmitter by the manufacturer. For 2
days before inoculation, we monitored temperature from
each individual’s transmitter at 2-min intervals and cal-
culated the average temperature across both preinocula-
tion days for each interval. As transmitters most accurately
reflect changes in core body temperature, rather than ab-
solute core temperature (Adelman et al. 2010b), we report
temperature changes after inoculation, calculated as cur-
rent temperature minus the baseline at the same time of
day.

Antibody Responses

MG-binding IgY levels were assessed with a commercially
available enzyme-linked immunosorbent assay (ELISA) kit
(FlockChek M. gallisepticurn ELISA kit, IDEXX, West-
brook, ME). Manufacturer’s instructions were followed,
with the addition of a blocking step: incubation of all wells
with 300 L of a 1% solution of bovine serum albumin
in phosphate-buffered saline for 40 min at room temper-
ature (Pierce 10X BSA; Thermo Fisher Scientific, Rockford,
IL). Samples were plated in duplicate. Absorbance was
measured at 630 nm with a microplate reader (ELx800,
Bio-Tek, Winooski, VT). MG-specific IgY levels were as-
sessed as (sample mean-blank)/(positive control-blank).
Additional details can be found in Hawley et al. (2011).
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Measuring Tolerance and Resistance

Although pathology as a proxy for fitness has become stan-
dard in measuring tolerance in vertebrates (Réberg et al.
2009; Little et al. 2010; Graham et al. 2011), it is important
to consider the relationships between fitness and specific
measures of pathology. The eye lesions associated with MG
likely impede vision, the ability to locate food, and the
ability to avoid predators (Nolan et al. 1998). Indeed, wild
birds exhibiting eye lesions have a lower survival proba-
bility than birds without lesions (Faustino et al. 2004).
While field studies cannot assess whether eye lesions per
se reduce survival, they support the use of eye lesions as
an indicator of fitness. Mass loss during infection, our
other proxy for fitness, represents a decrease in available
physiological reserves, including water, protein, or fat.
These reserves have been shown to increase various fitness
components, including survival and breeding success, for
diverse passerines in the wild (Labocha and Hayes 2012).
Consequently, the amount of mass lost during infection
represents a reasonable proxy of an animal’s ability to
increase other fitness components. The measures of pa-
thology used in this study are therefore likely to provide
valid surrogates for fitness in house finches.

While recent animal studies have used peak levels of
pathogen load and pathology to quantify tolerance, the
duration of pathology may also predict fitness (Mackinnon
and Read 2004; Raberg et al. 2007). Therefore, we analyzed
tolerance in two ways: (1) using peak levels of pathology
and pathogen load and (2) using the area under the curves
of pathology and pathogen load over time (hereafter the
“integral” of each), which incorporates both infection du-
ration and intensity.

Peak, or “point,” tolerance. As in other recent studies of
vertebrate tolerance (Raberg et al. 2007), peak pathology
lagged behind peak pathogen load (fig. 1), so these metrics
were obtained on different dates for a given individual.
Because peak pathogen levels showed little variation
among individuals, we assessed pathology at essentially
two points along a possible continuum: preinfection (al-
ways 0 pathogen load) and postinfection peak (very similar
pathogen load for all infected individuals). These com-
parisons are therefore most consistent with the concept of
point tolerance, assessing fitness at a single pathogen load,
rather than range tolerance, assessing fitness across many
different pathogen loads (Little et al. 2010).

Integral, or “range,” tolerance. Because the integral of
pathogen load showed substantial variation among indi-
viduals, we calculated the slope of the relationship between
integrals of pathology and pathogen loads, thus capturing
a metric of range tolerance (Little et al. 2010). In order
to calculate integral metrics, we assumed a linear change
in response variables between time points.

We assessed resistance, or the ability to kill pathogens,
by using multiple metrics. First, we assessed pathogen load
with mixed-effects models (see “Analyses”) that ascer-
tained differences between populations in mean pathogen
load over time. In addition, we compared peak pathogen
load and the integral of pathogen load, since we do not
know the most appropriate single metric for this system.

Analyses

In order to minimize the number of wild-caught verte-
brates used in experimental infections (National Research
Council 2011), we took baseline measurements of each
individual to serve as its own control. Consequently, we
included only four individuals as negative controls (those
receiving media-only inoculations), three females from AL
and one female from AZ, to ensure that any observed
pathology was related to infection and not to the time
elapsed since treatment. In this study, with the exception
of locomotor activity, which increased slightly for all con-
trols by day 6 after treatment (see fig. 4B; table A2), control
animals showed no treatment-related changes in pathol-
ogy, pathogen load, or other responses (see table A2). We
therefore limited most analyses to the individuals who
received MG (8 from AL, 7 from AZ), with the exception
of cytokine mRNA analyses (see below). Metrics of range
tolerance also included control individuals, because with
only one time point before infection, we could not cal-
culate the integral of the preinfection pathology and path-
ogen load. Because of our limited sample size, we had little
power to detect sex differences in response variables and
therefore did not include sex as a covariate in our analyses.
Prior studies in this species have shown small to no effects
of sex on pathology or pathogen load and no effects of
sex on responses to novel antigens (Altizer et al. 2004;
Kollias et al. 2004; Hawley et al. 2006b, 2007b).

Data on disease progression (pathology, pathogen load,
tolerance, fever, sickness behavior, and antibodies; figs. 1,
2, 4) were analyzed with linear mixed-effects models in R,
version 2.11 (R Development Core Team 2010). These
models included individual ID as a random effect, with
population, days after inoculation, and their interaction
as fixed effects. We controlled for temporal autocorrelation
by including autocorrelation functions selected with the
Akaike information criterion corrected for small sample
sizes (AICc) from among the options available in the nlme
package for R (Pinheiro and Bates 2000; Burnham and
Anderson 2002). Data on pathogen load were log,, trans-
formed (after adding 1 to the raw pathogen load), and
data on the proportion of time spent active were arcsine
square root transformed to ensure normality and equality
of variances. Parameter estimates from these models were
used to determine the days on which populations differed
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from each other. In addition to the mixed-effects model
of pathogen load described above, we also assessed dif-
ferences in resistance between populations by using -tests
of peak pathogen load and the integral of pathogen load.
Two MG-treated birds from Alabama were excluded from
the analysis of fever because of malfunctions in the tem-
perature sensors of their radio transmitters.

Point tolerance was analyzed with linear mixed-effects
models on MG-treated birds that used peak pathology as
the dependent variable, with individual ID as a random
effect and population and measurement number (pre- vs.
postinfection) as fixed effects. Range tolerance was ana-
lyzed with general linear models on all birds, including
controls, using the integral of pathology over time as the
dependent variable, with population, the integral of path-
ogen load over time, and their interaction as predictors.
Models were simplified by removing terms with P> .05,
beginning with interactions.

Models of cytokine expression were analyzed with gen-
eral linear models, with population and treatment (control
vs. infected) as predictors (fig. 3). The addition of a func-
tion that modeled different variances for each treatment
group improved the model’s fit (assessed by AICc) and
was retained (for details, see Pinheiro and Bates 2000 and
Carroll and Ruppert 1988). We grouped controls from
both populations to increase statistical power because the
single Arizona control bird fell within 1 standard error of
the Alabama control mean for both IL-18 and IL-10
expression.

Results
Pathology

In both populations, eye score and mass change varied
with time after inoculation (fig. 1; eye score: day after
inoculation: F, ,, = 32.52, P <.0001; mass change: day
after inoculation: F; ,,, = 6.67, P <.0001). On average, eye
score did not differ between populations (fig. 14; popu-
lation: E ;< 0.01, P = .98), but infected Alabama birds
gained mass, on average, while Arizona birds lost mass
(fig. 1B; population: K ,; = 8.20, P = .01). Peak pathol-
ogy was less severe among birds from Alabama than among
birds from Arizona in terms of both eye score and mass
loss. The peak in eye score was lower and later in Alabama
birds (4.13 = 048 on day 14) than in Arizona birds
(5.79 = 0.14 on day 7; fig. 1A4; day after inoculation x
population: F; ,,, = 4.84, P < .0001). The greatest mass loss
occurred on day 7 in both populations, with Alabama birds
having lost only 0.0125 * 0.16 g and Arizona birds having
lost 0.90 + 0.22 g (fig. 1B; day after inoculation x pop-
ulation: F; ,,, = 2.51, P = .02).
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Resistance (Pathogen Load)

Contrary to our predictions, Alabama birds did not, on
average, show lower resistance than Arizona birds, as mea-
sured by mean pathogen load (population: F ,; = 141,
P = .26). There was a significant interaction between pop-
ulation and time, with higher pathogen loads in Alabama
birds on day 21 (mean =+ 1 SE: 547 * 042, log,, mgc2
copies) than in Arizona birds (2.60 =+ 1.10, log,, mgc2 cop-
ies; fig. 1C; day after inoculation x population: E ,, =
4.83, P < .001; parameter estimate for day 21 x AL =
2.87, SE = 1.03, P = .01). However, this interaction,
which indicates transiently higher pathogen loads in the
population with a longer history of exposure to MG, was
in the opposite direction of our prediction and the findings
of previous work (Bonneaud et al. 2011). Alternative quan-
tifications of resistance, based on peak pathogen load and
the integral of pathogen load over time, did not differ
between populations (peak: t,; = 0.18, P = .86; integral:
t, =138, P = .19).

Point Tolerance (Peak Pathology and Pathogen Load)

In keeping with our predictions, birds from the population
with a longer history of MG presence, Alabama, showed
higher point tolerance than did birds from Arizona, where
MG had not been detected at the time of study initiation
(fig. 2A, 2B). Both peak eye score and minimum mass
(expressed as change from preinfection values) were less
pronounced in Alabama birds, despite similar peak levels
of pathogen load (eye score: parameter estimate for mea-
surement number [peak] x AL = —1.44, SE = 040,
t,; = —3.61, P = .003; mass: parameter estimate for mea-
surement number [peak] x AL = 0.76, SE = 0.25,
t, = 3.07, P = .01).

Range Tolerance (Integrals of Pathology and
Pathogen Load over Time)

When tolerance was assessed with the integrals of pa-
thology and pathogen load, no significant differences were
detected between populations (eye score [fig. 2B]: integral
of log,, mgc2 copies x population: F ,; = 3.11, P = .10;
mass loss [fig. 2D]: integral of log,, mgc2 copies x pop-
ulation: K ;; = 0.32, P = .59). In fact, no significant slope
existed between the integral of pathogen load and the in-
tegral of mass change (integral of log,, mgc2 copies:
E s = 2.94, P = .11), suggesting that these metrics are
unrelated when measured over the entire course of
infection.
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Figure 1: Experimental infection with Mycoplasma gallisepticum induces less severe pathology in captive house finches from Alabama than
in conspecifics from Arizona. Both peak eye lesion score (A) and mass loss (B) are significantly less pronounced in Alabama birds, despite
similar peak pathogen loads between populations (C). Symbols indicate group means + 1 SE.

Early Inflammatory Signaling: Cytokines

Consistent with our predictions, Alabama birds showed a
less inflammatory cytokine profile than did Arizona birds.
Expression of the proinflammatory cytokine IL-18 re-
mained at control levels 24 h after inoculation in infected
birds from Alabama but was elevated in infected birds from
Arizona (fig. 3A; parameter estimate for Alabama MG
birds = —0.03, SE = 0.28, P = .92; parameter estimate
for Arizona MG birds = 1.30, SE = 0.56, P = .037; dif-
ference between Alabama MG and Arizona MG birds:
E ., = 557, P = .033). In addition, expression of the
anti-inflammatory cytokine IL-10 was marginally above

control levels in infected birds from Alabama but not in
those from Arizona (fig. 3B; parameter estimate for Ala-
bama MG birds = 0.54, SE = 0.29, P = .08; parameter
estimate for Arizona MG birds = 0.078, SE = 0.17,
P = .65; difference between Alabama MG and Arizona
MG birds: E ,; = 245, P = .13).

Early Immune Response: Fever and Sickness Behavior

Both populations showed a febrile response to MG infec-
tion, with mean nocturnal temperature change rising to
approximately 2°C above normal by 2 days after inoculation
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Figure 2: Experimentally infected house finches from Alabama show more pronounced point or peak tolerance of Mycoplasma gallisepticum,
that is, lower peak pathology per peak pathogen load, when compared with conspecifics from Arizona (A, C). However, no differences
existed between populations in terms of range or integral tolerance, that is, slopes between the integrals of pathogen load and pathology
over time (B, D). Symbols in A and C show group means * 1 SE for both axes. Lines in B and D represent predictions from best-fit

general linear models.

(fig. 44; day after inoculation: F; ,; = 58.01, P <.001). In
keeping with lower inflammatory signaling at 24 h, body
temperature increased later in Alabama birds, which showed
an increase in body temperature of 0.71° = 0.03°C on day
1 after inoculation, half that of Arizona birds (1.44° +
0.18°C; day after inoculation X population: F ,, = 3.39,

P = .01; parameter estimate for day 1 after inoculation x
AL = —0.65, SE = 0.19, P = .001).

Treated birds from both populations significantly reduced
locomotor activity (i.e., increased sickness behavior) after
infection (fig. 4B; day after inoculation: E ,; = 8.29, P<
.001). This pattern did not differ between populations (pop-
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Figure 3: Twenty-four hours after experimental infection with Mycoplasma gallisepticum (MG), house finches from Alabama exhibit a less
inflammatory signaling profile than do conspecifics from Arizona. Whole-blood messenger RNA expression of the proinflammatory cytokine
IL-18 was significantly lower in infected Alabama birds than in infected Arizona birds (A). Whole-blood mRNA expression of the anti-
inflammatory cytokine IL-10 was marginally higher in infected Alabama birds than in infected Arizona birds (B).

ulation: F ;; = 0.02, P = .90; day after inoculation x pop-
ulation: E 5, = 0.74, P = .63).

Subsequent Immune Response: Anti-MG Antibodies

Both populations showed increased circulating levels of
MG-binding IgY antibodies after infection (fig. 4C; day
after inoculation: F, 5, = 17.24, P<.001). No significant
differences in this pattern were apparent between popu-
lations (population: F , = 042, P = .52; day after in-
oculation x population: E ;, = 1.51, P = .23).

Discussion

We show that in an emerging wildlife disease system, host
populations can exhibit differences in pathogen tolerance
despite similar levels of resistance: when experimentally
infected with Mycoplasma gallisepticum, house finches
from Alabama showed higher point tolerance than did
conspecifics from Arizona (fig. 24, 2C). In addition, at 24
h after infection, Alabama birds displayed lower fever,
lower levels of proinflammatory signaling, and marginally
higher levels of anti-inflammatory signaling (fig. 3). These
results lend support to the inflammation-based model of
tolerance among wild animals (Réberg et al. 2009; Sears
et al. 2011), wherein reductions in inflammatory signaling
could help alleviate immunopathological damage to host
tissue, minimizing the fitness costs of a given pathogen
load. However, when range tolerance was assessed with
the integrals of pathology and pathogen load over the

entire course of infection, including recovery, we found
no differences between populations (fig. 2B, 2D). Further
evaluation of which infection parameters, peak or integral,
better reflect the fitness costs of infection will be crucial
to predicting how individuals and populations differ in
their responses to infectious diseases.

Higher point tolerance in Alabama, the population with
a history of exposure to the inflammatory pathogen MG,
is consistent with the hypothesis that this population has
evolved in response to MG exposure. However, given the
small number of populations in our study, we cannot de-
finitively assess whether such differences are truly evolved
(Garland and Adolph 1994). Moreover, our limited num-
ber of individuals may not reflect the entirety of genetic
variation in each population, further limiting our ability
to reach evolutionary conclusions. However, because the
diversity of loci within the immune-relevant MHC com-
plex changed after the MG epidemic in the eastern United
States (Hawley and Fleischer 2012), evolution remains a
viable mechanism underlying population differences. Re-
gardless of the ecological or evolutionary drivers, the dif-
ferences in host responsiveness presented here support a
role for anti-inflammatory signaling in tolerance (Raberg
et al. 2009; Sears et al. 2011) and illustrate that population
differences in tolerance can arise in a recently emerged
wildlife disease system. The possibility that tolerance may
arise rapidly in response to emerging infectious diseases
has received little empirical attention, despite the impli-
cations for subsequent pathogen evolution (Miller et al.
2006; Carval and Ferriere 2010; Little et al. 2010) and
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Figure 4: Onset of nocturnal fever in response to experimental infection with Mycoplasma gallisepticum is slower in house finches from
Alabama than in those from Arizona (A), although neither lethargy (B), measured as the proportion of time spent active, nor M. gallisepticum-—
binding antibody production (C) shows significant differences between populations. Symbols reflect group means + 1 SE.

prevalence (Roy and Kirchner 2000; Best et al. 2008). Fu-
ture studies of MG and other emerging wildlife pathogens,
such as chytrid fungus (Savage and Zamudio 2011) and
avian malaria (Woodworth et al. 2005), could therefore
benefit by considering that either tolerance or resistance
may arise, allowing host populations to persist in the pres-
ence of infectious agents.

Resistance and Tolerance

In contrast to another recent study of Arizona and Ala-
bama house finches (Bonneaud et al. 2011, 2012), we

found no evidence for higher resistance, or faster pathogen
clearance, in Alabama birds. The only significant difference
in pathogen load we detected between populations (higher
pathogen load in Alabama on day 21; fig. 1C) was in the
direction opposite that detected by Bonneaud and col-
leagues (2011; on day 14 after infection). Such differences
between studies may arise for several reasons. First, the
strain of MG used in the Bonneaud et al. (2011) study
was isolated in 2007, whereas ours was isolated in 1994,
and the pathogen’s virulence or antigenicity may have
evolved between those times. Parasite genotype x host
genotype interactions occur commonly in a wide range of
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host-parasite systems and can influence the outcome of
infection in complex ways (Lazzaro and Little 2009), al-
though such interactions have not been explicitly studied
in the house finch-MG system. Second, Bonneaud et al.
(2011) did not report measures of pathology, so it may be
that tolerance was similar between studies, making our
results less divergent. Finally, it is possible that the degree
of tolerance and resistance expressed in a given house finch
population varies considerably across years and with the
currently circulating MG strain (Decaestecker et al. 2007;
Lazzaro and Little 2009). Therefore, each of these two
studies may provide an accurate snapshot of host phe-
notypes, but at two distinct points in time (2007 vs. 2010).
Regardless of the underlying causes, these differences be-
tween studies suggest that we will need more data, from
more host populations and pathogen strains, before we
can determine whether either resistance or tolerance has
evolved in response to MG exposure.

Because birds from both Alabama and Arizona showed
little variation in peak pathogen load in our study, the dif-
ferences we report in tolerance at the peak of infection (fig.
2A, 2C) are most consistent with the concept of point tol-
erance: pathology (or fitness) assessed at a single pathogen
load (Little et al. 2010). These differences in point tolerance
allow us to make the important conclusion that tolerance
can differ among host populations in an emerging infectious
disease. However, when we assessed tolerance using the in-
tegrals of pathology and pathogen load over time (fig. 2B,
2D), a measure of range tolerance (Little et al. 2010), we
found no significant differences between populations. This
pattern in range tolerance likely reflects the similar recovery
period between populations, with both pathology and path-
ogen load slowly approaching 0 during weeks 4-8 (fig. 1),
which is typical of experimental MG infections (e.g., Hawley
et al. 2010). No studies have directly examined whether the
peak or the integral of pathology better estimates the fitness
consequences of MG infection in house finches. However,
cumulative survival probability of infected finches in the
wild drops rapidly during the first weeks of infection, sug-
gesting that the majority of fitness costs should be concen-
trated early in MG infection (Faustino et al. 2004). There-
fore, the integral metrics used in this study, which captured
8 weeks of infection, likely dilute the effects of the critical
early weeks, whereas peak metrics capture pathology when
it may be most important. However, even for murine ma-
laria, which has been studied in greater detail than MG, it
is unclear whether peak or integral metrics better reflect
fitness, although the two are strongly correlated in that sys-
tem (Mackinnon and Read 2004; Long et al. 2006, 2008;
Raberg et al. 2007). Additional studies are clearly needed
to determine the best metrics for use in analyzing tolerance
in wild animals.

One seemingly counterintuitive result from our assess-

ment of pathology involves the increase in mass among
infected Alabama finches. While infected animals often
become anorexic and lose mass (Hart 1988; Exton 1997),
increases in mass after MG infection have been observed
in captive house finches from the eastern United States
(Hawley et al. 2011). In addition, field and laboratory
studies of eastern finches have revealed that feeding be-
havior can remain unchanged or increase after infection
(Kollias et al. 2004; Hawley et al. 2007a). Although ano-
rexia was not measured in our study, the previously doc-
umented ability of eastern birds to maintain food intake,
along with the decreased locomotor activity observed in
this study (fig. 4C), may explain why Alabama birds in-
creased in mass after infection. Moreover, a lack of ano-
rexia would be consistent with the minimal IL-18 ex-
pression observed among Alabama birds early in infection
(fig. 3), as this cytokine has been shown to reduce feeding
in numerous hosts (Dantzer 2004).

Immunological Signaling and Tolerance

At the population level, our results show correlations be-
tween point tolerance and expression of cytokines that
modulate inflammatory immune responses. When com-
pared with finches from the less tolerant population, Ar-
izona, infected finches from the more tolerant population,
Alabama, expressed lower levels of IL-13 mRNA, a pro-
inflammatory cytokine, and tended to express higher levels
of IL-10 mRNA, an anti-inflammatory cytokine, at 24 h
after infection (figs. 2, 4). While cytokine levels 24 h after
infection are unlikely to be the immediate cause of peak
pathology or pathogen load 7-14 days later, studies of
murine malaria suggest that early inflammatory signaling
can predict subsequent pathology. Specifically, experimen-
tal downregulation of the proinflammatory cytokine TNF-
o from days 4-7 after infection decreases the severity of
anemia and mass loss at day 10 (Long et al. 2006, 2008)
and increases survival through the fourth week of infection
(Grau et al. 1987). Like IL-18 and IL-10, the cytokines
measured in our study, TNF-« interacts with a diverse
suite of immunological mechanisms (Goldsby et al. 2000)
and so cannot itself be cited as the immediate cause of
such pathology. However, the patterns reported here and
in studies of murine malaria suggest that early levels of
such signaling molecules may correlate with subsequent
levels of overall inflammation, pathology, and tolerance
(Graham et al. 2005; Raberg et al. 2009).

Because cytokine signaling differed significantly between
populations in this study, we cannot statistically separate
the potential effects of population and cytokine signaling
on tolerance. However, viewing our population differences
in a two-dimensional trait space, with the ratio of peak
pathology to peak pathogen load (point tolerance) on one
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axis and the ratio of pro- to anti-inflammatory signaling
(IL-18 : IL-10) on the other, our data point toward a po-
tential link between higher tolerance and lower inflam-
matory signaling (fig. 5). Replacing point tolerance with
range tolerance yields qualitatively similar patterns, despite
the fact that range tolerance did not differ significantly be-
tween populations (data not shown). While levels of pro-
and anti-inflammatory signals measured in the periphery
(as in this study) may better predict systemic pathology than
local pathology, both patterns in figure 5 highlight the need
for further tests of the inflammation-based model of tol-
erance, ideally through experimental manipulations of in-
flammatory signaling in natural host-pathogen systems.

Other Immune Responses

Consistent with population differences in early inflam-
matory signaling, Alabama birds showed a delayed onset
of fever when compared to Arizona birds, with increases
in body temperature half those of Arizona birds on day 1
(fig. 4A). Given that fever increases metabolic rate by 15%—
30% in other captive birds (Burness et al. 2010; Marais et
al. 2011), this represents a significant energetic investment
and may contribute to subsequent differences in mass loss
(depletion of energy reserves) between populations (fig.
1B). Lethargy, on the other hand, did not differ between
populations (fig. fig. 3B). However, population differences

(A)

Immune Signaling and Infection Tolerance 685

in lethargy can be less pronounced in captivity than in the
wild, suggesting that our ability to detect population dif-
ferences may be limited here (Adelman et al. 20104,
2010b). In addition, similar levels of lethargy could reflect
an ability of both populations to increase sickness behav-
iors when their relative fitness and social costs are low
(which is likely the case when birds are housed alone in
captivity; Aubert et al. 1997; Lopes et al. 2012). Finally,
the populations showed no significant differences in MG-
binding IgY production (fig. 4). While this suggests that
circulating levels of IgY may not be directly linked to tol-
erance in this system, future studies should address the
possibility that another class of antibodies, immunoglob-
ulin A, which is secreted in tears (Grodio et al. 2009),
could play an important role in mediating or mitigating
local pathology (Javed et al. 2005).

Implications for Host-Pathogen Dynamics

Coupled with theoretical studies of resistance and toler-
ance, our results and other recent empirical studies
(Bonneaud et al. 2011, 2012) suggest that population dif-
ferences in host responsiveness are likely important for the
dynamics of M. gallisepticum in the wild. Modeling has
shown that increases in tolerance among hosts, alone or
in conjunction with increases in resistance, can select for
higher pathogen virulence (Restif and Koella 2003; Miller
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Figure 5: House finches expressing less inflammatory immunological signaling 24 h after experimental infection with Mycoplasma galli-

septicum show increased point tolerance, that is, lower pathology per

unit pathogen at the infection’s peak. Lighter shading denotes higher

tolerance: a lower eye score per unit pathogen (A) indicates the more tolerant response, whereas a higher value of mass change per unit
pathogen (B) indicates the more tolerant response. Higher IL-1(3 : IL-10 ratios show more proinflammatory signaling. Dashed white lines

are lines of best fit.
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et al. 2006; Carval and Ferriere 2010). Additional theory Table A2: Linear mixed-effects models run on data
suggests that immunopathology can exacerbate or mitigate from control animals only
the evolution of virulence, depending on how immune- Effect of time since
mediated damage to host tissues scales with pathogen ex- sham inoculation
loitation (Day et al. 2007). While Bonneaud and col- .
Feagues (2011,Y2012) have shown that Alabama house Response variable F df P
finches have higher resistance to a recent isolate of MG Eye score 151 8, 24 21
than do finches from Arizona, we have shown here that Mass loss 1.48 8, 24 22
Alabama finches display higher tolerance at the peak of Pathogen load 1.48 8,23 22
infection to the earliest available house finch MG isolate. Fev.er. 1.28 6, 14 33
Moreover, our data suggest that tolerance may increase ACU.V v . 346 718 02
Antibody production .54 3,9 67

with decreasing inflammatory signaling, a response with
high potential for immunopathology (Graham et al. 2005). Note: Results show no measurable pathology or pathogen

. . load following sham treatment. Among all responses mea-
While our results underscore that complex dynamics are

at play, they also suggest that this emerging disease system

sured, only the proportion of daylight spent active varied with
time since treatment. In that case, activity increased from 35%

could prove fertile for uncovering the effects of host tol- to 50% of daylight spent active over 6 days (in contrast to
erance, resistance, and immunopathology on the evolution infected birds, who decreased time spent active; fig. 4B). For
of pathogen virulence all variables, average values from the single control bird from

Arizona fell within 1 SD of the mean for Alabama controls.
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