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Abstract

During 2010 and 2011, 933 recently deceased birds, submitted as part of the dead bird surveillance program,
tested positive for West Nile virus RNA at necropsy. The relative amount of RNA measured by qRT-PCR cycles
ranged from 8.2 to 37.0 cycle threshold (Ct) and formed a bimodal frequency distribution, with maxima at 20
and 36 Ct and minima at 28-30 Ct. On the basis of frequency distributions among different avian species with
different responses to infection following experimental inoculation, field serological data indicating survival of
infection, and the discovery of persistent RNA in experimentally infected birds, dead birds collected in nature
were scored as “recent” or “chronic” infections on the basis of Ct scores. The percentage of birds scored as
having chronic infections was highest during late winter/spring, when all birds were after hatching year, and
lowest during late summer, when enzootic transmission was typically highest as indicated by mosquito infec-
tions. Our data indicated that intervention efforts should not be based on dead birds with chronic infections

unless supported by additional surveillance metrics.

Key Words: Surveillance—West Nile virus—Dead birds—Chronic infections—Overwintering.

Introduction

DEAD BIRDS, ESPECIALLY THOSE in the family Corvidae of
the order Passeriformes, have been the hallmark of the
West Nile virus (Flaviviridae, Flavivirus, WNV) epidemic in
North America (Komar 2003) and have been useful in sur-
veillance programs to track enzootic transmission activity
(Eidson et al. 2001a, Eidson et al. 2001b, Carney et al. 2005,
Johnson et al. 2006, Carney et al. 2011). In California, the
public and vector control agencies have been encouraged to
submit recently deceased specimens of all avian species for
necropsy. Oral swabs from American Crows (Corvus bra-
chyrhynchos) and kidney snips from other species are tested
for WNV using qRT-PCR, allowing a rapid assessment of the
relative amount of RNA present. Over time, a pattern has
emerged, with a bifurcation of positive samples into low
cycle threshold (Ct) values indicative of a high virus con-
centration and high Ct values indicative of very few RNA
copies and little virus. This article describes this bifurcation

and differentiates patterns among bird species with known
responses to WNV based on experimental infection.
Experimental inoculation of competent birds with WNV is
followed rapidly by a viremia that increases in concentration
to a crisis point, when the infection either resolves due to a rise
in antibody and subsequent decline in viremia or persists at a
high viremia titer and the infected bird succumbs, usually
within 5-8 days postinfection (Komar et al. 2003, Reisen et al.
2005). At this time, WNV can be found in almost every tissue
(Kramer et al. 2002, Komar et al. 2003), probably because of
high viremia titers within the circulatory system. Viremia
levels and disease outcome vary markedly among bird spe-
cies (Wheeler et al. 2009). In preliminary studies, some ex-
perimentally infected birds surviving acute infection were
held for 4-6 weeks until antibody titers peaked and then were
necropsied (Reisen et al. 2005). Viral RNA was recovered from
multiple tissues including sera, and 4 of 6 House Finches
(Carpodacus mexicanus) retained infectious virus detected after
passage in C6/36 Aedes albopictus cells (Reisen et al. 2006).
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Subsequently, the period of WNV RNA detection in house
Sparrows (Passer domesticus), House Finches, and Western
Scrub-Jays (Aphelocoma californica) was extended through
winter in both experimentally and naturally infected birds
(Nemeth et al. 2009a; Wheeler et al. 2012), indicating that
persistently infected birds potentially may serve as a virus
overwintering mechanism and that birds testing positive in
the spring probably were infected during the previous
transmission season. This notion was supported by a time
course study where WNV RNA was repeatedly recovered
from sera and multiple organs at necropsy and where infec-
tious WNV was recovered at 7 and 12 weeks postinfection by
co-cultivation and blind passage (Wheeler 2012), in agree-
ment with studies on rodents (Tesh et al. 2005, Appler et al.
2010). These data tentatively provided an explanation for the
bifurcation of data seen in field-collected dead birds. The
current article describes patterns in the quantity of WNV RNA
found in dead birds of several species at necropsy and makes
recommendations relevant to intervention.

Materials and Methods

Dead birds were reported throughout the year by the
public to the Dead Bird Hotline at the California Depart-
ment of Public Health, collected by participating mosquito
control and public health agencies (McCaughey et al. 2003,
Carney et al. 2005), and shipped to the California Animal
Health and Food Safety Laboratory (CAHFS) at the Uni-
versity of California at Davis for necropsy under BSL3
conditions. Oral swabs previously were found to be suitable
for testing American Crows but not reliable for other species
(Padgett et al. 2006), so kidney snips were collected from all
other bird species as well as tree squirrels. During 2010 and
2011, swabs and snips were placed into ABI Lysis Buffer
(Applied Biosystems, Life Technologies, Carlsbad, CA), and
transferred to the Center for Vectorborne Diseases (CVEC)
laboratory for testing. Here, specimens were triturated with
copper BBs on a SPEX TissueLyser Mill (SPEX CertiPrep,
Metuchen, NJ), RNA extracted using an ABI MagMAX
system, and then tested for WNV RNA using quantitative
RT-PCR with an ABI 7900 TaqMan® platform and primers/
probe from the envelope gene (Lanciotti et al. 2000). Con-
firmations initially were attempted using tissue culture from
second samples in virus diluent, re-extraction, and retesting
by RT-PCR, and/or by testing with primers/probe from the
NS1 region of the genome (Shi et al. 2001). Almost 100% of
samples with <30 Ct with high amounts of viral RNA were
confirmed, whereas virus from high Ct scored samples
rarely could be isolated and were confirmed infrequently by
qRT-PCR, leading to the discontinuation of confirmational
testing during the 2010-2011 seasons.

To ascertain the relationship between virus titer and Ct
score, the NY99 strain of WNV grown in Vero cell tissue
culture was diluted 10-fold from 6 to 1 log;, plaque forming
units (PFU)/mL and then tested by qRT-PCR using the en-
velope primers/probe. Ct scores for dead birds testing pos-
itive during 2010 and 2011 were combined over time and
space into frequency distributions to ascertain virus load at
the time of necropsy for each species. Data from virus loads
as measured by qRT-PCR Ct values were used to identify
chronic infections and then plotted over time to show sea-
sonal trends.
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Results

During 2010 and 2011, 20,582 dead birds were reported by
the public to the Dead Bird Hotline, of which 3499 in 163 taxa
were tested for WNV infection. Of these, 1092 (31%) birds in
77 taxa tested positive, with Ct scores for WNV RNA <40.
Submission of dead birds for testing and WNV RNA preva-
lence varied seasonally, with 84 (2% positive) submitted during
December to February, 915 (26% positive) submitted during
March to May, 1790 (51% positive) submitted during June to
August, and 710 (20% positive) submitted during September to
November. Spatially, submissions varied among counties due
to differences in avian species distributions, criteria used to
submit birds (e.g., corvids only), human density and interest in
finding and reporting dead birds, and the intensity of WNV
activity. During 2010-2011 dead birds were widely submitted
from 47 of 58 California counties, but most submissions came
from Sacramento (19% of total) and Los Angeles (18%) coun-
ties; the remainder comprised <6% of the total tested. Among
the most frequently tested birds (n >70), the proportion WNV
RNA positive was highest among corvids (American Crow
n=911 tested, 52% positive; Western Scrub-Jay 480, 44%;
Yellow-Billed Magpie [Pica nuttalli], 74, 66%), followed by
several peridomestic passerines [House Finch 228, 25%; House
Sparrow 272, 24%; American Robin (Turdus migratorius), 165,
19%; Northern Mockingbird (Mimus polyglottos), 100, 25%;
European Starling (Sturnus vulgaris), 114, 9%].

TagMan qRT-PCR Ct scores measuring viral RNA copies
were linearly related to WNV titers in Vero cell tissue culture
between 6 to 110og10 PFU/mL (Fig. 1). These assays were done
as part of proficiency panel testing during 2011 and 2012 and
yielded comparable results.

During 2010-2011, Ct scores were available for 933 bird
tissue samples (85% of positives) and ranged from 8.2 to
37.0 Ct, indicating a > 6 order of magnitude range from >9 to
<11ogl0 PFU/mL based on the curves in Figure 1. When Ct
scores from all bird species from both years were grouped into
a frequency distribution at 2 Ct increments, a bimodal dis-
tribution was resolved, with maxima at 20 and 36 Ct and
minima at 28 to 30 Ct (Fig. 2A). These patterns varied among
taxa, with Ct scores from 3 species of corvids peaking from 12
to 18 Ct (Fig. 2B) and 3 species of peridomestic passerines
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FIG.1. qRT-PCR Ct score plotted as a function of virus titer
in log;o PFU/mL in duplicate assays done during 2011 and
2012. A regression analysis returned a linear equation that
provided a significant fit for the data (p<0.01).
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FIG. 2. Frequency distribution plotting percent of total
numbers testing positive as a function of Ct scores at 2 Ct
intervals from <12 to 38 Ct. (A) All positive birds tested
during 2010 and 2011. (B) Three corivd species: American
Crow (AMCR, Corvus brachyrhynchos), Western Scrub-Jay
(WES]J, Aphelocoma californica), and Yellow-Billed Magpie
(YBMP, Pica nuttalli). (C) Three passerine species: American
Robin (AMRO, Turdus migratorius), House Finch (HOFI,
Carpodacus mexicanus), and House Sparrow (HOSP, Passer
domesticus). Numbers in parentheses are the number of
positive birds included within the frequency distribution.

peaking from 34 to 36 Ct (Fig. 2C). Values for the American
Crows were somewhat upwardly biased (lower RNA esti-
mates) because these Ct scores were measured for oral swabs
and not for kidney snips. In an ongoing comparison during
2012, Ct scores for 21 of 60 American Crows testing positive
for both kidney snips and oral swabs averaged 19.2 Ct
(standard error [SE]=3.6) for kidneys and 24.5 Ct (SE=5.6) for

403

swabs. Kidney tissue samples from 34 of 220 tree squirrels
(species not always determined) submitted for necropsy tes-
ted positive for WNV RNA and had Ct scores recorded. Ct
scores ranged from 18.9 to 36.7 (Fig. 3), which agreed with
laboratory infections and field samples of tree squirrels, in-
cluding fox squirrels (Sciurus niger), that showed acute serum
titers sufficient to infect mosquitoes (Padgett et al. 2007, Platt
et al. 2008) and with long-term chronic WNV kidney infec-
tions found rodents such as hamsters (Tesh et al. 2005). These
squirrel data have been used to augment the dead bird sur-
veillance program and indicate that squirrel test reports per-
haps also should be divided into “recent” and “chronic” at
~30 Ct.

Discussion

The distribution of Ct scores among frequently tested bird
species agreed well with results from laboratory infection
studies (Komar et al. 2003, Reisen et al. 2005, 2006) and field
seroprevalence surveys (Wheeler et al. 2009) that indicated
corvids frequently succumb during acute infection after WNV
replicates to very high serum titers, whereas the 3 other pas-
serine species reach a crisis point during acute infection, at
which time some individuals succumb whereas others clear
their viremia and survive. Extremely high viremia and mor-
tality among American crows presumably was related to the
presence of the NS3 T249P substitution in the nonstructural
portion of the genome (Brault et al. 2007) that is known to be
present in California strains of WNV (Deardorff et al. 2006).
However, repeated “sweeps” through bird populations dur-
ing the 7-8 years following the WNV invasion of California
seems to have selected for genetic resistance to infection in
corvid populations, because Western Scrub-Jays (Reisen et al.
2009), Yellow-Billed Magpies (Crosbie et al. 2008), and
American Crows (Cummings 2012) have been found to he
repeatedly seropositive in nature. Similarly, initial experi-
mental infections in House Sparrows and House Finches
documented very high viremias and mortality (Komar et al.
2003, Langevin et al. 2005, Reisen et al. 2005, Fang and Reisen
2006); however, recent studies have reported lower viremias
in more individuals and lower mortality rates (Wheeler 2012).
Interestingly, House Finches, House Sparrows, and Western
Scrub-Jays surviving both natural and experimental infection
frequently were found to have low, but repeatedly detectable,
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FIG. 3. Frequency distribution plotting percent of total
numbers as a function of Ct score at 2 Ct intervals from 20 to
38 Ct for 34 positive tree squirrels tested during 2010 and 2011.
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FIG. 4. Seasonal variation in the percent of total WNV RNA positive birds tested per month that were scored as “chronic”
infections with a Ct >30 and the total number of mosquito pools collected throughout California per month testing positive

for WNV RNA combined over 2010-2011.

amounts of WNV RNA in tissues (i.e., 28-37 Ct) at necropsy
(Reisen et al. 2006, Nemeth et al. 2009a, Wheeler et al. 2012),
and these persistent infections appeared to contribute to long-
lasting immunity (Nemeth et al. 2009b).

Collectively, these field and laboratory observations have led
us to separate the dead bird laboratory test results into “recent”
and “chronic” positive infection categories by Ct score. We have
selected Ct=30 as the break point, with “recent” infections
considered to be birds with a Ct value <30 that most likely were
infected and died within the previous few weeks, whereas
“chronic” or persistent infections had Ct values =30 and pre-
sumably had been infected sometime in the past. In the current
data set, 242 (26%) of the 933 positive birds were considered to
have “chronic” infections. The 691 birds with “recent” infections
most likely succumbed during acute infection and therefore
represented a measure of active enzootic transmission, whereas
the 242 birds with “chronic” infections most likely were infected
previously, died of other causes, and retained viral RNA in their
kidneys that was detected at necropsy. We recognize that some
of the higher Ct score values could be related to birds being
dead longer than 24h when collected, virus being lost under
field conditions, or samples being inadequately collected, pro-
cessed, or tested. However, when used in a decision support
system, we recommend a conservative approach where mos-
quito control agencies should not respond to these reports and
increase intervention until confirmation by additional dead bird
results or other enzootic transmission measures such as mos-
quito infection or sentinel seroconversions. This was especially
true during late winter and spring when all birds were after
hatching year, most likely were infected during the previous
season, and there was little virus transmission activity as indi-
cated by the number of mosquito pools testing positive (Fig. 4).
At this time although relatively few birds were positive, >60%
were considered to be chronically infected. Furthermore, hu-
man cases were not detected in regions where only chronic
positive birds and few other surveillance elements were posi-
tive (Anderson et al., 2012).

Frequent detection of chronically infected birds during
spring may have implications for WNV overwintering. Dur-

ing a time course study, infectious WNV was rescued from
kidney tissue taken from experimentally infected house
sparrows by co-cultivation and blind passage as long as
12 weeks postinfection (Wheeler 2012), so some chronically
infected birds could be harboring infectious virus. A previous
time course study in Rock Doves (Columba livia) showed in-
termittent, but repeated, virus recovery (Semenov et al. 1973),
supporting variable antibody results reported for some nat-
urally infected birds, where low-grade viral recrudescence
may intermittently stimulate the immune system to increase
antibody titer (Reisen et al. 1992, Gruwell et al. 2000, Kwan
et al. 2012). Further study is needed to determine if immu-
nosuppression may allow WNYV recrudescence and mosquito
infection.
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