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ABSTRACT

Urbanization influences food quality and availability for many wild species, but our knowledge of the con-
sequences urbanization has on the nutritional physiology of these animals is currently limited. To fill this gap,
we captured House Sparrows (Passer domesticus) from rural and urban environments and hypothesized that
increased access to human refuse in urban areas may significantly alter the gut microbiome and nutritional
physiology of Sparrows. While there were no significant differences in circulating triglycerides or free glycerol
concentrations between populations, urban birds had significantly greater blood glucose concentrations, which
suggests greater circulating glucagon concentrations, accessibility to carbohydrates, and/or higher rates of
gluconeogenesis in an urban setting. Rural birds had significantly more plasma uric acid, suggesting that they
may metabolize more proteins or experience lower inflammation than urban birds. Rural birds also had sig-
nificantly higher liver free glycerol concentrations, indicating that they metabolize more fat than urban birds.
There were no significant differences in the relative abundance of gut microbial taxa at the phyla level between
the two populations, but linear discriminant analysis effect size (LEfSe) showed that urban House Sparrows were
more enriched with class- and order-level microbes from the phylum Proteobacteria, which are implicated in
several mammalian intestinal and extra-intestinal diseases. These findings demonstrate that urbanization sig-

nificantly alters the nutritional physiology and the composition of the gut microbiome of House Sparrows.

1. Introduction

According to a 2018 United Nations report, 55% of the world's
human population inhabits urban areas and this number is predicted to
rise to 68% by 2050 (United Nations, 2018). In North America, in
particular, approximately 82% of the population resides in urban areas
(United Nations, 2018). Living in urban environments can pose risks to
both humans and animals, including overpopulation, infection with
transmissible diseases, exposure to pollutants, habitat alteration, and
shifts in food availability and diversity (Evans et al., 2009; Pollack
et al., 2017). Birds in particular have been considered a useful biomo-
nitor of the effects of anthropogenic environmental disturbances on the
health of urban-dwelling species (Pollack et al., 2017), since approxi-
mately 20% of the ca. 10,000 recognized avian species have been able
to colonize our cities (Aronson et al., 2014).
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Reports indicate that one-third to two-thirds of households in Great
Britain, New Zealand, and the United States provide food for wild birds
(Cox and Gaston, 2016; Cowie and Hinsley, 1988; Davies et al., 2009;
Galbraith et al., 2014; Martinson and Flaspohler, 2003). Bread is re-
portedly the most common food provided for birds, followed by seeds
(Galbraith et al., 2015), although urban birds also have access to un-
intentional food sources in the form of human refuse. Contrary to
popular belief, recent studies show that feeding wild birds can have
unintended and sometimes detrimental consequences for them. Mul-
tiple studies have shown that granivorous House Sparrows (Passer do-
mesticus) often dominate feeders (Francis et al., 2018; Galbraith et al.,
2014, 2015), which can reduce time spent foraging and impact body
condition, reproduction, survival, disease transmission, and community
structure, and may lead to malnutrition (Galbraith et al., 2014, 2015,
2016).
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Whereas rural House Sparrows consume diets mainly consisting of
human-produced grains (corn, oats, wheat) and insects, urban con-
specifics consume a more diverse diet of human-derived food waste,
commercial birdseeds, insects, and grains (Gavett and Wakeley, 1986;
Martin and Fitzgerald, 2005). These differences in diet have been
shown to increase intake and circulating levels of protein and fat in
urban House Sparrows compared to rural conspecifics (Gavett and
Wakeley, 1986), although studies have shown that House Sparrows
captured in more urbanized areas are smaller and weigh less than rural
conspecifics (Meillere et al., 2015). A recent study examining blood
samples from hundreds of House Sparrows captured from rural, sub-
urban and urban areas in Spain found that urban birds had higher
oxidative stress and higher levels of antioxidant enzyme activity, but
lower antioxidant capacity compared to those from other habitats
(Herrera-Duenas et al., 2017). Poor dietary quality (and low availability
of dietary antioxidants) was highlighted as a potential mediator of the
increased oxidative stress in urban House Sparrows (Herrera-Duenas
et al., 2017).

Urbanization, as well as the type of foods available to birds, have
been shown to reduce gut microbial species diversity in House Sparrows
and to specifically reduce the abundance of Actinobacteria (Teyssier
et al., 2018). While this prior study examined the impact of urbaniza-
tion on the gut microbiome of House Sparrows, the authors did not
examine the nutritional physiology of the birds. The purpose of the
present study was to compare the gut microbiome and nutritional
physiology of House Sparrows living in urban and rural areas by
measuring carbohydrate, triglyceride and protein catabolism. Because
urban House Sparrows have greater access to human-derived foods in
the form of birdseeds and breads, we hypothesized that they would
have a reduced gut microbial diversity as well as higher plasma glucose
concentrations and lower uric acid and triglyceride concentrations
when compared to rural Sparrows.

2. Material and methods
2.1. Animal model and sample preparation

From October — December 2016, adult male and female House
Sparrows were captured using potter traps baited with wild bird seeds
or mist nets between sunrise and 10 AM from urban yards around the
ASU Tempe campus (n = 4 female, 3 male; 33.44° N, —111.93° W) and
rural area ranch properties adjacent to Sonoran desert scrub (n = 6
female, 7 male; 33.78° N, —112.53° W; Fig. 1). Birds were transported
to the laboratory at Arizona State University in cloth bags with draw-
string closures in an air-conditioned vehicle to minimize stress. As
transport may have induced stress in the animals, birds were allowed to
rest in their cloth bags for 1h in a dimly lit quiet room prior to being
weighed with a triple beam animal balance to the nearest 0.5g and
collecting 50 uL of blood from the brachial vein. Following euthanasia
(sodium pentobarbital, 200 mg/kg, i.p.), cardiac plasma, liver, and
fecal samples obtained from the colon (to avoid uric acid contamination
using voided fecal samples) were collected. Whole blood samples were
centrifuged at 14,000 rpm for 10 min at 4 °C to separate blood cells
from plasma. Tissues and plasma samples were frozen at —80 °C until
analyses. All animal protocols were approved by the Institutional An-
imal Care and Use Committee of Arizona State University (16-1468R)
and collected under a scientific collecting permit from the Arizona
Game and Fish Department (SP732787).

2.2. Plasma metabolites

Plasma glucose concentrations were assessed using a commercially
available kit according to the manufacturer's protocol (Cat. No.
10009582; Cayman Chemical, Ann Arbor, MI) with the exception of
diluting samples 1:15 with sample buffer prior to the assay to bring the
glucose concentrations within range of the standard curve. The average

intra-assay coefficient of variation for glucose was 1.46 + 0.27%. Uric
acid is the main end product of nitrogen catabolism in birds, and levels
change in response to dietary protein intake and catabolism (Cohen
et al., 2009; Machin et al., 2004; Tsahar et al., 2006). It is also the most
abundant antioxidant found in birds (Seaman et al., 2008; Stinefelt
et al., 2005; Machin et al., 2004; Simoyi et al., 2002; Klandorf et al.,
2001). For these reasons, we measured plasma uric acid concentrations
using a kit (Cat. No. DIUA-250; Bioassay Systems, Hayward, CA). The
average intra-assay coefficient of variation was 1.04 + 0.3%. Plasma
free glycerol and triglycerides were measured using a kit purchased
from Sigma Aldrich (TR0100, St. Louis, MO). The average intra-assay
coefficient of variation was 1.62 + 0.26% and 2.24 *+ 0.38%, re-
spectively. All samples were run in duplicate on the same plate for each
assay and the percent intra-assay coefficient of variation reflects the
duplicate measures.

2.3. Liver free glycerol and triglycerides

Concentrations of liver free glycerol and triglycerides were mea-
sured following Norris et al. (2003). Briefly, between 100 and 300 mg
of liver was lysed using 350 pL ethanolic potassium hydroxide and in-
cubated overnight at 55 °C. The solution was brought to 1 mL with 1:1
H,O:EtOH. The saponified sample was then centrifuged, and the re-
sulting supernatant was collected and transferred to a new tube. The
supernatant was brought up to 1.2 mL with 1:1 H,O:EtOH. Of this re-
sulting mixture, 200 pL. was removed and mixed with 215uL of 1M
MgCl,. Samples were then assayed for free glycerol using a commer-
cially available kit according to the manufacturer's protocols (Cat. No.
TR0100; Sigma Aldrich), and triglyceride concentration was calculated
from the glycerol concentrations using the following equation: Trigly-
ceride (mg/g tissue) = Glycerol (mg/dL) x (10/30) x (415/200) x
(0.012 dL/g tissue mass).

The average intra-assay coefficient of variation was 0.89 = 0.11%
for the duplicate measurements of each sample on the 96-well plate.

2.4. Liver glycogen

Liver glycogen was measured according to the phenol-sulfuric acid
technique (Lo et al., 1970). Frozen liver samples (35-50 mg) were
weighed and transferred to a polypropylene tube. Immediately after
weighing, 30% potassium hydroxide (KOH) saturated with sodium
sulfate (Na,SO,4) was added to the sample and the tubes were placed in
boiling water for 30 mins. Glycogen content was precipitated from the
sample by adding 95% ethanol, incubating the mixture on ice for 30
mins, and then centrifuging at 840 g for 30 mins. The supernatant was
discarded and the precipitate was dissolved in 3 mL deionized water.
Diluted glycogen (250 pL) was then transferred to a new polypropylene
tube and 750 uL water was added (1:4 dilution) followed by 1 mL 5%
phenol and 5mL 96-98% sulfuric acid. The solution was mixed by
gentle inversion and, after 10 mins of cooling, the tubes were trans-
ferred to a 25-30 °C water bath for 15 mins. Aliquots from each tube
(200 puL) were transferred to a 96-well plate in duplicate and the ab-
sorbance measured at 490 nm using a microplate reader (MultiskanGo,
Thermo Fisher Scientific, Waltham, MA). Glycogen concentration was
calculated using the following equation (Lo et al., 1970): glycogen (g)/
100 g liver = (Ax90/k) x (V/v) x (10~ “*/w) where Asq, is the absorbance
at 490 nm, k is the slope of the standard curve, V is the total volume
(uL) of glycogen solution, v is the volume (uL) of the aliquot to which
phenolsulfuric acid solution was added and w is the mass of the liver
sample in g. The average intra-assay coefficient of variation was
1.36 + 0.78% for the duplicate measurements of each sample on the
96-well plate.

2.5. Microbiome analysis

Microbial DNA from frozen fecal contents isolated from the colon of



Fig. 1. Satellite image from Google Maps showing location of rural and urban capture sites (yellow balloons).

13 rural birds and 6 urban birds (fecal material was not present in the
colon of 1 urban female) were extracted by using the PowerSoil® DNA
Isolation Kit (MoBio, Carlsbad, CA, USA) following the manufacturer's
protocol. Microbial DNA samples were sent to the Microbiome Core
Facility in the Biodesign Institute at Arizona State University. The
primer set 515f/806f designed by Caporaso et al. (2012) were used for
the amplification sequencing of the V4 regions of the 16STRNA gene.
Each sample underwent PCR amplification and pooling. Next, samples
were cleaned using the QIA quick PCR purification kit (QIAGEN, Va-
lencia, CA, USA) then quantified using the Illumina library quantifica-
tion Kit ABI Prism® (Kapa Biosystems, Wilmington, MA, USA). Fol-
lowing a series of dilutions and denaturing to a final concentration of 4
pM with a 30% PhiX solution, the DNA library was loaded into the
Ilumina MiSeq platform for analysis. QIIME analyses characterized the
relative microbial abundances, which indicates how common a micro-
bial taxa is relative to other taxa in a given sample (e.g. the proportion a
microbe contributes to the larger microbial community). These data
were also utilized in the online Galaxy tool, LEfSe, to examine differ-
entially abundant taxa between urban and rural birds (Teyssier et al.,
2018).

2.6. Statistics

Body mass and nutritional physiological variables - plasma glucose,
uric acid, free glycerol and triglycerides and liver free glycerol, trigly-
cerides and glycogen - were analyzed using two-way analyses of var-
iance, with capture location and sex as fixed factors and their interac-
tion included in the analysis (location*sex) with Tukey posthoc
analyses. Shapiro-Wilk tests were used to determine normality of the
data (SigmaPlot 14.0, Systat Software, San Jose, CA, USA). Abundance
of individual microbes was determined relative to the abundance of
total gut microbiota. A Mann-Whitney U test was used to analyze effects
of capture site, sex, and their interaction on the relative microbiome

abundance at the phyla, class, order, and genus levels (SigmaStat 3.0;
Systat Software Version 10.0, San Jose, CA, USA). To detect features
that are statistically different among biological classes in fecal samples,
LEfSe analysis uses the non-parametric Kruskal-Wallis sum-rank test.
Next, it performs a Wilcoxon rank-sum test to assess biological con-
sistency among groups. Lastly, the effect size of all differentially
abundant features is determined using linear discriminant analysis
(LDA) and visualized in a histogram (Segata et al., 2011). Statistical
significance was accepted as p < .05.

3. Results
3.1. Body mass

There were no significant effects of sex (Fig. 2; two-way ANOVA,
DF =16; p = .494, qsexz = 0.023), capture site (p =.298,
qlocaﬁonz = 0.055), or their interaction (p = .073, Umteracﬁonz =0.173)
on body mass. An analysis of effect sizes produced a Cohen's d statistic
of 0.559 for all rural vs all urban body mass comparisons (i.e. grouped
birds of both sexes). This represents a medium effect size.

3.2. Plasma metabolites

Plasma glucose concentrations from urban House Sparrows were
significantly higher than those from rural birds (Fig. 3A; two-way
ANOVA, DF = 16; p = .041, glocaﬁonz = 0.232). However, we found no
significant effects of sex (p = .751, x> = 0.005) or an interaction
between sex and capture site (p = .725, qinteracﬁonz = 0.006) on plasma
glucose concentration. Urban House Sparrows had significantly lower
plasma concentrations of uric acid than rural sparrows (Fig. 3B; two-
way ANOVA: DF = 16; p = .026, Diocation> = 0.264), and again we did
not find effects of sex (p = .587, s> = 0.013) or an interaction be-
tween sex and location (p = .950 Djinteraction> = 0.000). Analysis of the
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Fig. 2. Body mass for urban (n = 4F, 3M) and rural (n = 6F, 7M) House
Sparrows. Data are expressed as mean *= SEM. The boxes indicate the inter-
quartile range, the horizontal line within the boxes denote the median and the
whiskers extend from the maximum to minimum data points.
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Fig. 3. Plasma glucose (A) and uric acid (B) concentrations in rural (n = 6F,
7M) and urban (n = 4F, 3M) House Sparrows. Data are expressed as
mean * SEM. Two-way ANOVA, *p < .05. The boxes indicate the inter-
quartile range, the horizontal line within the boxes denote the median and the
whiskers extend from the maximum to minimum data points.

effect sizes resulted in Cohen's d = 1.193 and 1.271 for the comparison
of all urban vs all rural plasma glucose and uric acid, respectively.
Although the two-way ANOVA revealed a significant effect of the in-
teraction between sex and location (DF =16; p = .048,
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Fig. 4. Plasma triglyceride (A) and free glycerol (B) concentrations in rural
(n = 6F, 7M) and urban (n = 4F, 3 M) House Sparrows. Data are expressed as
mean * SEM. The boxes indicate the interquartile range, the horizontal line
within the boxes denote the median and the whiskers extend from the max-
imum to minimum data points.

gimeramcnz = 0.217) on plasma triglycerides, Tukey post-hoc analyses
showed only a non-significant trend for greater levels in urban as
compared to rural female sparrows (Fig. 4A; p = .068). There were no
significant effects of location (p = .602, Digcation> = 0.013) or sex
(p = .580, [eex> = 0.015) on plasma triglycerides. There were no sig-
nificant differences in plasma free glycerol concentrations between
sexes and locations (Fig. 4B; two-way ANOVA; location p = .706,
glocaﬁonz = 0.008; sex p = .535, Ijsexz = 0.022; interaction p = .265,
Dinteraction- = 0.072). Evaluation of the effect sizes resulted in Cohen's
d = 0.289 and 0.200 (small effect) comparing all urban vs all rural
plasma triglyceride and free glycerol, respectively.

3.3. Liver metabolites

Liver free glycerol concentrations were significantly lower in urban
than rural House Sparrows (Fig. 5B; two-way ANOVA, DF = 16; loca-
tion p = .048, glocaﬁonz = 0.177; sex p = .752, gsexz = 0.004; interac-
tion p = .053, I]interacﬁonz = 0.168). Tukey posthoc analyses revealed
significantly higher liver free glycerol concentrations in male House
Sparrows captured from rural versus urban locations (p = .011) in ad-
dition to a trend for higher levels in rural males as compared to females.
We found no significant differences in liver triglycerides (Fig. 5A) or
liver glycogen (Fig. 5C) between urban and rural birds, nor an effect of
sex or an interaction between sex and location on liver triglycerides.
Examination of the effect sizes for all rural and all urban birds (com-
bined sexes), resulted in a Cohen's d statistic of 0.496 (medium effect),
0.903 (large effect), and 0.511 (medium effect) for liver triglyceride,
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Fig. 5. Liver triglyceride (A), free glycerol (B) and glycogen concentrations (C)
in rural (n = 6F, 7 M) and urban (n = 4F, 3 M) House Sparrows. Data are ex-
pressed as means + SEM. Two-way ANOVA, *p < .05. The boxes indicate the
interquartile range, the horizontal line within the boxes denote the median and
the whiskers extend from the maximum to minimum data points.

free glycerol, and glycogen, respectively.

3.4. QIIME and LEfSe analyses

There were no significant differences in the relative phylum abun-
dance of gut bacteria between urban and rural House Sparrows (Fig. 6):
Unassigned (Mann-Whitney U = 40.50, p = .930), Crenarchaeota
(U =32.50, p =.174), Euryachaeota (U = 42.00, p =.571), Acid-
obacteria (U = 42.00, p = .571), Actinobacteria (U = 41.50, p = .860),
Bacteroidetes (U = 48.00, p = .239), Chloroflexi (U = 54.00, p = .100),
Cyanobacteria (U = 39.00, p = .965), Firmicutes (t = 0.459, p = .652),
Proteobacteria (U = 37.00, p = .895), TM6 (U = 42.00, p = .571 and
Tenericutes (U = 35.00, p = .710). However, effect size estimates

determined using LEfSe analyses showed that the gut microbiome of
urban House Sparrows had significantly greater abundance of Pseudo-
monadales, Williamsia, Williamssiaceae, Pseudomonas, and Pseudomona-
daceae (Fig. 6, LDA > 2.0:5), relative to rural House Sparrows. The
figure shows effect sizes for taxa that are significantly increased in the
urban birds compared to the rural birds.

4. Discussion

The objective of this study was to compare the nutritional phy-
siology and gut microbiome of House Sparrows captured from urban
and rural locations. Several studies have shown that urban House
Sparrows weigh less and are in poor body condition compared to rural
conspecifics, which may contribute to population declines in urban
sparrows (Dulisz et al., 2016; Liker et al., 2008; Meilléere et al., 2015;
Vangestel et al., 2010). Although body mass was not significantly dif-
ferent between the urban and rural birds examined in this study, several
notable differences in plasma metabolites and gut microbiota were
observed. Specifically, our results show that urban House Sparrows had
higher plasma glucose, lower plasma uric acid and liver free glycerol
concentrations, as well as greater abundance of taxa within the phylum
Proteobacteria compared to rural birds.

Our observation that plasma glucose concentrations were higher in
urban birds when compared to rural birds is consistent with the idea
that urbanization promotes high blood glucose in birds. This finding is
interesting, as birds in general tend to present very high blood sugar
concentrations (Braun and Sweazea, 2008). Moreover, Herrera-Duenas
et al. (2017) found that urban House Sparrows have higher oxidative
stress, which they attributed to low diet quality. Uric acid is the most
abundant antioxidant found in birds (Seaman et al., 2008; Stinefelt
et al., 2005; Machin et al., 2004; Simoyi et al., 2002; Klandorf et al.,
2001). As such, the lower levels measured in urban House Sparrows in
the current study combined with their elevated plasma glucose may
increase their risk of oxidative stress, as pharmacological inhibition of
uric acid production increases oxidative stress in birds (Klandorf et al.,
2001). For this reason, some researchers regard plasma uric acid con-
centrations as a biomarker of oxidative stress in birds (Tsahar et al.,
2006; Cohen et al., 2009). However, other explanations for the reduced
plasma uric acid in urban sparrows should be considered. First, as the
main end-product of nitrogen catabolism, these differences in plasma
uric acid could simply indicate differences in protein intake, with urban
birds consuming diets with less protein than rural conspecifics (Cohen
et al., 2009; Machin et al., 2004; Tsahar et al., 2006). Second, uric acid
is converted to allantoin when used as an antioxidant. Thus, it is pos-
sible that the lower levels in urban House Sparrows may be reflecting
greater conversion of uric acid to allantoin, thereby reducing circu-
lating concentrations (Tsahar et al., 2006). In addition, Cohen et al.
(2008) demonstrated that increases in uric acid concentrations can also
indicate recent stress, poor body condition, as well as potential com-
pensatory mechanisms, all factors that may have contributed to the
present observations.

The observed lower levels of free glycerol in the liver of male urban
House Sparrows compared to rural male conspecifics may reflect re-
duced dietary intake of fats, lower hydrolysis of triglycerides, or in-
creased utilization of free glycerol for gluconeogenesis. The latter is
consistent with the observed elevations in glucose concentrations in the
urban birds. Male House Sparrows captured from rural areas also
tended to have higher liver free glycerol concentrations compared to
females. Although not significant, 20.6% of the variation in liver free
glycerol could be explained by sex differences in the rural birds.
Moreover, fatty acids are used to support long-distance flight in birds
(Jenni-Eiermann et al., 2002). Thus, it is possible that the higher levels
of liver free glycerol in rural sparrows reflect longer distance flights in
these birds, perhaps for foraging purposes, dispersal or escaping pre-
dation. Food sources may be more readily available to urban House
Sparrows, resulting in more frequent short-distance flights that are



fueled primarily by carbohydrates (Rothe et al., 1987).
LEfSe analyses showed a significantly higher abundance of taxa
(Pseudomonadales,

This is consistent with prior research by Miron et al. (2014), who found
that the gut microbiome profile along the intestinal tract of two House
Sparrows was comprised mainly of Firmicutes and Proteobacteria. Al-
though, the results differ from Teyssier et al. (2018) who observed no
significant differences in Proteobacteria in urban House Sparrows living
in Belgium. Rather, Actinobacteria abundance was lower in those urban
sparrows (Teyssier et al., 2018). In general, gut microbial diversity
appears to be related to the relative abundance of nutrients ingested by
birds (Miron et al., 2014). In fact, gut commensal bacteria aid their
hosts in essential biochemical processing, such as polysaccharide break
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Fig. 6. Top panel: Differentially abundant gut microbial taxa in urban and rural House Sparrows were identified through LEfSe analyses. The histogram shows the
bacteria in red bars that were significantly greater in the fecal samples of urban House Sparrows (n = 6) compared to rural House Sparrows (n = 13). The x-axis
shows the LDA score which represents the log10-adjusted effect size of microbial taxa between urban and rural House Sparrows (LDA score > 2.0:5) Bottom panel:
The cladogram depicts the phylogenic relationship between microbial taxa that were higher in urban House Sparrows. The nodes represent a common ancestor.

switch towards a higher prevalence of Proteobacteria in the urban birds
examined in the present study demonstrates that urbanization promotes

Williamsia, ~Williamsiaceae, ~Pseudomonas and a shift in the gut microbiome that may impact other nutritional phy-
Pseudomonadaceae) within the phylum Proteobacteria in urban birds. siology outcomes.

down. Such processes are necessary to harness energy from diets urban individuals.

(Bickhed et al., 2004). Thus, the variations in the presence of gram-
negative Proteobacteria observed in the present study are consistent
with variation in the nutritional physiology of House Sparrows from
urban and rural locations, as increased abundance of Proteobacteria is
associated with consumption of diets high in saturated fats and carbo-

hydrates (i.e. the so-called Western diet; Agus et al., 2016). Ad- avian health and fitness.
ditionally, Proteobacteria are prevalent in the gut microbiome of hu-

mans and are associated with several notable human pathogens,

Acknowledgements

including Brucella, Rickettsia, Bordetella, Neisseria, Escherichia, Shigella,

Salmonella, Yersinia, and Helicobacter (Rizzatti et al., 2017). The notable
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Moreover, temperature-induced stress may also contribute to variation
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In summary, data from the present study show location-related
variation in the nutritional physiology and gut microbiota of wild-
caught House Sparrows and highlight the potential dietary and ecolo-
gical impacts of urbanization in these birds. Further work is needed to
understand how these endogenous changes might ultimately impact
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