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Abstract: During ovipositioning, avian eggshells become susceptible to bacterial and fungal growth and studies have 
shown that a community of these microorganisms, or microflora, is maintained on eggshells throughout the incubation 
process. To determine the possible role of these microorganisms on embryonic development, it is first important to under-
stand the composition of the microbial community present on the surface of the egg. A limited amount of studies have 
been published in this area; thus, the objective of this study was to broaden this area of study and determine what bacterial 
communities are found on the surface of naturally-incubated House Wren eggs across three stages of incubation (pre, 
early, and late) as defined by egg temperature. Our data uniquely suggest that the eggshell microflora is dynamic and that 
this may be regulated by temperature fluctuations due to intermittent incubation behavior. Using culture-based techniques, 
46 different bacterial species were identified belonging to 13 bacterial families and 20 genera. The majority of bacteria be-
longed to the Pseudomonas, Staphylococcus, Stenotrophomonas, or Burkholderia genera and have been previously asso-
ciated with avian eggs and nests. Bacteria within the Pseudomonas genus were the most predominant and we hypothesize 
that their maintenance may be linked to their ability to produce antibiotic substances called bacteriocins. The bacterial 
composition of the microflora isolated in this study also suggests that avian egg microfloras are derived from environ-
mental origins.  
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INTRODUCTION 

The primary role of avian incubation, whether intermit-
tent or continuous, is to supply optimal conditions to the egg 
to maintain embryonic development in regard to tempera-
ture, humidity, and gas exchange [1]. This is exemplified by 
numerous studies that have shown a dramatic decrease in 
viability in the absence of incubation [2-5]. Emerging re-
search suggests that a secondary role of incubation is the 
delicate maintenance of a microflora on the shell that limits 
potentially pathogenic bacteria [5, 6-10]). The bacteria that 
comprise this microflora have multiple possible origins. The 
bacteria may be transferred directly from the mother either 
from the posterior reproductive tract, feces, or from direct 
contact with the egg during the incubation period [6, 11, 12]. 
Alternatively, the bacteria may have an environmental origin 
and be introduced to eggs via nest materials, which has been 
shown to be important for fungal associations [13, 14].  

Interest in the bacterial microflora of egg surfaces first 
arose in commercial hatcheries. Subsequent studies de-
scribed mechanisms for trans-shell migration and a reduction 
in egg viability [6, 11]. Only relatively recently have studies 
begun to look into the composition or the implications of this 
microflora during natural incubation. In 2005, a study in-
volving Pearly-eyed Thrashers in a tropical environment was 
the first to show that incubation limits microbial infection 
[7]. In that study all parentally incubated eggs had limited 
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growth on the surface of the egg and were free of infections, 
whereas a significant percentage of unincubated eggs dem-
onstrated higher microbial loads on the surface of the egg 
and bacterial infection (90% at a cool, humid highland loca-
tion and 28% at a hotter, less humid lowland location) [7]. In 
a subsequent study, Cook et al. (2005) showed that nonincu-
bated eggs had higher microbial loads of gram-negative en-
terics, gram-negative fermenters, and gram-positive cocci 
(considered pathogenic) while parentally incubated eggs 
showed a decrease in these three categories and a slight in-
crease in gram positive rods (not considered as pathogenic) 
over the first several days of incubation [8]. A similar trend 
was also seen when culture-independent methods were used, 
providing further support to the theory that parental incuba-
tion has a role in limiting and/or enhancing the bacterial mi-
croflora [9]. 

Whereas the studies described above shifted emphasis 
from commercial hatcheries to natural incubation, they were 
all focused on one bird species, the Pearly-eyed Thrasher, in 
a tropical environment. It remains unclear whether this is a 
widely-observed trend applicable to a variety of birds and 
climates. Two recent papers have broadened the research 
scope. Ruiz-de-Castaneda et al worked with Pied Flycatchers 
in the temperate environment of central Spain to show that 
the bacterial microflora of eggshells were essentially static 
throughout the entire incubation period [15]. These data con-
form to the trend observed for the Pearly-eyed Thrasher in 
tropical environments. Data from a North American temper-
ate environment for Western Bluebird, Tree and Violet-green 
Swallows, however, showed no significant increase in mi-
crobial loads on eggshells or bacterial infection when paren-
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tally incubated eggs were compared to those that were non-
incubated [5]. This suggests that the relationship between 
natural incubation behavior and the microflora of avian eggs 
does not conform to a single representative trend; it is poten-
tially more complicated and may be unique to individual 
prenatal nesting environments. It would be quite surprising 
to find that cavity nesting birds in forested areas support egg 
microbial communities comparable to those of open cup 
nesting species in grassland areas. Since few descriptive 
studies of the microbial diversity of eggs in natural nests 
exist, it becomes important to characterize the microbial 
populations associated with a variety of bird species and 
habitats. The data presented in this paper represent a step 
toward elucidating the precise relationship between incuba-
tion behavior and ecosystem-based factors.   

Our study focused on the egg surface mircoflora of the 
House Wren (Troglodytes aedon) breeding in a temperate 
region. We identified bacteria found on the surface of paren-
tally incubated eggs across entire incubation periods using 
culture-dependent methods. Our study objectives were to add 
to the existing data regarding the composition of the bacte-
rial normal flora of avian eggshells and to determine whether 
the diversity fluctuates with the changes in temperature that 
occur over the course of embryo development as a function 
of the natural incubation behavior of the House Wren. 

MATERIALS AND METHODOLOGY 

Study Species and Field Site 

House Wren breeding distribution includes both tropical 
and temperate regions, crossing almost the entire Western 
Hemisphere from the central Canadian plains to the south-
ernmost tip of South America [16]. A typical House Wren 
clutch consists of 5-12 eggs [17], with the largest clutches 
occurring in the highest latitudes [18]. Data for this study 
were collected from wrens nesting in a network of 50 stan-
dard size Bluebird boxes during the 2005 to 2012 breeding 
seasons. The nest box network has been maintained and 
monitored since 2002 in Southwestern New York and 
Northwestern Pennsylvania near Erie, PA (42° 7' 45" N / 80° 
5' 7" W) and have been exclusively used by House Wrens.  

Determination of Average Daily Egg Temperatures 
within Nests 

We used temperature data from 23 House Wren nests 
monitored daily and continuously from 15 May to 31 July 
during the 2005 to 2012 breeding seasons to determine pa-
rental attentiveness and average egg temperature patterns. A 
repeated mixed model analysis showed that average nest 
temperatures did not vary across year (p=0.7383). The num-
ber of eggs present in each nest were recorded daily. When 2 
eggs were found in a given nest, a programmable Ther-
mocron temperature probe (iButton, Maxim) was attached to 
nest material inside the nest cup. Nest temperature data were 
collected every 30 s continuously for the entire incubation 
period for each nest monitored. Temperature fluctuations in 
the nest cup were used to derive female behavior patterns 
[19]. We used the software combination of Rhythm and Ra-
ven [20] to view the data and compute the duration of all 
female recesses from the nest across each day of data. Nest 
attendance was found by Σ (recess durations/active 

day)*100, with active day equal to the duration between the 
start of the first recess of a day and the end of the last recess. 
Egg temperature records were also collected using miniature 
battery powered dual-channel ambient temperature and re-
mote thermocouple data loggers (OM-CP-TC4000, Omega 
Engineering Inc.) placed on the bottom of nest boxes and 
beneath nests. To measure egg temperatures, we attached to 
the remote port of each data logger a factory welded 36-
gauge constantan-chromega thermocouple (Omega Engi-
neering Inc, Stamford Connecticut) implanted in plastic craft 
eggs (1.5 cm x 1.2 cm) that resembled House Wren eggs in 
both size and coloration and filled with silicon gel (Ideal 
Industries, Sycamore Illinois). Like nests, egg temperatures 
were recorded every 30s during the incubation period. Tem-
perature data was not recorded for nests that were used for 
microbial data.  

BACTERIAL SAMPLING 

Clutch initiation dates ranged from May 19 to July 2 for 
the 2010 season. Egg surface microflora samples were taken 
daily after the first egg in each clutch was detected. Aseptic 
techniques were utilized to the furthest extent possible in a 
field setting. Eggs were removed with a gloved hand and a 
sterile plastic stencil (7mm x 10mm rectangle) was placed 
over the egg to limit microflora samples to a standardized 
area. Samples were taken with a sterile swab slightly satu-
rated in sterile nutrient broth. Each swab was placed in nutri-
ent broth in an individually labeled microfuge container and 
stored at 4°C until processing using culture-based tech-
niques. More than 300 microbial samples were obtained 
from eggs in 19 House Wren nests. The average clutch size 
for this population in 2010 was 6±1.9 eggs. Samples were 
processed over a time period of 6 months. Samples were 
assigned to the categories of “pre-incubation”, “early incuba-
tion”, or “late incubation” based on the increases in female 
attentiveness on the nest throughout the incubation period. 
The data analysis for the egg temperature records followed 
this classification scheme as well.  

Bacterial Identification Methods 

To remove bacteria from swabs, the tubes containing the 
swabs and nutrient broth were vortexed for 30 seconds. After 
vortexing, the broth was immediately sampled and used for 
serial dilutions and plating. Samples were serially diluted up 
to 10^-8 and plated on nutrient agar and incubated at 30°C 
and 37°C (the majority of the growth was isolated on plates 
grown at 30oC). Plates were incubated for 48 hrs. After in-
cubation, a countable plate, containing 30-300 total colony 
forming units (CFUs), was obtained. CFUs were character-
ized based on morphology and unique colonies were 
streaked for isolation. The DNA from a representative 
unique colony was isolated and was subsequently used in 
PCR reactions to amplify the 16S rRNA gene and obtain 
sequencing information to determine the genus and species 
of the bacteria.  

To isolate DNA, a pure colony of bacteria was placed in 
50 µls of water and cells were lysed using a freeze-thaw 
method. Samples were placed in a methanol/dry ice bath for 
two minutes then placed in the heating block (99oC-105oC) 
for 2 minutes. This cycle was repeated two more times to 
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insure lysis of cellular membranes and exposure of the DNA. 
Lysed cells were centrifuged for five minutes at 13,000 
RPM. The supernatant, containing DNA, was removed and 
known as the DNA stock. To identify bacterial species, the 
16S ribosomal gene was amplified from the extracted DNA 
using the universal bacterial primers 27F (5’-
AGAGTTTGATCATGGCTCAG-3’) and 1487R (5’-
TACCTTGTTACGACTTCACC-3’) [21]. During the course 
of this research, the primer combination was switched to 
primers 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 
1495R (5’-CTACGGCTACCTTGTTACGA-3’) due to bet-
ter yields [22]. All PCR reactions were performed in an Ap-
plied Biosystems GeneAmp 9700 Thermocycler with a 25 µl 
volume containing: 1-2 µls of DNA, 1 µl of each primer (10 
µM), 9.5-10.5 µls of H2O, and 12.5 µls of KOD hot start 
master mix (EMD Millipore). Reactions were initiated with a 
denaturation step at 95oC for 2 min, followed by 40 cycles of 
denaturation (95°C for 20 sec), annealing (54°C for 10 sec), 
and extension (70°C for 20 sec). After PCR, DNA amplifica-
tion was verified using gel electrophoresis. If bands were 
seen at 1400 bp, reactions were incubated with ExoSAP (Af-
fymetrix) for 15 min at 37°C then 15 min at 80°C. The 
ExoSAP product was sent with 1µM primers (27F/1487R or 
8F/1495R) for sequencing at the Genomics Core Facility at 
Penn State University Park. Forward and reverse sequences 
were used to construct a consensus sequence with Geneious 
software (Biomatters Ltd). Consensus sequences were run 
through NCBI-BLAST/EzTaxon to determine the genus and 
species of bacterial isolates. 

STATISTICAL ANALYSIS 

We used maximum likelihood estimation, in the form of 
a G-test, to detect changes in the proliferation of colony 
forming units for each phylotype across all three stages of 
incubation. The general formula for a G test is: 

𝐺=2,𝑖--,𝑂-𝑖..∗,ln-,,,𝑂-𝑖.-,𝐸-𝑖.... 
Where O is the number of colony forming units per phy-

lotype per incubation stage and E is the expected number of 
colony forming units per phylotype per incubation stage.  

Phylotype richness was calculated as the number of phy-
lotypes isolates counted per sample. Phylotype diversity was 
calculated using the equation 

𝐷=Σ,# 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑜𝑓 𝑎 𝑔𝑖𝑣𝑒𝑛 𝑖𝑠𝑜𝑙𝑎𝑡𝑒-𝑡𝑜𝑡𝑎𝑙 # 𝑜𝑓 
𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛𝑠 𝑜𝑓 𝑎𝑙𝑙 𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑠. 

Prominence values (PV) were used to track changes in 
the prevalent phylotypes across all three stages of incubation 
according to the formula: 

𝑃𝑉=,𝑖𝑠𝑜𝑙𝑎𝑡𝑒 𝑐𝑓𝑢/𝑚𝑙-#𝑠𝑎𝑚𝑝𝑙𝑒𝑠.∗ ,-𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦. 𝑖𝑠𝑜𝑙𝑎𝑡𝑒 
𝑜𝑐𝑐𝑢𝑟𝑒𝑑 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

RESULTS 

Intermittent incubation behavior is relatively common 
among most passerine bird species, but there are most likely 
subtle differences in this behavior among avian species [23]. 
For instance the degree to which eggs warm and cool would 
likely vary and we believe this would affect the microbial 
flora found on egg shells. Thus, we first chose to track the 
time female House Wrens (males do not incubate eggs) 

spend on the nest and the temperature of House Wren eggs 
throughout the incubation period. Nest temperature fluctua-
tions due to the female leaving and returning were used to 
determine the female’s time on the nest (Fig. 1). The female 
spent the least amount of time on the nest during the first few 
days of the incubation period. Nest attentiveness did increase 
on the fourth day of incubation which typically coincided 
with the laying of the fourth egg. Clutch completion usually 
occurred on the eighth day of incubation and a second in-
crease in female attentiveness was observed on this day and 
maintained through the incubation period. Based on these 
data we divided the incubation period for House Wrens into 
three stages: pre-, early, and late incubation. We defined the 
“pre-incubation stage” as the time between the laying of the 
first and fourth eggs during which the female spends little 
time on the nest. “Early incubation” was defined as the time 
between the laying of the fourth egg and clutch completion. 
“Late incubation” was defined as the time between clutch 
completion and hatching and included the highest daily nest 
attentiveness by the female. Using decoy eggs containing a 
thermocoupled data logger, egg temperatures were recorded 
throughout these stages and the average egg temperature 
increased from 16.3oC during pre-incubation to 24.1oC in 
early incubation and to 31.05oC in late incubation (Fig. 2).  
 

 
Fig. (1). Nest attentiveness of female House Wrens throughout 
incubation.  
 

 
Fig. (2). Average egg temperatures in naturally incubated House 
Wrens nests during pre, early, and late incubation.  
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Bacterial phylotypes were isolated from swabs of egg-
shell surfaces obtained during each incubation period and 
identified using 16S rRNA sequencing techniques. In total, 
we identified 46 different phylotypes within 20 different 
genera from 313 egg microflora samples (Table 1). 
Throughout the incubation period the majority (>90%) of 
bacteria isolated belonged to either the Pseudomonas, 
Staphylococcus, Burkholderia, and Stenotrophomonas gen-
era. However, the microbial populations were not as static as 
the previous statement suggests. The 15 other bacterial gen-
era were more transient within the eggshell microflora usu-
ally appearing in only one of the incubation stages. For in-
stance, bacteria within the Erwinia genus were only found in 
the pre-incubation stage. Eight bacterial genera (Brevibacil-
lus, Cellulomonas, Enterobacter, Enterococcus, Luteibacter, 
Pectobacterium, Rhodanobacter, and Sanguibacter) were 
specific to early incubation and five genera (Bacillus, Massi-
lia, Plantibacter, Rahnella, and Rhodococcus) were specific 
to the late incubation stage. Two genera were found to span 
two incubation stages: the Paenibacillus genus was found in 
both the pre- and early incubation stages and bacteria within 
the Pantoea genus were isolated in the early and late incuba-
tion stages. Thus, over the course of the incubation period, a 
total of 6 genera were isolated during the pre-incubation 
stage, 14 genera during the early incubation stage, and 10 
genera during the late incubation stage. Fluctuations also 
occurred at the species level within the predominant genera, 
which led to an increased species richness value in early in-
cubation (N=54 phylotypes) compared to the pre-incubation 
and late incubation stages (N=42 and N=43 phylotypes, re-
spectively).  

Of the predominant genera the only bacteria isolated 
from all incubation stages and individual nests was Pseudo-
monas (Fig. 3). Of the 15 identified phylotypes within this 
genus, Pseudomonas flourescens was ubiquitous; it was iso-
lated across all incubation stages (pre, early, and late) and 
from multiple eggs and nests (N=19). This was followed by 
Pseudomonas koreensis, Pseudomonas putida, and Pseudo-
monas poae, listed in respective order of isolation frequency. 
The number of combined Pseudomonas colonies (cfu/ml) 
isolated per incubation stage (pre, early, late) was not statis-
tically different across the three stages of incubation (F2, 
45=0.01. p=0.9924). However, the distribution of colony 
forming units of individual phylotypes did change signifi-
cantly with incubation stage (Table 2).  

We used prominence values to track changes in the 
prevalent phylotypes of Pseudomonas across all three stages 
of incubation (Table 3). P. fluorescens was the most promi-
nent phylotype of bacteria cultured in pre- and early- incuba-
tion, while P. putida increased in prominence late in incuba-
tion. 

DISCUSSION AND CONCLUSION 

House Wrens are among the 62% of passerine species 
that exhibit intermittent incubation behavior [24]. The affect 
this behavior has on the microflora maintained on eggshells 
likely varies for different avian species; thus we monitored 
the attentiveness of the female House Wren on the nest and 
the average egg temperature throughout the incubation pe-
riod of several House Wrens within different nests and over 

multiple years. The data show that increases in female atten-
tiveness correlate with increases in the average egg tempera-
ture, consistent with patterns observed in other passerine 
species [23]. Egg temperature changes are especially impor-
tant when examining bacterial populations because bacteria 
do not have the ability to thermoregulate. Our culture-based 
analysis of phylotype abundance at each stage of incubation 
suggests that House Wrens foster a dynamic microflora on 
their eggshells. As postulated in previous studies the pres-
ence of a microflora could be influential in preventing the 
growth of pathogenic species and/or allowing shell modifica-
tions, such as an increase in water vapor permeability, that 
are necessary for embryo development [5, 6-10, 13]. The 
data from our study suggests that the fluctuations within the 
microflora may be regulated by the observed temperature 
changes throughout the incubation period. Thus bacteria 
within the Pseudomonas, Staphylococcus, Burkholderia, and 
Stenotrophomonas genera predominate because these bacte-
ria are able to thrive throughout the temperature range, 
whereas the transient bacteria are relegated to specific incu-
bation stages due to the temperature changes. An increase in 
the genera represented and species richness during the early 
incubation stage suggests that the optimal temperature for 
bacterial growth on the eggshell is approximately 24.1oC. 
The dynamic nature of the microflora could also be ex-
plained by indirect rather than directs effects of temperature 
on growth. It is possible that the fluctuations in temperature 
may regulate the production of antibacterial substances by 
members of the microflora and limit the growth of certain 
bacteria. It is important to mention that previous studies 
showed species richness was static throughout the incubation 
period [9, 15]; however, those studies did not include a sam-
pling date that was equivalent to our early incubation stage.  

The four genera (Pseudomonas, Staphylococcus, 
Stenotrophomonas (Xanthomonas), and Burkholderia) main-
tained throughout the incubation period have been previ-
ously associated with avian eggshells and nests. Overall, 
Pseudomonas was the most commonly isolated genus. This 
study is not the first to report an abundance of Pseudomonas; 
bacteria within this genus were also most common on egg-
shells of Pied Flycatchers [15]. Pseudomonas has also been 
isolated from old House Wren nests and the nests of the 
Great Tit and Blue Tit; these studies reported a high propor-
tion of Staphylococcus as well [25, 26]. Stenotrophomonas 
was previously isolated from the eggshells of Pearly-eyed 
Thrashers and Burkholderia has been isolated from the fe-
male cloaca of Pied Flycatchers [9, 15]. The similarity be-
tween the bacteria in this study and previous studies of birds 
nesting in different habitats (e.g., temperate versus tropical 
or grassland versus forest) may suggest a common mecha-
nism inherent within birds that leads to the maintenance of a 
similar microflora. For instance, uropygial glands, which 
have been shown to have antimicrobial properties, may be 
involved [27-30]. The antibacterial properties of this gland’s 
secretions have been linked to fatty acids and alcohols within 
uropygial oil [27]. Interestingly, in a study done by Shawkey 
et al. examining the effectiveness of uropygial oil, there was 
no effect against phylotypes of bacteria found within Pseu-
domonas, the most predominant genus isolated in our study 
[27]. The antimicrobial properties of the gland have also 
been linked to a specific bacterium, Enterococcus faecalis, 
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Table 1.  Characterization of Bacterial Isolates Identified from the Surface of Naturally-Incubated House Wren Eggs and the Num-
ber of Detections in Each Stage of Incubation 

Phylum Family Gram -/+ Genus and species Pre Early Late 

Firmicutes Bacillaeceae + Bacillus circulans 0 0 1 

   Bacillus fusiformis 0 0 1 

Firmicutes Paenibacillaceae + Brevibacillus invocatus 0 1 0 

β-Proteobacteria Burkholderiaceae - Burkholderia glathei 0 3 2 

   Burkholderia phytofirmans 1 0 2 

   Burkholderia sordidicola 0 1 1 

Actinobacteria Cellulomonadaceae + Cellulomonas parahominis 0 1 0 

ɣ-Proteobacteria Enterobacteriaceae - Enterobacter amingenus 0 1 0 

   Enterococcus faecalis 0 1 0 

ɣ-Proteobacteria Enterobacteriaceae - Erwinia billingiae 1 0 0 

ɣ-Proteobacteria Xanthomonadaceae - Luteibactor rhizovincina 0 1 0 

β-Proteobacteria Oxalobacteriaceae - Massilia species 0 0 1 

Firmicutes Paenabacillaceae + Paenibacillus borealis 1 0 0 

   Paenibacillus odorifer 2 1 0 

ɣ-Proteobacteria Enterobacteriaceae - Pantoea agglomerans 0 2 2 

ɣ-Proteobacteria Enterobacteriaceae - Pectobacterium carotovorium 0 1 0 

Actinobacteria Microbacteriaceae + Plantibacter auratus 0 0 1 

ɣ-Proteobacteria Pseudomoadaceae - Pseudomonas aeruginosa 0 1 0 

   Pseudomonas alcliigenes 0 1 0 

   Pseudomonas brenneri 2 1 1 

   Pseudomonas fluorescens 7 12 3 

   Pseudomonas frederiksbergensis 1 0 0 

   Pseudomonas gingeri 1 0 0 

   Pseudomonas graminis 2 2 2 

   Pseudomonas jessenii 1 0 1 

   Pseudomonas koreensis 1 8 3 

   Pseudomonas lurida 1 0 0 

   Pseudomonas migulae 1 1 1 

   Pseudomonas poae 0 3 4 

   Pseudomonas putida 7 3 8 

   Pseudomonas rhizospaceae 2 1 0 

   Pseudomonas syringae 4 1 4 

ɣ-Proteobacteria Enterobacteriaceae - Rahnella aquatilis 0 0 1 

ɣ-Proteobacteria Xanthomonadaceae - Rhodanobacter lindaniclasticus 0 1 0 

Actinobacteria Nocardiaceae + Rhodococcus erthropolis 0 0 1 

Actinobacteria Sanguibacteriaceae + Sanguibacter keddieii 0 2 0 
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(Table 1) contd…. 

Phylum Family Gram -/+ Genus and species Pre Early Late 

Firmicutes Staphylococcaceae + Staphylococcus epidermidis 0 1 1 

   Staphylococcus equorum 2 0 1 

   Staphylococcus succinus 1 2 0 

ɣ-Proteobacteria Xanthomonadaceae - Stenotrophomonas maltophilia 0 0 1 

   Stenotrophomonas rhizophilia 4 1 0 

 

 
Fig. (3). Distribution of bacterial genera on House Wren eggs. A total of 19 nests were sampled. 
 
which has been isolated from uropygial secretions [29, 30]. 
E. faecalis produces antibacterial substances termed bacte-
riocins that have shown effectiveness against the feather-
degrading bacterium Bacillus licheniformis as well as several 
others [29, 30]. This bacteria was found in at least one of the 
nests used in this study.  

An alternative explanation for the predominance of four 
genera on House Wren eggshells may be the ability of these 
bacteria to produce their own antibiotic substances called 
bacteriocins [31-33]. In Pseudomonas, these antibiotic sub-
stances are referred to as pyocins [34]. Most research has 
focused on P. aeruginosa [34, 35] but P. fluorescens [34, 36, 
37], and P. syringae [38] have been shown to produce these 
antibacterial substances and were all identified in our study. 
The pyocins from various species have been shown to have 
broad-spectrum capabilities and were effective against mem-
bers of the pathogenic Enterobacteriaceae family including 
Escherichia coli and Salmonella [39]. Interestingly, very few 
genera from the Enterobacteriaceae family (Pantoea, Rah-
nella, Luteibacter, and Pectobacterium) were isolated and all 
had very low numbers (less than 2%). Research has also 
shown that bacteriocin production may be temperature regu-
lated [40]. The optimal temperature for pyocin production in 

P. solanacearum was 30oC [40] and if similar regulation 
occurs in the Pseudomonas phylotypes identified within our 
study it could explain why the total bacterial number and 
diversity did not increase through the late incubation stage. 
Importantly, when Pseudomonas was prevalent on the egg-
shells of Pied Flycatchers there was no correlation between 
the presence of Pseudomonas and negative effects on hatch-
ing success [15].  

The bacterial populations identified in this study also 
suggest that the phylotypes comprising the microflora have 
environmental origins as opposed to vertical transmission 
from either parental digestive or reproductive tracts. Ruiz-
de-Castaneda et al. found evidence for the latter, but it was 
not evident for Pseudomonas [15]. The majority of the bacte-
ria isolated in this study belong to the Firmicutes phylum and 
the β - and ɣ -Proteobacteria subdivisions. Our results corre-
late with a study examining bacteria isolated from feathers of 
Eastern Bluebirds and were associated with soil bacteria 
[41]. Additionally the identified temperature range between 
the early and late incubation stages includes the optimal 
temperature range (25-30oC) for soil microorganisms [42]. 
These data suggest that birds may pick up various bacteria 
on their feathers when foraging for food and then transfer 
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Table 2.  The Concentration of Colony Forming Units Significantly Changed Across the Three Stages of Parental Incubation for 16 
Phylotypes of Pseudomonas Isolated from HOUSE Wren Eggs 

Strain Pre (cfu/ml) Early (cfu/ml) Late (cfu/ml) df G p 

P. aeruginosa 0 140000000 0 2 307611440.8 0.00E0 

P. alcligenes 0 99000000 0 2 217525233.2 0.00E0 

P. brenneri 186800000 300000000 10300000 2 343714155.6 0.00E0 

P. fluorescens 2115300000 3413391000 910096000 2 1544400272 0.00E0 

P. frederiksbergensis 140000000 0 0 2 307611440.8 0.00E0 

P. gingeri 31000 0 0 2 68113.962 0.00E0 

P. graminis 187000000 1070000000 7224480 2 1631454038 0.00E0 

P. jessenii 640000 0 530000000 2 1156053947 0.00E0 

P. koreensis 202000000 1774100000 507000000 2 1638343251 0.00E0 

P. lurida 680000000 0 0 2 1494112713 0.00E0 

P. migulae 2470000000 70000000 130000000 2 4186374422 0.00E0 

P. poae 43000000 1150400000 1391000000 2 1740650269 0.00E0 

P. putida 1044800000 238000000 3790000000 2 4178334165 0.00E0 

P. rhizosphaceae 320900000 117000000 0 2 453816942.6 0.00E0 

P. syringae 358000000 41000000 552000000 2 531700396.9 0.00E0 

P. veronii 560000000 0 0 2 1230445763 0.00E0 

We Assumed an Expected Ratio of 1:1:1 cfu/ml Across All Stages of Parental Incubation and a Significance Level of 0.05 for the G-Test 
 
Table 3.  Prominence Values for the Most Common Phylotypes of Pseudomonas Isolated from House Wren Eggs Across 3 Stages of 

Incubation 

Order Pre-incubation PV Early incubation PV Late incubation PV 

1 P. fluorescens 23891619.8 P. fluorescens 50477898.6 P. putida 45762401.7 

2 P. putida 11800673.4 P. koreensis 21421392.3 P. poae 11876315.6 

3 P. migulae 10544392.4 P. poae 8506170.9 P. fluorescens 6729339.5 

4 P. syringae 3056593.1 P. graminis 6459864.1 P. koreensis 3748807.9 

 
bacteria to the egg when they return to the nest. However, 
Bisson et al. found a significant difference in the bacteria 
isolated on feathers and in soil suggesting that other factors 
may also be important in defining the bacterial populations 
maintained on eggshells [43].  

In conclusion, the bacterial flora that exist on the surface 
of eggshells appear to be influenced, and possibly regulated, 
by the incubation behavior of the House Wren. Our work 
represents a first step toward a better understanding of the 
role bacterial flora may play in embryonic development; 
including identifying the precise origin of the bacterial flora, 
exact compositions, and how the delicate balance between 
beneficial and potentially pathogenic bacteria is maintained 
over the course of incubation.  
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