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Abstract

Background: Microbiota development is a critical aspect of turkey poult maturation, and the succession of microbes
in the turkey gut has been shown to correlate with poult performance. The purpose of this study was to determine the
fate of the microbiota in turkey poults after movement of birds first raised in an isolated hatch brood system into a
more traditional commercial brood facility with pre-existing birds. Turkey poults were first divided into groups raised in
conventional brood pens from day-of-hatch and those raised in an experimental hatch brood system. After 11 days of
growth, hatch brood birds were moved into pens within the conventional brood barn and monitored for an additional
18 days. Sampling of both hatch brood and conventional pen birds was performed at multiple timepoints throughout
the study, and cecal content was used to analyze the bacterial microbiota using 16S rRNA gene amplicon sequencing.

Results: Alpha diversity tended to be higher in samples from conventional pen birds compared to those from hatch
brood birds prior to the day 11 move, but the difference between systems was not observed post-move. Using beta
diversity metrics, bacterial community succession appeared delayed in the hatch brood system birds pre-move, but
post-move community composition quickly converged with that of the conventional pen birds. This was validated
through assessment of significantly different genera between hatch brood system and conventional pen birds, where
numbers of significantly different taxa quickly decreased following the move. Some key taxa previously associated with
poult performance were delayed in their appearance and relative abundance in hatch brood birds.

Conclusions: Overall, this study demonstrates that the use of isolated hatch brood systems has an impact on
the poult gut microbiota, but its impact is resolved quickly once the birds are introduced into a conventional
brood environment. Therefore, the benefits of pathogen reduction with hatch brood systems may outweigh
negative microbiota impacts due to isolation.
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Background
The establishment of a healthy microflora in the devel-
oping bird is paramount to poultry production. Several
studies have initiated efforts to catalog the commercial
turkey gut microbiota [1, 2], to understand its role in
health and disease [3], and to identify aspects of the
microbiome that correlate with positive performance
metrics [4, 5]. While we are gaining broader understand-
ing of what constitutes a healthy microbiota in commer-
cial turkey production, we know very little about the
impact of the multitude of variables involved in poultry
production on microbiota structure and development.
Antibiotic growth promoters have been shown to elicit
positive effects on the turkey gut microbiota resulting in
enhanced poult performance [6, 7], and the field of pro-
biotics is evolving towards customized approaches in
poultry that mimic these positive modulations [8].
Early poult mortality is a significant economic factor

in turkey production. The stress of hatching and trans-
porting poults directly to commercial brood barns, often
long distances, creates opportunity for mortality to occur
due to issues with stress, feed accessibility, and pathogen
exposure [9]. At the same time, it is important for turkey
poults to acquire a diverse and healthy commensal
microbiota as quickly as possible [4]. Brooding birds in
specialized isolated units for a period of time prior to
placement on commercial brood barns might circum-
vent many of the problems associated with early feed ac-
cess and exposure to pathogens. However, it could also
delay microbiota development resulting in reduced per-
formance metrics. This study was performed to address
the question of delayed microbiota development induced
by brooding poults separately from commercial settings.

Methods
Birds and experimental design
To identify how a hatch brood turkey poult housing sys-
tem affects the microbiota of the poult cecum, we di-
vided poults into two housing systems: a novel isolated
hatch brood unit and a penned conventional commercial
brood facility. The isolated hatch brood system was a
proprietary prototype consisting of rectangular plastic
crates stacked vertically into columns. The floor of each
basket was plastic with holes to allow droppings to pass
through onto a cardboard pad placed underneath. The
conventional commercial brood facility was a standard
brood barn divided into pens using drop-down chain
link fencing with brooder guard along the entire length
of the bottom to prevent birds and litter from comin-
gling between groups. Pen litter was fresh shavings con-
taining some sunflower seed hull. Both the hatch brood
and conventional pen systems allowed birds ad libitum
access to standard feed and water.

Poult source was the same for both housing systems.
For the hatch brood system, 3200 day-of-hatch turkey
Hybrid hens were placed into eight hatch brood columns
on day 0. Each crate contained 50 poults and crates were
stacked eight high for a total of 400 birds per column.
These birds are subsequently referred to as “Hatch-
Brood-to-Pen” (HBTP) poults. For the conventional
brood pen facility, 43,000 day-of-hatch turkey Hybrid
hens – subsequently referred to as “Pen” poults – were
placed in two separate rooms within the same test barn.
One room contained eight pens with 2400 poults in each
pen. The other room contained 16 pens; 1700 birds were
placed directly into 14 of these pens. The remaining two
pens stayed empty until 1500 HBTP birds were moved
from the isolated hatch brood system to each pen on
day 11 of age (88% density of the conventional brood
pens). Cecal content was collected from 10 random
poults in each system at eight timepoints (pre-move:
days 1, 4, 8, 10 of age; post-move: days 15, 18, 22, 29 of
age) for a total of 160 samples.

Sample collection and processing
All studies were performed on commercial turkeys;
therefore, ethical standards for commercial turkey pro-
duction were followed by the company performing the
study. Animals were euthanized using methods approved
by the American Veterinary Medical Association. Fol-
lowing euthanasia, birds were promptly and aseptically
processed to remove all cecal contents. These samples
were hand mixed in sterile bags, subsampled, and stored
at − 20 °C prior to processing. DNA was extracted from
each sample with the MoBio PowerSoil DNA Isolation
Kit (MoBio Laboratories, Carlsbad, CA, USA) following
manufacturer’s instructions and stored at − 80 °C. Iso-
lated DNA was used to amplify the V4 region of the 16S
rRNA gene using the previously described dual-indexing
approach [10]. Library preparation, sample pooling, and
paired-end 300-bp sequencing was performed by the
University of Minnesota Genomics Center (Minneapolis,
MN) on the Illumina MiSeq platform with v3 chemistry.
The resulting sequencing reads were demultiplexed
using the Illumina MiSeq software.

Data availability
Raw data from this project is publicly available through
the National Center for Biotechnology Information
(NCBI) short read archive under BioProject number
PRJNA659849.

Microbial profiling and statistical analyses
Initial quality filtering of sequencing reads was per-
formed using Trim Galore! (v0.6.0) [11], a wrapper script
for the software Cutadapt [12] and FastQC [13]. Specif-
ically, bases with a Phred score < Q20 were trimmed
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from the 3′ end, adaptors and sequences associated with
Illumina library preparation were removed using the
auto-detect option, and reads < 150 bp were filtered out.
Trimmed reads were then processed using the DADA2
pipeline (v1.8.0) [14] within R (v3.6.0) (R Core Team,
2019) following the pipeline’s online tutorial [15]. The
SILVA rRNA database (v128) was used to assign tax-
onomy [16]. The resulting count table of amplicon se-
quence variants (ASVs) was then filtered accordingly:
ASVs were removed if they 1) were classified as chloro-
plasts, mitochondria, Eukaryota, Archaea, or unknown,
2) had < 10 reads, or 3) occurred in only one sample.
Samples with < 10,000 total reads were also removed.
Prior to calculating alpha diversity indices, reads per

sample were standardized by rarefying each sample to
11,402 reads, the lowest read count of a sample. ASV
richness and the Shannon diversity index were then cal-
culated using the specnumber and diversity functions in
the R package, vegan (v2.5–6) [17]. Nonparametric Wil-
coxon rank-sum tests were used to assess differences in
alpha diversity between housing systems, with P-values
adjusted for multiple testing using the Benjamini-
Hochberg procedure.
For beta diversity analyses and differential abundance

testing, unrarefied data were normalized using cumula-
tive sum scaling (CSS) implemented in the phyloseq
package (v1.28.0) [18, 19]. Bray-Curtis dissimilarities and
both weighted and unweighted UniFrac distances were
calculated with the phyloseq distance function and visu-
alized using principal coordinates analysis (PCoA). Eu-
clidean distances between PCoA cluster centroids were
calculated with the dist function in the package, stats
(v3.6.1). To test for differences in the community com-
position of samples from days and housing systems,
PERMANOVAs were performed on dissimilarity matri-
ces using the vegan adonis function with 999 permuta-
tions. To assess changes in community similarity over
time between samples from the same housing system
(Pen vs. Pen and HBTP vs. HBTP) and between samples
from different housing systems (Pen vs. HBTP), boxplots
of collection day by Bray-Curtis dissimilarity were cre-
ated using the package, ggplot2 (v3.3.2) [20].
Read counts were aggregated by taxonomic level using

the phyloseq tax_glom function. Lactobacilli are of par-
ticular interest within the turkey microbiota and so were
further investigated at the species-level. Specifically, all
ASVs classified as Lactobacillus according to the SILVA
rRNA database were aligned to the NCBI nucleotide col-
lection database using blastn [21] with a percent identity
of ≥99%. Read counts for ASVs positively identified as a
particular species of lactobacilli were then aggregated.
When the BLAST results could not distinguish between
several closely related lactobacilli species, the read
counts for all similar ASVs were aggregated (e.g.

Lactobacillus acidophilus, L. crispatus, and L. galli-
narum). It should be noted that a reclassification of the
genus Lactobacillus into 25 novel genera was recently
proposed [22]. While we refer to the lactobacilli species
by their newly designated taxonomic classifications, for
the purposes of continuity with previous turkey gut
microbiome literature we also include the traditional
names (as listed in the SILVA rRNA database) where
appropriate.
Identification of differentially abundant genera and

lactobacilli species between systems was conducted
using zero-inflated Gaussian mixture models imple-
mented with the fitZig function in the R package, meta-
genomeSeq (v1.26.2) [23]. Genera or species that
occurred in < 2 samples for a given comparison were not
analyzed. The number of estimated effective samples per
genera or species was calculated using the calculateEffec-
tiveSamples function and those features with less than
the mean number of effective samples in all features
were removed. Resulting P-values were adjusted for mul-
tiple testing with the Benjamini-Hochberg procedure.
An alpha value of 0.05 was used for all statistical tests.

Results
A total of 8,002,173 raw reads were generated from se-
quencing. Post-quality filtering, a total of 5,011,745 reads
remained from cecal content (mean: 31,665 reads/sam-
ple, range: 4–62,873) (Additional file 2: Supplementary
Table S1). Subsequent filtering of the ASV count table
removed 83 ASVs for a final count of 1096 ASVs. Of the
160 samples collected for this study, 139 were retained
for downstream analyses.

Alpha diversity
Samples exhibited a trend of increased alpha diversity
over time (Fig. 1). Further, ASV richness was signifi-
cantly higher in Pen samples compared to HBTP on
both days 4 and 8 (day 4: W = 5, adjusted P = 0.024; day
8: W = 4, adjusted P = 0.007) (Fig. 1a; Additional file 2:
Supplementary Table S2). Similarly, the Shannon diver-
sity index was higher in Pen samples compared to HBTP
on day 8 (W = 6, adjusted P = 0.005) (Fig. 1b; Add-
itional file 2: Supplementary Table S2). No significant
differences in alpha diversity were observed after HBTP
poults were moved to the pen system. Interestingly, the
largest increase in ASV richness from HBTP samples
was observed between the last day pre-move (day 10
mean: 79.4 ASVs) and the first day post-move (day 15
mean: 164.2 ASVs).

Beta diversity
PCoA using Bray-Curtis dissimilarities showed signifi-
cant separation between samples collected on different
days (PERMANOVA: Pseudo-F = 10.17, R2 = 0.35, P ≤
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0.001) (Fig. 2a). Community composition of samples ap-
peared to progress along an age gradient, with greater
differences between collection days pre-move (Pseudo-
F = 6.66, R2 = 0.26, P ≤ 0.001) (Fig. 2b) compared to post-
move (Fig. 2c) (Pseudo-F = 3.00, R2 = 0.11, P ≤ 0.001).
Similar results were also observed using either weighted
or unweighted UniFrac distances (Additional file 1: Sup-
plementary Figures S1 and S2).
For all three beta diversity metric PCoAs, pre-move

HBTP samples appeared to advance along the age gradi-
ent more slowly than Pen samples (Fig. 2b; Add-
itional file 1: Supplementary Figure S1b and S2b). A
comparison of Euclidean distances between group cen-
troids revealed that HBTP samples collected on day 4
were on average most similar to day 1 Pen samples,
while HBTP day 8 and 10 samples were most similar to
day 4 Pen samples (Additional file 1: Supplementary Fig-
ure S3). After the move, the community composition of
HBTP samples appeared to converge with that of the
Pen samples (Fig. 2c, Additional file 1: Supplementary
Figure S1c and S2c). Specifically, both HBTP day 15 and
day 18 samples were most similar to Pen day 29 samples
and both HBTP day 22 and day 29 samples were most
similar to Pen day 18 samples (Additional file 1: Supple-
mentary Figure S3).
Comparison of between-system sample dyads (Pen vs.

HBTP) over collection days similarly showed that aver-
age Bray-Curtis dissimilarity between Pen and HBTP
samples increased during pre-move days, with maximum

dissimilarity on day 8, and subsequently decreased once
HBTP poults were moved to the pen system (Fig. 3). A
comparable trend was not observed for within-system
sample comparisons (Pen vs. Pen and HBTP vs. HBTP),
where average dissimilarity remained relatively constant
over the collection period (Fig. 3).

Taxonomic composition and differential abundance
testing
At the phylum taxonomic level, all samples were dominated
by Firmicutes (mean abundance: 89.0%, range: 76.3–100.0%
(Additional file 1: Supplementary Figure S4). Within the
phylum Firmicutes, the primary families were Lactobacilla-
ceae (Bacilli|Lactobacillales), Enterococcaceae (Bacilli|Lacto-
bacillales), Lachnospiraceae (Clostridia|Clostridiales), and
Ruminococcaceae (Clostridia|Clostridiales), except on day 1
when the family Clostridiaceae_1 (Clostridia|Clostridiales)
was predominant (Fig. 4). The abundance of Ruminococca-
ceae and the Clostridiales vadinBB60 group appeared to in-
crease over collection days, while Enterococcaceae decreased.
Among other bacterial phyla, there was an increase in mem-
bers of the class Mollicutes (phylum Tenericutes) and Bac-
teroidaceae (Bacteroidetes|Bacteroidia|Bacteriodales) starting
at day 10. In contrast, abundance of the family Enterobacteri-
aceae (Proteobacteria|Gammaproteobacteria|Enterobacter-
ales), which includes taxa such as E. coli and Salmonella
spp., decreased over collection days.
Differential abundance testing between Pen and HBTP

samples identified a total of 23 differentially abundant

Fig. 1 ASV richness (a) and the Shannon diversity index (b) for each collection day from Pen and HBTP poults. In all box-and-whisker plots, the box
spans the 25th–75th percentiles, the line indicates the median, whiskers show minimum and maximum observations, and dots represent outliers. The
vertical dashed line between day 10 and day 15 represents when HBTP poults were moved to the conventional pen system. * adjusted P≤ 0.05; **
adjusted P≤ 0.01
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genera on at least one collection day (all adjusted P ≤
0.05) (Additional file 2: Supplementary Table S3). Prior
to day 15, the majority of differentially abundant genera
were more abundant in Pen samples than HBTP samples
(mean number of differentially abundant genera per day:
9.3 in Pen, 2.3 in HBTP) (Fig. 5). Post-move, there was a
dramatic decrease in the number of differentially abun-
dant genera and neither Pen nor HBTP samples had
consistently more abundant genera. Interestingly, there
were no differentially abundant genera between systems
on days 22 or 29.
Among specific bacterial genera of interest, Escheri-

chia/Shigella abundance initially increased from day 1 to
day 4, but subsequently decreased through day 29
(Fig. 6a). On pre-move days 8 and 10, HBTP samples
had a significantly higher abundance of Escherichia/Shi-
gella compared to Pen samples, but significant differ-
ences were absent post-move. Similar to Escherichia/

Shigella, after low levels on days 1, 4, and 8, the abun-
dance of Candidatus Savagella, previously known as
‘Candidatus Arthromitus’ [24], increased on day 10 for
Pen samples and then decreased to day 29 (Fig. 6b).
However, Candidatus Savagella was absent from the ma-
jority of HBTP cecal samples. The abundance of Lacto-
bacillus was variable across collection days, with no
consistent differential abundance patterns observed be-
tween Pen and HBTP samples (Fig. 6c).
Interestingly, at the species level, some lactobacilli did

exhibit abundance differences between systems (Add-
itional file 2: Supplementary Table S4). Ligilactobacillus
aviarius (previously known as Lactobacillus aviarius)
and L. acidophilus/L. crispatus/L. gallinarum abun-
dances tended to be higher in HBTP samples compared
to Pen samples on pre-move collection days, but the dif-
ferences were largely absent on all post-move days, ex-
cept for L. aviarius on day 15 (Additional file 2:

Fig. 2 Principal coordinates analysis plots based on Bray-Curtis dissimilarities a across all collection days, b with only pre-move collection days
colored, and c with only post-move collection days colored
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Fig. 3 Bray-Curtis dissimilarities between samples from a different systems (Pen vs. HBTP) and b the same system (Pen vs. Pen and HBTP vs. HBTP).
The vertical dashed line between day 10 and day 15 represents when HBTP poults were moved to the conventional pen system

Fig. 4 Average relative abundance of the bacterial families in samples from Pen and HBTP systems over time. Families present at < 5% abundance on
all collection days are grouped into the “< 0.05 Abundance” category
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Supplementary Figure S5a, b). Both Ligilactobacillus sal-
ivarius (previously known as Lactobacillus salivarius)
and Limosilactobacillus reuteri (previously known as
Lactobacillus reuteri) displayed pre-move patterns op-
posite to that of L. aviarius and L. acidophilus/L. crispa-
tus/L. gallinarum, with higher abundances in Pen
samples than HBTP samples (Additional file 2: Supple-
mentary Figure S5c, d). This was particularly evident for
L. salivarius, where Pen samples had significantly higher
abundance compared to HBTP sample on both days 8
and 10. The abundance of L. johnsonii/L. gasseri/L. tai-
wanensis was more variable throughout the study period,
with significantly higher abundance in Pen samples com-
pared to HBTP on day 4 and in HBTP sample compared
to Pen on day 10 (Additional file 2: Supplementary Fig-
ure S5e).

Discussion
This study demonstrates that raising turkey poults in
isolated hatch brood systems has a measurable impact
on their gastrointestinal microbiota, as expected at the
outset of these experiments. Overall, patterns were ob-
served that are similar to previously published studies
examining the turkey microbiota [1, 3, 4, 6–8, 25],

including increasing bacterial diversity as the developing
poult ages. Also similar to previous studies, we observed
a predictable gradient of bacterial community compos-
ition as the bird ages. Finally, key bacterial species were
identified that have previously been proposed as micro-
bial biomarkers of turkey gut microbiota succession,
including Escherichia/Shigella, L. aviarius, L. johnsonii,
and Candidatus Savagella. These observations reinforce
the concept of a predictable succession of bacterial spe-
cies as the turkey poult develops, strengthening the idea
that modulation and support of these key microbes may
be beneficial towards development and performance.
We expected differences between the microbiota of

HBTP and Pen groups, and this was observed, including
delay in bacterial community development in the HBTP
group. Intuitively, lack of a diverse source of bacteria in
the environment in which a poult is raised will impact
and possibly delay the establishment of a diverse micro-
biota in the gut. However, it was surprising how quickly
the HBTP group’s bacterial community converged with
those birds in the conventional brood barn in which they
entered at 11 days of age. Within 10 days following the
movement of poults within this barn, their gut bacterial
community compositions were no longer discernibly

Fig. 5 Number of differentially abundant genera in samples stratified by which system (HBTP or Pen) had genera in greater abundance. The vertical
dashed line between days 10 and 15 represents when HBTP poults were moved to the conventional pen system
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different. This is encouraging because it suggests that
employing these practices to reduce stress and pathogen
exposure, while delaying bacterial community develop-
ment, appears to be quickly resolved following move-
ment to conventional commercial barn environment.
While this study did not explicitly examine the mecha-
nisms underlying the shift in HBTP bird microbiota
post-move, there was no direct contact between HBTP
and Pen birds and so the environment of the conven-
tional brood barn, not the pen birds themselves, was
likely the primary source of microbes. Thus, raising birds
in an isolated hatch brood system for a period of time
prior to placement on conventional brood barns should

not be affected by the presence or absence of birds
raised in the conventional pens from day-of-hatch.
A number of predicted taxa were identified that were

significantly different in their relative abundance be-
tween HBTP and Pen groups prior to their move into
the conventional brood barn. One of these was the
genus Candidatus Savagella, previously known as ‘Can-
didatus Arthromitus’ [24], which was nearly absent from
HBTP birds prior to movement, but present at relative
abundances and ages previously observed in the Pen
poults [4]. Candidatus Savagella is a segmented, fila-
mentous bacterium whose appearance and relative abun-
dance has been previously shown to highly positively

Fig. 6 Normalized log2 abundance of the genera a Escherichia/Shigella, b Candidatus Savagella, and c Lactobacillus (as classified by the SILVA
rRNA database) between samples from HBTP and Pen systems over collection days. The vertical dashed line between days 10 and 15 represents
when HBTP poults were moved to the conventional pen system. * adjusted P≤ 0.05; ** adjusted P ≤ 0.01
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correlate with poult performance [4]. This bacterium is
well documented in rodent models as inducing a proin-
flammatory response in the ileum, which is thought to
be involved in priming mucosal immunity for the toler-
ance of commensal bacteria and targeting of pathogens
[25]. The lack of detection of this bacterial species in the
HBTP group supports our previous hypothesis that the
primary route of acquisition of this bacteria is via its
spores present in the environment, which would likely
be lacking in an isolated hatch brood system using en-
hanced disinfection methods, but present in a conven-
tional brood barn. In contrast, L. aviarius is another
microbial marker that has been observed in multiple
studies as being highly positively correlated with bird
performance [4, 26]. ASVs classified as L. aviarius were
not found in any HBTP sample until after the movement
of birds into the conventional pens. At the same time,
ASVs classified as other lactobacilli species (such as L.
salivarius and L. reuteri) tended to display higher rela-
tive abundance in Pen versus HBTP groups during the
same sampling period. Because L. aviarius appears to be
a highly host-adapted species, we speculate that these
bacteria are either acquired during hatch or possibly ver-
tically transmitted, and as such, they colonized both
groups early in life. Again, because the hatch brood en-
vironment likely contains fewer exogenous lactobacilli
species than a traditional brood barn, this would create a
niche for elevated L. aviarius colonization as observed in
HBTP poults. Regardless, it raises questions about pre-
cisely which bacterial species may be vertically trans-
ferred from hen to poult, and this warrants additional
study. Furthermore, the lack of some key bacterial spe-
cies associated with poult performance suggests that tar-
geted use of probiotics in hatch-brood settings may aid
in the diversification and development of the turkey
poult microbiota.
There were some limitations in this study. First, only

one biological replicate was performed. Additional repli-
cates will be necessary to validate that our observations
are reproducible in similar and diverse poultry produc-
tion settings. Second, no birds remained in the hatch
brood system throughout the experiment. Without this
control group it is unclear whether the microbiota of the
HBTP birds would still have converged with the Pen
bird microbiota had they remained in the hatch brood
system. That said, the hatch brood units used in this
study were only designed for early brood use and thus
could not effectively house the growing poults through-
out the entirety of the experiment. Third, pen density
was not controlled for between Pen birds and post-move
HBTP birds. Ideally, the pen densities would have been
the same for both experimental groups. However, given
there were few microbial differences between groups
post-move, the small difference in density likely did not

have a large impact on our principal findings. Fourth,
performance parameters were not measured in this
study. It will be important in future studies to confirm
that hatch brood rearing has no significant impact on
performance. Additionally, specific pathogens were not
assessed. If the assumption is that hatch-brood systems
benefit poultry production by reducing the introduction
of specific pathogens, this will need to be confirmed.

Conclusions
This study demonstrates that raising turkey poults in an
isolated hatch brood system results in differential succes-
sion of their gut microbiota, compared to rearing in con-
ventional brood barn facilities. However, the differences in
microbiota succession are quickly alleviated upon poult
introduction to conventional brood pen environments.
This indicates that the initial use of hatch brood systems
prior to time in conventional brood barns may not signifi-
cantly impact the overall development of the turkey
microbiota towards a healthy and productive animal.

Abbreviations
ASV: Amplicon sequence variant; CSS: Cumulative sum scaling; HBTP: Hatch
brood-to-pen; NCBI: National Center for Biotechnology Information;
PCoA: Principal coordinate analysis

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40104-021-00580-4.

Additional file 1. Supplementary Figures S1-S5.

Additional file 2. Supplementary Tables S1-S4.

Acknowledgements
The authors wish to thank the turkey producers of Minnesota for their
feedback and support of this study.

Authors’ contributions
BW and EAM performed data analyses for this study. BPW, CFF, and JMA
processed samples. JH conducted animal experiments. TJJ conceived the
study and assisted with data analyses. TJJ and EAM wrote the manuscript
with input from all authors. The author(s) read and approved the final
manuscript.

Funding
Bioinformatics were supported using tools available from the Minnesota
Supercomputing Institute. This project was supported by Agriculture and
Food Research Initiative competitive grants 2016–67015-24911 and 2018–
68003-27464 from the USDA National Institute of Food and Agriculture.

Availability of data and materials
The dataset supporting the conclusions of this article is available in the NCBI
short read archive under BioProject number PRJNA659849.

Declarations

Ethics approval and consent to participate
All studies were performed on commercial turkeys by collaborating
veterinarians; therefore, ethical standards for commercial turkey production
were followed by the company performing the study and this study was
exempt from University of Minnesota Institutional Animal Care and Use
Committee approval. Animals were euthanized using methods approved by
the American Veterinary Medical Association.

Miller et al. Journal of Animal Science and Biotechnology           (2021) 12:59 Page 9 of 10

https://doi.org/10.1186/s40104-021-00580-4
https://doi.org/10.1186/s40104-021-00580-4


Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Veterinary and Biomedical Sciences, University of Minnesota,
Saint Paul, MN, USA. 2University of Minnesota, Mid-Central Research and
Outreach Center, Willmar, MN, USA. 3Life Science Innovations, Willmar, MN,
USA.

Received: 8 September 2020 Accepted: 8 March 2021

References
1. Wilkinson TJ, Cowan AA, Vallin HE, Onime LA, Oyama LB, Cameron SJ, et al.

Characterization of the microbiome along the gastrointestinal tract of
growing turkeys. Front Microbiol. 2017;8:1089. https://doi.org/10.3389/
fmicb.2017.01089.

2. Scupham AJ. Succession in the intestinal microbiota of preadolescent
turkeys. FEMS Microbiol Ecol. 2007;60(1):136–47. https://doi.org/10.1111/j.1
574-6941.2006.00245.x.

3. D'Andreano S, Sanchez Bonastre A, Francino O, Cusco Marti A, Lecchi C,
Grilli G, et al. Gastrointestinal microbial population of Turkey (Meleagris
gallopavo) affected by hemorrhagic enteritis virus. Poult Sci. 2017;96(10):
3550–8. https://doi.org/10.3382/ps/pex139.

4. Danzeisen JL, Calvert AJ, Noll SL, McComb B, Sherwood JS, Logue CM, et al.
Succession of the Turkey gastrointestinal bacterial microbiome related to
weight gain. PeerJ. 2013;1:e237. https://doi.org/10.7717/peerj.237.

5. Taylor KJM, Ngunjiri JM, Abundo MC, Jang H, Elaish M, Ghorbani A, et al.
Respiratory and gut microbiota in commercial Turkey flocks with disparate
weight gain trajectories display differential compositional dynamics. Appl
Environ Microbiol. 2020;86(12):e00431–20.

6. Johnson TA, Sylte MJ, Looft T. In-feed bacitracin methylene disalicylate
modulates the Turkey microbiota and metabolome in a dose-dependent
manner. Sci Rep. 2019;9(1):8212. https://doi.org/10.1038/s41598-019-44338-5.

7. Danzeisen JL, Clayton JB, Huang H, Knights D, McComb B, Hayer SS, et al.
Temporal relationships exist between cecum, ileum, and litter bacterial
microbiomes in a commercial Turkey flock, and subtherapeutic penicillin
treatment impacts ileum bacterial community establishment. Front Vet Sci.
2015;2:56.

8. Ward TL, Weber BP, Mendoza KM, Danzeisen JL, Llop K, Lang K, et al.
Antibiotics and host-tailored probiotics similarly modulate effects on the
developing avian microbiome, mycobiome, and host gene expression.
mBio. 2019;10(5):e02171–19.

9. Carver DK, Fetrow J, Gerig T, Krueger T, Barnes HJ. Hatchery and
transportation factors associated with early poult mortality in commercial
Turkey flocks. Poult Sci. 2002;81(12):1818–25. https://doi.org/10.1093/ps/
81.12.1818.

10. Gohl DM, Vangay P, Garbe J, MacLean A, Hauge A, Becker A, et al.
Systematic improvement of amplicon marker gene methods for increased
accuracy in microbiome studies. Nat Biotechnol. 2016;34(9):942–9. https://
doi.org/10.1038/nbt.3601.

11. Krueger F. Trim Galore! 2017. http://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/.

12. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17(1):10–2. https://doi.org/10.14806/ej.1
7.1.200.

13. Andrews S. FastQC: a quality control tool for high throughput sequence
data. 2010. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

14. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: high-resolution sample inference from Illumina amplicon data. Nat
Methods. 2016;13(7):581–3. https://doi.org/10.1038/nmeth.3869.

15. Callahan BJ. DADA2 Pipeline Tutorial (version 1.8) https://benjjneb.github.io/
dada2/tutorial_1_8.html. Accessed June 2020.

16. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2013;41(D1):D590–D6.

17. Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O'Hara RB, et al.
vegan: community ecology package. R package version 2.0–10. 2013.

18. Paulson JN, Stine OC, Bravo HC, Pop M. Robust methods for differential
abundance analysis in marker gene surveys. Nat Methods. 2013;10(12):1200–
2. https://doi.org/10.1038/nmeth.2658.

19. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive
analysis and graphics of microbiome census data. PLoS One. 2013;8(4):
e61217.

20. Wickham H. ggplot2: elegant graphics for data analysis. New York: Springer-
Verlag; 2016. https://doi.org/10.1007/978-3-319-24277-4.

21. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, et al.
BLAST+: architecture and applications. BMC Bioinformatics. 2009;10(1):421.
https://doi.org/10.1186/1471-2105-10-421.

22. Zheng J, Wittouck S, Salvetti E, Franz C, Harris HMB, Mattarelli P, et al. A
taxonomic note on the genus Lactobacillus: description of 23 novel genera,
emended description of the genus Lactobacillus Beijerinck 1901, and union
of Lactobacillaceae and Leuconostocaceae. Int J Syst Evol Microbiol. 2020;
70(4):2782–858. https://doi.org/10.1099/ijsem.0.004107.

23. Paulson JN, Stine OC, Bravo HC, Pop M. Differential abundance analysis for
microbial marker-gene surveys. Nat Methods. 2013;10(12):1200–2. https://
doi.org/10.1038/nmeth.2658.

24. Thompson CL, Vier R, Mikaelyan A, Wienemann T, Brune A. ‘Candidatus
Arthromitus’ revised: segmented filamentous bacteria in arthropod guts are
members of Lachnospiraceae. Environ Microbiol. 2012;14(6):1454–65. https://
doi.org/10.1111/j.1462-2920.2012.02731.x.

25. Hedblom GA, Reiland HA, Sylte MJ, Johnson TJ, Baumler DJ. Segmented
filamentous bacteria – metabolism meets immunity. Front Microbiol. 2018;9:
1991. https://doi.org/10.3389/fmicb.2018.01991.

26. Torok VA, Hughes RJ, Mikkelsen LL, Perez-Maldonado R, Balding K,
MacAlpine R, et al. Identification and characterization of potential
performance-related gut microbiotas in broiler chickens across various
feeding trials. Appl Environ Microbiol. 2011;77(17):5868–78. https://doi.org/1
0.1128/AEM.00165-11.

Miller et al. Journal of Animal Science and Biotechnology           (2021) 12:59 Page 10 of 10

https://doi.org/10.3389/fmicb.2017.01089
https://doi.org/10.3389/fmicb.2017.01089
https://doi.org/10.1111/j.1574-6941.2006.00245.x
https://doi.org/10.1111/j.1574-6941.2006.00245.x
https://doi.org/10.3382/ps/pex139
https://doi.org/10.7717/peerj.237
https://doi.org/10.1038/s41598-019-44338-5
https://doi.org/10.1093/ps/81.12.1818
https://doi.org/10.1093/ps/81.12.1818
https://doi.org/10.1038/nbt.3601
https://doi.org/10.1038/nbt.3601
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.14806/ej.17.1.200
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1038/nmeth.3869
https://benjjneb.github.io/dada2/tutorial_1_8.html
https://benjjneb.github.io/dada2/tutorial_1_8.html
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1007/978-3-319-24277-4
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1099/ijsem.0.004107
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1038/nmeth.2658
https://doi.org/10.1111/j.1462-2920.2012.02731.x
https://doi.org/10.1111/j.1462-2920.2012.02731.x
https://doi.org/10.3389/fmicb.2018.01991
https://doi.org/10.1128/AEM.00165-11
https://doi.org/10.1128/AEM.00165-11

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Birds and experimental design
	Sample collection and processing
	Data availability
	Microbial profiling and statistical analyses

	Results
	Alpha diversity
	Beta diversity
	Taxonomic composition and differential abundance testing

	Discussion
	Conclusions
	Abbreviations
	Supplementary Information
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

