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Influence of Hand Rearing and Bird Age on the Fecal Microbiota of
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The critically endangered New Zealand parrot, the kakapo, is subject to an intensive management regime aiming to maintain
bird health and boost population size. Newly hatched kakapo chicks are subjected to human intervention and are frequently
placed in captivity throughout their formative months. Hand rearing greatly reduces mortality among juveniles, but the poten-
tial long-term impact on the kakapo gut microbiota is uncertain. To track development of the kakapo gut microbiota, fecal sam-
ples from healthy, prefledged juvenile kakapos, as well as from unrelated adults, were analyzed by using 16S rRNA gene ampli-
con pyrosequencing. Following the original sampling, juvenile kakapos underwent a period of captivity, so further sampling
during and after captivity aimed to elucidate the impact of captivity on the juvenile gut microbiota. Variation in the fecal micro-
biota over a year was also investigated, with resampling of the original juvenile population. Amplicon pyrosequencing revealed a
juvenile fecal microbiota enriched with particular lactic acid bacteria compared to the microbiota of adults, although the overall
community structure did not differ significantly among kakapos of different ages. The abundance of key operational taxonomic
units (OTUs) was correlated with antibiotic treatment and captivity, although the importance of these factors could not be
proven unequivocally within the bounds of this study. Finally, the microbial community structure of juvenile and adult kakapos
changed over time, reinforcing the need for continual monitoring of the microbiota as part of regular health screening.

he kakapo (Strigops habroptilus) is a flightless, nocturnal par-

rot native to New Zealand. It possesses few defenses against
introduced mammalian predators (1), hasalow reproductive rate,
and usually lays only a single egg. Although kakapos were once
common throughout New Zealand (2), the population has de-
clined to 125 individuals at the time of publication, confined to
three predator-free islands off the coast of New Zealand. Since the
1980s, kakapos have been subjected to an intensive management
program focused on preserving the species and eventually restor-
ing the population to self-sustaining levels (3-5). In an effort to
optimize management practices, the New Zealand Department of
Conservation has collaborated with researchers from a wide range
of biological disciplines, including behavioral ecology, physiology,
genetics, nutrition, and, recently, microbiology (6-12).

The kakapo has an array of biological characteristics that make
it an unusual animal to study. Apart from being the world’s heavi-
est parrot, the only flightless parrot, and the only parrot to carry
out lek breeding (6), the kakapo has been identified as a potential
foregut fermenter due to its herbivorous diet and lack of ceca (13).
Microbially mediated foregut fermentation is a common trait in
mammals but is rare among avians, with only the South American
hoatzin being known to perform this process (14). There are no-
table differences in feeding strategies between the kakapo and
hoatzin, however, with kakapos rarely ingesting fibrous plant ma-
terial, instead extracting the juices from shoots and leaves and
discarding the undigested “chews” (15, 16). There is currently no
empirical evidence to support or dispute the occurrence of foregut
fermentation in kakapos. Intriguingly, the reproductive cycle of
the kakapo is linked to the fruiting of particular native New Zea-
land trees. The rimu tree undergoes a mast season every 3 or 4
years, during which time kakapos mate and rear young. While the
link between kakapo and rimu is well established, the causal link
between these two phenomena is unclear and is not simply a mat-
ter of additional dietary energy enabling reproduction (17).
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The role of microbial symbionts in the gastrointestinal (GI)
tract of vertebrates is well documented, and a range of mecha-
nisms through which microbes contribute to nutrition (18-21)
and development of the host gut (22—24) has been identified. Our
previous research into the GI tract-associated bacteria of the
kakapo revealed a community dominated by only a few opera-
tional taxonomic units (OTUs), mainly from the phyla Proteobac-
teria and Firmicutes and apparently lacking in archaea (12, 25).
The kakapo GI tract appears to have a low phylum-level diversity
of bacteria compared to other birds (25, 26), and this has led to
speculation of a population bottleneck for the gut microbiota. The
kakapo microbiota is not well understood, but it is likely that
current management practices have an impact on the microbial
community, as kakapos are removed from the wild and given vet-
erinary care at the first sign of sickness (27). This captivity results
in a change in diet and often includes antibiotic treatment, both of
which are frequently linked to shifts in microbial community
structure (23, 28-31).

Of major relevance to kakapo microbiology is the fact that the
developmental pattern of the kakapo gut microbiota is completely
unknown, thereby making it difficult to address questions regard-
ing the effect of diet or captivity on the gut microbiota. Previous
research into the development of the gut microbiota in other host
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Development of the Kakapo Fecal Microbiota over Time

TABLE 1 Sample sizes, mean ages of individuals, and additional notes taken at the time of sampling”

Sample time No. of Mean age Sample

point individuals (days) yr Description

Juvenile_First 8 16 2011  Fecal sample from wild juvenile kakapo

Juvenile_Second 10 51 2011  Fecal sample from captive juvenile kakapo fed an artificial diet of lactated Ringer’s solution and fresh fruit;
8 juveniles were also treated with antibiotics during captivity (amoxicillin-clavulanic acid formulas)

Juvenile_Third 5 69 2011  Fecal sample from juvenile kakapo ~2.5 wk following release

Juvenile_Fourth 8 569 2012 Fecal sample from juvenile kakapo during the next round of health screening; at this point, individuals
were mature, independent birds

Adult_First 10 2011  Fecal sample from wild adult kakapo collected at the same time as Juvenile_First

Adult_Second 7 2012 Fecal sample from wild adult kakapo collected at the same time as Juvenile_Fourth

@ For “adult” kakapos, age data are incomplete, but the youngest adults were =6 years old in 2011.

species has shown that the microbiota of juveniles differs signifi-
cantly from that of adults in both avians and mammals (32-36),
although it is not clear whether this pattern is reflected in the
kakapo (12). In many avian species, the juvenile microbiota is a
dynamically changing community (37-39) that gradually devel-
ops toward the adult community structure (33, 36), but the
changes in microbiota as the subject ages vary by host. For exam-
ple, chickens are enriched in Lactobacillaceae in the first week of
life (38), while juvenile turkeys appear to harbor a large propor-
tion of Clostridiales until around 10 weeks of age (39). Moreover,
even genetically related individuals undergo different develop-
mental patterns when geographically isolated (40). In order to
better understand the temporal dynamics of the kakapo microbi-
ota, and potentially gain insights into the impact of human inter-
vention, samples were collected from juvenile kakapos born dur-
ing the 2011 breeding season, spanning four time points
throughout the first year and a half of life. The aims of this study
were to compare differences in the juvenile and adult fecal micro-
biota, to understand the time required for juvenile kakapos to
develop a “normal” adult gut microbiota, and to investigate the
potential effects of captivity on the juvenile microbiota.

MATERIALS AND METHODS

Sample collection. In the 2011 breeding season, 11 kakapo chicks were
hatched on Codfish Island, off the coast of New Zealand (46°47'S,
167°38'E). Samples were collected from these juveniles at four time
points, which are summarized in Table 1. During the nesting period, each
juvenile required a period of captivity, due to either low weight gain or
sickness. While undergoing the period of captivity, the juveniles were fed
a diet of fruit, lactated Ringer’s solution, and the proprietary parrot hand
rearing formula Exact (Kaytee Products Inc., Chilton, WI). Eight of the
captive juveniles were also treated with the commercially available antibi-
otics Augmentin and Clavulox, which combine a B-lactam (amoxicillin)
and a B-lactamase inhibitor (clavulanic acid) (Tables 1 and 2). Samples
collected during this period were taken following 5 days of captivity. Fol-
lowing release from captivity, juveniles were given a “recovery” period of
2 weeks, after which additional fecal samples were collected. A final sam-
ple was collected approximately 1 year later, at which point the “juveniles”
had fledged from the nest and were now independent adults.

Fresh fecal samples were also collected from adult kakapos in the same
manner. Samples were taken from adults with no history of sickness and
no history of captivity other than the original translocation to Codfish
Island, at time points coinciding with the Juvenile_First and Juvenile_
Fourth samplings. The adult age data are incomplete, as some birds were
born wild and introduced to Codfish Island only later in life. However, the
youngest adults sampled were born on Codfish Island in 2005, making the
adult kakapo representative of a substantially older subpopulation than
individuals representing the juvenile data set, even though at the Juvenile_
Fourth time point, the original juvenile kakapos were mature kakapos.
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Fresh fecal samples were collected aseptically during routine health
inspections of the juveniles and stored in sterile polypropylene tubes on
ice until they were able to be frozen, a period of <1 h following collection.
Sample sizes varied throughout the study due to difficulty with the capture
and recapture of birds.

DNA extraction, PCR amplification, and amplicon pyrosequencing.
DNA extraction was performed on samples by using a previously de-
scribed bead-beating method (12). PCR was performed by using the fol-
lowing 16S rRNA gene-specific primers targeting bacteria: 533f (5'-GTG

TABLE 2 List of individuals sampled at each point in the juvenile
survey”

Time point Individuals sampled

Hakatere
lan

Thi

Stella
Taonga
Tia
Tutoko
Waa

Juvenile_First

Atareta

Hakatere*
*

Juvenile_Second

lan
Thi*
Stella*
Taonga*
Tia*
Tutoko*
Waa*
Waikawa
Juvenile_Third Atareta
lan
Taonga
Tutoko
Waikawa

Hakatere
lan

Thi

Stella
Tia
Tutoko
Waa
Waikawa

Juvenile_Fourth

“ Individuals marked with an asterisk received antibiotic treatment with the
commercially available antibiotic amoxicillin-clavulanic acid formulas.
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TABLE 3 Common diversity and richness estimators calculated by using OTUs of =97% sequence similarity”

Good’s Shannon Shannon Simpson Chaol ACE Reads OTUs

Sample group coverage diversity index evenness index diversity index estimator estimator mapped (%) mapped (%)
Adult_First 0.995 0.73 0.10 0.63 25.2 38 99.4 46.4
Adult_Second 0.979 1.10 0.15 0.52 100.1 228.8 24.8 8.9
Juvenile_First 0.991 0.90 0.12 0.49 33.3 110.3 95.4 39.0
Juvenile_Second 0.998 0.88 0.12 0.61 9.8 17.4 88.4 53.9
Juvenile_Third 0.984 1.17 0.16 0.42 42.2 224.1 99.0 27.7
Juvenile_Fourth 0.973 0.91 0.12 0.71 152.5 348.7 10.9 7.1

@ The median value for each sample group is reported. Reads mapped refers to the proportion of amplicon sequences that could be mapped to preexisting clone library data. OTUs
mapped refers to the number of representative OTUs that could be mapped to preexisting clone library data.

CCAGCAGCYGCGGTMA-3') and 907R (5'-CCGTCAATTMMYTTGA
GTTT-3") (41). Each primer was synthesized with an FLX Titanium
adaptor sequence (CCA TCT CAT CCCTGC GTG TCT CCG AC for 533f
and CCT ATC CCC TGT GTG CCT TGG CAG TC for 907R), and a 10-bp
multiplex identifier (MID) barcode was attached to the forward primer by
using commercially available barcode sequences (Roche Diagnostics Cor-
poration, Branford, CT). For each DNA extraction, three PCRs with 25-pl
mixtures were performed with a specific barcoded primer. Reaction mix-
tures contained 20 mM Tris-HCI, 50 mM KCI, 1.5 mM MgCl,, 100 puM
deoxynucleoside triphosphate (ANTP) mixture, 2.5 wM forward and re-
verse primers, 2% bovine serum albumin, 0.5 units Taq polymerase, and
10 ng of template DNA. Cycling conditions were as follows: an initial
denaturation step at 94°C for 5 min; 20 cycles of touchdown PCR (94°C
for 30's,60°C for 30's,and 72°C for 45 s, with a 0.5°C decrease in annealing
temperature per cycle); 10 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C
for 45 s; and a final elongation step at 72°C for 10 min, with one negative-
control run for each primer pair. Following amplification, PCR products
from each sample were pooled and purified by using the Agencourt
AMPure XP bead system (Agencourt, Beckman Coulter, MA, USA), ac-
cording to the manufacturer’s instructions. Product size was measured by
using the Agilent DNA 1000 kit (Agilent Technologies, Waldbronn,
Germany) with the Agilent 2100 Bioanalyzer platform. The purified
product was quantified by using the Qubit Quant-iT DNA high-sen-
sitivity assay, and DNA concentration and amplicon size were used to
equalize the number of molecules pooled per sequencing run. Samples
were randomized across sequencing runs, and pyrosequencing was
performed on a Roche GS-FLX Titanium platform (Roche, NJ, USA)
by Macrogen Inc. (Seoul, South Korea).

Bacterial community analysis. Sequence reads were processed by using
mothur version 1.31.2 (42). Briefly, pyrosequencing flowgrams were de-
noised by using the mothur implementation of AmpliconNoise (43). Se-
quences with a length of <200 bp or homopolymers of >8 bp were removed,
as were sequences with more than one MID barcode mismatch or two primer
mismatches. Sequences were then aligned against a reference database (http:
/fwww.mothur.org/wiki/Silva_reference_alignment), and sequences that
could not be aligned were removed. Chimeras identified by using the
UCHIME algorithm (44) were removed from the data set, and the remaining
sequences were classified by using a previously reported method (41, 45).
Sequences classified as chloroplast were removed from the data set, as were
sequences that could not be classified even to the domain level. From a start-
ing total of 216,759 sequences, the above-mentioned procedures led to a final
total of 208,121 high-quality sequence reads for further analysis.

Following these initial quality control steps, sequence data were
binned into genus- and species-approximating OTUs using definitions of
=95% and =97% sequence similarity (OTU, o5 and OTU,,,,), respec-
tively. Yue-Clayton theta, Jaccard index (46), and phylogeny-based Uni-
Frac distances (47) were calculated between each group by using each
OTU definition. Average distances between communities were calculated
by randomly subsampling 1,400 sequences per sample and calculating
distance measures 10,000 times. Apparent changes in community struc-
ture were tested by using analysis of molecular variance (AMOVA) (48,
49). Changes in OTU,, 4, abundance between sample groups were tested
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by using metastats (50) but are reported only if the OTU of interest had a
relative abundance of =1% of the obtained sequences across any sample,
as rarer OTUs were frequently observed in only a single kakapo individual
and therefore were not informative when surveying the overall microbi-
ota. Correlations between OTUs that differed significantly between cap-
tive and wild individuals were measured by using the Point-Biserial cor-
relation coefficient (pr) in the R software environment (version 2.15.2
[http://www.r-project.org/]).

Coverage of sequencing was estimated by calculating Good’s coverage
index after subsampling the OTU, o, table to a depth of 1,400 OTUs per
sample. Richness and diversity estimators were also calculated on the sub-
sampled data by using Shannon diversity and evenness indices, Simpson
diversity index, and Chaol and ACE (abundance coverage-based estima-
tor) estimators. In order to test how well previously reported clone library
data represented the full fecal microbiota, representative OTU, 4, se-
quences were mapped against full-length clone sequences by using use-
arch (51) with a minimum similarity value of 0.97. The results of the
usearch mapping were recorded both in terms of the total proportion of
reads that were mapped against the clone library data and as a proportion
of the total number of OTU,, o, generated during analysis.

The core microbiota was calculated by scoring the presence or absence
of each OTU in each sample and then calculating presence as a proportion
of all samples. An overall core was calculated by using all available wild
samples (excluding Juvenile Second) as well as separate cores consisting
of exclusively adult kakapos (Adult_First, Adult_Second, and Juvenile_
Fourth) and exclusively healthy juvenile kakapos (Juvenile_First and Ju-
venile_Third). A final core was calculated from the captive, antibiotic-
treated kakapos (n = 8) but not from the untreated pair of birds, due to
the small sample size. The core microbiota was categorized as “core” mi-
crobes, present in >90% of individuals surveyed, and “variable” mi-
crobes, present in >60% of individuals surveyed. All other OTUs were
considered either transient or individual specific.

Nucleotide sequence accession numbers. Sequence data were sub-
mitted to the NCBI Sequence Read Archive under accession numbers
SAMNO02369276 to SAMNO02369329 and SAMNO02420182 to
SAMNO02420188.

RESULTS

The kakapo microbiota is of low diversity and is dominated by
Firmicutes and Proteobacteria. Amplicon pyrosequencing
yielded an average of 4,648 sequences per sample, compared to
~77 obtained via clone libraries in our previous study (12).
Good’s coverage values show that amplicon pyrosequencing was
able to describe essentially the entire microbiota of each sample
group, while ecological diversity measures indicate an uneven
bacterial community of low diversity (Table 3). This unevenness
was reflected in the low Shannon evenness index calculated for
each sample. The Shannon evenness index is the ratio of the Shan-
non diversity index of a sample to the maximum possible Shan-
non index for the sample, with a value of 1 being perfectly even.
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FIG 1 Phylogenetic distribution of bacterial OTUs in the kakapo fecal microbiota. High-level taxonomic information is provided as per classification. OTUs are
defined as groups of 16S rRNA gene sequences that share >97% similarity and are ordered by phylum and then subordered by class. For clarity, only the 50 most
abundant OTUs are plotted, representing 98.0% of the total reads, with 477 OTUs comprising the remainder of the reads following removal of singletons. OTU

abundances are scaled as a proportion of all sequences in the respective sample.

The evenness of all samples was low according to this metric (Ta-
ble 3), and this was apparent visually (Fig. 1). Community rich-
ness (Chaol and ACE) was lowest during the juvenile captivity
period, although this was not reflected clearly in the diversity es-
timators. Similarly, when amplicon sequences were mapped to
previous kakapo gut microbiota clone library data, the diversity
within the clone library accounted for a comparatively large pro-
portion of the total reads sequenced but a much smaller propor-
tion of the total OTUs (Table 3). Similar to previous findings, the
phylum-level membership consisted predominantly of Proteobac-
teria and Firmicutes. In contrast to the clone library data, Bacte-
roidetes and Actinobacteria were also frequently, though not uni-
versally, detected (in ~70% and ~33% of samples, respectively).

In order to create a baseline for future kakapo microbiology
research, we defined core and variable communities of OTUs that
were observed in the kakapo fecal microbiota (Table 4). The core
microbiota consisted of OTUs present in >90% of individuals
sampled, and the variable microbiota consisted of OTUs present
in >60% of individuals. These groupings were further stratified by
age (adult core and juvenile core), and treatment core was calcu-
lated for juvenile kakapos under the influence of antibiotics
(treated core). In all core calculations of wild birds, two OTUs
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OTUO02 (mentioned in the text) is noted with an asterisk.

TABLE 4 Differences in core kakapo microbiota based on different
partitioning of samples”

Mean relative abundance (%)

Juvenile Juvenile

OTU OTU taxonomy Overall Adult (wild) (antibiotics)
OTUO1  Escherichia 34.45 38.17 29.03 0.84
OTU02 Unclassified 42.46

Proteobacteria OTU
OTUO03  Streptococcus 16.33 581  31.69 0.89
OTU04 Clostridium 5.73 8.74 1.33
OTUO05  Enterococcus 1.04 0.05 37.97
OTU06 Lactobacillus 12.24 9.75
OTU07  Clostridium 7.62
OTU10 Pseudomonas 1.29
OTUIL1 Lactobacillus 3.20
Total 57.55 52.72  83.25 95.11

% OTU labels are provided to allow consistency for comparisons with other tables that
report OTU abundances and changes. Values report the mean relative abundance
(percent) of an OTU in the overall microbiota for its grouping. Values in boldface type
denote core OTUs in their group, while values in lightface type indicate that an OTU
was variable. The final row reports the total proportion of the microbiota that is
accounted for by these OTUs (percent).
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FIG 2 Changes in community structure in wild kakapo samples. Shown is nonmetric multidimensional scaling of the weighted UniFrac distances between
individual samples obtained from wild kakapos. (Left) Distances calculated based on OTU,,, (stress = 0.15; r* = 0.90). (Right) Distances calculated based on

OTU, o5 (stress = 0.15; * = 0.91).

were classified as core, taxonomically assigned as Escherichia and
Streptococcus. The variable microbiota differed between juvenile
and adult birds, with more OTUs recruiting to the variable micro-
biota of juveniles, consistent with the higher diversity and richness
indices reported for the juvenile population (Table 3). The treated
core microbiota differed from that of the juvenile core and ac-
counted for more of the microbiota than in wild samples. It is
important to note that the classification scheme used was based
only on presence or absence of OTUs and did not account for their
relative abundance in the sample, although abundance carries bi-
ological significance in the interpretation of these data. With a
single exception, core OTUs accounted for >5% of the amplicon
reads in their respective groupings (Table 4). Some variable
OTUs, including OTUO02 in the antibiotic-treated microbiota,
OTUO04 in the adult microbiota and OTU06 in the wild juvenile
microbiota, accounted for a large proportion of the microbiota in
some individuals but were not commonly observed among differ-
ent individuals.

The microbial community structure does not vary between
juvenile and adult individuals but changes with time. Adult and
juvenile community structures were not significantly different
from each other under any distance-OTU combination when ju-
venile and adult samples from matching time points were com-
pared. Comparison of the juvenile samples sequentially revealed
no differences in community structure (AMOVA, all distances,
and all OTUs). The community structures of the first and last
juvenile samples were significantly different (P < 0.001 for all
distances and all OTUs), and this difference was also observed for the
adult samples (P < 0.001 for all distances and all OTUs). The pro-
gression of the community structure over time is shown in Fig. 2.

Relative OTU abundance changes within fecal microbiota.
Although the community structure overall did not vary signifi-
cantly between early juvenile and adult sample groups, statistically
significant changes in the relative abundances of OTUs were de-
tected. Six OTUs, generally classified as lactic acid bacteria, were
present at significantly higher levels in the Juvenile_First microbi-
ota than in the time-equivalent Adult_First microbiota (Table 5).
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These OTUs were reduced in abundance in the juvenile microbi-
ota, and there were no significantly different OTU abundances
between the Adult_First and Juvenile_Third communities. We
conclude that the apparent increase in abundance of these OTUs is
associated with the young age of the Juvenile_First cohort, with
the exception of two OTUs (Table 5, asterisks) that were observed
in only two of the individuals comprising the Juvenile_First co-
hort and that may represent individual-specific variation in the
microbiota.

The potentially confounding effects of captivity on the micro-
biota of Juvenile_Second and its subsequent development were a
cause for concern within this study, although given the nature of
kakapo conservation, this was unavoidable. Due to the differential
treatment of juveniles in captivity and the rich wild-type data from
the Adult_First, Juvenile_First, and Juvenile_Third groups, some
inference can be made from the data, although pending additional
testing with an adequate control group, these findings remain
speculative. OTUs that fluctuated significantly throughout the
captivity period are reported in Fig. 3 and are summarized as

TABLE 5 Statistically significant changes in OTU abundance between
sample groups of interest”

Mean relative abundance (%)

OTU
OTU taxonomy Juvenile_First Adult_First q value
OTU06 Lactobacillus 11.16 0.01 <0.001
OTU07 Clostridium 4.49 0.00 <0.001
OTU10 Pseudomonas 1.41 0.01 <0.001
OTUl6 Lactobacillus* 1.91 0.00 <0.001
OTU19 Lactobacillus 2.58 0.01 <0.001
OTU50 Clostridium* 1.78 0.00 <0.001

“ Statistical testing and g value corrections were performed across the entire OTU table,
but only OTUs that accounted for =1% of the bacterial community are reported. OTUs
marked with an asterisk were observed in =2 individuals within the Juvenile_First
cohort and thus may reflect random interindividual variation rather than a cohort-
related difference. OTU labels are provided to allow consistency for comparisons with

other tables that report OTU abundances and changes.
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FIG 3 Statistically significant changes in relative OTU abundance during captivity. The Captive+AB and Captive—AB groups refer to the cohort Juvenile_Sec-
ond split by whether or not antibiotics were administered. Excluding changes in OTU abundance that could be attributed to bird age, only OTU03 and OTU05
were significantly different in antibiotic-treated samples compared to all other kakapo samples (including captive kakapos without antibiotic treatment).

follows: OTUO3 (Streptococcus) showed a strong, negative corre-
lation with the B-lactam antibiotic treatment kakapo group com-
pared to any nontreated group (r,, = —0.45; P = 0.009) and a
weaker, statistically insignificant correlation with captivity overall
(ryp = —0.16; P = 0.37). Conversely, OTUO5 (Enterococcus) was
enriched in the antibiotic-treated (r,, = 0.7; P < 0.0001) and
captive (r,, = 0.59; P = 0.0003) kakapos compared to the non-
treated groups. Samples obtained from kakapos in captivity with-
out antibiotic treatment showed no differences that could not be
explained by the observed differences between Juvenile_First and
Juvenile_Third or the lack of differences between Juvenile_Third
and Adult_First (i.e., some OTUs were enriched in the samples
from the youngest juveniles but not in the later samples or adult
samples, implying that individual age was driving the decline in
abundance).

DISCUSSION

The gut microbiota of the kakapo is likely to contribute greatly to
the health and well-being of the bird; however, until recently (12,
25), it remained virtually unstudied. Here we document, for the
first time, temporal changes in the bacterial communities within
the kakapo GI tract but do not find consistent differences between
juvenile and adult birds at the community-wide level. Amplicon
pyrosequencing confirmed our previous conclusion that the
kakapo microbiota is an uneven, low-diversity community. Al-
though differences in experimental factors and sampling depth
mean that between-study comparisons must be treated with cau-
tion, the diversity and richness estimators calculated in this study
are nonetheless low compared to those obtained for other avians.
A recent analysis of the emu hindgut reported a mean Shannon
diversity index of 3.4 (kakapo = 0.95) and a mean Chaol richness
index of 624 (kakapo = 60.5) (52), while a clone library-based
analysis of chicken ceca reported a Chaol value of 121 (53). A
molecular analysis of the hoatzin cecum (54) reported a median
inverse Simpson diversity index of >400 (kakapo = 1.78).
Kakapo and hoatzin are frequently compared, with the kakapo
occasionally being mentioned as a potential candidate for avian
foregut fermentation. Despite the marked difference in microbial
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diversity between the kakapo and hoatzin hindguts, the taxo-
nomic differences between these microbiota are not great. Hier-
archical clustering of phylotyped data obtained from hoatzin
hindgut analyses (54) revealed no separation between the kakapo
juvenile and adult fecal microbiota and the hoatzin cecal micro-
biota (see Fig. S1 in the supplemental material). While the micro-
biota of the adult kakapo crop is unknown, it is interesting to
observe a degree of convergence in the hindgut microbiota of
these two geographically isolated birds.

The greater sequencing depth afforded by amplicon pyrose-
quencing has allowed us to examine the microbiota in greater
detail than our previous efforts (12). Indeed, while the core mi-
crobiota in the current analysis consisted of only Gammaproteo-
bacteria and Firmicutes, members of additional phyla were also
frequently detected in the birds tested. Representatives of the Bac-
teroidetes were detected in approximately 70% of samples al-
though often at levels lower than our previous methodology was
capable of detecting (12). This finding is somewhat at odds with
our previous conclusions and emphasizes the value of increased
sequencing depth, even in apparently low-diversity environ-
ments. Bacteroidetes-associated OTUs occurred in an individual-
specific manner, so although Bacteroidetes were observed in many
samples, no Bacteroidetes OTUs were classified in the kakapo core
microbiota. In other avian systems, the most abundant bacterial
phyla detected with molecular methods are the Firmicutes and
Bacteroidetes, followed by Actinobacteria and Proteobacteria (26),
which is notably different from the bacterial community profile of
the kakapo. The functional implications of this differing commu-
nity composition compared to those of other herbivorous birds
are a matter for future investigation, and knowledge of the core
bacteria that comprise the kakapo microbiota will be of benefit for
potential future kakapo bacteriotherapy and probiotic develop-
ment (25).

The lack of differentiation between juvenile and adult commu-
nity structures is an interesting finding, as strong differences have
been reported for other avian systems in which the juveniles were
of an age similar to (32, 36) or older than (33) the juveniles studied
here. Despite the lack of difference in community structure, some
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OTUs varied significantly in abundance between younger and
older birds, likely reflecting at least some role of bird age in shap-
ing the microbiota. Due to concerns regarding the handling of
nesting adults, adults sampled in this study were not the parents of
the studied juveniles, and to our knowledge, there was no contact
between these juvenile and adult birds. We speculate that this
apparently homogenous bacterial community may be due to the
small size of Codfish Island, with all adult kakapos utilizing an
almost identical diet. It has been observed that kakapos on Cod-
fish Island share overlapping home ranges, with individuals often
sharing feeding stations when supplemental feed is provided. Fur-
ther study into the development of the juvenile microbiota may
better resolve this pattern by using a finer time scale to investigate
the community structure much sooner after hatching. Although
age did not appear to influence community structure, the relative
abundance of particular OTUs (including those within the core
microbiota) varied with age and time, consistent with the broader
avian literature (32, 38, 39). In general, microbial OTUs that were
classified as part of the overall core microbiota were present at
high levels within the fecal samples, and in each sample grouping,
the core and variable OTUs represented over half of the microbi-
ota (Table4), indicating that these microbes are likely of biological
significance in the kakapo. It was interesting that the core micro-
biota of the juvenile samples accounted for more of the total mi-
crobiota and comprised more OTUs than that of the adults. The
core microbiota was even more conserved in the antibiotic-
treated kakapos, which may be a consequence of a reduction in
available niches brought on by a controlled diet and antibiotic
pressure.

The need to maintain the health of juvenile kakapos is clearly
paramount from a conservation standpoint, and accordingly, it
was not possible to maintain a wild juvenile control group when
individuals needed to be taken into captivity. With the entire ju-
venile kakapo population in captivity, there was no adequate con-
trol group for comparison other than the adult group, but we
nevertheless attempted to identify significant changes in the mi-
crobiota that correlated with this period. Studying kakapos that
were captive but not treated with antibiotics allowed us to tease
apart the influence of diet and antibiotic treatment albeit with a
smaller sample size than is ideal. The reported changes in the
microbiota were more strongly correlated with antibiotic treat-
ment (OTU03 r,,, = —0.45; OTUO5 r,,;, = 0.7) than with captivity
in general (OTUO3 r,;, = —0.16; OTUO5 r,,, = 0.59), implying
that antibiotic treatment was the primary factor driving the ob-
served differences during captivity. We also observed changes in
the microbiota of captive, antibiotic-treated individuals, which
adds further evidence that captivity alters the kakapo microbiota.
The lack of a juvenile control group makes these findings tenta-
tive, but there appears to be no long-term impact of these changes,
as the bacterial community structures of treated juveniles and un-
treated adults converged in later samples, and no differences in
relative OTU abundance were detected between adults and juve-
niles following release from captivity. In future breeding seasons,
it would be desirable to attempt to repeat this experiment with
finer time scales and more rigid control groups to validate these
data (bird health permitting).

A previous meta-analysis (55) reported that microbial com-
munities vary over time across a range of natural ecosystems. Con-
sistent with this observation, the kakapo fecal microbiota varied
over time, with juvenile and adult samples differing after approx-
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imately 1 year between samples. It is possible that this change is
related to the change in diet, as reproduction in the kakapo corre-
lates with the fruiting of specific trees native to New Zealand. In
addition, supplementary feeding is a common practice during
breeding seasons, and these changes in kakapo ecology provide a
mechanism that may account for the apparent changes in gut
microbiota over time. When the early and later samples were com-
pared, a Proteobacteria-associated OTU (OTUO02) (Fig. 3) was ob-
served only sporadically in the early samples but was one of the
most abundant OTUs at the final time point (Fig. 1). This OTU
could not be classified below the phylum level, with results gener-
ally alternating between the classes Betaproteobacteria and Gam-
maproteobacteria. Additional chimera testing was performed by
using both UCHIME and the chimera.slayer command in mothur
against the SILVA gold database (http://www.mothur.org/wiki
/Silva_reference_files), but this OTU was not determined to be
chimeric in either test. The presence and identity of this OTU will
be important for future analyses of the kakapo microbiota, as its
identity may be better resolved with more sequence data or a dif-
ferent amplicon region. Changes in the microbiota over time carry
significance for the wider field of disease ecology, as they empha-
size the need for up-to-date knowledge of animal-associated mi-
crobiota in order to better enable pathogen detection (56).

Cutoff values of 95% and 97% sequence similarity are com-
monly reported in the literature, although there is concern regard-
ing which value is appropriate (57-59). In order to account for
potential biases introduced by the level of OTU similarity, se-
quence data were binned into two different OTU definitions
(OTU, 45 and OTU,, 4,), and statistical testing was performed be-
tween each sample group using each OTU cutoff. The overall ro-
bustness of a finding was based on not only statistical significance
but also whether a finding was consistent across different OTU
definitions and distance calculations. Statistically significant find-
ings were preserved across OTU definitions, giving confidence
that the conclusions regarding community structure were not
merely artifacts of the bioinformatic approach.

Opverall, our findings suggest that the fecal community struc-
ture of kakapos is not influenced by host age per se but does change
over time. The finding that age is not a significant factor in shaping
the community structure of the kakapo microbiota contrasts with
patterns seen in other avian hosts, although age-related differ-
ences in OTU abundance indicate that age still plays a role in
shaping at least a subset of the kakapo microbiota although pos-
sibly on a shorter time scale than normally observed. By compar-
ing our juvenile data to data obtained from adult kakapos, we have
teased apart age- and time-based differences and established a
working core set of bacteria for further studies of kakapo micro-
biology. Finally, in confirming that the microbiota changes over
time, we have reaffirmed the need for continuous sampling of the
microbiota of this endangered bird in order to ensure that knowl-
edge of the healthy microbiota is accurate. The described data, in
combination with ongoing ecological and genetic studies, should
contribute to the management and, ultimately, the survival of this
ancient parrot.
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