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Abstract
Reproducibility is a fundamental principle in science, ensuring reliable and valid findings. However, replication studies are 
scarce, particularly in ecology, due to the emphasis on novelty for publication. We explored the possibility of replicating 
original findings in the field of microbial and chemical ecology by conducting a conceptual replication of a previous study 
analysing the sex-specific differences in the microbial communities inhabiting the wing sacs, a scent organ with crucial 
functions in olfactory communication, of greater sac-winged bat (Saccopteryx bilineata). In the original study, the skin 
swabs from the antebrachial wing sacs of the males and wing sac rudiments of the females were analysed using culture-
dependent methods to test sex-specific differences. The authors demonstrated that males have lower microbial richness and 
different microbial composition than females. We attempted to reproduce these findings using 16S rRNA sequencing, which 
offers improved accuracy in pinpointing microbial members than culture-dependent methods because of advanced statisti-
cal methods. Our study validated the original study’s findings: Males had a lower microbial richness, and the community 
composition differed between the sexes. Furthermore, in the current study, males had an increased abundance of bacteria that 
might potentially be involved in odour production and degradation of malodorous substances and antimicrobial production. 
Our conceptual replication study corroborated that microbes can play a role in shaping their host’s olfactory phenotype and 
consequently influence sexual selection. Furthermore, the current study emphasises the importance of replication efforts 
and hopefully encourages a culture that values replication studies in scientific practice.

Keywords  Conceptual replication · Greater sac-winged bats · Sex-specific microbiome · Scent gland microbiota · Olfactory 
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Introduction

Reproducibility is a fundamental principle of scientific 
practice, ensuring the reliability, objectivity and validity 
of the findings. Replication studies are the cornerstones of 

reproducibility in terms of testing robustness and should 
be considered as the safeguard against errors, biases, and 
even scientific misconduct [1]. Conceptual replication, 
where the researchers repeat the original study by making 
deliberate modifications in the methodology to reproduce 
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the findings of the original study [2], has a particular epis-
temological function: they allow the progression of science 
in increments, using a more advanced method. Neverthe-
less, the novelty of the findings has become a prerequisite 
for publication, making such studies extremely rare, also in 
ecology [3]. In other words, the scientific community trades 
off reproducibility with novelty, deepening one of the most 
prominent problems, the replication crisis [3]. Today, in sev-
eral fields, including ecology, most of the knowledge on sev-
eral hypotheses comes solely from first-of-its-kind studies.

One hypothesis which can benefit from validation by 
conceptual replication is the fermentation hypothesis for 
chemical recognition, an important concept in olfactory 
social communication. This theory postulates that odorant 
molecules produced by symbiotic microorganisms resid-
ing in mammalian scent organs as metabolic by-products 
can contribute to individuals’ scent gland secretions and 
thereby are consequently involved in chemical signalling 
[4–6]. Accordingly, mammalian scent organs, being moist, 
warm, and nutrient-rich, offer a matchless environment for 
microbial growth [4, 7]. As the composition and structure 
of these microbial communities are, at least to some extent, 
determined by host factors such as taxonomy, life-history 
traits, genetics, and social interactions, microbially pro-
duced odours can broadcast complementary information 
on these underlying host factors [5, 7–9]. Empirical studies 
have demonstrated that microbially produced odours might 
encode cues on taxonomic identity [10], sex [11, 12], age 
[12, 13], group membership [10–12], reproductive cycle 
[14], and social status [11] of different mammalian hosts.

Scent gland microbiota was also proposed to play a role 
in the mate choice decisions of a Neotropical bat species, 

the greater sac-winged bat (Saccopteryx bilineata) [15]. S. 
bilineata is an insect-feeding bat species with a harem polyg-
ynous mating system [16–18], where a single male defends 
its harem consisting of up to eight females the whole year 
[16]. Colonies comprise several harem groups and periph-
eral males that roost close to the harem territories [16]. The 
mating season is restricted to a few weeks per year, and 
females give birth to a single offspring [19]. Although harem 
males sire more offspring than peripheral males, they do not 
have exclusive access to the females in their harem and only 
sire approximately 30% of the young within their territory 
[20]. The high frequency of extra-harem paternity can be 
explained by the larger size of the females, which gives them 
an advantage during agonistic encounters. Consequently, 
female choice is an essential component of the reproductive 
ecology of this species, and male fitness depends on adver-
tising their quality [17, 21].

Chemical cues play an important role in the mate choice 
decisions of this species [18, 22, 23]. Males have pouch-like 
scent organs in the antebrachial wing (Fig. 1a), which are 
used to store odoriferous secretions, while females only have 
the rudiments of these sacs (Fig. 1b) [16]. During court-
ship, males exhibit hovering flights and fan the odiferous 
substances from their wing sacs towards females [18, 22]. 
Wing sac odours carry information on species [24] and 
individual identity [22], sexual maturity [25], and the geo-
graphic distance between colonies [23, 26]. The wing sacs 
lack glandular tissue and consequently do not produce any 
secretions [27]. Males clean up and refill these organs every 
day via a two-step ritual [20, 24, 28, 29]. In the first step, 
they take up some urine into their mouths and then lick their 
wing sacs [24, 28–30]. In the second step, they fill the wing 

Fig. 1   Dorsal view of the ante-
brachial wing: a wing sacs in 
males, b wing sac rudiment of a 
female, c sampling localities

a c

b
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sacs with liquids from the genital and gular regions [24, 
28–30]. This stereotypic perfume blending behaviour can 
take up to an hour. It was proposed that males perform this 
energetically costly and time-consuming behaviour to con-
trol microbial growth in the wing sac to minimise microbial 
fermentation and to generate individual-specific olfactory 
profiles [15]. Indeed, Voigt and colleagues [15] found that 
samples originating from the wing sacs of males had lower 
microbial richness than the samples collected from the wing 
sac rudiments of females. Undoubtedly providing pioneering 
insides into the sex-specific alterations in the microbiota of 
scent organs of S. bilineata, the study was conducted using 
culture-dependent methods (i.e. by growing the bacteria in 
culture media). Today, we know that only a small propor-
tion of the symbiotic microbiota can be cultured, and conse-
quently, relatively recent molecular techniques can provide 
better resolution in identifying microbial members [9].

Here, we performed a conceptual replication study to 
characterise wing-sac microbiota collected from two Costa 
Rican populations of the S. bilineata, using a culture-inde-
pendent molecular method, 16 s ribosomal RNA sequencing, 
and novel statistical techniques. We evaluated the feasibility 
of reproducing the findings by Voigt and colleagues [15]. 
We also tested whether broader identification coverage pro-
vided through 16S RNA sequencing can provide a deeper 
understanding of the sex-specific regulation of the wing sac 
microbiota.

Methods

Sample Collection

Samples used in this study were derived from 56 individuals 
from two populations (Table 1), Palo Verde National Park 
(10.378884°N; 85.285158°E) and Golfito (9.588213°N; 
83.916920°E) in Costa Rica separated by a distance of 
approximately 300 km (Fig. 1c), during November and 
December 2018. The capturing protocol was described by 
Schneeberger and colleagues [23]. Microbial samples were 
collected from the area around the wing sacs of males and 
wing sac rudiments of females using a sterile nylon flocked 
swab (ESwab, Copan Italia, Italy). Swabs were immediately 

transferred to liquid Amies medium and stored at − 20 °C. 
The samples were shipped to Germany on dry ice.

DNA Extraction and Library Preparation

Microbial DNA was extracted using BiOstic Bacteremia 
DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA, 
USA) following the manufacturer’s protocol. Subsequently, 
we amplified the hypervariable V3–V4 region of the 16S 
ribosomal RNA (rRNA) gene, following the Illumina 16S 
Metagenomic Library Preparation Guide. The details of 
the library preparation steps were described by Maraci and 
colleagues [31]. The two samples were excluded from the 
analyses due to the unsuccessful amplification after three 
attempts. The final amplicon pool contained the libraries 
of 54 biological samples and three blank controls for DNA 
extraction and amplification, and was sequenced on the Illu-
mina MiSeq system (Illumina, Inc., San Diego, CA, USA).

Data Analyses

The details of the bioinformatic processing were described 
in detail by Engel et al. [32]. The processing of raw MiSeq 
forward and reverse paired-end (PE) reads followed the 
methodology outlined by Engel et al. [32], with slight mod-
ifications and updated versions of utilized tools and data-
bases. Mainly, the paired-end assembly of Miseq PE reads 
was performed using a custom approach whereby the read 
pairs were assembled using Flash v1.2.11 [33] in an iterative 
manner to achieve overall higher assembly rates. Hereby, 
reads that fail the initial paired-end assembly underwent a 
3′ clipping to a q20 average quality threshold using sickle 
v1.33 [34] before being re-submitted to Flash. This iterative 
process was continued, incrementally increasing the qual-
ity clipping threshold by three, until either all reads were 
successfully assembled or the maximum quality clipping 
threshold of q35 was reached. The remainder of the process-
ing steps were conducted as described by Engel et al. [32] 
with the exception of omitting the length trimming step after 
primer clipping. In brief, the complete pipeline involved the 
following steps: paired-end assembly as described above, 
adapter clipping with cutadapt v1.18 [35], de-replication, 
alignment to the SILVA seed database v138, filtering off-tar-
get aligned reads, and de-noising using mothur v1.41.3 [36], 
chimera checking, and operational taxonomic unit (OTU) 
clustering with USEARCH v8.0.1477 [37], and taxonomic 
classification based on the full SILVA database v138 [38].

All statistical analyses were performed in R version 4.0.0 
[39]. We discarded all OTUs classified as archaea, mito-
chondria, or chloroplasts as an initial quality filtering step. 
For the alpha diversity analyses, we estimated alpha diver-
sity based on the observed number of OTUs, Chao [32] 1 as 
the measure of the microbial richness [40], and Shannon’s 

Table 1   Samples used in the study

Sex Population

Palo Verde Golfito Grand total

Female 4 11 15
Male 22 19 41
Grand total 26 30 56
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diversity index, which accounts for both the abundance and 
evenness of the taxa present [41]. We tested whether the 
alpha diversity metrics for normality and applied necessary 
transformation in case of non-normal distribution. Sub-
sequently, we tested whether these metrics differ between 
sexes and areas using the linear model, using the lm func-
tion of R package stats. The residuals of the models were 
inspected visually.

The compositional differences between sexes were visual-
ised based on the microbial family level taxonomy by stacked 
bar plots produced by ggplot2 version 3.3.2 [42]. Before beta 
diversity analyses, we implemented (log10(x + 1)) trans-
formation to deal with unequal sequence coverage. Then, 
we generated the dissimilarity matrices based on Jaccard, 
Bray–Curtis, and unweighted UniFrac and weighted Uni-
Frac resemblances. The beta group dissimilarities between 
sexes were visualised using Principal Coordinate Analysis 
(PCoA) Plot, implemented using the Vegan package ver-
sion 2.5–6 [43]. We also statistically tested the differences 
between samples collected from males and females and 
different areas by performing a single permutational mul-
tivariate analyses of variance (PERMANOVA) [44] model 
with 9999 permutations. The homogeneity of group disper-
sions was also tested using PERMDISP, as implemented by 
the betadisper function in the Vegan package [43]. We also 
investigated the spatial structuring of the microbial commu-
nities by testing the correlations between the distance matrix 
of the geographical coordinates of the sampling based on 
the Haversine distances and microbial resemblance matrices 
using a Mantel test.

The differentially abundant OTUs between sexes were 
identified using the Corncob package [45], which estimates 
taxa-specific differential abundances by building beta-
binomial regression models, controlling for differential 

variability across the covariate of interest. We set the sig-
nificance threshold for p values to 0.05 after Benjamini and 
Hochberg FDR correction [46].

Results

We sequenced the hypervariable V3–V4 region of the 16S 
rRNA gene from wing sac swabs originating from 56 bats 
(41 males, 15 females) from two different Costa Rican 
populations (Table 1). After OTU filtering and excluding 
two samples due to unsuccessful amplification, our dataset 
consisted of 54 samples (39 males, 15 females) and 277 dif-
ferent operational taxonomic units (OTU), with a total read 
count of 4,089,801. We identified seven microbial phyla, 
with the domination of Proteobacteria (78.23%), Firmicutes 
(15.63%), and Bacteroidota (6.11%). At a finer taxonomic 
scale, identified taxa corresponded to 74 microbial families 
(Fig. 2).

Sex‑Specific Differences in Microbial 
Richness, Diversity, and Composition

The numbers of females and males, retained in our final 
dataset, were 15 and 39, respectively. Samples collected 
from females contained, on average, 43.2 individual OTUs 
(minimum 19; maximum 71; SD 14.21) with an average 
read count of 107,896.2 (SD 103,380.93). Samples collected 
from males contained, on average, 33.5 individual OTUs 
(minimum 14; maximum 75; SD 11.8) with an average read 
count of 63,368.15 (SD 93,468.92).

We found sex-specific differences in the community 
richness as measured by two different metrics: Males 

Fig. 2   Relative abundance of 
the 20 most abundant microbial 
families in wing sac samples 
of S. bilineata. Each stacked 
bar corresponds to either one 
female (a) or male (b) sample. 
The remaining microbial fami-
lies are pooled as “Others”
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have a lower observed number of OTUs (LM Sex [M], 
β =  − 0.76 ± 0.32, 95% CI [− 1.40 to − 0.11], p = 0.022) 
(Fig. 3a) and Chao 1 (LM Sex [M], β =  − 0.85 ± 0.33, 95% 
CI [− 1.50 to − 0.19], p = 0.012) (Fig. 3b). However, we did 
not find any significant differences in the Shannon diver-
sity index, which measures the diversity and evenness of 
the microbial communities, between males and females 
(LM Sex [M], β =  − 0.19 ± 0.24, 95% CI [− 0.66 to 0.29], 
p = 0.435) (Fig. 3c).

Microbial community composition also differed 
between males and females. Although the most abun-
dant microbial family was Moraxellaceae in both males 
(44.70%) and females (38.46%), the most abundant 
families exhibited prominent differences between sexes 
(Fig. 2). In females, the most abundant microbial fami-
lies were Pseudomonadaceae (7.69%), Enterobacte-
riaceae (7.24%), Weeksellaceae (7.17%), Aeromona-
daceae (6.24%), and Yersiniaceae (6.05%) (Fig. 2a). In 

males, the communities were dominated by Erwiniaceae 
(12.36%), Staphylococcaceae (12.00%), Enterobac-
teriaceae (7.87%), Xanthomonadaceae (7.045%), and 
Enterococcaceae (5.54%) (Fig. 2b). When we statistically 
tested the observed compositional differences between the 
sexes using PERMANOVA, we found slight but statisti-
cally significant differences in the models based on Jac-
card (R2 = 0.027; p = 0.042) and Bray–Curtis (R2 = 0.041; 
p = 0.01) resemblance matrices. A minimal compositional 
overlap between males and females was also visually sup-
ported by PCoA plots generated based on these two resem-
blance matrices (Fig. 4). Nevertheless, the sex-specific dif-
ferences were not evident in the PERMANOVA models 
based on unweighted (R2 = 0.023; p = 0.233) and weighted 
UniFrac resemblance (R2 = 0.028; p = 0.162). PERMDISP 
analyses did not reveal any statistical difference in the 
homogeneity of group dispersion between males and 
females (all p values obtained from permutes were larger 

a b c

Fig. 3   Sex-specific differences in alpha diversity metrics. Sex dif-
ferences in a the observed number of operational taxonomic units, b 
Chao 1, and c Shannon’s diversity index. The significant differences 
were determined based on the linear mixed model at p values ≤ 0.05 
(*), p ≤ 0.01 (**), and p ≤ 0.001 (***). The lines within the box plots 

indicate the medians, and the lower and upper boundaries of the 
boxes indicate the 25th and 75th percentiles, respectively. Whiskers 
above and below the boxes correspond to 1.5 times the interquartile 
range (IQR) above and below the 25th and 75th percentiles, respec-
tively

Fig. 4   Principal coordinate 
analysis plots of the dissimilari-
ties of wing sac microbiota of 
males and females. Distances 
were computed using the a 
Jaccard and b Bray–Curtis dis-
similarity index

a b
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than 0.05), indicating that the significant PERMANOVA 
results were not caused by differences in dispersion among 
the groups.

We also identified the differentially abundant OTUs 
between samples collected from males and females using 
beta-binomial regression models and controlling for differ-
ential variability across sexes. Overall, we found 13 differ-
entially abundant OTUs (Fig. 5, see Supplementary Table S1 
for finer taxonomic assignments). Of these, six were sig-
nificantly more abundant in female hosts. Notably, although 
males have overall lower microbial richness, seven OTUs 
were significantly more abundant in this group. Two OTUs 
showing a higher abundance in males belong to the micro-
bial families containing lactic acid bacteria responsible for 
fermentation, Aerococcaceae and Carnobacteriaceae [47]. 
Furthermore, one of the OTUs with increased abundance in 
males belongs to the Enterobacterales order. Some of the 
species in this taxon are known to produce volatile organic 
compounds that contribute to the smell of cheese [48]. One 
of the OTUs belongs to the Bacillus genus of Bacillaceae 
family (Supplementary Table S1). Some Bacillus species 
are known to break down malodorous volatile organic com-
pounds [49, 50]. One of the OTUs exhibiting an increased 
abundance in males belongs to the Micrococcales order, 
which contains some antimicrobial-producing bacteria [51].

Microbial Communities Did Not Differ 
Between the Populations

The linear models did not reveal any significant differences 
in any of the alpha diversity measures between the two popu-
lations (Population [Palo Verde]; observed number of OTUs: 
β =  − 0.06 ± 0.29, 95% CI [− 0.63 to 0.52], p = 0.848); Chao 

1: β = 0.02 ± 0.29, 95% CI [− 0.57 to 0.61], p = 0.934); Shan-
non’s diversity index: β = 0.34 ± 0.21, 95% CI [− 0.09 to 
0.77], p = 0.114). PERMANOVA models did not show sig-
nificant differences between the two colonies (all p values 
were larger than 0.05). Furthermore, we also tested whether 
samples collected from spatially closer locations have more 
similar microbial communities than geographically distant 
ones by testing the correlations between the distance matrix 
of the geographical coordinates of the sampling based on the 
Haversine distances and microbial resemblance matrices. 
Based on the Mantel test, there was no correlation between 
spatial proximity and microbial composition (all p values 
were larger than 0.05).

Discussion

In our conceptual replication study, we repeated the study 
by Voigt and colleagues [15], which demonstrated sex-spe-
cific differences in the microbiota in the sexually selected 
scent organ of S. bilineata by adopting some methodologi-
cal incremental improvements. Complementary to the origi-
nal study, which relied on culture-dependent identification 
techniques, we employed a culture-independent molecular 
method, 16 s rRNA gene sequencing, and advanced statisti-
cal method to characterise wing-sac microbiota of S. biline-
ata. Unsurprisingly, our study identified more microbial taxa 
(277 versus 40) than the one of Voigt and colleagues [15], 
corroborating that culture-dependent methods can identify 
only a small proportion of the symbiotic bacteria that can 
be identified by 16 s rRNA gene sequencing. Nevertheless, 
our findings are consistent with the original study: wing-sac 
microbiota of S. bilineata exhibit sex-specific differences.

Fig. 5   Differentially more 
abundant operational taxonomic 
units (OTUs) in males and 
females were determined using 
beta-binomial regression mod-
els in the Corncob package. The 
family-level taxonomy of each 
corresponding OTU is shown
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In line with the original study, microbial richness is lower 
in wing sacs of males than wing sac rudiments of females. In 
contrast to these findings, in wild spotted hyenas (Crocuta 
crocuta) [52] and white-tailed deer (Odocoileus virginianus) 
[53], males have richer scent gland microbiota than females. 
Considering that the wing sacs of the males are filled with 
potentially nutrient-rich excretions and are more humid than 
female rudiments, one can expect a higher microbial rich-
ness. Therefore, the observed sex-specific patterns in greater 
sac-winged bats cannot be attributable to morphological dif-
ferences in the antebrachial wing membrane alone. Voigt 
and colleagues [15] proposed the male-specific behaviour 
of wing sac cleaning and refilling as one of the potential 
explanations for controlling microbial growth. During the 
first phase of this time-consuming and energetically costly 
ritual, males take up some urine into their mouths and then 
lick their wing sacs [24, 28–30]. Saliva is known to con-
tain antimicrobial peptides [54] and can potentially inhibit 
microbial growth. Furthermore, urine is proposed to possess 
antimicrobial properties due to its hypertonic nature with a 
low pH and high concentrations of urea, which collectively 
deter the growth of most bacteria [55, 56].

Furthermore, we observed an increased abundance of 
operational taxonomic units (OTUs) belonging to the Mic-
rococcales order in males. Some species in this taxon can 
produce antimicrobial substances inhibiting the growth of 
numerous bacteria [51], suggesting that regulation of this 
complex ecosystem might involve microbe-microbe inter-
actions. Rojas-Gätjens and colleagues [51] suggested that 
Micrococcales species residing in the sloth fur could control 
hair microbiota in two sloth species.

Consistent with the original study, we also found slight 
sex-specific compositional differences in the scent organ 
microbiota. This finding is also in line with the previous 
studies showing sex-specific compositional differences in 
scent gland microbiota of wild spotted hyenas [52], meerkats 
(Suricata suricatta) [12], and owl monkeys (Aotus nancy-
maae) [57]. Among the OTUs exhibiting higher abundance 
in males, some belong to taxa containing potential odour 
producers, suggesting a potential role of microbially pro-
duced volatiles in the male scent profile [15]. One of the 
OTUs that are more abundant in males belongs to the Bacil-
lus genus. Strikingly, some members of this taxon are known 
to break down malodorous volatile organic compounds [49, 
50]. Nevertheless, it is important to note that the production 
of odours by bacteria is a complex process influenced by 
various factors, including the specific strain, environmental 
conditions, and the presence of substrates or nutrients.

In conclusion, the scarcity of replication studies, par-
ticularly in certain fields like ecology, hinders incremen-
tal progress and challenges scientific practice integrity. In 
this respect, our conceptual replication study investigat-
ing sex-specific differences in the wing-sac microbiota 

of S. bilineata fills an important gap. Employing modern 
molecular techniques and advanced statistical methods, we 
validated the original study’s findings. Our results add to 
the existing knowledge on the potential impact of microbi-
ally produced volatiles in shaping the scent profiles of male 
wing-sac bats, underlining the importance of replication 
efforts in corroborating scientific findings. Furthermore, our 
research opens new windows to study potential mechanisms 
behind the sex-specific regulation of this complex ecosystem 
and the role of microbial symbionts on the sexual selection 
of their hosts. We hope our study also encourages the scien-
tific community to promote a culture that values replication 
studies as integral to the scientific process.
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