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1. The Case of Cyanobacteria 
Cyanobacteria (formerly known as blue-green algae) is the name of a bacterial group 

mostly comprising microorganisms that obtain their energy through photosynthesis [1].  
Here we briefly discuss the possibility of having autochthonous Cyanobacteria in the 

gut of humans and animals and the removal of Cyanobacteria from 16S rRNA gene da-
tasets. 

Chloroplasts were at some point free-living microorganisms related to Cyanobacteria 
[2] and therefore the 16S rRNA gene nucleotide composition of Cyanobacteria and chlo-
roplasts display a high degree of similarity [3,4]. In order to minimize the presence of 
contaminants, most researchers choose to remove all Cyanobacteria 16S sequences from 
16S sequencing surveys, even in situations where Cyanobacteria may be of interest for the 
scientific community. As mentioned above, Cyanobacteria mostly comprise photosyn-
thetic bacteria; however, Cyanobacteria also comprises non-photosynthetic bacteria, for 
example Melainabacteria [5,6]. 

The Ribosomal Database Project (https://rdp.cme.msu.edu/) contains 26,471 16S se-
quences (last accessed on June 4th, 2020) from the Cyanobacteria/Chloroplast phylum (i.e. 
for RDP they represent the same group). The use of the greengenes database in our study 
revealed information about Cyanobacteria and two more unrelated taxa: Chlorobi [7] and 
Chloroflexi [8]. However, in our study only Cyanobacteria showed measurable amounts 
(Chlorobi and Chloroflexi were present in only one sample, respectively, at <0.01% rela-
tive abundance). These thoughts are important because one paper related to the obese 
human gut microbiota published by Ley et al. [9] showed evidence to suggest the presence 
of a “deep-branching clade of the Cyanobacteria in the guts of mice and other animals”. 
To explain this, the authors proposed that “this group may represent descendants of non-
photosynthetic ancestral cyanobacteria that have adapted to life in animal gastrointestinal 
tracts”. Interestingly, there are publications that have not removed Cyanobacteria from 
the sequencing results [10,11] but the reasons behind this decision were not discussed. 

We used the unfiltered OTU table from the open OTU picking approach to calculate 
the relative abundance of all bacterial groups, including Cyanobacteria. Figure S1 shows 
the relative abundance of 16S rRNA gene sequences from Cyanobacteria in all the six bird 
species. We reasoned that if these sequences were truly dietary contaminants, then one 
would expect similar abundances in birds consuming similar diets. However, this was not 
the case. For instance, samples from N. hollandicus (NH) and P. krameri had similar diets, 
yet NH showed very little abundance of Cyanobacteria. 
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Figure S1. Box plots showing relative proportions of 16S reads from Cyanobacteria among all six 
bird species. Samples from Passeriformes are highlighted (*). AS: Agaporni spp., MP: Mimus poly-
glottos, PH: Psephotus haematonotus, NH: Nymphicus hollandicus, PK: Psittacula krameri, TG: Taeniopy-
gia guttata. Although the observed difference in the abundance of Cyanobacteria did not reach 
statistical significance in a Kruskal-Wallis test (p = 0.07), multiple comparisons using the Mann-
Whitney test revealed significant differences between NH and AS (p = 0.01), between NH and MP 
(p = 0.02), and between NH and TG (p = 0.01). 

2. LEfSe Analyses 
The linear discriminant analysis (LDA) effect size (LEfSe) was used to find organisms 

that consistently explain the differences between microbial communities among the bird 
species, as explained in the main text. In this study, each bird species harbored specific 
bacterial communities (Figure S2). 



 

 
Figure S2. Plot showing LEfSe results. Bars at the right show bacterial groups that were significantly higher and bars at 
the left show bacterial groups that were significantly lower. As the reader can appreciate, in this study there were no 
bacterial groups that were lower in any given bird species. Samples from Passeriformes are highlighted (*). MP: Mimus 
polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: Nymphicus hollandicus, PK: Psittacula 
krameria. 

  



 

3. Alpha Diversity 

 
Figure S3. Rarefaction plots of Phylogenetic Diversity (PD) whole tree, Chao1, and Shannon diversity indexes. Samples 
from Passeriformes are highlighted (*). MP: Mimus polyglottos, TG: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus 
haematonotus, NH: Nymphicus hollandicus, PK: Psittacula krameri. 

  



 

4. Bootstrapped Trees 

 
Figure S4. Bootstrapped tree using both weighted UniFrac distances. A total of 18,000 sequences 
were used in each jackknifed subset. Red is for 75–100% bootstrapped support, yellow for 50–75%, 
green for 25–50%, and blue for <25% support. The bar represents dissimilarity. Samples from 
Passeriformes are highlighted (*). MP: Mimus polyglottos, TG: Taeniopygia guttata, AS: Agaporni 
spp., PH: Psephotus haematonotus, NH: Nymphicus hollandicus, PK: Psittacula krameri. 



 

 
Figure S5. Bootstrapped tree using unweighted UniFrac distances. A total of 18,000 sequences 
were used in each jackknifed subset. Red is for 75–100% bootstrapped support, yellow for 50–75%, 
green for 25–50%, and blue for <25% support (note that the clustering was stronger using 
weighted distances). The bar represents dissimilarity. Samples from Passeriformes are highlighted 
MP: Mimus polyglottos, TG: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameri. 

  



 

5. Differences in UniFrac Distances 

 
Figure S6. Box plots of weighted (a) and unweighted (b) UniFrac distances between sample 
groupings. Each individual plot represents the difference between each bird species (labelled in x 
axis) and all the rest (for example, the boxes in the first plot in A represent the difference in 
weighted UniFrac distances between MP and TG, MP and AS, MP and PH, MP and NH, and MP 
and PK). Different letters indicate statistical significance difference (p < 0.05, Bonferroni corrected). 
MP: Mimus polyglottos, TG: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameri. 

  



 

6. PICRUSt Analyses 
Phylogenetic Investigation of Microbial Communities by Reconstruction of Unob-

served States (PICRUSt) is a computational approach that was introduced by Langille et 
al. [12] in 2013 to predict the functional composition of a metagenome using marker gene 
data (e.g. 16S gene) and a database of reference genomes. PICRUSt was used by Waite and 
Taylor (2014) to predict the potential function of the gut microbiota from domestic (e.g. 
chickens) and wild (e.g. hoatzins) bird species. In this work, the authors mentioned that 
the predictions were consistent with the known state of avian microbiology but warned 
that caution must be taken in interpreting these predictions. For instance, in this study the 
feature “Carbohydrate metabolism”, which Waite and Taylor (2014) emphasized in their 
discussion, ranged from 11.6% (MP samples) to 12.2% (PK samples), yet these values are 
similar to our results on cockatiels and budgerigars [13]. Table S1 shows a summary of the 
comparison of all features that showed statistical significance. 

Table S1. Summary of those PICRUSt features with the lowest adjusted p values. 

Feature MP * TG * AS PH NH PK P Value 
Non-homologous end-join-

ing 
↑    ↓  1.62 × 10–9 

Caprolactam degradation ↑     ↓ 1.52 × 10–5 
Geraniol degradation ↑    ↓  1.52 × 10–5 

Bladder cancer ↑    ↓  1.64 × 10–5 
Lysine degradation ↑  ↓    3.86 × 10–5 

Valine, leucine and isoleu-
cine degradation 

↑  ↓    5.93 × 10–5 

Styrene degradation ↑    ↓  7.96 × 10–5 
Tryptophan metabolism ↑     ↓ 8.90 × 10–5 

Amyotrophic lateral sclero-
sis 

↑     ↓ 9.37 × 10–5 

Chagas disease ↑    ↓  0.0001 
Phenylalanine metabolism ↑  ↓    0.0002 

Prion diseases ↑    ↓  0.0002 
Type I diabetes mellitus ↓  ↑    0.0002 
African trypanosomiasis ↑    ↓  0.0002 

Renin-angiotensin system ↑    ↓  0.0004 
Hypertrophic cardiomyo-

pathy 
↑  ↓    0.0006 

Prenyltransferases ↓  ↑    0.0006 
Fatty acid metabolism ↑    ↓  0.0008 
Amino acid related en-

zymes 
↓    ↑  0.0009 

Limonene and pinene deg-
radation 

↑     ↓ 0.002 

Flagellar assembly ↑  ↓    0.002 
Glyoxylate and dicarbox-

ylate metabolism 
↑     ↓ 0.002 

Drug metabolism - cyto-
chrome P450 

↑    ↓  0.002 

Biosynthesis of unsaturated 
fatty acids 

↑    ↓  0.004 

Metabolism of xenobiotics 
by cytochrome P450 

↑    ↓  0.005 

Homologous recombina-
tion 

↓    ↑  0.006 

Glycosphingolipid biosyn-
thesis - ganglio series 

↑     ↓ 0.001 



 

Beta-Alanine metabolism ↑    ↓  0.001 
One carbon pool by folate ↓    ↑  0.01 

Pertussis ↑    ↓  0.01 
Mismatch repair ↓    ↑  0.02 
Cellular antigens ↑    ↓  0.02 

Ribosome ↓    ↑  0.02 
P53 signaling pathway ↑     ↓ 0.02 

Toxoplasmosis ↑     ↓ 0.02 
Colorectal cancer ↑     ↓ 0.02 

Small cell lung cancer ↑     ↓ 0.02 
Viral myocarditis ↑     ↓ 0.02 

Influenza A ↑     ↓ 0.02 
Circadian rhythm -plant ↑    ↓  0.02 

Peptidoglycan biosynthesis ↓    ↑  0.02 
Protein export ↓    ↑  0.02 

DNA repair and recombi-
nation proteins 

↓    ↑  0.02 

Chlorocyclohexane and 
chlorobenzene degradation 

↑    ↓  0.03 

Aminobenzoate degrada-
tion 

↑    ↓  0.03 

Terpenoid backbone bio-
synthesis 

↓  ↑    0.03 

DNA replication proteins ↓    ↑  0.03 
Bacterial secretion system  ↑    ↓ 0.03 

Ascorbate and aldarate me-
tabolism 

↑  ↓    0.03 

Zeatin biosynthesis ↓    ↑  0.04 
Methane metabolism ↓    ↑  0.04 

Biosynthesis of siderophore 
group nonribosomal pep-

tides 
↑    ↓  0.05 

Samples that showed the highest (↑) and lowest (↓) proportion of genes related with each fea-
ture are marked for easier visualization. Features from samples of M. polyglottos (MP) showing the 
highest proportion of most features are shaded for better visualization. Passeriformes are high-
lighted (*). MP: Mimus polyglottos, TG: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus 
haematonotus, NH: Nymphicus hollandicus, PK: Psittacula krameri. 

7. BugBase Results 
BugBase is an algorithm that predicts organism-level coverage of functional path-

ways as well as biologically interpretable phenotypes such gram staining and pathogenic 
potential, within complex microbiomes. To our knowledge this study is the first using this 
tool in bird’s microbiomes. In this study, we used the OTU table from the closed OTU 
picking approach for upload into BugBase (https://bugbase.cs.umn.edu/). Among other 
things, the results offered useful insights into the potential differences among bird species 
with regards to the OTU contributions to aerobic, anaerobic and facultatively anaerobic 
bacteria, bacteria with the potential to form biofilms, gram-positive and gram-negative 
bacteria, bacteria with mobile elements, potentially pathogenic and stress tolerant bacteria 
(Figures. S6–S14). However, these results are predictions only and therefore should be 
interpreted cautiously unless they are supported by other analyses such as in vitro phe-
notyping. 



 

 
Figure S7. OTU contributions from the four more abundant phyla and others for aerobic bacteria 
accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). MP: Mimus poly-
glottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: Nymphicus hol-
landicus, PK: Psittacula krameria. 

 
Figure S8. OTU contributions from the four more abundant phyla and others for anaerobic bacte-
ria accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). MP: Mimus 
polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: Nymphicus 
hollandicus, PK: Psittacula krameria. 



 

 
Figure S9. OTU contributions from the four more abundant phyla and others for facultative anaer-
obic bacteria accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). 
MP: Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameria. 

 
Figure S10. OTU contributions from the four more abundant phyla and others for bacteria with 
potential to form biofilms accordingly to BugBase analyses. Samples from Passeriformes are high-
lighted (*). MP: Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus 
haematonotus, NH: Nymphicus hollandicus, PK: Psittacula krameria. 



 

 
Figure S11. OTU contributions from the four more abundant phyla and others for gram-negative 
bacteria accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). MP: 
Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameria. 

 
Figure S12. OTU contributions from the four more abundant phyla and others for gram-positive 
bacteria accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). MP: 
Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameria. 



 

 
Figure 13. OTU contributions from the four more abundant phyla and others for bacteria with 
mobile elements accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). 
MP: Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameria. 

 
Figure S14. OTU contributions from the four more abundant phyla and others for potentially 
pathogenic bacteria accordingly to BugBase analyses. Samples from Passeriformes are highlighted 
(*). MP: Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, 
NH: Nymphicus hollandicus, PK: Psittacula krameria. 



 

 
Figure S15. OTU contributions from the four more abundant phyla and others for stress tolerant 
bacteria accordingly to BugBase analyses. Samples from Passeriformes are highlighted (*). MP: 
Mimus polyglottos, Tg: Taeniopygia guttata, AS: Agaporni spp., PH: Psephotus haematonotus, NH: 
Nymphicus hollandicus, PK: Psittacula krameria. 
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