
D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voae085/7711006 by guest on 27 August 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voae085/7711006 by guest on 27 August 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voae085/7711006 by guest on 27 August 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voae085/7711006 by guest on 27 August 2024



D
ow

nloaded from
 https://academ

ic.oup.com
/jeb/advance-article/doi/10.1093/jeb/voae085/7711006 by guest on 27 August 2024



1014 Koellsch et al.

of the RGB scale in the �rst multidimensional scaling axis 
(Figure 3A and B). The multidimensional scaling stress for 
the one-binned and the eight-binned dataset was 0.051 and 
0.16 respectively, with an overall better �t in the former 
(Supplementary Figure S8).

The four colour groups based on a colour distance larger 
than 0.25 EMD all contained uninfected amphipods (RGB 
scale, eight-bin dataset containing only 71 amphipods with 
microbiome data). One of the groups (G2) did not have  
acanthocephalan-infected amphipods, and another (G3) did 
not have cestode-infected amphipods (Figure 2).

Overall amphipod hosts and parasites microbiome 
results
The �ltered dataset consisted of 71 amphipods and 32 par-
asites, ranging in depth from 553 to 950,911 (Table 1). 
Subdividing the parasite microbiome data by host colour 
group (with distances larger than 0.25 EMD) resulted in 
one group missing (G2), one group with most samples (G4, 
with 26 parasites), and two groups with small sample sizes 
(G1 with 2 samples and G3 with 5). Thus, parasites micro-
biomes were not assessed using host colour group as a cate-
gorical variable (e.g., for alpha and beta diversity) but were 
included when host colours were continuous variables (i.e., 
RGB colour scale, CIELab colour scale, and Earth Mover�s 
Distance (EMD) colour distances). Mock community stan-
dard comparisons show high accuracy of taxonomic classi�-
cation up to class level, decreasing for lower levels, although 
observed and expected abundances are highly correlated 
at all taxonomic levels (Supplementary Figure S12). The 

microbiome of amphipods, acanthocephalans and cestodes 
has different patterns of relative abundances (Supplementary 
Figure S13). In addition, beta diversity comparisons among 
amphipod hosts� bacteriota and that of acanthocephalans 
and cestodes showed differences in community composition, 
in particular between amphipods and acanthocephalan para-
sites, with more similarities between amphipods-cestodes and 
acanthocephalan-cestodes (Supplementary Table S6).

Amphipod host microbiomes and colours
Amphipod microbiomes subdivided by colour groups showed 
no differences in beta diversity (Supplementary Table S7, 
Figure 4A and B). All distance matrices at ASV level were not 
normally distributed (Supplementary Table S8). Mantel tests 
showed no association between colour distance and host 
microbiome distance (all p-values > 0.05, Supplementary 
Table S9). Effect sizes were all extremely small (to the 
order of 10e�3, Supplementary Table S10). All colour vari-
ables of amphipods (only including those with microbiome 
data available) were autocorrelated in the mean RGB scale 
(except for cestode-infected and acanthocephalan- infected 
mean red and blue, Supplementary Figure S14) and in  
the mean CIELab scale (except for acanthocephalan-infected 
mean L and mean a, Supplementary Figure S15). The propor-
tion of the amphipod hosts� microbiome variance explained 
by colours in the RDA was from 1% to 5% (Supplementary 
Table S11) and the RDA full models were not signi�cant for 
the colour matrices explaining variance in the constrained 
RDA variables (i.e., microbiome distances, Supplementary 
Table S12). However, multiple regression detected the 

Figure 2. Neighbour joining tree based on Earth Mover�s (EMD) colour distances (RGB scale, eight-bins dataset). G1 to G4 correspond to the colour 
groups into which amphipods were subdivided (colour distance greater than 0.25). Only amphipods that have microbiome data were included.
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mean red and mean L colour channels as potentially cor-
related with amphipod microbiome variance (p-values cor-
rected for multiple testing (FDR) ranging from 0.009 to 0.1, 

Supplementary Table S13, Supplementary Figures S18 and 
S19). In the ordination space, of the 10 most abundant taxa, 
the most closely related with mean red were Spirosomaceae 

Figure 3. Multidimensional scaling analysis scores (points) and species (Pct, r, g, and b); r = red, g = green, b = blue, Pct = proportion of pixels explained 
by a bin. (A) Results of the one-binned dataset (Pct = 1 for all samples because this dataset contains a single bin); (B) Results of the eight-binned 
dataset.

Table 1. Filtered microbiome dataset overview. 

Sample type Sample size Min number of ASVs Max number of ASVs

Amphipods 71 553 923,631
Uninfected 39 662 923,631
Acanthocephalan-infected 21 553 90,852
Cestode-infected 11 1,017 28,182
Colour G1 9 588 165,151
Colour G2 8 900 56,287
Colour G3 10 1,814 90,852
Colour G4 44 553 923,631
Parasites 32 659 950,911
Acanthocephalans 23 659 45,065
Cestodes 9 3,919 950,911

Note. Group sample size and minimum (min) and maximum (max) number of ASVs in each group are presented.
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Figure 4. Comparisons of amphipod microbiomes among colour groups G1, G2, G3, and G4. (A) Beta diversity (Weighted Unifrac) at the amplicon 
sequence variant (ASV) level (nonsigni�cant result); (B) Beta diversity (Unweighted Unifrac) at the amplicon sequence variant (ASV) level (nonsigni�cant 
result); (C) Alpha diversity (Simpson) signi�cant result, at phylum taxonomic rank; (D) Alpha diversity (Chao1) signi�cant result, at genus taxonomic 
rank; (E) Mean phylum relative abundance per amphipod colour group, showing the 10 most abundant phyla; (F) Mean genus relative abundance per 
amphipod colour group, showing the 10 most abundant genera; (G) Upset plot comparing unique and shared amplicon sequence variants (ASVs) among 
the microbiomes of the amphipods subdivided by colour groups. The vertical bars represent the number of shared ASVs among the colour groups 
indicated with the �lled (black) dots represented below them. The smaller horizontal bars on the left represent the number of ASVs found in each of the 
colour groups individually.
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and Rickettsiales at family level (Supplementary Figure S18). 
Those in an opposite orientation from mean red in the RDA 
space were Rubritaleaceae at family level (Supplementary 
Figure S18). Amphipod-associated bacterial taxa correlated 
with the mean L colour variable in the RDA space were 
Brumimicrobium glaciale, Clostridium perfringens and 
Flavobacteriaceae bacterium at species level, Photobacterium 
at genus level, and Weeksellaceae and Spirosomaceae at 

family level (Supplementary Figure S19). Those in an oppo-
site orientation from mean L in the RDA space included �ve 
taxa at species level (Flavobacterium jumunjinense, Thiothrix 
sp. (see caption on Figure 5), Joostella marina, Bizionia hal-
leyonensis, and Vibrio tapetis), Pseudoalteromonas and 
Candidatus_Hepatoplasma at genus level, and Vibrionaceae 
and Pseudalteromonadaceae at family level (Supplementary 
Figure S19).

Figure 5. RDA on parasite microbiomes and mean amphipod host colours, using mean RGB and bacterial species (A), mean RGB and bacterial 
genus (B), mean RGB and bacterial class (C), mean CIELab and bacterial genus (D) and mean CIELab and bacterial class. Black arrows indicate the 10 
most abundant taxa in the RDA space. Red arrows indicate the mean red (r), mean green (g), mean blue (b), mean L (L), mean a (a), and mean b (b) 
colours in the RDA space for each amphipod host (only including the 32 for which parasite bacteriome data is available). All plots represent signi�cant 
results in the RDA1 axis. Note: In (A), Talitrus saltator is an incorrect species name in the Silva database v. 138.1, corresponding to sequences 
GDUJ01044859.40.1504, GDUJ01044860.143.1046, and GDUJ01044858.143.1623 of Thiothrix bacterial genus representatives, referred to as Thiothrix 
sp. in this study.
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