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Text S1 

Gut content DNA metabarcoding 

Library preparation and sequencing were performed by Jonah Ventures (Boulder, 

Colorado, USA). We targeted the mitochondrial cytochrome c oxidase subunit I (COI) gene 

region, which performs well across metazoans, and the chloroplast 23S rRNA gene region, 

which performs well across autotrophs. For the COI markers, we used the m1COIintF forward 

primer (Leray et al. 2013) and the jgHCO2198 reverse primer (Geller et al. 2013). For the 23S 

markers, we used the p23SrV_f1 and Diam23Sr1 23S primers (Sherwood and Presting 2007, 

Hamsher et al. 2011, Cannon et al. 2016). We ran two-step PCR reactions at 25 μL according to 

the Promega PCR Master Mix guidelines (Promega, Madison, Wisconsin, USA): 12.5 μL Master 

Mix, 0.5 μM of each primer, 1 μL gDNA, and 10.5 μL DNase/RNase-free water. We followed 

the following conditions for PCR amplification for the COI marker: denaturation at 94°C for 2 

min, followed by 45 cycles of 15 s at 94°C, 30 s at 50°C, and 1 min at 72°C, then a final 

elongation at 72°C for 10 min. We used the following conditions for PCR amplification for the 

23S marker: denaturation at 94°C for 3 min, followed by 40 cycles of 30 s at 94°C, 45 s at 55°C, 

and 1 min at 72°C, then a final elongation at 72°C for 10 min. Following the PCR amplifications, 

we visually inspected each reaction with a 2% agarose gel. 

The following library preparation and sequencing protocols apply to both the COI and 

23S gene. We performed clean-ups by incubating amplicons with Exo1/SAP for 30 min at 37°C, 

followed by inactivation at 95°C for 5 min. We then stored the products at -20°C. Afterwards, 

we ran a second indexing PCR to bind a unique 12-nucleotide index sequence, which included 

Promega Master mix, 0.5 μM of each primer, and 2 μL of template DNA under the following 

conditions: denaturation at 95°C for 3 min, followed by 8 cycles at 95°C for 30 s, 55°C for 30 s, 

and 72°C for 30 s. Each reaction was visually inspected with a 2% agarose gel to ensure 

successful amplification. 

We cleaned and normalized 25 μL of each indexed amplicon with the SequalPrep 

Normalization Kit (Life Technologies, Carlsbad, California, USA), pooled 5 μL of each sample, 

and sent the library pools to the Genohub service provider (Austin, Texas, USA). Bead cleaning 

with Agencourt AMPure XP beads (Beckman Coulter, Brea, California, USA) was performed to 

remove < 200 bp amplicons, samples were quantified with a Qubit Fluorometer (Invitrogen, 

Carlsbad, California, USA), and amplicon average size was analyzed with an Agilent 

TapeStation 4200 (Agilent, Santa Clara, California, USA). Finally, sequencing was performed on 

an Illumina HiSeq using the HiSeq Rapid SBS Kit v2, 500-cycles (Illumina, San Diego, 

California, USA). 

Sequence bioinformatics 

We processed all raw COI and 23S sequences with the JAMP pipeline 

(https://github.com/VascoElbrecht/JAMP). After demultiplexing, forward and reverse reads were 

pair-end merged with USEARCH v11.0.667 (Edgar 2010), and primers were trimmed from both 

ends using Cutadapt v1.18 (Martin 2011). Quality filtering was performed with expected error 

filtering through USEARCH (Edgar and Flyvbjerg 2015), and all sequences affected by 

sequencing and PCR error were removed using the UNOISE algorithm (Edgar 2016). Exact 

sequence variants (ESVs) were then compiled into ESV tables, and taxonomy was assigned to 
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each ESV using the basic local alignment search tool (BLAST) hit when query coverage and 

percent identity exceeded 95% and 80%, respectively, or by mapping them against a 23S 

database from Silva (Yilmaz et al. 2014), specifying zero deviations to ensure mapping accuracy. 

Consensus taxonomy was generated from the hit tables, first considering 100% matches, then 

decreasing by 1% until hits were available for each ESV. Taxonomy that was present in at least 

90% of the hits was reported; otherwise, an “NA” was assigned when several different taxa 

matched the ESV. For error reduction due to misidentified taxa, the bracket was increased to 2% 

when matches of 97% and higher were present, but no family-level or lower taxonomy was 

assigned. We then removed all self-hits from the COI dataset, which resulted from sequencing 

the host tissue, and omitted all ESVs that only had a single sequence read across the entire 

dataset. For the network analysis, we also removed all ESVs that were only used by a single 

individual to ensure convergence of the modularity metric. Further detail on the treatment of the 

assembled sequencing datasets is provided in the appended R script. 

Text S2 

Data processing and statistical analysis 

We performed the analyses using the software R (R Core Team 2019) and the following 

packages: drake (Landau 2018), tidyverse (Wickham et al. 2019), rstan (Stan Development 

Team 2016), brms (Bürkner 2017), bipartite (Dormann et al. 2009), iNEXT (Hsieh et al. 2016), 

(Pollock et al. 2014), and fishualize (Schiettekatte et al. 2019). All code and data necessary to 

fully reproduce the results presented in this paper are available on the lead author’s GitHub 

(https://github.com/simonjbrandl/gobies_metabolism) page and Figshare 

(10.6084/m9.figshare.19157876). A README.md document that provides guidance on how to 

reproduce the results is included. The supplementary tables below are output from the analyses 

and can also be found as separate documents in the “outputs” folder. 
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Table S1: Model summary for standard metabolic rate. The model was run for 5,000 iterations 

using the default brms priors. 

  log 10(SMR) 

Predictors Estimates CI (95%) 

Intercept -2.69 -4.15 – -1.24 

log10W 0.62 0.48 – 0.77 

SpeciesGnatholepiscauerensis 0.07 0.01 – 0.14 

Temp C 0.06 0.01 – 0.11 

log10W.SpeciesGnatholepiscauerensis -0.04 -0.21 – 0.13 

Observations 30 

R2 Bayes 0.922 

  

Table S2: Model summary for maximum metabolic rate. The model was run for 5,000 iterations 

using the default brms priors. 

  log 10(Max MR) 

Predictors Estimates CI (95%) 

Intercept -3.88 -6.25 – -1.49 

log10W 0.59 0.36 – 0.83 

SpeciesGnatholepiscauerensis 0.20 0.10 – 0.30 

Temp C 0.12 0.03 – 0.20 

log10W.SpeciesGnatholepiscauerensis 0.04 -0.23 – 0.31 

Observations 30 

R2 Bayes 0.850 
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Table S3: Model summary for horizontal gape. The model was run for 2,000 iterations using the 

default brms priors. 

  H gape 

Predictors Estimates CI (95%) 

Intercept -0.31 -1.32 – 0.71 

SL 0.16 0.13 – 0.20 

SpeciesGnatholepiscauerensis 0.01 -0.27 – 0.30 

Observations 33 

R2 Bayes 0.765 

  

Table S4: Model summary for vertical gape. The model was run for 2,000 iterations using the 

default brms priors. 

  V gape 

Predictors Estimates CI (95%) 

Intercept -1.16 -2.25 – -0.05 

SL 0.20 0.16 – 0.24 

SpeciesGnatholepiscauerensis -0.03 -0.35 – 0.29 

Observations 33 

R2 Bayes 0.809 
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Table S5: Model summary for girth. The model was run for 2,000 iterations using the default 

brms priors. 

  Girth 

Predictors Estimates CI (95%) 

Intercept -1.02 -1.78 – -0.25 

SL 0.20 0.18 – 0.23 

SpeciesGnatholepiscauerensis -0.27 -0.48 – -0.05 

Observations 33 

R2 Bayes 0.908 

  

Table S6: Model summary for gastrointestinal tract. The model was run for 2,000 iterations using 

the default brms priors.

  GIT 

Predictors Estimates CI (95%) 

Intercept -7.16 -29.48 – 15.18 

SL 0.76 0.12 – 1.38 

SpeciesGnatholepiscaurensis 18.36 12.17 – 24.60 

Observations 22 

R2 Bayes 0.690 
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Table S7: Model summary for number of bites. The model was run for 2,000 iterations using the 

default brms priors and a negative binomial error distribution with a log link-function. 

  feed 

Predictors Incidence Rate Ratios CI (95%) 

Intercept 17.94 10.26 – 34.87 

species: Gnatholepis 

cauerensis 

17.93 7.55 – 46.38 

monovsmixmono 0.06 0.02 – 0.17 

speciesGnatholepis_cauerensis.monovsmixmono 10.05 2.41 – 40.68 

Observations 36 

R2 Bayes 0.679 
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Fig. S1. Relationship between standard length (SL) and three morphological traits for F. 

neophytus (blue circles) and G. cauerensis (gold diamonds): (A) vertical gape, (B) horizontal 

gape, (C) girth, and (D) length of the gastrointestinal tract (GIT). Symbols represent the raw 

data, while lines represent 1,000 draws from the posterior of the respective Bayesian regression 

models. 
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Fig. S2. Relative read abundance (RRA) of autotroph taxa in the guts of the two goby species, 

averaged across individuals (blue = Fusigobius neophytus; gold = Gnatholepis cauerensis). 

 

References 

Bürkner PC (2017) brms: An R package for Bayesian multilevel models using Stan. J Stat Softw 

80:1–28 doi:10.18637/jss.v080.i01 

Cannon MV, Hester J, Shalkhauser A, Chan ER, Logue K, Small ST, Serre D (2016) In silico 

assessment of primers for eDNA studies using PrimerTree and application to characterize the 

biodiversity surrounding the Cuyahoga River. Sci Rep 6:22908 PubMed 

doi:10.1038/srep22908 

Dormann CF, Fründ J, Blüthgen N, Gruber B (2009) Indices, graphs and null models: analyzing 

bipartite ecological networks. The Open Ecology Journal 2:7–24 
https://doi.org/10.2174/1874213000902010007 

Edgar RC (2010) Search and clustering orders of magnitude faster than BLAST. Bioinformatics 

26:2460–2461 PubMed doi:10.1093/bioinformatics/btq461 

 

https://doi.org/10.3354/meps13968
http://dx.doi.org/10.18637/jss.v080.i01
https://pubmed.ncbi.nlm.nih.gov/26965911
http://dx.doi.org/10.1038/srep22908
https://doi.org/10.2174/1874213000902010007
https://pubmed.ncbi.nlm.nih.gov/20709691
http://dx.doi.org/10.1093/bioinformatics/btq461


Supplement to Brandl et al. (2021) – Mar Ecol Prog Ser 684:79-90 – https://doi.org/10.3354/meps13968 

 

 9 

Edgar RC (2016) UNOISE2: improved error-correction for Illumina 16S and ITS amplicon 

sequencing. BioRxiv:081257 doi:10.1101/081257 

Edgar RC, Flyvbjerg H (2015) Error filtering, pair assembly and error correction for next-

generation sequencing reads. Bioinformatics 31:3476–3482 PubMed 

doi:10.1093/bioinformatics/btv401 

Geller J, Meyer C, Parker M, Hawk H (2013) Redesign of PCR primers for mitochondrial 

cytochrome c oxidase subunit I for marine invertebrates and application in all‐taxa biotic 

surveys. Mol Ecol Resour 13:851–861 PubMed doi:10.1111/1755-0998.12138 

Hamsher SE, Evans KM, Mann DG, Poulíčková A, Saunders GW (2011) Barcoding diatoms: 

exploring alternatives to COI-5P. Protist 162:405–422 PubMed 

doi:10.1016/j.protis.2010.09.005 

Hsieh T, Ma K, Chao A (2016) iNEXT: an R package for rarefaction and extrapolation of 

species diversity (Hill numbers). Methods Ecol Evol 7:1451–1456 https://doi.org/10.1111/2041-

210X.12613 

Landau WM (2018) The drake R package: A pipeline toolkit for reproducibility and high-

performance computing. J Open Source Softw 3:550 doi:10.21105/joss.00550 

Leray M, Yang JY, Meyer CP, Mills SC and others (2013) A new versatile primer set targeting a 

short fragment of the mitochondrial COI region for metabarcoding metazoan diversity: 

application for characterizing coral reef fish gut contents. Front Zool 10:34 PubMed 

doi:10.1186/1742-9994-10-34 

Martin M (2011) Cutadapt removes adapter sequences from high-throughput sequencing reads. 

EMBnet J 17:10–12 doi:10.14806/ej.17.1.200 

Pollock LJ, Tingley R, Morris WK, Golding N and others (2014) Understanding co‐occurrence 

by modelling species simultaneously with a Joint Species Distribution Model (JSDM). 

Methods Ecol Evol 5:397–406 doi:10.1111/2041-210X.12180 

R Core Team (2019) R: A language and environment for statistical computing. R Foundation for 

Statistical Computing, Vienna  

Schiettekatte NM, Brandl SJ, Casey JM (2019) fishualize: color palettes based on fish species. 

https://cran.r-project.org/package=fishualize 

Sherwood AR, Presting GG (2007) Universal primers amplify a 23S rDNA plastid marker in 

eukaryotic algae and cyanobacteria. J Phycol 43:605–608 doi:10.1111/j.1529-

8817.2007.00341.x 

Stan Development Team (2016) RStan: The R interface to Stan. R package version 2.14. 1. 

http://mc-stan.org/ 

Wickham H, Averick M, Bryan J, Chang W and others (2019) Welcome to the Tidyverse. J 

Open Source Softw 4:1686 doi:10.21105/joss.01686 

Yilmaz P, Parfrey LW, Yarza P, Gerken J and others (2014) The SILVA and “all-species living 

tree project (LTP)” taxonomic frameworks. Nucleic Acids Res 42:D643–D648 PubMed 

doi:10.1093/nar/gkt1209 

https://doi.org/10.3354/meps13968
http://dx.doi.org/10.1101/081257
https://pubmed.ncbi.nlm.nih.gov/26139637
http://dx.doi.org/10.1093/bioinformatics/btv401
https://pubmed.ncbi.nlm.nih.gov/23848937
http://dx.doi.org/10.1111/1755-0998.12138
https://pubmed.ncbi.nlm.nih.gov/21239228
http://dx.doi.org/10.1016/j.protis.2010.09.005
https://doi.org/10.1111/2041-210X.12613
https://doi.org/10.1111/2041-210X.12613
http://dx.doi.org/10.21105/joss.00550
https://pubmed.ncbi.nlm.nih.gov/23767809
http://dx.doi.org/10.1186/1742-9994-10-34
http://dx.doi.org/10.14806/ej.17.1.200
http://dx.doi.org/10.1111/2041-210X.12180
https://cran.r-project.org/package=fishualize
http://dx.doi.org/10.1111/j.1529-8817.2007.00341.x
http://dx.doi.org/10.1111/j.1529-8817.2007.00341.x
http://mc-stan.org/
http://dx.doi.org/10.21105/joss.01686
https://pubmed.ncbi.nlm.nih.gov/24293649
http://dx.doi.org/10.1093/nar/gkt1209

	Text S1
	Gut content DNA metabarcoding
	Sequence bioinformatics

	Text S2
	Data processing and statistical analysis

	Table S1: Model summary for standard metabolic rate. The model was run for 5,000 iterations using the default brms priors.
	Table S2: Model summary for maximum metabolic rate. The model was run for 5,000 iterations using the default brms priors.
	Table S3: Model summary for horizontal gape. The model was run for 2,000 iterations using the default brms priors.
	Table S4: Model summary for vertical gape. The model was run for 2,000 iterations using the default brms priors.
	Table S5: Model summary for girth. The model was run for 2,000 iterations using the default brms priors.
	Table S7: Model summary for number of bites. The model was run for 2,000 iterations using the default brms priors and a negative binomial error distribution with a log link-function.
	Fig. S1. Relationship between standard length (SL) and three morphological traits for F. neophytus (blue circles) and G. cauerensis (gold diamonds): (A) vertical gape, (B) horizontal gape, (C) girth, and (D) length of the gastrointestinal tract (GIT)....
	Fig. S2. Relative read abundance (RRA) of autotroph taxa in the guts of the two goby species, averaged across individuals (blue = Fusigobius neophytus; gold = Gnatholepis cauerensis).
	References

