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Challenge: Microbial biomass (cells per gram or ml) is very difficult to estimate in an 
environment especially from a host-associated environment 
 
Purpose: Estimate the microbial biomass (bacteria and archaea) from a host 
associated microbiome 
 
Overview: This SOP will outline both the bench (wetlab) work required for processing 
samples and controls along with the corresponding computational work to enable the 
microbial biomass estimation from a sample 
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Requirements: 
Consumables and Reagents: 
 

1) Positive controls: 
One or more bacterial isolates with known cell concentrations. We recommend 
having at least 1 gram + and 1 gram -. For the FMP manuscript we use a Bacillus 
subtilis and Paracoccus spp.  
 
Cell concentrations can be calculated using a variety of methods including 
standard microbiology plate counts or FACS. If using the plate count method, 
ensure that counts are determined during the log growth phase so that the actual 
‘DNA’ quants are not underestimated due to dead bacteria.   
 
One can also buy these from ATCC: 
Paracoccus denitrificans (ATCC 17741) BSL 1 
Bacillus subtilis (ATCC  

2) LB agar liquid  
3) LB agar plates 
4) Micropipettes P1000, P100, P10 
5) Filtered tips: 1000, 100, 10 
6) Multichannel pipettes or robots 
7) DNA extraction kit (validated using hybrid version of Qiagen MagAttract 

PowerMicrobiome DNA/RNA KF kit (Qiagen Cat# 27600-4-KF).  
 
Although not tested, protocol should also work with MagMax Microbiome Ultra 
Nucleic Acid Isolation kit with bead tubes (Thermofisher Cat#A42358) 

8) Earthmicrobiome Project 16S primers 
9) Earthmicrobiome Project PCR mastermix  
10) Molecular grade water  
11) PCR cleanup kit: MinElute (Cat# 28004) or QIAquick PCR purification kit (Cat# 

28104) 
12) Mock communities: Zymo mock (Cat# D6300), ATCC (Cat # MSA-2003) 

 
Equipment 
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1) Clean workspace such as a PCR setup hood equipped with HEPA filter and UV 
sterilization 

2) Kingfisher robots  
3) Thermocyclers (96 well or 384 well) 
4) Analytical balance 

 
 
 
 
 
 
 
 
 
Part I. Create the positive controls (microbial isolates) 
to be used in katharoseq 
 
Goal: Prepare and process the controls along with samples through DNA extraction and 
library prep (16S V4 PCR) using EMP methods. Pool for sequencing. 
 
A. Microbiology of the controls 
 
Prior to processing samples, one needs to ‘make’ or prepare the controls used in the 
experiment. Technically one can use any sort of bacteria. We used 1 gram + and 1 
gram -.  
 

1. Briefly, a single colony from each bacteria species is inoculated in liquid culture 
and allowed to be grown up overnight for approximately 12 hours.  

2. After 12 hours, take the culture out and quickly dispense ~300 ul into ~25-50 2 ml 
tubes (on dry ice). This process should not take more than ~10 minutes.  

3. Control 1x aliquots should then be stored in the -80 (or -20) until further use.  
4. After making aliquots, one should then proceed with serial dilutions: Using sterile 

technique, make ~8 10 fold serial dilutions into regular sterile media. These 
dilutions can be made into 2 ml tubes.  

5. Briefly mix by swirling around or gentle bump vortexing.  
6. For each dilution, pipet 100 ul of the titration onto an agar plate with 

corresponding media and ensure the culture is evenly distributed. Do this in 
triplicate at each dilution for a total of ~24 agar plates. 

7. Allow agar plates to incubate for at least 12 hours up to 24-36 hours (depending 
on the microbe used) 

8. Determine microbial counts and calculate the original concentration. Label those 
original stock tubes with the known concentration of that bacteria. 
 

B. Create dilutions of controls:  
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1. Clean your workspace (such as a clean PCR type hood) by spraying bleach onto 
all surfaces including pipettes. Allow it to sit for 10 minutes and then wipe down. 
Spray RNase/DNase onto everything and then wipe down. Lastly, spray 
everything with 70-95% ethanol to remove residual bleach etc 

2. Remove stocks of controls and make ~8 10-fold serial dilutions using molecular 
grade water. 

3. Add 100 ul of each control into a 2 ml bead tube which will later be used for DNA 
extraction. If desired, you may store this tube in the freezer until further 
processing but it is recommended to proceed to DNA extraction right away.  

4. Include a total of 32 positive controls per experiment. If processing 96 samples at 
a time, include at least 1 round of positive controls per processing experiment. If 
possible, always include more positive samples.  
 
 

C. Sample preparation and plating 
 
For DNA extraction, it is highly recommended to perform the lysis step in a 2 ml bead 
tube. First, this reduces the amount of well to well contamination [PMID: 31239396] that 
can occur between samples. Second, its much more practical for weighing the samples. 
That is, its easier  to weigh out tubes before and after adding the sample rather than a 
whole plate.  
 

1. Determine the total number of samples you wish to extract and then weigh out 
the corresponding number of 2 ml bead beating tubes using an analytical 
balance. Record masses in a notebook. 

2. In a sterile/DNA free hood, add ~50-200 mg of sample directly to each bead tube. 
3. Reweigh each tube using the analytical balance and record masses 
4. To determine the mass for each sample subtract to final tube mass from the 

initial tube mass and record this information in the metadata column:  
 
D. DNA extraction 
 
Follow the general instructions for the DNA extraction kit. For EMP specific instructions, 
an initial 65 C 10 minute incubation step is performed during the lysis step. For low 
biomass sample success, it is critical to use an extraction method which utilizes 
magnetic beads for the cleanup step rather than columns. This protocol was only 
validated using the PowerMag protocol on the KingFisher robot. While its possible it 
may work with a column based cleanup, previous work has shown that low biomass 
samples often do not work well with column methods so the overall limit of detection will 
suffer. If possible, use the KingFisher Flex robot and be consistent in your elution 
volume (e.g. 60 ul). Record the elution volume in the metadata column:. 
 
E. PCR and cleanup 
 

1. Follow the EMP 16S instructions outlined elsewhere 
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2. Briefly, use the same volume of DNA for all PCR reactions. We would 
recommend using the maximum volume possible (2-5 ul per reaction).  

3. You may do a lower overall reaction volume if desired (e.g. 10 ul total volume 
including 2 ul DNA). [PMID: 30417111]. If you are concerned about low biomass 
samples, its better to do a higher total PCR reaction volume (25 ul) and use more 
DNA (5 ul). PMID: 29577086 

4. Once PCR finishes, pool the same volume of all samples (e.g. 2 ul) into a single 
2 ml tube. 

5. Process ~1-2 ml of the volume through a PCR cleanup kit. You may also process 
the entire volume if you wish. 

6. Verify that no primer dimers exist in your pool by running on a gel or through an 
electronic gel like the TapeStation. If primers still exist, process the pool through 
a 1 X ampure cleanup 

7. Submit final pool for sequencing (e.g. UCSD IGM) and indicate that you are 
using the EMP 16S protocol. If sequencing on your own instrument, be sure to 
see the earthmicrobiome.org protocols for the correct custom primers used 
during sequencing 
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Part II. Perform the computational analysis to  
(determine the read control threshold and estimate 
biomass) 
 
A. Create a collapsed (level-6 = genera) biom table with annotations 
 
You will need to process your raw reads and mapping file through a standard workflow. 
We recommend using either Qiime2 or Qiita (which wraps Qiime2). Below is a brief 
example as to how to do this in Qiita. Annotations can be done either with Greengenes 
or Silva database. Finally, one must collapse this to the genus level. The annotated 
biom table will be used as input into the Qiime 2 plugin. 
1. Process samples in Qiita 
2. Create an analysis in Qiita 
3. Ensure only samples processed through the methods in Part I are included: 
Filter samples to only retain samples from your study of interest  
“click” the first triangle on panel (A). “click” process. (B) choose <filter samples…>. (C) 
type in SQL – in this case we are keeping all samples which have ‘FMP101’ as a string 
within the “title” metadata column. 

 
4. Perform the annotation on the biom table 
(A) “click” the second triangle and then process. (B) Choose “pre-fitted sklearn …”. (C) 
Keep everything default, scroll to the bottom and choose either Greengenes or silva. I 
generally use silva because of working with marine samples.  
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5. Collapse the feature table (biom table) to genus level or level 6 
“click” the new triangle and then process.  

 
6. Download the biom table and use as input to Qiime 2 (Part IIa and II b). 
“click” the triangle (collapsed_table), scroll down and download either the feature-
table.biom or the collapsed_table.qza (for use in Qiime2) 



 8 

 
7.Proceed to <II. determine read control threshold> and <III. estimate biomass> in 
the Qiime2 environment using the katharoseq plugin. 

 
B. Determine the read count threshold using Qiime2 plugin 
katharoseq 
 
Goal: determine the read count threshold which is the minimum 
number of reads at which a sample must have to be retained in the 
analysis 
 
Prior to starting this analysis, ensure that the mapping file includes the following column 
names. Note, most of these column names can be changed to something else and used 
accordingly during the Qiime2 commands, but we provide these names as a logical 
guide.  
 
1. Ensure the “Mapping File” or “metadata” fields contain the following: 

 
MetaData Columns: 
control, control_rct, control_cell_into_extraction, control_type, pcr_template_vol, 
dna_extract_vol, extraction_mass_g, positive_control, total_reads 
 
control:  
Note, only ~24-32 samples of 3 (DNA extraction positive control) is required for this 
protocol but the other types are recommended 
  1=negative DNA extraction control blank 
  2=negative DNA extraction control whereby an object (e.g. blank swab) or solution 
(water) is used as input 
  3= positive DNA extraction control (a known single species or combination of bacteria 
species of known concentration) 
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  4=negative control PCR/library prep 
  5=positive control PCR/library prep (isolated DNA ‘some known amount/mass’ of a 
bacteria used as a positive control only during the PCR or library prep stage) 
 
Control_rct: for thte positive controls which you want to use for the read count threshold 
and biomass estimates, indicate with ‘control’ 
Control = DNA extract positive control samples which you want to use for the 
calculations 
 
control_cell_into_extraction: Estimate or known total amount of bacteria (control) cells 
used in the positive control DNA extraction normalized by the final elution volume. This 
value should be a concentration of cells per ul (eluted DNA). Thus, if you put a total of 1 
M cells into the DNA extraction and then eluted at a final volume of 100 ul, you should 
write the value 10,000 for that sample.  
 
control_type= only refers to the DNA extraction positive controls: either zymo if using 
zymo mock or KL_mock if using the KL_mock (Bacillus and Paracoccus strains) 
 
pcr_template_vol: a numeric value of the total amount of DNA using as template in the 
PCR reaction (typically is 1-2 ul but for low biomass we recommend up to 5 ul) 
 
dna_extract_vol: a numeric value of the total elution volume (this is the total final volume 
of your DNA extraction and is typically between 50 and 100 ul).  
 
extraction_mass_g: this is a numeric value in grams (or  
 
positive_control: Boolean either TRUE if it is the DNA extraction positive control or 
FALSE (everything else) 
 
 
Note, the ZymoBIOMICS (Cat# D6300) mock community has an estimated 
concentration of 1.4 X 10^10 cells / ml 
 
2. Create or obtain a biom table of your samples…this can be done in Qiime2 or Qiita. 

The original analysis used Qiita, trimmed to 150bp, and ASVs generated using 
Deblur_v2021.09. Note, this was described in the previous step 

3. Annotate the biom table. In the original paper, we used the SILVA 16S database as 
it generally does better with marine samples than Greengenes but either one should 
have similar results. Note, this was described in the previous step 

4. Collapse the biom table at the genus level or level-6). Note, this was described in the 
previous step 

5. Download Qiime2 
For how to do this, see link below: 
https://docs.qiime2.org/2022.2/install/native/#install-qiime-2-within-a-conda-
environment 
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6. Activate a Qiime2 environment and start the katharoseq command. If the katharoseq 
plugin is not installed, proceed with the following: 
 
#within terminal, activate most recent version of Qiime2 
source activate qiime2-2022.2 
git clone https://github.com/biocore/q2-katharoseq 
cd q2-katharoseq 
pip install -e . 
qiime dev refresh-cache 
 
#to verify you installed katharoseq, correctly type 
Qiime –-help 
 

To ensure you have the most recent version of katharoseq (if you have an old 
version) 
(a) pip uninstall q2_katharoseq 
 
(b) 
qiime dev refresh-cache 
qiime --help 
[shouldn't be there] 
 
(c) 
those steps you sent 
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Generate the threshold value (determine the minimum read 
number at which to retain samples 
 
Details on the method can be found in the readme 
https://github.com/biocore/q2-katharoseq/blob/master/README.md 

1. Within the Qiime2 environment, proceed with the following: 
 

 
 
Overview: 
--i refers (generally refers to input files) 
--p parameters (you can change) 
--m (fields refers to fields ‘column names’ related to the metadata table)  
--o (output) 
 
Details: 
--i-table qiime2_plugin_test/152771_collapsed_table.qza \ #this is your collapsed at 
level-6 genera biom table 
 
--m-positive-control-column-file qiime2_plugin_test/fmp_metadata_mod.tsv \ #actual 
metadata file 
 
--m-positive-control-column-column control_rct # name of the metadata column 
indicating the positive control 
 
--m-cell-count-column-file qiime2_plugin_test/fmp_metadata_mod.tsv \ #actual 
metadata file 
 
--m-cell-count-column-column control_cell_into_extraction \#estimated number of 
control cells which went into the extraction 
 
--p-positive-control-value control \ #this is the actual text which indicates which samples 
you wish to use as your positive control. The value is from the column used above in the 
–m-positive-control-column-column … in this case we indicate our positive controls with 
the value ‘control’ to make it clear. 
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--p-control classic \ #type of control used: ‘zymobiomics, atcc, classic’. ‘classic’ refers to 
the combination of Bacillus and Paracoccus 
 
--p-threshold 90 \ 
#value at which the threshold is set. This is the percent (relative abundance) of reads 
which map back to the known control values. For instance, if you’re sequencing the 
Bacillus – Paracoccus classic mock community, if you have no contamination then you 
will have 100% of the reads mapping or being assigned/classified as Bacillus or 
Paracoccus. As you have lower biomass samples, your opportunity for contamination to 
show up increases. We set this threshold to 90 to determine the read count of a control 
sample whereby 90% of the reads are actually from the known or expected microbe. It 
is possible to modify this number to be lower, but it is up to the discernment of the 
researcher.  
  
--o-visualization result.qzv  
 

2. To visualize the output, in a web browser:  go to view.qiime2.org 

 
3. Drop in the newly created qzv file 
4. Look at the output 

 
In this case, we determine the read count threshold to be 1315 reads. This differs from 
the 1150 value used in the fmp manuscript because the example includes an additional 
sequencing file. The purpose is to demonstrate this as an example.  
 



 13 

C. Estimate biomass using Qiime2 plugin katharoseq 
 
Goal: Estimate the microbial biomass per sample (16S copies per g or 
ml of tissue). Using the output from previous step 
 

1. Run the following command within the Qiime2 environment 

 
 
--i-table qiime2_plugin_test/152771_collapsed_table.qza \ #this is your collapsed at 
level-6 genera biom table 
 
--m-control-cell-extraction-file qiime2_plugin_test/fmp_metadata_mod.tsv \ #actual 
metadata file 
 
--m-control-cell-extraction-column control_cell_into_extraction \ #number of control cells 
used as input into extraction 
 
--p-min-total-reads 1315 \ #value obtained from previous step ‘read count threshold’ 
 
--m-positive-control-column-file qiime2_plugin_test/fmp_metadata_mod.tsv \ #actual 
metadata file 
 
--m-positive-control-column-column control_rct # name of the metadata column 
indicating the positive control 
 
--p-pcr-template-vol 5 \ #number of ul of gDNA used as template into the PCR reaction, 
typically 1-5 ul 
 
--p-dna-extract-vol 60 \ #final elution volume of DNA extraction, typically 50-100 ul 
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--m-extraction-mass-g-column extraction_mass_g \ #actual mass in grams of tissue 
used in the extraction 
--m-extraction-mass-g-file qiime2_plugin_test/fmp_metadata_mod.tsv \ #metadata file  
--o-estimated-biomass estimated_biomass_fmp_rct #final output file which contains the 
estimated number of 16S copies per gram of tissue for each sample 
 
2. Export the qza file to a text file for futher interpretation 
https://docs.qiime2.org/2022.2/tutorials/exporting/ 
 
#to export the qza file and convert to a .csv file for further analysis 
qiime tools export \ 
--input-path estimated_biomass_fmp_rct.qza \ 
--output-path exported_estimated_biomass_fmp_rct 
 

2. Run this command within the Qiime2 environment to visualize results 
This will generate a plot of your positive control values (reads vs. known cells) 
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Supplemental Figure 1. Atlas of fishes from the FMP101 dataset.Supplementary Figure 1. Atlas of fishes from the FMP101 dataset.Supplementary Figure 1. Atlas of fishes from the Fish Microbiome Project ‘FMP’. Samples are 
listed alphabetically by Class, Order, and then family. The ‘FMP #’ refers to the unique identifier
per individual which is also in the metadata file. Species in black font are from the Pacific Ocean 
and have gill, skin, midgut, and hindgut microbiome samples whereas samples highlighted in red
are from the Atlantic and only have gill microbiome samples. Where possible, pictures of the fish and
gill sample are included. 

Red=gill only [Atlantic]



Supplemental Figure 2. Comparison of data processing methods (rarefying and removal of chloroplasts) on beta diversity significance testing using (a) 
Unweighted Unifrac and (b) Weighted UniFrac distances. Comparison of exclusion of samples with less than 1150 reads (non-rarified) (hashed bars) 
vs. rarefying at 1150 reads (clear bar). Comparison of datasets with (green bar +) and without (yellow bar -) chloroplast ASVs. 

Supplementary Figure 2. Comparison of data processing methods (rarefying and removal of chloroplasts) 
on beta diversity significance testing using (a) Unweighted UniFrac and (b) Weighted UniFrac distances. 
Comparison of exclusion of samples with less than 1150 reads (non-rarified) (hashed bards) vs. rarefying 
at 1150 reads (clear bar). Comparison of datasets with (green bar +) and without (yellow bar -) 
chloroplast ASVs.



Supplemental Figure 3. Phylogenetic tree of fish species used in “FMP” beta diversity analysis Supplementary Figure 3. Phylogenetic tree of fish species used in “FMP” beta diversity analyses



Supplemental Figure 4 Probiotic. Distribution of putative probiotic ASVs grouped by genera: Bacillus or Lactobacillus. a) The total percentage of 
samples within a given body site having either a Bacillus ASV or Lactobacillus ASV. b) The relative abundances of Bacillus and Lactobacillus 
ASVs within each body site (including samples with 0 counts). 

Supplementary Figure 4. Distribution of ASVs from genera with common probiotic members: Bacillus or 
Lactobacillus spp. a) The total percentage of samples within a given body site having either a Bacillus 
ASV or Lactobacillus ASV. b) The relative abundances of Bacillus and Lactobacillus ASVs within each 
body site (including samples with 0 counts).



Supplemental Figure 5. General prey diversity across 118 fish (116 species) samples. Prey types of each fish determined using fishbase.org or 
primary literature. a) Total number of fishes (of the 118) which consume phytoplankton or algae, invertebrates, fish, or mammals. Prey data for 3 
species of fish were not available (unknown). b) Higher resolution breakdown of prey consumption of fishes. c) Biodiversity estimates from the 
various algal, invertebrate phylums, marine fish, and marine mammal groups.

Supplementary Figure 5. General prey diversity across 118 fish (116 species) samples. Prey types of each
fish determined using fishbase.org or primary literature. a) Total number of fishes (of the 118) which consume
phytoplankton or algae, invertebrates, fish, or mammals. Prey data for 3 species of fish were not available 
(unknown). b) Higher resolution breakdown of prey consumption of fishes. c) Biodiversity estimates from the 
various algal, invertebrate phylums, marine fish, and marine mammal groups.



 

Chao1 data type test P DF Test_stat P DF Test_stat P DF Test_stat P DF Test_stat

habitat_depth_level1 categorical Kruskal-Wallis 0.054 2 0.7306 2 0.00689 2 9.955 0.04743 2 6.0971
habitat_depth_level2 categorical Kruskal-Wallis 0.0525 5 0.1308 5 0.02228 5 13.12 0.01565 4 12.241
climate categorical Kruskal-Wallis 0.2271 3 0.8735 3 0.06585 3 0.2381 2
collection_substrate categorical Kruskal-Wallis 0.29 4 0.8401 4 0.0343 4 10.393 0.4206 3
substata_group categorical Kruskal-Wallis 0.54 3 0.09135 3 0.04519 3 8.0402 0.07491 3
type_habitat_nonbay categorical Kruskal-Wallis 0.3366 1 0.1799 1 0.5262 1 0.4136 1
salinity_tolerance categorical Kruskal-Wallis 0.34 1 0.4911 1 0.5053 1 0.3569 1
swim_performance categorical Kruskal-Wallis 0.78 5 0.4254 5 0.328 5 0.957 5
swim_mode categorical Kruskal-Wallis 0.229 13 0.6693 12 0.1676 12 0.684 12
p_class categorical Kruskal-Wallis 0.2186 2 0.2312 2 0.3868 2 0.4207 2
trophic_likely num spearman 0.1234 NaN 0.8008 NaN 0.3814 NaN 0.1932 NaN
ratio_gi_to_tl num spearman 0.8996 NaN 0.464 NaN 0.8043 NaN 0.586 NaN
ratio_gape_to_tl num spearman 0.5273 NaN 0.3748 NaN 0.3484 NaN 0.1194 NaN
swim_acceleration int spearman 0.5324 NaN 0.9184 NaN 0.2198 NaN 0.7862 NaN
swim_endurance int spearman 0.9995 NaN 0.7875 NaN 0.3709 NaN 0.6237 NaN
ratio_dorsal_to_tl num spearman 0.02631 NaN -0.22558 0.08372 NaN 0.00155 NaN -0.33824 0.2594 NaN
biomass_even num spearman 0.6082 NaN 0.3042 NaN 1.76E-07 NaN 0.510102 0.1174 NaN
biomass_quartile num spearman 0.2003 NaN 0.0451 NaN 0.2129606 1.30E-07 NaN 0.514797 0.1131 NaN
ph_cells_per_g_log num spearman 0.2431 NaN 0.09477 NaN 4.46E-07 NaN 0.501626 0.1208 NaN

Shannon data type test P DF Test_stat P DF Test_stat P DF Test_stat P DF Test_stat

habitat_depth_level1 categorical Kruskal-Wallis 0.03402 2 6.7619 0.8011 2 0.00836 2 9.5694 0.05277 2
habitat_depth_level2 categorical Kruskal-Wallis 0.05729 5 0.2177 5 0.01708 5 13.778 0.06563 4
climate categorical Kruskal-Wallis 0.1934 3 0.9315 3 0.05431 3 0.07961 2
collection_substrate categorical Kruskal-Wallis 0.03763 4 10.172 0.8662 4 0.04056 4 9.9924 0.0324 3 8.7772
substata_group categorical Kruskal-Wallis 0.2936 3 0.2282 3 0.02762 3 9.1289 0.00787 3 11.862
type_habitat_nonbay categorical Kruskal-Wallis 0.9549 1 0.2069 1 0.9572 1 0.644 1
salinity_tolerance categorical Kruskal-Wallis 0.1713 1 0.9793 1 0.3659 1 0.705 1
swim_performance categorical Kruskal-Wallis 0.2697 5 0.1828 5 0.1064 5 0.2363 5
swim_mode categorical Kruskal-Wallis 0.2373 13 0.224 12 0.1527 12 0.2598 12
p_class categorical Kruskal-Wallis 0.1121 2 0.2813 2 0.2882 2 0.4955 2
trophic_likely num spearman 0.5493 NaN 0.705 NaN 0.6288 NaN 0.01519 NaN -0.26257
ratio_gi_to_tl num spearman 0.281 NaN 0.6274 NaN 0.6081 NaN 0.1448 NaN
ratio_gape_to_tl num spearman 0.726 NaN 0.6031 NaN 0.01915 NaN -0.25367 0.0336 NaN -0.24249
swim_acceleration int spearman 0.05796 NaN 0.7916 NaN 0.09788 NaN 0.9825 NaN
swim_endurance int spearman 0.01436 NaN -0.23719 0.6419 NaN 0.1571 NaN 0.6202 NaN
ratio_dorsal_to_tl num spearman 0.4429 NaN 0.196 NaN 0.00832 NaN -0.28449 0.9591 NaN
biomass_even num spearman 1.59E-06 NaN -0.44666 0.0364 NaN -0.222162 0.3136 NaN 1.35E-05 NaN -0.45291
biomass_quartile num spearman 1.40E-05 NaN -0.40825 0.1049 NaN 0.3996 NaN 7.07E-06 NaN -0.46572
ph_cells_per_g_log num spearman 4.66E-06 NaN -0.43224 0.07402 NaN 0.5658 NaN 7.68E-06 NaN -0.4691

Faith PD data type test P DF Test_stat P DF Test_stat P DF Test_stat P DF Test_stat

habitat_depth_level1 categorical Kruskal-Wallis 0.06199 2 0.8514 2 0.00668 2 10.018 0.09861 2
habitat_depth_level2 categorical Kruskal-Wallis 0.05567 5 0.1678 5 0.03182 5 12.226 0.00715 4 14.046
climate categorical Kruskal-Wallis 0.3642 3 0.9822 3 0.09907 3 0.519 2
collection_substrate categorical Kruskal-Wallis 0.2859 4 0.9686 4 0.02035 4 11.627 0.7277 3
substata_group categorical Kruskal-Wallis 0.4299 3 0.1178 3 0.02543 3 9.3107 0.1289 3
type_habitat_nonbay categorical Kruskal-Wallis 0.3744 1 0.1524 1 0.5911 1 0.749 1
salinity_tolerance categorical Kruskal-Wallis 0.5024 1 0.4206 1 0.4254 1 0.5363 1
swim_performance categorical Kruskal-Wallis 0.5949 5 0.4538 5 0.3856 5 0.7706 5
swim_mode categorical Kruskal-Wallis 0.3698 13 0.7793 12 0.1896 12 0.5617 12
p_class categorical Kruskal-Wallis 0.4577 2 0.2977 2 0.5079 2 0.2754 2
trophic_likely num spearman 0.1524 NaN 0.7742 NaN 0.4673 0.3199 NaN
ratio_gi_to_tl num spearman 0.9098 NaN 0.5587 NaN 0.7104 NaN 0.9407 NaN
ratio_gape_to_tl num spearman 0.7035 NaN 0.3992 NaN 0.188 NaN 0.1626 NaN
swim_acceleration int spearman 0.419 NaN 0.8531 NaN 0.2194 NaN 0.7964 NaN
swim_endurance int spearman 0.7854 NaN 0.7576 NaN 0.3664 NaN 0.9367 NaN
ratio_dorsal_to_tl num spearman 0.01292 NaN -0.2516 0.05564 NaN 0.00079 NaN -0.35709 0.06643 NaN
biomass_even num spearman 0.1568 NaN 0.1164 NaN 6.04E-07 NaN 0.490416 0.0534 NaN
biomass_quartile num spearman 0.04023 NaN 0.199601 0.01554 NaN 0.2558162 5.30E-07 NaN 0.492548 0.04766 NaN 0.215463
ph_cells_per_g_log num spearman 0.04152 NaN 0.198499 0.04426 NaN 0.2139598 1.45E-06 NaN 0.481066 0.05584 NaN

ph_cells_per_g_log gill skin mg HG

Microbial biomass data type test P DF Test_stat P DF Test_stat P DF Test_stat P DF Test_stat

habitat_depth_level1 categorical Kruskal-Wallis 0.4973 2 0.3116 2 0.2363 2 0.1889 2
habitat_depth_level2 categorical Kruskal-Wallis 0.7477 5 0.4609 5 0.6008 5 0.3841 4
climate categorical Kruskal-Wallis 0.2052 3 0.6783 3 0.1182 3 0.05414 2 5.8322
collection_substrate categorical Kruskal-Wallis 0.1801 4 0.1961 4 0.4204 4 0.4018 3
substata_group categorical Kruskal-Wallis 0.02291 3 9.5403 0.1048 3 0.2051 3 0.5502 3
type_habitat_nonbay categorical Kruskal-Wallis 0.6864 1 0.528 1 0.6518 1 0.7134 1
salinity_tolerance categorical Kruskal-Wallis 0.6319 1 0.2584 1 0.225 1 0.109 1
swim_performance categorical Kruskal-Wallis 0.2284 5 0.3843 5 0.273 5 0.02564 5 12.769
swim_mode categorical Kruskal-Wallis 0.01312 13 26.832 0.3909 12 0.1257 12 0.04658 12 21.269
p_class categorical Kruskal-Wallis 0.156 2 0.2543 2 0.2033 2 0.04089 2 6.3935
trophic_likely num spearman 0.6482 NaN 0.6224 NaN 0.1226 NaN 0.07442 NaN
ratio_gi_to_tl num spearman 0.3304 NaN 0.1103 NaN 0.7613 NaN 0.6867 NaN
ratio_gape_to_tl num spearman 0.8674 NaN 0.325 NaN 0.00489 NaN 0.302559 0.00518 NaN 0.315548
swim_acceleration int spearman 0.08945 NaN 0.5215 NaN 0.7244 NaN 0.2864 NaN
swim_endurance int spearman 0.03449 NaN 0.205593 0.4426 NaN 0.4862 NaN 0.2167 NaN
ratio_dorsal_to_tl num spearman 0.4076 NaN 0.8184 NaN 0.03426 NaN -0.22993 0.3799 NaN
biomass_even num Kruskal-Wallis 2.20E-16 NaN 0.94225 2.20E-16 NaN 0.9280601 2.20E-16 NaN 0.920848 2.20E-16 NaN 0.936054
biomass_quartile num spearman 2.20E-16 NaN 0.966155 2.20E-16 NaN 0.9561683 2.20E-16 NaN 0.953939 2.20E-16 NaN 0.967101
ph_cells_per_g_log num spearman 2.20E-16 NaN 1 2.20E-16 NaN 1 2.20E-16 NaN 1 2.20E-16 NaN 1

P value: alpha of < 0.05 is deemed significant
Test_stat: for Kruskal-Wallis this is the KW chi-squared value; for Spearman this is the rho

Gill Skin Midgut Hindgut

Supplemental Table 1. Statistical summary of impacts of various fish related ecological and biological factors which impact alpha diversity metrics and microbial biomass across 
gill, skin, midgut, and hindgut. . Statistical differences determined using non-parametric testing Kruskal-Wallis test with 0.05 FDR Benjamini-Hochberg or Spearman correlation.
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metadata sample_types n groups P F-stat P F-stat
sample_type all 373 4 0.001 3.563203 0.001 5.4004653
habitat_depth_level1 all 373 3 0.001 3.111183 0.001 3.0116825
habitat_depth_level2 all 373 6 0.001 2.382921 0.001 2.1677826
climate all 373 4 0.001 2.180165 0.001 2.2305827
collection_substrate all 373 5 0.001 2.003564 0.001 2.5456653
substrata_group all 373 4 0.001 2.325092 0.001 3.4549728
type_habitat_nonbay_bol all 373 2 0.007 1.465906 0.02 2.1974127
salinity_tolerance all 373 2 0.017 1.411006 0.039 1.8031727
swim_performance all 373 6 0.001 1.513274 0.001 2.240467
swim_mode all 373 14 0.001 1.422151 0.001 1.8267002
trophic_likely all 373 5 0.001 1.383226 0.001 2.547956
p_class all 373 3 0.001 1.699549 0.001 2.9599259
biomass_even all 373 3 0.001 2.957394 0.001 4.4198047
biomass_quartile all 373 4 0.001 2.387945 0.001 3.1632803
habitat_depth_level1 fish gill 106 3 0.001 1.606352 0.019 1.8149352
habitat_depth_level2 fish gill 106 6 0.001 1.375987 0.089 1.2788704
climate fish gill 106 4 0.015 1.182373 0.234 1.1509462
collection_substrate fish gill 106 5 0.001 1.335963 0.012 1.6371875
substrata_group fish gill 106 4 0.002 1.27752 0.001 2.1374374
type_habitat_nonbay_bol fish gill 106 2 0.278 1.054378 0.556 0.8852508
salinity_tolerance fish gill 106 2 0.0219 1.366908 0.079 1.6248214
swim_performance fish gill 106 6 0.034 1.12005 0.12 1.2145679
swim_mode fish gill 106 14 0.003 1.114537 0.092 1.1826654
trophic_likely fish gill 106 5 0.005 1.229165 0.101 1.2844024
p_class fish gill 106 3 0.23 1.064238 0.022 1.8143494
biomass_even fish gill 106 3 0.001 1.552112 0.002 2.3423161
biomass_quartile fish gill 106 4 0.003 1.327085 0.005 1.8112575
habitat_depth_level1 fish skin 89 3 0.078 1.146415 0.811 0.7526427
habitat_depth_level2 fish skin 89 6 0.014 1.185138 0.6049 0.9290214
climate fish skin 89 4 0.017 1.214085 0.262 1.135714
collection_substrate fish skin 89 5 0.001 1.353895 0.121 1.2677684
substrata_group fish skin 89 4 0.001 1.423302 0.034 1.5432163
type_habitat_nonbay_bol fish skin 89 2 0.143 1.128166 0.352 1.0836879
salinity_tolerance fish skin 89 2 0.22 1.074067 0.272 1.1689699
swim_performance fish skin 89 6 0.046 1.111547 0.124 1.2302455
swim_mode fish skin 89 13 0.057 1.069094 0.201 1.1159289
trophic_likely fish skin 89 5 0.125 1.087794 0.336 1.0745754
p_class fish skin 89 3 0.005 1.326792 0.1 1.5834938
biomass_even fish skin 89 3 0.0109 1.315375 0.028 1.7005345
biomass_quartile fish skin 89 4 0.005 1.259727 0.132 1.2881247
habitat_depth_level1 fish midgut 93 3 0.001 1.98129 0.021 1.8687134
habitat_depth_level2 fish midgut 93 6 0.001 1.467463 0.005 1.8800109
climate fish midgut 93 4 0.001 1.548837 0.047 1.5460341
collection_substrate fish midgut 93 5 0.001 1.583219 0.019 1.5387735
substrata_group fish midgut 93 4 0.001 1.564909 0.0129 1.6852652
type_habitat_nonbay_bol fish midgut 93 2 0.0729 1.250755 0.002 3.2984256
salinity_tolerance fish midgut 93 2 0.281 1.049351 0.04499 1.8537692
swim_performance fish midgut 93 6 0.042 1.132833 0.007 1.5738001
swim_mode fish midgut 93 13 0.003 1.148924 0.0459 1.3099478
trophic_likely fish midgut 93 5 0.1459 1.068086 0.004 2.0891194
p_class fish midgut 93 3 0.585 0.960102 0.3019 1.0505377
biomass_even fish midgut 93 3 0.001 2.183643 0.067 1.5215333
biomass_quartile fish midgut 93 4 0.001 1.710799 0.012 1.6882412
habitat_depth_level1 fish hindgut 85 3 0.001 1.567327 0.03799 1.4482412
habitat_depth_level2 fish hindgut 85 6 0.001 1.599798 0.007 1.4931924
climate fish hindgut 85 4 0.002 1.36241 0.074 1.3300087
collection_substrate fish hindgut 85 5 0.002 1.253162 0.005 1.6627844
substrata_group fish hindgut 85 4 0.001 1.359081 0.001 1.9353981
type_habitat_nonbay_bol fish hindgut 85 2 0.0589 1.171704 0.001 2.8530377
salinity_tolerance fish hindgut 85 2 0.186 1.08347 0.004 2.583526
swim_performance fish hindgut 85 6 0.0089 1.144759 0.014 1.341269
swim_mode fish hindgut 85 13 0.001 1.151096 0.003 1.4326217
trophic_likely fish hindgut 85 5 0.014 1.139078 0.0609 1.3727273
p_class fish hindgut 85 3 0.016 1.210632 0.001 2.3008768
biomass_even fish hindgut 85 3 0.005 1.251164 0.001 2.2757049
biomass_quartile fish hindgut 85 4 0.041 1.120123 0.001 1.7728684

Unweighted Weighted Normalized
UniFrac

Supplemental Table 2. Fish Microbiome Project beta diversity comparisons (>1150 reads, chloroplasts 
removed) (PERMANOVA test 999 permutations)
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