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ABSTRACT

What an animal ingests and what it digests can be different. Thus, we examined the nutritional physiology of
Lumpenus sagitta, a member of the family Stichaeidae, to better understand whether it could digest algal com-
ponents like its better studied algivorous relatives. Although L. sagitta ingests considerable algal content, we
found little evidence of algal digestion. This fish species has a short gut that doesn't show positive allometry with
body size, low amylolytic activity that actually decreases as the fish grow, no ontogenetic changes in digestive
enzyme gene expression, elevated N-acetyl-glucosaminidase activity (indicative of chitin breakdown), and an
enteric microbial community that is consistent with carnivory and differs from members of its family that
consume and digest algae. Hence, we are left concluding that L. sagitta is not capable of digesting the algae it
consumes, and instead, are likely targeting epibionts on the algae itself, and other invertebrates consumed with
the algae. Our study expands the coverage of dietary and digestive information for the family Stichaeidae, which
is becoming a model for fish digestive physiology and genomics, and shows the power of moving beyond gut

content analyses to better understand what an animal can actually digest and use metabolically.

1. Introduction

The vertebrate digestive system is dynamic, responding to a variety
of pH, osmotic, and nutrient content challenges on a daily basis (Karasov
and Douglas, 2013; Karasov and Martinez del Rio, 2007). With the term
“gut” defined as the entire gastrointestinal tract (mouth to anus), diet is
the factor that has the most influence on the gut, affecting gene
expression, gut size, digestive enzyme activities, nutrient transport
rates, mucosal surface area, and enteric microbial diversity (Baldo et al.,
2017; Baldo et al., 2023; Davis et al., 2013; Egerton et al., 2018; German
and Horn, 2006; German et al., 2004; German et al., 2015; Herrera et al.,
2022; Horn, 1989; Karasov and Hume, 1997; Kramer and Bryant, 1995b;
Leigh et al., 2022; Leigh et al., 2018a; Leigh et al., 2018b; Skea et al.,
2005, 2007; Stevenson et al., 2022; Wagner et al., 2009; Sparagon et al.,
2022). Although there are a growing number of studies on fish digestive
systems (e.g., Castro-Ruiz et al., 2021; Clements et al., 2017; Crossman
et al., 2005; German, 2011; Sabapathy and Teo, 1993; Tengjaroenkul
et al., 2000), there are more studies of gut structure and function in
ecological and evolutionary contexts for terrestrial vertebrate animals
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(Choat and Clements, 1998; Clements et al., 2017; Karasov and Martinez
del Rio, 2007; Nie et al., 2019; Stevens and Hume, 1995). Thus, there is a
crucial need to better understand fish nutritional ecology in a changing
world, particularly in ecological and evolutionary contexts (e.g., Clem-
ents et al., 2017; Leigh et al., 2018a; Leigh et al., 2018b; Clark et al.,
2023), which may then aid efforts in fisheries management and
aquaculture.

One of the largest disconnects in the fish nutritional ecology litera-
ture is between what a fish ingests and what it actually digests and as-
similates (Clements et al, 2017; Karasov and Douglas, 2013;
Raubenheimer et al., 2005). With aquaculture (albeit on a limited
number of mostly carnivorous species) as the exception, there are
numerous studies of fishes focusing on bite rates on specific resources (e.
g., Duran et al., 2019), or on gut content analyses (e.g., Choat et al.,
2002), with comparatively fewer studies examining what the fish's
digestive system can actually digest, and therefore, what fuels may be
available to the fish metabolically (Clements et al., 2017; Crossman
et al.,, 2005; Nie et al., 2019). This has led to assumptions about the
trophic roles of fishes that may be incorrect. For instance, parrotfishes
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(Labridae: Scarinae) were thought to ingest and digest macroalgae from
the reef surface based on feeding observations, whereas their nutritional
physiology (Crossman et al., 2005; Clements et al., 2017) based on
multiple lines of evidence shows that many species are microphagous,
targeting microscopic photoautotrophs to meet their nutritional needs
(Clements et al., 2017; Nicholson and Clements, 2020; Nicholson and
Clements, 2021). Similarly, wood-eating catfishes (Loricariidae) were
assumed to be able to digest wood (Nelson et al., 1999; Schaefer and
Stewart, 1993) until more detailed analyses of their gut structure and
function showed that they could digest very little from wood itself, and
instead, are reliant on the microbial biomass degrading the wood as
their food source (German, 2009; German and Bittong, 2009; German
and Miles, 2010; German et al., 2010b; Lujan et al., 2011; McCauley
et al., 2020). Furthermore, bonnethead sharks, which incidentally
consume considerable amounts of seagrass (Bethea et al., 2011; Bethea
et al., 2007), were assumed to not digest seagrass because shark guts
aren't optimized to digest plant material. Analysis of the bonnethead
digestive system, however, showed that they could indeed digest and
assimilate seagrass molecules (Leigh et al., 2018b, 2021). Hence, it is
crucial to study the nutritional physiology of fishes (including their
digestive physiology) to discern what they are capable of digesting from
what they ingest.

The family Stichaeidae has become a model system for understand-
ing fish digestion (Fig. 1). With dietary diversity, ontogenetic dietary
shifts, sister taxa with different diets, convergent evolution of herbivory,
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and many sympatric species with different diets, there are ample op-
portunities to investigate how the fish gut responds to different nutrient
loads, and any adaptations that have arisen allowing for dietary
specialization within stichaeid fishes (German et al., 2016; German
et al., 2014; German and Horn, 2006; German et al., 2004; Heras et al.,
2020; Herrera et al., 2022; Kim et al., 2014). The herbivores appear to be
specialists, digesting algae with high efficiency (Fris and Horn, 1993;
Horn et al., 1986). The herbivores and omnivores have elevated
amylolytic activity in their guts, and one of the carnivores
(A. purpurescens) has elevated aminopeptidase activity in its gut
(German et al., 2016; German et al., 2014; German et al., 2004; German
et al., 2015). The omnivorous Phytichthys chirus has elevated chitinolytic
activity in its gut reflecting its intake of crustaceans (German et al.,
2015). Some of the herbivores show increased gene copy number for
amylase (German et al., 2016; Heras et al., 2020) underpinning elevated
amylolytic activity and greater algal starch digestion. One of the her-
bivores (Cebidichthys violaceus) has active hindgut microbial fermenta-
tion aiding in algal digestion, whereas the other herbivore (Xiphister
mucosus) does not (German et al., 2015), although the level of microbial
fermentation in C. violaceus is still lower than many other herbivorous
fishes that are known to be reliant on microbial fermentation to subsist
on algal diets (e.g., Clements and Choat, 1995; Clements et al., 2017).
Gut size shows the typical relationship with intake: those fishes
consuming more plant material have higher intake, and thus, a longer
gut to allow for more efficient digestion (Fig. 1; German et al., 2014;
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Fig. 1. Phylogenetic relationships of the polyphyletic family Stichaeidae based on 2100 bp of cytb, 16S, and tomo4c4 genes (Kim et al., 2014). Bayesian posterior
probabilities are indicated on nodes. Studied taxa are bolded, and photos are shown with their digestive systems beneath their bodies. Note the differences in gut size.
H = herbivory, O = omnivory, C = carnivory. Lumpenus sagitta is boxed. Evolution of herbivory (— — — —) and omnivory (............ ) are shown. Numbers in
parentheses show number of taxa evaluated at that branch. Shading highlights those clades within the family Stichaeidae that showed intertidal invasion where most

species are intertidal. Remaining clades (including L. sagitta) are subtidal.
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German and Horn, 2006; Herrera et al., 2022). Moreover, stichaeid
species showing ontogenetic dietary shifts have guts that get dispro-
portionately longer as the fish grow, whereas those species that are
carnivorous throughout life (e.g., Anoplarchus purpurescens) do not show
positive allometry of gut size with body size (German et al., 2014;
German and Horn, 2006). Up to this point, all of the studies of stichaeid
digestion have been focused on intertidal species since these groups
show the most dietary diversity, even though the majority of the family
is subtidal and mostly carnivorous (Fig. 1; German et al., 2015; Kim
et al., 2014). Thus, the point of this study is to expand the coverage of
stichaeid species for studies of digestion to include a subtidal species,
Lumpenus sagitta. This species may consume a considerable amount of
algae in some locations (Tresierra-Aguilar, 1980), although stable iso-
topic data show that species of Lumpenus are more enriched in 515N,
suggesting carnivorous protein sources (Hindell et al., 2012; Tame-
lander et al., 2006). There is no information on how the diet of L. sagitta
may change as the fish grows, nor what their gut may be capable of
digesting. Therefore, we collected a range of sizes of this species to
examine their diet and digestive physiology to compare them with other,
well-studied stichaeid species.

In L. sagitta we examined stomach contents, gut length, digestive
enzyme activities of the stomach and intestine, the gene expression
(transcriptomics) of the pyloric caeca, and the microbial diversity of
their distal intestines. We outline our hypotheses in Table 1. For diet, gut
size, and digestive enzyme activities, we examined how these changed
as the fish grew. If L. sagitta consumes more algae as they grow, as occurs
in other stichaeid fishes that consume algae as adults (i.e., C. violaceus,
P. chirus, X. mucosus, X. atropurpureus; German et al., 2014; German and
Horn, 2006; German et al., 2004), then they should show the concom-
itant positive allometry of gut size relative to body size (German et al.,
2014), and ontogenetic changes in digestive enzyme activities, partic-
ularly an increase in amylase activity, and a decrease in aminopeptidase
activity (German et al., 2014; German et al., 2004; German et al., 2015).
Chitinolytic activities are low in most of the herbivores or omnivores
(German et al., 2015). Although we have examined dietary impacts on
gut transcriptomics in stichaeid fishes (Herrera et al., 2022), we have not
done so in an ontogenetic manner (outside of specific genes; Gawlicka
and Horn, 2006; Kim et al., 2014). Hence, our transcriptomic analyses
are more exploratory in nature to observe what gene expression may
change as L. sagitta grows, and whether gene expression patterns may
match some of the digestive enzyme activity data we gather (Herrera
et al., 2022). Finally, if L. sagitta is omnivorous/herbivorous as it gets
larger, we would expect the distal intestine microbial diversity of this
species to roughly resemble that of the other stichaeid species (perhaps
to the family or genus level; Baldo et al., 2017) that consume consid-
erable algal content. Overall, this broad suite of traits should provide
insight into whether this subtidal stichaeid species can indeed digest
algae like its more well-studied relatives that reside in the intertidal
zone, and may expand the dietary, and digestive diversity of fishes in the
family. Moreover, our investigation further shows the importance of
measuring aspects of digestive physiology to discern what an animal can
digest as opposed to only studying gut contents.

Table 1
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2. Materials and methods
2.1. Fish capture and tissue preparation

Thirteen individuals of Lumpenus sagitta were collected by beach
seine at Jackson Beach, San Juan Island, Washington, USA (48.520 N,
123.011 W) in June 2016. The fish ranged in size from 79 to 213 mm
standard length (average + standard deviation: 134.85 + 50.14 mm),
which ranges from juvenile to adult (Tresierra-Aguilar, 1980). The fish
were transported live in seawater to Friday Harbor Laboratories (Friday
Harbor, WA) where they were dissected within three hours of capture.
Fish were euthanized with an overdose of tricaine methanesulfonate
(MS-222 in 1 g L! seawater), measured [standard length (mm)],
weighed (g), and dissected on a cutting board kept on ice (4 °C). The
digestive system of each fish was removed by cutting at the esophagus
and at the anus. The gut was removed, uncoiled, and the total gut length
(mm) measured as the distance from the esophageal sphincter to the
distal-most end of the intestine. The measured guts were used to
calculate relative gut length, which is the ratio of gut length/standard
length (German and Horn, 2006). The liver, stomach, and pyloric caeca
were excised. The intestine was divided into two sections of equal length
and the sections were designated as the proximal or distal intestine
(German et al., 2015; Herrera et al., 2022). The contents of the stomach
and intestine were emptied into their own vials and the tissues were
rinsed with ice cold 25 mM Tris HCl, pH 7.5, to ensure no digesta
remained adhered to the gut tissue. From four individuals (standard
lengths of 165, 117, 86, and 83 mm), approximately 100 mg of the
pyloric caeca were immediately placed in 0.5-ml centrifuge vials con-
taining RNAlater, and stored overnight at 4 °C, and subsequently
transferred to a — 80 °C freezer for storage until further processing. The
remaining portions of the tissues, stomach, and intestinal contents were
frozen on dry ice and transferred to —80 °C freezer for storage for
digestive enzyme activity assays, and other uses.

2.2. RNA isolation and library preparation

Approximately four months after capture, total RNA from the pyloric
caecal samples (20-50 mg) from the four individual fish of varying
lengths were isolated using TRIzol reagent (Thermo Fisher Scientific)
following the manufacture's protocol. Samples were quantified (ng/pl)
using an RNA Nanodrop and RNA quality was determined by Bio-
analyzer (RNA Integrity >7) at the UC Irvine Genomics Research and
Technology Hub. Samples were prepped for Illumina Sequencing using a
TruSeq RNA sample prep kit (Illumina, San Diego, CA) to prepare in-
dividual cDNA libraries. Agencourt AMPure XP magnetic beads were
used to re-purify the samples (Beckman Coulter Genomics, Danvers,
MA). The Bioanalyzer again was used to conduct a quality control check
of the cDNA. The cDNA pools were normalized to 10 nM and run in a
single lane, in a single paired-end 100 bp run on a HiSeq 2500 (Illumina,
San Diego, CA) by the UCI Genomics Research and Technology Hub. All
transcriptomic data generated were deposited into NCBI Archive with
accession number PRINA947617.

Predictions for digestive system features in Lumpenus sagitta if this species digests algae like other herbivorous or omnivorous stichaeid fishes. Included are predictions
for potential ontogenetic changes, and in comparison to other stichaeid species that are known to consume and digest algae.

Analysis % Dietary Gut length Transcriptomics Microbiome Amylolytic Chitinolytic Proteolytic Lipolytic
algae
Ontogenetic Increase Positive Increased expression of genes involved in N/A Increase Decrease Decrease Increase
allometry carbohydrate digestion/metabolism; Decreased
expression of genes involved in protein
digestion/metabolism
Comparative  Elevated Longer N/A Similarity with Elevated Low Low Elevated
intake herbivores/ activity activity activity activity

omnivores
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2.3. Assembly of sequence reads and relative expression levels

Raw data files were filtered and trimmed with Trimmomatic v0.32
(Bolger et al., 2014) implemented in UCI's High Performance Cluster
(HPCQ), in order to make certain that trailing bases have a Phred score of
a minimum of 30. Reads were then normalized to low systematic
coverage to remove errors and reduce data set size using the Trinity v
r2015-2.1.1 normalize_by_kmer_coverage.pl script (Haas et al., 2013). A
de-novo assembly using Trinity v r2015-2.1.1 was conducted, in where
we selected the largest individual (165 mm SL) as the reference
assembly.

2.4. Annotation of genes

Annotation was conducted with Trinotate v3.0.0 annotation suite for
genes under differential expression, the full transcripts of the in-
dividuals, and ortholog pairs and clusters. Trinotate uses TransDecoder
v2.0.1 (Haas et al., 2013) to identify open reading frames (ORF), then
translated and untranslated ORFs are blasted (BLASTX) against the
Swiss-Prot database, where the best hit and gene ontologies (GO) are
used for annotation. Afterwards, HMMER v3.1 tool hmmscan (Finn
et al., 2011) and the Pfam-A database (Punta et al., 2012) are used to
annotate protein domains for the predicted protein sequences.

2.5. Ontogenetic differential expression analysis

A de-novo assembly using Trinity v r2015-2.1.1 was conducted, for
which we selected the largest L. sagitta individual (165 mm SL) as the
reference assembly and used the RNA-seq by Expectation Maximization
(RSEM) package v1.2.31 to align RNA-Seq reads back to the Trinity
transcripts (Grabherr et al., 2011; Li and Dewey, 2011). Relative
expression levels of all genes expressed in the pyloric caeca were stan-
dardized to constitutively expressed Ribosomal Protein L8 using FPKM
ratios calculated with eXpress (Roberts and Pachter, 2013). Then, rela-
tive gene expression levels were estimated using RSEM v1.2.31 (Li and
Dewey, 2011), which allows for the identification of gene and isoform
abundance. Therefore, the calculated gene expression can be directly
used for comparing differences among individuals of different sizes.
Then, we generated heatmaps using EdgeR (Bioconductor v3.2) with a
false discovery rate (FDR) of 0.2 and a dispersion value of 0.4. We chose
a high FDR cutoff (typically <0.001; e.g., Herrera et al., 2022) because
there were zero Differentially Expressed Genes (DEGs) until we hit an
FDR of 0.2, at which there were three DEGs. There were more DEGs at an
FDR of 0.5 (see Supplemental Fig. S2), but this is such a high cutoff for
FDR it is meaningless in terms of actual DEGs having biological
significance.

2.6. Gut microbiome analysis

Sample DNA was isolated from the distal intestine tissues and con-
tents of the same four L. sagitta (165, 117, 86, and 83 mm SL) used for
the transcriptomic analyses. These data were compared to the micro-
biomes isolated from the distal intestine tissues and contents of wild-
caught X. mucosus, X. atropurpureus, P. chirus, and A. purpurescens
collected from Deadman's Bay, San Juan Island, Washington, USA
(48.510° N, 123.140° W; Herrera et al., 2022) within two weeks of the
L. sagitta collection, in June 2016. The sample DNA was isolated from
the distal intestine tissue and contents for all five species using the
Zymobiomics DNA mini kit from Zymo Research. 16S rDNA amplicon
PCR was performed targeting the V4 - V5 region (selected based on
previous literature) (Caporaso et al., 2012; Walters et al., 2016) using
the Earth Microbiome Project primers (515F [barcoded] and 926R;
Caporaso et al., 2012; Walters et al., 2016). Using MiSeq v3 chemistry
(PE300 sequencing length), the libraries were sequenced at the UC
Irvine Genomics Research and Technology Hub. This resulted in 17.4 M
reads passing filter (21% of that is phiX) with an overall >Q30 80.4%.
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Due to low quality scores of some samples, an additional MiSeq run was
performed to re-sequence some samples, and the ASV data from both
runs were merged in QIIME2 (version 2022.8). The raw sequences were
imported into QIIME2 (version 2022.8) using UCI's High Performance
Community Computing Cluster (HPC3). After initial sample quality
check (99% identity threshold), the paired-end sequences were quality
filtered using the DADA2 pipeline in QIIME2, resulting in 1,573,237
merged paired-end reads. Taxonomic classification for Amplicon
Sequence Variants (ASVs) was assigned using the Silva 138 99% OTUs
from 515F/806R region of sequences (release 138) (Quast et al., 2012).
Analyses were conducted in both QIIME2 and R (Version 1.4.1103). We
used ANOVA followed by Tukeys HSD to determine whether there were
significant differences in a-diversity (Shannon alpha diversity) of the
microbial communities in the fish species. Bray-Curtis dissimilarity
matrices were used to generate non-metric multidimensional scaling
plots for microbial communities in the tissues and intestinal contents of
the various fish species. PERMANOVA with 999 permutations, as well as
a pairwise PERMANOVA with Benjamini-Hochberg p-adjusted values,
were used to test for differences in microbial community p-diversity
among the fish species. To determine which microbial taxa were driving
differences among the fish host species, we ran indicator species anal-
ysis, which shows which microbial taxa are uniquely associated with
particular fish host species (De Caceres et al., 2012). Furthermore, to
observe which microbial taxa drove the spatial distributions in the non-
metric multidimensional scaling plots, we added vectors to the plots to
show those microbial features with a significantly high correlation (p
value = 0.005) to specific fish species (https://riffomonas.org/code_clu
b/2022-04-11-biplot). To determine core microbial taxa that are shared
among all fish host species samples, we utilized the core-features com-
mand in QIIME2 to identify ASVs observed in 100% (fraction of 1.0) of
all samples of fish host species. These ASVs were identical among all
samples. All microbiome data generated were deposited into NCBI
Archive with accession number PRINA949661.

2.7. Tissue homogenates, stomach content analyses, and digestive enzyme
activity measurements

Gut tissues from each gut region from individual fish were weighed
and homogenized following German et al. (2015). Intestinal tissues were
homogenized in 25 mM Tris-HCl, pH 7.5, whereas stomach tissue was
homogenized in 100 mM citric acid-sodium citrate buffer, pH 5.0. The
supernatants of homogenates were collected and stored in small aliquots
(100-200 pl) at -80 °C until just before use in spectrophotometric or
fluorometric assays of digestive enzyme activities.

Stomach contents were analyzed from each L. sagitta specimen
following Boyle and Horn (2006). Contents were defrosted, removed
from the centrifuge vial in which they were stored (frozen) and placed
into a petri dish filled with deionized water. Under a dissecting micro-
scope (AmScope, Irvine, CA) contents were separated into taxonomic
groups. Algae and invertebrates were separated by species (where
possible), and prey items were damp-dried and weighed to the nearest
0.001 g. Diets were quantified using prey biomass rather than number of
individual prey items to allow a direct comparison between the different
individuals. Following German et al. (2004), the L. sagitta diet was
condensed to the average percent algal or animal material in their
stomachs for qualitative comparison with other prickleback species
(German et al., 2015).

All digestive enzyme assays were carried out at 15 °C in duplicate or
triplicate using a BioTek Synergy H1 Hybrid spectrophotometer/fluo-
rometer equipped with a monochromator (BioTek, Winooski, VT). 15 °C
was chosen because this is towards the upper range of the temperatures
experienced in the Salish Sea during the summer months (Crummett,
2020), and was also the temperature used for enzyme assays in our
previous investigation (German et al., 2015), which we used as a source
for comparative data in the present study on Lumpenus sagitta. General
elements of each enzyme assay (substrate, pH, citation) are presented in
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Table 2
Summary of enzyme assay methods used in this study of digestive enzyme ac-
tivities in prickleback fishes.

Enzyme Nutrient Substrate Substrate Method
target concentration citation
Gastric enzymes®
Pepsin Protein Hemoglobin 2% (mass/ Anson,
volume) 1938,
German
et al., 2004
Chitinase Carbohydrate  Chitin 5 mg/ml Jeuniaux,
1966,
German and
Bittong,
2009
Intestinal and pancreatic enzymes”
Amylase Carbohydrate  Potato 1% (mass/ German
Starch volume) et al., 2004
Maltase Carbohydrate ~ Maltose 56 mM German and
Bittong,
2009,
Dahlgvist,
1968
NAGase' Carbohydrate ~ MUB-NAG* 0.2 mM German
et al., 2011
Trypsin Protein BAPNA* 2 mM Erlanger
et al., 1961,
German
et al., 2004
Aminopeptidase Protein APNA* 2.04 mM German and
Bittong,
2009
Carboxyl ester Lipids 4NP- 0.55 mM German and
lipase Myristate” Bittong,
2009

a

b

Pepsin assays were run at pH 2, Chitinase at pH 4.5.
All intestinal and pancreatic enzyme activities were measured at pH 7.5.
 NAGase: N-acetyl-p-p-glucosaminidase.
" MUB-NAG: 4-methylumbelliferyl-N-acetyl-p-p-glucosaminide; BAPNA: No-
benzoyl-L-arginine-p-nitroanilide hydrochloride; APNA: r-alanine-p-nitroanilide
HCl; 4NP-Myristate: 4-nitrophenyl myristate.

Table 2. All assay protocols generally followed methods detailed in
German and Bittong (2009), as described in German et al. (2015). All pH
values listed for buffers were measured at room temperature (22 °C),
and all reagents were purchased from Sigma-Aldrich Chemical (St.
Louis). All reactions were run at saturating substrate concentrations as
determined for each enzyme. Each enzyme assay included blanks con-
sisting of substrate only and homogenate only (in buffer) to simulta-
neously account for endogenous substrate and/or product in the tissue
homogenates and substrate solutions.

2.7.1. Gastric enzyme assays

Pepsin activity was expressed in U (umol of i-tyrosine liberated per
minute) per gram wet weight of gut tissue based on a 1-tyrosine standard
curve.

Chitinase activities were measured as the amount of N-acetyl-f-p-
glucosamine (NAG) released from chitin hydrolysis, and quantified
following the method of Reissig et al. (1955). The chitinase activity was
determined from a NAG standard curve and expressed in U (1 pmol NAG
liberated per min) per gram wet weight of gut tissue.

2.7.2. Pancreatic and intestinal enzyme assays

The a-amylase activity was determined from a glucose standard
curve and expressed in U (pmol glucose liberated per minute) per gram
wet weight of gut tissue.

The maltase activity was determined from a glucose standard curve
and expressed in U (pmol glucose liberated per minute) per gram wet
weight of gut tissue.
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N-acetyl-p-p-glucosaminidase (NAGase) activities (umol product
released per minute per gram wet weight tissue) was calculated from the
methylumbelliferone (MUB) standard curve.

Trypsin activity was determined with a p-nitroaniline standard
curve, and expressed in U (pmol p-nitroaniline liberated per minute) per
gram wet weight of gut tissue.

Aminopeptidase activity was determined with a p-nitroaniline
standard curve, and activity was expressed in U (umol p-nitroaniline
liberated per minute) per gram wet weight of gut tissue.

Carboxyl ester lipase activity was determined with a p-nitrophenol
standard curve, and expressed in U (pmol p-nitrophenol liberated per
minute) per gram wet weight of gut tissue.

2.8. Statistical analyses

Correlation analysis was used to determine how percent algal ma-
terial in the diet and the activity of each of the seven digestive enzymes
varied with SL in L. sagitta. Correlations (Spearman's rank correlation
coefficient, p) were employed to examine the relationship with size. Gut
allometry was examined in L. sagitta, X. mucosus, X. atropurpureus,
P. chirus, C. violaceus, and A. purpurescens using linear regression con-
trasting relative gut length with SL. Data from the other species came
from German et al. (2014). Slopes of regression lines were compared
using ANCOVA followed by Tukey's multiple comparisons test with P =
0.05. To contrast digestive enzyme activity levels of L. sagitta with other
prickleback species, we used ANOVA, followed by a Tukey's HSD, to
compare the digestive enzyme activities of the stomach, pyloric caeca,
proximal intestine, and distal intestines individually among L. sagitta,
X. mucosus, X. atropurpureus, P. chirus, C. violaceus, and A. purpurescens
(using data from German et al., 2015 for the intestinal enzyme data for
species other than L. sagitta). Note that the herbivorous C. violaceus
wasn't included in the microbiome analyses because this fish species is
not found in Washington, like the other species. Thus, for the micro-
biome analyses, we limited the fish taxa to those that are sympatric with
L. sagitta. Prior to all significance tests, Levene's and Bartlett's tests were
performed to ensure the appropriateness of the data for parametric an-
alyses. Where necessary, data were transformed using a Box-Cox trans-
formation to meet the assumptions of ANOVA. Some enzyme activities
(aminopeptidase and trypsin) still didn't meet requirements for para-
metric tests and thus were analyzed with Kruskal-Wallis tests followed
by Pairwise Wilcoxon Rank Sum tests for multiple comparisons with a
Bonferoni correction. All statistics were run in R (version 4.1.2).

3. Results
3.1. Pyloric caeca transcriptomics

Astonishingly, there were no ontogenetic patterns in gene expression
in the pyloric caeca of L. sagitta (Supplemental Fig. S1). We examined
the pyloric caecal gene expression in four individuals ranging in size
from 83 to 165 mm SL and observed only three DEGs with a FDR cutoff
of 0.2 because we could not detect any DEGs below this cutoff. The three
alleged DEGs are Compliment Receptor 1, Signal Recognition Particle
54, and an uncharacterized protein (Supplemental Fig. S1). However,
the only pattern is driven by relatively low expression of these genes in
the L. sagitta individual that was 117 mm SL, and thus, even these three
genes don't show an ontogenetic pattern. Thus, the pyloric caecal gene
expression patterns were nearly identical among the four individuals.

3.2. Gut length

Each of the four prickleback species that are known to consume
considerable amounts of algae (C. violaceus, X. mucosus, X. atropurpureus,
and P. chirus) in their diets showed a positive relationship between
relative gut length and body length, showing that as their bodies get
larger, their guts get disproportionately longer, whereas A. purpurescens
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(carnivore) and L. sagitta showed little relationship between these var-
iables (Table 3; Fig. 2). The magnitude of these relationships (i.e.,
slopes) varied according to diet, with the two herbivores, C. violaceus
and X. mucosus, having statistically significantly steeper slopes between
gut length and body length than all of the other species, and C. violaceus
had a steeper slope than X. mucosus (Table 3). The omnivorous
X. atropurpureus and P. chirus had intermediate slopes between gut
length and standard length, and differed from each other, but were
statistically different from the herbivores and carnivores. The carnivo-
rous A. purpurescens and L. sagitta showed no significant relationship
between gut size and body size, and had slopes that differed from one
another and all other species except P. chirus (Table 3; Fig. 2).

3.3. Diet and digestive enzyme activities

Algae (mostly Ulva sp. with some Rhodophytes occasionally) was the
dominant item by mass in most of the L. sagitta stomachs, composing
between 5.66 and 100% of stomach material by mass (Table 4). The
remainder was crustaceans, polychaete worms, mollusks, and some
detritus. There was no correlation of dietary algal content with standard
length (P = 0.48; Table 4). Three digestive enzymes showed some cor-
relation between activity level and body size in Lumpenus sagitta.
Aminopeptidase showed a negative correlation, decreasing in activity in
each of the proximal and distal intestine of the fish as they grew
(Table 4). Similarly, amylase activities showed a negative correlation
with body size, but only for the proximal intestine. Lipase activities
showed differing relationships with body size depending on gut region,
with the proximal intestine activities having a significantly positive
correlation with standard length, whereas the distal intestine correlation
was negative among these variables (Table 4). No other enzymes
showed any relationship of activity level with body size in L. sagitta.

All enzyme activity data, including the statistical analyses, can be
found in Supplemental Tables S1 (gastric enzymes) and S2 (intestinal
enzymes) in the online version of this manuscript. For the gastric en-
zymes, pepsin activity was significantly higher in the omnivorous
P. chirus and the carnivorous A. purpurescens and L. sagitta than in the
other omnivorous and herbivorous species, although X. atropurpureus
pepsin activity was not statistically different from that of L. sagitta (F5 49
= 30.11 P = 0.01; Fig. 3). For chitinase, the omnivorous P. chirus and
carnivorous A. purpurescens had had significantly higher activities than
the other species (F528 = 16.73; P = 0.01; Fig. 3). The omnivorous

Table 3
Regression statistics of relative gut length (RGL) contrasted with SL for six
species of prickleback fishes.

Species Equation of the r? P Slope
line comparison
Cebidichthys violaceus y = 0.0061x + 0917 <0.001 e
() 0.549
Xiphister mucosus (H) y = 0.0056x + 0936 <0.001 d
0.377
Xiphister y = 0.0025x + 0.804  <0.001 ¢
atropurpureus (O) 0.490
Phytichthys chirus (O) y = 0.0021x + 0.487  0.019 ab
0.410
Anoplarchus y = 0.0004x + 0.017  0.657 b
purpurscens (C) 0.526
Lumpenus sagitta (C) y = —0.0001x + 0.224  0.071 a

0.769

P values indicate the significance of the relationship between relative gut length
and body length. Slopes were compared among species for each contrast with
ANCOVA followed by a Tukey's multiple comparisons test. Significance was set
at P = 0.05. Slopes that share a letter are not significantly different. Sample sizes
are as follows, X. mucosus (n = 68), X. atropurpureus (n = 73), P. chirus (n = 36),
C. violaceus (n = 72), A. purpurescens (n = 84), and L. sagitta (n = 13). H =
herbivore, O = omnivore, C = carnivore. Data from species other than L. sagitta
from German et al. (2014).
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Fig. 2. Regressions of relative gut length {gut length (mm) x standard length
(mm) '} as a function of standard length. Plots are broken up by diet, with
herbivores (top), omnivores (middle), and carnivores (bottom) in different
plots. Phylogenetic relationships shown in Fig. 1. Regression statistics can be
found in Table 2. H = herbivory, O = omnivory, and C = carnivory. Data on
species other than Lumpenus sagitta from German et al. (2014).

X. atropurpureus and L. sagitta had activities that were not different from
each other, but higher than the herbivorous species, although the chi-
tinase activity of L. sagitta wasn't statistically distinguishable from the
herbivores (Fig. 3).

For this section, we will report the most interesting comparisons for
the digestive enzyme activities among the species for the proximal in-
testine, which is the intestinal region with the highest enzyme activities
in many of the species (German et al., 2015). Aminopeptidase activities
showed strong dietary affinity with the carnivorous A. purpurescens
having significantly higher activity than all other species, followed by
the omnivorous P. chirus and X. atropurpureus (Fs 36 = 25.42; P = 0.01;
Fig. 4). The two herbivorous species (C. violaceus and X. mucosus) had
the lowest aminopeptidase activities, and were not different from
L. sagitta in activity level for this enzyme (Fig. 4). Amylase activity in
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Table 4

Percent algae in the diet and digestive enzyme activities (U * g gut tissue ~1), and
the correlation of each with standard length (SL) in Lumpenus sagitta for each gut
region.

Enzyme Range p P

% dietary algae 5.66-100.00 —0.29 0.48
Pepsin (stomach) 6.24-17.72 0.35 0.36
Chitinase (stomach) 0.11-0.74 0.37 0.33
Aminopeptidase PC 0.17-0.51 —0.50 0.45
Aminopeptidase PI 0.79-8.75 —0.64 0.05
Aminopeptidase DI 0.30-0.80 -0.79 0.01
Trypsin PC 0.08-0.59 -0.90 0.08
Trypsin PI 0.19-1.06 —-0.60 0.07
Trypsin DI 0.11-2.00 —0.60 0.07
Amylase PC 1.43-4.69 —0.40 0.52
Amylase PI 3.21-48.79 —0.64 0.05
Amylase DI N.D. - 4.61 0.58 0.58
Maltase PC 0.39-0.97 —0.30 0.68
Maltase PI 0.24-5.96 —0.08 0.84
Maltase DI 0.12-2.41 -0.73 0.02
NAGase PC 2.21-5.94 —0.70 0.23
NAGase PI 1.92-10.84 —0.01 1.00
NAGase DI 1.48-23.67 -0.32 0.41
Lipase PC 0.81-22.86 —0.60 0.35
Lipase PI 1.09-2.10 0.02 0.02
Lipase DI 0.07-5.79 -0.79 0.01

PC = pyloric caeca, PI = proximal intestine, DI = distal intestine.
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Fig. 3. Pepsin (top), and chitinase (bottom) activities in the stomachs of
Cebidichthys violaceus (Cv), Xiphister mucosus (Xm), Xiphister atropurpureus (Xa),
Phytichthys chirus (Pc), Anoplarchus purpurescens (Ap), and Lumpenus sagitta (Ls).
Enzyme activities are International pmol product produced per minute, per
gram of tissue. Box plots represent median values (bolded line in each box) with
lower and upper quartiles bounding each box. Error bars are 95% confidence
intervals and remaining dots are outliers. n = 6 for Cv, Xm, Xa, and Ap; n = 9
for Pc; n = 12 for Ls. Herbivory (H), Omnivory (O), and Carnivory (C)
indicated accordingly. Interspecific comparisons made with ANOVA followed
by Tukey's HSD for each enzyme individually. Boxes not sharing a letter are
significantly different from each other for a given enzyme. Truncated phylog-
eny provided to view relatedness of studied taxa.
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X. atropurpureus was significantly higher than all other species, except its
sister taxon, the herbivorous X. mucosus (Fs 35 = 50.9; P = 0.01; Fig. 4).
In turn, amylase activity in X. mucosus was not different from that of
C. violaceus. These highest amylase activities were all significantly
higher than those in P. chirus, A. purpurescens, and L. sagitta (Fig. 4). For
NAGase, L. sagitta had activity levels that were significantly higher than,
and an order of magnitude higher than, all other species, which didn't
differ from each other (F5 35 = 31.38; P = 0.01; Fig. 4).

3.4. Distal intestine microbial community analyses

Alpha diversity did not differ among the distal intestine content
microbial communities found in X. mucosus, X. atropurpureus, P. chirus.
A. purpurescens, and L. sagitta (Supplemental Fig. S3). Based on the
PERMANOVA of the intestinal content community beta diversity (P =
0.007; R% = 0.329), L. sagitta had significantly different communities
from A. purpurescens (P = 0.066) and P. chirus (P = 0.033), and in turn,
P. chirus was different from both Xiphister taxa (vs X. mucosus, P = 0.027;
vs X. atropurpureus, P = 0.031), and A. purpurescens (P = 0.054; Fig. 5).
L. sagitta was not different from the two Xiphister taxa (vs X. mucosus, P
= 0.107; vs X. atropurpureus P = 0.106), and the two Xiphister species
were not different from each other (P = 0.677). Twenty nine bacterial
taxa represented indicator species for L. sagitta, and were from six phyla
of Campylobacterota, Pseudomonodota, Chloroflexota, Actino-
bacteriota, Bacillota, and Planctomycetota (Supplemental Table S3). Of
those 29, nine are in the Pirellulaceae family within the Planctomyce-
tota, and seven are in the Pseudomonodota representing three different
families. Six were in the Chloroflexota, whereas the remainder were
spread among the other phyla. Phytichthys chirus had 18 species with
indicator status, almost entirely in the Pseudomonodota (Supplemental
Table S3). The other fish taxa had four or fewer indicator species. Biplot
analysis to determine significant taxa that are driving the variation in
the non-metric multidimensional scaling plot similarly points to Pseu-
domonodota as explaining much of what separates L. sagitta and P. chirus
from the other species in terms of the gut content microbiome (Sup-
plemental Fig. S4).

The alpha diversity of the intestinal tissue microbial community did
not vary significantly among the different species (Supplemental
Fig. $5). The PERMANOVA (P = 0.111; R? = 0.257) suggested that none
of the species differed statistically in terms of beta diversity among the
intestinal tissue microbiome (Fig. 5). The vector analysis applied to the
MDS plot for the intestinal tissue community pointed to several taxa
within the Pseudomonodota and Bacillota as being important for
L. sagitta (Supplemental Fig. S6). For the intestinal tissue community, a
taxon in the genus Vogesella, which is part of Gammaproteobacteria
within the Pseudomonodota, is explanatory for L. sagitta and
X. atropurpureus (Supplemental Table S4). Perhaps the most interesting
aspect of the analysis is that the intestinal tissue and contents have
different bacterial communities, as is apparent in the MDS plot (Fig. 5).
For each species, there was a statistical difference between the bacterial
communities found in the intestinal tissue as compared to the intestinal
contents: A purpurescens (F1,0 = 2.97, P = 0.011), L. sagitta (F;,6 = 2.26,
P = 0.032), P. chirus (F;,; = 2.25, P = 0.034), X. atropurpureus (F1,7 =
3.25, P = 0.033), X. mucosus (F;,7 = 2.95, P = 0.025). A core microbiota
analysis revealed 17 core taxa shared among all five prickleback species,
and 14 of those 17 are part of the Pseudomonodota (Supplemental
Table S5). A stacked taxa barplot is shared as Supplemental Fig. S7, and
the complete list of taxa and abundance levels is Supplemental Table S6.

4. Discussion

Lumpenus sagitta is known to consume considerable algal content in
their diet (Tresierra-Aguilar, 1980). Hence, we collected a range of sizes
of this species and made predictions about their gut structure and
function relative to other well-studied carnivorous, omnivorous, and
herbivorous fish species in the same family, Stichaeidae (Table 1; Fig. 1).
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Fig. 4. Aminopeptidase (top), amylase (middle), and
N-acetyl-p-p-glucosaminidase (bottom) activities in
the proximal intestines of Cebidichthys violaceus (Cv),
Xiphister mucosus (Xm), Xiphister atropurpureus (Xa),
Phytichthys chirus (Pc), Anoplarchus purpurescens (Ap),
and Lumpenus sagitta (Ls). Enzyme activities are pmol
product produced per minute, per gram of tissue,
except for N-acetyl-p-p-glucosaminidase, which is
nmol product produced. Box plots represent median
values (bolded line in each box) with lower and upper
quartiles bounding each box. Error bars are 95%
confidence intervals and remaining dots are outliers.
n = 6 for Cv, Xm, Xa, and Ap; n = 9 for Pc; n = 12 for
Ls. Herbivory (H), Omnivory (O), and Carnivory
(C) indicated accordingly. Interspecific comparisons
made with ANOVA followed by Tukey's HSD for each
enzyme individually. Boxes not sharing a letter are
significantly different from each other for a given

enzyme. Data for all species other than Ls are from
German et al. (2015).
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We confirmed that L. sagitta does indeed consume algae, as it was the
dominant item in their stomachs, at least from the collection period in
June 2016. However, of all of the predictions made about this fish's
ability to digest algae, only one was supported: relatively low amino-
peptidase activity that decreased as the animals got larger. Other than
that, L. sagitta possessed more of a carnivorous digestive physiology: a
lack of pyloric caecal differential gene expression as the fish grew, a
short gut that does not show positive allometry with body size, low
amylolytic and maltasic activity that do not increase ontogenetically,
low lipolytic activity with conflicting ontogenetic patterns depending on
gut region, elevated pepsin and NAGase activities, and a microbiome
that was enriched in taxa from phylum Pseudomonodota. All of these
parameters set L. sagitta apart from most of the species we studied, but
particularly from the herbivores and omnivores. Thus, although

L. sagitta does consume algae, it doesn't appear that they target the
carbohydrates in the algae, which would be the most abundant algal
nutrient (Painter, 1983). Omnivores typically consume algae for the
carbohydrates (Raubenheimer et al., 2005), and thus, have elevated
amylolytic activity (German et al., 2015; Skea et al., 2007); this was not
observed for L. sagitta.

In terms of gut length, animals that consume lower quality foods, like
algal material or detritus, have higher intake, and higher intake means a
longer gut is required to have adequate surface area for nutrient ab-
sorption, and to maintain material in the gut for some length of time to
allow for sufficient digestion to occur (Davis et al., 2013; German and
Horn, 2006; German et al., 2015; Leigh et al., 2018a; Sibly, 1981; Sibly
and Calow, 1986; Wagner et al., 2009). Fishes that eat more animal
material have lower intake and shorter guts (German et al., 2010a;
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Fig. 5. Non-metric multidimensional scaling plots
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Karasov and Douglas, 2013; Kramer and Bryant, 1995b; Stevens and
Hume, 1995). Animals that undergo ontogenetic dietary shifts towards
more consumption of plant material as they grow, also tend to have gut
lengths that get disproportionately longer than their bodies as the fish
get larger (i.e., positive allometry of gut size with body size; Davis et al.,
2013; Kramer and Bryant, 1995a). This is true for the herbivores and
omnivores examined here and in our previous work (German et al.,
2014; German and Horn, 2006; German et al., 2015; Herrera et al.,
2022). However, the allegedly omnivorous L. sagitta shows no change in
gut size relative to body size as the animal gets larger (Fig. 2). They
maintain a similar relative gut length throughout their lives, similar to
the carnivorous A. purpurescens. We had larger size ranges for the other
species, as L. sagitta reaches maximum recorded lengths of 513 mm SL
(Eschmeyer et al., 1983), and our largest one was 213 mm SL. However,
even with more limited size ranges, our previous analyses caught similar
positive slopes of RGL with body size in pricklebacks that only held up as
larger individuals were added (German et al., 2014; German and Horn,
2006), suggesting that the relationship of gut length with body length
wouldn't likely change with larger individuals of L. sagitta. Hence,
L. sagitta has a relatively short gut that stays a similar size relative to
their body length throughout their lives, similar to other carnivorous
fishes (e.g., German et al., 2010a, 2014). Although some omnivorous
fishes have guts of similar size relative to body size as seen in L. sagitta (e.
g., Hyporhamphus regularis ardelio) (Day et al., 2011), gut length shows

strong phylogenetic correlation (German and Horn, 2006; German et al.,
2010a), and thus, in comparison to other pricklebacks, L. sagitta has a
short gut that does not lengthen relative to its body length as the animal
grows. Thus, support for the hypothesis that this fish would have posi-
tive allometry of gut size relative to body size was not supported.
Digestion is a chemical process and hydrolytic digestive enzymes
degrade large polymers down to monomers or oligomers that are
absorbable by the animal (German, 2011; Karasov and Douglas, 2013;
Vonk and Western, 1984). Many studies have shown dietary effects on
intestinal or pancreatic enzyme activities in proximate and ultimate
contexts. However, few studies have examined dietary impacts on
gastric enzyme activities (e.g., Chakrabarti et al., 1995; Drewe et al.,
2004; German et al., 2004; Sabapathy and Teo, 1993). Here, we
observed that those fishes that consume more animal material—which
means more dietary protein than fishes consuming more algal materi-
al—had higher pepsin activity. Pepsin is an endoprotease that operates
under the acidic conditions of the stomach, kicking off protein digestion
in the gut (Andreeva, 1995; Mazumder et al., 2018; Miura et al., 2015;
Narita et al., 2010; Navarro-Guillén et al., 2022; Newton et al., 2015;
Vonk and Western, 1984). Protein digestion is important for all animals,
and in general, there are not as strong relationships for proteolytic ac-
tivity in an animal's gut, and the amount of protein in the diet, as there is
for carbohydrase activities and carbohydrate in the diet (German et al.,
2004; German et al., 2010a; German et al., 2015; Karasov and Douglas,
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2013; Kohl et al., 2011; Skea et al., 2005, 2007). However, elevated
pepsin activity in more carnivorous pricklebacks, and an increase in
pepsin activity in response to a high-protein diet in the laboratory has
been observed before (German et al., 2004), as have ontogenetic de-
creases in pepsin in a frugivorous fish as they transition to a fruit-rich
diet (Drewe et al., 2004).

A match between dietary substrate intake and digestive enzyme ac-
tivity to digest that substrate is known as the Adaptive Modulation
Hypothesis (AMH; Karasov, 1992; Karasov and Martinez del Rio, 2007).
The AMH has strong support for carbohydrases (mostly amylase and
maltase), but less so for proteases in the intestine (Yawitz et al., 2022).
This study adds to the support for the AMH for pepsin in the stomach
specifically. Most studies of pepsins have focused on carnivorous ani-
mals only (Mazumder et al., 2018; Miura et al., 2015; Navarro-Guillén
et al., 2022; Newton et al., 2015), with one exception of elevated gene
copy number for pepsinogen genes in Orangutans (Narita et al., 2010).
In terms of L. sagitta, its elevated pepsin activity doesn't support our
hypothesis relating to digestive enzyme activities for an omnivorous
stichaeid, and suggests more protein in its diet.

Chitinase is a carbohydrase that generates di- and oligosaccharides
from the polysaccharide chitin. Chitin is commonly found in the exo-
skeletons of crustaceans and fungal cell walls, and with 103 metric tons
of chitin generated annually, it is one of the most common biopolymers
globally, and particularly in marine waters (Barikani et al., 2014;
Muzzarelli, 1999). Therefore, fishes should show chitinolytic ability,
whether to disrupt exoskeletons or cell walls (Gutowska et al., 2004), or
to actually gain oxidizable substrates from the monomeric N-acetyl-
glucosamine that composes chitin (Alliot, 1967; Péres et al., 1973;
Vervaet, 2019). Chitinase activities have been shown to match with diet
in herbivorous and carnivorous minnows (i.e., more chitinase in fishes
consuming more insects) (German et al., 2010a), and in some marine
fishes (Danulat, 1986; Goodrich and Morita, 1977; Lindsay, 1984; Ver-
vaet, 2019). However, German et al. (2010a) is the only comparison of
which we are aware of chitinase activities in closely related fish species
with different diets, like we have done in this current study. Here,
P. chirus consumes the most crustaceans among the studied pricklebacks
(German et al., 2014) and has the highest chitinase activities. Even
A. purpurescens and X. atropurpureus consume the next most crustaceans
(German and Horn, 2006; German et al., 2015) and they too show
elevated chitinolytic activity. Crustaceans make up a considerable pro-
portion of the diet of L. sagitta, yet their gastric chitinase activity is low.
Recent genomic work on C. violaceus (Heras et al., 2020; Wright et al.,
2023), and transcriptomic work on the same species used in this study
(Herrera et al., 2022) shows that chitinases are indeed in the genome
and are expressed in the fishes, and thus, these activities are endoge-
nous. Much like pepsin, more work is needed with diet switching ex-
periments to discern how flexible chitinase activities are with proximate
diet, but natural diet does impact chitinolytic activities in prickleback
fishes. We found that L. sagitta had moderate chitinase activities, in
between the herbivores and carnivores (Fig. 3).

The next enzyme in the chitinolytic cascade is N-acetyl-B-p-gluco-
saminidase (NAGase), which generates N-acetyl-glucosamine by hy-
drolyzing the disaccharide chitobiose, the product of chitinase digestion.
Phytichthys chirus has the highest chitinase activities in its stomach, and
elevated NAGase activity in its distal intestine contents (German et al.,
2015), consistent with an animal that may be targeting N-acetyl-
glucosamine for metabolic use (Vervaet, 2019). Fishes can absorb and
use N-acetyl-glucosamine in metabolic pathways (Alliot, 1967; Péres
et al., 1973; Vervaet, 2019). What is intriguing about L. sagitta is that it
has the highest NAGase activities in its intestinal tissues by two orders of
magnitude (Fig. 4), and this is true for all gut regions (Supplemental
Table S2). Although L. sagitta didn't have the highest chitinase activities
in its stomach, the elevated NAGase strongly suggests that this species
absorbs and uses N-acetyl-glucosamine metabolically (Alliot, 1967;
Péres et al., 1973; Vervaet, 2019) and doesn't just disrupt crustacean
exoskeletons during the digestive process to access other nutrients
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(Gutowska et al., 2004). The elevated NAGase could also be a function of
the intestinal microbiome of L. sagitta, but this wouldn't explain the
elevated NAGase found throughout the L. sagitta gut (especially the
pyloric caecal and proximal intestine regions), which suggests the ac-
tivity is endogenous. Elevated NAGase is a unique characteristic of
L. sagitta in this study, and further distances L. sagitta from the herbi-
vores and omnivores in the Stichaeidae. Coupled to the relatively low
trypsin and aminopeptidase activities in their guts, it is possible L. sagitta
meets some nitrogen requirements via N-acetyl-glucosamine (Vervaet,
2019).

The other digestive enzymes followed known patterns observed with
diet: elevated amylase activities in the fish consuming more plant ma-
terial (i.e., more starch), and elevated aminopeptidase in the those
consuming more animal material (i.e., more protein). The one exception
is L. sagitta. Why this “omnivorous” species had low aminopeptidase
activity in its gut (all gut regions) is unknown. Three prickleback species
(C. violaceus, X. atropurpureus, and A. purpurescens) showed significant
increases in aminopeptidase activity when consuming a high-protein
animal diet in the lab (German et al., 2004). Perhaps L. sagitta had
lower aminopeptidase activity due to some recent dietary changes since
our enzyme measurements only captured a single moment in time, but
trypsin activity was also low (Supplemental Table S2).

Four prickleback species show ontogenetic changes in diet and
concomitant digestive enzyme activities: C. violaceus, X. mucosus,
X. atropurpureus, and P. chirus consume more algae and increase the
amylase activities in their guts as they grow (German et al., 2014;
German and Horn, 2006; German et al., 2004). Amylase gene expression
also increases with size (Kim et al., 2014). Hence, we examined whether
L. sagitta showed any changes in digestive enzyme activities as they
grew. Unlike the other species, L. sagitta showed a significant negative
correlation between amylase activity and body size in the proximal in-
testine region, where this enzyme is most active. Moreover, no ontoge-
netic change in amylase gene expression was detected in the pyloric
caeca, the same gut region used by Kim et al. (2014) for their exami-
nation of amylase gene expression; the pyloric caeca and mid intestine
have strong pancreatic expression and amylase is a pancreatic enzyme
(Heras et al., 2020; Herrera et al., 2022; Kim et al., 2014). Similar to
L. sagitta, the carnivorous A. purpurescens showed no change in amylase
gene expression ontogenetically (Kim et al., 2014).

Consistent with the low aminopeptidase activity in L. sagitta overall,
the activity of this enzyme decreased as the fish grew. If L. sagitta is an
omnivorous fish, it isn't clear why aminopeptidase activity decreased
with increase in fish size. The substrate we used in our assays measures
alanine aminopeptidase activity (Roncari and Zuber, 1969), which is an
important enzyme that completes the final step generating individual
amino acids from dipeptides so that the amino acids can be absorbed
(Karasov and Douglas, 2013). Fishes do possess the PEPT1 transporter in
their enterocyte membranes, which is capable of transporting di- and tri-
peptides in addition to individual amino acids (Hart et al., 2016; He
et al., 2022; Verri et al., 2017), and perhaps L. sagitta doesn't rely on
amino acid absorption as much as absorbing larger peptides. Or, it is
possible that L. sagitta expresses a different aminopeptidase along its
brush border. Fishes possess five different alanyl aminopeptidase genes
in their genomes: anpepa, anpepb, anpepN, anpepEY, and anpep EY-like
(Heras et al., 2020), all of which show strong gut expression in prick-
lebacks (Heras et al., 2020; Herrera et al., 2022). Perhaps L. sagitta relies
more on a different aminopeptidase, like Leucyl Aminopeptidase, which
would be measured with a different substrate than an alanine conjugate,
like we used. For instance, in abalone, some species (e.g., Haliotis iris)
don't have measurable alanyl aminopeptidase, yet they have elevated
Leucyl Aminopeptidase activity in comparison to its congener
H. rufescens (Frederick et al., 2022). Further work is needed on amino-
peptidases in pricklebacks and beyond (Heras et al., 2020).

An alternative to the Adaptive Modulation Hypothesis is known as
the Nutrient Balancing Hypothesis (Clissold et al., 2010; Heras et al.,
2020), which states that if a nutrient is limiting (e.g., essential fatty
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acids), then enzymatic activity against that substrate may increase when
the nutrient is in short supply in the diet. In pricklebacks, and fishes
more generally (Leigh et al., 2018a), lipase activities—especially across
the entire gut—are elevated in those species consuming more plant
material (German et al., 2004; German et al., 2015) and the herbivores
may have more copies of the carboxyl ester lipase gene in their genomes
(Heras et al., 2020), even though most algae is low in lipid content,
particularly those consumed by pricklebacks (Neighbors and Horn,
1991). The assay substrate we used measures carboxyl ester lipase (also
known as bile-salt activated lipase), which is the main digestive lipase in
fishes since they don't possess a pancreatic, co-lipase system, like
mammals (Murray et al., 2003; Olsen and Ringg, 1997; Sale et al., 2010;
Tang et al., 2022). If L. sagitta was targeting lipids in algae (or even
animal material), we would expect more elevated lipolytic activities in
their guts. Moreover, lipase activity showed different correlations with
size in different gut regions of L. sagitta: an increase in the proximal
intestine, but a decrease in the distal. Ontogenetic increases in lipolytic
activities were observed in C. violaceus, X. mucosus, and X. atropurpureus,
but not A. purpurescens or P. chirus (German et al., 2014; German et al.,
2004). Even with the ontogenetic changes in lipolytic activity in its
proximal intestine, L. sagitta doesn't have elevated lipase activities in
their guts (Supplemental Table S2).

An animal's intestinal microbiome can play many roles in the host's
physiology (Clements et al., 2014; Egerton et al., 2018; Llewellyn et al.,
2014; Pardesi et al., 2022; Stevenson et al., 2022; Sullam et al., 2012).
Some patterns of microbial phyla are becoming clearer as more 16S
sequencing is performed. For instance, Pseudomonodota is the most
common phylum in fish guts (Egerton et al., 2018; Llewellyn et al., 2014;
Stevenson et al., 2022; Sullam et al., 2012), and is more enriched in
carnivorous fishes (Egerton et al., 2018; Liu et al., 2022), whereas
Bacteriodota and Bacillota are more enriched in herbivores (Egerton
et al., 2018; Liu et al., 2022; Stevenson et al., 2022; Pardesi et al., 2022).
Certainly, Pseudomonodota dominate the gut content samples in this
study (Supplemental Fig. S7). One of the goals of this investigation was
to examine how the enteric microbiomes of prickleback fishes varied
among species with different diets, with an emphasis on L. sagitta as one
of the least studied prickleback species. From our multivariate analyses,
it is clear that the intestinal microbiome of L. sagitta, especially that in
their distal intestine contents, is different from other pricklebacks
(Fig. 5). There are also clear indicator species in the phyla Planctomy-
cetota and Pseudomonodota that set L. sagitta apart (Supplemental
Table S3; Supplemental Fig. S4).

Members of the Planctomycetota are found in many environments,
including soils, various waterbodies, and in guts, including fish and
human guts (Baniel et al., 2021; Cayrou et al., 2013; Chen et al., 2020;
Elshahed et al., 2007; Fregulia et al., 2022; Gardiner et al., 2020; Gul-
lian-Klanian et al., 2023; Liu et al., 2022; van Kessel et al., 2011). Spe-
cifically, the Pirellulaceae (the most common family in the
Planctomycetota found in L. sagitta) are found in gut environments and
some taxa have amylolytic capabilities (Baniel et al., 2021; Fregulia
et al., 2022; Gardiner et al., 2020). Thus, they are known to play some
role within the gut, although specifics remain unresolved. The Pseudo-
monodota are among the most abundant bacteria in marine systems,
with the Rhodobacteraceae comprising many taxa abundant in algal
biofilms and in guts (Pohlner et al., 2019), including in L. sagitta in this
study. A member of the genus Mesorhizobium was also an indicator
species in L. sagitta, and these taxa could be involved in nitrogen
metabolism and interspecific signaling (Krick et al., 2007). It stands out
that L. sagitta was not more similar to those fishes that consume more
algae in their family, further strengthening the argument that these fish
are not omnivorous from the digestive standpoint. Interestingly, in the
gut mucosal community, L. sagitta and X. atropurpureus share an indi-
cator species in the genus Vogesella (Pseudomonodota), which could
engage in many carbohydrate degradation pathways (Rameshkumar
et al., 2016). Because L. sagitta likely doesn't digest algal carbohydrates
with great efficiency on account of its low amylolytic capabilities, more
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algal starches may make it to the hindgut where microbial pathways
digest it. We intend to explore more of the detail of the microbial
communities in the other fish species in a subsequent study and will
limit our discussion of microbial taxa to those that are abundant in
L. sagitta, but it is worth noting that the herbivorous X. mucosus had a
higher proportion of Oscillospiraceae, Rikenellaceae, and Lachnopir-
aceae in its gut (Supplemental Fig. S6; Liu et al., 2022; Stevenson et al.,
2022), and these taxa were lacking in L. sagitta. This is offered with the
caveat that X. mucosus does not appear to be reliant on enteric microbes
to digest its algal diet (German et al., 2015), yet has members of its
microbiome that may degrade algal components.

More generally, our results reveal stark differences in the microbial
communities of the gut contents and those in the intestinal tissue (along
the mucosal lining). Although this is not a new finding (e.g., Stevenson
et al., 2022), it is striking how across multiple sympatric species with
different diets, the tissues and contents cluster completely separately in
multivariate space and are statistically different for each species. The gut
lumen and intestinal tissue provide different selective environments
with potential differences in chemistry (Cremin et al., 2023; Donaldson
etal., 2016; Malmuthuge et al., 2012; Tropini et al., 2017), including the
concentration of oxygen (Rivera-Chavez et al., 2017; Zheng et al., 2015).
Those taxa associated with the gut contents are likely directly engaged
with digestion of this material (Hanning and Diaz-Sanchez, 2015; Ste-
venson et al., 2022; Tarnecki et al., 2017), whereas those along the
mucosal lining of the intestine can be engaged with the fish immune
system and other processes, including maintenance of the mucus layer
itself (Hanning and Diaz-Sanchez, 2015; Karkman et al., 2017; Sommer
et al., 2017). Further work is needed to characterize the biochemical
pathways that are active in these two areas in pricklebacks, but our work
reinforces that the contents (luminal) and tissue (mucosal) communities
should be analyzed separately to potentially discern their roles. We
focused on the hindgut, but there are also different microbial commu-
nities along the length of the intestinal environment (Sparagon et al.,
2022; Stevenson et al., 2022). Seventeen bacterial taxa were identified
as “core microbiota” shared with 100% match among all five fish host
species (Supplemental Table S5). Consistent with other fishes (Egerton
et al., 2018; Llewellyn et al., 2014; Liu et al., 2022; Stevenson et al.,
2022; Sullam et al., 2012), they were dominated by members of the
Pseudomonodota and should be explored in more detail.

In conclusion, we went beyond gut content analyses to discern what
Lumpenus sagitta would be capable of digesting from their allegedly
omnivorous diet. Based on a rich dataset on other members of the same
family (Stichaeidae) that do digest algae to varying degrees, we made
specific predictions on what we expected to see in L. sagitta if they were
indeed capable of algal digestion. Nearly none of our predictions were
supported. With a short gut and no positive allometry between gut size
and body size, it is unlikely that L. sagitta has the high intake its algiv-
orous relatives do. The lack of elevated amylase activity, which is
consistently high, not only among stichaeids that consume algae, but
among herbivorous and omnivorous fishes, and animals more broadly
(German et al., 2016), suggests that L. sagitta cannot efficiently digest
algal starches. Lumpenus sagitta does indeed have elevated N-acetyl-f-p-
glucosaminidase activities, suggestive of chitobiose digestion, with this
coming from crustacean digestion, and an enteric microbial community
that doesn't resemble those of the more algivorous members of its
family. Hence, in concert with usually more elevated 5!°N values in
Lumpenus (Tamelander et al., 2006; Hindell et al., 2012), we are left
concluding that although L. sagitta ingests algae, it is more likely
digesting epibionts growing on the algae, and invertebrates coming in
with the algae, than the algae itself. Clearly, digestibility studies (e.g.,
Raubenheimer et al., 2005) are needed to finally confirm this, but
digestion is a chemical process, and if the agents of that process aren't
present in the gut, then it isn't clear how the process can happen. Our
study shows the power of including multiple measures of digestive
performance and that we need to move beyond gut content analyses to
discern the diet and potential trophic role of an animal (Choat and
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Clements, 1998; Clements et al., 2017; German, 2009; German and
Bittong, 2009; Leigh et al., 2018b). Moreover, to better understand the
natural world, and fishes in particular, we must expand the species we
study to appreciate the diversity nature beholds (Clark et al., 2023).
Although there are clearly diverse digestive strategies among fishes
more broadly (e.g., Horn, 1989; Clements and Choat, 1995; Choat and
Clements, 1998; Clements et al., 2017), our approach of using closely
related, sympatric species overcomes many of the habitat and phylo-
genetic differences among study subjects that have obscured the general
principles relating to fish digestion (e.g., Chakrabarti et al., 1995), yet,
at the same time, we recognize that broader phylogenetic breadth can
indeed uncover other aspects of digestion not considered here (e.g.,
Horn, 1989; Choat and Clements, 1998; Clements et al., 2017).
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