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Introduction

Rivers and streams play an essential role in mediating the excess supply of nitrogen in the

environment created through human activities via the processes of nutrient transport and cycling.

Therefore, research on stream biogeochemistry is necessary in supporting efforts to protect water

quality and downstream ecosystems, as well as to better understand the impacts of nitrogen on

the environment (Schlesinger et al., 2006).

This project is part of a larger study on the influence of macroinvertebrates as ecosystem

engineers in streams. The study specifically focuses on caddisfly larvae (Hydropsychidae) as an

example due to their ubiquity and silk retreat-building behavior. Conducted by a team of

scientists at Montana State University over the past couple years, the research involves lab

experiments with stream analog mesocosms, field experiments, and modeling. The researchers

have two separate lines of investigation to explore how caddisflies impact stream

biogeochemistry, particularly nitrate uptake. First, they hypothesize that the nets and retreats

constructed by caddisflies obstruct boundary layer flow in streambeds and increase residence

times of metabolites in stream sediments. Second, they hypothesize that the same obstruction of

flow allows for increased growth of biofilms and development of novel anoxic microhabitats,

which contributes to a higher nitrate uptake by microbes.

This project supplements the larger aims of the caddisfly study by extending the

discussion to include the microbiome associated with caddisflies, including microbes associated

with the outer surface of the caddisflies as well as microbes found in the gut. We suggest that

caddisflies not only allow for increased biomass and subsequent microbial activity through their

net- and retreat-building activities, but also serve as microbial habitats themselves for a unique

insect-associated microbiome.

This research contributes to the field of stream ecology in further exploring the

caddisfly-associated microbiome. It bolsters the overall research study in furthering scientific

knowledge of the regulation of stream metabolism by macroinvertebrates as ecosystem

engineers. On a broader scale, it contributes to the goals of understanding and mitigating the

impact of excess nitrogen on environmental and human health.
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Literature Review

Human activities, particularly the use of fertilizers in agriculture, have resulted in a

heightened supply of nitrogen to the environment. Vitousek et al. (1997) noted that human

activities roughly doubled the amount of nitrogen added to the terrestrial nitrogen cycle and that

this impact was growing. Anthropogenic modifications to the nitrogen cycle occur through the

use of fertilizers, cultivation of nitrogen-fixing crops, burning of fossil fuels, and land

development. Excess nitrogen has many negative consequences for environmental and human

health including eutrophication, creation of low oxygen zones, pollution of drinking water, air

pollution, disruption of food web structure, loss of biodiversity, and even impact on climate

(Davidson et al., 2011). River systems play a crucial role in mediating this phenomenon via

transport of nutrients from terrestrial environments to marine environments in addition to

nutrient cycling through biogeochemical processes including denitrification and biological

uptake. Considering the importance of rivers and streams in environmental and human health, as

well as the limited scientific understanding that exists surrounding processes in stream ecology,

more research is needed on the biogeochemistry of streams (Schlesinger et al., 2006; Wymore et

al., 2016; Gomez-Velez et al., 2015; Kim et al., 2016).

Organisms in streams act as ecosystem engineers by altering their own environments

through overlapping physical and chemical means (Nogaro et al., 2009). In 2015, Albertson and

Allen performed a meta-analysis of existing research on the ways that various organisms in

streams affect the stability or erosion of their habitats. They found a significantly high impact by

aquatic insects, although this group was generally understudied in comparison to other taxa like

fish and crustaceans. While insects have been studied comprehensively as pollinators because of

the large agricultural and economic importance of their interactions with plants, they are often

understudied and undervalued in other areas of ecology (Eisenhauer et al., 2019).

For instance, caddisflies are an order of insects characterized by moth-like terrestrial

adult forms and aquatic larvae, which are known as “nature’s underwater architects” (Frandsen

et al., 2019). There are over 16,000 extant species of caddisflies found in freshwater streams on

every continent except Antarctica. As larvae, they serve as macroinvertebrate ecosystem

engineers by structurally altering the boundary layer flow of water through streams. This is done

via bioturbation or disturbance of the sediments as well as the construction of their silk retreats
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and nets in the streambeds (Nogaro et al., 2009; Albertson et al., 2019). Through this alteration,

they interact with the biogeochemistry of streams. By obstructing the interstitial spaces in the

sediments of the streambed, it is hypothesized that they prolong flow, increase residence time of

metabolites, and allow for more time for biochemical processes. Moreover, obstruction of flow

in the stream may also allow for stronger growth of biofilms and therefore increased microbial

biomass and creation of unique anoxic environments for microbial communities, thus

contributing to higher nitrate uptake by microbes (Albertson and Poole, 2020).

As well as emphasizing the role of aquatic insects, Albertson and Allen (2015) also call

attention to the impact of microbes, specifically biofilms, on stream ecology. Microbes play a

very important role in ecosystems especially in the context of nutrient cycling; for instance, they

perform many reactions involved in nitrogen cycling (Kim et al., 2016; Ren et al., 2017). While

many impressive advances have been made in the study of microbiology, further research is

needed to elucidate the connections between composition of microbiomes and function in

ecosystems (Findlay, 2010; Battin et al., 2016). To date, much of the research on biofilms has

primarily focused on medical environments; however, it is essential we also study them in

natural environments like streams (Battin et al., 2016).

Studying biofilms with regard to carbon cycling, Singer et al. (2010) found that

heterogeneity in stream mesocosms resulted in higher microbial diversity, carbon uptake, and

diversity of carbon use. By extension, they discuss how loss of variety in stream habitats can

reduce biodiversity and metabolic diversity. This corresponds with the behavior of caddisflies as

ecosystem engineers via modifying environments and providing unique microhabitats for

microbes, thereby altering the biology of streams by allowing for greater microbial biodiversity

and associated biochemistry.

In addition to creating novel microhabitats and allowing for thicker biofilms, caddisflies

themselves can be seen as environments for insect-associated microbes. The gut provides an

ideal habitat for microbes with its relative stability and availability of nutrients compared to the

external environment, potentially supporting higher rates of microbial activity compared to

exterior surface-attached biofilms. As caddisflies have been observed at densities of up to 2500

insects per square meter in montane streams and are ubiquitous across the globe, it is probable

that the metabolic processes mediated by their gut microbes are consequential for bulk chemical

cycling in streams (Albertson and Poole, 2020).
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The conditions of the gut also determine the chemistry that takes place therein. Most

animal intestinal tracts are oxygen-poor, resulting in predominantly anaerobic microbial

metabolisms which include processes such as fermentation, denitrification, and methanogenesis.

While the oxygen availability and other physicochemical conditions of insect guts vary, aquatic

insects tend to have a higher relative abundance of anaerobic bacterial groups in their gut

microbiomes compared to insects in other environments  (Yun et al., 2014). Therefore, in this

research, we expect to see the caddisfly gut as a niche for anaerobic metabolisms and associated

chemical transformations.

Much of the research on microbial stream ecology has focused on benthic biofilms, while

fewer studies have analyzed aquatic insect-associated microbiomes (Ren et al., 2017; Receveur et

al., 2020). While researchers have studied the impact of leaf litter on the community composition

of the gut microbiome of caddisflies, the metabolic potential of microbes associated with

caddisflies has not been thoroughly explored (Fritz, 2019). This research seeks to expand

scientific understanding on insect-associated microbiomes, aquatic insects as ecosystem

engineers, and the overall biogeochemistry of montane streams.

Methods

Sample Collection

The team at Montana State University collected samples for this study from Cherry Creek,

Montana (45.612318, -111.516994) on April 7th, 2021. At the time of sampling, the water level

of the mountain creek was less than 0.3 meters. The river was visually inspected for riffle

patterns on the surface that indicate rock formations. These submerged rocks were then inspected

for caddisfly larvae as well as their silk nets and retreats (n=25 of each). Sterile steel tweezers

were used to place the larvae, nets, and retreats in separate cryovials in 200 μL of preservation

buffer each (25 mM sodium citrate, 10 mM EDTA, 5.3 M ammonium sulfate, pH 5.2). Sterile

cotton swabs were used to take samples of areas of rock approximately 20 cm away from

caddisfly retreats using a swiping motion for approximately 20 seconds or until coloration was

visible. The tips of the cotton swabs were then broken off and placed in cryovials with 200 μL of

preservation buffer. Samples were then transported in a cooler back and kept at -80 ºC at

Montana State University.

4



DNA Extraction and Sequencing

In the laboratory at Montana State University, DNA was extracted from the samples using the

MO BIO PowerSoil DNA Isolation Kit and libraries were prepared for sequencing. For the

preserved caddisflies, whole flies were homogenized using a mortar pestle before the DNA

extraction protocol. Samples were then sent off for shotgun sequencing to be performed at the

Georgia Genomics and Bioinformatics Core at the University of Georgia using Illumina

NextSeq. This resulted in a collection of four metagenomes describing the four distinct

microbiomes of caddisfly larvae (n=4), their nets (n=4), retreats (n=4), and nearby rocks (n=4).

Comparative Metagenomics by Sample Type

Reference-independent or de novo comparative metagenomics was performed to assess

differences in composition of the metagenomes from the four different sample types (larvae,

nets, retreats, rocks) based solely on the content of the metagenomes rather than the use of a

reference database. The tool SimkaMin was used to create a Bray-Curtis distance matrix

indicating the dissimilarity between metagenomes based on kmer frequency profiling of the

sequenced reads (Benoit et al., 2020). This strategy incorporates not only presence or absence

data, but is also weighted by abundance. The distance matrix was then visualized via non-metric

multidimensional scaling (NMDS). Analysis of similarity (ANOSIM) multivariate testing was

used to evaluate dissimilarity between the four groups as well using the vegan package for

community ecology in R. The ANOSIM test reports an R value between 0 and 1, where values

closer to 1 suggest greater differences between groups.

Reference-dependent comparative metagenomics was also performed to assess differences

between metagenomes at the protein level. First, the sequenced reads in each of the 16

metagenomes were assembled into contiguous sequences or contigs using the assembly tool

MEGAHIT (Li et al., 2015). The gene calling tool Prodigal was then used to identify individual

genes from the assembled contigs (Hyatt et al., 2010). The nucleotide sequences of these genes

were translated into amino acid sequences and run against the Universal Protein Resource

reference database using the tool BLASTX (The Universal Protein Resource, 2008). These

results were then incorporated into a matrix to be used for multivariate analyses visualized on an

NMDS plot. ANOSIM testing was also used to evaluate dissimilarity between the proteomes.

5



Results

Comparative Metagenomics by Sample Type

The NMDS plot in Figure 1 visualizes dissimilarity between the metagenomes of the four sample

types (larvae, nets, retreats, and rocks). The clustering of the samples in each group demonstrates

differences in community structure of the distinct microbiomes. The ANOSIM test also indicated

dissimilarity between the groups with reported values of R=0.95 and p=0.001.

Figure 1: This NMDS plot shows the dissimilarity between the four metagenomes (larvae, nets,
retreats, and rocks) using a multidimensional visualization of the Bray-Curtis distances generated
by the tool SimkaMin. The points represent the four individual metagenomes for each of the four
sample types, with black representing larvae, blue representing the nets, red representing the
retreats, and yellow representing the background rocks.
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The NMDS plot in Figure 2 visualizes dissimilarity in the proteomes of the metagenomes. While

there is less obvious clustering between each of the sample types in this figure, the larvae

metagenomes are still distinct from the rest of the samples. ANOSIM testing further supports this

visual evidence of dissimilarity with reported values of R=0.48 and p=0.001.

Figure 2: This NMDS plot shows the dissimilarity between the proteomes of the four
metagenomes (larvae, nets, retreats, and rocks) using a multidimensional visualization of the
matrix generated using the results of the BLASTX search against the UniProt reference database.
The points represent the four individual metagenomes for each of the four sample types, with
black representing larvae, blue representing the nets, red representing the retreats, and yellow
representing the background rocks.
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Discussion

The non-metric multidimensional scaling visualizations or NMDS plots demonstrated

clustering of the metagenomes by sample type (larvae, nets, retreats, and background rocks)

based on community structure as well as proteomes or predicted functional genes. Along with

the results of the ANOSIM testing, this supports our hypothesis that the caddisfly serves as a

habitat for a unique community of microbes in freshwater streams.

It is worth noting that the degree of dissimilarity or clustering by sample type was less

strong for the proteome comparison. This could potentially be attributed to loss of informational

resolution when the nucleotide sequences were translated to protein sequences. It could also be a

result of limitations in the bioinformatics analysis process. Further research could be undertaken

in order to replicate these findings or to more comprehensively address the question.

The dissimilarity between the caddisfly-associated microbiome and the microbiomes of

caddisfly-created structures and nearby surfaces aligns with the results of other studies that have

examined the dissimilarity between microbiomes of different aquatic macroinvertebrate species

in mountain streams. For example, Receveur et al. (2020) performed a comparison of the

microbiomes of mayflies, crane flies, stoneflies, and caddisflies in an alpine stream in Italy and

found distinct community structures and functional composition between the various insect

species.

While this study demonstrates that the caddisfly-associated microbiome is taxonomically

and functionally distinct from the other stream microbiomes, it does not describe the taxa or

functions that account for these differences. Next steps include investigating the metabolic

processes that might potentially be enriched in the microbiome in order to better understand how

this microbial niche contributes to stream biogeochemistry.

Several stressors currently threaten the ecology of the mountain west, including loss of

snow cover, widespread drought, increased water temperature, forest fires, and nutrient loading

from agriculture and developed lands. These phenomena, alongside other disturbances such as

changes in temperature, atmospheric composition, or precipitation, may alter the habitats of

montane streams (Findlay, 2010). If these changes affect the abundance or behavior of important

species like caddisflies, we may see corresponding alterations in nutrient cycling and stream
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metabolism. These possibilities highlight the need for research predicting ecological responses to

changes in climate and other disturbances.

This study furthers scientific knowledge of the caddisfly-associated microbiome, the role

of aquatic macroinvertebrates as ecosystem engineers in streams, and stream metabolism in the

context of excess anthropogenic nitrogen and its impacts on the planet.

Conclusion

Anthropogenic excess nitrogen in the environment has many negative impacts on

environmental and human health, including eutrophication, pollution, and loss of biodiversity.

River systems carry the burden of regulating this phenomenon via nutrient transport and cycling

processes that are not well understood. An ongoing project at Montana State University explores

the impact of caddisflies in stream biogeochemistry by obstructing interstitial spaces with the

silk structures that they create. This obstruction allows for increased time for metabolic processes

as well as stronger growth of biofilms. We hypothesize that caddisflies also influence stream

chemistry by serving as habitats for a unique microbiome. To explore this, we collected samples

of caddisflies, their silk nets and retreats, and swabs of nearby rocks from a mountain stream in

Montana, sequenced the microbial genetic material to generate metagenomes, and performed

comparative metagenomics. Comparisons of the community structure and the functional genes of

the metagenomes indicated clustering by sample type, supporting the hypothesis that the

caddisfly-associated microbiome was dissimilar from the other stream microbiomes. Future steps

could include studies that replicate these findings, explorations of possibly enriched metabolic

processes in the caddisfly-associated microbiome, and investigations of possible changes in

stream metabolism due to current and future environmental stressors.
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