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Practical laboratory of the most functional metagenomics courses focuses on
activities aimed at providing specific skills in bioinformatics through the analysis of
genomic datasets. However, sequence-based analyses of metagenomes should
be complemented by function-based analyses, to provide evidential knowledge
of gene function. A “true” functional metagenomic approach relies on the
construction and screening of metagenomic libraries - physical libraries that
contain DNA cloned from metagenomes of various origin. The information
obtained from functional metagenomics will help in future annotations of
gene function and serve as a complement to sequence-based metagenomics.
Here, we describe a simple protocol for the construction of a metagenomic DNA
library, optimized and tested by a team of undergraduate biotechnology students.
This protocol is based on a technique developed in our laboratory and currently
used for research. Using this protocol, libraries of protein domains can be quickly
generated, from the DNA of any intron-less genome, such as those of bacteria or
phages. Therefore, these libraries provide a valuable platform for training students
in various validation tools, including computational methods - for example,
metagenome assembly, functional annotation - and proteomics techniques,
including protein expression and analysis. By varying the biological source and
validation pipeline, this approach offers virtually limitless opportunities for
innovative thesis research projects.

KEYWORDS

open reading frame, domainome, microbiome, course-based undergraduate research
experience, synthetic biology

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2025.1602982/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1602982/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1602982/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1602982/full
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1602982/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2025.1602982&domain=pdf&date_stamp=2025-05-20
mailto:diego.cotella@uniupo.it
mailto:diego.cotella@uniupo.it
https://doi.org/10.3389/fbioe.2025.1602982
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2025.1602982

Morra et al.

1 Introduction

Functional genomics is a discipline which, by combining
Bioinformatics, Next-Generation Sequencing (NGS) and other
Omics technologies, aims to assign functions and interactions to
genes and their products of expression (Hieter and Boguski, 1997;
Caudai et al., 2021). Several universities and research institutes offer
hands-on courses on NGS and Bioinformatics as part of their
advanced genomics-related courses.

Metagenomics has added a new level of complexity by allowing
scientists to study the entire microbial population (or “microbiota”)
of a specific environment—like soil, the ocean, skin, or hot
springs—at the genomic level. To give an example, the human
gut microbiome (the genomes of all
microorganisms living in the gut) records at least 3.3 million

collection of the

unique genes, 150 times more genes than our genome, because of
a community of about 1,000 bacterial species that cohabit in our
intestine (Qin et al., 2010). To provide knowledge of gene function,
sequence-based analyses of metagenomes must be complemented by
function-based analyses, for example, enzymatic assays (Wiltschi
et al., 2020).

Incorporating functional metagenomics into university-level
Life Science education offers advantages not only for students but
also for researchers and their work. Research has shown that when
researchers teach, it enhances their understanding, prompting
students to ask new and often unexpected questions. This
process can lead to fresh research directions and drive the
development of innovative solutions to complex problems
(Jurkowski et al., 2007). If the biology community can integrate
functional metagenomics education with ongoing research
advancements from the outset, students could play an active
role in advancing the field. Teaching a new or emerging area of
study is an excellent way to engage students in addressing key
scientific questions and inspiring them to pose their own inquiries.
In the case of functional metagenomics, even the simplest
questions these
questions benefits both emerging scientists and established

can yield profound insights. Answering
researchers. Many initiatives are currently underway to merge
(meta) genomics research with education (Muth and Caplan, 2020;
Ginnan and Bordenstein, 2023; Fuhrmeister et al., 2021; Heller
et al., 2024).

The principle underlying Functional Metagenomics is to isolate
DNA from microbial communities and to clone it into a suitable
host (for example, Escherichia coli); each clone harbours a fragment
(usually 25-40 kb in size) of the DNA isolate. Then, the
metagenomic DNA library undergoes a screening process
specifically designed to identify those clones with a desired
activity - for example, antibiotic resistance, ability to catalyse a
specific chemical reaction, bactericidal (Lam et al., 2015; Berini et al.,
2017). This function-based approach enables the discovery of novel
proteins whose functions would not be predicted based on DNA
sequence alone.

Although seemingly simple, this procedure involves many
steps, which makes the construction of metagenomic libraries
laborious and time-consuming, requiring a high level of skills at
the laboratory bench (Terrén-Gonzilez et al., 2014; Lam et al,
2015). Moreover, this process has many other limitations such as
the poor expression of correctly folded full-length proteins in
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heterologous hosts (Pouresmaeil and Azizi-Dargahlou, 2023).
To simplify the production of metagenomic DNA libraries and
to overcome the limitations associated, we have developed an
approach aimed at “filtering” genomic DNA to generate
expression libraries enriched in functional protein domains.
This approach is based on the knowledge that >85% of the
genome of prokaryotes is translated into proteins (Land et al,
2015) and that most proteins are organized into multiple domains,
evolutionarily conserved, each of them contributing to a distinct
function (Heger and Holm, 2003). Based on bioinformatic analyses
indicating that the most common domain size is approximately
100 amino acids, any piece of prokaryotic DNA >150 nucleotides
(50 amino acids) is likely to encode a protein domain (Tiessen
et al., 2012). The recovery of functional open reading frames
(ORFs) from bacterial DNA may therefore be a straightforward
procedure (D’Angelo et al., 2011; Soluri et al., 2018). In brief,
DNA is short
(250-1,000 nucleotides) fragments, cloned between a secretory

genomic randomly  fragmented into
leader sequence (a signal peptide) and the $8-lactamase gene in the
pFILTER plasmid (Soluri et al., 2018), and transformed into E. coli.
Transformed bacteria are then seeded on ampicillin-containing
agar plates, and only those clones harbouring an ORF properly
folded and in the correct frame with both the signal peptide and the
B-lactamase will grow under selective pressure (Figure 1). So, if the
protein is functional, it can restore the activity of the gene which
enables the E. coli to resist the ampicillin and grow. Such
expression libraries of protein domains (the “domainome”) will
be useful for many purposes, including structural studies, antibody
generation, protein/substrate binding analyses, domain shuffling
for enzyme evolution and protein arrays (Gourlay et al.,, 2015;
Antony et al., 2019; Soluri et al., 2020). Once the domainome
libraries are transferred into systems like phage display for
functional screening, they can be used to find protein domains
that bind to specific targets (like proteins, DNA, sugars, fats, or
enzyme substrates) or that have certain enzyme activities—if the
right screening tools are available (Soluri et al., 2020; Puccio
et al., 2020).

The whole process is called “interactome-seq” (Soluri et al.,
2018; Puccio et al., 2020) and has been used in several research
projects in our lab (Fasolo et al., 2019; Patrucco et al., 2015). Building
these libraries takes less effort and time—usually under two
weeks—compared to traditional large-insert ~metagenomic
libraries, and the process is much easier (Lam et al., 2015).

Each year, two to four undergraduate biotechnology students
(pursuing a bachelor’s degree) carry out their internship for their
thesis project in our lab. They usually spend one semester in the
lab, earning a total of 6 credits or ECTS (European Credit
Transfer and Accumulation System). We questioned whether
this technique could be taught and learned quickly, and whether
it would be suitable for simultaneously running several different,
low-cost thesis projects. A group of students (eleven in total)
from the bachelor’s program in Biotechnology, assisted by their
thesis mentors and older lab mates (master’s and PhD students),
have worked to optimize a protocol for the construction and
analysis of metagenomics domainome libraries (Soluri
et al., 2018).

As a result, a general laboratory activity has been defined,

divided into a 3-week period, and organized according to the
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FIGURE 1
Schematic overview of the student’s project. Metagenomic DNA (mgDNA) is extracted from an appropriate source (such as murine feces), then

fragmented into a collection of 250-1,000 bp fragments and cloned into the pFILTER vector. E. coli cells are transformed with the ligation product and
plated on ampicillin-containing media to carry out the “filtering” of open reading frames (ORFs). The resulting clones are sequenced and analyzed using
computational tools (for example, BLAST, AlphaFold) as well as functional assays (for example, Western blotting, enzyme assays).

10.3389/fbioe.2025.1602982

scheme summarized below. A detailed list of instruments, kits and
reagents required is provided as Supplementary Material.

2 Course structure
2.1 Week 1. Metagenomic DNA preparation

Metagenomic DNA (mgDNA) can be directly extracted from
environmental samples like soil, air, hot spring water, animal skin,
faeces, toilet seats, or landfill soil (Bag et al., 2016). There are many
kits and protocols available for this. To build one library, at least
10 pg of mgDNA is needed, which can be hard to get depending on
the sample (Soluri et al., 2018). For instance, faeces—a rich source of
microbes—can provide up to 10 pg of DNA from 100 mg of material
(Claassen et al., 2013). As another option, microbes can be grown in
suitable liquid or solid media, and mgDNA can be extracted after
collecting the cells.

However, this step can introduce a bias in microbiota diversity,
as the culture conditions (such as medium composition, incubation
temperature, and oxygen concentration) will significantly influence
microbial growth. As a result, the final composition of the microbial
population will not accurately represent the true microbiome
composition. This factor must be considered when discussing the
results and drawing conclusions.

Frontiers in Bioengineering and Biotechnology

2.2 Week 2. Library construction

This part is the most technically challenging. The mgDNA must
be randomly fragmented, for example, by mechanical (sonication,
nebulization) or enzymatic (nuclease) means (Ribarska et al., 2022).
The DNA fragments are then sorted by size, which can be obtained
inexpensively by resolving the DNA by agarose gel electrophoresis,
cutting a gel slice corresponding to the desired size range
(250 bp-1,000 bp), and extracting the DNA from the gel (Soluri
et al,, 2018). Alternatively, a DNA sizing kit can be used. Purified
DNA is then repaired, filled-in, and ligated into the pFILTER vector
previously linearized with EcoRV (Soluri et al, 2018). This
restriction enzyme creates blunt ends, so the digested plasmid
needs to be dephosphorylated after cutting to prevent its self-
circularization. The ligase reaction is then transformed into
competent E. coli and the bacteria first seeded on agar plates
containing chloramphenicol as selection. Chloramphenicol
selection helps to recover all clones with a DNA insert, regardless
of whether it contains a real ORF. Transformants grown on
chloramphenicol plates are then transferred to ampicillin plates
to “filter” for clones that contain a DNA insert placed in the correct
reading frame (ORF), along with the signal peptide and the (-
lactamase gene. In a typical experiment, chemical transformation by
“heat shock” would provide <1,000 colony forming units (cfu),
sufficient for a practical laboratory course or a small thesis work
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FIGURE 2

Fragmentation of mgDNA and purification of DNA into the desired size range. (A) Approximately 10 pg of mgDNA (lane "g") are fragmented into
250-1,000 bp fragments by sonication (lane “S") and checked by gel electrophoresis. (B) The sonicated DNA is loaded onto a preparative agarose gel,
placed over a blue LED transilluminator, and the gel is cut into several DNA-containing slices of the desired size. (C) The pools of DNA fragments are
purified from the agarose gel slices and checked again by gel electrophoresis (lane 1: range 250-500 bp; lane 2: range 500-750 bp; lane 3: range

750-1,000 bp; M: DNA ladders).

(von der Haar, 2019). If a higher complexity of the library is desired,
for example, for projects involving the use of Next-Generation
Sequencing (NGS) technologies, we suggest transforming the
ligation products by electroporation (1.8 kV, time constant
4-5 ms), as it will easily yield >10° clones (Soluri et al., 2018).

2.3 Week 3 and beyond. Data analysis

This part gives more space to creativity. The simplest
experiment students can perform is to randomly pick one or few
colonies from the plate and sequence the cloned DNA fragment. The
sequences will then be analysed using Nucleotide Blast (BLASTN) to
identify the host organism, followed by in silico translation and
analysis with Protein Blast (BLASTP) to confirm that the selected
genomic fragment is protein-coding DNA (Camacho et al., 2009). At
this stage, students can be guided to use various other tools, such as
performing phylogenetic analyses (Jacques et al., 2023) or predicting
protein solubility (Kyte and Doolittle, 1982) or 3D structure (Jumper
et al.,, 2021), among others.

Since the DNA fragments cloned into pFILTER will be expressed
as recombinant proteins fused to a V5 epitope tag for
immunodetection, biochemical characterization can be performed
using methods such as SDS-PAGE, Western blotting, or mass
spectrometry. It will also be possible to sub-clone the DNA
fragment into a plasmid suitable for the expression and
purification of recombinant proteins for further characterization.

Frontiers in Bioengineering and Biotechnology

3 Representative results

Here we present some representative results of a thesis aimed at
exploring a small library of metagenomic DNA from the intestinal
microbiome, in search of DNA sequences encoding novel proteins.
Most of the work was conducted by a single student (Morra, 2021),
although all co-authors, with their previous work, contributed to the
optimization of the whole procedure (Bovio, 2019; Ivagnes, 2019;
Gandini, 2019; Ottolini, 2019; Marradi, 2020; Maraschi, 2024). A
schematic overview of the student’s project is provided in Figure 1.
The mgDNA was extracted from murine faeces using a commercial
kit (QIAGEN cat. 51804). Ten micrograms of mgDNA were
randomly fragmented using a tip sonicator, applying a 15 s pulse
and 10% maximum amplitude.

Fragmentation was verified by agarose gel electrophoresis,
running two DNA samples taken before and after sonication, and
results are shown in Figure 2A. The non-fragmented DNA appeared
as an intense band that partially stuck in the well due to its large size.
Following sonication, the DNA appeared as a diffuse smear, ranging
in size from <200 to >3,000 bp.

The sonicated DNA was loaded onto a preparative gel (1%
agarose in TAE buffer) for purification. After electrophoresis
(45 min at 80 V), the gel was examined under a blue light LED
transilluminator (Figure 2B). Using a scalpel and referencing the
DNA ladders, the gel section containing DNA fragments between
250 and 1,000 bp was divided into three slices and excised. The blue
light LED transilluminator was chosen for longer exposure times as
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“Filtering” of open reading frames by selection on ampicillin. (A) Colonies grown on chloramphenicol agar plates are manually picked and seeded on
96/w plates. From here, colonies are replica plated on chloramphenicol and ampicillin agar dishes. (B) A typical result from the replica plating shows
96 colonies (100%) growing on chloramphenicol and much less (typically, only 5-10 colonies) growing on ampicillin.

it was safer for students and reduced the risk of DNA damage
compared to a UV transilluminator. The DNA was then extracted
from the gel using a commercial kit (Thermo Fisher Scientific cat.
K0832) and re-checked by gel electrophoresis to confirm the correct
size range of the DNA fragments (Figure 2C). The DNA was then
repaired using a commercial kit for DNA blunting (NEB cat. E1201),
as described (Soluri et al,, 2018). The DNA fragments were then
ligated into the linearized pFILTER vector with a T4 DNA ligase
(Thermo Fisher Scientific cat. EL0014) and transformed into
chemically competent E. coli DH5aF" cells.

The bacteria were plated onto a 15 cm 2xTY/Cam agar plate
(chloramphenicol 34 pg/mL) and incubated at 30°C overnight (O/
N). Ninety-six colonies grown on chloramphenicol were selected
and inoculated into a 96-well culture plate containing 100 pL of
2xTY/Cam medium. After incubating for 2 hours at 30°C, the
colonies were transferred from the 96/w plate onto two 15 cm
Petri dishes—one with 34 ug/mL chloramphenicol and the other
with 75 pg/mL ampicillin. To do this, we used a 96-well pin
replicator, depicted in Figure 3A. Plated colonies were grown
O/N at 30°C. As shown in Figure 3B (upper-right panel), all
colonies grew on chloramphenicol, while only some of them
(around 10-15 clones) grew on ampicillin. We continued
analysing 12 bacterial clones: four grown only on
chloramphenicol (numbered 1-4), and 8 grown on ampicillin
(numbered 5-12). The DNA inserts were amplified by colony
PCR by using a pair of external primers and analysed by gel
electrophoresis. The sequences of primers (pDAN_filter_sense/
anti) are provided in the Supplementary Material. From the
image of the gel presented in Figure 4A, it is possible to
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appreciate the presence of amplicons of different lengths ranging
between 300 and 800 bp, suggesting that the various clones contain
different DNA inserts.

The twelve clones were cultured in 2 mL of 2xTY medium with
chloramphenicol for plasmid extraction, which was performed using
a commercial plasmid DNA miniprep kit (Thermo Fisher Scientific
cat. K0702). The inserts were then sequenced by Sanger sequencing
using either the sense or antisense primer from the colony PCR.
DNA traces (shown in Figure 4B) were visualized with the software
Chromas version 2.6.6 (Technelysium Ltd.). The start and end of the
DNA insert were identified in the obtained sequences, located
adjacent to the consensus sequences recognized by EcoRV
(GAT_ATC). The sequences were analysed using BLASTN to
the the DNA fragments.
Subsequently, the nucleotide sequences were in silico translated

determine species  origin  of
using the Sequence Manipulation Suite (SMS) version 2 (https://
www.bioinformatics.org/sms2/). To identify the correct reading
frame, the sequence was aligned with the known signal peptide
(gca gca age gge geg cat gee, encoding Ala-Ala-Ser-Gly-Ala-His-Ala)
and translated until the first stop codon. Visual confirmation of the
inserts was possible by identifying the presence of the secretory
leader sequence (L) upstream of the cloning site and the -lactamase
gene downstream, which served as reference markers for correct
insert orientation and integration. Finally, BLASTP was used to
analyse the resulting amino acid sequences. To provide a detailed
illustration of the analysis conducted, the procedure performed for
clone 10 is outlined below as an example. The colony PCR screening
confirmed the presence of an insert approximately 200 bp in size,
which appeared as a 300 bp amplicon on the gel due to the external

frontiersin.org
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FIGURE 4

Screening of grown transformants. (A) A colony PCR is performed on several randomly picked clones (M: DNA ladders; W: negative control of PCR).

(B) Positive clones are sequenced by Sanger sequencing and traces are visuali

zed with the Chromas 2.6.6 software. (C) DNA sequences are analyses by

BLASTN to identify the host organism. (D) After in silico translation, the sequences are further analyzed by BLASTP to confirm that they belong to true

protein-coding genes or to identify a novel, putative protein.

primers used for PCR (Figure 4B). BLASTN analysis further
revealed that a 173 bp segment of the insert was 100%
homologous to the Serratia marcescens genome (Figure 4C).
Although the sonication process was aimed at generating DNA
fragments larger than 250 bp, shorter fragments may still be present
due to the random nature of shearing and subsequent size selection
limitations. Additionally, shorter fragments can sometimes be
preferentially amplified or cloned, which may explain the
presence of this 173 bp insert. The sequence was then translated
in silico using the Sequence Manipulation Suite (SMS) tool,
following the frame with p-lactamase. A BLASTP search of the
amino acid sequence showed the closest match was a DNA-directed
RNA polymerase from S. marcescens (Figure 4D). The results from
clone 12 were particularly interesting. In this case, BLASTN analysis
of a 262 bp fragment revealed partial homology (67%) with the
genome of Butyrivibrio fibrisolvens (Figure 5A). This level of
similarity suggests that the analyzed DNA fragment may
originate from a microorganism that is phylogenetically related
to the Butyrivibrio genus (class Clostridia), but whose genome
may not yet be represented in current databases. Additionally,
translation in silico of the predicted coding region showed 100%
amino acid identity with an AraC-family transcriptional regulator
from a Lachnospiraceae bacterium, also within the Clostridia class
(Figure 5B). These findings support the possibility that the fragment
is derived from a phylogenetically related, yet potentially
unsequenced or underrepresented, microorganism. From this
point, it is possible to perform some biochemical assays. An
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SDS-PAGE and, subsequently, a Western blot were carried out,
shown in Figures 5C,D. Protein expression in sample 10 was notably
high: a prominent band of approximately 37 kDa was clearly visible
even on the Coomassie-stained gel, indicating strong expression
(Figure 5C). Western blot analysis confirmed this observation,
showing a very intense band at ~37 kDa, corresponding to the
expected size of the expressed fusion protein. This size is consistent
with the in-frame cloning of the 173 bp ORF (encoding ~58 amino
acids, ~6 kDa) fused to the p-lactamase reporter (~32 kDa).
Additional bands at higher molecular weights likely represent
protein aggregates, while those at lower molecular weights may
correspond to degradation products. Clone 12 also showed
detectable expression by Western blotting, although at lower
intensity compared to clone 10 (Figure 5D). In this case, two
major bands were observed, with apparent sizes of ~45 kDa and
~35 kDa, respectively. The ORF length of 262 bp encodes a peptide
of ~10 kDa, which, when fused to B-lactamase, results in a predicted
fusion protein of ~42 kDa. Therefore, the upper band likely
represents the full-length chimeric protein, while the lower band
is consistent with a degradation product. Clones 1 and 2 were
loaded as a negative control since they grew only on
chloramphenicol but not on ampicillin and were therefore
expected to be unable to produce a functional fusion protein.
Sanger sequencing of these two clones showed that the DNA
insert was not in the correct frame with the B-lactamase,
confirming that the filtering process worked well in selecting
protein-coding gene domains.
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FIGURE 5

Identification of a novel, unannotated DNA sequence and expression of recombinant proteins. (A) The BLASTN analysis of clone 10 revealed only a
67% homology to the Butyrivibrio fibrisolvens genome. (B) After in silico translation and BLASTP, the DNA was identified as a fragment of a gene encoding
a member of the AraC family of transcriptional regulator. Gel electrophoresis (SDS-PAGE) of bacterial lysates of the selected clones (1, 2, 10 and 12),
followed by Coomassie blue staining (C) or Western blotting (D), confirmed the efficient expression of the protein domains fused to p-lactamase.

4 Discussion

4.1 The value of functional metagenomics to
life science education

How can undergraduate research projects in functional

metagenomics provide valuable training and help meet
curriculum standards, particularly in terms of preparing young
for research workforce? Genetics,

scientists the biological

microbiology, biochemistry, and molecular biology are
foundational courses in life science programs. Metagenomics
illustrates how the genes of one organism are interconnected
with those of others, as well as with the entire community,
bridging basic sciences and advanced fields such as ecology,
health sciences, and industrial biotechnology. This process
highlights the importance of understanding the full diversity of
life within a single environment and researching genes and
organisms in their context. Since metagenomics spans multiple
disciplines, it serves as an effective tool for teaching key themes
and concepts that are integral to life science education.

By introducing students to functional metagenomics at the
introductory level, with a focus on its practical applications, they
can gain a clearer understanding of the fundamental concepts across
various fields, the connections between them, and the broader
of

metagenomics this way can inspire talented students to pursue

impact scientific advancements. Presenting functional

careers in science by showing them that there are intriguing,
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unresolved questions they can contribute to answering. This
approach fosters an experience of science as dynamic and
ever evolving.

4.2 Functional metagenomics as a model for
education-research integration

Students’ research holds great potential to advance the field of
functional metagenomics, given the vast amount of knowledge yet to
be discovered. For example, many metagenomics projects involve
collecting and analysing large numbers of samples to compare
with
environmental conditions (Rebets et al., 2017; Zhang et al., 2021).

microbial communities from different sites similar
Imagine a large-scale project with students from around the world,
such as a global microbiome analysis. With a simple infrastructure of
sampling kits and established processes, students could significantly
expand the available data for functional metagenomic analysis. The
development of effective data management systems, bioinformatics
tools, technical innovations, and advancements in microbiology in
the coming years could make student involvement in metagenomic
sampling a viable option. Raising awareness and understanding of
these opportunities within the biology research and teaching
communities is the first step. It will be essential to create
frameworks for engaging students in the study of microbial
communities, their interactions with other organisms in various

environments, and the practical applications of metagenomics.
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From there, the role of functional metagenomics in Life Science
education can evolve and expand, adapting to the needs of both
students and researchers.
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