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Abstract: The taxonomic assignment of sequences obtained by high throughput amplicon sequencing
poses a limitation for various applications in the biomedical, environmental, and agricultural fields.
Identifications are constrained by the length of the obtained sequences and the computational
processes employed to efficiently assign taxonomy. Arriving at a consensus is often preferable to
uncertain identification for ecological purposes. To address this issue, a new tool called “ASVmaker”
has been developed to facilitate the creation of custom databases, thereby enhancing the precision
of specific identifications. ASVmaker is specifically designed to generate reference databases for
allocating amplicon sequencing data. It uses publicly available reference data and generates specific
sequences derived from the primers used to create amplicon sequencing libraries. This versatile tool
can complete taxonomic assignments performed with pre-trained classifiers from the SILVA and
UNITE databases. Moreover, it enables the generation of comprehensive reference databases for
specific genes in cases where no directly applicable database exists for taxonomic classification tools.

Keywords: taxonomic assignment; QIIME2; ASV-specific database; pre-trained classifiers; public
reference databases

1. Introduction
1.1. Amplicon Sequencing

High-throughput sequencing approaches and, more specifically, amplicon sequencing
allow the generation of a large diversity of genetic variants. They represent the relative
composition of a microbial group in an environmental DNA (eDNA) sample. This molecu-
lar approach is dependent on the specific primers used [1,2], and several systems allow us
to analyze the diversity of bacteria [3], fungi [4,5], and other microbial groups [6,7] detected
in eDNA samples.

Computer processing of high-throughput sequencing data is essential to obtain reliable
and high-quality results. To reduce the influence of sequencing errors, the first strategy has
been to generate similarity clusters by defining operational taxonomic units (OTU) at a
similarity threshold of 97%. This approach was suitable for early sequencing technologies
(e.g., 454). Over the past decade, significant advancements have been made in the tools and
methods used to process this type of data. These advancements aim to reduce sequencing
errors’ impact and enhance downstream analyses” accuracy. New tools such as DADA2 [8]
allow the generation of genetic variants with high accuracy [9]. The algorithms use machine
learning approaches to optimize sequencing error handling. With this type of processing,
amplicon sequence variants (ASV) can be obtained.
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1.2. Public Reference Database and Taxonomic Limitations

Taxonomic classification is an important step in sequence processing. Representative
ASVs can be compared with reference sequences. Historically, there are important reference
databases such as Genbank [10], DDB]J [11], and the European Nucleotide Archive (ENA)
that accumulate all deposited sequencing data. These reference data are not necessarily
well-balanced between species, and there are many problematic annotations. Several
research groups have developed curated and aligned reference databases to facilitate the
processing of high-throughput sequencing (HTS) data to facilitate taxonomic assignment.
The SILVA [12], Greengenes [13], RDP [14], WarcupRDS [15], and UNITE [16] databases
are widely used in microbial ecology for consensus sequence identification, but several
problems remain. Each taxonomic assignment is linked to an accuracy that depends
on the amount of data available in the reference databases. Additionally, a significant
ratio of microbial diversity remains unknown due to the inability to cultivate several
microorganisms [17]. As a result, some taxonomic assignments remain imprecise. Moreover,
in cases where species exhibit high genetic similarity within the amplified region, classifiers
can only reach a consensus at the genus level. Consequently, the application of HTS
approaches for species identification related to some microbial genera is limited.

1.3. Awailable Tools to Assign Taxonomy

Bioinformatics tools for taxonomic identification are becoming more and more power-
ful. Some classifiers use machine learning approaches like “SKlearn” to improve classifica-
tion and speed up data processing [18], while other more conventional approaches allow
more parameter settings, for example, Vsearch [19] or DADAZ2 [8]. To make the HTS data
usable and to facilitate result presentation, a consensus assignment is provided for each
previously identified ASV. An accuracy calculation is possible using a pre-trained classifier,
but the taxonomic assignment decision is conservative. This procedure is generally suitable
for most applications in microbial ecology. However, there are limitations when it comes to
identifying non-cultivated species and genera having exact similarities within the targeted
gene. Finally, more specific tools propose treatments to improve the accuracy of taxonomic
assignment [20]. These tools are also very dependent on the available reference databases
generated by taxonomist research groups. There is a lack of tools to easily generate and
use more specific reference databases for less studied genes (e.g., EF1-alpha, Beta tubulin,
cytochrome oxidase II).

Here, a new tool that allows the creation of specific and usable ASV-specific reference
databases for HTS data purposes is presented. This provides information on all possible
identifications for each ASV and contributes to a better taxonomic assignment.

2. Materials and Methods
2.1. Environment

ASVmaker is an open-source tool available at. This is a Python-based tool that is
completely interoperable. It can be deployed using the Python Package Index (PyP1i)
Python-based tool. We recommend using it by command line. The installation and use
procedure is described in the tool’s GitHub repository, available at the following address:
https://github.com/cplessis/ ASVmaker (accessed on 1 August 2023).

2.2. ASVmaker Functionalities
2.2.1. Structure

ASVmaker is designed to be used by modules (Figure 1). (1) The first step involves
downloading a FASTA file for a specific genus of interest from a general database: Silva,
Unite, RNAcentral, ENA, NCBI, or DDB]J. This file contains the genomic data necessary
for subsequent analysis. (2) Next, ASVmaker enables the creation of a genus-specific
database using the downloaded FASTA file. Each sequence lineage is verified by accession
number through the European Nucleotide Archive API if possible and through the NCBI
Entrez API if the ENA one does not match. Users must specify primers to be used during
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the simulation of the amplification process, allowing for precise targeting of the desired
genomic regions and ASV creation. (3) To enhance the quality and specificity of the
analysis, ASVmaker provides the functionality to filter out redundant amplicons and
exclude unwanted taxonomy. Redundant amplicons are ASVs sharing the same taxonomy.
Unwanted taxonomy or species that are not of interest (e.g., “sp.” or “aff.”) can also be
filtered out, ensuring a more focused analysis of the target genus. (4) ASVmaker creates
shared amplicon (SA) groups, which involve clustering identical ASVs with different
taxonomies. This grouping allows for a comprehensive understanding of the taxonomic
diversity within the selected ASV, providing valuable precisions into the composition
and dynamics of microbial communities. (5) Moreover, ASVmaker offers the option to
merge ASV-specific databases from different general databases, providing flexibility to
combine data from various sources. When two reference databases for the same genus
are built from two different FASTA files, it is possible to merge them. This step creates
new SA groups if necessary and eliminates duplicates. This merging process allows for a
more comprehensive dataset, enabling comparative analysis and broader insights into the
studied genus.

@  silval unite <RNA
~ ENAYos < [

genus_sequences.fasta

_.~_ NCBI

FILTER
3 1

i i
H 1
database.json database.json |  '---- database.json Leees database.json

¢ +informations.txt + informations.txt i +informations.txt +informations.txt
b : +sa_species.txt : +sa_species.txt ) +sa_species.txt
SRRV SRR, : +genus_asvfasta  : + genus_asv.fasta

CREATE
2 1

Figure 1. Schematic of the five steps of ASVmaker’s process. (1) Download the FASTA file for
one genus from a general database, (2) produce the database for a specific genus and primers,
(3) filter redundant amplicons or unwanted taxonomy, (4) produce shared amplicon (SA) groups, and
(5) prepare facultative merging of specific genus ASV databases from different general databases.

2.2.2. Taxonomy

A taxon is defined as the most precise taxonomic description that can be obtained for
a sequence variant. With the currently available tools, a variant with a different possible
taxonomy is, by default, assigned to the consensus taxonomy at a truncated level (e.g.,
“GenusName_spp.”). This results in the loss of crucial information. A solution to this
problem is to assign a group of species sharing the same amplified sequence as a taxon.
In this case, the amplicon is defined as “Shared Amplicon” (SA). The taxon of an ASV
related to a single species will, therefore, be “GenusName_SpeciesName.” The taxon of
an ASV related to several species will be “GenusName_SAn,” where “n” is the sequential
number of the SA in the database. The choice to group these sequences under the name
of the SA is an important step to avoid losing information on genetic variability. Thus,
the identification by HTS will return a maximum of answers to the user without passing
by a consensus attribution. Hence, it is possible to attribute a taxonomic identification by
grouping very similar sequences. The SA groups give the same information as Blast at
100% identity on same-length sequences for multiple species but stored in the sequence
taxonomy. ASVmaker does not rely on any specific algorithm, unlike other classifiers.
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2.2.3. Amplicon

To create an ASV-specific database, a simulation of amplification must be performed
on all the sequences to select the amplifiable fragments. The original amplification system
was based on the PCR function of the Python package Pydna [21]. However, a custom
module was created because this package does not offer customizable parameters for
primer mismatch tolerance. This module uses local primer alignment scores on a given
sequence. To favor the positions where the primer can attach, the calculation of the scores
favors match and mismatches rather than gaps: match +1, mismatch 0, open-gap —1,
extend-gap —0.5. The “sense” leader is directly aligned to the sequence, and the position
with the highest score is saved. Then, the complementary strand of the reverse primer
is synthesized before it is also aligned to the sequence. If the alignment score of the two
primers passes the threshold set by the user, then the amplicon is generated on the primer
positions with or without end primers (as desired). An amplicon is created only if the last
three bases at the 3’ ends do not contain any mismatches.

2.2.4. Usage

When seeking to identify an ASV from the amplification of a large microbial group
(e.g., bacteria or fungi), an ASV-specific database generated by ASVmaker can be used
on ASVs that have generated an initial identification at the genus level. This constitutes
a case of double identification, firstly by a general database such as Silva or UNITE and
secondly with the specific one from ASVmaker. For other applications, when dealing with
ASVs generated by the amplification of a specific genus (e.g., Fusarium for the EF1-alpha
gene), the specific database generated by ASVMaker can be used directly. In all cases,
the taxonomic assignment with the specific reference database must be used with 100%
alignment and 100% coverage.

2.3. Creation of a New Database

To evaluate the performance of ASVmaker, ASV-specific reference databases have
been generated. It was chosen as a microbial genus that may include plant pathogens. This
application in plant pathology is not the only one, but it was chosen because we are involved
in a project to evaluate the potential of HTS for the identification of several plant pathogenic
organisms. For bacteria, the targeted genera have been Erwinia, Streptomyces, Pseudomonas,
and Xanthomonas. The fungal genera have been Colletotrichum, Septoria, Ustilagi, and
Verticillium. These ASV-specific databases can be combined with the taxonomic assignment
with the pre-trained classifiers (SILVA version 138 or UNITE version 8.3) to improve the
species-level identification.

An additional ASV-specific database has been generated to present an example of a
direct and specific amplification targeting a non-ribosomal gene. The Fusarium elongation
factor alpha gene was targeted. In the 3 targeted examples, we used ASVmaker with the
primers described in Table 1 and sequences from queries from UNITE for fungal genera,
SILVA for bacterial ones, and RNAcentral for both. Since there is no sequence of EFlo in
the UNITE database, the sequences available from the ENA database were downloaded.

Table 1. List of primers used to produce the ASV-specific database and for the amplifications
performed on the environmental DNAs.

Microbial Group Target Region Forward Primer Reverse Primer Reference
. 515FB: 926R:
Bacteria 165 VAV GTGYCAGCMGCCGCGGTAA  CCGYCAATTYMTTTRAGTTT [22,23]
. BITS: B58S3
Fungi ITS ITS1 ACCTGCGGARGGATCA ~ GAGATCCRTTGYTRAAAGTT [24]
Fa-150: Ra-2:
Fusarium EFla EFla CCGGTCACTTGATC- ATCACGCTOACATAGTAGCG [25]

TACCAG
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2.4. Application on Environmental Samples

To provide examples of applications, plant samples from a large study focused on the
potential for identifying plant pathogenic organisms using HTS were used. These examples
compared the identification process using public reference databases (SILVA, UNITE) to
the dual identification method based on the reference database generated with ASVMaker.

2.4.1. Sample and DNA Extraction

Plant tissues were collected by the Ministere de I’Agriculture, des Pécheries et de
I’ Alimentation du Québec (MAPAQ) plant pathologists based on specific disease symptoms.
The fresh tissues were homogenized, and 0.2 g were used for DNA extraction. DNA
extractions were performed with the DNeasy Plant Mini Kit (Qiagen, Mississauga, ON,
Canada) according to the manufacturer’s instructions. Each DNA pellet was suspended
in 100 pL of sterile molecular-grade deionized water. The quality and quantity of the
DNA extracts were evaluated by spectrophotometry using a Biophotometer (Eppendorf,
Mississauga, ON, Canada) with readings at 260, 280, 230, and 320 nm.

2.4.2. Amplicon Sequencing

Prokaryote and fungal diversity were assessed by HTS as described [26], using 515FB
and 926R primers and BITS-ITS1 and B58S3 primers, respectively, for bacteria and fungi.
Specific Fusarium spp. amplification was performed using the primers Fa-150 and Ra-2,
targeting the elongation factor 1-alpha gene (Table 1). Briefly, a two-step dual-indexed PCR
approach was specifically designed for lllumina instruments by the Plateforme d’analyses
génomiques (IBIS, Université Laval, Quebec City, QC, Canada) was performed. Indexed
PCR products were purified, checked for quality on a DNA7500 Bioanalyzer chip (Agilent,
Santa Clara, CA, USA), and then quantified spectrophotometrically using the Biophotome-
ter with a G1.0 uCuvette. Barcoded amplicons were pooled in equimolar concentrations
for sequencing on the Illumina MiSeq platform using a 2 x 300 bp sequencing kit.

2.4.3. Bioinformatic Analysis

Raw MiSeq sequences (FASTQ) were filtered under the QIIME2 platform [27] using
the DADA2 plugin [8] filtration approach for determining amplicon sequence variants
(ASV). For fungi sequences of the ITS1 region, primers were previously removed with the
Cutadapt tool [28].

Taxonomic assignments were carried out using a classification approach with the
sklearn function in the q2-feature-classifier plugin [18] and pre-trained classifiers from the
SILVA (version 138) and UNITE (version 8.3) databases for bacteria and fungi, respectively.
The secondary assignment was generated with 100% similarity identification using the ASV-
specific database obtained with ASVmaker. For the specific EFl1x gene, the ASV-specific
database generated from the EF1a sequences was used directly.

3. Results
3.1. ASV Specific Database for 16S rRNA, ITS and EF1a Gene

Three ASV-specific databases were created to showcase ASVmaker use cases (all
code available in the “data and code availability” section). Two of these were designed
to complete the analysis with the Silva and UNITE pre-trained classifiers. Four bacterial
genera and four fungal genera were chosen to present a simple and complex case study for
each microbial group targeted in the phytopathological application. The raw sequences
were then retrieved from the Silva database for bacterial genus and primers targeting the
16S region, from the Unite database for fungal genus and primers targeting the ITS region,
and from the RN Acentral database for both. The tool can concatenate specific ASV bases
from different generalist bases (Figure 2). For all the genera studied, ASVmaker made it
possible to increase the number of variants by concatenating the two generalist bases. The
developed tool enables us to better characterize identical variants with different taxonomies
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Figure 2. Number of variants retained according to the data source and ASV combination for bacterial
genus (A) and targeted fungal genus (B). Number of unique variants (non-SA) or variants with at
least one different taxonomic identification (SA) for bacterial genus (C) and fungal genus (D).

For the third example, we targeted the gene EFl« to evaluate the Fusarium species di-
versity. This ASV-specific database was created from sequences present in a non-specialized
generalist database to reach a better diversity of sequences for less studied genes, the ENA
(European Nucleotide Archive). However, these databases may have taxonomic assign-
ment errors on their sequences, unlike databases such as Silva and UNITE, which are more
accurate. A total of 43,509 raw sequences were retrieved from the ENA website. After
processing with ASVmaker, 3353 unique variants were identified, including 126 SA variants
and 2784 species complex variants (Figure 3A). A total of 77 unique species taxa (including
species complex) and 126 SA taxa were isolated in the Fusarium EF1x ASV specific database
for a total of 203 possible taxonomic attributions. Most of the variants of the created specific
database targeting the gene EF1«x are species complex taxa or SA taxa (Figure 3B).

3.2. Environmental Samples Application

One possible application of ASVmaker is to provide an additional level of information
aiming at plant pathogen identification. The use of high-throughput sequencing could
complement or enhance phytopathologists’ ability to detect plant diseases. As part of a
large-scale study in collaboration with the MAPAQ’s phytopathologists, several hundred
diseased plants were tested, and plant pathogens identification was obtained using conven-
tional methods (Microscopic, qPCR) and with HTS w compared. To illustrate the benefits
of using the databases generated with ASVmaker, samples that could be used in the five
following situations (code C1 to C5) were identified:

e  C1: Confirmation of the identification obtained with pre-trained classifiers (from the
Silva/UNITE databases) with the ASV-specific database;
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C2: Precision increase to the species level with the ASV-specific database;
C3: Change of species identification with the ASV-specific database;
C4: Precision obtained with the ASV-specific database with a few species possibilities
(simple case);

e  (Cb: Precisions obtained with the ASV-specific database with several species possibili-
ties (complex case).

Figure 3. (A) Proportion of variants taxonomically assigned to species, species complex, or SA from
3353 variants Fusarium EF1« database created from 43,509 sequences retrieved from the ENA. (B) Ma-
jor taxa proportion among 3353 variants in the Fusarium EFl« database created from 43,509 sequences
retrieved from the ENA.

Table 2 shows the results obtained for the taxonomic identification of the selected cases
and according to the overall diversity of bacteria, fungi, and fusarium-specific diversity
determined by EFla gene diversity. A first interpretation illustrates that, whatever the
microbial group, it can be easy or more complex to make a good taxonomic identification
with HTS data. It is, therefore, not possible to generalize about identification problems.
On the other hand, the cases selected for bacteria present more problems compared to
fungi. Without being exhaustive, identifications are more problematic for Pseudomonas,
Xanthomonas, and Streptomyces, and the number of possible species can vary widely (from a
few species to 44). However, ASV-specific databases can improve taxonomic identifications,
such as Cases 3 and 5 for Streptomyces, or enable identification at the species level, such as
Case 3 for Erwinia tracheiphila.

On the other hand, the taxonomic identification improvement provided by ASV-
specific databases can be used to discriminate variants potentially associated with a given
species. In a case when Pseudomonas syringae is targeted, it is possible to discard some
variants that do not present this species in the shared amplicon list.

In the case of fungi, identifications are generally more accurate. Examples in Table 2
illustrate these observations with the identifications of Colletotrichum, Ustilago, and
Verticillium. For Colletotrichum, the secondary identification detailed a more problematic
identification with three possible species against one with the pre-trained classifier (Case 7)
or change the species identification (Cases 9 and 10). This example highlights the problem
of dataset training size of the classifiers. The same observations are reported for Verticillium
with two possible species identified with ASV-specific database (cases 7, 9, and 10) and for
a more problematic case with Septoria (Case 9). However, for Ustilago, which was a simple
case, the same identification was obtained with both databases. The same observations
generally apply to other genus.
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Table 2. Detailed results of the best-taxonomic identifications obtained with the pre-trained classifiers from the SILVA and UNITE databases and with the ASV-specific
database created with ASVmaker for the selected samples. The table shows three sections for the amplification system targeting bacteria, fungi, and specifically
Fusarium spp. using the EFla gene.

Best Taxonomic

cp Complementary
Identification by Identification Relative Abound
Sample Code Crop Diagnostic (Conventional) Code Pre-Trained Conf. . e Shared Amplicon (SA) o :
g with ASV-Specific (%)
Classifiers Database
(SILVA/UNITE)
Bacterial amplification—16S rADN
Casel Squash Pseudomonas. surineae C5 Pseudomonas 1 Pseudomonas_SA46 35 species 8.55
ase q —SYring C5 Pseudomonas 1 Pseudomonas_SA63 28 species 30.89
Case2 Cabbage Xanthomonas campestris C5 Xanthomonas 0.997 Xanthomonas_SA1 27 species 57.35
C1 Erwinia tracheiphila 1 Erwinia tracheiphila 31.03
Case3 Squash Erwinia_traqueiphila C5 Pseudomonas 1 Pseudomonas_SA22 44 species 0.06
S.roseirectus
C4 Streptomyces 1 Streptomyces_SA167 S.niveiscabiei 0.06
S.acidiscabies
Case4 Cabbage Xanthomonas campestris C5 Xanthomonas 0.997 Xanthomonas_SA1 27 species 63.11
C5 Pseudomonas 1 Pseudomonas_SA22 44 species 0.26
Case5 Wheat Xanthomonas campestris C5 Xanthomonas 0.997 Xanthomonas_SA1 27 species 3.97
C5 Xanthomonas 1 Xanthomonas_SA3 15 species 49.50
C5 Pseudomonas 1 Pseudomonas_SA39 30 species 0.18
Case5 Potat Streptomuces scabies C5 Pseudomonas 1 Pseudomonas_SA46 35 species 0.92
ase otato promyces c5 Streptomyces 0.999 Streptomyces_SA63 25 species 7.19
C2 Streptomyces 1 Strep foryces 0.36
scabrisporus
Fungal amplification—ITS1
C.nigrum

Case7 P Colletotrichum, C4 Colletotrichum coccodes 0.998 Colletotrichum_SA61 C.coccodes 24.46

ase otato Dickeya sp., C.gloeosporioides_complex

Fusarium, s . e V.longisporum
Pythium, C4 Verticillium nubilum 0.998 Verticillium_SA1 V. dahliae 17.81
Verticillium

Case8 Corn Ustilago_maydis C1 Ustilago maydis 1 Ustilago maydis 13.32
C3 Colletotrichum fuscum 1 Colletotrichum destructivum complex 0.10
Case9 Melon Verticillium_dahliae C5 Septoria epilobii 0.93 Septoria_SA3 38 species 0.01
C4 Verticillium nubilum 0.998 Verticillium_SA1 Vlongisporum 12.51

V.dahliae
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Table 2. Cont.
Best Taxonomic Complementa
Identification by Idexl:tiﬁcationry Relative Abound
Sample Code Crop Diagnostic (Conventional) Code Pre-Trained . g Shared Amplicon (SA) o :
g with ASV-Specific (%)
Classifiers Database
(SILVA/UNITE)
Casel0 Melon Verticillium._dahliae C3 Colletotrichum fuscum Colletotrichum destructivum compleleon o 0.01
C4 Verticillium nubilum Verticillium_SA1 rongiap 28.52
V.dahliae
Fusarium-specific amplification—EF1A (only with ASV-specific database)
. . Fusarium tricinctum
Cwl o T
I Fusarium tricinctum 23.89
complex
Fusarium sporotrichoides C2 F usarium];uj tkuroi 28.56
Casel2 Corn Fusarium graminearum o Fusari compiex L ) 790
Fusarium equiseti usarium incarnatum-equiseti complex 67.
2 Fusarium incarnatum-equiseti complex 1.11
c4 Fusarium_SA89 Fincarnatum equiseti complex 4691
Kebatiellose FE.sporotrichioides
Casel3 Corn lf atie F.asiaticum
usarmm Farmeniacum
C4 Fusarium_SA93 F.boothii 3.19
F.graminearum
F.meridionale
C2 Fusarium_serpentinum 0.97
C2 Fusarium_sporotrichioides 0.79
C2 Fusarium_sporotrichioides 0.53
C2 Fusarium_tricinctum_complex 7.37
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Samples analyzed for the Fusarium-specific gene (EF1x) generally showed a very good
level of identification. Unlike the application for bacteria and fungi, the results for the EF1«
gene allow direct identification. The identifications obtained by HTS and ASV-specific
databases can be corroborated with microbial isolations on selective media. In all samples
where Fusarium spp. was identified by isolation, it was possible to obtain identification by
HTS. On the other hand, species identifications may be different or expressed by different
names or species complexes. Identifications coupled with relative abundance enable
the identification of variants detected in the same sample and to assess their respective
representation. Except for the Fusarium_SA89 and Fusarium_SA93 variants, which have 2
and 6 possible identifications, respectively, all other variants are identified as species or
species complex.

4. Discussion

ASVmaker is a specialized tool that addresses various application gaps using amplicon
sequencing data. It offers additional taxonomic information to confirm species identification
or improve identification challenges encountered with conventional classifiers.

While many existing tools aim to enhance taxonomic attributions through database
generation, either by refining existing databases or employing more powerful
algorithms [29-31], ASVmaker is more specifically designed to target a particular genus or
a list of genera, adapting accordingly to the primers used in sequencing library preparation.

ASVmaker can also be used to improve a specific already-generated ASV database.
The merge function allows the addition and integration of additional sequences into a
newly documented structure. However, it is important to note that ASVmaker is not able
to treat multiple genera simultaneously. In this study, it was tested on 10 bacterial genera
and 38 fungal genera. As the tool does not address inter-genus issues, employing it as a
subsequent step following taxonomic assignment with a pre-trained classifier is crucial.

Additionally, ASVmaker can be used to generate a genus-specific ASV reference
database for non-ribosomal genes. The results with the EF1x gene showed that ASVmaker
can improve taxonomic assignment directly compared to other studies using conventional
classifiers [32]. Identifying species with conventional classifiers can be difficult due to
conflicts with multiple taxonomies for a single variant. However, ASVmaker can isolate
and retain this information in the taxonomic assignment. It is feasible to prepare similar
reference databases for other genes of interest in microbial ecology, such as beta-tubulin or
cytochrome oxidase II.

Presently, ASVmaker is restricted to data generated from the Illumina platform, as it
requires high-quality sequences for successful implementation. Therefore, using an ASV-
specific database on sequences from sequencing approaches involving Oxford Nanopore
Technology (ONT) is not feasible. Conversely, it may exhibit promising performance for
approaches such as Pacbio or other techniques generating high-quality sequences.

5. Conclusions

By allowing users to easily prepare their own ASV-specific database and complete the
taxonomic annotation from public pre-trained classifiers, ASVmaker will enable researchers
in microbial ecology to improve taxonomic identifications for specific microbial genera. The
use of ASV-specific databases does not guarantee precise microbial species identification
but clarifies potential issues with pre-trained classifiers. ASVmaker also proves to be a
powerful tool for constructing a genus-specific ASV reference database for non-ribosomal
genes. It was tested on the EF1x gene, and it achieved highly interesting performance,
obtaining species-specific identifications in most cases. This tool has a wide range of
applications, including plant pathology, studying the results of microbial inoculants and
biostimulants, as well as applications in biomedical research.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants12213678 /s1.
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