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Abstract 

Metabarcoding is a powerful tool to simultaneously identify multiple taxa within a habitat. However, its application to host- 

associated microbiomes is challenged by substantial co-amplification of host DNA. Here we developed a host-exclusive primer 

design workflow, to selectively generate amplicons from target taxa while excluding the host. This workflow is centered around 

a new computational tool, mbc-prime , that can generate a list of discriminative candidate primers and score them. We show- 

case the use of this tool in the design of primers for long-read metabarcoding of endophytic fungi in Vinca minor. Mbc-prime 
streamlines the design of fungus-specific primers, enabling efficient and plant-free amplification of fungal rDNA from mixed 

DNA samples. Our workflow can be used to study the composition of complex host-associated microbiomes. It should be uni- 

versally applicable for the design of discriminative primers in a user-friendly and practical manner and thus be of use for 

various researchers in microbiome research. 

Keywords Amplicon sequencing: host-associated microbiome: Oxford Nanopore Technology: discriminative primer design: metabarcoding, marker 

genes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Introduction 

High-throughput sequencing of taxonomic marker genes 
(metabarcoding) has become a widely adopted approach for 
studying biodiversity and microbial ecology across diverse 
ecosystems (Abdelfattah et al. 2018 ). Among the critical steps 
in any metabarcoding workflow, the choice and design of suit- 
able primers is paramount. An optimal primer set must balance 
broad taxonomic coverage of target organisms while minimizing 
amplification of non-target taxa (Tedersoo et al. 2022 ). 

This issue of non-target amplification extends beyond micro- 
bial profiling and is encountered across a wide range of ecologi- 
cal and evolutionary studies. For instance, ancient DNA analyses 
are often compromised by high levels of microbial or environmen- 
tal DNA that obscure the target sequences (Slon et al. 2017 ). Ma- 
rine eDNA studies employing broad-range primers are suscepti- 
ble to amplification biases, whereby highly abundant eukaryotic 
taxa, such as dominant zooplankton orders, are preferentially am- 
plified, potentially limiting the detection sensitivity for less abun- 
dant taxa within the community (Zhan et al. 2014 , Needham and 

Fuhrman 2016 ). 

This complication is particularly pronounced when studying 
host-associated target taxa, for instance in dietary metabarcod-
ing, where the DNA of the predator or herbivore can dominate
over that of the consumed prey or plant material, leading to bi-
ased interpretations (De Barba et al. 2014 ); or in parasitological di-
agnostics where scientists frequently struggle with the low abun-
dance of target DNA of helminths or protozoan parasites amidst
the overwhelming host background (Avramenko et al. 2015 ). In
bacterial profiling of the human microbiome, a common chal-
lenge arises from the co-amplification of host organellar DNA
that overwhelms the microbial signals, especially in low-biomass
niches such as skin, blood, or mucosal surfaces (Marotz et al. 2018 ,
Karstens et al. 2019 ). In plant-associated microbiomes, chloro-
plast and mitochondrial sequences often overshadow bacterial 
16S rRNA gene amplification, obscuring true microbial diversity
(Lundberg et al. 2013 , Beckers et al. 2016 ). Fungal profiling, us-
ing eukaryotic marker genes such as ITS, 18S, or 28S rRNA, in-
troduces additional complexity. These markers often carry re-
gions that are conserved with host ribosomal DNA, making it dif-
ficult to avoid co-amplification, particularly in plant tissues such
as roots or leaves (Hadziavdic et al. 2014 , Gdanetz et al. 2017 ).
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his can mask the presence of less abundant fungal taxa and 

omplicate downstream ecological interpretation. These exam- 
les collectively highlight the widespread impact of non-target 
NA interference in amplicon sequencing, emphasizing the need 

or robust primer design strategies that improve target specificity 
nd minimize the amplification of host DNA to ensure accurate and 

fficient microbial community profiling. 
To overcome these issues, a wide array of bioinformatics tools 

as been developed to assist in primer design. General-purpose 
ools like Primer3 (Rozen and Skaletsky 2000 ), Primer-BLAST (Ye 
t al. 2012 ), and PrimerQuest™ offer design capabilities based on 

elting temperature, GC content, and structural properties. How- 
ver, they are limited in their ability to assess primer suitability for 
omplex, taxonomically diverse samples. Taxon-aware tools such 

s PrimerProspector (Walters et al. 2011 ) and DegePrime (Hugerth 

t al. 2014 ) allow for broader coverage assessments and degener- 
cy control, making them more suitable for environmental appli- 
ations. Still, these tools generally lack features required for dis- 
riminative primer design, such as the ability to target specific tax- 
nomic groups while excluding the host. Other tools, such as Bar- 
rawl (Frank 2009 ), support barcode design but not primer devel- 
pment; Primer Validator provides taxonomic validation without 
e novo primer design or advanced scoring systems; and tools 

ike RDP’s Probe Match (Cole et al. 2005 ) or Greengenes’ probe 
earch (DeSantis et al. 2006 ) are limited to database-matching 
robes without flexible input or customization. Moreover, small- 
cale tools like Primrose (Ashelford et al. 2002 ) are not scalable to 

odern large-scale datasets and lack features like 3′ -end scoring, 
hich is important for predicting primer success. 
Despite this extensive toolkit, most existing programs are not 

esigned to avoid amplification of host DNA, a key requirement 
or studying host-associated microbiomes. Therefore, there re- 

ains a strong need for specialized computational solutions 
hat can design host-exclusive primers, ensuring that sequenc- 
ng reads derive primarily from microbial taxa rather than host 
ontaminants (Yap et al. 2020 ). Such primers are essential for 
ncreasing classification sensitivity, reducing bias, and improv- 
ng the cost-effec tiveness of micr obial community pr ofiling in 

ost-rich samples. 
Here, we present an effective metabarcoding workflow tailored 

or host-associated microbiomes, beginning with the design of 
ighly discriminative primers using our new computational tool, 
bc-prime . This tool automatically identifies and ranks candidate 

rimers based on microbial specificity and host exclusivity. We 
emonstrate the utility of this approach by profiling the commu- 
ity of endophytic fungi associated with the evergreen plant Vinca 

inor (lesser periwinkle), using long-read nanopore sequencing. 
ur method provides a robust solution for the accurate detection 

f microbial and other organismal diversity in challenging, host- 
ssociated environments. 

aterials and methods 

ample collection and DNA extraction 

rom the leaves of V. minor 

or the sampling, 10–15 individual plants of V. minor were col- 
ected from Italy (45◦26′ 3’’ N, 8◦49′ 53’’W), immediately placed in 

n ice box, and transported to the lab. After surface sterilization 

(He et al. 2023 ), the plant material was quickly frozen with liquid
nitrogen, ground into fine powder, and stored at −70◦C until DNA
extraction. 

Holobiont genomic DNA was extracted using NucleoSpin® Mi-
crobial DNA kit (BIOKÉ, Leiden, The Netherlands) in accordance
with the protocols provided by the manufacturer with adjustment.
Briefly, 0.2 g ground plant material was suspended in 100 μL elu-
tion buffer BE, 40 μL buffer MG and 10 μL liquid proteinase K. The
plant cells were disrupted by vortexing at 1000 r/m for 3 mins. After
adding 600μL buffer MG, samples were vortexed for another 1 min
at 1000 r/m, followed by 2 min centrifugation at 13 000 × g . The su-
pernatant was transferred onto a NucleoSpin® Microbial column,
washed twice with buffer BW and B5 buffer, and eluted with 30 μL
elution buffer BE. The DNA was quantified with NanoDrop N-100
(ThermoFisher, Waltham, MA, USA) and stored in −20◦C until fur-
ther use. 

Mock community construction 

To generate a synthetic mock community for initial testing of the
new primers, we used six species isolated from healthy-looking,
surface-sterilized leaves of V. minor, collected in Groningen (The
Netherlands) in November 2021. Fungal isolation, cultivation,
and genomic DNA isolation were executed as described in our
previous work (He et al. 2023 ). The SR1R-Fw/ LR12-R primer pair
(D’Andreano et al. 2021 ) was used to amplify the entire fungal
rDNA locus. Reactions were run in volumes of 25 μL, containing
1 μL each of the forward (10 μM) and reverse primer (10 μM),
12.5 μL LongAmp Hot Start Taq 2x Master Mix (New England
Biolab, MA, USA), 1 μL of DNA template (40 fmol), and 9.5 μL of
nuclease-free water. PCR amplification was carried out with the
following protocol: initial denaturation of 94◦C for 30 s, followed
by 30 cycles of 94◦C for 10 s, 65◦C for 30 s, and 65◦C for 5.5 min,
followed by a final 65◦C extension for 10 min. The PCR products
were purified using AMPure XP magnetic beads (Beckman Coulter,
California, USA) and the concentrations were determined using
Qubit 3.0 (Invitrogen, Waltham, MA, USA), and the Qubit dsDNA
HS Assay Kit. These six fungal amplicons were mixed in equimolar
ratios to construct the mock community DNA sample with a
concentration of 55 ng/ μL. 

Primer design and implementation on 

endophytic fungi in V. minor 

To analyze endophytic fungi in V. minor , all related sequences
were downloaded from the SILVA database ( Supplementary File 2 ,
Datasets S1 and S2 ). For the SSU region, 46 sequences from the
Gentianales order were extracted from the downloaded database
file (SILVA_138.1_SSURef_NR99_tax_silva.fasta.gz.). In the same
way, a dataset of 118 fungal sequences was collected, which rep-
resents all major fungal divisions (ascomycota, basidiomycota,
chytridiomycota, cryptomycota, zoopagomycota, microsporidia,
mucoromycota, neocallimastigomycota, and blastocladiomy-
cota). These 164 sequences were aligned using the MAFFT multiple
sequence alignment software (ouput format: fasta format, input
order; strategy: L-INS-i; arguments: –ep) (Katoh and Standley
2013 ). For the LSU region, 62 fungal sequences ( Supplementary F
ile 2 , Dataset S3 ) and 6 available Gentianales sequences ( Supple
mentary File 2 , Dataset S4 ) were extracted from the downloaded
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database file (SILVA_138.1_LSURef_NR99_tax_silva.fasta.gz). 
Alignment was performed among these 68 sequences in the same 
way as for the SSU. 

Both alignments were analyzed with mbc-prime version 0.6.0 (-s 
= 0.5) (see Results section for implementation). We obtained 147 
candidate discriminative primers across the SSU ( Supplementar 
y File 2 , Dataset S5 ) and 371 across the LSU ( Supplementary File 2 , 
Dataset S6 ). Four candidates for forward primers on the SSU and 

two reverse primers on the LSU were selected from the initial set 
based on the following criteria: 1) at least 80% coverage of fungi 
at zero or one mismatch ( in silico ); 2) at least one mismatch at 
the 3′ end between primer compared to the plant sequences; 3) 
a GC content between 40 and 60%; 4) approx. 20 base pairs in 

length. In addition, we manually optimized the length of candi- 
date primer sequences to lower the difference in melting temper- 
atures and the likelihood of heterodimer formation in primer com- 
binations as well as incorporated degenerate positions to maxi- 
mize the coverage of the target group. Finally, all selected primers 
were evaluated in silico using SILVA TestProbe 3.0 ( https://www. 
arb-silva.de/search/testprobe/ ) with default settings and “fungi”
and “Gentianales” or “Chloroplastida” as test sets for the indi- 
vidual primers, as well as OligoAnalyzer™ (Version 3.1, Integrated 

DNA Technologies, https://eu.idtdna.com/pages/tools/oligoanaly 
zer) for primer pairs before being tested on the DNA samples of a 
fungal mock community and plant material. 

Amplicon generation for Oxford Nanopore 

sequencing 

The strategy employed in this study involves two steps of PCR. 
The first PCR was performed with the gene-specific rDNA primers 
including overhangs that serve as handles for PCR barcoding in 

the second step (5′ TTTCTGTTGGTGCTGATATTGC-[forward primer 
sequence] 3′ ; 5′ ACTTGCCTGTCGCTCTATCTTC-[reverse primer se- 
quence] 3′ ). All primer pairs used in this study are shown in Su 

pplementary File 1 , Supplementary Table S1 and sequences of 
all primers used in this study are listed in Supplementary File 2 , 
Dataset S7 . Each PCR reaction mix consisted of 0.4 μM each of the 
forward and reverse primer, 1 × LongAmp Hot Start Taq 2 × Mas- 
ter Mix (New England Biolab, MA, USA), and 40 ng of template DNA, 
combined in a 25 μL reaction. The PCR cycling conditions were as 
follows: initial denaturation of 94◦C for 30 s, followed by 30 cycles 
of a 10 s hold at 94◦C, a 30 s hold at the respective annealing tem- 
perature shown in Table 1 , and an elongation period specific for 
the length of the amplicon as shown in Table 1 at 65◦C, followed 

by a final 65◦C extension for 10 min. The PCR amplicons were pu- 
rified using AMPure XP magnetic beads (Beckman Coulter, Califor- 
nia, USA) and quantified by Qubit. The second PCR was used to in- 
corporate the Oxford Nanopore barcode sequences with the PCR 

Barcoding Expansion 1–12 (EXP-PBC001, ONT, Oxford, UK). Each 

amplicon PCR product was used as a template (100–200 fmol) in 

the second PCR reaction with 1 μL PCR barcoding primer mix (one 
of BC1- BC12, at 10μM), and 25μL LongAmp Hot Start Taq 2X Mas- 
ter Mix (New England Biolab, MA, USA) in a total of 50 μL. The PCR 

cycling conditions were as follows: initial denaturation of 95◦C for 
3 min, followed by 15 cycles of 95◦C for 15 s, 62◦C for 15 s, and an 

elongation period specific for the length of the amplicon as shown 

in Table 1 at 65◦C, followed by a final 65 ◦C extension for 10 min. 
The barcoded PCR products were further purified with 0.4x vol- 
ume of AMPure XP Beads (Beckman Coulter, California, USA). All 

barcoded PCR products were pooled in equal amounts to prepare
1 μg of DNA in 50 μL nuclease-free water for library preparation.
The metadata of samples as input for the library preparation is
listed in the Supplementary File 2 , Dataset S8 . 

Library preparation 

The library preparation was performed with the ligation sequenc-
ing kit V14 (ONT, SQK-LSK114) following the manufacturer’s
instructions ( https://community.nanoporetech.com/docs/prep 

are/library_prep_protocols/ligation- sequencing- gdna- pcr- barc 
oding- sqk- lsk114- with- exp/v/pbc_9182_v114_revh_07mar2023 ). 
First, the pooled barcoded amplicons underwent end repair with
the NEBNext® Ultra II End Repair / dA-tailing Module (NEB, E7546).
This reaction consisted of 50 μL DNA (1 μg), 7 μL Ultra II End-prep
Reaction Buffer and 3 μL Ultra II End-prep Enzyme Mix, and was
incubated at 20◦C for 5 min and 65◦C for 5 min. The end-repaired
amplicons were further purified using AMPure XP magnetic beads
and quantified by Qubit. For the adapter ligation step, 60 μL of
the end-repaired and purified amplicons, 25 μL Ligation Buffer
(LNB), 10 μL NEBNext Quick T4 DNA Ligase, and 5 μL Ligation
Adapter (LA) were combined in a reaction tube and incubated
for 10 min at room temperature. After ligation, the samples were
mixed with 0.4 × volume of AMPure XP magnetic beads and then
washed twice with 250 μL Long Fragment Buffer provided in the
ligation sequencing kit. The library was finally eluted with 15 μL
Elution Buffer (EB), incubated at 37◦C for 10 min, and quantified
by Qubit. 35–50 fmol of this final prepared library were loaded for
sequencing. 

MinION sequencing data analysis 

Sequencing was performed on a MinION device with a R10.4.1
flow cell running with MinKNOW software v24.02.10. Basecalling
and demultiplexing were performed with Dorado v7.3.9 in super
accurate mode. We trimmed reads using NanoFilt v2.8.0 and as-
sessed the read quality using NanoPlot v1.42.0. Subsequently,
the FASTQ files were uploaded to EPI2ME Labs v4.1.4, and the
“wf-metagenomics” workflow was performed with the follow- 
ing settings: classifier: Kraken2; Kraken2 memory mapping: true;
dataset: ncbi_16s_18s_28s_ITS or SILVA_138_1; N taxa barplot: 9;
bracken length: 2000; min % identity: 90; min len: 2000; max len:
6000. The mock community samples were analyzed with a custom
database built with Kraken2. Relative abundances were further vi-
sualized with GraphPad Prism 10. 

Results 

Rationale and workflow for effective 

host-exclusive primer design 

Metabarcoding relies on the targeted PCR amplification of suitable
genomic markers that comprise conserved regions serving as the
primer binding sites and variable regions with enough differences
to distinguish individual species (Hebert et al. 2003 , Hollingsworth
et al. 2009 , Klindworth et al. 2013 ). Herein, it is crucial that the
primers amplify DNA equally well across a broad target taxonomic
range. Therefore, we devised an effec tive workflow for design-
ing such discriminative primers (Fig. 1 ) with the help of multiple-
sequence alignments (MSAs) of representative sequences of the
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Figure 1 Workflow for effective host-exclusive primer design as described in this study. At the core of the workflow stands the computational tool 

mbc-prime, which effec tively identifies c andidates for discriminative primers based on multiple sequence alignments of the target and the exclusion sets 

(step 4). Figure created in BioRender [He, T. (2024) https://BioRender.com/d86p488 ]. 
target and exclusion groups. Since finding suitable primer bind- 
ings sites in such MSAs by hand is slow and tedious, we also de- 
vised the program mbc-prime (described in detail in the next sec- 
tion) to help automate this crucial step. The list of discrimina- 
tive, candidate primers returned by mbc-prime is then further in- 
spected for desired properties of the primer, for instance the GC 

content and melting temperature of the primer and the position 

of the non-target mismatches within the primer sequence. With 

the most discriminative primers in hand, additional optimization 

of the primers can be performed by introducing degenerate bases 
into the sequence to optimize the coverage among the target se- 
quences. Lastly, the candidate primers should be evaluated for 
their specificity for target group and efficiency of excluding non- 
target group. 

Detection of discriminative primer binding 

sites with mbc-prime 

Mbc-prime is a stand-alone Python program available at https:// 
github.com/thackl/mbc-prime . It identifies discriminative primer 
binding sites based on a user-supplied MSA in FASTA format, com- 
prising DNA sequences of the chosen genomic locus in the tar- 

get and exclusion sets. In a first step, the MSA is imported and
preprocessed. Terminal gaps, introduced by partial sequences fre- 
quently present in amplicon marker databases, are masked to dis-
tinguish them from genuine gaps. Columns with > 20% (default
value) gaps or ambiguous bases (non-ATGCU) are trimmed from
the alignment. The trimmed MSA is then analyzed via a sliding win-
dow with a size corresponding to the intended primer length (de-
fault: 20 bp). For each window and sequence set (target and ex-
clusion), the abundance of each sequence variant is counted, and
the most abundant sequence variant of the target set is chosen as
primer candidate. Next, for each remaining sequence variant from
both sets, the number of mismatches compared to the primer can-
didate is computed, and the overall percentage of sequence vari-
ants with 0, 1, 2, 3, or 4-or-more mismatches are determined. The
underlying edit distances are computed via Python bindings of the
Edlib library (Šošíc and Šikíc 2017 ). This results in two mismatch
profiles per primer candidate, one for the target set and one for
the exclusion set. An example of promising profiles for a discrimi-
native primer would be the following: 90% and 10% of the target
sequences align with 0 and 1 mismatch, respectively, while 10%,
20% and 70% of the exclusion sequences align with 2, 3, and 4-or-
more mismatches, respectively. 
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Figure 2 Screen shot of an example output file of mbc-prime. 
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To facilitate easy comparison and ranking of possible primer 
andidates based on their mismatch profiles, we integrate the two 

rofiles obtained from target and exclusions sets into a single dis- 
riminative score, as defined below. The score ranges between 0 
nd 1, with 1 capturing 100% of target sequences perfectly while 
xcluding 100% of non-target sequences at the given mismatch 

hreshold (default mismatch threshold: mm = 2). 

score = 1 

mm 

mm ∑ 

k=1 

( 

k ∑ 

i=1 

target [ i] −
k ∑ 

i=1 

exclude [ i] 

) 

. 

Finally, candidate primers are filtered for a maximum number 
f gaps, ambiguous bases and a minimum score (default 0.5), 
nd overlapping primers are grouped together. The filtered list of 
bove-threshold primer candidates is reported together with the 
ositional information, score, mismatch profiles, and sequence in 

 tab-separated table (Fig. 2 ). A step-by-step tutorial for using mbc- 
rime is listed in Supplementary Note S1 . 

ase study 

esign of metabarcoding primers for endophytic fungi 
n V. minor 
o demonstrate the applicability of our metabarcoding primer de- 
ign workflow, we targeted the endophytic mycobiome of V. minor 
lesser periwinkle) with long-read sequencing of the rDNA locus. 
. minor belongs to the order of Gentianales in the Apocynaceae 
amily and its microbiome remains largely unexplored. In our ini- 
ial long-read amplicon sequencing experiments with published 

rimers, we observed that 99% of reads were derived from the V. 
inor rDNA locus (data not shown). Therefore, we considered this 

he ideal test case for the performance of our holobiont metabar- 
oding workflow. 

Since we wanted to target the entire rDNA locus, we created 

wo separate MSAs for SSU and LSU of fungal (target) and Gen- 

tianales (plant, exclusion) sequences. Using mbc-prime with de-
fault settings, we obtained 147 candidate SSU primers and 371
LSU primers. From the list, we selected primers that had scores
of 0.6 and higher and carried at least one mismatch at the 3′ 

end when compared to plant (exclusion) sequences. With these
criteria we obtained four forward primers in different regions of
the SSU and two reverse primers in differ ent r e gions of the LSU
(Fig. 3 a). Following careful examination of the GC content, the
predicted melting temperatures, and the respective primer bind-
ing sites within the MSA, we manually optimized the primer se-
quences to establish the final sequences (Fig. 3 B, Supplementar
y File 2 , Dataset S7 ). Primer mbc-1220-F was extended by two nu-
cleobases at the ‘5 end, mbc-2148-R was shortened by one base
at the ‘5 end, and in mbc-2479-F and mbc-2148-R we incorporated
degenerate positions to maximize the coverage of the target group
( Fig. S1 ). 

To assess the performance of the final primers in silico , we
used the SILVA TestProbe 3.0 tool and included several primers
from literature for completeness (Tedersoo et al. 2008 , 2015 ,
Nilsson et al. 2019 , Wurzbacher et al. 2019 ). All of the new
primers show a wide coverage across fungi, similar to the liter-
ature primers (Table 1 ), while showing little coverage of Chloro-
plastida. Only the literature primers RCA95m and LR5-Fung were
similarly discriminative as the new primers. Since the sequence
of LR5-Fung was also among the top scoring candidates iden-
tified by our mbc-prim e tool, we included it in our further
analyses. 

Next, we performed an in silico analysis of all possible primer
combinations to identify those with favorable parameters, such
as a low differ ence in melting temperatures and a low likelihood
of heterodimer formation. Subsequently, we carried the 10 primer
pairs that met our quality standards (pairs 1–10; Table S1 , Table S
2 ) and one primer pair from literature (“3.5 kb”) (D’Andreano et al.
2021 ) forward for experimental validation. 
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Figure 3 A. Illustration of primer locations in the rDNA locus consisting of SSU, ITS1, 5.8S, ITS2, and LSU; B. Sequence alignments of primers with the 

consensus sequences of fungi (target set) and plant (exclusion set). Degenerate bases (marked in blue): Y = C/T, S = C/G, D = A/G/T. 
Experimental evaluation of the designed 

fungus-specific primers using mock community 

We first generated a standardized DNA sample for a fungal mock 
community covering a wide taxonomic range and differ ent levels 
of GC content ( Table S3 ). With this sample, we optimized the an- 
nealing temperatures until all primer pairs yielded clear bands of 
the appropriate molecular weight in agarose gel electrophoresis 
(Fig. 3 a). Since it was our primary goal to generate long amplicons 
covering both SSU and LSU, we abandoned primer pairs 1–6 after 
this step and proceeded with multiplex sequencing of the ampli- 
cons generated with primer pairs 7–10. All steps from PCR to se- 
quencing were performed with technical duplicates and in paral- 
lel to positive (3.5 kB primer pair) and negative (nuclease-free wa- 
ter) controls. With one sequencing run, we generated 303 100 raw 

reads with a yield of 1.1 Gb and a mean Qscore of 18 (accuracy: 
98%; Table S4 ). 

To classify the trimmed and filtered reads, we applied the wf- 
metagenomics workflow with Kraken2 and a custom database 
comprising the whole genome sequences of the six isolates ( Supp 

lementary Note S2 ). Using this custom database, 99.80% of reads 
across all samples were classified, indicating a high sample qual- 
ity with minimal contamination or sample preparation artefacts, 
and a high sequencing accuracy. All samples showed similar rel- 
ative abundances of species, although the basidiomycete Tram- 
etes versicolor seemed to be underrepresented in amplicons gen- 
erated with primer pair 8. This indicates that primer pairs 7, 9, and 

10 successfully amplify rDNA regions across diverse fungal isolates 
closely matching the expected composition of the mock commu- 
nity (Fig. 4 B). 

Experimental evaluation of the designed 

fungus-specific primers using genomic holobiont DNA 

of V. minor 
Having confirmed the amplification efficacy of the new primer
pairs on the mock community, we next assessed their perfor-
mance in a real-world holobiont scenario. When performing the
first amplification step with the V. minor holobiont DNA, primer
pair 8 failed to yield a high-quality amplicon, likely due to low
target DNA abundance ( Figure S3 ). Since we could not over-
come this problem despite various optimization attempts (anneal- 
ing temperature, additives, polymerase), we abandoned primer 
pair 8. 

Proceeding with the remaining primer pairs, we generated
a total of 599 335.274 reads with a Qscore greater than 18 in
a single multiplex sequencing run ( Table S5 ). When using the
same classification approach as before, this time with a custom
database comprising the NCBI RefSeq Targeted Loci database
(ncbi_16s_18s_28s_ITS) and the rDNA locus of a closely-related
Vinca species (NCBI taxon ID 141628), over 92% of all reads were
successfully classified (Fig. 5 ). As expected, a large proportion of
the reads generated with the 3.5 kB primer set is classified as host
( Vinca sp.), while the new primer pairs did not generate such am-
plicons. In terms of species composition, the samples generated
with the new primer pairs show similar abundances of the most
abundant taxa with only slight variations. This demonstrates that
our newly-designed primer pairs are indeed able to efficiently dis-
criminate between the rDNA locus of fungi and the host plant and
that they provide a similar reflection of the community composi-
tion. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag014#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag014#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag014#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag014#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag014#supplementary-data


FEMS Microbiology Ecology, 2026, Volume 102, Issue 3 8

Figure 4 Metabarcoding of a fungal mock community. (a) Gel electrophoresis of rDNA amplicons generated from gene specific primers including 

overhangs for PCR barcoding; Sample order: M: 1 kb plus DNA ladder; 1–10: amplicons generated with primer pairs 1–10 respectively; pc1: positive 

control generated with primer pair 3.5 kb. All primer pairs yielded products in the expected size range. (b) Relative abundance of taxonomic groups 

classified based on the sequencing reads of amplicons generated from the mock community with the different primer pairs (each primer pair has two 

replicates). Species belonging to the same family are displayed in the same color with different fill patterns. All primer pairs reproduce the overall 

structure of the mock community, albeit with differ ent biases for different groups. 

d
p
f
O
p
w
w
p
9
w

D
I
D
(
l
n
p
i
t
T
c
t

For completeness, we also analyzed the data using the SILVA 

atabase, which includes a broader range of eukaryotes. For am- 
licons generated with primer pair 7 97% of the reads were classi- 

ied as fungi, with primer pair 9 95%, and with primer pair 10 97%. 
verall, none of the amplicons generated with the new primer 
airs were classified as plant. Interestingly, a subset of amplicons 
as assigned to protist taxa, with the highest proportion observed 

ith primer pair 9 ( ∼4.5%). This indicates that while all primer 
airs can successfully exclude the plant rDNA locus, primer pair 
 may additionally be useful for targeting other microeukaryotes, 
hich requires further investigation ( Figure S3 ). 

iscussion 

n molecular biology, the presence of non-target DNA (e.g. host 
NA) can interfere with the detection and analysis of target DNA 

e.g. microbial, pathogen, or environmental DNA). This is particu- 
arly problematic in fields like microbiome research, clinical diag- 
ostics, and environmental DNA studies, where target DNA is often 

resent in low abundance relative to other DNA. To address this 
ssue, various blocking methods have been developed to selec- 
ively suppress the amplification or sequencing of non-target DNA. 
hese techniques involve the use of chemically modified oligonu- 
leotides, such as C3 spacers, locked nucleic acids (LNAs), or pep- 
ide nucleic acids (PNAs), which are designed to bind conserved 

regions of non-target DNA. The goal is to either direct the bind-
ing of blocking oligos to these modified sequences or to physi-
cally block polymerase elongation during PCR amplification. How-
ever, their effec tiveness is often constrained by suboptimal bind-
ing affinity of the blocking oligos to non-target templates (Ves-
theim and Jarman 2008 ), the requirement for complex experimen-
tal optimization (Piñol et al. 2015 ), and limited cost-effec tiveness
(Azadnia et al. 2023 ). Given these limitations, the design of highly
specific, discriminative primers could be a more practical and scal-
able alternative for minimizing non-target amplification. 

In this study, we developed fungus-specific primers using a
host-exclusive primer design workflow for the generation of long
amplicons that almost entirely exclude plant DNA as a cost-
effec tive alternative to the blocking methods. High-throughput se-
quencing of taxonomic marker genes (metabarcoding) is a widely
used and powerful technique for biodiversity and microbial ecol-
ogy. However, many taxa recovered from natural environments re-
main unidentifiable at the species level or even higher taxonomic
levels when working with short reads (Tedersoo et al. 2020 ). In
this case, long-read sequencing has the potential to overcome this
problem. For instance, several of the six fungal isolates used for
our mock community cannot be unambiguously identified solely
based on ITS sequences (amplified with ITS1F and ITS4; data not
shown) because they exhibit 100% sequence similarity with mul-
tiple taxa. For instance for the Thyridium oculorum isolate, ITS-
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Figure 5 Metabarcoding of holobiont DNA of V. minor . (a) Gel electrophoresis of rDNA amplicons generated from gene specific primers including 

overhangs for PCR barcoding; Sample order in both panels: M: 1 kb plus DNA ladder; 1–10: amplicons generated with primer pairs 1–10 respectively; pc1: 

positive control generated with primer pair 3.5 kb; pc2: positive control generated with primer pair 10 with fungal mock community; nc: negative control 

(nuclease-free water). (b) Relative abundance of taxonomic groups classified based on the sequencing reads of amplicons generated from the genomic 

holobiont DNA of V. minor with the differ ent primer pairs on species level (each primer pair has two replicates). 
based identification returned matches to both Phialemonium sp. 
and Thyridium sp., thus preventing a definitive taxonomic as- 
signment. However, long-read sequencing results from this study 
showed that 92.15%–99.17% of all reads derived from this isolate 
were classified as T. oculorum , which is consistent with the iden- 
tification based on multi-locus classification. This highlights that 
long-read sequencing can provide superior classification results in 

metabarcoding studies. 
There are, however, still common pitfalls that need to be tack- 

led in the future. First, reducing bias in the relative abundance 
of sequence variants should be a primary objective in enhanc- 
ing amplicon sequencing methods. It is well established that even 

PCR primers designed for broad coverage tend to amplify some 
phylogenetic subgroups more effectively than others. For instance 
in this study, the inferred abundance of T. versicolor in the mock 
community was consistently lower than the expected ratio, which 

might be attributed to amplification efficiencies of the used primer 
pairs. In the experiments with holobiont DNA, we found that the 
overall community profiles were fairly consistent across primer 
pairs, though some minor differ ences wer e observed in the domi- 
nant taxa. This highlights the importance of evaluating primer per- 
formance in both controlled and real-world contexts when select- 
ing appropriate primers for a given study. 

Second, the accuracy of taxonomic classification is highly de- 
pendent on the reference database employed. Currently, these 

databases mainly rely on parts of the rDNA locus. The SILVA
database includes near full-length sequences of the small and
large subunits of the rRNA operon for both prokaryotes and eu-
karyotes. However, these sequences are insufficient for amplicons 
spanning the ITS region and generally allow identification only up
to the genus level. Despite this limitation, the SILVA database en-
ables the identification of non-fungal sequences, such as those
from Chloroplastida and Metazoa (Quast et al. 2012 ). Conversely,
for classification of fungi, the NCBI RefSeq Target Loci database
seems to outperform the SILVA database. This superior perfor-
mance is due to NCBI’s focus on the RefSeq database, which in-
cludes ribosomal DNA loci (16S, 18S, 28S rDNA genes, and ITS re-
gion) and allows for species-level identification, offering better ac-
curacy and resolution in taxonomic classification of microbes. The
limitation of this database, however, is that it is focused on ar-
chaea, bacteria and fungi, and does not include plants or other
micro- and macro-eukaryotes. Therefore, reads originating from 

such eukaryotes will either not be classified at all or incorrectly
classified as fungi. Furthermore, the fungal tree of life is still rather
sparsely sampled for molecular barcodes deposited in the RefSeq
database. Thus, significant efforts are still needed to improve the
database to enhance its completeness and accuracy. This could
involve developing databases tailored for eukaryotic full-length 

rDNA operons (Krabberød et al. 2025 ) or customizing databases to
meet specific research needs. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



FEMS Microbiology Ecology, 2026, Volume 102, Issue 3 10

C
I
s
m
t
f
s
s
o
a
s
r
n
t
b
i
l
t
i
t
t
u
i
f

F
K
p
T
2

A
W
o
g

A
T
a
o
w
v
v
(
F
o
t
R
&

S
S

onclusions 

n the current study, we developed a host-exclusive primer de- 
ign workflow, which is centered around a new computation tool, 
bc-prime , to design discriminative metabarcoding primers with 

he option to exclude the DNA amplification of nontarget taxa, 
or instance the host in host-associated microbiomes. We demon- 
trated the use of mbc-prime when targeting endophytic fungi as- 
ociated with the medicinal plant V. minor . Initially, we evaluated 

ur custom-designed primers in silico , demonstrating high cover- 
ge of fungal lineages with low coverage to Chloroplastida. Sub- 
equent evaluation using a mock community revealed that the 
elative abundance of amplicons accurately reflected the commu- 
ity composition of the mock community. Moreover, when applied 

o plant holobiont samples, our primers successfully targeted a 
road range of endophytic fungi while almost completely exclud- 

ng the plant genome. This specificity has the potential to shed 

ight on the roles of endophytic fungi in plant health and ecosys- 
em dynamics. In addition, this demonstrates that our workflow, 
ncorporating the mbc-prime tool, can effectively be used to study 
he composition of complex host-associated microbiomes. Fur- 
hermore, the primer design workflow developed in this study is 
niversally applicable for designing discriminative primers target- 

ng particular phyla, offering a user-friendly and practical solution 

or researchers in microbiome or other biological systems studies. 
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