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ABSTRACT

Although our understanding of the microbial diversity found within
a given system expands as amplicon sequencing improves,
technical aspects still drastically affect which members can be
detected. Compared with prokaryotic members, the eukaryotic
microorganisms associatedwith a host are understudied due to their
underrepresentation in ribosomal databases, lower abundance
compared with bacterial sequences, and higher ribosomal gene
identity to their eukaryotic host. Peptide nucleic acid (PNA) blockers
are often designed to reduce amplification of host DNA. Here we
present a tool for PNA design called the Microbiome Amplification
Preference Tool (MAPT). We examine the effectiveness of a PNA
designed to block genomicMedicago sativaDNA (gPNA) compared
with unrelated surrounding plants from the same location. We
applied mitochondrial PNA and plastid PNA to block the majority of
DNA fromplantmitochondria and plastid 16S ribosomalRNAgenes,

as well as the novel gPNA.Until now, amplifying both eukaryotic and
prokaryotic reads using 515F-Y and 926R has not been applied to
a host. We investigate the efficacy of this gPNA using three
approaches: (i) in silico prediction of blocking potential in MAPT, (ii)
amplicon sequencing with and without the addition of PNAs, and (iii)
comparison with cultured fungal representatives. When gPNA is
added during amplicon library preparation, the diversity of unique
eukaryotic amplicon sequence variants present in M. sativa
increases. We provide a layered examination of the costs and
benefits of using PNAs during sequencing. The application of MAPT
enables scientists to design PNAs specifically to enable capturing
greater diversity in their system.

Keywords: endophytes, microorganism, molecular biology,
mycology, plants

Revealing the full microbial diversity of any environment is
challenging. Although the isolation of novel organisms is essential

to the core principles of microbiology, culture-dependent methods
only provide a partial look at the overall diversity present on the
planet, even in highly culturable systems such as plants (Bai et al.
2015; Carini 2019; Lloyd et al. 2018). At our current pace of 600 to
700 newly cultured microbial species per year, some scientists
estimate it will take more than 1,000 years for all microorganisms to
be cultured (Rosselló-Móra 2012; Yarza et al. 2014). Culture-
independent methods such as amplicon sequencing introduce un-
intentional biases that also limit the ability to capture the true
microbial diversity of any environment through the choice of
primers, DNA extraction protocol, and amplicon library preparation
(Fitzpatrick et al. 2018; Kiss 2012; Kovács et al. 2011; Lundberg
et al. 2013; Nilsson et al. 2019; Parada et al. 2016; Sakai and
Ikenaga 2013; Schoch et al. 2012; Terahara et al. 2011).
Definition of the eukaryotic members of microbiomes is widely

performed by internally transcribed spacer (ITS) amplification,
which primarily captures fungi (Schoch et al. 2012). Although ITS
is the commonly accepted taxonomic identification for fungi, it has
documented limitations, including taxonomically distinct copies
within a single genome and low phylogenetic resolution (Kiss 2012;
Kovács et al. 2011; Nilsson et al. 2008; Schoch et al. 2012). To
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uncover wider eukaryotic membership present in host microbiomes,
another sequencing approach is required. Using primers such as
515F-Y and 926R that amplify both the 16S and 18S ribosomal
RNA (rRNA) genes, scientists can capture both prokaryotes and
eukaryotes (Needham et al. 2018; Parada et al. 2016). However, the
18S rRNA amplicons produced by these primers are often excluded
from standard analysis because paired-end reads are usually too
short to produce reads that overlap (Needham et al. 2018). Recent
bioinformatic developments now enable scientists to analyze these
reads without overlap, allowing the recovery of eukaryotic and
prokaryotic reads with a single primer set (Lee 2019; Needham et al.
2018). The study of eukaryotic members of host-associated
microbiomes is clouded by the vast abundance of host DNA and
the lack of microbial eukaryotic representatives in sequence da-
tabases (Bai et al. 2015; Fitzpatrick et al. 2018; Liu et al. 2019;
Lundberg et al. 2013). Although there are primers specific to the
18S rRNA gene (Liu et al. 2019), the addition of eukaryotes to
community composition profiles without losing information about
the bacterial community in a single amplicon library has provided a
more extensive view of marine microbial communities (Needham
et al. 2018; Parada et al. 2016). Within the context of the plant
microbiome, 515F-Y and 926R have never been used to inten-
tionally isolate eukaryotic reads. Utilizing these primers would
allow the capture of protists and oomycetes, which standard ITS
primers were not designed to amplify (Schoch et al. 2012). Al-
though multiple 16S rRNA gene peptide nucleic acids (PNAs) were
designed to block DNA from plant organelles, to our knowledge, no
PNA has been designed to bind to the 18S rRNA gene present in the
plant genome (Fitzpatrick et al. 2018; Lefèvre et al. 2020; Lundberg
et al. 2013). 18S rRNA gene PNAs have been introduced suc-
cessfully in other hosts such as mosquitoes and shrimp (Belda et al.
2017; Liu et al. 2019). However, it remains unclear if this approach
will be successful to detect eukaryotic members of a plant
microbiome.
The development of PNAs that bind to host DNA to block PCR

amplification and, thus, increase microbial sequencing reads has
been used for decades (Belda et al. 2017; Lefèvre et al. 2020;
Lundberg et al. 2013; Ørum et al. 1993; von Wintzingerode et al.
2000). The most widely used PNAs to reduce plant read con-
tamination were designed specifically to block plant 16S rRNA
genes within Arabidopsis thaliana mitochondria and plastids
(mPNA and pPNA, respectively), although other plants were
queried for exact matches after PNA design was completed
(Lundberg et al. 2013). AlthoughmPNA and pPNA have since been
used quite broadly to block DNA from organelles in other plants, it
does not inhibit all plant DNA equally, which was predicted in the
initial article (Lundberg et al. 2013). In fact, recent studies suggest
that the design and use of a PNA must be specific to each host
organism for effective plant DNA binding and subsequent blocking
of amplification (Fitzpatrick et al. 2018). Although the desire for
more robust PNAs is present, a flexible and easy design tool is still
required.
The Earth Microbiome Project highlighted that host-associated

microbial communities are less diverse than their surrounding free-
living microbial communities, in both the number and abundance of
each unique sequence, with the plant corpus as one of the least
diverse microbial environments (Thompson et al. 2017). Further-
more, a study using a combined approach of whole-genome
shotgun sequencing and amplicon analysis found bacterial reads
to be 90% of microbial reads within the A. thaliana leaf micro-
biome, leaving eukaryotic microbes only the remaining 10%
(Regalado et al. 2020). Plant tissues differ in host contamination
when sequencing, because aboveground green tissue is known to
have higher concentrations of DNA than other plant regions (Arenz

et al. 2015; de Souza et al. 2016). Due to this decreased microbial
diversity as well as the high abundance of host DNA, host ribo-
somal gene amplification must be prevented in order to enable
examination of plant-associated eukaryotic microbes. Ideally, a
PNA designed for the 18S rRNA gene would not interfere with
amplification of fungi, Peronosporomycetes (oomycetes), or Cer-
cozoan protists, which are all crucial members of the soil, phyl-
losphere, and endosphere of plants (Berney et al. 2017; de Araujo
et al. 2018; Di Lucca et al. 2013; Geisen 2016; Jaskowska et al.
2015; McGhee andMcGhee 1979; Ploch et al. 2016; Schwelm et al.
2018).
Here, we present a PNA designer called the Microbiome Am-

plification Preference Tool (MAPT) that allows researchers to (i)
download the sequences desired to be both blocked as well as
amplified, (ii) align the DNA region amplified by selected primers,
(iii) find the region with the least similarity, and (iv) identify which
organisms are at risk for unintentional amplification blockage. This
enables researchers to design their own PNA with greater ease and
to predict which organisms might have reduced detection with the
addition of PNAs during amplicon library preparation. MAPT can
be used with any host or environmental microbial community with
representatives present in the SILVA database or with any FASTA
sequences. Our novel 18S rRNA gene PNA, which we refer to as
gPNA, was tested in the Medicago sativa phyllosphere and enable
the detection of eukaryotic members of a host–microbe system.

MATERIALS AND METHODS

Creating the MAPT and genomic PNA for M. sativa. MAPT
(https://github.com/SEpapoulis/MAPT) is a python module uti-
lizing the publicly available data in SILVA, a high-quality ribo-
somal RNA database (https://www.arb-silva.de), to streamline the
process of PNA development. SILVA was used because it is a
comprehensive database for all three domains of life, with over 9
million small-subunit rRNA sequences (Yilmaz et al. 2014). Upon
initialization, SILVA FTP servers are automatically queued for
download, where users can specify whether the ‘parc’, ‘ref’, or ‘nr
ref99’ datasets should be queued. After download, a local database
is compiled for index-based searches using SILVA accessions,
where sequence indexes are automatically organized under a tax-
onomic tree for convenient and rapid taxonomic searches. Using the
SILVA database is optional, and users can alternatively specify
sequences by providing their own FASTA files.
To select our PNA sequence to prevent host amplification, we

performed a multiple sequence alignment for all M. sativa 18S
rRNAgenes available on SILVA version 132 to generate a consensus
sequence. We aligned the M. sativa 18S rRNA gene consensus to
all fungal sequences, as well as those from Peronosporomycetes
(oomycetes) and Cercozoa sequences in the SILVA database, using
MAPT. We chose fungi as well as the protists Peronosporomycetes
(oomycetes) and Cercozoa because all were found in prior se-
quencing efforts in plant eukaryotic microbiome studies (de Araujo
et al. 2018; Ploch et al. 2016; Schwelm et al.; 2018). We note that
Peronosporomycetes were reclassified but the term “oomycetes” is
still commonly utilized; therefore, we include it within this study in
parentheses for clarity (Dick et al. 1999; Slater et al. 2013). Our PNA
design was based on the methodology of Lundberg et al. (2013). We
aligned the primers 515F-Y and 926R to the full 18S rRNA genes to
extract the expected region amplified by our primer pair. Sequences
were fragmented in silico into k-mers of 9 to 12 bases in length and
aligned to the M. sativa sequence. We measured the total number of
mapped k-mers to a specific DNA region (Fig. 1A). Our PNA se-
quence is the complement of the target sequence to allow binding
because PNAs can bind parallel or antiparallel (Soomets et al. 1999).
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We chose the region with the lowest identity to fungi and the two
protist taxa that also satisfied custom PNA oligo guidelines (PNA
Bio). Briefly, the PNA guidelines advised that the sequence be (i) less
than 50% overall purine bases with no purine stretches more than 6
bases, (ii) less than 35% overall guanine bases, (iii) without sig-
nificant complementarity to reduce the likelihood of hairpins, and (iv)
shorter than 30 bases in length. Our resulting sequence, which was
12 bp long, was sent to PNA Bio to be created and quality tested.
The core design to MAPT follows a protocol similar to previous

PNA design strategies, with slight modifications (Lundberg et al.
2013). DNA sequences from potential community members are cut
into k-mers, or k-mer-sized DNA fragments, and mapped to exact
matches in the host DNA sequence. Users can specify primers for
in silico simulated amplification of all sequences provided before k-
mers are generated and mapped. We note that the efficacy of a PNA
changes depending on the primer set used because different primers
will result in different distributions of k-mers. This prediction

capability in MAPT could improve sequencing results and allows
users greater flexibility. Our in silico amplification does not support
degenerate k-mer mapping because exact matches to primers are
required to be considered for subsequent k-mer analysis. However,
any discarded sequences are reported for clarity in PNA design. To
ensure that the underlying algorithms of our module were operating
as intended, we recapitulated the mPNA and pPNA sequence se-
lection and alignments using the Greengenes 16S rRNA dataset that
was used for the initial generation of mPNA and pPNA (Fig. 1B and
C) (Lundberg et al. 2013). We note that Lundberg et al. (2013)
mapped k-mer sizes separately whereas ours are mapped together,
resulting in differential graphical representation of k-mer alignment
(Fig. 1).
Field sample collection of feral M. sativa and neighboring

plants. In all, 30 leaf samples from feral M. sativa and 10 samples
from unrelated neighboring plants were removed aseptically and
placed into Whirl-Pak bags (Consolidated Plastics). Feral plants are
defined here as plants that were grown without human interference
and cultivation. Leaf number per sample varied but all samples were
standardized to 0.25 fresh weight and 0.04 dry weight in the lab. All
samples were taken from Crystal Peak Park, Nevada at the coor-
dinates 39.5134, _119.9955. Samples were placed on ice in the field
then at 4�C until endophyte and epiphyte enrichments could be
performed in the lab. To connect any arthropod 18S rRNA genes
captured in our amplicon sequencing, insects were also collected
using a sweep net with four sweeps for each M. sativa plant. All
arthropods were then removed from the net using a manual aspirator
and stored in alcohol until morphological identification could be
performed. All arthropods were identified to the lowest taxonomic
level that could be obtained, which was most often family level
classification.
Endophyte and epiphyte sample enrichment. Phyllosphere

epiphyte and endophyte sample separation was modified from
Shade et al. (2013). There is no confirmation that all epiphyte
material was removed from the leaves; thus, we refer to samples
generated as epiphyte or endophyte enriched. Fresh plant tissue
(0.25 g) from each sample was washed in 500 ml of 1× phosphate-
buffered saline and 0.15% Tween 20 in 1-ml Eppendorf tubes.
Samples were placed on ice and shaken for 20 min at 200 rpm, then
sonicated for 5 min in a water bath (Branson). All liquid recovered
from samples after sonication was classified as epiphyte-enriched
material and ready for DNA extraction. The resulting plant material
was flash frozen, then placed overnight in a FreezeZone Lyophilizer
(Labconco). Lyophilized plant material was reweighed to 0.04 g dry
weight and homogenized with approximately 20 sterile 0.7-mm
garnet beads (Qiagen) in a Geno/Grinder 2010 (SPEX SamplePrep)
for 30 s at 1,500 rpm. Once homogenized, samples were ready for
DNA extraction as endophyte-enriched samples. All samples were
extracted with the DNeasy Powersoil extraction kit (Qiagen)
according to the suggested protocol. Replicate numbers ranged
from 4 to 10 for all epiphyte and endophyte enrichments for both
M. sativa and neighboring plants, for a combined total of 8 to 20
samples per PNA treatment (Supplementary Table S1).
Amplicon library preparation and sequencing. The PCR

assays for the primer pair 515F-Y and 926R contained 2.5 ml of
DNA (10 ng), 2.5 ml of 3-PNA mixture (mPNA to block the
mitochondrial 16S rRNA gene, pPNA to block the plastid 16S
rRNA gene, and gPNA to block the genomic 18S rRNA gene;
30 µM total), 12.5 ml of Hifi Hotstart Master Mix (KAPA Bio-
systems), and 5ml of each primer (0.2 µM). The primer pair 515F-Y
and 926R was used with the conditions defined by Parada et al.
(2016), with an added 10-s addition before the primer annealing
step to allow PNA binding in all PCR protocols used for se-
quencing. The conditions were as follows: 3 min at 95�C; then, 25

Fig. 1. Generation of novel genomic peptide nucleic acid (gPNA) and
regeneration of mitochondrial and plastid PNA (mPNA and pPNA,
respectively) demonstrates efficacy of MAPT.A,Mapping k-mers formed
from fungal as well as Cercozoan and Peronosporomycetes protist reads
to the Medicago sativa 18S ribosomal RNA (rRNA) gene region
amplified by 515F and 926R.B andC,Regeneration of mPNA and pPNA
from Lundberg et al. (2013). Schematic of where the PNAs (red boxes)
are found on their respective genes. Horizontal blue arrows indicate the
515F and 926R primers used, with variable regions marked in blue, and
red arrows indicate location of each PNA.
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cycles of 95�C for 45 s, 78�C for 10 s, 50�C for 45 s, and 68�C for
90 s; and a final 68�C for 5 min.
Although we decided on the concentration of our gPNA addition

to the PCR assays based on previous plant PNA design (Lundberg
et al. 2013), we tested the ability of gPNA to block 18S rRNA gene
amplification of heat-treated M. sativa DNA (M. sativa subsp.
sativa, accession number 672758). When PNA concentration was
increased from 0 to 30, 60, or even 100 µM in the PCR cocktail with
universal primers 515F-Y and 926R using the above conditions, we
still observe a band of the expected size of the 18S rRNA gene
(Supplementary Fig. S1). Although previous studies used this
method to select an appropriate concentration of PNA to add to their
reactions (von Wintzingerode et al. 2000), we decided to not in-
crease our concentration higher than suggested by Lundberg et al.
(2013) because we observed that one of the two fungal isolates from
M. sativa leaf tissue failed to amplify at the 100-µM PNA con-
centration (Supplementary Fig. S1). We used a heat treatment
method to generate our plant tissue that was used previously to
reduce the endophytic microbial population within M. sativa seed
(Moccia et al. 2020). Briefly, we heatedM. sativa seed for 30 min at
40�C, then rinsed for 1 min with 70% ethanol and 5 min of 10%
freshly made bleach. At this temperature, the seed is sufficiently
softened to allow for ethanol and bleach to kill seed endophytes.
Seeds were then germinated on half-strength Murashige and Skoog
germination agar with 1% sucrose (MP Biomedicals) in darkness
for 2 days and light for 1 day. We refer to these seeds as heat-treated
rather than sterile because there are a small number of microbial
reads in these seedlings when sequenced but no colonies visible on
this solid germination medium. The number of sequenced reads is
significantly reduced from seeds that were not heat-treated (Moccia
et al. 2020). DNA was extracted from the resulting seedlings with
the DNeasy Plant mini kit (Qiagen).
ITS reactions contained 2.5 ml of DNA, 2.5 ml of 3-PNA mixture

(16S mPNA, 16S pPNA, and 18S gPNA), 12.5 ml of Hifi Hotstart
Master Mix (KAPA Biosystems), 0.83 ml of each of the six forward
primers, and 2.5 ml of the two reverse primers. These primers
amplified the ITS2 variable region. The conditions were as follows:
3 min at 95�C; then, 25 cycles of 95�C for 30 s, 78�C for 10 s, 55�C
for 45 s, and 72�C for 30 s; and a final 72�C for 5 min.
For all primers, the samples with no PNA addition had sterile water

added in lieu of PNA. The samples with two PNAs contained 2.5 ml
of the 2-PNA mixture (mPNA and pPNA), with the same total
concentration of themPNA and pPNA as in the samples with all three
PNAs (30 µM). Although the mPNA and pPNA were designed
specifically for A. thaliana, both were predicted by Lundberg et al.
(2013) to block M. sativa organelle amplification. Furthermore, we
utilized mPNA and pPNA in a previous study to minimizeM. sativa
contamination in our 16S rRNA gene amplicon sequencing protocol
(Moccia et al. 2020). Because we are using universal 16S rRNA
primers to capture 18S rRNA genes, we decided to add mPNA and
pPNA in addition to gPNA. All oligonucleotides used in amplicon
sequencing are listed in Supplementary Table S2.
All samples were visualized on 1% agarose gels subsequently

cleaned with Agencourt AMpure XP Beads (Beckman Coulter)
according to the protocol from Illumina. Beads (20 ml) were added
to each PCR sample and mixed by pipetting for 30 s per sample
prior to a 10-min incubation. Beads with bound DNA were placed
on a magnetic stand for approximately 5 min until the solution was
clear and the supernatant was removed. Samples were washed with
80% fresh ethanol twice; then, 52.5 ml of 10 mM Tris HCl (Qiagen)
was added to each sample. Tris HCl was mixed by pipetting for 30 s
per sample. Samples were vortexed at 1,800 rpm, then incubated for
5 min on the magnetic bead stand. Cleaned DNA (49 to 50 ml) was
pipetted off, leaving all magnetic beads adhered to the stand.

All amplicons received the same index PCR assays. Index PCR
assays contained 5 ml of DNA, 5 ml of Nextera XT Index Forward
Primer (Illumina), 5 ml of Nextera XT Index Reverse Primer
(Illumina), 25 ml of KAPA Hifi Hotstart ReadyMix (KAPA Bio-
systems), 10 ml of PCR-grade water, and 2.5 ml of 3-PNA mixture.
For the first reaction, the 2-PNA and 0-PNA samples alternatively
contained the 2-PNA mixture and sterile water substitutions. The
PCR protocol is as follows: 95�C for 3 min; then, eight cycles of
95�C for 30 s, 78�C for 10 s, 55� for 30 s, and 72�C for 30 s; and a
final 72�C for 5 min. All samples were again visualized on 1%
agarose gels, then cleaned with Agencourt AMpure XP Beads
(Beckman Coulter) according to the protocol above, with only the
modification of 56 ml of beads to 50 ml of PCR product and a final
elution volume of 27.5 ml of Tris HCl to end the cleaning process
with 24 to 25 ml of DNA. All samples were quantified using a
Nanodrop 2000 (Thermo Fisher), then pooled in sets of eight based
on Nanodrop results for approximately 500 ng/pool. Once pooled,
samples were submitted to the University of Tennessee Genomics
Core for analysis a Bioanalyzer High Sensitivity Chip (Agilent
Technologies). Samples using 515F-Y and 926R primers were run
on the Pippin Prep (Sage Science) to remove small (<80 bp)
fragments on a 1.5% agar gel with the ranges for collection set at
525 to 875 bp. ITS samples did not require Pippin Prep because
there were no small base pair fragments visible with the bio-
analyzer. Pooled samples were cleaned once more with magnetic
beads prior to sequencing with the same protocol as above. All
samples were sequenced using the version 3, 600-cycle (2 × 300) kit
on the Illumina MiSeq platform. Sequences have been submitted to
the European Nucleotide Archive (ENA) at the EuropeanMolecular
Biology Laboratory (EMBL) under the title “Eukaryotic Members
of the Plant Medicago Sativa”. These sequences can be found at
under the primary accession PRJEB36800.
Separation of 18S rRNA gene amplicon reads. Because the

18S rRNA gene region amplified by 515F-Y and 926R is too long to
overlap on a 2 × 300 paired-end sequencing run, additional bio-
informatic steps were required to recover these reads. The protocol
for separation of eukaryotic amplicon reads was from Happy Belly
Bioinformatics (Lee 2019). Briefly, we downloaded and modified
the Protist Ribosomal Reference (PR2) database (Guillou et al.
2013). After modifying the PR2 database by formatting the FASTQ
files, we used the NCBI’s Magic-BLAST application (Boratyn et al.
2019) to create a custom database. Following creation of the da-
tabase, the 515F-Y and 926R primers were trimmed from all
samples using the BBDuk tool (Joint Genome Institute) and all
reads shorter than 250 bp were filtered out because these were likely
to be bacterial sequences. The remaining samples were blasted
using Magic-BLAST. Both forward and reverse reads were filtered
with the requirements that >35% of the query sequence aligned
within the database at >90% identity. If only a forward or reverse
read passed the quality threshold, then it and its paired read were
discarded. We then took the original fastq.gz files and the output
from the Magic-BLAST step to split the reads of the fastq.gz files
into four files. These files contained the forward and reverse reads
for 16S and 18S rRNA gene reads. Because our recovery of 16S
rRNA sequences was too low to allow comparisons between
samples, we did not further analyze it. The 18S rRNA gene reads
were processed in R using the DADA2 R package, version 1.10
(Callahan et al. 2016). For the 515F-Y and 926R primers, we
captured 1,478,875 paired-end 18S rRNA gene reads in 77 total
samples. There was a median of 10,748 18S rRNA gene reads per
sample. There were 1,434 total 18S rRNA gene amplicon sequence
variants (ASVs). We rarefied to 1,962 reads to perform all statistical
analysis on rarefied data sets but, because abundance varies so much
for 18S rRNA genes and rarefaction is a still debated technique, we
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only rarefy for statistical analysis (de Vargas et al. 2015; McMurdie
and Holmes 2014). Figures using rarefied data sets are specified
within their figure legends (Supplementary Figs. S6, S10, and S13).
Statistical estimates of Shannon’s Diversity were measured using
the R package phyloseq (McMurdie and Holmes 2013). Richness
was among the metrics obtained using the R package vegetarian to
calculate Hill numbers (Hill 1973; Jost 2006, 2007). Because we did
not observe significant differences between epiphyte and endophyte
ASV richness (Supplementary Fig. S13) or the relative abundance
of plant reads (Supplementary Fig. S10), we analyzed the endo-
phyte and epiphyte samples together from each PNA set, resulting
in a replicate range of between 8 and 20 (Supplementary Table S1).
Because richness, also known as q = 0, was the major finding with
the addition of the gPNA, it has the most pertinent metric for
evaluating sample differences.
Isolation of fungal collection from M. sativa samples. Plant

material was collected at the coordinates 39.5102, _119.9952 in the
Great Basin, located 0.5 miles from the original site where the
M. sativa endophyte and epiphyte samples for DNA sequencing
were collected. To isolate epiphyte samples, leaf and flower im-
prints were made on to the following media: lysogeny broth (LB)
nutrients, 1/10 LB nutrients, 1/10 LB nutrients with 1% humic acid,
1/10 LB nutrients with 10% methanol, 1/5 dilution of King’s B,
MacConkey, and potato dextrose agar. To enrich for endophytes,
leaves and flowers were surface sterilized with 10% household
bleach and 0.01% Triton X-100 treatment. After 10 min submerged
in bleach, leaves were washed with sterile distilled water. A solution
of 2.5% sodium thiosulfate for 5 min neutralized the bleach.
M. sativa leaves and flowers were washed twice more with sterile
water. Approximately 20 sterile, 0.7-mm garnet beads (Qiagen)
were added to the tubes in order to ensure sample homogenization
on a GenoGrinder for 5 min at 1,500 rpm (SPEX SamplePrep).
Homogenized endophyte-enriched samples were plated on the same
media as the epiphyte-enriched samples and plates were incubated
at 28�C for 2 weeks. Individual fungal hyphae were isolated using a
dissecting microscope for visualization. DNA from all isolates was
extracted using DNeasy Ultraclean Microbial Kit (Qiagen) and
amplified with the ITS4 and ITS9 primer sets for fungi (Supple-
mentary Table S3). Samples were cleaned with the QIAquick PCR
Purification Kit (Qiagen) according to the protocol and submitted to
University of Tennessee DNA Genomics Core for Sanger Capillary
Sequencing.
Identification of neighboring plants. To interpret the M. sativa

results with those from their neighboring plant samples, we
attempted to classify all neighboring plants to genus level using
molecular techniques. Our goal in using neighboring plants was to
determine how well the gPNA blocks amplification of general plant
DNA in comparison with the M. sativa samples, which it was
specifically generated to bind. Even when PNAs are generated for a
specific host, they are often applied to a variety of genetically
similar hosts; thus, we included an examination of assorted plant
material along with a phylogenetic tree comparing the alignment of
gPNA across land plants (Fitzpatrick et al. 2018; Lundberg et al.
2013) (Supplementary Fig. S11). Because plant scientists do not
agree on one primer set for identifying plant taxonomy, neighboring
plants in the same field as feralM. sativawere identified using three
common primer sets for rbcL, ITS2, and trnH-psbA (Supplemen-
tary Table S3). These primers are commonly used in combination
with each other to identify plants from sequences (Fazekas et al.
2008; Li et al. 2015; Lledo et al. 1998; Hollingsworth et al. 2011;
Stanford et al. 2000). DNA from the endophyte-enriched samples
was used for plant identification PCRs (Supplementary Table S4).
The PCR protocol was the same for rbcL and trnH-psbA: an initial
95�C step for 3 min; followed by 34 cycles of 95�C for 30 s, 57�C

for 30 s, and 72�C for 1 min; and a final extension 72�C for 5 min.
ITS2 had the same protocol except for a 53�C annealing temper-
ature. As with the fungal isolate collection, samples were cleaned
with the QIAquick PCR Purification Kit (Qiagen) according to the
protocol and submitted to University of Tennessee DNA Genomics
Core for Sanger Capillary Sequencing. Neighboring plant taxo-
nomic identification was confirmed when at least two of the three
genetic markers aligned to the same genus or genus and species
(Supplementary Tables S4 and S5). We note that taxonomy results
are based only on the molecular tools above and have not been
confirmed via additional field collections.
Although the majority of the neighboring plants did not have

representative 18S rRNA sequences in SILVA, the genera Cha-
maenerion and Grindelia did. Alignment revealed that Chamae-
nerion spp. did align completely with the gPNA, suggesting that it
would be able to be blocked. However, Grindelia spp. did not
contain a complementary sequence to the gPNA, suggesting that the
gPNA would not block Grindelia 18S rRNA sequences. Grindelia
spp. were the most isolated neighboring plant, with three samples
identified. Grindelia spp. belong to the family Asteraceae. Al-
though all other neighboring plants did not have a representative
18S rRNA sequence in SILVA, we know they also belong to the
family Asteraceae (Supplementary Table S4). To visualize the
gPNA alignments in a phylogenetic context, all aligned Magno-
liophyta (land plant) sequences were downloaded from SILVA via
MAPT (Supplementary Fig. S11). Alignment positions were
masked if 30% of sequences contained a gap at a respective po-
sition. The masked multiple sequence alignment was then used to
build a tree of Magnoliophyta using Fasttree 2.1 with a generalized
time-reversable (-gtr) option (Price et al. 2010). MAPT was used to
find the max gPNA k-mer in eachMagnoliophyta sequence and ete3
was used to annotate the newick tree file with the k-mer data from
MAPT (Huerta-Cepas et al. 2016). The tree was then uploaded and
visualized with iTOL (Letunic and Bork 2019).

RESULTS

Design of a novel PNA to prevent host 18S rRNA gene
amplification. To test the efficiency of our novel gPNA designed
with MAPT, we decided to examine the eukaryotic microbial
community associated with our selected M. sativa host using
universal 515F-Y and 926R primers. Although the use of universal
primers to capture eukaryotic reads has revealed the array of mi-
crobial eukaryotes in a marine environment (Needham et al. 2018),
this has not been explored in plants previously due to the low
abundance of eukaryotic microbial reads compared with host or
bacterial reads (Regalado et al. 2020). To select potential gPNA
sequences with minimal interference during eukaryotic microbiota
amplification, the region of M. sativa predicted to be amplified by
the 515F-Y and 926R primer set was aligned in MAPT with the 18S
rRNA gene sequences present in SILVA assigned to all fungal as
well as two protist taxa (Cercozoa and Peronosporomycetes) (Fig.
1A). This alignment revealed multiple regions of dissimilarity
between M. sativa and eukaryotic microbial 18S rRNA gene se-
quences (Fig. 1A). The overall abundance and diversity of the k-
mers were noted to account for the most sequenced organisms (Fig.
1A), which will have more representatives within the SILVA da-
tabase. The gPNA sequence was created from the region with the
least similarity to the k-mers, which also satisfied the PNA creation
guidelines (see Materials and Methods). To test MAPT, the pre-
diction of efficiency and specificity was also performed on
A. thaliana 16S rRNA gene consensus sequences from plastids and
mitochondria to recapitulate the pPNA and mPNA sequences
previously published. MAPT was able to identify the location of
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mPNA and pPNA, as well as provide the degree of similarity
between potential bacterial microbiome members and the
A. thaliana sequence (Fig. 1B and C) (Lundberg et al. 2013). We
decided to subsequently investigate any potential bias against
eukaryotic microbes associated with our new gPNA using another
feature of MAPT.
Testing biases of PNA in silico. To predict the microbial

eukaryotic members whose amplification might be blocked by our
gPNA, we used the 18S rRNA gene region amplified by the primers
515F-Y and 926R to perform k-mer analysis of fungal sequences in
SILVA (Supplementary Fig. S2), as well as total microbial eu-
karyotes (Supplementary Fig. S3). For fungal sequences, k-mer
sizes ranged from 5 to 12, because our gPNA is 12 bases long. We
found no fungal sequences in SILVA that aligned to k-mer sizes 9 to
12, and only 0.55 and 2.75% of the sequences aligned to sizes 7 and
8, respectively, suggesting that the gPNA would not have a high
likelihood of blocking fungal amplicons (Supplementary Fig. S2A).
We also included the sum of the k-mers that aligned to each or-
ganism with the size of k-mers weighted proportionally. For ex-
ample, size 5 k-mers are weighted less than size 9 k-mers. We refer
to this sum as the k-mer score (Supplementary Fig. S2B). Using
these two metrics, we further examined the organisms with the
highest k-mer scores, which included all organisms with the 8-k-
mer length matches in Supplementary Fig. S2B (red bars). There
were only 17 organisms from 13 genera with homology to the
gPNA sequence (Supplementary Fig. S2C). Of these 13 genera,
there was only 1 genus, Absidia, which was represented in our
fungal isolate collection fromM. sativa tissue. When we used DNA
from the Absidia strain we isolated to determine whether gPNA
prevented its 18S rRNA gene amplification, we observed no
blockage (Supplementary Fig. S1, fungal isolate on the left),
suggesting that our isolate is not among the organisms predicted by
MAPT in Supplementary Fig. S2C. This result is consistent with
amplicon sequencing results from samples that include the gPNA
that contained reads for Absidia spp. present in the phyla
Mucoromycota in Figure 2. Therefore, we did not to observe
amplification blocking of this microbial taxon with our gPNA
reagent, even though it was predicted to have the highest binding
potential. This makes sense, considering that the maximum simi-
larity found in the k-mer analysis was 8 bp and, thus, only 75% of
the total gPNA. We next examined total microbial eukaryotes.
Within the total microbial eukaryotes represented in the SILVA

database, no sequences aligned to k-mer sizes 11 or 12 and less than
2% of the sequences aligned to k-mer sizes 8 to 10, suggesting that
the gPNA is not likely to block microbial eukaryotic amplification
(Supplementary Fig. S3A). Among the 110 matches with the
highest k-mer score and, therefore, the highest likelihood of being
blocked by our gPNA (Supplementary Fig. S3B, red bar), 109 were
found in marine or freshwater systems while 1 was found in a plant
system (Supplementary Fig. S3C). Furthermore, none of the se-
quences were within the taxa of Peronosporomycetes. Thus, we did
not discover large numbers of previously characterized plant-
relevant eukaryotic microbes that might be blocked by the
gPNA during amplicon library preparation. However, because a
large percentage of diversity within potential plant inoculum such
as soil remains uncharacterized, we cannot exclude the possibility
that important eukaryotic microbes were negatively influenced by
the addition of our gPNA during amplicon library preparation.
Overall, in the analysis of fungal and total microbial eukaryotic
reads, we found no sequences that had more than 83% alignment to
our gPNA, and less than 3% of sequences had more than 80%
alignment. This suggests that our gPNAwas sufficiently specific for
our intended host M. sativa and does not appear to have high
similarity to microbial eukaryotes (Supplementary Figs. S2 and S3).

Furthermore, this analysis performed by MAPT provides re-
searchers with a list of organisms present in the SILVA database
that have a higher likelihood of being affected by the addition of the
PNA to investigate if they are concerned about bias against par-
ticular taxa in their amplicon sequencing.
Microbial eukaryotic members captured by 18S rRNA gene

sequencing.Upon amplicon sequencing with the 515F-Y and 926R
primers in our plant samples, we were able to successfully detect
microbial eukaryotic reads. In total, 1,434 unique eukaryotic ASVs
were recovered from the M. sativa and neighboring plant samples.
The majority of these ASVs were microbial eukaryotes (66.8%),
with the remaining ASVs divided between total plant eukaryotic
ASVs (30.1%), unclassified ASVs (2.5%), and spurious bacteria
(0.6%) (Fig. 2A). A small number of bacterial ASVs were expected
because they were seen in previous use of this pipeline (Lee 2019).
Upon examining the microbial eukaryotic ASVs, the largest por-
tions belonged to the phylum Cercozoa, with almost a quarter of the
overall ASVs (24.46%). The fungal phylum with the most ASVs
was Ascomycota, with 20.58% of ASVs (Fig. 2B). Other top phyla
from fungal, protist, and animal kingdoms include Ciliophora,
Chytridiomycota, Basidiomycota, and Arthropoda, with each ac-
counting for approximately 10% of ASVs (Fig. 2B; Supplementary
Fig. S4). From our feral M. sativa plants, we collected insects to
connect arthropod 18S rRNA gene ASVs observed (Fig. 2B;
Supplementary Table S6). When matching at rank order, three of
the four orders identified traditionally matched 18S rRNA gene
sequences: Hemiptera, Hymenoptera, and Thysanoptera. All three
arthropod orders sequenced are known herbivorous (Archibald et al.
2018; Eliyahu et al. 2015; Weirauch and Schuh 2011). Our 18S
rRNA sequencing also found other plant-related eukaryotic or-
ganisms as well, including Peronosporomycetes (oomycetes) and
the closely related Hyphochytriomycetes. The majority of the se-
quences from Peronosporomycetes classified at the genus level as
Pythium, a prominent plant pathogen (Supplementary Fig. S5)
(Schwelm et al. 2018). Thus, the 18S rRNA gene sequencing
captured a wide array of eukaryotic diversity.
Connecting 18S rRNA gene to ITS amplicon sequencing and

fungal isolation representatives. To compare the ASVs detected
by 18S rRNA gene sequencing results to the commonly used ITS
sequencing, we used a mixture of ITS2 region primers that con-
tained six forward and two reverse primers with frameshifts in order
to increase overall diversity of the amplicons sequenced (Cregger
et al. 2018; White et al. 1990). We observed that the ITS sequences
contained two fungal phyla sequences (Ascomycota and Basidio-
mycota) while the 18S rRNA gene sequencing captured these phyla
plus an additional six not detected by ITS sequencing (Fig. 2B).
Although protists were captured within the M. sativa samples for
ITS primers, none of these ASVs were resolved to taxonomic orders
below the phyla level, unlike for the 18S rRNA sequencing, where
the phyla Cercozoa was resolved to the families Cercomonadidae,
Glissomonadida, Imbricatea, Phytomyxea, and Thecofilosea and
the phyla Ciliophora resolved to the subphyla Intramacronucleata
and Postciliodesmatophora (Fig. 2B; Supplementary Fig. S4).
We compared the families represented in our fungal culture

collection with those captured in the 18S rRNA gene and ITS
amplicon sequencing results to see which primers have more cul-
tured representatives (Fig. 2). Five of our eight isolated fungal families
matched to 18S rRNA gene sequences present—Cladosporiaceae,
Cunninghamellaceae, Incertae Sedis, Ophiocordycipitaceae, and
Pleosporaceae—whereas only Pleosporaceae was detected by ITS
sequencing (Fig. 2B to D; Supplementary Fig. S6). This difference
is not likely due to the use of separate primers because the ITS
primers we used to identify each member of the fungal isolate
collection and to sequence the plants were both part of the same
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Fig. 2. 18S ribosomal RNA (rRNA) gene amplicon sequencing successfully captures a wide array of phyla across multiple kingdoms. A, Distribution of
total amplicon sequence variants (ASVs) from all samples into main categories. B, Phylum-level distribution of microbial eukaryotic ASVs recovered
from neighboring plants andMedicago sativa plants. “Other” indicates Orchophyta, which belongs to the Kingdom Chromista, and Opisthokonta, which
belongs to both the Animal and Fungal Kingdoms. C, Internal transcribed spacer (ITS) amplicon sequencing results from M. sativa samples. D,
Distribution of fungal culture collection generated from feralM. sativa tissue. Stars in B and C indicate isolatedmembers of that taxonomic rank fromM.
sativa phyllosphere tissue.
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variable region, ITS2. Although Incertae Sedis is used when the
relation to other taxa is not known, the genus level of samples
pertaining to the family Incertae Sedis corresponded with fungal
isolates; thus, it was included. Three of these five families (i.e.,
Cladosporiaceae, Incertae Sedis, and Pleosporaceae) contained the
most identified ASVs within the phyla Ascomycota. In all, 27 of the
29 fungal isolates in our culture collection belong to this phylum
(Fig. 2D; Supplementary Fig. S6). Therefore, our 18S rRNA gene
sequencing captured more ASVs with representatives in our culture
collection than did ITS amplicon sequencing.
Influence of PNAs on 18S rRNA amplicon sequencing. The

impact of the gPNA addition was measured by the changes in
diversity of ASVs captured, as well as the number and relative
abundance ofM. sativa reads present. Due to the wide range in 18S
rRNA genes per genome, abundance given by 18S rRNA gene
sequencing is difficult to interpret (de Vargas et al. 2015; Needham
et al. 2018). 18S rRNA gene copy can vary much more widely than
the 16S rRNA gene, because one study demonstrated that the 18S
rRNA gene can vary from 2 to 50,000 copies per genome while 16S
rRNA copy number generally varies from 1 to 15 copies per ge-
nome (de Vargas et al. 2015; Kembel et al. 2012). Despite these
copy number discrepancies, we use relative abundance of plant
reads to see whether plant reads decreased with the addition of the
gPNA because it is standard when measuring the design of a PNA
(Supplementary Fig. S7) (Belda et al. 2017; Fitzpatrick et al. 2018;
Lundberg et al. 2013).
The addition of the gPNA increased microbial eukaryotic ASV

richness significantly within theM. sativa samples (Fig. 3A at q = 0)
but not other metrics (Fig. 3), indicating that the ability to detect
low-abundance or rare eukaryotic ASVs is increased by the addition
of gPNA. To measure the diversity metrics of the rare versus high-
abundance ASVs, we used Hill numbers, because rare community
members are down weighted as q increases (Fig. 3A) (Jost 2006).
Hill numbers at q = 0 are statistically equivalent to observed
richness. The samples with all three PNA (i.e., gPNA, mPNA, and
pPNA) were significantly increased in diversity when q = 0, al-
though significantly decreased when q = 2 (Fig. 3A). Therefore,
because rare ASVs are downweighted, the samples were dominated
by plant reads and, at q = 2, our gPNA decreased the diversity of
those abundant plant reads. After rarefaction, which can decrease
detection of rare taxa (McMurdie and Holmes 2014), M. sativa
samples sequenced appeared to be a highly selective system
containing only four phyla (i.e., Arthropoda, Ascomycota, Basi-
diomycota, and Schizoplasmodiida) (Fig. 3C and D) although this
would likely increase with larger samples. Although Arthropoda,
Ascomycota, and Basidiomycota were present in all PNA com-
binations tested, Schizoplasmodiida was only present in the
M. sativa samples with all three PNAs (Supplementary Fig. S8A).
We confirmed that our difference in detecting various ASVs was not
due to uneven replicate number between sample types by randomly
subsampling to compare evenly across, suggesting that changes we
saw were due to the addition of the gPNA (Supplementary Fig. S9).
These data suggest that our gPNA is able to increase the diversity of
the microbial eukaryotic ASVs detected.
To establish whether our gPNA is able to block host DNA

amplification in other plants, we sampled from a selection of un-
related plants within the same field as our feral M. sativa. Dif-
ferences in detected microbial eukaryotic ASVs between samples
that contained no PNA, only mPNA and pPNA, or all three PNAs
during library preparation did not translate into significant differ-
ences in diversity, although samples did follow the trends seen in
M. sativa samples (Supplementary Fig. S10A and B). Interestingly,
in these neighboring plant samples, six of the phyla missing in the
samples with only mPNA and pPNA were present in both the 0-

PNA and 3-PNA samples, suggesting that unintentional blockage
by the pPNA and mPNA was potentially recovered with the ad-
dition of the gPNA samples (Supplementary Fig. S8B). Overall,
neighboring plant samples displayed more diversity in the microbial
eukaryotic community than in M. sativa samples (Supplementary
Fig. S10C and D), possibly because there are six different genera of
plants present, allowing for potentially a higher diversity of mi-
croorganisms to colonize within the various plants (Supplementary
Tables S4 and S5). The variety of the neighboring plants could also
account for why there is a wider range of diversity between samples
because the gPNA could work better for some of these plant species
than others. All neighboring plants are within the phyla Embry-
ophyta, which comprises all land plants. We did not detect sig-
nificant reduction of plant reads in these neighboring plant samples
with the addition of the gPNA. Because our gPNA was designed
specifically forM. sativa and neighboring plants were from a variety
of backgrounds, these results are not surprising (Supplementary
Fig. S10C; Supplementary Table S4).
We compared the 18S rRNA gene sequences for neighboring

plant samples with representatives in SILVA with our gPNA se-
quence to determine the number of mismatches to the gPNA se-
quence. Of the two genera found within SILVA,Chamaenerion and
Grindelia, the gPNA would require modifications to work for
Grindelia but was predicted to block Chamaenerion (Supple-
mentary Fig. S11). Grindelia is a part of the family Asteraceae,
along with all other neighboring plants isolated, other than Cha-
maenerion. In comparison of 500 land plants, the family Asteraceae
has previously been found to have the highest levels of plant plastid
reads when using the pPNA (Fitzpatrick et al. 2018). We further
created a phylogenetic tree to examine land plants in general
(Supplementary Fig. S11). Green represents organisms that are
predicted to be blocked by the gPNA because the sequence matches
exactly to the gPNA based on k-mer alignment. It is evident that
there is a great diversity in plant 18S rRNA sequences and that the
gPNA would not function for all land plants. Organisms genetically
similar toGrindelia spp. are not predicted to be blocked, offering an
explanation for why the gPNA did not significantly increase
neighboring plant samples because they are more phylogenetically
related to Grindelia than Chamaenerion (Supplementary Fig. S11).
Overall, the variance within the neighboring plants highlights the
need for a host-specific PNA to be designed.
For M. sativa endophyte-enriched or epiphyte-enriched samples,

we failed to detect a decrease in the relative abundance of plant
reads with the addition of the gPNA during amplicon library
preparation (Supplementary Fig. S7A), which corresponds to the
limited diversity differences only in rare ASVs when q = 0 (Fig. 3A)
and the lack of disappearance of an 18S rRNA band with the
addition of the gPNA on heat-treated M. sativa plants (Supple-
mentary Fig. S1). Interestingly, the proportion of microbial to plant
reads did increase modestly forM. sativa samples amplified with all
three PNAs in both endophyte and epiphyte samples (Supple-
mentary Fig. S12). Samples dominated by host eukaryotic reads had
been previously observed with the application of PNA, where host
eukaryotic reads were a fold higher than their microbial eukaryotic
reads (Belda et al. 2017). Overall, the small increase in microbial/
plant read ratio supports the conclusion that our gPNA helps to
increase the diversity of low-abundance ASVs, specifically in
M. sativa samples, because the changes seen in read abundance for
these rare ASVs would be small.

DISCUSSION

Regardless of the technical parameters, amplicon sequencing of
the microbial community of any system comes with inherent
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detection limitations. Here, we demonstrated that 515F-Y and 926R
primers can amplify low-abundance eukaryotic reads in a host
setting with MAPT enabling effective PNA design and specificity
predictions (Fig. 1). The addition of our 18S gPNA increases the
number and diversity of microbial eukaryotic ASVs detected
specifically in M. sativa samples (Fig. 3). We also show that,
overall, 18S rRNA sequencing is able to recover a more diverse
number of fungal taxa than ITS sequences when we compare both to
the members of our culture collection as well as in the diversity of
fungal phyla sequenced (Fig. 2; Supplementary Fig. S6). Finally,
we recovered additional ASVs that correspond to organisms such as
protists and arthropods (Fig. 2; Supplementary Fig. S4). Although
we did not detect a significant decrease the number of plant reads,
our gPNA accomplished the overall goal of increasing the
eukaryotic diversity captured in a eukaryotic host by revealing rare
taxa (Fig. 3; Supplementary Fig. S4). This is consistent with a study
that generated 18S rRNA gene PNA against mosquitoes to reveal
malarial burden, where two PNAs were generated in different
variable regions (Belda et al. 2017). In this article, the reduction in
the host reads was small (less than 10%) in the PNA generated in
variable region 9 (V9) of the rRNA gene. Both PNAs were tested at
0.75, 1.5, 3.75, and 7.5 mM and, whereas the V9 PNA worked most
efficiently at 7.5, the other PNA, located in the V4 region, contained
the maximum eukaryotic microbiota reads at 1.5 mM PNA.

However, the slight decrease in host reads in the V9 PNA allowed
for eukaryotic microbe richness to increase (Belda et al. 2017).
Design and implementation of a PNA can greatly reduce un-

wanted amplification, especially of 16S and 18S rRNA gene
sequencing in host systems (Fitzpatrick et al. 2018; Lefèvre et al.
2020; Lundberg et al. 2013). However, inclusion of a PNA during
amplicon library preparation must always be done with strict effort
to minimize the unintentional blocking of other organisms and to
document any bias that is observed with the addition of this re-
agent. MAPT is able to minimize the likelihood that a PNA will
have unwanted blockage by aligning the host sequence to any
taxonomic group desired. Because MAPT utilizes the researcher’s
chosen primer pair, it selects for the community amplified by those
primers and, thus, enables higher specificity for the wide array of
primers possible within sequencing protocols. MAPT also allows
for a variety of design opportunities, from highly diverse envi-
ronments to those where perhaps only a few genera are found.
Furthermore, our tool is able to identify sequences that are at risk
of being blocked because it can detect sequences with high
similarity to the PNA in the reference database (Supplementary
Figs. S2 and S3). We further advise scientists implementing PNAs
into library procedures to add PNA-free controls within their
samples to be sequenced to establish the bias introduced by a PNA
on the overall community diversity.

Fig. 3. Species richness in Medicago sativa rarefied samples increases with novel genomic peptide nucleic acid (gPNA) addition. Amplicon sequence
variants (ASVs) present inM. sativa samples amplified with no PNA (0 PNA); only mitochondrial and plastid PNA (mPNA and pPNA, respectively) (2
PNA); or gPNA, mPNA, and pPNA (3 PNA) were analyzed for a variety of diversity metrics.A,Hill Numbers (F2,31 = 6.841, 0.6988, and 8.175 for q = 0 to
3, respectively. At q = 0:P value for 0 and 2 PNA = 0.9756, for 0 and 3 PNA = 0.0123, forP value for 2 and 3 PNA = 0.013. At q = 1:P value = 0.5048. At q =
2: P value for 0 and 2 PNA = 0.7362, for 0 and 3 PNA = 0.0294, for P value for 2 and 3 PNA = 0.0019). B, Shannon’s diversity (F2,31 = 1.246, P value =
0.3016).C, Total ASV counts.D,Relative richness (A and B) significance was determined with an analysis of variance (ANOVA) with a post hoc Tukey’s
multiple comparison test, a = 0.05 for all comparisons. P values for multiple comparisons were only reported when ANOVA revealed significance. See
Supplementary Table S1 for sample size.

348 Phytobiomes Journal



Conclusion. The PNA that we designed cannot be applied
universally for all plant species. We tested with neighboring plants
because PNAs are frequently designed for one species of host but
applied to phylogenetically similar organisms (Supplementary Figs.
S10 and S11). In fact, the previously published pPNA has been
shown to be less effective against species within the family
Asteraceae (Fitzpatrick et al. 2018). The result of the neighboring
plant sequencing further demonstrates the need for MAPT, because
PNAs should be designed specifically for each host and MAPT
enables this to be performed with greater ease. The neighboring
plants sampled here belong to only two families, Asteraceae and
Onagraceae; therefore, MAPT captures a small window of genetic
variation within plants as a whole (Supplementary Table S4) (Royal
Botanic Gardens and Missouri Botanical Garden 2013). Thus, the
likelihood is minute that any PNA designed for a specific species of
plant, such as the gPNA, would be able to be applied across all plant
species. However, small base change modifications in PNAs, such
as shown by Fitzpatrick et al. (2018), can allow scientists to take a
PNA designed for one plant species andmodify it slightly to be used
for another. A small modification to our gPNA may enable it to be
applied to another plant type. With the use of MAPT and the
presentation of its application here, we hope to encourage scientists
to design their own PNAs when undergoing amplicon sequencing
with a novel host, in order to obtain the highest level of PNA
efficacy and specificity. The design and implementation of PNAs
across host-associated systems will help to reveal more members of
the microbial community otherwise left not sequenced, leading to a
more accurate depiction of the relevant and consistent members of
host-associated microbiomes.
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