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ABSTRACT

Herbarium specimens are preserved plants kept for varying purposes, for example, botanical
records, hobbies, referencing, research, economic and medicinal purposes. There are more than
3000 herbaria in the world that house approximately 350 million specimens from the last ca. 400
years. Due to advances in DNA extraction and next-generation sequencing (NGS) approaches, these
specimens are now used for genetic studies and can be used to track genetic changes over time.
Herbarium specimens do not only contain DNA from the plant itself, but also from associated
microbes and pathogens that were present on the living plant and can thus be used to study the
microbial community. However, due to different procedures they undergo during the process of
preservation and storage of the specimens, herbarium specimens are also prone to microbial
contamination.

In this project, plant samples were preserved with different methods including standard
procedures for herbarium specimens preservation. Samples were taken at different steps of
preservation in order to track changes in microbial abundance and identify possible contaminating
microbial taxa. When these microbes are identified, herbarium specimens could be useful in
carrying out metagenomic studies in the future. Two main potato (Solanum tuberosum) plant tissues
(leaves and roots) were used for this project. Samples were collected from different individuals from
two different farms in Trondheim. Samples were preserved at the Trondheim herbarium (TRH).
Identification of the first 20 most abundant microbial taxa were done using a simple bar plot.
Principal Coordinate Analysis (PCoA) was used to evaluate the similarities and variation between
samples collected from different sites and preserved under varying conditions.

MaAslin 2.0 was used to identify whether changes in taxa abundance were significantly
different between different preservation methods in the same plant tissue. Two genera were the most
prominent in the plant tissues studied. No taxa abundance comparison is statistically significant in
leaf samples while few microbial taxa have higher abundance in root samples upon comparisons.
Alternaria alternata (common herbarium contaminant fungus) was not identified in any of the
herbarium stored samples. We hypothesized that the absence of common herbarium contaminants
could be due to high standards of modern herbarium practice at Trondheim Herbarium (TRH).
Proper identification and removal of contaminants from herbarium specimens can help in making

predictions about evolutionary trends of metagenomic communities on potato plants.
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INTRODUCTION

Plants harbour a diverse assembly of microbial communities within and outside their tissues (Brader
etal., 2017; Vandenkoornhuyse et al., 2015). These microbes can either be beneficial or harmful to
their host plants (Gupta et al., 2017). Endophytes are plant microbes such as fungi and bacteria that
cause no harm to host plants and live inside plant tissues (Fadiji & Babalola, 2020). They play
important roles in plant growth and health improvement by suppressing plant pathogens (Turner et
al., 2013). They are distinguished from epiphytes, which live on plant surfaces. Epiphytes are
capable of making their own food, without relying on host plants (Littge & Scarano, 2004; Zotz &
Hietz, 2001). A third class of microbes are found living in the surrounding environment of the plants,
such as soil microbes in the rhizosphere. They interact with plants without touching them in a variety
of ways, such as facilitating gas exchange between plants and soil and assisting plants in defense
against harmful pathogens (Hardoim et al., 2008).

With regards to the beneficiary effects of microorganisms, some microbes help in fixing
nitrogen in root nodules of plants (Etesami, 2022). Nitrogen is essential for growth and development
in plants, as it serves as the building block of proteins (Sharma et al., 2003). In human health and
agriculture, plant microbes have a number of uses. Endophytic microbes such as bacteria, fungi and
actinomycetes form associations with medicinal plants. These microbes secrete hormones that are
capable of fighting against human and animal diseases. Hence, medicinal plants harbour these
microbes which have antibiotic, antimalarial, anticancer and antifungal properties (Akerele et al.,
1991), which are helpful in curing diseases. Microorganisms have the potential for being used as
biofertilizers in agricultural practices, e.g. as an alternative to chemical fertilizers that pose several
risks (Fadiji & Babalola, 2020). In addition, plant microbes can be good biological control agents
against plant pathogens in farming (Turner et al., 2013). A review was carried out by (Wei et al.,
2017) on the potential of using leaf and associated microbial communities to reduce the toxicity
level of different air pollutants to the environment. It was revealed that plant leaves absorb air
pollutants, and leaf endophytes are responsible for the biodegradation and modification of the
pollutants into less toxic molecules. Therefore, leaf-based remediation technologies could be
developed to mitigate the effect of air pollution via leaves of plants. Interestingly, the importance

and benefits of endophytes have not been fully investigated.
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On the other hand, harmful microbes (pathogens) can be the root of diseases or infections in
their host organism (Kenneth Horst, 2013). Some pathogens cause diseases in plants by releasing
harmful substances into the cell of the host plants, thereby suppressing their immunity and making
it difficult for the host to fight against pathogens. Also, pathogens alter the rate of metabolism and
physiology of their host plant which have impacts on the growth and toughness of plants (Burdon,
1987). Because pathogenic organisms would have utilized resources away, affected plants
experience a reduction in the resources needed for their development and reproduction (Berger et
al., 2007; Denancé et al., 2013; van Dijk et al., 2021), which may lead to crop yield loss. It has been
reported that about 16% of global yield losses are caused by plant pathogens (Ficke et al., 2018).
However, the use of fungicides and pesticides to fight against pathogens may alter natural microbial
communities, including beneficial microbes of plants (Abdelfattah et al., 2016; Berlec, 2012).
Therefore, the use of old herbarium specimens for metagenomic studies are useful in evaluating
changes that have occurred over time in microbial communities before the introduction of chemicals
and fertilizers (Délye et al., 2013).

The great diversity of microorganisms poses the problem of under exploration of their
taxonomy, composition, structure and molecular mechanisms (Cowan et al., 2005). The classical
approach for studying novel microbes involves culturing them in a liquid or solid growth medium.
However, several microbes are not cultivable in the laboratory, which has made the classical
approach inappropriate for the growth of many microbial taxa (Staley & Konopka, 1985). With the
advent of recent technology, host organisms can be collected from their natural environment and be
studied with all associated microorganisms. The genomic analysis of microorganisms through the
process of extraction of DNA from their natural environment with no requirement to obtain pure
cultures of the microorganisms is known as metagenomics (J. Singh et al., 2009). It allows nearly
complete characterization of DNA of almost the entire microbial community within, on, and

surrounding host organisms, many of which might be impossible to culture (Langille et al., 2013).

Herbarium specimens are collections of pressed, dried, mounted and labelled plant materials stored
in herbaria. They can consist of any plant parts (e.g. seeds, pollen, wood sections, flowers, stems,
branches, roots), dried and pressed for future reference (Willis et al., 2017). Collections of various
kinds of herbarium specimens originated in Europe between the 15th and 16th centuries (Lane,
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1996). Today, there are about 3400 herbaria all around the world (Besnard, 2018). Approximately
350 million herbarium specimens have been collected globally during the last ~400 years (Soltis,
2017). For hundreds of years, naturalists and botanists have collected and preserved plants for
solving the problems of taxonomy, economic uses, documenting regional floras, studying plant
diversification, and simply as a hobby (Balick, 1996; Palmer et al., 1995; Sprague & Nelmes, 1931).

Photographs and digital herbaria are also used in preserving specimens as digitized
databases. Many herbaria are digitalizing their collections, which make them more accessible for
different kinds of research. For example, specimens no longer need to be physically posted between
different herbaria to examine certain morphological characters. Moreover, researchers can easily
search the database to see available information for project planning (Lane, 1996; Nelson et al.,
2015).

Herbarium specimens contain huge amounts of information about morphology, phenology
and health of plants of the past. This information, combined with the metadata found on the
specimen labels (e.g. collection date, location, habitat) can be useful in studying the ecological and
evolutionary processes in those plants. For example, the effects of changing climate on cyclic
response of plants can be known using herbarium specimens (Calinger et al., 2013; Primack et al.,
2004). From a phylogenetic perspective, historical herbarium collections can be used for studying
threatened and extinct species. For instance, genome skimming information from a single specimen
of the now-extinct monotypic Oleaceae genus Hesperelaea collected 140 years ago, was used to
determine the phylogenetic rank of the genus (Zedane et al., 2015).

Also, herbarium specimens are quite useful for research purposes when faced with studying
extinct or endangered populations, or plant taxa that cannot be reached under challenging field
conditions, or when there are inadequate funds to make new collections (Przelomska et al., 2020).
Herbarium specimens can also be useful in inferring the effects of pesticides on plants over a given
period within a given geographical range (Lang et al., 2019). The use of chemicals such as
pesticides, herbicides or fungicides on plants can be traced back to the twentieth century, and these
chemicals have significant effects on the plants and their microbial communities (Hahn, 2014; Vats,
2015).

Although herbarium specimens are good sources of genetic information, the quality and
guantity of their genetic information may be affected by the particular methods of specimen
preservation (Adams & Sharma, 2010; Pyle & Adams, 1989; Staats et al., 2011). However, the
effects of different preservation methods have yet to be studied systematically. Typically, it is

unclear which kinds of treatments were used for preserving some historic plant samples. Some
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historic samples were preserved with toxic substances such as formalin (Yadav, 2020) which affect
the DNA quality and quantity of herbarium specimens (Sarkinen et al., 2012). Modern collections
are often preserved with milder methods, such as the use of warm air and wooden plant presses.
However, tropical collections are dried at high temperature (fast drying method) (Yadav, 2020).

A review carried out by (Bieker & Martin, 2018) on the indication and future prospects of
DNA in historical samples for evolutionary analyses showed that the quality of DNA in a specimen
is dependent on the age of the specimen. Genetic materials in herbarium specimens decompose Six
times faster than in ancient bones (Weil} et al., 2016). Therefore, genetic material derived from
herbarium samples are often fragmented, and DNA concentration and endogenous contents are low
(Adams and Sharma 2010; Staats et al., 2011). These findings have called for gently following all
necessary measures when handling herbarium specimens that are used as truly ancient samples to
prevent contamination with modern DNA (Shepherd & Perrie, 2014).

Most of the time, it is challenging to disentangle when microbes colonise the plants.
Microbial DNA on a historic herbarium sample could have been there when the plant specimen was
alive (antemortem), or arrived around the time of death of the specimen (perimortem), when the
dead plant was being dried and mounted on sheets in the herbarium, or during storage in the
herbarium (postmortem). Furthermore, reagent contamination in the laboratory and DNA extraction
Kits used can also introduce contaminants into metagenomic communities of interest (Salter et al.,
2014). Herbarium specimens can be further contaminated with microbes during preservation,
storage, and specimen handling. For example, a fungus called Alternaria alternata, was found to be
present only in herbarium specimens and is thus likely a herbarium contamination (Bieker et al.,
2020).

Recently, the advent of culture-independent, high-throughput next-generation sequencing,
and improvements in DNA extraction methods have made it feasible to include historical herbarium
specimens in genetic studies (Paabo et al., 2004; Yoshida et al., 2014). These advances make it
possible to not only study the genetic material from the plant specimens themselves but also from
their associated microbes (Ames & Spooner, 2008; Bieker et al., 2020; Ristaino, 1998). The
potential of using herbarium specimens for studying microbial communities was examined in a
study by (Bieker et al., 2020). They discovered that certain microbes were identified as potential
herbarium contaminants. It was concluded that herbarium specimens can be used for metagenomic
analyses, but they must be treated with extra care to be sure that identified taxa are representative
of the host plants’ natural communities, rather than communities that developed after the plant

specimen was collected for herbarium storage.
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In this project, | used potato (Solanum tuberosum L.) as a model to study the microbial
communities associated with plant tissues during important stages of herbarium specimen
preservation. Potato (S. tuberosum) is one of the world’s most important staple foods (Mu & Sun,
2017; Salmensuu, 2021) and plays a key role in global food security (Wijesinha-Bettoni & Mouillé,
2019). Its vulnerability to pests and diseases have contributed to reduction in potato production. One
of such pathogens is Phytophthora infestans, an oomycete that causes late blight disease in potato
(Haas et al., 2009). It originated from Central Mexico (Austin Bourke, 1964; Martin et al., 2014)
and, upon introduction to Europe, caused great losses to potato production e.g., it caused the Irish
potato famine of the 1840s (Austin Bourke, 1964; Savary et al., 2017). The first historic herbarium
specimens ever examined in a metagenomic investigation were potato plants infected by P. infestans
(Schubert et al., 2014).

The aim of this study is to identify microbial contamination during various preservation
procedures and methods, including standard herbarium procedures. The motivation for this work is
to facilitate the future use of herbarium specimens in metagenomic studies of antemortem microbes
by allowing the identification and removal of perimortem and postmortem microbes from
consideration. For this study, potato plants were collected from two different locations, and these
samples were preserved in different ways. Firstly, | test the prediction that varying the methods of
preserving different plant tissues (leaf and root) within and outside of the herbarium would result in
the identification of different microbial taxa. Also, | predicted that geographical proximity and
microbial community similarity would be correlated. | predicted that there would be significant
changes in microbial taxa abundance when comparing two different methods of preservation within
the same tissue type. Lastly, | predicted that microbial species richness in the root tissue would be
higher than in the leaf tissue.

To achieve this, 1 (1) identified the top 20 taxa present in leaf and root tissues considering
the varying methods of preservation; (2) compared all microbial taxa according to different
preservation methods in each tissue type; (3) analyzed the statistically significant changes in
microbial taxa abundance between two preservation methods within the same plant tissue to
determine whether some taxa are differently represented under a particular preservation method;
and (4) compared species richness in leaf and root tissues to identify which tissues have higher taxa

richness.
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MATERIALS AND METHODS

Whole potato plants (Solanum tuberosum) were collected from two different farms in Trondheim:
Vollgard farm in Moholt (Latitude 63.411°, Longitude 10.449°) and Sverresborg folkmuseum
(Latitude 63.419°, Longitude 10.362°). The individual potato plant collected from Moholt farm was
labelled as M1, and the individuals from Sverresborg were named S1, S2, S3, and S4. These
individual plants or samples thereof were preserved under varying methods of preservation that are
described in detail later (Table 1). Root and leaf samples were collected for each preservation step.
For each plant, fresh leaf and root samples were taken, directly frozen and stored at -20 °C until
DNA extraction (preservation method, P6). Another set of fresh leaf and root samples was dried on
silica-gel until DNA extraction (preservation method, P1). The remaining plant material was dried
using a plant press (Fig. 2a). For that, the plant was put into newspaper and cardboard sheets were
placed between plants. The cardboard was changed at an interval of 3 days (for preservation methods
P2 and P4). For one individual (M1), the plant was split, and one part was placed in another plant
press where the cardboard was left throughout the drying processes without changing (for
preservation methods P3 and P5). After drying in the plant press, specimens were placed in a -20°C
freezer for one week before they were brought to the herbarium and mounted on herbarium sheets,
a standard practice to destroy any insects that may exist on the plants (Gilberg & Brokerhof, 1991).
Another set of samples were taken directly after mounting (for preservation methods P4 and P5).
The mounted specimens were then placed in the herbarium for about 4 months before the last set of
samples were taken (for preservation methods P2 and P3). No root samples were collected for P3

and P5 preservation methods.
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Table 1. Provenance and treatment of study samples. Collection sites were represented as 1 and 2. All 1 are individuals

from Voll fam and 2 are individuals from Sverresborg farm

Sample | Plant | Tissue | Collectio | Preservation method Preservation code

ID ID type n sites

M1-1 root 1 Freshly frozen and stored at -20 | P6
°C

M1-2 leaf 1 Freshly frozen and stored at -20 | P6
°C

M1-3 leaf 1 Silica dried P1

M1-4 root 1 Silica dried P1

M1-5 leaf 1 Directly after storing in P4
herbarium (cardboard changed)

M1

M1-6 root 1 Directly after storing in P4
herbarium (cardboard changed)

M1-7 leaf 1 Directly after storing in P5
herbarium (cardboard not
changed)

M1-8 leaf 1 After storing in herbarium P2
(cardboard changed)

M1-9 root 1 After storing in herbarium P2
(cardboard changed)

M1-10 leaf 1 After storing in herbarium P3
(cardboard not changed)

S1-1 leaf 2 Freshly frozen and stored at -20 | P6
°C

S1-2 leaf 2 Silica dried P1

S1-3 root 2 Freshly frozen and stored at -20 | P6
°C

S1
S1-4 root 2 Silica dried P1




S1-5 leaf Directly after drying in the press | P4
(cardboard changed)

S1-6 root Directly after drying in the press | P4
(cardboard changed)

S1-7 leaf After storing in herbarium P2
(cardboard changed)

S1-8 leaf After storing in herbarium P2
(cardboard changed)

S2-1 leaf Freshly frozen and stored at -20
°C P6

S2-2 leaf Silica dried P2

S2-3 root Freshly frozen and stored at -20 | P6
°C

S2-4 S2 root Silica dried P1

S2-5 leaf Directly after drying in the press | P4
(cardboard changed)

S2-6 root Directly after drying in the press | P4
(cardboard changed)

S2-7 root After storing in herbarium P2
(cardboard changed)

S2-8 root After storing in herbarium P2
(cardboard changed)

S3-1 leaf Freshly frozen and stored at -20 | P6
°C

S3-2 leaf Silica dried P1

S3-3 root Freshly frozen and stored at -20 | P6
°C

S3-4 leaf Silica dried Pl

S3

S3-5 leaf Directly after drying in plant P4
press (cardboard changed)

S3-6 root Directly after drying in plant P4

press (cardboard changed)




S3-7 leaf After storing in herbarium P2
(cardboard changed)

S3-8 root After storing in herbarium
(cardboard changed) P2

S4-1 leaf Freshly frozen and stored at -20 | P6
°C

S4-2 leaf Silica dried P1

S4-3 root Freshly frozen and stored at -20 | P6
°C

S4-4 root Silica dried P1

S4

S4-5 leaf Directly after drying in plant P4
press (cardboard changed)

S4-6 root Directly after drying in plant P4
press (cardboard changed)

S4-7 leaf After storing in herbarium P2
(cardboard changed)

S4-8 root After storing in herbarium P2

(cardboard changed)




%

Potato plant

P6
Freshly frozen and stored
at -20°C

Wwe

P1

l:> Silica dried (fast drying)
We

Wl |
[ |

‘Wooden plant press

P4
Dried in plant press
(cardboard changed)

Wwe

P5
Dried in plant press
(cardboard not changed)

Wwe

P2
After storing in the
herbarium (cardboard
changed)

Wwe

P3
After storing in the
herbarium (cardboard not
changed)

Wwe

Slow drying ‘

Figure 1. Schematic of the different preservation methods used in this study.
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Figure 2. Images to illustrate the herbarium preservation process. a) Two wooden plant presses. b) Drying plant. c)
Mounted specimen.
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DNA was extracted in the NTNU Museum molecular laboratories using a DNeasy Minikit
(QIAGEN) following the manufacturer's instructions. DNA was extracted from 45 samples,
including leaf and root tissues and negative control blanks, which were included throughout DNA
extractions and library build procedures to monitor background reagent and laboratory microbial
contamination. DNA was quantified using a Qubit fluorometer (Invitrogen) with the dsSDNA BR
kit. Novogene UK (United Kingdom), a commercial genomics service provider, sheared the DNA,
built and quality-controlled dsDNA libraries, and conducted next-generation sequencing on the

Illumina platform.

The bioinformatic software paleomix v.1.2.13.8 (Schubert et al., 2014) was used to map the data
against the potato reference genome SolTub_3.0 (GCF_000226075.1). Firstly, AdapterRemoval
v.2.3.1 (Schubert et al., 2016) was used for trimming adapters and paired reads with an overlap of
at least 11 base pairs were collapsed into one read and are treated as single-end reads during the
mapping. The trimmed reads were then mapped against the potato reference genome using bwa
mem v.0.7.17 (Winter et al., 2023). The reads that mapped to the reference genome were filtered
out using samtools v.1.16.1 bam2fq (Wood & Salzberg, 2014) with the -f 4 flag, leaving the
unmapped reads to be used for metagenomic classification. The bam files containing unmapped
reads were converted into FASTQ files for downstream analysis. Polymerase chain reaction (PCR)
duplicates were removed from the unmapped reads using dedupe.sh from the bbmap toolkit
(sourceforge.net/projects/bbmap/), leaving only the unique sequences for further analysis. Also, raw
reads were mapped against the P. infestans nuclear genome (PRINA17665) (Haas et al., 2009) to

determine the relative abundance of P. infestans in all samples.

To assign taxonomic names (labels) to metagenomic DNA sequences, the software Kraken v2.0.9
(Wood & Salzberg, 2014) was used. Kraken classifies more accurately and works quickly in
comparison to BLAST, which can only classify subsets of metagenomic data (Wood and Salzberg,
2014). Kraken was run on the paired reads and collapsed reads separately. A database of k-mers
used to classify the taxonomy of sequenced DNA sequences is called the Kraken database (Wood

& Salzberg, 2014). The reference genomes of thousands of species are used to obtain it, and it is
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regularly updated with additional genomes (Tessler et al., 2017). It has been extensively used to
rank microbiomes and metagenomic materials in many genomic investigations. A minimum base
quality of 20 for the kraken classification step was used. A database, nchi_ntDB built in October
2022 was used. The resulting classification files were afterwards combined using KrakenTools (Lu
et al., 2022). Intermediate ranks (such as subphyla, subclasses, subspecies, etc.) were removed for
all classified organisms. Counts for reads classified at the genus and species level were extracted
for this study. All animals (Metazoans), plants (Viridiplantae) and viruses (Viruses) were filtered
out because we are mainly interested in microbes (especially bacteria). The software kraken-biom
v1.2 (available at https://github.com/smdabdoub/kraken-biom) was used to combine kraken reports
from individual samples into one tab-separated file. One file containing all samples, one file
containing only root samples and one file containing only leaf samples were created. Output from
the classification and metadata sets are put into R version 4.2.2 for further analyses. Microbial
contamination introduced from laboratory reagents and DNA kits used were controlled for by
comparing the taxa identified in the plant samples with those in the negative control samples via the
R package decontam, using the ‘prevalence’ method with the threshold 0.5, which classifies all taxa
that are more prevalent in blanks than in the plant samples as contaminants (Davis et al., 2018).
Relative abundance was calculated after filtering of the assigned reads to normalize for different
numbers of total classified reads among samples. Abundance filtering was done to remove all taxa
with < 0.05% relative abundance in a sample.

Overall species richness was estimated to compare taxonomic diversity between leaf and
root samples. This was done without accounting for the relative abundance of the species, i.e. using
the number of species detected as the species richness metric. A rank-sum Wilcoxon test, which
compares two groups of independent variables (leaf and root tissues) that are not normally
distributed within a functional community, was carried out to test the statistical significance of

higher species richness in a particular tissue.
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After Kraken results and metadata were imported in R, principal coordinate analysis (PCoA) was
conducted in R on the relative abundance data to estimate proximity matrices between different
methods of preservation and varying collection sites. The PCoA was used to visualize whether the
metagenomic communities amongst studied samples were more dissimilar (points ordinated farther
from one another differ) or similar (points ordinated closer to another tend to be similar). Principal
components (eigenvectors) were plotted, and ellipses based on 95% confidence intervals were
estimated. PCoA showing the metagenomic communities present was carried out on all methods of
preservation and sites of collections, performed for leaf and roots samples separately. Based on
initial exploration of microbial community composition, all eight S2 leaf samples and two S3
samples (S3-5, S3-7) were found to be infected by Phytophthora infestans. These infected samples
were removed from the leaf datasets for subsequent analyses.

MaAsLin 2.0 was used to identify taxa with different relative abundances as a result of different
preservation conditions, while controlling for plant and region variation as random effects (Mallick
et al., 2021). Each comparison was carried out between two kinds of preservation methods (e.g. P1
and P2, P2 and P6, etc.) to determine significant differences of any identified microbial taxa.
MaAsLin 2.0 was run in R version 4.2.2, with no filtering of taxa by abundance (min_abundance =
0) and excluding taxa not detected in < 0.1% of samples (min_prevalance = 0.1), using the default
linear model analysis (analysis_method = “LM”), normalisation of taxa counts via the centred log
ratio transformation (normalisation = “CLR”) and transformation of the normalized counts to log>
space (transform = “LOG”). A negative coefficient from MaAslin 2.0 indicates an increased
abundance in the first preservation method of the comparison. A positive coefficient indicates higher
abundance in the latter preservation method. Comparisons with g-values (false discovery rates) <
0.05 were regarded as significantly different. Comparisons were made to identify differences in taxa
abundance between P1 and P2 (to identify the effect of fast compared to slow drying processes), P1
and P6 (to identify the effect of drying tissue in silica gel compared to collecting freshly frozen
samples), P2 and P6 (to identify the effect of introducing samples to the herbarium) and P2 and P4
(to identify the effect of drying before introducing them to the herbarium and after introducing to
the herbarium). While not the main purpose of this study, comparisons were also made between leaf
samples infected and uninfected by P. infestans in order to identify changes in the microbial

community during P. infestans infection.
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RESULTS

Root samples have a mean species richness of 298.13 (standard deviation =49.7) and leaf samples
have a mean species richness of 190.90 (standard deviation =130.26). This shows there is a
significantly higher number of taxa per sample identified in root compared to leaf samples
(Wilcoxon test, p-value = 0.00078). However, some leaf samples are outliers (Figure 3). The 20
most abundant species-level taxa in leaf and root samples were determined, presented by each
preservation method and sites of collection (Figures 4, 5, 6 & 7). Phytophthora infestans was
identified from all S2 leaf samples as well as some S3 leaf samples, thus these leaf samples were
excluded from further analysis. In these, up to 6% of the raw reads mapped against the nuclear and

nuclear genome of P. infestans.
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Figure 3. Overall species richness between leaf and root tissues studied under different preservation methods.
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For the leaf analysis, Sphingomonas sp. PAMC26645, Sphingomonas sp. HMP9, Sphingomonas
aerolata and Botrytis cinerea are present in all P1 (silica-dried) leaf samples. Methylobacterium
bullatum, Methylobacterium duran and Methylobacterium SP WL1 are present in other leaf samples
of P1 except M1-3. However, Blumeria graminis is detected only in M1-3 of P1 (Figure 4a). In P2
(after herbarium storage), three species of Sphingomonas and Botrytis cinerea are present in all leaf
samples. Four species of Methylobacterium, Cutibacterium acnes and Hymenobacter sp.
PAMC26554 are present in all P2 leaf samples except M1-8. Also, Blumeria graminis (fungus
causing powdery mildew in cereals especially wheat) is found only in M1-8 (Figure 4b). For leaf
preservation method P3 (after herbarium storage with no cardboard change), only one sample was
collected (M1-10), and the most prominent taxa in this sample are three species of Sphingomonas,
Methylobacterium bullatum, Botrytis cinerea and Blumeria graminis (Figure 4c).

In P4 (after drying in plant press with cardboard change), Methylobacterium. sp.
OTU13CASTAL, three species of Sphingomonas, Botrytis cinerea, and Frondihabitans sp. 762G35
are found in all the leaf samples. However, Hymenobacter sp. BRD128 and Blumeria graminis are
found only in M1-5, but Methylobacterium. sp. WL1 was absent in M1-5 (See Figure 4d below).
Only one leaf sample (M1-7) was subjected to preservation method P5 (after drying in plant press
with no cardboard change), and in this sample, three species of Sphingomonas, Methylobacterium
bullatum, and Botrytis cinerea are the most abundant among many others (Figure 4¢). Three species
of Sphingomonas, Methylobacterium ballatum, Botrytis cinerea and Comamonadaceae bacterium
OTU4NAUVBL are detected in all samples of P6 (freshly frozen, Figure 4f). Methylobacterium sp
WL1, Methylobacterium durans and Sphingomonas sp. AASP5 are found in other samples of P6,
except in M1-2. Frondihabitans sp. 762G35 is found only in S3-1 of P6 (Figure 4f).
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Figure 4. Top 20 most abundant species-level taxa identified for leaf samples. a) Silica dried (P1); b) Directly after
storing in herbarium (cardboard changed) (P2); c) Directly after storing in herbarium (cardboards not changed) (P3); d)
Directly after drying with plant presses (cardboard changed) (P4); e) Directly after drying with plant press (cardboards
not changed) (P5); f) Freshly frozen at -20 degree celsius (P6). Species-level taxa are represented by different colours
(see legend) and all species-level taxa not included in the top 20 are grouped as ‘Other’.
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Figure 5. Top 20 most abundant taxa found on leaf samples collected from. a) Voll farm plant M1. b) Sverresborg
folkemuseum plant S1. ¢) Sverresborg folkemuseum plant S3. d) Sverresborg folkemuseum plant S4. Preservation
methods are as following: P1: Silica-dried; P2: Directly after storing in herbarium (cardboard changed); P3: Directly
after storing in herbarium (cardboard NOT changed); P4: Directly after drying in the press (cardboard changed); P5:
Directly after drying in the press (cardboard not changed); P6: Freshly frozen and stored at -20 “C. Species-level taxa
are represented by different colours (see legend) and all species-level taxa not included in the top 20 are grouped as
‘Other’.

Considering varying collection sites for leaf tissue, all plants collected from site M1 have
similar metagenomic communities across all leaf samples (See figure 5 above). Three species of
Sphingomonas, Botrytis cinerea and Blumeria graminis are present in all M1 samples. Additionally,
Cutibacterium acnes are found in M1-8, M1-5 and M1-2. Comamonadaceae bacterium
OTU4NAUVBL is present only in M1-2 (Figure 5a). All S1 samples have five species of
Sphingomonas, and two species of Methylobacterium, Botrytis cinerea and Cutibacterium acnes
(Figure 5b). Three species of Sphingomonas, five species of Methylobacterium and Frondihabitans.
sp. 762G35 are present in the examine S3 samples, because some were excluded due to infection

(Figure 5c). The microbial communities in S4 leaf samples are very similar, with four species of
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Sphingomonas, five species of Methylobacterium and Botrytis cinerea found at high abundances
(Figure 5d).

Different taxa are present in the root in comparison to the leaf samples, and Phytophthora infestans
was not identified in any of them (See figure 6 below). Within the preservation method P1 of root
samples, Lentzea sp. HUAS12 is only present in M1-4. Pseudomonas sp. OE 28.3, Rhodanobacter
canariense, and Pseudomonas flourescens are identified only in S4-4 of P1. Variovax paradoxus
was identified in all P1 root samples, except for S4-4. Niastella korensis, Bradyrhizobium
erythrophlei, Bradyrhizobium sp. 170, Bradyrhizobium sediminis, Bradyrhizobium labiabi and
Rhizophagus irregularis are found in P1 root samples, except in M1-4 and S4-4 (Figure 6a). Taxa
found in preservation method P2 are alike to taxa identified in P1, except Bradyrhizobium sp.
CCBAUO051011 which is absent in M1-9 of P2. Only M1-9 in P2 has Lentzea sp HUAS12 and
Pseudomonas flourescens (Figure 6b). For both P3 and P5, no root sample was taken. The microbial
communities in P4 are similar to P1 with the addition of an ‘uncharacterised bacterium’ across all
P4 root samples. Lentzea guizhouensis is present only in M1-6 of P4. Pseudomonas flourescens was
recognized only in S3-6 of P4 (Figure 6¢). Metagenomic communities in P6-preserved root samples

are highly similar to microbial communities in P1-preserved root samples (Figure 6a and d).
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Figure 7. Top 20 most abundant taxa found on root samples collected from a) Voll farm. b) Sverresborg folkemuseum
1. ¢) Sverresborg folkemuseum samples 2. d) Sverresborg folkemuseum samples 3. e) Sverresborg folkemuseum
samples 4. Preservation methods are as following: P1: Silica-dried; P2: Directly after storing in herbarium (cardboard
changed); P3: Directly after storing in herbarium (cardboard NOT changed); P4: Directly after drying in the press
(cardboard changed); P5: Directly after drying in the press (cardboard not changed); P6: Freshly frozen and stored at -
20 °C. Species-level taxa are represented by different colours (see legend) and all species-level taxa not included in the
top 20 are grouped as ‘Other’.

When comparing root specimens from different collections sites (See figure 7 above), Lentzea sp.
HUAS12, B. sp. 170, Bradyrhizobium erythrophlei, Variovax paradoxus, Bradyrhizobium sp. 200
and Pseudomonas fluorescens are taxa present in all samples of M1. The metagenomic communities
in S1 are similar to the communities found in M1 with additional taxa such as an ‘uncharacterised
bacterium’, Bradyrhizobium sp. CCBAU051011 and Sorangium cellulosum (Figure 7b). S2 has
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metagenomic communities similar to S1 (Figure 7b & 7c). Five species of Bradyrhizobium,
Variovorax paradoxus, Niastella koreensis and Rhodanobacter dentrificans are present in all
samples of S4. However, Pseudomonas sp. OE 28.3 is found only in S4-4 while Bradyrhizobium

diazoefficiens is only absent in S4-4 (Figure 7d).

Considering the similarity matrix for leaf tissues, P1 (silica dried) of S3 and S4 plants are closer to
each other compared to M1 and S1 (Figure 8). This indicates that microbial communities present in
S3 and S4 for silica dried samples are similar while S1 and M1 have more variation (Figure 8a). P2
(after storing in herbarium, cardboard changed) samples have varying microbial communities across
all sites of collection. From Figure 8b, the point representing M1 is found outside the ellipse, S1
and S4 are far apart as well. These results imply that different microbial communities are present in
different collection sites though they were preserved in a similar manner. In addition, microbial
communities found in S4, S1 and M1 plants of P4 are different (Figure 8c). Interestingly, there is
close clustering (slight variation) among S1, S3 and S4 samples in P6, while the M1 sample is far
apart from them. This shows that microbes present in S1, S3 and S4 collection sites are highly

similar compared to M1 (a different farm) (Figure 8d).
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Figure 8. Ordinate of variation in leaf samples preserved using different methods in different collection sites. a) All
sites of collection and all preservation methods b) Silica dried (P1); c) Directly after storing in herbarium (cardboard
changed) (P2); d) Directly after storing in herbarium (cardboards not changed) (P3); e) Directly after drying with plant
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frozen at -20 degree celsius (P6). In b-g, points in grey colours are samples that are not preserved by the specified
preservation method and extraction blank. Ellipses represent tissue type (leaf). Points are colored based on the individual
they were taken from.
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represent tissue type (root). Points are colored based on the individual they were taken from.

For the root analysis, P1 preserved samples of S1 and S3 plants are in close proximity (See figure 9
above). The S2 sample is a bit closer to S1 and S3 samples, while M1 and S4 samples are widely
apart from others. This indicates that the metagenomic communities present in S1 and S3 are highly
similar. The microbial communities found in S2 have some similarities with S1 and S3, but greatly
different in M1 and S4 (see Figure 9a). For P2, the M1 samples are far apart from others. S1 and
S3 are highly similar, while S4 and S2 are far apart from S1 and S3. This means that S1 and S3 have
similar metagenomic communities compared to others. Also, the microbes found in M1 have great
disparities amidst others (Figure 9). In P4, only M1 is greatly separated from others. It has a
coordinate outside the ellipse, whereas other collection sites have proximity. (Figure 9c). For P6,
S1 and S3 samples have slightly overlapping coordinates. S4 and S2 are a bit far from S1 and S3,
but M1 is far apart from other ordinates. It implies that there is little or no variation in the microbial
communities of S1 and S3. S2 and S4 have different microbes but may share some similar microbes
with S1 and S3. However, M1 is far apart from others, indicating the presence of different

metagenomic communities (Figure 9d).
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For leaf tissues, no taxa are significantly different in abundance (g-value < 0.05) in all compared
methods of preservation. Analysis carried out between Phytophthora infestans infected and non-
infected leaf samples reveal that Phytophthora infestans, Phytophthora parasitica, Bacillus
licheniformis and Bradyrhizobium erythrophlei have higher abundance in the infected samples
(Figure 10a—d and Table S3). In contrast, Xylophilus rhododendri and Methylobacterium spp.
AMSS5 have significantly lower abundance in infected samples (Figure 11a—b).

For the root analysis, comparison between P1 and P2 reveals that Granulicella sp. WH15
has higher abundance in P2 (after storing in herbarium) than P1 (silica-dried). Granulicella sp.
WH15 has been previously isolated from decaying wood (Costa et al., 2020). Acidovorax avenae
has higher abundance in P2 compare to P1. Comparison between P2 and P6 found that Massilia
forsythiae, has higher abundance in P2 than in P6. Comparisons between P1 and P6 reveals that
Streptacidiphilus sp. P02.A3a, a bacteria isolated from decaying pinewood has higher abundance in
P1 than in P6. Also, Frateuria sp. 5GH9.34 has higher abundance in P6 than P1. (further details are

in Supplementary tables).
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Figure 10. Differential abundance of microbial taxa on infected leaf samples by Phytophthora infestans. a) P. infestans.
b) P. parasitica. c) B. erythrophlei. d) B. licheniformis. Yes represent the number of samples infected with Phytophthora
infestans. No represent the number of samples uninfected with Phytophthora infestans.
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Figure 11. Differential abundance of microbial taxa on uninfected leaf samples. a) Methylobacterium sp. AMS5. b)
Xylophilus rhododendri. Yes represents the number of samples infected with Phytophthora infestans. No represents the
number of samples uninfected with Phytophthora infestans; n indicates the number of observations.
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Figure 12. Differential abundance of microbial taxa in root samples. a) Granulicella sp. WH15 shows higher abundance
in P2 when comparing P1 and P2. b) Acidovorax avenae shows higher abundance in P2 when comparing P1 and P2. c)
Massilia forsythia shows higher abundance in P2 when comparing P2 and P6. d) Streptacidiphilus sp. P02.A3a shows
higher abundance in P1 when comparing P1 and P6. €) Frateuria sp. 5GH9.34 shows higher abundance in P6 when
comparing P1 and P6; n indicates number of observations. P1: Silica dried; P2: Directly after storing in herbarium
(cardboard changed); P6: Freshly frozen at -20 degree celsius.
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DISCUSSION

This pilot study aimed to track changes in microbial abundance and identify microbial taxa
throughout the different stages of herbarium specimen preservation and thus contaminate
metagenomic datasets with their DNA. These microbial contaminants are evidenced by DNA
sequence reads that were not truly present in the living plant. They potentially come from various
sources such as laboratory reagents or environments, or they could be introduced during the process
of drying, when mounting samples in the herbarium etc. (Davis et al., 2018). Generally, in this study,
fewer highly abundant microbial taxa (contaminants) were detected than was expected. A key
reason for this may be that there was only little human contact with the specimens. For instance,
human contact with specimens could lead to infection with skin microbes like Cutibacterium acnes
(Mayslich et al., 2021). From the figure 4b & 4d, high qualitative representation of Cutibacterium
acnes was found in P2 and P4 (samples where cardboard was changed and thus had more contact
with humans) than in samples without changed cardboards (P3 and P5). However, the sample size
was too low to carry out a test of statistical significance. For historic samples, collectors, herbarium
staff and visitors are more likely to have had several contacts with samples over the long period of
storage in the herbarium. Therefore, specimens kept in the herbarium for a longer time are likely to
have had occasions for various microbes to colonize their tissues (Bieker & Martin, 2018). It is
common in morphological studies, especially of type specimens, that specimens are loaned from
one herbarium to another for research reasons. The process of packing and moving the specimens
from one herbarium to another, microbes can also be introduced in them. Also, sending specimens
from one herbarium to another has the tendency of changing temperature and humidity conditions
of the specimens and may favor the growth of contaminants such as mould fungi. Thus, more loans
and examinations could provide more opportunities for microbial colonization.

A comparison of root and leaf samples in this study found that generally, microbial taxa
identified on leaf tissues are different from microbes on root tissues. Also, microbial taxa identified
in the root samples were significantly more diverse in terms of species richness than in the leaf
samples. It has been reported by several authors in the last one decade that there are different
microbial collections found on different plant parts (Hardoim et al., 2015; Reinhold-Hurek et al.,
2015; Vorholt, 2012). Several studies have shown that root samples tend to have higher species
richness than leaves (Bulgarelli et al., 2012; Yeoh et al., 2017). These variations in their species

richness can be due to many unique conditions (such as nutrients available for use and
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microenvironments) in the soil microbiomes that play a key role in the formation and nurturing of
diversified microbial communities in the roots (Lundberg et al., 2012).

The different preservation methods led to significant differences in microbial taxa
abundances among root samples. However, no significant changes in microbial taxa abundances
were found in leaf samples. From the leaf sample results, it can be inferred that all preservation
methods used are good enough to prevent the antemortem/postmortem growth of microbial taxa,
provided samples are kept under stable conditions both inside and outside the herbarium. This is
because the Trondheim Herbarium was recently renovated, the temperature and humidity are
controlled and thus stable, which may have contributed to the unexpectedly limited
antemortem/postmortem growth of microbes. In a study by (Forrest et al., 2019), the impact of
preservation techniques on Begonia plants was evaluated, revealed that specimens dried with silica
gel (fast drying) and all slow drying methods for the study have better host plant DNA quality and
guantity than other preservation methods such as drying with hair dryer, alcohol, RNAlater and
pickling. We hypothesize that when the genetic materials of plants are well preserved, the genetic
information of the microbes on the plants would equally be preserved. The findings by (Forrest et
al., 2019) supports our findings that no or less contaminating microbial DNA can be found when
specimens are well preserved.

Furthermore, Alternaria alternata (a common herbarium contaminant) was completely
absent in all studied samples. It has been previously reported by (Bieker et al., 2020) that infection
rate of A. alternata on historical herbarium specimens of the plants Arabidopsis thaliana and
Ambrosia artemisiifolia vary between 33% to 100% among tested herbaria. The differences between
herbaria may be due to their different indoor environmental conditions. It is possible that less stable
conditions or higher humidity favour infection with A. alternata. We hypothesize that the
unexpectedly few microbial contaminants identified in this study may be due to the standard good
practices followed during the preservation manipulations as well as the stable, well-controlled, dry
conditions in the recently renovated Trondheim Herbarium (TRH). Whether an unstable and/or
humid indoor environment is more beneficial for the growth of microbes like Alternaria alternata

should be further investigated in future studies.
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Due to the overall major differences in microbial communities between leaf and root samples, they
were analyzed separately in this study. However, interpretation of the leaf sample results was
complicated by the molecular identification of Phytophthora infestans in some individuals. Leaf
samples infected with P. infestans also carried other associated taxa (Phytophthora parasitica,
Bacillus licheniformis and Bradyrhizobium erythrophlei) with high abundance whereas Xylophilus
rhododendri and Methylobacterium sp. AMS5 have a relatively low abundance in both uninfected
and infected samples. However, it is not clearly known whether these microbes are highly abundant
in infected samples because of the compromised immune systems caused by P. infestans or whether
the presence of any of these bacteria increased the plant’s susceptibility to infection with P.
infestans. Several studies had revealed that some plant microbial interactions are detrimental to
these interactions, especially fitness (Bordenstein & Theis, 2015; Moran & Sloan, 2015;
Vandenkoornhuyse et al., 2015). Future studies should investigate whether P. parasitica, B.
licheniformis and B. erythrophlei are interacting with P. infestans or contributing to disease.
Methylobacterium sp. AMS5 was found to be at higher relative abundance in uninfected samples.
Genus Methylobacterium is a common bacterial taxon that dominates leaf surfaces. These bacteria
are beneficial to plants as good consumers of plant-secreted methanol and by producing plant-
growth-promoting metabolites (Sanjenbam et al., 2022). Moreso, if Methylobacterium is generally
beneficial to the plant, and it decreases in relative abundance during infection, it may be a sign that
the plant is stressed, or that P. infestans infection disrupts the healthy plant leaf microbial
community. A research by (Schubert et al., 2014) revealed that genus Methylobacterium was not
found or only in low relative abundance when taxonomic profile of microbial genera was conducted
on three historical samples infected by Phytophthora infestans. Methylobacterium was identified
only in one of the three historical infected samples studied by (Schubert et al., 2014). This supports
my finding that Methylobacterium has significantly reduced abundance in infected leaf samples
compared to uninfected ones (Fig. 11a). However, their discoveries cannot be directly comparable
to my findings, because they studied the metagenome of historic infected samples at the genus level,
whereas my research examined specimens at species level. In addition, | used Kraken tools and
nchi_ntDB database for my taxa classification while (Schubert et al., 2014) used Metagenomic
phylogenetic analysis database of genomic markers. The difference in the database used may have
caused some disparities in our findings. It would thus be good to analyze these samples with the
same pipeline used here gain comparable results. The effect of Xylophilus rhododendri cannot be
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clearly explained on infected and non-infected samples because there would not be a clear-cut
difference when three points serving as outliers are removed in the uninfected samples. It would be
interesting in the future to examine the effects of P. infestans on Xylophilus rhododendri with a
larger sample size. Finally, due to some biases in the database used, it could be that some sequences
assigned as P. parasitica actually originate from P. infestans, which could be responsible for the
higher abundance of P. parasitica. A research by Huson et al.,( 2007) revealed that reads can be
assigned to taxon closely related to the exact taxon when true taxon is absent in the database.

Two prominent microbial taxa, Sphingomonas and Methylobacterium were identified across
all kinds of preservation methods in all leaf samples studied. A previous study using metagenomic
analysis (Sumbula et al., 2020) identified the genus Sphingomonas amongst the bacterial diversity
existing on tomato leaves in high abundance (Solanum lycopersicum). So, the findings from
(Sumbula et al., 2020) supports my findings that Sphingomonas are common microbial taxa on leaf
samples of genus Solanum.

We observed considerable variation in the leaf microbial communities between sample sites.
In leaf samples from site M1, Blumeria graminis was present across multiple preservation stages.
B. graminis is a fungus responsible for powdery mildew in wheat all over the world (Costamilan,
2005). We hypothesize that the presence of this fungus in M1 samples could be dependent solely
on the collection site (\VVoll farm). Such variation in fungal communities among sampling sites has
been observed in plants previously. (Lee & Hawkes, 2021) evaluated the variation in fungi on leaf
of switch grass from coastal to mountains from 14 sites in North Carolina. Different fungal
communities were identified on the plant leaves across different sites. Fan et al. (2019) revealed
changes in microbial communities (especially bacteria and fungi) under varying vegetation
restoration patterns in different ecosystems (karst and non-karst ecosystem).

There was variation in microbial communities found in all preservation methods across
different sites of collection, except in P6 (freshly frozen samples at -20 °C). In P6, an overlap of S1,
S3 and S4 samples was recorded i.e. microbial communities in these collection sites. It depicts great
similarities between the microbial communities preserved as freshly frozen samples and some
variations among metagenomic communities found in other methods of preservation. Changes
(reduction) in DNA quality were recorded in ethanol-preserved samples versus fresh-frozen samples
in selected tropical plants (Bressan et al., 2014). If the freshly frozen method preserves DNA better,
it might also better preserve the microbial community DNA, resulting in more similar metagenomic
results among individuals from the same collection site.

No microbial taxa have significant changes in abundance when comparisons were made

between two preservation methods for leaf samples. It could be that all methods of preservation
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used for leaf samples were too good to prevent the further growth of microbes, at least to the extent
that we could detect no statistically significant changes with MaAslin 2.0 and with the study's small

sample size.

Various species of Bradyrhizobium were the most abundant taxa in the root samples. Species of the
genus Bradyrhizobium are common root endophyte bacteria, and they are either symbiotic or free-
living (Ramirez-Puebla et al., 2019; Schneijderberg et al., 2018). Hence, the high prevalence of
Bradyrhizobium in the root samples studied was expected. There were variations in the identified
root microbial communities based on different collection sites and preservation methods. For
example, all root samples of M1 have their ordination outside of the ellipse, except P6. Thus, it is
likely that all other methods of preservation have altered the microbial communities of M1 samples
except for the freshly frozen samples (P6). Also, S4 of silica dried (P1) showed great variation when
compared with other preservation levels. The ordination representing S4 of P1 was found outside
the ellipse. It is likely that the fast-drying method has altered the microbial communities present in
S4. Forrest et al. (2019) reported that different preservation methods may influence the length of
DNA fragments and shorter fragments are harder to classify with Kraken. It was concluded that the
process of drying can fragment plant DNA and can provide growth opportunities for
microorganisms that are not naturally found on host plants, thus making microbial DNA more
abundant relative to the host DNA.

Few taxa show significant changes in relative abundance when comparisons were made
between two preservation methods for root samples. Acidovorax avenae has a high relative
abundance on root samples in P2 compared to P1. A. avenae causes red stripe disease in sugarcane
(Fontana et al., 2013). It could be that A. avenae can survive and grow more on dead plant material
under a slow drying process (P2) than drying with silica gel (P1). Also, this taxon is not known to
occur on potato but it occurs on Cucurbitaceae, Cattleya, Phalaenopsis, and Poaceae (Willems &
Gillis, 2015). We hypothesize that this taxon could have also been from nearby grasses (Poaceae).
If any of these assumptions are not true, it could depict that a new host (potato) has been discovered
for A. avenae. In addition, Streptacidiphilus sp. P02.A3a has higher abundance in P1 than P6.
Streptacidiphilus sp. P02.A3a is a bacterium isolated from decaying pinewood (Elsayed et al.,
2020), suggesting that Streptacidiphilus. sp. P02.A3a is better preserved using the fast-drying
method (P1) than keeping the host plant fresh (P6). In other words, it may be that S. sp. P02.A3a
grows better on silica gel rather than on living plant material. Frateuria sp. 5GH9.34 was found
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with a high abundance in P6 than P1. Frateuria sp. 5GH9.34 was originally isolated from the plant
(Lilium auratum). It implies that Frateuria bacteria are better preserved in freshly frozen samples

than during the fast-drying procedure.

This pilot study explored differences in microbial plant communities during various specimen
preservation procedures and methods. As it was a pilot study, only a small sample size was possible
and the study would have benefited from including more samples among the different preservation
methods tested. For example, an interesting comparison to consider would have been to compare
taxa abundances between leaf samples of P2 (after storing in herbarium with changing cardboard)
and P3 (after storing in herbarium without cardboard changed). It would allow testing whether less
contaminants would be introduced in P3 due to less contact with humans, since cardboard used for
P3 will not be changed from time to time. Unfortunately, our small sample size presents no statistical
power to execute this test as only one sample was collected for P3. In the future, it would be exciting
to investigate the effects of cardboard changing during the drying processes, as it is a common act
today to replace cardboards during the process of drying to allow faster drying. A large sample size
would probably need to be included for P3 and P5 samples.

The study was also limited by the microbial taxonomic identification method used.
Taxonomic identification of short metagenomic reads is known to be affected by biases in the
database used. Velsko et al. (2018) carried out a test of a program on ancient metagenomic
communities. It was discovered that amongst other factors, the reference database affected the
results. Kraken may have classified some taxa as absent because they were not present in the
database used. Some of the reads may have been classified to a close taxon but not to the specific
taxon to which they belong. A study by (Huson et al., 2007) where explicit investigation was done
on the use of MEGAN for metagenomic data identification mentioned that reads can be assigned to
the lowest common ancestors or closely related taxa in a database when the exact taxa is not
represented in the database. For instance, only a few fungi were identified, possibly because the
database used had insufficient fungi taxonomic ranking features. In the future, data can be
consolidated from several sources to generate extensive and diversified databases. Researchers can

foster collaborations to understand challenges and needs in improving databases.
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CONCLUSIONS AND FUTURE PROSPECTS

We inferred a higher number of taxa per sample in root compared to the leaf samples. Great
variations were found between identified microbial communities of potato leaf and root tissues
studied. The most common species found in leaf samples are species from genera Sphingomonas
and Methylobacterium, while genus Bradyrhizobium is the most abundant in root samples.
Microbial communities are better preserved in freshly frozen samples in leaf and root tissues than
other methods of preservation. Other preservation methods used in this study altered the microbial
communities to different degrees. No significant changes in microbial taxa abundance in leaf
samples were observed while few changes in taxa abundance were recorded in root samples. TRH
has stable conditions that favour proper preservation of specimens, hence lesser contaminants were
found on all samples studied than expected. For further research, specimens can be kept for a longer
time under the same drying procedures and herbarium conditions used in this study to test whether
long duration of preservation can bring drastic change to microbial communities present on the
samples. In addition, large sample sizes of specimens after storing in herbarium (cardboard not
changed) and after drying with press (cardboard not changed) can be created to be able to test
statistically for the effect of human contacts on specimens with P2 and P4 respectively. Proper
identification and removal of contaminants from present day herbarium specimens can allow
scientists to know the effects of chemicals on plants metagenomic communities upon comparisons
with old herbarium samples. In addition, inferences can be drawn about future evolutionary trends

of metagenomic communities present on potato plants.
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SUPPLEMENTARY TABLES
P1 - Silica-dried
P2 - After storing in the herbarium (cardboard changed)

P3 - After storing in the herbarium (cardboard not changed)

P4 - Directly after drying in plant press (cardboard changed)
P5 - Directly after drying in plant press (cardboard not changed)
P6 - Freshly collected, frozen at -20 degree celsius

Supplementary table (ST.) 1. Taxa that shows significant difference in abundance in leaf infected with Phytophthora
infestans between two preservation methods using MaAslin 2.0. S/N is the serial numbers assigned to each taxa.
Negative coefficient means species was at increased abundance in the former preservation method while positive
coefficient means species was at increased abundance in the latter preservation method. 3 s.f.g means three significant
figures. g-value is the false discovery rates at < 0.05

SIN Taxa Coefficient (3 s.f.g) g- value Species abundance
P1 and P2 (to compare fast and slow drying, the effect of preserving in herbarium)
1 Methylobacterium sp. 17Sr1.1 -0.2763756 1.114799e-06 High in P1
2 Methylorubrum sp. B1.46 0.1169114 8.545745e-05 High in P2
3 Sphingomonas morindae 0.2070247 7.147694e-04 High in P2
2 out of 3 microbes are higher in abundance in herbarium specimens compared to fresh
P2 and P6 (After storing in herbarium vs fresh)
1 Sphingomonadaceae bacterium 1.2510555 1.758272e-09 High in P6
OTU29MARTA1
2 Sphingomonas sp. LM7 0.7481917 1.758272e-09 High in P6
3 Sphingomonas sanxanigenens 0.9693739 5.377931e-09 High in P6
4 Hymenobacter sedentarius 0.9693739 1.363647e-08 High in P6
5 Marmoricola scoriae 0.9693739 3.527227e-05 High in P6
6 Methylorubrum sp. B1.46 0.9693739 8.321645e-03 High in P6
7 Sphingomonas panacis 0.7059952 1.527320e-02 High in P6
8 Sphingomonas sp. HMP6 0.6055478 1.698671e-02 High in P6
9 Sphingomonas sp. RMG20 0.7662427 3.997756e-02 High in P6

P1 & P6 (Silica dried vs freshly frozen)
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1 Sphingomonas panacis 0.6277792 0.008405928 High in P6
P2 & P4 (after storing in herbarium vs directly after drying with press)

1 Methylobacterium sp. 17Sr1.1 -0.1180619 2.999501e-06 High in P2

2 Tilletiopsis washingtonensis -0.3487889 2.999501e-06 High in P2

3 Curtobacterium sp. BH.2.1.1 -0.7190065 1.000001e-04 High in P2

ST. 2. Taxa that shows significant difference in abundance in uninfected leaf tissue between two preservation methods
using MaAslin 2.0. S/N is the serial numbers assigned to each taxa. 3 s.f.g means three significant figures. Negative
coefficient means species was at increased abundance in uninfected samples while positive coefficient means species
was at increased abundance infected samples. g-value is the false discovery rates at < 0.05

No statistically significant taxa (No comparisons have association)

ST. 3. Taxa that show significant difference in abundance between leaf infected with Phytophthora infestans and
uninfected leaf tissues using MaAslin 2.0. S/N is the serial numbers assigned to each taxa. 3 s.f.g means three significant
figures. Negative coefficient means species was at increased abundance in uninfected samples while positive coefficient
means species was at increased abundance infected samples. g-value is the false discovery rates at < 0.05

AMS5

SIN Taxa Coefficient (3s.f.g) | g- value Species abundance

1 Xylophilus rhododendri 0.810752766 7.54899E-08 High in uninfected
specimens

2 Phytophthora parasitica 6.994546929 0.028196194 High in infected specimens

3 Bacillus licheniformis 2.29652021 0.028196194 High in infected specimens

4 Methylobacterium spp. -1.06721 0.0281961940 | High in uninfected samples
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ST. 4. Taxa that shows significant difference in abundance in root tissues between two preservation methods using
MaAslin 2.0. Negative coefficient means species was at increased abundance in the former preservation method while
positive coefficient means species was at increased abundance in the latter preservation method. S/N is the serial

numbers assigned to each taxa. 3 s.f.g means three significant figures. g-value is the false discovery rates at < 0.05.

SIN Taxa Coefficient g- value Species
(3s.f.9) abundance
P1 and P2 (to compare fast and slow drying, effect of preserving herbarium)
1 Pedococcus dokdonensis -0.82245867 1.598847e-08 High in P1
2 Actinoplanes sp. NBRC 14428 -0.44167368 2.074483e-06 High in P1
3 Saccharopolyspora erythrae 0.05760993 2.074483e-06 High in P2
4 Bradyrhizobiaceae bacterium -0.21219177 2.074483e-06 High in P1
5 Granulicella sp.WH15 0.08748534 2.165455e-06 High in P2
6 Mollisia scopiformis -0.62323896 3.403764e-06 High in P1
7 Streptomyces sp. SN.593 0.19357762 3.403764e-06 High in P2
8 Bradyrhizobium sp. 4 -0.52875530 3.403764e-06 High in P1
9 Terriglobus roseus -0.08759340 9.774567e-06 High in P1
10 Sphingomonas psychrotolerans -0.93724645 2.768681e-05 High in P1
11 Bacillus mycoides -0.36211220 8.054878e-05 High in P1
12 Hyphomicrobium sp. MC1 0.03492272 9.550386e-05 High in P2
13 Labrys sp. KNU.23 -0.02457972 9.987153e-05 High in P1
14 Acidovorax avenae 0.02894196 1.076122e-04 High in P2
15 Nordella sp. HKS 07 -0.16497890 6.537984e-04 High in P1
16 Bradyrhizobium zhanjiangense -0.05778333 3.024533e-03 High in P1
17 Caulobacter soli -0.70468404 3.903399¢e-03 High in P1
18 Kribbella flavida -0.03196026 6.111259e-03 High in P1
P2 & P6 (Herbarium vs freshly frozen)
1 Acidobacterium capsulatum 0.71744129 2.403929¢e-06 High in P6
2 Pseudolysobacter antarcticus 0.13208600 2.825010e-05 High in P6
3 Mycolicibacterium aubagnense 0.18301442 3.898839e-05 High in P6
4 Bradyrhizobium sp. 4 -0.16891388 5.025562e-05 High in P2
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5 Massilia forsythiae -0.04054495 1.050868e-04 High in P2
6 Xanthobacter autotrophicus 0.48220882 2.446210e-04 High in P6
7 Alicycliphilus denitrificans -0.17767886 9.663548e-04 High in P6
8 Microbacterium azadirachtae 0.56737399 2.481132e-03 High in P6
P1 & P6 (Silica dried vs freshly frozen)

1 Bradyrhizobium sp. 4 -0.27429974 6.280490e-08 High in P1
2 Phytohabitans suffuscus 0.06037671 2.297454e-06 High in P6
3 Stutzerimonas stutzeri 0.18633563 2.297454e-06 High in P6
4 Sphingomonas panacis 0.12230819 4.856658e-06 High in P6
5 Streptomyces sp. SN.593 0.1625939 7.125086e-06 High in P6
6 Streptacidiphilus sp. P02.A3a -0.28522196 9.959938e-06

High in P1
7 Mucilaginibacter xinganensis -0.42610879 1.362502e-05 High in P1
8 Nocardia brasiliensis -0.17196812 1.946514e-05 High in P1
9 Corallococcus coralloides 0.10321003 1.001938e-04 High in P6
10 Arthrobacter sp. -0.26914750 2.932879e-04 High in P1

FW306.2.2C.D06B
11 Asticcacaulis excentricus 0.55095785 2.932879e-04 High in P6
12 Frateuria sp. 5GH9.34 0.38770044 3.783502e-04 High in P6
13 Collimonas arenae -0.18790458 3.797614e-04 High in P1
14 Streptomyces sp. S013.3 0.15130362 6.588541e-04 High in P6
15 Variovorax sp. WDL1 -0.08698365 9.303951e-04 High in P1
16 Leifsonia sp. PS1209 -0.03547171 5.052510e-03 High in P1
17 Caulobacter mirabilis 0.30480394 4.917212e-02 High in P6
P2 & P4 (after storing in herbarium vs directly after drying with press)

1 Streptomyces sp. CB01881 -0.14268616 8.987204e-08 High in P2
2 Saccharothrix sp. 6.C -0.31170490 1.358026e-07 High in P2
3 Aquabacterium sp. J223 -0.60915559 1.468039¢e-07 High in P2
4 Lacunisphaera_limnophila 0.18759057 2.149925e-07 High in P4
5 Streptomyces_sp._SN.593 -0.04915779 2.149925e-07 High in P2
6 Bradyrhizobium_sp._C.145 0.29592987 2.366133e-06 High in P4
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7 Amycolatopsis_pretoriensis 0.30012849 4.694164e-06 High in P4
8 Chondromyces_crocatus -0.17830487 4.694164e-06 High in P2
9 Bradyrhizobium_sp._144S4 -0.14460530 4.694164e-06 High in P2
10 Marmoricola_scoriae 0.63864345 5.205428e-06 High in P4
11 Ralstonia_solanacearum -0.15242132 6.253790e-06 High in P2
12 Schlegelella_thermodepolymerans | -0.24492213 7.580678e-06 High in P2
13 gradyrhizobium_sp._CCBAU_Sl? 0.15702256 7.580678e-06 High in P4
5
14 Kribbella flavida 0.13720923 1.841289%e-05 High in P4
15 Deltaproteobacteria bacterium 0.30679961 1.841289¢-05 High in P4
16 Mycolicibacterium rhodesiae 0.06381610 1.841289e-05 High in P4
17 Cupriavidus necator 0.05271528 4.931463e-05 High in P4
18 Mucilaginibacter gotjawali -0.24614979 1.002205e-04 High in P2
19 Methylocella tundrae 0.36126835 1.186314e-04 High in P4
20 Rhodopseudomonas sp._SK50.23 0.18930542 2.082673e-04 High in P4
21 Massilia forsythiae -0.28104767 2.342277e-04 High in P2
22 Paraburkholderia aromaticivorans | 0.27575043 2.360463e-04 High in P4
23 Massilia sp. HC52 0.07826113 2.556328e-04 High in P4
24 Paraburkholderia phytofirmans 0.22626062 2.811076e-04 High in P4
25 Bradyrhizobium zhanjiangense -0.19738014 2.914110e-04 High in P2
26 Amycolatopsis sp. CA.230715 0.10492361 1.016282e-03 High in P4
27 Actinomadur sp. WMMB_499 0.01644033 1.016282e-03 High in P4
28 Nocardioides anomalus 0.31373851 2.571274e-0 High in P4
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