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INTRODUCTION 

Metagenomic samples, like food, natural medicine products, or environmental 
samples, contain DNA from very different sources (plants, animals, bacteria, fungi, 
etc.). The taxonomical identification of DNA from plants or other organisms gives 
valuable information about the composition and origin of the sample. DNA-based 
methods offer a good alternative to morphological and chemical methods for the 
identification of different taxa from degraded metagenomic samples where other 
methods are often inapplicable. 

Different amplification-based methods have been developed and applied to 
identify plants from metagenomic samples (including polymerase chain reaction – 
PCR, and barcoding methods) that rely on the amplification of specific genomic 
regions using taxa-specific primers. The amplification may not occur efficiently 
enough to identify taxa, because of the nonspecific binding sites of PCR primers, 
caused by repeated regions in the targeted genome, especially in large plant 
genomes, or the nonspecific binding sites in the genomes of nontarget taxa. One 
of the results of my Ph.D. studies is testing a new tool primer3_masker that uses a 
k-mer-based method to detect and mask PCR failure-prone repeated regions in a 
genome sequence, before PCR primer design. This program has been applied to 
different plant genomes to analyze the extent of masking and to compare two 
different masking tools, primer3_masker and GenomeTester. 

Sometimes it is impossible to efficiently amplify the specific target region by 
PCR, particularly from degraded metagenomic samples. Therefore, there is a 
need for methods that overcome the limitations of the widely used amplification-
based methods (PCR and barcoding methods). This dissertation also introduces the 
k-mer based approach to identify plants from sequencing reads of metagenomics 
samples and provides k-mer-based tools to identify taxa-specific k-mers from 
plant plastid genome for the identification of plant taxa directly from sequencing 
reads. 

Whole genome sequencing allows to get more genomic information about the 
sample than methods based on the amplification of only a few restricted genomic 
regions. DNA sequences derived from one sequencing run can give genomic 
information about all different organisms in the sample. It is more cost-effective to 
use the DNA sequences from the same sequencing run to answer different questions 
(e.g., the identification DNA from plants, animals, bacteria, viruses, to detect 
various allergens, pathogens, endangered species, genetically modified organisms). 

Short k-mer (in length maximum 32 nucleotides) based approach enables fast 
comparison and identification of DNA sequences. Short k-mers are also 
detectable in whole genome sequencing reads from processed food samples or 
degraded samples, where the methods that rely on the amplification of the 
hundred or thousand nucleotides long barcoding region often fail. The key of the 
k-mer-based approach is to identify the appropriate set of short taxa-specific k-
mers that are used to detect taxon from whole genome sequencing reads. 
Alignment-free approach allows to bypass some steps that are prone to mistakes 
(e.g., alignment, assembling the reads).  
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The first part of this thesis provides an overview of the importance and chal-
lenges related to the identification of plants from degraded metagenomic samples 
and briefly covers the advantages and drawbacks of different DNA-based 
methods and bioinformatics strategies applied for the identification plants from 
metagenomic samples. 

In the second part of the thesis, I describe our research that has been carried 
out to develop different methods for the identification of plants from degraded 
metagenomic samples. 
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1. REVIEW OF THE LITERATURE 

1.1. Identification of plants – importance and challenges 

The identification of plant-based ingredients is important in a variety of different 
areas, including in food authentication, in analyzing natural herbal products (incl. 
herbal medicines, spice mixes), or cosmetics, where one plant species may be 
intentionally or unintentionally replaced with another. 

One of the main aims of food quality and safety control is to assure that the 
composition of the product is in compliance with what is claimed and to identify 
contaminants or counterfeits in raw material, during food processing, and before 
market placement. This includes, among others, the declared origin (species, geo-
graphical or genetic) of food components. During treatment processes, contami-
nation, either accidental or economically motivated, can lead to incongruences 
between the declared and real composition of the final food products (Bruno et 
al., 2019). The identification of components of food, natural herbal products, and 
other plants containing products is important to assure safety for the consumers 
(Bruno et al., 2019; Gao et al., 2019; Raclariu et al., 2018; Seethapathy et al., 2019; 
Speranskaya et al., 2018). However, the food authenticity and the discrepancy 
between the actual composition of food and composition declared by manufac-
turers is important for all, the average consumer, for large retail chains and the 
restaurant food industry, to avoid cases of allergic reactions and poisoning 
(Singtonat and Osathanunkul, 2015). Therefore, food industries are seeking the 
opportunity to assure their food products labeling compliance and branding, etc. 
The limitations of existing methods of analysis require the development and 
application of new approaches to this task (Danezis et al., 2016). 

The risks from unexpected or unreported ingredients used in the herbal or food 
products may range from simple misleading labeling or reduced therapeutic 
effectiveness of the herbal products to potentially serious allergic or toxic 
reactions (Chan, 2003; Heubl, 2010; Raclariu et al., 2018; Spencer and Berman, 
2003), unreported ingredients can be dangerous for people with various kinds of 
dietary restrictions (Speranskaya et al., 2018). 

Different safety issues have also arisen in the herbal products industry from 
the intentional or unintentional use of adulterants and admixture with cheaper 
undeclared ingredients or substitution (Baker et al., 2012; de Boer et al., 2015; 
Gao et al., 2019; Ghorbani et al., 2017; Little, 2014a; Little and Jeanson, 2013; 
Steven G. Newmaster et al., 2013; Ouarghidi et al., 2012; Raclariu et al., 2018; 
Seethapathy et al., 2019; Stoeckle et al., 2011; Wallace et al., 2012). Also, the 
demand for endangered plant species as ingredients in traditional natural 
medicines has caused threats to the survival of several endangered plant species, 
such as agarwood (Aquilaria sp.) (Lee et al., 2016). The success of regulating the 
trading of endangered species is dependent on the ability to identify components 
and ingredients derived from endangered species (Arulandhu et al., 2017; 
Seethapathy et al., 2019). 
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Historically first, morphological and histological methods have been applied 
to analyze the composition of food products and some of these methods are still 
in use. For example, in the analysis of plant samples, studies of the structural 
features of pollen, epidermal cells, and anatomy of sections of plant organs and a 
comparison with the data of reference literature are performed. The disadvantages 
of these methods are the need for highly specialized and highly qualified specia-
lists and the duration of the analysis. Also, these approaches often do not make it 
possible to identify objects with the required accuracy. For example, pollen analysis 
in many cases allows us to assign an object only to a certain family or genus, 
whereas identification of species is often necessary (Prosser and Hebert, 2017).  

Food and natural herbal products are highly processed and complex mixtures 
of numerous ingredients making it impossible to detect the distinctive morpho-
logical features of the components. Therefore, using morphological, organoleptic, 
or microscopic features and standard chemical analytical methods for the identi-
fication of plant origin components and authentification of raw material is chal-
lenging (Gao et al., 2019; Khan and Smillie, 2012; Raclariu et al., 2018; Zhang 
et al., 2012). There is a need for rapid and cost-effective molecular tools for the 
analysis of complex and degraded matrixes. 

DNA-based methods play an increasing role in food safety control and food 
adulteration detection. High stability of DNA allows the analysis of highly pro-
cessed and degraded metagenomics samples (e.g., food, herbal medicine products, 
and environmental samples) and trace contaminants. Therefore, recent techno-
logically advanced molecular techniques, based on the amplification and/or 
sequencing of marker DNA regions, can be a useful diagnostic method to identify 
food species composition (Bruno et al., 2019; Lo and Shaw, 2018). 

 
 

1.2. DNA-based methods for the identification of plants 
from metagenomic samples 

1.2.1. Targeted PCR-based methods for the identification of plants 

Different PCR-based tests have been developed and applied to identify false 
descriptions or mislabelling of foods. These methods are used to determine the 
animal components (Fang and Zhang, 2016; Hossain et al., 2017; Taboada et al., 
2017), as well as plant ingredients (Röder et al., 2011). There are also several 
minor methods associated with PCR for identifying plant species, for example, 
the analysis of the melting curves of the amplified products of marker sequences 
(Bosmali et al., 2012; Madesis et al., 2012). 

PCR-based methods for food authentication depend on the highly specific 
amplification of DNA fragments by PCR. One significant disadvantage of these 
PCR-based methods is the lack of universality of methods for detecting different 
objects and these methods are not suitable for identifying the species composition 
of food products that contain additives of unknown origin (Speranskaya et al., 



12 

2018). To identify many species, it is necessary to develop and optimize an in-
house set of primers and probes. 

Developments in DNA sequencing have prompted the development of two 
approaches (DNA barcoding and DNA metabarcoding) that combine PCR and 
DNA sequencing and have widely used for authentication of herbal and food 
products’ composition (Bruno et al., 2019; de Boer et al., 2015; Raclariu et al., 
2017b, 2017a). DNA barcoding method uses Sanger sequencing of short standard 
DNA regions, known as DNA barcodes, to identify species (Hebert et al., 2003; 
Raclariu et al., 2018), and is more suitable for single-target identification. DNA 
barcoding is a widely applied method for molecular identification to solve very 
different scientific questions in taxonomy, molecular phylogenetics, population 
genetics, and biogeography (Hajibabaei et al., 2007; Hebert and Gregory, 2005; 
Valentini et al., 2009), as well as in industry to check adulterations and sub-
stitutions in food products (Jaakola et al., 2010), to monitor the authenticity of 
food product (Cline, 2012; Di Pinto et al., 2016; Raclariu et al., 2018; Wong and 
Hanner, 2008) or herbal medicine products to identify of botanical ingredient 
adulterants (Asahina et al., 2010; Chen et al., 2010; Gao et al., 2019; Srirama et 
al., 2010; Yao et al., 2009), Applications of DNA barcoding also include forensic 
analysis (Ferri et al., 2009; Miller Coyle et al., 2005), identification of invasive 
species (Bleeker et al., 2008; Wiel et al., 2009), tracking illegal wildlife collection 
and trade of flora and fauna (Chen et al., 2008; Eurlings et al., 2013; Gathier et 
al., 2013; Janjua et al., 2017) and analysis of species diversity in the gut contents 
of animals (Soininen et al., 2009). 

Conventional DNA barcoding faces some practical limitations that restrict the 
use of this method. DNA barcoding is well supported and validated in the case of 
the identification of a single ingredient from unprocessed plant material or single 
biological raw material, not metagenomics samples with degraded DNA (Bruni 
et al., 2015; de Boer et al., 2015; Galimberti et al., 2015). However, DNA extracted 
from food could undergo degradation processes due to the intense physico-
chemical conditions of industrial treatments. As a consequence, in several 
processed foods only very short fragments of DNA are available for the analysis 
and typically the common DNA barcoding analysis fails (Bauer et al., 2003; 
Novak et al., 2007).  

DNA metabarcoding is an approach that combines DNA barcoding with next-
generation sequencing (NGS). The main advantage of DNA metabarcoding is 
that it enables high-throughput multi-taxa identification and provides great poten-
tial for species identification from complex and processed samples composed of 
multiple ingredients such as food supplements, traditional medicines, and food 
(Taberlet et al., 2012), where the application of other PCR-based analytical 
methods is often limited (Arulandhu et al., 2017; Raclariu et al., 2018; Staats et 
al., 2016). 

DNA metabarcoding uses universal PCR primers to mass-amplify the 
sequences of selected DNA barcode region(s) from different species (Fahner et 
al., 2016; Staats et al., 2016). The obtained DNA barcode sequences are com-
pared to a DNA sequence reference database for taxonomic identification (Fahner 
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et al., 2016; Taberlet et al., 2012). As the amount of data produced per sample is 
limited to a particular section of DNA, many samples can be sequenced at the 
same time, data can be produced cheaper, faster, and at a higher throughput as 
compared with whole genome sequencing (Bayley, 2019; Egan et al., 2012; 
Ekblom and Galindo, 2011; Pawar et al., 2017). 

DNA metabarcoding still has some limitations, similar to those found in DNA 
barcoding: DNA fragmentation (Gryson et al., 2002; Hrnčírová et al., 2008), 
DNA amplification biases (Elbrecht and Leese, 2015; Shokralla et al., 2012), the 
real ‘primer universality’ (Deagle et al., 2014), the presence of DNA amplifi-
cation inhibitors (Schrader et al., 2012), the occurrence of (food) materials in 
trace and low DNA yield (Elbrecht and Leese, 2015), the accidental laboratory 
contamination when the target DNA is fragmented and of low concentration. All 
these restraints hamper species detection in food matrices (Bruno et al., 2019). 
Plant and animal components in processed samples can be highly processed, the 
isolation of good-quality DNA can be challenging and the amplification of the 
selected universal DNA barcode regions may not be successful for each species 
contained in the complex sample, due to DNA degradation or the lack of PCR 
primer sequence universality. 

Using DNA barcoding or DNA metabarcoding, the identification of plant 
ingredients is based on the presence of the amplifiable DNA, and false-negative 
results can be expected if the DNA has been degraded or lost during post‐harvest 
processing or manufacturing (de Boer et al., 2015). Also, the result of barcoding 
analysis can be affected by the occurrence of a bias during the PCR amplification 
step using “universal” primers. PCR amplification generates a variable number 
of template–primer mismatches across species, resulting in a final amplified 
DNA mixture that does not always reflect the original proportion of each species. 
This may cause the inaccurate estimation of quantities and limits the quantitative 
potential of DNA metabarcoding (Bista et al., 2018; Bruno et al., 2019; Elbrecht 
et al., 2018; Leray et al., 2013; Piñol et al., 2019). DNA metabarcoding data can 
be used for the qualitative detection of taxa, but not for quantitative assessment 
of species abundance based on the amount of obtained sequence reads (Raclariu 
et al., 2018; Staats et al., 2016). 

The selection of the most suitable barcode region(s) is a key step of the 
targeted sequencing-based methods. A specific barcode is a fragment of DNA 
sequence that has a sufficiently high mutation rate to enable species discrimi-
nation for the target group of species (Li et al., 2015). Plants have three different 
types of genomes: nuclear, mitochondrial, and plastid genomes that can be used 
to find suitable barcoding region(s). Instead of the widely used term “chloroplast 
genome”, I have used the term “plastid genome” in this work that describes the 
DNA from all types of plastids that may be in plant cells (proplastids, amylo-
plasts, chromoplasts, chloroplasts, leucoplasts, etioplasts) and have the same 
genetic information.  

The best gene region for barcoding of land plants has been a matter of debate. 
The mitochondrial gene regions, including the COI region that is widely used for 
the identification of animal taxa, do not sufficiently distinguish plant species, 
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because of the slow evolutionary rate of the plant mitochondrial genome. There-
fore, relatively fast-evolving plastid and nuclear genome regions have been 
proposed as alternative barcodes for plants (CBOL Plant Working Group, 2009; 
Hollingsworth et al., 2011; Kress and Erickson, 2007; Newmaster et al., 2006).  

The initial goal of DNA barcodes was to find a single universal locus for the 
identification of all plants. Unfortunately, there was no such universal barcode 
for all plants, especially in the plastid genome where lineage-specific evolution 
and non-random spatial patterns of substitution can occur (Ahmed et al., 2012; 
Jiao et al., 2019). Molecular biologists have used different single loci, or combi-
nations of many different loci for the identification of plants (Techen et al., 2014). 
Different sets of DNA barcodes for plants have been suggested for different cases 
(i.e., general taxonomic identification of land plants, identification of medicinal 
plants, etc.), however, none of these are suitable as universal barcodes (Aru-
landhu et al., 2017; Taylor and Harris, 2012). The most common barcoding 
regions for plants are matK, rbcL, ITS, ITS2, psbA-trnH, atpF-atpH, ycf5, psbK-I, 
psbM, trnD, coxI, nad1, trnL-F, rpoB, rpoC1, and rps16 (CBOL Plant Working 
Group, 2009; Hollingsworth et al., 2011; Kress and Erickson, 2007; Newmaster 
et al., 2006). These regions have a relatively fast evolutionary rate compared to 
mitochondrial genes and can distinguish the species based on differences in the 
sequence, and have conserved regions flanking the ends of the DNA sequence for 
the binding of universal primers. However, none of the traditional single-locus 
plant DNA barcodes (e.g. plastid genome barcodes matK, rbcL, trn-psbA or 
nuclear barcode ITS spacer) are not able to discriminate all different plant species 
and have several problems: lack sufficient sequence variation between closely 
related taxa, different primer pairs are required to amplify different taxonomic 
groups, difficulties of amplification or sequencing, too long barcode region for 
the identification plants from highly processed samples (Chase et al., 2007; 
Fazekas et al., 2008; Gao et al., 2019; Li et al., 2015). 

To solve the problem of low identification efficiency of a single barcode, a 
multilocus plant barcode, the combinations of two or three loci from plastid or 
nuclear genome has been suggested (CBOL Plant Working Group, 2009; Chase 
et al., 2007; Hollingsworth, 2008; Jiao et al., 2019, 2018; Kress and Erickson, 2007; 
Yu et al., 2017), however, a universal barcode combination for the identification 
of all plants has not yet identified. The additional increase in the number of 
barcode regions increases also the amount of work related to PCR and primer 
design (Li et al., 2015). 

PCR amplification of DNA barcode regions is based on universal primer sets 
(Chen et al., 2014). Finding suitable locations for metabarcoding primers, DNA 
sequences that are conserved enough to be universal primers can be challenging 
and the resulting amplified DNA sequence between these primers may be too 
conserved to differentiate various species. The primer sequences that are specific 
only to one taxon or a set of species, can amplify a DNA segment that allows for 
clear differentiation between those species but can be used only on that restricted 
group (Wilcox et al., 2015). However, for some genera, there may not be a suitable 
DNA barcode region for the species-level identification (Zhang et al., 2017).  
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The primers for barcoding can be designed to target different DNA region 
sizes. The longer the DNA region, the more genetic information and potentially 
variable positions it can contain to allow for species discrimination. This is the 
reason why plant DNA barcode regions are generally several hundred base pairs 
(bp) long (Chen et al., 2010). However, the length of barcode regions may also 
offer challenges. Long and universal DNA barcodes, that are widely used, are 
most appropriately applied when testing fresh or minimally processed material 
(Parveen et al., 2016). In most food or herbal products, due to various processing 
methods used in manufacturing, the DNA is often highly degraded into fragments 
of less than 500 nucleotides in length, in some cases even shorter than 100 bp 
(Parveen et al., 2016). Therefore, the universal long barcodes ranging from 600 
to 800 bp, on average, often result in failed amplification. The smaller the DNA 
fragments are in a sample, the more likely it is that two primer annealing sites are 
no longer intact on the same strand, amplification during PCR cannot occur and 
no results will be detected (Parveen et al., 2016; Särkinen et al., 2012). A false-
negative result can occur when the target DNA is present but is too highly 
fragmented for detection, which may lead to the wrong conclusion that the target 
DNA is absent.  

To solve the problem with fragmented DNA, the use of primer combinations 
that amplify a very small PCR product (<200 bp), a mini-barcode, have been used 
to identify species in highly processed samples containing heavily degraded DNA 
(Arulandhu et al., 2017; Coghlan et al., 2012; Parveen et al., 2016). Mini-
barcodes have advantages compared to full-length barcodes in the amplification 
of DNA from processed plant material (Figure 1, (Parveen et al., 2016)). Different 
studies have shown higher PCR success rates for mini-barcodes with length 150 
bp or shorter (compared to full-length barcoding) when amplifying degraded DNA 
from food, herbal products, or herbarium specimens (Gao et al., 2019; Little, 
2014a; Meusnier et al., 2008; Parveen et al., 2016; Taberlet et al., 2007). Särkinen 
et al. found that shorter amplicons were linked to higher PCR success rates 
(Särkinen et al., 2012). 

However, mini-barcoding is still based on the amplification of specific 
genomic regions – mini-barcodes. PCR primers can be designed to amplify 
shorter mini-barcode regions for degraded DNA samples, but such short DNA 
regions contain less information and their primers are more restrictive, which 
makes them unsuitable for universal species barcoding (Cheng et al., 2014; Little, 
2014b). Also, designing novel primer pairs based on <200 bp sequences and 
avoiding dimer formation, hairpin formation, and false priming can be 
challenging (Gao et al., 2019). Short and specific DNA mini-barcode regions can 
help identify processed products and should ensure reliable PCR amplification 
results for degraded DNA; however, this technique is limited by its length 
constraint.  
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Figure 1. PCR amplification success of the full-length barcode versus mini-barcode 
from processed plant material. The product size matters. The amplification of full-
length barcode (usually 300–1000 bp) from damaged/fragmented DNA may not be 
successful (causing false-negative results). Using primers that result in very small PCR 
product (100–200 bp), a mini-barcode, has shown to have advantages in detecting 
damaged/fragmented DNA from processed plant materials (Parveen et al., 2016). 

 
DNA quality greatly influences the identification efficiency of different PCR-
based methods, including the mini-barcoding method (de Boer et al., 2015; Gao 
et al., 2019). Both secondary metabolites from plants (fibers, proteins, poly-
saccharides, polyphenols, alkaloids, etc.) and different ingredients added during 
processing as preservatives or to improve taste (artificial pigments, starch, salt, 
tannins, fatty acids, etc.) that are often present in food or natural medicine pro-
ducts reduce the quality of extracted DNA and inhibit PCR amplification (Lo and 
Shaw, 2018; Madesis et al., 2014; Schrader et al., 2012). 

All PCR-based methods, DNA barcoding, metabarcoding, and mini-barcoding 
are based on the amplification and designing primers that amplify specifically 
only the selected region in target taxa genome/genomes. In addition to the long 
list of factors that may influence the success of PCR and have been studied by 
several investigators (the concentrations of the PCR buffer reagents, the primer 
length and the GC contents of primers and template, simple repeats in the primer 
sequence, stable secondary structures of both primer and product sequences, etc), 
careful design of primers is crucial for the success of PCR (Andreson et al., 2008). 
Oligonucleotide length, melting temperature, secondary structures, and primer 
dimer formation, as well as the specificity, should be considered for the in-silico 
selection of oligonucleotides. 

The specificity of the oligonucleotides is one of the most important factors for 
good PCR. However, single-stranded DNA molecules also tend to bind to 
unintended targets or themselves. Optimal primers should hybridize only to the 
target sequence, particularly when complex genomic DNA is used as the template. 
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Ideally, there should be a pair of unique primers that amplify the desired target 
sequence selectively with maximum yield. This implies the prevention of un-
specific binding to other DNA, such as non-target DNA, and other regions within 
a template (Hendling and Barišić, 2019). 

One of the most important factors in determining PCR failure is the number 
of predicted primer-binding sites in the genomic DNA (Andreson et al., 2008). 
Alternative binding sites create unwanted amplifications, lower the yield of primers 
that can hybridize with the desired region or product, and therefore should be 
avoided whenever possible. Non-unique PCR primers can lead to amplification 
of undesired regions or no amplification, especially in experiments with complex 
genomes (Andreson et al., 2008). 

Repeated DNA sequences are known to be significant components of genomes. 
Repetitive DNA sequences are abundant in a broad range of species, from bacteria 
to mammals. Genomes contain varying degrees of repetitive DNA (Haubold and 
Wiehe, 2006), and for many species, this represents the major fraction of the 
genome. Plant genomes contain particularly high proportions of repeats: for 
example, transposable elements cover >80% of the maize genome (Schnable et 
al., 2009). As in most plants, genes span smaller regions than in mammals, for 
instance, partly because large repetitive elements are rarely present inside plant 
introns. It has been estimated that >50% (Lander et al., 2001) and as much as 
69% (de Koning et al., 2011) of the human genome is repetitive, however, over 
80% of the genomes for some plant species is repetitive (Neale et al., 2014; 
Schnable et al., 2009). 

The genomes of flowering plants vary in size from about 0.1 to over 100 giga-
base pairs (Gbp), mostly because of polyploidy and variation in the abundance of 
repetitive elements in intergenic regions. Repetitive DNA constitutes a high 
proportion of plant genomes. Maize (Zea mays) is one of the most repetitive 
genomes for which a reference sequence is available (Schnable et al., 2009). 
Approximately 85% of the maize genome is composed of repetitive DNA (Hake 
and Walbot, 1980), mainly long terminal repeat (LTR)-retrotransposons (Rabi-
nowicz and Bennetzen, 2006; SanMiguel et al., 1998, 1996). It seems that the 
multiplication of repeat sequences is the primary contributor to differences in 
DNA content between many (plant) taxa (Flavell et al., 1974). For example, 
barley and rice have similar complements of low-copy genes (Saghai Maroof et 
al., 1996) but a 12-fold difference in DNA content. The difference in DNA content 
is thus probably attributable to differences in the amount of repetitive DNA 
(Saghai Maroof et al., 1996). Most repeats in plant genomes are located in 
intergenic regions, but some are also located in coding sequences or pseudogenes 
(Gaut et al., 2000; Rabinowicz and Bennetzen, 2006; Sasaki, 2005). Repeats can 
also take the form of large-scale segmental duplications, such as those found on 
some human chromosomes (Zhang et al., 2005), and even whole-genome dupli-
cation, such as the duplication of the Arabidopsis thaliana genome (The 
Arabidopsis Genome Initiative, 2000). 

The presence of a high amount of repetitive DNA regions in genomes has 
always presented technical challenges for sequence alignment and assembly 
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programs (Alkan et al., 2011; Treangen and Salzberg, 2011). Repeats create 
ambiguities in alignment and assembly, which can produce biases and errors 
when interpreting results and cannot be ignored (Treangen and Salzberg, 2011). 
Repeated regions in genomes also pose a significant challenge to design primers 
that will hybridize and prime only on the target region. Nonspecific primers used 
for targeted amplification-based approaches may produce off-target products 
(Andreson et al., 2008; Francis et al., 2017; Hommelsheim et al., 2014; Miura et 
al., 2005). 

There are several computational tools now available that facilitate genome-
aware primer design (Andreson et al., 2006; Qu et al., 2012; Rotmistrovsky et al., 
2004; Schuler, 1997), but obtaining specific amplification of targeted sequences, 
especially for genomes with large amounts of repetitive DNA, is still a difficult 
problem (Francis et al., 2017). In terms of selecting primers for DNA amplifi-
cation, most tools assess specificity according to whether primer pairs (not indi-
vidual primers) are predicted not to produce off-target amplicons within a 
specified size range (Francis et al., 2017). This criterion can result in the selection 
of primers that individually produce single-strand synthesis products at multiple 
off-target sites (Francis et al., 2017). For instance, a primer with many perfectly 
complementary off-target binding sites could be selected by tools that use this 
approach. Such primers can create byproducts that act as mega-primers in PCR, 
leading to background amplification (Hommelsheim et al., 2014). This issue is 
expected to be exacerbated when working with repetitive genomes. For example, 
it has been found that the repetitive nature of the genome can prevent enrichment 
and hybridization-based enrichment can be difficult (Fu et al., 2010) or 
unsuccessful (Ma and Axtell, 2013) in maize due to its repeat content. Therefore, 
evaluating the specificity of individual primers could improve the selection of 
target-specific primer pairs. Ideally, the repeated regions that cause off-target 
binding sites would be masked before primer design, to avoid the design of non-
specific primers.  

 
 

1.2.2. Whole genome sequencing based methods  
for metagenomic analysis 

The main disadvantage of PCR-based detection methods is that they target only 
DNA from species to which the PCR primers bind efficiently. This also holds in 
principle for barcoding methods that rely on the PCR amplification and sub-
sequent massively parallel next-generation sequencing of amplicons from vari-
able genomic or cell organelle DNA regions. Barcoding methods have been shown 
to very efficiently identify taxa within environmental or food-derived meta-
genomic samples (Coghlan et al., 2012; Steven G Newmaster et al., 2013; Tillmar 
et al., 2013; Zhou et al., 2013), but require separate assays to address the different 
domains of life (Ripp et al., 2014). 

However, metagenomic samples often contain DNA from very different orga-
nisms (e.g., plants, animals, bacteria, fungi, etc.) and different type of genomes 
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(nuclear, mitochondrial, and in plants also plastid genomes). To overcome the 
limitations of amplification-based methods, a high-throughput sequencing method 
called next-generation sequencing (NGS) has been used. 

Untargeted deep sequencing of total genomic DNA from the sample, followed 
by bioinformatic analysis of sequence reads, facilitates highly accurate identi-
fication of species from different kingdoms of life, and detection of sample com-
ponents. In this case, the information used for the identification taxa is not restricted 
to only a few standard barcoding regions. 

 
 

1.3. Identification of plants directly from metagenomic 
WGS data 

In whole genome sequencing, extracted DNA is sequenced without pre-ampli-
fying a specific DNA region through PCR. Sequence analysis of total genomic 
DNA isolated from food offers in principle the possibility to detect species in an 
unbiased way, enabling e.g., the detection of fraud in declared food composition 
or the identification of different allergens in food (Ripp et al., 2014).  

In subsequent analysis, the DNA fragments (NGS reads) received from whole 
genome sequencing can be assembled using sophisticated software before the 
data can be analyzed further (Bayley, 2019). However, assembling the NGS (next-
generation sequencing) reads offers challenges for computer memory, can be 
time-consuming, and prone to mistakes (Butler et al., 2008; Pop and Salzberg, 
2008; Simpson and Durbin, 2012). Therefore, different assembly-free methods 
have been suggested for the identification of the taxonomical origin of DNA 
sequences from metagenomics sequencing. These methods are described in more 
detail below. 

 
 

1.3.1. Alignment-based approach for WGS data analysis 

One way to detect the taxonomic origin of sequencing reads can be by using the 
similarity of sequences. The most widely used alignment-based algorithm and 
method for the classification of the reads is the BLAST (the basic local alignment 
search tool) program (Altschul et al., 1990), which classifies a sequencing read 
by finding the best alignment to a database of genomic sequences. Different 
programs that use the BLAST algorithm have been published, e.g., MEGAN 
(Huson et al., 2007) and PhymmBL (Brady and Salzberg, 2011, 2009). Those 
developed programs try to improve BLAST’s accuracy but perform at a speed 
lower than BLAST, which itself takes very substantial CPU (central processing 
unit) time to align and identify the millions of sequences generated by a typical 
Illumina sequencing run. Metagenomics data sets can be very large size today 
and the identification speed is critically important (Wood and Salzberg, 2014). 

Ripp and colleagues showed that deep sequencing of total DNA derived from 
foodstuff material and using mapping/alignment of the sequencing reads to 
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publicly available reference genome sequences can be readily used to identify 
species components (Ripp et al., 2014). However, this study also brings out that 
the biggest limitation of this alignment-based pipeline in terms of time and costs 
is set by the massive BLAST routines necessary for the metagenomic analysis 
(Ripp et al., 2014), however, also uncertainty and errors in finding the correct 
alignment have been discussed as a cause of errors in the downstream analysis 
(Löytynoja, 2012). 

 
 

1.3.2. Alignment-free approach for WGS data analysis 

Methods that use reasonable amounts of memory and in minimal time have been 
searched for the identification of different taxa from metagenomic samples. To 
solve some problems in bioinformatics k-mer counting strategy is suggested and 
used as an important step in many bioinformatics applications for analyzing meta-
genomic sequencing data.  

DNA sequences can be considered as strings containing characters 
(nucleotides) A, T, G, C, or N (N denotes an undetermined character). The k-mers 
of a sequence (or a concatenation of many DNA sequences) represent all the 
possible subsequences of length k, and k-mer counting is determining the number 
of their occurrences in a sequence, where k is a positive integer (Marçais and 
Kingsford, 2011). Counting of k-mers is simple and straightforward, however, it 
becomes challenging when billions of sequences (reads) generated by next-
generation sequencing (NGS) techniques must be processed using reasonable 
amounts of memory and in minimal time.  

In recent years, a large number of k-mer counting programs have been 
designed, such as Jellyfish (Marçais and Kingsford, 2011), KMC3 (Kokot et al., 
2017), Gerbil (Erbert et al., 2017), DSK (Rizk et al., 2013), etc. One possible 
naive strategy for k-mer counting is to use a dictionary (a hash table), with k-mers 
as keys and their counts as values. This k-mer counting approach is used in pro-
grams DSK (Rizk et al., 2013), Gerbil (Erbert et al., 2017), and Jellyfish (Marçais 
and Kingsford, 2011), for example. However, analyzing billions of input 
sequencing reads, the k-mer counting process is very slow and computer memory 
is often overwhelmed (Manekar and Sathe, 2018). The other widely used strategy, 
the sorting approach, works by sorting all k-mers extracted from each read. Thus, 
k-mer frequencies can be easily counted because, after sorting, repeating k-mers 
lay at adjacent positions in the sorted list. This strategy is applied in 
GenomeTester4 (Kaplinski et al., 2015), KMC1 (Deorowicz et al., 2013), KMC2 
(Deorowicz et al., 2015), KMC3 (Kokot et al., 2017), and Turtle (Roy et al., 
2014). 

Approaches to k-mer counting proposed so far have mainly targeted memory-
efficient and time-efficient solutions (Manekar and Sathe, 2018). Time, CPU, and 
memory are bounded (limited) resources, whereas the disk can be considered as 
a plentiful resource. As disks are always cheaper than memory, many researchers 
have focused on using the disk-based/external memory/out-of-core approach, as 
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opposed to the in-memory/internal memory approach, to reduce memory usage. 
Disk-based approaches may additionally use hundreds of gigabytes of disk space 
for large datasets such as the human or plant genomes (Manekar and Sathe, 2018). 

In our workgroup disk-based GenomeTester4 (GListMaker) (Kaplinski et al., 
2015) has been developed that uses the sorting approach for k-mer counting. The 
k-mers gathered from the input file are first stored in temporary arrays, sorted, 
and then counted. Temporary arrays (tables) with counting results are then merged 
to produce the final k-mer count list. GenomeTester4 uses multiple threads to 
speed up k-mer counting. The disk-based approach has a much lower memory 
requirement than in-memory approaches and is designed to make it possible to 
count k-mers in large genomic datasets, such as a human or plant genome dataset, 
on commodity hardware (Manekar and Sathe, 2018). Memory usage can be 
greatly reduced using a disk because k-mers are processed in chunks and stored 
on a disk. GenomeTester4 programs are also applied in the development of k-mer-
based methods described in Ref I, Ref. II and Ref. III of this thesis. 

Counting the k-mers in a DNA sequence is an important step in many appli-
cations. Analysis of k-mers has been widely applied in many genomic analyses, 
including metagenomic analysis (Manekar and Sathe, 2018; Wood et al., 2019; 
Wood and Salzberg, 2014). However, there is a lack of tools that efficiently and 
accurately could identify plant taxa from metagenomics samples. There are many 
examples for applications of k-mer-based methods in the detection of bacterial 
taxa in metagenomic samples (Breitwieser et al., 2018; Ounit et al., 2015; Roos-
aare et al., 2017; Wood et al., 2019; Wood and Salzberg, 2014), but not success-
fully applied for plant identification, especially to identify plants which do not 
have sequenced whole genomes. The program Kraken (Wood and Salzberg, 
2014) has shown to be a perspective program that uses k-mer based approach for 
the taxonomic classification of metagenomic sequencing reads (e.g., for the 
identification of bacteria). However, the sizes of plant genomes are substantially 
bigger compared to bacteria or viruses, and creating and using the reference 
database containing whole genome sequences of plants can be challenging in 
terms of memory usage. Kraken´s memory requirements can easily exceed 
100 GB (Ye et al., 2019), especially when the reference database includes large 
eukaryotic genomes (Knutson et al., 2017; Meiser et al., 2017). Recently, an 
improved version of Kraken program, Kraken 2 (Wood et al., 2019), has been 
developed that has reduced its memory usage and increased the classification 
speed, allowing greater amounts of reference genomic data to be used. Another 
software Bracken ((Lu et al., 2017) has been used to analyze the classification 
results of Kraken programs to estimate species- or genus-level abundance of 
sequences. However, additional testing with plants and substantial upgrading of 
the reference database of Kraken programs, to cover more plant taxa and more 
genomic regions for different plants, is needed to apply Kraken and Bracken 
programs successfully for the identification of different plant taxa from meta-
genomic samples.  
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1.4. Advantages of using plastid genome regions  
in plant identification 

Developments of sequencing technology and its increasingly low costs and high 
yields have also dramatically increased the number of available plastid genome 
sequences that could be used for the identification of plant species (Jiao et al., 
2019). 

Compared with the nuclear genome, the plastid genome is small in size, 
generally stable, mechanical breakdown resistant, circular form, has usually 
higher copy number in cell and has a higher interspecific and lower intraspecific 
sequence variation (Jiao et al., 2019; Kim et al., 2015; Li et al., 2015). Plastid 
genomes are haploid and non‐recombining, so they act as a single locus (Nock et 
al., 2011). Another advantage is that the plastid genome has been found only in 
plants and some protists, therefore using plastid genomes for DNA analysis may 
help to bypass DNA contamination from organisms without chloroplasts/plastids 
(e.g., animals and fungi) (Dong et al., 2014).  

Plastid genomes contain both highly conserved genes and more variable 
regions. The complete plastid genome size is usually ranging from 110 to 160 kbp, 
which is much longer than the length of commonly used DNA barcodes and 
provides sufficient variation to discriminate closely related plants. The whole 
plastid genome sequence has been proposed as a super-barcode for species-level 
plant identification (Bi et al., 2018; Dong et al., 2015; Kane and Cronk, 2008; Li 
et al., 2015; Nock et al., 2011; Parks et al., 2009). It has been also suggested, that 
using the complete plastid genome as a marker circumvents possible issues with 
gene deletion and low PCR efficiency, compared to targeting single short regions 
from specific genes as barcodes (Huang et al., 2015). 

Conventional approaches to plastid genome sequencing commonly involve 
purification or PCR amplification of the plastid genome before sequencing (Cronn 
et al., 2008; Parks et al., 2009). However, these approaches are relatively time-
consuming. Nock et al. (2011) demonstrated that massive parallel sequencing 
platforms have the capacity to sequence the plastid genome at over 100 times 
coverage in a single lane without purification. Despite representing a small fraction 
of total DNA sequence, 0.04% in rice, the concentration of plastid genome 
sequence reads is high relative to nuclear sequence in total DNA preparations 
(Nock et al., 2011). Non‐purified (total) DNA extractions also include plastid 
DNA which is sequenced during massively parallel sequencing runs but is usually 
treated as contaminating sequence for many applications. However, these plastid 
genome sequences can be used for the identification of plants (Nock et al., 2011). 
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2. AIMS OF THE STUDY 

The main aim of this study was to develop sequence analysis methods for the 
identification of plant taxa from degraded metagenomic samples. 

 
For that: 
1. To analyze the extent of potential PCR failure caused by repeated regions in 

plant genomes and to integrate k-mer based filters for masking these regions 
into primer-design software Primer3. 

2. To develop a method for the identification of plant taxa-specific k-mers from 
plastid genomes and to test the method using Solanum lycopersicum (tomato) 
as an example. 

3. To develop an alignment-free method for the detection of plant taxa directly 
from the whole genome sequencing reads of metagenomic samples and to test 
the method using lupin (Lupinus spp.) in food samples as a target. 
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3. RESULTS AND DISCUSSION 

3.1. Identifying and masking PCR failure-prone regions in 
plant genomes (Ref. I) 

3.1.1. Primer3_masker 

Most of the methods for the identification of plants from metagenomics samples 
are based on the PCR amplification of a specific genomic region with target-
specific oligonucleotides (including PCR, DNA barcoding, metabarcoding). PCR 
primer design may be complicated for eukaryotic genomes like plants that often 
contain a large number of repeat sequences and other regions that are unsuitable 
for amplification by PCR. Current methods are not efficient enough to avoid PCR 
primer design on the non-specific primer-binding sites.  

Newly developed software “primer3_masker” (introduced in Ref. I) integrates 
k-mer-based masking and PCR primer design software Primer3. The masking 
bases on the genome-wide frequencies of the 16-mers and the 11-mers over-
lapping with the given position in their 3´end. Using a statistical model, this 
program masks failure-prone regions on the template DNA before primer design. 
Pre-generated k-mer lists for masking are available not only for model organisms 
but for sequences of 196 animal and plant genomes. 

 
 

3.1.2. The extent of masking in different plants 

The fraction of nucleotides that are masked in the sequence depends on the 
organism. Plant genomes may be very large and may contain more repeated 
regions than other organisms. We analyzed the masking extent in genomes of 
four widely known plant species: wheat (Triticum aestivum), maize (Zea mays), 
barley (Hordeum vulgare), rice (Oryza sativa). Our results showed that some of 
the plant genomes were more excessively masked than human genomes. 
Approximately 76% of nucleotides in wheat, 71% in maize genomes (compared 
to 44% of the human genome) were masked (using default values for masking 
with primer3_masker). Compared to the other available masking tool Repeat-
Masker, the extent of masking wheat and maize was significantly lower compared 
to the primer3_masker (44% vs 76% in wheat genome and 5% vs 71% in maize 
genome), which is probably caused by the fact that RepeatMasker uses the data-
base of only known and annotated repeats for masking, but primer3_masker finds 
the repeated regions by brute force for each genome individually and is not 
dependent on the list of previously described repeats. 

Our results also showed that using different failure rate cutoff values or the 
number of masked nucleotides, the results may vary. Decreasing the failure rate 
cutoff value or increasing the number of masked nucleotides, the reliability of 
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designed primers increases but the fraction of the genome that can be used for 
primer design decreased. 

This tool helps to find and mask PCR failure regions caused by repeats and 
mask these before primer design. This tool also has ready-to-use k-mer lists for 
about 45 plant species (https://primer3.ut.ee/lists.htm) and allows also custom k-
mer list creation for different other species, it helps to design more specific 
primers for different PCR-based methods to identify plants or other organisms 
from different samples. 

 
 

3.2. Identification plant taxa specific k-mers (Ref. II, Ref. III) 

3.2.1. Method for selection of specific k-mers 

Polymerase chain reaction based methods (e.g., PCR and different barcoding 
methods) commonly used for plant DNA identification from metagenomic 
samples are based on only a limited number of pre-amplified genomic regions (in 
the length of hundreds or thousands of nucleotides), which are often inapplicable 
due to DNA degradation, low amplification success or low species discriminative 
power of selected genomic regions. New developments in the field of the identi-
fication of plants in degraded metagenomic samples (including food, herbal pro-
ducts, gut content, environmental samples) are moving toward using a combi-
nation of many different genomic regions with reduced lengths (e.g., using mini-
barcodes) or deep sequencing of total genomic DNA from samples with various 
taxonomical composition, followed by the identification of the taxonomical 
origin of sequencing reads. If we have to identify only a few species from the 
sample (e.g., one or a few allergens), the PCR-based method can be a very cost-
effective and sensitive method to apply. However, if the aim is to identify tens or 
hundreds of different plant species from the sample, designing oligonucleotide 
primers can be challenging, time-consuming, and may not be cost-effective 
anymore. Whole genome sequencing of total DNA from metagenomic sample 
help avoid some of the problems associated with targeted PCR-base methods, 
however, assembly- and alignment-free methods for the analysis would help to 
cope with some computational challenges related to the increasing amount of 
available genomic data and by-pass some error-prone steps. 

We developed k-mer based analysis method for the identification of a set of 
plant taxon-specific k-mers from the plastid genome (introduced in Ref. II and 
applied also in Ref. III). The identified k-mers can be used for the qualitative 
detection of plant taxa directly from raw sequencing reads, without assembling 
or aligning the reads. The pipeline converts assembled plastid genome sequences 
to k-mer lists and compares different lists of k-mers to find intersections, dif-
ferences, or unions between the lists (Fig. 1 in Ref. II). Operations with k-mer 
lists are computationally effective and can be done fast (Kaplinski et al., 2015). 
The set of plant taxa-specific k-mers is identified using two steps for removing 
non-specific k-mers from the list of taxa-specific k-mers. 
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Plastid genome has been chosen for the identification of plant taxa specific  
k-mers mainly because of the higher copy number in cells compared to nuclear 
genome and higher number of available genome sequences for different plants in 
biological databases, however, using plastid genomes has also many other 
advantages. 

 
 

3.2.2. Solanum lycopersicum (tomato) specific k-mers 

We applied our method to identify S. lycopersicum (tomato or tomato plant) 
specific k-mers. k-mer length 32 nucleotides (nt) gave us the maximum number 
of species-specific k-mers (Fig. 4 in Ref. II). We identified 882 S. lycopersicum 
specific 32-mers that were present in at least two plastid genome sequences of 
S. lycopersicum and none of the 1714 plastid sequences from non-target species 
(Fig. 3 in Ref. II). 

The identified 32-mers were located in 42 different regions from the 
S. lycopersicum plastid genome (Fig. 7 in Ref. II). All the k-mers were in single 
copy regions of the plastome, not in inverted repeats regions. This is in 
accordance with previous publications that have shown a lower mutation rate for 
regions of inverted repeats compared to single copy regions of the plastid 
genomes (Kahlau et al., 2006; Maier et al., 1995; Wolfe et al., 1987). Most of the 
previously described barcoding regions identified for plants are also mostly 
located in the single copy regions of the plastome. 

Our results showed that k-mers identified from plastid genome sequences can 
be also detected from whole genome sequencing reads of S. lycopersicum (Fig. 5 
in Ref. II). Probably due to the sequencing errors and sequence similarity of 
plastid genomes between phylogenetically close plant species, a small amount of 
S. lycopersicum k-mers can be also detected in whole genome sequencing reads 
from other Solanum species (e.g., S. tuberosum and S. pimpinellifolium), if the 
number of sequencing reads is high enough (Fig. 5 in Ref. II). However, it is 
possible to detect S. lycopersicum (tomato) in raw sequencing reads from meta-
genomic samples containing tomato, currant tomato, potato, eggplant, and bell 
pepper, using identified S. lycopersicum specific k-mers identified from the plastid 
genome, if approximately 600 (of 882) S. lycopersicum specific k-mers are 
detected (Fig. 5 in Ref. II). At least 100,000 sequencing reads from S. lyco-
persicum is needed to detect at least 600 S. lycopersicum specific k-mers. 

Our results also showed that increased k-mers frequency cut-off values decrease 
the number of detected S. lycopersicum specific k-mers in the whole genome 
sequencing reads from nontarget species S. tuberosum and S. pimpinellifolium), 
though increases the minimal number of sequencing reads needed from S. lyco-
persicum to detect S. lycopersicum from the metagenomic sample), which may 
show that increased frequency cut-off value may increase the specificity, how-
ever with the cost of decreased sensitivity (Fig. 6 in Ref. II). However, additional 
testing with different samples is necessary to develop a mathematical method that 
correctly takes into consideration also the k-mers´ frequency value. 
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3.2.3. Oryza sativa and Zea mays specific k-mers 

In addition to S. lycopersicum (tomato) specific k-mers, we also used our method 
to identify Oryza sativa (rice) and Zea mays (maize/corn) specific 32-mers and 
also analyzed the number of identified species-specific k-mers in whole genome 
sequencing reads from target and phylogenetically close nontarget species 
(Supplementary Fig. 2 in Ref. II). 

The set of O. sativa specific k-mers contained 555 k-mers and the set of 
Z. mays specific k-mers contained 2304 k-mers (Supplementary Fig. 2 in Ref. II). 
The number of identified k-mers depends on different factors: the length of  
k-mer, the variability of target taxa sequences, the sequence similarity between 
target and non-target taxa, etc. Identifying taxa-specific k-mers for the identi-
fication of plant species that have widely used in plant breeding (e.g., wheat, rice), 
can be challenging and needs a very good and representative database of genomic 
sequences. 

 
 

3.2.4. Lupinus specific k-mers 

In Ref. III, we applied a developed pipeline also to identify Lupinus spp. (genus 
Lupinus), Lupinus albus (white lupin), Lupinus luteus (yellow lupin), and 
Lupinus westianus (gulf coast lupin) specific k-mers that could potentially be 
used to detect lupin as an allergen in food samples. We identified 31,179 genus-
specific k-mers for Lupinus spp., 17,091 species-specific k-mers for Lupinus 
albus, 19,857 for Lupinus luteus, and 11,201 for Lupinus westianus from plastid 
genomes (Ref. III). 

To assess the sensitivity of the method, we counted identified Lupinus-specific 
k-mers in the whole genome sequencing reads from the leaf or seed samples from 
different lupin species. We detected more than 30,000 of the 31,179 Lupinus spp. 
specific k-mers in the whole genome sequencing reads from species L. albus, 
L. luteus, and L. westianus, and more than 25,000 of the 31,179 Lupinus spp.  
k-mers in the species L. angustifolius and L. mutabilis (Fig. 1 in Ref. III). Plastid 
genome sequences for the two lupin species L. angustifolius and L. mutabilis were 
not available in sequence databases and were therefore not included in selecting 
a set of genus Lupinus specific k-mers. It shows that the composition and data 
representation in the sequence database is crucial to cover the variability of target 
taxa sequences and to provide sufficient universality (in target taxa) as well as 
specificity of the identified k-mers. 

Our results with whole genome sequencing reads from phylogenetically close 
species showed that at least 1,500 of the 31,179 Lupinus spp. k-mers should be 
detected in the sequencing reads from the metagenomic sample that may contain 
also other leguminous species (like peanut or soy) to confirm the presence of 
lupin in the sample (Fig. 1 in Ref. III). At least 10,000 sequencing reads from 
lupin DNA are required to detect at least 1,500 Lupinus spp. specific k-mers. 
However, the cut-off value of the minimum number of required plant taxa-
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specific k-mers that are necessary to confirm the presence of plant taxa depends 
on the number of sequencing reads of the metagenomic sample. The cut-off value 
of 1,500 k-mers for lupin assumes the possibility that the yield of metagenomic 
sequencing data is at least 108 reads and almost all of these are from phylo-
genetically close species, however, as routine analysis of food or environmental 
samples this may be not cost-effective and much lower cut-off value may be used. 

Analyzing species-specific k-mers, more than 90% of the 17,091 L. albus, 
19,857 L. luteus or 11,201 L. westianus specific k-mers from plastid genome were 
detectable in the whole genome sequencing reads of L. albus, L. luteus, or 
L. westianus, respectively, if at least 250,000–500,000 reads are from lupin 
species L. albus, L. luteus or L. westianus, respectively (Fig. 2 in Ref. III and 
Supplementary Fig. 1 and 2 in Ref. III). 7,500 or more detected Lupinus albus 
specific k-mers, 4,300 or more L. westianus specific and 4,000 or more detected 
L. luteus specific k-mers confirms the presence of DNA from lupin species 
L. albus, L. westianus, and L. luteus in the metagenomic sample, even if the 
number of sequencing reads is 108 and contains predominantly of other legu-
minous species or other nontarget Lupinus species (Fig. 2 in Ref. III and Supple-
mentary Fig. 1 and 2 in Ref. III). 

 
 

3.3. Proof-of-principle study to identify plant DNA from 
processed food (Ref. III) 

Food authentication is an important issue for the food industry to detect un-
declared ingredients in food products (e.g., allergens) that may pose serious 
health risks to consumers. Using hundreds of taxon-specific short k-mers from all 
over the genome for the identification of plant taxa would give improved reso-
lution at the species level detection as well as aid in analyzing complex degraded 
samples when sequence barcoding or other traditional PCR-based methods fail. 
Using whole genome sequencing and k-mer based method in the analysis of 
metagenomic sequencing reads in combination, enables to by-pass prior primer 
design and amplification of specific regions, genome assembly and mapping of 
sequencing reads to a reference genome. 

To apply the identified plant taxa-specific k-mers to detect plants from real 
metagenomic samples (e.g., food or environmental samples), additional testing 
with real metagenomic samples is required. We used lupin as an example and 
applied our developed alignment-free method to identify short lupin-specific  
k-mers and to detect selected lupin-specific k-mers directly from whole genome 
sequencing reads from different samples. 
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3.3.1. Detection of lupin-specific k-mers in seed samples 

The edible parts of plants are very often not green parts of the plant, but fruits or 
seeds that are assumed to contain a lower number of copies of plastid genomes in 
cells. We used k-mers from the plastid genome sequence for the identification 
plants and were interested if lupin-specific k-mers identified from the plastid 
genome are also detectable in whole-genome sequencing reads from non-green 
edible parts of the lupin plant (from seeds). Our results in Ref. III of this thesis 
showed that plant taxa-specific k-mers identified from the plastid genome are also 
detectable in whole-genome sequencing reads from seed. However, a small dif-
ference was observed between the samples of leaf and seed samples. We detected 
about 25,000–30,000 Lupinus-specific k-mers in the leaf or seedling sample if the 
number of whole genome sequencing reads was at least 100,000 (Fig. 1 in 
Ref. III). The same number of k-mers were detected in lupin seed samples if the 
number of whole genome sequencing reads was at least 500,000. It shows that  
k-mers identified from the plastid genome are identifiable also from the whole 
genome sequencing data from seeds; however, the sensitivity of detection may 
be slightly decreased. 

 
 

3.3.2. Detection of lupin-specific k-mers in a processed food 

The food matrix and processing may influence the detection of plants from meta-
genomic samples. Previous studies have shown a negative effect on the sensitivity 
of the method (Villa et al., 2018; Waiblinger et al., 2014). Our results with lupin 
showed that milling and short-term thermal processing do not alter substantially 
the detection of lupin with the k-mer based method. The lupin-specific k-mers 
were detected with similar sensitivity from sequencing reads of raw lupin seeds 
or of processed samples, like from the commercial lupin flour and canned (heated 
and salted) seeds (Fig. 1 in Ref. III). 

Our proof-of-principle experiments with baked cookies (containing butter, 
sugar, salt, wheat flour, and different amount of lupin flour made from L. angusti-
folius seeds) showed that more than 1,500 lupin-specific k-mers (which is the 
minimum required amount of reads to detect lupin) were detected from se-
quencing reads from cookie sample that contains 0.05% or more lupin flour in 
flour mix (i.e. 0.02% or more lupin flour in a cookie), if the number of sequencing 
reads per sample was at least 19–35 million reads. If the lupin flour content in the 
flour mix is 5% or more the maximum amount of lupin-specific k-mers (about 
25,000) were detected (Fig. 3 in Ref. III). 
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3.3.3. Testing the sensitivity of detection 

Our results showed that the number of detected k-mers depends on the number of 
sequencing reads per sample and more sequencing reads were needed to detect 
the same number of Lupinus spp. specific k-mers in the cookie samples with 
lower lupin contents. Approximately 1–10 million sequencing reads from the 
food sample were sufficient to detect lupin flour content 0.5, 5, or 50% in wheat 
flour. However, at least 35 million reads were required to detect a lupin content 
of 0.05% in wheat flour (~0.02% lupin flour in the cookie), and even more, reads 
would be needed to detect a lupin content of 0.005% (Fig. 4 in Ref. III).  

Our whole genome sequencing data analysis combined with the k-mers-based 
method using hundreds of short k-mers from different regions of the genome 
represents a good alternative to traditional amplification-based methods that use 
only one or a few amplifiable target genomic regions and often fail when analyzing 
the composition of complex and processed metagenomic samples containing 
degraded DNA (Carvalho et al., 2017; Lo and Shaw, 2018; Shokralla et al., 2015). 
The main limiting factor associated with whole genome sequencing based 
methods is often the high cost. However, the cost of the analysis is balanced by 
the abundant information derived from one whole genome sequencing run to 
answer different questions about the sample, e.g for food samples: to detect 
allergenic, toxic, or endangered species, to identify pathogenic bacteria, to detect 
fungi, viruses, etc. The k-mer based method can be easily multiplexed and used 
to simultaneously detect different species from the same metagenomic data-set 
using different k-mer sets for different target taxa or using different automated 
bioinformatic pipelines to answer different questions using the same sequencing 
data.  

However, the application of the developed k-mer-based method in routine 
analyses to detect plant taxa from metagenomic samples like food or natural 
medicine products requires additional testing with different plant taxa and dif-
ferent types of samples. 
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CONCLUSIONS 

More innovative, sensitive, and accurate analytical methods are needed to identify 
the composition of degraded metagenomics samples from different fields (food 
and herbal medicine products, environmental samples, etc.). The availability and 
decreased cost of next-generation sequencing, as well as the development of more 
effective algorithms for data analysis, have contributed to the development of 
new alternative methods and more effective pipelines for data analysis. 

PCR-based methods are cost-effective and sensitive methods to detect one or 
a few target taxons from metagenomics samples. Designing primers that 
efficiently bind only targeted genomic regions can be challenging. New develop-
ments of Primer3 tools allow masking repeated regions of genomes (including 
plants) before primer design to prevent primers that lead to ineffective ampli-
fication or failure of the amplification reaction. 

To overcome the limitations related to commonly used amplification-based 
methods and alignment-based data analysis approaches, whole genome sequencing 
based methods and more effective k-mer based pipelines for analyzing meta-
genomics data analysis have already been introduced for the identification of 
bacteria from metagenomics samples. The k-mer-based method for the whole 
genome sequencing data analysis introduced in the publications, related to this 
thesis, is a novel approach to identify plants from metagenomics samples. 

We introduced the method to rapidly identify all short plant taxa-specific k-mers 
(maximum length of 32 nucleotides) from plastid genome sequences. These 
identified plant taxa-specific k-mers can be detected directly from sequencing 
reads from metagenomics samples to identify the presence of target plant taxa in 
the sample. Short k-mers from the plastid genome are detectable also from 
processed metagenomics samples containing degraded DNA (e.g from food). The 
sequencing-based method introduced combines next-generation sequencing with 
alignment- and assembling-free sequencing data analysis and represents a good 
alternative to the methods that are currently used to identify plants from different 
metagenomics samples. 
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SUMMARY IN ESTONIAN 

Taimede DNA tuvastamine metagenoomsetest  
proovidest 

Erinevate organismide DNA taksonoomiline tuvastamine paljusid erinevaid 
komponente sisaldavatest lagunenud või töödeldud keskkonnaproovidest (sh 
toiduainetest) võib olla keeruline väljakutse. Allergeenseid või muul põhjusel 
olulisi taimeliike saab edukalt toidust tuvastada DNA-põhiste meetoditega. Teise 
põlvkonna sekveneerimise kättesaadavus ja alanenud hind ning efektiivsemad 
andmeanalüüsi algoritmid võimaldavad töötada välja uusi alternatiivseid ja 
efektiivsemaid meetodeid metagenoomsete proovide taksonoomilise koosseisu 
kirjeldamiseks ning mahukate sekveneerimisandmete analüüsiks. 

Metagenoomsete proovide analüüsiks laialdaselt kasutatavad PCR-põhised 
meetodid võimaldavad suhteliselt odavalt, tundlikult ja spetsiifiliselt detekteerida 
ühte või mõnda üksikut valitud liiki metagenoomsest proovist. Samas vajavad 
kõik amplifikatsiooni-põhised meetodid (sh PCR, DNA triipkoodi-meetodid) 
eelnevat PCR praimerite disaini, mis võib komplekssete, korduste-rikaste 
genoomijärjestuste puhul olla väga keerukas. Praimeridisaini programmi Primer3 
tööriistapaketti lisandunud programm primer3_masker võimaldab juba enne prai-
merite disaini maskeerida regioonid, millele disainitud praimeritega amplifikat-
sioon suure tõenäosusega kordusjärjestustest tingitult ebaõnnestub või toimub 
ebaefektiivselt. Antud programm kasutab maskeerimiseks k-meeride põhist 
lähenemist ning võimaldab maskeerida ka taimegenoomide järjestusi, mille puhul 
kordusjärjestused võivad moodustada suure osa genoomist. 

Kõik amplifikatsiooni-põhised meetodid (sh DNA triipkoodi-meetodid) põhi-
nevad üksikute suhteliselt lühikeste genoomipiirkondade amplifikatsioonil, kasu-
tades nii taksonite eristamiseks vaid piiratud osa genoomijärjestustes sisalduvast 
informatsioonist. Tihti kasutatakse järjestuste võrdlemisel joondamispõhiseid 
lähenemisi, mis võivad olla mahukamate genoomiandmete puhul ebaefektiivsed 
ja kulukad. Et vältida amplifikatsiooni-põhiste meetodite ja joondamispõhiste 
lähenemiste levinud puuduseid (ebaõnnestunud amplifikatsioonist tingitud vale-
negatiivsed ja valepositiivsed tulemused, joondamisvead, analüüsi kulukus jm), 
kasutatakse üha enam ülegenoomse sekveneerimise meetodeid ja k-meeridel 
põhinevaid lähenemisi metagenoomsete sekveneerimisandmete analüüsil. Efek-
tiivseid k-meeride põhiseid lähenemisi on edukalt rakendatud juba bakterite 
tuvastamisel metagenoomsetest proovidest, kuid taimede tuvastamisel on antud 
doktoritööga seotud publikatsioonides kirjeldatud k-meeride-põhine tuvastamine 
veel uudne metoodika. 

Oma publikatsioonides tutvustame metoodikat taimede taksonite spetsiifiliste 
(kuni 32 nukleotiidi pikkuste) k-meeride tuvastamiseks plastiidi genoomidest. 
Leitud k-meerid on tuvastatavad otse ülegenoomse sekveneerimise assambleeri-
mata lugemitest ning neid saab kasutada taimede taksonite tuvastamiseks meta-
genoomsest proovist. Lühikesed k-meerid plastiidi genoomist on tuvastatavad ka 
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lagunenud DNA-d sisaldavatest töödeldud metagenoomsetest proovidest (nt 
toidust). Väljatöötatud sekveneerimispõhine metoodika kombineerib teise põlv-
konna sekvneerimise joondamis- ja assambleerimisvaba andmeanalüüsi metoodi-
kaga pakkudes head alternatiivi meetoditele, mis on seni kasutusel olnud taimede 
tuvastamiseks metagenoomsetest proovidest. 
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