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Resumen 

El proyecto tiene como objetivo determinar cuáles son las condiciones más adecuadas 

para el proceso de extracción de ADN de material leñoso procedente de raíces, de manera 

que se realice con éxito la PCR, secuenciación y finalmente identificación de las especies 

utilizadas. El estudio se centra en la optimización del procedimiento llevado a cabo en el 

laboratorio de Botánica Forestal de la Universidad de Friburgo, al que se encuentra 

asociado un servicio de identificación de especies a través de material radical. Por lo 

tanto, se busca determinar qué tejidos de raíz y métodos de extracción proporcionan los 

mejores resultados en términos de rendimiento y pureza del ADN y de éxito en la PCR y 

en la identificación final. Para el estudio 4 pares de primers fueron utilizados en la PCR 

(ITS1-ITS4, ITS5-ITS4, trnL, psbA-trnH), y su eficacia fue comparada.  

Una vez obtenidas las muestras de raíces leñosas, el material es preparado distinguiendo 

dos tejidos: floema (corteza) y xilema (madera). A continuación, se realizan extracciones 

con diferentes métodos basados tanto en kits comerciales como en protocolos 

tradicionales CTAB; distintas modificaciones son realizadas en los protocolos buscando 

maximizar su efectividad. Tras las extracciones se recogen los datos de rendimiento de 

ADN y de pureza obtenida. Seguidamente se realiza la PCR con los extractos obtenidos y 

se determina su tasa de éxito mediante una electroforesis en gel que permite identificar el 

tamaño de los fragmentos logrados. Por último, las muestras de ADN que han mostrado 

una suficiente intensidad de bandas en el gel, son limpiadas y secuenciadas. Los 

resultados de la secuenciación son cotejados con los contenidos en la base de datos online 

GenBank utilizando el algoritmo de alineamiento BLAST para lograr la identificación de 

las muestras. El estudio analiza paralelamente otras cuestiones secundarias como el 

efecto de sucesivos ciclos de congelado y descongelado en la concentración de ADN y la 

relación entre la cantidad de material inicial utilizado y el rendimiento de ADN de la 

muestra.  



Summary 

The aim of the present study is to define the most suitable conditions during the process 

of DNA extraction from plant woody root material, to obtain a successful PCR, sequencing 

and finally identification of the species used.  The study focuses on the optimization of the 

procedure carried out in the laboratory of Forest Botany of the University of Freiburg, 

which offers a service of tree identification through root samples. The goal is to determine 

which tissues and extraction methods provide the best results in terms of DNA yield and 

purity, PCR and identification success. 4 pairs of primers were used for the PCR (ITS1-

ITS4, ITS5-ITS4, trnL, psbA-trnH) and their efficiency was compared.  

After collection of the root samples, the material is prepares distinguishing two tissues: 

phloem (bark) and xylem (wood). Then, DNA extractions with different commercial kits 

and traditional CTAB methods are performed; different modifications are conducted 

searching for an improvement in the effectiveness. After the extractions results of DNA 

yield and purity are recorded.  Subsequently, PCR is carried out with the extracts obtained 

and the rate of success is determined by means of a gel electrophoresis that shows the 

size of the DNA fragments. Finally, the DNA samples which showed enough band intensity 

are cleaned up and sequenced. Sequencing results are compared with the data from the 

GenBank online dataset, using the algorithm BLAST to achieve the correct identification. 

At the same time, secondary questions such as the effect of repeated cycles of freeze-

thawing on DNA concentration and the relation between amount of initial sample and 

DNA yield are analysed.  
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1. Introduction 

 

Roots play a main role in a large number of ecological processes, yet techniques 

for identifying tree species from root samples are of limited capacity (Rewald, et al. 

2012).The field of identifying tree roots has important practical applications. Knowledge 

of the specie´s identity of plant roots is important for ecological studies that aim to 

answer relevant questions about deep-roots and deep-rhizosphere dynamics (Maeght, 

et al. 2013), determining belowground biodiversity and composition (Bardgett and van 

der Putten 2014) and understanding rhizobiomes (Carvalhais, et al. 2015) and root-

associated fungal communities (Pickles, et al. 2015).  

Moreover, in assessing building or infrastructure damage caused by tree roots, it is 

important for insurance and compensation purposes to be able to identify the offending 

trees from analysis of the roots. In these cases, accurate identification of tree roots 

becomes essential as litigation proof over damaged property.   

The above ground features of the trees, such as flower morphology or leaf shapes, are 

usually enough to allow conclusive identification. On the contrary, the root system offers 

few distinctive characteristics with insufficient variation to distinguish between 

individuals, species, or even genera (Ramsden 2004).  

“Root research” is a relatively young scientific discipline, in which over the last years, 

different identification methods have been developed: anatomical and morphological 

keys, staining, infrared spectroscopy and fluorescence, chemical and biochemical 

analyses and DNA based techniques. Molecular techniques hold the most promise 

because unlike morphological, anatomical, and chemical characteristics the sequences of 

the DNA-based molecular markers do not vary depending on biotic and abiotic 

conditions (Rewald, et al. 2012). Nevertheless, these molecular methods need further 

development for most systems (Randall, et al. 2014). 

Recent research focusing on the identification of microbiomes associated to roots has 

enabled the development of improved protocols for molecular root analysis. 

(Almakarem, et al. 2012, Carvalhais, et al. 2015).  
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Plant molecular biology has achieved continuous advancements in the field of DNA 

identification of species over the last decades. DNA barcoding is a method for the fast 

and accurate identification of any species based on isolating a DNA sequence from a 

small tissue sample of an organism (Kress and Erickson 2012). This technique has been 

broadly applied in the last decade (Shaw, et al. 2005; Fazekas, et al. 2012; Dong, et al. 

2015; Cheng, et al. 2016).  

DNA with a high level of purity is needed to obtain precise, reliable, and reproducible 

results in DNA barcoding. However, from recalcitrant plant material it is still difficult to 

obtain contamination free, high-quality genomic DNA that allows further analysis or 

manipulations (Varma, et al. 2007). 

DNA barcoding effectiveness relies on the quality of the source material, DNA extraction 

method, choosing the adequate primers, and optimizing polymerase chain reaction 

(PCR) conditions (Knebelsberger and Stöger 2012). The optimization of protocols for 

identification effectiveness requires taking into account all those different points, which 

will be further explained in the following sections.  

1.1 Tree root material 

Regarding the source material, when it comes to the molecular identification of 

plant samples, leaves or buds appear as a more suitable option than roots (Moser, et al. 

2004; Friar 2005; Kistler 2012), because the DNA yield obtained is higher and more 

protocols have been developed. Indeed, fresh leaf material is considered the ideal choice 

for plant DNA extraction (Neves and Forrest 2011). In certain cases, however, only root 

material is available.   

The condition of the biological source material strongly influences the quality, quantity, 

and purity of the extracted DNA. Therefore, appropriate tissue or sample storage after 

collecting the biological source material in the field plays a key role (Knebelsberger and 

Stöger 2012).  Plant material is usually stored in liquid nitrogen before use because 

freezing avoids nuclease activity that would degrade the DNA in thawed tissue (Varma, 

et al. 2007). However, immediate refrigeration of the collected samples is not always 

possible, as in field samples or distant locations.  

The extraction of genomic DNA requires sample preparation, afterwards tissue lysis, and 

then separation of the nucleic acids from the rest of the cellular components 
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(Knebelsberger and Stöger 2012). Specific characteristics of plant cells, such as the 

presence of rigid polysaccharide cell wall, pigments, and chemical heterogeneity of 

secondary metabolites, require special consideration and skill during the extraction 

procedure (Varma, et al. 2007). In fact, polysaccharides make up about 60% of the dry 

weight of lignified secondary cell walls (Pettolino, et al. 2012).  

The material that is more often received in the laboratory for identification is woody 

roots. Two tissues were chosen for comparison in this study: “wood” and “bark”. To 

isolate the bark, we collected the exterior part from the root tissue, which will include 

the vascular cambium and the outer cells . For the “wood” type of tissue, we isolated 

material from the inner part, the xylematic compounds. Xylem is mainly formed of 

tracheids (relatively fewer in angiosperms than in gymnosperms), vessel elements, and 

xylem fibres of sclerenchyma. Those cells are characterized for having dead protoplasm. 

Phloem is composed of sieve tube elements, which are living cells without nucleus, 

parenchymatic cells, which are also living cells, and phloem fibres, which are 

sclerenchyma fibres that have dead protoplasm. The vascular cambium and cork 

cambium are meristematic tissues that form secondary xylem and phloem and outer 

cork and phelloderm respectively. These meristematic tissues have living protoplasm. 

According to the histological characteristics mentioned, we expect that the amount of 

DNA yielded will be higher for bark tissue.  

1.2. Extraction methods 

Numerous protocols for DNA extraction from plant specimens have been 

proposed (for example: Almakarem, et al. 2012; Kit and Chandran 2013; Healey, et al. 

2014). This is not surprising, given the wide range of taxa and tissue types that may be 

used. However, none of the published methods have established themselves as 

applicable to all plant varieties. Researchers often need to modify standard approaches 

to obtain DNA of desired quality according to their plant material.  

The extraction of genomic DNA requires sample preparation, afterwards tissue lysis, and 

then separation of the nucleic acids from the rest of the cellular components 

(Knebelsberger and Stöger 2012). Specific characteristics of plant cells such as the 

presence of rigid polysaccharide cell wall, pigments, and chemical heterogeneity of 



Introduction 

6 

 

secondary metabolites, require special consideration and skill during the extraction 

procedure (Varma, et al. 2007) 

In this study, we initially compared a series of protocols based in commercial kits in 

which we introduced some variations; NucleoSpin was compared with E.Z.N.A, E.Z.N.A 

mini, NucleoSpin Midi and NucleoSpin Variant I, the protocols are thoroughly explained 

in the chapter: Materials and Methods. In this initial comparison, we assessed which 

method provided the highest DNA yield and DNA purity.  

Afterwards, three DNA extraction methods were tested: NucleoSpin, CTAB I and CTAB II. 

NUCLEOSPIN 

This silica-based extraction method is the most broadly used in the laboratory of the 

Forest Botanic Department of the University of Freiburg. The advantage of this method 

is that it is a ready-to-use, fast, and easy procedure, which provides DNA suitable for 

PCR and sequencing without alcohol precipitation. However, disadvantages include cost, 

and the difference in performance depending on the species or characteristics of the 

initial tissue. 

CTAB-BASED METHODS 

The fundamentals of these methods for DNA extraction from plant tissue may vary 

depending on the material used but the main steps stay the same. Firstly, it is required 

to break down the cell wall and membranes to allow access to nuclear material without 

its degradation, but different mechanical means can be used for this purpose. Once the 

tissue has been sufficiently ground, it can then be resuspended in a suitable extraction 

buffer, such as CTAB. In order to purify DNA, insoluble particulates are removed through 

centrifugation while soluble proteins and other material are separated through mixing 

with chloroform and centrifugation. DNA must then be precipitated from the aqueous 

phase and washed thoroughly to remove contaminating salts. The purified DNA is 

resuspended and stored in TE buffer or sterile distilled water. Detailed protocols of the 

methods used during the study can be found in the next chapter. 

- CTAB I method 

The protocol is based in the one from Doyle and Doyle (1990), that has been 

successfully used since its development in a wide range of plants from either fresh or 

herbarium material. It was modified with addition of polyvinylpolypyrrolidone (PVPP), 
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to remove secondary metabolites, particularly polyphenolic compounds (Neves and 

Forrest 2011).  

- CTAB II method 

This protocol is a modification of the method created by Chang in 1993, that was initially 

developed for RNA extraction from pine needles, and is especially useful in extractions 

from recalcitrant materials (Chang, et al. 1993). Brunner et al. introduced modifications 

to the extraction buffer with the purpose of extracting DNA from fine roots. To overcome 

problems of low yield and purity due to the oxidation of phenolic compounds, 

polyvinylpolypyrrolidone (PVPP) and polyvinylpyrrolidone (PVP K30) were added to 

the extraction buffer.  

1.3  Polymerase Chain Reaction  

DNA extracts are used for amplification of a specific predefined gene region by 

using the technique of the polymerase chain reaction (PCR).  

The PCR is an in vitro method for the primer-directed enzymatic amplification of a 

fragment of DNA between two defined nucleotide sequences to produce multiple copies. 

It mimics normal DNA replication in which each cycle of the reaction results in doubling 

the amount of DNA. The process allows for the generation of millions of copies of a 

highly specific (usually short, around 15-400 base pairs) DNA segment within hours. 

The ability of the PCR to amplify minute amounts of target demands extreme care to 

avoid contamination of DNA with a different source than the one intended to be 

amplified. The DNA does not need to be completely purified or of high molecular weight; 

partially degraded DNA will provide a suitable target for amplification, provided that 

there is a sufficient amount of single-stranded DNA to bridge the distance between the 5’ 

ends of the two primers (Seemayer 1990). The essence of the PCR resides in the 

selection of a set of oligonucleotide primers complementary to the sequence of the 

segment to be amplified. These primer nucleotide sequences (usually about 20) are 

synthesized chemically. The primers flank the segment to be amplified, anneal to their 

complementary DNA sequences, and direct DNA synthesis in the 5‘ to 3‘ direction 

(Seemayer 1990). 
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In order to perform PCR, the DNA template that contains the target is added to a tube 

that contains the primers, free nucleotides, and an enzyme called DNA polymerase, and 

the mixture is placed in a thermocycler. This machine increases and decreases the 

temperature of the sample in automatic, programmed steps (Knebelsberger and Stöger 

2012). 

 

 

Figure 1. PCR principle. Source: Bej, et al. 1991.  

 

The reaction proceeds in a series of steps that constitute a cycle, which is repeated a 

different number of times depending on the “PCR program” of interest. With each cycle, 

the amount of newly synthesized DNA is doubled, because the extension product of one 

primer functions as the template for the other. The first step, denaturation, which is 

characterized by high temperatures (around 94°-95°C), separates the two strands of 

target DNA molecule. The second is the annealing of the extension primers to the DNA 

template, and takes place at a lower temperature (around 37°-55°C). In the third step, 

the thermostable enzyme DNA polymerase begins to synthesize new strands of DNA, 

starting from the primers, it works by extending the primers by adding single 

deoxynucleotide triphosphates (dNTPs) thus producing new doublestranded DNA. This 

step is performed at a higher temperature (around 72°C) (Seemayer 1990). Figure 2 

offers an overview of the basic PCR steps: (A) Schematic diagram of PCR amplification, 
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each cycle consists of denaturation of target DNA, primer annealing and primer 

extension. (B) A graphic representation of a typical PCR cycle, which consists of 

denaturation at 94°C for 1 minute, primer annealing at 60°C for 1 to 2 minutes, and 

primer extension at 72°C for approximately 1-2 minutes. (C) Quantitation of amplified 

DNA product. The amount of amplified DNA increases exponentially as the cycle number 

increases 

PCR then continues with additional cycles that repeat the already mentioned steps. The 

newly synthesized DNA segments serve as templates in later cycles, which allow the 

DNA target to be exponentially amplified millions of times (Knebelsberger and Stöger 

2012). The quality of the PCR products is then checked by agarose gel electrophoresis. 

Before sequencing, PCR products have to be cleaned up to eliminate the remaining PCR 

ingredients. Details of these protocols are given in the next chapter.  

Primers 

A DNA barcode is one or more short gene sequences (<700 base pairs) taken 

from a standardized portion of the genome that is used to identify species through 

reference to DNA sequence libraries or databases.  

The ideal DNA barcoding system should meet a series of criteria. First, the system 

should be enough variable to distinguish all species, but sufficiently conserved to be less 

variable within than between species. Second, it should be standardized, with the same 

DNA region as far as possible used for different taxonomic groups. Third, and highly 

important for taxonomists, the target DNA region should present enough phylogenetic 

information to determine the taxonomic group. Fourth, it should be highly robust, with 

greatly conserved priming sites and reliable DNA amplifications and sequencing. Fifth, 

the target DNA region should be short enough to allow amplification of degraded DNA 

(Taberlet, et al. 2007). Unfortunately, such an ideal DNA marker still does not exist for 

plants, and finding a useful universal barcode marker continues to be a challenge for the 

scientific community (Cheng, et al. 2016). Since such universal barcode still does not 

exist, the current strategy for taxonomist is to sequence several DNA regions from both 

the plastid genome (for example matK, rbcL, rpoB, rpoC1, trnH-psbA, and ycf1), and 

nuclear genome (for example the internal transcribed spacer region of nuclear 

ribosomal DNA, ITS).  
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The study aimed to analyse the effectiveness of 4 pairs of primers targeting different 

regions in terms of PCR and identification success.  

 

Pairs of primers used during this study  

Two pairs of primers were used for the amplification of the ITS region, ITS1-ITS4 and 

ITS5-ITS4 (Figure 2). The primers, which are the most popular for this region, were 

originally designed by White et al. in 1990 (White, et al. 1990) for amplifying various 

segments of the nuclear and mitochondrial rDNA genes of fungi.  

 

Figure 2. ITS region primers. Source: Vilgalys Micology laboratory, Duke University. 

 

The pair of primers called PF-PR were used for amplifying the trnL intron. These 

primers were designed by Tableret at al. in 1991 and they target a non-coding 

chloroplast DNA region (Figure 3). They were successfully utilized in previous studies to 

amplify the same region with plant species from a wide taxonomic range (Horres, et al. 

2000; Sperisen, et al. 2000; Brunner, et al. 2001).  

 

Figure 3. TrnL intron. Source: Taberlet, Gielly, et al. 1991. 
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Finally, the pair of primers psbA-trnH were used to amplify the region with the same 

name, that is one of the most variable intergenic spacers in plants (Shaw, et al. 2007). 

The region has been successfully amplified in a range of barcoding studies (for example,  

Bruni, et al. 2015; Gong, et al. 2016) (Figure 4). 

 

Figure 4. Example of the psbA-trnH region for tobacco. Source: Shaw, Lickey and Beck, et al. 

2005. 

1.4  Research goals and applications   

The current research project has been developed with the main objective of being 

applied to a real root identification system. The Forest Botanic department of the 

University of Freiburg offers a service of “Wurzelbestimmung” which in German means 

¨root -identification¨ (www.wurzelbestimmung.de).  

The trees in our streets and gardens contribute substantially to a healthy and optically 

attractive residential climate, but they can cause several disturbances. From the growing 

of roots into sewers, trees that are close to houses can lead to considerable technical 

problems, such as the blocking building´s drain-systems, that often can only be repaired 

through high financial expenditure.  

Due to the usual situation of different properties with different plantations in close 

vicinity, the correct identification of the tree whose roots are creating the problem, 

becomes essential. As a rule, the economic responsibility lies on the owner of the tree 

causing the damage.  When several trees grow near root blockages, the question arises: 

Which one of them is causing the problem? To answer that question, the unequivocal 

identification of the concerning tree is of capital importance.  

In the past, mainly two methods were applied for tree root identification in 

subterranean infrastructure damages:  

- The method of direction, according to which the damaging tree was identified if the 

direction of the roots points at it. This method might not be accurate due to the 
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numerous obstacles present in the soil and the mechanisms driving the growing 

direction of the roots of a tree. 

- The morphologic method, in which the external form and colour of the roots are used for 

identification. This method is not always conclusive since roots of different species of 

trees turn out to be often very similar. 

New and more reliable methods are available nowadays to allow a more certain 

identification. These methods are:  

- Microscopic determination.  Structural differences in wood and bark from roots are used 

as a criterion for identification. This procedure usually allows distinction to the level of 

genus, which might be enough in some cases. 

- Molecular determination. The identification is achieved studying the genetic information 

of the specimen. This is the most complicated but most reliable method, and therefore 

the more convenient, for example, for legal procedures.  

 

The present study focuses on the evaluation and assessment of the molecular 

identification methods applied. It aims to compare and optimize the terms and 

conditions for extraction of DNA from recalcitrant plant root material suitable for 

successful PCR and sequencing, in order to improve the results of the research carried 

out in the Forest Botany Laboratory of the University of Freiburg.  

To accomplish this goal, different extraction methods are conducted, and the yield and 

purity of DNA and subsequent sequencing success is assessed. While searching for 

improvement in the extraction success, several steps of the process are modified and 

results are analysed.  

The main questions that this research project aims to answer are:  

- Which extraction methods and what tissues  provide the best results of DNA yield 

and DNA purity of the recalcitrant root material utilized? 

- Which extraction method, tissue, and primers provide the highest amplification 

success? 

At the same time, other factors such as DNA degradation of the extracts stored in the 

freezer at -26°C, or influence of initial weight on DNA yield are studied.  
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2. Materials and methods 

 

In this chapter the collection of plant material, the different methods of extraction 

applied, the PCR amplification, the cleaning of DNA extracts from impurities and finally 

the sequencing and identification procedure are described.  

2.1 Collection of plant root material  

A set of different species was used for the tests that form this research. Due to the 

desirable future application of the study to the improvement of methods carried out in 

the laboratory of Forest Botanic of the University of Freiburg for identification of roots 

from unknown origin, commonly present tree species from Freiburg and its 

surroundings were used to the extent possible. As the process was meant to mimic the 

usual procedures in the “Wurzelbestimmung” identification system, the root material 

was collected as fresh as possible, stored inside of a plastic bag and then brought to the 

facilities of the department.  

Fresh roots from Acer campestre L., Plantanus x acerifolia, Aesculus hippocastanum L., 

Tilia platyphyllos Scop. and Paulownia tomentosa (Thunb.) Steud. were collected in the 

Forest Botanical Garden from the University of Freiburg in November 2015. Fresh roots 

from Juglans nigra L. were collected in the same location in January 2016. The Sambucus 

nigra L. material was collected in St. Peter, Germany in November 2015. The Juglans 

regia L., material was collected in France in November 2015, this material showed a 

pronounced state of dryness. The Sequoia sempervirens (D. Don) Endl. material was 

collected in the north of Germany in November 2015, the dryness of the roots was 

remarkable also in this case. Pictures of the root samples can be found in the Appendix.  

Preparation of samples 

Fresh root material was cleaned with sterile water from soil particles and 

possible fungal organisms, afterwards it was dried in a Christ Alpha 1-4 LD freeze dryer 
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(Christ, Osterode am Harz, Germany) under vacuum conditions at -60°C for 48 hours to 

ensure lyophilisation. 

First, the whole root was cut into smaller pieces using a hammer and a blade. Then, it 

was excised into smaller fragments (approx. 5 mm long) using different razor blades. To 

avoid contaminations, samples cut in fragments were stored at room temperature in a 

drying chamber Drykeeper (Sanplatec, Osaka, Japan) containing silica gel beads. The rest 

of the root material was kept in the freezer (Bosch, Gerlingen, Germany) at -26°C to 

allow future analysis. As plant tissue is very robust, the extraction procedure requires 

well-homogenized, powdered samples. The necessary amount of sample from each 

species and tissue of interest was grounded into fine powder. This homogenization 

procedure was the same for all extraction methods.  

2.2 DNA Extraction 

DNA extraction is a routine procedure to isolate DNA from the nucleus of cells. In 

this section, the different protocols carried out and evaluated during the research study 

are described in detail.  

2.2.1. NucleoSpin  

The Kit for genomic DNA extraction from plant material “Genomic DNA from 

plant NucleoSpin® Plant II Kit” (Macherey-Nagel, Düren, Germany) was used. It is a 

standard method largely used in the laboratory of the Forest Botanic Department. 

However, its efficiency for DNA extraction from root material is not optimal and is 

desirable to be increased. According to the manufacturer instruction manual, the 

method can yield up to an amount of 30 µg DNA from 20 mg of dry tissue or 100 mg of 

wet tissue. After homogenization of samples, the DNA is extracted with a lysis buffer 

containing chaotropic salts, denaturing agents and detergents. Crude lysates should then 

be cleared by centrifugation and filtration using the NucleoSpin Filters to remove 

polysaccharides, contaminations and residual cellular debris. The clear flow-through is 

mixed with binding buffer to allow optimal binding of DNA to the silica membrane. 

Contaminants are washed away using wash buffers. The genomic DNA is finally eluted 

with low salt elution buffer and is ready-to-use for subsequent reactions (Macherey-

Nagel 2014).   
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1. Prepare an amount of 20 mg dry plant material or 100 mg wet material and 

introduce it in a Lysing Matrix Tube A (MP Biomedicals, Santa Ana, California, 

USA). These 2 ml tubes contain a ceramic ball and granite splinters for 

pounding of the material. Homogenization takes place in the Fast Prep-24 

homogenizer (MP Biomedicals, Santa Ana, California, USA) through fast 

vertical and horizontal movements at a rate of 6.5 m/s during 1 minute. 

2. Transfer the powdered sample to a new tube and add 400 µl Buffer PL1 for 

cell lysis. Introduce the microtubes in the Fast Prep-24 Homogenizator for 1 

minute at 6.5 m/s. 

3. Incubate the samples for 60 minutes at 1000 rpm and 65°C using the 

incubator Bio Shake iQ (Analytic Jena AG, Jena, Germany). To allow pipetting 

of the DNA solution, samples are centrifuged in a mini Spin plus centrifuge 

(Eppendorf, Hamburg, Germany) for 5 minutes at 12.500 rpm. 

4. For clarification of the lysate, place a NucleoSpin Filter into a new 2 ml 

collection tube and load the lysate onto the column. Centrifuge for 2 minutes 

at 12500 rpm, collect the clear flow-through and discard the filter. If a pellet 

is visible in the flow-through, transfer the clear supernatant to a new 1.5 ml 

microcentrifuge tube.  

5. Adjust DNA binding conditions adding 450 µl Buffer PC. Mix thoroughly by 

pipetting up and down 5 times. 

6. For DNA binding, place a NucleoSpin Plant II Column into a new 2 ml 

collection tube and load a maximum of 700 µl of the sample. Centrifuge for 1 

minute at 12.500 rpm and discard the flow-through. 

7. Wash and dry silica membrane:  

First wash: Add 400 µl Buffer PW1 to the column. Centrifuge for 1 minute at 

12500 rpm and discard the flow-through.  

Second wash: Add 700 µl Buffer PW2 to the column. Centrifuge for 1 minute 

at 12500 rpm and discard the flow-through.  

Third wash: Add 200 µl Buffer PW2 to the column. Centrifuge for 2 minutes 

at 12500 rpm in order to remove wash buffer and dry the silica membrane 

completely. 
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8. Place the NucleoSpin Plant II Column into a new 1.5 ml microcentrifuge tube. 

Pipette 100 µl Elution Buffer (5 mM Tris/HCl, pH 8.5) heated to 65°C onto the 

membrane. Incubate the column for 15 minutes at 65°C. Centrifuge for 1 

minute at 12500 rpm to elute the DNA.  

NucleoSpin Variant I  

The Step 3 of the standard protocol was modified.   

- Incubation of the samples for 45 minutes at 1000 rpm and 65°C.  

- Samples are not centrifuged for 5 minutes at 12.500 rpm. 

NucleoSpin Variant II  

The Step 2 of the standard protocol was modified. Lysis Buffer PL2 and PL3 were used 

instead of Buffer PL1. Lysis Buffer PL2 is based in SDS and requires subsequent protein 

precipitation by potassium acetate (Buffer PL3).  

The step 2 was carried out as follows: 

- Transfer the powdered sample to a new tube and add 300 µl Buffer PL2. 

Carefully vortex the mixture with the Vortex Genie 2 (Scientific Industries, 

New York, USA).  

- Incubate the suspension for 10 minutes at 65°C.  

- Add 75 µl Buffer PL3, mix thoroughly and incubate for 5 minutes on ice to 

precipitate SDS completely.   

- Introduce the microtubes in the homogenizer for 1 minute at 6.5 m/s. 

 2.2.2 NucleoSpin Midi  

This method is based in the NucleoSpin® Plant II Midi Kit (Macherey-Nagel, 

Düren, Germany) and it increases considerably the amount of initial material in 

comparison with the other methods.  

1. Homogenize 200-400 mg dry weight plant material. 

2. Cell lysis: Add 1.7 ml Buffer PL1. Vortex the mixture. Incubate for 1 hour at 

65°C in the incubator Thermoblock (Biometra, Goettingen, Germany). 

Centrifuge the samples for 10 seconds in the Centrifuge 5702 (Eppendorf, 
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Hamburg, Germany), we used a different centrifuge for this protocol due to 

the larger size of the microtubes. 

3.  Filtration: Transfer the lysate to a NucleoSpin Filter Midi. Centrifuge for 10 

minutes at 3,000 g. Collect the clear flow-through and discard the filter. If a 

pellet is visible in the flow-through, transfer the supernatant to a new tube. 

4. Adjusting DNA binding conditions: Add 2.3 ml Buffer PC to the cleared lysate 

and mix immediately by vortexing for 30 seconds.  

5. Bind DNA: Load sample on a NucleoSpin Plant II Midi Column. Centrifuge for 

2 minutes at 3,000 g. Discard the flow-through.  

6. Washing:  

Add 1 ml Buffer PW1 to the column. Centrifuge for 2 minutes at 3,000 g and 

discard flow-through.  

Add 3 ml Buffer PW2 to the column. Centrifuge for 2 minutes at 3,000 g and 

discard flow-through.  

Add 1 ml Buffer PW2 to the column. Centrifuge for 10 minutes at 3,000 g in 

order to remove wash buffer and dry the silica membrane completely. 

7. Elution: Place the column into a new collection tube. Pipette 200 µl Buffer PE 

(heated at 65°C) onto the membrane. Incubate the column for 5 minutes at 

65°C. Centrifuge for 2 minutes at 3,000 g to elute the DNA.  

2.2.3 E.Z.N.A. 

The E.Z.N.A.® SP Plant DNA Kit provides a method for the isolation of cellular 

DNA from plant species containing high levels of phenolic compounds and 

polysaccharides. Purified DNA obtained using this system can be used directly for 

different applications such as PCR (OmegaBio-tek 2013). The protocol used is a 

modification of the one recommended by the manufacturer. The steps of the extraction 

protocol are described below:  

1. Prepare 20 mg dry plant material or 100 mg wet material and introduce it in 

a Lysing Matrix Tube A. Homogenization takes place in the Fast Prep-24 

homogenizer through fast vertical and horizontal movements at a rate of 6.5 

m/s during 1 minute. 
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2. Transfer the dry powdered tissue to a nuclease-free 1.5 ml microcentrifuge 

tube. Add 600 µl SP1 Buffer. Introduce the microtubes in the Fast Prep-24 

homogenizer for 1 minute at 6.5 m/s. 

3. Incubate in the BioShake iQ for 60 minutes at 1000 rpm and 65°C. 

Afterwards, centrifuge samples for 5 minutes at 12.500 rpm. 

4. Add 210 µl SP2 Buffer. Vortex to mix thoroughly. 

5. Let sit on ice for 5 minutes.  

6. Centrifuge in the mini Spin centrifuge for 10 minutes at 12.500 rpm. 

7. Insert a Homogenizer Column into a 2 ml collection Tube. Carefully transfer 

the supernatant to the column.  

8. Immediately centrifuge at 12500 rpm for 2 minutes. The Homogenizer 

Column will remove most remaining precipitates and cell debris, but a small 

amount may pass through and form a pellet in the collection tube.  

9. Transfer cleared lysate to a 1.5 ml microcentrifuge tube. Do not disturb or 

transfer any of the insoluble pellet. Measure the volume of the lysate.  

10. Add 1.5 volumes SP3 Buffer. Vortex immediately to obtain a homogenous 

mixture. A precipitate may form at this point, pipetting up and down 10-15 

times may break up the precipitates.  

11. Insert a HiBind DNA Mini Column into a 2 ml Collection Tube. Transfer 650 µl 

of sample to the column. Centrifuge at 12500 rpm for 1 minute. 

12. Discard filtrate and reuse the collection tube. 

13. Transfer the HiBind DNA Mini Column to a new Collection Tube.  

14. Add 650 µl SPW Wash Buffer and then centrifuge at 12500 rpm for 1 minute. 

Discard filtrate and reuse the collection tube. 

15. Repeat step 14 for a second SPW Wash Buffer wash step. 

16. Centrifuge the empty column at 12500 rpm for 2 minutes to dry it. 

17. Transfer the HiBind DNA Mini Column into a clean 1.5 ml microcentrifuge 

tube. 

18. Add 50 µl Elution Buffer heated to 65 °C. 

19. Let sit at room temperature for 5 minutes. Afterwards, centrifuge at 12500 

rpm for 1 minute. 

20. Repeat steps 18-19 for a second elution step.  

21. Store eluted DNA. 
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2.2.4 E.Z.N.A. Mini  

The E.Z.N.A.® HP Plant DNA Mini Kit is designed for extraction of DNA from plant 

tissue samples rich in polysaccharides or having a low DNA content. Up to 100 mg wet 

tissue or 50 mg dry tissue can be processed with this method. Samples are homogenized 

and lysed in a high salt buffer containing CTAB and extracted with chloroform to remove 

polysaccharides and other components that might interfere with DNA isolation. DNA is 

then purified using a HiBind DNA Mini Column. Salts, proteins and other contaminants 

are removed to yield DNA suitable for downstream applications (VWR, Omega Bio-Tek, 

2013). The extraction protocol was carried out following the manufacturer instructions:  

1. Prepare 50 mg dry plant material and introduce it in a Lysing Matrix Tube A 

for its homogenization at 6.5 m/s during 1 minute. 

2. Add 600 µl CPL Buffer. Vortex to mix.  

3. Add 10 µl 2-mercaptoethanol. Vortex to mix.  

4. Incubate at 65° for 30 minutes. 

5. Add 600 µl chloroform:isoamyl alcohol (24:1). Vortex to mix. 

6. Centrifuge at 12500 rpm for 10 minutes.  

7. Transfer 300 µl aqueous phase to a new microcentrifuge tube.  

8. Add 150 µl CXD Buffer and 300 µl 100% ethanol. Vortex to obtain a 

homogeneous mixture.  

9. Insert a HiBind DNA Mini Column into a 2 ml Collection Tube. Transfer the 

entire sample to the column.  

10. Centrifuge at 12500 rpm for 1 minute. Discard the filtrate and the collection 

tube. Transfer the column to a new 2 ml collection tube.  

11. Add 700 µl DNA Wash Buffer. Centrifuge at 12500 rpm for 1 minute. Discard 

the filtrate and reuse the Collection Tube. 

12. Repeat step 11 for a second wash step. 

13. Centrifuge the empty column at 12500 rpm for 2 minutes to dry the 

membrane. Transfer the column to a new 1.5 microcentrifuge tube.  

14. Add 100 µl Elution Buffer heated to 65°C. 

15. Centrifuge at 12500 rpm for 1 minute. 

16. Store eluted DNA.   
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2.2.5 CTAB I  

  The CTAB I extraction method is based on the one developed by Doyle and Doyle 

(1990), that has already been proved successful in a wide range of plants from either 

fresh or herbarium material (Doyle 1990). The protocol was later modified by Neves and 

Forrest with addition of polyvinylpolypyrrolidone (PVPP) that was used for the removal 

of secondary metabolites, particularly polyphenolic compounds (Neves and Forrest 

2011).  The protocol was carried out as explained below: 

1. Prepare 20 mg dry plant material and homogenize at 6.5 m/s for 1 minute. 

2. Add 1 ml of Extraction Buffer (2% CTAB, 1.4M NaCl, 20 mM EDTA, 100 mM 

Tris-HCl (pH 8.0), 0,2 % β-mercaptoethanol) preheated to 65°C, and a pinch 

of PVPP and mix contents gently.  

3. Incubate samples at 65°C for 1 hour.  

4. Leave samples at room temperature for 5 minutes. 

5. Add 700 µl of wet chloroform (24:1 chloroform/isoamyl alcohol) and mix 

gently to obtain a momentary single phase, using the BioShake iQ for 10 

minutes. Centrifuge for 10 minutes at 14000 rpm. 

6. The DNA is in the upper, aqueous phase while many proteins and compounds 

are in the lower (chloroform) phase. Transfer supernatant to a new tube.   

7. Repeat the chloroform wash step by adding 700 µl of “wet chloroform” to the 

recovered aqueous phase.  

8. Repeat steps 4-5. Little or no debris should be seen. 

9. Transfer aqueous supernatant to a new tube and add 500 µl of cold 

isopropanol at -20°C. Place tubes in a freezer (-26°C) for 2 hours. This is the 

DNA precipitation stage. DNA precipitation occurs most effectively in a high 

salt concentration, this salt should already be present in the supernatant.  

10. Centrifuge at 14000 rpm for 10 minutes to pellet DNA.  

 

� Samples with visible pellet  

11. Remove and discard all supernatant. DNA should be visible as a pellet.  

12. Add 1 ml wash buffer (76% ethanol, 10 mM ammonium acetate). Leave tubes 

in the refrigerator (4°C) for 24 hours. The wash buffer removes salts that co-

precipitated with the DNA.  
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13. Centrifuge at 14000 rpm for 30 seconds. Remove the supernatant and leave 

tubes to dry for 1 hour at 30°C.  

14. Re-suspend DNA in 200 µl TE Buffer (10 mM Tris-HCl (pH 7.4), 1 mM EDTA).  

15. Store DNA extracts. 

 

� Samples with no pellet visible  

11. Keep samples in the freezer overnight. 

12. Centrifuge for 1 minute. 

13. Use the microscope Leica EZ4HD (Leica, Wetzlar, Germany) to verify pellet 

formation. 

14. Place samples in the freezer (-26°C) for 30 minutes. 

15. Centrifuge for 30 seconds. 

16. Remove and discard all supernatant. 

17. Add 1 ml wash buffer. Leave tubes in the refrigerator (at 4°C) for 3 hours.  

18. Centrifuge at 14000 rpm for 30 seconds. Remove the supernatant and leave 

tubes to dry for 1 hour at 30°C.  

19. Re-suspend DNA in 200 µl TE Buffer.  

20. Store DNA extracts. 

2.2.6 CTAB II  

  This CTAB extraction method is based on the protocol created by Chang in 1993, 

that was originally developed for RNA extraction from pine needles and is particularly 

effective for extractions from recalcitrant materials (Chang, Puryear and Cairney 1993). 

Later, Brunner et al. introduced modifications to the extraction buffer to extract DNA 

from fine roots. (Brunner, et al. 2001). Details of the protocol are shown below:  

1. Prepare 20 mg dry plant material and homogenize at 6.5 m/s during 1 

minute. 

2. Add 650 µl of extraction Buffer (2% CTAB, 2M NaCl, 25 mM EDTA, 100 mM 

Tris-HCl (pH 8.0), 500 mg/l Lspermidine,  2% PVP K30, 1% PVPP, 2% β-

mercaptoethanol). 

3. Incubate for 30 minutes at 65° in a shaking water bath. 

4. Add 650 µl of chloroform/isoamylalcohol (24:1).  

5. Shake for 10 minutes at 450 rpm. 
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6. Mix thoroughly the extract and centrifuge for 10 minutes at 12500 rpm. 

7. Carefully transfer the aqueous phase to a new tube. 

8. Add 650 µl of chloroform/isoamylalcohol (24:1).  

9. Shake the samples for 10 minutes at 450 rpm. 

10. Mix thoroughly the extract and centrifuge for 10 minutes at 12500 rpm. 

11. Keep samples in the freezer for 5 minutes. 

12. Add 1.5 volumes of isopropanol for DNA precipitation. 

13. Store the mixture overnight at -26°C. 

14. Centrifuge the samples for 1 minute and then keep them 3 minutes in the 

freezer. Repeat this step 3 times. 

15. Wash with 70% chilled ethanol, keep the samples 1 hour at 4°C. 

16. After a short spin, remove the supernatant and leave tubes to dry for 1 hour 

at 30°C. 

17. Dissolve DNA in 150 µl TE Buffer (10 mM Tris-HCl (pH 8.4), 1 mM EDTA) by 

5 minutes incubation at 65°C.  

18. Store eluted DNA. 

 

2.3 Determination of DNA concentration and purity 

  Measurements of nucleic acids in the UV/Vis spectral range are used for DNA 

quantification. In this study, the NanoPhotometer® (Implen, München, Germany) was 

used on that matter. For the determination of the DNA concentration in solution, the 

absorbance at wavelength 260 nm (A260) is used. The function describing the 

concentration to absorbance relation is the Lambert-Beer Law:     A = ɛ * c * d 

The absorbance (A) is the product of the substance specific extinction coefficient (ɛ), the 

concentration of the absorbing sample (c) and the optical pathlength in cm (d).  

The measurement at 260 nm speaks to the quantity of DNA. There are other organic 

components such as proteins, carbohydrates, certain salts or aromatic compounds 

which absorb in this UV-range, similarly to nucleic acids, because of that additional 

measurements at 230 nm (detection of organic substances) and 280 nm (detection of 

proteins and phenols) will yield a more accurate estimation with respect to sample 

quality. The ratios of the absorbance values at the wavelengths 260 nm/280 nm and 260 



Materials and methods 

23 

 

nm/230 nm, provide a clear picture of a nucleic acid sample. The values A260/A280 = 1.8-

2.0 tipically represent a pure DNA sample.  If the absorbance ratio is significantly less, 

the nucleic acid could be contaminated with proteins.  

 2.4 PCR Amplification 

  For the PCR mixture, 5 µl of the forward primer, 5 µl of the reverse primer, 10 µl 

of DNA extract (with a concentration of 20 ng/ µl) and 20 µl of KAPA Taq Extra HotStart 

ReadyMix PCR Kit (KAPA Biosystems, Wilmington, USA) were pipetted in a PCR 

microtubes chain (Eppendorf, Hamburg, Germany) and then shortly mixed with the 

vortex. KAPA Taq Extra HotStart ReadyMix PCR Kit contains: KAPA Taq Extra HotStart 

DNA Polymerase, KAPA Taq Extra Buffer, dNTPs, MgCl2 and stabilizers. KAPA Taq DNA 

Polymerase is based on the single-subunit, wild-type Taq DNA polymerase of the 

thermophilic bacterium Thermus aquaticus. The KAPA Taq is combined with a 

proprietary antibody that inactivates the enzyme until the first denaturation step, 

eliminating spurious amplification products and increasing reaction efficiency and 

sensitivity.  

The DNA present in the 40 µl PCR product is then amplified in a thermocycler. For the 

purpose of this research, two different thermocyclers were used according to 

availability: Speedcycler Thermocycler (Analytic Jena AG, Jena, Germany) and Tpersonal 

Thermocycler (Biometra, Göttingen, Germany). The same PCR programs were installed 

in both machines. Details about the programs can be found below. 

 

Table 1. PCR program for  the pair of primers psbA-trnH (Kress and Erickson 2007). 

Primer Amplification step Temperature Time Number of cycles 

psbA-trnH Initial denaturation 94°C 3 minutes 1 

Denaturation 94°C 30 sec  

35 Annealing 53°C 40 sec 

Extension 72°C 40 sec 

Final extension 72°C 5 minutes 1 
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Table 2. PCR program for the pair of primers PF-PR (Taberlet, Gielly, et al. 1991). 

Primer Amplification step Temperature Time Number of cycles 

PF-PR Initial denaturation 94°C 3 minutes 1 

Denaturation 94°C 1 minutes  

35 Annealing 60°C 1 minutes 

Extension 72°C 2 minutes 

Final extension 72°C 10 minutes 1 

 

Table 3. PCR program for the pair of primers ITS1-ITS4 (White, et al. 1990). 

Primer Amplification step Temperature Time Number of cycles 

ITS1-ITS4 Initial denaturation 94°C 3 minutes 1 

Denaturation 94°C 1 minutes  

35 Annealing 55°C 1 minutes 

Extension 72°C 2 minutes 

Final extension 72°C 7 minutes 1 

 

Table 4. PCR program or the pair of primers ITS5-ITS4 (White, et al. 1990). 

Primer Amplification step Temperature Time Number of cycles 

ITS5-ITS4 Initial denaturation 94°C 3 minutes 1 

Denaturation 94°C 1 minutes  

35 Annealing 48°C 1 minutes 

Extension 72°C 2 minutes 

Final extension 72°C 7 minutes 1 

 

Table 5. Primers and primer sequences used.  

Primer Primer sequence  Reference 

psbA 5'-GTT ATG CAT GAA CGT AAT GCT C -3' Kress 2007 

trnH 5'- CGC GCA TGG TGG ATT CAC AAT CC -3' Kress 2007 

PF 5'- CGA AAT CGG TAG ACG CTA CG -3' Tableret at al. 1991  

PR 5'- GGG GAT AGA GGG ACT TGA AC -3' Tableret at al. 1991  

ITS1 5'-TCC GTA GGT GAA CCT GCG G -3' White et al. 1990  

ITS4 5'-TCC TCC GCT TAT TGA TAT GC -3' White et al. 1990  

ITS5 5'- GGA AGT AAA AGT CGT AAC AAG G -3' White et al. 1990  
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Different regions were targeted for the amplification:  

• psbA-trnH intergenic spacer region. For its amplification psbA was used as 

the forward primer while trnH was the reverse primer.  

•  trnL (UAA) intron. This non-coding chloroplast DNA region has been 

described as excellent tool for phyolgenetic studies of plants (Fangan et al., 1994). For 

the amplification of the trnL region, PF and PR were used as forward and reverse primer 

respectively. 

• Internal Transcribed Spacer (ITS). The region of the 18S–5.8S–26S nuclear 

ribosomal cistron is one of the most popular sequences for phylogenetic inference at the 

generic and infrageneric levels in plants. For the amplification of the ITS region two 

different pairs of primers were used: ITS1-ITS4 and ITS5-ITS4. ITS1 and ITS5 are 

forward primers while ITS4 is the reverse primer.  

2.5 Gel Electrophoresis 

PCR products are run on an agarose gel for verification of PCR reaction success, 

as well as for rough quantification and estimation of length of the DNA molecules. Two 

types of 2% agarose gels were used during the experiments and prepared as described:   

- Gel for electrophoresis chamber of 18 wells Whatman (Biometra, Göttingen, 

Germany): 1,2 g Agarose NEEO Ultra-Qualität (ROTH, Karlsruhe, Germany), 60 ml of 

Rotiphorese® 10x TAE-Buffer (ROTH, Karlsruhe, Germany), 3,5 µl Reagent Roti®-

GelStain (ROTH, Karlsruhe, Germany). 

- Gel for electrophoresis chamber of 40 wells Agagel Midi-Wide (Biometra, Göttingen, 

Germany): 2,4 g Agarose NEEO Ultra-Qualität, 120 ml of Rotiphorese® 10x TAE-

Buffer, 7 µl Reagent Roti®-GelStain. 

Agarose and TAE Buffer were mixed and heated. Afterwards, the reagent Roti-

GelStain was added to the mixture, it is a fluorescent staining reagent for the detection of 

nucleic acids in agarose gels. When bound to nucleic acids, emits a brightly green 

fluorescence that may be documented by standard ethidium bromide photo filters 

(ROTH, 2012). The gel was placed in the electrophoresis chamber and after cooling 

down covered with TAE Buffer. 10 µl of PCR product were pipetted inside of the wells, 

10 µl of Marker 100- bp Ladder (Sigma-Aldrich, Münich, Germany) were pipetted inside 

the first and last well. The marker forms different bands according to the number of 
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base pairs, thus enabling future determination of DNA fragment length on the PCR 

products by comparison under UV light.  

Connect to power supply and run at constant voltage (85 V) in the Standard Power Pack 

P25 (Biometra, Göttingen, Germany). The DNA fragments start moving through the 

pores of the gel, which separates them according to their size.  

After one hour, the length of the fragments is assessed visualizing the gel under UV light 

with the Transilluminator TI1 (Biometra, Göttingen, Germany), the camera Axiocam 105 

color (ZEISS, Oberkochen, Germany), and the software ZEN lite 2012© Carl Zeiss 

Microscopy GmbH, 2011 (ZEISS, Oberkochen, Germany).  

2.6 Cleaning up PCR products 

When the band signal visualized under UV light is considered to be intense 

enough, samples are selected for a potential sequencing. For that purpose, PCR products 

are cleaned by means of NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel).  

The protocol of cleaning was carried out as follows:  

1. Adjust DNA binding condition. Adjust the sample volume to 100 µl with 

water. Mix 1 volume of sample with 2 volumes of Buffer NTI.  

2. Bind DNA. Place a NucleoSpin Gel and PCR Clean-up Column into a collection 

tube and load up to 700 µl sample. Centrifuge for 30 s at 12500 rpm. Discard 

flow-through and place the column back into the collection tube.  

3. Wash silica membrane. Add 700 µl Buffer NT3 to the NucleoSpin® Gel and 

PCR Clean-up Columns. Centrifuge for 30 s at 12500 rpm. Discard flow-

through and place the column back into the collection tube.  

4. Dry silica membrane. Centrifuge for 1 minute at 12500 rpm to remove Buffer 

NT3 completely. Total removal of ethanol can be achieved by incubating the 

columns for 2-5 minutes at 70° prior to elution.  

5. Elute DNA. Place the NucleoSpin Gel and PCR Clean-up Column into a new 1.5 

ml microcentrifuge tube. Add 30 µl Buffer NE and incubate at room 

temperature for 1 minute. Centrifuge for 1 minute at 12500 rpm.  
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After cleaning the samples, DNA concentration is assessed using the Nanophotometer. If 

the results of the amount and the quality of DNA are satisfactory, samples are 

sequenced.  

2.7 Sequencing 

The selected samples were sent for sequencing to the external laboratory 

SEQLAB GmBH (Göttingen, Germany). Using the Sanger sequencing, the PCR products 

were sequenced to a maximum length of 1000 base pairs. The name of the service is 

Extended HotShot Sequencing Reaction. 

2.8 Identification 

The sequences obtained were analysed with the software Chromas Version 2.4.4 

© 1998-2016 Technelysium Pty Ltd. The sequence of base pairs was introduced to the 

program and displayed as a chromatogram. In this way, the quality and intensity of the 

signal can be observed.  Low peaks, no sequenced bases and background noise are 

indicators of poor results.  

For identification we used the open access database GenBank from NCBI (National 

Center for Biotechnology Information) and the algorithm BLAST (Basic Local Alignment 

Search Tool). BLAST allows comparison of a query genetic sequence with the database, 

and identifies library sequences that resemble the query sequence. Additionally, Clustal 

X  Version 2.1 software was used to visualize the alignments of the different sequences. 

2.9 Statistical analysis 

Data is expressed as mean ± standard error and evaluated by analysis of variance 

(ANOVA) in the case of DNA extraction comparisons and by Pearson’s Chi-squared tests 

in the case of PCR and Identification success. The statistical software R, Version 

0.98.1083 ©2009-2014 RStudio, Inc was used for the analysis. Significance level for the 

analysis was p<0.05. 
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3. Results  

In this chapter the experimental results of the different tests carried out  are 

presented. The final purpose of the study is designing an efficient strategy for species 

identification, from the extraction step to the amplification and sequencing. The study 

consists on a real-time analysis that aims to imitate all the steps of the real process of 

identification as they are usually performed in the laboratory. The parameters 

compared along the study are the DNA extraction methods, the tissues, the species 

and the primers used for the sequencing. 

3.1. DNA extraction 

Firstly, an initial screening part is presented, in which different commercial 

extraction methods were tested to compare their performance with the NucleoSpin 

method, which is the most commonly used in the facilities of the department. 

Following that part, a comparative study of 3 different extraction methods is 

presented (NucleoSpin, CTAB I and CTAB II).  

3.1.1 Initial screening 

The goal of this part of the study was to compare the DNA yield and DNA 

purity of the commercial Kits available in the laboratory (Table 6). In order to achieve 

it, we performed DNA extractions with four different silica-based methods: E.Z.N.A. , 

E.Z.N.A. mini, NucleoSpin Midi and NucleoSpin Variant I with the NucleoSpin in pairs.  

 

Table 6. DNA yield (ng) according to the manufacturer and DNA yield (ng) obtained. 

Kit 
DNA yield (ng) according to 

manufacturer 

DNA yield (ng) 

obtained in the 

study 

NucleoSpin 1000 - 30000  4517.80  

NucleoSpin Midi 10000 - 100000  2679.39  

E.Z.N.A. 5000 - 50000  4567.29  

E.Z.N.A. mini 10000 - 50000  796.42  

 



 Results 

29 

 

Case I: Comparison E.Z.N.A and NucleoSpin 

As shown in Figure 5,  the average DNA yield results were 186.42±79.38 

ng/mg in the case of E.Z.N.A. and 184.40±58.98 ng/mg in the case of NucleoSpin 

(p=0.984). The average DNA purity results were 1.57±0.22 for E.Z.N.A. and 1.88±0.11 

for NucleoSpin (p=0.257). 

 

Figure 5. Average DNA yield (a) and Average DNA purity (b) according to the extraction 

methods EZ  and NS. Species tested = Juglans regia. Tissue = Bark (n=1) and Wood (n=3). 

Number of samples compared = 4. 

 

Case II: Comparison E.Z.N.A mini and NucleoSpin 

From Figure 6 it can be seen that the average DNA yield results were 

15.54±3.91 ng/mg for E.Z.N.A.mini and 126.09±82.89 ng/mg in the case of 

NucleoSpin (p=0.231). The average DNA purity results were 1.70±0.12 for E.Z.N.A. 

mini and 1.60±0.04 for NucleoSpin (p=0.465). 

 

Figure 6. Average DNA yield (a) and Average DNA purity (b) according to the extraction 

methods EZm (E.Z.N.A mini) and NS (NucleoSpin). Species tested = Sequoia sempervirens 

(n=4). Tissue = Bark (n=2) and Wood (n=2). Number of samples compared= 4. 
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Case III: Comparison NucleoSpinMidi and NucleoSpin 

The average DNA yield results were: 12.31±3.91 ng/mg in the case of 

NucleoSpinMidi and 37.09±9.73 ng/mg for NucleoSpin (p=0.077), as depicted in 

Figure 7. The average DNA purity results were 1.38±0.03 for NucleoSpinMidi and 

1.67±0.18 for NucleoSpin (p=0.198). 

 

Figure 7. Average DNA yield (a) and Average DNA purity (b) according to the extraction 

methods NSM (NucleoSpin Midi) and NS (NucleoSpin). Species tested = Acer campestre (n=1), 

Platanus x acerifolia (n=1) and Tilia platyphyllos (n=1). Tissue = Wood. Number of samples 

compared = 3. 

 

Case IV: Comparison NucleoSpin Variant I and NucleoSpin 

Figure 8 illustrates that the average DNA yield results were 207.32±111.00 

ng/mg in the case of NucleoSpin Variant I and 1119.05±397.99 ng/mg in the case of 

NucleoSpin (p=0.092). The average DNA purity results were 2.03±0.04 for 

NucleoSpin Variant I and 2.03±0.01 for NucleoSpin (p=0.985).

 

Figure 8. Average DNA yield (a) and Average DNA purity (b) according to the extraction 

methods NSV (NucleoSpin VariantI) and NS (NucleoSpin). Species tested = Juglans nigra 

(n=1) and Sambucus nigra (n=2). Tissue = Wood. Number of samples compared = 3. 
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3.1.2 Comparative study  

A comparison was performed in order to test if a traditional CTAB-based 

method could provide better results than the commercial kit-based protocol that 

obtained the most promising results in the initial screening, which was the 

NucleoSpin method. This section comprises the results of the DNA extractions in 

terms of DNA yield and DNA purity, according to the extraction method (NucleoSpin, 

CTAB I and CTAB II), the tissue (bark and wood) and the species (Acer campestre, 

Aesculus hippocastanum, Juglans regia, Sequoia sempervirens, Platanus x acerifolia, 

Tilia platyphyllos, Paulownia tomentosa). 

DNA yield and DNA purity by extraction method 

Extraction effectiveness by method is presented in Figure 9:  DNA yield values 

were 179.47±60.29 ng/mg for NucleoSpin, 716.59±231.19 ng/mg for CTAB I and 

541.52±130.17 ng/mg for CTAB II (p=0.0593). Regarding purity, CTAB I obtained an 

average of 1.91±0.10 while CTAB II and NucleoSpin 1.63±0.13 and 1.69±0.08  

respectively (p=0.18). 

 

Figure 9. Average DNA yield (a) and Average DNA purity (b) according to the extraction 

methods  NS (NucleoSpin), CTAB I and CTAB II. 
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DNA yield and DNA purity by tissue 

In this section the results of the extraction according to the two tissues (bark 

and wood from root samples) that were sampled from each species are presented. As 

shown in Figure 10, the average DNA yield was 561.53±160.58 ng/mg in the case of 

bark tissue and 396.87± 103.04 ng/mg in the case of wood (p= 0.393). In the figure 

also can be seen that average purity values were higher for wood 1.77±0.08 than for 

bark 1.72±0.10 (p=0.69).  

 

Figure 10. Average DNA yield (a) and Average DNA purity (b) according to the tissue used in 

the extraction, Wood or Bark.  

DNA yield and DNA purity by species 

In the following paragraphs, the results of the extraction by the 7 species used 

(Acer campestre, Aesculus hippocastanum, Juglans regia, Sequoia sempervirens, 

Platanus x acerifolia, Tilia platyphyllos, Paulownia tomentosa) are presented.  

The statistical analysis showed that species have an influence on DNA yield 

(p=0.022). In figure 11 results are depicted. Juglans regia yielded the highest amount 

of DNA, an average of 1317.72± 500.31 ng/mg, the second best species was Acer 

campestre, which yielded 485.77±169.35 ng/mg. Aeusculus Hippocastanum, 

Paulownia tomentosa and and Tilia platyphyllos yielded 385.12±125.22 ng/mg, 

334.79±149.87 ng/mg and 306.57±140.00 ng/mg respectively. Sequoia sempervirens 

was the species yielding the lowest amount of DNA. 261.38±59.57 ng/mg. Average 

values were nearly the same for Platanus x acerifolia 263.05± 86.55 ng/mg.  
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Average purity or A260/A280 absorbance ratios are on the range of expected values for 

a pure DNA sample for almost all species(p=0.00681): 1.85±0.10 for Acer campestre, 

1.89±0.04 for Aesculus Hippocastanum, 1.88±0.20 for Paulownia tomentosa, 1.99±0.16 

for Tilia platyphyllos and 1.79±0.08 for Platanus x acerifolia. Average purity values 

were not satisfactory for Sequoia sempervirens (1.62±0.05) and for Juglans regia 

(1.19±0.24).  

 

Figure 11. Average DNA yield (a) and Average DNA purity (b) according to the species. 

3.1.3 Testing effects of weight of sample on DNA yield 

After conducting DNA extractions from different amounts of initial sample, the 

possible influence of initial weight on DNA yield was tested. According to our data the 

amount of DNA yielded was lower when initial weight of sample was increased, as it 

can be seen in Figure 12. 
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Figure 12. Influence of weight of sample on DNA yield. Relation of DNA yield (ng/mg) and 

weight of sample(mg)(a) and DNA yield according to the extraction method (ng/mg) per 

weight of sample (mg) (b). 

3.1.4 Testing the effect of number of freeze-thaw cycles on 

DNA concentration 

DNA concentration decreased after thawing samples frozen at -26°C. As 

illustrated in Figure 13, the number of freeze-thaw cycles had an effect on DNA 

concentration (p= 0.0495). The average DNA concentration was 36.93±4.87 initially 

(0 cycles), 20.71±4.51 after 1 cycle, 21.64±4.12 after 2 cycles and 19.71±5.21 after 3 

cycles. DNA concentration strongly decreased after the first cycle of freezing-thawing 

with the exception of Juglans regia. 
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Figure 13. DNA concentration per number of freeze-thaw cycles (a) and DNA concentration 

per species (b). Extraction method: NucleoSpin Variant II. Species: Acer campestre, Aesculus 

hippocastanum, Juglans regia, Sequoia sempervirens, Platanus x acerifolia, Tilia platyphyllos, 

Paulownia tomentosa. Number of samples: 7 (n=1 per species). Number of freeze-thaw cycles 

tested: 0 to 3. 

3.2. Amplification 

This section compiles the results of the PCR amplification of the DNA extracts. 

PCR reaction was performed with all the extracts obtained from the 3 extraction 

methods of the comparative study (NucleoSpin, CTAB I, CTAB II). DNA extracts were 

attempted to amplify with 4 primers targeting different genomic regions (ITS5-ITS4, 

ITS1-ITS4, psbA-trnH, PF-PR). Results of PCR success related to extraction method, 

tissue, primers and species are presented. Overall amplification success was 7.7%.  
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As shown in Figure 14, the highest PCR success was obtained for the NucleoSpin 

method (X-squared= 13,1732, df=2, p-value= 0,001379), wood tissue (X-squared= 

6,7533, df=1, p-value= 0,09357), the pair of primers ITS5-ITS4 (X-squared=12,9231, 

df=3, p-value= 0,004806) and the species Acer campestre (X-squared= 15, 6744, df=6, 

p-value= 0,01561). 

 

Figure 14. % PCR success by extraction method (a), tissue (b), pair of primers(c) and species 

(d). Extraction methods: NucleoSpin (n=56), CTAB I (n=56), CTAB II (n=56). Tissues: Bark 

(n= 84), Wood (n=84). Pairs of primers: ITS1-ITS4 (n=42), ITS5-ITS4 (n=42), psbA-trnH 

(n=42), PF-PR (n=42). Species: Acer campestre (n=24), Aesculus hippocastanum (n=24), 

Juglans regia (n=24), Paulownia tomentosa (n=24), Platanus x acerifolia (n=24), Sequoia 

sempervirens (n=24), Tilia platyphyllos (n=24). 
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3.2.1 Gel electrophoresis results  

PCR products were run on 2% agarose gel for verification of PCR reaction 

success, as well as for rough quantification and estimation of length of the DNA 

molecules. Pictures from the gel electrophoresis are shown to visualize the PCR 

results obtained with the extracts from the different methods (Figure 15, 16 and 17). 

In order to test the efficiency of the different primers (ITS5-ITS4, ITS1-ITS4, psbA-

trnH, PF-PR) PCR products were run in groups according to extraction method and 

primer used. The fluorescent staining reagent Roti®-GelStain was used for the 

detection of nucleic acids in the agarose gels. When bound to nucleic acids, the 

reagent emits a brightly green fluorescence that may be documented by standard 

ethidium bromide photo filters. As an attempt to reduce expenses, 1% agarose gels 

were prepared. Due to their consistency they were more difficult to handle and more 

fragile, therefore 2% agarose gels were selected to be the more suitable option for the 

research study.  

 

Figure 15. Gel electrophoresis results for PCR products from DNA extracted with NucleoSpin.  
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Figure 16. Gel electrophoresis results for PCR products from DNA extracted with CTAB I. 

 

Figure 17. Gel electrophoresis results for PCR products from DNA extracted with CTAB II. 
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3.3. Cleaning, Sequencing and Identification 

After PCR amplification, the samples that showed enough band intensity in the gel 

electrophoresis were selected to be cleaned-up and sent to sequencing. Due to the 

low PCR success, the amount of samples finally sequenced was scarce considering the 

number initially used in the amplification. As depicted in Figure 18, the highest rate of 

identification success was obtained for the NucleoSpin extraction method (X-

squared=0.012, df=1, p-value= 0.9126), wood tissue (X-squared=0.4104, df=1, p-

value= 0.5218) and the pair of primers ITS5-ITS4 (X-squared=4.1979, df= 2, p-value= 

0.1226). The rate of identification success was 100% for Paulownia tomentosa, 

Platanus x acerifolia and Tilia platyphyllos, whereas Acer campestre and Aesculus 

Hippocastanum obtained 66.7% and 33.3 % respectively (X-squared=3.6111, df=4, p-

value= 0.4612).  

 

Figure 18. % Identification success by extraction method (a), tissue (b), pair of primers(c) 

and species (d). Extraction methods tested: NucleoSpin (n=10), CTAB I (n=3). Tissues tested: 

Bark (n=2), Wood (n=11). Species tested: Acer campestre (n=6), Aesculus hippocastanum 

(n=3), Paulownia tomentosa (n=1), Platanus x acerifolia (n=1), Tilia platyphyllos (n=2). Pairs 

of primers tested: ITS5-ITS4 (n=8), psbA-trnH (n=1), PF-PR (region trnL)(n=4). 
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The results of the sequencing were displayed with the software Chromas (Figure 19) 

and then contrasted with the database GenBank (Figure 20). The aligments from our 

sequences with the database sequences were visualized with ClustalX (Figure 21).  

 

Figure 19. Example of chromatogram sequence produced with the software Chromas. 

Species: Tillia platyphyllos. Tissue: wood. Region: ITS.  

 

 

Figure 20. Best match from BLAST NBCI. Alignment shows our sequence (Query) contrasted 

with the database (Sbjct). Species: Acer campestre .Tissue: Bark. Region: ITS. 
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Figure 21. Alignment obtained from the software ClustalX2. Species: Acer campestre. Tissue: 

bark. Region: ITS.  
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4. Discussion 

The purpose of the present study was to compare and optimize different 

parameters of the extraction of DNA from recalcitrant plant root material suitable for 

successful PCR and sequencing to improve the results of the research carried out in the 

Forest Botany Laboratory. In order to achieve this goal, DNA extractions with different 

methods were conducted, and the yield and purity of DNA and subsequent identification 

success was assessed. The study consisted in a real-time analysis in the laboratory, 

according to the availability of samples and machinery. Techniques used were meant to 

mimic the process of identification in the facilities of the Forest Botanic Department of 

the University of Freiburg.  

Root research is a relative new field of study and unfortunately only few 

publications especifically concerning DNA extractions from woody root material can be 

found.    

Genetic material 

In the process of improving the identification methods, we paid great attention to 

the extraction protocols, since earlier studies have shown that DNA extraction plays a 

key role in the molecular identification of tree roots (Bobowski, et al. 1999; Linder, et al. 

2000).  

Firstly, we wanted to test the efficiency of different commercial kits. According to our 

results, NucleoSpin was the silica membrane based method that provided the best DNA 

in terms of average DNA yield and DNA purity, being superior to E.Z.N.A., E.Z.N.A. mini, 

NucleoSpin Midi and NucleoSpin Variant I. It proved to be the commercial protocol more 

adjusted to the manufacturer’s expected DNA yield and purity.  

When comparing E.Z.N.A. and NucleoSpin, the same average amount of initial tissue was 

used for the DNA extraction (20 mg). Also the same amount of elution buffer was used 

(100 µl), but in the case of E.Z.N.A it was added in 2 elution steps of 50 µl each. 

Increasing the elution volume reduces the concentration of the final product, and each 

elution step will typically yield of 60-70% of the DNA bound to the column. Thus, two 

elutions will generally yield approximately 90% of the DNA (OmegaBio-tek 2013). 
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However, differences in the elution step didn’t have a significant effect on final DNA 

yield. We concluded that both extraction methods yield nearly the same average amount 

of DNA, although DNA purity is higher for the NucleoSpin method.   

The same initial amounts of sample were also used for the comparison between 

NucleoSpin Variant I and NucleoSpin (20 mg). It was observed that longer incubation 

times (60 minutes in the NucleoSpin and 45 in the Variant I) and centrifugation (5 

minutes in the NucleoSpin and no centrifugation in the Variant I) after cell lysis provided 

four times higher DNA yields for the NucleoSpin method. DNA purity was not affected by 

these modifications. 

For the comparison between E.Z.N.A. mini and NucleoSpinMidi with NucleoSpin, 

following the manufacturer instructions the average amount of initial material was 50 

mg for E.Z.N.A. mini, 270 mg for NucleoSpinMidi, and 20 mg for NucleoSpin. It was 

expected that higher amounts of initial material will augment the DNA yield due to a 

greater amount of cells disrupted and processed. However, the DNA yield was 

significantly lower when initial weight of sample was increased. The finding was quite 

unexpected and suggests that manufacturer’s expectations should be carefully regarded.   

Incomplete disruption of starting material or saturation of the filters or columns due to 

higher amounts of sample could be the cause of the lowest yield. Also, cell lysis might be 

insufficient since it was observed that increasing amounts of material soak up too much 

lysis buffer. We concluded that kit manufacturer’s expectations on DNA extraction 

protocols were higher than the results, with NucleoSpin being the case that better 

adjusted to the expected outcomes. However, modifications in the protocols could 

improve DNA yields. Due to the low number of samples used, p-values were >0.05 in the 

initial screening. 

In the second part of the study we compared the methods NucleoSpin, CTAB I, and CTAB 

II. The results reveal a substantial higher DNA yield for the CTAB I and II methods in 

comparison with the NucleoSpin, as already occurred in the comparative study by 

Zetzsche, et al. (2008). CTAB I method yielded the highest amount of DNA, sligthly more 

than CTAB II and three times more than NucleoSpin. Our results are in line with 

previous studies that already showed a strong influence of extraction method on DNA 

yield and DNA purity (Kumar, et al. 2013). Regarding DNA purity, CTAB I was also the 
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method providing the most promising DNA for downstream applications (such as PCR 

and sequencing).  

In plant DNA extractions, problems with yield and purity are due mainly to the oxidation 

of phenolic compounds, which can bind irreversibly to nucleic acids and coprecipitate 

with them (Katterman and Shattuck 1983; Schneiderbauer, et al.  1991). Polyphenols are 

common in many plant tissues and can deactivate proteins if not removed, and therefore 

inhibit many downstream reactions. Numerous techniques for the isolation of genomic 

DNA from recalcitrant plant sources in an effort to reduce inhibitory action of phenolics 

or polysaccharides that interfere with PCR make use of reagents such as PVP and PVPP 

or elaborate conditions of DNA isolation preventing chemical reactions of DNA with 

oxidized phenolics by reducing agents (Bahnweg, et al. 1998). PVP 

(Polyvinylpyrrolidone) is a water-soluble polymer that is exceptionally good at 

absorbing polyphenols during DNA purification. PVPP (Polyvinylpolypyrrolidone) is a 

highly cross-linked modification of PVP making it insoluble in water, it is used as 

a fining to extract impurities and remove polyphenols, it forms bonds similar 

to peptidic in proteins, and therefore it can precipitate tannins. PVPP was used in both 

CTAB I and II methods and PVP K30 was added just in CTAB II. However, DNA purity 

results were better for the CTAB I method, in which PVP was absent. PCR success was 

very low for CTAB I and interestingly, it was non-existent in the case of CTAB II despite 

their very similar methodology. An improvement on the DNA extraction was expected 

using PVP but as already happened in the study by Healey in 2014, the addition of PVP 

alone to an established CTAB method did not translate to a more effective DNA 

extraction protocol. Previous studies showed a great efficiency on the addition of PVP to 

increase the amplification success if inhibitory substances are present (Rachmayanti, et 

al. 2009). Our results are in good agreement with other studies which have shown that 

DNA yields are highly dependent on the species used (Kumar, et al. 2013; Randall, et al. 

2014), and therefore modifications in extraction protocols do not necessarily mean 

general improvement of the yield.   

The optimal DNA concentration used for the PCR reaction was 20 ng/µl, therefore when 

the concentration was higher, the sample was diluted using TAE buffer. This dilution of 

impurities should help to avoid polymerase enzyme activity inhibition, and it was 

mainly carried out in the case of CTAB I and II, since these methods yielded significantly 
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greater amounts of DNA. However, NucleoSpin was superior to any other method in 

terms of PCR and identification success. Previous studies already showed that dilution 

produces inconsistent results, DNA from some recalcitrant taxa still failed to amplify 

even when diluted to a rate of 1:1000 (Samarakoon, et al. 2013). As already pointed out 

by Neves and Forrest (2011), DNA resulting from CTAB based methods is often of lower 

quality than the one provided by commercial kits. In addition, CTAB methods I and II 

proved to be less simple and more time consuming than NucleoSpin due to the 

preparation of buffers and reagents in the laboratory, and the handling of all the 

different components, including toxic material.  

For all protocols used, is possible that DNA and RNA coprecipitated. Retention of 

contaminating RNA in DNA extractions can inflate measures of DNA concentration with 

the nanophotometer because of the overlapping fluorescence peaks (Friar 2005). For 

future analysis, RNA could be removed by incubation with RNase A, an 

endoribonuclease that specifically degrades single-stranded RNA.  

Repeated freeze-thaw cycles can create ice crystals which can shear the DNA strands. 

Our results show that DNA concentration decreased after thawing samples frozen at         

-26°C and that this effect was larger when the number of freeze-thaw cycles was 

increasing; these findings are coincident with previous studies (Karst, et al. 2015). With 

the exception of Juglans regia, for all species included in the experiment, DNA 

concentration strongly decreased after the first thawing. Freezing at this temperature 

was due to availability of machinery in the laboratory. Based on the results, it is advised 

to perform all the steps from DNA extraction until cleaning avoiding freezing and 

thawing the samples to prevent reducing the concentration of an already possibly 

degraded DNA, enabling better final results. For future analysis, increasing the storage 

temperature could decrease the degradation rate of DNA after freezing and thawing 

repeatedly. Higher temperatures (-20°C) are commonly used in DNA storage (Neves and 

Forrest 2011; Kit and Chandran 2013).  

Biological material 

Molecular genetic approaches can be used to identify roots, but presents certain 

challenges associated with time, expense, and methods development. There is a need for 

broadly applicable methods to discern plant taxa by their underground parts. Chemicals 
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present in plant material vary by age, tissue, and species, and these differences in 

underlying chemistry can affect the efficiency of DNA extraction or PCR amplification. 

This could result from differences among species in DNA concentrations, gene 

composition, tissue chemistry, or root anatomy. Tissue chemistry generally varies with 

root order, as older and larger roots may be more suberized and have a larger 

proportion of woody nonliving tissue (Fisk, et al. 2010). 

The root material that is more often received in the laboratory for identification is 

recalcitrant woody roots. For the “wood” type of tissue we isolated material from the 

inner part, the xylematic cells. Many of these cells are characterized for having dead 

protoplasm. To isolate the “bark”, we collected the exterior part from the root tissue, 

which will include the vascular cambium and the outer cells. The proportion of living 

cells is higher in this phloem tissue. The study from De Filippis and Magel (1998) 

showed that with the use of bark, more DNA may be extracted, but this tissue is more 

difficult than wood regarding persistent RNA contamination, which might complicate 

further analysis. 

The state of the initial root material, such as ‘freshness’ and the sample storage, 

influence the DNA extraction (Karst, et al. 2015) and therefore the successful 

identification of the tree. Collected plant material can be stored in liquid nitrogen before 

use, because freezing avoids nuclease activity that would degrade the DNA in thawed 

tissue (Varma, et al. 2007). However, immediate refrigeration of the collected samples 

was not always possible, due to field samples or distant locations. The state of the 

tissues was therefore not optimal, and roots presented not only noticeable dryness, but 

sometimes also even contamination by pathogenic agents such as fungi (Amanita 

basiorubra). It should also be considered that woody tree roots require mechanical 

treatment to disrupt cell walls, which might affect the efficiency of the extraction and 

storage methods (Karst, et al. 2015). The sampling method is to some degree species-

dependent, because optimal samples can be difficult to obtain where the cambium zone 

tissue is hard to identify, or has a spongy or porous morphology.  

Isolation of high quality DNA is a prerequisite for molecular studies, but plant tissue and 

especially bark contain polysaccharides, polyphenols, and secondary metabolites that 

hamper DNA isolation. However, as it was our case, good quality DNA can be yielded 

from bark, and thus used in further molecular analysis (Swetha, et al. 2014). In this 
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study, the average DNA yield was higher for bark than for wood tissue. The lower DNA 

yields in wood tissue may be related to the more rigid cell walls with more extensive 

thickening, and also to the higher levels of nucleases and secondary metabolites which 

make it difficult to isolate intact nucleic acids, without degradation and shearing. 

Similarly to our study, previous research already obtained significantly higher yield of 

DNA from bark tissue than from wood, regardless if it was sapwood or heartwood (De 

Filippis and Magel 1998). Research by Munthali, et al.  (1992) and Chen and De Filippis 

(1996) shows that the amount of DNA extracted is strongly correlated to the age of the 

tissues, which is a factor that should be considered. In our case, the wood tissue was 

collected from the outer sapwood, to minimize the age effect. Previous studies on 

tropical tree species found out that cambium tissue from the trunk bark offers an 

efficient source of good-quality tissue for DNA extraction and analysis, in some cases 

providing superior tissue for DNA extraction than leaves (Pinho, et al. 2013). From the 

outcome of our research we found that wood tissue was superior to bark in terms of PCR 

and identification success, which is consistent with the fact that average DNA purity 

values were better for wood than for bark. In spite of these observations regarding bark 

and wood, we did not found statistical significance for the choice of tissue in the DNA 

isolation and identification process (p values >0.05). 

We found a strong influence of species on DNA yield and purity. In particular, two 

species produced noticeable results both in terms of purity and yield: Sequoia 

sempervirens and Juglans regia were the only species that did not reach the desired 

values for a pure DNA sample, and Juglans regia yielded the highest amount of DNA of 

the study while Sequoia sempervirens produced the lowest. In the case of Sequoia 

sempervirens the root material was of a poor vitality state, therefore it is possible that 

the extraction methods were not able to obtain a single intact DNA strand necessary to 

have a successful PCR (Bej, et al. 1991). Also, it was the only coniferous species used 

during the study, and it is known that contamination by polyphenols is a major problem 

in DNA isolation from forest trees and the content of polyphenols in conifers is higher 

than in deciduous trees (Schneiderbauer, et al. 1991). DNA extracts from Juglans regia 

showed a brown coloration, typically indicating the presence of polyphenols (Figure 31 

in Appendix).  
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PCR Amplification 

Failure to amplify DNA from recalcitrant root material occurred even when the 

spectrophotometric analysis indicated high DNA yield and quality. Previous studies 

already obtained poor amplification results even when working with DNA extracted 

from fresh plant tissue (Samarakoon, et al. 2013), which is known to produce better 

results than root material. 

Despite wide application of PCR over the past two decades, PCR inhibitors are still a 

major impediment to successful DNA amplification of plant DNA (Samarakoon, et al. 

2013). PCR reaction is extremely sensitive to contaminants (Wilson 1997; Peist, et al. 

2001). Different components present in plant tissues, including polysaccharides and 

phenolic, can inhibit PCR amplification (Jobes, et al. 1995). To overcome the effects of 

PCR inhibitors, several studies indicate that diluting DNA extracts is a successful 

solution (Kontanis and Reed 2006; Ma and Michailides 2007). This dilution of impurities 

should help to avoid polymerase enzime activity inhibition, and it was mainly carried 

out in the case of CTAB I and II methods, since these protocols yielded significantly 

greater amounts of DNA than NucleoSpin. However, PCR success was superior for 

NucleoSpin.  

Another feasible explanation for the low PCR success would be DNA degradation. 

Degradation may be due to the mechanical treatment employed for harvesting the roots, 

or because of the state of decomposition of wood. Drying of the material will also result 

in cell death, following which the DNA is fragmented into very small pieces (Finkeldey, 

et al. 2007).  

Our results suggest that successful amplification of DNA fragments by PCR could be 

more appropriate to quantify DNA extraction success than the spectrophotometric 

estimation, as already occurred in the study by (Finkeldey, et al.  2010). Further analysis 

could contrast this spectrophotometric estimation with a gel electrophoresis.   

Future research on increasing PCR success could test the use of different additives 

known for enhancing PCR amplification (Samarakoon, et al. 2013; Hajibabaei, et al. 

2005). Also, different annealing temperatures could be tested in further studies for a 

higher general PCR success, since the range of organisms studied can be extended 

altering the annealing temperature during the PCR (White, et al. 1990). The 

performance of a chemical analysis of the DNA solution after the extraction will enable 
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the study of the presence of PCR inhibitors or other substances potentially preventing or 

hindering amplification or sequencing of the DNA fragments.  

Pairs of primers 

The most successful pair of primers during the study, in terms of PCR and 

identification success, was ITS5-ITS4. However, PCR success results (19%) were not 

optimal so the number of samples sequenced was low (and therefore statistical analysis 

showed p-values>0.05). Unsatisfactory amplification of the ITS region with these 

primers has been already reported for different plant groups (Li, et al. 2011). In the 

study by Cheng, et al. (2016), these rates are however significantly higher than ours. In 

spite of showing the highest discriminatory power of the existing candidate barcodes, 

and the greatest popularity in plant molecular systematics, working with ITS sometimes 

suffers from non-specificity and low PCR and sequencing success (Hollingsworth, et al. 

2011) due to primer-related problems. One crucial problem is that the available primers 

for ITS fragments are nonspecific to plants (Cheng, et al. 2016). The primers used in this 

study, which are the most popular for this region, were designed by White et al. in 1990 

in order to amplify various segments of the nuclear and mitochondrial rDNA genes of 

fungi. Since fungi in many cases are symbiotic with plants in natural ecosystems 

(Rodriguez, et al. 2009), it is easy to get non-target amplicons of ITS from fungi when 

amplifying plant ITS fragments as it happened in our study, in which the best match 

from the GenBank database was found to be Amanita basiorubra several times.  The 

other major problem is that the existing primers lack satisfactory universality for many 

plant groups, resulting again to low amplification and sequencing success rates (Cheng, 

et al. 2016). The fact that the pair of primers ITS1-ITS4 had no success for all extraction 

methods and species could indicate that primer solutions were contaminated or not in 

an optimal state.   

The primers used for amplifying the trnL intron (PF-PR) also provided a low PCR and 

identification success. They were designed by Tableret at al. in 1991 and they target a 

non-coding chloroplast DNA region. This pair of primers was successfully used in 

previous studies to amplify the same region with plant species from a wide taxonomic 

range (Horres, et al. 2000; Sperisen, et al. 2000; Brunner, et al. 2001). Previous 

phylogenetic analysis showed that trnL intron is highly informative to distinguish 

among families and genera (Taberlet, et al. 1991; Brunner, et al. 2001) However, as our 
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results corroborate, other regions, such as the ITS, could be more useful to distinguish 

related species, due to a higher variability (Taberlet, et al. 1991; James and Schmidt 

2004). 

The psbA-trnH region is one of the most variable intergenic spacers in plants (Shaw, 

Lickey and Schilling, et al. 2007). It has been successfully amplified in a range of 

barcoding studies with different tissues (Bruni, et al. 2015; Gong, et al. 2016). However, 

the rate of PCR success in our case was lower than those for ITS4-ITS5 and PF-PR, and 

very low in comparison with previous studies (Ma, et al. 2010; Zuo, et al. 2011). In these 

studies root tissue was not specifically used.  

It must be taken into account that successful identification relies in the quantity of data 

in the NCI BLAST database for each specific region. The number of nucleotide sequences 

for plants available in the GenBank in May 2016 was 278443 for the ITS region, 213793 

for the trnL, and 67535 for psbA-trnH.  

Based on the results, we concluded that for the identification of roots from unknown 

species in the Forest Botany laboratory of the University of Freiburg, the first step 

should consist in obtaining wood tissue from the root samples; following, NucleoSpin is 

the extraction method that should be executed and finally, the DNA extracts should be 

amplified with the pair of primers ITS4-ITS5. These options achieved the highest 

identification success proving to be the optimal choices.  
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5. Conclusions  

1. From the research undertaken it is possible to conclude that species have 

an influence on DNA yield and purity obtained from the application of DNA 

extraction protocols to recalcitrant woody root material. 

2. Based on the results, it is advised to perform all the steps from DNA 

extraction until cleaning avoiding freezing and thawing the DNA samples. This will 

prevent reducing the concentration of an already possibly degraded DNA.  

3. The silica membrane based method that provides the best values of DNA 

yield and purity is the NucleoSpin method, being the most adjusted to 

manufacturer’s expectations. When using commercial kits, we found out that DNA 

yield decreased as initial weight of sample increased. Therefore, manufacturer’s 

expectations should be carefully regarded and commercial extraction protocols 

might be modified for the specific species or tissue of interest.   

4. We concluded that CTAB I method was more successful than CTAB II and 

NucleoSpin, providing the higher DNA yield and purity. However, it was found that 

NucleoSpin provides more PCR and identification success.  

5. Our investigation shows that successful amplification of DNA fragments by 

PCR could be more appropriate to quantify DNA extraction success than the 

spectrophotometric estimation of DNA yield and purity. The optimal DNA 

concentration used for PCR is 20 ng/µl. 

6. Our results show that bark tissue provided a higher DNA yield than wood. 

Nevertheless, DNA was more pure in the case of wood tissue, providing a largely 

higher PCR and identification success than bark. From the outcome of the study, we 

concluded that the presence of impurities and substances hampering pure DNA 

extraction is greater in bark or phloem tissue.  

7. ITS is the best region to distinguish between tree species, according to our 

results. ITS5-ITS4 was the pair of primers providing the highest PCR and 

identification success, with the disadvantage that the primers are not plant-specific 

and fungal DNA can also be identified. The availability of public sequences and 

complete genomes of tree species at the GenBank will be essential to improve the 

results of the identification process. 
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Appendix 

Pictures of root material  

 

Figure 22. Juglans regia L. 

 

Figure 24. Sequoia sempervirens (D. Don) Endl. 

 

Figure 26. Acer campestre L. 

 

Figure 28. Plantanus x acerifolia 

 

Figure 23. Aesculus hippocastanum L.  

 

Figure 25. Tilia platyphyllos Scop.   

 

Figure 27. Paulownia tomentosa (Thunb.) Steud.  

 

Figure 29. Juglans nigra L. 
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Figure 30. Prepared root samples. 

 

 

Figure 31. Coloured DNA extracts from Juglans 

regia (1,2)obtained with CTAB II. 

 


