
Nucleotide sequencing of chloroplast DNA markers

or nuclear ribosomal DNA markers is now routinely used

to identify systematic position and infer evolutionary rela-

tionships between different groups of plants in combina-

tion with analysis of their morphological and anatomical

traits [1]. Besides taxonomic and phylogenetic studies, the

analysis of marker sequences can also be applied as tools

for DNA barcoding of wild species and characterization of

cultivars [2-4]. Herbaria collections are one of the main

sources of preserved material for plant diversity studies. It

has been estimated that worldwide there are at least 3400

officially registered herbaria, together harboring ~350 mil-

lion specimens collected mostly during the last two hun-

dred years (New York Botanical Garden’s Virtual

Herbarium, http://sweetgum.nybg.org/ih/). Herbaria

have not been extensively sampled for DNA-based

research, mainly due to poor usability of herbarium spec-

imens for successful extraction and PCR amplification of

DNA caused by various gathering and drying methods

used followed by different subsequent preservation history

and age of specimens [5]. Besides, both nuclear and plas-

tid DNA degrades through time [6]. The great decrease in

fragment length over time greatly complicates PCR and

DNA sequencing from older herbarium specimens. The

quality of the extracted DNA also depends on taxon-spe-

cific factors of herbarium DNA since different plant

species contain a wide spectrum of secondary compounds

present in plant cells, like polyphenols polysaccharides

and other substances interfering with subsequent PCR and

sequencing procedures [6].

Numerous protocols for total DNA extraction from

plants have been published. One of the most commonly

used methods to extract DNA from plants uses the ionic

detergent cetyltrimethylammonium bromide (CTAB)

[7]. This method and it various modifications are espe-

cially effective for plants with high polyphenolics or poly-

saccharide content [8, 9]. Therefore, methods for obtain-

ing genomic DNA of quality suitable for PCR from old,

dry herbarium specimens and development of new rapid

and cost-effective extraction methods yielding high-qual-

ity DNA and not requiring specialized equipment and

undesirable volatile materials are still required [10].
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Abstract—Here we report a rapid and cost-effective method for the extraction of total DNA from herbarium specimens up

to 50-90-year-old. The method takes about 2 h, uses AMPure XP magnetic beads diluted by PEG-8000-containing buffer,

and does not require use of traditional volatile components like chloroform, phenol, and liquid nitrogen. It yields up to 4 µg

of total nucleic acid with high purity from about 30 mg of dry material. The quality of the extracted DNA was tested by PCR

amplification of 5S rRNA and rbcL genes (nuclear and chloroplast DNA markers) and compared against the traditional

chloroform/isoamyl alcohol method. Our results demonstrate that the use of the magnetic beads is crucial for extraction of

DNA suitable for subsequent PCR from herbarium samples due to the decreasing inhibitor concentrations, reducing short

fragments of degraded DNA, and increasing median DNA fragment sizes.
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Here we describe a DNA extraction method that is a

combination of modified CTAB and methods where

magnetic beads are used. The results show that combina-

tion of lysis by CTAB followed by magnetic beads purifi-

cation strongly affects DNA extraction and PCR success,

especially the availability of fragments longer than 350 bp

from specimens containing high amounts of secondary

metabolites and collected before the 1960s.

MATERIALS AND METHODS

Total DNA was extracted from dried leaf fragments

(about 30 mg) of plant herbarium specimens related to

genus Scorzonera (Asteraceae). Plant specimens (total 12)

were collected during 1920-1960 (Table 1) and deposited

in the Herbarium of the Biological Faculty of Moscow

State University (acronym MW) and the N. V. Tsitsin

Main Botanical Garden of the Russian Academy of

Sciences (acronym MHA). For all 12 specimens, total

DNA was extracted using three methods listed below.

Method 1: DNA extraction using CTAB lysis buffer and

the traditional chloroform–isoamyl alcohol purification

step (Stewart and Via [8]). Method 2: DNA extraction by

Method 1 followed by purification of samples with

Agencourt AMPure XP magnetic beads (Beckman

Coulter, USA) diluted fourfold by buffer A. Method 3:

DNA extraction using CTAB lysis buffer and Agencourt
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Table 1. DNA concentrations, 260/280 and 260/230 absorbance ratios of samples obtained using different methods of

total nucleic acid extraction from herbarium specimens of the genus Scorzonera
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AMPure XP magnetic beads diluted fourfold by buffer A

(without chloroform–isoamyl alcohol purification step).

Lysis buffer composition: 2% (w/v) CTAB, 100 mM Tris-

HCl (pH 8.0), 20 mM EDTA, 1.4 M NaCl, 1% (w/v)

PVP40. Buffer A composition: 18% (w/v) PEG-8000,

1 M NaCl, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA.

Method 1. Reagents and solutions: lysis buffer, chloro-

form–isoamyl alcohol 24 : 1, isopropanol (isopropyl alco-

hol), 80% ethanol, deionized water. Steps: (1) grind about

30 mg of dry plant sample (leaf) to powder by hand using a

paper envelope or medical powder-free gloves, put the

powdered sample into a 1.5 ml microcentrifuge tube; (2)

add 500 µl of lysis buffer to the powdered sample and resus-

pend it by pipetting; (3) incubate the sample at 60°C for

60 min; during incubation, invert the tube every 10-15 min;

(4) add an equal volume of chloroform–isoamyl alcohol

24 : 1 (500 µl) to lysate and mix carefully by inverting tube

during 15-30 s; (5) centrifuge the mixture for 5 min at

13,400 rpm (12,100g); (6) transfer the aqueous phase into a

new 1.5-ml tube and repeat steps 4-6; (7) transfer the aque-

ous phase into a fresh 1.5-ml tube and add equal volume of

isopropanol; thoroughly mix and incubate at room temper-

ature for 10 min; (8) centrifuge the mixture for 10 min at

13,400 rpm (12,100g); (9) discard the supernatant and wash

the pellet with 500 µl of 80% ethanol; centrifuge the mix-

ture for 2 min at 13,400 rpm (12,100g); remove the super-

natant and repeat the washing step twice; (10) dry the pel-

let during 3-5 min at 60°C; (11) dissolve pellet in 30 µl of

deionized water and incubate at 60°C for 5 min.

Method 2. Reagents and solutions: lysis buffer, chlo-

roform–isoamyl alcohol 24 : 1; isopropanol (isopropyl

alcohol), 80% ethanol, deionized water, Agencourt

AMPure XP magnetic beads, buffer A. Steps: extract

DNA from 30 mg of dry sample using Method 1 protocol

(steps 1-11); (12) gently shake the Agencourt AMPure XP

magnetic beads to achieve a homogeneous suspension

and collect an aliquot of the suspension into a fresh

microcentrifuge tube, then add triple volume of buffer A

and resuspend to homogeneity; (13) add diluted AMPure

XP to a sample of isolated nucleic acids at the ratio 1 :

1 v/v; (14) carefully mix by pipetting and incubate for

5 min at room temperature; (15) place tube on magnet

stand, incubate on stand for 2 min, remove and discard

supernatant without disturbing beads; (16) add 200 µl

80% ethanol for washing, incubate tube on stand for

1 min turning the tube around it axis, remove and discard

supernatant, repeat washing once; (17) carefully remove

and discard all of the supernatant without disturbing

beads, let bead pellet sit open at room temperature to air-

dry completely (5-10 min); (18) remove tube from mag-

netic stand, add 30 µl of deionized water to dry bead pel-

let, carefully resuspend by repeated pipetting, and incu-

bate at room temperature for 5 min; (19) place tube on

magnet stand, incubate on stand for about 2 min (until

the solution appears clear), and transfer 28 µl of super-

natant to a fresh tube without touching beads.

Method 3. Reagents and solutions: lysis buffer, iso-

propanol (isopropyl alcohol), 80% ethanol, deionized

water, Agencourt AMPure XP magnetic beads, buffer A.

Steps: (1) grind about 30 mg of dry plant sample (leaf) to

powder by hand using a paper envelope or medical pow-

der-free gloves, put the powdered sample into a 1.5-ml

microcentrifuge tube; (2) add 500 µl of lysis buffer to the

powdered sample and resuspend it by pipetting, incubate

the sample at 60°C for 60 min; during incubation, invert

the tube every 10-15 min; (3) centrifuge the sample for

5 min at 13,400 rpm (12,100g) to pellet debris; (4) transfer

the supernatant into a fresh 1.5-ml tube and add equal vol-

ume of isopropanol; (5) thoroughly mix and incubate at

room temperature for 10 min; (6) centrifuge the mixture

for 10 min at 13,400 rpm (12,100g); (7) discard the super-

natant and wash the pellet with 500 µl of 80% ethanol,

centrifuge the mixture for 2 min at 13,400 rpm (12,100g),

remove the supernatant and repeat the washing step two

times; (8) dry the pellet during 3-5 min; (9) dissolve pellet

in 30 µl of deionized water and incubate at 60°C for 5 min;

(10) gently shake the Agencourt AMPure XP magnetic

beads to achieve a homogeneous suspension and collect an

aliquot of the suspension into a fresh microcentrifuge tube,

then add triple volume of buffer A and resuspend to homo-

geneity; (11) add diluted AMPure XP to a sample of iso-

lated nuclei acids at the ratio 1 : 1 v/v; (12) carefully mix

by pipetting, and incubate for 5 min at room temperature;

(13) place tube on magnet stand, incubate on stand for

2 min, remove and discard supernatant without disturbing

beads; (14) add 200 µl of 80% ethanol for washing, incu-

bate tube on stand for 1 min turning the tube around it

axis, remove and discard supernatant, repeat washing

once; (15) carefully remove and discard all of the super-

natant without disturbing beads, let bead pellet sit open at

room temperature to air-dry completely (5-10 min); (16)

remove tube from magnetic stand, add 30 µl of deionized

water to dry bead pellet, carefully resuspend by repeated

pipetting, and incubate at room temperature for 5 min;

(17) place tube on magnet stand, incubate on stand for

about 2 min (until the solution appears clear), and transfer

28 µl of supernatant to new tube without touching beads.

The DNA extraction procedures were carried out

using the following equipment: dry block thermostat CH-

100 (BioSan, Latvia), minicentrifuge MiniSpin Plus and

rotor F-45-12-11 (Eppendorf, Germany), magnetic

stand (IsoGel, Russia).

The concentration of total nucleic acids obtained

and their quality was estimated using a NanoDrop 2000c

spectrophotometer (Thermo Scientific, USA) and Qubit

2.0 fluorometer (Invitrogen, USA). The average DNA

fragment size was analyzed using 0.8% agarose gel elec-

trophoresis stained with ethidium bromide. The distribu-

tion of the DNA fragment lengths was estimated using an

Agilent Bioanalyzer 2100 (Agilent Technologies, USA).

All DNA extracted samples were tested for PCR

amplification yield of marker sequences. Two sets of
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degenerate oligonucleotide primers were used for PCR

amplification of chloroplast genome regions: rbcLa-

F/rbcLa-R for short fragments of rbcL gene and

UrbcL1/UrbcL2 for entire rbcL gene amplification. One

set of degenerate oligonucleotide primers – 5SluA-

F/5SluA-R – was used for nucleus genome 5S rRNA gene

fragment amplification (Table 2).

PCR was carried out using Taq DNA polymerase

(New England Biolabs, USA) according to manufactur-

er’s instructions. A 50-ng portion of template DNA was

added to the reaction mixture (all samples were previous-

ly normalized to 10 ng/µl). The PCR protocol used in this

study for amplification of 5S rRNA and short fragments of

rbcL genes was as follows: 1 cycle of denaturation at 95°C

for 10 min, 30 cycles of amplification (5 s denaturation at

95°C, 30 s annealing at 57°C, and 30 s extension at 72°C),

and a final step of 72°C for 5 min. The PCR protocol used

for amplification of entire rbcL genes was as follows: 1

cycle of denaturation at 95°C for 10 min, 30 cycles of

amplification (5 s denaturation at 95°C, 30 s annealing at

50°C, and 35 s extension at 72°C), and a final step of 72°C

for 5 min. PCR amplification was done with a PCR sys-

tem T-100 Thermal Cycler (Bio-Rad, USA).

RESULTS AND DISCUSSION

DNA extraction by Method 1 resulted in 100-12,000-

bp-long genomic DNA fragments contaminated by RNA.

The high level of DNA degradation can be explained by

the process of post-collection DNA degradation over time

(the youngest specimens were more than 50-year-old).

The protocol of Method 2 was the same but was followed

by a magnetic beads purification stage to remove unwant-

ed short DNA fragments (<200 bp). Method 3 was a com-

bination of first two stages (CTAB buffer lysis and iso-

propanol precipitation) from Method 1 and the magnetic

beads purification. The original Agencourt AMPure XP

magnetic beads reagent was diluted fourfold for decreasing

the cost of experiments. The results demonstrated that

both methods containing the magnetic beads purification

stage yielded DNA samples with high purity, unlike that

obtained by Method 1. The Agilent 2100 bioanalyzer pro-

vides evidence that purifying DNA samples using magnet-

ic beads increases average DNA fragment size (longer than

300 bp) (Fig. 1). The cleaning of template from short dis-

rupted DNA fragments and polyphenolic compounds giv-

ing brown color reduces useless template for molecular

studies and improves the probability of generating a PCR

target. Therefore, the magnetic beads purification stage is

significant for old plant specimens containing highly

degraded genomic DNA.

Spectrophotometric analysis of extracted nucleic

acids demonstrated that the basic method (Method 1)

yields samples with high concentration (94.7-1566 ng/µl).

DNA purification using both magnetic beads methods

result in 12-fold (Method 2) and 18-fold (Method 3)

decreasing of DNA concentrations (to 5.3-133.4 and 5.9-

146.6 ng/µl, respectively) (Table 1). At the same time,

measurement of DNA concentration by fluorescence

measurements using dyes interacting with DNA by inter-

calation (Qubit 2.0) showed that samples obtained by all

three methods contain approximately equal amounts of

DNA (Table 3). Measurement of DNA concentration by

the Agilent 2100 bioanalyzer confirmed the fluorimeter

results (data not shown).

The values of 260/280 and 260/230 nm absorbance

ratios demonstrated that application of the basic method

(Method 1) yields low-purity DNA, since OD260/280 values

of most samples do not fall into the optimal limit of 1.7-

2.0 of pure DNA. At the same time, the CTAB/magnetic

beads methods yield samples with noticeably better qual-

ity but lower DNA concentration (OD260/280 between 1.7

and 2.0 in 10 out of 12 samples in Method 2, and in 9 out

of 12 in Method 3) (Table 1).

As previously reported by several authors, nucleic

acid extraction by CTAB accompanied with a chloro-

form/isoamyl alcohol stage purification yields high qual-

Primer name

5SluA-454-F*
5SluB-454-R*

rbcLa-F**
rbcLa-R**

UrbcL1**
UrbcL2**

Primer sequence

5'-TTTCCCAGTCACGACGTTAGTGCTGGTATGATCGCACC-3'
5'-TAATACGACTCACTATAGGGCATGCACCGGATCCCATCAGA-3'

5'-ATGTCACCACAAACAGAGACTAAAGC-3'
5'-GTAAAATCAAGTCCACCRCG-3'

5'-TGTCACCAAAAACAGAGACT-3'
5'-TTCCATACTTCACAAGCAGC-3'

Expected size
of PCR-product, bp

400-750

600

1200

Table 2. Primer sequences for PCR-amplification of DNA regions coding 5S rRNA and rbcL

* Oligonucleotides 5SluA-F and 5SluA-R are designed for the 454 sequencing platform (Roche, Switzerland) and are courtesy of N. A. Mel’nikova.

** rbcLa-F, rbcLa-R, UrbcL1, and UrbcL2 were designed according to the data from W. J. Kress et al. [3] and R. A. Levin et al. [10] and synthe-

sized by Syntol (Russia).
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Fig. 1. Capillary electrophoresis by Agilent Bioanalyzer 2100. Sample numbers correspond to the numbers of herbarium specimens (Table 1).

DNA was extracted using Method 1 (curves 1), Method 2 (curves 2), and Method 3 (curves 3). Y-axis, fluorescence intensity; X-axis, frag-

ment length (bp).
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ity DNA samples. However, our experiments show that

DNA concentration value measured by absorbance at

260 nm distinctly differs from the visible electrophoresis

data. We suppose that samples obtained by Method 1

contain some components of lysis buffer, including

CTAB, which may interfere with spectrophotometric

measurements [11].

The usability of DNA samples for phylogenetically

informative molecular markers analysis was tested by

amplification of marker nuclear and chloroplast genome

gene fragments commonly used for phylogenetic analysis:

5S rRNA (400-750 bp) and rbcL (∼600 bp) [12]. The

results demonstrated that some samples, produced by

Method 1 and used as a template, did not yield PCR

amplification products of 5S rRNA genes, while the sam-

ples extracted from the same specimens by both magnet-

ic bead-based methods resulted in successful amplifica-

tion. Products of expected size (400-750 bp) were not

detected by electrophoresis for samples 3, 6, and 8

(Method 1), but they were visible on the gel for samples 3

and 6 extracted by Method 2 and for samples 3, 6, and 8

extracted by Method 3 (Fig. 2).

PCR-amplification of the rbcL gene fragment

(∼600 bp) was successful in 8 of 12 samples isolated by

Method 1 and in 11 of 12 samples obtained by Methods 2

and 3 (experimental data not shown).

Plants belonging to the Scorzonera genus commonly

contain a large variety of secondary metabolites [13].

Increase in PCR efficiency for templates extracted by

magnetic bead-based methods indicates that magnetic

purification stage is strictly necessary for pure DNA

obtaining because it removes compounds that inhibit the

PCR enzymes [14]. Therefore, we suppose the CTAB-

lysis/magnetic beads method is a good approach to isola-

tion of DNA from secondary metabolite-rich plant

species amenable for PCR and profiling experiments.

Amplification of the chloroplast DNA fragment,

which covers most of the full-length rbcL gene

(∼1200 bp), was successful for only one sample (No. 7) if

the extraction Method 1 (without magnetic beads) was

used. For the other two methods, the amplification prod-

uct was detected for samples obtained from specimens

Nos. 4 and 7 (experimental data not shown). The fact that

there were no full-length rbcL amplification products for

Speci-
men

num-
ber

1

2

3

Method 3

36.8

8.3

146.6

50.0

79.1

3.3

Table 3. DNA concentrations measured by NanoDrop 2000c spectrophotometer and Qubit 2.0 fluorometer

Method 2

63.9

9.2

128.8

51.0

98.6

9.2
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NanoDrop 2000c

Qubit 2.0

NanoDrop 2000c

Qubit 2.0

NanoDrop 2000c
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11.9
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9.1

Extraction method

DNA concentration, ng/µl

Fig. 2. Agarose electrophoresis of PCR-amplified fragments of 5S rRNA gene. Numbers of lanes coincide with those of herbarium specimens

(see Table 1). M is DNA marker GeneRuler, 1000 bp (Thermo Scientific, USA).

Method 1                                                   Method 2                                                              Method 3
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most of the samples is a result of the discrepancy of

desired amplification product sizes and means of average

DNA fragment sizes of the samples. It should be noted

that DNA fragmentation does not correlate with the age

of specimens. For example, full-length rbcL amplifica-

tion was obtained by PCR of DNA extracted from speci-

mens collected in 1920 and 1934, but do not from those

collected 25 years later. The same results were obtained

for herbarium specimens of other plant taxonomy groups

[6, 15].

Method of DNA extraction using magnetic beads

without chloroform yields DNA samples suitable for

PCR amplification of nuclear and chloroplast markers

400-750 bp long. Amplification of fragments longer than

1000 bp is not effective enough if template is derived from

old plant material due to DNA degradation through stor-

age of the specimens. The proposed method for plant

DNA extraction is rapid, cost-effective, and does not

require special toxic and expensive reagents and special

facilities for investigator safety and therefore can be wide-

ly used for effective DNA extraction from various dried

plant samples, e.g. during DNA-barcoding of herbarium

specimens, e.g. outside of high-technology molecular

biology laboratories.

This study was supported by the Russian Science

Foundation (project No. 14-50-00029).
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