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Abstract

The globalization of DNA barcoding will require core analytical facilities to develop cost-effective, efficient proto-

cols for the shipment and archival storage of DNA extracts and PCR products. We evaluated three dry-state DNA

stabilization systems: commercial Biomatrica� DNAstable� plates, home-made trehalose and polyvinyl alcohol

(PVA) plates on 96-well panels of insect DNA stored at 56 °C and at room temperature. Controls included unpro-

tected samples that were stored dry at room temperature and at 56 °C, and diluted samples held at 4 °C and

at �20 °C. PCR and selective sequencing were performed over a 4-year interval to test the condition of DNA extracts.

Biomatrica� provided better protection of DNA at 56 °C and at room temperature than trehalose and PVA, especially

for diluted samples. PVA was the second best protectant after Biomatrica� at room temperature, whereas trehalose

was the second best protectant at 56 °C. In spite of lower PCR success, the DNA stored at �20 °C yielded longer

sequence reads and stronger signal, indicating that temperature is a crucial factor for DNA quality which has to be

considered especially for long-term storage. Although it is premature to advocate a transition to DNA storage at room

temperature, dry storage provides an additional layer of security for frozen samples, protecting them from degrada-

tion in the event of freezer failure. All three forms of DNA preservation enable shipment of dry DNA and PCR prod-

ucts between barcoding facilities.
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Introduction

The globalization of DNA barcoding will require core

analytical facilities to develop cost-effective, efficient pro-

tocols for the shipment and archival storage of DNA

extracts and PCR products. DNA barcoding uses short

sections of DNA from a standardized region of the

genome for species identification and discovery; a 648

base-pair region in the mitochondrial cytochrome c oxi-

dase 1 gene (CO1) is being used for most animal groups

(Hebert et al. 2003). The ideal DNA preservation system

should work on diluted samples and allow single-step

recovery for subsequent PCR (650–800 bp) or sequencing

reactions.

We evaluated three dry-state DNA stabilization sys-

tems, one commercial and two home-made, on 96-well

panels of insect DNA stored at 56 °C and at room tem-

perature. All tested approaches rely on protection of

DNA in a dry state in the presence of protective

agents.

Trehalose is a well-known agent for cryopreservation

and lyophilization of biological samples (Taylor et al.

1994; McGinnis et al. 2005) diluted DNA (Smith & Morin

2005; Zhu et al. 2007) and RNA for use in vaccine studies

(Jones et al. 2007). Many invertebrates undergoing anhy-

drobiosis, such as brine shrimp or tardigrades, often

produce the sugar trehalose (Crowe 2008). Among the

most commonly used disaccharides (sucrose and treha-

lose), trehalose is preferable for stabilization of biomole-

cules due to its higher glass transition temperature.

Trehalose stabilizes DNA due to its ability to form tight

hydrogen bonds to the phosphate groups, which leads to

shielding of the large phosphate–phosphate repulsion.

Trehalose also probably interacts with other polar

groups of DNA, which, when combined with hydrogen

bonds to phosphate groups, makes trehalose a water-like

solvent for DNA and stabilizes the base stacking during

and after dehydration (Zhu et al. 2007).

The advantages of trehalose can be summarized as

follows: (i) more flexible formation of hydrogen bonds
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with proteins and DNA due to the absence of internal

hydrogen bonds; (ii) less hygroscopicity; (iii) low

chemical reactivity; and (iv) prevention of water plasti-

cizing the amorphous phase partly by forming treha-

lose–protein–water microcrystals (Crowe et al. 1992;

Librizzi et al. 1999).

Polyvinyl alcohol (PVA) is a polymer of great interest

because of its many desirable characteristics specifically

for various biomedical and pharmaceutical applications

(Hassan et al. 2000). PVA is widely used in forensics for

sampling of gunshot residues and includes the advan-

tage of embedding all particles including bloodstains. It

has been shown that blood traces embedded in PVA film

can be successfully used for PCR typing analysis

(Schyma et al. 1999). Studies of PVA–DNA cryogel mem-

branes have demonstrated strong interactions between

DNA and PVA (Papancea et al. 2008). The hydrogen

bonding between DNA and PVA enables preparation of

PVA–DNA nanoparticles suitable for gene and protein

delivery applications (Kimura et al. 2004; Liao et al.

2005). Besides these unique characteristics, PVA is not

toxic, does not affect enzymatic reactions, and keeps

some amount of water molecules tightly attached even in

dehydrative solvents, which is advantageous for enzyme

stabilization (Szczezsna-Antczak et al. 2002). All these

properties make PVA an ideal candidate for DNA

preservation.

Recently, new room temperature storage technologies

relying on synthetic preservation matrices have been

developed by Biomatrica Inc. Although they have been

tested on human DNA (Hernandez et al. 2009; Wan et al.

2010; Frippiat et al. 2011; Lee et al. 2012), there is virtually

no data on the performance of these systems with inver-

tebrate DNA. In the present study, we evaluated

comparative performance of trehalose, Tris–HCL buf-

fered PVA and Biomatrica’s DNAstable on insect DNA

in a 4-year storage experiment.

Materials and methods

DNA extraction

Due to limited DNA yield from a medium-size insect,

we decided that it was more valuable to explore as many

experimental conditions and time points as possible

rather than using traditional replicates in our experiment

design. We used one or two individuals from nine

medium-size Lepidoptera species (Table 1). Thus, the

twelve specimens serve as replicates for each treatment.

Each DNA extract was tested for eight dilutions and all

treatments.

The abdomens were removed, and three legs and

three wings of each specimen were used for DNA extrac-

tion with two silica-based extraction methods, hereafter

named MN and GF: a commercial kit NucleoSpin 96

(Macherey-Nagel GmbH & Co. KG, D€uren, Germany)

and the standard Canadian Centre for DNA Barcoding

(CCDB) DNA extraction protocol using a glass fibre plate

(Ivanova et al. 2006) following corresponding instruc-

tions with minor modifications.

One-thousand-nine-hundred microlitres of lysis buf-

fer (Insect Lysis Buffer or T1) with Proteinase K (Life

Technologies; Invitrogen, Carlsbad, NM, USA) was

added to each sample, which was ground with a pestle

inside the tube and incubated overnight at 56 °C. Two-

hundred-microlitre aliquots of each lysate were trans-

ferred into Ultident tube racks, mixed with 400 lL of

corresponding binding buffer and transferred to a bind-

ing plate [tissue binding plate in MN kit or 3 lm GF over

0.2 lm Bioinert membrane Acroprep plate (Pall Life Sci-

ences, Ann Arbor, MI, USA)]. Plates were centrifuged at

6000 g. The first wash volume consisted of 400 lL, fol-
lowed by a second wash of 750 lL using the correspond-

ing buffer systems. Plates were incubated at 56 °C for

30 min, and DNA was eluted with 100 lL of ddH2O pre-

heated to 56 °C. After extraction, the eluates belonging

to the same sample were combined into a single tube.

Serial dilution

Hereafter, two DNA panels will be referred as GF and

MN (same as extraction protocols). Unfortunately, the

GF DNA extracted with standard CCDB extraction

protocol could not be accurately quantified using Nano-

drop at the time of experiment set-up, due to carryover

of chaotropic salts and Triton X-100 (Ivanova et al. 2008),

while MN DNA concentration was below accurate

detection with Nanodrop; therefore, we used Qubit

fluorometer with HS DNA assay (Life Technologies,

Invitrogen) to measure undiluted DNA stocks after

4 years of storage at �20 °C. Starting average DNA con-

Table 1 Samples used to prepare DNA storage panels

Well locators–serial
dilution Species

Sample 1 1 (H-A) Colocasia propinquilinea

Sample 2 2 (H-A) Estigmene acrea

Sample 3 3 (H-A) Mythimna unipuncta

Sample 4 4 (H-A) Noctua pronuba

Sample 5 5 (H-A) Noctua pronuba

Sample 6 6 (H-A) Spilosoma dubia

Sample 7 7 (H-A) Spilosoma dubia

Sample 8 8 (H-A) Euclidia cuspidea

Sample 9 9 (H-A) Euclidia cuspidea

Sample 10 10 (H-A) Crocigrapha normani

Sample 11 11 (H-A) Caripeta piniata

Sample 12 12 (H-A) Tetracis crocallata
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centration was 0.1 ng/lL for MN DNA and 1.8 ng/lL
for GF DNA. Typical concentration of insect DNA

extracted at the CCDB from medium-size insect legs is

around 1.5–4 ng/lL, which is corresponding to GF DNA

concentration range.

Each DNA sample was aliquoted undiluted into row

H, and diluted 29 (row G), 49 (row F), 89 (row E),

109 (row D), 209 (row C), 509 (row B) and 1009 (row

A) in a PROgene Mini Tube System (Ultident Scientific,

St. Laurent, QC, Canada). As a result, we created two

DNA panels containing 400 lL in each well. Each panel

was then used to test different treatments and storage

conditions (Table 2).

Short-term storage panels

Skirted twin.tec 96-well plates (Eppendorf, Hamburg,

Germany) were used for storage. We applied 16 lL of

DNA from each panel to a DNAstable Biomatrica plate

(Biomatrica Inc., San Diego, CA, USA), a plate with 5 lL
of 10% trehalose (Cat. #90210; Sigma-Aldrich, St. Louis,

MO, USA), a plate with 5 lL of 1% PVA (Cat. No P8136,

Table 2 Experiment set-up

Test Panel 1 Day 1 Week 2 Weeks 1 Month 2 Months 4 Months 6 Months 1 Year 2 Years 4 Years

GF-Biomatrica RT ST

GF-Trehalose RT ST

GF-PVA RT ST

GF-Control RT ST

GF-Biomatrica 56 °C ST

GF-Trehalose 56 °C ST

GF-PVA 56 °C ST

GF-Control 56 °C ST

MN-Biomatrica RT ST

MN-Trehalose RT ST

MN-PVA RT ST

MN-Control RT ST

MN-Biomatrica 56 °C ST

MN-Trehalose 56 °C ST

MN-PVA 56 °C ST

MN-Control 56 °C ST

GF-Biomatrica RT LT1

GF-Trehalose RT LT1

GF-PVA RT LT1

GF-Control RT LT1

GF-Biomatrica 56 °C LT1

GF-Trehalose 56 °C LT1

GF-PVA 56 °C LT1

GF-Control 56 °C LT1

MN-Biomatrica RT LT1

MN-Trehalose RT LT1

MN-PVA RT LT1

MN-Control RT LT1

MN-Biomatrica 56 °C LT1

MN-Trehalose 56 °C LT1

MN-PVA 56 °C LT1

MN-Control 56 °C LT1

GF-Biomatrica RT LT2

GF-Trehalose RT LT2

GF-PVA RT LT2

GF-Control RT LT2

GF-Fridge

GF-Freezer

MN-Fridge

MN-Freezer

PCR

PCR and sequencing
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Sigma-Aldrich), 200 mM Tris–HCl, pH 8.0 and to an

empty plate as a control. Plates were dried overnight at

56 °C or at RT (room temperature), covered with

aluminium foil, and stored at 56 °C or at room tempera-

ture. DNA recovery was tested after 1 day, 1, 2 weeks

and 1, 2 and 4 months (ST panel–Table 2).

Long-term storage panels

1 A separate aliquot of 10 lL was applied to a Biomatri-

ca plate, a plate with 5 lL of 10% trehalose, a plate

with 5 lL of 1% PVA, 200 mM Tris–HCl, pH 8.0 and to

an empty plate as a control and tested as above after 4,

6 months, 1 and 2 years of storage at 56 °C and RT

(LT1 panel–Table 2).
2 Another aliquot of 26 lL of the GF panel was applied

to a Biomatrica plate, a plate with 5 lL of 10% treha-

lose, a plate with 5 lL of 1% PVA, 200 mM Tris–HCl,

pH 8.0 and to an empty plate as a control and tested as

above after 1 week, 2 and 4 years of storage at RT (LT2

panel–Table 2).
3 Fridge storage: an aliquot of each panel was trans-

ferred to a clean 96-well plate, covered with foil, and

stored at 4 °C with no additives (tested at 1 day, 1,

2 weeks, 1, 2, 4, 6 months, 1, 2 and 4 years).
4 Freezer storage: original serial dilutions were stored

in tube racks at �20 °C. These aliquots underwent

freeze-thaw cycles at each time point during testing

(tested at 1, 2 and 4 years).

At each time point, DNA was resuspended in water

and an aliquot of 2 lL was taken for PCR. The resus-

pension volumes were adjusted for each time point, so

the DNA concentrations remained constant (e.g. 16, 14,

12, 10 lL). The leftovers were dried as described

above.

PCR and sequencing

Each PCR reaction contained a total volume of 12.5 lL
consisting of 5% trehalose [D-(+)-Trehalose dehydrate],

1.25 lL of 109 reaction buffer (Life Technologies, Invi-

trogen), 2.5 mM of MgCl2, 1.25 pmol each of forward and

reverse primer, 50 lM of dNTP, 0.3 U of Platinum Taq

DNA polymerase (Life Technologies, Invitrogen) and

2 lL of DNA template. The thermocycle consisted of

94 °C for 1 min, five cycles of 94 °C for 40 s, 45 °C for

40 s and 72 °C for 1 min, followed by 35 cycles of 94 °C
for 40 s, 51 °C for 40 s and 72 °C for 1 min, with a final

extension at 72 °C for 5 min (Hajibabaei et al. 2005;

deWaard et al. 2008).

PCR products were visualized on 2% E-gel 96 system

(Life Technologies, Invitrogen). Wells containing bands

were counted as positive, with no differentiation

between strong and weak bands. To validate PCR

success, selected treatments were sequenced as described

in Ivanova & Grainger (2007). Sequencing reactions

were analysed on 3730xl DNA Analyzer (Life Technolo-

gies, Applied Biosystems) following manufacturer’s

instructions.

Data analysis and visualization

Selected sequences were analysed using CodonCode

Aligner (CodonCode Corporation, Centerville, MA,

USA) to screen for possible cross-contamination and to

confirm authenticity.

PCR success was calculated as percentage of positive

wells per plate (96 samples), per sample (8 wells in a

column) or per dilution (12 wells in a row); sequencing

success was calculated as percentage of sequences

>500 bp (per sample). Contiguous read length (CRL) and

average raw signal intensity (ARSI) distribution statistics

were retrieved from raw sequence data using Sequence

Scanner 1.0 (Applied Biosystems). The following cut-offs

were used to filter failed or poor-quality sequences:

500 bp for CRL and 150 ARSI for signal strength. ARSI

was calculated for each sample based on ARSIs of indi-

vidual bases ([ARSI (A)]+[ARSI (C)]+[ARSI (G)]+[ARSI

(T)])/4.

Resulting output reports were copied to Microsoft

Excel 2010 (Microsoft Corporation, Redmond, USA),

annotated and analysed using Tableau software 7.0

(Tableau Software Inc., Seattle, WA, USA).

Results and discussion

The results of our DNA storage experiment can be repre-

sented as an interaction of several independent factors

affecting DNA preservation, such as concentration,

protective agent, temperature and number of resuspen-

sion events, projected onto a timescale (Fig. 1).

Diluted DNA samples have been often used as a

model in DNA preservation experiments (Smith & Morin

2005) to reflect the constant rate of DNA degradation.

Because concentrated samples have more long DNAmol-

ecules to start with, it takes longer for all of them to drop

under the minimum size of template needed for the PCR.

In our experiment, the PCR success for diluted DNA

(MN) was lower in both short and long storage experi-

ments, compared to results with concentrated DNA (GF).

Thus, MN demonstrated faster response to storage condi-

tions. For example, unprotected MN degraded com-

pletely after 2 months of short-term storage at RT,

whereas it took 2 years for unprotected GF to reach

almost complete degradation under the same conditions

(Fig. 1). Unprotected MN-panel completely degraded at

RT after the 5th resuspension event at RT and after the

© 2013 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd.
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6th resuspension event at 56 °C in the short-term storage

experiment. It took 2 years and four resuspension events

to observe obvious DNA degradation (35% PCR success)

for the concentrated panel (GF) in trehalose at room tem-

perature, compared with 1 month of storage and four

resuspension events for diluted (MN) DNA (46% PCR

success).

There was a clear difference between the three differ-

ent protecting agents. The Biomatrica was the best

preserving agent in all storage experiments, except for

the short-term storage at room temperature, where PVA

showed better PCR success after the 6th resuspension

event for both panels (53% vs. 23% for MN and 96% vs.

86% for GF).

Within each panel and each extraction method,

diluted samples (dilutions G-A) always degraded faster,

especially for unprotected DNA. Figure 2 shows degra-

dation dynamics of dilutions in LT1 panel from

6 months to 2 years of storage. Having lower starting

DNA concentration, MN panels showed faster degrada-

tion rate even for undiluted DNA (dilution H).

After 2 years of storage, the second best preserving

agent at room temperature was Tris-buffered PVA, which

provided adequate protection (95% for GF and 50% for

MN) at room temperature but was not as efficient at 56 °C
(15% for GF and complete degradation for MN; Fig. 1).

Trehalose was the second best protectant after Biomatrica

at 56 °C (50% for GF and 17% for MN), but, contrary to

Treatment Test

50 100
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0 50 100
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0 50 100
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0 50 100
2 months
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4 months LT
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MN-Trehalose
MN-PVA

Room 
temperature

GF-Control
GF-Biomatrica
GF-Trehalose
GF-PVA
MN-Control
MN-Biomatrica
MN-Trehalose
MN-PVA

Fig. 1 Degradation dynamics at 56 degrees and room temperature for ST panel tested after 1 day to 4 months and LT1 panel tested

after 4 months to 2 years (separated by black line) measured as PCR success (%) per plate.
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Fig. 2 Degradation dynamics of various dilutions (A – 1009, B – 509, C – 209, D – 109, E – 89, F – 49, G – 29, H – undiluted DNA)

for LT1 panel at 56 °C and room temperature, measured as PCR success (%) per dilution.
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PVA, did not offer good protection at room temperature

(35% for GF and complete degradation forMN).

Interestingly, storage at 56 °C, which was introduced

as part of the experiment to emulate accelerated ageing,

showed unexpectedly higher PCR success compared with

RT, especially for unprotected DNA and DNA protected

with trehalose, in both short and long storage experi-

ments. This was presumably due to more stable humidity

conditions at 56 °C, compared with RT. Unprotected

DNA in both panels was degrading faster at room temper-

ature compared with 56 °C, as indicated by 3% PCR

success at RT and 35% at 56 °C for GF-control after

4 months and 6 resuspension events (Fig. 1). Oppositely,

higher temperature dramatically decreased PCR success

for PVA for both MN and GF panels, in comparison with

RT.

Overall, the resuspension events were a critical factor

contributing to DNA degradation (compare left and right

part of Fig. 1 separated by a black line). In a short 4-month

storage experiment, panels protected with trehalose were

most vulnerable to the number of resuspensions (both

MN and GF). The unprotected diluted panel reached

same level of degradation after 2 months and the 5th

resuspension event and after 2 years and the 4th resus-

pension event as indicated by low PCR success (0% and

3% PCR success, respectively). The degradation of the Bi-

omatrica panel during multiple resuspensions was slower

compared with trehalose, and the PVA showed the least

sensitivity to this factor. The goal of our study was to

explore the limits of unpredictable temperature and

humidity fluctuations, which samples might encounter

during preparation, storage, shipment and handling.

Therefore, we did not use any desiccants or special equip-

ment, such as a DNA concentrator, for DNA drying at

room temperature. In a recent study onDNApreservation

of forensic samples in Biomatrica sample matrix at room

temperature (Lee et al. 2012), samples were stored with or

without desiccants. Similar to our findings, samples pre-

served without desiccants degraded faster. The acceler-

ated rate of DNA degradation after multiple resuspension

events observed in our experiment could be caused by

fluctuations in humidity and exposure of DNA to air

Treatment Test

1 year 4 years

0 10 20 30 40 50 60 70 80 90 100
PCR success per sample %

0 10 20 30 40 50 60 70 80 90 100
PCR success per sample %

0 10 20 30 40 50 60 70 80 90 100
Avg. PCR success per sample %

0 10 20 30 40 50 60 70 80 90 100
Avg. PCR success per sample %

Room 
temperature

GF-Biomatrica
GF-Control
GF-PVA
GF-Trehalose

4 °C GF-Fridge
–20 °C GF-Freezer

GF-Biomatrica
GF-Trehalose
GF-Biomatrica
GF-Trehalose
GF-Fridge
GF-Freezer

Treatment Test 0 10 20 30 40 50 60 70 80 90 100
PCR success %

0 10 20 30 40 50 60 70 80 90 100
Sequencing Success %

0 10 20 30 40 50 60 70 80 90 100
Avg. PCR success %

0 10 20 30 40 50 60 70 80 90 100
Avg. Sequencing Success %

56 °C

Room 
temperature

4 °C
–20 °C

1 year

Treatment Test 0 10 20 30 40 50 60 70 80 90 100
PCR success %

0 10 20 30 40 50 60 70 80 90 100
Sequencing Success %

0 10 20 30 40 50 60 70 80 90 100
Avg. PCR success %

0 10 20 30 40 50 60 70 80 90 100
Avg. Sequencing Success %

Room 
temperature

GF-Biomatrica
GF-Control
GF-PVA
GF-Trehalose

4 °C GF-Fridge
–20 °C GF-Freezer
Reference Fresh DNA

4 years

(a)

(b)

(c)

Fig. 3 (a) Average PCR success per sample (%) on concentrated panels after 1 and 4 years of storage at room temperature in compari-

son with fridge and freezer (3rd resuspension event for each panel); (b) average PCR and sequencing success (%) after 1 year of storage

and three resuspension events for selected treatments; (c) Average PCR and sequencing success (%) after 4 years of storage and three

resuspension events for selected treatments compared with fresh DNA data used as a reference point. Black dots indicate percentage of

dilutions that amplified or sequenced for each of 12 samples (one dot may represent more than one sample); black lines indicate stan-

dard deviation (� one).
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during storage, drying and resuspension, which is in con-

cordance with the findings of Colotte et al. (2011).

In all long-term storage experiments, Biomatrica was

the better protectant, compared with PVA and trehalose.

After 2 years of storage and four resuspensions, Bioma-

trica provided the best protection at 56 °C and at room

temperature. The PCR success rates for GF and MN pan-

els consisted of 97% and 52% for room temperature and

89% and 33% for 56 °C.
The second best preserving agent at room tempera-

ture was Tris-buffered PVA, which provided adequate

protection (95% for GF and 50% MN) at room tempera-

ture but was not as efficient at 56 °C (13% for GF and

complete degradation for MN). Trehalose was the second

best protectant after Biomatrica at 56 °C (50% for GF and

17% for MN), but, contrary to PVA, did not offer good

protection at room temperature (35% for GF and com-

plete degradation for MN).

Figure 3a shows comparison of the 3rd resuspension

event after 1 and 4 years of storage of concentrated panel

at room temperature. After 1 year, there was no signifi-

cant difference in average PCR success per sample

between different treatments (97–100%), except for

nonprotected DNA (33%). After 4 years at room temper-

ature (with three resuspension events), the best protec-

tion was observed in Biomatrica (98%), followed by PVA

(96%) and freezer storage (�20 °C; 88%). Serious DNA

degradation was observed in nonprotected DNA (2%),

trehalose (29%) and fridge storage (4 °C; 49%).

To validate PCR success, selected treatments pre-

served at RT and 56 °C were sequenced. The sequencing

success correlated with PCR success (Fig. 3b,c). How-

ever, Sample 10 failed to produce readable sequence in

all treatments including freshly extracted DNA, hence

causing proportionally lower sequencing success for the

concentrated panel. After 4 years of storage, the PCR

and sequencing success were higher for Biomatrica and

PVA treatments in comparison with freezer storage.

Based on CO1 DNA Barcode standards (Ratnasing-

ham & Hebert 2007), we used 500 bp to evaluate

sequencing success as a cut-off value. As an additional

measure of DNA preservation, we evaluated distribution

of CRL and ARSI (Fig. 4). In spite of lower PCR and

sequencing success, DNA stored in the freezer showed

the highest number of long reads >650 bp (57 for freezer

vs. 45 for Biomatrica and 51 for PVA; Fig. 4a) and the

CRL (bin)
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Fig. 4 (a) Contiguous read length distribution after 4 years of storage (500 bp was used as cut-off criteria to filter failed sequences); (b)

Average raw signal intensity distribution after 4 years of storage (150 rfu was used as cut-off criteria to filter background noise and

failed sequences).
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highest number of samples with average raw signal

intensity >150 rfu (63 samples for freezer vs. 57 for PVA

and 45 for Biomatrica; Fig. 4b), which might be an indi-

cation of better DNA integrity in frozen samples.

Storing DNA in a dry state in the presence of trehalose

(Smith & Morin 2005) or other kind of protective matrix

such as Biomatrica’s DNAstable can add an additional

layer of stability for storage at �80 °C and is recom-

mended as a standard procedure for DNA preservation

(Knebelsberger & St€oger 2012). While Biomatrica’s pro-

prietary matrix offers the best protection, both trehalose

and PVA can be successfully utilized as cost-efficient

alternatives. All three storage media can be successfully

utilized for shipment and exchange of PCR products and

DNA between DNA barcoding facilities.

Conclusions

Overall, the dry storage media (trehalose, Biomatrica or

PVA) provided sufficient protection for short-term stor-

age of DNA at room temperature, thus enabling ship-

ment and exchange of DNA extracts and PCR products

between DNA barcoding facilities. Although trehalose

might be sufficient for short-term storage, we recom-

mend Biomatrica and Tris-buffered PVA for long-term

storage and for sample exchange with tropical countries.

Desiccants should be used to minimize exposure to

humidity. Our experiments indicate that temperature

was a crucial factor for DNA quality which has to be con-

sidered especially for long-term storage. Therefore, it is

premature to advocate transition to DNA storage at

room temperature.

Acknowledgements

This work was done at the Canadian Centre for DNA Barcoding

with administrative support from Paul Hebert; funding for

molecular analyses was provided by the Natural Sciences and

Engineering Research Council and Genome Canada through the

Ontario Genomics Institute (2008-OGI-ICI-03). We thank Evgeny

Zakharov for useful advices on Tableau software, Alex Bori-

senko for useful advices on data parsing, Sean Prosser on critical

comments which improved the manuscript, Mehrdad Hajiba-

baei for critical comments on experiment set-up and Rolf Miller

(Biomatrica) for providing Biomatrica plates with Sample

Matrix.

References

Colotte M, Coudy D, Tuffet S, Bonnet J (2011) Adverse effect of air expo-

sure on the stability of DNA stored at room temperature. Biopreserva-

tion and Biobanking, 9, 47–50.

Crowe JH (2008) Trehalose and anhydrobiosis: the early work of J.S.

Clegg. Journal of Experimental Biology, 211, 2899–2900.

Crowe JH, Hoekstra FA, Crowe LM (1992) Anhydrobiosis. Annual Review

of Physiology, 54, 557–577.

Frippiat C, Zorbo S, Leonard D et al. (2011) Evaluation of novel forensic

DNA storage methodologies. Forensic Science International: Genetics, 5,

386–392.

Hajibabaei M, DeWaard JR, Ivanova NV et al. (2005) Critical factors for

assembling a high volume of DNA barcodes. Philosophical Transac-

tions of the Royal Society of London B Biological Sciences, 360, 1959–

1967.

Hassan C, Stewart J, Peppas N (2000) Diffusional characteristics of

freeze/thawed poly(vinyl alcohol) hydrogels: Applications to protein

controlled release from multilaminate devices. European Journal of Phar-

maceutics and Biopharmaceutics, 49, 161–165.

Hebert PDN, Cywinska A, Ball SL, deWaard JR (2003) Biological identifi-

cations through DNA barcodes. Proceedings of the Royal Society of

London Series B-Biological Sciences, 270, 313–321.

Hernandez G, Mondala T, Head S (2009) Assessing a novel room-temper-

ature RNA storage medium for compatibility in microarray gene

expression analysis. BioTechniques, 47, 667–670.

Ivanova NV, Grainger CM (2007) CCDB Protocols, Sequencing.

Retrieved from http://ccdb.ca/docs/CCDB_Sequencing.pdf on June

17, 2013.

Ivanova NV, deWaard JR, Hebert PDN (2006) An inexpensive, automa-

tion-friendly protocol for recovering high-quality DNA. Molecular Ecol-

ogy Notes, 6, 998–1002.

Ivanova NV, Fazekas AJ, Hebert PDN (2008) Semi-automated, Mem-

brane-Based Protocol for DNA Isolation from Plants. Plant Molecular

Biology Reporter, 26, 186–198.

Jones KL, Drane D, Gowans EJ (2007) Long-term storage of DNA-free

RNA for use in vaccine studies. BioTechniques, 43, 675–681.

Kimura T, Okuno A, Miyazaki K et al. (2004) Novel PVA–DNA nanopar-

ticles prepared by ultra high pressure technology for gene delivery.

Materials Science and Engineering: C, 24, 797–801.

Knebelsberger T, St€oger I (2012) DNA Extraction, Preservation, and

Amplification. In: DNA Barcodes Methods and Protocols (eds Kress J &

Erickson D), pp. 311–338. Humana Press, New York, NY.

Lee SB, Clabaugh KC, Silva B et al. (2012) Assessing a novel room tem-

perature DNA storage medium for forensic biological samples. Foren-

sic Science International: Genetics, 6, 31–40.

Liao Y-H, Brown MB, Jones SA, Nazir T, Martin GP (2005) The effects of

polyvinyl alcohol on the in vitro stability and delivery of spray-dried

protein particles from surfactant-free HFA 134a-based pressurised

metered dose inhalers. International Journal of Pharmaceutics, 304, 29–

39.

Librizzi F, Vitrano E, Cordone L (1999) Dehydration and crystallization

of trehalose and sucrose glasses containing carbonmonoxy-myoglobin.

Biophysical Journal, 76, 2727–2734.

McGinnis LK, Zhu LB, Lawitts JA et al. (2005) Mouse sperm desiccated

and stored in trehalose medium without freezing. Biology of Reproduc-

tion, 73, 627–633.

Papancea A, Valente AJM, Patachia S, Miguel MG, Lindman B (2008)

PVA–DNA Cryogel Membranes: Characterization, Swelling, and

Transport Studies. Langmuir, 24, 273–279.

Ratnasingham S, Hebert PDN (2007) BOLD: The Barcode of Life Data

System (www.barcodinglife.org). Molecular Ecology Notes, 7, 355–

364.

Schyma C, Huckenbeck W, Bonte W (1999) DNA-PCR analysis of blood-

stains sampled by the polyvinyl-alcohol method. Journal of Forensic

Science, 44, 95–99.

Smith S, Morin PA (2005) Optimal storage conditions for highly dilute

DNA samples: a role for trehalose as a preserving agent. Journals of

Forensic Science, 50, 1101–1108.

Szczezsna-Antczak M, Antczak T, Rzyska M, Bielecki S (2002) Catalytic

properties of membrane-bound Mucor lipase immobilized in a hydro-

philic carrier. Journal of Molecular Catalysis B: Enzymatic, 19–20,

261–268.

Taylor DJ, Finston TL, Hebert PDN (1994) The 15% solution for preserva-

tion. Trends in Ecology and Evolution, 9, 230.

deWaard JR, Ivanova NV, Hajibabaei M, Hebert PDN (2008) Assembling

DNA barcodes: analytical protocols. In: Environmental Genomics,

© 2013 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd.

8 N. V . IVANOVA and M. L . KUZMINA



Methods in Molecular Biology, vol. 410 (ed Martin CC), pp. 275–283.

Humana Press, Totowa, NJ.

Wan E, Akana M, Pons J et al. (2010) Green technologies for room tem-

perature nucleic acid storage. Current Issues in Molecular Biology, 12,

135–142.

Zhu B, Furuki T, Okuda T, Sakurai M (2007) Natural DNA mixed with

trehalose persists in B-form double-stranding even in the dry state. The

Journal of Physical Chemistry B, 111, 5542–5544.

N.V.I. designed the experiment, performed the experi-

ment and analysed data, M.L.K. performed the

experiment, both authors contributed equally to the

manuscript.

Data Accessibility

Original images of E-gels, sequence trace data and MS

Excel file used for calculations in Tableau were archived

at DRYAD entry doi:10.5061/dryad.6p2h0 (http://data-

dryad.org).

© 2013 The Authors. Molecular Ecology Resources published by John Wiley & Sons Ltd.

PROTOCOLS FOR DRY DNA STORAGE 9


