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Abstract 
 

Ecological and  conservation genetics require sampling of organisms in the wild. Appropriate preservation of the col- 
lected samples, usually by cryostorage, is key to the quality of the genetic data  obtained. Nevertheless, cryopreserva- 
tion   in  the  field  to  ensure RNA  and   DNA   stability is  not  always possible. We  compared several nucleic acid 
preservation solutions appropriate for field  sampling and  tested them on  rat  (Rattus rattus) blood, ear and  tail  tip, 
liver,  brain and  muscle. We compared the efficacy of a nucleic acid  preservation (NAP)  buffer for DNA  preservation 
against 95%  ethanol and  Longmire buffer, and  for  RNA  preservation  against RNAlater (Qiagen) and  Longmire 
buffer, under simulated field  conditions. For DNA,  the NAP buffer was  slightly better than cryopreservation or 95% 
ethanol, but  high molecular weight DNA  was preserved in all conditions. The NAP buffer preserved RNA as well  as 
RNAlater. Liver yielded the best  RNA and  DNA  quantity and  quality; thus, liver  should be the tissue preferentially 
collected from  euthanized animals. We  also  show that  DNA  persists in  nonpreserved muscle tissue for  at  least 
1 week at ambient temperature, although degradation is noticeable in  a matter of hours. When cryopreservation is 
not  possible, the  NAP  buffer is an economical alternative for RNA  preservation at ambient temperature for at least 
2 months and  DNA  preservation for at least  10 months. 
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Introduction 
 

It is critical to all genetic studies based  on field samples to 
preserve them  properly from point  of collection  to the 
laboratory. Good  preservation of  samples that  may  be 
used  for genomic studies is even more important because 
many  genomic protocols require a high  quantity of high- 
quality nucleic  acids  (Wong  et al. 2012). Genomic  tech- 
niques such  as next-generation sequencing are becoming 
increasingly popular because  they have allowed research- 
ers to expand from transcriptome and  genome experi- 
ments  on model  organisms in the laboratory, to applying 
these  tools  to  specific  ecological  and  evolutionary 
questions in nonmodel organisms in the  wild  (Dassana- 
yake  et al. 2009; Elmer  et al. 2010; Hohenlohe et al. 2010; 
Wolf   et al.  2010;  Chen   et al.  2011).  However,  many 
interesting  biological    samples  for   molecular  ecology 
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occur  in  locations   where   their  preservation for  genetic 
and    expression  studies  is   difficult,    and    cryopreser- 
vation   is  not  possible. In  this  context,   preservation  of 
high-quantity and   high-quality DNA  and   RNA  under 
field  conditions is fundamental to many  new  molecular 
ecology studies. 

DNA   and   RNA  degrade  with   increased  time   and 
temperature (Ludes  et al. 1993; Vincek  et al. 2003; Seear 
& Sweeney  2008), and  RNA degrades more  rapidly than 
DNA   (Massie   et al.  1972).  The  best   way   to  preserve 
RNA   is   to   snap-freeze  samples  in   liquid  nitrogen 
followed by  storage  at  —80 °C (Gorokhova 2005; Wang 
& Sherman 2006; Riesgo et al. 2012). However, cryopres- 
ervation in the field can be difficult  or impossible. Stabi- 
lizing  buffers  such  as  RNAlater  (Qiagen)  can  preserve 
RNA  at  ambient temperature (Vincek  et al. 2003; Gor- 
okhova   2005;  Gayral   et al.  2011).  However,  they   are 
expensive  and   fieldwork  often   extends  beyond  time 
and/or  temperature conditions suggested by the  manu- 
facturers (i.e.  RNAlater  is  approved for  storing tissue 

mailto:miguel.camacho@ebd.csic.es


. 

 

 

 

 
samples 4 weeks  at 2–8 °C, up  to 7 days  at 15–25 °C or 
up  to 1 day  at 37 °C). 

Cryopreservation  is  also  the  best  way  to  preserve 
DNA   (Nagy    2010;  Wong   et al.   2012).   However,  it 
is  possible   to   recover   high   molecular  weight  DNA 
from  vertebrate tissue   preserved at  ambient  tempera- 
ture  for  field  appropriate times  (Nietfeldt & Ballinger 
1989;  Seutin    et al.   1991;  Muralidharan  &   Wemmer 
1994;  Kilpatrick  2002;  Nagy   2010;  Michaud  &  Foran 
2011). Opportunistic encounters with  animal carcasses 
in the wild  also provide sampling opportunities from 
which   it   might   be   possible  to   recover   high-quality 
DNA. 

Here,  we  test  RNA  and  DNA  preservation from  rat 
tissue    under   different  preservation  conditions  as   if 
they  had  been  collected  in  the  field:  collection  of sam- 
ples  with   appropriate field  tools  in  the  open   air  and 
mid-termed  preservation  (7–8 weeks   and   10 months) 
at  ambient temperature. We  compared the  quality and 
quantity of RNA extracted from various sample types 
preserved  in   a  homemade  nucleic   acid   preservation 
(NAP)   buffer,   in  RNAlater   (Qiagen)   or  in  Longmire 
buffer   (Longmire  et al.  1997).  We  also   evaluated  the 
quality and  quantity of DNA extracted from samples 
preserved in  NAP  buffer,  in  95% ethanol or  in  Long- 
mire  buffer.  We tested  the preservation conditions on 
samples commonly obtained when  animals are eutha- 
nized   (liver,  brain  and  muscle)   or  when   the  animal   is 
released (ear, tail and  blood).  We also studied the 
postmortem stability  of nonpreserved DNA in samples 
taken  from  muscle  left  at  room  temperature for  up  to 
2 weeks. 

 
 
Materials and  methods 

 
Three  rats  (Rattus rattus)  were  captured and  euthanized 
as  pest   control   in  a  private garden  (Seville  province, 
Spain)  and  donated by the  owners. Within  25 min  after 
death, several  samples were  taken  from  each  individual 
in  the  following  order:   blood   from   cardiac   puncture, 
liver,  brain,  muscle  from  the  hind  legs,  ear  and  tail tip. 
Collectors  were  trained to  sample around 6 mm2  from 
ear  and  50–90 mg  for  the  other  sample types.  Samples 
were placed in 1.5-mL Eppendorf tubes  and  preserved in 
five different ways: (i) snap-frozen in liquid nitrogen and 
then  stored at  —80 °C; (ii) 95% ethanol;   (iii)  Longmire 
buffer (Longmire et al. 1997); (iv) RNAlater (Qiagen);  and 
(v) NAP  buffer.  Preservation at  —80 °C was  used  as  a 
positive control   for  DNA  and   RNA  preservation.  The 
NAP  buffer  consisted of  0.019 M   ethylenediaminetetra- 
acetic   acid   (EDTA)   disodium  salt   dihydrate,  0.018 M 

sodium citrate   trisodium salt  dihydrate, 3.8 M   ammo- 
nium  sulphate and  was  adjusted to pH  5.2 with  H2SO4 

(see Appendix I for the full protocol). 

 
RNA preservation 
 
The samples collected to study RNA preservation were left 
at ambient temperature for about 8 weeks (59–66 days) or 
about 10 months (294 days). We then extracted RNA from 
blood,  liver, brain  and  ear samples using  the PureLinkTM 

RNA Mini Kit (Ambion, Life Technologies) and  from 
muscle using the RNeasy Fibrous Tissue MiniKit (Qiagen), 
following the  manufacturers’ protocols. For  the  second 
time point,  only  liver and  ear were  available. They were 
cut in half and  RNA was extracted from each in indepen- 
dent reactions. 

RNA concentration was determined from  the extracts 
with  a NanoDrop ND-1000 Spectrophotometer (Nano- 
Drop   Technologies,  Inc.,  Wilmington,  DE,  USA).  The 
RNA   quality  was   quantified  in   a  2100  BioAnalyzer 
(Applied Biosystems), which  determines the RNA integ- 
rity number (RIN). This parameter estimates the RNA 
integrity on a scale from 1 (RNA is completely degraded) 
to 10 (RNA  shows  no degradation) as a function of the 
RNA electrophoretic profile (Schroeder et al. 2006). 
 
 
DNA preservation 
 
The   samples  collected    to   study  DNA   preservation 
were   left  at  ambient  temperature  for  about   7 weeks 
(49–51 days) or about  10 months (298 days). Liver, brain, 
muscle  and  tail  tip  samples were  digested overnight at 
37 °C with  proteinase K (Roche  Diagnostics, Germany), 
and  then,  DNA  was  extracted using  the High  Pure  PCR 
Template Preparation Kit (Roche Diagnostics, Germany) 
following the  manufacturer’s  protocol. For  the  second 
time  point  (10 months), only  brain  and  tail  were  avail- 
able.  They  were  cut  in  half  and  the  DNA  of each  was 
extracted  in   independent   reactions.  We   determined 
DNA concentrations and  quality of the extractions with a 
NanoDrop ND-1000 Spectrophotometer and  ran 1% aga- 
rose gels stained with  SYBR® SAFE (Invitrogen, USA) to 
assess DNA degradation. 
 
 
Postmortem stability of DNA 
 
Muscle  samples were  left at room  temperature in 1.5-mL 
Eppendorf tubes  and  snap-frozen in  liquid nitrogen at 
times 0 h, 2 h, 6 h, 12 h, 24 h, 48 h, 1 week and  2 weeks, 
after which  they were stored at —80 °C. The DNA extrac- 
tion, quantification and  quality assessment were  done  as 
above. 
 
 
Data analysis 
 
The  effects  of sample type  and  preservation conditions 
on the RNA quality (RIN) and  quantity and  on the DNA 
quantity  were   assessed  by   fitting   generalized  linear 



 

  

 

 
models, adopting  Gaussian or  negative binomial error 
distributions (with  either  identity or log link functions, 
respectively)  as   they   best   fit  each   variable.  Tukey– 
Kramer post hoc tests were  then  conducted to test for 
differences among the different levels of each factor.  We 
tested  the  effect  of variation among rat  individuals on 
the quantity of RNA and  DNA  and  on the RNA quality 
across  tissues  and  found it to  be not  significant in  any 
case.  Hence,   we  did   not   include  rat  identity  in  any 
further analysis. All analyses were  run  in SAS  v. 9.1 (SAS 
Institute Inc., USA). 

 
 

Results 
 

RNA preservation 
 

RNA from  cryopreserved samples showed very  little 
degradation as indicated by the BioAnalyzer. All cryop- 
reserved samples except blood  had  two clear 18S and  28S 

peaks   and   high   RIN   values   (mean  T SD:  8.6 T 0.8; 
Table 1). Blood samples had  a profile  with  two clear 18S 
and    28S   peaks,    but    very    low   RNA   concentration 
(mean  T SD: 20.8 T 19.2 ng/lL;  Table  1), such  that  the 
BioAnalyzer software was  not able to calculate  RIN val- 
ues.  All samples from  liver,  muscle,  brain  and  ear  pre- 
served in  RNAlater  and  NAP  buffer  for  8 weeks  were 
partially degraded as  revealed by  their  electrophoretic 
profiles  (i.e. Fig. 2). They all showed a clear 18S peak, but 
a very low or no 28S peak.  We excluded two of the three 
muscle  samples preserved in RNAlater  from  our  results 
because  they showed very low electrophoretic profiles, 
probably due to RNA extractions that did not work prop- 
erly (see discussion). Samples  preserved in RNAlater and 
NAP buffer experienced similar  degradation for the same 
time  point,  but  there  was  substantial RNA  degradation 
between 8 weeks and 10 months (Figs 1 and 2; Table 1). 

Extractions from cryopreserved samples had  1.5 times 
higher  RNA   concentration  than    those   preserved  in 

 
 

Table 1  Mean RNA or DNA concentration (ng/lL T SD) for each rat sample type and preservation condition. For RNA, we also report the 
RNA integrity number (RIN) as a measure of quality. For —80 °C, samples were snap-frozen in liquid nitrogen and then stored at —80 °C, 
NAP buffer as described in text, RNAlater is a commercial product from Qiagen,  the ethanol was at 95%, and Longmire refers to the lysis 
buffer described in Longmire et al. (1997). RNA extracts  from blood and Longmire buffer were very degraded and/or had low concentra- 
tions, such that the BioAnalyzer could  not estimate RIN values  (NA) or were  not run  (NR). N = 3 samples (three  different rats) for each 
combination of tissue 9 condition at times 7 or 8 weeks and for each time point in the postmortem DNA stability, except for muscle in RNA- 
later (N = 1). For the 10-month time point,  N = 6 (3 rats 9 2 replicates per rat) for each combination of tissue 9 condition, except n = 4 for tail 
in ethanol 

 

  

Sample —80 °C 
 

NAP buffer 
 

RNAlater 
 

Ethanol 
 

Longmire 
 
RNA 

 
8 weeks 

 
Blood 

 
20.8 T 19.2 

 
4.0 T 3.1 

 
3.5 T 2.0 

 

– 
 

15.9 T 11.4 
preservation   RIN: NA/NR RIN: NR RIN: NA/NR  RIN: NR 

  Liver 471.6 T 178.4 
RIN: 8.7–9.4 

145.5 T 67.7 
RIN: 6.1–6.4 

123.8 T 65.1 
RIN: 5.2–6.5 

– 1.4 T 1.1 
RIN: NA/NR 

  Brain 102.6 T 47.4 
RIN: 7.5–8.2 

43.3 T 21.4 
RIN: 4.9–5.4 

53.2 T 12.7 
RIN: 5.0–6.2 

– 0.9 T 0.3 
RIN: NR 

  Muscle 120.2 T 109.2 
RIN: 8.9–9.7 

211.6 T 29.8 
RIN: 4.2–4.6 

134.2 
RIN: 4.8 

– 49.7 T 4.1 
RIN: NA 

  Ear 32.7 T 6.5 
RIN: 7.4–9.0 

30.2 T 8.1 
RIN: 3.5–5.1 

23.1 T 1.5 
RIN: 4.0–4.9 

– 5.9 T 5.3 
RIN: NR 

 10 months Liver 590.2 T 249.6 
RIN: 7.3–9.7 

383.9 T 180.5 
RIN: 2.5–2.9 

271.3 T 81.7 
RIN: 2.3–3.2 

– – 

  Ear 43.8 T 39.3 
RIN: 2.2–7.8 

23.3 T 7.7 
RIN: 1–2.4 

38.6 T 18.1 
RIN: NA-2.5 

– – 

DNA 7 weeks Liver 88.8 T 27.5 98.2 T 45.6 – 96.0 T 47.2 10.4 T 4.9 
preservation  Brain 26.4 T 9.1 73.3 T 5.0 – 36.4 T 10.5 14.0 T 2.2 

  Muscle 37.3 T 5.6* 53.2 T 7.2 – 32.8 T 16.4 15.3 T 8.4 
  Tail 67.7 T 18.5 65.5 T 17.9 – 63.1 T 16.6 16.3 T 5.7 
 10 months Brain 16.1 T 2.9 45.4 T 9.9 – 31.4 T 9.2 25.5 T 15.6 
  Tail 14.8 T 6.7 57.5 T 27.0 – 35.8 T 7.9 25.3 T 17.6 
DNA 
postmortem 
stability 

Muscle left at ambient temperature 
 
0 h  2 h  6 h  12 h  24 h  48 h  1 week  2 weeks 
 
37.3 T 5.6* 34.3 T 2.8 42.5 T 18.6 39.3 T 15.6 40.8 T 15.0 41.1 T 20.2 42.3 T 29.7 9.4 T 5.1 

 
*Same sample. 



 

  

 

 
 

 

 

 
 

Fig. 1  RNA concentration and  quality from various rat sample types  under different preservation conditions. RNA concentrations (left 
y-axis) are  represented with  symbols. The mean  of the RNA  integrity number (RIN) (right  y-axis) is represented with  a line for each 
preservation condition. For plotting purposes, RIN values  for very degraded samples were  all considered 0. Two muscle  replicates are 
not included (see text). Samples  stored at —80 °C yielded the highest RNA concentrations and  little degradation, reflected  in high  RIN 
values  for all sample types.  The samples preserved in RNAlater  and  in NAP  buffer  were  all partially degraded and  had  very  similar 
quality and  quantity values  for any given sample type. Liver had  the highest RNA concentrations, and  ear the lowest.  Samples  in Long- 
mire buffer and  noncryopreserved blood  were completely degraded. 

 
 

(a) (b) 
 
 
 
 
 
 
 
 
 
 
 

(c) (d) 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  BioAnalyzer profiles  of RNA from liver preserved for 8 weeks  or 10 months, respectively, in (a, b) RNAlater and  (c, d) NAP buf- 
fer. Samples  preserved in the two different buffers  had  similar  electrophoretic profiles  within a time period, with a clear 18S peak, but a 
very degraded 28S peak, and  similar  RIN values  of 6.3 and  6.1, respectively, after 8 weeks. 

 
 

RNAlater  or  NAP  buffer  for  8 weeks   (Table 1; Fig. 1). 
Samples  preserved in  NAP  buffer  did  not  significantly 
differ in RNA concentration from those preserved in 
RNAlater   (P = 0.65).  After   10 months,  cryopreserved 
samples retained a higher RNA concentration, and  RNA 

concentrations still  did  not  differ  between NAP  buffer 
and  RNAlater (P = 0.90). After  10 months, the difference 
in  RNA  quality  was   much   greater  for  cryopreserved 
samples than  for either  preserving buffer  (Table 1), and 
so was RNA quantity. 



 

  

 

 
The sample type  had  a significant effect on the  RNA 

quality (P < 0.001) and  quantity (P < 0.001) in  samples 
preserved for 8 weeks.  Liver was  the tissue  that  yielded 
the highest RNA concentration and  quality, whereas ear 
samples yielded the lowest  (Fig. 1). Noncryopreserved 
blood  and  samples in Longmire buffer  were  completely 
degraded  (Fig. 1),  as   indicated  by   their   absorbance 
curves  on  NanoDrop and  by their  BioAnalyzer profiles 
(results  not shown). The very low RNA concentrations 
registered by the NanoDrop were  probably artefacts due 
to the concentrations being  below  the lower  limit of sen- 
sitivity  of the  machine. Sample  type  also  had  a signifi- 
cant effect on both RNA quality (P = 0.046) and  quantity 
(P < 0.001) after  10 months, although only  liver  and  ear 
types  could  be compared. 

 

DNA preservation 
 
After  both  7 weeks  and  10 months at ambient tempera- 
ture,  all samples from  all combinations of sample type 
and    preservation   methods   yielded   high    molecular 
weight   DNA  (Fig. 3).  After  7 weeks,   DNA  extractions 
from  samples in  95% ethanol had  degraded more  than 
those from NAP buffer  or Longmire buffer  (Fig. 3). After 
10 months, more degradation was observed in both brain 
and  tail  for  all  conditions, but  high  molecular weight 
DNA  was  also still present in all samples tested.  Preser- 
vation  condition and  sample type  had  significant effects 
on DNA  concentration (P < 0.001 in both  cases). Within 
the 7-week samples, DNA concentration from samples 
preserved in Longmire buffer  was  4.4 times  lower  than 

 

 
 

Fig. 3  DNA  from  brain  and  tail  tissue  preserved in  NAP  buffer,  95% ethanol and  Longmire buffer.  After  7 weeks  (top  row)  and 
10 months (bottom  row) at ambient temperature, it was possible  to recover  high molecular weight  DNA in all cases, although the sam- 
ples preserved in the NAP buffer and 95% ethanol yielded brighter bands than  those preserved in the Longmire buffer. Extractions from 
samples preserved in 95% ethanol showed more  degradation than  those  from  the  NAP  and  Longmire buffers.  A well  that  was  not 
loaded is labelled ‘NL’. 



 

.  

 

 
 

 
in  the  other   conditions (Table 1).  DNA  concentrations 
from  samples preserved in  NAP  buffer  were  1.3 times 
higher than  those  from  95% ethanol (P = 0.01) and  cryo- 
preservation (P = 0.03) (Table 1). Liver yielded 2.1 times 
higher DNA concentrations than  muscle  (P < 0.001), and 
1.4 times higher concentration than  the tail, although this 
difference was not significant (Table 1). After  10 months 
(Table 1),   DNA   concentration  was   still   significantly 
higher for  samples preserved in  NAP  buffer  than   for 
those   preserved  in  either   95%  ethanol  (P = 0.043)  or 
cryopreserved (P < 0.001). We found no  significant dif- 
ferences  in DNA  concentration between the  two  sample 
types  compared after 10 months (tail and brain). 

 
 

Postmortem stability of DNA 
 

Agarose   gels  indicated that  large  DNA  molecules per- 
sisted  at high concentrations in nonpreserved muscle 
samples left  at  ambient temperature for  up  to  1 week 
(Table 1; Fig. 4). We detected DNA  degradation just 6 h 
postmortem. After 2 weeks,  none  of the samples showed 
any high molecular weight  DNA (Fig. 4). 

 
 
Discussion 

 
RNA preservation 

 
Here,  we  tested  several  methods for  RNA  preservation 
that  could  be  used  in  field  expeditions where  samples 
need  to be stored at ambient temperature. RNA from ani- 
mals  in the field can be used  for multiple types  of stud- 
ies, including expression analyses and  transcriptome 
sequencing.  Transcriptome  sequencing  is  likely  to  be 
more  robust to some  amount of RNA degradation. Pres- 
ervation of RNA under field conditions has only recently 

become  an  issue  as these  types  of studies have  become 
more  accessible  through new  NGS  technologies. There 
are  relatively few  publications directly addressing RNA 
preservation under  field  conditions (Table 2).  Most  of 
the studies we could  find either  used  a commercial RNA 
preservation product within the specifications of that 
product, and  subjected their  samples to room  tempera- 
ture  for only 12–72 h. There are three  notable  exceptions, 
one in which  whole  butterflies were preserved in RNAla- 
ter for 10 days  (Gayral  et al. 2011), a second  in which  rat 
liver  was  kept  in  RNAlater  for  15 days  (Kasahara et al. 
2006) and  another in which  hairs  were  stored in RNAla- 
ter for up to 12 weeks  (Bradley  et al. 2005; Table  2). Here, 
we showed that  the economical, homemade NAP  buffer 
was as effective  as RNAlater for preserving RNA quality 
and  quantity for 8 weeks  and  10 months. Although the 
preservation was  the  same  between RNAlater  and  NAP 
buffer,  the RNA did  degrade through time,  and  the RIN 
values  at  10 months were  much  lower  than  those  after 
8 weeks.   None   of  the  conditions  we  tested   on  blood 
yielded RNA  in useful  quality and/or  quantity for 
expression or transcriptomic studies. However, others 
have  shown that  RNA in blood  is stable  in several  com- 
mercial  products at room  temperature on a much  shorter 
timescale and  can  be used  for NGS  under those  condi- 
tions  (i.e. preservation time 24 h, Schwochow et al. 2012; 
Table 2) and  in expression studies (i.e. preservation time 
5 days,  Rainen  et al. 2002; Table 2). 
 
 
DNA preservation 
 
Several  studies have  reported high  molecular weight  or 
usable   DNA  from  a  variety of  tissues   preserved in  a 
variety of ways  compatible with  extended field work, 
including a  variety of  salt-  or  alcohol-based solutions 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  DNA  extractions from  nonpreserved muscle  tissue  left at ambient temperature for up  to 2 weeks.  High  molecular weight  DNA 
was present in all samples from 0 h, 2 h, 6 h, 12 h, 24 h, 48 h and  1 week,  but not in samples from 2 weeks.  DNA degradation started 
to be apparent on the gel at 6 h. 
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Table 2  Review  of previous studies analysing preserved RNA  quantity or quality. Due  to the  small  number of studies, data  from  all animals (vertebrate and  invertebrate) were 
included 

 
Tissue  Taxa  Condition  Preservation  Time  Quality test  RNA preservation Reference 

 
 
Blood 

 
Carnivora 12–24 h at RT 

then —20ºC 
 

RNAlater 12–24 h 
 

Nanodrop; BioAnalyzer 5.0–43.9 lg/500 lL blood 
RIN: 4.6 T 2.3 

 
Schwochow et al. 

(2012) 
  12–24 h at RT RNAprotect 12–24 h Nanodrop; BioAnalyzer 0.0–6.2 lg/500 lL blood Schwochow et al. 
  then —20 °C 

12–24 h at RT 
 

TRIzol LS 
 

12–24 h 
 

Nanodrop; BioAnalyzer 
RIN: 6.9 T 2.6 

0.2–15.1 lg/500 lL blood 
(2012) 

Schwochow et al. 
  then —20 °C 

12–24 h at RT 
 

PAXgene 
 

12–24 h 
 

Nanodrop; BioAnalyzer; 
RIN: 6.2 T 2.9 

0.1–10.2 lg/500 lL blood 
(2012) 

Schwochow et al. 
  then —20 °C   Sequencing in 1/16th RIN: 7.7 T 1.2 (2012) 
     lanes of a 454 GS FLX Titanium Successful  454 sequencing of  

 
 

Human  4, 20, 22 °C  PAXgene 
tubes 

 
 
0, 1, 3, 5, 7 d  BioAnalyzer; Northern 

blot of GAPDH; IFN IEF 
SS and  p53 gene transcripts 

cDNA libraries from samples with 
RIN >7 

RNA integrity high for at least 5 d 
at 22 °C 

Bands in Northern blot identifiable 
for at least 7 d at 22 °C 

 
 
Rainen  et al. 
(2002) 

Blood 
(Filtered) 

Carnivora  12–24 h at RT 
then —20 °C 

RNA later  0, 1, 3, 5, 7 d  Nanodrop; BioAnalyzer 0.1–3.7 lg/500 lL blood 
RIN: 7.6 T 1.9 

Schwochow et al. 
(2012) 

Hair  Human  RT RNAlater  1, 3, 6, 12 weeks  Amplification of b-actin (318-bp) 
and  MITF (314-bp) segments 
from cDNA 

Consistent amplification of MITF 
and b-actin from three hairs through 6 w 

Bradley  et al. 
(2005) 

Liver  Mouse           RT                         RNAlater          15 min, 1 h, 4 h, 24 h    18S, 28S bands on agarose gel           RNA stable for 24 h                                           Vincek et al. (2003) 
RT 100% ethanol   15 min, 1 h, 4 h, 24 h    18S, 28S bands on agarose gel           RNA stable for 24 h                                           Vincek et al. (2003) 
RT 0.9% NaCl         15 min, 1 h, 4 h, 24 h    18S, 28S bands on agarose gel           RNA stable for 24 h                                           Vincek et al. (2003) 
RT Xylene                15 min, 1 h, 4 h, 24 h    18S, 28S bands on agarose gel           RNA degrades in 1–4 h                                     Vincek et al. (2003) 
RT 10% formalin   15 min, 1 h, 4 h, 24 h    18S, 28S bands on agarose gel           RNA degrades in <15 min                                Vincek et al. (2003) 

Rat  RT RNAlater  1, 3, 8, 15 d  28S/18S  ratio on agarose gel; 
b-Actin mRNA  quantified 
by RT-PCR 

Clear 18S and  28S bands through 
day 15 

Approximately, 30% reduction 
in b-actin mRNA  copies by day 15 

Kasahara et al. 
(2006) 

Whole Artemia 5 °C RNAlater 0, 1, 2, 4 and  8 m Quantification on fluorometer Stable concentration for at least Gorokhova (2005) 
animal spp.  

19–22 °C 
 

RNAlater 
 

0, 1, 2, 4 and  8 m 
 

Quantification on fluorometer 
4  m  

Stable concentration for at least 
 

Gorokhova (2005) 
 

Butterfly  RT RNAlater  10 d  BioAnalyzer; Illumina 
library  preparation 

1  m  
Very good RNA quality; 

Successful  preparation of 
Illumina cDNA libraries 

 
Gayral  et al. (2011) 

 
min, minutes; h, hours;  d, days; w, weeks; m, months; RT, room temperature. 
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Tissue 
 

Taxon 
 

Condition 
 

Time 
 

Quality  test 
 

Results 
 

Reference 
 

Blood 
 

Bird 
 

Dried  on glass 
 

6 w 
 

Agarose  gel; 
 

HMW DNA 
 

Seutin et al. (1991) 
 Bird 

 
 

Bird 

Lysis buffer 
(Applied 
Biosystems) 

Queen’s  lysis buffer 

6 w 
 
 

24 w 

Agarose  gel; 
Southern blot 

 
Agarose  gel; 

HMW DNA 
 
 

HMW DNA 

Seutin et al. (1991) 
 
 

Seutin et al. (1991) 
 Human 

Human 
Dried  on filter paper 
Dried  on cloth 

4.5 m 
4 y 

Agarose  gel 
Agarose  gel; Southern 

HMW DNA 
HMW DNA; 

McCabe et al. (1987) 
Gill et al. (1985) 

 
 
Peripheral 

 
 
Elephant 

 
 

LST buffer 
 
 

1, 4, 6, 8 w 

blot of HinfI digestion 
 

PCR of mitochondrial 

unique 
fingerprinting 

Successful  PCR’s 
 
 

Muralidharan & 
blood 
leucocytes 

Brain 
 
 

Bird 
 

Bird 

 

DMSO 

Ethanol  70% 

 
 

6 w 
 

6 w 

(520-bp) and  nuclear 
(260-bp) regions 

Agarose  gel; 
Southern blot 
Agarose  gel; 

after 6 w 

HMW DNA 

No DNA 

Wemmer (1994) 

Seutin et al. (1991) 

Seutin et al. (1991) 
 
Liver 

 
Mouse 

 
DMSO 

 
1, 3, 5 d; 

Southern blot 
Agarose  gel, PCR of 

recovered 
HMW DNA; 

 
Kilpatrick (2002) 

  
 
 
Mouse 

 
 
 

95% ethanol 

1, 2, 3, 4, 6 w; 
2, 3, 4, 5, 6 m; 
2  y  
1, 3, 5 d; 

cyt b 
 
 

Agarose  gel, PCR of 

Successful  PCR 
 
 

HMW DNA; 

 
 
 

Kilpatrick (2002) 
  

 
 
Mouse 

 
 
 
Longmire buffer 

1, 2, 3, 4, 6 w; 
2, 3, 4, 5, 6 m; 
2  y  
1, 3, 5 d; 

cyt b 
 
 

Agarose  gel, PCR of 

Successful  PCR 
 
 

HMW DNA; 

 
 
 

Kilpatrick (2002) 
  

 
 

Bird 

 
 
 

DMSO 

1, 2, 3, 4, 6 w; 
2, 3, 4, 5, 6 m; 
2  y  
6, 24 w 

cyt b 
 
 

Agarose  gel; 

Successful  PCR 
 
 

HMW DNA 

 
 
 

Seutin et al. (1991) 
 

Bird 

Human 

Human 

Human 

Human 

Ethanol  70% 

Dehydration 

DMSO 

DNAgard 

Ethanol  70% 

6 w 
 

4, 7, 14, 28 d 
 

4, 7, 14, 28 d 
 

4, 7, 14, 28 d 
 

4, 7, 14, 28 d 

Agarose  gel; 
Southern blot 

STR genotyping 

STR genotyping 

STR genotyping 

STR genotyping 

No DNA 
recovered 
Full profile 

Full profile 

Full profile 

Full profile 

Seutin et al. (1991) 
 

Allen-Hall & McNevin 
(2012) 

Allen-Hall & McNevin 
2012; 

Allen-Hall & McNevin 
(2012) 

Allen-Hall & McNevin 
 

Human 
 

Human 
 

Human 

 
Ethanol  70% + 
0.1 mM  EDTA 

Genotek Tissue 
Stabilising Kit 
Solid NaCl 

 
4, 7, 14, 28 d 

 
4, 7, 14, 28 d 

 
4, 7, 14, 28 d 

 
STR genotyping 

 
STR genotyping 

 
STR genotyping 

 
Full profile 

 
Full profile 

 
Full profile up 

 
Allen-Hall & McNevin 

(2012) 
Allen-Hall & McNevin 

(2012) 
Allen-Hall & McNevin 

 
Human 

 
RNAlater 

 
4, 7, 14, 28 d 

 
STR genotyping 

to 7d 
Frequent allelic 

dropout 

(2012) 
Allen-Hall & McNevin 

(2012) 
 

 
Table 3  Survey  of some studies reporting on DNA preservation in birds  and  mammals over weeks or months timescales 

 
 
 
 

Southern blot 
 
 
 
 

Southern blot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Southern blot 
 

Bird Ethanol, 70% 6, 11 w Agarose  gel; Significant  DNA Seutin et al. (1991) 
   Southern blot degradation  

 
Muscle  Bird  DMSO  6 w  Agarose  gel; 

Southern blot 

 
HMW DNA  Seutin et al. (1991) 

 
 
 
 
 
 
 
 
 

(2012) 
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Table 3  (Continued) 

 

Tissue Taxon Condition Time Quality  test Results Reference 
  

Human 
 

TENT buffer 
 

4, 7, 14, 28 d 
 

STR genotyping 
 

Frequent allelic 
 
Allen-Hall & McNevin 

     dropout (2012) 
Muscle Pig Dried  at 70 °C for 2 w, 2 m PCR of IGF-1 (642 bp) 100% PCR success Michaud & Foran (2011) 
and  skin  72 h     

 Pig Ethanol  70% 2 w, 2 m PCR of IGF-1 (642 bp) 100% PCR success Michaud & Foran (2011) 
 Pig Isopropanol, 70% 2 w, 2 m PCR of IGF-1 (642 bp) 100% PCR success Michaud & Foran (2011) 
 Pig RNAlater 2 w, 2 m PCR of IGF-1 (642 bp) 100% PCR success Michaud & Foran (2011) 
 Pig Silica desiccant 2 w, 2 m PCR of IGF-1 (642 bp) 100% PCR success Michaud & Foran (2011) 
 Pig —80 °C 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 75%; 100%; 50% 

PCR success 
Michaud & Foran (2011) 

 Pig DMSO 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 75% Michaud & Foran (2011) 
     PCR success  
 Pig Ethanol, 40% 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 0% Michaud & Foran (2011) 
     PCR success  
 Pig Ethanol, 70% 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 50%; 50% Michaud & Foran (2011) 
     PCR success  
 Pig Ethanol, 100% 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 50% Michaud & Foran (2011) 
     PCR success  
 Pig Isopropanol, 70% 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 25% Michaud & Foran (2011) 
     PCR success  
 Pig Isopropanol, 100% 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 25% Michaud & Foran (2011) 
     PCR success  
 Pig Silica desiccant, 2.5 g 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 100%; 0% Michaud & Foran (2011) 
     PCR success  
 Pig Silica desiccant, 1 w, 2 m, 6 m PCR of IGF-1 (642 bp) 100%; 50%; 0% Michaud & Foran (2011) 
  12.5 g   PCR success  
d, days; w, weeks; m, months; y, years; HMW, high molecular weight,  bp, base pairs; PCR, polymerase chain reaction. 

 
 
 

and  desiccation procedures  (Table 3). The  NAP  buffer 
preserved DNA  quality and  quantity slightly  better  than 
both   95%  ethanol  and   cryopreservation  for   at   least 
7 weeks.  This could  be because  EDTA, which  is present 
in the NAP buffer, might  protect the DNA during the 
extraction procedure. In another study, Kilpatrick (2002) 
showed  that   addition  of  EDTA  to  ethanol prevented 
DNA degradation during the extraction process.  He also 
recorded that the use of salt-based buffers  that contained 
EDTA, such  as DMSO or Longmire, could  preserve high 
molecular  weight   DNA   after  noncryogenic  storage   of 
tissue  samples for long  times  (at  least  2 years)  at room 
temperature.  Therefore, it is likely  that  the  DNA  could 
be stable  in NAP  buffer  at room  temperature for much 
longer  than  the  10 months demonstrated here,  perhaps 
even  years.  Longmire buffer  is  a  lysis  buffer  in  which 
DNA  can  accumulate in  the  solution with  time  (Kilpa- 
trick  2002). This  could  explain   the  low  DNA  quantity 
yields  we  obtained from  tissue  extractions preserved in 
this buffer.  Nevertheless, DNA  quality was high  in sam- 
ples preserved in Longmire buffer. 

Useful quantities and  qualities of DNA were observed 
here  in nonpreserved postmortem muscle  tissue  for  up 
to  1 week.   Other   authors  have   also  found  that   high 

molecular weight  DNA in some  tissues,  such  as in blood 
or  kidney, degrade very  fast  after  1 week,  whereas in 
others,   such   as  brain,   lasts  longer   (Ludes   et al.  1993). 
Although these  times  will vary  depending on external 
humidity and  temperature, sampling from recently  dead 
carcasses  in the  field  can  be a potential source  for high 
molecular weight  DNA. 
 
 
Sample types 
 
RNA and  DNA  stability  can be tissue  dependent  (RNA: 
Bahar  et al. 2007; Seear & Sweeney  2008; DNA: B€ar et al. 
1988;  Ludes   et al.  1993).  Our   results  show   that   liver 
yielded the  best  quality and  quantity DNA  and  RNA 
among the  sample types  tested.  In  vertebrates, liver  is 
the  next  best  tissue  after  testis  that  yields  the  highest 
quantity of  high   molecular weight   DNA  (Wong  et al. 
2012). Liver  also  offers  a lot of tissue  quantity for DNA 
extraction, as  it  is  a  big  organ,   but  it  has  the  risk  of 
nucleic  acid degradation due  to its high nuclease content 
(Wong  et al. 2012). Skeletal  muscle  is less prone  to DNA 
degradation and  it is also  abundant, but  usually yields 
less  DNA  due  to the  tough  nature of the  muscle  fibres 
(Wong   et al.  2012).  In  this  study, we  observed  unex- 
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pected electrophoretic profiles  for two  of our  extracts  of 
RNA from muscle,  perhaps for this reason. 

High-throughput  sequencing  platforms  usually 
require initial  input of  high  quantities of  good-quality 
RNA  or  DNA.  For  library  preparation,  sequencing ser- 
vices  generally request more  than  1 lg  of nondegraded 
DNA and  at least 1 lg of RNA with  RIN >7. Other  appli- 
cations,  such  as whole-genome sequencing, recommend 
even  larger   amounts of  DNA   such   as  1 mg  of  high- 
quality DNA  (Wong  et al.  2012).  RIN  values   for  liver 
preserved for  8 weeks  in  RNAlater  and  in  NAP  buffer 
were  5.2–6.5, slightly  lower  than  normally recommended 
for transcriptome sequencing. Ear clips in RNAlater  and 
NAP  buffer  yielded RNA in low quantities (mean  T SD: 
26.7 T 6.5 ng/lL),  but  the  quality was  moderate  (RIN: 
3.5–5.1). As NGS technologies develop, their  demand for 
high-quantity and  high-quality material may  be relaxed. 
For example, the  new  Smart-Seq  can  perform transcrip- 
tomic  analysis  from  RNA  quantities  as  low  as  10 pg 
(Goetz & Trimarchi 2012). 

 
 
Conclusion 

 
Cryopreservation should be used  whenever possible  as 
it preserves high-quantity and  good-quality RNA and 
DNA.   However,  field   trips   often   occur   in   locations 
where  cryopreservation is not possible. Under such  con- 
ditions, we  recommend the  use  of NAP  buffer  because 
it is inexpensive, easy  to transport because  it is nonhaz- 
ardous and  nonflammable, and  it is possible  to recover 
a  high   quantity  of  high   molecular  weight   DNA   and 
medium-quality RNA after  months at ambient tempera- 
ture.  The  limited data  currently available suggest that 
RNA  preservation varies  among tissues   (Fig. 1), and 
possibly between taxa,  so it would be safest  to perform 
a pilot  study as  similar  to  the  target  study as  possible 
to determine whether a usable  amount of RNA is likely 
to be preserved under those  particular conditions. Fur- 
ther, NAP buffer can be used for both RNA and DNA 
preservation.  Liver   is  the   best   source   for  RNA   and 
DNA   and   its  preservation  in  NAP   buffer   offers   the 
potential for  it  to  be  used   in  NGS  applications. How- 
ever,  if animals are not  collected,  the biological  material 
that  can  be  sampled, such  as  tail  tip  or  ear  clip,  offers 
fewer  possibilities for expression studies due  to the  low 
quantity of RNA,  although they  remain a good  source 
for DNA. 
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Data  Accessibility 
 
Concentration of DNA  and  RNA,  quality of RNA  (RIN 
values)  and  concentration of DNA  extracted across  post- 
mortem time  series  are  available on DRYAD repository 
(doi:10.5061/dryad.8gh7p). 
 
 
Appendix I 
 
 
Protocol for the preparation of Nucleic Acid 
Preservation (NAP) Buffer 
 
Materials Equipment 
 
EDTA disodium salt dihydrate  Scale 
Sodium citrate trisodium salt dihydrate Weigh boat or paper 
Ammonium sulfate  Magnetic stirrer  with 

heating plate 
Ultra-purified, molecular grade  water  Stirring  rod 
H2SO4 to adjust  the pH  PH reader 
bottle or flask 
 
 

To make NAP buffer: 
1  Combine 7.44 g of EDTA, 7.35 g of sodium citrate  tri- 

sodium salt  dihydrate, and  700 g of ammonium sul- 
fate  in  1 L of water  in  bottle  or  flask.  Stir on  low  to 
moderate heat until  the ammonium sulfate  dissolves 
completely, which  usually takes hours. 

2  Cool to room  temperature, then  adjust  pH  to 5.2 with 
H2SO4. 

3  Store  at  room  temperature or  keep  refrigerated until 
aliquoted. 

4  Aliquot 1.5 mL of buffer  into 2 mL tubes  for preserva- 
tion of up to 150 mg of sliced tissue. 


