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ABSTRACT 
The collection and preserv a tion of biological material before DNA analysis is critical for inter alia 
biomedical r esear ch, medical diagnostics, for ensics and biodiv ersity conserv a tion. In this study, we 
ev alua te an in-house formulated buffer called the Forensic DNA Labora tory -buffer (FDL-buffer) f or 
preserv a tion of biological material for long term at room temperature. Human saliva stored in the 
buffer f or 8 y ears, human blood stor ed for 3 y ears and delicate animal tissues fr om the jellyfish Pelagia 
noctiluca comb jelly Beroe sp., stored for 4 and 6 years respectively c onsist ently produc ed high- 
quality DNA. FDL-buffer exhibit ed c ompatibility with standard organic, salting out and spin-column 
ex trac tion methods, making it versatile and applicable to a wide range of applications, including 
automation. 

METHOD SUMMARY 
DNA ex trac tions w er e performed by Salting out, PCI, ZymoQuick and DNAeazy methods. DNA 

quantity and quality w er e assessed using qPCR, Qubit, gel electr ophor esis, as w ell as Sanger 
sequencing, microsat ellit e profiling and SNPchip analy sis. 
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. Background 

btaining DNA of optimal quality and quantity for
olecular analysis is, in part, dependent on how samples

r e pr eserv ed during c ollection, transport and st orage
rior to DNA ex trac tion [ 1 , 2 ]. The most common methods
f preserv a tion, which inv olv e c old st orage and alc ohol
xation, still have several limitations. Their application

or field collections, transportation and long-term storage
an be c ostly, c onstrained by air/sea trav el r egulation and
ay pose risks to sample quality [ 1 , 2 ]. The invention of

 oom temperatur e (RT) DNA preservation techniques has
ignificantly streamlined the process of sample collection
nd storage, making it more efficient o verall. T his includes
evelopment of techniques involving chemical buffers,

reeze drying, matrix vacuum drying, cellulose cards and
anoparticles [ 3–7 ]. 

Despite the emergence of numerous technologies,
NA stabilization buffers, both homemade and commer-

ial options have persisted as the mainstream storage
ONTACT Mohaimin Kasu mkasu@uwc .ac .za 
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ermits unrestricted non-commercial use, distribution, and reproduction in any medium, provid
ublished allow the posting of the Ac c epted Manuscript in a repository by the author(s) or with
choic e due t o their versatility and c onvenienc e. Effective
homemade formulations such as the Seutin buffer [ 8 ],
Longmire buffer [ 9 ], DESS [ 10 ], NAP buffer [ 11 , 12 ],
TENT [ 13 ] have previously secured prolonged preserva-
tion at RT. 

Commercial solutions for collection and preserv a tion
of human Saliva have been widespread due to its non-
invasiveness and viability as a source of DNA. Most
w ell-known dev elopments include the Oragene OG-500
(DNA Genotek), DNAgard 

R ©
Saliva (Biometrica), DNA/RNA

Shield 
TM (ZymoResearch) and the GeneFiX 

TM Saliva DNA
Collection Kit (Isohelix) [ 14–17 ]. Although the Oragene
OG-500 has been widely adopted [ 18–21 ], only a single
report [ 22 ] has v alida t ed its performanc e aft er st orage for
5 years at RT, which is a benchmark that remains largely
unknown for its c ompetit or formulations. 

While the use of blood at RT as source of DNA
is well-documented using cellulose cards for up to
16 years [ 17 , 23 , 24 ], the development of alternative chem-
ical methods is limited and to our knowledge, none have
e academic con ten t of the article. 
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een v alida t ed for st orage longer than 1 year using the
NAsable and DNAgard technologies [ 25 , 26 ]. 

In wildlife studies and conserv a tion biology, the
reserv a tion of DNA in solid tissues by chemical stabiliz-
rs have also been reported [ 11 , 12 , 27–29 ]. However, such
pplications have been very scarce in marine biology for
se on delicate jellyfish tissue [ 30 , 31 ], with the extensive
r e-tr ea tmen t prot oc ols still the gold standard [ 32–35 ].
urthermore, species such as ctenophores, flatworms and
emer teans pose par ticular challenges and demand spe-
ialized pr e-tr ea tmen t during field collection [ 33 , 36 , 37 ]. 

Despite the availability of numerous RT chemical
tabilizers, their suitability for diverse sample types and
cross various DNA ex trac tion methods, both commercial
nd non-commer cial , r emains insufficiently explor ed .
dditionally, the existing literature lacks adequate bench-
arks for assessing DNA quality and yield after prolonged

torage at RT, often relying solely on electrophoresis and
pectrophot ometry. Conc er ns ar ise regarding DNA quan-
it y and qualit y in long-term R T studies due t o pot ential
act erial c on tamina tion (e.g., saliv a samples), impurities,

nhibitors and sample degradation. Establishing these
enchmar ks for long-ter m RT preserv a tion methods is
rucial to ev alua te their effectiv eness. Downstr eam DNA
nalysis methods used in genomics, epigenetics and
etagenomics all r equir e substantial quantities of high
olecular weight DNA, along with pure ex trac ts free of

mpurities and PCR inhibitors [ 38–45 ]. 
The FDL buffer has previously yielded high quality

nd inhibitor free DNA from human saliva stored in
DL-buffer f or 4 years and blood stored for 4 months,
howing compatibility with multiple DNA ex trac tion

ethods [ 46 , 47 ]. In the present study, we assessed
he DNA quantity and quality from human saliva and
lood stored for 8 and 3 y ears, r espectiv ely, as w ell as
elicate marine invertebrate tissues stored for 4–6 years

n the FDL-buffer. For comparative purposes, human
amples w er e also pr eserv ed in other commercial buffers,
hile v alida tion using more delica te tissue of jellyfish

elagia noctiluca and the delicat e Ber oe sp. c omb jelly
pecimens w er e additionally pr eserv ed in ethanol . To our
nowledge, this study becomes the longest benchmark
 est t o dat e for saliva, blood and delicate animal tissues
or the preserv a tion of DNA at RT. 

. Materials & methods 

.1. Sample collection & storage 

thics approval for the collection of human biological
issues was obtained from the University of the West-
r n Cape, Biomedical R esearch Ethics Committee (15-
-97 and BM/16/3/18). Human biolog ical mat erial was
 ollect ed by writt en informed c onsent in alig nment with
in terna tional ethical guidelines [ 48 ]. Animal materials
w er e c ollect ed using locally author ized per mits, or as part
of in terna tional collabora tive ocean-going expeditions.
Both human and animal biological samples w er e stor ed
at room temperature in the dark until DNA ex trac tion. 

2.2. Human DNA samples & extractions 

A 5 ml saliva sample was c ollect ed fr om v oluntary donors
(n = 10), and then combined with an equal volume of
the FDL-buffer and stored for 8 years (FDL-S8). Each donor
also provided a 2 ml saliva sample c ollect ed in an equal
volume of the Oragene OG-500 device from DNA Genotek
(ORG-S8). Human blood was c ollect ed from (n = 6)
voluntary donors and stored for 3 years at RT. A 5 ml blood
sample was drawn directly into tubes containing an equal
volume of FDL-buffer (FDL-B3) and in BD Vacutainers R 

©

tubes containing 0.5 ml sodium citrate (NaCHO-B3). 
Human saliva and whole blood samples c ollect ed in

the FDL-buffer w er e ex trac ted using either the salting
out [ 49 ] or phenol chloroform isoamyl (PCI) [ 50 ] method
and two c ommercial spin-c olumn kits namely Zymo-
Quick (Zymo Research) and DNAeazy (Qiagen). All sam-
ples w er e incuba ted a t 60 ◦C overnigh t for lysis with
Proteinase K (0.2 mg/ml) and ex trac ted in duplicate. 

Supplementary Table S1 provides a summary of all
sample types and DNA ex trac tion methods used. DNA
from ORG-S8 samples were ex trac ted from a total of
500 μl using the recommended prepIT •L2P proce-
dure [ 51 ]. For the saliva FDL-S8 and whole blood FDL-
B3 samples, a 500 μl aliquot was ex trac ted by salting
out [ 49 ] and PCI [ 50 ] r espectiv ely as the selected conven-
tional methods. For the spin-column systems the Zymo-
Quick (Zymo Research) and DNAeazy kit (Qiagen) w er e
performed from a 200 μl sample aliquot following the
manufactur er’s pr ot oc ol for saliva and blood [ 52 , 53 ]. DNA
was eluted in 100 μl 1X TE (Sigma Aldrich) for Salting out
and PCI ex trac tions and with the manufacturers supplied
elution buffer for Zymo-Quick and DNAeazy kits. 

2.3. Jellyfish DNA samples & extractions 

A total of 10 whole specimens of P. noctiluca (Scypho z oa,
Pelagiidae) and 2 specimens of B ero e sp. (Ctenophora,
Ber oidae) w er e c ollect ed from trawl nets off the c oast of
Namibia in 2019 and 2017 r espectiv ely. The specimens
measured on average ∼10 cm before dissection and
storage. Each specimen was divided in two ( ∼5 cm), with
one half stored in the FDL-buffer and the other half in
ethanol . FDL-buffer samples w er e suspended dir ectly in
the FDL-buffer (1:5 v/v). In contrast, ethanol samples w er e
initially fixed in 96% ethanol at sea (1:5 v/v), subsequently
r eplaced with fr esh ethanol twice within 24 hours of
collection before long-term storage in 70% ethanol. 



BIOTECHNIQUES 359 

 

d  

e  

w  

d  

e  

f  

i  

m  

(

2

H  

g  

q  

T  

v  

c  

d  

fl  

e  

a  

c  

i  

t  

d  

(  

(  

s  

1  

g  

c  

e  

i
 

w  

i  

p  

D  

�  

t  

t  

a  

r  

1  

i

2

D  

r  

W  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For the FDL-buffer samples, a 500 μl aliquot of the
issolved tissue ly sat e was used for DNA ex trac tion. The
thanol-pr eserv ed P. noctiluca and Beroe sp. specimens
 er e dissect ed int o ∼1 cm 

2 cubes, normalized t o 0.5 g
ried tissue and diced with a sterile scalpel for DNA
x trac tion. All samples w er e incubated at 60 ◦C overnight

or lysis with Proteinase K (0.2 mg/ml) and ex trac ted
n duplicate by Salting out, Zymo-Quick and DNAeazy

ethods and resuspended in 50 μl 1X TE or elution buffer
 Supplementary Table S1 ). 

.4. Assessments of DNA quantity, quality & latent 
inhibitors 

uman DNA samples w er e quantified using the Inv esti-
a tor Quan tiplex Pro kit (Qiagen) [ 54 ] on the 7500 RT-
PCR sy st em (Applied Biosy st ems) with the HID Real-
ime PCR Analysis Software v1.3 implementing an R 

2

alue ≥0.99 for ac c eptanc e crit eria for the standard
urve. Jellyfish samples were quantified using the Qubit TM

sDNA BR kit (Thermo Fisher) using the Qubit R 
©

Flex
uorometer (Thermo Fisher). Due to the variable DNA
lution or dissolution v olumes acr oss ex trac tion methods,
 normalized total DNA yield in micrograms ( μg) was
alculated per (ml) or (g) of input sample. The degradation

ndex (DI) for human samples w er e calculated using
he outputs from the Investigator Quantiplex Pro kit by
ividing the DNA c onc en tra tion of the smallest target

91 bp) by the DNA c onc en tra tion of the largest target
353 bp) [ 54 , 55 ]. DNA int eg rity of human and jellyfish
amples w er e ac c essed on 0.8% agarose gels using a
 kbp DNA marker (NEB) by loading 3 μl undiluted
DNA ex trac t mixed with 3 μl DNA loading buffer (Lonza)
 ontaining GelRed 

R ©
(Sig ma Aldrich) and the samples

lectr ophor esed at 100 V for 50 min. UV visualization and
mages w er e taken on the GelDoc sy st em (Bio-Rad). 

The detection of potential PCR inhibitors was assayed
ith Investiga tor Quan tiplex Pro kit (Qiagen) by mon-

toring amplification of the synthetic 434 bp internal
ositiv e contr ol (IPC) betw een human samples and the
NA c ontrols used t o produc e the standard curve. The
IPC Ct was calculated taking the difference between

he IPC Ct of samples and the average IPC Ct across all
he DNA standards at c onc entrations 50, 1.8519, 0.0686
nd 0.0025 ng/ μl. In ac c ordanc e with the manufacturer’s
 ecommendations, an IPC Ct differ ence of mor e than
 betw een standar ds and samples was considered an

ndication of inhibitor presence [ 54 ]. 

.5. St atistical analy sis 

ue to small sample size and non-normal distribution
 ev ealed by Shapir o-Wilk tests [ 56 ], the non-parametric

ilc oxon Sig ned-Rank t est was performed with pack-
age exactRankTests [ 57 ] to account for ties, and the
B onfer roni-Holm cor rection was applied t o c ontrol for
family- wise error r ate [ 58 ]. Probabilities are displayed on
boxplots using packages ggpubr [ 59 ] at α = 0.05 with fol-
lowing notations: * p < 0.05; *** p < 0.001; **** p < 0.0001;
p > 0.05 (ns). All graphical plots w er e pr oduced using
ggplot2 (v3.3.5) in RStudio 2021.09.1 build 372 [ 60 , 61 ]. 

2.6. Jellyfish sanger sequencing 

DNA samples from P. noctiluca were amplified at the
COI barcoding gene with primer sequences from refer-
ence [ 62 ]. Samples w er e amplified using 10 ng input DNA
in a 25 μl PCR volume containing, 1X PCR Gold buffer
(Thermo Fisher), 1 U/ μl AmpliTaq Gold (Thermo Fisher),
1.25 mM MgCl 2 , 0.5 μM forward and reverse primer,
0.2 mM dNTPs (Roche Diag nostics). PCR c onditions w er e
adapted from [ 62 ] and programmed on a Ver iti TM ther mal
cycler (Thermo Fisher) c onsist ed of an activ a tion step at
95 ◦C f or 4 min, f ollo wed b y 16 cycles at 95 ◦C for 1 min,
48 ◦C for 1 min, 72 ◦C for 1 min, 35 cycles of 93 ◦C for 45 s,
51 ◦C for 45 s and 72 ◦C for 1 min 25 s, followed by a final
extension phase at 72 ◦C for 5 min. 

PCR amplification of the mtDNA COI fragment
( ∼650 bp) for B ero e sp. specimens was achieved
using 15 ng DNA in a 25 μl PCR reaction containing,
Q5 R 

©
High-Fidelity 2X Master (New England Biolabs)

and in house designed primers forw ard Loba ta-F (5 ′ -
 T T TGT TATGCCT T T T AGT ATWGG-3 ′ ) and r ev erse Lobata-R

(5 ′ -TC CATAC CMGAAGT AAACAT ATG-3 ′ ) each at 0.5 μM in
the PCR reaction. Samples were amplified on a Veriti TM 

thermal cycler (Thermo Fisher) consisting of activ a tion
at 98 ◦C for 30 s, followed by 35 cycles at 98 ◦C for 10 s,
annealing at 59 ◦C for 30 s, extension at 72 ◦C for 20 s and
a final extension at 72 ◦C for 2 min. 

PCR pr oducts w er e sequenced using the BigDye TM 

Terminator v3.1 kit (Thermo Fisher) following the manu-
factur er’s r ecommendations, the electr ophor esis run was
outsourc ed t o the Central A nalytical Facility, S tellenbosch.
COI sequences w er e aligned with BioEdit v7.2 and species
identities confirmed by a BLAST search in GenBank [ 63 ]. 

2.7. Field work collections 

Table 1 shows a summary of the FDL-buffer utilization
in human field work sampling. A minimum of 2 ml
saliv a w as c ollect ed fr om v oluntary donors and stor ed
in an equal volume of the FDL-buffer at RT until DNA
ex trac tions w er e performed . The av er age stor age time at
RT given in Table 1 was estimated from the collection
dat e up t o obtaining the ex trac ted DNA. A ll DNA e x trac ts
w er e stor ed a t -20 ◦C un til the r espectiv e DNA typing
method was c onduct ed . DNA pr ofiles generated for an
ongoing population study [ 64 ] w er e subject ed t o quality
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Table 1. Summary of field work sampling performed for the FDL-buffer over the past 6 years. 

DNA typing platform Country Samples 
genotyped (N) 

Time at room 

temperature 
(years) 

Ref. 

Omni2.5-8 Beadchips v1.3, Wellcome Trust Centre for Human Genomics, 
Oxfor d Univ ersity 

South Africa 30 2 [ 65 ] 

Genome Screening Array (GSA v2) Estonian Institute for Genomics South Africa 33 2–4 [ 66 ] 
Y-STR genotyping (UniQTyper Y-10) South Africa 

Nigeria 
1385 
461 

2–4 [ 67–69 ] 

Autosomal genotyping (Globalfiler TM Express) Lesotho 44 6 [ 64 ] (ongoing) 
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ssessment by Peak Height Ratio (PHR) analysis using
eneMapper ID-X v1.4 (Thermo Fisher). 

. Results & discussion 

.1. Huma n sa mples DNA qua ntit y & qualit y 
assessment 

.1.1. DNA yield comparison 

he mean DNA c onc en tra tion and total normalized DNA
ield obtained for saliva and blood are summarized in
able 2 . In this study, OG-500 samples ex trac ted with the
repIT •L2P was used as a comparative method, being the
nly device known to maintain high DNA quality even
fter 5 years at RT [ 9 ]. The mean DNA concen tra tions
btained for the ORG-S8 samples ( Table 2 ) w er e similar

o previous studies for 6 months [ 70 ] and 8 months [ 19 ]
t RT. To our knowledge, no studies hav e r eported qPCR
esults, nor yields for the OG-500 DNA c onc en tra tions
ey ond 5 y ears storage. In Figur e 1 A, based on the qPCR-
stimat ed t otal normalized yield for FDL-S8 samples,
here was no significant difference observed between
he ex trac tion sy st ems, exc ept for Salting out, which
xhibit ed sig nificantly higher efficiency across the saliva
amples (Wilcoxon, p < 0.05). 

Highest DNA yields w er e obtained with the PCI
ethod for the FDL-B3 blood samples, with significant

iffer ences observ ed betw een the PCI vs. DNAeazy
nd ZymoQuick vs. DNAeazy comparisons ( Table 2 &
igure 1 B, Wilcoxon p < 0.05). The lowest DNA c onc en-
rations for blood , appr oximately 13 and 28 ng/ μl, was
bserved within the PCI ex trac tion and w er e identified as
utliers in Figure 1 B. Notably, the control blood sample
tored in sodium citrate at room temperature failed to
rovide any DNA after 3 years (DNA quan tifica tion da ta
ot shown). 

.2. DNA degradation (DI) & inhibitor analysis 

he mean DI for saliva ex trac ts was (1.48 ± 0.36) and for
lood (1.05 ± 0.15), with maximum DI values of 1.3 and
.8 observed for saliva and blood, respectively ( Figure 2 A
 B). In general , r egar dless of the ex trac tion methods,

he FDL-buffer should yield DNA of high quality which is
uitable for most downstream applications. The FDL-S8
 

samples ex trac t ed with ZymoQuick showed sig nificantly
higher DI values than with other ex trac tion methods.
This trend was also observed for the blood samples in
the ZymoQuick vs. DNAeazy comparison ( Figure 2 A & B,
Wilcoxon p < 0.05). 

In general, the IPC Ct analysis revealed no evidence
of PCR inhibition across all human samples ( Figure 2 C
& D). For saliva samples, both Salting out and DNAeazy
ex trac tions yielded IPC Ct values significantly lower than
the contr ol DNA ( Figur e 2 C, Wilcoxon p < 0.05) and a sim-
ilar trend was observed for FDL-B3 ex trac tions compared
with the control DNA ( Figure 2 D, Wilcoxon p < 0.05). The
mean �IPC Ct values across saliva (0.188 ± 0.142) and
blood (0.32 ± 0.25) ( Supplementary Table S2 ) confirms
all human ex trac ts w er e below the standar d thr eshold
for inhibitor detection ( �IPC Ct < 1) [ 71 ]. These results
confirm the absence of major PCR inhibitors co-eluting
from human saliva and blood sources. This finding is
particularly significant for blood, as haematin, a potent
inhibitor of Taq polymerase [ 72 ] is known t o c o-elut e with
DNA. 

The absence of PCR inhibitors, such as phenol,
ethylenediaminet etraac etic acid (EDTA) and chaotropic
salts, which c ould orig inat e from DNA ex trac tion
reagen ts, highligh ts the compa tibility of the FDL-buffer
with different chemistries in the t est ed methods. The
combination of the FDL-buffer with the lysis and DNA
binding buffers used in the ZymoQuick and DNAeazy
sy st ems did not cause any negative reactions that could
have led to the co-elution of inhibitory elements. 

The significantly elevated DI values observed for
ZymoQuick ex trac tions w er e unexpect ed sinc e all FDL-
S8 ex trac tions orig inat ed from the same samples. The
inhibitor study did not provide any evidence suggesting
pot ential c o-eluting elements as an explanation for the
elev a ted DI [ 73 ]. Other studies [ 55 , 73 , 74 ] have proposed
that such an effect, ref erred to as false degradation flags,
can be triggered by high c onc en tra tions of inhibitors
affecting the DI target more significantly than the syn-
thetic IPC DNA. Furthermore, the human and synthetic
DNA targets are amplified using different primer pairs
and yield different amplicon sequences, which may also
be a c ontributing fact or t o c onsider [ 72 , 75 ]. Based on
our observ a tions, it appears tha t co-eluting impurities
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Table 2. Mean DNA c onc entra tions and normalized total DNA yield for saliva and blood stored at RT. Mean DNA c onc entra tion (ng/ μl) 
and normalized mean total DNA yield ( μg) per ml sample input is r eported acr oss n = 10 donors (saliva) and n = 6 donors (blood) 
samples extracted in duplicate. 

Storage 
buffer 

Sample 
type 

Years at 
RT 

sample 
input 
(ml) 

DNA 
extraction 

system 

Final volume 
( μl) †

Qubit DNA 
c onc entra tion 
(ng/ μl) Mean 

[range] 

qPCR DNA 
c onc entra tion 
(ng/ μl) Mean 

[range] 

qPCR normalized 
total DNA yield 
( μg/ml sample) 

Mean [range] 

Oragene 
OG-500 

Saliva 8 0.5 prepIT •L2P 100 109.0 [27–264] 56.4 [8–138] 11.3 [1.8–26.4] 

FDL- 
buffer 

Saliva 8 0.5 Salting out 100 255.0 [60–473] 211.5 [57–996] 42.3 [11.5–199] 

FDL- 
buffer 

Saliva 8 0.2 ZymoQuick 100 35.4 [22–118] 24.6 [5–61.7] 12.3 [2.5–30.9] 

FDL- 
buffer 

Saliva 8 0.2 DNAeazy 100 64.8 [12.3–196] 27.0 [4.8–93.6] 13.5 [2.4–46.7] 

FDL- 
buffer 

Blood 3 0.5 PCI 100 166.6 [30–341] 195.0 [13–332] 38.9 [2.6–66.3] 

FDL- 
buffer 

Blood 3 0.2 ZymoQuick 100 61.5 [37.5–135] 52.1 [35–71.7] 26.0 [17.5–35.8] 

FDL- 
buffer 

Blood 3 0.2 DNAeazy 100 57.4 [27–115] 39.0 [27.6–57] 19.5 [13.8–28.4] 

†Final volume for elution/resuspension of DNA. 
RT: Room temperature. 
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Figure 1. RT-PCR quantitative assessments of DNA from saliva and blood stored at room temperature for 8 years and 3 years, 
r espectiv ely. Total normalized DNA yield in microg r ams ( μg) per ml input sample obtained from. (A) Saliva stored for 8 years at room 

temperature (RT) in the FDL-buffer extracted with Salting out, ZymoQuick and DNAeazy in comparison with samples collected in the 
OG-500 device extracted with prepIT •L2P. (B) Blood stored for 3 years at RT extracted with PCI, ZymoQuick and DNAeazy methods. 
* p < 0.05; *** p < 0.001; **** p < 0.0001, p > 0.05 (ns). 
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rom the ZymoQuick ex trac tions may have caused a small
ut noticeable indirect effect on DI, without any adverse

mpact on the IPC inhibitor target. 
Standar d agar ose gel electr ophor esis confirmed the

resence of high molecular weight DNA with minimal
egradation in FDL-S8 ex trac ts, a charac teristic not
bserved in FDL-B3 samples ( Figure 3 ). This observ a tion
  
of degradation is consistent with the elev a ted DI v alues
discussed above. 

3.3. Jell yfish stud y DNA yield & quality 

Jellyfish DNA c onc en tra tion and yield is summarized in
Supplementary Table S3 , and g raphical c omparisons are
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Figure 2. Deg r adation index (DI) and Inhibitor assessments by RT-qPCR. DI across DNA extraction systems for (A) saliva and (B) blood 
samples. IPC Ct values for (C) saliva and (D) blood are compared with the DNA control standards (DNA_Ctrl) provided in the 
Investigator Quan tiple x Pro kit. 
* p < 0.05; *** p < 0.001; **** p < 0.0001; p > 0.05 (ns). 
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hown in Figure 4 . For P. noctiluca samples, the highest
ean total DNA yields w er e achiev ed when using the

DL-buffer with the Salting out ex trac tion method. In
ontrast, for the ethanol-pr eserv ed samples, the Zymo-
uick method yielded the highest mean total DNA yields

 Figure 4 A & B, Wilcoxon p < 0.05). The FDL-buffer
r eserv ed B ero e sp. samples, r ender ed c onc en tra tions
pproximately 16-times higher on average than samples
r eserv ed in ethanol (8.2 ± 5.2 ng/ μl and 0.5 ± 0.4 ng/ μl
 espectiv ely) ( Figur e 4 C & D & Supplementary Table S3 ). 

Generally, large variability in DNA yield was observed
cr oss the differ ent P. noctiluca samples, ex trac tion sys-
t ems and st orage methods ( Figure 4 & Supplementary
Table S3 ). This observ a tion w as a ttribut ed t o two main
factors. Firstly, it is possible tha t differen t body parts of
each jellyfish w er e sampled . Differ ent parts of jellyfish
con tain v arying quan tities of protein, fa ts, carbohydra tes
and DNA, which could have influenced the observed
variability in yield [ 76 , 77 ]. Secondly, the tissue stored in
the FDL-buffer c omplet ely ly sed aft er 3 years in st orage,
while ethanol-pr eserv ed samples r etained their physical
int eg rity. A s a r esult, ethanol-pr eserv ed samples r equir ed
dissection before extraction, which may have altogether
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

10 kb

3 kb

0.5 kb

Figure 3. A gar ose gel electr ophor esis of human DNA extractions for saliva at 8 years and blood at 3 years stored at room temperature. 
Saliva stored in Oragene OG-500 extracted with prepIT •L2P (lanes 1–2). Saliva stored in FDL-buffer extracted by: Salting out (lanes 3–4), 
ZymoQuick (lanes 5–6) and DNAeazy (lanes 7–8). Blood stored in FDL-buffer extracted with PCI (lanes 10–11), ZymoQuick (lanes 12–13) 
and DNAeazy (lanes 14–15). For visual purposes 2 DNA extracts per method are shown. Lane 17: 1 kb Plus DNA ladder (NEB). 
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 ontribut ed t o large v aria tion between samples and
ethods. 
When comparing the B ero e sp. to the P. noctiluca

amples, we noticed the tissues were evidently more
elicat e t o handle for the dissection, and the ethanol
loudier due to leaching. We also observed that some
 ero e sp specimens w er e completely compr omised due
o the ev apora tion of ethanol which r ender ed these
amples unusable. For Jellyfish tissue stored in the FDL
uffer, w e observ ed tissue lysis as early as one month from
ollection with an increase in viscosity of the sample upon
aking an aliquot for DNA ex trac tion. 

Agarose gel electrophoresis shows successful isolation
f high molecular weight DNA with a low level of
egradation for P. noctiluca stored in FDL-buffer ( Figure 5 ,

anes 1–3), while a pronounced smear and fragmen ta tion
as observed for all ethanol preserved samples ( Figure 5 ,

anes 4–6). For the B ero e sp. samples, high molecular
eigh t DNA w as only obtained with the FDL-buffer. The
NA ex trac ts from ethanol storage w er e not visible by gel
lectr ophor esis ( Figur e 5 , lanes 11–13) due to an insuffi-
ien t quan tity of DNA obtained from the ex trac tions. 

.4. Jellyfish DNA sequencing 

igh-quality COI DNA sequences w er e obtained for P.
o ctiluca and B ero e sp. specimens ( Figure 6 ). A Blast-
 search in GenBank confirmed the species belongs to
. no ctiluca and B ero e sp. with the highest sequence
dentities ranging between ∼95 and 99% and e-values
elow 3.0e- 174 , which altogether r epr esents an efficient

esult . A ll P. noctiluca samples produced high-quality DNA
equences, r egar dless of the preserv a tion and ex trac tion

ethods used ( Figure 6 A & B). As for the more sensitive
 ero e sp. samples, high-quality sequence da ta w as only
btained for the FDL-buffer ( Figure 6 C & D). The COI ampli-
cation for ethanol-pr eserv ed samples was unsuc c essful
nd ther efor e no sequence data w er e obtained . 
For studies that do not r equir e the simultaneous
preserv a tion of DNA and soft anatomical structures,
the FDL-buffer offers a quick and saf e alt ernative t o
ethanol. It allows for direct sample collection and room
temperatur e pr eservation, facilitating DNA analysis. It is
important t o not e that the jellyfish study was limited in
number of specimens and species types. We ther efor e
enc ourage pot ential users t o c onduct int ernal v alida tions
to establish the suitability of the FDL-buffer f or preserving
additional species or soft tissue ac c or dingly. In general ,
w e r ecommend performing ov ernight sample ly sis t o
ensure c omplet e digestion of tissue, this was not only
important to maximize DNA yield but also necessary to
pr ev ent clogging of the spin columns. 

3.5. Human field work studies 

Since the early development of the FDL-buffer, its appli-
ca tion in v arious human popula tion diversity studies
have c ontribut ed t o several published and unpublished
work. After the first tests [ 46 ], we routinely adopted this
preserv a tion method in our research, making it possible
t o c ollect human samples in remot e locations with very
limited r esour ces. The human saliva samples collected
dur ing fieldwor k as descr ibed in Table 1 (Methods), w er e
transported and have been stored at room temperature
t o dat e. Samples c ollect ed dur ing fieldwor k and stored
for 2–6 years at RT routinely yielded high-quality full
profiles using multiplex STR fragment analysis-based
methods and SNPchip bridge amplification-based tech-
nology. Large-scale Y-STR studies using the UniQTyper TM 

Y-10 kit [ 67–69 ] produced high-quality DNA profiles
for a total of 1846 males. Smaller scale studies using
the Infinium Omni2.5-8 Beadchip v1.3 kit (Illumina)
( ∼2.5 million DNA markers) at the Wellcome Trust Centre
f or Human Genomics, Oxf or d Univ ersity [ 65 ] and the
Genome Screening Array v2 (Illumina) ( ∼600 000 SNPs) at
the Estonian Institute for Genomics, Tartu University [ 66 ]
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Figure 4. Quan titative assessmen ts of DNA e xtr acted from Pelagia noctiluca (Scyphozoa, Pelag iidae) and Beroe sp. (Ctenophor a, 
Beroidae) jellyfish stored for 4 years and 6 years at room temperature, respectively. Total normalized DNA yield for FDL-buffer ([ μg]/ml 
sample) and Ethanol pr eserv ed specimens ([ μg]/g sample). (A) P. noctiluca FDL-buffer, (B) P. noctiluca Ethanol, (C) Beroe sp. FDL-buffer 
and (D) Beroe sp. Ethanol. 
* p < 0.05; *** p < 0.001; **** p < 0.0001; p > 0.05 (ns). 
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esulted in 100% of the samples being suc c essfully typed
ith genotyping call rates > 97% for each r espectiv e chip.

Based on data from our ongoing fragment studies, we
 eport the effectiv eness of the FDL-buffer in pr eserving
NA in saliva for up to 6 years at RT without a loss of
utosomal DNA profile quality. It’s well-established that
NA inhibit ory substanc es and deg radation can also lead

o an increase in heter ozy gous allele imbalances in DNA
pr ofiles [ 78 , 79 ]. Heter ozy gous allele imbalanc es oc cur
when one allele of a heter ozy gous pair is pr efer entially
amplified compared with the second allele a t tha t locus.
Degradation and the presence of PCR inhibitors can
lead to allele-dropout effects, which typically first affect
the larger STR alleles [ 80 , 81 ]. The extent of pr efer ential
or differential amplification can ther efor e be used as
an assay for assessing the quality and int eg rity of the
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Figure 5. Standar d agar ose gel electr ophor esis assa y for Pelagia noctiluca (Scyphoz oa, Pelag iidae) and Beroe sp. (Ctenophor a, Beroidae) 
DNA samples. P. noctiluca FDL-buffer (lanes 1–3), P. noctiluca Ethanol (lanes 4–6), Beroe sp. FDL-buffer (lanes 8–10) and Beroe sp. 
ethanol. (lanes 11–13). For visual purpose, one DNA extract per Salting out, ZymoQuick and DNAeazy method is shown respectively. 
Lane 15: 1 kb Plus DNA ladder (NEB). 

P.noc FDL-buffer (3yrs)

P.noc Ethanol (3yrs)

Beroe sp. FDL-buffer (6yrs)

Beroe sp. FDL-buffer (6yrs)
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Figure 6. DNA sequence results for COI for Pelagia noctiluca (Scyphozoa, Pelagiidae) and Beroe sp. (Ctenophora, Beroidae). (A & B) P. 
noctiluca at 4 years and (C & D) Beroe sp. specimens 6 years at room temperature. For visual purpose sequence chromatog r ams are only 
shown for a 200–300 bp region from the Salting out DNA extraction method. 
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NA ex trac ts. The developmental validation studies of
he GlobalFiler TM Express Kit (Thermo Fisher) reported a
eter ozy gote peak height r atio (PHR) r anging between
9% and 90.9% for DNA control samples [ 82 , 83 ]. From
ur ongoing population study [ 64 ] using the Globalfiler TM

xpress Kit, a total of 44 saliva samples stored for
 years at RT c onsist ently exhibit ed high-quality DNA
rofiles with 100% genotyping suc c ess on first attempt,
emonstrating no signs of inhibition or degradation (see
upplementary Figure S1 ). The analysis of heter ozy gous
eak height ratios (PHR) is summarized in Supplementary
igure S2 for the 44 profiles across 21 autosomal markers.
pproximately 96% of the heter ozy gous pr ofiles exhib-

ted PHRs between 0.75 and 0.99, with only around
% of profiles displaying PHRs between 0.6 and 0.74,
s indicated by the evident outliers in Supplementary
igure S2 . A widely adopted threshold of 0.7 has been
onsidered desirable for accurate heter ozy gous scoring
hen using single-source samples [ 84 ]. In this study, out
of the 714 heter ozy gous pairs, w e observ ed only 14 pairs
( ∼2%) below the 0.7 thr eshold . 

4. Conclusion 

It is well known that effective chemical DNA stabilizers
should permeate cells, inactiv a te endogenous nucleases
and pr ev ent micr obial gr owth to protect DNA. In this
study, we v alida ted a novel buffer f ormulation f or the
st orage of biolog ical mat erials for extra-long periods
at room temperature. The FDL-buffer has proven to be
highly effective in preserving genomic DNA int eg rity and
quality from both cells and tissues, enabling biospeci-
mens to be transported and stored successfully without
the need for c old st orage . Furthermore , the formulation
demonstra tes versa tility, being compa tible with standard
organic ex trac tions, salting out and commercial spin-
columns. This makes it an appealing choice for high-
throughput aut omat ed sy st ems and users prefer r ing in-
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ouse ex trac tion methods adaptable to var ious wor k-
ow s. Additionally, its c ompatibility with room t emper-
tur e storage r eliev es laboratories fr om the need for
 old room st orage facilities and spac e. Fields rang ing
rom biobanking to conserv a tion biology and biomedical
cience stand to gain significant benefits from adopting
uch a versatile, low-maint enanc e and hazar d-fr ee tool . 

For the first time we show a liquid buffer formulation
hat surpasses the OG-500 device in achieving high
NA yield and quality from saliva samples stored for
p to 8 years at room temperature . A dditionally, we
how ed effectiv e pr eserv a tion of DNA in blood for up
o 3 years using a liquid buffer, which protects the DNA
o yield high-quality, inhibitor-free samples. The buffer
lso suc c essfully pr eserv ed DNA fr om sensitiv e marine
pecimens direc tly collec ted without the need for sample
r e-tr ea tmen t, ethanol fixation, or cold storage. 

In addition, we demonstrated that the FDL-buffer
ffers a versa tile, low -main t enanc e and hazar d-fr ee tool

or room temperature biospecimen collection and DNA
reserv a tion which may be applicable to diverse fields
uch as biobanking, conserv a tion biology and biomedical
cience. 

To ev alua te the genot yping qualit y, w e follow ed the
r iter ia outlined by Yao et al. (2020) [ 85 ], which include an
 bsorbance (A bs) ratio of 260/280 > 1.3 and the presence
f a clean, single band on an agar ose gel . For SNP typing,
e utilized a minimum sample volume of 20 μl at a
 onc en tra tion of 50 ng/ μl. These cr iter ia were met by
ll t est ed saliva samples obtained through the salting
ut method, with an initial collection volume of 250 μl.
tandard DNA amounts used for frag ment analy sis kits
ypically consist of 1 ng of human DNA, while a general
CR follo wed b y Sanger sequencing for animal mtDNA
rimers r equir es appr oximately 10 ng of DNA. 

The suggested minimum DNA quality for whole
enome massive parallel sequencing (MPS) is 20 ng/ μl,
ith an Abs ratio of 260/280 > 1.3 and the presence of
 clean, single band on an agarose gel (Yao et al., 2020).
ur results demonstra te tha t we meet and exceed all

hese cr iter ia for all species and tissue types. T he lo west
erforming case among our salting out saliva samples
ielded 6 μg of DNA from an initial 250 μl collection of
aliva. 

. Future p ersp ective 

n the past decade, a multitude of room temperature
NA preserv a tion buffers have emerged. These tools,

haracteriz ed b y their timesaving, cost-effective and lo w-
aint enanc e natur e, ar e expected to have a significant

mpact in the next 5–10 years, especially in countries
acing energy shortages and its inherent challenges of
maintaining ultra-low freezers and biobanks [ 86–88 ]. The
buffer has the pot ential t o expand its applications beyond
the presented cases, such as into medical , v eterinary
and forensic applications. The value of our proposal is
particularly high in regions of the world with limited
logistics and infrastructure for storage and transport of
samples from point of care to points of study [ 89 , 90 ],
as well as for biodiversity studies under challenging
field conditions. Furthermore, it can also benefit well-
equipped laboratories with automated facilities. 

In future work, the authors intend to expand valida-
tions to different sample types, including human, animal,
plant, microbial and environment samples. Furthermore,
the performance of the buffer for RNA preserv a tion will be
established and studied in parallel with similar products. 

Article highlights 

Background 
• Preservation of DNA integrity and quality in biological samples is 

essential in the field of biological science, medicine and forensics. 
• Conventional methods of storage such cold temperature and 

alc ohol fixa tion can be challenging when sampling in remote 
destinations or with limited r esour ces. 

Experimental 
• We formulated a novel buffer referred to as the FDL-buffer offering 

extra-long term ( > 5 years) preservation of DNA in biological 
mat erial st or ed at r oom temperatur e. 

• We validated the FDL-buffer on human saliva stored for 8 years, 
human blood stored for 3 years and delicate animal tissues from 

the jellyfish Pelagia noctiluca (Scyphozoa Pelagiidae) and comb 
jelly Beroe sp. (Ctenophora, Beroidae), stored without 
pr e-tr eatment for 4 and 6 years, respectively. 

• A c ompara tiv e appr oach was employ ed using alternativ e 
preservation systems and DNA extraction protocols. 

Results & discussion 
• The FDL-buffer exceeded the parallel performance of the Oragene 

OG-500 for preserving saliva, and effectively preserved blood 
samples, yielding high molecular weight DNA. 

• Suc c essful isola tion of high-quality DNA from the marine 
specimens The purified DNA from the FDL-buffer consistently 
produced high-quality results in downstream applications, 
including Sanger sequencing, microsat ellit e fr ag men t analy sis 
profiling and SNPchip analysis. 

• The FDL-buffer exhibited c ompa tibility with standard organic and 
salting out extraction methods and commercial spin-column 
extractions. 

Conclusion 
• The FDL-buffer can pr eserv e the gDNA from cells and tissues which 

allows these biospecimens to be transported and stored 
suc c essfully without cold storage. 

• The formulation offered a cost effective, versatile and time-saving 
approach for collection and long-term storage of biological 
material for DNA analysis. 
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aterial Transfer Agreement established through the University
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