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High-quality RNA Extracted From Biopsied Samples
Dehydrated and Stored Dried at Room Temperature
Without Chemical Preservation for up to 3 Months

as Evidenced by RT-PCR Results
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Abstract: Handling and maintenance of biological tissues for
nucleic acid and/or protein analysis has long been a challenge
because of the perceived instability of these molecules at room
temperature if not preserved or processed. Structural damage
and compromised integrity of aforementioned biomolecules
subsequent to preservation have also posed difficulties in their
use in research. The development of technologies employing
nonfixative methods with the capability to store at room tem-
perature have been of growing interest. Our previous pub-
lication exploring preservation of proteins by desiccation
challenged the convention of their unstable nature. Herein, we
report the results of quantitative and qualitative analyses of
RNA from tissue samples that were desiccated and stored at
room temperature for up to 3 months. Our results indicate that
viable RNA can be obtained from dehydrated ex vivo tissue
samples that have been stored at room temperature.
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(Appl Immunohistochem Mol Morphol 2015;23:456–461)

One of the critical biomolecules used for diagnostic
and research purposes is RNA. Per conventional

beliefs, the RNA structure is highly susceptible to deg-
radation if not cryogenically maintained or treated with
chemicals for keeping at normal environmental con-
ditions. According to the literature, examinations of un-
preserved samples identified nucleases as the main culprit
for RNA degradation as confirmed by loss of signal.1–4

Like many other enzymes, nucleases primarily depend on
the presence of water to cleave bonds, subsequently de-
grading biological molecules. To disable such biochemical
reactions and preserve structural and functional integrity
under normal environmental conditions, RNA is treated

with stabilizing agents or chemical fixatives such as
formaldehyde,5 which ironically renders it damaged be-
cause of cross-links and other structural alterations.5–8

Thus, it has been difficult or nearly impossible to generate
meaningful gene expression profiles from RNA preserved
with such chemicals.6,7,9,10

The negative impact of commonly used preservatives
and fixative agents on essential biomolecules such as nucleic
acids and proteins has been the primary driver for devel-
opment of technologies employing alternative storage
of nonfixed biological specimens at room temper-
ature.2,3,5,7,9–12 Other potential benefits of such technologies
include reduction in exposure to toxic and/or carcinogenic
chemicals, elimination of expensive refrigeration systems,
reduction in cost and waste generation/disposal, and re-
duction in overall environmental impact.6,9,10 Con-
sequently, the concept of anhydrobiosis, which is an
ametabolic state exemplified by desiccation, has become
an area of great interest and focus because of its central role
in nonfixative, room temperature storage.6–8,13

During cellular desiccation (elimination of water) as
observed in simple unicellular organisms, specialized car-
bohydrates are synthesized to first stabilize intracellular
biomolecules, and next, to vitrify the cell for protection
from potential damage.13 Mimicking the function of these
unique carbohydrates, various aqueous-based compounds
have been developed for commercial use.7,8 Their appli-
cation requires a 3-step process, wherein the sample is
coated and then completely dehydrated by a vacuum
centrifuge or similar device.7,8 When ready for use, the
coating is removed by immersing the sample in water.
Although it is believed that this technique could preserve
samples for up to 120 years and should be compatible with
modern molecular methods, for instance reverse tran-
scription-polymerase chain reaction (RT-PCR),6,8,13 it has
certain limitations:
! The dehydration step could last 2 to 3 days, during

which time the cells are susceptible to damage; and
! The step-wise process could be cumbersome, especially

for large number of samples.
We previously reported sustained stability of pro-

teins extracted from brain tissue sections that were de-
siccated and stored at room temperature under ultra low
(under 10% relative humidity), dry air conditions over a
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A B S T R A C T

While recent advances in culture-independent sequencing approaches have revitalized the field of microbiology,
rapid collection and preservation of microbial DNA in samples like feces is critical to avoid degradation of target
DNA via nuclease activity and proliferation of aerotolerant microbes. Common laboratory practices to amelio-
rate such changes rely on prompt freezing of samples or dispersion in nuclease-inhibiting reagents. As many of
the microbial enzymes associated with nuclease activity and bacterial proliferation are hydrolases, prompt de-
siccation of samples offers an attractive alternative to freezing and liquid reagents for field collection of samples
in remote areas. Herein, we evaluated the utility of a portable desiccant chamber with a rechargeable cartridge,
for preservation of equine fecal samples for downstream microbial profiling via 16S rRNA amplicon sequencing.
Controls included matched samples promptly frozen at −80 °C or left at room temperature for an equivalent
period of time. While samples held at room temperature showed a significant reduction in richness and pro-
liferation of several facultative anaerobes, desiccated samples showed minimal change from promptly frozen
samples, with the exception of increased abundance of Acinetobacter spp. in desiccated samples relative to frozen
samples. The data support the utility of portable desiccant chambers for the preservation of microbial field
samples intended for downstream sequencing approaches.

1. Introduction

During the last 15 years, the field of microbiology has experienced a
renaissance, owing to the development of culture-independent mole-
cular methods of characterizing microbial communities. One of the
most readily available methods exploits characteristics of the partially
conserved bacterial and archaeal 16S rRNA gene, encoding the small
ribosomal subunit, to identify and quantify multiple members of highly
complex microbial populations. Such methods have been widely em-
ployed to investigate diverse bacterial ecosystems ranging from the
human gut microbiota (GM) to extremophile communities in deep-sea
vents. These methods have also provided highly compelling data gen-
erated from environmental and host-associated samples collected from
sites necessitating field preservation of samples. Notably, host-asso-
ciated GM samples are dominated by obligately anaerobic organisms,
many of which will not survive exposure to ambient oxygen.
Furthermore, fecal material often contains considerable nuclease ac-
tivity such that any DNA released form dead or lysed bacteria will begin
to degrade rather rapidly. To obviate these factors capable of skewing
downstream results, researchers typically either place samples directly

into a lysis buffer containing nuclease inhibitors (requiring the trans-
port of bulky liquid materials for appropriate sample preservation) or
freeze the samples promptly following collection.

DNA is degraded by several classes of endo- and exonuclease, with
varying affinities for single- or double-stranded nucleic acids and a wide
range of sequence specificities. That said, the International Union of
Biochemistry and Molecular Biology classifies the vast majority of these
enzymes as hydrolases (EC 3.1), requiring the availability of water for
the hydrolytic cleavage of the phosphodiester bonds between nucleic
acid monomers. Thus, rapid desiccation of samples represents an at-
tractive means of inhibiting degradation of microbial DNA following
field collection of anaerobic samples intended for next-generation se-
quencing. The following study, performed using fecal samples collected
from 16 horses of various ages and breeds, was designed to assess the
preservation of microbial community structure in rapidly desiccated
samples. Freshly evacuated samples were divided into three portions
and either promptly placed in a −80 °C freezer (the current gold
standard for preservation of microbial DNA), or placed in the DriBank
desiccant system for 24 or 72 h at room temperature and then trans-
ferred to a −80 °C freezer. To serve as a control and determine the
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Fig. 2. Bar charts showing mean (± SEM) number of operational taxonomic units (OTUs) (A), Shannon diversity index (B), and Simpson diversity index (C) in 16 freshly evacuated
equine fecal samples desiccated in the DriBank device, maintained at −80 °C until processing (Frozen), or kept at room temperature for 24 h (RT). Bars indicate significant differences
between groups based on one-way repeated measures ANOVA.

Fig. 3. Principal coordinate analyses based on Jaccard (A) and Bray-Curtis (B) distances, showing the relationship between community structure of promptly frozen samples and matched
samples desiccated using the DriBank system or left at room temperature (RT) for 24 to 72 h.

P.J. Johnson et al. -RXUQDO�RI�0LFURELRORJLFDO�0HWKRGV�������������²�

�

signal intensity could be attributed to different concen-
trations of loaded samples.

We recognize that this study was not without limi-
tations. Our analysis was based on a small sample size
from a single tissue type. Although the population for
each timepoint was low in number (n=1), results
throughout the 3-month period has warranted a more
extensive investigation with larger sample size and various
tissue types. In addition, RNA stability and its handling
and storage methodologies must be evaluated at longer
timepoints. Future analyses would also include RIN or
RNA integrity number measurements for assessing RNA
integrity and real-time PCR (qPCR) for quantifying
amplified sequences of interest.

Despite the aforementioned limitations of which we
were aware in advance of study initiation, we have dem-
onstrated using basic research methods that intact RNA
can be extracted in sufficient amounts from ex vivo tissue
samples, desiccated and stored at room temperature for
up to 3 months. Moreover, our results have shown that
RNA extracts from these desiccated tissues can produce
viable cDNA. Challenging conventional beliefs of RNA
stability, these findings have established the short-term
stability of RNA from desiccated biological samples
stored at room temperature and have warranted further
investigation of long-term RNA stability.
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FIGURE 2. RT-PCR results for GAPDH and b-actin. A, Visualization of GAPDH amplicon (578 bp) on 2% agarose gel. Lane 1, 1 kbp
DNA ladder; lane 2, blank; lane 3, RNA extract from fresh tissue; lane 4, RNA extracted from tissue desiccated for 8 hours; lane 5,
RNA extracted from tissue desiccated for 1 day; lane 6, RNA extracted from tissue desiccated for 1 week; lane 7, RNA extracted
from tissue desiccated for 2 weeks; lane 8, RNA extracted from tissue desiccated for 1 month; and lane 9, RNA extracted from
tissue desiccated for 3 months. B, Visualization of b-actin amplicon (338 bp) on 2% agarose gel. Lane 1 = 10 kbp DNA ladder; lane
2, blank; lane 3, RNA extract from fresh tissue; lane 4, 8 hours RNA extract; lane 5, RNA extracted from tissue desiccated for 1 day;
lane 6, RNA extracted from tissue desiccated for 1 week; lane 7, RNA extracted from tissue desiccated for 2 weeks; lane 8, RNA
extracted from tissue desiccated for 1 month; and lane 9, RNA extracted from tissue desiccated for 3 months. RT-PCR indicates
reverse transcription-polymerase chain reaction.
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Abstract: Handling and maintenance of biological tissues for
nucleic acid and/or protein analysis has long been a challenge
because of the perceived instability of these molecules at room
temperature if not preserved or processed. Structural damage
and compromised integrity of aforementioned biomolecules
subsequent to preservation have also posed difficulties in their
use in research. The development of technologies employing
nonfixative methods with the capability to store at room tem-
perature have been of growing interest. Our previous pub-
lication exploring preservation of proteins by desiccation
challenged the convention of their unstable nature. Herein, we
report the results of quantitative and qualitative analyses of
RNA from tissue samples that were desiccated and stored at
room temperature for up to 3 months. Our results indicate that
viable RNA can be obtained from dehydrated ex vivo tissue
samples that have been stored at room temperature.
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(Appl Immunohistochem Mol Morphol 2015;23:456–461)

One of the critical biomolecules used for diagnostic
and research purposes is RNA. Per conventional

beliefs, the RNA structure is highly susceptible to deg-
radation if not cryogenically maintained or treated with
chemicals for keeping at normal environmental con-
ditions. According to the literature, examinations of un-
preserved samples identified nucleases as the main culprit
for RNA degradation as confirmed by loss of signal.1–4

Like many other enzymes, nucleases primarily depend on
the presence of water to cleave bonds, subsequently de-
grading biological molecules. To disable such biochemical
reactions and preserve structural and functional integrity
under normal environmental conditions, RNA is treated

with stabilizing agents or chemical fixatives such as
formaldehyde,5 which ironically renders it damaged be-
cause of cross-links and other structural alterations.5–8

Thus, it has been difficult or nearly impossible to generate
meaningful gene expression profiles from RNA preserved
with such chemicals.6,7,9,10

The negative impact of commonly used preservatives
and fixative agents on essential biomolecules such as nucleic
acids and proteins has been the primary driver for devel-
opment of technologies employing alternative storage
of nonfixed biological specimens at room temper-
ature.2,3,5,7,9–12 Other potential benefits of such technologies
include reduction in exposure to toxic and/or carcinogenic
chemicals, elimination of expensive refrigeration systems,
reduction in cost and waste generation/disposal, and re-
duction in overall environmental impact.6,9,10 Con-
sequently, the concept of anhydrobiosis, which is an
ametabolic state exemplified by desiccation, has become
an area of great interest and focus because of its central role
in nonfixative, room temperature storage.6–8,13

During cellular desiccation (elimination of water) as
observed in simple unicellular organisms, specialized car-
bohydrates are synthesized to first stabilize intracellular
biomolecules, and next, to vitrify the cell for protection
from potential damage.13 Mimicking the function of these
unique carbohydrates, various aqueous-based compounds
have been developed for commercial use.7,8 Their appli-
cation requires a 3-step process, wherein the sample is
coated and then completely dehydrated by a vacuum
centrifuge or similar device.7,8 When ready for use, the
coating is removed by immersing the sample in water.
Although it is believed that this technique could preserve
samples for up to 120 years and should be compatible with
modern molecular methods, for instance reverse tran-
scription-polymerase chain reaction (RT-PCR),6,8,13 it has
certain limitations:
! The dehydration step could last 2 to 3 days, during

which time the cells are susceptible to damage; and
! The step-wise process could be cumbersome, especially

for large number of samples.
We previously reported sustained stability of pro-

teins extracted from brain tissue sections that were de-
siccated and stored at room temperature under ultra low
(under 10% relative humidity), dry air conditions over a
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A B S T R A C T

While recent advances in culture-independent sequencing approaches have revitalized the field of microbiology,
rapid collection and preservation of microbial DNA in samples like feces is critical to avoid degradation of target
DNA via nuclease activity and proliferation of aerotolerant microbes. Common laboratory practices to amelio-
rate such changes rely on prompt freezing of samples or dispersion in nuclease-inhibiting reagents. As many of
the microbial enzymes associated with nuclease activity and bacterial proliferation are hydrolases, prompt de-
siccation of samples offers an attractive alternative to freezing and liquid reagents for field collection of samples
in remote areas. Herein, we evaluated the utility of a portable desiccant chamber with a rechargeable cartridge,
for preservation of equine fecal samples for downstream microbial profiling via 16S rRNA amplicon sequencing.
Controls included matched samples promptly frozen at −80 °C or left at room temperature for an equivalent
period of time. While samples held at room temperature showed a significant reduction in richness and pro-
liferation of several facultative anaerobes, desiccated samples showed minimal change from promptly frozen
samples, with the exception of increased abundance of Acinetobacter spp. in desiccated samples relative to frozen
samples. The data support the utility of portable desiccant chambers for the preservation of microbial field
samples intended for downstream sequencing approaches.

1. Introduction

During the last 15 years, the field of microbiology has experienced a
renaissance, owing to the development of culture-independent mole-
cular methods of characterizing microbial communities. One of the
most readily available methods exploits characteristics of the partially
conserved bacterial and archaeal 16S rRNA gene, encoding the small
ribosomal subunit, to identify and quantify multiple members of highly
complex microbial populations. Such methods have been widely em-
ployed to investigate diverse bacterial ecosystems ranging from the
human gut microbiota (GM) to extremophile communities in deep-sea
vents. These methods have also provided highly compelling data gen-
erated from environmental and host-associated samples collected from
sites necessitating field preservation of samples. Notably, host-asso-
ciated GM samples are dominated by obligately anaerobic organisms,
many of which will not survive exposure to ambient oxygen.
Furthermore, fecal material often contains considerable nuclease ac-
tivity such that any DNA released form dead or lysed bacteria will begin
to degrade rather rapidly. To obviate these factors capable of skewing
downstream results, researchers typically either place samples directly

into a lysis buffer containing nuclease inhibitors (requiring the trans-
port of bulky liquid materials for appropriate sample preservation) or
freeze the samples promptly following collection.

DNA is degraded by several classes of endo- and exonuclease, with
varying affinities for single- or double-stranded nucleic acids and a wide
range of sequence specificities. That said, the International Union of
Biochemistry and Molecular Biology classifies the vast majority of these
enzymes as hydrolases (EC 3.1), requiring the availability of water for
the hydrolytic cleavage of the phosphodiester bonds between nucleic
acid monomers. Thus, rapid desiccation of samples represents an at-
tractive means of inhibiting degradation of microbial DNA following
field collection of anaerobic samples intended for next-generation se-
quencing. The following study, performed using fecal samples collected
from 16 horses of various ages and breeds, was designed to assess the
preservation of microbial community structure in rapidly desiccated
samples. Freshly evacuated samples were divided into three portions
and either promptly placed in a −80 °C freezer (the current gold
standard for preservation of microbial DNA), or placed in the DriBank
desiccant system for 24 or 72 h at room temperature and then trans-
ferred to a −80 °C freezer. To serve as a control and determine the
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Fig. 2. Bar charts showing mean (± SEM) number of operational taxonomic units (OTUs) (A), Shannon diversity index (B), and Simpson diversity index (C) in 16 freshly evacuated
equine fecal samples desiccated in the DriBank device, maintained at −80 °C until processing (Frozen), or kept at room temperature for 24 h (RT). Bars indicate significant differences
between groups based on one-way repeated measures ANOVA.

Fig. 3. Principal coordinate analyses based on Jaccard (A) and Bray-Curtis (B) distances, showing the relationship between community structure of promptly frozen samples and matched
samples desiccated using the DriBank system or left at room temperature (RT) for 24 to 72 h.
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signal intensity could be attributed to different concen-
trations of loaded samples.

We recognize that this study was not without limi-
tations. Our analysis was based on a small sample size
from a single tissue type. Although the population for
each timepoint was low in number (n=1), results
throughout the 3-month period has warranted a more
extensive investigation with larger sample size and various
tissue types. In addition, RNA stability and its handling
and storage methodologies must be evaluated at longer
timepoints. Future analyses would also include RIN or
RNA integrity number measurements for assessing RNA
integrity and real-time PCR (qPCR) for quantifying
amplified sequences of interest.

Despite the aforementioned limitations of which we
were aware in advance of study initiation, we have dem-
onstrated using basic research methods that intact RNA
can be extracted in sufficient amounts from ex vivo tissue
samples, desiccated and stored at room temperature for
up to 3 months. Moreover, our results have shown that
RNA extracts from these desiccated tissues can produce
viable cDNA. Challenging conventional beliefs of RNA
stability, these findings have established the short-term
stability of RNA from desiccated biological samples
stored at room temperature and have warranted further
investigation of long-term RNA stability.
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FIGURE 2. RT-PCR results for GAPDH and b-actin. A, Visualization of GAPDH amplicon (578 bp) on 2% agarose gel. Lane 1, 1 kbp
DNA ladder; lane 2, blank; lane 3, RNA extract from fresh tissue; lane 4, RNA extracted from tissue desiccated for 8 hours; lane 5,
RNA extracted from tissue desiccated for 1 day; lane 6, RNA extracted from tissue desiccated for 1 week; lane 7, RNA extracted
from tissue desiccated for 2 weeks; lane 8, RNA extracted from tissue desiccated for 1 month; and lane 9, RNA extracted from
tissue desiccated for 3 months. B, Visualization of b-actin amplicon (338 bp) on 2% agarose gel. Lane 1 = 10 kbp DNA ladder; lane
2, blank; lane 3, RNA extract from fresh tissue; lane 4, 8 hours RNA extract; lane 5, RNA extracted from tissue desiccated for 1 day;
lane 6, RNA extracted from tissue desiccated for 1 week; lane 7, RNA extracted from tissue desiccated for 2 weeks; lane 8, RNA
extracted from tissue desiccated for 1 month; and lane 9, RNA extracted from tissue desiccated for 3 months. RT-PCR indicates
reverse transcription-polymerase chain reaction.
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* - cost comparison based on cold-chain practices utilizing either dry ice shipment or conventional -80˚C refrigeration system.

1

Currently:

2

The Dri•Bank has been designed to
conveniently house samples typically
kept in microcentrifuge tubes,
microtiter plates, microscope slides,
cell culture dishes, and more!


