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Beware of Fixation—It Might Affect Your Experiments
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ABSTRACT

Because of difficulties during the fixation in
space and the often reported enhanced expression
of stress-related genes in space experiments, we
investigated the possible effect of fixation on gene
expression. Comparing two fixatives (RNAlater®
and 70% ethanol), two-day-old Brassica rapa
seedlings were either fixed by gradual exposure or
immediate and complete immersion in fixative for
two days. Neither fixative yielded high amounts
of rRNA; RNAlater® resulted in higher RNA yield
in shoot tissue but gPCR data showed higher yield
in ethanol-fixed material. gPCR analyses showed
strongly enhanced transcripts of stress-related
genes, especially in RNAlater®fixed material.
The data suggest that fixation artefacts may be
partially responsible for effects commonly
attributed to space syndromes.

INTRODUCTION

Biological experiments in space inevitably
require post-flight processing of the tested
material because processing in space is currently
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not possible. Therefore, specimen must be
preserved on-orbit for future processing and
analyses in ground laboratories. Preservation may
be based upon freezing in MELFI (Minus Eighty
Degree Laboratory Freezer for International Space
Station (ISS) (Paul et al., 2005a)), or chemical
fixation in aldehyde-based fixatives. While typical
laboratory protocols readily enable flash-freezing
(submerging specimen in liquid nitrogen), such
procedures are difficult to perform in the
weightlessness environment of the Space Station.
MELFI storage and preservation is limited and
difficult for large samples and does not provide
the fast freezing obtained with submersing
samples in liquid nitrogen. Space experiments
typically require gene transcription or expression
analyses that require preservation in solutions that
are safe to handle, inhibit RNAses, preserve
tissue, are non-toxic or flammable, and do not
require freezing. US patent 6204375 describes
“Methods and reagents for preserving RNA in cell
and tissue samples”; this patent was later
commercialized as RNAlater®. According to
Sigma Corporation’s data sheet, this fixative
“rapidly permeates tissue to stabilize and protect
cellular RNA in situ in unfrozen specimens.
RNAlater® eliminates the need to immediately
process tissue specimens or to freeze samples in
liquid nitrogen for later processing.”  These
claims made RNAlater® a popular fixative for
numerous applications (Abbaraju et al., 2011;
Botling et al., 2009; Dunmire et al., 2002; Fajardy
et al., 2009; Grotzer et al., 2000; Millar et al.,
2011; Nsubuga et al., 2004) and it has found wide
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application in space biology experiments (Fengler
et al., 2015; Ferl et al., 2015; Ferl et al., 2011;
Gupta et al., 2015; Paul et al., 2005b; Pietsch et
al.,, 2013) and corresponding ground studies
(Kittang et al., 2010; Paska et al., 2004; Riesgo et
al., 2012; Wang et al., 2006).

Although the convenience of its use, generic
applicability, and long-term storage capabilities
established RNAlater® as a universally accepted
fixative (Riesgo et al., 2012), investigators are not
typically aware of complications related to this
fixative. RNAlater® is a buffered (pH 5.2),
essentially saturated solution of ammonium
sulfate, and therefore has an extremely high
osmotic concentration. This property may be of
limited consequence for ground applications when
samples can be rapidly and reliably submersed in
excess of fixative. However, in the weightless
conditions of space, fluid flow may not be
favorable for rapid and complete fixation. In
space, fluids do not necessarily fill volumes in a
predictable direction; rather liquids follow
surfaces and hydrophobicity and wettability
become determining factors for their distribution.
In addition, plant tissue, in particular, is typically
grown on aqueous surfaces (agar or other water-
containing substrate) that dilutes the fixative and
prevents rapid immersion. Lastly, filling of
available volumes may not be complete because
of the inclusion of air that cannot escape
experimental containers. The combination of these
conditions is likely to affect the distribution, rate,
and concentration of fixative as it interacts with
the tissue to be fixed. The result is either gradual
or, at least initially, intermittent exposure to
fixative.

A consequence of such delayed or gradual
exposure to fixative becomes important as
biological systems are sensitive to osmotic
changes, which leads to rapid and significant
upregulation of stress-related genes. Osmotic
stress especially leads to a generic upregulation of
heat-shock proteins (Almoguera et al., 2015;
Dunaeva and Adamska, 2001) that often induce
down-stream effects (Dantadn-Gonzélez et al.,
2001). Thus, fixation in RNAlater® in space may
induce non-specific stress responses that are not
part of the actual ‘space syndrome,’ but the result
of space-specific slow or delayed fixation. Slow
fixation may cause unintended but significant
responses as a result of the fixation process.

Because retrieval of space experiments
depends on launch and landing schedules that are
independent of the specific experiment, tissue
typically has to be stored for extended times in
fixative. Thus, in addition to the high osmolarity
of RNAlater®, the high salt concentration can lead
to corrosive effects when metal surfaces react
with fixative. Such interactions may release
ammonium that changes the pH, builds up
pressure, and affects the stability of RNA.

To investigate the susceptibility of the
fixation process on the rate of addition of
RNAlater®, and to examine alternative fixative,
we examined the effect of different rates of
fixation with RNAlater® and 70% ethanol on the
transcription of several genes in Brassica rapa
(Brassica) seedlings. The results show that the
fixation process has profound effects on
transcription levels.

MATERIALS AND METHODS
Plant Material

Brassica seeds were mounted between
germination paper in seed cassettes, as used for
the Biotube-MICRO experiment on Space-X3
(Figure 1). Germination was initiated by adding
400 pL water to each cassette. The seed cassettes
were kept in petri dishes in the dark and allowed
to germinate at 27°C and grown for 48 h.

Fixation

Seedlings were either fixed in RNAlater® (25
mM Na-citrate, 10 mM NaEDTA, 76 ¢
(NH,),SO,4 per 100 ml solution, pH 5.2) or 70%
(v/v) ethanol. Seedlings that were immersed
completely into the respective fixative (fast
fixation) served as controls. ‘Slow’ fixation
involved submersing the apical 1 mm of each of
20 Brassica seedlings in each fixative for one
minute, then the whole seedling was put into each
fixative for five seconds, removed for 30 seconds,
dipped into fixative a second time for five
seconds, and after 30 seconds in air completely
submersed in fixative. Both fast and slow fixation
samples were kept for 24 h in the respective
fixative.

Sample Preparation and Extraction

The seedlings were separated in roots and
shoot tissue (hypocotyls, excluding cotyledons)
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Figure 1. Seed cassettes used for the germination of Brassica rapa. This hardware was part of the
experiment “Magnetophoretic Induction of Curvature in Roots” that flew on Space-X3. The base
(bottom) secures the top half of the cassette with peg and nylon screw. Seeds were germinated
between ‘germination paper’ (not shown), such that seeds were positioned in one of the grooves.
Germination was initiated by adding water through a port (arrow) on the base.

and the RNA from all samples was extracted
using the Qiagen RNeasy Plant Mini Kit,
according to the manufacturer’s instructions.

Evaluation
Total RNA

The extracted RNA was analyzed on a
QlAXxcel RNA  high-resolution  capillary
electrophoresis system.

Reverse Transcription

Total RNA was reversed transcribed using a
High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, USA) in 20 pyL volumes
containing 2 pg total RNA, 3.8 L reverse
transcription mixture (final concentration: 1 mM
dNTP, 1X reverse transcription buffer, and 50 U
Multiscribe™ reverse transcriptase), 2 pl 5 uM
oligo dT(20), and diethylpyrocarbonate (DEPC)-
treated water to 20 pL. Reverse transcription was
performed at 25°C for 10 min, then at 37°C for 2
h, after which the reverse transcriptase was
inactivated by heating the samples to 85°C for 5
min. The synthesized cDNA was diluted 1:10 in
DEPC-treated water and stored at -20°C.
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gPCR

ACT7, SUS, UBQ, COX, HSP70, and HSP90
were quantified with primers listed in Table 1.
Primers were for amplicons that had no bias
toward the 3' end of the coding data sequence
(Table 1). The reaction mixture (10 pL, final
concentration and volumes: 2X Power SYBR
Green PCR Master Mix (5 pL), 200 nM primers
(1 pL, 100 nM each), 2 pL cDNA (adjusted to 0.5
pg/ul), and 1 pL water was activated (10 min at
95°C) and cycled between 95°C (15 s) and the
respective annealing temperature (Table 1, 1 min)
for 40 cycles using Applied Biosystems StepOne
gPCR systems (Applied Biosystems, USA). gPCR
products were subjected to melt analysis (60°C -
95°C at 3°C minY) and purified using the
QlAquick PCR Purification Kit (Qiagen),
guantified by spectrophotometry (NanoDrop ND-
1000), and analyzed to confirm the presence of a
single product.

Statistical Analysis

Experiments were repeated three times with
eight seedlings each. Statistical analyses were
performed with Microsoft Excel (v. 2013).

Volume 4 (2) December 2016 49



Table 1.

gPCR conditions of gene models, their accession numbers, primers, annealing temperatures,

amplicon size, and gPCR efficiency used for the evaluation of slow and fast fixation. Position refers to the
relative distance R of the amplicon center from the 3’ end of the coding data sequence (R=[d3'-A.]/CDS); (i.e.,

0=3', 100=5").

Gene N Amplicon | Efficiency Position
(accession #) DlIA=Ge) SEES elE size (bp)* % %CDS
ACT7 Forward [AGCTTCGTGTTGCACCTGAA 52 79 104 73

(AT5G09810.1) | Reverse |ACATGGCAGGGACATTGAAAG 52
SUS Forward |GTTCAACATTGTCTCTCCTGG 52 53 103 41
(AT5G20830.1) | Reverse |GCTGTAGATGAGCTCCTCGAT 54
UBQ1 Forward |[GGAGAGCAGTGACACCATCGA 56 78 104 67
(224738.1) Reverse |GCCAAGGTACGACCATCTTCA 54
COX1 Forward |[GTTCCGATTCTGATAGGTGCAC 55 116 103 80
(AY300014.1) | Reverse |CCTACTTCTACTAAGGCTGAGC 55
HSP70 Forward |[GTCATCACTGTGCCTGCTTACT 55 101 99 67
(NM_118561.2) | Reverse |CATAAGCCAATGAAGCAGCTGTG 55
HSP90 Forward [AAGGTGACACTGCTAAGCTTGA 53 96 104 82
(AT4G24190.1) | Reverse |CTTCCTTGGTCATACCAATACC 53
*excluding primers
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Figure 2. RNA yield of 70% ethanol or RNAlater®-fixed-root or shoot tissue from two-day-old Brassica rapa
seedlings that was submersed in fixative gradually (slow fixation), or submersed immediately (fast fixation);

details are described in Material and Methods.

Multiple comparisons between gPCR samples
were performed by analyses of variance based on
three independent biological repeats, each with
three technical replicates.

RESULTS

Fixation in RNAlater® and 70% ethanol
resulted in different yields. RNAlater® showed
about four fold higher yield in shoot tissue, but
lower yield in root tissue compared with ethanol

(Figure 2). Stressed tissue resulted in reduced
yield in both fixatives with the greatest relative
reduction seen in root tissues of ethanol fixed
samples. However, the yield from root tissue was
higher than after RNAlater® fixation. The quality
of RNA was assessed by absorbance ratios (Table
2) and did not vary based on the mode of fixation
or fixative.

The electropherograms of the RNAlater®-
fixed samples showed consistent patterns of RNA
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in shoot tissue, in both control and stressed
samples (Figure 3A). In line with the reduced
RNA vyield in root tissue, the electropherograms of
root RNA were less dense than those of shoot
samples. Fixation in ethanol resulted in uniform
and discernable bands in both root and shoot
tissue. The molecular bands characteristic of
rRNA (typically 18 S and 28 S) were absent, but
the yield was reasonably high (>200 ng/pL,
Figure 2). Despite the apparent higher yield of
RNAlater®-fixed material, ethanol-fixed tissue
produced higher levels of transcripts; the average
Cq value for all genes was 22.62 and 25.25 for

ethanol-fixed and RNAlater®fixed material,
respectively. The difference is highly significant
(F123=39.4, p<.0001). In addition to the reduced
sensitivity of RNAlater® material, the
transcription data showed significantly greater
variability compared with ethanol fixed material
(F123=8.68, p<.0001). This result is also
noticeable from the data distribution in Figure 4.
These results are not the consequence of the
chosen amplicon or reverse cDNA priming
because location of the amplicons is not
concentrated towards the 3' end (last column,
Table 1).

Table 2. Absorbance ratios for RNA extractions of samples extracted by Qiagen RNeasy Plant Mini Kit. The
260/280 ratio indicate RNA purity and the 260/230 value corresponds to protein contamination.

260/280 ratio 260/230 ratio
Fixation Shoot Root Shoot Root
20% EtOH slow 2.11 +£0.02 2.10 £ 0.02 1.81+0.02 1.81 +£0.02
fast 2.10+£0.02 2.11+0.01 1.80 + 0.07 1.84 +0.02
RNAlater® slow 2.10+0.01 2.13+0.02 1.81+0.04 1.84 +0.05
fast 211+0.02 2.07+0.01 1.82 +0.03 1.86 + 0.05
RNAlater
Slow fixation Fast fixation
Shoot Root Shoot Root
;f 6000 6000 %
4000 - — 4000
3000 3000
2000 - - - 2000
1500 — 1500
1000 — - 1000
500 — 500
200 i - 200

Figure 3A. Electropherogram of total RNA extracted from two-day-old Brassica rapa tissue after RNAlater®
fixative was added gradually (slow fixation), or the tissue was immersed completely (fast fixation).
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Figure 3B. Electropherogram of total RNA extracted from two-day-old Brassica rapa tissue after 70%
ethanol fixative was added gradually (slow fixation), or the tissue was immersed completely (fast fixation).
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Figure 4. Comparison of gene transcriptions in Brassica

rapa roots after fixation in 70% ethanol or

RNAIlater®. The relative transcription levels were normalized to slow ethanol fixation of roots (i.e., set to ‘1°)
because this normalization resulted in the lowest dynamic range of all possible tissue/fixation combinations.
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Table 3. Overall transcription levels for 70% ethanol and RNAlater®-fixed roots and shoots of two-day-old
Brassica rapa seedlings. The values represent the average fold-ratio of examined genes (ACT7, SUS, UBQ1,
COX1, Hsp70, and Hsp90) between columns (stress/slow fixation) and rows (immediate, complete submersion

in the respective fixative).

Slow fixation
EtOH Root | Shoot
< | Root 1.0
% Shoot 1.6
2 RNAlater®
% | Root 5.0
L | Shoot 2.5

The typical workflow for the analysis of
environmental responses in plants requires the
assessment of transcription (expression) of
individual genes. We normalized the transcription
levels of all examined genes to the shoot tissue of
ethanol-fixed seedlings. Although any
normalization is suitable, we chose this tissue
normalization because it resulted in the lowest
ratio (maximally/minimally transcribed genes) for
all tissues, genes, and trea®ents. The differences
in the patterns of gene expression for shoot and
root tissues were profound, independent of the
chosen reference tissue, and were more
pronounced in RNAlater®.

Comparing the overall effect of the fixation
process and tissue (Table 3) shows that slow
fixation did not affect transcription values of
ethanol-fixed root tissue, but enhanced
transcription of all genes to 1.6-fold for ethanol-
fixed shoot tissue. Slow fixation in RNAlater®
enhanced transcription on average 5-fold for roots
and 2.5-fold for shoot material, compared to ‘fast’
fixation in RNAlater®. These trends can also be
seen in Figure 4. While these values illustrate the
overall effect of a fixation procedure, it is also
important to consider fixation effects on
individual genes. Regardless of fixative, slow or
‘stressed’ fixation strongly enhanced transcription
of COX and Hsp90 in shoots and Hsp70 and
Hsp90 in roots (Figure 4). Regardless of the
fixation protocols, ACT7 transcription values
were 11-fold higher in ethanol-fixed material than
in RNAlater®-fixed tissue.

Morphological differences between roots (no
cuticle) and shoots (hydrophobic cuticle) are
likely to affect the sensitivity of tissue to fixative

Gravitational and Space Research

penetration. The difference between average
transcription level in slow vs. fast (control)
fixation RNAlater® and ethanol fixation is highly
significant (F; ,3=4.2, p<0.001) and may be related
to faster penetration of the non-ionic fixative. The
greater uniformity between slow and fast fixation
and higher transcription levels suggests that
ethanol represents a desirable alternative for the
fixation of plant material.

DISCUSSION

Any reporting of transcription or expression
of specific genes depends on the relevance of the
chosen genes to the investigated process. The
rationale for using ACT7 in this study is based on
its inclusion as a reference gene (Gilliland et al.,
2003) and its sensitivity to osmotic, heat, and
metal stress (Wang et al., 2014). Sucrose synthase
(SUS) is strongly expressed during germination
(Sun et al., 2013), involved in growth and cell
wall formation (Jiang et al., 2015), and is highly
expressed in meristems (Cheng et al., 2015),
which makes SUS representative of the overall
health of seedlings. UBQ1 is a commonly used
reference gene that is stably expressed in Brassica
(Xiao et al., 2012) and many other species
(Gonzélez-Verdejo et al., 2008; Mehdi Khanlou
and Van Bockstaele, 2012). Cytochrome oxidase
is a temperature and salt stress sensitive gene
(Garcia et al., 2016; Stoll et al., 2013) that
controls peroxidation processes and is an indicator
for chilling stress (Liu et al., 2015). The molecular
chaperones HSP70 and HSP90 are typical stress
response elements in a variety of cellular locations
(Cha et al., 2013) that are regulated at the
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transcriptional level (Ohama et al., 2016), respond
to many types of stresses—including osmotic
stress (Ndimba et al., 2005), and affect root
growth through PIN-FORMED (PIN) protein
distribution (D'Alessandro et al., 2015). Thus the
chosen genes represent a meaningful selection that
is useful for the characterization of fixation-
related processes. Despite the inclusion of
potential reference genes such as ACT7 or UBQ,
a comparison of expression levels based on
reference genes similar to the ‘Delta-Delta
method’ (Pfaffl, 2001) is not applicable because
none of the examined genes remained unaffected
by the different fixation procedures. A possible
solution to this conundrum could be the correction
of individual genes based on the averaging of the
transcription levels of all examined genes. This
approach was used for the data in Table 3;
however, since the present investigation is based
on only six genes that do not represent a common
pathway or process, the data should not be used to
infer that the same ratios or transcription changes
apply to other genes or investigations.

Nonetheless, the data (Figure 2 - Figure 4)
show that fixation is a critical aspect for the
proper assessment of plant responses. Because
fixation, especially in space, is often mechanized
or programmed, it is important to consider the
effect of the tissue, plant size, age, mass, and
developmental stage when evaluating presumed
space effects. Since many plant space experiments
are performed with Arabidopsis seedlings, their
size and specific growth performance depends on
nutrients, light, and space conditions (reduced
buoyancy driven gas exchange, a®ospheric
composition including ethylene, volatile organic
compounds, and uniform temperature). These
diverse, often experiment-specific, parameters are
likely to contribute to the variability of gene
expression. However, the close relatedness
between Arabidopsis and Brassica used in this
study and the SpaceX-3 experiment, suggests that
metabolism is similar and that the comparison
between these species is justified. Fixation
artefacts are likely to occur in other species as
well.

Based on the high demand for space material,
there is a tendency to increase the number of
seeds per unit (petri dish) beyond what would be
done in ground experiments. The high number of
seedlings, irregular growth, and reduced

alignment because of weightlessness conditions
are all factors that contribute to difficulties during
tissue fixation. A large number of seedlings may
entrap air among seedlings, and delay effective
fixation, especially in space experiments. Another
concern is the dilution of fixative as it interacts
with the agar substrate. Agar may also surround
roots and therefore delay their fixation and extend
the effective fixation time. A similar rationale
applies to different species—larger diameter
tissue takes longer to fix than smaller structures,
partially because of dilution effects during the
process.

When comparing the two tested fixatives,
several advantages and disadvantages need to be
pointed out. RNAIlater® as a high ionic strength
fixative is less likely to penetrate cuticle-covered
shoot tissue as rapidly as root tissue. However, it
has the advantage of not being flammable, which
is especially relevant for space experiments. In
contrast, ethanol is a more benign fixative; its
induction of stress responses is much less
compared with RNAlater®. Both fixatives had a
poor preservation of rRNA and thus would not
result in a high RNA integrity number (RIN) or
equivalent value (RNA Integrity Score, RIS).
However, assessing transcription relies on mRNA
levels, which are not used for the calculation of
these parameters. In addition, compared with
rRNA, polyadenylated (i.e., mRNA) is stabilized
by numerous factors (Lafarga et al., 2009; Wu and
Brewer, 2012) and the relatively large size of
rRNA may lead to more extensive degradation
than that of mRNA. Although high-quality RNA
is certainly desirable, transcription studies may
not depend on rRNA information. The higher
transcription values after ethanol fixation are in
contrast to the lower RNA vyield (Figure 1), again
indicating that RNA vyield is not correlated with
mRNA quality. The comparison between
RNAlater® and 70% ethanol shows that
RNAlater® strongly induced stress responses in
shoot and root tissue. In contrast, 70% ethanol has
higher transcription values in control tissue, and
relatively constant expression for ACT7, SUS,
and UBQL. The stress response is noticeable for
COX and Hsp90; interestingly Hsp70 was only
increased in shoots but not root tissue, regardless
of fixative, so tissue-specific factors contribute to
differences in transcription values.
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The response of tissue (Figure 4) shows that
differences in fixation induce the very genes and
most likely processes that are often found to be
upregulated in space experiments, including
elevated levels of heat shock proteins (Paul et al.,
2005a; Wang et al., 2016; Zupanska et al., 2013),
and oxidative (Kwon et al., 2015) and osmotic
stress (Garcia et al., 2016). These data suggest
that what is attributed to space may at least
partially be the result of fixation-related issues.
Similar effects of RNAlater® have also been
reported in RNA stability studies of human
placenta tissue (Fajardy et al., 2009).

Recent studies point out that gene activation
has circadian components (Choudhary et al.,
2016). Therefore, in addition to fixation-induced
transcription, timing of experiments and time of
fixation is likely to contribute to changes in gene
expression. Of course, studies on diurnal
phenomena in space are lacking, especially the
effect of light and dark cycles and any related
entraining. One might argue that dark-germinated
and cultivated seedlings are not likely to show
prominent periodic changes in gene expression.
However, as long as such possibilities have not
been investigated, such effects cannot be ruled out
as contributing to the ‘space syndrome’ or
differentially transcribed or expressed patterns of
genes that the plant community is focused on
resolving.

CONCLUSIONS

The termination of space experiments
typically hinges on successful fixation of material
for future ground-based analyses. We show that
even after successful completion of an
experiment, the process of fixation has the
potential to induce numerous, difficult-to-
determine artefacts that typically would be
attributed to the space environment or stress
responses. The results in no way denigrate
RNAlater® as fixative, but show that fixation
evaluation should be an integral part especially of
space experiments. The awareness of fixation-
related problems should help separate space
effects from artefacts.
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