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Abstract
Aims
Soil sample preservation is a challenging aspect in molecular studies on soil microbial communities. The demands for specialized
sample storage equipment, chemicals and standardized protocols
for nucleic acid extraction often require sample processing in a
home laboratory that can be continents apart from sampling sites.
Standard sampling procedures, especially when dealing with RNA,
comprise immediate snap freezing of soils in liquid nitrogen and
storage at −80°C until further processing. For these instances, organizing a reliable cooling chain to transport hundreds of soil samples
between continents is very costly, if possible at all. In this study we
tested the effect of soil sample preservation by freeze-drying with
subsequent short-term storage at 4°C or ambient temperatures compared to −80°C freezing by comparative barcoding analyses of soil
microbial communities.
Methods
Two grassland soil samples were collected in Central Germany in
the Biodiversity Exploratory Hainich-Dün. Samples were freezedried or stored at −80°C as controls. Freeze-dried samples were
stored at 4°C or ambient temperature. Investigated storage times for

INTRODUCTION
Biodiversity research on soil microorganisms is conducted
throughout the world (Ramette and Tiedje 2007; Tedersoo
et al. 2012). This interest is triggered by the pivotal contributions of microorganisms to ecosystem functioning (Torsvik
and Øvreås 2002; van der Heijden et al. 2008), and the vast
diversity of bacterial and fungal species (Curtis et al. 2002;

both storage temperatures were 1 and 7 days. Total DNA and RNA
were extracted and bacterial and arbuscular mycorrhizal (AM) fungal communities were analyzed by amplicon 454 pyrosequencing
of the 16S (V4-V5 variable region) and 18S (NS31-AM1 fragment) of
ribosomal RNA (rRNA) marker genes, respectively.
Important Findings
Bacterial communities were sufficiently well preserved at the
rDNA and rRNA level although storage effects showed as slightly
decreased alpha diversity indices for the prolonged storage of
freeze-dried samples for 7 days. AM fungal communities could be
studied without significant changes at the rDNA and rRNA level.
Our results suggest that proper sampling design followed by immediate freeze-drying of soil samples enables short-term transportation
of soil samples across continents.
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Dykhuizen 1998; O’Brien et al. 2005). In depth analysis
of microbial communities is realized by high-throughput
sequencing generating millions of nucleic acid reads using
next generation sequencing (NGS) platforms (Caporaso et al.
2012; Shokralla et al. 2012; Taberlet et al. 2012). However,
nucleic acids are prone to degradation (Wackernagel 2006)
and optimal sampling and sample processing methods include
the immediate freezing of soil samples until processing.
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However, an airport might be several hours or days apart from
the sampling site. We assumed that transportation from field
site to processing lab could be accomplished in a minimum of
1 and a maximum of 7 days. Transportation across temperate regions could be done without additional cooling while in
subtropical and tropical regions storage of freeze-dried samples in refrigerated boxes at 4°C could be necessary. But even
across temperate regions cooling could be required during
very hot summer weathers. Therefore, we analyzed the effect
of freeze-drying and subsequent short-term storage (1 day or
7 days) at different temperatures (4°C or room temperature)
on microbial community recovery, Shannon diversity and
community composition. We hypothesized that freeze-drying
is a suitable soil sample treatment prior to short-term storage
and transportation to (i) preserve both microbial DNA and
RNA and (ii) enable unbiased detection of fungal and bacterial communities using NGS approaches.

METHODS
Sampling site and sample processing
In August 2011, soil samples were collected in the German
Biodiversity Exploratory Hainich-Dün (Fischer et al. 2010;
Solly et al. 2014). The Hainich-Dün region is located in Central
Germany (Thuringia) and is characterized by large spruce forests of various age classes and cultivated grasslands. Two grassland plots of different soil and land use types (Table 1, online
supplementary Fig. S1) were selected. HEG01 was a fertilized
meadow, mown twice a year, and HEG08 an unfertilized pasture grazed by cattle. On both plots, a subplot of 1 m × 1 m
area was defined. In total, five soil cores with a diameter of
5 cm were collected in the edges and the center of each subplot
in a depth of 0–10 cm. The rooted surface layer was removed
and the five soil cores of one subplot were combined to a
composite sample. The soil was sieved through a 2 mm mesh
Table 1: sampling site characteristics
HEG01

HEG08

Area

Großenlupnitz

Unstruttal

Land-use

fertilized meadow

unfertilized pasture
grazed by cattle

Coordinates

N50° 58.29983, E10°
24.32067

N51° 16.2765, E10°
25.07533

LUI (2006–2010)

High (2.8)

Medium (1.6)

Soil type

Cambisol

Stagnosol

Soil texture

Silty clay

Silty clay

pH

6.65

7.17

Water content

31%

27%

54.78

60.63

5.46

5.78

9.89

9.86

Total C (g kg−1 soil)
Total N (g kg
CN ratio

−1

soil)

Land-use intensity (LUI) category was assigned according to Wiesner
et al. (2014).
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Whenever sampling location and processing laboratories are
distantly apart, the reliable freezing of samples in liquid nitrogen tank or dry ice during transportation is challenging, costly
and not always realizable.
Though the advance in NGS and the possibility to analyze
large number of samples lead to large scale and integrated
biodiversity studies at a global scale, soil sample storage and
transportation across continents still remain a big challenge.
Storage of samples at elevated temperatures presumably
after chemical preservation, air-drying or freeze-drying are
potential alternatives. In several molecular studies, storage
of untreated soil samples at ambient temperatures resulted
in only minor changes of microbial communities (Rubin et al.
2013; Tzeneva et al. 2009) or none at all (Brandt et al. 2014;
Klammer et al. 2005; Lauber et al. 2010; Tatangelo et al. 2014).
Nevertheless sample- and microbial type dependent changes
were observed (Cui et al. 2014; Rissanen et al. 2010). Chemical
preservatives directly interact with the sampled materials, and
discrepancies in preservation efficiencies for variable sample
characteristics (Rissanen et al. 2010; Tatangelo et al. 2014)
might be inherently expected.
Freeze-drying is the process where water is removed via
sublimation from the frozen sample due to the application
of vacuum (Adams 2007). Nucleic acids in soils are liable to
degradation by microbial nucleolytic enzymes (Antheunisse
1972; Greaves and Wilson 1970; Wackernagel 2006). Water
removal by freeze-drying prohibits diffusion of molecules
in the soil matrix and withdraws the protein hydrate shell
synced diminishing enzyme activity (Ball 2008; Kurkal et al.
2005). The freeze-drying process is non-toxic. Dried samples
do not require temperature control during transportation,
are reduced in weight, harbor no risk of solution leakage and
can be declared as inactivated samples (Adams 2007). Freezedryers have a wide application in industry and science. In the
vicinity of the specific sampling site they could be accessible
via collaborations or bought in variable configurations. To our
knowledge only two studies evaluated freeze-drying of soil
samples in relation to investigations of bacterial communities. Larson et al. (2013) successfully applied pyrosequencing
in a DNA based study on several freeze-dried soil samples.
Sessitsch et al. (2002) accomplished RNA-based terminal
restriction fragment length polymorphism (T-RFLP) analysis
on a single freeze-dried soil substrate. Both studies indicate
promising potential of freeze-drying for soil sample preservation. However, their investigations were not comprehensive
as restricted to only one microbial target (bacteria) and one
soil sample in the RNA study. Furthermore, the effect of storage conditions of freeze-dried samples for sample transportation was not investigated.
In the present study we assessed the application of
freeze-drying as soil storage and safe sample transportation
method. We investigated the DNA and RNA based bacterial and arbuscular mycorrhizal (AM) fungal communities
on two freeze-dried grassland soils using pyrosequencing.
Sample transportation across continents is fastest by airplane.
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and mixed with a sterilized spoon. For each plot, HEG01 and
HEG08, 14 replicate sample flasks (30 ml HDPE wide-mouth
screw cap bottles purchased from VWR International GmbH,
Germany) were filled with approximately 10 g homogenized
soil from the respective composite soil sample. Samples were
snap frozen in liquid nitrogen and transported on dry ice to
the laboratory. Two replicate samples of each plot were stored
as controls at −80°C until extraction and 12 replicate samples
of each plot were freeze-dried immediately. In total, four soil
samples were stored at −80°C as controls and 24 soil samples
were freeze-dried (online supplementary Fig. S2).

Freeze-drying and subsequent storage conditions

Nucleic acid extraction and reverse transcription
Total RNA and DNA were co-extracted from 1 g dry weight soil
using the Power Soil RNA Isolation Kit and RNA Power Soil
DNA Elution Accessory Kit (MoBio Laboratories, Carlsbad,
CA). For the withdrawal of soil sampling material, soil sample
flasks were kept on ice and relocated to the −80°C storage as
soon as possible. Sample material could be gained from control samples without prior thawing. Thus, the 24 freeze-dried
soil samples resulted in 24 DNA and 24 RNA extracts, a total of
48 molecular samples. Furthermore, two DNA and two RNA
extracts were obtained from frozen control samples of each
plot. Summing up the number of nucleic acid extracts of control samples and freeze-dried samples, we analyzed 28 DNA
and 28 RNA extracts, in the following referred to as a total
of 56 samples. RNA extracts were treated with RQ1 RNaseFree DNase (Promega, USA) and purified by phenol-chloroform extraction. Nucleic acid extracts were quantified with
the NanoDrop ND-8000 (Peqlab, Germany). Complementary
DNA (cDNA) was synthesized from 25 ng RNA with the
Monster-Script 1st strand Kit (Epicentre Biotechnologies,
USA) using random nonamer primers. For each experimental treatment nucleic acid extracts of one sample replicate
were subjected to quality analysis by gel electrophoresis.

Multiplexed amplicon pyrosequencing
Amplicon libraries were prepared with pyrosequencing fusion
primers. Polymerase chain reaction (PCR) primer sequences
are shown in online supplementary Table S1. The bacterial 16S
rRNA gene was amplified with the reverse primer 907R coupled
to a barcode and the pyrosequencing adapter B. The forward
primer 341F was coupled to pyrosequencing adapter A. PCR
reactions were done in triplicate in a final volume of 50 µl and
consisted of 1× GoTaqGreen Master Mix (Promega, USA), 25
pmol primers each and 10 ng DNA or 1 µl cDNA. Cycling conditions for primers 907R/341F were: initial activation at 98°C
for 1 min, 95°C for 45 s, 57°C for 45 s, 72°C for 1.5 min and
PCR cycle repeated 30 times ending with a final extension of
72°C for 10 min. The AM fungal 18S rRNA gene was amplified using a nested PCR approach, see Morris et al. (2013) for
details. In short, the first PCR was performed using the primer
pair GlomerWT0/Glomer1536 followed by two parallel nested
PCR setups with the primer NS31 paired either with AM1A or
AM1B. The forward primer NS31 was fused to the barcode and
the pyrosequencing adapter B while both PCR reverse primers
were coupled with the adapter A. One microlitre of a 10-fold
dilution of the first PCR reaction was used as template for the
nested PCR. Amplicon PCR replicates were pooled and purified with the QIAquick Gel Extraction Kit (Qiagen, Hilden,
Germany). Quantitation was done with Quant-iT-PicoGreen
ds DNA Assay Kit (Invitrogen). Equimolar sample pools
were sequenced on a 454 GS FLX Titanium machine (Roche,
Branford, USA). The sequencing plate was divided into four
lanes. A pool of all AM fungal community samples comprising
both DNA and cDNA amplicons was sequenced on one of the
four lanes. Bacterial DNA and cDNA amplicon libraries were
pooled separately and sequenced on one lane each.

Bioinformatics
Quality filtering of raw sequences was done with the Mothur
software v.1.31.2 (Schloss et al. 2009). Sequences were
trimmed to 300 nt length (v4–v5 region) after removal of
reads with an average quality value below 20, occurrence of
ambiguous nucleotides or if barcodes exceeded more than one
mismatch. As the bacterial rRNA gene was sequenced starting with the gene reverse primer, bacterial sequences were
flipped. Dereplicated sequences were globally aligned to the
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The freeze-dryer (ALPHA 2–4, Martin Christ Gefriertroc
knungsanlagen, Germany) was run for 39 h at 0.021 mbar
at an ice condenser temperature of −84°C. For the first 22 h,
utility space was set to 0°C and afterwards increased to 15°C
for another 17 h. The soil samples had a temperature of −75°C
at the start of the freeze-drying process, which rapidly settled
to −35°C. At the end of the freeze-drying process a sample
temperature of 20°C was reached. Freeze-dried samples were
stored in the presence of blue silica gel within sealed plastic
bags. Six freeze-dried replicates of each plot were stored either
at room temperature or 4°C. For each temperature treatment
three replicates were stored for either 1 day or 7 days (online
supplementary Fig. S2). Freeze-dried samples were subsequently stored at −80°C which is the standard procedure for
the storage of environmental samples after their transportation from the field to the laboratory if they are subjected to be
analyzed at the RNA level. Nucleic acids of all samples were
extracted in the same run.

DNA extracts were loaded on an 1.5% Agarose gel, stained
with Ethidium Bromide and photographed in a GeneGenius
Gel Bio Imaging System (Syngene, Cambridge, UK). RNA
extracts were loaded onto an Eukaryote Total RNA Nano Chip
(Agilent Technologies, USA) and analyzed in an Agilent 2100
Bioanalyzer with software version 2.6 (Agilent Technologies,
USA). Schroeder et al. (2006) described the sophisticated software algorithm of the instrument that considers a plethora
of electropherogram features e.g. peak areas, peak heights
and peak ratios to calculate an integrity (quality) value for
the RNA sample ranging from 1 (most degraded) to 10 (most
intact).

84
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Statistics
Statistical analyses were done with R version 3.1.2 (R Core
Team 2014). The experimental treatment effects were evaluated for the yield of nucleic acids and the alpha diversity
indices observed species richness, Shannon diversity and
Pielou’s evenness. Nucleic acid yields were log transformed.
The outlier function of the outliers package was applied to
identify datapoints that potentially needed removal from

the dataset prior to alpha diversity analysis of variances
(ANOVA). Identified outlying datapoints were only removed
if a visible deviation appeared in diversity index plotting and
Non-metric multidimensional scaling (NMDS) ordination
plotting or if the violation of test assumptions (normality
of model residuals and homogeneity of variances) could be
avoided. The three treatment contrasts (i) Freeze-drying versus control storage, (ii) 4°C storage of freeze-dried samples
versus room temperature storage of freeze-dried samples and
(iii) 1-day storage of freeze-dried samples versus 7 days storage of freeze-dried samples were analyzed in linear regression models. Specific formulation of treatment contrasts is
shown in online supplementary Table S2. Linear regression
models included the plot as fixed factor and the treatment
with defined contrasts as fixed factor while interaction terms
were only included if the model fit was much better as determined by a lower Akaike Information Criterion (AIC) value.
Univariate ANOVA was applied to assess significant differences for the five single storage treatments which are (1)
control samples stored at −80°C, (2+3) freeze-dried samples
stored at 4°C for either 1 or 7 days and (4+5) freeze-dried
samples stored at room temperature for either 1 or 7 days.
Homogeneity of variance was assessed by Levene test, while
normal distribution of model residuals was inspected by
Shapiro tests. In case significant ANOVA results were found,
Tukey HSD post hoc test was applied as implemented in the
agricolae package by the HSD.test function to determine significant pairwise treatment comparisons and variance partitioning with the varpart function of the vegan package
(Oksanen et al. 2013) was done to assess the effect size of the
significant factors identified in the linear regression analysis
of treatment contrasts. NMDS was done with the metaMDS
function of the vegan package. For NMDS and Permanova,
OTU count data was Hellinger transformed and converted to
a Bray–Curtis dissimilarity matrix. Permanova analysis was
carried out by the adonis function (vegan package) to determine the significance of the factors sampling plot, freezedrying, storage duration and storage temperature on the
bacterial and AM fungal community.

Table 2: nucleic acid yields of frozen and freeze-dried soil samples
Sample
Control

Mean DNA (µg g−1 soil)

SD

Mean RNA (µg g−1 soil)

SD

1

61.0

17.2

12.3

5.7

8

52.9

1.2

14.7

12.1

FD 4°C 1 day

1

78.0

29.2

7.2

2.0

8

45.6

13.0

7.5

4.5

FD RT 1 day

1

49.0

2.4

8.1

3.2

8

64.0

41.1

6.3

1.3

FD 4°C 7 days

1

53.9

5.2

6.3

2.7

8

37.9

7.2

9.3

3.1

FD RT 7 days

1

40.5

9.5

6.1

1.9

8

29.9

7.1

8.9

1.2

Abbreviation: SD = standard deviation. Freeze-dried (FD) soil samples were stored at room temperature (RT) or 4°C for 1 or 7 days.
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SILVA 119 reference database (Quast et al. 2013), release April
2015. Therefore, the reference database was either truncated
for the BAC341F/BAC907R or NS31/AM1A-B primers for the
respective bacterial and AM fungal target and thus two reference alignments were obtained to align our sequences against.
Sequences which aligned at unusual alignment positions compared to 95% of the sequences were removed and the alignment was filtered. In case the alignment still showed end gaps
as for the bacterial dataset, uniform start and end positions
were explicitly set for a second screening step. Chimera check
was done with uchime (Edgar et al. 2011) as implemented
in Mothur and the remaining sequences were subsampled. Quality sequences of uniform length were clustered by
USEARCH (Edgar 2010) version 8.0.1623 after sorting them
by abundance and excluding singletons in the clustering step
which follows the manual recommendations. Thus, representative sequences obtained by USEARCH are based on abundance. Bacterial representative sequences of each operational
taxonomic unit (OTU) were taxonomically assigned using the
GAST algorithm (Huse et al. 2008) against the v4–v5 truncated
SILVA 111 database (Quast et al. 2013), release July 2012 and
non-bacterial OTUs were removed from the dataset. The AM
fungal sequences were quarried against the MaarjAM database
(Öpik et al. 2010) on 10 February 2016. AM fungal representative sequences and their respective OTUs were removed from
the dataset if the best blast hit showed less than 90% coverage
or an E-value larger than 1e-50. Rare OTUs with less than four
reads were removed from both datasets. Sequence reads were
submitted to the European Nucleotide Archive with accession
number PRJEB8238.

Linear regression models formulated as yield ~ Plot origin + Treatment. Nucleic acid yields were log transformed prior to analysis. Statistical significant P values (P < 0.05) are given in
bold.

—
—

—
2.8

0.9
—

<0.05

—

2.3
—

—
0.0

-1.4

1.6
RNA

—
0.9
DNA

—

—

Mean
Sign. treatment differences
P
P

P

t

F

P
t
t

Specific storage treatment
(iii) 1-day vs. 7-day storage

Specific storage treatment

Tukey HSD

(ii) 4°C vs. RT storage

From the total of 56 nucleic acid samples, 159 010 bacterial 16S
raw sequences were obtained. After quality filtering, the number of bacterial sequences was normalized to the minimum
number of sequences per sample resulting in 1646 bacterial
reads per sample, which clustered into 1114 bacterial abundant OTUs containing at least three reads. The true bacterial
diversity still exceeded the recovered OTUs as indicated by rarefaction curves (online supplementary Fig. S4a). About 68% of
the bacterial OTUs could be assigned to family level. The bacterial community comprised 14 phyla and six candidate divisions (online supplementary Table S3). Proteobacteria (40%),
Actinobacteria (16%), Bacteroidetes (13%), Acidobacteria
(10%) and Chloroflexi (9%) were the dominant phyla accounting for 87% of the bacterial OTUs found. In terms of sequence
abundance, the top ten bacterial phyla contributed to 99% of
all bacterial sequences and were dominated by Proteobacteria
(38%), Actinobacteria (23%), Acidobacteria (20%), Chloroflexi
(7%), Bacteroidetes (6%), Firmicutes (2%) and 1% of each
Gemmatimonadetes, Nitrospirae, Candidate division WS3 and
Verrucomicrobia. The 10 most abundant bacterial classes contributed to 80% of total bacterial sequence reads and were
composed of Acidobacteria and Alphaproteobacteria (each
17%) followed by Deltaproteobacteria (13%), Thermoleophilia
(8%), Acidimicrobia (8%), Actinobacteria (6%) and the
Betaproteobacteria, Gammaproteobacteria, Sphingobacteria
and Cytophagia each contributing less than 5%.
The AM fungal dataset of 18S reads comprised 83 796
sequences. After quality filtering, the number of AM fungal sequences was normalized to the minimum number of
sequences per sample resulting in 730 AM fungal reads
per sample, which clustered into 66 abundant OTUs. Most
AM fungal rarefaction curves (online supplementary Fig.
S4b) did not reach saturation but came closer to saturation
level than the bacterial samples. The dominant AM fungal orders were Glomerales (48%), Archaeosporales (35%),
15% Paraglomerales and (2%) Diversisporales based on the
total number of OTUs. Based on the relative abundances of
sequences reads, AM fungi were dominated by Glomerales
(79%), followed by Archaeosporales (13%), Diversisporales

(i) Controle vs. Freeze-drying

Bacterial and AM fungal community analysis
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High-molecular weight DNA was recovered from frozen and
freeze-dried soil samples (online supplementary Fig. S3a). DNA
yields (Table 2) were not affected by freeze-drying but a significant decrease of DNA yields (P < 0.05) was detected with
the prolonged storage time of 7 days for freeze-dried samples
(Table 3). RNA yields were neither affected by freeze-drying nor
by storage time or temperature. RNA integrity numbers (RIN)
were about 7 for all treatments and electropherograms clearly
showed an 18S and 23S rRNA peak (online supplementary Fig.
S3b). The cDNA transcription and PCR amplification of target
microbial communities could be accomplished for all samples.

ANOVA

Quality and quantity of nucleic acids

Significance of treatment contrasts as model coefficients in linear regression models

RESULTS

Table 3: linear regression analysis of nucleic acid yields of the three treatment contrasts (i) freeze-drying vs. control, (ii) 4°C storage of freeze-dried samples vs. room temperature
(RT) storage of freeze-dried samples and (iii) 1-day storage of freeze-dried samples vs. 7 days storage of freeze-dried samples and ANOVA of specific treatment conditions
followed by Tukey HSD post hoc test
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Table 4: comparison of OTU richness between frozen (C) and freeze-dried soil samples stored under different time (1 day or 7 days) and
temperature conditions (room temperature or 4°C)
Mean OTU richness
Bacteria

C mean OTUs

RT_1d

RT_7d

HEG01 DNA

371

372 (100%) 344 (93%)

Shared OTUs with control
4°C_1d

4°C_7d

Total OTUs C RT_1d

365 (98%)

371 (100%) 506

RT_7d

4°C_1d

4°C_7d

396 (78%) 379 (75%) 396 (78%) 398 (79%)

HEG01 RNA

362

382 (106%) 367 (101%) 387 (107%) 384 (106%) 496

410 (83%) 387 (78%) 399 (80%) 400 (81%)

HEG08 DNA

383

386 (101%) 374 (98%)

388 (101%) 369 (96%)

520

415 (80%) 400 (77%) 415 (80%) 386 (74%)

HEG08 RNA

372

382 (103%) 395 (106%) 385 (103%) 362 (97%)

509

392 (77%) 410 (81%) 405 (80%) 388 (76%)

Mean OTU richness
AM fungi

C mean OTUs

RT_1d

RT_7d

Shared OTUs with control
4°C_1d

4°C_7d

Total OTUs C RT_1d

RT_7d

4°C_1d

4°C_7d

44

39 (89%)

42 (95%)

39 (89%)

41 (93%)

48

43 (90%)

46 (96%)

45 (94%)

45 (94%)

16

15 (94%)

16 (100%)

21 (131%)

13 (81%)

22

13 (59%)

14 (64%)

16 (73%)

13 (59%)

HEG08 DNA

41

40 (98%)

43 (105%)

43 (105%)

41 (100%)

53

45 (85%)

49 (92%)

48 (91%)

46 (87%)

HEG08 RNA

14

19 (136%)

27 (193%)

21 (150%)

27 (193%)

23

21 (91%)

22 (96%)

21 (91%)

22 (96%)

Percentage values are given in brackets.

(6%) and Paraglomerales (2%). We detected six AM fungal families which were dominated in sequence abundance
by Claroideoglomeraceae (41%), Glomeraceae (39%), followed by Archaeosporaceae (8%), Diversisporaceae (6%),
Ambisporaceae (5%) and Paraglomeraceae (2%).
One Paraglomus OTU could be identified as Paraglomus
majewskii by BLAST (Altschul et al. 1990) nucleotide search.

Impact of freeze-drying, storage time and
temperature conditions on microbial diversity
On average, 79% of the bacterial OTUs detected in frozen soil
samples were shared by freeze-dried samples (Table 4), while
mean OTU richness was equal. At the DNA level, observed bacterial species richness was statistically higher (P < 0.01) on plot
HEG08 with an average of 380 OTUs compared to an average of
364 OTUs on plot HEG01 while no significant difference could
by found at the RNA level. Bacterial diversity was not affected
by freeze-drying of soil samples itself but by a prolonged storage duration of 7 days (Table 5, online supplementary Fig. S5).
At the DNA level, the observed species number and Shannon
diversity were significantly lower for freeze-dried samples
stored for 7 days than for freeze-dried samples stored only for
1 day. At the RNA level, this phenomenon was observed for the
Pielou’s evenness index. At the DNA level, 13% of explained
variance in observed bacterial species numbers could be independently attributed to storage time while 26% were explained
by the sample plot origin as well as 10% of explained variance
in bacterial Shannon diversity could be independently attributed to storage time while 69% were explained by the sample plot origin. At the RNA level, 18% of explained variance in
Pielou’s evenness could be independently attributed to storage
time while 42% were explained by the sample plot origin.
About 85% of AM fungal OTUs were shared between frozen and freeze-dried soil samples while mean OTU richness was
about 116% (Table 4). At the RNA level the mean OTU richness of freeze-dried samples compared to control samples and the
number of shared OTUs with the control varied strongly between

sampling plots and treatments. For example, the number of
shared OTUs between freeze-dried and control samples reached
a minimum of 59% while the mean OTU richness of freeze-dried
samples reached a maximum of even 193% compared to the
control samples. Nevertheless, neither freeze-drying nor tested
storage conditions were found to significantly affect the detected
alpha diversity of AM fungi in the soil samples (Table 6, online
supplementary Fig. S6). At the RNA level, AM fungal OTU numbers were higher on plot HEG08 than HEG01 (P = 0.01).

Impact of freeze-drying, storage time and
temperature conditions on microbial community
composition
NMDS ordination plots showed a clear clustering of bacterial
communities in respect to plot and nucleic acid origin (Fig.1a).
In the RNA based analysis bacterial communities were enriched
for Deltaproteobacteria (online supplementary Fig. S7, online
supplementary Table S4). Freeze-dried samples clustered with
respective controls in general. Permanova analysis showed a
significant effect of the sample plot origin on the detected bacterial community but no significant effect of freeze-drying, storage time or storage temperature was found (Table 7).
The NMDS ordination plots showed that, AM fungal communities clustered on the plot at DNA level but exhibited no
clear pattern in the ordination of RNA-based AM fungal communities (Fig. 1b). Permanova analysis showed a significant
effect of the sample plot origin on the detected AM fungal
community but no significant effect of freeze-drying, storage
time or storage temperature was found (Table 7).

DISCUSSION
Freeze-drying preserved high quality nucleic acids in the soil
samples with high molecular weight DNA recovered and
RNA extracts showing RIN with number of about 7. Fleige
and Pfaffl (2006) recommended RIN values greater than 5 as
good total RNA and RIN larger than 8 as perfect total RNA
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HEG01 DNA
HEG01 RNA

Pielou

1.0

−2.0
−0.2

S.obs.

0.4

Pielou

Shannon

0.8
1.0

S.obs.

Shannon

t

—

—

—

—

—

—

P

0.20

−0.05

−1.4

−0.77

−1.2

−0.8

t

—

—

—

—

—

—

P

—
<0.01

3.3

—

—

0.7

1.4

1.8

0.01
<0.01

2.6

P

3.4

t

4.1

—

—

1.3

4.8

2.8

F

<0.05

—

—

—

<0.01

—

P

RT_1d-4°C_7d

0.889–0.880

0.889–0.878

RT_1d-RT_7d

—

—

—

5.29–5.21

Mean

4°C_1d-RT_7d

—

Sign. treatment differences

Specific storage treatment

Tukey HSD

−0.0
−1.2
−0.8

S.obs.

Shannon

Pielou

−1.2

1.9

Shannon

Pielou

0.9

S.obs.

t

—

—

—

—

—

—

P

0.7

−0.1

−0.5

−0.1

−1.0

−0.2

t

—

—

—

—

—

—

P

0.2

−0.3

1.1

1.5

−0.9

−1.3

t

—

—

—

—

—

—

P

0.4

0.5

1.2

0.6

2.0

0.9

F

—

—

—

—

—

—

P
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—

—

—

—

—

—

Sign. treatment differences

Specific storage treatment

Tukey HSD

Mean

Abbreviation: S. obs. = observed richness. Linear regression models formulated as alpha diversity index ~ Plot origin + Treatment while the model including the interaction terms was
applied for Pielou’s evenness at the DNA level and the observed species number at the RNA level as determined by more favorable AIC values.

RNA

DNA

Index

Specific storage
treatment

(iii) 1-day vs.
7-day storage

(i) Controle vs.
Freeze-drying

(ii) 4°C vs. RT
storage

ANOVA

Significance of treatment contrasts as model coefficients in linear
regression models

Table 6: linear regression analysis of AM fungal alpha diversity indices, observed species number, Shannon diversity and Pilou eveness, of the three treatment contrasts (i)
freeze-drying vs. control, (ii) 4°C storage of freeze-dried samples vs. room temperature (RT) storage of freeze-dried samples and (iii) 1-day storage of freeze-dried samples vs.
7 days storage of freeze-dried samples and ANOVA of specific treatment conditions followed by Tukey HSD post hoc test

Abbreviation: S. obs. = observed richness. Linear regression models formulated as alpha diversity index ~ Plot origin + Treatment. For the RNA dataset the samples HEG08-4°C-7days-b
replicate was removed as outlier from the dataset for all three analyzed alpha diversity indices, while additionally HEG08-4°C-1day-a replicate and HEG01-RT-1day-c was removed as
outlier for the Pilou’s evenness analysis. HEG08-4°C-7days-b and HEG08-4°C-1day-a samples were confirmed as apparent outliers in NMDS ordination plot (Fig. 1a). Statistical significant P values (P < 0.05) are given in bold.

RNA

DNA

Index

Specific storage
treatment

(iii) 1-day vs.
7-day storage

(i) Controle vs.
Freeze-drying

(ii) 4°C vs. RT
storage

ANOVA

Significance of treatment contrasts as model coefficients in linear
regression models

Table 5: linear regression analysis of the bacterial alpha diversity indices, observed species number, Shannon diversity and Pilou’s evenness, of the three treatment contrasts (i)
freeze-drying vs. control, (ii) 4°C storage of freeze-dried samples vs. room temperature (RT) storage of freeze-dried samples and (iii) 1-day storage of freeze-dried samples vs.
7 days storage of freeze-dried samples and ANOVA of specific treatment conditions followed by Tukey HSD post hoc test
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Table 7: permanova analysis of treatment effects on bacterial and AM fungal community composition at the DNA and RNA level
Bacteria

AM fungi

DNA

RNA

DNA

Factor

F

P

F

P

F

Sampling plot

5.5

0.001

4.8

0.001

46.5

Freeze-drying

1.5

—

1.1

—

1.5

Storage duration

0.96

—

0.95

—

Storage temperature

0.95

—

0.93

—

RNA
P

F

P

0.001

9.9

0.001

—

1.7

—

0.67

—

1.2

—

1.5

—

0.8

—

Statistical significant P values (P < 0.05) are given in bold.

for downstream applications like real time PCR or gene
expression studies. DNA yields decreased with storage time.
Rehydration of desoxyribonucleases (Dnases) from air moisture could have occurred while freeze-dried Ribonuclease
(Rnase) A was described to form insoluble precipitates during
storage (Townsend and DeLuca 1991). Optimal exclusion of
air moisture could be achieved by closing sample flasks directly
in the freeze-dryer after purging them with an inert gas like
nitrogen. Our bench top freeze-dryer did not provide this
sophisticated feature and our sample flasks probably did not
seal air-tight. As cheap alternative method we had stored the
closed sample flasks in sealed plastic bags with blue silica gel.

Impact of freeze-drying, storage time and
temperature conditions on soil microbial
diversity
Soil microbes appear in patchy distributions (Mummey and Rillig
2008; Raynaud et al. 2014) inhabiting mechanically resistant
micro-aggregates (<250 µm) (Tisdall and Oades 1982; Vos et al.
2013). A true homogenization of soil samples with complete coverage of OTUs between replicate sample flasks is thus impossible.
Therefore, 70–80% overlap of OTUs between control and treatment samples can be considered as satisfactory. Our sequencing
effort of the bacterial community did not completely assess the
whole bacterial diversity present in the soil which also accounts

for an incomplete recovery of OTUs. Considering this, a recovery of OTUs with an average of 79% still proves the validity of
the study. Sequencing of AM fungi was closer to saturation level
and explained the enhanced recovery rate of 85% of the OTUs
between control and freeze-dried samples. A major factor influencing bacterial species richness and community composition
is soil pH (Tripathi et al. 2012). At the DNA level, bacterial OTU
numbers were indeed highest on the unfertilized pasture with
near neutral pH. At the RNA level no difference could be found,
indicating that the pH difference between both plots is quite small
and the fertilized plot with a pH of 6.65 still reasonable neutral.
Storage of freeze-dried samples for 7 days showed a statistical significant reduction of bacterial OTU numbers and Shannon diversity at the DNA level and of Pielou’s evenness at the RNA level.
However, the effect size of this reduction was small as at least
93% of bacterial OTU numbers were recovered from freeze-dried
samples compared to the control and the explained variance in
Shannon diversity attributed to storage duration was only 10%
in comparison to 69% of variance explained by plot origin.
At the RNA level, total AM fungal OTU richness was higher
on the unfertilized pasture than on the fertilized meadow.
A higher diversity of AM fungi in sites with lower anthropogenic impact as HEG08 compared to the more intensively used
site HEG01 was reported before (Lumini et al. 2010). Several
direct and indirect mechanisms affiliated with fertilization
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Figure 1: non-metric multidimensional scaling plots of bacterial (a) and AM fungal (b) communities. Frozen control samples: filled diamonds,
freeze-dried samples stored under different conditions: room temperature (square), 4°C (circle), 1 day (open symbols), 7 days (grey-filled symbols). Polygons indicate plot origin while elipses indicate DNA or RNA derived microbial communities.
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were identified (Alguacil et al. 2014). We found no effect of
freeze-drying or subsequent storage conditions on the AM
fungal alpha diversity measures.

Impact of freeze-drying, storage time and
temperature conditions on microbial community
composition
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Supplementary material is available at Journal of Plant Ecology
online.

FUNDING
German Science Foundation (DFG) in the frame of the
Research Unit FOR 891 ‘BEF China’ (BU 941/12-2); the
DFG Priority Program 1374 ‘Infrastructure-BiodiversityExploratories’ (BU 941/22-2); the Helmholtz Impulse and
Networking Fund through Helmholtz Interdisciplinary
Graduate School for Environmental Research (HIGRADE)
(Bissinger and Kolditz 2008).

We appreciate the advice of Jürgen Grebe (Martin Christ
Gefriertrocknungsanlagen) in the development of the freeze-drying
cycle. Beatrix Schnabel, Melanie Günther and Sigrid Härtling provided
excellent assistance in the soil sampling and 454 pyrosequencing.
Tim Langhammer supported the statistical evaluation. Markus Bönn
helped in preparing in house parsing scripts. We thank the group of
Ingo Schöning for the provision of the soil nutrient data. We thank
the managers of the three Exploratories, Kirsten Reichel-Jung, Swen
Renner, Katrin Hartwich, Sonja Gockel, Kerstin Wiesner, and Martin
Gorke for their work in maintaining the plot and project infrastructure;
Christiane Fischer and Simone Pfeiffer for giving support through the
central office, Michael Owonibi for managing the central data base,
and Markus Fischer, Eduard Linsenmair, Dominik Hessenmöller, Jens
Nieschulze, Daniel Prati, Ingo Schöning, Ernst-Detlef Schulze, Wolfgang
W. Weisser and the late Elisabeth Kalko for their role in setting up the
Biodiversity Exploratories project. Field work permits were issued by
the responsible state environmental offices of Baden-Württemberg,
Thüringen, and Brandenburg (according to § 72 BbgNatSchG).
Conflict of interest statement. None declared.

REFERENCES
Adams G (2007) The principles of freeze-drying. In Day JG, Stacey
GN (eds). Cryopreservation and Freeze-drying Protocols. New Jersey,
NY: Humana Press, 15–38.
Alguacil MM, Torrecillas E, García-Orenes F, et al. (2014) Changes
in the composition and diversity of AMF communities mediated
by management practices in a mediterranean soil are related with
increases in soil biological activity. Soil Biol Biochem 76:34–44.
Altschul SF, Gish W, Miller W, et al. (1990) Basic local alignment
search tool. J Mol Biol 215:403–10.
Antheunisse J (1972) Decomposition of nucleic acids and some
of their degradation products by microorganisms. Antonie Van
Leeuwenhoek 38:311–27.
Ball P (2008) Water as an active constituent in cell biology. Chem Rev
108:74–108.
Bissinger V, Kolditz O (2008) Helmholtz interdisciplinary graduate
school for environmental research. (HIGRADE). GAIA 1:71–3.
Brandt FB, Breidenbach B, Brenzinger K, et al. (2014) Impact of
short-term storage temperature on determination of microbial
community composition and abundance in aerated forest soil and
anoxic pond sediment samples. Syst Appl Microbiol 37:570–7.
Caporaso JG, Lauber CL, Walters WA, et al. (2012) Ultra-highthroughput microbial community analysis on the Illumina HiSeq
and MiSeq platforms. ISME J 6:1621–4.
Cui H, Wang CH, Gu ZH, et al. (2014) Evaluation of soil storage methods for soil microbial community using genetic and metabolic fingerprintings. Eur J Soil Biol 63:55–63.
Curtis TP, Sloan WT, Scannell JW (2002) Estimating prokaryotic
diversity and its limits. Proc Natl Acad Sci USA 99:10494–9.
Dykhuizen DE (1998) Santa Rosalia revisited: why are there so many
species of bacteria? Antonie Van Leeuwenhoek 73:25–33.
Edgar RC (2010) Search and clustering orders of magnitude faster
than BLAST. Bioinformatics 26:2460–1.
Edgar RC, Haas BJ, Clemente JC, et al. (2011) Uchime improves sensitivity and speed of chimera detection. Bioinformatics 27:2194–200.

Downloaded from https://academic.oup.com/jpe/article-abstract/10/1/81/2966822 by guest on 16 July 2020

Relative abundances of the five most abundant bacterial phyla
were similar for the fertilized meadow and the unfertilized pasture. Riber et al. (2014) also found bacteria to be unaffected
at the phylum level for the application of animal, urban and
waste fertilizers. Nevertheless, NMDS ordination plots showed
distinct clusters for both sampling sites. As we investigated only
two soil samples, the major environmental drivers for this distinction cannot be identified. In terms of storage conditions,
we found no significant effects of freeze-drying, storage temperature or storage time on the detected bacterial communities.
Several studies found Glomerales to be a widespread and a
dominant class in AM fungal communities, which was also the
case for the investigated grasslands. Gosling et al. (2014) reported
a potential negative impact of intensive agricultural management on Paraglomus spp. and we found Paraglomerales on both
grassland plots (medium and high land use index) in low relative
abundances of about 2–3%. AM fungal communities were well
separated for sampling plots in NMDS analysis, which could be
due to the differing land use of mowing and grazing (Morris et al.
2013). AM fungal community composition was not affected by
freeze-drying, storage time or storage temperature.
Our findings strongly advocate the use of freeze-drying
prior to short-term storage and long-distance transportation of soil samples for molecular studies. Furthermore, the
sample transportation is non-hazardous and even huge sample numbers can be transported cost efficiently and reliably
across countries and continents. Projects with huge sampling
efforts in remote areas, such as the one of Shi et al. (2017),
will benefit from using lyophilizaton. Using lyophilization
would also allow projects on large-scale soil chararacteristics
(see Scholten et al. 2017) or litter decomposition (see Li et al.
2017) to include microbial charateristics among the traditionally analyzed chemical properties.

ACKNOWLEDGEMENTS

90

Journal of Plant Ecology

Fischer M, Bossdorf O, Gockel S, et al. (2010) Implementing largescale and long-term functional biodiversity research: the biodiversity exploratories. Basic Appl Ecol 11:473–85.

Rubin BE, Gibbons SM, Kennedy S, et al. (2013) Investigating the
impact of storage conditions on microbial community composition
in soil samples. PLOS ONE 8:e70460.

Fleige S, Pfaffl MW (2006) RNA integrity and the effect on the realtime qRT-PCR performance. Mol Aspects Med 27:126–39.

Schloss PD, Westcott SL, Ryabin T, et al. (2009) Introducing mothur:
Open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl
Environ Microbiol 75:7537–41.

Greaves MP, Wilson MJ (1970) The degradation of nucleic acids and
montmorillonite-nucleic-acid complexes by soil microorganisms.
Soil Biol Biochem 2:257–68.
Huse SM, Dethlefsen L, Huber JA, et al. (2008) Exploring microbial diversity and taxonomy using SSU rRNA hypervariable tag
sequencing. PLOS Genet 4:e1000255.

Kurkal V, Daniel RM, Finney JL, et al. (2005) Enzyme activity and
flexibility at very low hydration. Biophys J 89:1282–7.
Larson S, Carter DO, Bailey C, et al. (2013) Developing a high
throughput protocol for using soil molecular biology as trace evidence. Technical Report. University of Nebraska-Lincoln.
Lauber CL, Zhou N, Gordon JI, et al. (2010) Effect of storage conditions on the assessment of bacterial community structure in soil
and human-associated samples. FEMS Microbiol Lett 307:80–6.
Li Y, Kröber W, Bruelheide H, et al. (2017) Crown and leaf traits as
predictors of subtropical tree sapling growth rates. J Plant Ecol
10:136–45.
Lumini E, Orgiazzi A, Borriello R, et al. (2010) Disclosing arbuscular
mycorrhizal fungal biodiversity in soil through a land-use gradient
using a pyrosequencing approach. Environ Microbiol 12:2165–79.
Morris EK, Buscot F, Herbst C, et al. (2013) Land use and host neighbor identity effects on arbuscular mycorrhizal fungal community composition in focal plant rhizosphere. Biodivers and Conserv
22:2193–205.
Mummey DL, Rillig MC (2008) Spatial characterization of arbuscular
mycorrhizal fungal molecular diversity at the submetre scale in a
temperate grassland. FEMS Microbiol Ecol 64:260–70.
O’Brien HE, Parrent JL, Jackson JA, et al. (2005) Fungal community
analysis by large-scale sequencing of environmental samples. Appl
Environ Microbiol 71:5544–50.
Oksanen J, Blanchet FG, Kindt R, et al. (2013) vegan: Community
Ecology Package. R package version 2.0-6. http://cran.r-project.org/
package=vegan (March 2016, date last accessed).
Öpik M, Vanatoa A, Vanatoa E, et al. (2010) The online database
MaarjAM reveals global and ecosystemic distribution patterns
in arbuscular mycorrhizal fungi. (Glomeromycota). New Phytol
188:223–41.
Quast C, Pruesse E, Yilmaz P, et al. (2013) The SILVA ribosomal RNA
gene database project: Improved data processing and web-based
tools. Nucleic Acids Res 41:D590–6.
R Core Team (2014) R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing.
Ramette A, Tiedje JM (2007) Biogeography: an emerging cornerstone
for understanding prokaryotic diversity, ecology, and evolution.
Microb Ecol 53:197–207.
Raynaud X, Nunan N (2014) Spatial ecology of bacteria at the microscale in soil. PLOS ONE 9:e87217.
Rissanen AJ, Kurhela E, Aho T, et al. (2010) Storage of environmental
samples for guaranteeing nucleic acid yields for molecular microbiological studies. Appl Microbiol Biotechnol 88:977–84.

Schroeder A, Mueller O, Stocker S, et al. (2006) The RIN: an RNA
integrity number for assigning integrity values to RNA measurements. BMC Mol Biol 7:3.
Sessitsch A, Gyamfi S, Stralis-Pavese N, et al. (2002) RNA isolation
from soil for bacterial community and functional analysis: evaluation of different extraction and soil conservation protocols. J
Microbiol Methods 51:171–9.
Shi N-N, Gao C, Zheng Y, et al. (2017) Effects of ectomycorrhizal fungal identity and diversity on subtropical tree competition. J Plant
Ecol 10:47–55.
Shokralla S, Spall JL, Gibson JF, et al. (2012) Next-generation
sequencing technologies for environmental DNA research. Mol Ecol
21:1794–805.
Solly EF, Schöning I, Boch S, et al. (2014) Factors controlling decomposition rates of fine root litter in temperate forests and grasslands.
Plant Soil 382:203–18.
Taberlet P, Coissac E, Pompanon F, et al. (2012) Towards next-generation biodiversity assessment using DNA metabarcoding. Mol Ecol
21:2045–50.
Tatangelo V, Franzetti A, Gandolfi I, et al. (2014) Effect of preservation
method on the assessment of bacterial community structure in soil
and water samples. FEMS Microbiol Lett 356:32–8.
Tedersoo L, Bahram M, Toots M, et al. (2012) Towards global patterns
in the diversity and community structure of ectomycorrhizal fungi.
Mol Ecol 21:4160–70.
Tisdall JM, Oades JM (1982) Organic-matter and water-stable aggregates in soils. J Soil Sci 33:141–63.
Torsvik V, Øvreås L (2002) Microbial diversity and function in soil:
from genes to ecosystems. Curr Opin Microbiol 5:240–5.
Townsend MW, DeLuca PP (1991) Nature of aggregates formed during storage of freeze-dried ribonuclease A. J Pharm Sci 80:63–6.
Tripathi BM, Kim M, Singh D, et al. (2012) Tropical soil bacterial communities in Malaysia: pH dominates in the equatorial tropics too.
Microb Ecol 64:474–84.
Tzeneva VA, Smidt H, Salles JF, et al. (2009) Effect of soil sample preservation, compared to the effect of other environmental variables,
on bacterial and eukaryotic diversity. Res Microbiol 160:89–98.
van der Heijden MG, Bardgett RD, van Straalen NM (2008) The
unseen majority: soil microbes as drivers of plant diversity and
productivity in terrestrial ecosystems. Ecol Lett 11:296–310.
Vos M, Wolf AB, Jennings SJ, et al. (2013) Micro-scale determinants
of bacterial diversity in soil. FEMS Microbiol Rev 37:936–54.
Wackernagel W (2006) The various sources and the fate of nucleic
acids in soil. In Nannipieri P, Smalla K (eds). Nucleic Acids and
Proteins in Soil, Vol. 8. Berlin, Heidelberg: Springer-Verlag, 117–40.
Wiesner KR, Habel JC, Gossner MM, et al. (2014) Effects of habitat structure and land-use intensity on the genetic structure of
the grasshopper species Chorthippus parallelus. R Soc Open Sci 1:
140133.

Downloaded from https://academic.oup.com/jpe/article-abstract/10/1/81/2966822 by guest on 16 July 2020

Klammer S, Mondini C, Insam H (2005) Microbial community fingerprints of composts stored under different conditions. Ann Microbiol
55:299–305.

Scholten T, Goebes P, Kühn P, et al. (2017) On the combined effect of
soil fertility and topography on tree growth in subtropical forest
ecosystems --a study from SE China. J Plant Ecol 10:111–27.

