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Abstract

Transcriptome sequencing with next-generation sequencing technologies has the potential for addressing many long-

standing questions about the biology of sponges. Transcriptome sequence quality depends on good cDNA libraries, which

requires high-quality mRNA. Standard protocols for preserving and isolating mRNA often require optimization for unu-

sual tissue types. Our aim was assessing the efficiency of two preservation modes, (i) flash freezing with liquid nitrogen

(LN2) and (ii) immersion in RNAlater, for the recovery of high-quality mRNA from sponge tissues. We also tested whether

the long-term storage of samples at )80 �C affects the quantity and quality of mRNA. We extracted mRNA from nine

sponge species and analysed the quantity and quality (A260 ⁄ 230 and A260 ⁄ 280 ratios) of mRNA according to preservation

method, storage time, and taxonomy. The quantity and quality of mRNA depended significantly on the preservation

method used (LN2 outperforming RNAlater), the sponge species, and the interaction between them. When the preservation

was analysed in combination with either storage time or species, the quantity and A260 ⁄ 230 ratio were both significantly

higher for LN2-preserved samples. Interestingly, individual comparisons for each preservation method over time indicated

that both methods performed equally efficiently during the first month, but RNAlater lost efficiency in storage times longer

than 2 months compared with flash-frozen samples. In summary, we find that for long-term preservation of samples, flash

freezing is the preferred method. If LN2 is not available, RNAlater can be used, but mRNA extraction during the first

month of storage is advised.
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Introduction

Sponge genomics and transcriptomics are growing fields.

So far, only the genome of Amphimedon queenslandica (Sri-

vastava et al. 2010) and expressed sequence tags for a

handful of sponges are publically available. These geno-

mic resources have been explored for phylogenomic

approaches (e.g. Dunn et al. 2008; Hejnol et al. 2009;

Philippe et al. 2009) and ⁄ or gene discovery, developmen-

tal biology, novelty acquisition analysis and functional

genetics (e.g. Nichols et al. 2006; Adamska et al. 2007,

2010; Larroux et al. 2007; Sullivan et al. 2008; Funayama

et al. 2010; Harcet et al. 2010; Rivera et al. 2011; Leys &

Riesgo in press). With the current reduction in sequenc-

ing costs of next-generation sequencing (NGS) platforms

(e.g. 454, Illumina, and SOLID), genomic and transcrip-

tomic data are becoming broadly accessible.

Next-generation sequencing permits a great diversity

of genetic approaches using both the DNA (genomic)

and RNA (transcriptomic) perspectives. NGS is currently

used for re-sequencing in genome projects, phylogenom-

ics, gene expression profiling, small non-coding RNA

profiling, protein-coding gene annotation, aberrant tran-

scription events, mutation detection, single nucleotide

polymorphism detection, etc. (Morozova & Marra 2008;

Shendure & Ji 2008; Reis-Filho 2009). Transcriptomic data

are more advantageous than genomic data in several

respects. Transcriptomes are from 10 to 100 times smaller

than genomes, and the new de novo assemblers (Zerbino

& Birney 2008; Blow 2009; Simpson et al. 2009) make the
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handling of such amounts of sequencing data (from 10 to

250 million short reads) easier and faster than whole-gen-

ome data when no reference genome is available. Also,

transcriptomic data simplify the identification of large

numbers of orthologous genes across non-model species,

facilitating not only the assembly of large data sets for

phylogenomic analysis (e.g. Dunn et al. 2008; Hejnol et al.

2009; Philippe et al. 2009) but also more restricted studies

of speciation among sympatric species (e.g. Elmer et al.

2010). Transcriptomic data can also be used to develop

molecular markers for PCR amplification, study alterna-

tive splicing, create targeted sequencing assays, and

study gene regulation and DNA-protein interactions

(reviewed in Ekblom & Galindo 2011). Another advan-

tage of transcriptomic data is that it also further contains

information on the level of gene expression, which has

led to an emergent area of interest both for developmen-

tal biologists, who previously relied on microarray analy-

sis for those data (e.g. Toth et al. 2007; Marioni et al. 2008;

Sultan et al. 2008; Vera et al. 2008), and for researchers

investigating animals for which microarrays were a long

way from being available or optimized (e.g. Gilad et al.

2009).

Complementary DNA (cDNA) libraries used for

sequencing transcriptomic data are obtained from pure

mRNA extracted from tissues, and this is one of the

greatest disadvantages of transcriptomic approaches.

Compared to DNA, working with RNA can be techni-

cally difficult, especially when the RNA extractions are to

be performed from unusual tissue types where protocols

are often not optimized. Given that RNA is prone to

rapid degradation, if samples are to be stored for any

length of time (sometimes even just the time from collec-

tion to processing may be enough for degradation to

begin), it is necessary to preserve tissues to prevent dam-

age to nucleic acids. Recently, Simister et al. (2011) have

shown that both liquid nitrogen and RNAlater performed

favourably when preserving the purity and integrity of

total RNA in demosponge tissues, even though liquid

nitrogen outperformed RNAlater. However, only total

RNA quality control was performed, and comparisons

with mRNA isolation data are not available. Because

cDNA synthesis relies on mRNA isolation, assessing the

quality of starting mRNA is a key step in the process, and

therefore, it is important to develop optimized protocols

for preservation and storage of tissues.

Sponge transcriptomic projects can certainly take

advantage of standardization of RNA preservation proto-

cols to ensure the maximum recovery of mRNA. The aim

of our study was twofold: 1 – assessing the best RNA

preservation method for sponge tissues and 2 – testing

whether long-term storage of samples could result in

mRNA degradation. Here, we compared the quantity

and quality (measured as A260 ⁄ 230 and A260 ⁄ 280 ratios)

of mRNA extracted from nine different sponge species

belonging to the four extant poriferan classes preserved

either by flash freezing or by immersion in RNAlater. To

assess the effect of storage time on the quantity and qual-

ity of mRNA, we compared the results of extractions

stored for periods <1 month to more than 12 months.

Methods

Species and sample collection

We collected samples from nine sponge species, belong-

ing to the four extant poriferan classes (Table 1). Aphro-

callistes vastus (Hexactinellida, Lyssacinosida) and

Asbestopluma occidentalis (Demospongiae, Poecilosclerida)

tissues were collected during a scientific cruise in the Fra-

ser Ridge (Strait of Georgia, Vancouver Island, Canada)

with the Canadian ROV ROPOS in 2009. Spongilla lacus-

tris (Demospongiae, Haplosclerida) was collected at Fred-

erick Lake (Vancouver Island, Canada) in 2011. Sycon

coactum (Calcarea, Leucosolenida) was collected from

ropes hanging off docks at the Bamfield Marine Sciences

Centre (Bamfield, British Columbia, Canada) during

2009–2011. Corticium candelabrum (Homoscleromorpha,

Homosclerophorida), Crella elegans (Demospongiae,

Poecilosclerida), and Petrosia ficiformis (Demospongiae,

Haplosclerida) were collected using SCUBA diving in the

subtidal rocky coast of Northeastern Spain in various

sampling trips in 2009 and 2010. Lissodendoryx colombien-

sis (Demospongiae, Poecilosclerida) was collected in a

shallow reef at Isla Colón (Bocas del Toro, Panama) in

2010. Cliona sp. (Demospongiae, Hadromerida) was col-

lected at Niles Channel (Summerland Key, FL, USA) in

2010. More details about collecting localities are available

upon request.

Sample preparation

To avoid contaminations from epibionts, tissues were

carefully cleaned using a stereomicroscope. Tissue exci-

sions were always performed with sterilized razor blades

rinsed with RNAseZap� (Ambion, TX, USA). All clean-

ing procedures were operated as quickly as possible to

avoid RNA degeneration in an RNAse-free and cold

environment (in dishes kept on ice, for example).

Preservation of tissues was performed the same day

tissues were collected, usually 1–5 h later depending on

the time required for epibiont removal, and up to 8 h in

the cases of deep-sea species where gear may take up

several hours to surface and samples may require longer

periods of sorting. Tissues were cut into pieces from 0.25

to 0.5 cm in thickness. Usually, 80 mg of tissue were

placed in each Eppendorf tube. Because of the large

amount of spicules present in the body of A. vastus,
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P. ficiformis and S. coactum, tissue pieces were larger

(150–200 mg) to make the amount of sponge cells compa-

rable with the other species (spicules represented about

80% of the total weight for A. vastus and S. coactum, and

up to 50–80% for P. ficiformis). Two different standard

methods of RNA preservation were tested for sponge

samples: (i) flash freezing in liquid nitrogen and immedi-

ate storage at )80 �C, and (ii) immersion of the tissues in

at least 10 volumes of RNAlater� at 4 �C for 1 h, over-

night incubation at )20 �C, and subsequent storage in the

same buffer at )80 �C until RNA extraction (sometimes

samples placed in RNAlater were transported back to the

lab at room temperature, and then stored at )80 �C). We

refer to these treatments as liquid nitrogen or flash freez-

ing and RNAlater, respectively.

To test whether short- or long-term storage of tissues

affected the quantity or quality of the yield of mRNA,

RNA extractions were performed between a few days to

2 years after collection and preservation (Table 1). We

defined four categories as follows: 0–1, 2–5, 6–11 and

longer than 12 months (12 months+).

mRNA extractions

Two different methods of RNA extraction were used: (i)

total RNA extraction followed by mRNA purification,

and (ii) direct mRNA extraction. For Total RNA extrac-

tion, we used a standard trizol-based method using

Tri-Reagent� (Ambion) following the manufacturer’s

protocol. Subsequent mRNA purification was performed

with the Dynabeads� mRNA Purification Kit for mRNA

Purification from Total RNA preps following manufac-

turer’s instructions. Details about these procedures are

given in Data S1 (Supporting Information).

For the direct extraction of mRNA, we used two dif-

ferent kits: (i) The New England Biolabs Magnetic mRNA

Isolation Kit (New England Biolabs, Ipswich, MA, USA),

and (ii) the Dynabeads� mRNA DIRECT� Kit (Invitro-

gen, Carlsbad, CA, USA). Manufacturer’s instructions

were followed in both cases, with minor modifications

detailed in Data S1 (Supporting Information).

Quantity and quality control of mRNA

Quantity and quality (purity and integrity) of mRNA

were assessed by two different methods. We measured

the absorbance at different wavelengths using a Nano-

Drop ND-1000 UV spectrophotometer (Thermo Fisher

Scientific, Wilmington, MA, USA). RNA has an absorp-

tion maximum at 260 nm and the ratio of the absorbance

at 260 and 280 nm and 260 and 230 nm is used to assess

the RNA purity. A 260 ⁄ 230 ratio was used to estimate the

presence of contaminants such as salts, carbohydrates,

peptides, etc., while A260 ⁄ 280 ratio was used to estimate

the purity of mRNA. Both ratios should show values

close to 2.0–2.2 for pure mRNA. Also, capillary electro-

phoresis in an RNA Pico 6000 chip was performed using

an Agilent Bioanalyzer 2100 System with the ‘mRNA

pico Series II’ assay (Agilent Technologies, CA, USA).

Integrity of mRNA was estimated by the electrophero-

gram profile and lack of rRNA contamination (based on

rRNA peaks for 18S and 28S rRNA given by the BIOANA-

LYZER software).

Statistical analyses

The original sample consisted of 85 extractions from nine

species (Table 1). Only the samples with mRNA yield

higher than 3.5 ng ⁄ lL were considered (n = 80), which

resulted in discarding five samples of C. elegans and one

sample of S. lacustris. We only used mRNA yields over

3.5 ng ⁄ lL because we consider lower yields as a failed

Table 1 Number of extractions performed on each species preserved in LN2 ⁄ )80 �C and RNAlater at each storage time: 0–1, 2–5, 6–11

and more than 12 months (12+)

Preservation LN2 ⁄ )80 �C RNAlater

TotalsStorage time (months) 0–1 2–5 6–11 12+ 0–1 2–5 6–11 12+

Aphrocallistes vastus – 1 – 4 – – – 5 10

Asbestopluma occidentalis – – – – – – – 2 2

Cliona sp. – – 3 – – – – – 3

Corticium candelabrum 1 2 – – – 1 3 – 7

Crella elegans 4 3 – – 3 12 1 3 26

Lissodendoryx colombiensis – – – – – – 2 – 2

Petrosia ficiformis 2 6 1 1 1 1 4 – 16

Spongilla lacustris 1 – 3 – – – – – 4

Sycon coactum 3 6 2 1 1 1 1 – 15

Totals 11 18 9 6 5 15 11 10 85

Bold numbers represent samples where one replicate was removed prior to subsequent analysis because of very low values.
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extraction and also because no A260 ⁄ 230 and A260 ⁄ 280

ratios could be reliably estimated for those extractions.

We performed an independent sample t-test analysis

by groups to analyse the effect of the preservation [RNA-

later and liquid nitrogen (LN2)] on the quantity (mRNA

concentration measured in nanogram per microlitre) and

quality (A260 ⁄ 230 and A260 ⁄ 280 ratios) of mRNA.

Because the quantity of mRNA did not follow a normal

distribution according to a Kolmogorov–Smirnov test

(K–S d = 0.19852; P < 0.01), we logarithmically trans-

formed the original values (K–S d = 0.11268; P > 0.20).

A one-way analysis of variance (ANOVA) was used to

test the effect of the storage time (0–1, 2–5, 6–11 and

12 months or more) on the quantity and quality of

mRNA. Likewise, a one-way ANOVA was used to test the

effect of the nine studied species on the quantity and

quality of mRNA.

To analyse whether the effect of the preservation on

the quantity and quality of mRNA varied across species

or through time, we only selected those species in which

both preservation methods were used (A. vastus, Cortici-

um candelabrum, C. elegans, P. ficiformis, and S. coactum;

n = 60). We performed two by four ANOVAs to test the

individual effects of each factor and also their interac-

tions. These analyses were followed by independent sam-

ple t-tests to assess within each of the species or time

periods which preservation yielded higher mRNA

concentrations and ⁄ or quality values.

We also performed post hoc pair-wise comparisons

using Tukey’s test to explore whether there were differ-

ences in the quantity and quality of mRNA between the

different species and between the different storage time

periods for each preservation type.

All the statistical analyses were performed using STAT-

ISTICA 10.0 and the graphs plotted with SIGMAPLOT 10.0.

Next-generation sequencing

Next-generation sequencing was performed using Illu-

mina GA, GAII, and HiSeq (Illumina Inc., CA, USA)

instruments at the FAS Center for Systems Biology at

Harvard University. mRNA concentrations between 1.5

and 0.091 lg were used for random primed first-strand

synthesis using Superscript II and III (Invitrogen), fol-

lowed by second-strand synthesis with DNA Polymerase

I and enzymatic fragmentation using the NEBNext�

dsDNA Fragmentase (New England BioLabs). End repair

of the double stranded cDNA (ds cDNA) was performed

with NEBNext� End Repair Module (New England BioL-

abs) and an additional dAMP was incorporated with the

NEBNext� dA-Tailing Module (New England BioLabs).

Homemade adapters were ligated to the ds cDNA frag-

ments with the NEBNext� Quick Ligation Module (New

England BioLabs). Size-selected cDNA fragments of

around 300 base pairs cut from a 2% agarose gel were

amplified using Illumina PCR Primers for Paired-End

reads (Illumina Inc.) and 18 cycles of the PCR program

98 �C-30 s, 98 �C-10 s, 65 �C-30 s, 72 �C-30 s, followed by

an extension step of 5 min at 72 �C. Fragments resulting

from the PCR were sequenced with a read length of 100

or 150 bp.

We also used the TruSeq RNA Sample Prep Kit (Illu-

mina Inc.) to prepare samples of Cliona sp., Corticium

candelabrum, P. ficiformis, and C. elegans (see Table 2) fol-

lowing the manufacturer’s instructions. Fragmentation

was performed on mRNA for 1.5 min, and fragments of

350 bp were targeted.

The concentration of the cDNA libraries was mea-

sured with the QubiT� dsDNA High Sensitivity (HS)

Assay Kit and the QubiT� Fluoremeter (Invitrogen). The

quality of the library was checked by using the ‘HS DNA

assay’ in a DNA chip for Agilent Bioanalyzer 2100 (Agi-

lent Technologies). Four different profiles of cDNA

libraries were obtained consistently: (1), a tight band of

targeted size with high cDNA concentration; (2), a tight

band of targeted size and additional ‘bumps’ of smaller

or larger fragments; (3), no bands; (4), a tight band of tar-

geted size with low cDNA concentration. cDNA libraries

were considered successful when the final concentration

was higher than 1 ng ⁄ lL and the profile was correct (1 or

4) (see Fig. S1, Supporting Information). Libraries show-

ing a profile of type 2 were never sequenced, because

they could have been the result of a PCR artefact and

affect the efficiency of the NGS sequencing platform.

Successful libraries were brought to 10, 7 or 3 nM

depending on the initial concentration, to run on

the sequencing platforms, which were selected upon

availability.

Thinning and trimming analyses for the sequence data

sets and transcriptome de novo assemblies were per-

formed with CLC Genomics Workbench 4.6.1 (CLC bio,

Aarhus, Denmark). Thinning was performed using 0.5 or

0.005 as the limit depending on the quality of the raw

reads (visualized using FastQC; http://www.bioinfor-

matics.bbsrc.ac.uk/projects/fastqc/), and after this thin-

ning step, only those terminal bases with a quality score

under 30 were trimmed. Global assemblies were per-

formed on the resulting high quality reads using the

default parameters of CLC Genomics Workbench 4.6.1

for de novo assembly.

Results

mRNA quality control

An mRNA profile is considered good in an Agilent analy-

sis when the distribution is broad and no ribosomal RNA

(rRNA) peaks are detected (Fig. 1b). However, in those
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Table 2 Next-generation sequencing outcome from trials of cDNA library construction. The cDNA concentration is the final

concentration of fragmented cDNA libraries obtained. The profile numbers refer to those defined in Fig. S1. The Illumina outcome

summarizes the number of paired-end reads (N reads) obtained as raw sequences and the number of assembled contigs over 2000 bp

(Contigs > 2000 bp)

Preservation method mRNA cc (ng ⁄ lL) A260 ⁄ 230 A260 ⁄ 280 cDNA cc (ng ⁄ lL) Profile N reads Contigs >2000

Aphrocallistes vastus LN2 33.5 1.62 2.22 5.97 1 31 431 317 186*

LN2 43.8 2.15 1.97 1.95 4 132 339 192 388*

Cliona sp. LN2 28.6 1.37 2.11 10.7† 1 86 048 128 3271

LN2 19.4 1.28 1.65 2.62† 1 71 135 240 2821

LN2 18.2 1.27 2.01 0.591† 4 39 036 828 2293

Corticium

candelabrum

RNAlater 42.5 1.85 2.24 23.3 1 40 701 914 659

LN2 20 1.69 2.38 15.9 1 16 777 481 500

RNAlater 20.3 1.19 2.36 4.05† 1 88 404 620 1997

Petrosia ficiformis LN2 67.6 2.24 2.35 28 1 54 914 709 427

LN2 40.7 1.94 2.22 1.75† 4 93 040 640 1442

Spongilla lacustris LN2 20.6 1.48 2.07 20.4 1 192 602 980 1014*

LN2 74 2.23 2.22 16.3 1 40 798 603 1178

Sycon coactum LN2 29.5 1.88 1.99 12.5 1 103 631 158 2817

LN2 124.3 2.51 2.13 3.85 1 52 251 177 369

Crella elegans RNAlater 14.2 1.24 2.15 25 1 50 590 348 227

RNAlater 12.7 1.18 2.12 25.28 1 26 513 534 200

Rows coloured in grey refer to libraries run using Illumina HiSeq, while the non-coloured rows refer to cDNA libraries run with Illu-

mina GA and GAIIx.

*The numbers correspond to contigs over 1000 bp, because in these cases the number of contigs over 2000 was unusually low because of

problems with the reagents used for clustering.

†Samples prepared with the TruSeq RNA sample prep kit from Illumina.

(a) (b)

(c) (d)

Fig. 1 Examples of quantification and quality analyses from Agilent Bioanalyzer for (a) a good quantity and quality of mRNA extracted

from Petrosia ficiformis, (b) a poor quantity but good quality of mRNA of P. ficiformis, (c) a good quantity but poor quality of mRNA from

Crella elegans, and (d) a poor quantity and quality of mRNA from C. elegans. Note the 18S ⁄ 28S peaks (arrows) indicating rRNA contami-

nation, and the increased number of small size fragments of mRNA (arrowheads) indicating mRNA degradation. Abbreviations: FU,

fluorescence units, s, seconds.
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cases where rRNA contaminations of <2.5% of the total

samples were assumed, cDNA libraries were sequenced

successfully with very few ribosomal genes obtained (not

shown).

If mRNA degradation occurs, it results in a shift in the

electropherogram towards shorter fragment sizes

(Fig. 1c, d). Partially degraded mRNA was only used to

synthesize cDNA for Asbestopluma occidentalis, because

we had very little tissue. However, we were not able to

synthesize any cDNA out of this degraded mRNA.

On the whole, from the 85 extractions of nine sponge

species (Table 1), we used the 43 mRNA extractions of

best quality for cDNA synthesis for NGS, from which

only 19 rendered good quality cDNA libraries (Table 2;

and also Table S1, Supporting Information).

Analysing the effects of the preservation type and storage
time by species

Based on the statistical analysis performed on the out-

put of our mRNA extractions, the t-test indicated that

the best method for RNA stabilization was the immedi-

ate flash freezing of tissues in liquid nitrogen and sub-

sequent storage at )80 �C (P < 0.00001). Both quantity

and quality of mRNA were higher if the tissue was

flash frozen in liquid nitrogen than preserved in RNA-

later (Fig. 2a). The analysis yielded only significant dif-

ferences in the quantity and A260 ⁄ 230 ratio upon

preservation (Fig. 2a).

When analysing the factors storage time and species

separately, we only detected significant differences for

– – – – – –

(a) (b)

(c)

L
L L

Fig. 2 Graphical representation of the statistical analysis for the effect of (a) the type of preservation on the quantity (P < 0.05) and

quality (A260 ⁄ 230 ratio: P < 0.05; A260 ⁄ 280 ratio: P > 0.05) of mRNA; (b) the storage time periods on the quantity and quality of mRNA

(none showed significant P values), and (c) the species on the quantity (P < 0.05) and quality (A260 ⁄ 230 ratio: P < 0.05; A260 ⁄ 280 ratio:

P > 0.05) of mRNA. For each treatment, values represent the mean ± standard deviation. Asterisks indicate significant P values

(P < 0.05). For the sake of uniformity in the graph, we depict the estimated standard deviations for Asbestopluma occidentalis and Lisso-

dendoryx colombiensis, although only two replicates were available for each of those species.

� 2011 Blackwell Publishing Ltd

P R E S E R V A T I O N A N D S T O R A G E T I M E O F S P O N G E m R N A 317



the species factor on the quantity and not the quality

parameters (Fig. 2b, c).

When we analysed the effects of both the method of

preservation and the storage time and the interaction

between the two factors, the preservation method

showed significant differences for the mRNA yield and

the A260 ⁄ 230 ratio (Fig. 3a, b); higher values were always

observed for samples preserved in liquid nitrogen. The

interaction between preservation type and storage time

was significant only for the A260 ⁄ 230 ratio (Fig. 3f); how-

ever, we performed exploratory t-tests to validate the

assumption for all variables. Interestingly, for the quan-

tity of mRNA, there were significant differences between

both methods of preservation for periods of storage

longer than 1 month. For the quality parameter

A260 ⁄ 230, significant differences appeared for storage

periods longer than 6 months. In both cases, flash-frozen

samples showed higher concentrations of mRNA

(Fig. 3g, h).

When performing Tukey’s pairwise comparisons of

the quantity and quality parameters of mRNA between

the different storage times, only the A260 ⁄ 230 ratio

showed significant differences between samples pre-

served in RNAlater for 0–1 months and those preserved

for longer than 12 months (MS = 0.086, d.f. = 28,

P = 0.017) and also between tissues stored in RNAlater
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for 2–5 months and those stored for longer than

12 months (MS = 0.086, d.f. = 28, P = 0.0141).

When the factors preservation type, species studied

and the interaction of both were analysed, the species fac-

tor itself rendered significant differences only for the

A260 ⁄ 280 ratio (Fig. 4c). The preservation method, on the

contrary, showed significant differences for the quantity

and the quality parameter A260 ⁄ 230 (Fig. 4d, f). The

interaction of both factors showed significant differences

for all parameters (Fig. 4g–i). Exploratory t-tests showed

that for A. vastus, Sycon coactum and Petrosia ficiformis, the

concentration of mRNA was higher if samples were flash

frozen (Fig. 4g), and for Crella elegans when fixed in RNA-

later. For A. vastus and P. ficiformis, the A260 ⁄ 230 ratio

was significantly higher for flash-frozen samples

(Fig. 4h), while for C. elegans, it was significantly higher

when fixed in RNAlater. Finally, for A. vastus, the

A260 ⁄ 280 ratio was also significantly higher for flash-fro-

zen tissues (Fig. 4i).

Tukey’s post hoc tests revealed no significant differ-

ences in the quantity of mRNA across species. The quality

parameter A260 ⁄ 230 showed significantly higher values

for the comparison between samples fixed in RNAlater of

A. vastus and C. elegans (MS = 0.771, d.f. = 27,

P = 0.0014). For the A260 ⁄ 280 ratio, there were differ-

ences between species for each preservation type. For

samples preserved in LN2, Corticium candelabrum showed

significantly lower values than those of A. vastus (MS =

0.139, d.f. = 26, P = 0.033), P. ficiformis (MS = 0.139,

d.f. = 26, P = 0.044) and S. coactum (MS = 0.139, d.f. = 26,
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P = 0.023). For samples fixed in RNAlater, there were only

significant differences in the A260 ⁄ 280 of A. vastus and

P. ficiformis (MS = 0.94, d.f. = 30, P = 0.003), RNAlater

rendering better quality results for P. ficiformis.

More details about the statistical results are provided

in Tables S2 and S3, Supporting Information.

NGS sequencing

Nineteen cDNA libraries were successfully obtained for

seven species (Table 2; and also Table S1, Supporting

Information), but only 16 have been sequenced so far.

mRNA yields below 12.5 ng ⁄ lL always failed when per-

forming the first-strand synthesis (see Table S1, Support-

ing Information), but the limiting mRNA concentration

varied between species, depending on the average quan-

tity of mRNA obtained for each. Ideally, only cDNA

libraries with a Bioanalyzer profile of type 1 (see Table S1

and Fig. S1, Supporting Information) were sent to Illu-

mina sequencing platforms. However, in some cases,

cDNA libraries with a type 4 profile were sent to Illumina

HiSeq, because such platform renders 5· more reads than

Illumina GA and GAIIx, and therefore, the low concen-

tration of cDNA would be balanced out. It is important to

note that the handicap in getting fragmented cDNA

libraries for Illumina was always the first-strand synthe-

sis, regardless of which preservation was used, storage

time or starting mRNA concentration.

For each species, there seems to be a positive relation-

ship between the amount of mRNA used for making the

cDNA library and the number of contigs over 2000 bp

obtained after assembly (Table 2). However, because

building cDNA libraries is a long protocol (up to 3 days)

with many different steps in which errors are carried

down until the last cDNA quantitation, and libraries

were synthesized by different researchers, making

assumptions on the limiting mRNA quantities or quali-

ties appears risky.

Even though the assemblies showed very different

numbers of long contigs (over 2000 bp) (Table 2), all the

transcriptome data are suitable for different applications

such as phylogenomic analyses, probe design, gene dis-

covery, megablast approaches or gene expression analysis.

Discussion

mRNA quality control

There is no parameter that is equivalent to the RNA

integrity number (which is used to estimate total RNA

quality) when analysing mRNA. The quality control is

thus based on the amount of rRNA contamination and

the assessment of mRNA degradation by visual estima-

tion of increased numbers of small size fragments. This

sort of interpretation can be subjective, and therefore,

together with the electropherogram analysis of the

extracted mRNA, the quality of the mRNA should be

assessed with the A260 ⁄ 230 and A260 ⁄ 280 ratios

supplied by the Nanodrop.

Good profiles of mRNA have no rRNA contamination

(visualized as peaks for 18S and 28S rRNAs). However,

sometimes mRNA isolations are valuable and non-

repeatable, and if little rRNA contamination (i.e., <2.5%)

is detected, it can be used for downstream procedures, as

low recovery of ribosomal sequences is observed in the

assemblies.

Maximization of A260 ⁄ 280 ratio of mRNA has proven

crucial for subsequent experiments (Triant & Whitehead

2009). The A260 ⁄ 230 ratio is used less often when assess-

ing the quality of RNA (Tattersall et al. 2005), but because

it reflects contamination of mRNA by polyphenols, poly-

saccharides, buffers and other impurities that can hinder

the cDNA synthesis (Becker et al. 2010), this parameter is

important to ensure the best performance in downstream

procedures. Sponges usually contain pigments, high

loads of symbiotic bacteria and ⁄ or secondary com-

pounds, and these could result in low values of

A260 ⁄ 230. For instance, for Crella elegans, A260 ⁄ 230 ratios

were always very low, regardless of RNA preservation

method (maximum value 1.59). Such low values could be

due to the high amount of mucus contained in the tissue,

and therefore, optimization of A260 ⁄ 230 ratios for this

species was not possible.

Optimal preservation and storage time for sponge tissue
samples

Preservation in liquid nitrogen followed by storage at

)80 �C rendered the best results in terms of quantity

(nanogram per microlitre) and A260 ⁄ 230 ratio of mRNA

for every species. Samples from the same species pre-

served in liquid nitrogen sometimes had twice the

amount of mRNA of those stored in RNAlater (Fig. 2c).

Liquid nitrogen flash freezing and storage at )80 �C has

proven ideal for preserving microcrustaceans (Gorokh-

ova 2005), sponges (Simister et al. 2011) and human tis-

sues (Wang et al. 2006), but RNAlater seems to be as

efficient as flash freezing regarding the quality of mRNA,

as also observed recently for a wide variety of other

metazoans (Mutter et al. 2004; Gayral et al. 2011). Even

though liquid nitrogen seems the optimal preservation

method for obtaining large quantities of mRNA, unfortu-

nately obtaining and keeping liquid nitrogen in remote

locations is not easy and )80 �C freezers are uncommon

on ships or even at small marine stations where inverte-

brate marine samples are often collected and prepared.

Therefore, even though the RNAlater stabilization of

RNA in sponges renders less mRNA, the mRNA yield is
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usually enough to construct cDNA libraries for NGS

when manufacturer’s instructions are followed carefully,

and if samples are processed within a month. Also, RNA-

later allows more flexibility in the storage and transport

because samples can be placed at room temperature for a

few days. It is important to note that even though for the

poecilosclerid C. elegans RNAlater seemed to perform bet-

ter than flash frozen samples, for other poecilosclerids

this may not be the case, as suggested by the poor yields

of mRNA obtained from RNAlater-fixed samples from

the poecilosclerids Asbestopluma occidentalis and Lisso-

dendoryx colombiensis.

Long storage of tissue samples could potentially be an

issue when preparing cDNA for sequencing purposes.

However, our statistical analyses show that there are no

significant differences between storing samples for up to

1 month or more than 12 months. However, when the

effect of the different preservation methods is considered,

the quantity of mRNA recovered from samples flash fro-

zen in liquid nitrogen was significantly higher than for

tissues stabilized in RNAlater for periods longer than

2 months up to 12 months. If samples are stored for

<1 month, both preservation methods performed equally

efficiently, even if RNAlater stored samples were not

stored at )80 �C for short periods of time (up to a few

days). Therefore, if tissues are to be processed in

<1 month, either preservation method works equally

well for mRNA stabilization, but flash freezing in liquid

nitrogen should be preferred if samples are to be pro-

cessed after longer periods of time.

The amount of mRNA recovered depended on the

sponge species, which could be due to different cell ⁄ spic-

ule ratios for the different taxa. But when the effect of the

preservation was taken into account, we detected no sig-

nificant differences in the yield and A260 ⁄ 230 ratio of the

mRNA extracted from five different sponges, and only

the A260 ⁄ 280 was significantly different as a function of

the species. To be consistent, the amount of tissue pre-

served, and therefore the amount of mRNA recovered,

should take into account the relative amount of spicules

and cell contents per sample. For instance, in the case of

Aphrocallistes vastus, Sycon coactum or Petrosia ficiformis,

more than 200 mg were fixed in each tube, in an attempt

to obtain the targeted 80 mg of tissue and to recover the

same amount of mRNA as in less densely spiculated

sponges, given that from 50% to 80% of the weight was

because of spicule content.

The influence of the extraction method on the quantity

and quality of mRNA was not tested statistically because

of differences in sample sizes, essentially because some

extraction methods rendered minuscule amounts of

mRNA and were quickly discarded. Therefore, although

the Dynabeads� mRNA DIRECT� Kit seemed to per-

form more efficiently and more consistently for our

sponge samples, it is important to note that for Corticium

candelabrum, a standard trizol protocol (using Tri-

Reagent) followed by a purification of mRNA with the

Dynabeads� mRNA Purification Kit for mRNA Purifica-

tion from Total RNA preps always produced better

mRNA yields and quality than Dynabeads� mRNA

DIRECT� Kit. As noted before, sponges usually contain

pigments, many also have high loads of symbiotic bacte-

ria and ⁄ or secondary compounds that could hinder

mRNA extractions, and these might interfere with the

extraction reagents and yields ⁄ quality obtained for cer-

tain species. Therefore, we encourage the assessment of

different extraction methods to find the ideal for each tis-

sue type. For instance, Simister et al. (2011) found that the

extraction of total RNA using the method developed by

Griffiths et al. (2000) or a trizol-based extraction per-

formed highly efficiently for sponge tissues.

Here, we show that there are no significant differences

in the mRNA quality (A260 ⁄ 280 ratio) with the preserva-

tion mode (flash frozen vs. RNAlater) but that there are

differences in terms of the quantity and the A260 ⁄ 230

ratio. Also, we found that if tissue was stored for periods

longer than 1 month, then preservation by flash freezing

in liquid nitrogen gave a better mRNA yield than for those

tissues stabilized in RNAlater. This may be a peculiarity of

sponges and the reactions that spicules may have with the

reagents in RNAlater, so further study of non-sponge

organisms could add information to this issue. However,

both preservation methods, easily available to all

researchers, seem to be good for NGS study of sponges.

Acknowledgements

We thank Andi Hejnol, Pamela J. Windsor, Sónia Andrade, and

Freya Goetz for help with mRNA extraction; Sònia de Caralt,
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