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Abstract 
 

Sudden temperature changes in soil can induce stress in soil-dwelling invertebrates. 

Hyperthermic conditions impact gene expression as one of the first steps. We use a 

transcriptomics approach to identify transcripts of which expression changed in response to 

heat in the springtail Folsomia candida using microarrays. An elevation of temperature (Δ 

10°C) altered the expression of 142 genes (116 up-, 26 downregulated). Many upregulated 

genes encoded heat shock proteins (Hsps), enzymes involved in ATP synthesis, oxidative 

stress responsive enzymes, and anion-transporting ATPases. Downregulated were glycoside 

hydrolases, involved in catalysis of disaccharides. The small amount of altered transcripts 

suggest a mild response to heat in this soil invertebrate, but further research is needed to 

confirm this. This study presents candidate genes for future functional studies concerning 

thermal stress in soil-dwelling invertebrates.    

 

Key-words: collembola, ecogenomics, heat shock, microarrays, springtails, transcriptomics  
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Introduction 
 

Organisms often have to cope with stressful conditions of their natural habitat, and therefore 

need to respond quickly to minimize possible damage. Although soil has a good buffering 

capacity, conditions such as temperature can change rapidly in the top layer (e.g., due to solar 

radiation). Soil-dwelling animals are able to behaviorally avoid sudden stressful changes in 

temperature, but it might take a certain time before they reach a favorable microhabitat. 

Meanwhile they can suffer from the effects of the stress and must adapt physiologically. 

Elevated temperatures, like other stresses, cause proteins and other cellular structures to 

denature and aggregate. One of the earliest physiological responses to hyperthermic stress is 

the synthesis of mRNA molecules encoding heat shock proteins (Hsps) (Feder and Hofmann, 

1999; Lindquist, 1986). These Hsps function as chaperones in folding nascent proteins, and 

during stressful conditions Hsps are able to assist in refolding denatured proteins back into 

their native state. Alternatively, un- or misfolded proteins are degraded using the ubiquitin-

proteasome system. Both strategies together are often referred to as the protein quality control 

system (Wickner et al., 1999). 

 Microarrays are a powerful tool for measuring the expression of thousands of genes in 

parallel. Therefore, this technique is often used to investigate the changes in the 

transcriptome provoked by thermal stress in model organisms such as bacteria (Richmond et 

al., 1999), yeast (Gasch et al., 2000), fruit flies (Sørensen et al., 2005), and many more. The 

use of microarrays in more ecological and environmental oriented studies, using non-model 

organisms, is increasing and important in order to transfer knowledge to non-model 

organisms. Heat stress transcriptomic studies have successfully been performed on 

ecologically relevant marine species such as goby fish (Buckley et al., 2006), or coral 

(DeSalvo et al., 2008). However, the heat stress response in soil-dwelling animals such as 

earthworms or springtails, which are emerging terrestrial transcriptomic model organisms 

(Nota et al., 2009; Steinberg et al., 2008), has, to our knowledge, thus far not yet been 

investigated by microarray analysis. Whereas recently, gene expression microarray studies 

have been reported, concerning the stress response of springtails to cold (Clark et al., 2009), 

or desiccation (Timmermans et al., 2009). 

 Springtails (Collembola) are detritivores and have a crucial role in terrestrial ecosystems 

(Fountain and Hopkin, 2005). Folsomia candida is the most intensively investigated 

springtail in a broad range of disciplines including, ecotoxicology, physiology, genetics, 
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genomics, and many more. With the anticipated climate change, temperature is likely to be an 

important factor in proper functioning of ecosystems. We believe that prior to understanding 

the impact of temperature on entire ecosystems, a molecular understanding at the organism 

level is mandatory. Recently, much attention has been given to investigating the effect of 

temperature on springtails on the expression of one or a few genes (e.g., Bahrndorff et al., 

2009; Slotsbo et al., 2009). In the present study we used microarrays to examine the 

transcriptional changes of more than 5,000 genes in the soil-dwelling springtail F. candida in 

response to thermal stress. Our objective is to document the changes in gene expression in 

response to thermal stress in this ecologically relevant soil animal. In soil we simulated an 

elevation of temperature, of 10°C, for 30 minutes, assuming that this time is needed in nature 

to find more favorable and less stressful habitats.  

Our results confirm the upregulation of hsps genes, and furthermore show processes such 

as energy metabolism, and oxidative stress upregulated. The relatively small amount of 

differentially expressed genes responding to the heat stress may be indicative of a mild 

transcriptional response in soil-dwelling springtails, perhaps caused by evolutionary factors 

such as genetic adaptation to the buffering capacity of soil to temperature fluctuations. 

Moreover, we present many new candidate genes for further research investigating 

temperature induced stress in Collembola. 

 

 

Results 
 

Microarrays were used to examine gene expression in Folsomia candida exposed to heated 

soil. The heat treatment was a temperature elevation from 20°C to 30°C for 30 min. The 

microarray used in this study contained 5,112 different genes represented by 5,131 different 

probes of which a total of 142 different genes were significantly differentially expressed 

(Benjamini-Hochberg adjusted P-value < 0.05) in response to the heat induced stress. All 

significantly differentially expressed genes are shown in Table S2 and S3 in Supplementary 

material. The majority of genes (116) were found to be upregulated and 26 were 

downregulated. Only 49 genes could be annotated using the Blast algorithm (Altschul et al., 

1997) or InterProScan (Zdobnov and Apweiler, 2001) of which 42 were upregulated and 

seven were downregulated (Table 1 and 2).  
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Table 1. All significantly upregulated genes in response to heat shock, which could be annotated with Blast or 

Interpro. The gene names are Collembase accession numbers (http://www.collembase.org/), and log2 fold 

change (= log2 ratio) values and Benjamini-Hochberg corrected P-values are given.  

 

Gene name Blast hit Interpro LogFC P-value 

Protein Folding    

Fcc00304 ref|XP_394545.1| PREDICTED: similar 

to Hsp40 [Apis mellifera] 62 7e-09 

Heat shock protein DnaJ, N-

terminal 

1.00 0.000 

Fcc00785 ref|XP_394545.1| PREDICTED: similar 

to Hsp40 [Apis mellifera] 216 5e-55 

Chaperone DnaJ, C-terminal 1.88 0.000 

Fcc01918 gb|AAC63387.1| 23kDa heat shock 

protein ScHSP23 [Sarcophaga cras... 63 

2e-08 

Heat shock protein Hsp20 4.09 0.000 

Fcc03361 ref|XP_624111.1| PREDICTED: similar 

to Bm44 [Apis mellifera] 185 1e-45 

Activator of Hsp90 ATPase, 

N-terminal 

0.54 0.007 

Fcc03950 gb|AAX51680.1| dual-family 

immunophilin 57 kDa [Toxoplasma 

gondii] 80 4e-14 

Peptidyl-prolyl cis-trans 

isomerase, FKBP-type 

1.11 0.000 

Fcc04047 ref|XP_623766.1| PREDICTED: similar 

to Hsc70/Hsp90-organizing pr... 134 1e-

30 

Not Analysed 1.37 0.000 

Fcc05668 gb|EAA45310.2| 

ENSANGP00000022995 [Anopheles 

gambiae str. PEST] ... 206 6e-52 

Heat shock protein 70 0.49 0.010 

Fcc05793 gb|AAV63539.1| fed tick salivary protein 

5 [Ixodes scapularis] 83 2e-14 

Heat shock protein Hsp20 3.25 0.000 

     

Ubiquitylation    
Fcc00186 gb|AAH17472.1| Hypothetical protein 

LOC201965 [Homo sapiens] >gi... 111 

2e-23 

RWD 0.52 0.028 

Fcc03547 gb|EAL33704.1| GA18067-PA 

[Drosophila pseudoobscura] 135 1e-30 

Peptidase C12, ubiquitin 

carboxyl-terminal hydrolase 

1  

0.34 0.026 

Fcc03781 gb|EAA04764.3| 

ENSANGP00000014983 [Anopheles 

gambiae str. PEST] ... 250 2e-65 

HECT 1.77 0.000 
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Gene name Blast hit Interpro LogFC P-value 

Energy metabolism    
Fcc00661 ref|YP_337866.1| ATP synthase F0 

subunit 6 [Squilla empusa] >gi|... 72 7e-

12 

ATPase, F0 complex, 

subunit A 

0.72 0.021 

Fcc00793 gb|AAK30947.1| NADH dehydrogenase 

subunit 5 [Tetrodontophora bie... 52 9e-

06 

No hit 0.58 0.043 

Fcc00992 gb|AAY43002.1| putative malate synthase 

[Rhodothermus marinus] 315 6e-85 

Malate synthase 0.75 0.039 

Fcc03493 gb|AAT66223.1| cytochrome oxidase 

subunit 1 [Folsomia bisetosa] 206 3e-52 

Cytochrome c oxidase, 

subunit I 

0.73 0.005 

Fcc04261 ref|YP_054461.1| ATP synthase F0 

subunit 6 [Onychiurus orientali... 88 9e-

17 

ATPase, F0 complex, 

subunit A 

0.54 0.024 

Fcc04995 gb|AAK30948.2| NADH dehydrogenase 

subunit 4 [Tetrodontophora bie... 81 1e-

14 

No hit 0.50 0.040 

     

Oxidative stress    

Fcc02878 ref|XP_751914.1| cytochrome c 

peroxidase [Aspergillus fumigatus ... 116 

6e-25 

Haem peroxidase, 

plant/fungal/bacterial 

0.58 0.019 

Fcc04862 ref|XP_623192.1| PREDICTED: similar 

to GA18927-PA [Apis mellifera] 124 3e-

27 

Thioredoxin domain 0.35 0.033 

     

Other functions    

Fcc00056 gb|EAA15094.2| 

ENSANGP00000018351 [Anopheles 

gambiae str. PEST] ... 63 4e-09 

No hit 0.76 0.016 

Fcc00225 gb|EAL32218.1| GA19585-PA 

[Drosophila pseudoobscura] 56 2e-06 

No hit 1.44 0.037 

Fcc00255 gb|AAM48440.2| RE64759p [Drosophila 

melanogaster] 64 3e-09 

Peptidase S1 and S6, 

chymotrypsin/Hap 

1.11 0.044 

Fcc00376 ref|XP_795634.1| PREDICTED: similar 

to putative cytoplasmic prot... 140 4e-32 

No hit 1.82 0.000 

Fcc00739 gb|AAH75883.1| Zgc:92082 [Danio rerio] 

>gi|50539808|ref|NP_00100... 274 1e-72 

Aldehyde dehydrogenase 1.72 0.000 
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Gene name Blast hit Interpro LogFC P-value 

Fcc00932 dbj|BAD74877.1| hypothetical conserved 

protein [Geobacillus kaus... 278 3e-73 

Methyltransferase type 11 0.64 0.002 

Fcc01626 ref|XP_392785.2| PREDICTED: similar 

to ENSANGP00000018739 [Apis ... 144 

1e-33 

Anion-transporting ATPase 0.35 0.026 

Fcc01902 ref|XP_397407.2| PREDICTED: similar 

to BTB (POZ) domain containi... 53 1e-

05 

BTB/POZ 0.52 0.024 

Fcc01943 ref|XP_549180.2| PREDICTED: similar 

to N-acetylglucosamine kinas... 200 1e-50 

ATPase, 

BadF/BadG/BcrA/BcrD 

type 

0.41 0.028 

Fcc01963 gb|EAA07204.3| 

ENSANGP00000010253 [Anopheles 

gambiae str. PEST] ... 102 5e-21 

Maf transcription factor 2.27 0.000 

Fcc02130 gb|EAL39480.1| 

ENSANGP00000028512 [Anopheles 

gambiae str. PEST] ... 167 2e-40 

Ribose 5-phosphate 

isomerase 

1.33 0.000 

Fcc02227 ref|NP_571756.1| HIV-1 Tat interactive 

protein 2 [Danio rerio] >... 53 6e-06 

No hit 1.66 0.000 

Fcc02420 gb|EAL34391.1| GA21658-PA 

[Drosophila pseudoobscura] 111 1e-23 

Protein-tyrosine 

phosphatase-like, PTPLA 

0.70 0.008 

Fcc02517 ref|XP_625135.1| PREDICTED: similar 

to ENSANGP00000020002, parti... 237 

5e-61 

Proteinase inhibitor I29, 

cathepsin propeptide; 

Peptidase C1A, papain C-

terminal 

2.89 0.000 

Fcc02581 gb|EAL25973.1| GA14038-PA 

[Drosophila pseudoobscura] 75 1e-12 

Anion-transporting ATPase 0.46 0.026 

Fcc02789 ref|XP_397255.2| PREDICTED: similar 

to ENSANGP00000015362 [Apis ... 59 

6e-08 

No hit 0.46 0.025 

Fcc02908 gb|EAL26256.1| GA15058-PA 

[Drosophila pseudoobscura] 105 7e-22 

Peptidase S1 and S6, 

chymotrypsin/Hap  

0.80 0.040 

Fcc03468 ref|NP_788399.1| Mediator complex 

subunit 9 CG5134-PB, isoform B... 57 

4e-07 

No hit 1.02 0.006 

Fcc03728 gb|AAZ95453.1| hypoxia-inducible factor 

[Dicentrarchus labrax] 70 5e-11 

No hit 0.67 0.000 
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Gene name Blast hit Interpro LogFC P-value 

Fcc04324 emb|CAG11445.1| unnamed protein 

product [Tetraodon nigroviridis] 120 3e-

26 

No hit 0.43 0.047 

Fcc04923 gb|EAL30359.1| GA11335-PA 

[Drosophila pseudoobscura] 102 7e-21 

No hit 0.37 0.034 

Fcc05461 ref|NP_001016582.1| phosphoserine 

aminotransferase 1 [Xenopus tr... 71 2e-

11 

Phosphoserine 

aminotransferase 

0.68 0.009 

Fcc05602 ref|XP_480999.1| putative Isopenicillin N 

synthase and related d... 96 1e-18 

2OG-Fe(II) oxygenase 0.47 0.022 

 

 
Table 2. All significantly downregulated genes in response to heat shock, which could be annotated with Blast 

or Interpro. The gene names are Collembase accession numbers (http://www.collembase.org/), and log2 fold 

change (= log2 ratio) values and Benjamini-Hochberg corrected P-values are given.  

  

Gene name Blast hit Interpro LogFC P-value 

Fcc00152 ref|XP_792858.1| PREDICTED: similar 

to Maltase-glucoamylase, int... 158 2e-37 

Glycoside hydrolase family 

31 

-0.99 0.002 

Fcc00508 gb|AAL29932.1| lectin 2a [Girardia 

tigrina] 65 2e-09 

C-type lectin -0.88 0.023 

Fcc00951 ref|XP_623580.1| PREDICTED: similar 

to ENSANGP00000017513 [Apis ... 166 

7e-40 

Eukaryotic translation 

initiation factor 3 subunit 8, 

N-terminal 

-0.38 0.044 

Fcc02087 gb|AAQ13636.1| MSTP114 [Homo 

sapiens] >gi|22760318|dbj|BAC11149.... 

124 5e-27 

No hit -0.71 0.010 

Fcc02557 emb|CAG08122.1| unnamed protein 

product [Tetraodon nigroviridis] 118 9e-

26 

Not Analysed -0.92 0.049 

Fcc03790 gb|EAL31544.1| GA17628-PA 

[Drosophila pseudoobscura] 100 3e-20 

No hit -0.74 0.028 

Fcc04289 ref|XP_394296.2| PREDICTED: similar 

to ENSANGP00000011862 [Apis ... 142 

4e-33 

Protein of unknown 

function DUF270 

-0.55 0.040 
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 Many of the upregulated genes encode Hsps or Hsp-associated proteins. In total we 

identified two hsp20s, two hsp40s, and one hsp70. Furthermore, we identified a gene 

encoding a protein containing an ‘activator of Hsp90 ATPase’ domain, an Hsc70/Hsp90-

organizing protein (HOP), and a peptidyl-prolyl cis-trans isomerase. The first two function as 

co-chaperones of Hsps, and the latter is likely involved in refolding of denatured proteins 

(Lang et al., 1987). Apart from three genes involved in ubiquitylation, no genes encoding 

components of the proteasome were significantly upregulated, suggesting functions other 

than protein degradation such as protein stabilization (Passmore and Barford, 2004). 

Upregulation of genes encoding enzymes involved in pyruvate metabolism (malate synthase) 

and the electron transport chain (NADH dehydrogenase, cytochrome c oxidase, and ATP 

synthase Fo) suggests an increased need for energy in the form of ATP. This seems very 

likely, because refolding of denatured proteins by Hsps is an energy (ATP) consuming 

process. Increased energy metabolism is also reported in previous heat shock transcriptomic 

studies in e.g., goby fish (Buckley et al., 2006). Furthermore, upregulation of thioredoxin and 

cytochrome c peroxidase is an indication of oxidative stress, which is probably a consequence 

of increased activity of the electron transport chain. Previous studies have shown that heat 

stress leads to the production of hydrogen peroxide and superoxide and thus causes oxidative 

stress (Temple et al., 2005). Interestingly, other heat shock transcriptomic studies in e.g., fruit 

flies (Sørensen et al., 2005), and coral (DeSalvo et al., 2008) report an increased response to 

oxidative stress as well. The transcription factor hypoxia inducible factor 1α (HIF1α) is 

upregulated in response to heat (see Table 1). Koivunen et al. (2007) showed that citric acid 

cycle intermediates, such as fumarate, are able to inhibit the function of HIF1α. Interestingly, 

fumarate is the precursor of malate in the citric acid cycle and therefore, the upregulated 

malate synthase in our study, might be implicated in the upregulation of HIF1α. Moreover, a 

study by Treinin et al. (2003) showed that the upregulation of HIF1α was required for heat 

acclimation in Caenorhabditis elegans, which suggests a similar function in springtails. Other 

genes upregulated in response to heat were anion-transporting ATPases. Heat can alter the 

normal structure of membranes, and therefore leakage of, for example, anions are a possible 

consequence. It is possible that these upregulated ATPases are involved in counteracting this 

effect. Many other upregulated genes were identified, encoding e.g., peptidases, a 

methyltransferase, and an aldehyde dehydrogenase. A Maf transcription factor and a 

proteinase inhibitor were highly upregulated (more than 4-fold). Their exact role in the heat 

shock response, however, remains unclear (see Table 1 for the complete set of annotated 

genes). 
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 Only seven of the 26 downregulated genes could be annotated, and of which only the 

following four had a clear function: a eukaryotic translation initiation factor, a C-type lectin, 

and two glycoside hydrolases. One glycoside hydrolase is homologous to β-galactosidase 

(MSTP114) and the other to maltase-glucoamylase, which both catalyze the hydrolysis of 

disaccharides. It seems contradictory that these genes are downregulated, because the 

upregulated genes involved in pyruvate metabolism and the electron transport chain suggest a 

need for energy. Disaccharides first must be hydrolyzed into monosaccharides before they 

can be used as source for energy generation. However, sources other than these particular 

monosccharides can be used for energy generation and moreover, high levels of certain 

disaccharides (in particular trehalose), play an important role in protection against stressful 

conditions, such as heat stress (Singer and Lindquist, 1998). Although the glycoside 

hydrolases found downregulated did not encode trehalases, they could still be involved in 

accumulation of protective disaccharides. 

 

 
Fig. 1. Comparison between gene expression derived from microarray analysis and 
qPCR. The bar chart shows the average log2 fold change (= log2 ratio) for 6 genes, in 
response to the heat shock. The genes are from left to right: Fcc00152 (maltase-
glucoamylase), Fcc00508 (C-type lectin), Fcc00992 (malate synthase), Fcc01918 
(Hsp20), Fcc03493 (cytochrome c oxidase), Fcc03728 (hypoxia-inducible factor). 
Error bars indicate standard errors. 
 

 We chose to validate the expression of six genes with quantitative RT PCR (qPCR), 

which is an alternative technique for measuring gene expression. We selected two 

downregulated genes and four upregulated genes in response to heat, with different putative 

functions. The same RNA samples were used for this assessment and comparison of gene  
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Fig. 2. Correlation between gene expressions measured using microarray analysis and qPCR. The average log2 
fold change (= log2 ratio) values were used, and each point represents a gene. A significant correlation 
coefficient of 0.829 (Spearman’s rho, P < 0.05) was found. 
 

expressions between the two platforms are shown in Fig. 1. A significant (P < 0.05)  

Spearman’s rho correlation coefficient of 0.829 was found between the two platforms (Fig. 

2). The fold change direction (up- or downregulated) was similar for all six genes between 

the two platforms, but the magnitude of fold change was not exactly similar for all genes.  

 

 

Discussion 
 

This study was conducted to document the changes in transcript abundance in Folsomia 

candida in response to heat stress. The heat shock response is very conserved throughout 

evolution (Lindquist, 1986), but environmental and evolutionary factors, (e.g., habitat and 

phylogeny, respectively), are important for ecologically relevant choices of experimental 

temperature differences (Sørensen et al., 2003). For instance, soil-dwelling invertebrates will 

have different optimal temperature ranges and stress limits than surface-dwelling 

invertebrates. Elevated temperatures affect the reproduction and adult survival of F. candida 
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dramatically, and upper limits of tolerance approaches possibly 26°C (Sandifer and Hopkin, 

1997). The temperature difference used in this study, which was an elevation of 10°C, is 

therefore quite extreme. However, these differences can be observed in soil throughout the 

day (see e.g., Hu et al., 2002). Furthermore, F. candida can survive this temperature (30°C) 

for approximately three days (T. E. de Boer, personal communication). The duration of the 

heat shock was 30 min in this study, which realistically mimics the natural condition since 

soil animals are motile and therefore able to search for cooler (deeper) habitats.  

 The microarray assessment of differential gene expression used in this study was 

validated with an alternative technique, namely qPCR. Although the magnitude of fold 

change differed for some genes, the direction of fold change (up- or downregulated) was 

similar for all six genes (Fig. 1), validating our microarray experiments. Furthermore, a 

significant correlation was found between the two platforms. In the microarray analysis we 

chose to use only statistical-, but no fold change cutoff for differential gene selection, because 

higher fold change does not necessarily mean higher importance (Jin et al., 2001). The above 

mentioned difference in fold change magnitude found in some genes, between the two 

platforms, confirms that a fold change cutoff would not have been an appropriate selection 

criterion for this dataset. Further validation of this dataset is the induction of many hsps, 

which was expected in response to heat stress. 

 The number of differentially expressed genes in response to heat stress identified in this 

study seems relatively low (less than 3% of the genes assessed), in comparison to e.g., yeast 

(Causton et al., 2001), fruit flies (Sørensen et al., 2005), or eurythermic fish (Buckley et al., 

2006). It is, however, difficult to compare these different studies, because magnitude and 

duration of heat shock was not comparable. In addition, array platforms as well as data 

analysis procedures differ. The question remains whether ecological and evolutionary factors 

could be responsible for this relative mild response in this soil-dwelling invertebrate. The 

buffering capacity of soil, and hence the relative stable temperature in the soil habitat, may 

have impacted evolution into a very mild response to thermal fluctuation. In future studies it 

would be interesting to investigate this hypothesis in further detail, and should preferentially 

include phylogenetically related soil-dwelling with surface-dwelling animals. 

 Recent studies have investigated the phenomenon of heat hardening in collembolans such 

as Orchesella cincta (Bahrndorff et al., 2009), and F. candida (Slotsbo et al., 2009). Heat 

hardening is the physiological process wherein the tolerance of an organism to heat increases, 

in response to a short sub-lethal heat shock. In these recent studies, only the expression of an 

hsp70 gene was evaluated in relationship with the heat hardening process. The hsp70 used in 
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the above mentioned F. candida study (Slotsbo et al., 2009), was not represented on our 

microarray, but another hsp70 was found significantly upregulated in the present microarray 

study. The results from the present study provide additional candidate genes, which might as 

well be involved in heat hardening or other temperature influenced processes. Therefore, the 

presented genes in this study, (e.g., other hsps, HIF1α), can be used for further functional 

studies in Collembola concerning temperature induced stress. 

 Overall, we report the first microarray transcriptomic study of a soil-dwelling animal 

exposed to heat stress. The results suggest that, in response to the elevated temperature, 

processes such as the heat shock response, energy metabolism, and oxidative stress response 

are upregulated in the springtails. Furthermore, the small amount of differentially expressed 

genes in response to heat may indicate a relative mild heat shock response, which might be 

explained by evolutionary factors (relative stable temperatures of the soil habitat). However, 

further studies are needed to confirm this hypothesis. Finally, we hope that the reported 

differentially expressed genes may function as candidate genes in future studies with 

springtails concerning heat induced stress and related physiological processes like heat 

hardening.  

 

Experimental Procedure 

 

Animal maintenance 

The collembolan Folsomia candida ('Berlin strain'; VU University Amsterdam) was used, 

and cultures were first age-synchronized on plastic rings containing moisturized plaster of 

Paris mixed with charcoal before exposure to soil, like described in Nota et al. (2008). 

Approximately 30 synchronized animals (23 days old), were incubated for 2 days in closed 

glass jars containing ~30 g of standardized natural soil (LUFA 2.2, Speyer, Germany). The 

moisture level of the soil was ~22% (w/w), which is 50% of the water holding capacity. 

Animal rearing, age synchronization, and incubation were done at 20°C, 75% humidity, and 

with 12 h light/dark cycle. Animals were fed dried baker’s yeast. 

 

Heat shock treatment 

After 2 days of incubation, the jars containing soil and springtails were heat shocked in a 

prewarmed waterbath of 30°C, for 30 min. Immediately thereafter, the animals were 

extracted from the soil by means of floatation, using 100 mL of tap water. The floating 

animals were scooped from the water surface and put on plastic rings containing plaster of 
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Paris to remove surplus water. Subsequently, the animals were transferred to 1.5 mL tubes 

and snap frozen in liquid nitrogen. The whole harvesting procedure from scooping to freezing 

took approximately 5 min per jar. In total this treatment was performed simultaneously with 

four jars. As a control, the whole procedure was identical, except for the heat shock 

treatment, and was performed simultaneously with four other jars. 

 

RNA isolation, amplification, labeling, and hybridization 

Total RNA was isolated from the ~30 frozen animals per heat shocked or control jar, using 

SV Total RNA Isolation System (Promega). Isolates were kept separately, and considered as 

biological replicates (i.e., treatment and control groups contained four biological replicate 

samples each). The Agilent Low-Input Fluorescent Linear Amplification Kit (Agilent 

Technologies) was used to amplify and label 500 ng of total RNA, with slight modifications 

to manufacturer’s guidelines in that no RNA Spike-In was used, and that the transcription 

(labeling) reactions were done in half the volume. Labeled/amplified cRNA was purified 

using RNeasy columns (Qiagen). The Agilent Gene Expression Hybridization Kit (Agilent 

Technologies) was used for hybridization, which was done at 65°C for 17 h rotating at 4 rpm 

in an incubator. For each heat shock treatment or control group, two biological replicate 

samples were labeled with Cy3 and the other two with Cy5. Each unique heat shock treated 

sample was mixed with a unique control sample, with opposing dye colors, resulting in four 

microarray hybridization of eight samples. After hybridization, the microarrays were washed 

using Agilent Gene Expression Wash Buffer Kit (Agilent Technologies), and scanned with 

the default settings on the Agilent DNA microarray scanner G2505B (Agilent Technologies). 

Custom Gene Expression Microarrays (Agilent Technologies) with 2 × 11 k format were 

used, which were earlier described in Nota et al. (2008). More detailed description of the 

design of this microarray (platform) is available from Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) under accession number GPL6381. 

 

Microarray data analysis 

Spot intensities were measured with Feature Extraction (9.1.3.1) Software (Agilent 

Technologies). Preprocessing, normalization, and differential gene expression assessment 

were all done in the limma (Smyth, 2005) (2.14.5) package from the R (2.7.1) software 

environment (http://www.R-project.org/). This consisted of Edward’s background correction 

(Edwards, 2003), global loess normalization (Yang et al., 2002), and statistical analysis using 

linear models and empirical Bayes methods to assess differential expression (Smyth, 2004; 
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Smyth et al., 2005). Correcting for multiple testing was done using Benjamini-Hochberg’s 

method (Benjamini and Hochberg, 1995), and adjusted P-values < 0.05 were considered 

significant. The assessment of differential expression of genes resulted in a mean log2 

expression ratio (treated/untreated) and a P-value for each probe on the microarray. MA-plots 

and box plots were made of each microarray and were visually inspected for anomalies. Raw 

and processed data are available from Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE17024. To annotate the 

transcripts, a blastx analysis was performed (E-value value ≤ 10-5) against the GenBank 

nonredundant DNA and protein database and an InterProScan was performed (E-value value 

< 10-4) against the InterPro database. 

 

Quantitative RT PCR 

Primer sets were designed for six target genes (Fcc00152, Fcc00508, Fcc00992, Fcc01918, 

Fcc03493, and Fcc03728) and one endogenous control gene SDHA (Fcc06005) with the 

software package Primer Express version 1.5 (Applied Biosystems) to have an annealing 

temperature of 60°C, and to amplify a sequence of 80–120 base pairs (bp) with 45–55% GC 

content. PCR efficiency was determined by obtaining standard curves in triplicate for all 

primer sets with 4-fold dilutions of a standard batch cDNA. Primer sequences and PCR 

efficiency values are available in Table S1 (Supplementary material). All RNA samples from 

the microarray experiment were used for quantitative RT PCR (qPCR) validation. 

Approximately 1 μg input of total RNA per sample was used for reverse transcription using 

M-MLV reverse transcriptase (Promega) according to the manufacturer's protocol. The 

derived cDNA was diluted 1:4, and 2 μL was used in 20 μL PCR reaction volumes containing 

forward and reverse primers and Power SYBR Green PCR Master Mix (Applied 

Biosystems). qPCR reactions were performed in triplicate for each sample, on a DNA engine 

Opticon (MJ Research) using universal cycling conditions (10 min at 95°C; 15 s at 95°C, 1 

min 60°C, 40 cycles). A mean normalized expression (MNE) value was calculated from the 

obtained Ct values with the Q-Gene module (Muller et al., 2002) using Fcc06005 (SDHA) as 

a reference gene for normalization of input cDNA. SDHA was used as reference gene for 

normalization, because it was shown to be one of F. candida’s most stable endogenous genes 

in response to heat stress (de Boer et al., 2009). Ratios were calculated from the MNE values 

(treated/untreated) for the same pairs of RNA samples that were hybridized on the 

microarrays and were log2 transformed. Then, the average log2 ratio was calculated for each 
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transcript and a correlation coefficient between the microarray and qPCR platforms was 

calculated using the Spearman's rho correlation in SPSS (14.0 SPSS, Inc.). 

 

 

Supporting information  

Additional Supporting Information may be found in the online version of this article under 

the DOI reference: DOI 10.1111/j.1365-2583.2009.00990.x at:  

http://www.wiley.com/bw/journal.asp?ref=0962-1075&site=1 

 

Table S1. Oligos used in the qPCR analysis. 

Table S2. All significantly upregulated genes in response to heat shock. 

Table S3. All significantly downregulated genes in response to heat shock. 
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