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RNA seq analyses were performed in
earthworms under cold and desiccation
stress.

E. tetraedra adults can acclimate to low
temperatures but do not tolerate freezing.
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were upregulated in low humidity.

Lipid metabolism and transport were
downregulated under desiccation condi-
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No common responses were found be-
tween cold and desiccation treatments.
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GRAPHICAL ABSTRACT

Can a riparian earthworm acclimate to extreme
temperature/humidity fluctuations caused by climate change?
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ABSTRACT

Nowadays, extreme weather events caused by climate change are becoming more frequent. This leads to the occur-
rence of extreme habitats to which species must adapt. This challenge becomes crucial for species living in unstable
environments, such as the riparian earthworm Eiseniella tetraedra. Its cosmopolitan distribution exposes it to various
environmental changes, such as freezing in subarctic regions or droughts in Mediterranean areas. Transcriptional
changes under cold and desiccation conditions could therefore shed light on the adaptive mechanisms of this species.
An experiment was performed for each condition. In the cold experiment, the temperature was lowered to —14 °C =
2 °C (compared to 8 °C for control samples), and in the desiccation treatment, humidity was lowered from 60% to 15%.
Comparisons of gene expression levels between earthworms under freezing conditions and control earthworms re-
vealed a total of 84 differentially expressed genes and comparisons between the desiccation experiment and the con-
trol yielded 163 differentially expressed genes. However, no common responses were found between the two
treatments. The results suggest that E. tetraedra can acclimate to low temperatures due to the upregulation of genes in-
volved in glucose accumulation. However, downregulation of the respiratory chain suggests that this earthworm does
not tolerate freezing conditions. Under desiccation conditions, genes involved in cell protection from apoptosis and
DNA repair were upregulated. In contrast, lipid metabolism was downregulated, presumably to conserve resources
by reducing the rate at which they are consumed.
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1. Introduction

Recent climate change has impacted a wide range of organisms world-
wide, responding at population and species levels with changes in phenol-
ogy, physiology, and range shifts, as well as changes in community and
ecosystem structure and dynamics (Walther et al., 2002; Brown et al.,
2016). Projected climate changes are likely to significantly affect the spatial
extent, distribution, and function of wetlands (IPCC, 1992). Changes in pre-
cipitation will alter water availability, river flows and affect ecosystem pro-
ductivity. Populations of aquatic organisms are sensitive to the effects of
floods and droughts (Dawson et al., 2003). In assessing recent climate
change and that projected for the coming decades, the 3rd IPCC report on
climate change (Houghton et al., 2001) notes that increasing summer
drought over most continental mid-latitude areas and associated drought
risk was likely in the 20th century and is to continue in the 21st century
(Dubrovsky et al., 2009). Moreover, the importance of winter conditions
is often overlooked, especially in temperate ecology (Kreyling, 2010). A sin-
gle extreme cold event can offset all distributional adjustments to the gen-
eral warming trend (Jalili et al., 2010). These extreme weather events
have increased in recent years due to climate change. This is creating new
extreme habitats for species, which need to develop adaptive mechanisms
for their survival.

Earthworms are probably the most important animals of the soil biota in
terms of soil formation and maintenance of soil structure and fertility. Their
activities are important for maintaining soil fertility in a variety of ways in
forest, grassland and agroecosystems (Edwards, 2004). The local species
richness and abundance of earthworm communities typically peak at mid-
latitudes, and their global distribution is mostly determined by climatic var-
iables and habitat cover rather than soil properties Phillips et al. (2020),
suggesting that climate and habitat changes can have serious impacts on
earthworm communities and the functions they provide.

Soil moisture and temperature are the main factors limiting earth-
worm survival, growth and reproduction (Lee, 1985). Below a critical
soil moisture level, there is an adverse osmotic effect (desiccation) on
earthworms (Grant, 1955). This critical moisture level depends on the
physical properties of the soil and it is species-specific, as desiccation
tolerance varies among earthworm species (Grant, 1955; Buckman
and Brady, 1969; Lee, 1985). Moderately low soil moisture decreases
aerobic metabolism (Diehl and Williams, 1992), fertility (Reinecke
and Venter, 1987) and whole organism growth rate (Viljoen and
Reinecke, 1989), whereas high soil moisture lowers fertility and growth
rate (Reinecke and Venter, 1987). Levels beyond the critical point for
desiccation, interfere mainly with the respiratory system (Williams
and Diehl, 1992) due to both the difference in oxygen diffusion rate in
water compared to air (Cameron, 1986) and the effects of soil moisture
on cutaneous oxygen uptake (Lee, 1985).

Temperature also affects earthworm physiology and ecology (Lee,
1985), with upper thermal limits for survival varying among species, rang-
ing from 25 to 33 °C (Wolf, 1938; Miles, 1963). When temperatures are low,
earthworms employ two main strategies: (1) freeze avoidance either by mi-
gration or physiological adaptation, such as the synthesis of cryoprotectants
to avoid the formation of ice within the animal; and (2) allowing the forma-
tion of extracellular ice (Mazur, 1963; Holmstrup and Zachariassen, 1996).
Glucose loading appears to be essential for freezing tolerance in earth-
worms, but other factors may also be involved (Berman and Leirikh,
1985; Holmstrup and Petersen, 1997; Holmstrup et al., 1999). According
to Holmstrup (2014) there seems to be a common response between cold
tolerance and desiccation tolerance in soil invertebrates, such as initiating
same modifications in membrane composition.

Eiseniella tetraedra (Savigny, 1826) is a parthenogenetic earthworm
(Casellato, 1987) with a cosmopolitan distribution (Blakemore, 2006),
being found in a variety of climates, such as mediterranean or subarctic,
and thus coping with a wide range of climatic conditions. It is a semi-
aquatic earthworm (Omodeo and Rota, 1991) and inhabits both stable hab-
itats, such as rivers or streams, and unstable waters, which may be frozen or
dried up depending on the season. The abundance of E. tetraedra
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populations can reach 1000 ind/m? (Malevich, 1956) and it occurs mainly
in soils with mull humus, under leaf litter or moss in the upper 2 cm of the
soil profile (Terhivuo et al., 1994). In the Russian habitats studied by Barne
and Striganova (2005), adults predominated in the populations, accounting
for 70-75% of the total abundance. The proportion of juveniles and sub-
adults ranged from 10 to 16%. This earthworm can be adapted to labora-
tory cultures with relatively high survival and reproduction rates under
certain temperature and moisture conditions, 17-18 °C and 90% humidity
(Barne and Striganova, 2005).

RNA-Seq is a powerful high-throughput sequencing method that
provides rapid and comprehensive gene expression data (Chen et al.,
2017; Jin et al., 2017). It is an effective way to identify a range of
novel protein-coding and non-coding genes/transcripts of organisms
of interest (Roberts et al., 2011; Pauli et al., 2012; Chettoor et al.,
2014). Additionally, RNA-Seq technology can detect gene transcription,
characterize gene expression, and discover novel genes and biomarkers
at the aggregate level (Diao et al., 2019). Advances in high-throughput
sequencing technology along with relevant bioinformatics tools and
pipelines have allowed us to study the transcriptome profile of non-
model species (Ekblom and Galindo, 2011). Unfortunately, whole tran-
scriptomic studies for earthworms are rare. However, Paul et al. (2018)
examined differential gene expression under freezing and warm condi-
tions in Dendrobaena octaedra (Savigny, 1826), identifying numerous
genes involved in the response to each abiotic stressor, but very few
shared between the two conditions.

The aim of this study was to explore i) the transcriptional changes in the
riparian earthworm E. tetraedra during freezing and ii) during desiccation
conditions. Also, iii) to investigate possible common responses to both abi-
otic stressors.

2. Material and methods
2.1. Experimental animals and laboratory conditions

In February 2018 we collected by manual sorting juveniles and
adults of Eiseniella tetraedra in the surroundings of Fuente de las
Hondillas, in Guadarrama, Madrid, Spain (40°41’50.79”N, 4° 8'22.75”
0). In order to establish a culture of E. tetraedra in the laboratory we pre-
pared boxes with dry soil from the collection site and distilled water up
to 60% humidity. We stored the earthworms in this medium at 8 °C for
1 year and 4 months, changing soil every month approximately. We
tried other culture methods, such as the one followed by Barne and
Striganova (2005) or those described in Supplementary Table 1 but
earthworms died.

2.2. Freeging experiment

Eight mature earthworms from the laboratory culture were weighted
and ranged between 0.13 g and 0.28 g. Eight petri dishes were prepared
with 30 g of soil and distilled water at 60% of humidity. One earthworm
was placed on each dish and they were introduced in a freezer at
—14 °C = 2 °C. The reaction of earthworms was checked every
10 min for the first 2 h and every 20 min afterwards for less manipula-
tion by touching them with tweezers for a further 3 h. Then, earthworms
were returned to the initial control conditions and two of them died the
next day. Final conditions for the RNA-Seq experiment were based on
the results from this preliminary trial (Supplementary Table 2) and
earthworms were exposed to freezing conditions for 1 h (the first time
point at which all of the earthworms were less reactive). For the RNA-
Seq experiment six petri dishes were prepared with 30 g of soil and dis-
tilled water (60% moisture). Six mature earthworms from laboratory
culture were weighted and ranged between 0.08 g and 0.22 g. One
earthworm was introduced per petri dish; three of them were placed
at 8 °C (control) and three of them were introduced in the freezer at
—14 °C = 2 °C (cold). After 1 h all individuals were flash frozen in
dry ice and stored at —80 °C (Fig. 1).
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Fig. 1. Schematic representation of the experimental design and data analysis workflow performed for desiccation and cold conditions in the earthworm Eiseniella tetraedra.

2.3. Desiccation experiment

Similar to the freezing experiment, a preliminary experiment was
conducted to understand the limiting desiccation conditions for earth-
worms (Supplementary Table 3). For this, we performed a two-step ex-
periment for lowering the humidity in a more realistic way. Eight petri
dishes were prepared with 16 g of soil and distilled water at 30% mois-
ture. One earthworm (weight range 0.13-0.27 g) was placed per plate
and kept at 8 °C for 24 h. Then, we placed the same earthworms in
new petri dishes with soil at 15% moisture and kept them at 8 °C for
24 h. After this preliminary experiment, the worms were really affected,
but they recovered after they were put in the control conditions again.
Therefore, the conditions for the RNA-Seq experiment were exactly
the same as in this preliminary experiment. Six petri dishes were pre-
pared with 16 g of soil. Six mature earthworms from the laboratory cul-
ture were weighted and ranged in weight from 0.16 g to 0.39 g. One
earthworm was introduced per petri dish; three of them at 30% mois-
ture (desiccation) and three at 60% moisture (control) and kept at 8 °C
for 24 h. To ensure that all individuals had the same manipulation, the
six earthworms were placed in new petri dishes; three of them (desicca-
tion) at 15% humidity and three (control) at 60% humidity and kept at
8 °C. After 24 h, all individuals were flash frozen in dry ice and stored at
—80 °C (Fig. 1).

2.4. RNA extraction and species verification
The frozen tissue from six earthworms per experiment was powdered

with a mortar and pestle and 50 mg were used for RNA and DNA extrac-
tions. Powdered tissue was homogenized in 1.5 ml of Trizol (Invitrogen)

and RNA was extracted according to the manufacturer's protocol. Subse-
quently, samples were treated with RNAse-free DNAse (Roche) for 90 min
and organic extraction was performed using phenol-chloroform-isoamyl al-
cohol and Phase Lock Gel Light tubes (5Prime). RNA integrity was verified
using Agilent 2100 Bioanalyzer and quality and concentration of RNA was
estimated with Nanodrop. For DNA extraction, the organic phases left from
the RNA extractions were used and DNA was precipitated with ethanol.

A fragment of cytochrome c oxidase subunit I (COI) was amplified using
primer sequences and polymerase chain reactions (PCR) following Pop
et al. (2003). All PCRs were specific and resolved via 1% agarose gel elec-
trophoresis; they were visualised with GelRed stain (Biotium). All products
were purified using ExoSAP-IT reagent (ThermoFisher Scientific). PCR
products were sequenced by Macrogen Spain Inc. and species identity
was verified through blasting with previous sequences from De Sosa et al.
(2017).

2.5. Transcriptome sequencing

Once verified the identity of the animals for which RNA was extracted,
three samples per treatment were further processed for RNA-seq. 3'RNAseq
libraries were prepared from ~500 ng of total RNA per sample using the
Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina
(https://www.lexogen.com/quantseq-3mrna-sequencing/). The libraries
were quantified on a Molecular Devices Spectra Max M2 plate reader
(with the intercalating dye QuantiFluor) and pooled accordingly for maxi-
mum evenness. The pool was quantified by digital PCR and sequenced on
one lane of an Illumina NextSeq500 sequencer, single-end 1x86bp, and
de-multiplexed based upon six base i7 indices using Illumina bcl2fastq2
software (version 2.18; Illumina, Inc., San Diego, CA). Illumina adapters,
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poly-A tails, and poly-G stretches of at least 10 bases in length were re-
moved from the de-multiplexed fastq files using the BBDuk program in
the package BBMap (https://sourceforge.net/projects/bbmap/), keeping
reads at least 18 bases in length after trimming. Poly-G stretches result
from sequencing past the ends of short fragments (G = no signal).

2.6. Establishing a reference transcriptome

Trinity v2.8.4 (Grabherr et al., 2011) was used for establishing two differ-
ent reference transcriptomes. Firstly, a transcriptome was assembled with de-
fault options using available 101 bp paired-end reads from an ongoing work
(Planell6 and Herrero unpublished, ENA reference number PRJEB49685
(ERP134202)). These reads were sequenced from an individual of E. tetraedra
collected in North Western Spain. A second transcriptome was generated by
combining the mentioned paired-end reads with 3'RNAseq reads from this
experiment in order to check whether we could improve mapping. We nor-
malised reads according to Trinity protocol (insilico_read_normalization.pl)
and then combined 3'RNAseq reads with R1 from the paired-end set and
proceeded with the assembly including the R2. We then assessed both assem-
blies with BUSCO using metazoa_odb10 database (Seppey et al., 2019) and
performed some mapping trials with Bowtie 1 and 2 (Langmead et al.,
2009; Langmead and Salzberg, 2012). We found that the combined tran-
scriptome included too much duplication, which provoked a dispersion of
the reads in the mapping and therefore lower mapping rates (398,361
contigs, 91% complete BUSCOS, 16% complete and single, 75% complete
and duplicate). The transcriptome assembled only with the pair-end reads
on the other hand showed lower duplication rates and higher mapping
(143,339 contigs, 91% complete BUSCOS, 87% complete and single, 4%
complete and duplicate). For this reason, we decided to continue the analyses
with the transcriptome assembled only with the paired-end reads.

2.7. Quantitative transcriptomic analysis

A differential gene expression analysis was performed with the Trinity
module (Grabherr et al., 2011) which integrates Bowtie 1.3.0 (Langmead
et al., 2009) to align input reads from each individual library against the
reference transcriptome, RSEM (Li and Dewey, 2011) to estimate transcript
abundance using the alignments, and edgeR (Robinson et al., 2010) to per-
form pairwise comparisons of expression levels and extract Differentially
Expressed Genes (DEGs). edgeR was run with a p-value cut off of 0.001, a
false discovery rate <0.05 and min abs(log2(a/b)) change of 1 (therefore,
minimally, 2-fold change). Principal component analyses (PCAs) were per-
formed and plotted with the same package to visualize variation of expres-
sion levels among samples and treatments (Supplementary Figs. 1 and 2).

Enrichment analyses were performed in g: Profiler (Reimand et al.,
2019) using the detected differentially expressed transcripts (FDR < 0.05)
for each experiment, specifically for upregulated and downregulated
genes subsets separately, using the complete transcriptome of E. tetraedra
as reference. GO terms with adjusted P value <0.05 were considered
significantly enriched.

3. Results
3.1. Sequencing output

Reads were submitted to the European Nucleotide Archive (ENA) under
study number PRJEB46360 (Samples ERS6655476-ERS6655487). For each
sample, 2-40 million clean single-ended reads were used for analyses (Sup-
plementary Table 4). Between 45 and 65% of the reads from each sample
mapped against the reference transcriptome, and were therefore informa-
tive for subsequent quantitative analyses.

3.2. Differential gene expression under freezing conditions

Hierarchical clustering analysis of the differentially expressed tran-
scripts revealed differences in gene expression between control earthworms
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and those under freezing conditions (Fig. 2A). A complete list of DEGs for
this experiment is shown in Supplementary File 2. Comparisons of gene ex-
pression levels between earthworms under freezing conditions and control
earthworms generated a total of 84 DEGs. Of those, 17 DEGs were upregu-
lated, while 67 were downregulated and a total of 21 could be functionally
annotated (Table 1). Among the downregulated DEGs, seven genes related
to the respiratory chain were expressed: chains 4, 5, and 6 of NADH-
ubiquinone oxidoreductase, cytochrome c oxidase (subunits 1 and 2), cyto-
chrome b, and ATP synthase subunit a. Moreover, glutamyl aminopeptidase
and C-type lectin domain family 4 member D were also found downregu-
lated. In contrast, the genes encoding giant extracellular hemoglobin linker
2 chain, uridine-cytidine kinase-like 1, GPI-linked NAD (P)(+)-arginine
ADP -ribosyltransferase 1-like (GLP1R) and lectin, were upregulated. To
improve our knowledge of the biological functions represented by DEGs,
a GO enrichment analysis was performed (Fig. 2B). Among the downregu-
lated DEGs, nine GO terms belonging to the Biological Processes (BP) cate-
gory were enriched. Transcriptional changes under freezing conditions
were characterized in E. tetraedra by downregulation of aerobic respiration
(G0:0009060), including several steps of this process, such as oxidative
phosphorylation (GO:0006119) which is an ATP biosynthetic process
(GO:0006754), proton transmembrane transport (GO:1902600) and mito-
chondrial electron transport, cytochrome c to oxygen (GO:0006123). In ad-
dition, purine biosynthesis processes were downregulated (GO:0009206
and GO:0009145). In contrast, pyrimidine ribonucleotide and nucleotide
salvage (GO:0010138 and GO:0032262) and pyrimidine biosynthesis and
metabolism processes such as the pyrimidine ribonucleoside triphosphate
biosynthesis process (GO:0009209) and the pyrimidine ribonucleoside
monophosphate metabolism process (GO:0009173) were upregulated. As
for the molecular function category, uridine kinase activity (GO:0004849)
and nucleoside kinase activity (GO:0019206) were upregulated. As ex-
pected, most of the GO terms belonging to the category of molecular func-
tions were consistent with the downregulation of aerobic cellular
respiration. Thus, detected that genes associated with seven aerobic cellular
respiration-related GO terms were downregulated, such as proton trans-
membrane transporter activity (GO:0015078), cytochrome c oxidase activ-
ity (GO:0004129), and electron transfer activity (GO:0009055), among
others (Fig. 2B). Genes implied in copper ion binding (GO:0005507) were
also downregulated.

3.3. Differential gene expression under desiccation conditions

Hierarchical clustering analysis of the differentially expressed tran-
scripts revealed clearly differences in gene expression between control
and earthworms under desiccation conditions (Fig. 3A). Comparison of
genes between earthworms under desiccation conditions and control earth-
worms yielded a total of 163 differentially expressed genes (DEGs), with 58
upregulated and 105 downregulated, of which we could functionally anno-
tate 43 (Table 2). For a complete list of DEGs see Supplementary File 2. Sev-
eral genes were found upregulated under desiccation conditions, including
genes encoding enzymes involved in protein modification, such as UDP-N-
acetylglucosamine-peptide-N-acetylglucosaminyltransferase (110 kDa sub-
unit), which glycosylates a large and diverse number of proteins, and
peptidyl-prolyl cis-trans isomerase B. In addition, maternal embryonic leu-
cine zipper kinase, which is involved in various processes such as cell cycle
regulation, stem cell self-renewal, apoptosis, and splicing regulation, and
the protein CREBRF homolog, a transcriptional regulator that acts in the
TORC1 pathway to regulate energy homeostasis and promote survival dur-
ing nutrient deprivation, were also upregulated. In contrast, several genes
involved in protein transport and degradation were downregulated, includ-
ing sorting nexin-27 and UBX domain-containing protein. Apoptosis regula-
tors such as serine/threonine protein kinase 17A were also found
downregulated. To improve our knowledge of the biological functions rep-
resented by DEGs, a GO enrichment analysis was performed (Fig. 3B). We
only found enriched GO terms belonging to the Molecular Function (MF)
among the downregulated DEGs. Enriched GO terms were related to dehy-
drogenase activities such as testosterone dehydrogenase (NAD +) activity
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Fig. 2. A: Hierarchically-clustered heatmap of all differentially expressed genes under freezing conditions in the earthworm Eiseniella tetraedra. Red color indicates high
expression values and blue color indicates low expression values. B: Results of GO enrichment analysis performed with differentially expressed genes (DEGs). Terms in
the Molecular Function (MF) category are shown in green, Biological Processes (BP) in purple, and Cellular Components (CC) in blue. All shown GO terms were
significantly enriched (adjusted p value <0.05). For a complete list of results of GO enrichment analysis see Supplementary File 3. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

(GO:0047035) and alcohol dehydrogenase [NAD (P)+] activity
(G0O:0018455). Also fucosyltransferase activity (GO:0008417), such as ga-
lactoside 2-alpha-L-fucosyltransferase activity (GO:0008107). In addition,
GO terms such as protein folding chaperone (GO:0044183) and long
chain fatty acid transporter activity (GO:0005324) appeared enriched.
Isomerase activity (GO:0016853) and racemase and epimerase activity
(GO:0016854) were also enriched among the downregulated DEGs.

4. Discussion

A complex machinery of gene expression and biochemical adaptive re-
sponses is induced by thermal stress in most organisms (Lindquist, 1986;
Fujita, 1999). This response enables organisms to survive and adapt to ther-
mal stress and it is a fundamental requirement for species exposed to tem-
perature fluctuations, such as Eiseniella tetraedra. Its cosmopolitan
distribution implies survival in a wide range of climatic conditions. Cold
and desiccation have many similar effects at the cellular level in other in-
vertebrates, such as dehydration and osmotic stress (Sinclair et al., 2013;
Paul et al., 2018). However, we found no common responses of both treat-
ments in E. tetraedra. Further experiments will unveil whether those com-
mon responses exist.

4.1. Cold tolerance
Even though cold shock response has been studied for several decades

in a number of different organisms, we have only recently begun to under-
stand the molecular mechanisms that control the adaptation to cold stress.

Remarkably, all organisms, from prokaryotes to plants to higher eukary-
otes, respond to cold shock in comparatively similar ways (Al-Fageeh and
Smales, 2006).

Post-translational modifications of cellular proteins by ADP-
ribosylation have been associated with a number of cellular processes
(Fabrizio et al., 2015). The ART1 gene, which encodes the protein GPI-
linked NAD (P)(+)-arginine ADP-ribosyltransferase 1-like, was found to
be upregulated in our freezing experiments. It has ADP -ribosyltransferase
activity towards the glucagon-like peptide-1 receptor (GLP1R), which is in-
volved in the control of blood glucose levels. In mammals, GLP1R has the
ability to induce insulin secretion in response to high glucose levels
(Gutniak et al., 1992). In general, ADP-ribosyltransferases inhibit the func-
tion of the target protein (Alvarez, 2004). Since the accumulation of glucose
can slow down the freezing process and even reduce the amount of ice
formed (Holmstrup, 2003), it seems reasonable that ART1 is upregulated
to inhibit the function of GLP1R and thus accumulate glucose to cope
with freezing temperatures.

Earthworms have cutaneous respiration; they perform gas exchange
through the skin. Therefore, air dissolves on the mucus of their skin, so
they must remain moist to breathe. The skin of E. tetraedra was nearly fro-
zen during the freezing experiment, causing it to lose much of its moisture
and making gas exchange more difficult. The giant extracellular hemoglo-
bin of annelids has been studied in detail because of its exceptional oxygen
transport properties. Interestingly, expression of the gene for giant extracel-
lular hemoglobin of Eisenia fetida Fisen, 1874 is induced in the regenerating
tissue (Bhambri et al., 2018). It is possible that the upregulation of the gene
encoding the linker 2 chain of extracellular giant hemoglobin contributes to
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Table 1
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Annotated differentially expressed genes (DEGs) for the cold experiment in the earthworm Eiseniella tetraedra. Positive log fold change
values (logFC) represent upregulated DEGs (in dark blue), while negatives represent downregulated DEGs (in light blue).

Gene Protein

logFC

ENPEP Glutamyl aminopeptidase -5,18492199
Clec4d C-type lectin domain family 4 member D -3,47079202
col Cytochrome c oxidase subunit 1 -7,47972063
MT-CYB Cytochrome b -7,15222671
ND5 NADH-ubiquinone oxidoreductase chain 5 -7,93382089
ND6 NADH-ubiquinone oxidoreductase chain 6 -7,4433782
ATP6 ATP synthase subunit a -6,40678916
N/A Vasotocin-neurophysin VT 1 -4,4569175
N/A Genome polyprotein -4,80785628
Retrovirus-related Pol polyprotein from type-1

N/A retrotransposable element R2 -5,99953981
Ttn Titin -7,90297656
coll Cytochrome c oxidase subunit 2 -6,25792581
ND4 NADH-ubiquinone oxidoreductase chain 4 -7,08596604

the enhancement of respiration in E. tetraedra at low temperatures due to its
oxygen carrier activity. Also, it may be involved in tissue repair due to its
destruction by freezing.

Uridine kinase activity (GO:0004849) is involved in the pyrimidine sal-
vage pathway (G0O:0032262), and both molecular functions have been up-
regulated. In the cell, nucleotides are produced either by the de novo
pathway or by the salvage pathway. Uridine kinase phosphorylates uridine
to uridine monophosphate using ATP as a phosphate donor (Kashuba et al.,
2002). It has been suggested that de novo synthesized UTP is preferentially
used for the production of UDP-sugars and phospholipids, whereas UTP
produced via the salvage pathway is used for RNA synthesis (Anderson
and Parkinson, 1997). There seems to be general agreement in the litera-
ture that increased RNA and protein synthesis may be part of the resistance
mechanism of plants to low temperatures (Sarhan and D'aoust, 1975). Ribo-
somal RNA has been shown to be the RNA class most responsive to the
physiological stimuli that causes acclimation (Khan et al., 1968; Brown,
1972; Gusta and Weiser, 1972). This is consistent with the upregulation
of pyrimidine ribonucleotide salvage (GO:0010138) found in the freezing
experiment.

The C-type lectin (CTL) protein family has been extensively studied in
both vertebrates and invertebrates (Wei et al., 2010). CTL is Ca>™ depen-
dent, and all members of the CTL family of invertebrates have one or
more carbohydrate recognition domains (CRD) (Li et al., 2020a). CTLs
from Bombyx mori Linnaeus, 1758 play an important role in the activation
of immune signaling pathways (Zhu et al., 2016). They are also associated
with tissue regeneration (Gao et al., 2017). In addition, it has been

demonstrated that there is some relationship between herring antifreeze
protein (AFP) type II and the carbohydrate binding site of C-type lectin
CRDs. The ice binding site of AFP corresponds to the CRD binding site of
CTL, showing that the carbohydrate binding site of C-type lectin evolved
into an ice binding site (Ewart and Fletcher, 1993; Ewart et al., 1998).
Thus, CTL has a potential function in low temperature tolerance and cold
resistance. In samples of E. tetraedra subjected to cold treatment, the gene
CLEC4D encoding C-type lectin domain family 4 member D was downregu-
lated, similarly to the transcription of CTL mRNA in the liver of Oreochromis
niloticus Linnaeus, 1758 under cold stress, which is significantly decreased
(Yang et al., 2016). However, the expression level of CTLs in rainbow
trout was hardly affected by cold stress (Rebl et al., 2012) and in Venerupis
(Ruditapes) philippinarum (Adams and Reeve, 1850) low-temperature stress
promotes the synthesis of CTLs in the hepatopancreas, which could explain
the upregulation of the LEC gene in E. tetraedra that may be involved in pro-
tection of eggs and embryos against microorganisms.

From our results, we can conclude that the respiratory chain of E.
tetraedra is clearly affected under cold conditions. This mechanism ap-
peared also downregulated under other stress conditions such as different
light intensities (Li et al., 2020b) or anoxia (Cai and Storey, 1996). More-
over, several biological processes and molecular functions involved in the
respiratory chain were enriched among the downregulated DEGs in our re-
sults, such as oxidative phosphorylation (GO:0006119), cytochrome c oxi-
dase activity (GO:0004129) or cellular respiration (GO:0045333).
Nevertheless, some studies have shown the importance of energy in main-
taining metabolic homeostasis at low temperatures for poikilotherms. For
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Fig. 3. A: Hierarchically-clustered heatmap of all differentially expressed genes under desiccation conditions in Eiseniella tetraedra earthworms. Red color indicates high
expression values and blue color indicates low expression values. B: Enriched GO terms obtained from downregulated differentially expressed genes (DEGs) in dessication
samples. Terms corresponding to the molecular function (MF) category are shown in green. All shown GO terms were significantly enriched (adjusted p value <0.05). No
terms for Biological Process (BP) or Cellular Component (CC) were enriched. No enriched GO terms were obtained from upregulated DEGs. For a complete list of results
of GO enrichment analysis see Supplementary File 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

example, animals with a high capacity for ATP production under cold con-
ditions also show good tolerance to cold stress (Wang et al., 2014; Lu et al.,
2017). Thus, the downregulation of a variety of genes involved in the respi-
ratory chain suggests that E. tetraedra may not be a good candidate to sus-
tain low temperature conditions. However, it is a cosmopolitan species
present in even subarctic climates. It is possible that the upregulation of
ART1, which presumably leads to glucose accumulation, counteracts the
lack of energy from ATP and allows E. tetraedra to live in low temperature
zones, but not in freezing conditions. This may explain why Terhivuo and
Saura (1997) reported the yearly disappearance of E. tetraedra caused by
habitat freezing in the Aland Archipelago (Baltic Sea). However, some co-
coons of E. tetraedra are able to survive at —28 °C (personal obs). Whether
the cocoons may be the frost-resistant form of this species needs to be inves-
tigated in further studies.

4.2. Desiccation tolerance

Lack or scarcity of water is a big stressor for organisms. A loss of more
than 20-50% of their water content is fatal to most higher plants
(Kranner et al., 2002) and most animals die when they lose more than
15-20% of their body water (Barrett, 1991). Seasonal variation in earth-
worm habitats is a natural phenomenon. As a semi-aquatic species
(Omodeo and Rota, 1991), E. tetraedra is highly dependent on the availabil-
ity of water. Therefore, it is believed to be extremely susceptible to drought
stress.

Maternal embryonic leucine zipper kinase (MELK), encoded by the gene
also known as MELK, is a serine/threonine kinase involved in various cellu-
lar processes such as cell division (Nakano et al., 2005; Cordes et al., 2006;
Niesler et al., 2007; Le Page et al., 2011; Chien et al., 2013), transcription
(Seong et al., 2002), pre-mRNA splicing (Vulsteke et al., 2004), DNA repair
(Bensimon et al., 2011) and apoptosis (Lin et al., 2007; Jung et al., 2008). In
addition, MELK has been implicated in DNA damage response pathways
(Hurov et al., 2010; Bensimon et al., 2011). Thus, elevated MELK protein

levels increase resistance to DNA-damaging events (Choi and Ku, 2011).
In severe cases, abiotic stress can trigger apoptosis or programmed cell
death (Wang and Kaufman, 2012) and DNA damage response pathways
(Nisa et al., 2019). Serine threonine protein kinase 17A, encoded by the
gene STK17A, appeared downregulated in our results. It belongs to a mem-
ber of the death associated protein kinase family, and acts as a positive reg-
ulator of apoptosis (Sanjo et al., 1998; Mao et al., 2011). Therefore,
upregulation of MELK and downregulation of STK17A in E. tetraedra during
desiccation conditions could protect the animal from apoptosis and DNA
damage.

Peptidyl-prolyl cis-trans isomerases (PPiase) are a group of chaperones
found in all organisms. They are involved in many biochemical processes
such as signal transduction, protein folding and development. Their occur-
rence in plants is comparable to that of heat shock proteins (Schiene-Fischer
and Yu, 2001). As in the desiccation treatment of E. tetraedra, PPiases were
up-regulated under drought stress in rice (Wang and Kaufman, 2012) and
under heat conditions in the springtail Folsomia candida Willem, 1902
(Nota et al., 2010). Moreover, they are involved in the anhydrobiosis pro-
cess of the nematode Panagrolaimus superbus Fuchs, 1930. In contrast, in tar-
digrades subjected to desiccation stress, the concentration of another
chaperone family, namely Hsp70, was reduced, whereas elevated levels
were detected after rehydration. This suggests that the role of Hsp70 may
be related to repair processes after desiccation rather than biochemical sta-
bilization in the dry state (Jonsson and Schill, 2007). Consequently, this
could be the reason why the GO: 0044183, which belongs to the protein
folding chaperones, appeared downregulated in E. tetraedra.

The gene REPTOR, which encodes the protein CREBRF homolog, plays a
key role in regulating energy homeostasis and promotes survival during nu-
trient deprivation (Tiebe et al., 2015). It maintains the organism's metabo-
lism by activating the expression of target genes of the stress response,
including genes involved in glycogenesis and triglyceride biosynthesis.
Therefore, the upregulation of this gene under the drought conditions in
our experiment seems to be reasonable, as it maintains homeostasis and
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covers the lack of nutrients caused by the absence of moss or plant roots in
the petri dishes, which E. tetraedra also eats (personal obs).

The UBX domain-containing protein family is evolutionarily conserved
and is present in several model organisms (Hartmann-Petersen et al., 2003;
Schuberth et al., 2004; Yamauchi et al., 2007; Lee et al., 2010) where it is
involved in oxidative stress and osmotic stress response (Zhang et al.,
2017). Two other domains are found in the UBX domain: ubiquitin-
associated (UBA) and ubiquitin-associated (UAS) (Zhang et al., 2017).
The UAS domain has been shown to interact with long-chain unsaturated
fatty acids (Kim et al., 2013). Like UBX, the transporter activity for long-
chain fatty acids (GO:0005324) and several GO terms related to dehydroge-
nase activities (such as GO:0047035, GO:0018455 and GO:0047044) were
also downregulated in our desiccation experiment. The gene DHRS9, which
is involved in all these dehydrogenase activities, is also related to lipid me-
tabolism.

Table 2

Annotated differentially expressed genes (DEGs) for the desiccation experiment in
the earthworm Eiseniella tetraedra. Positive log fold change values (1ogFC) represent
upregulated DEGs (in dark orange), while negatives represent downregulated DEGs
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(in light orange).

Gene

Protein

logFC

CD109 CD109 antigen -3,49888030
did Delta-like protein D -4,69949756
N/A Extracellular globin-1 -4,20395984

DHRS9 Dehydrogenase/reductase SDR family member 9 -2,91725090

TMEM26 Transmembrane protein 26 -4,25613240
FUT1 Galactoside alpha-(1,2)-fucosyltransferase 1 -3,93638172

AMY2 Pancreatic alpha-amylase -5,54200867

chmp3 Charged multivesicular body protein 3 -2,51423075

ABCD4 Lysosomal cobalamin transporter ABCD4 -7,77174965
N/A C-type lectin mannose-binding isoform -2,80057574

SLC1A2 Excitatory amino acid transporter 2 -2,27316235

DAZAP2 DAZ-associated protein 2 -2,12466453
Mocs2 Molybdopterin synthase catalytic subunit -2,48858001
Ubxn4 UBX domain-containing protein 4 -7,62518905

FAST kinase domain-containing protein 3,

FASTKD3 mitochondrial -3,35739905

RAB14 Ras-related protein Rab-14 -1,78479830

Cyclic AMP-responsive element-binding protein

CREB3L2 3-like protein 2 -2,73883959

SPRYD3 SPRY domain-containing protein 3 -2,37690372
PI16 Peptidase inhibitor 16 -2,75902813

FKBP8 Peptidyl-prolyl cis-trans isomerase FKBP8 -2,57298054

Protein transport protein Sec61 subunit alpha
SEC61A2 isoform 2 -2,99656266
vps25 Vacuolar protein-sorting-associated protein 25 -9,57780365
Mtorc2 Mitochondrial amodoxime reducing component 2 -5,35907783
UGT2A3 UDP-glucoronosyltransferase 2A3 -3,15670948
lgf2bp1 insuline-like growth factor 2 mRNA-binding protein 1 -5,79504615
BSG Basigin -2,79364374
adcy5 Adenylate cyclase type 5 -5,26211640
STK17A Serine/threonine-proteine kinase 17A -5,00263744
N/A Soma ferritin -2,15117738
N/A Parvalbumin alpha -4,78357177
SNX27 Sorting nexin-27 -4,11397031
KIDINS220 Kinase D-interacting substrate of 220 kDa -8,94636595
clecd4a C-type lectin domain family 4 member A -3,22700454
Rmdn1 regulator of microtubule dynamics protein 1 -4,52941819

Multifunctional procollagen lysine hydroxylase
Plod3 and glycosyltransferase LH3 -3,58851204
™1 Tropomyosin -2,28803424

The FUT1 gene is also involved in the fatty acid biosynthesis pathway. It
encodes galactoside-2-alpha-L-fucosyltransferase, which mediates the at-
tachment of L-fucose to the terminal 3-D-galactose residues of the glycan
via an a1,2 linkage (Kim et al., 2020). Fucosylation is a biological process
that is widely distributed in vertebrates, invertebrates, plants, bacteria,
and fungi (Li et al., 2018). It plays an important role in molecular functions
such as cell adhesion and immune regulation (Kim et al., 2020).
Fucosylated carbohydrates are involved in the regulation of several cellular
functions such as cell trafficking, immune cell development, and interaction
with gut microbes (Aplin and Jones, 2012; Goto et al., 2016). Galactoside 2-
alpha-L-fucosyltransferase is also needed for the glycosylation of N-glycans,
O-glycans, and glycosphingolipids (Taniguchi and Yoshida, 2017). FUT1
appeared to be upregulated under water stress in plants (Maheswary
et al., 2016), whereas it appeared downregulated in our desiccation exper-
iments. Survival under stress conditions can be maximized by two physio-
logical mechanisms: increasing the storage of resources (energy or water)
aimed for consumption during stress, or conserving resources by reducing
the rate at which they are consumed (Marron et al., 2003). Experiments
with Drosophila melanogaster Meigen, 1830 show that selection for stress re-
sistance in the laboratory can lead to a reduction in metabolic rate
(Hoffmann and Parsons, 1993). Lipids provide more than twice as much en-
ergy per gram as carbohydrates (Withers, 1992), so they would be a suit-
able fuel for starvation resistance and explain the downregulation of lipid
metabolism and transport in E. tetraedra.

5. Conclusions
In this study, we identified 84 differentially expressed genes in Eiseniella

tetraedra under cold conditions and 163 in the desiccation experiment.
Some mechanisms such as dehydration and osmotic stress have been
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reported as common at low temperatures and low humidity, but in this case
we did not detect common responses between the two experiments.

Despite its cosmopolitan distribution, even in subarctic zones, E.
tetraedra did not tolerate freezing conditions as demonstrated by the down-
regulation of the respiratory chain. However, upregulation of genes related
to glucose accumulation suggests acclimation to low temperatures. We hy-
pothesized that cocoons are the frost-resistant forms of this species, but this
needs to be confirmed in future experiments. Earthworms perform gas ex-
change through their skin, and under cold conditions their skin remains
nearly frozen, making it difficult for them to breathe. The upregulation of
extracellular giant hemoglobin could be helpful in this process due to its ex-
ceptional oxygen transport properties. In contrast, under desiccation condi-
tions, genes that protect earthworms from apoptosis and DNA damage were
upregulated. Lipid metabolism, however, appeared to be downregulated,
presumably due to resource accumulation in case the adverse conditions
persisted for a prolonged period of time.
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