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nervous system of the Caribbean spiny lobster, Panulirus argus
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Abstract

Diverse animals use Earth’s magnetic field to guide their movements, but the neural and molecular mechanisms underlying
the magnetic sense remain enigmatic. One hypothesis is that particles of the mineral magnetite (Fe;0,) provide the basis of
magnetoreception. Here we examined gene expression in the central nervous system of a magnetically sensitive invertebrate,
the Caribbean spiny lobster (Panulirus argus), after applying a magnetic pulse known to alter magnetic orientation behavior.
Numerous genes were differentially expressed in response to the pulse, including 647 in the brain, 1256 in the subesophageal
ganglion, and 712 in the thoracic ganglia. Many such genes encode proteins linked to iron regulation, oxidative stress, and
immune response, consistent with possible impacts of a magnetic pulse on magnetite-based magnetoreceptors. Additionally,
however, altered expression also occurred for numerous genes with no apparent link to magnetoreception, including genes
encoding proteins linked to photoreception, carbohydrate and hormone metabolism, and other physiological processes.
Overall, the results are consistent with the magnetite hypothesis of magnetoreception, yet also reveal that in spiny lobsters,
a strong pulse altered expression of > 10% of all expressed genes, including many seemingly unrelated to sensory processes.

Thus, caution is required when interpreting the effects of magnetic pulses on animal behavior.
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Introduction

Magnetoreception, or the ability to detect Earth’s magnetic
field, has fascinated biologists for several decades. Numer-
ous animals take advantage of this sensory modality for
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orientation and navigation, but little is known about how
magnetic field perception is accomplished (Wiltschko and
Wiltschko 2005; Johnsen and Lohmann 2005). Although
several mechanisms have been proposed, most recent
research has focused on two hypotheses: (1) the radical
pairs hypothesis, which proposes that the geomagnetic field
is detected through a series of chemical reactions influenced
by weak magnetic fields (Ritz et al. 2000; Maeda et al. 2006;
Liedvogel and Mouritsen 2010); and (2) the magnetite
hypothesis, which posits that magnetoreceptors are based
on particles of the ferrimagnetic mineral magnetite (Fe;O,;
Kirschvink and Gould 1981; Johnsen and Lohmann 2005;
Winklhofer and Kirschvink 2010).

One technique that has been used as a diagnostic test of
magnetite-based magnetoreception in animals is the applica-
tion of a brief, strong magnetic pulse, followed by analysis
of subsequent orientation behavior of the pulsed animals
(Kirschvink et al. 2001; Shaw et al. 2015). In principle,
such a pulse might remagnetize magnetite crystals associ-
ated with magnetoreceptors and/or compromise the crys-
tals” connection to the nervous system through translocation
and/or rotation, resulting in altered or impaired perception
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of geomagnetic information (Kirschvink 1983; Kirschvink
et al. 1985). Consistent with this idea, magnetic pulses affect
the orientation behavior of several animals, including mam-
mals (Marhold et al. 1997; Holland et al. 2008), birds (Bea-
son et al. 1995; Wiltschko et al. 1998, 2002; Holland 2010;
Holland and Helm 2013), reptiles (Irwin and Lohmann
2005), and arthropods (Riveros and Srygley 2008; Ernst and
Lohmann 2016). Observed effects include shifts in migra-
tory headings, disruption of orientation, and development of
orientation preferences when no preferred direction existed
previously.

A limitation of these studies is that they only assess
behavioral effects of pulse magnetization without exam-
ining physiological, cellular, or molecular effects of the
pulse. Recent research on the rainbow trout (Oncorhynchus
mykiss), a species known to detect magnetic fields (Walker
et al. 1997; Haugh and Walker 1998; Hellinger and Hoft-
mann 2009, 2012), revealed that a magnetic pulse elicited
significant changes in gene expression in the brain, with 193
genes showing altered expression relative to control animals
(Fitak et al. 2017; Arniella et al. 2018). Included in this
gene set were six copies of the frim gene, which encodes
a subunit of the iron-binding and storage protein ferritin,
as well as numerous genes linked to oxidative stress and
photosensitive structures. Moreover, a similar study inves-
tigating the impact of a magnetic pulse on gene expression
in the trout retina found that only a single gene (crygm3;
gamma-crystallin M3-like) was differentially expressed in
pulsed relative to control animals (Fitak et al. 2018). These
findings are consistent with the idea that a pulse disrupts
magnetite-based magnetoreceptors, but also raise the pos-
sibility that magnetic pulses affect processes unrelated to
magnetoreception.

Until now, no studies have been undertaken to determine
whether similar patterns of gene expression occur in other
magnetoreceptive animals. Of the diverse animals that have
a magnetic sense, the Caribbean spiny lobster, Panulirus
argus, is of particular interest for several reasons. First, the
spiny lobster possesses both a magnetic ‘compass’ (Lohm-
ann et al. 1995) and a magnetic ‘map’ sense (Boles and
Lohmann 2003), making it the only invertebrate known
to derive both directional and positional information from
Earth’s magnetic field (Lohmann and Ernst 2014). In addi-
tion, pulse magnetization treatments alter the orientation
behavior of spiny lobsters, providing the first evidence that a
magnetic pulse affects the behavior of a marine invertebrate
(Ernst and Lohmann 2016). Finally, SQUID magnetometry
has revealed magnetic material within the body of spiny lob-
sters, indicating possible aggregations of magnetite particles
in close proximity to the central nervous system (Lohmann
1984). As a first step toward elucidating the physiological
effects of pulse magnetization and identifying genes that
might be associated with magnetoreception in spiny lobsters,
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we examined gene expression in the spiny lobster central
nervous system after animals were exposed to a strong mag-
netic pulse.

Materials and methods
Animals

During July 2016, Caribbean spiny lobsters, Panulirus
argus, were collected from hardbottom habitat near Long
Key, FL, USA (24.80° N, 80.87° W) by divers using hand-
held nets. Spiny lobsters were shipped overnight to the Neu-
roscience Institute at Georgia State University where they
were maintained in two plastic, 800 L. communal tanks filled
with filtered, aerated, and recirculating artificial seawater
(Instant Ocean, Aquarium Systems, Mentor, OH, USA).
Water had a salinity of 32—-35 ppt, and the temperature was
maintained at 24°-28 °C. Lobsters were kept on a 13:11 h
light:dark cycle and fed shrimp and squid every other day
for 9-10 days before treatment and tissue dissection. On the
day prior to treatment, each lobster was sexed, weighed, and
measured, after which it was tagged by attaching a labeled,
plastic cable tie to the right antenna (Table 1). A small sam-
ple of an intact pleopod was carefully removed with scis-
sors from each animal and examined under a microscope
for determination of molt stage using the procedures of Lyle
and MacDonald (1983) and Turnbull (1989). Collection of
spiny lobsters was authorized by the Florida Fish and Wild-
life Conservation Commission (permit SAL-14-1333-SR).

Magnetic pulse treatment and tissue collection

Lobsters were divided into two groups. As described pre-
viously (Ernst and Lohmann 2016), lobsters in one group
(n=5 individuals) were exposed to a magnetic pulse (dura-
tion =5 ms; maximum intensity =85 mT) directed antipar-
allel to the horizontal component of the geomagnetic field
(Fig. 1a). The magnetic pulse was similar to pulses used
in numerous previous studies (Wiltschko et al. 1994, 1995,
1998, 2002, 2007, 2009; Beason et al. 1995, 1997; Munro
et al. 1997a, b; Irwin and Lohmann 2005; Ernst and Lohm-
ann 2016). The magnetic pulse was generated by a pulse
magnetizer (model 7515-G, Magnetic Instrumentation, Indi-
anapolis, Indiana, USA).

The second group of spiny lobsters served as controls
(n=3 individuals). Lobsters in this group were handled
identically to those in the first group but were not subjected
to a magnetic pulse (Fig. 1b). After treatment, each lobster
was returned to its respective holding tank for a 2.5 h period
prior to nervous tissue extraction. The treatment order of
pulsed and control animals was interspersed, and the experi-
ment was conducted over the course of two days (Table 1).
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Table 1 Summary of individual

. o 1D Treatment Date Sex Weight (g) CL (mm) Molt stage
spiny lobster characteristics
1 Pulsed 08/11/16 Male 377 75 Intermolt
2 Pulsed 08/11/16 Female 357 73 Intermolt
3 Control 08/10/16 Male 300 70.5 Premolt
4 Control 08/11/16 Female 325 70.5 Postmolt
5 Pulsed 08/10/16 Male 293 72 Intermolt
6 Pulsed 08/11/16 Female 203 60 Premolt
7 Pulsed 08/10/16 Female 303 65 Premolt
8 Control 08/10/16 Female 216 61.5 Intermolt

Tissues from all animals were used for transcriptome assembly, but spiny lobster #5 was excluded from dif-
ferential expression analysis because it was moribund at the time of anesthesia

Date treatment date, CL carapace length

a b

S S

Fig. 1 Magnetic and sham pulse treatments. a Magnetic pulse treat-
ment: spiny lobsters were subjected to a magnetic pulse directed
antiparallel to the horizontal component of the geomagnetic field (i.e.,
toward magnetic south). b Sham pulse treatment: spiny lobsters were
handled identically to those in the magnetic pulse treatment but were
not subjected to a magnetic pulse. The cylinder represents the sole-
noid of the magnetizer, while the arrow outside the solenoid indicates
the direction of the magnetic pulse. N north, S south. Figure modified
from Ernst and Lohmann (2016)

After the 2.5 h post-treatment period, lobsters were anes-
thetized on ice for ~20 min in preparation for dissection and
nervous tissue extraction. Three tissue types were collected
from each animal: (1) supraesophageal ganglion (i.e., brain);
(2) subesophageal ganglion; and (3) thoracic ganglia. After
removal, each tissue sample was immediately placed into
a sterile, RNase-free 5 ml Biopur™ microcentrifuge tube

(Eppendorf North America, Hauppauge, NY, USA) filled
with 4 ml of RNAlater (Qiagen Co., Valencia, CA, USA).
Samples were incubated at 4 °C overnight to ensure that
RNAlater fully permeated the tissues. Samples were then
stored at — 80 °C until they were processed.

RNA extraction, sequencing, and quality trimming

RNA extraction, cDNA library preparation, and sequenc-
ing were completed by the Genomic Sciences Laboratory at
North Carolina State University (Raleigh, NC, USA). Total
RNA extraction was performed with the RNeasy Lipid Tis-
sue Mini Kit (Qiagen Co., Valencia, CA, USA). RNA quality
was assessed using a 2100 BioAnalyzer (Agilent Technolo-
gies, Santa Clara, CA, USA), after which cDNA libraries
were prepared for isolated mRNA using the Ultra Direc-
tional RNA Prep Kit for Illumina (New England BioLabs
Inc., Ipswich, MA, USA). All libraries underwent quality
assessment using a TapeStation 2200 (Agilent Technologies,
Santa Clara, CA, USA) before sequencing. Libraries were
then subjected to 75 base pair (bp) paired-end (PE) sequenc-
ing across two lanes of a NextSeq 500 (Illumina Inc., San
Diego, CA, USA).

Trimmomatic v0.36 (Bolger et al. 2014) was used to
remove I[llumina adapter sequences from all reads. In addi-
tion, the leading and trailing ends of each read were trimmed
to a minimum phred-scaled quality score (Q) >20. Then,
using a sliding window of four bases, we further removed
the trailing base if the mean quality score was <20. After
trimming, reads shorter than 50 bp were removed.

De novo transcriptome assembly

Trinity v2.20 (Grabherr et al. 2011) was used to assemble
the trimmed reads employing a minimum contig length of
200 bp. This assembly was then screened for vector con-
tamination against the UniVec Database (https://www.
ncbi.nlm.nih.gov/tools/vecscreen/univec/). Two transcripts
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with matches for Cloning vector pBR322 (JO1749.1; e-val-
ues =4x 10713 and 2 x 107%7) were subsequently removed.
Using Perl scripts included with the Trinity software, all
remaining reads were then mapped back to the assembled
transcriptome using Bowtie2 v2.3.0 (Langmead and Salz-
berg 2012). Expression was quantified with RSEM v1.2.31
(Li and Dewey 2011). The resulting abundance estimates
were converted to a normalized transcripts per million
(TPM) matrix.

After transcript quantification, all transcripts with a
TPM < 1 were removed, as there is little evidence support-
ing the existence of these transcripts (i.e., they are likely a
result of error or background noise) and their contribution
to overall expression is negligible.

To obtain the final transcriptome assembly, TransDecoder
v3.0.1 (https://transdecoder.github.io/) was used to iden-
tify all open reading frames (ORFs) that were > 100 amino
acids in length, and the longest ORF for each isoform was
retained. We then used CEGMA v2.4 (Parra et al. 2007) and
BUSCO v3.0.2 (Simao et al. 2015) to evaluate the complete-
ness of the de novo assembly.

Functional annotation and gene ontology
classification

We used Blast2GO v4.1.9 (Conesa et al. 2005) to complete
gene ontology (GO) assignments and the functional anno-
tation of the transcripts comprising the de novo assembly.
BLASTx v2.2.30+ (Altschul et al. 1990) was used to search
the NCBI non-redundant (‘nr’) protein database (www.ncbi.
nlm.nih.gov/refseq), and the top 10 hits with an e-value cut-
off of 1072 were retained. In addition, InterProScan v5.22-
61.0 (Jones et al. 2014) was used to further identify and
annotate transcripts via functional classification of proteins
in the assembly. All BLASTx and InterProScan results were
then uploaded into Blast2GO, and the default parameters
were used for the remaining ‘Mapping’ and ‘Annotation’
steps to complete the functional annotation. Results were
saved and exported as GO terms (www.geneontology.org).

Differential gene expression analysis

To quantify expression, all trimmed reads from animals in
the pulsed and control groups were mapped back to the tran-
scriptome using Bowtie2 v2.3.0 (Langmead and Salzberg
2012) and RSEM v1.2.31 (Li and Dewey 2011; Table 2).
To analyze differential gene expression in each of the three
tissues, we used the DESeq2 v1.16.1 package (Love et al.
2014) in R (Version 3.3.3, R Foundation for Statistical Com-
puting, Vienna, Austria), which allowed us to fit a general-
ized linear model to each gene using a negative binomial
distribution. We modeled the expression (y) for each gene as:
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Table 2 Summary statistics for raw sequence data by tissue (+ SD)

Tissue n Total raw Mean raw Mean
reads (x 10%)  reads (x 10%) mapped reads
(x10%
Brain 8 327.0 40.9+3.6 18.1+1.9
SG 8 331.3 414+29 18.6+1.2
TG 8 320.0 40.0+3.2 17.6+1.7
All tissues 24 978.3 40.8+3.1 18.1+1.6

Mean mapped reads indicates the number of raw reads that mapped to
the de novo transcriptome assembly

SG subesophageal ganglion, TG thoracic ganglia

y ~ treatment day + sex + molt stage + group

where group represents a grouping variable that combines
tissue and treatment (e.g., Brain-Pulsed, Brain-Control, etc.).
This design allowed us to contrast the effects of the mag-
netic pulse treatment at the gene level for each of the three
tissues separately while controlling for differences in gene
expression due to treatment day (8/10/2016 or 8/11/2016),
sex (male or female), and molt stage (premolt, intermolt, or
postmolt; Table 1). Differences between groups were cal-
culated as the binary log of the expression ratio of pulsed
tissue groups relative to control tissue groups (Log,FC).
Only genes with a false discovery rate (FDR; Benjamini
and Hochberg 1995) <0.05 were considered differentially
expressed and retained for further analysis. Because one ani-
mal from the pulsed group (spiny lobster #5; Table 1) was
near death just prior to nervous tissue dissection, it was not
included in the differential expression analysis.

Gene ontology enrichment analyses

TopGO v2.28.0 (Alexa and Rahnenfuhrer 2016) was used
to test for GO term enrichment in each of the three tissues
using the Fisher’s exact test and the ‘classic’ algorithm.
Because Trinity assembles both isoforms (i.e., individual
transcripts) and genes (i.e., clusters of transcripts with
shared sequence but different structure, likely representing
alternative splice variants or paralogs), GOs from all iso-
forms were combined for a given gene, and redundant GOs
were removed to eliminate bias during analysis. To avoid
potential biases from rare GOs, terms with fewer than five
occurrences in the dataset were excluded from analysis. Only
GO terms that were significant after correcting for multiple
comparisons (FDR < 0.05; Benjamini and Hochberg 1995)
were retained.

To further explore GO enrichment across the nervous sys-
tem in response to the pulse treatment, GOExpress v1.10.0
(Rue-Albrecht et al. 2016) was used. This analysis package
uses machine learning methods that employ a random forest
statistical framework to identify GO terms associated with
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genes that best classify the samples based on gene expres-
sion profiles. After surveying 1,000 trees, only GO terms
that were significant (p <0.05) and associated with > 5 genes
after 10,000 permutations were retained. The significantly
enriched GO terms discovered by GOExpress were then
visualized with REVIGO (https://revigo.irb.hr/; Supek et al.
2011), which removed redundant GO terms and clustered the
remaining terms by similarity in semantic space.

Results
Transcriptome assembly

A total of > 1.9 billion reads (> 978 million 75 bp PE reads)
were generated from the three neural tissues (Table 2). After
adapter and quality trimming, > 1.5 billion high-quality
reads (> 790 million PE reads; 80.9% of the raw sequenced
reads; Table 2) remained for transcriptome assembly. The
initial raw Trinity assembly consisted of 327,116 transcripts
(mean=913.45 bp; N50=1945 bp; E9ON50=2850 bp),
comprising a total of 298,804,172 bp. TransDecoder
identified 63,083 ORFs > 100 amino acids in length, and
the 30,414 identified as the longest ORF for each isoform
(comprising 15,150 genes) were retained as the transcript set
for the final assembly. Blast2GO annotated 17,913 (58.9%)
of the transcripts, and 10,960 of the GO terms assigned to
transcripts in the assembly were associated with biological
processes, 8235 with cellular components, and 15,475 with
molecular functions.

Of the 248 core eukaryotic genes in CEGMA, 233 com-
plete genes and 4 gene fragments were present in the final
assembly, accounting for 95.6% of the core eukaryotic
genes and indicative of a high-quality assembly. Similarly,
BUSCO analyses also found that a high percentage of the
complete genes in the Eukaryota Odb9 (94.7%), Metazoa
0db9 (91.9%), and Arthropoda Odb9 (91.2%) datasets were
present in the de novo transcriptome.

Altered genes across all tissues

A large number of genes (10.2% of the transcriptome)
showed altered expression in response to the magnetic pulse
treatment. Of these, 647 genes were differentially expressed
in the brain, 1256 genes in the subesophageal ganglion, and
712 genes in the thoracic ganglia (FDR <0.05; Fig. 2).
A cross-comparison of all differentially expressed genes
(DEGs) revealed that 383 genes (24.8% of all unique DEGs)
were present across all tissues (Fig. 3; Table S1).

GO enrichment analysis revealed that 13 GO terms
were significantly enriched (FDR < 0.05) in the brain,
57 in the subesophageal ganglion, and 6 in the thoracic
ganglia (Table 3; see Tables S2-S4 for full results).

Tissue-independent GO analyses with GOExpress indi-
cated that 70 (1.7%) of the 4222 unique GO annotations
assigned to the transcriptome were significantly associated
with gene expression differences induced by the magnetic
pulse treatment (Table 4; see Table S5 for full results). The
terms with the highest ranks were telomere maintenance
(»=0.002), ribosomal small subunit assembly (p =0.011),
and glucose metabolic process (p =0.014). Of the 70 sig-
nificantly enriched GO terms, REVIGO identified 25 clus-
ter representatives (Fig. 4).

The magnetic pulse affected the expression of numer-
ous genes encoding proteins involved with iron metabo-
lism in all three tissues (Tables 5 and S1). These proteins
included transferrin/transferrin precursor (7F) (from this
point on, forward slashes separate different isoforms for
genes), solute carrier family 40 member 1-like (i.e., fer-
roportin; SLC40AI), and metalloreductase STEAP3/
STEAP4-like (STEAP3/4), all of which play a role in iron
ion transport and homeostasis (Liang et al. 1997; Dono-
van et al. 2005; Scarl et al. 2017). Expression of a gene
encoding complex III assembly factor LYRM7 (LYRM?7)
was also significantly altered in all tissues; this protein is
involved in binding and stabilizing iron-sulfur clusters in
the mitochondrial matrix (Sanchez et al. 2013). Numerous
other genes encoding proteins with functions linked to iron
metabolism were also found to be differentially expressed
in a tissue-dependent manner (see below; Tables 5 and
S6).

The expression of a variety of other genes across all tis-
sues was also affected by the pulse, including some linked
to immune processes, mitochondrial functions, stress
response, DNA repair, and hormone metabolism. Several
genes encoding proteins involved with the innate immune
response, including three copies of C-type lectin, numer-
ous ficolin/fibrinogen-related proteins, two anti-lipopol-
ysaccharide factors, caspase, and two beta-1,3-glucan-
binding precursor proteins, all showed altered expression
relative to control tissues (Table S1). The expression of
genes indicative of oxidative and cellular stress responses
was also affected by the pulse treatment in all tissues; these
included two copies of superoxide dismutase [Cu—Zn], as
well as genes encoding an IMPACT-like protein, crusta-
cean hyperglycemic hormone, and several genes involved
with DNA damage repair (Tables 6, 7, and S1). Differ-
ences in expression also occurred for five copies of ester-
ase E4-like/juvenile hormone esterase-like carboxylester-
ase 1/2, two copies of juvenile hormone-inducible, and the
transcription factor Krueppel homolog 1-like, indicating
an effect on juvenile hormone metabolism (Table S1). In
addition, the pulse altered the expression of several genes
linked to photoreception, including genes for carotenoid
isomerooxygenase and retinol dehydrogenase 12-like.
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Fig.2 MA plots of the expression level (Mean of normalized counts)
and ratio (Log,FC) for each gene in spiny lobster tissues exposed to
a magnetic pulse relative to control tissues. a MA plot of Pulsed vs.
Control brains. b MA plot of Pulsed vs. Control subesophageal gan-
glia. ¢ MA plot of Pulsed vs. Control thoracic ganglia. Differentially

Effects on expression of genes in the brain

A total of 647 genes (consisting of 1818 isoforms; 4.3%
of the transcriptome) were differentially expressed in
the brain in response to the magnetic pulse (FDR <0.05;
Fig. 2a; Table S6). Of these, 352 (54.4%) showed signifi-
cant increases in expression, whereas 295 (45.6%) had
decreased expression. In addition to the numerous genes
associated with iron metabolism that were differentially
expressed in all tissues, expression of genes encoding glu-
taredoxin-related protein 5 mitochondrial-like (GLRXYS),

@ Springer

expressed genes are shown in red. A generalized additive model was
fit to the data and is shown in blue. Genes linked to iron regulation
are labeled (PIAO probable iron ascorbate oxidoreductase; see text for
details)

probable iron ascorbate oxidoreductase, and hypoxia
inducible factor 1 alpha (HIF1A) was also altered in the
brain (Table 5), as was the expression of additional genes
indicating oxidative stress (Table 6) and DNA repair
(Table 7).

GO enrichment analyses revealed that DEGs in the brain
were significantly enriched for a total of 13 GO annotations
(Tables 3 and S2), with the top being hydrolase activity,
hydrolyzing O-glycosyl compounds (FDR =0.0034), cata-
lytic activity (FDR =0.0034), and intrinsic component of
membrane (FDR =0.0092).



Journal of Comparative Physiology A

a

118

TG

Fig.3 Venn diagrams showing the distributions of differentially
expressed genes and GO terms across all tissues. a The relationship
between differentially expressed genes across tissues. b The rela-

Effects on expression of genes in the subesophageal
ganglion

The magnetic pulse altered the expression of 1256 genes
(consisting of 3274 isoforms; 8.3% of the transcriptome)
in the subesophageal ganglion (FDR < 0.05; Fig. 2b;
Table S6). Among these, 701 (55.8%) had significantly
elevated expression, whereas 555 (44.2%) had significantly
decreased expression. In addition to those genes whose
expression was affected across all tissues, the expression
of several other genes encoding proteins involved with iron
homeostasis was altered. These proteins included addi-
tional copies of transferrin/pacifastin heavy chain precur-
sor and solute carrier family 40 member 1-like homologs,
zinc transporter ZIP14-like (ZIP14), GLRXS, heme oxy-
genase 1 (HMOXI), and HIFIA (Table 5). Moreover,
numerous other genes associated with oxidative stress also
showed significantly altered expression (Table 6), as well
as several genes linked to DNA repair processes (Table 7).

GO enrichment analyses revealed that these DEGs
were significantly enriched for a total of 57 GO anno-
tations (Tables 3 and S3), many of which were associ-
ated with protein synthesis and mitochondrial functions.
The top GO terms were structural constituent of ribo-
some (FDR =1.2x 107""), ribosome (FDR =4.1 x 107'8),
and intracellular ribonucleoprotein complex
(FDR=6.0%x107"3).

SG

TG Brain

tionship between significantly enriched GO terms across tissues. SG
subesophageal ganglion, 7G thoracic ganglia

Effects on expression of genes in the thoracic
ganglia

A total of 712 genes (consisting of 1879 isoforms; 4.7%
of the transcriptome) were differentially expressed in
the thoracic ganglia in response to the magnetic pulse
(FDR < 0.05; Fig. 2c; Table S6). Of these, the expres-
sion of 315 (44.2%) was significantly increased, whereas
the expression of 397 (55.8%) was decreased. As with
the brain and subesophageal ganglion, differences in the
expression of additional genes involved with iron metabo-
lism were observed; these included genes encoding sidero-
flexin-2 (SFXN2), cytoplasmic aconitate hydratase-like
isoform X1 (ACOI), and an additional copy of transferrin/
pacifastin heavy chain precursor (Table 5). In addition,
genes encoding proteins associated with oxidative stress
(Table 6) and DNA damage (Table 7) also showed altered
expression in the thoracic ganglia of pulsed spiny lobsters.

GO analyses revealed that genes differentially expressed
in the thoracic ganglia were significantly enriched for a
total of six GO annotations (Table 3 and S4), with the
top being carbohydrate metabolic process (FDR =0.0086),
hydrolase activity, hydrolyzing O-glycosyl compounds
(FDR =0.010), and hydrolase activity, acting on glycosyl
bonds (FDR =0.011).
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Table 3 TopGoO list of the top

oo ; GO term Description FDR Category
10 significantly enriched GO
terms in each tissue Brain

GO0:0004553 Hydrolase activity, hydrolyzing O-glycosyl compounds 3.4%x1073 MF
G0:0003824 Catalytic activity 3.4x1073 MF
GO0:0031224 Intrinsic component of membrane 9.2x1073 CC
G0:0016021 Integral component of membrane 9.2x1073 CC
G0:0016491 Oxidoreductase activity 1.0x1072 MF
G0:0030246 Carbohydrate binding 1.0x1072 MF
GO0:0009055 Electron carrier activity 1.0x1072 MF
GO0:0016798 Hydrolase activity, acting on glycosyl bonds 1.0x1072 MF
G0:0044710 Single-organism metabolic process 2.0x1072 BP
G0:0004559 Alpha-mannosidase activity 2.8x1072 MF
Subesophageal ganglion

GO0:0003735 Structural constituent of ribosome 12x107"° MF
G0:0005840 Ribosome 4.1x107'8 cc
GO0:0030529 Intracellular ribonucleoprotein complex 6.0x 10713 CC
GO:1990904 Ribonucleoprotein complex 6.0x 10713 CC
G0:0044391 Ribosomal subunit 8.3x107!" cc
GO:0005198 Structural molecule activity 55%107° MF
G0:0006412 Translation 6.7x1078 BP
G0:0043043 Peptide biosynthetic process 6.7x1078 BP
GO:1901566 Organonitrogen compound biosynthetic process 6.7x107 BP
G0:0043604 Amide biosynthetic process 1.6x107 BP
Thoracic ganglia

GO:0005975 Carbohydrate metabolic process 8.6x1073 BP
G0:0004553 Hydrolase activity, hydrolyzing O-glycosyl compounds 1.0x 1072 MF
GO:0016798 Hydrolase activity, acting on glycosyl bonds 1.1x1072 MF
GO0:0030246 Carbohydrate binding 1.8x1072 MF
G0:0008483 Transaminase activity 1.8x1072 MF
GO:0016769 Transferase activity, transferring nitrogenous groups 1.8x1072 MF

Only six GO terms were significantly enriched in the thoracic ganglia

BP biological process, MF molecular function, CC cellular component, FDR false discovery rate

Table 4 GOExpress list of the top 10 ranked GO terms in response to the magnetic pulse treatment

GO term Average rank Average Count p value Description Category
score (X 10%)

GO:0000723 2400.9 6.8 7 2.0x107  Telomere maintenance BP
GO:0000028 2471.7 0.8 6 1.1x107%2  Ribosomal small subunit assembly BP
GO:0006006 2497.6 2.0 5 1.4x107%  Glucose metabolic process BP
GO:0006816 2511.7 43 6 9.0x10  Calcium ion transport BP
GO:0004888 2642.6 2.2 9 <1.0x107  Transmembrane signaling receptor activity MF
GO:0003756 2678.4 1.2 5 2.2x1072  Protein disulfide isomerase activity MF
GO:0006890 2685.6 1.2 5 1.5x1072  Retrograde vesicle-mediated transport, Golgi to ER BP
GO:0006635 2691.8 1.3 5 277x1072  Fatty acid beta-oxidation BP
GO:0007030 2726.4 2.0 5 2.0x102  Golgi organization BP
GO0:0005891 2743.0 1.0 6 1.5%1072  Voltage-gated calcium channel complex CC

Average rank and score are calculated means for all genes assigned to each GO term, indicating the power to differentiate between the pulsed
and control groups

Count number of genes assigned to GO term, BP biological process, MF molecular function, CC cellular component
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Fig.4 REVIGO semantic similarity scatterplots of enriched GO
terms from GOExpress analysis. a Scatterplot of enriched GO terms
associated with biological processes. RSSA ribosomal small subunit
assembly, GMP glucose metabolic process, CIT calcium ion trans-
port, CRDDS cellular response to DNA damage stimulus, SPP signal
peptide processing, SODP single-organism developmental process,
DBP DNA biosynthetic process. b Scatterplot of enriched GO terms
associated with molecular functions. TFA, SSDB transcription factor
activity, sequence-specific DNA binding, TCA transcription coactiva-
tor activity, PDIA protein disulfide isomerase activity, CA catalytic
activity, TSRA transmembrane signaling receptor activity, VGCCA
voltage-gated calcium channel activity, ECA electron carrier activ-

Discussion

Exposure to a brief, strong magnetic pulse elicited
altered expression of a large number of genes (10.2% of
all expressed genes) throughout the spiny lobster central
nervous system. Affected genes included some involved
with iron regulation, response to oxidative stress, DNA
damage and repair, and immune response. These results
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ity, PIA peptidase inhibitor activity, PCS protein complex scaffold,
ADDHA ATP-dependent DNA helicase activity, MA monooxyge-
nase activity, TA, TAG transferase activity, transferring acyl groups,
HB heme binding, HA hydrolase activity. ¢ Scatterplot of GO terms
associated with cellular components. ER extracellular region, C cell,
VGCCC voltage-gated calcium channel complex, V vesicle. Cluster
representatives after redundancy reduction are shown in bold text.
Bubble color denotes the average rank from the GOExpress analysis,
with warmer colors indicating greater power to differentiate between
Pulsed and Control groups. Bubble size denotes the frequency of the
GO term in the Gene Ontology Annotation (GOA) database, with
more general GO terms represented by larger bubbles

are consistent with the magnetite hypothesis of magne-
toreception, inasmuch as they are compatible with the
interpretation that the pulse damaged or altered magnet-
ite-based magnetoreceptors located in the spiny lobster
central nervous system. In addition, however, the number
and diversity of genes altered by the pulse indicate that a
magnetic pulse has effects that are unlikely to be exclusive
to magnetoreceptors.
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Table 5 Differentially expressed genes associated with iron metabolism in each tissue

Trinity gene ID Protein(s) Brain SG TG
Log,FC FDR Log,FC FDR Log,FC FDR

TRINITY_DN109857_c4_g2* Complex III assembly factor LYRM7 2.53 7.7x107% 2.42 12x107 2.24 3.5x107%
TRINITY_DN110313_c0_gl  Cytoplasmic aconitate hydratase-like isoform — - - - 0.93 8.3x107?

X1
TRINITY_DN112179_c2_gl1  Glutaredoxin-related protein 5 mitochondrial- 0.48 47%1072% 0.55 99x10° - -

like
TRINITY_DN105736_cl_gl = Heme oxygenase 1 - - 0.45 38x1072 - -
TRINITY_DN107132_c6_gl  Hypoxia inducible factor 1 alpha 0.46 44x107% 044 33x1072 - -
TRINITY_DN103075_c5_gl1* Metalloreductase STEAP3/STEAP4-like -078 1.1x102 —128 59x107 —125 15x10°
TRINITY_DN116888_c9_gl1  Probable iron ascorbate oxidoreductase 1.18 12x1072 - - - -
TRINITY_DN105397_c4_g2  Sideroflexin-2 - - - - —053 3.4x107
TRINITY_DN104902_c7_gl1  Solute carrier family 40 member 1-like - - —072 27x103 - -
TRINITY_DN110965_c4_g2* Solute carrier family 40 member 1-like —078 11x10° =056 22x102 —0.69 4.3x1073
TRINITY_DN114117_c4_gl  Transferrin/pacifastin heavy chain precursor  — - -0.79 14x102 -086 92x107
TRINITY_DN114727_c3_gl* Transferrin/transferrin precursor —070 16x10% —-074 62x10° —-093 27x10*
TRINITY_DN111847_c7_gl  Zinc transporter ZIP14-like - - 0.58 41%x1072 - -

Genes differentially expressed in all tissues are denoted with an asterisk. Isoforms are separated by forward slashes

SG subesophageal ganglion, TG thoracic ganglia, Log,FC Log,(fold change), FDR false discovery rate

Effect on iron regulation

In principle, a magnetic pulse might affect magnetite-based
magnetoreceptors through remagnetization (e.g., reversing
the magnetic dipole moment of magnetite crystals), physical
damage to the receptor as a result of translocation and/or
rotation of magnetite particles upon exposure to the strong
magnetic gradient produced by the pulse, and/or disruption
of clusters of interacting superparamagnetic crystals (Davila
et al. 2005). For these reasons, we predicted that if such
magnetoreceptors exist within the spiny lobster central nerv-
ous system, then a magnetic pulse might induce the expres-
sion of genes involved with iron regulation, possibly indicat-
ing magnetoreceptor repair or replacement, the deleterious
oxidative effects of free iron on cells (Winterbourn 1995;
Emerit et al. 2001), and processes related to tissue damage.

Differential expression analyses revealed that, in each
tissue, genes linked to iron binding, transport, and homeo-
stasis had significantly altered expression (Table 5). Moreo-
ver, GO analyses revealed the enrichment of GO functions
associated with iron, including heme binding and inorganic
cation transmembrane transporter activity (Tables S2-S5).
Numerous enriched functions were also associated with
oxidative damage, including peroxidase activity, oxidore-
ductase activities (i.e., oxidoreductase activity, oxida-
tion-reduction process, protein disulfide oxidoreductase
activity, and electron carrier activity), and DNA damage
and repair (i.e., cellular response to DNA damage stimulus,
double-strand break repair via nonhomologous end joining,
double-strand break repair, nucleotide-excision repair, and
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telomere maintenance). Effects on these processes suggest
a disruption of iron homeostasis in the nervous system and,
perhaps additionally, the subsequent oxidative consequences
on cellular membranes, proteins, and DNA (Winterbourn
1995; Emerit et al. 2001).

Three genes encoding proteins central to iron regulation
were differentially expressed relative to controls across all
tissues, including transferrin/transferrin precursor, the met-
alloreductase STEAP3/STEAP4-like, and solute carrier fam-
ily 40 member 1-like (Table 5). Transferrin is one of the
most important iron transport proteins in animals, in that it
binds extracellular iron (Fe**) and transports it to various
tissues to control cellular iron concentrations (Huebers et al.
1982; Aisen 1998). For iron to enter eukaryotic cells, it must
first be reduced to Fe** by the metalloreductase STEAP3/4.
Like transferrin, STEAP3 and STEAP4 are therefore critical
to cellular iron homeostasis (Ohgami et al. 2006; Zhou et al.
2013; Scarl et al. 2017). By contrast, solute carrier family
40 member 1-like regulates cellular iron concentrations by
exporting iron out of cells (Donovan et al. 2005; Boserup
et al. 2011; Ward and Kaplan 2012). One interesting possi-
bility is that these genes are involved with repair or replace-
ment of damaged magnetite-based magnetoreceptors in the
central nervous system through removing excess iron from
impaired receptors or through supplying iron to cells for the
biogenesis of new iron-oxide nanocrystals.

Interestingly, the gene LYRM?7 was among those with
the highest increase in expression relative to controls in
all three tissues. This gene encodes the protein complex
IIT assembly factor LYRM?7, which functions in binding
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Table 6 Differentially expressed genes associated with oxidative stress in each tissue, ordered by Log,FC

Trinity gene ID Protein(s) Log,FC  FDR
Brain

TRINITY_DN117088_c0_g1 Glutathione peroxidase 3 1.37 2.1x1072
TRINITY_DN102497_c8_gl  Glutaredoxin-1 isoform X3/LOC105347460 isoform X2/LOC101162407 isoform X2 0.82 2.8x1072
TRINITY_DNO93768_c0_gl X-box-binding 1-like 0.64 40x107
TRINITY_DN116214_c1_gl Peroxidase-like isoform X2/chorion peroxidase 0.62 34%107
TRINITY_DN100245_c2_g2 Thioredoxin-dependent peroxide mitochondrial 0.50 2.7%1072
TRINITY_DN112835_cl_gl  Heat shock 67B2-like 0.47 1.9%1072
TRINITY_DN101460_c7_gl =~ NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6 0.47 1.6x1072
TRINITY_DN107132_c6_gl  Hypoxia inducible factor 1 alpha 0.46 4.4x1072
TRINITY_DN111524_c2 gl Peroxisomal biogenesis factor 19 0.29 3.5x1072
TRINITY_DN103533_c0_g1 G-coupled receptor Mth2-like isoform X1 —-1.01 32x107
Subesophageal ganglion

TRINITY_DN102497_c8_gl  Glutaredoxin-1 isoform X3/LOC105347460 isoform X2/LOC101162407 isoform X2 0.96 40%1073
TRINITY_DN104446_c1_gl = Metallothionein 0.87 29x107*
TRINITY_DN101597_cl_gl = Heme-binding 2-like 0.82 7.5%107*
TRINITY_DN93768_c0_gl X-box-binding 1-like 0.77 3.6x107°
TRINITY_DN97124_c2_gl Glutathione S-transferase 0.75 1.0x1073
TRINITY_DN106072_c3_gl  Nucleoside diphosphate kinase homolog 5-like 0.67 1.9%107
TRINITY_DN110114_c3_gl Microsomal glutathione S-transferase 1 0.64 43%1073
TRINITY_DN116214_c1_gl Peroxidase-like isoform X2/chorion peroxidase 0.64 1.5%1073
TRINITY_DN100245_c2_g2 Thioredoxin-dependent peroxide mitochondrial 0.59 3.4x1073
TRINITY_DN112835_cl_gl  Heat shock 67B2-like 0.51 5.8x107°
TRINITY_DN104671_c5_gl Peroxiredoxin 6 0.51 3.8x1072
TRINITY_DN101460_c7_gl =~ NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6 0.49 6.8x107
TRINITY_DN114568_c1_gl Heat shock cognate 70 0.44 1.5x1072
TRINITY_DN107132_c6_gl  Hypoxia inducible factor 1 alpha 0.44 33x1072
TRINITY_DN108821_c2_gl Heat shock 0.42 7.5%107
TRINITY_DN104819_c4_gl  G-coupled receptor Mth2 isoform X1 —0.65 7.6x107*
TRINITY_DN116256_c5_g1 Peroxidasin/T-cell surface tactile-like isoform X2 -0.96 6.9%x1073
Thoracic ganglia

TRINITY_DN106072_c3_gl  Nucleoside diphosphate kinase homolog 5-like 0.79 6.0x107°
TRINITY_DN93768_c0_gl X-box-binding 1-like 0.54 4.1%x107
TRINITY_DN111524_c2_gl Peroxisomal biogenesis factor 19 0.36 2.7%x1073
TRINITY_DNO98627_c2_g2 Phospholipid-hydroperoxide glutathione peroxidase -0.37 7.9%x107
TRINITY_DN114611_c7_g3 Heat shock 67B2 -0.57 2.7%x1072
TRINITY_DN116256_c5_gl Peroxidasin/T-cell surface tactile-like isoform X2 —-0.81 4.6x1072
TRINITY_DN101159_c0_g1 Heat shock 70 —2.00 2.1x107

Isoforms are separated by forward slashes

Log,FC Log,(fold change), FDR false discovery rate

and stabilizing Rieske iron-sulfur (2Fe-2S) clusters in the
mitochondrial matrix (Cui et al. 2012; Sanchez et al. 2013).
Similarly, another gene involved with mitochondrial iron-
sulfur cluster biogenesis, GLRX5 (Ye et al. 2010), showed
increased expression in the brain and subesophageal gan-
glion. Although it is unclear from the current study, it is pos-
sible that the pulse might have liberated iron-sulfur clusters
within the mitochondrial matrix, possibly through damage to
the various iron-dependent protein complexes of the electron

transport chain, such as complex III. As a result, LYRM7 and
GLRXS5 expression might have increased to bind, sequester,
and/or stabilize these unbound clusters and reduce oxidative
damage.

Other genes also involved with iron regulation were dif-
ferentially expressed on a tissue-dependent basis (Table 5).
In the brain and subesophageal ganglion, the pulse affected
the expression of a gene encoding hypoxia inducible factor
1 alpha (HIF1A), a transcription factor that, among other
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Table 7 Differentially expressed genes associated with DNA damage and repair in each tissue, ordered by Log,FC

Trinity gene ID Protein(s) Log,FC FDR
Brain
TRINITY_DN112216_c3_gl Non-structural maintenance of chromosomes element 1 homolog 0.47 3.1x1072
TRINITY_DN110851_c8_g3 E3 ubiquitin-ligase RNF168-like -0.52 9.1x107
TRINITY_DN108334_c3_gl DNA damage-inducible transcript 4 -0.59 2.7%1072
TRINITY_DN112733_c8_g3 DNA damage-binding 2 isoform X1/2 -0.72 3.1x1072
TRINITY_DN111533_c8_g3 DNA repair RAD51 homolog 3 isoform X2 - 0.87 4.6x1072
TRINITY_DN111487_c2 gl Regulator of telomere elongation helicase 1 homolog -1.27 1.0x107*
Subesophageal ganglion
TRINITY_DN106597_c1_g2 Apurinic apyrimidinic endonuclease apnl 0.85 6.2x1073
TRINITY_DN108375_c6_g3 SWI/SNF-related matrix-associated actin-dependent regulator of chroma- 0.62 1.3%x1072
tin subfamily A containing DEAD H box 1 homolog
TRINITY_DN115275_c6_g1 General transcription factor IIH subunit 4 0.61 8.7x107
TRINITY_DN100230_c0_g1 Ubiquitin-conjugating enzyme E2 T 0.49 3.4x1072
TRINITY_DN113229 _cl_gl DNA mismatch repair Msh6-like 0.48 8.1x107
TRINITY_DN110167_c8_gl E3 ubiquitin-ligase RNF8-like isoform X2 0.48 2.6x1072
TRINITY_DN97324_c0_gl Replication A 14 kDa subunit-like 0.48 4.0%x1072
TRINITY_DN99951 _cl_gl ATP-dependent DNA helicase Q1-like 0.47 3.5%x1072
TRINITY_DN112216_c3_gl Non-structural maintenance of chromosomes element 1 homolog 0.46 2.0%x1072
TRINITY_DN112073_c2_gl Flap endonuclease 1 0.31 3.1x1072
TRINITY_DN117256_c3_g2 Claspin isoform X2 - 0.67 9.5%1073
Thoracic ganglia
TRINITY_DN108375_c6_g3 SWI/SNF-related matrix-associated actin-dependent regulator of chroma- 0.60 24%x1072
tin subfamily A containing DEAD H box 1 homolog
TRINITY_DN110167_c8 gl E3 ubiquitin- ligase RNF8-like isoform X2 0.49 3.8x1072
TRINITY_DN112073_c2_gl Flap endonuclease 1 0.35 2.0%x1072
TRINITY_DN110851_c8_g3 E3 ubiquitin- ligase RNF168-like -0.51 14%1072
TRINITY_DN108334_c3_gl DNA damage-inducible transcript 4 —-0.53 5.0x1072
TRINITY_DN111487_c2 gl Regulator of telomere elongation helicase 1 homolog -0.79 4.4x107
TRINITY_DN111609_c2_gl DNA helicase MCM8 isoform X2 —-0.86 1.8x1072

Isoforms are separated by forward slashes
Log,FC Log,(fold change), FDR false discovery rate

things, regulates the expression of genes related to iron
uptake and storage, including ferritin and the iron trans-
porter SMF3 (Romney et al. 2011). In the subesophageal
ganglion, the pulse also altered the expression of ZIP14, a
metal transporter that mediates iron uptake into cells (Liuzzi
et al. 2006; Zhao et al. 2010). Furthermore, additional cop-
ies of genes encoding transferrin/pacifastin heavy chain pre-
cursor, a protein with 3 transferrin-like lobes (Liang et al.
1997), also showed altered expression in both the subesoph-
ageal ganglion and thoracic ganglia, potentially indicating a
larger impact on iron-bearing structures or iron metabolism
in these tissues. Additionally, ACOI, a gene encoding an
iron regulatory protein 1 homolog which acts as an ‘iron sen-
sor’ and controls iron metabolism (Huang et al. 1999), was
differentially expressed in the thoracic ganglia. Changes in
the expression of this gene can have significant downstream
impacts on iron homeostasis in animals through binding to
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iron responsive elements (IREs) and subsequent alteration
of the translation of genes involved with iron metabolism
(Volz 2008).

Together, these results provide strong evidence that the
magnetic pulse had an impact on iron homeostasis within
the spiny lobster central nervous system, possibly as a result
of damage to magnetite-based magnetoreceptors and subse-
quent repair or replacement of impaired receptors. Indeed, a
number of GO terms associated with iron-related oxidative
stress, possibly as a result of displaced iron-oxide nanocrys-
tals, were enriched in the central nervous system (Tables
S2-S5). It is also possible that the magnetic pulse had a
damaging effect on numerous proteins with iron cofactors
which are unrelated to iron regulation, resulting in altered
expression to replace compromised proteins. Damage to
these proteins might have led to unbound iron ions, fur-
ther contributing to the oxidative stress-related activities
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observed throughout the nervous system. Additional stud-
ies will be needed to determine which, if any, of the affected
genes and associated proteins are linked to effects on mag-
netite-based magnetoreceptors in spiny lobsters.

The results of the current study bear some resemblance to
those reported in a similar study (Fitak et al. 2017) involv-
ing the brains of rainbow trout (Oncorhynchus mykiss). In
the trout study, expression of genes encoding subunits of
the iron-storage protein ferritin (frim) and several proteins
linked to oxidative stress was altered in response to a similar
magnetic pulse (Fitak et al. 2017; Arniella et al. 2018). How-
ever, differences between the trout and spiny lobster stud-
ies are also apparent. Although several frim homologs were
present in the lobster central nervous system transcriptome,
none of these genes were differentially expressed. Several
key differences between the two studies might explain this
discrepancy. First, while the pulse treatment used in the two
studies was identical in duration and strength, the magnetic
pulse orientations were in opposing directions relative to
the ambient magnetic field (i.e., directed toward magnetic
north in the trout work and directed toward magnetic south
in the current study). Second, the animals in each study were
euthanized at different time points (i.e., trout were eutha-
nized ~ 5 min after pulse exposure, while spiny lobsters were
euthanized ~ 2.5 h after pulse exposure). Finally, the species
used in these studies differ in many aspects of physiology;
for instance, spiny lobsters rely on copper-based proteins
(hemocyanin) for oxygen transport, rather than the iron-
based proteins (hemoglobin) present in trout. Nevertheless,
the similarities between the findings of the two studies are
intriguing and offer a first point of comparison in assess-
ing physiological effects of a magnetic pulse on disparate
species.

Effect on vision-related gene expression

The magnetic pulse affected the expression of multiple genes
linked to photoreception, including several that encode
carotenoid isomerooxygenase (ninaB). In Drosophila, this
enzyme is involved in the extra-retinal biogenesis of the
visual chromophore rhodopsin (Gu et al. 2004; Wang et al.
2007). In addition, the expression of genes encoding reti-
nol dehydrogenase 12-like (RDH12) was also affected. This
protein is known to convert 11-cis-retinol to 11-cis-retinal
in vertebrate photoreceptors (Thompson et al. 2005; Maeda
et al. 2006) and shows similar activity in Drosophila (Wang
et al. 2010). Interestingly, the expression of genes associ-
ated with visual structures was also altered in response to a
magnetic pulse in the trout brain (Fitak et al. 2017; Arniella
et al. 2018). It is unclear, however, why the magnetic pulse
affected the expression of genes associated with phototrans-
duction pathways in the spiny lobster nervous system.

Photosensitivity and opsins are widespread in arthro-
pod nervous systems (Prosser 1934; Wilkens and Larimer
1976; Sandeman et al. 1990; Bobkova et al. 2003; Mori and
Kuramoto 2004; Kingston and Cronin 2015). In the cur-
rent study, genes encoding numerous opsins were present
in the spiny lobster central nervous system transcriptome
(e.g., opsin Rh2; rhodopsin-like; rhodopsin, partial; two
long wavelength-sensitive opsins; and compound eye opsin
BCRH?2). One possibility is that the magnetic pulse, through
unknown mechanisms, either damaged or otherwise affected
extraocular photoreceptors located in the spiny lobster cen-
tral nervous system.

Another possibility is that the magnetic pulse affected
carotenoid isomerooxygenase proteins indirectly through the
pulse’s effects on iron metabolism, as these proteins bind
Fe?* cofactors (Kloer et al. 2005). Further studies are needed
to determine if these proteins play a role in photoreception
in the spiny lobster central nervous system and to elucidate
the mechanism by which expression of these genes is altered
by a magnetic pulse.

Interestingly, none of the expressed genes encoding
cryptochromes in the spiny lobster central nervous system
(i-e., three copies of cryptochrome 1 and two copies of cryp-
tochrome DASH-like) showed altered expression in any of
the three spiny lobster nervous tissues. Cryptochromes have
received attention as components of a possible mechanism
underlying the magnetic compass in birds (Ritz et al. 2000;
Liedvogel and Mouritsen 2010). Interestingly, a magnetic
pulse similar to the one used in this study did not appear
to affect the bird magnetic compass (Munro et al. 1997b).
While the absence of altered cryptochrome expression in
lobsters after a magnetic pulse does not rule out the radical
pairs mechanism, it does suggest that either the pulse failed
to alter cryptochrome gene expression in the spiny lobster
central nervous system, or that the time point used for our
sampling protocol was unsuitable (i.e., too early or too late)
to detect differences in cryptochrome gene expression. Fur-
ther research is needed to investigate these possibilities.

Other effects on gene expression

Although the magnetic pulse had effects consistent with
an impact on iron-related and photoreception-related pro-
cesses in the central nervous system, a number of other
processes were also affected. Interestingly, unlike the brain
and thoracic ganglia GO enrichment profiles, many of the
GO terms enriched in the subesophageal ganglion were
associated with protein synthesis; these included ribo-
some, cytosolic ribosome, and translation (Tables 3 and
S3). In addition, a number of GO terms were linked to
mitochondria (e.g., mitochondrion, aerobic respiration,
and tricarboxylic acid cycle). Although the exact cause
of such an effect on protein synthesis and mitochondrial
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functions in the subesophageal ganglion cannot be deter-
mined from the current study, one possibility is a stress
response induced by the magnetic pulse treatment in this
tissue.

The magnetic pulse also elicited changes in the expres-
sion of genes related to an innate immune response. For
instance, the pulse treatment altered the expression of genes
encoding proteins with antimicrobial properties, such as
C-type lectins (Jin et al. 2013; Zhang et al. 2016; Pees et al.
2016), anti-lipopolysaccharide factors (Tanaka et al. 1982;
Beale et al. 2008; de la Vega et al. 2008), beta-1,3-glucan-
binding precursor (Barracco et al. 1991; Thornqvist et al.
1994; Vargas-Albores and Yepiz-Plascencia 2000), ficolin/
fibrinogen-like proteins (Soderhill et al. 2009; Chai et al.
2012; Sun et al. 2014; Dai et al. 2017), scavenger receptor
proteins (Ramet et al. 2001; Yang et al. 2016), and Limulus
clotting factor C-like (Nakamura et al. 1986). In addition,
prophenoloxidase activating factor, a protein that activates
the invertebrate innate immune defense system in response
to tissue damage and pathogens (Cerenius and Soderhéll
2004), was differentially expressed in the subesophageal
ganglion. Furthermore, several copies of esterase E4-like/
juvenile hormone esterase-like carboxylesterase 1 also
showed altered expression, suggesting an effect on juvenile
hormone metabolism. Aside from its functions in molt-
ing, metamorphosis, and reproduction (Homola and Chang
1997), juvenile hormone is also linked to regulation of the
innate immune system (Flatt et al. 2008; Tian et al. 2010;
Schwenke and Lazzaro 2017).

Although it is unclear why immune processes were
affected, one possibility is that the pulse disrupted not
only magnetite-based magnetoreceptors but also other iron
oxide crystals present within the central nervous system. In
this context it is worth noting that the amount of magnetic
material that has been detected in both animal tissue and
human brains greatly exceeds what is theoretically needed
for magnetoreception (Kirschvink and Gould 1981; Yorke
1985; Kirschvink et al. 1992; Edmonds 1992). In principle,
the translocation of magnetic particles (whether involved
in magnetoreception or not) by a magnetic pulse might
lead to tissue damage. An observation consistent with this
hypothesis is that, upon dissection, two of the animals that
were subjected to a magnetic pulse (spiny lobsters #1 and
#5; Table 1) displayed internal hemolymph clotting around
the central nervous system and within the hemocoel; one
of these lobsters exhibited considerable clotting and,
because it became moribund just before anesthesia, was not
included in the differential expression analysis. Thus, an
effect of the magnetic pulse on magnetic material unrelated
to magnetoreception appears plausible. An additional pos-
sibility is that the observed pattern of altered expression of
genes related to immune function and the observed hemo-
lymph clotting might be a result of links between microbial
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infection and iron-sequestering mechanisms employed by
the innate immune system (Ong et al. 2006; Toe et al. 2012).

Intriguingly, the magnetic pulse affected the expression
of two genes encoding ion channels associated with sensory
transduction, the transient receptor potential (TRP) channel
homologs Pyrexia and TRPAI1 in the thoracic ganglia and
subesophageal ganglion, respectively. While both Pyrexia
and TRPAL1 are sensitive to temperature (Lee et al. 2005;
Hamada et al. 2008), TRPA1 is also known to play a role
in the detection of pain, tissue damage, and reactive oxygen
species in animals (Viana 2016; Arenas et al. 2017) and
is expressed in spiny lobster sensory tissues (Kozma et al.
2018, 2020). One possible interpretation of these findings
is that they reflect pulse-induced tissue damage in the spiny
lobster subesophageal ganglion. Interestingly, TRPAI is
also involved in mechanotransduction in C. elegans (Kindt
et al. 2007). The magnetite-based magnetoreceptor model
proposes that torque on magnetite crystals might be trans-
duced through mechanically activated ion channels (Johnsen
and Lohmann 2005). Thus, an interesting speculation is that
TRPA1 might function in the mechanical transduction of
magnetic information in the spiny lobster nervous system,
although future studies will be needed to confirm or refute
this hypothesis.

Possible electric field effects

Although the treatment used in this experiment involved
subjecting spiny lobsters to a brief, strong magnetic pulse,
we cannot exclude the possibility that at least some of the
observed effects on the spiny lobster central nervous system
were caused by electric field transients induced by the pulsed
magnetic field, rather than by the magnetic field itself. In
accordance with Faraday’s law, a changing magnetic field
induces an electric field (Purcell 1985); such electric fields
might, in principle, have effects on the central nervous
system (e.g., by stimulating neurons (Pashut et al. 2011)
or altering electrochemical gradients). More work will be
required to determine if the observed effects on gene expres-
sion are attributable to the pulsed magnetic field, an associ-
ated electrical field transient, or a combination of the two.

Overview and significance

This study is the first to investigate the effects of a magnetic
pulse on gene expression in an invertebrate. Our results indi-
cate that numerous genes involved with iron homeostasis,
oxidative stress, immune response, and DNA repair showed
altered expression in response to the pulse treatment, con-
sistent with the hypothesis that a magnetic pulse damages or
disrupts magnetite-based magnetoreceptors in the spiny lob-
ster nervous system. In addition, the pulse also elicited dif-
ferential expression of numerous genes implicated in diverse
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biological processes with no apparent link to magnetore-
ception. Further work is needed to determine the functional
significance of the observed expression patterns in each tis-
sue and to ascertain whether at least some of the genes with
altered expression are indeed linked to magnetoreception.

How and why a magnetic pulse altered the expression of
numerous genes with diverse functions is unknown, but the
fact that it did has important implications for magnetorecep-
tion research. At present, much of the strongest evidence
for magnetite-based magnetoreception consists of behav-
ioral studies using pulse magnetization; most such studies
have relied on magnetic pulses similar to the one used in
the current study (e.g., Wiltschko et al. 2002). A general
assumption underlying such studies has been that changes
in orientation behavior resulting from a magnetic pulse are
exclusively attributable to effects of the pulse on biogenic
magnetite and, by extension, the magnetic sense (Kirsch-
vink et al. 2001). The new finding that numerous molecular
pathways in the central nervous system of spiny lobsters
are affected by a pulse complicates the interpretation of
such studies by raising the possibility of a pulse influencing
behavior in multiple ways.

A potentially interesting direction for future research is
to investigate whether both gene expression and behavioral
results are affected by the properties of a magnetic pulse and
how it is administered. For example, factors such as duration
and intensity of the pulse, as well as the orientation of the
pulse relative to the animal and whether biasing fields are
used (e.g., Wiltschko et al. 2002), might all hypothetically
have an impact on the outcome.

In sum, the results of the present study are consistent with
the hypothesis that a magnetic pulse affects magnetite-based
receptors in spiny lobsters. At the same time, the findings
highlight the need for caution when interpreting the results
of behavioral studies involving pulse magnetization, inas-
much as a magnetic pulse administered to lobsters is now
known to alter expression of a large subset of genes, some of
which have no apparent link to magnetoreception.

Data deposition

All sequence data associated with this study are acces-
sible through the NCBI BioProject database (acces-
sion PRINA476144), including the raw sequence
data (Sequence Read Archive accession numbers
SRR7359927-SRR7359950) and the final transcriptome
assembly (Transcriptome Shotgun Assembly database acces-
sion number GHUJ00000000).
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