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Amyotrophic lateral sclerosis (ALS) is frequently caused by mutations in the SOD1 gene. Here, we report the first SOD1 variant in
Malta, an archipelago of three inhabited islands in southern Europe. We describe a patient with a sporadic form of ALS living on the
island of Gozo in which the heterozygous SOD1 c.272A>C; p.(Asp91Ala) variant was detected. The patient had a late onset (79
years), sensory impairments and rapid disease progression culminating in respiratory failure. ALS has not yet developed in any of
the three additional family members in which the D91A variant was identified. None of the healthy controls from the Maltese
population were found to carry this variant. This report underscores the high prevalence of the D91A variant in Europe, despite the
presence of a North-South gradient in its frequency, and confirms that this variant can be associated with dominant cases in
Mediterranean countries.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an adult-onset, rapidly
progressing, neurodegenerative disease. Onset is typically accom-
panied by clinical signs of upper and/or lower motor neuron
degeneration with patients showing weakness in the bulbar
muscles, only the limbs, or both regions simultaneously. Death
usually occurs 2–3 years after clinical onset, mostly because of
respiratory failure. ALS is classified as familial (fALS) in the
presence of a clear family history of the disease and sporadic
(sALS) when this is absent [1]. To date, variants in any of more than
40 genes have been reported to cause monogenic fALS with more
than half of the cases explained by highly penetrant causal
variants residing in C9orf72 (23%), SOD1 (19%), TARDBP (3%) or
FUS (3%) genes [2].
SOD1, the first gene linked to ALS, encodes for the copper/zinc

superoxide dismutase, a metalloenzyme that catalyses the
dismutation of the superoxide radical to hydrogen peroxide and
oxygen [3]. All SOD1 deleterious variants show autosomal
dominant inheritance except the p.Asp91Ala or D91A variant
(also known as D90A; dbSNP155 ID rs80265967), which shows
recessive inheritance, initially described in ALS cases from Sweden,
Norway and Finland [4]. Nonetheless, heterozygous SOD1 D91A
ALS patients have now been described in various European
populations [5] including those in southern Italy [6, 7]. SOD1 D91A
appears to have been a founder allele in Finno-Scandinavian
populations [8, 9], hence explaining the high allele frequency in
Finland and northern Sweden [10], and the spread of the allele in
Europe could be the result of Viking conquests. SOD1 D91A ALS
patients have a heterogenous clinical phenotype with homo-
zygotes displaying slow progression with long survival, while

heterozygotes have a more variable clinical pattern [4]. Establish-
ing whether SOD1 D91A is pathogenic in the heterozygous state
in particular populations, is imperative, considering that patients
can be better informed about whether they can benefit from
gene-specific treatments presently in development including
SOD1-specific antisense oligonucleotide, Tofersen [11].
Gozo (known by inhabitants as ‘Għawdex’) is the second-largest

island of the Maltese archipelago (total area 67 km2), located at
the southernmost tip of Europe. The population of Gozo presently
numbers around 34,430, which is 6.7% of the total population of
Malta (514,564). The Gozitan population was seeded around 5000
BC by settlers coming from neighbouring Sicily. More than 900
years ago, both Malta (including Gozo) and Sicily were ruled by
the Normans, who descended from Norse Vikings [12]. The capital
city of Gozo is Victoria (known by inhabitants as ‘Rabat’) and its
population is the least homogenous compared to the other
villages and towns of the island [13]. We have recently showed
that Maltese ALS patients do not have deleterious variants in
C9orf72, SOD1, TARDBP or FUS genes indicating that the most
commonly mutated ALS genes globally do not have a major
impact on the ALS population in Malta [14]. Here, we report the
first SOD1 variant in the Maltese ALS population. We describe a
sALS patient living in Gozo in which the heterozygous D91A
variant was detected.

MATERIALS AND METHODS
Study participants
On obtaining the index patient’s family history, other family members were
interviewed and neurologically evaluated. For reference purposes, 27 (13

Received: 8 August 2021 Revised: 14 September 2021 Accepted: 21 September 2021
Published online: 7 October 2021

1Centre for Molecular Medicine and Biobanking, Biomedical Sciences Building, University of Malta, Msida, Malta. 2Department of Physiology and Biochemistry, Faculty of
Medicine and Surgery, University of Malta, Msida, Malta. 3Department of Neurology, Gozo General Hospital, Victoria, Gozo, Malta. ✉email: ruben.cauchi@um.edu.mt

www.nature.com/ejhg

http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-021-00975-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-021-00975-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-021-00975-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41431-021-00975-x&domain=pdf
http://orcid.org/0000-0002-9488-1077
http://orcid.org/0000-0002-9488-1077
http://orcid.org/0000-0002-9488-1077
http://orcid.org/0000-0002-9488-1077
http://orcid.org/0000-0002-9488-1077
http://orcid.org/0000-0001-6150-1608
http://orcid.org/0000-0001-6150-1608
http://orcid.org/0000-0001-6150-1608
http://orcid.org/0000-0001-6150-1608
http://orcid.org/0000-0001-6150-1608
https://doi.org/10.1038/s41431-021-00975-x
mailto:ruben.cauchi@um.edu.mt
www.nature.com/ejhg


men, 14 women) healthy elderly subjects (mean age 70.6 ± 11.5 SD) were
recruited. Written informed consent was obtained from all participants.

Genome sequencing and mining
DNA extraction and whole-genome sequencing was done as described
previously [14]. The index patient’s genome was mined for variants in
established ALS causative genes, restricting analyses to those with
European minor allele frequency ≤0.01. Allele verification was performed
by Sanger sequencing.

RESULTS
Clinical findings
A 79-year-old male (II:1) living in Victoria (Fig. 1), was admitted to
our department because of a several month history of right leg
weakness, dragging right foot and deteriorating gait. Family
history was negative for neurological diseases except for the
proband’s mother (I:2) who died at 101 years from stroke (Fig. 2).
The father (I:1) died at 92 years of age from natural causes.
Neurological examination of the cranial nerves showed normal
facial motor function, a hoarse dysphonic voice, no tongue
fasciculations but difficulty with protruding the tongue out of the
mouth. Limb examination revealed lower limb areflexia, flexor

plantar reflex, lack of clonus, leg muscle atrophy, and monoparesis
of the right lower limb with a partial foot drop. There were florid
fasciculations over both biceps and triceps, bilateral anterior chest
and back muscles without evident wasting. Sensory testing
revealed reduced perception of light touch, pin prick and joint
position at both feet. Cranial and spinal MRI detected no
abnormalities. Electromyography and nerve conduction studies
revealed fasciculations and denervation in 3 limbs, trunk and
tongue. The patient had no swallowing issues and speech was
mildly affected. ALS Functional Rating Scale-revised (ALSFRS-R)
score was 36. He reported to have worked as a nurse for about 40
years prior to retiring. This occupation falls outside the risk
category flagged by us in a recent study [15].
Progressive paraparesis ensued over the subsequent 12 months.

Fasciculations gradually resolved followed by the emergence of
mild upper motor neuron signs, increasing dysphonia but
adequate swallowing. Upper limbs were relatively spared. The
patient was admitted to hospital because of diminished appetite,
weight loss, low mood and weakening voice. Mild dysphagia was
identified and overnight oximetry showed nocturnal desaturation.
Arterial blood gases were indicative of type 2 respiratory failure
despite the absence of shortness of breath at rest. Some early
accessory muscle use was noted. The patient was started on non-
invasive ventilation. Unexpectedly, respiratory function deterio-
rated rapidly, partly due to non-compliance. Death occurred
during the night from sudden cardiorespiratory arrest, one year
from symptom onset.

Genetic analysis
Whole-genome sequencing of the proband followed by Sanger
confirmation revealed a heterozygous aspartic acid to alanine
substitution at codon 91 (GAC>GCC) in the SOD1 gene (Fig. 3). No
damaging variants were found in genes associated with ALS
including C9orf72, TARDBP or FUS. The same change was identified
in three additional family members (age range, 74–76 years)
(Figs. 2 and 3). On examination, none had neurological symptoms
except for one brother (II:10) who reported difficulties in his
handwriting (ALSFRS-R= 46). None of the healthy controls
recruited from Gozo (11.1%) and mainland Malta (88.9%) were
found to carry the SOD1 D91A variant.

DISCUSSION
We describe the first SOD1 variant in an ALS patient that has lived
on the island of Gozo (Malta). Reported in many countries
including in neighbouring Italy [6, 7, 16, 17], SOD1 D91A is the
most prevalent variant in Europe. Nonetheless, there seems to be
a North-South gradient in the frequency of this allele across
Europe (https://gnomad.broadinstitute.org/), with a high

Fig. 1 Geographical distribution of proband and siblings on the
Maltese archipelago. SOD1 D91A proband resided in Victoria, the
capital city of Gozo. Most sibs also reside in this locality. One sib has
since relocated to mainland Malta.

Fig. 2 Three-generation family pedigree. The arrow indicates the proband. Circles are females whilst squares are males. A diagonal arrow
indicates that the individual is deceased. Filled symbols indicate individuals affected with ALS. SOD1 D91A allele status is indicated for the
individuals analysed. In addition to the proband, SOD1 D91A was identified in two brothers and a sister. The wild-type sequence was present
in two brothers and a sister. Date of birth and date of death are indicated where available. Two brothers and two sisters of the index patient
died at different ages from cancer. No biological material of the deceased individuals was available for analyses.
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percentage reported in Finland and northern Sweden [10] and
lower percentages characteristic of Mediterranean countries [6, 7].
ALS has been described in both SOD1 D91A homozygotes and
heterozygous carriers [4, 5], and reasons proposed, including the
presence of genetic and/or environmental modifiers that decrease
or increase susceptibility, remain debatable. Nevertheless, this
conundrum underscores the need to be cautious in the genetic
counselling of individuals carrying this variant.
It is noteworthy that sensory impairments described in our patient

were also observed in heterozygous SOD1 D91A ALS patients
reported in Italy [16, 17] including one from Southern Italy [6]. This
raises the question of whether this atypical presentation is
characteristic of SOD1 D91A ALS heterozygotes observed in both
Italy and Malta, two adjacent countries that experienced similar
genetic influences across the centuries. Similar to our case, most SOD1
D91A heterozygotes described in Italy, including those in the south
[6, 7, 16, 17], appear to be sALS cases. In contrast, compared to these
patients whose onset appeared between 41 and 54 years, the Gozitan
patient that we described had a late age of onset with ALS symptoms
first appearing at the end of the seventh decade. At the present time,
ALS has not developed in any of the three heterozygous siblings of
our index case although a possible increased difficulty with
handwriting in one brother highlights the need for continual
monitoring by our clinic of these relatively asymptomatic SOD1
D91A carriers. Nevertheless, should these remain without symptoms,
genome analyses are warranted to identify protective genetic
modifiers. In conclusion, our study underlies the relevance of SOD1
variants to the population of Malta, particularly the potential role of
D91A as an ALS susceptibility variant. This has implications for
genotyping and future genotype-specific treatments.
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