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WILDLIFE DISEASE

Red squirrels in the British Isles are
infected with leprosy bacilli
Charlotte Avanzi,1* Jorge del-Pozo,2* Andrej Benjak,1* Karen Stevenson,3

Victor R. Simpson,4 Philippe Busso,1 Joyce McLuckie,3 Chloé Loiseau,1†

Colin Lawton,5 Janne Schoening,6 Darren J. Shaw,2 Jérémie Piton,1

Lucio Vera-Cabrera,7 Jesùs S. Velarde-Felix,7 Fergal McDermott,6

Stephen V. Gordon,6,8,9,10 Stewart T. Cole,1‡ Anna L. Meredith2‡

Leprosy, caused by infection with Mycobacterium leprae or the recently discovered

Mycobacterium lepromatosis, was once endemic in humans in the British Isles. Red

squirrels in Great Britain (Sciurus vulgaris) have increasingly been observed

with leprosy-like lesions on the head and limbs. Using genomics, histopathology, and

serology, we found M. lepromatosis in squirrels from England, Ireland, and Scotland, and

M. leprae in squirrels from Brownsea Island, England. Infection was detected in overtly

diseased and seemingly healthy animals. Phylogenetic comparisons of British and

Irish M. lepromatosis with two Mexican strains from humans show that they diverged

from a common ancestor around 27,000 years ago, whereas the M. leprae strain is closest

to one that circulated in Medieval England. Red squirrels are thus a reservoir for leprosy

in the British Isles.

O
ften considered a disease of the past, lep-

rosy remains a public health problem in

certain low- and middle-income countries,

with ~220,000 new cases reported annu-

ally (1). Leprosy was rife in Europe in the

Middle Ages but disappeared during the 15th

and 16th centuries, probably because of social

segregation, other infectious diseases such as

plague, or changes in host immunity (2–5). Today,

all British clinical cases occur in individuals with a

history of residence in a leprosy-endemic country

(6). Thediseasemanifests indifferent forms, ranging

from multibacillary (or lepromatous) to paucibacil-

lary (or tuberculoid), depending on the immuno-

genetics of thehost (4). In all forms, skin lesions are

accompaniedby peripheral nerve damage, which

causes sensory loss and may lead to deformities.

It had generally been accepted that leprosy

resulted solely from interhuman transmission

of Mycobacterium leprae. But in recent years,

compelling evidence emerged from the south-

ern United States for zoonotic cases after expo-

sure to infected nine-banded armadillos (Dasypus

novemcinctus) (7–9). Furthermore, M. leprae was

considered to be the sole causative agent of leprosy

until 2008, when a new species, Mycobacterium

lepromatosis, was identified in patients with dif-

fuse lepromatous leprosy (DLL) (10). Such cases

were primarily associated with Mexico and the

Caribbean region (11). Comparison of the genome

sequences of M. lepromatosis and M. leprae re-

vealed that despite separating millions of years

ago, the two genomes are remarkably similar in

their size, organization, and (pseudo)gene con-

tent, but show only 88% sequence identity (11).

The Eurasian red squirrel Sciurus vulgaris

is a widespread Palearctic species found from

Ireland in the west to Kamchatka in the east

(12, 13). However, in the United Kingdom, the

S. vulgaris population of ~140,000 is severely

threatened by habitat loss, squirrel poxvirus in-

fection, and competition with >2.5 million gray

squirrels, Sciurus carolinensis, introduced from

North America (14, 15). Because of their endan-

gered status, red squirrels are now protected

(16). Recent detection of mycobacterial infection

in red squirrels was reported in Scotland, with

lesions and histopathology characteristic of DLL

and evidence for M. lepromatosis being the eti-

ological agent (17). Similarly affected squirrels

were observed on the Isle of Wight and Brownsea

Island in southern England (18), and observations

of squirrel leprosy in Scotland are increasing (Fig.

1). Here, we investigated the leprosy outbreak using

70 red squirrel cadavers from Great Britain,

with or without disease signs; 40 cadavers from

Ireland, where no sightings of squirrels with lep-

rosy signs have been reported; and four Scottish

gray squirrel cadavers.

A differential polymerase chain reaction (PCR)

screen was implemented to detectM. leprae and

M. lepromatosis DNA (11). We analyzed a total

of 172 tissue samples from 13 animals with lep-

rosy features and 101 without leprosy features

(tables S1 and S2) (19). Six Scottish squirrels

(two without clinical signs) (17), two from Ireland

(no clinical signs), and one from the Isle of Wight,

England (18) contained M. lepromatosis in sev-

eral tissue samples from different anatomical

sites, whereas all 25 red squirrels (17 without

clinical signs) tested from Brownsea Island were

infected with M. leprae (Fig. 1 and table S3). No

cases of co-infection were observed (table S3).

From the combined results, we concluded that

21% [21/101; 95% confidence interval (CI), 13 to

30%] of the squirrels without clinical signs and

all 13 of the animals with clinical signs harbored

leprosy bacilli.

Serological tests were performed on nine

diseased and 14 healthy red squirrels from Scotland

and England, as well as the four gray squirrels.

The grays were all seronegative, whereas 13 of

23 blood samples from red squirrels contained

antibodies for the leprosy-specific antigen PGL-1

(phenolic glycolipid–1) (20) (table S4). Serology

is useful to confirm the disease and to predict

infection in live animals but cannot be used for

species identification, as both M. leprae and M.

lepromatosis produce this cell wall antigen (11).

Diseased Scottish squirrels infected with M.

lepromatosis displayed a range of macroscopic

lesions, including alopecia and extensive swelling

of the snout, lips, eyelids, ear pinnae, and limb

extremities (Fig. 1, Fig. 2A, fig. S1, and tables S2

and S5) (19). Histopathological examination of

four such squirrels (Fig. 2B) revealed granulom-

atous dermatitis, sheets of epithelioid macro-

phages, and large numbers of acid-fast bacilli

(AFB). There was neural involvement with the

presence of AFB in nerve endings; neuritis was

patchy and more frequently perineural (Fig. 2C).

Inflammation was not focused exclusively around

nerves and was mostly dermal. There were no

signs of vasculitis, but AFB were present intra-

vascularly (Fig. 2C). Similar lesions were observed

in eight squirrels from Brownsea Island infected

with M. leprae, although these animals also

harbored numerous AFB in the spleen (Fig. 2C).

Overall, the macroscopic signs and histopathology

were characteristic of lepromatous leprosy (Fig. 2,

A and B, and figs. S2 and S3). From post mortem

inspection of diseased squirrels, it was not pos-

sible to distinguish between infection with

M. lepromatosis or M. leprae, as is the case

in human leprosy (11, 21, 22).

To obtain deeper insight into the strains re-

sponsible and to perform phylogenetic analyses,

we used a variety of DNA enrichment techniques

(table S6) prior to Illumina sequencing, which

was necessary because neither M. leprae nor

M. lepromatosis can be cultured (19). Sufficient

sequence coverage of M. lepromatosis genomes

from seven squirrels was obtained (table S7). In

parallel, we sequenced an additional genome of

M. lepromatosis, Pl-02, from a PGL-1–seropositive

patient from Sinaloa, Mexico (tables S1 and S4).

The resultant sequence reads were mapped

against the reference M. lepromatosis genome
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sequence from a patient fromMonterrey, Mexico

(11) to identify polymorphisms. Consistent with

previousM. leprae genome comparisons (9, 11, 23),

there was an exceptionally high level of sequence

conservation between M. lepromatosis strains

(99.99% identity) despite their different geo-

graphic origins. The two Mexican patient isolates

differed by only seven single-nucleotide poly-

morphisms (SNPs), whereas the number of SNPs

in the six British and Irish strains ranged from

1 to 17 on pairwise comparisons (table S8). Over-

all, there are roughly 400 SNPs that distin-

guish M. lepromatosis strains from Mexico and

the British Isles (table S8). Clustering of Mexican

and British M. lepromatosis strains into two

distinct lineages was supported by maximum-

parsimony (fig. S4) and neighbor-joining (fig. S5)

phylogenetic reconstructions. On the basis of

the M. leprae mutation rate (19) and using the

Bayesian inference software BEAST (24), we es-

timated that the British Isles and Mexican strains

diverged from their most recent common ances-

tor around 27,000 years ago, whereas the Irish and

British strains diverged as recently as 200 years

ago (Fig. 3A). The latter estimate is consistent

with the date of the first campaign to reintro-

duce the red squirrel into Ireland from England

between 1820 and 1856, following its extinction

in the 17th century (12, 25). This suggests that

these animals may already have been infected with

M. lepromatosis when they were reintroduced.

Finding M. leprae in red squirrels in England

was unexpected, because leprosy was eradicated

from the British Isles several centuries ago, thus

demonstrating that a pathogen can persist in

the environment long after its clearance from

the human reservoir. Furthermore, this is only the

second report ofM. leprae in nonprimate species.

From Bayesian and maximum-parsimony analy-

sis (Fig. 3B and fig. S4A), we note that the two

closest relatives to the strain of M. leprae found

on Brownsea Island were both from medieval

Europe. Intriguingly, one of these (SK2) originated

from the skeletal remains of a leprosy victim

buried about 730 years ago in Winchester, a city

situated a mere 70 km from Brownsea Island

(Fig. 1). Like SK2, the Brownsea Island strain

of M. leprae belongs to sequence type 3I, which

forms a distinct M. leprae branch (Fig. 3B) (3)

and is now endemic in wild armadillos in the

southern United States (9). Thus, M. leprae with

this particular sequence type is capable of in-

fecting at least three different hosts: humans,

red squirrels, and armadillos.

Because there were no obvious genomic poly-

morphisms restricted to the M. leprae 3I type

that might account for this broad host range

(tables S9 and S10), we explored the possibility

that these three species might share a major

susceptibility gene and focused on TLR1. This

candidate gene, encoding the surface-exposed

Toll-like receptor 1 (TLR1) displayed on various

epithelial and immune cells, is known to be as-

sociated with susceptibility to leprosy (Fig. 4A).

A dysfunctional TLR1 allele encoding an Ile
602
→

Ser variant with an altered transmembrane do-

main is prevalent in Caucasians and is asso-

ciated with a decreased risk for leprosy (5, 26).

By contrast, the TLR1 Asn
248
→ Ser variant is

associated with an increased risk of leprosy in

humans. This mutation is located in the ninth

repeat of the extracellular leucine-rich repeat

(LRR) region of TLR1 (27). Furthermore, in nine-

banded armadillos, an Arg
627
→ Gly change in

TLR1 [close to the Toll-interleukin receptor (TIR)

domain; Fig. 4A] seemingly confers resistance

to leprosy (28). Using PCR, the coding exon of

TLR1 was amplified and sequenced from 58 red

squirrels (with or without lesions) and three

gray squirrels (tables S11, S12, and S14) (19).

Upon comparison of the sequences and TLR1

alignments (table S13), no polymorphisms were

observed at the same sites associated with lep-

rosy in humans and armadillos. However, in

some red squirrels, two distinct polymorphic sites

exist: a single SNP leading to a Ser
494
→ Asn

mutation in the 19th repeat of the LRR region,

and a cluster of linked mutations that produce

Ser
657
→ Asn (S657N), Leu

660
→ Val (L660V),

and Asn
662
→ Cys (N662C) variants in helix 1 of

the TIR domain (Fig. 4B). These mutations were

found less frequently in squirrels infected with

leprosy bacilli than in healthy animals, which

suggests that they may confer protection (for

S494N, odds ratio = 5.77; 95% CI, 1.42 to 23.41;

SCIENCE sciencemag.org 11 NOVEMBER 2016 • VOL 354 ISSUE 6313 745

Fig. 1. Squirrel sampling sites in the British Isles. Pie charts indicate the location of sites where

squirrels were sighted or found and are color-coded as indicated in the box; numbers within circles indicate

different animals tested where N > 1. Boxed circles refer to squirrels of unknown location. I, Ireland;

S, Scotland; A, Isle of Arran; B, Brownsea Island; W, Isle of Wight. The figure was drawn in R (v3.2.23)

with the packagemaps (v3.1.0) using themapdata (v2.2-6) “worldHiresMapEnv” and the package plotrix

(v3.6-2) for pie charts.
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P = 0.01; for S657N-L660V-N662C, odds ratio =

4.89; 95% CI, 0.98 to 24.53; P = 0.05).

It is unclear whether leprosy is contributing

to the demise of the red squirrel population or

how these animals became infected with M.

lepromatosis or M. leprae. Because M. leproma-

tosis has only recently been discovered as a hu-

man pathogen (10) and few detailed case reports

have been published (10, 11, 21, 29), further inves-

tigation is required to establish its relative prev-

alence in wildlife compared to humans.M. leprae

was long considered to be an obligate human

pathogen that was introduced to the Americas

by European settlers, prior to anthroponotic in-

fection of armadillos, because there are no human

skeletal remains with signs of leprosy from the

pre-Columbian era (9). The discovery that the

strain of M. leprae in red squirrels on Brownsea

Island today is essentially the same as one that

circulated in medieval England and Denmark, and

is highly related to the extant North American

armadillo strain, raises the possibility of a second

anthroponotic introduction in Europe. If this were

746 11 NOVEMBER 2016 • VOL 354 ISSUE 6313 sciencemag.org SCIENCE

Fig. 3. Phylogenyof leprosy bacilli. (A) Bayesian phylogenetic tree representation of nineM. lepromatosis

genome sequences obtained from squirrels (bold) or humans (upper and lower parts, respectively),

calculated by BEAST 1.8.2 (24) using the mutation rate of M. leprae and inferred from 432 genome-wide

variable positions. Squirrel sample prefixes: Ir, Ireland; Iow, Isle of Wight; all others from Scotland. Both

human strains were from Mexico. (B) Bayesian phylogenetic tree representation of M. leprae inferred

from 498 genome-wide variable positions, calculated as in (A). For squirrel samples (bold), Brw denotes

Brownsea Island cluster; red labeling indicates ancient strains for which radiocarbon dating information

was available (3). For both trees, divergence time intervals are shown on each node in years before

present, with the 95% highest posterior density (HPD) range in brackets. Posterior probabilities for each

node are shown in gray.

Fig. 4. Organization, structure, and polymor-

phisms in TLR1 associated with leprosy in

humans, armadillos, and red squirrels. (A) Sche-

matic representation of TLR1 and its domains

(drawn to scale). SP, signal peptide; LRR, leucine-

rich repeat; LRR_CT, leucine-rich repeat C-terminal;

TM, transmembrane domain; TIR, Toll/interleukin-

1 receptor. (B) Structural model of the red squirrel

TLR1. Protein is colored in a rainbow spectrum

from N terminus (blue) to C terminus (red). Amino

acid abbreviations: C, Cys; G, Gly; I, Ile; L, Leu; N,

Asn; R, Arg; S, Ser; V, Val.

Fig. 2. Gross histopathological features of red squirrels with leprosy. (A) Macroscopic features

of squirrels infected withM. lepromatosis orM. leprae are similar. (B) Histological examination of tissue

sections from infected squirrels using the Ridley-Jopling (RJ) classification after Ziehl Neelsen staining

(magnification 400×). LL, lepromatous leprosy; BL, borderline lepromatous leprosy. (C) Summary

of main macroscopic and microscopic findings from squirrels infected with M. leprae (n = 8) or

M. lepromatosis (n = 4).
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the case, it must have occurred several centuries

ago, as leprosy became increasingly scarce in the

British Isles after the 17th century (3). It is also

conceivable that humans may have been infected

through contact with red squirrels bearingM. leprae,

as these animals were prized for their fur and

meat in former times (30). Our findings show

that further surveys of animal reservoirs of lep-

rosy bacilli are warranted, because zoonotic in-

fection from such reservoirs may contribute to

the inexplicably stubborn plateau in the incidence

of the human leprosy epidemic despite effective

and widespread treatment with multidrug ther-

apy (1).
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ARCTIC SEA ICE

Observed Arctic sea-ice loss directly
follows anthropogenic CO2 emission
Dirk Notz1* and Julienne Stroeve2,3

Arctic sea ice is retreating rapidly, raising prospects of a future ice-free Arctic Ocean

during summer. Because climate-model simulations of the sea-ice loss differ

substantially, we used a robust linear relationship between monthly-mean September

sea-ice area and cumulative carbon dioxide (CO2) emissions to infer the future evolution

of Arctic summer sea ice directly from the observational record. The observed linear

relationship implies a sustained loss of 3 ± 0.3 square meters of September sea-ice area

per metric ton of CO2 emission. On the basis of this sensitivity, Arctic sea ice will be

lost throughout September for an additional 1000 gigatons of CO2 emissions. Most

models show a lower sensitivity, which is possibly linked to an underestimation of

the modeled increase in incoming longwave radiation and of the modeled transient

climate response.

T
he ongoing rapid loss of Arctic sea ice

has far-reaching consequences for climate,

ecology, and human activities alike. These

include amplified warming of the Arctic

(1), possible linkages of sea-ice loss to mid-

latitude weather patterns (2), changing habitat

for flora and fauna (3), and changing prospects

for human activities in the high north (3). To

understand and manage these consequences and

their possible future manifestation, we need to

understand the sensitivity of Arctic sea-ice evo-

lution to changes in the prevailing climate con-

ditions. However, assessing this sensitivity has

been challenging. For example, climate-model

simulations differ widely in their timing of the

loss of Arctic sea ice for a given trajectory of

anthropogenic CO2 emissions: Although in the

most recent Climate Model Intercomparison Proj-

ect 5 (CMIP5) (4), some models project a near ice-

free Arctic during the summer minimum already

toward the beginning of this century, other mod-

els keep a substantial amount of ice well into the

next century even for an external forcing based

on largely undamped anthropogenic CO2 emis-

sions as described by the Representative Con-

centration Pathway scenario RCP8.5 (4, 5).

To robustly estimate the sensitivity of Arctic

sea ice to changes in the external forcing, we

identify and examine a fundamental relation-

ship in which the CMIP5 models agree with

the observational record: During the transition

to a seasonally ice-free Arctic Ocean, the 30-year

running mean of monthly mean September Arc-

tic sea-ice area is almost linearly related to cu-

mulative anthropogenic CO2 emissions (Fig. 1).

In the model simulations, the linear relationship

holds until the 30-year running mean, which we

analyze to reduce internal variability, samples

more and more years of a seasonally ice-free

Arctic Ocean, at which point the relationship

levels off toward zero. For the first few decades

of the simulations, a few models simulate a near-

constant sea-ice cover despite slightly rising cu-

mulative CO2 emissions. This suggests that in

these all-forcing simulations, greenhouse-gas

emissions were initially not the dominant driver

of sea-ice evolution. This notion is confirmed by

the CMIP5 1% CO2 simulations, where the ini-

tial near-constant sea-ice cover does not occur

(fig. S3A). With rising greenhouse-gas emissions,

the impact of CO2 becomes dominating also in

all all-forcing simulations, as evidenced by the

robust linear trend that holds in all simulations

throughout the transition period to seasonally ice-

free conditions. We define this transition period

as starting when the 30-year mean September

Arctic sea-ice area in a particular simulation

decreases for the first time to an area that is

10% or more below the simulation’s minimum

sea-ice cover during the period 1850 to 1900, and
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Red squirrels in the British Isles are infected with leprosy bacilli

 
Editor's Summary

 
 
 

, this issue p. 744; see also p. 702Science
disease.
eradicate, despite available drugs. Perhaps other wildlife species are also reservoirs for this stubborn
squirrels from elsewhere in the United Kingdom and Ireland. Human leprosy is proving hard to 

 was found in redM. lepromatosisBrownsea Island squirrels originated from a medieval human strain. 
 in the southern population ofMycobacterium leprae(see the Perspective by Stinear and Brosch). 

red squirrels in the British Isles and found that two species of leprosy-causing organisms were to blame 
 examined warty growths on the faces and extremities ofet al.exclusively restricted to humans. Avanzi 

With the exception of armadillos in the Americas, leprosy infections are considered almost
British squirrels infected with leprosy
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