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Abstract

A hundred years ago the prevalence of tuberculosis (TB) in Sweden was one of the highest in the world. In this study we
conducted a population-based search for distinct strains of Mycobacterium tuberculosis complex isolated from patients born
in Sweden before 1945. Many of these isolates represent the M. tuberculosis complex population that fueled the TB
epidemic in Sweden during the first half of the 20t century.

Methods: Genetic relationships between strains that caused the epidemic and present day strains were studied by
spoligotyping and restriction fragment length polymorphism.

Results: The majority of the isolates from the elderly population were evolutionary recent Principal Genetic Group (PGG)2/3
strains (363/409 or 88.8%), and only a low proportion were ancient PGG1 strains (24/409 or 5.9%). Twenty-two were
undefined. The isolates demonstrated a population where the Euro-American superlineage dominated; in particular with
Haarlem (41.1%) and T (37.7%) spoligotypes and only 21.2% belonged to other spoligotype families. Isolates from the
elderly population clustered much less frequently than did isolates from a young control group population.

Conclusions: A closely knit pool of PGG2/3 strains restricted to Sweden and its immediate neighbours appears to have
played a role in the epidemic, while PGG1 strains are usually linked to migrants in todays Sweden. Further studies of these
outbreak strains may give indications of why the epidemic waned.
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Introduction reduced from representing the major public health problem to its
current level of near elimination.

Today the Nordic countries are high-income nations with low
mortality, with a majority of cases occurring i low income prevalence of TB. In 2011, the TB incidence in Sweden was 6.3/
countries. As estimated by the WHO currently one third of the 100,000 population and only 11% of the TB patients were born in
worlds population is infected with bacteria of the Adycobacterium Sweden. The number of cases is almost entirely dependent on
tuberculosts complex, and ten million cases of active TB disease migration from countries with high TB incidence and the group of
occur each year, resulting in almost two million deaths annually. elderly Swedish born patients with reactivated TB infection is
The increasing spread of TB has also been paralleled by a rapid decreasing [6]. However, less than a century ago the prevalence of

increase in multi-drug resistant TB in many parts of the world, TB in the Nordic countries (Denmark, Finland, Norway and
making the disease in several instances practically incurable.

Tuberculosis (ITB) is globally a major cause of morbidity and

Sweden) was among the highest in the world. In 1905 the overall

Distinct M. tuberculosis strains have been associated with large estimated TB incidence in Sweden was 890/100,000 population
outbreaks of TB. Also in the Nordic countries there are outbreaks [7] higher than in most high incidence countries of sub-Saharan
of specific strains of M. tuberculosis. During the last decades, a Africa today.
specific strain of M. tuberculosis has emerged rapidly in Denmark Ten percent of otherwise healthy persons infected with M.
[1], another outbreak has been recorded in Norway [2] and one of  yjppulysis are estimated to progress to active discase, with the
the largest outbreaks ever recorded in a low endemic country is highest risk during the first two years after infection. A
ongoing in Sweden [3,4,5]. Little is known about the M. tuberculosis combination of bacterial and patient factors influence the risk
population that dominated Sweden a hundred years ago. It does for induction of active disease in patients with latent infection, and
however appear that this bacterial population has been successfully many who were infected may develop TB after decades of
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infection [8]. In the elderly population in Sweden many are still
latently infected with TB, and some develop active TB. In the
cohorts born before 1945 most subjects presumably have latent
TB infection (LTBI). Using a TB incidence among newborns of
<1/100,000 population as an indicator of interrupted TB
transmission must be interpreted with caution but by doing so
one can estimate that since around 1967 [9,10] most active TB
cases occurring in the elderly Swedish-born population can be
seen as reactivation of LTBI.

In the past decades our understanding of the molecular
genetics of M. tuberculosis has further expanded. One of the
major achievements using DNA fingerprinting techniques has
been the implementation of population based transmission
surveillance. Geographically defined lineages of M. tuberculosis
have been identified [11] and specific genetically highly
conserved groups of strains of M. tuberculosis have attracted
special attention.

Worldwide, few collections of isolates from the 20™ century are
available. At the Swedish Institute for Communicable Disease
Control (SMI) clinical M. tuberculosis isolates have been preserved
since the 1980s. This consequently provides us with an exceptional
possibility to perform population-based studies of the transmission
of TB. In this study we conduct the first systematic population-
based search for distinct strains of M. tuberculosis isolated from
elderly patients born in Sweden before 1945. The isolates
represent strains most likely acquired in Sweden during the last
60-100 years, and many of these isolates may represent the M.
tuberculosis population that fueled the TB epidemic in Sweden
during the first half of the 20" century.

Materials and Methods

Ethics Statement

At the SMI, clinical M. tuberculosis complex strains are routinely
collected for disease surveillance. The current study describes a
bacterial collection and the bacterial genotypes could only be
combined with the sex, age, and country of birth for the patients
from which the strains were isolated. Ethical approval was
therefore not required.

Bacterial Isolates

M. tuberculosis complex isolates obtained from all six Swedish TB
laboratories in Gothenburg, Linképing, Malmé/Lund, Stockholm
and Umed during the years 1994-2009 were studied. They
represent all strains from patients born in Sweden before 1945 that
have been preserved at SMI during the sampling period and that
did not cluster with any patients born after 1945 and/or were
foreign born. During the same sampling period all isolates that had
been preserved at SMI from patients born in Sweden in 1985 or
later were also analysed as a control group. The patients were
identified as born in Sweden through the national TB Register.
The isolates had been stored at —70C°.

Drug Susceptibility Testing

In Sweden, all isolates are tested for susceptibility to the first-line
drugs isoniazid (INH), rifampicin (RIF), ethambutol (EMB) and
pyrazinamide (PZA) using the BACTEC 460TB or the MGIT 960
liquid culture and drug susceptibility testing systems according to
the instructions of the manufacturer. During the major part of the
study all isolates were also tested for susceptibility to streptomycin
(SM), except for the years 2004-2009, when the Link6ping and
Stockholm laboratories stopped testing for SM-resistance, since
SM no longer was used for treatment of TB patients in Sweden.
All laboratories had taken part in the external quality assurance
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program for drug susceptibility testing of M. tuberculosis offered by
the Swedish TB reference laboratory at SMI

Spoligotyping

All isolates were characterized by spoligotyping, which charac-
terizes the polymorphic direct repeat region of the M. tuberculosis
chromosome [12]. The patterns obtained by spoligotyping were
compared by visual examination and computer assisted analyses
by use of the BioNumerics version 6.6 software (Applied Maths,
Kortrijk, Belgium). The spoligotypes were also compared with
those contained in the international database SITVIT2, an
updated version of the previously published SpolDB4 database
[11] (http://www.pasteur-guadeloupe.{r:8081/SITVITDemo)
which defines 62 spoligotype families/subfamilies of M. tuberculosis
complex isolates. The SITVIT2 database contains to date
genotyping data on more than 86,000 clinical isolates from 160
countries of origin, with more than 3,000 spoligo-international-
types (SITs; a pattern shared by two or more patient isolates). The
BioNumerics software version 3.5 was used to build spoligotyping-
based minimum spanning trees (MST). MST is an undirected
network in which all of the samples are linked together with the
fewest possible linkages between nearest neighbors. Using this
approach, one considers that all intermediate stages are present
within the sample analyzed by first including the individual that
shows the greatest number of possible linkages to other individuals
in the population studied. We used this method to highlight the
links between the spoligotype families differing by changes
observed in their direct variable repeats. To evaluate the
distribution of orphan strains in order to get information on their
specific evolution two trees were generated - one for SITs, and
another for all patterns, i.e. SITs and orphans pooled together. We
also created spoligoforest trees [13] to illustrate probable strain
evolutionary relationships between spoligotypes. Contrarily to the
MSTs the spoligoforest trees are directed and only evolve by loss of
spacers. Lastly, the major M. tuberculosis genotypic families were
also linked to “ancient” and “modern” lineages of tubercle bacilli
as defined by Principal Genetic Groups (PGG) defined by katG463-
21495 polymorphism [14], and inferred from the reported linking
of specific spoligotype patterns to PGGI1, 2 or 3 grouping
[15,16,17,18,19]. For statistical analyses the isolates were catego-
rised into three groups, modern [consisting of the Haarlem (H), T,
Latin-American and Mediterranean (LAM), X and S families],
ancient [consisting of Beijing, East-African-Indian (EAI) and
Central-Asian (CAS) families] and [M. bovis/M. bovis like and
Manu].

IS6170 RFLP

The isolates were cultured on Lowenstein Jensen medium, DNA
was extracted and RFLP typing was performed using the insertion
sequence IS6770 as a probe and Poull as the restriction enzyme
[20]. Visual bands were analyzed using the BioNumerics version
6.6 software. On the basis of the molecular sizes of the hybridizing
fragments and the number of IS6770 copies of each isolate,
fingerprint patterns were compared by the un-weighted pair-group
method of arithmetic averaging using the Jaccard coefficient.
Dendrograms were constructed to show the degree of relatedness
among strains according to a previously described algorithm [21]
and similarity matrixes were generated to visualize the relatedness
between the banding patterns of all isolates. The RFLP patterns
were entered into the RFLP database at SMI, which at the time of
this study contained 3951 isolates that had been isolated in
Sweden. Strains with identical RFLP-patterns (100% similarity)
were judged to belong to a cluster.
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Statistical Method

Mean and standard deviation (SD) were calculated for age of
the patient at diagnosis and year of birth by isolate group. Age and
year of birth were not normally distributed and therefore possible
differences in these variables for isolate group and gender were
investigated with the non-parametric Kruskal-Wallis test. Post-hoc
tests for isolate group were performed for the three pairs using the
Kruskal-Wallis test (Mann-Whitney U test). The chi’~test was used
to test for association between two categorical variables. The level
of significance was set to 0.05 (two-sided) and all analyses were
performed using R v 292 (R Foundation for Statistical
Computing, Vienna, Austria).

Results

In total, 409 isolates from 242 (59.2%) men and 167 (40.8%)
women born in Sweden before 1945 were analysed. These patients
were born in Sweden between the years 1908-1945 (Table S1). A
total of 9.8% were born before 1914, 19.6% were born in 1915—
1919, 27.1% were born in 1920-1924, 17.1% were born in 1925—
1929, 11.0% were born in 1930-1934, 7.3% were born in 1935—
1939 and 8.1% were born in 1940-1945. At diagnosis the patients
were 52-98 years old, with a mean age of 78.1 years. The 58
patients in the young Swedes control group were born between the
years 1985-2008 (Tabel S2). A total of 24.1% were born in 1985
1989, 37.9% were born in 1990-1994, 17.2% were born in 1995—
1999, 8.6% were born in 2000-2004 and 12.1% were born in
2005-2008. At diagnosis the patients were 0-23 years old, with a
mean age of 10.9 years.

Drug Resistance

Among the elderly Swedes, information on drug resistance was
obtained for 404/409 isolates. Of those, 38 isolates (9.3%) were
resistant to one or more of the drugs SM (n = 3), INH (n = 14), RIF
n=4), EMB (n=1) and PZA (n=22). The large number of
1solates resistant to PZA is explained by the inclusion of M. bovis
isolates in the study. Five isolates were resistant to more than one
drug, and of those four isolates were multidrug resistant. Among
the 58 young Swedes in the control group, 17 isolates (29.3%) were
resistant to one or more of the drugs SM (n =5), INH (n = 16), RIF
(n=2), EMB (n=1) and PZA (n = 1). Five isolates were resistant to
more than one drug, and of those two were multidrug resistant. As
some laboratories during the study period stopped testing for SM
resistance, only 207/409 and 17/58 of the isolates were analysed
for SM resistance.

Spoligotyping

Out of 409 isolates, 173 different spoligo patterns were
obtained, of which 277 (67.7%) were clustered in 41 spoligo
clusters comprising 2-56 strains per cluster. The remaining 132
(32.3%) spoligo patterns were unique ie. the isolates did not
cluster with other patient isolates. When compared with SITVIT2,
the majority, 364 clinical isolates, were shared-types (Table 1), 1.c.
had an identical pattern shared by two or more isolates worldwide
(within this study, or matching another strain in the SITVIT?2
database). A SIT number was attributed to each pattern according
to the SITVIT2 database. Forty-five patterns corresponded to
orphan strains that were unique among the 86,000 strains
recorded in the SITVIT2 database (Table 2). The isolates
demonstrated a highly homogenous population where the modern
H and T clades dominated. The absolute majority (n=363,
88.8%) were evolutionary recent PGG2/3 strains, including H
(n=168, 41.1%), T (n=154, 37.7%), LAM (n=32), S (n=8) and
X (m=1) isolates (Table 1 and S3). Only 24 (5.9%) were
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evolutionary ancient PGG1 strains (3 Beijing, 3 CASI1-Delhi, 4
EAI, 3 Manu and 11 M. bovis/M. bouvis like isolates) (T'able 1 and
S4). Twenty-two spoligotyping signatures that are not yet
associated to a well-defined spoligotype familiy in SITVIT2 were
designated as “Unknown” (Table 1 and 2). The most common
spoligotypes were SIT50 (n=56, 13.7%) of the H3 subfamily,
SIT53 (n=43, 10.5%) of the T1 subfamily, SIT47 (n= 33, 8.1%)
of the H1 subfamily and SIT42 (n=14, 3.4%) of the LAM9
subfamily (Table S3). In addition to the T1 subfamily prototype,
SIT53, two more T clade SITs, SIT153 (n=11, 2.7%) and SIT37
(n=7, 1.7%) were among the seven predominant SITs. Four of
the M. bovis isolates (SIT691) lacked spacer 11, in addition to
spacers 3, 9, 16, and 39 to 43. Of the 45 orphan strains, 22 were of
the T spoligotype family, 17 of the H family, 2 M. bovis/M. bovis
like, 1 LAM family and 3 of unknown family. Significant for all
except the two M. bovis strains was that they all lacked spacers 33—
36 (signature of SIT53).

The 168 patients with H family isolates were born between
1908-1945 (median 1924), with a mean age of 77.8 years at
diagnosis (range 52-98), the 154 patients with T family isolates
were born between 1910-1945 (median 1923), with a mean age of
78.5 years at diagnosis (range 53-97), and the 32 patients with
LAM family isolates were born between 1913-1943 (median
1923), with a mean age of 78.9 years at diagnosis (range 63-93).
The three CAS1-Delhi strains were isolated from patients born in
1921, 1938, and 1943 with a mean age of 67.7 years (57, 71, and
75 years). The four patients with EAI isolates were born later than
the patients with H, T and LAM isolates. They were all except one
born in the 1940s: three EAI2-Manilla isolates from patients born
1911, 1943 and 1943 and one EAI5 isolate from a patient born
1943. The patients were also younger (mean age 68.0) than
average at diagnosis (57, 62, 66 and 87 years). The three patients
with Beijing isolates were all diagnosed between 2007 and 2008,
L.e. in the later part of the study, at a mean age of 80.7 years. We
tested the hypothesis that the 363 “modern” isolates of the H, T,
LAM, X and S families differed in patient characteristics
compared to the 24 “ancient” isolates split into two groups
[group one (n = 10): Beijing, EAI and CAS and group two (n = 14):
M. bovis/M. bovis like and Manu] with regard to the age of the
patients at diagnosis and date of birth. Patients with “modern”
isolates of the H, T, LAM, X and S families were significantly
older at diagnosis and were born significantly earlier than patients
with “ancient” isolates.

For phylogenetical analyses, we drew two separate MSTSs
(Figure 1) to summarize the possible evolutionary relationships
between all the genotypes obtained. Figure 1A is based only on
SITs, while Figure 1B shows combined data for both SITs and
orphan patterns pooled together. The SI'T-based MST (Figure 1A)
shows a tree split into distinct families: the top section displays the
ancient PGG1 strains (EAI, Bovis, Manu and CASI1-Delhi
families) whereas the bottom shows the evolutionary modern
PGG2/3 strains belonging to the H, T and LAM families. As
summarized in Table 2, it should be noticed that only 2/47
orphan strains were PGG1 (1 BOV-1, and 1 BOV_LIKE), the rest
being evolutionary modern PGG2/3. The spoligoforests generated
(see Figures S1 and S2, and legends for detailed comments)
highlighted the predominance of PGG2/3 group which are well
represented (as large, visible nodes). The rare ancestral PGGI
strains (belonging to the EAI, Manu, and CAS families) were
mostly located in the top layer of the hierarchical layout as isolated
strains without interconnections with others (Figure S1).

Interestingly, the MST shown after combining orphans with
SITs in Figure 1B is overlapping with the tree shown in Figure 1A
in the sense that the two ancestral PGG1 orphans were grouped

October 2012 | Volume 7 | Issue 10 | e46848



TB Strains in the Swedish Epidemic a Century Ago

paiaisndy 45 98'rL (697 LL LELO9LLLLLLLLISL EENCEERCO00CANEEEEEEEEEEEEEEEEEEEEEEEEN  EEEN €61
anbiun LH 14 (¥2'o) L LLLOTOVLLLILLLL EEEERER O 00RO00000NAEEEEEEEEN  EEEEEEEEEEEEEN LSl
anbiun €H T6'L (¥Z'o) L LEIOTLLLLLLLLLL EENCOOEROO00C0NCNEEEEEEEEEEEEEEEEEEEEEEEEEEEEN vel
anbiun 1L L'y (#2'0) L LLLO9ESLLLLLLLL EEEEEEN (0 EEENE S EEEEEEEEEEEEEEEEEEEEEEEEN €l
anbiun LANVW (44 (¥z'o) L VLLELLLLLLLLLLL EEEEEEEEN  SEESESEESEEEEEEEEEEEEEEEEEEEEEEEEEEEER 0oL
anbiun €H €€°L (#2'0) L LLLOTLLLLLLLLSL EEEEEER 00NN EEEEEEEENEEEEEEEEEEEEEEN EEEN 66
anbiun L1 6TvL (¥T'o) L LLLO9LO9LLLLLLL EEEEEEN () EEEEN (0SSN EEEENEEEEEEEEEN L6
anbiun 1 9s'L (¥2'0) L LLLO9LLLLLLLLLL ER( (I EEE0 0 AN EEEEEEEEEEEEEEEEEEEEEEEEEN 8/
anbiun Ll S6'0 (¥T'o) L LLYO9LLLLLLLLLL EEEECOCORO00CAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN S9
paiaisny NV 950 (6%°0) T L£L09SL09LLLLLL EEEEEEN O 0CNEENCEEENCC0J A EEEEEEEEEEEEEEEEN 9
paiaisndy LH €20 (86'0) ¥ LELOTOVLLLLLLLL EEECOEERCO00ORO0O000JCOAEEEEEEEEEEEEEEEEEEEEEEEN [4%
anbiun TNV 140] (¥2'o) L LLLEILLLLLLLLLL EEEEEEEEN SN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEN S
paiaisn|d ¥} [440] (Ls'ol) €v LLLOOLLLLLLLLLL EEEEEER 0 AN EEEEEEEEEEEEEEEEEEEEEEEEEEEEN 139
paiaisn|d 48 €€°0 (€£'0) € LELO9LLLLLLLLLL EENEEE00CEEEESEEEEEEEEEEEEEEEEEEEEEEEEEEEN s
anbiun LL 9€'0 (¥z'o) L 00£09LLLLLLLLLL OOdfimEe 00 ASSSESESEEEEEEEEESEEEEEEEEEEEEEEEEERE LS
paia1snd €H L'l (69°€1) 95 LLLOTLLLLLLLLLL EEEEEEN (NN EESEEEEEEEEEEEEEEEEEEEEEEEEEN 0s
paiasnd €H 86'9 (€6'D Tl LELOTLLLLLLLLLL EENEERC 0N ASEEEEEEEEEEEEEEEEEEEEEEEEEEEEN 6%
paiaisn|d LH 9T'T (£0'8) €€ LLLOTOVLLLLLLLL EEEEEER 00000000 AESEEEESEEEEEEEEEEEEEEEEEEN Ly
paiaisndy LH 68'L (6¥'0) T LLLOTOVILLLLLLL EEEERERC O 0O00RO0O0000NCAEEEEEEEEEEEEEEEEEEEEEN 94
anbiun Sl 8¥'0 (¥Z'o) L LLLO9LLSLLLLLLL EEEEEEN (0 ANEEEEEEN EEEEEEEEEEEEEEEEEEEEEN 144
paisisn|d 6NV ¥¥'0 (ev'e) vL LLLO9LLOOLLLLLL EEEEEER 0NN EEEEENCO 0/ ASEEEEEEEEEEEEEEEEEN [44
anbiun 148 S9'0 (#2'0) L LLLOOLLLELLLLLL EEEEEEN (0 SN ESEEEEEEEEN EEEEEEEEEEEEEEEEEN or
anbiun LN3ID-¥L L2'0 (¥z'o) L LLYO9LLYELLLLLL EEEE( (N0 ASSEEEEN [ ESEN  SEEESEEEEEEEEEEEEEEN 6€
paiaisnd €L SS'L (L") £ LLLO9LLLLLELLLL EEEEEEN ([ ANEESEEEEEEEEEEEEEEN EEEEEEEEEEEN LE
paiasnd €H YE'T (€£'0) € LLLOTLLLLLELLLL EEEEEEN (N SESEEEEEEEEEEEEEEN  EEEEEEEEEEEN 9¢
paia1sn|d S €L'0 (Z¥'1) 9 LLLO9LLLLLLEILL EEEEEEN ([ AEEEEENEEEEEEEEEEEEEEN [ (EEEEEEEN ve
paiasndy umouyun w6l (6¥'0) T 1£10000000009£L ERERRC000000000000000000000000000CAEEEEEEN [43
anbiun WY1 v'c (') L 1£100000%1L0009Z ERERRC00000000000000000ORR 000000000000 EEEE N 6¢
anbiun Y|2Qa-1SvD 800 (¥Z'o) L L£LEO00YVLLLLEOL EEEEEERERO 000000000 CAEEEEEEEEEEEEER 00 EEN 9T
paiaisn|d LAV 6v'0 (86'0) ¥ L£LO9LLO9LLLLLY EEEEEEN (0 NENEEEEEENC 0/ ANEEEEEEEEEEEEEEN NN 0¢
paisisn|d e|liueN-ZIv3 SE'0 (€2'0) € LLLEVYLLYLLLLLY EEEEEEEENOE 000 NMEEEEEN (S EEEEEEEEEEEEEEN NN 6l
anbiun umowyun 670 #2'0) L 1££09££00000000 EEEEEERCO00CEEEEEREROC0000000000000000000000 4
anbiun H sz'o (¥T'o) L 1££0T0%00000000 EREEREROO00ROO0O000OROO00000000DOO00000OOO0000Oo0Og 4
paiasn|d Bulliag €00 (€£'0) € L£££00000000000 EEEEERRERO 0000000000000 000000000OO0000OOOO L

sxxSutaned PATITITTY aseqejeq Kpnis 1aquinN uondusag adKjobijods «LIS
anbiun adfjob *SA ul (%) e3P0

*SA paJajsn|d -1jods Apnis ui o, JaquinN

‘G¥61 940499 uloq siualied YsIpams wolj pale|os] sulels xa|dwod sisojnalagng
‘W 60¥ JO |e10} B WOl Buinels saljiwejgns/safjiwe) buidfiobijods Buipuodsaliod pue (Jaisnpd Jad s21e|0SI 9G—7 ‘S31L|OSI $9€ = U ‘S]|S) sadAi-pateys /| jo uondudsaq L ajqel

October 2012 | Volume 7 | Issue 10 | e46848

PLOS ONE | www.plosone.org



TB Strains in the Swedish Epidemic a Century Ago

anbiun 1L LUy (¥T'o) L LLLO9LLLLESLLLL EEEEEEECO 0 ASSEEESEEEEEEEEEEN (SN EEEEEEEEEEER [474
paia1snd L-AOg SS'0 (86'0) ¥ 009LLLLLLELSILY 0000 MEEEEEEEEEEEEEEEEEEEEN  EEEN N EEEEE( NN 169
anbiun 1L 9T's (¥T'o) L LLLO9SECTVLLLLLE EEEEEEN (O EENCEENONC00CNSSEEEEEEEEEEEEEEE] 6¥9
anbiun 1L £9'9 (¥Z'o) L 09£094LLLLL1111 ONEEEEC 0 SSEEEEEEEEEEEEEEEEEEEEEEEEEEEEER 879
anbiun LH [4%4 (¥Z'o) L LLLOTOVYLLLLLLL EEEEEEERC O O00ORC000000ORCJCAEEEEEEEEEEEEEEEEEEEER 079
paiaisndy 1L L'z (6¥'0) T LSLO9LLLLLLLLLL ENCEEEEC 0 ASSESEESEEEEEEEEEEEEEEEEEEEEEEEEEER [48°]
paiaisn|d umowyun 96'L (6¥'0) T L£L0000LLLLLLLL EEEEERERERO 0000000000 EEEEEEEEEEEEEEEEEEEEEER 09
anbiun €H €e'ee (#2'0) L LLLOTLLLLOOVLLL EEEEEEECOJ00NCENEEEEEEERERER 000000 AEEEEEEEEEN 1339
anbiun €H €€'8 ¥T'o) 1 LLLOTLLLLLLLLLL ERCOEEECOOJ00NCESESEEEEEEEEEEEEEEEEEEEEEEEEEER ves
anbiun  103sdURTNYIN L't (¥T'0) 1 VLLLLLLLLLLLLLL EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEER 1349
anbiun 4} [4W4 (¥T'o) L LELO9LOLLLLLLLL EEN EEN( 0 SEEEN  ESESESEEEESEEEEEEEEEEEEEEEEER SLS
paiasn|d €H 60'6 (86'0) ¥ L££0T000LLLLLLL EEEEEEREO (00RO 00000000CAEEEEEEEEEEEEEEEEEEEER LLS
anbiun I4|13a-1SvD SE'Y (¥Z'o) L L££€0000VLLLEOL EEEEEEERROO000000000000CAEEEEEEEEEEERCO 00N ER S81
paiaisndy €H 9L'LL (6¥°0) T LLSOTLLLLLLLLLL EEEEE N0 NCESEESEEEEEEEEEEEEEEEEEEEEEEEEEER [3%4
anbiun 1L ST'9 (¥Z'o) L LLLO9SLLOLLLLLL EEEEEEEC (0NN ESEEEEN  EEEEEEEEEEEEEEEEEEER 1394
anbiun 6NV 4] (¥T'o) 1 L££09€909LLLLLL EEEEEEEC 0 NEEROCERJ000 NN EEEEEEEEEEEEEEEEER (474
paiaisn|d 1L 9s's (6¥'0) T LLLO9LLLLLSLLLL EEEEEEEC (0 ASSEEESEEEEEEEEEEEEN  EEEEEEEEEEEER €6€
anbiun LH vl'L (¥T'o) 1 LLLOTOVLLLLEILL EEEEEEECOO00ND00000CMEEEEEEEEEEEEEN /(S EEEEEEN €8¢
anbiun LL (4 (¥z'o) L LLLO9LLOLLLLLLL EEEEEEE (/[ ASSESEEEN SESESSSEESEEEEEEEEEEEEEEEER €L€
anbiun I412a-1SYD yL'L (¥T'o) 1 L££100009££LE0L EEEEEERER (0000000000000 MEEEEEEEEEEEN (] EEN 9S€
paia1snd 1L L'z (6¥'0) T LLLOILYLLLLLLLL EEEEEEN (0 SEEEN ] SEESEENSESEENSEEEEEEEEEEEER €€
anbiun LH 9L (¥Z'o) L LLLOTOVOLLLLLLL EEEEEEECO 0000000000 AEEEEEEEEEEEEEEEEEEER €8¢
paidisnd SNY-LL ¥6'T (6¥°0) T L££09££££0000LL EEEEEER 0 ANEEEEEEEEEEER 0000000000 NMEEEEN 08¢
anbiun [N} 8L'T 2’0 L L£L0900LLLLLLLL EEEEEERC 00N O00000AEEEEEEEEEEEEEEEEEEEEEEN 9/t
anbiun €H LS'0 (¥T'o) 1 LLLOTYLLLLLLYLL EEEEEER 00000 EEEEEEEEEEEEEEEEN S NEEEEN [4°74
anbiun LSNY-91 9'0 (#2'0) L L££09££0009LLLL EEEEEEN O 0CNEEEEERENOO00000000MEEEEEEEEEEEEN L£T4
paiaisn|d 1L vL'LT ey s LLWOQLLLLLLLLLL ERCOO0OCOROJO0CAEEESEEEEEEEEEEEEEEEEEEEEEEEEEEN (h74
pataisn|d LH €€'8 (€£'0) € LLLOTOVLLLELLLL EEEEEER O ORO0000CAEESEEEEEEE NN SEEEEEEEEEER 8lc
anbiun  LPUPEN-ZLINYT T (¥z'o) L L£L094£09L109LL EEEEEEE ([ AENEEEEEE ([ EEEEER (10000 SEEEEER 60¢
anbiun 1L T6'L (¥2'0) L LLLO9LLLLLLLLEL EEEEEEN ([ SNESESESEEEEEENEEEEEEEEEEEEEEEEN EEN S0T
anbiun [N} 9s's (¥Z'o) L LLLO9LLLLLLLLLL EEEEEER (0 ANEEEEEEEEEEEEEEEEEEEEEEEEEEEN(]]] L6l
anbiun €H [: 4} 2’0 L LLLOTLLLELLLLLL EEEEEENC 0N EEEEEEEEEEN EEEEEEEEEEEEEEEEEN €8l
anbiun 51 [4: 4! (¥Z'o) L LLLOVLLLLLLLLLL EEEEEERC 00 ANEEEEEEEEEEEEEEEEEEEEEEEEEEEEEN (44
paiasnid L1 L'y (€£'0) € LLLO99LLLLLLLLL EEEEEEN 0NN SN ENEEEEEEEEEEEEEEEEEEEN £L91
sxxsutsdned xRy aseqeleq Apms JquinN uondudsag adAjobijods LIS

anbiun adKjob *SA ui (%) 12320

*SA paJaisn|d -1jods Apms ui o, JaquinN

qu0) °L dqel

October 2012 | Volume 7 | Issue 10 | e46848

PLOS ONE | www.plosone.org



TB Strains in the Swedish Epidemic a Century Ago

anbiun 1 €€'eE (¥2'0) L L0909LLLLLLLLLY EOO00ORECOO00 SIS EEEEEEEEEEEEEEEEEEEEEER NN 8€0€
anbiun 1 €E'eE (¥2'0) L L££0900094LLLL9 EEEEEEE (00RO 000000000MEEEEEEEEEEEEEEEN NN ¥S6C
anbiun 1 €€'EE (¥2'0) L L££0900SELLLLLL EEEEEEEO (00RO 00000RCAEE SEEEEEEEEEEEEEEEER [41]4
anbiun umowyun ST ¥2'0) L L£100000£LLLLLL EERER O 00000000000000CAEEEEEEEEEEEEEEEEEEER LesLe
anbiun €H (144" 2o L LLLOTLLLLLLLLLL EEEEEEECO (0N ESEEEEEEEEEEEEEEEEEEEEEEEEEN] 9T
anbiun 6NV szl ¥2'0) L L£L09LL09LLLLLL EEEEEEEC 0 EEEEEEER (0 NEEEEEEEEEEEEEEEEN] Loce
anbiun S 14 (¥2'0) L LLLO9LLELLLEILL EEEEEEECO 0 ASEEEEEEEN  EEEEEEEEEEN (/[ EEEEEEEN Sl6l
anbiun LH LLLL (¥2'0) L LLSOTOVLLLLLLLL EEEEROEC000ON00000CMEEEEEEEEEEEEEEEEEEEEEEER L08L
paiasn|d L1 £9'91 (6¥'0) T LLLO9LOLLLLLLLL EEEEEEEO (0 EEEENC AESEEESEEEEEEEEEEEEEEEEEEEEER 9091
anbiun 1 0C (#2'0) L LELO9LLLLLELLEL EEN EEE (0 SSEEESEEEEEEEEEEEEEN EEEEEEENEEN LZ9L
anbiun €H szL (¥2'0) L LLLOTLLLLLLLIOLL EEEEEEE (0N AESESESESEEEEEEEEEEEEEN  EEEEEEER L9l
anbiun LH 74 (¥2'0) L LLEOTOVLLLLLLLL EEEEER 00000000 MEEEEEEEEEEEEEEEEEEEEEEER L9S1
anbiun 1L 144" 2o L LLL09LLLLLLLEOL EEEEEEECO (0 SSEEEEEEEEEEEEEEEEEEEEEENCCJC0EEN 0951
anbiun S 9s's ¥2'o) L LLLO9LLLLLLEILS EEEEEEE (O SSEEEEEEEEEEEEEEEEEEEN ([ EEEEEECEN LieL
anbiun [AYel:| €€'EE [(Zz4) N 009ZLLLLL€L99L9 00O EEEEEEEEEEEEEEEEEEEN  EEN( BN EEEEECEN S8LL
anbiun snyY-LL 6T7L (#2'0) L LEL09/LLLO000LL EEECEEECJ0NEEEEEEEEERERRN 0000000000 AEEEE N €LLL
anbiun WY1 0C (¥2'0) L 1££09££0000LLLL EEEEEEECOJ0NEEEEEER 00000000000 AAEEEEEEEEER L0LL
patoisni5 LWV S0'61 (86'0) ¥ LLLO9LLO9LLLLEY EEEEEEEC 0 EEEEEEER (0 NEEEEEEEEEEENEENCC]ON 796
anbiun €H €€'8 (¥z'o) L LLLOTLLELLLLLLL EEEEEEN /([N SSSEEEEN SESESSESESEEEEEEEEEEEEEER €96
anbiun SIv3 oL (¥2'0) L LEELVLLLLLLLLL EEN [ EEEN(EC00JNSESESSSEEEEEEEEEEEEEEEEEEEER L¥6
anbiun H S (¥2'0) L LLLOTOOVLLLLLLL EEEEEEEO (OO0 0000000CAEEEEEEEEEEEEEEEEEEEER 96
paiaisndy 1 S€ (L2 ¢ L££0900SLLLLLLL EEEEEEEC O O00ER000000NCEEEEEEEEEEEEEEEEEEEEER 876
anbiun 51 €L'E (¥Z'o) L LLLO9LLLLLLLELL EEEEEEEC (0 SSEEEEEEEEEEEEEEEEEEEEEEN EEEEEN 976
anbiun YH 6Tl 2’0 L LLLOTYLLLLELLEY EEEEEEECO 00N C00CNEEEEEEEEEEEEEE  EEEEEEEECCON Lz6
paiaisn|d umowyun (4444 (86'0) ¥ 1££09££090000£L EEEEEENCO 0 NEEEERER 000N O00000000000AEEEER 8l6
anbiun ¥} oL (#2'0) L LLLO9LLLLLLSLLL EEEEEEEC 0 S SEEESEEEEEEEEEEEEEEEN EEEEEEEEER Ll6
anbiun ¥} S (¥2'0) L LLLOOLLLLEVLLLL EEEEEEEC (0 AESEEESEEEEEEEEEEN (/SN EEEEEEEEEER €l6
anbiun 51 ST'9 (¥T'o) L LE909LLLLLLLLLL EEEOEEO S SSESSSEESEEEEEEEEEEEEEEEEEEEEEERN 888
pai2isn> [45 6L'EL (86°0) ¥ LELO9LLLLLLLLEL EEECEEER (/[ SEEEEEEEEEEEEEEEEEEEEEEENEEN 818
anbiun H €E'eE (¥2'0) L LELOTOLLLLLLLLL EEE EEEO (00000 MEEEEEEEEEEEEEEEEEEEEEEEEER JAS:]
anbiun [N LLLL 2o L LLLO9LLLLLLLVLL EEEEEEE (0 SSESEESEESEEEEEEEEEEEEEEEN/( EEEEEEN L08
anbiun H 69'L (¥Z'o) L L€£0T0¥700000000 EERCERENCO00ORO00000ORO00000000000000000000004d (§:74
paisnd 6WYT A% 4 (6¥'0) T L££09££0019LLLL EEEEEEEC (0 NEEEEEERCO00000R0J0CAEEEEEEEEEEEEER 99/
anbiun €H 0C (#2'0) L 09L0TLLLLLLLLLL OUNMEEEREC 00N AN EEEEEEEEEEEEEEEEEEEEEEEEEEER 8L
sxxsutsdned xRy aseqeleq Apms JquinN uondudsag adAjobijods LIS

anbiun adKjob *SA ul (%) 1e120

*SA paJaisn|d -1jods Apms ui o, JaquinN

Ju0) *L 3|qeL

October 2012 | Volume 7 | Issue 10 | e46848

PLOS ONE | www.plosone.org



TB Strains in the Swedish Epidemic a Century Ago

L00¥8789100 duod [euinol/LZ£1°0L:10p

*,ueydio,, se pajeubisap aie A3y1 ‘UYd1eW OU JO ISED Ul SEAIBYM ‘S||S Se palyisse|d aie aseqeiep Z1IALIS 341 ul wianed Bunsixaaud e Buiysiew suresis anbiun “Apnis

SIUY1 WOoJy Ulel)s J9Yloue Yim ydiew jou saop leyy wianed adKiobijods e buliogiey suiens anbiun o) pasoddo se !, Apnis siyl uiylm,, sulesls aiow 1o omy Aq pateys usaned adA1o61jods Jejiwis e 03 puodsaiiod suleils PaIdISNDyxx
‘aseqelep ay1 ul paquasap saped Jofew ayl Jo Aue o1 HBuojaq 10u op eyl sainleubis yum suialed sareubisap ,umounun,, ‘sajni yggjods pasiaai buisn z1IALIS 01 buipiodde suoneubisap Ajiwey adAobijods,,
L=UVLL=UT0D ‘L =UApPniIs siyl x9/Z€ ‘L =UNdI ‘L =U NHD 'L =U APNnis sIyl 466 L€ L =U IMS ‘L =U APNIs syl 4 L6LE ‘L =Uu NI 'L =U APNIS SIY1 L06LE 'L =U NIQ ‘L =U APNIs syl 4681L€ ‘L =U T3g 'L = U APNIs SIY1 ,88LE ‘L =U IMS
‘L =UApPNIS SIYY /8LE 'L =U IMS ‘L =U APNIS SIY3 L98LE ‘C=U APNIS SIY} ,G8LE ‘L =U IMS ‘L =U APNIS SIY} ,¥8LE [L=U GTV 'L =U XXd ‘L =U APNIS SIY} ,E8LE ‘L =U SNV ‘L =U APNIS SIY} ,ZBLE L =U YSN ‘L = U APNIS SIY3 ,18LE ‘L =U
VSN ‘T=U APNIS SIY} ,08LE ‘T=U XX4 ‘T=UAPNISSIY} 46/ LE L =U gTV ‘L =U APNISSIY ,8/LE L =U dTD ‘L =U APNIS SIY} £/ LE L =UHVZ 'L =U APMIS SIY1 L9/ LE L =U VSN ‘L =U APNiIs sIy1 G/ L€ ‘T =U ApPNIs SIY) ,¥/LE L =UT10d ‘T=U
APNIS SIYY wEZLE ‘L =UNIA 'L =UAPNIS SIY1 ,Z/LE L =U YHG 'L =U APNIS SIYD , L /L€ ‘L = U IMS ‘€=U APNIS SIYL L0/ LE ‘L =U YSN ‘T =U APNIS SIY1 k691 € ‘L =U YId ‘€ = U APNIS SIY3 ,89 L€ :SUIRIIS JO Jaquinu A pamojjoj suoineubisap IS
‘aseqelep sy ul ueydio ue Yum ydlew e ialye Jo ApNis syl ulyum uisned mau [ednuspl ue o) Buibuolaq sulel)s 310w 40 OM) 01 NP ($31e|0SI L€ Bululeluod iz = u) ,2dA1-paseys paleasd Amau,, s31ed1pul 3sLIS1se ue Aq PIMO)|0) [IS,
‘aseqelep

9y1 ul ueydio ue yum ydlew e Jaye Jo Apnis uasaid aYl UIYUM JBULD Paleald-A|Mau a1am (S91e|0sl 7€ =U) SIS €7 Sealaym ‘aseqeiep 1IALIS 9Yd ul adAy paleys bunsixaaid e paydlew saiejost ze€ Hululeluod s1is +0L Jo [e10} ¥

anbjun umouyun €E'EE (¥2'0) L L£10000LLLLLLLL EREERO 000000000000 AAEEEEEEEEEEEEEEEEEEEEEERE  0/CC
anbun 45 €€'€E (¥2'0) L LELO9LLLLLLLVLL EEE EEN (0 SSEEEENESESEEEEEEEEEEEENENE ([ EEEEEN .66l€
anbiun umouyun 0S (¥2'0) L 1££00000009000% EEEEREENC (0000000000000 0000000OMR00000000000m  «L6lE
anbiun 1 0S 2o L LEVOOLLYLLLLLLL EERCOCONCO00CNEEEEEENE (SN EEEEEEEEEEEEEEEEEEENR .06l€
anbiun €H 0S 2’0 L LLLOTLSOLLLLLLL EEEEEEE (0N EEEN N EEEEEEEEEEEEEEEEEEEEEEN 68l€
anbiun umowyun 0S [(Zz4) N 1££00000000000£ ERERERRR O O000000000000000000000000000000CMER 488L¢E
anbiun umouyun 0S (#2'0) L 1£€00000009009t EERERROC0000000000000000000000CMR0O000000CMAO0N  «/8LE
anbiun 1 0S (¥2'0) L LLLOOLYOLLLLLLL EEEEEEECO 0 NEEENC NS SEEEEENEEEEENEEEEEEEEN 08lE
patoisn|5 €H 00L (6%°0) T LLLOTLLLLLLLLOL EEEEEEECO 0N NEEENEEEEEEEEEEEEEEEEN [ AEENEN .S8LE
anbiun [AYel:| 0S ¥z'o) L 009LLLLYLELLILY 00000 ESESEESEEEEEEN ([ SNEEEN EEEEEN EEEEEEE 8lE
anbiun umouyun €E'€E (#2'0) L 1L££09£££0000000 EEEEEEN( (0 NEEEEEEEEERO0000000000000000000OO  «£8LlE
anbiun LX 0S (¥2'0) L LLLO9LLLLOLLLLL EEEEE (000 NSNS EEEEEEN S EEEEEENEEEEEEEEN .C8lE
anbiun €H 0S 2’0 L LELOTSLLLLLLLLL EEECEEEC0NCNC SN EEEEEEEEEEEEEEEEEEEEEEN .8lE
paidisn5 SNY-LL £9'99 (6¥°0) T 1££09££££0000Ly EEEEEENCO (0 NEEEEEEEEERERRO 0000000000 MEECO0OR  «08LE
paiaisnd €H 0S (6¥°0) T LELOTLLLLLLLLSL EEECEEEC 0N ESEEEEEEEEEEEEEEEEEEEEEEN EEEE .6/l€
anbiun umouwun 0S (¥2'0) L 1££09££020000L EEEEEENCOJ0CNEEEERERO000RO000000000000AEEEEE /L€
anbiun €H 0S (#2'0) L LLLOTLLLLLEYLLL EEEEEEECO 0N NSNS EEEEEEEEEEEN ([ NEEEEEEEENE .9/l€
anbiun umouwyun 0S (¥2'0) L L££09££££0T09LL EEEEEENC 0 NSEEEEEEEEEERERO 0000000 MEEEEEER  (S/LE
pataisn|d SNY-LL £9'99 (6¥'0) T L££09€££/0000LL EEEEEEN ([ SEEN(EEEEEEEER 0000000000 MEEEENR  E/1E
anbjun €H 0S (¥2'0) L LLLOTLL\VLLLLLL EEEEEEN (0N NEEEEEN ] AESEEEEEENEEEEEEEEN .l/l€
pata1sn|d L-AOg S (€£'0) € 009ZLL9LLELLILY 00000 MEEEEEEEEEN EEEEEEEEEN  EEEEEN EEEEE NN .0/lE
paisnd umouyun £9'99 (6¥'0) T 1££00000009009t EEEERRRO 000000000000 00000000MR0000000MEO0R  «691€
paiaisndy €H SL (€£'0) € LELOTLLLLLLLLEL EEEEEEC 0N ESESEEEEEEEEEEEEEEEEEEEEENCEENE .89l¢
anbiun €L 0C 2o L LLLO9LLLLLELLLS EEEEEEECO (0 SSEEEEEEEEEEEEEEEEN  EEEEEEEEEECE 6€LE
anbiun 1 6T7L (#2'0) L LEOOVLLLLLLLLLL EER 00000000 MEEEEEEEEEEEEEEEEEEEEEEEEEEEEER L60€
sxxsutsdned xRy aseqeleq Apms JquinN uondudsag adAjobijods LIS
anbiun adKjob *SA ul (%) 1e120
*SA paJaisn|d -1jods Apms ui o, JaquinN

qu0) L 9jqel

October 2012 | Volume 7 | Issue 10 | e46848

PLOS ONE | www.plosone.org



TB Strains in the Swedish Epidemic a Century Ago

WY1
H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
€H
LH

L-AO4
PIT AO4

L£€090C09LLLLLL
L/£/0900SLL9LLLL
L£/094/1LLL1000
LLZ09LLE0LLLELL
LLLOOVLSLLLLLLL
LLEQOELLLLLLLLY
LELO9LLLLLLLEEL
1££09/9/1000000
L1£09/1000092LL
LLYO9LLYLSLLLLL
LLYO9LLVLLLLLLL
L€£09££090000L
L€£094//900004L
L£/0900SELLLLLL
0€L09LL09LLLLLY
L€/£0Z¥/00000000
LELOTOVYLLLLOOS
LLLOTLLYLLELLLL
L££0T1¥0000¥LLL
L£/0TLLLLLLEOOS
LLL0TYLLSLELLLL
L5£0¢//L€000009
LL90TLLYLLLOOLL
1/£S020000000ZLL
L£/0T0000009.LL
LLLOTILLLYL9LED
LLLOTLLLELLLLLL
LLLOTLLLELOLLLL
LESOTLLLLLLLLLL
0090CLLLLLLLLLL
L/£/0T/£0000¥LLL
L/£/0T0¥0000¥.LL
009LLLLLLLLLOLO
009/£LLEOLILILY

EEEEER 000000000000 AEEEEEEEEEEEEEEEEEEE
EEEEEER 00000000 CSSEEEEEN  EEEEEEEEEEEEER
EEEEEEN ([ SEEEEEEER((NEEEEEEEEEEROOO0O0C0C0OCOOOOO
EEEEEEN ([ SEEEEEEEEEN ([ NEEEEEEEEEN EEEEEHN
EEEEEER 00NN SSEEEN S EEEEEEEEEEEEEEEEEEEEHN
EEEEER 00 SEEN S EEEEEEEEEEEEEEEEEEEEEEEEN
EEEEEEJJ S SESESESESEEEEEEEEEEEEEEEEEEEEN EN(EEN
EEEEEER000NEEENCERERRRRCCOO00000OC0OC0OOOOOOOOOOO
EROEE 0000000000000 00CAAEEEEEEEEEN
EEEE OO0 NEEEEEEN( (S EEEN EEEEEEEEEEEEEEEHN
EROO000000SEEEEEEN (S EEEEEEEEEEEEEEEEEEEEE
ESE NN 000NEEEEEEEROO000RROOO00C0C0OOOOOCOEEEEEN
EEE NN SEEEEEEEEEROERCOO0O0000C0CCOCOOCOGAEEEEN
EEEEEER 00000000 CEEE N[/ SSEEEEEEEEEEEEER
NN 00 SEEEEEER( (00 S S EEEEEEEEEEEEEEEEN
EENOEER000000ERR00000000000O000O0O0O00O00O00O0O00O0O0O0O0OO
EEECOEER 0000000000 AEEER O EEERERROOO00OmOE
EEEEEER (N EEEEEN /[ SSEEEEEEEN EEEEEEEEEEEN
EEEEEER (0000000000000 00O00O0O000OCAEEEEEEEER
EEEEEER (00N S EEEEEEEEEEEEEEEEEEROOO000C0C0CEE
EEEEEER 00000 S SEEEEEN  EEEEEN  EEEEEEEEEEEE
ENEEER 000N ONEEEEEEERERERCCOO0000O0O0O0O0O0OO0O0OOCOO0COEN
EEEECOER 000N SSEEEEN(((SEEEEEEEEN (0 N NEEEEEN
EEEEROR0 0000000000000 00C0O0000CCCOO0 S EEEEEEER
EEEEERER 000000000000 0000000C00C AEEEEEEEEER
EEEEEER 00N SESEEEEEEEEN(/(/EEEE EEEEEEN((I[0
EEEEEER (00NN S SSEEEEEN  EEEEEEEEEEEEEEEEEHN
EEEEEEN (00N EEEEEEEEEERORCO000CAEEEEEEEEEER
EEROEOE0000NC S S SEEEEEEEEEEEEEEEEEEEEEEEEEEHN
om0 000NC S EESEEEEEEEEEEEEEEEEEEEEEEEEE
EEEEEER 000N EERREROO000000C000CC0CCCAEEEEEEEER
EEEEEER 0000000000000 00000CCCOC S EEEEEEEER
OO0 EEEEEEEEEEEEEEEEEEE ([ NEEEEEN EEEEE(EN
o000 NS SESEEEEEEEEEEER (0000 AEEEEN  EEEENEEN

08
LL
€6
SL
€8
8
€6
/8
(44
€8
9L
LL

€8
S8
68
8
SS
86
6L
8
9
€8
6L
88
8L
€9
€9
0L
8
8L
/8
€8
6

Ajjwey
adfyobijods

3po> e

uondunsaqg adAKjobijods

aby

E] 65€-86919
W SLS-60d19
E| €vr-60d19
£ 871-804.14
W cec-£L04d19
W ¢81-£0919
E| 6c¢l-£0914
W /8%-50919
W ¢6€-10d19
W 650-009.19
E| 950-009.149
W 6€5-864.14
E| §00-50d149
W 0S¥-709.19
W S/¥-90919
W £c1-00919
W ¢0T-96S
W 6££-66919
E] SEv-60919
£ v/€-609.19
E| 0ce-£04919
£ £90-£0919
E| ¥59-904914
W €95-90419
W 08€-904914
W £05-50919
E] 6t71-509.19
W €v1-50919
W 050-504919
W 65€-10919
4 €ec-104d14g
W €0-£0919
W £8¢€-66419
4 990-609.19
PETS ajejos|

‘Sp61 910499 uloq

sjuaned Ysipams wouy paie|os sulells xa|dwod sisojnaiagni ‘yy 601 4O [e101 e Buowe punoy saljiwejqns/saljiwey buidfiobijods buipuodsaiiod pue (S =u) suiesis ueydiQ *z ajqelL

October 2012 | Volume 7 | Issue 10 | e46848

PLOS ONE | www.plosone.org



[}
(-3
>
2
o
22>
5 E
SE |- - - _
wd |k F F
- - O
~N N NN
N N N ™M
S o o o
© © © ©
9 [N N XN o
TN NN N
SRR RER
VIR N N KN
- I8N N NN
BElo N N N
I o N N
N © o I~
O|lm © N N
H B [ON
H B[N
H B B B
H R[N
H B B N
H B BN
H B R O
O o040 0o
O o040 o
O 00 o
O 00 o
H B B N
H B B N
H B B N
H B B N
H B B [
H B B N
H B B N
H B B B
H B B B
H B B B
H B B B
H B B B
H B B B
H B B B
H B B N
H B B BN
H B B N
H B B B
H B B B
H B B B
c |0 @B H ®
.gllll
ol B BN
|/l B H N
¢ |/H H EH N
[~ BEwEE BN |
gIDII
3..[1-.
oW OO m
AN RN BN
g_l.ll
w| O~ R R
]
D n o o un
L | © © ©
3
(7 TR TR T
-
[
o
)
N NN ® ©
m ¥ N N
9 3"."‘.’;‘.’
) IS
o SIEEEER
= 2 |m m o m

T1-RUS2

T2

770000643760771
757777767760731
707777344560471
757777757760711
777777747700771
740000000000031
776377777740000

EEEEER (0000000000000 EEEEEEEC0J0EEEEEEE
EEEE  EESESSSSESEESESEEEEEEE  EEEEEEEE((J0EEE(EEN
HEEE () SSESESESEEEEEEN(EEEN((ECONCOEEECOO000OEOCEEEN
EEEN EESESESESESEESEEEEEEEEN  EEEEEEEEE(OJ00EEECOCENE
EEEEEEESEEEEEEEEEEEEEEE(EEEEEE(J0000NEEEEEN
EEEN 0000000000000 oooooooooooooo0OeE .
EEEEEEEN (SN EEEEEEEEEEEEEEEEEEERCOCOO0O0O00OC0OC0OCOOCOO

64

$96-295

89

BTB08-174

T4-CEU1
T5

77
61

BTB07-190

BTB99-125

Unknown

89
80

BTB04-418

Unknown

BTB09-069

Unknown

69

BTB98-543

*Spoligotype family designations for orphan patterns were done manually as Expert-based interpretations using revised SpolDB4 rules.

doi:10.1371/journal.pone.0046848.t002

PLOS ONE | www.plosone.org

TB Strains in the Swedish Epidemic a Century Ago

together with their own family (M. bovis), while evolutionary
modern PGG2/3 (H, T, LAM) SITs grouped with their own
orphans. Almost all of the evolutionary-recent orphan strains
appeared at distant (terminal) positions within their respective
genotypic families on the tree and not as the central nodes that
were essentially defined by spoligotype family prototypes such as
SIT50 for H3 and SIT53 for T1 subfamilies. This observation
suggests that most of the orphan strains that existed in Sweden a
century ago, when TB was highly endemic, probably underwent
extinction because they evolved as terminal members within these
families that were unfit to proliferate. Indeed, in the Fruchterman-
Reingold spoligoforest tree, many PGG2/3 orphans are not linked
to other nodes (Figure S2).

IS6170 RFLP

Out of 409 1solates, 375 different RFLP patterns were obtained,
of which 53 (13.0%) were clustered in 19 RFLP clusters
comprising 2-9 isolates per cluster (Figure 2). Most clusters were
small and the majority comprised only two individuals (n=15).
The remaining 356 (87.0%) RFLP patterns were unique i.e. the
strains did not cluster with other patient strains in the SMI
database. A clustering comparison was also made with isolates
from patients born in Sweden in 1985 or later. It was found that
present day isolates cluster much more frequently. Among 58
isolates from these young Swedes, 16 (27.6%) belonged to a cluster
compared to 53/409 (13.0%) among the elderly Swedes (chi®-test
p-value 0.0033). All clusters (n = 5) among the young Swedes also
contained a foreign born patient with an isolation date prior to the
young Swedish born patients.

Discussion

In this study of M. tuberculosis complex isolates from patients
born in Sweden before 1945 the majority of the isolates should
represent the epidemic strains circulating at the time of the down
slope of the epidemic that took place in Sweden the last centuries.
The shape of the epidemic curve for TB is the same as that for any
other infectious disease, if one adjusts the time scale to allow for
the roughly 300-year duration of a TB epidemic [22]. Rates of
mortality, morbidity and latent infections increase rapidly, peak
successively, and decline at a prolonged, exponentially decelerated
pace [22]. In Europe the epidemic started over three centuries
ago, and the TB morbidity and mortality began to fall well before
introduction of BCG vaccine and effective treatment. It began in
the late 16™ century in England, where it peaked around the 1780s
[10]. From England it spread rapidly eastwards, to developing
cities on the continent, where the curves peaked in the first
decades of the 19" century. In Scandinavia, the peaks in mortality
were reached in the last decades of the 19™ century [10], and the
incidence declined to 147 per 100.000 population in 1950 and to
1.4 in 2009 in the Swedish-born population. A similar shape of the
epidemic curve can be observed in the neighbouring Scandinavian
countries. The present TB situation in Sweden is largely
influenced by migration as only 11% of the patients diagnosed
in 2011 were born in Sweden. Approximately 40% of all isolates
typed in 2011 belonged to a cluster [6]. The low rate of isolates
clustered by RFLP in the elderly population studied here supports
the concept that most isolates represent reactivation cases, without
active TB transmission, and thus represent the past epidemic.
Indeed, a significant difference in clustering was found when this
elderly Swedish population was compared to a young Swedish
population.

We found a highly homogenous bacterial population with a
domination of the H (41.1%), T (37.7%), and LAM (7.8%)
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Figure 1. A minimum spanning tree (MST) illustrating possible evolutionary relationships between the Swedish spoligotypes
obtained for M. tuberculosis complex strains causing the TB epidemic a century ago. (A) SITs alone (B) all patterns (including the
orphan patterns) pooled together. The tree connects each genotype based on degree of changes required to go from one allele to another. The
structure of the tree is represented by branches (continuous vs. dotted lines) and circles representing each individual pattern. Note that the length of
the branches represents the distance between patterns while the complexity of the lines (continuous, black dotted and gray dotted) denotes the
number of allele/spacer changes between two patterns: solid lines, 1 or 2 change (thicker ones indicate a single change, while the thinner ones
indicate 2 changes); dotted lines, three or more changes (black dotted for 3, and grey dotted for 4 or more changes). The color of the circles is
proportional to the number of clinical isolates in our study, illustrating unique isolates (sky blue) versus clustered isolates (blue, 2-5 strains; dark blue,
6-9 strains; bordeaux, 10-19 strains; red, 20 and more). Abbreviation: PGG, Principal Genetic Group. Note that orphan patterns in Fig. 1B are circled in
red while patterns marked by an asterisk (*) indicate an strain with an unknown signature (unclassified).

doi:10.1371/journal.pone.0046848.9001

families, which belong to the modern Euro-American group of have been designated to two different subfamilies, they only differ
strains and includes all the spoligotype families predominating in in one spacer. In addition to the lack of spacers 33-36 in both
the Western world, such as H, LAM, the ill-defined T group, X types SIT50 also lacks spacer 31. SIT53 is the prototype pattern of
and S. Only 24 isolates did not belong to modern families. This the T family and is widely spread in the world [11]. The T family
high prevalence of modern H, T and LAM strains is similar to the defines a polyphyletic group of strains belonging to the Euro-
prevalence among isolates from patients born before 1950 in American superlineage. It does not represent a lineage in a strict
Norway, where a total of 40% of 213 isolates belonged to the T evolutionary sense since it was defined by default [11]. Although,
family and 35% to the H family [23]. As the Norwegian study, our some subfamilies belonging to the T group have a known
study only included isolates displaying RFLP patterns not phylogeographical specificity, i.e. T-Tuscany, T1-RUS2 (Russia),
previously present in our database indicating an unlikely recent T2-Uganda, T3-ETH (Ethiopia), T3-OSA (Osaka), T4-CEUI
transmission. Both studies demonstrated that the isolates were of a (Central Europe), T5-Madrid2, the remaining T'1 to TS spoligo-
highly homogenous population (T and H family) with low rate of ~ prototypes are not monophyletic [24]. In a molecular analysis of
diversity. The two major spoligotypes in our study were SIT50 of M. tuberculosis DNA from a family of 18th century Hungarians two
the H3 subfamily, and SIT53 of the T1 subfamily. Although they spoligotypes were identified, corresponding to SI'T50 and SI'T53
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Figure 2. IS6770 Restriction Fragment Length Polymorphism
and spoligotyping dendrogram of 409 M. tuberculosis complex
strains from 409 patients born in Sweden before 1945.
doi:10.1371/journal.pone.0046848.9g002

[25]. As in our study SIT53 is found in elderly patients in other
parts of the world: in a study from Venezuela, patients with SIT53
had a significantly higher mean age compared to all other patients
[26], and in Mexico SIT53 was significantly more prevalent in
elderly patients, especially in females [27]. Polymorphism in the
direct repeat region in clinical isolates appears to be the result of
successive deletions of single discrete direct variant repeats (DVRs)
or of multiple contiguous DVRs from a primordial direct repeat
region [28]. Thus the lack of spacer block 33—-36 in SI'T53 is a very
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large signature that defines almost all evolutionary modern
PGG2/3 M. tuberculosis strains. It also corresponds to the large
sequence polymorphism-based broader “Euro-American super-
lineage”. Thus it can be seen as the baseline structure among
evolutionary-modern M. tuberculosis complex strains (defined by
prototype SIT53). From it might have evolved most of other
“modern” strains by loss of spacers, including the H family strains.
The H baseline therefore is defined by prototype SIT50 of the H3
subfamily (which has a characteristic absence of spacer 31). In
addition to the T'1 subfamily prototype, SIT53, two more T clade
SITs (SIT37 and SIT153) were among the seven predominant
SITs. It can be speculated that they separately derived from the
prototype SIT53 by loss of spacer 13 (SIT37), or the loss of spacers
5 and 40 (SIT153). However, to know whether such differences
are caused by a single or multiple event(s), one would need
complementary investigations.

We only found 24 ancestral PGG1 M. tuberculosis strains,
including isolates of the EAI2-Manila and CAS families. EAI2-
Manila isolates are more commonly found in Asian countries, such
as Indonesia or the Philippines, where they account for high
percentages of the M. tuberculosis isolates. Ancestral PGG1 strains
are usually linked to migrants in todays Sweden [4,29], indicating
they are more recently introduced in Sweden. The majority of the
isolates collected in Sweden present in the database at SMI are
from foreign born patients. Only three isolates were of the recently
emerging Beijing genotype. The majority of patients with drug
resistant Beijing strains in Sweden are foreign born [30]. The three
patients with Beijing isolates were all diagnosed between 2007 and
2008, i.e. in the later part of the study, at a mean age of 80.7 years.
Since the Beijing family is recently introduced in Sweden [30], it is
possible that these cases are recent infections and not reactivation
of earlier infections.

In the 1930s and 1940s bovine TB was considered to be a
significant zoonosis in Europe, including Sweden, and M. bovis was
thought to be responsible for more than 50% of cervical
lymphadenitis cases in children [31] through milk and dairy
products from infected herds. In 1958, Sweden was declared free
of bovine TB after an extensive national eradication campaign, by
the long term application of a test-and-slaughter policy that
removed infected cattle [32]. Thus, the 11 M. bovis isolates are all
from patients born before 1958, indeed the youngest persons with
M. bouvis infection were born in 1911. The four SIT691 isolates
have previously been shown to contain the RDEUT1 deletion [33]
which is specific for the clonal complex European 1 (Eul), the
dominant M. bovis complex isolated from cattle in the Republic of
Ireland and the UK.

The fact that patients with isolates of the H, T and LAM
families were significantly older at diagnosis, and were born
significantly earlier than patients with “ancient” isolates further
supports the hypothesis that the closely knit H, T, and LAM
isolates represent the old TB epidemic in Sweden, and probably
the whole of Scandinavia. In the study from Venezuela, patients
with SI'T53 were not only older but were more commonly smear
negative. The authors draw the conclusion that SIT53 strains may
be less virulent and associated with reactivation of past infections
in older patients. These associations provoke a number of
questions. If SIT53 were really less virulent, why is it still the
sixth most common spoligotype in SITVIT2, causing 4% of cases?
Clould it have been a very common strain in the past, that is now
more apt at latency and reactivation than person-to-person
transmission, and will its prevalence decrease over time? One
could speculate that SI'T53 represents a progenitor of the strains
causing the epidemic in Sweden and Norway, where mutations
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causing attenuation of the outbreak strains are illustrated by the
turther loss of spacers in e.g. SIT50, and SIT153.

Although spoligotyping is known to show marked homoplasy
[34], we find the fact interesting that evolutionary recent orphan
strains of the PGG2/3 grouping essentially appeared at terminal
positions within their respective genotypic families on the MST.
The fact that none constituted the central nodes within their own
major genotypic families nor appeared to play an important role in
the interconnection of prevailing families, suggests why they are
probably not at the heart of the M. tuberculosis biodiversity observed
in Sweden. It is possible that these orphan strains correspond to
strains that were simply not represented well enough in the
Swedish TB epidemic to have continued on infecting people.
However, we believe that most of these orphan strains probably
underwent extinction because they were the most vulnerable and
unfit strains to be able to continue infecting new hosts during the
epidemic peak of the disease a century ago. A detailed genetic
analysis might discover a link to a lack of fitness of these strains. In
conclusion the study of genetic variability within natural popula-
tions of pathogens may provide insight into bacterial evolution and
pathogenesis. The characteristics of the bacterial population
studied here are those of an old outbreak under extinction, with
the superimposition of new characteristics due to cases of
importation and recent transmission.
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Figure S1 Hierarchical layout based spoligoforest tree
showing only the shared-type SIT patterns. The spoligo-
forest trees are drawn using http://www.emi.unsw.edu.au/
spolTools In this figure each spoligotype pattern is represented
by a circle with the area proportional to the number of isolates
with that pattern (in the circles SIT numbers are shown followed
by the number of isolates with that pattern). Note that contrary to
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and only evolve by loss of spacers. Comments on Figure S1: The
Hierarchical layout based tree shown in Figure S1 represents
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