
Reconstruction of the Genetic History and the Current Spread
of HIV-1 Subtype A in Germany

Kirsten Hanke,a Nuno Rodrigues Faria,b Denise Kühnert,c Kaveh Pouran Yousef,d Andrea Hauser,a Karolin Meixenberger,a

Alexandra Hofmann,e,f Viviane Bremer,e Barbara Bartmeyer,e Oliver Pybus,b Claudia Kücherer,a Max von Kleist,d

Norbert Bannerta,g

aDivision of HIV and Other Retroviruses, Robert Koch Institute, Berlin, Germany
bDepartment of Zoology, University of Oxford, Oxford, United Kingdom
cDepartment of Environmental Systems Science, ETH Zurich, Zurich, Switzerland
dDepartment of Mathematics and Computer Science, Mathematics Institute, Freie Universität Berlin, Berlin, Germany
eDivision of HIV/AIDS, STI and Blood-borne Infections, Robert Koch Institute, Berlin, Germany
fCharité University Medicine Berlin, Berlin, Germany
gInstitute of Virology, Charité University Medicine Berlin, Berlin, Germany

ABSTRACT HIV-1 non-B infections have been increasing in Europe for several years.
In Germany, subtype A belongs to the most abundant non-B subtypes showing an
increasing prevalence of 8.3% among new infections in 2016. Here we trace the ori-
gin and examine the current spread of the German HIV-1 subtype A epidemic.
Bayesian coalescence and birth-death analyses were performed with 180 German
HIV-1 pol sequences and 528 related and publicly available sequences to reconstruct
the population dynamics and fluctuations for each of the transmission groups. Our
reconstructions indicate two distinct sources of the German subtype A epidemic,
with an Eastern European and an Eastern African lineage both cocirculating in the
country. A total of 13 German-origin clusters were identified; among these, 6 clus-
ters showed recent activity. Introductions leading to further countrywide spread
originated predominantly from Eastern Africa when introduced before 2005. Since
2005, however, spreading introductions have occurred exclusively within the Eastern
European clade. Moreover, we observed changes in the main route of subtype A
transmission. The beginning of the German epidemic (1985 to 1995) was dominated
by heterosexual transmission of the Eastern African lineage. Since 2005, transmis-
sions among German men who have sex with men (MSM) have been increasing and
have been associated with the Eastern European lineage. Infections among people
who inject drugs dominated between 1998 and 2005. Our findings on HIV-1 subtype
A infections provide new insights into the spread of this virus and extend the un-
derstanding of the HIV epidemic in Germany.

IMPORTANCE HIV-1 subtype A is the second most prevalent subtype worldwide,
with a high prevalence in Eastern Africa and Eastern Europe. However, an increase
of non-B infections, including subtype A infections, has been observed in Germany
and other European countries. There has simultaneously been an increased flow of
refugees into Europe and especially into Germany, raising the question of whether
the surge in non-B infections resulted from this increased immigration or whether
German transmission chains are mainly involved. This study is the first comprehen-
sive subtype A study from a western European country analyzing in detail its phylo-
genetic origin, the impact of various transmission routes, and its current spread. The
results and conclusions presented provide new and substantial insights for virolo-
gists, epidemiologists, and the general public health sector. In this regard, they
should be useful to those authorities responsible for developing public health inter-
vention strategies to combat the further spread of HIV/AIDS.
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The human immunodeficiency virus type 1 (HIV-1) epidemic remains a major public
health burden. Approximately 36.9 million people worldwide and 2.2 million people

in Europe and North America are estimated to have been living with HIV in 2017, 25%
of whom were undiagnosed (1–3). During 2017, 1.8 million new HIV infections occurred
globally, of which about 25,300 occurred in the European Union and European Eco-
nomic Area (EU/EEA) (2). Around 3,200 new infections are reported each year in
Germany (2–4), making the identification of transmission networks paramount for
targeted public health interventions, particularly with regard to preexposure prophy-
laxis (PrEP) of persons at high risk (5, 6).

Multiple subtypes and subsubtypes (A1, A2, B to D, F1, F2, H, J, and K) and numerous
recombinant forms of the pandemic HIV-1 group M circulate in different geographic
areas of the world. Group M is estimated to have originated around 1920 in Kinshasa,
capital city of the Democratic Republic of Congo (DRC), remaining in a preepidemic
state until its exponential spread around 1960 (7). The differential spread of subtypes
in Africa (and subsequently worldwide) appears to reflect founder effects and seems to
be linked with the geographic distribution of subtypes in different geographic regions
of the DRC (8). Subtype A—the second most abundant type in the northeastern city of
Kinsangani (DRC)—appears to have spread from there to Eastern Africa after 1950,
growing exponentially during the 1970s and now accounting for up to 68% of
infections in distinct regions of neighboring Eastern African countries such as Kenya,
Uganda, and Tanzania (8–11); it is referred to here as the Eastern African lineage.
Although the HIV-1 epidemic in Western African countries (Cameroon and Senegal) is
clearly more divergent, subtype A (or its recombinants) is also one of the most
abundant subtypes in many of these countries (10). A large epidemic of an HIV-1
subtype A variant is also seen in Eastern Europe, particularly in the Former Soviet Union
(FSU) area (12–15). This subepidemic strain, here termed the Eastern European lineage
or AFormer Soviet Union (AFSU), is estimated to have arrived in the town of Odessa (Ukraine)
around 1984 from the DRC, and since 1993, it has spread explosively among people
who inject drugs (PWID) all over the Former Soviet Union (13). The geographic range
of the Eastern European clade is increasing, and this lineage has now been found in
several other European countries, including Great Britain, Poland, Italy, and Germany
(14, 16–20). Analysis of HIV-1 sequences from recently infected individuals in Germany
revealed HIV-1 subtype A, with an increasing frequency from 5.1% in 2013/2014 to 8.3%
in 2016, to be the most abundant non-B subtype among newly infected individuals in
Germany (19, 20).

To better understand the origins of the HIV-1 subtype A German epidemic and to
monitor the dynamics of circulating HIV variants in near real time with respect to
transmission groups, country of infection, and transmitted drug resistance mutation
patterns, we applied coalescence, birth-death, and multitype birth-death models of
genetic analysis to new sequence data acquired in Germany between 1993 and 2015.
Finally, we investigated trends for transmitted drug resistance mutations of subtype A
across clusters of German origin.

RESULTS
HIV-1 subtype A in Germany results from at least two independent introduc-

tions of different geographic origins. To elucidate the sources and dissemination
routes of endemic subtype A both geographically and within transmission groups, we
analyzed viral sequences collected throughout the country between 1993 and 2015. To
identify subtype A variants circulating endemically in Germany, we added the 10 most
closely related sequences from the Los Alamos HIV Database (n � 528; redundant
entries were removed) to the set of 180 German subtype A sequences, resulting in a
total of 708 subtype A sequences, here termed data set A. Of these closely related
sequences, 44.7% were sampled from Africa, 30.1% from Eastern Europe, 7.8% from
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Germany, and 6.3% from Southern Europe and Western Asia, including Cyprus and
Turkey (Table 1).

While the ancestor of subtype A is estimated to originate most likely from Middle
Africa (Fig. 1, node a; geographic probability, 0.88), our phylogeographic analysis shows
that subtype A infections in Germany can be roughly attributed to two independent
lineages with different origins (Fig. 1). One of these lineages originated most likely in
Eastern Africa (Fig. 1, green subclade, node b; location posterior support, 0.98). The
other originated from Middle and Western Africa (Fig. 1, light blue subclade, node c;
location posterior support, 0.97) and has spread rapidly in Eastern European countries,
including the Russian Federation (branches colored in red). The main subtype A
lineages diverged early, in or around 1948 (95% highest posterior density interval
[HPD], 1940 to 1955), and we estimate the introduction of subtype A into Eastern
Europe to have occurred around 1990 (95% HPD, 1984 to 1991 [Fig. 1, node j]). The first
introductions in Germany that led to onward countrywide spread are attributed to the
Eastern African lineage and were dated back to 1983 (95% HPD, 1979 to 1989).
Subsequent introductions of the Eastern European lineage have occurred frequently
since the mid-1990s (Fig. 1 and 2). To ensure that the inferred geographic tree is robust
and not biased by the composition of the reference data set, we tested the influence
of the origin sample sizes on the migration inference data. In a second data set (data
set B), we randomly downsampled the number of sequences from the four most
abundant regions (e.g., Eastern Africa and Eastern Europe), obtaining comparable
frequencies (13% to 14%) for each region. The inferred geographic probability of the
root for each region was comparable to the full data set A (data not shown). In a second
analysis, we randomized the geographic origin for each sample across the tree,
resulting in equal geographic probabilities for each possible sampling location (data
not shown).

Recent increase in the rates of epidemic spread of the HIV-1 subtype A Eastern
European lineage circulating in Germany. To analyze fluctuations in subtype A
population dynamics in Germany, we estimated changes in the effective number of
infections � generation time (Ne � t) using two data sets that included: (i) epidemio-
logically unlinked sequences from Eastern Africa (n � 249 [Fig. 2A, gray]) and (ii)
epidemiologically unlinked samples of Middle and Western African/Eastern European
origin (n � 321 [Fig. 2A, red). The reconstruction of the Eastern African dynamics (gray
curve) shows an early exponential growth that reaches its plateau earlier than the
Western and Middle African/Eastern European lineage (red curve). The latter shows a
first phase of epidemic growth starting around 1972. While the epidemic from Eastern

TABLE 1 Sampling regions of the reference sequencesa

Parameter All samples (n � 708) References (n � 528) RKI samples only (n � 180)

Sampling dates 1986–2015 1986–2013 1993–2015

Sampling region, no. of samples (%)
Germany 221 (31.2) 41 (7.8) 180
Eastern Europe 159 (22.5) 159 (30.1)
Northern Europe 19 (2.7) 19 (3.6)
Western Europe 6 (0.8) 6 (1.1)
Southern Europe 16 (2.3) 16 (3)
Eastern Africa (KE, RW, TZ, UG, and ZM) 166 (23.4) 166 (31.4)
Western Africa (ET, GH, ML, MR, NG, SN, TG, and BF) 26 (3.7) 26 (4.9)
Middle Africa (CM and GA) 41 (5.8) 41 (7.8)
South Africa (ZA) 3 (0.4) 3 (0.6)
Western Asia (including CY and TR) 17 (2.4) 17 (3.2)
Other area of Asia 26 (3.7) 26 (4.9)
North America 5 (0.7) 5 (0.9)
Unknown 2 (0.3) 3 (0.6)

aDefinition of regions according to the M49 Standard of the United Nations (https://unstats.un.org/unsd/methodology/m49). Countries are coded according to the
2-letter codes by the International Organization for Standardization (ISO): KE, Kenya; RW, Rwanda; TZ, Tanzania; UG, Uganda; ZM, Zambia; ET, Ethiopia; GH, Ghana;
ML, Mali; MR, Mauritania; NG, Nigeria; SN, Senegal; TG, Togo; BF, Burkina Faso; CM, Cameroon; GA, Gabon; ZA, South Africa; CY, Cyprus; TR, Turkey. Numbers in paren-
theses represent the proportion of each region to the overall (second column) and reference data set (third column).
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FIG 1 Time-scaled phylogeographic analysis reveals at least two different origins of the German HIV-1A epidemic. German samples and their
10 closest related sequences found by BLAST search (data set A) were used to construct the MCC tree. (A) Sampling locations and the inferred
origin of the most recent common ancestor (MRCA) computed by discrete asymmetric trait analysis are color-coded. The node size reflects
posterior probabilities. Curly braces mark the Middle and Western African and Eastern European subclade as well as the Eastern African subclade.
German-origin clusters are highlighted and numbered. *, active clades; the dotted vertical line indicates the threshold for active clades (at least
two introductions per cluster after 2012). The data table describes the labeled nodes. 95% HPD, highest posterior density interval. (B) Time-scaled
MCC tree with discrete risk group analysis reveals distinct clusters for most transmission routes. The estimated risk group of the MRCA is
color-coded. Posterior probabilities of �0.95 are marked by circles at nodes according to their value. The inset depicts the number of clusters
per mean edge distance. A distance of 20 years, a posterior probability of �0.99, and a geographic probability of �0.99 were used to identify
transmission clusters (TC) with German origin (highlighted in yellow and red). Roman numerals label the 14 TC fulfilling all criteria. German-origin
clusters not fulfilling the distance criteria are highlighted in blue. The three TC that are parts of a bigger German-origin cluster are highlighted
in red. HET, heterosexual contacts; MSM, men having sex with men; PWID, people who inject drugs; HPL, high-prevalence country.
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Africa reached a plateau in 1990, the Eastern European epidemic seems to have had a
second phase of epidemic growth that started around the mid-2000s.

To estimate fluctuations in epidemic spread, we analyzed RKI sequences (see
explanation in Materials and Methods; nEasternAfrica � 71; nEasternEurope � 109) using the
birth-death skyline (BDSKY) model to estimate changes in the effective reproduction
number (Re) over time (Fig. 2B). Re estimates the average number of secondary cases
per infectious case in a population made up of both susceptible and nonsusceptible
hosts. While Res for the epidemic originating in Eastern Africa are highest in the late
1980s (Re � 2.3, median) and in a second peak between 2003 and 2006 (Re � 1.6), the
median estimate has been below 1 since 2008. The epidemic caused by the Eastern
European lineage seems to have been slow until the mid-1990s (median Re � 1).

FIG 2 Bayesian skygrid and BDSKY analysis reveal two spatiotemporal independent subepidemics. (A)
Epidemiologically unlinked samples from the Eastern African (gray curve) and Eastern European subclade
(red) were analyzed separately. The logarithmic effective number of infections (Ne) � viral generation
time (t) representing effective transmissions is plotted over time. 95% HPD intervals are plotted in lighter
colors. (B) Estimation of Re by BDSKY analysis of the two German subepidemics using only RKI samples.
Gray, samples belonging to the Eastern African variant; red, samples belonging to the Middle and
Western African/Eastern European variant. (C) Time of the most recent common ancestor (tMRCA) of the
German-origin clusters. Clusters within the Eastern African clade are colored in gray. Clusters within the
Eastern European subclade are colored in red. 95% HPDs are depicted as bars. Small shapes represent
inactive clades without recent spread. Larger shapes represent active clades with at least two infections
since 2012. The shape of the cluster icon depicts the transmission route within each cluster. Squares,
MSM; triangles, HET; circles, mixed clades with PWID. (D) Proportion of risk groups in all German-origin
clusters (left) compared to the still active clades (right).
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However, it then reached a plateau at an Re of 4.5 between 1998 and 2002 before
decreasing to below 1 by 2012. Notably, for the periods since 2012 we observed a
strong increase of Re values (Re � 4.9) for the Eastern European lineage. Such a pattern
is in line with the increase in growth rates obtained by the coalescence analysis of
unlinked RKI sequences (Fig. 2A). Together, these data underline the past contribution
of the Eastern African lineage to the early German epidemic, and most importantly, the
increasing contribution of the Eastern European variant in recent times.

Identification and characterization of German-origin clusters and putative
transmission clusters. To characterize German clusters establishing the German epi-
demic in depth, we performed a clustering analysis based on a Bayesian maximum
clade credibility (MCC) time tree and an equivalent maximum likelihood (ML) tree.

Analysis of the MCC tree revealed 13 German-origin clusters (mean size, n � 4)
establishing an endemic spread in Germany. These clusters are characterized by a
posterior value of 0.99 and a most recent common ancestor (MRCA) estimated to have
existed in Germany (Fig. 1A and Table 2). We further analyzed whether these clusters
are additionally putative transmission clusters (Fig. 1B). Using a distance cutoff of
20 years, which resembles most closely the mean pairwise patristic distance (MPPD)
threshold of 4.5 in the ML tree, we found 260 sequences (36.7%) in 85 clusters,
including 90 RKI sequences. Seventy of 180 RKI sequences were found in 14 clusters
harboring more than 3 German sequences (Fig. 1B, highlighted in yellow and red). Of
those, three clusters (namely, clusters VIII, IX, and X, highlighted red) formed a well-
supported larger clade (posterior probability � 1) comprising 48 sequences, with an
MRCA estimated to have existed in Germany (cluster 9* in Fig. 1; location posterior

TABLE 2 Characterization of German subtype A clustersa

a#Germans, number of German sequences within a cluster. Posterior/bootstrap, the calculated posterior and bootstrap values of each German-origin cluster estimated
in the MCC/ML tree. Distance, the genetic distance within a German-origin cluster either in the MCC tree (in years) or the ML tree (percent). Geographic posterior,
estimated support that a cluster is of German origin. Putative TC, whether a cluster fulfills all criteria of being a putative transmission cluster (TC). tMRCA, time of the
most recent common ancestor; estimated year of introduction according either to Bayesian skygrid or to BDSKY analysis. 95% HPD, 95% highest posterior density
interval. Risk group, mode of transmission within a German-origin cluster. Phylogenetic origin: country of sampling of coclustering sequences. Residence or region of
sampling, area of living of the patient if known. Due to its small size, the area of Berlin is indicated by an arrow. Country of infection according to the reports: RU,
Russian Federation; DE, Germany; GE, Georgia; AL, Albania; ES, Spain; CM, Cameroon. Note that the country of infection was not reported for all patients. M, male; F,
female; NA, no information available. Recent activity: yes, at least 2 new infections since 2012. Recently active clusters are highlighted in gray. ML tree, maximum
likelihood tree. SDRM, surveillance drug resistance mutation, NRTI, nucleoside reverse transcriptase inhibitors; NNRTI, nonnucleoside reverse transcriptase inhibitors;
PI, protease inhibitors. The maps were constructed using the software RegioGraph Analyse.
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probability � 0.96). This means that 11/13 German-origin clusters fulfilled all criteria for
putative transmission clusters (clusters 1 to 6, 8, and 10 to 13, highlighted in yellow in
Fig. 1B). Only cluster 7 (and the combined cluster 9*, both marked in blue in Fig. 1B),
failed to fulfill the distance criteria of being putative transmission clusters where
individuals are linked by extremely short transmission chains. However, the sequences
within these clusters are likely to be genetically linked (i.e., via longer transmission
chains) and were therefore considered further in the analyses of German-origin clusters,
since the main subsequent focus is on spatial spread and not on the dynamics of direct
transmission.

The clustering profile inferred using ML was highly comparable to that obtained
using Bayesian phylogenetics (https://zenodo.org/record/2245808#.XKeeWtgpCpo). In
the ML analysis, we found 433 sequences (61.2%) forming 88 clusters; these clusters
included 117/180 (65%) of the RKI sequences. Of these, 74 sequences were found in 14
German-origin clusters (the same as in Fig. 1B and Table 2), of which 3 are again parts
of the larger cluster 9*. Similar to the MCC tree analysis, cluster 7 as well as the
combined cluster 9* did not fulfill the distance criteria for a putative transmission
cluster in the ML analysis but were further considered as German-origin clusters.

Using molecular clock models, we next estimated the date of introduction of
German-origin clusters. We found that German-origin clusters within the Eastern Afri-
can clade tend to have been established for longer in Germany (Fig. 2C, colored in
gray). In contrast, Middle and Western African/Eastern European lineage introductions
(Fig. 2C, colored in red) tend to be more recent. Indeed, we detected four post-2008
introductions with subsequent spread in Germany within this subclade (Fig. 2C).

With one exception (cluster 9*), German clusters are well structured and do not
include sequences from other countries (Table 2). Six clusters are still active, exhibiting
ongoing infection events in Germany (at least two infections since 2012 [Table 2]). Four
of these six active clades are of Eastern European origin and were established after 2005
(Table 2).

Clusters consisted mainly of sequences from men (74%), 24% were sequences from
women, and for 2% no information on sex was available. Out of 13 German-origin
clusters, 6 (46.2%) are characterized by heterosexual transmission (HET; marked blue in
Fig. 1B and 2D), 5 (38.5%) are transmitted by men who have sex with men (MSM;
marked red in Fig. 1B and 2D), and 2 (15.4%) are mixed clusters with sequences from
people who inject drugs (PWID) coclustering with those from HET and/or MSM (green).

A comparison of the characteristics of the active clusters with all clusters revealed
that heterosexual transmission plays a less pronounced role in the spread of subtype A
than it did previously (Fig. 2D, right chart). Only 16.7% (�29.5%) of the active clusters
are characterized by heterosexual transmission, whereas 50% of the active clusters are
composed of sequences from MSM (�11.5%). Both clusters linked to PWID transmission
still make up 33.3% of the active clades (�18%). Of note, the two most recently formed
clusters are both MSM clusters with Eastern European origin (Fig. 2C).

The large MSM cluster formed by 48 sequences of the Eastern African lineage
(cluster 9*) has its origin around 1983 and seems to be related to Tanzania and Uganda.
A detailed analysis is shown in Fig. 3. It consists of various distinct subclades: three
exclusively German subclades (subclades 1, 5, and 7, highlighted in yellow), two clusters
formed by Cyprian sequences (highlighted in green), one cluster consisting of se-
quences from Portugal, Spain, and Germany (highlighted in red), and one small clade
containing sequences from Germany and Slovenia (orange). Of these 7 subclades, only
two (subclades 5 and 6) suggest recent activity in Germany.

Impact of transmission routes on spread. With the exception of the two mixed
PWID clades, each German cluster is characterized by a specific route of transmission
(Table 2). To calculate the impact of each mode of transmission (MSM, HET, and PWID)
on the spread of the epidemic, we estimated the Re for each transmission group in both
major subclades using a multitype tree birth-death analysis applied to the RKI se-
quences (21). The effective reproduction numbers (Re) were estimated over four
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equidistant time intervals depending on the size of the overall tree height at each
Markov chain Monte Carlo (MCMC) step (Fig. 4).

This analysis shows the changing impact of each transmission group during the
German epidemic. We found that the early epidemic (1980 to 1990) was mainly driven
by HET (both clades) and MSM within the Eastern African clade, strongly supporting the
molecular clock discrete trait analysis of the German clusters. The BDSKY peak between
1998 and 2005 can be explained by a strong increase in the number of infections with
the Middle and Western African/Eastern European virus variant among PWID (Re � 3.6).
In contrast, transmissions by heterosexual contact did not play a major role in the
ongoing epidemic during recent years, while infections among MSM still contribute

FIG 3 MCC tree of cluster 9* within the Eastern African clade reveals seven subclades. The estimated geographic
locations of the MRCA are color-coded. The various subclades are highlighted. Yellow, German clusters; green,
Cyprian clades; red, cluster with Spanish, Portuguese, and German sequences; orange, mixed cluster with German and
Slovenian sequences. Posterior probabilities of �0.8 are depicted at nodes. Node bars (black) indicate 95% HPDs.

FIG 4 Multitype birth-death (BDMM) analysis according to transmission routes and virus origin reveals a
change in the impact of transmission routes over time. Changes in the Res for each transmission group
in each subclade are depicted. (Upper graph) RKI sequences clustering in the Eastern African clade.
(Lower graph) Res according to risk groups for RKI sequences from the Middle and Western African/
Eastern European clade.
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considerably to the epidemic even though the Eastern European strain spreads much
more rapidly than the Eastern African. The highest recent estimated Re value was found
for the group of MSM infected with the Eastern European subtype A variant (Re � 2.9),
followed by HET (Re � 2.3), whereas PWID play only a minor role (Re � 0.8).

High frequency of transmitted drug resistance mutations in German subtype
A-infected individuals. The frequency of surveillance drug resistance mutations
(SDRM) in German subtype A infected individuals was 13.3% (n � 24/180) and even
higher (18.9% [n � 34]) when considering the E138A RT resistance mutation (Fig. 5).
Nucleoside reverse transcriptase (RT) inhibitor (NRTI) SDRM did not have a high impact
on transmitted drug resistance (1.1% [n � 2]), whereas the proportions of nonnucleo-
side reverse transcriptase inhibitor (NNRTI) and protease (PR) inhibitor (PI) SDRM were
higher, at 5% (n � 9; including E138A, 10.6% [n � 19]) and 6.1% (n � 11), respectively.
Analyzing each resistance-associated position separately, the most frequent NNRTI
SDRM were K103N, at 2.8% (n � 5), and Y181CIV and G190ASE, at 1.7% (n � 3) each.
E138A occurred in 5.6% (n � 10) of the RKI sequences. NNRTI resistance mutations did
not emerge in clusters, with one exception: a subcluster of 10 German sequences
within the MSM48 clade that is no longer active (Fig. 3, subclade 1) is characterized by
the E138A mutation in all infected individuals.

Resistance mutations against protease inhibitors have also been observed. This
mutation class characterizes 2.1% (n � 15) of all sequences in data set A and 6.1%
(n � 11) of the RKI sequences. The most common PI SDRM in the RKI data set were
M46IL (3.9% [n � 7]) and I85V (2.8% [n � 5]). Both PI SDRM occurred (with two
exceptions) exclusively in the two most recent MSM clusters (namely, clusters 4* and 5*,
established around 2013), accounting for 17.9% of PI mutations within clustered
German sequences. This means that 3 of the 13 German-origin clusters and 3 of the 6
active clades are characterized by transmission of drug resistance mutations (MCC tree
showing SDRM at https://zenodo.org/record/2245808#.XKeeWtgpCpo). However, only
the M46I and I85V PI SDRM show a constant spread at this time, particularly among
German MSM.

DISCUSSION

For decades, subtype B has been the dominating HIV-1 subtype in many European
countries. However, in recent years the incidence and prevalence of other subtypes
have been increasing in Western and Southern European countries, such as Great
Britain, France, Italy, and Germany (2, 14, 16, 18–20, 22–25). Hence, non-B infections are
becoming a more serious public health issue, which necessitates a deeper understand-
ing of the non-B epidemics in these countries. Among HIV-1 non-B subtypes in
Germany, subtype A is one of the most abundant subtypes showing increasing prev-
alence rates (19, 20, 26).

Analysis of 180 PR/RT sequences from HIV-1 subtype A infected individuals sampled
between 1993 and 2015 revealed that subtype A has established an endemic spread in
Germany which can be traced back to multiple introductions with at least two inde-
pendent lineages from different geographic origins (summarized in Fig. 6).

Until now, at least 13 independent clusters could be identified which likely have a

FIG 5 Level of drug resistance mutations in RKI samples: transmitted surveillance drug resistance
mutations (SDRM) in therapy-naive RKI samples.
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most recent common ancestor (MRCA) being infected in Germany and which show—
with the exception of the MSM48 cluster 9*—an exclusively German spread. The
existence of several independent clades of German origin is an indication of separate
transmission networks, originating from different introductions of the virus at different
times within the country. From these 13 German clades, six still show ongoing trans-
missions (1 HET, 2 mixed PWID, and 3 MSM clades). We observed a change between the
origins of viruses entering Germany over time. Early introductions could be traced back
exclusively to Eastern African variants, while later introductions originated mainly from
Eastern Europe, pointing to an impact of Eastern European infections on the current HIV
epidemic in Germany.

However, viruses with Eastern African origin are still circulating in Germany and are
actively involved in the present epidemic. Most of the 10 closest sequences found by
BLAST search of the Los Alamos database originate mainly from Uganda (n � 97), Kenya
(n � 40), and Rwanda (n � 18). In Uganda, for example, subtype A is the second most
abundant subtype after subtype D, with a prevalence of 25% (8, 27–29). In line with the
findings of Gray and coworkers, our results from both skygrid and BDSKY analyses show
an exponential growth of the subtype A epidemic, starting approximately in 1951,
accelerating around 1975, and reaching a plateau in 1990 (8). According to our
phylodynamic analysis, subtype A might have reached Germany in the 1980s, giving

FIG 6 Scheme of the geographic spread of HIV-1 subtype A to Germany. The subtype A origin lies in the
region of today’s Democratic Republic of Congo (DRC; yellow). Subsequent spread occurred in two
spatiotemporal independent routes. The first was to Eastern African countries (colored in green), such as
Tanzania (TZ), Kenya (KE), and Uganda (UG), as marked by green arrows. From here spread to Germany
occurred directly or indirectly (i.e., via Greece [GR] and Cyprus [CY] and GR and Albania [AL]). Other
countries, such as Great Britain (GB), Portugal (PT), and Spain (ES), might also be involved but to a lesser
extent. The second subtype A lineage spread from Middle and Western Africa directly (brown arrow) or
indirectly via countries of the former Soviet Union (purple arrows), such as Ukraine (UA), the Russian
Federation (RU), Belarus (BY), and, to a lesser extent, Poland (PL). The map was colored and modified with
Adobe Illustrator and Photoshop according to our findings and published analyses by other groups (7,
8, 13, 14, 35, 74, 75) using a blank map from Wikipedia Commons (public domain).
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rise to the early German epidemic. However, most introductions leading to a subse-
quent endemic spread occurred between 1990 and 2002. Many of these are probably
the result of direct migration from Eastern African countries. However, in the case of the
large MSM48 clade (cluster 9*), we also observed an intra-European spread involving
Cyprus, Albania, Greece, Portugal, and Spain. Subtype A spreading from Cyprus, Alba-
nia, or Greece has also been described for Italy (18) and is also most likely linked with
the Spanish and Portuguese epidemic.

The epidemic described by the Western and Middle African/Eastern European clade
also started in the Democratic Republic of Congo but shows a very different dynamic
regarding its spread (Fig. 6, brown) (13). Most of the African sequences coclustering in
this clade have been sampled in Cameroon. In addition to recombinant forms such as
CRF02_AG, subtype A is the predominant subtype in this region (10, 30). Little is known
about the spread of this variant across the African continent. Consistent with our
Bayesian skygrid analysis, Diez-Fuertes et al. dated dispersion of this variant to 1970,
finally arriving in the Ukrainian town of Odessa around 1984 (13). Odessa has emerged
as the epicenter and gateway of the Eastern European HIV epidemic that started its
explosive expansion among PWID in 1993. This epidemic is hallmarked by a specific
subtype A variant (AFormer Soviet Union [AFSU]) which is characterized by a very low
genetic diversity (12, 13, 31, 32). After the fall of the Iron Curtain, AFSU spread among
PWID within the Ukraine but was also transmitted to Russia and other countries of the
former Soviet Union (12, 33–44). As one of the fastest-growing epidemics in the world,
the Eastern European epidemic has a big influence on the current epidemic in Europe
(12). According to the European Surveillance System (TESSy [2]) and Beloukas et al. (14),
77% of all new diagnoses are made in Eastern Europe/Russia, compared to only 19.2%
reported in Western Europe and 3.5% in Central Europe. This translates to a seven-
times-higher incidence rate in Eastern Europe (43.2/100,000 people) than in Western
Europe (6.4/100,000 people) (14). Similar to the Eastern European epidemic, the second
peak of the German HIV-1 subtype A epidemic started in the mid-1990s among PWID
but shows another strong increase after 2005. Interestingly, the initial spread of the
subtype AFSU variant among PWID from Eastern Europe to Germany occurred closely
after the fall of the Iron Curtain. However, according to the Re values we estimated for
the various transmission groups, the recent reincrease is linked to MSM rather than to
PWID or HET. Analysis of the most recent and fastest-growing clusters showed that
these MSM are—in contrast to many HETs within the Middle and Western African/
Eastern European clade—nearly exclusively of German origin and are not linked to
Eastern Europe either by the known country of infection or by nationality. However,
although PWID were estimated to contribute least to the current spread, this group
may have made a major contribution to the transmission across risk groups. Two of the
six German clades with ongoing transmission are mixed PWID clusters. This indicates
that cross-risk group transmission via PWID is still relevant for subtype A and should
remain a high-priority target for public health interventions.

Interestingly, alteration of the dominating risk group is not restricted to Germany
and has also been observed in other Western European countries. Ragonnet-Cronin and
colleagues reported a 3-fold increase in non-B infections among MSM between 2002
and 2010 in Great Britain (16). Furthermore, various groups reported similar observa-
tions for France, where the non-B strains (most likely transmitted by immigrants from
sub-Saharan Africa) rose from 4% in the 1980s to 20% in just 1 decade, spreading
mostly in MSM transmission networks of French origin (24, 25, 45, 46). Moreover,
one-third of newly acquired HIV-1 infections in Europe occur among immigrants
(including foreign-born individuals), while two-thirds are among natives (14). The
predominant route is sex between men, with a considerable increase in the proportion
of transmissions among MSM: 30% in 2005 to 42% in 2014 (2, 14). However, in Eastern
European countries, heterosexual intercourse is still considered to be the main reason
for the increased rate of infections, and transmission through PWID networks also
remains high (14, 47, 48). Still, the recent relative increase in HIV subtype A infection in
the group of MSM and their more frequent assignment to active clusters emphasize the
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fact that the spread of subtype A in Germany is also becoming increasingly associated
with MSM and that subtype A is therefore the second subtype (beside subtype B) that
is becoming dominated by this risk group.

As all RKI sequences were obtained from treatment-naive patients, this allows us to
get a nationwide view on SDRM in German subtype A. The analysis of these sequences
revealed a higher proportion of SDRM (13.3% and 18.9% with E138A) than the nation-
wide level of 11% for all subtypes (19, 20). Resistance mutations against protease
inhibitors as well as the E138A NNRTI mutation occur exclusively in clusters. Three out
of thirteen clusters show a transmitted drug resistance mutation in all infected indi-
viduals. This is especially important for the current epidemic, as all three affected clades
show ongoing activity. Furthermore, this is the most likely explanation for the higher
frequency of transmitted drug resistance mutations in German subtype A. Strikingly,
6.1% of all RKI sequences harbored nonpolymorphic PI resistance mutations: M46I and
I85V. These mutations were allocated to the two most recently formed German MSM
clades with Eastern European origin. Both mutations might contribute to therapy failure
since they confer resistance against the EACS-recommended (49) protease inhibitor-
based first-line antiretroviral therapy (ART) regimen.

All analyses were performed with both birth-death and coalescence models, forti-
fying the accuracy of both phylogenetic estimation methods. Additionally, the use of
phylogenetic birth-death modeling allowed us to estimate reproduction numbers from
viral sequences separately for certain risk groups. Furthermore, we were able to extend
transmission cluster detection from ML to Bayesian consensus trees, providing both a
concept and a tool for comparable transmission cluster definition within both types of
trees. There are some limitations to this study. Due to the relatively small sample size
of sequences with German origin (especially before 2012), we observed an uncertainty
of the Re and Ne estimates as indicated by the large error bars in Fig. 2 and 4, which
warrants further confirmation. Moreover, the sampled German sequences strongly
influence the reference data set. Missing samples in the German epidemic would
therefore lead to a putative bias, particularly in the trait analyses concerned with
geographic locations and transmission groups. Therefore, the dynamics of introduction
might appear different or possible intra-European spread might become apparent if all
German sequences had been sampled and a less biased reference data set had been
used. Nevertheless, the results we obtained are both robust in several sensitivity
analyses and in strong agreement with those of others using completely different data
sets (discussed above [8, 18]).

In this study, we have shown that HIV-1 subtype A has been spreading in the
German population for nearly 3 decades, with a current rise in incidence. While the
early epidemic was established by a virus strain originating from Eastern Africa among
heterosexuals and MSM, the current epidemic was established mainly among MSM and
partly among PWID by the AFSU variant originating in Eastern Europe.

MATERIALS AND METHODS
Genetic data set compilation. HIV-1 pol sequences covering the genomic regions of protease

(amino acids [aa] 9 to 99) and reverse transcriptase (aa 1 to 252) were derived from (i) newly diagnosed
individuals in Germany within the former diagnostic unit of the German AIDS Centre (until 1996), (ii) the
German HIV-1 seroconverter cohort (1996 to 2015; sampling density, 3%) (50), and (iii) recently infected
HIV newly diagnosed individuals within the German molecular surveillance (2012 to 2015; sampling
density, 13%) (19, 51), here referred to as RKI sequences. Sampling densities for subtype A were roughly
estimated by the estimated numbers of new infections per year according to the reports, the proportion
of obtained sequences from those newly infected individuals, and the proportion of subtype A on the
overall German epidemic. Sampling densities were later confirmed and partly corrected by BEAST v.2.4
analysis (see “Estimation of fluctuations in the Re” below). A preanalysis using the tool TempEst was used
to ensure that the temporal signal was sufficient for subsequent molecular clock analysis and to identify
sequences whose sampling dates and genetic divergence are incongruent (52). Furthermore, only
sequences of pure subtype A lacking evidence of recombination according to the REGA subtyping tool
v.3.0 were used for this study (53). Of 214 sequences, 180 were found to be suitable for subsequent
analyses: 10 sequences from AIDS Centre diagnostic samples, 75 sequences from seroconverters, and 95
sequences from recently infected individuals (2013 to 2015). For 127 RKI sequences, additional epide-
miological metadata, such as transmission route, nationality, country of infection, age, and sampling area,
were available and used as trait data (Table 3).
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BLAST search of the Los Alamos HIV database was used to find the 10 sequences most closely related
to each of the RKI sequences according to former publications (54). Duplicates and sequences shorter
than 950 nucleotides (nt) were removed from the analysis. In total, the 180 subtype A pol sequences were
aligned with 528 closely related subtype A sequences from the Los Alamos HIV database, resulting in 708
sequences, referred to as data set A. Sequences of German origin made up 31.6% of the entire data set
(Table 1). To avoid biases due to convergent evolution introduced by drug resistance selection and
deselection rather than genealogical similarity, a data set was constructed by stripping all known
surveillance drug resistance mutations (SDRM) according to the methods of Bennett et al. (55) and
Hofstra et al. (56), yielding a final multiple sequence alignment of 885 nt in length. To ensure that genetic
distances do not differ but are comparable between the RKI sequences and the reference data set, we
analyzed the frequency of the genetic distances (data not shown). The root-to-tip divergence within the
final data set was additionally confirmed by TempEst (data not shown).

We adapted the size of the data set according to the requirements of the particular analyses (see
below).

Maximum likelihood (ML) phylogenies were reconstructed using the Ultrafast Bootstrap approxima-
tion in IQ-TREE with 10,000 replicates (57, 58). Model selection prior to tree construction (implemented
in IQ-TREE) identified the transversion nucleotide substitution model TVM�I�G as most suitable for tree
construction (57, 58). The resulting ML tree was used both to confirm the topology of the Bayesian MCC
tree and to verify cluster selection from the Bayesian trees based on bootstrap values and mean pairwise
patristic distances [see “Identification of clusters of closely related sequences (putative transmission
clusters and German-origin clusters)”]. As an outgroup for the ML tree reconstruction, we used 10
subtype C RKI sequences (GenBank accession numbers MK250696 to MK250705).

Reconstruction of time-calibrated trees. For coalescence-based Bayesian phylogenetic analysis, a
model selection implemented in BEAST v. 1.8.3 using path sampling and stepping stone was carried out
for various coalescent and clock model combinations (data not shown) (59, 60). An exponential growth
model and skygrid population dynamics were the best fit as coalescence models in combination with the
lognormal molecular clock model (59, 61, 62). To calibrate the trees to time scale, we used the sampling
dates of the tips (59). A maximum likelihood tree run by FastTree (63) was used as a starting tree. Each
analysis comprised two independent Markov chain Monte Carlo (MCMC) runs of one billion generations
performed with BEAST v.1.8.3 using the BEAGLE library to enhance computational speed (64). Tracer
v.1.6.1 was used to inspect the convergence of each MCMC run (65), and LogCombiner (part of the BEAST
package) was used to combine both runs, resulting in effective sample sizes (ESS) of �200 for all
parameters. An empirical posterior tree distribution of 2,500 time-calibrated trees was generated and
used for subsequent trait diffusion analyses.

TABLE 3 Epidemiological data of RKI samples according to the reportsa

Characteristics of RKI samples (n � 180) No. (%) of samples

Risk factor
Men having sex with men 53 (29.4)
Heterosexuals 54 (30)
People who inject drugs 14 (7.8)
High-prevalence country 8 (4.4)
Not reported 51 (28.3)

Sex
Male 107 (59.4)
Female 60 (33.3)
Not reported 13 (7.2)

Presumed region of infection
Germany 73 (40.6)
Eastern Europe 25 (13.8)
Africa 18 (10)
Western Europe 1 (0.6)
Southern Europe 5 (2.8)
Asia 5 (2.8)
Not reported 53 (29.4)

Region of origin
Germany 73 (40.6)
Eastern Europe 38 (21.1)
Africa 15 (8.3)
Northern Europe 1 (0.6)
Western Europe 1 (0.6)
Southern Europe 7 (3.9)
Asia 4 (2.2)
Not reported 41 (22.8)

aAll data are as provided by the statutory HIV reports of new HIV diagnoses in Germany or by the HIV-1
Seroconverter study (72).
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To prevent biases due to variability in the density of sequence sampling, additional Bayesian skygrid
analyses (61) were conducted to reconstruct the course of the German subtype A epidemic. All
epidemiologically linked sequences that were identified by a transmission cluster analysis [see “Identi-
fication of clusters of closely related sequences (putative transmission clusters and German-origin
clusters)”] were removed, and only one representative sequence per cluster was kept. Reduced data sets
comprising (i) sequence data belonging to the Eastern African clade (n � 249) and (ii) sequence data
belonging to the Middle and Western African/Eastern European clade (n � 326) were created. Each
analysis was run in triplicates for one billion MCMC generations, and convergence was confirmed using
Tracer v.1.6 (65).

Trait diffusion analysis. To reconstruct the ancestral geographic locations and transmission groups
throughout the evolutionary history of subtype A, we performed discrete trait diffusion analysis using
symmetric and asymmetric diffusion models on an empirical tree consisting of 2500 subtrees generated
by MCMC as described above (7, 54, 66, 67). As discrete traits, we considered geographic regions of
sampling (for all sequences, see Table 1, “Sampling regions”), transmission groups (for RKI sequences
only; see Table 3, “Risk”), and, in a separate analysis, transmitted SDRM (described below). Analyses were
run for 200 million steps, and convergence was inspected using Tracer v.1.6. TreeAnnotator (part of the
BEAST package) was used to generate maximum clade credibility (MCC) trees. FigTree v.1.4.3 (http://
tree.bio.ed.ac.uk/software/figtree/) was used for visualization and annotation of the trees.

To ensure that the inferred tree and, in particular, its phylogeographic estimations were not affected
by the composition of the reference data set, we additionally tested the influence of the origin sample
sizes on the migration inference data. In accordance with former publications, we downsampled
sequences from the most densely sampled locations (Eastern Africa and Eastern Europe, for which 170
and 159 sequences were available, respectively) in data set A, resulting in data set B, in which the
numbers of sequences from the four most abundant locations (Eastern Africa, Eastern Europe, Germany,
and Middle Africa) were comparable (n � 39 to 42) (7). Downsampling was conducted to avoid potential
bias in spatial inference estimates that may be caused by oversampling a particular location (7, 68).

To further rule out that our estimations of the location of the HIV-1 subtype A ancestor were affected
by differences in the number of samples per location, we randomized tip-to-location assignments during
the Bayesian inference of data set A (7). This procedure results in posterior probabilities for each location
being the location of the subtype A common ancestor that are approximately equal (data not shown).
This further confirms that the source location that we inferred for data set A arose from the association
between phylogenetic clustering and sample location and not from the relative frequency of sampling
locations (7).

Estimation of fluctuations in the Re. To estimate changes of effective reproduction numbers (Re)
during the course of the epidemic, we used the birth-death skyline (BDSKY) model (69), and to analyze
the various transmission groups in more detail, we used the multitype-tree birth-death model (BDMM)
(21) available in BEAST v.2.4 (21, 70). To improve computational speed, HKY�I�G was used as nucleotide
substitution model. BDSKY analysis was further extended to estimate the presence of sampled ancestors
according to the method of Gavryushkina et al. (71). Changes in sampling frequencies over time were
also implemented (sampling proportion [SP] before 1993 � 0%, SP from 1993 to 2012 � 3%, and SP from
2012 to 2015 � 13%). To obtain reliable results, the data set was reduced to RKI samples only and split
into two geographic origins (nEasternAfrica � 71; nEasternEurope � 109) as detected in the analyses using ML
and BEAST v.1.8.3.

Identification of clusters of closely related sequences (putative transmission clusters and
German-origin clusters). German-origin clusters were defined as having at least 3 German sequences
and a posterior value of �0.99. Furthermore, their most recent common ancestor (MRCA) was estimated
to be of German origin using trait diffusion models. Clusters were defined as active when at least two
recently infected patients (infected after 2013) were detected within these clusters. The tool Transmic
(https://github.com/kavehyousef/code) (72) was used to identify putative transmission clusters both in
ML and Bayesian MCC trees. Transmic identifies clusters of closely related sequences, possibly linked by
direct transmission or very short transmission chains (putative transmission clusters). For ML trees a 99%
bootstrap cutoff and 4.5% mean pairwise patristic distance (MPPD) were used as cluster thresholds as
reported by other groups (16, 73). The tool was extended to allow cluster selection in MCC trees. All
changes are implemented and freely available in the version published at https://github.com/
kavehyousef/code. After analysis of the distribution of branch lengths within the tree, a cutoff posterior
probability of �0.99 and a distance of 20 years (in a time-scaled tree) were used to identify putative
transmission clusters. The distance cutoff was chosen because the number of putative transmission
clusters identified was highest at this distance and strongly comparable with clusters found within the
ML tree with an MPPD of 4.5% (inset in Fig. 1B and Table 2).

Analysis of transmitted SDRM. The World Health Organization (WHO)’s list of surveillance drug
resistance mutations (SDRM) was used to detect transmitted drug resistance (55), using all sequences
from the RKI studies known to be treatment naive. We also considered the E138A mutation in a separate
analysis because it has been recently suggested that this mutation is associated with transmitted drug
resistance (56).

Ethics statement. The studies were approved by the data protection officer of the RKI and the
German Federal Commissioner for Data Protection and Freedom of Information (III-401/008#0016) as well
as the ethical committee of the Charité University Medicine (Berlin, Germany; EA 2/105/05) (19, 50).

Data availability. Reference sequences were identified and downloaded by BLAST search from the
Los Alamos HIV database (https://www.hiv.lanl.gov/content/sequence/BASIC_BLAST/basic_blast.html).
All unpublished German subtype A sequences used in this study were uploaded to GenBank with
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accession numbers MF124612 to MF124794. Subtype C sequences used as outgroup for ML analyses
were also uploaded to GenBank with accession numbers MK250696 to MK250705.

The final alignment of data set A, the ML tree, the phylogeographic MCC tree as raw data, and the
SDRM MCC tree can be found at https://zenodo.org/record/2245808#.XKeeWtgpCpo.
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