
S3 Text. Study of DBLα types and frequencies in Africa 
 
 
 
Table A. Dataset sources in Africa and Asia. All datasets were used in the clustering step to generate 
representative DBLα types. However, further study on DBLα types and frequencies was limited to 
only African locations with ≥100 isolates. For GhanaMRS isolates, this study was limited to only 
surveys 1 to 7, excluding the pilot study. 
 
Continent Location Year(s) collected DBLα source^ # Isolates 

(initial) 
# Isolates 

(≥20 types) # Sites + # Years + 

Africa Senegal (West)1* 2001-2014 Assembled var 91 63   
Africa Gambia (West)1* 2008, 2013-2015 Assembled var 64 62   
Africa Guinea (West)1* 2011 Assembled var 96 94   
Africa Mali (West)1* 2007, 2012-2014 Assembled var 81 75   
Africa GhanaMRS (West)2 2012 (Pilot study) AmpSeq 161 158   
Africa GhanaMRS (West)2 2012-2017 AmpSeq 3,955 3,166 1 7 
Africa Ghana (West)1 2009-2015 Assembled var 530 474 2 5 
Africa Nigeria (West)1 2012 Assembled var 3 3   
Africa Gabon (West)3 2000 AmpSeq 200 176 1 1 
Africa Democratic Republic 

of Congo (Central)1* 2012-2015 Assembled var 102 92   

Africa Malawi (Central)1 2011 Assembled var 253 246 2 1 
Africa Uganda (East)4 2006-2007 AmpSeq 517 499 6 2 
Africa Kenya (East)1* 2007, 2009, 2014 Assembled var 47 26   
Asia Bangladesh1* 2012 Assembled var 49 46   
Asia Cambodia1* 2008-2012 Assembled var 624 440   
Asia Laos1* 2011-2012 Assembled var 82 79   
Asia Myanmar1* 2011-2013 Assembled var 58 56   
Asia Thailand1* 2011-2013 Assembled var 142 135   
Asia Vietnam1* 2009-2011 Assembled var 128 94   

1 (1), 2 (2–7), 3 (8), 4 (9) 
^ “AmpSeq” refers to amplicon sequencing of the DBLα tag region; “Assembled var” refers to DBLα tags extracted from assembled 
var genes. 
* Locations were excluded from the study either due to location (Asia is excluded) or due to limitations in the dataset size (i.e., in 
Africa but # Isolates (final) < 100). 
+ Values shown only for datasets retained in final spatial analysis, following the exclusion of individual isolates with < 20 DBLα types 
and subsequent exclusion of locations with < 100 isolates. “# Sites” and “# Years” refers to specific area and time sampling was 
performed, based on metadata available by MalariaGen e.g., Pf3k, Pf6 (10). 
 
 
 
 



 
 
Fig A. Locations (i.e., countries) in Africa included in the geographical analysis of DBLα types and 
frequencies. Map was made with Natural Earth (http://www.naturalearthdata.com) using the 
rnaturalearth R package (v.0.1.0) (11). 
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Fig B. Local signatures of DBLα types and frequencies are observed in populations in Ghana, 
Gabon, Malawi, and Uganda in Africa [geographical analysis]. Local DBLα types are defined as types 
that are present predominantly in a single location but are absent or found at low frequencies in 
other locations. These local types appear to be more commonly observed in the upsB and upsC 
groups. (A) Location-specific frequencies (y-axis) are plot against location-averaged frequencies (x-
axis) for individual DBLα types (points), coloured by ups groups. Data points strongly deviating from 
the x=y diagonal suggest that these DBLα types are present at relatively higher frequencies in a local 
population but may not be across all locations. (B) Proportions of DBLα types where a single location 
is a major source contributor. A location is considered the major source contributor for a DBLα type 
if ≥80% of the isolates in which the DBLα type is found is from that one same location. Shown here 
are proportions of DBLα types with a single location as the major source contributor, in every 
location-specific frequency class with ranges given in interval notations of low (0%, 1%), moderate 
[1%, 5%), high [5%, 10%), and extreme [10%, 100%]. The “Ghana” location here includes DBLα types 
present in the combined datasets of “GhanaMRS” and “Ghana”. 
 



 

 
 
Fig C. Per-isolate frequency profiles for upsA, upsB, and upsC DBLα types within specific locations 
[geographical analysis]. Similar to that observed for the GhanaMRS dataset, the per-isolate 
frequency profiles in other African locations for all ups groups also comprised of a mix of low-to-
extreme survey-specific frequency classes and are consistent across isolates within the same survey, 
regardless of isolates’ infection complexities. Per-isolate frequency profiles are shown here by ups 
group (A) upsA, (B) upsB, and (C) upsC and by location (vertical panels), where the ‘n’ value in the 
label represents the number of isolates per location. Vertical bars represent individual isolates, 
ordered in increasing isolate repertoire size (grey line, secondary y-axis). Colours indicate location-
specific frequency classes with ranges given in interval notations of low (0%, 1%), moderate [1%, 
5%), high [5%, 10%), and extreme [10%, 100%], and the proportions of these frequency classes 
within each isolate is shown on the primary y-axis. Isolates on the left side of each vertical panel 
with smaller isolate repertoire sizes likely represent monoclonal isolates and reflect the composition 
within actual parasite repertoires. 
 
 

 



 
 
Fig D. Relationship between DBLα types and var exon 1 [geographical analysis]. Analysis was 
performed through sequence alignment of DBLα types found in the GhanaMRS data to var exon 1 
sequences in Navrongo. Both locations (Bongo and Navrongo) are situated ~30km apart in Ghana. 
(A) Distributions of the number of unique var exon 1 sequences (in Navrongo) containing the same 
DBLα type show that DBLα types at high or extreme frequencies tend to be associated with multiple 
different var exon 1 sequences. (B) Distribueons of sequence similarity between pairs of aligned var 
exon 1 that share the same DBLα type show peaks at approximately 60% to 80% of pairwise 
nucleotide identities, suggesting that the majority of these var exon 1 represent actual different 
genes. However, minor peaks on the right side of these distributions, especially for upsB and upsC 
groups, could suggest that a subset of these var exon 1 are alleles of a same var gene. 
 
 
 
 
 
 
 
 



 
 
Fig E. Annotation of possible factors maintaining DBLα types with high or extreme frequencies 
[geographical analysis]. Shown here are DBLα types with high or extreme location-averaged 
frequency classes (vertical panels), with information on the (A) assigned DBLα domain subclass, (B) 
classified ups group, (C) sequence homology (presence/absence) to published conserved DBLα tags 
and var genes, and (D) location-specific frequency classes, where the ‘n’ value in the label represents 
the number of isolates per location. While some factors (e.g., drug resistance selective sweeps, 
ancestral origins) can explain the reason a few of these DBLα types are maintained in one or many 
populations, the majority of these higher-frequency DBLα types are still unaccounted for. Note: The 
homolog to the DBLα tag of a conserved var gene reported in a Gabonese isolate (12) is present in 
all locations analysed in this study except in Gabon itself. Located on chromosome 6, this coincides 
with previous reports of haplotypes in linkage disequilibrium on the same chromosome (13–15), 
though this var gene is located outside of this region’s cluster. A possible explanation for the 
absence of this homolog in the Gabon dataset used in this study may be that the isolates were 
sampled relatively early in the timeline (year 2000), which precedes the switch to artemisinin (ART)-
based combination therapies (ACT) in Africa (16,17), suggesting that the selection for this specific 
type may not yet have risen in frequency to result in observed fixation in the population at the time. 
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