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Abstract

Antigenic variation is a very widespread process for pathogen evasion of mammalian adaptive
immunity, involving the continuous change of exposed antigens. In many single-celled pathogens,
antigen expression during antigenic variation is monoallelic: just a single gene from a large family is
expressed in one cell at a time. In African trypanosomes, antigenic variation relies on expression of
Variant Surface Glycoprotein (VSG), and in Trypanosoma brucei there is detailed understanding of
the machinery that dictates that only one of approximately 15 VSG expression sites is actively
transcribed at a time. In the closely related African trypanosome, T. congolense, which remains a
significant blight on agriculture productivity in sub-Sharan Africa, we have no such understanding of
VSG gene expression control or dynamics. Here, we have investigated the mechanics of antigenic
variation in T. congolense, first examining the patterns of VSG expression at the transcript and
protein level in small parasite populations in vitro. Surprisingly, this analysis revealed much greater
VSG diversity than seen in T. brucei, with such expression diversity unaltered in mutants that impair
homologous recombination. Using single cell transcriptomics, we explain this diversity, since we find
no evidence for monoallelic transcription of T. congolense VSGs, but show instead that each parasite
can dynamically express up to ~40 different VSGs in a single cell both in vitro and in vivo. VSG co-
expression occurs from VSG genes distributed across the genome, indicating the lack of a dedicated
locus for VSG transcription. Thus, comparing two trypanosome species that rely on the same class of
surface antigen for immune evasion has revealed highly distinct mechanisms for controlling antigen
gene expression, challenging the assumed common operation of antigenic variation across African

trypanosome species.

Introduction

All pathogens of mammals must survive immune attack. In single-celled pathogens, including
bacteria, fungi and protozoa, a common route to evade adaptive immunity and thereby sustain
infections and promote transmission is antigenic variation: the periodic switching of exposed surface
antigens®. Though the underlying mechanisms of antigenic variation vary across pathogens, a
common feature of the operation of antigenic variation is monoallelic antigen expression, or allelic
exclusion, where each cell expresses just a single antigen at a time?*. For bacterial pathogens, such
as Neisseria®, monoallelic expression is achieved by their genomes containing a single site for antigen
transcription, with antigen variant genes moved to that site from a silent archive by recombination.

In contrast, the malaria parasite Plasmodium falciparum encodes around 60 var genes that can be
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transcribed in situ, with controls having evolved to ensure that just one var is transcribed at a
time®’. African trypanosomes rely on expression and switching between Variant Surface
Glycoproteins (VSGs) for antigenic variation, and our understanding of the operation of this process
is dominated by decades of study in Trypanosoma brucei. Here, we have investigated the mechanics
of antigenic variation in the closely related African trypanosome Trypanosoma congolense, focusing
on the control of V5G gene expression in this important animal pathogen, which remains one of the

biggest infectious disease constraints on agricultural productivity across Sub-Saharan Africa®°.

Antigenic variation in T. brucei relies on two genomic features: a repertoire of >2000 silent VSG

1012 and telomeric VSG expression sites (ESs) in which the VSG is co-

genes and pseudogenes
transcribed with a number of Expression Site Associated Genes (ESAGs) from an RNA Polymerase
(Pol) I promoter®®. The most common route by which a change in the expressed VSG occurs, allowing
evasion of anti-VSG immunity, is through recombination reactions focused on the actively
transcribed ES!*, wherein the ES-resident VSG is replaced by an antigenically distinct copy from the
large silent VSG archive. Such VSG recombination is mainly catalysed by DNA break repair through

114,15

homologous recombination (HR), as evidenced by experiments showing that loss of RAD5 or its

mediators, including BRCA2%, impairs VSG switching and diversification!’. The output of VSG
recombination is considerable expressed VSG diversity that arises in a hierarchy during infections!®?°
(Larcombe et al, BIORXIV/2026/741217). Recombination is not, however, the only route for VSG
switching in T. brucei, since the genome does not contain a single ES used for VSG transcription in
the mammal, but approximately 15. Just one ES is selected for active transcription in a cell at a time,
with all others inactive, and the rigour of VSG ES monoallelic transcription in wildtype T. brucei
underlined by the failure of several experimental approaches that sought to isolate cells that
naturally and stably co-transcribe more than one ES*"%*, A growing body of work has now revealed
the T. brucei machinery that dictates ES monoallelic transcription, with the earliest described factors
being the VSG exclusion complex (VEX)®. Two key components of VEX are the proteins VEX1%¢ and
VEX22"2%, which interact with the active ES as part of a subnuclear compartment termed the
expression site body (ESB)*°, which includes an extranucleolar pool of RNA Pol | and several other
ESB-specific and -associated proteins3!33, Functional analyses point to differing roles of these factors
in monoallelic control of ES transcription: RNAi against VEX1 or VEX2 leads to increased transcript
levels from normally silent ESs, resulting in expression of multiple antigenically distinct VSG
transcripts and proteins in a cell?®?; in contrast, RNAi against ESB1 results in loss of transcripts from
active and inactive ESs3!, whilst ESBX RNAi leads to both loss of transcripts from the active ES and

increased transcripts from silent ESs32,
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Recently there has been considerable progress in our ability to grow3* and genetically manipulate®

T. congolense®, allowing us to begin to assess the operation of antigenic variation in this species,
which is a dominant contributor to animal African trypanosomiasis in sub-Saharan Africa. Although
T. congolense encodes VSGs and is believed to survive in the mammalian host through antigenic
variation3®3?, our understanding of VSG expression dynamics and control is substantially more
limited than in T. brucei. Expression of new VSGs as a response to immune pressure has been
documented, either following infection, drug cure and then challenge®®, or using monoclonal
antibodies against specific VSGs*, but the mechanisms behind such change are untested.
Duplication of a T. congolense VSG between telomeres has been described, with the generation of a
duplicated copy associated with expression?®, but a mechanistic demonstration that such
recombination provides for immune evasion is lacking, including a test of whether or not HR acts to
direct changes in T. congolense VSG expression. In this regard, the VSG repertoires of T. brucei and T.
congolense appear distinct: whereas T. brucei VSGs are separated into a- and b-types (based on
cysteine residue distribution)* that undergo seemingly unconstrained recombination, T. congolense
contains only b-type VSGs that can be separated into discrete phylotypes, with recombination
considered to be largely limited to within a phylotype3®*2. What impact such a constraint might have
on antigenic variation has not been assessed. Importantly, transcription of T. congolense VSGs
remains barely studied: T. brucei-like VSG ESs, including ESAGs, 70 bp repeats and upstream RNA Pol
| promoters, have not been detected in the T. congolense genome®, including in a recent telomere-
telomere de novo genome assembly (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783).
Intriguingly, and consistent with an earlier report*, transcripts could be mapped to VSGs present in
T. congolense minichromosomes (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783), a
compartment of the genome that in T. brucei appears to harbour only silent telomeric VSGs*. Such
expression may be consistent with predictions of minichromosomal T. congolense ES facsimiles,
comprising telomeric VSGs and some upstream conserved sequences®. However, no work has

tested for monoallelic expression of VSGs in T. congolense, which might be predicted if T. brucei-like

ESs are present.

Here, we document that the diversity of VSG transcripts expressed in both cultured T. congolense
and in cells recovered from mice substantially exceeds that seen in T. brucei, a phenotype that is not
the result of HR between VSGs nor extreme antigenic diversity between individuals in the population
but instead arises due to the absence of monoallelic VSG expression in individual parasites. This
work reveals a fundamental and hitherto unappreciated distinction in how two closely related
African trypanosomes control the expression of a common variant surface antigen used for immune

survival.
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Results

T. congolense displays considerable VSG transcript diversity that is not dependent on homologous

recombination

To begin to understand VSG expression dynamics in T. congolense and the influence of HR, we
generated individual null mutants of RAD51 and BRCA2 in T. congolense 1L.3000 bloodstream form
cells. The entire ORF from both alleles of each HR gene was successfully removed (Krasilnikova et al,
BioRXiv10.64898/2026.02.19.706783), arguing that neither gene product is essential for T.
congolense in vitro, similar to that reported for the corresponding mutants in T. brucei®**®. To
determine the pattern of VSG expression after loss of the HR genes, we sub-cloned wild type (WT)
parasites and both mutants and examined two clones of each following their outgrowth
(approximately 38-46 population doublings) into starting populations (P0), which were then
resampled after 11 and 22 serial passages in vitro (P11, P22; approximately 80-90 population
doublings between each sampling; Fig.1A). Whole transcriptome RNA-seq data from each subclonal
population (after limited expansion, in triplicate) was mapped using a Nanopore-Hi-C de novo
assembly of the T. congolense 1L3000 genome (Krasilnikova et al,
BioRXiv10.64898/2026.02.19.706783), where VSG genes were identified using two filters: presence
of Pfam domain PF13206, and Companion® annotation as a VSG. We approached the expression
analysis in two ways: first, the transcriptome-wide quantifier Sa/mon*” was used to map all reads to
the genome (Fig.1B shows one clone for each cell type; Fig.S1 shows the other clone for each cell
type); second, VSGseq2*® was used to perform de novo transcript assembly prior to mapping (Fig.S2).
Irrespective of the approach, a very large number of distinct VSG transcripts were detected in each
WT population: Salmon mapping predicted 404-507 VSGs (minimum transcripts per million (TPM)
threshold, 5/VSG; Fig.1, Fig.S1), while VSGseq2 predicted 476-501 (Fig.52). Altering the minimum
TPM/VSG in the mapping changed the total number of VSG transcripts detected, but even at a very
stringent threshold of 1000/VSG, extensive VSG transcript diversity was seen in the WT population
(Fig.S3A). Similarly, applying a more stringent filter of what constitutes a VSG, by additionally
requiring any predicted gene to be part of a defined phylotype?**, did not substantially alter WT
VSG transcript diversity (Fig.S3B). Although the relative abundance of individual VSG transcripts
varied between the two WT clones and over time, VSG diversity did not (Fig.1B, Fig.S1). Moreover,
VSG transcript diversity was not notably altered by RAD51 or BRCA2 loss (Fig.1B, Fig.S1; 376-437 and
361-440 VSGs, respectively), indicating diversity did not arise through recombination between VSGs
via HR. To attempt to rule out the possibility of lab-specific issues (such as parasite growth
conditions) we examined VSG expression in whole transcriptome data generated from T. congolense

IL3000 bloodstream form cells grown independently in a different lab®®. These data also revealed
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considerable VSG transcript diversity in four parasite populations (Fig.S4A) and a wide range of VSG

transcript abundance (Fig.S4B)36:37:49-51,

T. congolense VSG diversity is present after limited growth in vitro and surpasses that seen in

cultured T. brucei

To explore VSG expression diversity in T. congolense further, we used an adapted version of
barcoded Nanopore sequencing of splice leader-enriched transcripts (SL-barseq), used previously to
measure VSG switching and expression in T. brucei®. This approach provides a number of tests of
the data above: cDNA was sequenced by long-read Nanopore sequencing, testing for potential
mapping issues associated with short-read lllumina sequencing; VSG expression was evaluated in a
larger number of clones; and the analysis was conducted more rapidly after cloning and from smaller
populations (~3x10° cells, ~22 population doublings from cloning, compared with ~42 population
doublings in the PO samples in Fig.1). To approach this, we re-cloned WT cells from the PO and P22 T.
congolense populations, as well as from RAD51 and BRCA2 mutants at P22 and performed SL-barseq
on 10-20 clones (Fig.2A). In every independent recently cloned T. congolense population, whether
WT or HR mutant, we detected between 44 and 413 VSG transcripts (Fig.2B,C). This diversity is in
striking contrast to the same analysis of bloodstream form T. brucei Lister 427 MITat1.2 parasites,
where a single VSG (VSG-2, found in BES1%3, which is the predominantly transcribed VSG ES in this T.
brucei strain?®>3%) represented >95% of VSG transcripts in all five clones analysed (Fig.2D),

consistent with previous independent SL-barseg>? analysis and population RNA-seq!*28°3-55,
T. congolense VSG transcript diversity is reflected in VSG protein diversity

To ask if the diversity of VSG transcripts seen in recently cloned populations of T. congolense is
reflected at the protein level, we examined the profile of VSG proteins expressed in two of the
recently cloned WT SL-barseq populations by surface VSG release®® (Fig.S5) and identification by
Mass Spectrometry (Fig.3A). In both WT clones, we detected multiple distinct VSGs (92 or 70 in
clones C10 or G03, respectively, using an Exponentially Modified Protein Abundance Index®’ (emPAl)
>0; 9 or 13 with emPAIl >2.0). As seen in comparisons of transcriptomes and proteomes in T. cruzi®®
and T. brucei®®, fewer T. congolense VSG proteins were detected than VSG transcripts, and such a
restriction in proteomic sensitivity relative to transcriptome analysis is consistent with the large
majority of different VSG proteins detected also being seen in the repertoire of mapped VSG
transcripts (Fig.3B). These data are in striking contrast to the near exclusive detection of a single VSG
protein in cultured WT Lister 427 MiTat1.2 T. brucei reported previously?®?’. Moreover, the number
of T. congolense VSGs detected exceeds the VSG numbers detected in T. brucei after impairment of

monoallelic expression following RNAi of VEX1 and/or VEX226%7,
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T. congolense does not employ monoallelic VSG expression in vitro

The diversity of VSG transcripts and VSG proteins seen in even small populations of T. congolense
(Figs.2, 3) could be explained by rapid switching between single expressed VSGs in each cell, or
expression of multiple VSGs simultaneously in a single cell. To distinguish between these
possibilities, we performed single cell transcriptomics (scRNA-seq) on both T. congolense and T.
brucei grown in vitro. For the latter, we chose to examine EATRO1125 AnTat 1.1 90:13 cells, a strain
capable of differentiation from replicative slender bloodstream forms to cell cycle-arrested stumpy

forms>°-6?

, unlike T. brucei Lister 427, in which most scRNA-seq analysis of VSG expression control
has been conducted?®%% and which does not differentiate naturally to short stumpy forms®.
Previous work, using flow cytometry, has shown that EATRO1125 AnTat 1.1 90:13 populations in
vitro predominantly express a single VSG on their surface®, consistent with monoallelic expression,
but VSG expression analysis by scRNA-seq has not been performed in the same conditions. T.
congolense 1L.3000 bloodstream populations also undergo density-dependent cell cycle arrest,

50,66

despite the absence of morphologically detectable stumpy forms and, unlike in T. brucei®, it is

unclear if such differentiation might be connected to VSG switch rate or mechanism.

Single-cell RNA-seq was conducted for bloodstream forms of each trypanosome species growing in
vitro using Chromium (10x Genomics) droplet-based single cell isolation and cDNA processing as
previously described®. For both species, reads were mapped to long-read sequence assemblies of
their corresponding genomes, which encompass chromosome telomeres (Krasilnikova et al,
BioRXiv10.64898/2026.02.19.706783; Larcombe et al, BIORXIV/2026/741217). Because the focus of
this analysis was VSGs being expressed in each cell, in addition to canonical quality control filters
(see methods), cells with a low percentage of VSG transcripts were also removed (Fig.S6A,B), leading
to the recovery of a total of 13,160 and 15,127 individual transcriptomes for T. brucei and T.
congolense, respectively. A median of 1,057 and 606 genes was found per cell in T. brucei and T.
congolense, respectively. The two datasets were then normalised, subjected to unsupervised cell
clustering and visualised by dimensionality reduction (UMAP, Uniform Manifold Approximation and
Projection), as described previously®’. Six distinct clusters of related transcriptomes were predicted
in T. brucei, whereas seven clusters were seen in T. congolense (Fig.4A, Fig.S7). These clusters are
independent of VSG expression, since VSG genes were excluded from the variable gene list used for
principal component and clustering analysis, allowing us to query VSG transcript levels across the

population.

To analyse VSG expression, we again used T. congolense genes identified in the assembled genome
by their possession of Pfam domain PF13206 and annotation as a VSG by Companion; for T. brucei,

VSG genes in the genome were identified as those that possessed the C-terminal Pfam domain

7



236 PF10659 and either the VSG-a or VSG-b family Pfam domains PF00913 and PF13206, respectively.
237 107 distinct VSGs to which at least one transcript was mapped were detected in the T. brucei

238  sample, while 614 distinct VSGs were similarly detected in the T. congolense sample (Fig.4B).

239 Expression of VSGs was very different in the populations of the two parasite species. In T. brucei, a
240  single VSG (AnTatl.1, named Tbr-000111900 in the genome assembly) displayed high and uniform
241 expression in all T. brucei clusters and in virtually all cells (Fig.4C; median expression 6.8 (range 5.3-
242 7.9), with lower expression (3.3) in just one cell). No other T. brucei VSG approached this level of
243 expression (Fig.S8A), with only 11 VSGs detected at >2 expression in at least one cell (Fig.4B,

244 Fig.S8A,B). In contrast, 96 T. congolense VSGs were expressed at a level of >5 in at least one cell in
245 the population (Fig.4B), but with considerable variation in transcript levels between cells. This

246  variation in expression is illustrated by examining Tc-1L3000-000997800 (Fig.4C), the VSG with

247  expression >5 in the largest number of cells (5,937): expression was not uniform, with some cells in
248  every cluster displaying either high transcript levels (>5) or substantially lower levels (~1.5-2), and
249  some cells not detectably expressing the VSG (Fig.4C). Many other T. congolense VSGs displayed
250  maximum expression that compared with or even exceeded that of Tc-1L3000-000997800 (Fig.S8A),
251  and many showed a similar variable pattern of expression in cells across the population (50

252  examples are shown in Fig.S8B). These data extend our understanding derived from population-level
253  RNA-seq (Figs.1,2) and proteomics (Fig.3)?®%, in that whereas the very large majority of T. brucei
254 cells display very abundant expression of a single VSG transcript, multiple distinct VSGs display

255  variable levels of expression within the cells comprising a T. congolense population.

256  To determine whether or not the increased diversity of VSG expression in T. congolense is due to a
257  higher rate of VSG switching than in T. brucei, we next used the barcodes that define each individual
258  cellin the parasite populations to calculate how many VSGs were expressed in single cells. To this
259  end, we set a relatively permissive minimal expression cut-off of 2, as this included the 11 T. brucei
260 VSGs that show low but detectable expression (Fig.4B). In the T. brucei sample, 99.7% of cells

261  expressed a single VSG (Figs.4D and 5A,B; Tbr-000111900/AnTat1.1). Only 41 T. brucei cells (~0.3% of
262  the total) showed evidence of expressing more than one VSG, with 40 cells expressing two VSGs and
263  one cell expressing three (Fig.4D and Fig.5B,C). The huge majority of cells showing evidence for

264  expression of just Tbr-000111900/AnTat1.1 is indicative of an overwhelming predominance of

265 monoallelic VSG expression in EATRO1125 T. brucei, and consistent with in vitro flow cytometry®
266  and scRNA-seq of the same T. brucei strain in vivo®® and of cultured wild type Lister 427%. In

267  contrast, only 12.6% of T. congolense cells showed evidence for expression of a single VSG transcript
268  (Fig.4D, Fig.5A,B), with the large majority (87.4%) expressing at least two VSGs (Fig.4D, Fig.5A,B). Co-

269  expression of two or three VSG transcripts per cell was most common (~27% and 25%, respectively),
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but co-expression of 4-8 VSG transcripts was found in 13% of the population (Fig.S9A), and co-
expression of up to 30 VSG transcripts was seen (Fig.4D, Fig.S9A). These data suggest that unlike in T.
brucei, monoallelic VSG expression is rare in cultured T. congolense. Co-expression of VSGs in T.
congolense was not due to distinct behaviour of any of the seven cell clusters we detected in the

scRNA-seq data (Fig.4E) but is instead a general feature of most cells in the population.
VSG co-expression in T. congolense is dynamic

Population-level RNA-seq detected hundreds of VSG transcripts at varying levels within T.
congolense WT and HR mutant populations (Figs. 1,2), whereas at most ~30 VSGs were co-expressed
in a single WT cell, with most cells co-expressing lower numbers (Fig.4). To begin to understand how
these data might be resolved, we examined the combinations of co-expressed VSG transcripts in the
scRNA-seq data (Fig.5). For T. brucei, in 13,119 cells (99.7% of the total) AnTat1.1 (Tbr-000111900)
accounted for 100% of the detected VSG transcripts (Fig.5A,E). Examination of the 41 T. brucei cells
that expressed more than one VSG revealed 11 other distinct VSGs expressed in 10 combinations
when two VSGs were co-expressed in a cell, and one example of three distinct VSGs in a single cell
(Fig.5B,C,E). Tbr-000111900/AnTat1.1 remained the predominant VSG in each cell that co-expressed
two VSGs (~¥93% of the reads, Fig.5C; >5 expression, Fig.5E). In contrast, in the single cell with three
VSG transcripts, Tbr-000111900/AnTat1.1 expression was substantially lower (<4, Fig.5E; 50% of
reads, Fig.5C), but still higher than the two other VSGs.

Similar analysis of T. congolense revealed a substantially more complex pattern of VSG co-expression
(Fig.5). Unlike in T. brucei, 58 different VSGs were detected amongst the 1,911 T. congolense cells
that expressed one VSG (Fig.5A,B). Examination of the T. congolense cells that co-expressed two or
three VSGs revealed expression of 156 and 208 unique genes, respectively, in 595 and 1,579
combinations (Fig.5B), much surpassing the 11 individual VSGs and 10 combinations detected in T.
brucei cells co-transcribing distinct VSGs (Fig.5B). Grouping all T. congolense cells in which >3 V5Gs
were co-expressed revealed 4,642 combinations of 394 individual genes, which appears comparable
to the total number of VSGs detected in population-level RNA-seq (Figs.1,2). Thus, the wide range of
VSGs that are flexibly co-expressed at a single cell level can explain the VSG diversity seen in

population data.

To explore T. congolense VSG co-expression dynamics further, we focused on a small number of T.
congolense VSG transcripts found co-expressed along with one (n = 3), two (n = 3) or three (n=1)
other VSGs (Fig.5D). These combinations were chosen from the top 35 combinations of co-expressed
VSGs found in the sample (Fig.S9B). When two VSG transcripts were co-expressed, there was

considerable variation in the proportion of each transcript in individual cells. For example,
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expression of Tco-1L3000-000860800 ranged from 62-94% of transcripts when co-expressed with
Tco-1L3000-002354900 (6-38%; Fig.5D), perhaps indicating preferential expression of the former.
Conversely, when VSGs Tco-1L3000-000997800 and Tco-IL3000-001387800 were co-expressed, each
ranged from ~2.5-97.5% of total transcripts, indicating no preferential expression (as was also seen
with Tco-1L3000-000997800/Tco-1L3000-002395800 co-expression; Fig.5D). Similarly, co- expression
of three or four VSGs did not reveal uniform levels of each VSG transcript in every cell (Fig.5D). Thus,
unlike in T. brucei, no single T. congolense VSG transcript predominates and, instead, these data

suggest considerable dynamism in VSG co-expression.

Extending the analysis, using select V5Gs to determine transcript abundance in cells expressing 2-30
VSGs (Fig.5E), suggested two things. First, expression of VSGs that were found to be relatively
abundant when only small numbers of VSGs were co-expressed showed a notably decreased
transcript level in cells expressing many VSGs, perhaps indicating a maximum total quantity of VSG
transcript in any given cell. Second, some VSGs were expressed at low levels in all cells, suggesting
that these VSGs may exhibit less of a contribution to VSG diversity through their reduced expression

dynamism.
T. congolense co-expressed VSGs are transcribed from across the genome

To explore how transcription of VSGs occurs in T. congolense, we next mapped the location of the
genes detected by scRNA-seq to the genome. Fig.6A and B summarises the locations of all 399 VSGs
that were recovered, while Fig.6C details the location of each expressed VSG in the 13 largest T.
congolense chromosomes, as well as in one of two chromosomes that were intermediate in size and
sequence content between the 13 largest and 147 minichromosomes found in the available genome
assembly (Fig.S10; Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783). The genes encoding the
expressed VSGs were found on all classes of chromosomes, but locations differed. In the
minichromosomes, all expressed VSGs corresponded to genes directly adjacent to the telomere tract
(Fig.6B, Fig.510). In contrast, only a minority of expressed VSGs were telomere-adjacent in the
largest chromosomes (Fig.6B), with the majority at distal locations and often separated from the
telomere by non-expressed VSGs (Fig.6C, Fig.S11A). Thus, unlike in T. brucei, VSG expression in T.
congolense is not limited to transcription sites linked to telomeres, suggesting a lack of dedicated
ESs. Consistent with this suggestion, evaluation of genes proximal to the transcribed VSGs in T.
congolense (Fig.S11B) identified a range of predicted functions, not limited to the ESAGs that are co-
transcribed with VSGs in T. brucei ESs*3. One chromosome was notably unusual in this analysis: VSGs
were found across the length of chromosome 4, with only those closest to the telomere detected by

scRNA-seq (Fig.6C), or indeed by bulk RNA-seq (Krasilnikova et al,
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BioRXiv10.64898/2026.02.19.706783). This finding suggests that chromosome 4 houses a large

transcriptionally silent pool of VSGs.

Next, we examined the locations of a selection of the VSGs found to be co-expressed by scRNA-seq
(Fig.5). When co-expressed in either pairs or groups of three, there was no commonality of location
in the genome: expression of V5Gs was seen from each type of chromosome and regardless of
whether the genes were telomere-adjacent or -distal (Fig.6D). These data indicate that the lack of
monoallelic VSG expression in T. congolense reflects a lack of positional restraint on VSG
transcription, revealing a profound difference in the operation of VSG expression relative to T.

brucei.
Absence of T. congolense monoallelic VSG expression in vivo

The above analyses were conducted in parasites grown in culture. To test if T. congolense VSG
expression also occurs in the absence of monoallelic control in parasites in vivo, ~1000 IL3000 cells
were inoculated into mice, and parasites were harvested 5, 8 and 26 days later and subjected to
scRNA-seq after purification from blood. Data from each timepoint were merged, revealing that the
percentage of VSG transcripts detected per cell in vivo (~2% of the transcriptome, Fig.S12A) was
substantially lower than that seen in cultured IL3000 (~10%; Fig.S12A). To understand if this was a
consequence of the generation of scRNA-seq data from in vivo samples, we assessed the percentage
of VSG transcripts in published population-level RNA-seq samples from T. congolense grown in
vitro3 or in vivo®. Again, VSG transcripts represented a substantially lower and comparable level of
the total transcriptome in parasites recovered from mice than in culture (Fig.7A). In T. brucei, it has
been reported that VSG and ES transcription is reduced in vivo as parasite populations are enriched
for non-replicating, transmission-ready short stumpy forms and denuded of replicating long slender
forms®. To ask if this might explain the lowered detection of T. congolense VSG, we performed two
analyses in T. brucei. First, we re-examined existing sScRNA-seq data that followed EATRO1125 T.
brucei cells as they undergo induced slender to stumpy differentiation in vitro®, revealing a
substantially reduced percentage of VSG transcript in cells belonging to two stumpy populations
compared with two slender populations (Fig.7B). Second, we compared the percentage of VSG
transcript in scRNA-seq data of EATRO1125 T. brucei grown in vitro (this study) or after 7 days
growth in mice®. Again, we found substantially lower levels of VSG transcript in parasite cells from
mice (<1% of the transcriptome; Fig.5S12B) than in culture (~7%,; Fig.S12B). As non-replicative T.

60,70

brucei stumpy form cells dominate the infecting population in mice®”’®, where a related

50,66,71

differentiation process occurs in T. congolense , it seems likely that lowered VSG expression is a

common adaptation of both species in preparing for transmission to the tsetse.
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To further explore the implications of this change in VSG expression in in vivo samples we first
examined VSG transcript abundance in individual T. brucei and T. congolense cells across the
population (Fig.7C, Fig.S12A,B). In both species the number of VSGs detected at even one read/cell
in the in vivo samples was approximately half that seen in vitro (Fig.7C). For T. brucei, the
predominant and abundant expression of one VSG was no longer seen in the in vivo sample and
instead several VSGs were detected, but each at much lower maximal expression levels relative to in
vitro cells (Fig.7C, Fig512B), with such expression derived from only 1-2 VSG reads/cell (Fig.S12B). A
similar reduction in VSG expression was seen in T. congolense taken from mice and, though again
each VSG displayed lower maximal expression compared with in vitro cells (Fig.7C), a wider range of
reads/cell (1-15) was seen in in vivo-derived T. congolense cells than in T. brucei (Fig.5S12A,B). Given
the much-reduced overall levels of detectable VSG expression in the in vivo scRNA-seq samples for
both species, we next determined how many VSGs are expressed in individual cells (Fig.8) using an
expression cutoff of 1 (Fig.7C, Fig.S12A,B). Strikingly, the same distinct pattern of VSG expression
between T. brucei EATR0O1125 and T. congolense IL3000 that we described in vitro (Fig.4D) was seen
in vivo (Fig.8): of 45,412 T. brucei cells examined after isolation from mice, the vast majority
expressed a single VSG and only 77 (0.17%) expressed >1 VSG (max 3 VSGs/cell); in contrast,
amongst 26,887 T. congolense cells examined, the majority (15,454 cells, 57%) expressed >1 VSG,
and up to 22 VSGs/cell were detected. This distinction between T. congolense and T. brucei VSG

expression was also seen when applying an expression cutoff of 1.5 (Fig.S12C).

The experiments above were conducted with a single strain of T. congolense. To test if the lack of
monoallelic VSG expression we describe might be limited to that strain, we examined VSG
expression in strain KTT/MSOROM7C17?, isolating cells from mice 12 days after they had been
introduced by the bite of infected tsetse flies. Samples were purified from the blood of two mice and
subjected to scRNA-seq, where VSG expression levels (~2% of the transcriptome) compared with
that seen in T. conoglense 1L3000 cells from mice (Fig.8). Measuring the number of VSGs/cell in the
two KTT/MSOROM7C1 samples revealed striking concordance with VSG expression in IL3000, with
only a small minority (35 cells from 11,206; 0.3%) expressing a single VSG/cell and the large majority
(99.7%) expressing >1 VSG/cell, with up to 41 VSGs/cell detected (Fig.8). Thus, a lack of monoallelic

VSG expression appears to be a core feature of T. congolense biology.

Discussion

Decades of research have demonstrated that expression of VSG in T. brucei occurs by allelic

exclusion®%, with recent work revealing the role of VEX and more recently described ESB-associated
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proteins in ensuring monoallelic transcription of just one of 15 dedicated telomeric VSG expression
sites at any one time in a bloodstream form cell>?>3133, Here, we demonstrate that in the closely
related parasite, T. congolense, VSG expression in bloodstream forms of the parasite is not limited to
a single VSG per cell. Instead, multiple VSGs are co-expressed, with no evidence of expression being
from loci related to T. brucei VSG ESs, or indeed for any dedicated expression locus. Thus, this work
reveals the evolution of very distinct strategies directing the expression of the same surface antigen

used for immune evasion in two closely related Trypanosoma species.

The single-cell transcriptome analysis we show here for T. brucei EATRO1125 is consistent with all
related previous reports, in vitro?>%73 and in vivo®® and examining either EATRO1125 or Lister 427

strains, showing that just one VSG ES is transcribed in a T. brucei cell at one time, unless VEX

26,28,29 32,33

complex or further ESB protein functions*>* are impaired. Both population- and single-cell
analyses show how different VSG expression dynamics are in T. congolense. Even in very recently
cloned T. congolense populations, it was not possible to detect a predominantly expressed VSG;
instead, hundreds of VSGs were seen, whose expression pattern is not fixed but varies from clone to
clone and over time in culture. This patterning suggests dynamic T. congolense VSG expression in the
absence of immune pressure. scRNA-seq confirms this dynamism: when comparing thousands of
single cells, in vitro and in vivo, in only a minority is just one VSG transcript detected; in most cells, a
range of numbers of VSGs are co-expressed in thousands of combinations. Mapping the locations of
co-expressed VSGs across the T. congolense genome reinforces the profound difference in VSG
transcription control relative to T. brucei, with T. congolense VSGs being expressed from multiple loci
across the genome and not limited to telomere-adjacent ESs. These data have several implications

for the operation of antigenic variation in these two parasite species.

The simplest explanation for co-expression of multiple VSG transcripts in a T. congolense cell is that
such genes are simultaneously transcribed, and hence there is no monoallelic transcription control
of VSG expression, unlike in T. brucei. It should be noted, however, that this does not preclude the
possibility of monoallelic expression of VSG on the cell surface. For instance, it is conceivable that
while multiple VSG genes are co-transcribed, a downstream selection could operate, such as only
one VSG mRNA being translated. If so, this would mean that cells of both parasite species display a
homogenous VSG coat. To date, we have only performed proteomic analysis of VSG expression on
populations of T. congolense cells, where it is notable that a restricted number of VSG proteins are
seen relative to VSG transcripts, perhaps consistent with such control. However, this difference in
transcriptomic and proteomic detection of VSG expression may reflect the greater sensitivity of the
former approach. Nonetheless, the scRNA-seq data we provide reveal a fundamental mechanistic

divergence between T. brucei and T. congolense in the point of VSG expression control, which
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suggests so far unexplored differences in the machinery that directs and controls VSG transcription
between T. brucei and T. congolense. In this regard, no work has explored the function of VEX or
other ESB-associated factors in T. congolense, or indeed in any trypanosomatid beyond T. brucei,
despite the presence of at least some of these genes across this grouping of parasites®. A further
feature acts to modulate T. brucei VSG expression: a highly conserved 16mer in the 3’ UTR of all VSG
transcripts. Though the 16mer ensures VSG mRNA stability’*’® through recruitment of an RNA
binding protein’® and modification of the polyA tail’?, recent work has suggested it also acts to
silence the transcribed VSG during switching to a new VSG’® and in monoallelic expression”.
Intriguingly, the same 16mer is not found in T. congolense VSG genes, perhaps reflecting their

freedom to be co-transcribed.

A more far-reaching potential implication of this work is that whereas each T. brucei cell expresses a
homogenous VSG coat, T. congolense cells may express a coat comprising a heterogenous mix of
VSG proteins. Though such a suggestion means a coat protein composition that would be
fundamentally different between the two trypanosomes, it may nonetheless serve the same
ultimate purpose: expressed VSG diversity. It is increasingly clear that T. brucei infections are marked

18-2080 3nd indeed

by considerable population diversity in VSG transcripts detected at any given time
this diversity seems to reflect tissue residence and immune clearance®. More limited in vivo analysis
has been conducted in T. congolense, but bloodstream populations express a range of VSG
phylotypes®.. Is it possible, then, that the two parasites have evolved different routes to generate
VSG coat diversity: in T. brucei rapid recombination of VSGs into the single active ES, and in T.
congolense simultaneous expression of distinct VSGs? One reason this may not be the case is that
the engineered loss of monoallelic VSG expression in T. brucei results in more rapid immune
clearance from mice®. It will be important to examine patterns of T. congolense VSG expression

82,83

during chronic infections®#%3, which will test if population-level and single cell-level coat diversity can

provide the same function in immune evasion.

This study also suggests a difference in the balance between recombination- and transcription-based
VSG switching between the two Trypanosoma species. Variation in expression of VSGs between T.
congolense cloned populations and individual cells is likely to reflect the expression of only a
selection of the available VSG repertoire and a capacity for switching between those VSGs being
expressed at any given time, reflecting a presumed need to change exposed VSGs as anti-VSG
immunity arises in infections. RAD51- and BRCA2-dependent HR is an important driver of VSG
switching and diversification in T. brucei**1%%, but the lack of clear alteration to VSG transcript
diversity in T. congolense after mutation of RAD51 or BRCAZ2 indicates that VSG switching is not

mainly driven by HR, as has recently been argued in a further Trypanosoma species, T. vivax®>.
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Though it is conceivable that non-HR recombination might be used, a simpler explanation for the
dynamic VSG transcript levels we describe in T. congolense single cells is a capacity to activate and
deactivate expression of VSGs in situ. If so, further study is warranted, since VSGs are expressed not
merely from telomeres, but more distally and when surrounded by non-expressed VSGs. These data
indicate that there are no dedicated T. brucei-like telomeric VSG ESs in T. congolense®®, consistent
with an inability to detect the characteristic DNA repeats (50 bp®® and 70 bp®”®8) associated with T.
brucei ESs (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783). However, how such in situ
transcriptional switching in T. congolense might operate is unclear: if VSGs are found within
multigene transcription units, distinct expression of adjacent VSGs is perplexing, since the most
extensive evidence of transcriptional control in kinetoplastids to date is the RNA Pol I-transcribed T.
brucei VSG ESs®. Recent work has, in fact, revealed RNA Pol Il transcriptional control at a gene
cluster in T. brucei®, but no work has detailed the machinery that guides VSG transcription in T.
congolense, and therefore so-far unrecognised non-telomeric T. congolense VSG ESs, containing
undetected and controllable promoters upstream of individual VSGs or groups of VSGs, may be
present. In this regard, perhaps the simpler VSG ESs used in T. brucei metacyclic cells found in the
tsetse provide a blueprint®, given that T. congolense shares with T. brucei the expression of a
restricted set of VSGs in this life cycle stage3¥°192, However, the location(s) where expression of T.

congolense metacyclic VSGs occurs is unknown.

The difference in location and organisation of putative bloodstream VSG transcription control
between T. brucei and T. congolense raises an evolutionary question: are gene-rich telomeric VSG
ESs an innovation that arose only in T. brucei, or were they present in an ancestor but discarded in T.
congolense? This distinction could reflect VSG coat differences between the species: whereas a
homogeneous VSG coat in T. brucei would require transcription of a single VSG gene from a strong
promoter, a heterogeneous VSG coat of the same density on T. congolense could arise from co-
transcription of multiple VSGs from weaker promoters. Answering these questions will require
experiments that rule out the suggestion (above) that monoallelic control of VSG expression does
indeed occur in T. congolense, but by post-transcriptional, translational or post-translational means.
Our data do, however, reveal a commonality in VSG expression between T. brucei and T. congolense,
in that in both species VSGs represent a reduced fraction of the cell’s transcriptome in vivo
compared with in vitro. Analysis of scRNA-seq data®® showed that non-replicating stumpy T. brucei
cells express lower levels of VSG transcripts than replicating slender cells, consistent with previous
suggestions that the process of shutting down transcription from the single active VSG ES begins
during differentiation of T. brucei to tsetse transmission form cells®. No scRNA-seq data is currently

available to distinguish replicating and non-replicating bloodstream form T. congolense cells, but
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such differentiation occurs in vivo®®®®7t, Thus, the lowered levels of VSG transcripts in in vivo
samples of T. congolense, where monoallelic expression remain absent, is consistent with similar
VSG expression downregulation. However, as we do not yet know how T. congolense VSGs are
transcribed, it is unclear if a similar or distinct VSG control mechanism operates in the two

trypanosome species.

Though our data suggest a preference for transcriptional switching in T. congolense, the
identification of a single T. congolense chromosome that is mainly composed of silent VSGs,
accounting for ~40% of the total VSG repertoire (Krasilnikova et al,
BioRXiv10.64898/2026.02.19.706783), suggests recombination may yet play a role. In the scRNA-seq
data provided here, there is no evidence for these VSGs being expressed, but it is possible that this
chromosome provides a silent archive that contributes to VSG expression and immune evasion in
vivo. Such putative VSG recombination may yet reveal a role for RAD51 and/or BRCA2 in T.
congolense VVSG switching. Nonetheless, the greater putative prominence of VSG transcription
switching may be consistent with reduced levels of VSG pseudogenes in the T. congolense genome3®
and may suggest a reduced capacity to generate mosaic VSGs, which are seen as important for long-
term survival of T brucei*®**>94. How these features of T. congolense VSG expression and switching

impact on transmission remains to be seen.

An assumption in the above discussion is that T. congolense VSG expression dynamics reflect a role
in antigenic variation, which has been inferred to be a common mechanism of immune evasion
across African trypanosomes®, given their shared possession of VSGs®¢. The lack of monoallelic VSG
transcription need not rule this out, since recent work has documented conditions in which P.
falciparum displays co-transcription of var genes®. Moreover, in T. brucei the establishment of
monoallelic VSG expression from a single metacyclic VSG ES in tsetse salivary glands follows the
simultaneous transcription of many VSG ESs%’. Thus, the lack of monoallelic antigen transcription in
T. congolense may represent one end of a spectrum of expression control during antigenic variation.
Nonetheless, the pattern and dynamics of T. congolense VSG transcription we have described also
appear reminiscent of the co-expression of surface proteins in many pathogen cells, where an
explicit use of antigenic variation has not been demonstrated. In Babesia®8, for instance, a distinction
has been drawn between variant VESA1 proteins, which are expressed monoallelically and undergo
switches by recombination, and further variable antigens encoded in the genome that are co-
expressed and change less frequently during an infection. In P. falciparum® and Pneumocystis'®,
several proteins are found to be expressed in addition to canonical variant antigens and are similarly
exposed to immunity, but differ in not being expressed monoallelically. Closer to T. congolense, the

genome of Trypanosoma cruzi contains an enormous repertoire of surface antigen genes, with
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recent analyses revealing heterogenous transcription in the mammal®1%2, whose purpose remains a
subject of debate!®, Similarly, the extracellular trypanosome T. theileri, which infects Bovinae,
encodes a range of multigene families that transcriptome analysis predicts to encode a
heterogenous surface coat'®. In this context, it is reasonable to ask if the absence of monoallelic
VSG transcription in T. congolense means the parasite no longer deploys VSG on the cell surface for

antigenic variation, but for a distinct form of immune evasion.

Methods
Parasites and mutants

For all in vitro experiments, bloodstream form T. congolense 1L3000 was used (strain originally
isolated at the International Livestock Research Institute, Nairobi, Kenya; a gift of Theo Baltz,
University of Bordeaux). Cells were cultured at 34 °C with 5% CO, in modified HMI-93 media'®, with
10% goat serum (Gibco) and 20 g/L albumax Il (Thermo-Fisher) replacing the serum/serum plus of
the original. Cells were routinely cultivated in 6 or 24 well plates; adherent cells were flushed from
the bottom of the wells using a P1000 pipette tip or 5 ml stripette, as appropriate, prior to passage
into a new well, or for haemocytometer counting of cells. For large volumes, horizontal 75 cm? flasks
were used, with 10 ml or 25 ml stripettes used to flush the adherent parasites from the bottom
surface prior to use. The generation of TcoRAD51”" H2B2 and TcoBRA2”" Fx2 clonal lines and the
subsequent cloning and serial passaging of TcolL3000 WT and the two homologous recombination
mutant lines is described in (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783), as is the
extraction and sequencing of population-level RNAseq data. T. brucei TbCas9 Lister 4274 or T. brucei
EATRO 1.1 90:13 (a gift from Keith Matthews) parasites were also used, as indicated. Both were
cultured in HMI-11 media containing 10% FBS at 37 °C and 5% CO,, with EATRO 1.1 90:13 cells not
permitted to grow above a density of 1 x 108/ml. T. congolense strain KTT/MSOROM7C1 was used
for mice infections, and the derivation of this clonal strain has been described previously by Masuma

et al’® and Tihon et al’.
Genomes used for analysis

For T. congolense, a haplotype-resolved IL3000 T. congolense genome (Krasilnikova et al,
BioRXiv10.64898/2026.02.19.706783) was used for all analyses. For T. brucei SLbarseq, T.

brucei Lister 427 2018 genome build 68 was used from TriTrypDB (tritrypdb.org). For T. brucei single
scRNA-seq, a de novo assembled T. brucei EATRO1125 (AnTat 1.1) genome was used, which will be
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described more fully elsewhere but, briefly, verkko (v2.2.1) was used to assemble the genome using
HIFI, Nanopore and HI-C data (quality control was performed with QUAST (v5.3.0) and BUSCO
(v5.7.0_cvl).

Population-level RNA-seq

Short-read Illumina bulk RNA-seq data from prolonged in vitro growth (WT, RAD51-/-, BRCA2-/-
samples) was trimmed using trim galore, and Salmon*” was used to quantify all gene and
pseudogene transcripts annotated by Companion?® in the T. congolense I1L3000 haplotype-resolved
genome assembly (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783). The same approach was
used to analyse the previously published T. congolense IL3000 RNA-seq data (accession number
PRJEB41578 samples ERR4881956-ERR4881959, and accession number PRINA472742 samples
SRR7207631-SRR7207642)*. Separately, the experimental bulk RNA-seq data was also processed
using vsgseq2 (https://github.com/goldrieve/vsgseq2)*. A T. congolense VSG database was used,
based on putative VSG sequences from the haplotype-resolved T. congolense L3000

genome. To identify which vsgseq2-assembled VSG transcripts correspond with which VSG genes in
the haplotype-resolved IL3000 genome assembly, a blastn search was performed

to identify matches to the annotated genes and pseudogenes at 100% identity and minimum query

coverage of 95%.
SL-barseq

For SL-barseq, the protocol from Touray et al*? was adapted to T. congolense. Firstly, both starting
clones (P0) and P22 cultures from the RNA-seq experiment were recovered from stabilates, regrown
for one passage and diluted to 0.5 cells/well in up to five 48 well plates for each of the six lines: WT
IL3000 clones 1 and 2; TcoRAD517" clones 2 and 5; and TcoBRCA2" clones 1 and 2. When clones
grew on these plates, they were transferred to 24 well plates, to a volume of 2 ml in modified HMI-
93, and RNA extracted using the 96 Well Plate Bacterial Total RNA Miniprep Super Kit, following the
manufacturer’s instructions (BioBasic, USA BS585) once the adherent layer of parasites was almost
confluent. If required, due to growth differences, pelleted cells were lysed in the collection plate
with Rlysis-BG buffer from the kit and frozen at -80 °C, then the rest of the protocol followed after
thawing. After harvest, 1 ml of new media was added to each well and, the following day, single
stabilates were made of each clone by freezing 750 pl of cells combined with 750 pl of a mixture of
70% modified HMI-93:30% glycerol at -80 °C. T. brucei TbCas9 control clones were generated by
dilution of a culture to 0.2 cells/well in a 96-well plate. Resulting clones were transferred to a 12 well
plate and grown to around 1x10%/ml in 3 ml HMI-11; these were pelleted at 1000 g for 10 minutes
and RNA made using the 96 Well Plate Bacterial Total RNA Miniprep Super Kit as above. DNA
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contamination was removed using RQ1 DNase treatment (Promega, M6101), following
manufacturer’s protocol. cDNA was made from each clone using Superscript IV (Thermo Fisher,
18090200), following the manufacturer’s protocol and using a tag-anchored oligo-dT primer and 8 pl
of DNase-treated RNA, in 96 well plates. Residual RNA was removed by adding a mix of 1U
Ribonuclease H (Thermo Fisher, 18021071) and 7U Ribonuclease A (Qiagen, 19101), incubated for 30
mins at 37 °C. The cDNA was cleaned using Ampure RNA Clean XP beads (Beckman Coulter), with
elution of the cDNA in 32 ul nuclease-free water. SLseq PCR was completed using this cDNA, in 96
well plates, with Phusion Polymerase (Thermo Fisher, F530L), the ONT adapted-forward anchored
oligo-dT primer (JM125) for all, and the barcoded, ONT adapted-reverse SLprimer for each individual
well (as listed in Supplementary Table 1). 30 PCR cycles were completed with a 50 °C annealing
temperature and an extension time of 1 min 15s. The resulting PCR products were pooled in groups
of up to 22 clones; Ampure XP bead-purified and barcoded libraries were then made from each pool,
using the ONT SQK-LSK114 ligation sequencing kit with EXP_PBC001 PCR Barcoding Expansion kit,
following the manufacturer’s instructions. The libraries were sequenced on a GridION Mk1 device

using R10.4.1 MinlION flow cells.

For long-read ONT SL-barseq data, an adapted version of the published VSG-Bar-seq processing and
quantification script (https://github.com/cestari-lab/VSG-Bar-seq)®? was used, with modifications
focused on adaptation for use with multiplexed ONT sequencing, genome annotation-specific
features, as well producing summary output (scripts available on Zenodo). Briefly, the bash script
split base-called fastq files by sample using the custom barcodes (or barcodes and ONT barcodes for
multiplexed sequencing), mapped each sample separately to the genome using minimap2, filtered
alignments by minimum mapping quality 1, sorted and indexed bam files using samtools, counted
reads per gene using featureCounts (-L -M --fraction --nonSplitOnly) and, finally, combined the
output across all samples into a single matrix of counts. Only samples that contained a minimum

total of 1000 VSG reads/sample were retained for downstream assessment.
Proteomics

Two clones from the SL-barseq experiment were chosen for proteomic analysis, based on a
prediction of having several expressed VSG transcripts above 10% of total, and the predicted
peptides of the resulting proteins being distinct enough to be distinguished by mass spectrometry.
The selected single stabilates made after harvesting of the SL-barseq experiment were regrown in a
6-well plate to a density of around 1 x10%/ml, then re-stabilated. One stabilate per line was thawed
into 200 ml of modified HMI-93 and the parasites grown to almost confluence in four horizontal 75
cm flasks per clone. For clone C10 ~1 x10° total cells were isolated; for clone GO3 ~9.2 x 108 cells

total. For both, a cell scraper was used to gently remove the adherent cells from the flask bottoms.
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A soluble VSG-release protocol was followed, based on the full protocol in Cross (1984)°®. Briefly,
cells were washed twice in PSG buffer (in 1L water: 8.088g Na;HPQO,, 0.468 g NaH,P0,4.2H,0, 2.55 g
NaCl, 10g glucose), resuspended in 1 ml 0.1 mM TLCK (Merck, T7254) in H,0, and incubated on ice
for 5 min. This was then spun at 3000 g for 10 min at 4 °C and supernatant removed (=lysis
supernatant). The pellets were resuspended in 1 ml 10 mM Na3PO,4 pH8 + 0.1 mM TLCK and
incubated at 37 °C for 5 min before chilling on ice, then centrifuged at 12000 g for 10 min at 4°C.
Removal of the supernatant gave the ‘sVSG’ fraction; the resuspended pellet (in 1 ml 10 mM Na3PQO,)
provided the membrane pellet fraction. A 20 ul sample of each of the three fractions per clone was
run on an SDS-PAGE gel to assess purity (Thermo Fisher, NP0321BOX; Fig. S8), before the sVSG
fraction was analysed by the Proteomics facility at MVLS Shared Research Facilities (Glasgow

University).

Protein samples were processed by filter aided sample preparation (FASP), by loading onto a 30k
filter, washing twice with 200 pl of 8 M urea in 0.1M Tris/HCI pH8.5 (UA buffer), incubating with 100
ul 0.05M iodoacetamide in UA buffer for 20 min, washing three times with 100 pul UA buffer, then
three times with 100 ul 0.05 M NH4HCOs in water, and finally trypsinised overnight at 37 °C, with 120
ul of 20 ug/ml trypsin in 0.05 M NH4HCOs and an enzyme to protein ratio of 1:100. The samples were
eluted with 50 pl 10% Acetonitrile in water, acidified with trifluoroacetic acid, then dried by vacuum
centrifugation. Dry peptide residues were solubilised in 20 ul 5% (v/v) acetonitrile with 0.5% (v/v)
formic acid using a nanoflow uHPLC system (Thermo Scientific RSLCnhano); online detection of
peptide ions was by electrospray ionisation mass spectrometry MS/MS with an Orbitrap Elite MS
(Thermo Scientific). lonisation of LC eluent was performed by interfacing the LC coupling device to a
NanoMate Triversa (Advion Bioscience) with an electrospray voltage of 1.7 kV. An injection volume
of 5 ul of reconstituted peptides were desalted and concentrated for 10 min on trap column (0.3 x 5
mm) using a flow rate of 25 pl / min with 1 % acetonitrile and 0.1 % formic acid. Peptide separation
was completed using a Pepmap C18 reversed phase column (3 pm, 100 A, 75 um x 50 cm, Thermo
Scientific). Samples were fractionated with solvent A (0.1% (v/v) formic acid in water) and B (0.08%
(v/v) formic acid in 80% (v/v) acetonitrile in water). The peptide separation was performed at a fixed
solvent flow rate of 0.3 pl / min, with a solvent gradient of 4 % B for 1.5 min, 4 to 60 % for 100.5 min,
60 to 99 % for 14 min, held at 99 % for 5 min. A further 9 minutes at initial conditions for column re-
equilibration was used before the next injection. The Orbitrap EliteTM MS acquired full-scan spectra
in the mass range of m/z 300—-2000 m/z for a high-resolution precursor scan at 120 000 resolving
power (RP, at 200 m/z), while simultaneously subjecting up to the top 15 precursors to collision-
induced dissociation (35% NCE) in the linear ion trap using rapid scan mode. Singly charged ions

were excluded from selection, while selected precursors were added to a dynamic exclusion list for
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30 seconds. Protein identifications were assigned using the Mascot search engine (v2.6.2, Matrix
Science), interrogating protein sequences using a de novo assemble of the Trypanosoma congolense
IL3000 genome (Krasilnikova et al, BioRXiv10.64898/2026.02.19.706783). A mass tolerance of 10
ppm was allowed for the precursor and 0.6 Da for MS/MS matching. The list of detected proteins

was filtered to exclude non-VSG proteins, based on PFAM domains.
Single-cell RNA-seq sample preparation, library preparation and sequencing

For the in vitro samples, single-cell RNA-seq was conducted as described in Briggs et al ® with minor
modifications. Briefly, fresh parasite cultures were used: T. congolense 1L3000 clone 1 passage 4 cells
grown in 6 well plates, and T. brucei EATRO 1.1 90:13 in 25 cm flasks. 1 x 10 ® parasites per species
were transferred to 15 ml tubes and centrifuged at 800 g for 10 min at RT; these were washed with
prewarmed media, centrifuged again at 4 °C, and the pellets resuspended in 1 ml of PSG buffer (see
above) supplemented with 0.04% BSA by gentle pipetting with wide-bore tips. Cells were kept on ice
from this point onwards and were centrifuged and resuspended carefully in PSG supplemented with
0.04% BSA twice more, giving a final density of ~2000 cells/pl. Cells were strained through a 40 um
filter into a new 1.5 ml tube before centrifuging again at 800 g for 10 min at RT, with the
supernatant removed with a pipette. Cells were re-suspended in 150 pl PSG supplemented with
0.04% BSA, counted and a predicted total of 16 000 cells transferred to new 1.5 ml tubes and stored
on ice. In parallel, the same protocol was applied to two samples of Leishmania major strain Friedlin
promastigote cells (grown in 25 cm? sealed flasks at 27°C), with the exception that the centrifugation
steps were performed at 400 g, and only 8000 cells were collected for the downstream steps. For
the Chromium (10x Genomics) library preparation step, two samples were prepared: T. congolense
16000 cells plus 8000 L. major cells, and T. brucei 16000 cells plus 8000 cells of L. major. Each sample
was loaded onto the Chromium Control, and library preparation was performed with the Chromium
Single Cell 3’ chemistry v4 kit. Libraries were sequenced using an lllumina NextSeq 2000, generating
28 x 190 bp paired reads to a mean reads per cell depth of 41,367 (T. congolense) and 42,271 (T.
brucei). Library preparation and sequencing were performed by the Molecular Analysis facility at

MVLS Shared Research Facilities (Glasgow University).

For analysis of cells isolated from infected mice, published data was used for T. brucei EATRO 1.1
90:13 (day 7 minus sample — files d7mS1 and d7mS3)®, while two independent T. congolense strains
were used. For T. congolense KTT/MSOROM7C1, bloodstream forms were collected from infected
murine hosts 12 days after tsetse bite, corresponding to an estimated parasitaemia of approximately
1072 trypanosomes/mL, whereas T. congolense 1.3000 cells were collected at three distinct days (6,
8 and 26) after infection by injection. For strain KTT/MSOROM7C1, two independent biological

replicates were generated from separate infected mice. Cells were DEAE-cellulose purified from
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infected blood and processed independently for single-cell RNA sequencing. For Chromium (10x
Genomics) library preparation, approximately 10,000 cells from each replicate or sample were
loaded onto a Chromium Controller, and libraries were prepared using the Chromium Single Cell 3’
Gene Expression v4 kit according to the manufacturer's instructions. KTT/MSOROM7C1 were
sequenced on an lllumina NovaSeq platform, generating paired-end reads of 28 bp (Read 1) and 91
bp (Read 2), to mean sequencing depths of 89,049 and 43,796 reads per cell for replicates 1 and 2,
respectively. Sequencing was performed by Novogene (Germany). IL3000 libraries were prepared

and sequenced as described for the in vitro samples.
Single-cell RNA-seq general data analysis

Analysis of the scRNA-seq data was performed as described in Briggs et al ® with minor
modifications. Akin to Briggs et al %, the reference genomes for T. congolense 1L3000, T. brucei
EATRO1125, and L. major Friedlin were modified so that to the end of each annotated coding region
in the .gtf file, 2,500 bp were added; if the annotation overlapped with neighbouring genomic
features, these extra regions were only extended to the base before the next annotated feature. As
both Trypanosoma genome assemblies used in scRNA-seq analysis are haplotype-resolved and
therefore contain duplicate sequences, to avoid issues with multimapping, annotations only for a
single set of chromosomes (‘haplotype’) for each genome was used as a core set of

annotations (haplotype A for T. congolense, and haplotypel for T. brucei). Next, any putative VSG
genes on the other haplotype contigs that were not present in the core set (based on all-vs-

all blastp search of translated gene and pseudogene annotations, using the following

criteria for ‘identical genes’: 295% identity, allowing for up to 1% difference in length), were added
to the annotation list, as these are likely distinct VSG sequences and should be considered for
mapping. This collapsed set of annotations was used for all scRNAseq analysis. Two genome files
were then compiled using 10x Genomics Cell Ranger (version cellranger-9.0.1) mkref function
(default settings): one containing the T. congolense and L. major genomes, and another containing
the T. brucei and L. major genomes. Reads were then mapped to the corresponding genomes using
Cell Ranger count function (default settings), generating a counts matrix for each. In the case of the
in vivo samples, where L. major cells were not added, these were still aligned to the
Trypanosome/Leishmania genome to allow for comparison with the in vitro data. The resulting Cell
Ranger matrixes were imported into R (v4.4.1) using Seurat (v5.3.1), where all the analysis was then
performed. As in Briggs et al ®, for each matrix a Seurat object was created using the min.cells =5
and min.features = 3 settings, meaning genes were kept if detected in at least 5 cells, and only cells
where 3 genes were detected were kept. In each sample, cells were then categorised as one of the

three species or multiplets, based both on the classification given by Cell Ranger and the percentage
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of transcripts from each species (> 95% as T. congolense, > 95% as T. brucei, and > 90% L. major but <
5% T. congolense/T. brucei transcripts as L. major cell; the remaining cells were considered
multiplets). L. major-labelled cells and multiplets were then excluded from the Seurat objects,
leaving 19,889 T. congolense cells and 17,684 T. brucei cells from the in vitro samples, and 29,280 T.
congolense 1L3000 cells and 52,365 T. brucei cells from the in vivo samples for the downstream
analysis. The cells were further filtered based on the following quality control (QC) parameters:
number of transcripts per cell (> -1.5x Median Absolute deviation (MAD) and < 3.5x MAD), number
of genes per cell (>-1.5x MAD and < 3.5x MAD), percentage of kDNA RNA (>-1.5x MAD and < 3.5x
MAD) and percentage of rRNA RNA (> -1.5x MAD and < 3.5x MAD). In the case of the in vitro
samples, a cutoff based on the percentage of VSG RNA was also used (> -1x MAD and < 3x MAD for
T. congolense and > -1.5x MAD and < 3x MAD for T. brucei). Post-QC, 15,127 T. congolense cells and
13,160 T. brucei cells from the in vitro samples, and 26,887 T. congolense 1L.3000 cells and 45,412 T.
brucei cells from the in vivo samples remained. The samples were then normalised and log2-
transformed using Scran (v1.32.0)*°. With VSGs excluded, a list of highly variable genes for each
sample (950 genes for T. congolense and 1,387 T. brucei genes for the in vitro samples, 1,438 for T.
congolense 1L.3000 and 1,062 for T. brucei in vivo samples) was obtained by intersecting the top 3000
variable genes resulting from two independent methods: Scran and Scater (uses log2-transformed
counts) and Seurat (uses the raw counts). These were added to the Seurat objects and used for
scaling (linear transformation) the data and running linear dimension reduction (PCA) using Seurat.
The dimensionality of the Seurat objects was then assessed based on the obtained PCA scores, and
the number of top principal components (PCs, dimensions) containing most of the data was inferred
by analysis of the output from the ElbowPlot function (Seurat). Next, Seurat's FindNeighbors and
FindClusters were used, together with the visualisation package clustree (v0.5.1), to infer which
resolution to use, in combination with the dimensions (PCs) defined above, for the non-linear
dimensional reduction (UMAP) using Seurat. For the in vitro samples, cluster quality was checked by
extracting the unique top 5 genes per cluster and plotting their average expression across clusters

using the DotPlot and HeatMap functions from Seurat.
Single-cell RNA-seq VSG data analysis

To assess VSG expression per cell, two layers of analysis were performed in R. First, we assessed the
levels of expression for each VSG annotated in the genomes of T. brucei and T. congolense. To this
end, the full lists of VSG genes for each species were imported and crossed-checked with the Seurat
objects obtained in the previous section (note, even if only one transcript was detected in the
sample for a VSG this was added to the number of VSGs detected in the sample). These were then

plotted side-by-side by level of expression (log2-transformed, see previous section) as violin plots.
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Each cell was then categorised by the number of VSG genes with an expression level > 2 (in vitro
samples) or >1 (in vivo samples), and the expressed genes per cell were identified. Both sets of
information were then added to the respective Seurat objects and used for multiple downstream
data analyses (number of cells expressing each VSG; number of cells expressing multiple VSGs;
number of VSG combinations in the sample; percentage of each expressed VSG per cell) and
visualisation. Second, the percentage of each VSG in the cell was calculated. Only the expressed
VSGs (expression level >2 in vitro and >1 in vivo, as above) were considered for calculation of the
total percentage of VSG transcripts present in each individual cell; that being set as 100%, the

percentage of each expressed VSG was then calculated and analysed.

Previous scRNA-seq analysis of VSG expression?® used the SoupX tool to predict and remove
ambient RNA from the samples prior to the analysis described above. To test the impact of this tool,
SoupX (v1.6.2) was used in all samples referred in this study with three rho values: 0.05, 0.1 and
0.15, predicting f5, 10 and 15% ambient RNA contamination. The results were relatively stable
between the three values, and the overall conclusions of our study were not changed using SoupX

(FigS13, compare with Fig.512).

The following R packages (excluding the ones mentioned earlier) were used throughout the
analyses: dplyr (v1.1.4), patchwork (v1.3.2), ggplot2 (v4.0.0), forcats (v1.0.1), stringr (v1.6.0),
gridExtra (v2.3), viridis (v0.6.5), gghalves (v0.1.4), stats (v4.4.1), scater (v1.32.1), clustree (v0.5.1),
BBmisc (v1.13), geneHapR (v1.2.4), tibble (v3.3.0), DoubletFinder (v2.0.6), tidytable (v0.11.2), celda
(v 1.20.0), scuttle (v1.14.0), Matrix (v1.7.4), scCustomize (v3.2.2), UpSetR (v1.4.0), ggh4x (v0.3.1),
ggforce (v0.5.0), sparceMatrixStats (v1.16.0), and data.table (v1.17.8).

Gene content analysis surrounding expressed VSGs

Gene content surrounding the top expressed T. congolense VSG genes based on
the scRNAseq data was assessed based on Pfam domain

presence. Pfam_scan (https://github.com/aziele/pfam scan) was used to detect Pfam domains

across all annotated gene and pseudogene sequences in the T. congolense genome; this data was
used to count the number of all detectable Pfam domains in the +-15 upstream and downstream

genes of the VSGs of interest.
Use of Artificial Intelligence

Throughout the scRNA-seq analysis, the Large Language Models (LLM) Gemini 1.5 Fast/Pro (Google)
and Microsoft 365 Copilot (Microsoft), based on the GPT-5 reasoning model, were used to assist in
troubleshooting code in R for both complex data analyses and plotting. The Al-suggested code was

tested and validated by the authors. The LLMs were not used for the primary data analysis, plotting,
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or for interpretation of the results. Detailed Al-assisted contributions are documented within the

source code made available by the authors.

Data availability. Nanopore and lllumina reads for in vitro scRNA-seq and SLbar-seq analyses have
been deposited in the NCBI Sequence Read Archive (SRA) under accession number PRINA1435861;
population-level in vitro RNA-seq data are available under accession number PRINA1432479. ScCRNA-
seq in vivo data for KTT/MSOROM7C1 are available at the NCBI Gene Expression Omnibus (GEO),
accession number GSE342023, while in vivo IL3000 scRNA-seq data are available at the NCBI SRA,
accession number PRJINA1505143. Mass spectrometry proteomics data have been deposited in the
ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD075451 and 10.6019/PXD075451. Single-cell RNA-seq source code, .rds objects and

accompanying tables are available in Zenodo: 10.5281/zen0do0.21359916.
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Figure legends

Figure 1. Diversity of VSG transcripts expressed over time in culture by wild type T. congolense or
null mutants of RAD51 or BRCA2. A. Outline of growth and sampling for RNA-seq. Wild type cells
(WT), RAD51-/- mutants or BRCA2-/- mutants were cloned and then expanded in triplicate for RNA
extraction (passage 0, P0O), as well as grown for 11 or 22 passages (P11, P22) and RNA sampled in the
same way. B. Bulk RNA-seq data from WT, RAD517 and BRCA27 cells mapped to

the T. congolense transcriptome, showing the relative proportion of all detected VSG transcripts per
sample, with each colour representing a distinct VSG gene. Populations at each of PO, P11 and P22

are shown as three replicates.

Figure 2. VSG transcript diversity is detectable soon after cloning of wild type T. congolense and
RAD51 or BRCA2 null mutants. A. lllustration of the cloning of WT, RAD517 and BRCA27/" T.
congolense cells to give starting clones (P0), followed by a further 11 passages (P11) and then
another 11 passages (P22). Two populations of each cell type at each passage number

were recloned in 48 -well plates, then multiple sub-clones grown to ~3x10° cells and RNA extracted
for SL-barcoded amplicon PCR analysis (SL-barseq). B-D. Long read SL-

barseq data from, T. congolense WT clones (B), T. congolense RAD517 and BRCA2” clones (C) and
Lister 427 T. brucei clones (D) mapped to the transcriptome, showing the relative proportion of all
detected VSG transcripts per sample, with each colour representing a distinct VSG gene; only

samples with at least 1000 total VSG reads are shown.

Figure 3. Diversity of VSG proteins expressed in cultured wild type T. congolense. Cell surface
proteins were enriched and purified from ~1x10° bloodstream cells from two

separate T. congolense WT populations (C10 and G03), and the relative proportion of identified VSG
proteins in each is shown, with each colour representing a distinct VSG. Plots for two minimum
inclusion emPAl thresholds are shown, and the total number of detected VSG proteins is shown

above the plots.
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Figure 4. Most T. congolense cells do not employ monoallelic VSG expression in vitro. A. UMAP
plots of T. brucei (top) and T. congolense (bottom), where each dot represents a cell coloured by
cluster identity (6 clusters in T. brucei, 7 clusters in T. congolense). B. Radial violin plots showing the
distribution of the expression of each detected VSG (individual violin plots) in the T. brucei (blue,
top) and T. congolense (purple, bottom) samples. Because of the high number of genes depicted
(107 for T. brucei, 614 for T. congolense), each violin plot appears as a line connecting the minimum
and maximum values, with the median shown as a grey dot. The concentric dotted lines mark log2-
normalised expression levels of 2.5, 5, 7.5 and 10, while the dashed orange line marks the threshold
of 2 applied to count the number of VSGs expressed per cell. C. Violin and UMAP-feature plots of the
Tbr-00111900/AnTat1.1 VSG in T. brucei (top) and Tco-IL3000-000997800 VSG in T. congolense
(bottom). Each violin plot (left) is coloured by cluster identity, and each dot represents a cell. Each
dot in the feature plots (right) represents a cell and is coloured by VSG expression level, as shown in
the gradient legend. D. UMAP plots for either T. brucei or T. congolense where each dot is coloured
by the number of VSGs expressed in the cell. Larger plots show all cells in each parasite sample;
smaller plots show cells expressing the different numbers of VSGs. E. Alluvial plots for both T. brucei
(left) and T. congolense (right) showing from which clusters cells expressing different numbers of

VSGs originate.

Figure 5. Dynamic co-expression of VSGs in T. congolense but not in T. brucei in vitro. A. Bar graphs
(T. brucei top; T. congolense bottom) showing the percentage of each VSG detected in each cell
(individual bar). Each VSG is coloured differently, and the cells are ordered by the number of V5Gs
detected per cell. B. Tables summarising results obtained for T. brucei (left) and T. congolense (right).
C. Zoomed-in plot from (A), showing the 41 T. brucei cells expressing more than one VSG. D.
Zoomed-in plots from (A), showing seven different combinations of VSGs detected per T. congolense
cell. E. Violin plots showing the expression levels of the VSGs shown in (C) and (D) in cells expressing
one or more VSGs; each dot represents one cell, and each violin plot is coloured by the

corresponding VSG.

Figure 6. Co-expression of VSGs occurs across the T. congolense genome. A. A breakdown of which
contigs/chromosomes contain the expressed VSGs detected in scRNA-seq data (expression level >2);
‘megabase’ refers to telomere-to-telomere chromosomes above 800 kb in length; intermediate,
200-500 kb; minichromosomes, <100 kb; ‘unassigned’ refers to a contig which has not been
categorised. Number of VSGs found on each type of contig is indicated in brackets. B. The distance
to nearest telomeric repeat (TTAGGG) of the expressed VSGs, separated by contig type. C. A diagram
showing the genomic position of the expressed VSGs on the megabase and intermediate

chromosomes. A separate, boxed diagram highlights the position of both expressed and non-
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expressed VSGs on chromosome 4 (tco04a and tco04b). D. Commonly co-expressed VSG
combinations in a cell and their genomic localisation. The distance to the nearest telomere repeat is
shown in kb (‘T’ indicates less than 1.5 kb from telomere?); ‘M’ refers to megabase chromosomes,

‘m’, minichromosomes, and ‘i’ intermediate chromosomes.

Figure 7. VSG expression differs in culture and in mice. A) Percentage of VSG transcripts (out of
total transcripts per million — TPM) in T. congolense bulk RNA-seq datasets, both from this study (PO-
P22 samples) or previously published studies (PRJEB411478 and PRINA472742). B) Percentage of
VSG transcripts in the published scRNA-seq data from Briggs et al., 2021°°, where both long slender
and short stumpy bloodstream forms of T. brucei were analysed. Top left panel, UMAP coloured by
cluster (0 and 1, short stumpy forms; 2 and 3, long slender forms). Top right panel, UMAP coloured
by percentage of VSG transcripts per cell. Bottom panel, violin plots showing the distribution of the
percentage of VSG transcripts per cluster. C) Radial violin plots showing the distribution of the
expression of each detected VSG (individual violin plots) in the T. congolense in vitro (purple, same
as in Fig.5B) and in vivo (salmon), and in T. brucei in vitro (blue, same as in Fig.5B) and in vivo
(yellow). Dashed lines represents the expression level cutoff used for calling a VSG as expressed: 2

for the in vitro samples, and 1 for the in vivo samples.

Figure 8. An absence of monoallelic VSG expression in T. congolense growing in mice. UMAP plots
coloured by number of V5Gs per cell. Top panel, T. brucei day 7 after initiation of infection from
Larcombe et al., 2023%°; middle panel, T. congolense 1L3000 days 6, 8 and 26 (merged) after initiation
of infection; and bottom panel, T. congolense MSORM7, where two repeats are shown 12 days after
initiation of infection (the percentage of VSG transcripts per replicate is shown in the insert as violin

plots).

Supplementary figure legends

Supplementary Figure 1. Diversity of VSG transcripts expressed over time in culture by wild type
T. congolense or null mutants of RAD51 or BRCA2. Bulk RNA-seq data from WT, RAD517- and
BRCA27" cells mapped to the T. congolense transcriptome, showing the relative proportion of all
detected VSG transcripts per sample, with each colour representing a distinct VSG gene. PO, P11 and
P22 refer to the passage number of the sample, in duplicate or triplicate. Data show an independent

growth experiment, from independent starting clones, to those presented in Figure 1.

Supplementary Figure 2. VSG transcript diversity in wild type T. congolense evaluated VSGseq2.
The de novo VSG transcript assembly and quantification pipeline vsgseq2 was used to analyse

bulk RNA-seq data from WT T. congolense serial passage samples; the left-hand panels of the figure
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show the resulting assembled VSGs relative to their expression, with each

colour/shade representing a distinct VSG gene. On the right-hand side, the analysis of the same data
is shown by Salmon, using the T. congolense 1L3000 transcriptome of the haplotype-resolved
genome, for comparison (the same data are shown in Fig. 1 and Fig. S1). Colours of the transcripts
detected by vsgseq?2 that pass the following blastn search thresholds are matched to

the T. congolense IL3000 transcriptome colours: 100% sequence identity, 295% query

coverage. Those vsgseq2-detected and quantified VSG transcripts that did not pass the above

thresholds are plotted in shades of grey.

Supplementary Figure 3. Expressed VSG diversity in T. congolense persists regardless of defining
criteria or inclusion TPM thresholds. Bulk RNA-seq data (as analysed by salmon) of one replicate
each of WT clone 1 PO, P11 and P22 samples, re-analysed using varying minimum TPM values (A) or

VSG inclusion criteria (B). Numbers of VSGs detected is shown below each stacked bar.

Supplementary Figure 4. Published IL3000 bulk RNA-seq data shows similar VSG

diversity. Previously published (ENA accession number

PRJEB41578)%* T. congolense 1L3000 bulk RNA-seq data is shown mapped to

the T. congolense transcriptome, with sequencing run accession numbers for the samples shown
below the plot. A. Panel shows the relative proportion of all detected VSGs per sample, with each
colour representing a distinct VSG gene. B. Expression of all annotated genes and pseudogenes, with

VSGs in red and non-VSGs in grey.

Supplementary Figure 5. Enrichment of VSG from two clones of wild type T. congolense. An SDS-
PAGE gel of protein samples used for characterisation of VSGs expressed in two T. congolense WT
clonal populations (C10, G03). The soluble VSG fractions (sVSG) were examined by mass

spectrometry.

Supplementary Figure 6. Quality controls for single cell transcriptomics of T. brucei and T.
congolense in vitro samples. A. and B. Plots showing the cutoffs (dashed lines) used to exclude cells
with either low or high number of transcripts, number of genes, percentage of kDNA (mitochondrial)
transcripts, or rRNA genes (top panels). Middle panels show the sample pre- and post-QC. Bottom
panels show the cutoffs used to exclude cells that had a low percentage of VSG transcripts (of total
transcripts) as dashed lines. The last four plots show the cells pre- and post-QC coloured by the
percentage of VSG per cell as shown in the legend’s gradient. (A) shows the data for T. brucei, while

(B) shows the data for T. congolense.

Supplementary Figure 7. Single cell transcriptomics clusters. Top panels show the Unifold manifold

approximation and projection (UMAP) plots for T. congolense (left) and T. brucei (right), where cells
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are coloured by cluster as shown in Fig. 4A. Middle panels show dot plots of the top 5 genes
identified for each cluster, while the bottom panels show the same information but as heatmaps;

both indicate the clusters are relatively well-defined.

Supplementary Figure 8. VSG expression levels in T. brucei and T. congolense. A. Median
expression level vs maximum expression level for every gene in T. brucei (left) and T. congolense
(right); VSGs are coloured either blue (T. brucei) or purple (T. congolense). In T. brucei the gene with
highest mean and maximum expression is VSG Tbr-000111900/AnTat1.1; in T. congolense the gene
with highest mean and maximum expression is Tco-1L3000-001881300, an rRNA gene that was
annotated as hypothetical in the genome; VSG Tco-IL3000-000997800 is also highlighted. B. Violin
plots showing the expression levels of the top 50 VSGs (ordered by the number of cells with

expression level >4) for T. brucei (top) and T. congolense (bottom).

Supplementary Figure 9. Percentage of cells expressing different numbers of VSGs and the number
of cells expressing specific combinations of VSGs. —A. Stacked bar graph showing the percentage of
cells expressing different numbers of VSG in the in vitro samples. B. Data relating to the T.
congolense in vitro sample, where the number of cells expressing a specific combination of VSGs
(indicated by the dot and connecting line graph) is shown; asterisks highlight the combinations

shown in Fig.5D.

Supplementary Figure 10. Expression of minichromosome-resident T. congolense VSGs in
the scRNA-seq data. Locations of all VSGs is shown on the T. congolense minichromosomes (<100 kb
in size); those coloured dark green indicate expressed VSGs (expression >2), while those in light

green are not detectably expressed. The location of telomeric repeats (TTAGGG) is indicated in grey.

Supplementary Figure 11. Localisation of VSGs expressed in the scRNA-seq data on the larger
chromosomes of T. congolense. A. Locations of all VSGs is shown on the

larger T. congolense chromosomes (the >800 kb megabase chromosomes, and two intermediate
chromosomes, Tc_intermediate_02); those coloured green indicate expressed VSGs (expression >2),
while those in black are not detectably expressed. B. —Distribution of genes around expressed VSGs

with predicted functions based on Pfam domains.

Supplementary Figure 12. VSG expression differs in culture and in mice. A. T. congolense 1L.3000 in
vitro (top, purple) and in vivo (bottom, salmon) data shown as: left panel, percentage of total VSG
transcripts in the sample (left violin plot); middle panel, dot plot showing the expression level (y-
axis) of a VSG in a given cell and how many reads (UMls, x-axis) does that expression level
correspond to (note: a cell is represented multiple times if expressing more than one VSG); right

panel, sensitivity curve showing the number of cells called as expressing more than one VSG when
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one VSG is considered expressed if one, two or more UMIs are detected in the cell. B. Same as in (A)
but for T. brucei samples. C. Percentage of cells expressing more than one VSG for all the samples

when the expression threshold employed to call a VSG as expressed is set to 1, 1.5 or 2.

Supplementary Figure 13. VSG co-expression sensitivity curves post SoupX. Sensitivity curves are
shown for four samples: T. congolense 1L3000 in vitro (purple) and in vivo (salmon; only the day 6
sample was used), and T. brucei in vitro (blue) and in vivo (yellow; only the d7mS1 sample was used),
after using SoupX to clean ambient RNA contamination using rho values of 0.05, 0.1 or 0.15

(corresponding to 5%, 10% and 15% contamination, respectively).
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Supplementary Table 1 — Primers used for SL-barseq

Name Sequence (5' - 3') Index Well
JM125 nanopore-

anchored oligodT ACTTGCCTGTCGCTCTATCTTCNVTTTTTTTTTTITTTITTITTITT

5endSL_8mer_001 | TTTCTGTTGGTGCTGATATTGCTATCTAATACAGTTTCTGTACTATATTG TATCTAAT | A1
5endSL_8mer_002 | TTTCTGTTGGTGCTGATATTGCTCGAAACAACAGTTTCTGTACTATATTG | TCGAAACA | A2
5endSL_8mer_003 | TTTCTGTTGGTGCTGATATTGCGGACGAGCACAGTTTCTGTACTATATTG | GGACGAGC | A3
5endSL_8mer_004 | TTTCTGTTGGTGCTGATATTGCAAACCCTGACAGTTTCTGTACTATATTG | AAACCCTG | A4
5endSL_8mer_005 | TTTCTGTTGGTGCTGATATTGCTGTGGGTAACAGTTTCTGTACTATATTG | TGTGGGTA | A5
5endSL_8mer_006 | TTTCTGTTGGTGCTGATATTGCAACGGACAACAGTTTCTGTACTATATTG | AACGGACA | A6
5endSL_8mer_007 | TTTCTGTTGGTGCTGATATTGCCCTGTGCAACAGTTTCTGTACTATATTG | CCTGTGCA | A7
5endSL_8mer_008 | TTTCTGTTGGTGCTGATATTGCCCGACTTCACAGTTTCTGTACTATATTG | CCGACTTC | A8
5endSL_8mer_009 | TTTCTGTTGGTGCTGATATTGCATATGCTAACAGTTTCTGTACTATATTG | ATATGCTA | A9
5endSL_8mer 010 | TTTCTGTTGGTGCTGATATTGCTAGTAATGACAGTTTCTGTACTATATTG | TAGTAATG | A10
5endSL_8mer_011 | TTTCTGTTGGTGCTGATATTGCTAATCAGGACAGTTTCTGTACTATATTG | TAATCAGG | A11
5endSL_8mer_012 | TTTCTGTTGGTGCTGATATTGCCGGCACGGACAGTTTCTGTACTATATTG | CGGCACGG | A12
5endSL_8mer 013 | TTTCTGTTGGTGCTGATATTGCCCTAAGTAACAGTTTCTGTACTATATTG | CCTAAGTA | B1
5endSL_8mer_014 | TTTCTGTTGGTGCTGATATTGCAGCGACTAACAGTTTCTGTACTATATTG | AGCGACTA | B2
5endSL_8mer_015 | TTTCTGTTGGTGCTGATATTGCCAGTATACACAGTTTCTGTACTATATTG | CAGTATAC | B3
5endSL_8mer 016 | TTTCTGTTGGTGCTGATATTGCGGACGGCTACAGTTTCTGTACTATATTG | GGACGGCT | B4
5endSL_8mer 017 | TTTCTGTTGGTGCTGATATTGCTCTTATCGACAGTTTCTGTACTATATTG | TCTTATCG | B5
5endSL_8mer_018 | TTTCTGTTGGTGCTGATATTGCCGGGCCTTACAGTTTCTGTACTATATTG | CGGGCCTT | B6
5endSL_8mer 019 | TTTCTGTTGGTGCTGATATTGCAATTACACACAGTTTCTGTACTATATTG | AATTACAC | B7
5endSL_8mer 020 | TTTCTGTTGGTGCTGATATTGCTTATCGTTACAGTTTCTGTACTATATTG | TTATCGTT | B8
5endSL_8mer_021 | TTTCTGTTGGTGCTGATATTGCCTAGAGCGACAGTTTCTGTACTATATTG | CTAGAGCG | B9
5endSL_8mer 022 | TTTCTGTTGGTGCTGATATTGCGTACTTCAACAGTTTCTGTACTATATTG | GTACTTCA | B10
5endSL_8mer_023 | TTTCTGTTGGTGCTGATATTGCGTCCGCAAACAGTTTCTGTACTATATTG | GTCCGCAA | B11
5endSL_8mer_024 | TTTCTGTTGGTGCTGATATTGCGGCTCTCGACAGTTTCTGTACTATATTG | GGCTCTCG | B12
5endSL_8mer 025 | TTTCTGTTGGTGCTGATATTGCGTTAAAATACAGTTTCTGTACTATATTG | GTTAAAAT | C1
5endSL_8mer_026 | TTTCTGTTGGTGCTGATATTGCAGGTAATGACAGTTTCTGTACTATATTG | AGGTAATG | C2
5endSL_8mer_027 | TTTCTGTTGGTGCTGATATTGCACAGCTCGACAGTTTCTGTACTATATTG | ACAGCTCG | C3
5endSL_8mer_028 | TTTCTGTTGGTGCTGATATTGCACACTGCGACAGTTTCTGTACTATATTG | ACACTGCG | C4
5endSL_8mer_029 | TTTCTGTTGGTGCTGATATTGCTCAGCCCGACAGTTTCTGTACTATATTG | TCAGCCCG | C5
5endSL_8mer_030 | TTTCTGTTGGTGCTGATATTGCTCCCCCAGACAGTTTCTGTACTATATTG | TCCCCCAG | C6
5endSL_8mer_031 | TTTCTGTTGGTGCTGATATTGCGCCGTTCTACAGTTTCTGTACTATATTG | GCCGTTCT | C7
5endSL_8mer 032 | TTTCTGTTGGTGCTGATATTGCACTTTGAAACAGTTTCTGTACTATATTG | ACTTTGAA | C8
5endSL_8mer_033 | TTTCTGTTGGTGCTGATATTGCTCTTGACCACAGTTTCTGTACTATATTG | TCTTGACC | C9
5endSL_8mer 034 | TTTCTGTTGGTGCTGATATTGCCATCTTTTACAGTTTCTGTACTATATTG CATCTTTT | C10
5endSL_8mer_035 | TTTCTGTTGGTGCTGATATTGCCTTACCAAACAGTTTCTGTACTATATTG CTTACCAA C11
5endSL_8mer_036 | TTTCTGTTGGTGCTGATATTGCAAAGTACTACAGTTTCTGTACTATATTG | AAAGTACT | C12
5endSL_8mer 037 | TTTCTGTTGGTGCTGATATTGCTCTTCCCGACAGTTTCTGTACTATATTG | TCTTCCCG | D1
5endSL_8mer_038 | TTTCTGTTGGTGCTGATATTGCTAGGCCCCACAGTTTCTGTACTATATTG | TAGGCCCC | D2
5endSL_8mer 039 | TTTCTGTTGGTGCTGATATTGCGCACGCCGACAGTTTCTGTACTATATTG | GCACGCCG | D3
5endSL_8mer_040 | TTTCTGTTGGTGCTGATATTGCGAGTAGCGACAGTTTCTGTACTATATTG | GAGTAGCG | D4
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5endSL_8mer_041 | TTTCTGTTGGTGCTGATATTGCCGAGGGGAACAGTTTCTGTACTATATTG | CGAGGGGA | D5
5endSL_8mer 042 | TTTCTGTTGGTGCTGATATTGCACGTCGTAACAGTTTCTGTACTATATTG | ACGTCGTA | D6
5endSL_8mer_043 | TTTCTGTTGGTGCTGATATTGCCGTTTCTGACAGTTTCTGTACTATATTG | CGTTTCTG | D7
5endSL_8mer_044 | TTTCTGTTGGTGCTGATATTGCATCAAACGACAGTTTCTGTACTATATTG | ATCAAACG | D8
5endSL_8mer 045 | TTTCTGTTGGTGCTGATATTGCCTCTACGGACAGTTTCTGTACTATATTG | CTCTACGG | D9
5endSL_8mer_046 | TTTCTGTTGGTGCTGATATTGCCAGTGGGAACAGTTTCTGTACTATATTG | CAGTGGGA | D10
5endSL_8mer_ 047 | TTTCTGTTGGTGCTGATATTGCTCTACTTTACAGTTTCTGTACTATATTG TCTACTTT D11
5endSL_8mer_048 | TTTCTGTTGGTGCTGATATTGCCCTTCGCTACAGTTTCTGTACTATATTG | CCTTCGCT | D12
5endSL_8mer_049 | TTTCTGTTGGTGCTGATATTGCAATGGTTAACAGTTTCTGTACTATATTG | AATGGTTA | E1
5endSL_8mer_050 | TTTCTGTTGGTGCTGATATTGCCTGCTTCCACAGTTTCTGTACTATATTG | CTGCTTCC | E2
5endSL_8mer_051 | TTTCTGTTGGTGCTGATATTGCAAAACGCAACAGTTTCTGTACTATATTG | AAAACGCA | E3
5endSL_8mer_052 | TTTCTGTTGGTGCTGATATTGCCCTCAATTACAGTTTCTGTACTATATTG | CCTCAATT | E4
5endSL_8mer_053 | TTTCTGTTGGTGCTGATATTGCACCAATACACAGTTTCTGTACTATATTG | ACCAATAC | E5
5endSL_8mer 054 | TTTCTGTTGGTGCTGATATTGCACCGAGCGACAGTTTCTGTACTATATTG | ACCGAGCG | E6
5endSL_8mer_055 | TTTCTGTTGGTGCTGATATTGCAAGGACAAACAGTTTCTGTACTATATTG | AAGGACAA | E7
5endSL_8mer_056 | TTTCTGTTGGTGCTGATATTGCAGGGCTATACAGTTTCTGTACTATATTG | AGGGCTAT | E8
5endSL_8mer_057 | TTTCTGTTGGTGCTGATATTGCACATTATCACAGTTTCTGTACTATATTG | ACATTATC E9
5endSL_8mer_058 | TTTCTGTTGGTGCTGATATTGCCACAAAGCACAGTTTCTGTACTATATTG | CACAAAGC | E10
5endSL_8mer_059 | TTTCTGTTGGTGCTGATATTGCCACGTCGCACAGTTTCTGTACTATATTG | CACGTCGC | E11
5endSL_8mer_060 | TTTCTGTTGGTGCTGATATTGCTCCGTGACACAGTTTCTGTACTATATTG | TCCGTGAC | E12
5endSL_8mer_061 | TTTCTGTTGGTGCTGATATTGCGGAAGTCTACAGTTTCTGTACTATATTG | GGAAGTCT | F1
5endSL_8mer_062 | TTTCTGTTGGTGCTGATATTGCCGAATTTAACAGTTTCTGTACTATATTG | CGAATTTA | F2
5endSL_8mer_063 | TTTCTGTTGGTGCTGATATTGCTATGTTGCACAGTTTCTGTACTATATTG | TATGTTGC | F3
5endSL_8mer_064 | TTTCTGTTGGTGCTGATATTGCTTTCTTTTACAGTTTCTGTACTATATTG TTTCTTTT F4
5endSL_8mer_065 | TTTCTGTTGGTGCTGATATTGCACAACTCTACAGTTTCTGTACTATATTG | ACAACTCT | F5
5endSL_8mer 066 | TTTCTGTTGGTGCTGATATTGCATATAGAAACAGTTTCTGTACTATATTG | ATATAGAA | F6
5endSL_8mer_067 | TTTCTGTTGGTGCTGATATTGCGATGCTGTACAGTTTCTGTACTATATTG | GATGCTGT | F7
5endSL_8mer_068 | TTTCTGTTGGTGCTGATATTGCGAGTATGCACAGTTTCTGTACTATATTG | GAGTATGC | F8
5endSL_8mer_069 | TTTCTGTTGGTGCTGATATTGCAATGTCACACAGTTTCTGTACTATATTG | AATGTCAC | F9
5endSL_8mer_070 | TTTCTGTTGGTGCTGATATTGCTGCTCTGCACAGTTTCTGTACTATATTG | TGCTCTGC | F10
5endSL_8mer_071 | TTTCTGTTGGTGCTGATATTGCCTGGGGGTACAGTTTCTGTACTATATTG | CTGGGGGT | F11
5endSL_8mer_072 | TTTCTGTTGGTGCTGATATTGCCCTTTTAAACAGTTTCTGTACTATATTG CCTTTTAA F12
5endSL_8mer_073 | TTTCTGTTGGTGCTGATATTGCTGGTGCAGACAGTTTCTGTACTATATTG | TGGTGCAG | G1
5endSL_8mer_074 | TTTCTGTTGGTGCTGATATTGCAGTTTGTAACAGTTTCTGTACTATATTG | AGTTTGTA | G2
5endSL_8mer_075 | TTTCTGTTGGTGCTGATATTGCGCTGTCTGACAGTTTCTGTACTATATTG | GCTGTCTG | G3
5endSL_8mer 076 | TTTCTGTTGGTGCTGATATTGCAATCTAGTACAGTTTCTGTACTATATTG | AATCTAGT | G4
5endSL_8mer_077 | TTTCTGTTGGTGCTGATATTGCGCGATGCAACAGTTTCTGTACTATATTG | GCGATGCA | G5
5endSL_8mer_078 | TTTCTGTTGGTGCTGATATTGCCCGCGCAGACAGTTTCTGTACTATATTG | CCGCGCAG | G6
5endSL_8mer_079 | TTTCTGTTGGTGCTGATATTGCACATTTGAACAGTTTCTGTACTATATTG | ACATTTGA | G7
5endSL_8mer_080 | TTTCTGTTGGTGCTGATATTGCCGGTGCTGACAGTTTCTGTACTATATTG | CGGTGCTG | G8
5endSL_8mer 081 | TTTCTGTTGGTGCTGATATTGCTGACTGTCACAGTTTCTGTACTATATTG | TGACTGTC | G9
5endSL_8mer 082 | TTTCTGTTGGTGCTGATATTGCCTATCTTGACAGTTTCTGTACTATATTG | CTATCTTG | G10
5endSL_8mer_083 | TTTCTGTTGGTGCTGATATTGCAGCCATAAACAGTTTCTGTACTATATTG | AGCCATAA | G11
5endSL_8mer 084 | TTTCTGTTGGTGCTGATATTGCCCATCGAAACAGTTTCTGTACTATATTG | CCATCGAA | G12
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1321

5endSL_8mer_085 | TTTCTGTTGGTGCTGATATTGCCTCGTACTACAGTTTCTGTACTATATTG | CTCGTACT | H1
5endSL_8mer 086 | TTTCTGTTGGTGCTGATATTGCATCGTAGCACAGTTTCTGTACTATATTG | ATCGTAGC | H2
5endSL_8mer_087 | TTTCTGTTGGTGCTGATATTGCGCGCCTTGACAGTTTCTGTACTATATTG | GCGCCTTG | H3
5endSL_8mer_088 | TTTCTGTTGGTGCTGATATTGCAGCAGGAGACAGTTTCTGTACTATATTG | AGCAGGAG | H4
5endSL_8mer_089 | TTTCTGTTGGTGCTGATATTGCACACACCGACAGTTTCTGTACTATATTG | ACACACCG | H5
5endSL_8mer_090 | TTTCTGTTGGTGCTGATATTGCAGAAGAGGACAGTTTCTGTACTATATTG | AGAAGAGG | H6
5endSL_8mer 091 | TTTCTGTTGGTGCTGATATTGCTTATTAGAACAGTTTCTGTACTATATTG TTATTAGA H7
5endSL_8mer_092 | TTTCTGTTGGTGCTGATATTGCGGTCTGAAACAGTTTCTGTACTATATTG | GGTCTGAA | H8
5endSL_8mer_093 | TTTCTGTTGGTGCTGATATTGCAATCAACGACAGTTTCTGTACTATATTG | AATCAACG | H9
5endSL_8mer_094 | TTTCTGTTGGTGCTGATATTGCATCAACGAACAGTTTCTGTACTATATTG | ATCAACGA | H10
5endSL_8mer_095 | TTTCTGTTGGTGCTGATATTGCTATGGAATACAGTTTCTGTACTATATTG | TATGGAAT | H11
5endSL_8mer 096 | TTTCTGTTGGTGCTGATATTGCAAGCTAAGACAGTTTCTGTACTATATTG | AAGCTAAG | H12
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