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 22 

Abstract 23 

Trypanosoma cruzi, the causative agent of Chagas disease, presents a major public health 24 

challenge in Central and South America, affecting approximately 8 million people and placing 25 

millions more at risk. The T. cruzi life cycle includes transitions between epimastigote, 26 

metacyclic trypomastigote, amastigote, and blood trypomastigote stages, each marked by 27 

distinct morphological and molecular adaptations to different hosts and environments. Unlike 28 

other trypanosomatids such as Trypanosoma brucei, T. cruzi does not employ a monoallelic 29 

model of antigenic variation; instead, it relies on a diverse repertoire of cell-surface associated 30 

proteins encoded by large multigene families, which are essential for infectivity and immune 31 

evasion. 32 
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This study analyzes cell-specific transcriptomes using single-cell RNA sequencing of amastigote 33 

and trypomastigote cells to characterize stage-specific surface protein expression during 34 

mammalian infection. Through clustering and identification of cell-specific markers, we 35 

assigned cells to distinct parasite developmental forms. Analysis of individual cells revealed that 36 

surface protein-coding genes, especially members of the trans-sialidase like superfamily (TcS), 37 

are expressed with greater heterogeneity than single-copy genes. Moreover, no recurrent 38 

combinations of TcS genes were observed between individual cells in the population. 39 

Remarkably, a small subset of TcS mRNAs, encoded by genes preferentially located in the core 40 

genomic compartment, are frequently detected across the cell population, whereas the vast 41 

majority of TcS mRNAs show low detection frequencies and are mainly encoded in the 42 

disruptive compartment. Our findings thus reveal transcriptomic heterogeneity within 43 

trypomastigote populations where each cell displays unique TcS expression profiles. Focusing 44 

on the diversity of surface protein expression, this research aims to deepen our understanding 45 

of T. cruzi cellular biology and infection strategies. 46 

 47 

Introduction 48 

The protozoan parasite Trypanosoma cruzi is the etiological agent of Chagas disease, a highly 49 

prevalent infectious disease in Central and South America that affects approximately 8 million 50 

people, with several million more at risk of infection (1). 51 

The parasite life cycle involves both an invertebrate vector (triatomine bug) and a vertebrate 52 

host. The change in environmental conditions triggers differentiation processes in the parasite 53 

developing across four main stages. The epimastigote form replicates within the insect and 54 

differentiates into metacyclic trypomastigotes in the insect's rectal tract. This latter form does 55 

not replicate, specializes in host infection, and can invade various cell types. Once inside the cell, 56 

the parasite differentiates into an amastigote, the replicative form within the mammalian host. 57 

After several rounds of division, amastigotes differentiate into bloodstream trypomastigotes, 58 

which, after cell lysis, can either infect new cells or be ingested by the vector (2). Parasite 59 

developmental stages exhibit significant morphological and molecular differences, associated 60 

with distinct gene expression profiles. In trypanosomatids, protein-coding genes are organized 61 

into large polycistronic RNA polymerase II transcription units, with limited evidence for tight, 62 

gene-specific transcriptional control (3). As a result, gene expression is largely regulated at the 63 

post-transcriptional level, through mechanisms controlling mRNA steady-state abundance, 64 

translation, and related processes (3). More recently, accumulating evidence indicates that 65 

genome organization and chromatin state also shape transcriptional outputs (4–8). These 66 

studies have identified two distinct chromatin compartments in T. cruzi: a core compartment, in 67 

which genes tend to show more uniform expression consistent with permissive transcription 68 
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and predominant post-transcriptional regulation (9), and a disruptive compartment, enriched in 69 

multigene families, whose genes exhibit lower average transcription and stronger chromatin-70 

associated regulation (4). 71 

T. cruzi infection relies on a heterogeneous set of membrane proteins, encoded mainly by large 72 

multigene families (10). Among these are trans-sialidases and trans-sialidase-like proteins (TcS), 73 

mucins, MASPs, GP63, DGFs, and RHS proteins, most of which are involved in infection, tropism, 74 

and immune evasion (11–16).  75 

The trans-sialidase-like superfamily is involved in processes underlying host-parasite 76 

interactions (12). Members that retain enzymatic activity catalyze the transfer of sialyl groups 77 

from host glycoconjugates to galactopyranosyl units on the parasite’s surface, an essential 78 

activity, as T. cruzi is unable to synthesize de novo sialic acid (17). This is the largest superfamily, 79 

with over 1,400 members, and is subdivided into eight groups based on amino acid sequence 80 

(12). Few members have been functionally characterized, most expressed primarily in 81 

mammalian stages (18). The TcS group I include proteins that retain trans-sialidase activity, 82 

though members from all groups are involved in host-parasite interactions (19). 83 

In recent years, single-cell RNA sequencing (scRNA-seq) has been employed in protozoa, with 84 

reports including Plasmodium falciparum, Trypanosoma brucei, and Leishmania major (20–29). 85 

These studies revealed key aspects of the infection process undetectable with conventional 86 

methods, highlighting the relevance of this approach for understanding individual variation in 87 

gene expression in single-celled organisms (30). In T. brucei, antigenic variation driven by 88 

variant surface glycoproteins (VSGs) has been studied at single-cell resolution to understand 89 

the mechanisms that enable subpopulations of this parasite to evade the immune system, as a 90 

bet hedging strategy, ensuring parasite survival (25). In this parasite, scRNA-seq revealed that 91 

pre-metacyclic cells express multiple VSG transcripts simultaneously, in contrast to metacyclic 92 

forms, which display a protein coat composed of a single VSG type.  93 

While population-level heterogeneity in surface protein expression has been suggested as 94 

critical for T. cruzi infection, immune evasion, and persistence (31,32), this has not been studied 95 

at the intra-population level, and the underlying mechanisms remain poorly understood. Here, 96 

we present a scRNA-seq analysis of T. cruzi, to understand the heterogeneity in surface protein 97 

expression within trypomastigote populations. 98 

 99 
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Results and Discussion 100 

Identification of cell populations 101 

To assess the expression of cell-surface protein-coding genes in Trypanosoma cruzi, we 102 

conducted a 10X Chromium Single Cell 3’ assay from a mixed population of amastigotes and 103 

cell-derived trypomastigotes, aiming at sequencing the transcriptome of 5000 cells. After low-104 

quality cell filtering and gene expression quantification (see Materials and Methods), we 105 

obtained 3192 single-cell transcriptomes with 14321 total genes detected, with a mean of 1088 106 

genes and 2461 UMIs detected per cell. These results were comparable to other scRNA-seq 107 

studies done in Trypanosoma brucei and more recently addressed in T. cruzi (currently reported 108 

as a preprint) using 10X Chromium technology (26,33,34). Cell populations (Figure 1a) were 109 

defined by identifying cluster-specific gene markers (Figure 1b and Supplementary File 1). Two 110 

cell clusters were assigned to trypomastigotes and amastigotes: cluster 0 (2201 cells) and 111 

cluster 1 (824 cells), respectively. Markers gene expression was consistent with previous bulk 112 

RNA-seq data from Dm28c (4) (Figures 1b, 1c and 1d, Supplementary Table 1). In turn, we 113 

hypothesize that cluster 2, that comprised only 167 cells, reflects amastigote-trypomastigote 114 

transitioning parasites, as its gene markers are differentially expressed in bulk RNA-seq data, 115 

but some are upregulated in amastigotes and others in trypomastigotes (Supplementary Table 116 

1).  117 
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 118 

Figure 1. Identification of amastigote and trypomastigote cell populations. (a) UMAP colored by 119 

detected clusters based on gene expression profiles. (b) Heatmap of the top 10 gene markers 120 

upregulated in each of the 3 cell populations identified (log2FC > 1 and adjusted p-value < 0.05). 121 

(c) Expression of a cluster 0 marker gene (C4B63-16g183) on the UMAP, and (d) Expression of a 122 

cluster 1 marker gene (C4B63-16g155) on the UMAP. 123 

 124 

Expression pattern of surface protein-coding genes 125 

We analyzed differences in gene expression between single-copy genes and multigene families, 126 

between and within the identified cell populations. As previously reported (4,18), multi gene 127 

family expression is increased in trypomastigotes (Figure 2a), consistent with the involvement 128 

of these genes in stage-specific functions. As control, we examined the expression of single-129 

copy genes, for which this pattern was not observed as these genes are primarily associated 130 

with basic cellular functions and show more similar average expression levels between the two 131 

cell types (Supplementary Figure 1a)(33). 132 

Within trypomastigotes, heterogenous expression of surface protein-coding gene families was 133 

observed, with high variation (compared to single-copy genes) in the number of cells in which 134 

each surface protein-coding gene was detected, as well as the total expression level in each cell 135 
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(Figure 2b and 2c). Even though expression heterogeneity is also observed for single-copy 136 

genes (Supplementary Figure 1a and Figure 1b), probably due to the sampling biases that 137 

cause gene dropout in 10X Genomics technology, we investigated whether this phenomenon 138 

was more pronounced in surface multigene families. Therefore, we analyzed differences among 139 

single-copy and multigene family genes (together or grouped by multigene family) in 140 

trypomastigotes, in terms of the number of cells expressing each of the individual genes of each 141 

group (Figure 2c, Supplementary Figure 1c and Supplementary Table 2). In addition, we 142 

assessed expression inequality using Lorenz curves (Figure 2d, Supplementary Figure 1d and 143 

Supplementary Table 2) to evaluate how unevenly gene expression is distributed within each 144 

gene group. Ribosomal protein–coding genes were included as a control group. 145 

Interestingly, compared to single-copy genes, especially ribosomal genes, multigene family 146 

genes showed a greater dispersion regarding the number of cells in which each gene was 147 

detected (Figure 2c, Supplementary Figure 1c and Supplementary Table 2), as well as a more 148 

pronounced deviation from the diagonal in the Lorenz curves (Figure 2d, Supplementary Figure 149 

1d), which represents perfect equality (reflected by different Gini indexes, see Supplementary 150 

Table 2). Both observations indicate a higher expression heterogeneity for surface protein 151 

expression in the trypomastigote population. When multigene families were analyzed 152 

separately, several showed significant differences when compared to single-copy genes. 153 

Heterogeneity of the MASP family has already been suggested by studying clonal populations 154 

supporting our single cell results (31). Also, TcS genes exhibited a pronounced expression 155 

heterogeneity (Supplementary Figures 1c and 1d). TcS constitute a well-established and 156 

biologically central gene family in T. cruzi, playing key roles in host-parasite interactions 157 

(11,12,17). In this context, we next focused on a more detailed characterization of TcS 158 

expression heterogeneity in trypomastigotes. 159 

 160 

 161 
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 162 

Figure 2. Overview of expression patterns across amastigote and trypomastigote cells. (a) 163 

Summatory of expression levels values from all multigene family genes for each cell from 164 

amastigote (Cluster 1) and trypomastigote (Cluster 0) cell populations (**** p < 0.0001, 165 

meanAma = 137.2, SDAma = 48.7, meanTrypo = 201.1, SDTrypo = 48.6, FCTrypo/Ama = 1.5). (b) UMAP 166 

visualization of the expression patterns of multigene family genes; num_multigene indicates 167 

the number of multigene family genes detected per cell (genes with >0 UMI counts).  168 

Z_multigene reflects the relative expression level of multigene family genes per cell, calculated 169 

as the z-score-standardized sum of their UMI counts, such that positive values reflect above-170 

average multigene family expression and negative values reflect below-average levels.  (c) 171 

Violin plots showing the number of cells expressing a specific gene belonging to each group of 172 

genes: subsampled single-copy and multigene families, ribosomal genes and trans-sialidases. To 173 

avoid biases against size differences between single-copy and multigene family genes we 174 

generated a subsampled single-copy genes list, randomly selecting an equal number of genes as 175 

those from the multigene family’s gene set. The expression distribution of the subsampled 176 

single-copy genes is similar to the distribution of the entire dataset (* p < 0.05, **** p < 0.0001. 177 

See Supplementary Table 2). (d) Lorenz curves showing the cumulative proportion of gene 178 

expression relative to the cumulative proportion of genes for subsampled single-copy, 179 

multigene family genes, ribosomal protein coding genes and trans-sialidase-like genes. Genes 180 

were ordered by total expression, and the dashed line indicates perfect equality. Curves that 181 

deviate further from the diagonal reflect greater inequality, meaning that fewer genes account 182 
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for most of the expression within each category. Statistically significant differences between 183 

groups for c) and d) are shown in Supplementary Table 2. 184 

  185 

Expression pattern of the TcS superfamily 186 

When we re-clustered the trypomastigote population based solely on TcS gene expression, we 187 

identified two sub-populations: trypomastigote cluster 0 (“Trypo_0” composed of 1186 cells), 188 

which over-expressed these genes compared to trypomastigote cluster 1 (“Trypo_1” composed 189 

of 1015 cells) (Figure 3a). 190 

   191 

Figure 3. Trypomastigote sub-populations identified based on trans-sialidase expression profiles. 192 

(a) UMAP visualization colored by detected clusters based on gene expression profiles, with 193 

trypomastigote subpopulations identified. (b) Violin plot displaying average expression levels of 194 

ribosomal protein-coding genes across sub-populations. (c) Violin plot showing combined trans-195 

sialidase expression levels for each sub-population. * p < 0.05, **** p < 0.0001.  196 

 197 
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The two trypomastigote sub-populations segregated by TcS expression show only slight 198 

differences in the expression of other gene categories, such as ribosomal protein-coding genes 199 

(FC = 1.03), transporters (FC = 1.09), polymerase-related genes (FC = 1.15), and phosphatases 200 

(FC = 1.10) (Figure 3b and Supplementary Figure 2, foldchange values correspond to 201 

Trypo_0/Trypo_1 expression ratios). Although there is a tendency for surface protein genes to 202 

be more expressed in cluster Trypo_0 (FC = 1.38), trans-sialidases displayed the highest fold 203 

change between the two trypomastigote subpopulations (FC = 1.53) (Figure 3c and 204 

Supplementary Figure 2). It is tempting to speculate that this may reflect different infectivity 205 

amongst trypomastigote subpopulations, consistent with reports of "broad" and "slender" 206 

forms (35). Recently, while this manuscript was being prepared, a similar approach by Laidlaw 207 

et al. described the phenomenon by clustering trypomastigote cells based on the expression of 208 

all genes (34). When applying this strategy to our data, their observation was reproduced. 209 

When all cells are considered, most TcS genes are expressed, but in each individual cell only 210 

approximately 40 TcS genes were detected. Interestingly, we observed that both 211 

trypomastigote subpopulations contain a subgroup of TcS genes that are detected in a large 212 

portion of cells (>40%) (Figure 4a, and Supplementary Table 3), indicating high-level expression 213 

at the population level. This subset comprises 31 TcS genes belonging to subfamilies II-VI, and 214 

VIII (Supplementary Table 3). Consistent with our findings, Laidlaw et al. (34) reported a similar 215 

phenomenon, detecting on average approximately 40 TcS genes per cell, with a subset that are 216 

frequently detected across the trypomastigote population, further supporting the 217 

reproducibility of scRNA-seq results across studies. Gene dropouts in scRNA-seq experiments 218 

can generate apparently stochastic detection patterns for multigene family members, 219 

particularly affecting low-abundance transcripts, and thus represent an important potential 220 

confounder in the analysis of multigene families. To evaluate whether this technical effect 221 

could account for the observed TcS detection patterns, we examined the relationship between 222 

detection frequency and expression level. If random sampling were the primary driver, genes 223 

with similar average expression levels would be expected to exhibit comparable detection 224 

frequencies. However, we observed that many TcS genes with similar average expression are 225 

detected in markedly different proportions of cells (Figure 4b), arguing against a purely 226 

stochastic dropout model. Notably, among the 50 TcS genes with the highest average 227 

expression across cells, 62% are detected in fewer than 5% of cells (Figure 4b).  228 

At the single-cell level, we found that detected TcS genes contribute relatively evenly to the 229 

total family expression within each cell, as indicated by the low average Gini index of TcS 230 

expression levels across each cell (Figures 4c and 4d). This suggests that, within each cell, total 231 

TcS expression is shared across the detected TcS genes rather than being dominated by a few 232 

very highly expressed transcripts in that cell. Consistent with this interpretation, most TcS genes 233 

detected in a high fraction of cells in our scRNA-seq dataset also rank among the most highly 234 
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expressed TcS genes in an independent bulk RNA-seq study (Supplementary Figure 3a). This 235 

highlights a key limitation of bulk RNA-seq, as it may wrongly indicate that a set of few genes 236 

are highly expressed in each cell, while in fact, TcS expression is evenly distributed among all 237 

detected family members, regardless of the number of cells expressing each gene. Taken 238 

together with the results in Figure 4b, this observation further supports the conclusion that the 239 

observed expression pattern is unlikely to arise from a purely stochastic detection of TcS 240 

mRNAs. 241 

While our data indicates transcriptional heterogeneity, it is important to note that future 242 

studies will be required to determine the extent to which this diversity translates to protein 243 

expression on the parasite surface. Consistent with our observations, recent proteomic 244 

analyses (36) report pronounced variability in the expression of surface proteins, including TcS, 245 

suggesting that the heterogeneous transcriptional patterns observed here likely reflect 246 

biologically relevant differences. 247 

When analyzing each trypomastigote subpopulation, no coordinated expression among specific 248 

TcS members was observed, as no subclusters of cells were identified based on TcS detection 249 

profiles. Even when clustering was restricted to genes detected in more than 40% of cells, no 250 

clear subclusters of cells were identified (Supplementary Figure 3b). 251 

 252 
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Figure 4. Overview of TcS gene expression patterns in Trypo_0 cells. (a) Heatmap displaying the 253 

expression of TcS genes in each cell that together account for 75% of total TcS gene expression 254 

within cluster Trypo_0. Cells are clustered by TcS expression profiles, with colors representing 255 

each gene's percentage contribution to the cell’s total TcS expression. (b) Average expression of 256 

TcS genes grouped by the percentage of cells expressing each gene. In red are highlighted the 257 

top 50 TcS with highest average expression.  (c) Gini index distribution for trypomastigotes 258 

cluster 0 (Trypo_0) cells considering only TcS detected in each cell. (d) Lorenz curves showing, 259 

for each cell in cluster Trypo_0, the cumulative proportion of total TcS expression as a function 260 

of the cumulative proportion of detected TcS genes. Genes were ordered by total expression, 261 

and the dashed line indicates perfect equality (i.e., all detected TcS genes contribute equally to 262 

the total TcS expression of a given cell). Green and orange curves correspond to cells with 263 

higher and lower expression equality, respectively. 264 

 265 

As discussed in the Introduction, although post-transcriptional control remains a central 266 

mechanism of gene expression regulation in T. cruzi, increasing evidence in recent years has 267 

revealed an important contribution of epigenetic mechanisms that modulate gene expression 268 

at the transcriptional level. (4–8). Specifically, the loci for TcS genes and other gene families of 269 

surface proteins are mostly grouped in specific genomic compartments (9) that are regulated 270 

epigenetically by the activation or silencing of chromatin folding domains (4). The TcS that are 271 

detected in a high percentage of cells are mostly dispersed throughout the genome 272 

(Supplementary Table 3). This suggests that their preferential expression is likely not due to 273 

colocalization in one or a few ubiquitous activated chromatin-folding domains. Nevertheless, 274 

mapping the genomic locations of TcS genes detected in a high proportion of cells revealed that 275 

most are flanked by core genes (Figure 5). The core compartment is enriched in conserved, 276 

single-copy genes that typically show more constitutive expression (9) and, as observed in this 277 

study, lower cell-to-cell variability. In contrast, TcS genes that are detected less frequently are 278 

preferentially located in the disruptive compartment (Figure 5), which is enriched in lineage-279 

specific multigene families and associated with more variable, stage-specific, and potentially 280 

stochastic expression under tighter epigenetic control (4,9,18,36). Together, these findings 281 

suggest that the higher cellular prevalence of certain TcS transcripts is unlikely to be driven by 282 

colocalization within a small number of ubiquitously active chromatin domains but may instead 283 

reflect distinct regulatory regimes between the core and disruptive compartments. Future 284 

studies integrating single-cell chromatin profiling with scRNA-seq will be required to directly 285 

test this model.  286 
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 287 

Figure 5. Genomic context and neighborhood composition of frequently detected versus lowly 288 

detected TcS loci. (a) Representative genomic loci of frequently detected (top, high abundance) 289 

and lowly detected (bottom, low abundance) TcS genes. Genes are shown as arrows, colored 290 

according to genomic compartment: core (dark green), disruptive (salmon), and TcS genes 291 

under analysis (yellow). Chromosomal coordinates are indicated below each locus. (b) 292 

Comparison of the percentage of multigene-family neighbours within polycistronic transcription 293 

units containing frequently detected and lowly detected TcS genes. Lowly detected TcS genes 294 

were subsampled to n = 30. Wilcoxon rank-sum test: p = 6.6 × 10⁻⁷. (c) Mean percentage of 295 

multigene-family neighbours in polycistrons calculated from 50 random subsets (n = 30) of 296 

lowly detected TcS genes (mean = 37.76%). The orange dot indicates the corresponding mean 297 

for frequently detected TcS genes (9.27%). 298 
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 299 

Final remarks 300 

The expression of surface protein–coding genes varied across parasite developmental stages. In 301 

particular, genes belonging to the TcS superfamily, which play key roles in host–parasite 302 

interactions, exhibited marked heterogeneity in expression among trypomastigotes. Notably, 303 

while most TcS genes were detected only in a small fraction of cells, a limited subset was 304 

frequently detected across the population. This pattern indicates that TcS expression is not 305 

uniform, suggesting the existence of distinct regulatory regimes within the family. Consistent 306 

with previous single-cell and bulk RNA-seq studies (34,36), the lack of coordinated expression 307 

among TcS members points to a complex regulatory framework that may enable functional 308 

diversification among T. cruzi subpopulations. Importantly, our analyses indicate that the 309 

frequent detection of this TcS subset may be partially explained by their preferential 310 

localization within the core genomic compartment, which is associated with more permissive 311 

transcriptional environments. 312 

Taken together, our results demonstrate the sensitivity of scRNA-seq for resolving parasite life 313 

stages and their associated transcriptional programs, while also pointing to complex regulation 314 

of surface protein expression, particularly within the TcS family. Although these results should 315 

be considered with caution, as technical limitations inherent to scRNA-seq may influence the 316 

observed expression patterns, our interpretation is consistent with all observations presented 317 

here and aligns with emerging evidence from independent studies. Collectively, this supports a 318 

working hypothesis in which heterogeneous TcS expression may contribute to immune evasion 319 

and pathogenicity through a bet-hedging strategy. 320 

 321 

Materials and Methods 322 

Trypanosoma cruzi and mammalian cell culture  323 

Epimastigote forms of Trypanosoma cruzi strain Dm28c were derived from axenic cultures 324 

cultivated in Brain-Heart Infusion medium (BHI, Oxoid) supplemented with 10% heat-325 

inactivated fetal bovine serum (FBS, Capricorn), penicillin (100 units/mL) and streptomycin (100 326 

µg/mL) as described (37). Cultures were diluted 1/10 with fresh BHI medium every 3 days and 327 

maintained at 28°C. 328 

Myoblast rat cell line H9c2 (ATCC CRL-1446) was maintained in hgDMEM medium (Gibco) 329 

supplemented with 10% heat-inactivated fetal bovine serum, penicillin (100 units/mL) and 330 

streptomycin (100 μg/mL) at 37°C in a humidified 5% CO2 incubator. Confluent cells were 331 
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washed with 1X phosphate-buffered saline (1X PBS), incubated for 5 min with trypsin-EDTA 332 

(Gibco), diluted with culture medium and re-plated for maintenance. 333 

Mycoplasma contamination in cell lines was regularly monitored using MycoAlert® Mycoplasma 334 

Detection Kit (Lonza), following the manufacturer's protocol. 335 

Isolation and purification of cellular trypomastigotes and intracellular amastigotes 336 

Late stationary phase epimastigotes of Dm28c strain were used to infect H9c2 cells for a 337 

primary infection. Six days post-infection, cellular trypomastigotes were obtained from the 338 

supernatant and were used to infect 50% confluent H9c2 cells at a 10:1 rate. Twenty-four hours 339 

post-infection the cell culture was washed twice with PBS 1X to remove any remaining 340 

extracellular parasites and maintained with fresh hgDMEM at 37°C in a humidified 5% CO2 341 

incubator. 342 

For amastigote purification, infected H9c2 cells incubated for 48 hours post infection were 343 

washed with 1X PBS and incubated with trypsin-EDTA for 5 minutes at 37°C. The trypsinization 344 

was stopped by adding an equal volume of hgDMEM with 10% FBS. The cell suspension was 345 

repeatedly passed through a 27-gauge needle attached to a 30-mL syringe until complete cell 346 

disruption was confirmed under the microscope. The supernatant, containing free amastigotes, 347 

was collected and centrifuged at 500xg for 10 minutes at 4°C to remove large host-cell debris. 348 

The resulting supernatant was then centrifuged at 4,000xg for 10 minutes at 4°C, and the 349 

amastigote-containing pellet was washed twice in chilled 1X DPBS (Dulbecco's Phosphate-350 

Buffered Saline, No Calcium, No Magnesium) and resuspended in 1X DPBS at 200 μL per 1x106 351 

cells, ready for the fixation step. 352 

Cellular trypomastigotes derived from infected H9c2 cells and present in the cell supernatant 353 

fraction were collected and centrifuged at 500xg for 10 minutes at 4°C to remove large host-cell 354 

debris. The washing and resuspension steps in DPBS were performed as previously described 355 

for amastigotes. 356 

scRNA-seq library preparation and sequencing 357 

Cell fixation was performed using the Methanol Fixation Protocol for Single-Cell RNA 358 

Sequencing (38), after resuspension in DPBS as described above, as recommended by 10X 359 

Genomics technical support. Briefly, chilled 100% Methanol (for HPLC, ≥99.9%, Millipore) was 360 

added drop by drop (1x106 cells in 800 μl) and incubated at -20°C for 30 min. For rehydration, 361 

fixed cells were first equilibrated at 4°C and then centrifuged at 4,000xg for 5 min at 4°C, the 362 

supernatant was discarded and Wash-Resuspension Buffer (3X SSC in Nuclease-free Water, 363 

0.04% UltraPure Bovine Serum Albumin, 1mM DTT, and 0.2 U/ml RNase Inhibitor) was added to 364 

the pellet. Cell debris and large clumps were eliminated by passing the sample through a 40 μm 365 

Flowmi Cell Strainer. 366 
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10X Genomics library preparation was performed at the service provided by the Instituto de 367 

Biología y Medicina Experimental (IBYME, Argentina). The library was sequenced by a service 368 

provider (Macrogen, Korea) in a HiSeq2500 equipment (two lanes), generating 369 

approximately880 million reads of 91 bp. Raw data is available in the SRA 370 

(https://www.ncbi.nlm.nih.gov/sra/) under BioProject PRJNA1200704. 371 

Transcript quantification 372 

T. cruzi 2018 Dm28c genome (9) (release 62, TriTrypDB (39)) and T. cruzi Dm28c maxi circle 373 

kDNA sequence (40) were combined and used as reference. To improve the proportion of reads 374 

assigned to genes, 11,362 3’UTR regions of the coding sequences (CDS) were annotated using 375 

peaks2UTR (41). Gene expression quantification was performed by pseudoalignment using 376 

kallisto bustools (42), with the options --filter to remove potential noise from environmental 377 

RNA and --em to apply the Expectation-Maximization (EM) algorithm. Default values were used 378 

for the rest of the parameters. This algorithm outperforms other mapping software in handling 379 

multimapping reads, enabling more accurate quantification of multigene families (42). This 380 

resulted in 321 million reads mapped to the transcriptome.  381 

scRNA-seq data processing and analysis 382 

Count matrices from two technical replicates obtained by sequencing the same library were 383 

merged: the common barcodes across both datasets were retained, and the count matrices 384 

were combined to generate a unified dataset. Subsequently, the following metrics were 385 

calculated: nUMI, nGene, and mitoRatio, as well as the log10 of genes per UMI 386 

(log10GenesperUMI). A filtering criterion was applied, retaining cells with nUMI > 1200, nGene 387 

> 100, log10GenesperUMI > 0.8, and mitoRatio < 0.1. Ribosomal rRNA genes were excluded 388 

from subsequent analyses. Data normalization and scaling were performed using the Seurat R 389 

version 5 package (43), employing NormalizeData and ScaleData functions.  390 

After quality filtering, 3,192 single-cell transcriptomes were retained with an average of 8004 391 

reads mapped per cell. In total, 14,321 genes were detected across all cells (93.5% of the 392 

15,319 annotated protein-coding genes in the T. cruzi 2018 Dm28c genome). Per cell, we 393 

observed a mean of 1,088 detected genes and 2,461 UMIs, which corresponds to ~7.1% of the 394 

annotated protein-coding gene. 395 

FindNeighbors function was used to construct a k-nearest neighbours graph of cells using 10 396 

principal components (PCs) and Louvain algorithm was employed for cell clustering using 397 

FindClusters function. Additionally, doublets were identified and removed using the 398 

DoubletFinder R package (44); only 41 doublets were detected, all belonging to cluster 2. 399 

To define marker genes, the FindAllMarkers function from Seurat package was used, selecting 400 

those with an adjusted p-value < 0.05 and a log2 fold change (log2FC) > 1. To validate these 401 
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markers, bulk RNA-seq data of Dm28c was incorporated (NCBI BioProject ID PRJNA850400 [24]). 402 

Transcripts were quantified using Kallisto (45) (with -b 100 option to perform 100 bootstraps), 403 

followed by differential expression analysis conducted with Sleuth (46). Genes with an adjusted 404 

p-value < 0.05 and |log2FC| > 0.25 were filtered for further analysis. Finally, the gene IDs of the 405 

Seurat-defined markers were cross-referenced with the IDs of the differentially expressed 406 

genes obtained from the bulk RNA-seq analysis to corroborate stage-specific gene expression. 407 

For 2D visualization of cell clusters and gene markers expression profiles across cells, UMAP 408 

projection was employed (47).  409 

Gene IDs corresponding to multigene families (TcS, MASP, Mucins, GP63, RHS and DGF) were 410 

obtained by text searches using the current genome annotation on the “description” field. 411 

Throughout the manuscript, these genes are referred to as either surface protein genes or 412 

multigene family genes. Single and low copy number genes were defined as those that did not 413 

belong to the latter gene list. For simplicity “single-copy” will be used to refer to these genes 414 

throughout the manuscript. To avoid biases arising from differences in list size between single-415 

copy and multigene family gene sets, we generated a subsampled single-copy gene list by 416 

randomly selecting the same number of genes as in the multigene family set. The expression 417 

distribution of this subsampled single-copy gene set is similar to that of the full dataset. 418 

Data processing was conducted using R version 4.2.0. Statistical analyses were performed using 419 

the Wilcoxon rank-sum test and p-values < 0.05 were considered statistically significant. 420 

To study expression inequality, we plotted Lorenz curves (48) and applied the Gini index, a 421 

metric originally developed in the field of economics (49). Both metrics serve as a measure of 422 

expression heterogeneity, and we employed it in two distinct contexts: first, to evaluate the 423 

degree of inequality in the distribution of a gene's expression levels across individual cells 424 

(Figure 2d, Supplementary Figure 1d and Supplementary Table 2); and second, to assess the 425 

extent to which a given cell expresses individual genes at varying rates (Figure 4c). 426 

TcS genomic localization analysis was performed by defining directional gene clusters from the 427 

GFF annotation: protein-coding genes were ordered by coordinate per contig and consecutive 428 

genes on the same strand were grouped into a DGC, with a strand-switch (change from “+” to “-” 429 

or vice versa) marking DGC boundaries. For each gene, we calculated the percentage of its 430 

polycistronic neighbours (genes within the same DGC) that belong to the multigene family gene 431 

set previously defined and compared high-abundance TcS vs low-abundance TcS (sampling n = 432 

30). For statistical comparisons, we assessed the robustness of the analysis by sampling 50 433 

iterations of n = 30 low-abudance TcS and distributions were compared to the high-abundance 434 

set using two-sided Wilcoxon rank-sum tests with Benjamini-Hochberg correction.  435 

 436 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


Author Contributions 437 

LI: Data Curation, Formal Analysis, Investigation, Methodology, Visualization, Writing-Original 438 

Draft Preparation, Writing-Review & Editing; LB: Methodology, Investigation, Writing-Review & 439 

Editing; VAC: Methodology, Investigation, Writing-Review & Editing; JG: Methodology, Formal 440 

Analysis, Writing-Review & Editing; GR: Methodology, Writing-Review & Editing; VMH: 441 

Methodology, Writing-Review & Editing; MAD: Methodology, Resources, Writing-Review & 442 

Editing; JSS: Methodology, Resources, Writing-Review & Editing; JDG: Conceptualization, 443 

Methodology, Visualization, Writing-Original Draft Preparation, Writing-Review & Editing; PS: 444 

Conceptualization, Funding Acquisition, Methodology, Formal Analysis, Project Administration, 445 

Resources, Supervision, Validation, Writing-Original Draft Preparation, Writing-Review & Editing 446 

 447 

Conflict of interest 448 

The authors declare that they have no conflicts of interest 449 

 450 

Financial Support 451 

This project was supported by: CSIC, Universidad de la República, grant number: I+D-2020-505 452 

awarded to PS; LI, LB, JG, MD, JSS and PS received financial support from PEDECIBA. The 453 

funders had no role in study design, data collection and analysis, decision to publish, or 454 

preparation of the manuscript. 455 

 456 

References 457 

1. Tarleton RL. Chagas Disease: A Solvable Problem, Ignored. Trends Mol Med. 2016 Oct 458 

1;22(10):835–8.  459 

2. Martín-Escolano J, Marín C, Rosales MJ, Tsaousis AD, Medina-Carmona E, Martín-Escolano R. 460 

An Updated View of the Trypanosoma cruzi Life Cycle: Intervention Points for an Effective 461 

Treatment. ACS Infect Dis. 2022 June 10;8(6):1107–15.  462 

3. Clayton C. Regulation of gene expression in trypanosomatids: living with polycistronic 463 

transcription. Open Biol. 2019 June 5;9(6):190072.  464 

4. Díaz-Viraqué F, Chiribao ML, Libisch MG, Robello C. Genome-wide chromatin interaction map 465 

for Trypanosoma cruzi. Nat Microbiol. 2023 Nov;8(11):2103–14.  466 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


5. Lima ARJ, Araujo CB de, Bispo S, Patané J, Silber AM, Elias MC, et al. Nucleosome landscape 467 

reflects phenotypic differences in Trypanosoma cruzi life forms. PLOS Pathog. 2021 Jan 468 

26;17(1):e1009272.  469 

6. Lima ARJ, Silva HG de S, Poubel S, Rosón JN, de Lima LPO, Costa-Silva HM, et al. Open 470 

chromatin analysis in Trypanosoma cruzi life forms highlights critical differences in genomic 471 

compartments and developmental regulation at tDNA loci. Epigenetics Chromatin. 2022 June 472 

1;15(1):22.  473 

7. Beati P, Stepñicka MM, Larrea SCV, Smircich P, Alonso GD, Ocampo J. Improving genome-474 

wide mapping of nucleosomes in Trypanosome cruzi. PLOS ONE. 2023 Nov 475 

21;18(11):e0293809.  476 

8. Ocampo J, Carena S, López M del R, Vela VS, Zambrano Siri RT, Balestra SA, et al. 477 

Trypanosomatid histones: the building blocks of the epigenetic code of highly divergent 478 

eukaryotes. Biochem J. 2025 Mar 14;482(06):325–40.  479 

9. Berná L, Rodriguez M, Chiribao ML, Parodi-Talice A, Pita S, Rijo G, et al. Expanding an 480 

expanded genome: long-read sequencing of Trypanosoma cruzi. Microb Genomics [Internet]. 481 

2018 May 1 [cited 2020 Oct 27];4(5). Available from: 482 

/pmc/articles/PMC5994713/?report=abstract 483 

10. Belew AT, Junqueira C, Rodrigues-Luiz GF, Valente BM, Oliveira AER, Polidoro RB, et al. 484 

Comparative transcriptome profiling of virulent and non-virulent Trypanosoma cruzi 485 

underlines the role of surface proteins during infection. PLOS Pathog. 2017 Dec 486 

14;13(12):e1006767.  487 

11. Pech-Canul ÁDLC, Monteón V, Solís-Oviedo RL. A Brief View of the Surface Membrane 488 

Proteins from Trypanosoma cruzi. J Parasitol Res [Internet]. 2017 [cited 2020 Nov 6];2017. 489 

Available from: /pmc/articles/PMC5474541/?report=abstract 490 

12. Freitas LM, dos Santos SL, Rodrigues-Luiz GF, Mendes TAO, Rodrigues TS, Gazzinelli RT, 491 

et al. Genomic Analyses, Gene Expression and Antigenic Profile of the Trans-Sialidase 492 

Superfamily of Trypanosoma cruzi Reveal an Undetected Level of Complexity. PLOS ONE. 493 

2011;6(10):e25914.  494 

13. Buscaglia CA, Campo VA, Frasch ACC, Di Noia JM. Trypanosoma cruzi surface mucins: 495 

host-dependent coat diversity. Nat Rev Microbiol. 2006 Mar;4(3):229–36.  496 

14. Pereira-Chioccola VL, Acosta-Serrano A, de Almeida IC, Ferguson MAJ, Souto-Padron T, 497 

Rodrigues MM, et al. Mucin-like molecules form a negatively charged coat that protects 498 

Trypanosoma cruzitrypomastigotes from killing by human anti-α-galactosyl antibodies. J Cell 499 

Sci. 2000 Apr 1;113(7):1299–307.  500 

15. De Pablos LM, González GG, Solano Parada J, Seco Hidalgo V, Díaz Lozano IM, Gómez 501 

Samblás MM, et al. Differential Expression and Characterization of a Member of the Mucin-502 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


Associated Surface Protein Family Secreted by Trypanosoma cruzi. Infect Immun. 2011 Sept 503 

16;79(10):3993–4001.  504 

16. Bartholomeu DC, Cerqueira GC, Leão ACA, daRocha WD, Pais FS, Macedo C, et al. 505 

Genomic organization and expression profile of the mucin-associated surface protein (masp) 506 

family of the human pathogen Trypanosoma cruzi. Nucleic Acids Res. 2009 June 507 

1;37(10):3407–17.  508 

17. Burle-Caldas G de A, dos Santos NSA, de Castro JT, Mugge FLB, Grazielle-Silva V, Oliveira 509 

AER, et al. Disruption of Active Trans-Sialidase Genes Impairs Egress from Mammalian Host 510 

Cells and Generates Highly Attenuated Trypanosoma cruzi Parasites. mBio. 2022 Jan 511 

25;13(1):e03478-21.  512 

18. Berná L, Chiribao ML, Greif G, Rodriguez M, Alvarez-Valin F, Robello C. Transcriptomic 513 

analysis reveals metabolic switches and surface remodeling as key processes for stage 514 

transition in trypanosoma cruzi. PeerJ. 2017 Mar 8;2017(3):e3017.  515 

19. Tonelli RR, Giordano RJ, Barbu EM, Torrecilhas AC, Kobayashi GS, Langley RR, et al. Role 516 

of the gp85/Trans-Sialidases in Trypanosoma cruzi Tissue Tropism: Preferential Binding of a 517 

Conserved Peptide Motif to the Vasculature In Vivo. PLoS Negl Trop Dis. 2010 Nov 518 

2;4(11):e864.  519 

20. Walzer KA, Kubicki DM, Tang X, Chi JTA. Single-Cell Analysis Reveals Distinct Gene 520 

Expression and Heterogeneity in Male and Female Plasmodium falciparum Gametocytes. 521 

mSphere. 2018 Apr 11;3(2):10.1128/msphere.00130-18.  522 

21. Ngara M, Palmkvist M, Sagasser S, Hjelmqvist D, Björklund ÅK, Wahlgren M, et al. 523 

Exploring parasite heterogeneity using single-cell RNA-seq reveals a gene signature among 524 

sexual stage Plasmodium falciparum parasites. Exp Cell Res. 2018 Oct 1;371(1):130–8.  525 

22. Reid AJ, Talman AM, Bennett HM, Gomes AR, Sanders MJ, Illingworth CJR, et al. Single-526 

cell RNA-seq reveals hidden transcriptional variation in malaria parasites. Krzych U, editor. 527 

eLife. 2018 Mar 27;7:e33105.  528 

23. Howick VM, Russell AJC, Andrews T, Heaton H, Reid AJ, Natarajan K, et al. The Malaria 529 

Cell Atlas: Single parasite transcriptomes across the complete Plasmodium life cycle. Science. 530 

2019 Aug 23;365(6455):eaaw2619.  531 

24. Vigneron A, O’Neill MB, Weiss BL, Savage AF, Campbell OC, Kamhawi S, et al. Single-cell 532 

RNA sequencing of Trypanosoma brucei from tsetse salivary glands unveils metacyclogenesis 533 

and identifies potential transmission blocking antigens. Proc Natl Acad Sci. 2020 Feb 534 

4;117(5):2613–21.  535 

25. Hutchinson S, Foulon S, Crouzols A, Menafra R, Rotureau B, Griffiths AD, et al. The 536 

establishment of variant surface glycoprotein monoallelic expression revealed by single-cell 537 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


RNA-seq of Trypanosoma brucei in the tsetse fly salivary glands. PLOS Pathog. 2021 Sept 538 

20;17(9):e1009904.  539 

26. Briggs EM, Rojas F, McCulloch R, Matthews KR, Otto TD. Single-cell transcriptomic 540 

analysis of bloodstream Trypanosoma brucei reconstructs cell cycle progression and 541 

developmental quorum sensing. Nat Commun. 2021 Sept 6;12(1):5268.  542 

27. Howick VM, Peacock L, Kay C, Collett C, Gibson W, Lawniczak MKN. Single-cell 543 

transcriptomics reveals expression profiles of Trypanosoma brucei sexual stages. PLOS 544 

Pathog. 2022 Mar 7;18(3):e1010346.  545 

28. Quintana JF, Chandrasegaran P, Sinton MC, Briggs EM, Otto TD, Heslop R, et al. Single 546 

cell and spatial transcriptomic analyses reveal microglia-plasma cell crosstalk in the brain 547 

during Trypanosoma brucei infection. Nat Commun. 2022 Sept 30;13(1):5752.  548 

29. Catta-Preta CMC, Ghosh K, Sacks DL, Ferreira TR. Single-cell atlas of Leishmania 549 

development in sandflies reveals the heterogeneity of transmitted parasites and their role in 550 

infection. Proc Natl Acad Sci. 2024 Dec 24;121(52):e2406776121.  551 

30. Abuchery BE, Black JA, Silva MS da. Single-cell transcriptomics reveals hidden 552 

information in trypanosomatids. Trends Parasitol. 2022 Jan 1;38(1):4–6.  553 

31. Seco-Hidalgo V, De Pablos LM, Osuna A. Transcriptional and phenotypical heterogeneity 554 

of Trypanosoma cruzi cell populations. Open Biol. 2015 Dec 1;5(12):150190.  555 

32. Luzak V, López-Escobar L, Siegel TN, Figueiredo LM. Cell-to-Cell Heterogeneity in 556 

Trypanosomes. Annu Rev Microbiol. 2021 Oct 8;75(Volume 75, 2021):107–28.  557 

33. Li Y, Shah-Simpson S, Okrah K, Belew AT, Choi J, Caradonna KL, et al. Transcriptome 558 

Remodeling in Trypanosoma cruzi and Human Cells during Intracellular Infection. PLoS 559 

Pathog. 2016;12(4):1–30.  560 

34. Laidlaw R*, Garcia Sanchez M*, Pacheco JDS, Paradela LDS, Otto TD, Rycker MD. The 561 

Trypanosoma cruzi cell atlas; a single-cell resource for understanding parasite population 562 

heterogeneity and differentiation [Internet]. bioRxiv; 2025 [cited 2025 Dec 7]. p. 563 

2024.10.01.616042. Available from: 564 

https://www.biorxiv.org/content/10.1101/2024.10.01.616042v2 565 

35. Schmatz DM, Boltz RC, Murray PK. Trypanosoma cruzi: separation of broad and slender 566 

trypomastigotes using a continuous hypaque gradient. Parasitology. 1983 Oct;87(2):219–27.  567 

36. Cruz-Saavedra L, Loock M, Antunes LB, Cestari I. Variation in surface protein expression 568 

leads to heterogeneous Trypanosoma cruzi populations during host cell infection. Nat 569 

Commun. 2025 Nov 12;16(1):9949.  570 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


37. Smircich P, Pérez-Díaz L, Hernández F, Duhagon MA, Garat B. Transcriptomic analysis of 571 

the adaptation to prolonged starvation of the insect-dwelling Trypanosoma cruzi 572 

epimastigotes. Front Cell Infect Microbiol. 2023 Apr 6;13:374.  573 

38. Gutiérrez-Franco A, Ake F, Hassan MN, Cayuela NC, Mularoni L, Plass M. Methanol 574 

fixation is the method of choice for droplet-based single-cell transcriptomics of neural cells. 575 

Commun Biol. 2023 May 15;6(1):522.  576 

39. Aslett M, Aurrecoechea C, Berriman M, Brestelli J, Brunk BP, Carrington M, et al. 577 

TriTrypDB: A functional genomic resource for the Trypanosomatidae. Nucleic Acids Res. 2009 578 

Oct 20;38(SUPPL.1):D457.  579 

40. Berná L, Greif G, Pita S, Faral-Tello P, Díaz-Viraqué F, Souza RDCMD, et al. Maxicircle 580 

architecture and evolutionary insights into Trypanosoma cruzi complex. PLoS Negl Trop Dis. 581 

2021 Aug 26;15(8):e0009719.  582 

41. Haese-Hill W, Crouch K, Otto TD. peaks2utr: a robust Python tool for the annotation of 583 

3′ UTRs. Bioinformatics. 2023 Mar 1;39(3):btad112.  584 

42. Sullivan DK, Min KH (Joseph), Hjörleifsson KE, Luebbert L, Holley G, Moses L, et al. 585 

kallisto, bustools and kb-python for quantifying bulk, single-cell and single-nucleus RNA-seq. 586 

Nat Protoc. 2025 Mar;20(3):587–607.  587 

43. Hao Y, Stuart T, Kowalski MH, Choudhary S, Hoffman P, Hartman A, et al. Dictionary 588 

learning for integrative, multimodal and scalable single-cell analysis. Nat Biotechnol. 2024 589 

Feb;42(2):293–304.  590 

44. McGinnis CS, Murrow LM, Gartner ZJ. DoubletFinder: Doublet Detection in Single-Cell 591 

RNA Sequencing Data Using Artificial Nearest Neighbors. Cell Syst. 2019 Apr 24;8(4):329-592 

337.e4.  593 

45. Bray NL, Pimentel H, Melsted P, Pachter L. Near-optimal probabilistic RNA-seq 594 

quantification. Nat Biotechnol. 2016 May;34(5):525–7.  595 

46. Pimentel H, Bray NL, Puente S, Melsted P, Pachter L. Differential analysis of RNA-seq 596 

incorporating quantification uncertainty. Nat Methods. 2017 July;14(7):687–90.  597 

47. McInnes L, Healy J, Saul N, Großberger L. UMAP: Uniform Manifold Approximation and 598 

Projection. J Open Source Softw. 2018 Sept 2;3(29):861.  599 

48. Lorenz MO. Methods of Measuring the Concentration of Wealth. Publ Am Stat Assoc. 600 

1905;9(70):209–19.  601 

49. Atkinson AB. On the measurement of inequality. J Econ Theory. 1970 Sept 1;2(3):244–63.   602 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 2, 2026. ; https://doi.org/10.1101/2025.01.14.633000doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.14.633000
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary Figures 603 

 604 

 605 

Supplementary Figure 1. (a) Summatory of expression levels values from subsampled single-606 

copy genes for each cell from amastigote (Cluster 1) and trypomastigote (Cluster 0) cell 607 

populations (**** p < 0.0001, meanAma = 394.9, SDAma = 101.7, meanTrypo = 353.1, SDTrypo 608 

= 62.1, FCAma/Trypo = 1.1). (b) UMAP projection for 2D visualization of core gene expression 609 

among cells, ; num_multigene indicates the number of multigene family genes detected in each 610 

cell, whereas z_multigene indicates the expression levels calculated by summing the UMI 611 

counts of all multigene family genes in each cell and then standardizing this value using a z-612 

score transformation, such that positive values reflect above-average multigene family 613 

expression and negative values reflect below-average levels. (c) Violin plots showing the 614 

number of cells expressing a specific gene belonging to each group of genes: subsampled 615 

single-copy and multigene families, ribosomal genes and different multigene families. (d) 616 

Lorenz curves showing the cumulative proportion of gene expression relative to the cumulative 617 

proportion of genes for subsampled single-copy, multigene family genes (together or grouped 618 

by multigene family) and ribosomal protein coding genes. Genes were ordered by total 619 

expression, and the dashed line indicates perfect equality. Curves that deviate further from the 620 

diagonal reflect greater inequality, meaning that fewer genes account for most of the 621 
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expression within each category. Statistically significant differences between groups for c) and 622 

d) are shown in Supplementary Table 2. 623 

 624 

 625 

 626 

Supplementary Figure 2. 627 
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Trypomastigote sub-clusters identified based on trans-sialidase expression profiles. Violin plots 628 

displaying average expression levels across sub-clusters and associated fold changes 629 

(FCtrypo_0/trypo_1) of (a) transporters coding genes, (b) DNA and RNA polymerase-associated 630 

protein coding genes, (c) phosphatases coding genes and (d) multigene family genes. **** p < 631 

0.0001. 632 

 633 

 634 

Supplementary Figure 3. (a) Venn diagram showing the overlap between the top 100 most 635 

expressed TcS from bulk RNA-seq data and TcS expressed in more than 40% of cells from cluster 636 

trypo_0, and (b) Heatmap displaying the expression of TcS genes in each cell that together 637 

account for 75% of total TcS gene expression and are expressed in more than 40% of cells 638 

within cluster trypo_0. Cells are clustered by TcS expression profiles, with colors representing 639 

each gene's percentage contribution to the cell’s expression. 640 

 641 
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