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Abstract 17 
 18 
Chimerism happens rarely among most mammals but is common in marmosets and 19 
tamarins, a result of fraternal twin or triplet birth patterns in which in utero connected 20 
circulatory systems (through which stem cells transit) lead to persistent blood chimerism 21 
(12-80%) throughout life. The presence of Y-chromosome DNA sequences in other 22 
organs of female marmosets has long suggested that chimerism might also affect these 23 
organs. However, a longstanding question is whether this chimerism is driven by blood-24 
derived cells or involves contributions from other cell types. To address this question, we 25 
analyzed single-cell RNA-seq data from blood, liver, kidney and multiple brain regions 26 
across a number of marmosets, using transcribed single nucleotide polymorphisms 27 
(SNPs) to identify cells with the sibling’s genome in various cell types within these 28 
tissues. Sibling-derived chimerism in all tissues arose entirely from cells of 29 
hematopoietic origin (i.e., myeloid and lymphoid lineages). In brain tissue this was 30 
reflected as sibling-derived chimerism among microglia (20-52%) and macrophages (18-31 
64%) but not among other resident cell types (i.e., neurons, glia or ependymal cells). 32 
The percentage of microglia that were sibling-derived showed significant variation across 33 
brain regions, even within individual animals, likely reflecting distinct responses by 34 
siblings’ microglia to local recruitment or proliferation cues or, potentially, distinct clonal 35 
expansion histories in different brain areas.  In the animals and tissues we analyzed, 36 
microglial gene expression profiles bore a much stronger relationship to local/host 37 
context than to sibling genetic differences. Naturally occurring marmoset chimerism will 38 
provide new ways to understand the effects of genes, mutations and brain contexts on 39 
microglial biology and to distinguish between effects of microglia and other cell types on 40 
brain phenotypes. 41 
 42 

 43 
  44 
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Introduction 45 
 46 
Chimerism, in which an organism contains cells from genetically distinct animals, happens rarely 47 
among mammals.  Chimerism is common, however, among marmosets and their close relatives 48 
the tamarins: in these primate species, animals usually give birth to dizygotic twins or trizygotic 49 
triplets whose blood contains cells from siblings.  During development, the siblings share 50 
circulation in utero, allowing the exchange of hematopoietic stem cells (Gengozian et al., 1969; 51 
Wislocki, 1939).  Most marmosets then exhibit blood chimerism throughout life: their blood-52 
derived DNA is a mixture of both twins’ genomes, with the twin’s genome contributing 12% to 53 
80% of the DNA in the blood (Niblack et al., 1977; The Marmoset Genome Sequencing and 54 
Analysis Consortium, 2014).  This indicates that the twins’ hematopoietic stem cells establish 55 
permanent residency in one another’s bodies and contribute to blood cell populations throughout 56 
life. 57 
 58 
A longstanding mystery involves whether other tissues and organisms also harbor chimerism.  59 
Beyond the blood, Y-chromosome DNA has been detected in the brain and other organs of female 60 
marmosets with male twins (Ross et al., 2007; Sweeney et al., 2012), eliciting much speculation 61 
about how chimerism might have shaped behavior and natural selection in marmosets.  However, 62 
it is still not known what cell types harbor this sibling DNA; such observations could in principle 63 
be explained by the presence of blood cells within these organs. 64 
 65 
Here, we analyze chimerism in the marmoset brain, liver, kidney and blood, using single-nucleus 66 
RNA-seq (snRNA-seq) to infer cell types and using combinations of transcribed SNPs (visible in 67 
the snRNA-seq data) to determine which marmoset sibling is the source of each cell.  This 68 
approach makes it possible to determine whether chimerism arises from blood cells, resident 69 
immune cells, or other cell types, and to explore what chimerism can teach us about cellular 70 
migrations and population dynamics. 71 
 72 
Results 73 
 74 
Marmoset chimerism can be characterized at single-cell resolution 75 
 76 
To identify which individual cells have the genome of the host marmoset, and which have the 77 
genome of the host’s birth sibling, we used combinations of many transcribed SNPs that were 78 
visible in the snRNA-seq data for each nucleus (Wells et al., 2023).  79 
 80 
We first determined whether marmosets have sufficient sequence variation to enable the 81 
distinction between host and sibling cells. From whole-genome sequences of 123 marmosets, we 82 
identified 13 million polymorphic bi-allelic SNPs in the marmoset genome, with individual 83 
marmosets harboring 2.3 to 3.8 million (average 3.4 million) heterozygous sites – comparable to 84 
levels of heterozygosity in humans.  For sibling comparisons, we detected a large number of sites 85 
at which any two siblings’ genomes differed, ranging from 2.0 to 3.7 million sites (average 2.9 86 
million sites) across 96 sibling comparisons (Fig. 1A).  To determine how many of these sites 87 
were visible in snRNA-seq data, we analyzed snRNA-seq data for several marmoset tissues.  The 88 
results varied by cell type, reflecting that different cell types’ nuclei harbored different quantities 89 
of RNA. The hundreds of transcribed variant sites that differed between siblings (median>311 per 90 
nucleus) suggested ample power to distinguish between siblings in all cell types (Wells et al., 91 
2023) (Fig. 1B). 92 
 93 
We next evaluated whether the genome variation visible in snRNA-seq reads was sufficient to 94 
distinguish between host and sibling cells.  For this we used Dropulation, which identifies the 95 
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donors of individual cells (from a set of genome-sequenced candidate donors) by using 96 
combinations of the transcribed SNPs visible on the snRNA-seq reads of the individual cells 97 
(Wells et al., 2023). We first analyzed the blood cells by snRNA-seq of a marmoset (CJ028) born 98 
with two birth siblings and used Dropulation (Wells et al., 2023) to assign individual cells to the 99 
correct sibling (Fig. 1C).  The relative likelihoods of the siblings could be strongly differentiated 100 
(relative likelihoods of 103 to 1023) for >99% of the nuclei (Fig. 1C). We found a high level of 101 
chimerism: 84% of all nuclei sampled in this marmoset’s blood appeared to contain the genome 102 
of one (67% - sibling #1) or the other (17% - sibling #2) of its two birth siblings (Fig. 1C), consistent 103 
with the wide range of chimerism found in previous studies: 4-82% in marmoset T cells and B 104 
cells (Niblack et al., 1977); 13-37% in marmoset whole blood (“The Marmoset Genome 105 
Sequencing and Analysis Consortium”, 2014).   106 
 107 
Apparent liver and kidney chimerism arises from infiltrating monocytes 108 
 109 
Earlier studies have identified Y-chromosome-derived DNA sequences in the organs of female 110 
marmosets with male birth siblings, suggesting that these organs harbor chimerism (Sweeney et 111 
al., 2012).  However, such observations could also in principle arise from blood or from blood-112 
derived immune cells that are present in those organs (Sweeney et al., 2012).   113 
 114 
We performed snRNA-seq analysis of the blood (1,741 nuclei), liver (10,877 nuclei) and kidney 115 
(9,262 nuclei) of a marmoset (CJ026) with one birth sibling (Fig. 1D).  The snRNA-seq profiles 116 
clustered into groups that were readily recognized (based on the RNAs expressed) as the 117 
principal cell types of each organ; we determined the identity of each cluster using scType, a cell-118 
type identification tool that uses a database of known marker genes (Ianevski et al., 2022).   119 
 120 
In kidney and liver, the only clearly twin-derived cells were cells of hematopoietic origin: the 121 
resident macrophages in liver (Kupffer cells), lymphocytes in liver, and lymphocytes in kidney 122 
(Fig. 1E,F).  All non-hematopoietic cell types in liver and kidney appeared to contain only the host 123 
marmoset’s own genome.  Chimerism levels for the two chimeric liver immune cell types appeared 124 
to diverge, with sibling-derived cells accounting for 15% of Kupffer cells and just 4% of 125 
lymphocytes (5/122 vs 57/383; Chi-square test P-value=0.003). In the blood, chimerism levels 126 
varied across the various cell types: the most abundant cell types, the Naive B cells and Naive 127 
CD8+ T cells, were respectively 29% and 32% sibling-derived, while the less-abundant CD8+ 128 
NKT-like cells were 15% sibling-derived (Fig. 1F, Chi-square test P-value=0.01).   129 
 130 
These results indicate that, in this animal’s liver and kidney, apparent DNA chimerism likely arose 131 
from infiltrating immune cells rather than other cell types.  These results also indicate that cells 132 
with siblings’ genomes can differ in their tendency to acquire specific hematopoietic cell fates and 133 
in their tendency to infiltrate into organs. 134 
 135 
Marmoset brain microglia and macrophages exhibit abundant chimerism 136 
 137 
To characterize chimerism in the marmoset brain, we utilized a large snRNA-seq data set being 138 
generated for a marmoset brain cell atlas (Krienen et al., 2022).  We first analyzed 497,000 139 
single-nucleus RNA-expression profiles from the neocortex, thalamus, striatum, hippocampus, 140 
basal forebrain, hypothalamus and amygdala of an adult marmoset with two birth siblings 141 
(marmoset CJ028).  We clustered the cell types using gene expression similarities (Fig. 2A) and 142 
identified brain cell types as in earlier work (Krienen et al., 2020), identifying neurons, 143 
astrocytes, oligodendrocytes, ependymal cells, endothelial cells, microglia and macrophages 144 
(Fig. 2B).  Microglia (which expressed markers TREM2, LAPTM5 and C3) and macrophages 145 
(which expressed LYVE1 and F13A1) were a small fraction of all nuclei analyzed (about 3.6%), 146 
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but due to the large number of nuclei we profiled (53 brain tissue dissections, 497,000 nuclei), 147 
we were able to ascertain sufficient numbers of microglia (18,175 nuclei) and to a lesser extent 148 
macrophages (172 nuclei) for many downstream analyses.  We found microglia and 149 
macrophages in snRNA-seq data from 10 additional marmosets with different genetic 150 
backgrounds from 3 different colonies (sample information for 11 marmosets in Supplementary 151 
Table 1; a total of eleven marmoset brains were analyzed and all are unrelated except for 152 
CJ006 and CJ007 which are birth siblings, and CJ025 and CJ026 which are (non-birth) siblings; 153 
only CJ026 was assessed for liver and kidney, and 3 marmosets were assessed for blood: 154 
CJ026, CJ027 and CJ028).  Brain snRNA-seq of all 11 marmosets showed consistently the 155 
presence of these two myeloid cell types in the brain (Supplementary Fig. 1; number of 156 
microglia and macrophages in Supplementary Table 2).   157 
 158 
Donor-of-origin analysis of snRNA-seq data from 2.2 million nuclei sampled from 137 brain 159 
tissue samples from these 11 marmosets showed a clear and consistent pattern: microglia and 160 
macrophages, but not neurons, glia or endothelial cells, harbored chimerism (Fig. 2C, 161 
Supplementary Fig. 2). Microglia exhibited abundant chimerism – across the 11 marmosets, 162 
the total fraction of cells with the sibling’s genome ranged from 20% to 52% (for triplets, sum of 163 
two siblings; Fig. 2D).  Macrophages exhibited a similarly wide range of sibling fractions across 164 
marmosets (18% to 64%, Fig. 2D). 165 
 166 
The quantitative extent of microglial chimerism varied across individuals (Supplementary Fig. 167 
3A; test of heterogeneity P-value<2.2x10-16), as did that of macrophage chimerism 168 
(Supplementary Fig. 3B; test of heterogeneity P-value=1x10-4). We asked whether microglial 169 
and macrophage chimerism were correlated. Intriguingly, only a modest correlation of 170 
chimerism levels across 14 host-sibling pairs was observed between the microglia and 171 
macrophages (Fig. 2E; Pearson correlation 0.31), suggesting that in addition to the cell’s 172 
genome, other factors such as local host environment play a role in differential recruitment or 173 
survival of sibling cells. Neither of these two myeloid cell types showed consistently higher 174 
chimerism than the other cell type did (Fig. 2D).   175 
 176 
Sibling contributions in blood vs. brain 177 
 178 
Though microglia (like macrophages) are myeloid cells that derive from hematopoietic stem 179 
cells, the ontogenies of microglia and brain macrophages are distinct from those of bone-180 
marrow-derived peripheral blood mononuclear cells (Perdiguero & Geissmann, 2016). As such, 181 
differences in the developmental and migration histories of these cell populations could in 182 
principle have caused their chimerism fractions to diverge in a systematic way.   183 
 184 
We analyzed three marmosets for which snRNA-seq was performed on both blood and brain 185 
tissues. Sibling contributions to microglia and brain macrophages were in general quite different 186 
from those in blood (Fig. 3).  187 
 188 
Marmoset CJ028’s chimerism (involving two birth siblings) provided a setting in which cells with 189 
three different genomes shared the same environment through development until adulthood (to 190 
two years of age). Among CJ028’s microglia, the fraction of cells from sibling 1 (35%) was 191 
greater than that from sibling 2 (13%) (two-sided test of proportionality P-value<2.2-16), while in 192 
blood, the opposite was true (fraction of cells from sibling 1 across all blood cell types was 18%, 193 
fraction of cells from sibling 2 across all blood cell types was 67%; two-sided test of 194 
proportionality P-value<2.2-16) (Fig. 3D,E, Supplementary Table 3).  195 
 196 
 197 
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Microglia chimerism fraction varies across brain regions  198 
 199 
Sibling contributions to the microglial population could in principle be shaped by effects that are 200 
local to specific brain areas, including differential response of sibling microglia to local 201 
recruitment or proliferation cues.  To evaluate whether the sibling contribution to the microglial 202 
population varied across brain areas within individual marmosets, we performed chimerism 203 
analysis for each of the brain regions profiled in the snRNA-seq datasets: neocortex, thalamus, 204 
striatum, hippocampus, basal forebrain, hypothalamus and amygdala (Krienen et al., 2020, 205 
2022).  Within each marmoset, the fraction of microglia with a sibling’s genome diverged across 206 
a marmoset’s brain regions (Fig. 4A). For example, in marmoset CJ025, sibling contributions to 207 
microglial populations ranged from 11% (21/193) in the thalamus to 56% (174/310) in the 208 
striatum (P-value=1.1x10-23, Chi-square test of thalamus vs striatum; P-value=1.5x10-40, Chi-209 
square test across all 4 brain regions).  For marmoset brains profiled with at least 300,000 210 
nuclei, CJ027, CJ028 and CJ029, tests of heterogeneity P-values were even more significant:  211 
8.8x10-83, <1x10-300, and 6.1x10–47, respectively.  Analysis of finer brain substructures showed a 212 
similar result (Fig. 4B).  None of the brain regions exhibited consistently higher or lower 213 
chimerism levels, suggesting that these divergences did not result from differential physical 214 
access of host and sibling microglia to different brain areas (Fig. 4). 215 
 216 
Gene-expression comparisons of host- to sibling-derived microglia 217 
  218 
Chimerism provides the unusual opportunity to compare cells with different genomes in a 219 
shared in vivo biological context.  We compared RNA expression between host- and sibling-220 
derived microglia of a female marmoset with two birth siblings.  Sex differences among the 221 
siblings (the host (CJ028) was a female and one of the two siblings was a male) allowed a 222 
natural control: the XIST gene encodes a non-coding RNA involved in silencing one copy of 223 
chromosome X in females and thus exhibits sex-specific expression due to cell-autonomous 224 
mechanisms. We found that (as expected) XIST transcripts were detected at far higher levels in 225 
the snRNA-seq profiles of microglia with the female twin’s genome relative to the male twin’s 226 
(Fig. 5A,C). By contrast, XIST transcripts were detected at similar levels in two microglial 227 
populations with the genomes of female twins (Fig. 5B).  228 
 229 
Gene-expression differences between host- and sibling-derived microglia in the same brain 230 
could in principle arise from asymmetries in their developmental histories (which would be 231 
shared across host animals) or from genomic differences (which would vary from host animal to 232 
host animal).  In all eleven individual marmosets, analysis identified anywhere from six to 233 
hundreds of genes whose differential expression distinguished microglia with host vs. sibling 234 
genomes, but aside from sex differences (XIST gene) we did not find any gene that consistently 235 
distinguished host from sibling microglia across the sibling comparisons (Supplementary Fig. 236 
4, Fig. 5A-C). 237 
 238 
Brain context vs. genetic differences as determinants of microglial gene expression 239 
 240 
Chimerism presents interesting opportunities to distinguish between cell-autonomous and 241 
contextual effects on biology, and to compare the magnitudes of such effects.   242 
 243 
We first considered the difference in contexts provided by pairs of brain areas by analyzing 244 
snRNA-seq data from the neocortex and striatum of marmoset CJ027; the resident microglial 245 
populations with different genomes make it possible to compare contextual to genetic effects on 246 
microglial gene expression (Fig. 5D).  Genetic effects appeared to elicit very many small-247 
magnitude gene-expression differences; these differences were shared between cortical and 248 
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striatal microglia (Fig. 5E).  Brain-area context elicited much larger-magnitude gene-expression 249 
differences, which were experienced in common by microglia with both genotypes (Fig. 5F).  250 
We obtained similar results for all pairs of brain areas analyzed (52 context vs genetic effect 251 
from brain snRNA-seq of 6 marmosets with at least 60 cells available for analysis in each 252 
context; Supplementary Table 4; Supplementary Fig. 5). 253 
 254 
We next considered the difference in contexts provided by the same brain area in different 255 
marmosets.  Two of the marmosets profiled, CJ006 and CJ007, were birth siblings who passed 256 
away as neonates (the only birth siblings in our dataset), and thus provided the additional 257 
opportunity to distinguish genetic from contextual effects by analyzing the two sibling microglial 258 
populations in the cortex, striatum and hippocampus of both marmosets (Fig. 5G). The effects 259 
of context (host marmoset) in microglia from all three brain areas appeared to be far larger than 260 
the cell-autonomous effects of genetic differences (Fig. 5H,I). 261 
    262 
Discussion 263 

 264 
A longstanding debate concerns the extent of chimerism in marmosets and tamarins. 265 
Chimerism in these species has been detected in diverse organs but arises from unknown cell 266 
types (Ross et al., 2007; Sweeney et al., 2012).  Here we found that chimerism in the brain, liver 267 
and kidney is present but appears to arise entirely from cells of the myeloid and lymphoid 268 
lineages, including infiltrating macrophages, monocytes, and microglia.  269 
 270 
Cells of the myeloid and lymphoid lineages derive developmentally from hematopoietic stem 271 
cells. We found no strong evidence of chimerism among 2.2 million non-hematopoietic cells in 272 
the liver (from one marmoset), kidney (from one marmoset) or brain (from 11 marmosets).  273 
Thus, while marmosets share a circulation in utero, we found no evidence that non-274 
hematopoietic stem cells or progenitors had been shared via this route in any appreciable 275 
number.  However, we found that in the marmoset brain, the microglia and macrophages, which 276 
also derive from this lineage, routinely harbor abundant chimerism, with 10-50% of a 277 
marmoset’s microglia containing the genome(s) of birth sibling(s).   278 
 279 
Organs in the same marmoset (liver, kidney, brain) differed markedly in the sibling contribution 280 
to resident macrophage and monocyte populations, with microglial chimerism fraction (the 281 
fraction of cells contributed by siblings) varying by as much as 40 percentage points across a 282 
marmoset’s brain areas.  This phenomenon has more than one potential explanation.  First, 283 
cells from the host and sibling could in principle respond differently to recruitment or proliferation 284 
cues that vary spatially; if this is the case, marmoset chimerism could provide a model for 285 
studying the effects of mutations and natural sequence variation on cell migration and 286 
recruitment. (Although we found that genetic effects were smaller than contextual effects in 287 
shaping microglial gene expression at any moment in time, genetic effects were clear (Fig. 5E), 288 
and even small effects on proliferation rates would tend to have effects that increase 289 
exponentially over time.)  Second, beyond such recruitment effects, it is also possible that these 290 
differences suggest a substantial role of clonal expansions and population bottlenecks in 291 
shaping local microglial and macrophage populations.  292 
 293 
We found that the cellular contribution of birth siblings to myeloid cell populations was 294 
significantly different in blood than in brain in the modest number of marmosets analyzed (Fig. 295 
3).  Unlike the differences among brain areas, the blood-brain differences tended to be 296 
directional, with more-modest sibling contributions in the brain than in the blood.  Though this 297 
would need to be confirmed in many more marmosets to be definitive on its own, it is plausibly 298 
connected to this aspect of marmoset fetal development:  sharing of a blood circulation between 299 
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the two fetuses occurs during a temporal window that is more temporally extended than the 300 
waves of colonization of the brain by microglia, potentially allowing for greater exchange in the 301 
centers of blood hematopoiesis (the liver and then the bone marrow). In microglia and 302 
macrophages, due to the defined waves of hematopoiesis in the yolk sac and migration patterns 303 
of microglia and macrophages to the developing brain, the opportunity for a progenitor cell from 304 
a twin to colonize a host’s brain may need to occur during a more-restricted temporal window.  305 
 306 
Comparisons of gene expression between microglial cells with host and sibling genomes in a 307 
shared brain context may provide many future opportunities to distinguish the cell-autonomous 308 
from the non-cell autonomous genetic effects of genetic differences and engineered mutations.  309 
Such analyses could become especially useful scientifically as genome editing increasingly 310 
enables the utilization of marmosets as a model organism in translational neuroscience (Aida & 311 
Feng, 2020; Feng et al., 2020).  Our pilot analysis of host-sibling microglial gene expression 312 
differences in the brains of two co-twins revealed a large role of animal context (relative to 313 
genetic differences) in shaping microglial gene expression. This result points to an important 314 
principle: the ability to isolate the effects of a mutation will be greatly strengthened by the ability 315 
to make within-animal (rather than just between-animal) comparisons of cells with different 316 
genotypes.   317 
 318 
A long history of innovation in genetics involves elaborate ways to create mosaics in mice, C. 319 
elegans and other laboratory organisms in order to distinguish cell-autonomous from non-cell 320 
autonomous genetic effects.  Natural chimerism in marmosets may enable many straightforward 321 
ways to pursue such kinds of studies.  Natural chimerism may also make it possible to 322 
determine when microglia or macrophages, as opposed to other cell types, mediate the effect of 323 
a mutation on an animal’s phenotype.    324 
 325 
Microglia perform essential roles in the development and regulation of the central nervous 326 
system (CNS), including by sculpting or “pruning” neuronal circuits (Hammond et al., 2018; 327 
Schafer et al., 2012; Schafer & Stevens, 2015), and are implicated in or hypothesized to 328 
contribute to a wide range of brain disorders and diseases, including Alzheimer’s disease, 329 
Parkinson’s disease, autism spectrum disorder, and schizophrenia.  Marmoset microglial 330 
chimerism will enable many new ways of studying microglia and the effects of genes and alleles 331 
upon brain biology. 332 
 333 
Methods 334 
 335 
Ethical compliance 336 
Marmoset experiments were approved by and in accordance with Massachusetts Institute of 337 
Technology IACUC protocol number 051705020. 338 
 339 
Nucleus Drop-seq library preparation and sequencing 340 
Nucleus suspensions were prepared from frozen tissue and used for nucleus Drop-seq following 341 
the protocol we have described at https://doi.org/10.17504/protocols.io.2srged6. Drop-seq 342 
libraries were prepared as previously described (Macosko et al., 2015), with modifications, 343 
quantification and quality control as described in a previous study (Saunders et al., 2018), as 344 
well as the following modifications optimized for nuclei: in the Drop-seq lysis buffer, 8 M 345 
guanidine hydrochloride (pH 8.5) was substituted for water, nuclei were loaded into the syringe 346 
at a concentration of 176 nuclei/μl, and cDNA amplification was performed using around 6,000 347 
beads per reaction, 15 PCR cycles.  Raw sequencing reads were aligned to the calJac3 348 
marmoset reference genome assembly and reads that mapped to exons or introns of each 349 
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assembly were assigned to annotated genes (https://github.com/broadinstitute/Drop-seq). Drop-350 
seq libraries are indicated in Supplementary Table 1. 351 
 352 
Nucleus 10X Chromium library preparation and sequencing 353 
Single-nucleus suspensions from frozen tissue were generated as for Drop-seq; GEM 354 
generation and library preparation followed the manufacturer’s protocol (protocol versions 355 
#CG00052 Chromium Single Cell 3’ v2 and #CG000183 Chromium Single Cell3′ v3 UG_Rev-A).  356 
Raw sequencing reads were processed and aligned using the same method for aligning Drop-357 
seq reads. 10X Chromium libraries are indicated in Supplementary Table 1. 358 
 359 
Clustering of cells using Independent Component Analysis 360 
Nuclei from intact cells were identified and clustered into cell types using a method that we have 361 
previously described (Krienen et al., 2020; Saunders et al., 2018). Briefly, nuclei with less than 362 
400 detected genes were not used in the analysis.  A digital gene expression matrix was 363 
created for a set of libraries from the same animal that were to be co-analyzed (Supplementary 364 
Table 5), and independent component analysis using the fastICA package in R was used 365 
after normalization and variable gene selection as previously described (Krienen et al., 2020; 366 
Saunders et al., 2018). A Louvaine-based clustering algorithm was performed on the top 60 367 
independent components.  Due to the large number of nuclei profiled in some marmosets 368 
(CJ027, CJ028, CJ029), memory requirements exceeded machine limits and for these 369 
marmosets, we divided the clustering analysis into two or three batches (Supplementary Table 370 
5).  The brain of marmoset CJ022 was profiled using both Drop-seq and 10X and a separate 371 
clustering was done for each snRNA-seq method (Supplementary Table 5).  We ran the 372 
clustering algorithm 12 times using 3 nearest neighbor parameters (10,20,30) and 4 resolution 373 
parameters (0.3, 0.5, 0.1, 1.0). Markers for each cluster were identified using differential gene 374 
expression analysis (Krienen et al., 2020; Saunders et al., 2018). We inspected each clustering 375 
result and chose the one which yielded separate clusters for microglia and macrophages 376 
(Supplementary Table 5). 377 
 378 
Identification of cell types 379 
For the brain datasets, the microglia and macrophage clusters were identified by the markers 380 
TREM2, C3, LAPTM5 for microglia and F13A1, LYVE1 for macrophages.  The other brain cell 381 
types were identified using cell type markers for neurons, astrocytes, oligodendrocytes, 382 
polydendrocytes and endothelial cells that we used as before (Krienen et al., 2020).  Cell types 383 
in blood, liver and kidney were identified using the ScType method (Ianevski et al., 2022). 384 
 385 
Donor-of-origin analysis and detection of host-sibling doublets (Dropulation) 386 
We used the Dropulation suite to calculate a donor likelihood for each cell (Wells et al., 2023) 387 
(software available at https://github.com/broadinstitute/Drop-seq). The host and birth sibling 388 
genotypes were provided as input to Dropulation’s AssignCellsToSamples tool, together 389 
with the snRNA-seq BAM file and a list of cell barcodes that were identified to be intact cells.  To 390 
generate chimerism-free reference genotypes, we cultured fibroblasts and performed whole 391 
genome sequencing (WGS) on the resulting DNA. We found that the difference in likelihoods 392 
between host and sibling increase with the number of UMI of the cell, and hence we imposed a 393 
minimum number of UMI for each marmoset’s cells (Supplementary Table 5). We also 394 
performed doublet detection using Dropulation’s DetectDoublets to obtain a likelihood of a 395 
cell having a mix of transcripts from the host and sibling(s). Doublets lie between the host and 396 
sibling curves (Supplementary Fig. 6) and for each marmoset we empirically obtained a 397 
threshold for the Dropulation test statistic to identify them and were discarded in all analyses 398 
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(Supplementary Fig. 6, Supplementary Table 5).  The likelihoods plotted in Figures 1C,1E,2C 399 
and Supplementary Fig. 2 are from cells that have been filtered for minimum UMI and doublets. 400 
 401 
Marmosets CJ006 and CJ007 were born in a triplet litter (tri-zygotic) that all died shortly after 402 
birth.  We did not have access to any tissue from the third sibling and were not able to perform 403 
whole genome sequencing on it. For Dropulation analysis of CJ006 and CJ007’s brains, we 404 
provided only the genotypes of marmosets CJ006 and CJ007.  Nuclei that contain the genome 405 
of the third unknown sibling will mostly be identified as doublets and were discarded in our 406 
analysis. 407 
 408 
Additional filtering for microglia and macrophage clusters 409 
We performed additional filtering of microglia and macrophage cells. When we compared the 410 
gene expression of host microglia and sibling microglia using cell-types from first-round 411 
clustering (and with UMI and doublet filtering), we found an abundance of genes that have 412 
higher expression in host than in the sibling (Supplementary Fig. 7, see panels B, C, G, I and 413 
K).  The asymmetry could arise from neuronal cells mis-classified as microglia or macrophages.  414 
To filter out these mis-classified cells, we sub-clustered the microglia and macrophage cell 415 
types of each marmoset using the same fastICA and Louvaine-based clustering used in the first 416 
round of clustering.  We found that some sub-clusters were not chimeric, indicating that they 417 
were not cells of hematopoietic origin, and that discarding these cells improved the symmetry 418 
between host and sibling gene expression (Supplementary Fig. 7). 419 
 420 
Whole genome sequencing 421 
Illumina libraries from fibroblast, blood, brain and buccal cells (Supplementary Table 6) were 422 
created as follows. An aliquot of genomic DNA (150ng in 50μL) is used as the input into DNA 423 
fragmentation (aka shearing). Shearing is performed acoustically using a Covaris focused-424 
ultrasonicator, targeting 385bp fragments. Following fragmentation, additional size selection is 425 
performed using a SPRI cleanup. Library preparation is performed using a commercially 426 
available kit provided by KAPA Biosystems (KAPA Hyper Prep with Library Amplification Primer 427 
Mix, product KK8504), and with palindromic forked adapters using unique 8-base index 428 
sequences embedded within the adapter (purchased from Roche). The libraries are then 429 
amplified by 10 cycles of PCR. Following sample preparation, libraries are quantified using 430 
quantitative PCR (kit purchased from KAPA Biosystems) with probes specific to the ends of the 431 
adapters. This assay is automated using Agilent’s Bravo liquid handling platform. Based on 432 
qPCR quantification, libraries are normalized to 2.2nM and pooled into 24-plexes. Sample pools 433 
are combined with NovaSeq Cluster Amp Reagents DPX1, DPX2 and DPX3 and loaded into 434 
single lanes of a NovaSeq 6000 S4 flowcell cell using the Hamilton Starlet Liquid Handling 435 
system. Cluster amplification and sequencing occur on NovaSeq 6000 Instruments utilizing 436 
sequencing-by-synthesis kits to produce 151bp paired-end reads. Output from Illumina software 437 
is processed by the Picard data-processing pipeline to yield CRAM or BAM files containing 438 
demultiplexed, aggregated aligned reads. All sample information tracking is performed by 439 
automated LIMS messaging.  All samples were sequenced to 30X coverage. 440 
 441 
Variant site detection and genotyping from whole genome sequencing  442 
Illumina paired-end reads were aligned to the calJac3 reference marmoset genome assembly 443 
using bwa (Li & Durbin, 2010) with command “bwa mem”.  Duplicate reads were marked using 444 
Picard Markduplicates and for each chromosome, the GATK Haplotype Caller (McKenna et al., 445 
2010) was run in genotype discovery GVCF mode.  For each chromosome, the GVCFs of all 446 
samples analyzed in this study (from fibroblasts, blood, buccal cells, skin, brain and hair), were 447 
combined into a single GVCF file using GATK CombineGVCFs. To obtain the highest sensitivity 448 
in calling SNPs, we included in the GVCF additional fibroblasts whole genome sequences from 449 
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the colony, yielding a total of 113 marmosets for multi-sample variant calling.  The GVCF of 450 
each chromosome was genotyped using GATK GenotypeGVCFs. Only bi-allelic SNPs were 451 
used in the analysis and the following filters were used: QD<4.0 | FS>60.0 | MQ<40.0 | 452 
MQRankSum<-12.5 | ReadPosRankSum<-8.0 | MAF<0.01 | QUAL<500.  SNP calls from all 453 
chromosomes were combined into one VCF file and additional filtering was performed to discard 454 
heterozygous sites that exhibited extreme allelic imbalance, i.e., the fraction of non-reference 455 
allele (from all samples) is less than 0.2 or greater than 0.8, and furthermore, sites in copy 456 
number variant regions were discarded (copy number variant regions were obtained by running 457 
Genome STRiP (Handsaker et al., 2015) on whole genome sequencing data from 113 fibroblast 458 
samples). 459 
  460 
Dropulation analysis using sibling genotypes from whole genome sequencing of buccal 461 
cells 462 
For four marmosets in our dataset (CJ022, CJ025, CJ026, CJ102; all born with one sibling), 463 
only the buccal cells (from cheek swabs) of their siblings were available for whole genome 464 
sequencing (the siblings are, CJ106, CJ104, CJ105 and CJ103, respectively).  Using a method 465 
that quantifies chimerism from whole genome sequencing data (Census-seq; software available 466 
at https://github.com/broadinstitute/Drop-seq) (Mitchell et al., 2020), we estimated the 467 
chimerism fraction in buccal cells as follows: CJ106: 10%, CJ104: 24%, CJ105: 24% and 468 
CJ103: 9%.  Thus, the genotypes we obtained for these marmosets will include errors and those 469 
genotyping errors could subsequently affect Dropulation (donor-of-origin) analysis that was used 470 
to estimate chimerism.  To empirically estimate how sibling genotypes obtained from a chimeric 471 
tissue affect Dropulation analysis, we selected a host-sibling pair whose genome sequencing 472 
were both obtained from fibroblast cultures: CJ027 and its birth sibling CJ140. To simulate DNA 473 
contamination, we fixed the sequencing coverage of CJ140 to 40X, and replaced between 1% 474 
to 60% of the reads from CJ027’s sequencing reads (random subsampling using ‘samtools 475 
view -s’). We genotyped CJ140’s “chimeric” bam files using GATK’s “genotype given alleles” 476 
mode and compared the genotypes with CJ140’s true genotypes from its pure fibroblast WGS.  477 
We found that the sensitivity at heterozygous sites remains constant with different 478 
contamination levels, while the false positive rate increases.  The false positive calls at 479 
heterozygous sites come from homozygous sites incorrectly genotyped as heterozygous 480 
(Supplementary Fig. 8A-F).  Next, we re-analyzed donor-of-origin on brain snRNA-seq of 481 
CJ027 sibling (CJ140) genotypes from simulated contaminated DNA (300,000 nuclei; CJ027 482 
genotypes from pure fibroblast WGS, CJ140 genotypes from WGS with various contamination 483 
levels). We found that chimerism in CJ140’s WGS resulted in doublets being assigned to the 484 
twin (Supplementary Fig. 8G-L), which subsequently causes a slight increase in chimerism 485 
estimates (Supplementary Fig. 8M-U).  The contamination levels in buccal cells were from 9% 486 
to 24%, which we estimate will result in an overestimation in microglia chimerism of up to 3.5 487 
percentage points and 4.5 percentage points in macrophage chimerism. Our results will not be 488 
affected by this over-estimation of chimerism in 4 marmosets since the conclusions were made 489 
from the analysis of all 11 marmosets (including 7 marmosets whose siblings were genotyped 490 
from fibroblast cultures). 491 
 492 
Gene expression analysis of host and sibling meta cells 493 
For each cell type, the host and sibling “meta cells” were calculated from the sum of UMI counts 494 
per gene across cells and were scaled to counts per 100,000 transcripts.  The fold-changes and 495 
P-values of differentially expressed genes were identified using the binomTest method from 496 
the edgeR package (Robinson et al., 2010).  497 
 498 
 499 
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Software availability 500 
All software used in the analysis are publicly available. Drop-seq (analysis of snRNA-seq data, 501 
clustering, marker genes), Census-seq (estimation of chimerism in whole-genome sequencing 502 
data) and Dropulation analysis (estimation of chimerism in snRNA-seq data): 503 
https://github.com/broadinstitute/Drop-seq; alignment and variant detection of Illumina whole 504 
genome sequencing data: bwa (https://github.com/lh3/bwa), GATK 505 
(https://gatk.broadinstitute.org), BCFtools (https://github.com/samtools/bcftools), samtools  506 
(http://www.htslib.org/download), Picard Tools (https://broadinstitute.github.io/picard); R 507 
environment (https://www.rstudio.com/products/rstudio/download/, https://www.r-project.org); 508 
cell type identification scType (https://github.com/IanevskiAleksandr/sc-type). 509 
 510 
Data availability 511 
Brain snRNA-seq of 6 marmosets (CJ022, CJ023, CJ025, CJ026, CJ027, CJ028) were 512 
generated as part of the NIH’s Brain Initiative Cell Census Network (BICCN) project, while brain 513 
snRNA-seq of 5 marmosets (CJ001, CJ006, CJ007, CJ023, CJ102), and all blood, liver and 514 
kidney snRNA-seq were generated for this project.  All snRNA-seq datasets are available in the 515 
BICCN NeMO portal (https://assets.nemoarchive.org/dat-hsgdsgu and 516 
https://assets.nemoarchive.org/dat-1je0mn3). All whole genome sequencing datasets will be 517 
provided in a manuscript (in preparation) that will describe naturally occurring genome variation 518 
in captive marmosets. 519 
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 612 
Figure 1.  Sibling chimerism analysis at single-cell resolution. (A) Numbers of variant sites 613 
at which marmoset sibling genomes differ, for 96 sibling-pairs. Each dot is a sibling-pair; birth 614 
siblings are colored in pink.  (B) Numbers of transcribed SNPs (per nucleus) visible in various 615 
cell types from blood and brain snRNA-seq datasets of marmoset CJ028. x-axis: snRNA-seq 616 
library; y-axis: number of ascertained, transcribed SNPs for which host and sibling have 617 
different genotypes; black horizontal lines: median values per cell type. (C) Donor-of-origin 618 
assignment of each nucleus in blood snRNA-seq of a marmoset.  The host marmoset (CJ028) 619 
was born with two siblings; each nucleus was assigned to either the host or to one of the two 620 

.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 October 17, 2023. ; https://doi.org/10.1101/2023.10.16.562516doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.16.562516
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

15 

birth siblings.  x-axis: number of unique molecular identifiers (UMI; a measure of transcript 621 
abundance) that contains SNPs for which the host and sibling’s genomes differ, in log scale; y-622 
axis: inferred likelihood that the cell has host genome minus likelihood that the cell has sibling 623 
genome (log10). (D) Two-dimensional visualization (tSNE plot) of snRNA-seq data from a 624 
marmoset’s (CJ026) blood, kidney and liver. (E) Donor-of-origin assignment in marmoset 625 
CJ026’s blood, kidney and liver.  axes: same as in (C). (F)  Levels of chimerism in each cell type 626 
ascertained in blood, kidney and liver snRNA-seq of marmoset CJ026.  y-axis: fraction of sibling 627 
cells in each cell type; numbers in fraction: number of sibling nuclei over total nuclei in the cell 628 
type; percentage in x-axis labels: cell type representation in the tissue; vertical bars: binomial 629 
confidence interval (95%); P-values: test of heterogeneity (Chi-square) across immune cell 630 
types of a tissue (to test for differences in contribution of sibling across immune cell types).  631 
 632 
 633 
 634 
  635 
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636 
Figure 2. Microglia and macrophages, but not neurons and glia, are chimeric in the 637 
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marmoset brain. (A) Two-dimensional visualization (tSNE plot) of marmoset CJ028’s snRNA-638 
seq profiles from 8 brain regions.  (B) Expression of markers of microglia and macrophages in 639 
microglia, macrophages, neurons, glia (astrocytes, oligodendrocytes, polydendrocytes, 640 
ependymal cells) and endothelial cells. y-axis:  expression levels, measured as numbers of 641 
detected transcripts (unique molecular identifiers (UMIs), a measure of transcript abundance) 642 
from that gene per 100,000 total.  Microglia markers: TREM2, LAPTM5, C3; macrophage 643 
markers: F13A1, LYVE1. Data from all CJ028’s brain regions. (C) Donor assignment of each 644 
nucleus to one of three possible donors (host, sibling1 or sibling2) of marmoset CJ028’s brain 645 
snRNA-seq data.  x-axis: number of UMI that contains SNPs for which the host and sibling’s 646 
genomes differ, in log10 scale; y-axis: inferred likelihood that the cell has host genome minus 647 
likelihood that the cell has sibling genome (log10). Data from all of CJ028’s brain regions.  (D) 648 
Fractions of cells with a sibling’s genome among microglia, macrophages, and other brain cell 649 
types (neurons, astrocytes, oligodendrocytes, polydendrocytes, ependyma, endothelial) from 11 650 
marmosets. CJ001, CJ023 and CJ028 were part of a triplet litter and the chimerism fraction of 651 
each birth sibling is shown in separate panels.  y-axis: fraction of sibling-cells in the cell type. 652 
vertical bars: binomial confidence interval (95%). P-values: Chi-square test from comparison of 653 
chimerism fractions in microglia and macrophage; * (P-value<0.05). (E) Sibling contributions to 654 
microglial (x-axis) and macrophage (y-axis) populations in the same animals. Dots and bars are 655 
from (D).  Pearson correlation R=0.32, 95% confidence interval (-0.26 to 0.73), P-value=0.27. 656 
 657 
 658 
 659 
 660 
 661 
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 662 
Figure 3.  Sibling contributions to hematopoiesis-derived cells diverge between blood 663 
and brain.  (A)-(E) Chimerism fractions in brain and blood of three animals. CJ028 was part of 664 
a triplet litter, and the contribution of each sibling is shown in a separate panel (D,E). Red 665 
horizontal lines: twin contribution to blood cells as ascertained from whole-genome sequencing 666 
of whole-blood-derived genomic DNA (Census-seq). Blue horizontal lines: total twin contribution 667 
to blood cells as estimated from PBMC snRNA-seq (all cells). Vertical bars: binomial confidence 668 
interval (95%). Numbers in fraction: number of sibling cells over total cells in the cell type. 669 
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glia+endothelia: astrocytes, oligodendrocytes, polydendrocytes, ependymal cells, endothelial 670 
cells. 671 
 672 
  673 
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 674 
Figure 4.  Sibling contributions to brain microglial populations vary across an animal’s 675 
brain areas.  Contributions of sibling(s) to the microglial populations ascertained in principal 676 
brain areas (A), and finer-scale brain substructures (B). CJ001, CJ023 and CJ028 were part of 677 
a triplet litter and the chimerism contribution of each twin is shown in a separate panel. CJ102 678 
was profiled in only one brain region and hence was not included in the analysis.  y-axis: 679 
fraction of twin cells. Vertical bars: binomial confidence interval (95%); P-values: test of 680 
heterogeneity across an animal’s brain regions.  681 

 682 
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683 
Figure 5. Utilizing natural chimerism to distinguish cell-autonomous from non-cell-684 
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autonomous effects on gene expression, and to compare the effects context and genetic 685 
variation in shaping gene expression.  (A-C) Comparisons of RNA expression between 686 
microglial populations within host animal CJ028, who had two birth siblings. Comparisons of 687 
gene expression between microglia with the genomes of (A) the female host and male sibling, 688 
(B) the female host and female sibling, and (C) the two siblings (male and female). Each point 689 
represents a gene; its location on the plot represents the level of expression of that gene among 690 
microglia with two different genomes in the same animal.  x- and y-axes: normalized gene 691 
expression levels (number of transcripts per 100,000 transcripts). FC: fold-change of gene 692 
expression, female/male for XIST. Fold-change and P-values were calculated using edgeR. 693 
Differentially expressed genes (black dots) were defined as: FDR Q-value<0.05 and fold-694 
change>1.5 or less than 1/1.5 and the gene must be expressed in at least 10% of one of the 695 
microglia sets. (D-I) Higher effect of context than genetic differences in shaping gene 696 
expression. (D) In the brain of marmoset CJ027, the neocortex and striatum are two contexts 697 
where two sets of microglia with different genomes reside.  (E) Effect of genetic differences. x-698 
axis: log2-fold-change of cortical microglia gene expression between host and sibling cells; y-699 
axis: log2-fold-change of striatal microglia gene expression between host and sibling cells. (F) 700 
Effect of context. x-axis: log2-fold-change of the sibling’s gene expression between the two 701 
brain regions; y-axis: log2-fold-change of the host’s gene expression between the two brain 702 
regions. (G-I) The brains (cortex, striatum and hippocampus) of two birth siblings provide 703 
biological contexts in which populations of microglia with two sibling genomes reside. The effect 704 
of genetic differences (H) and effect of animal context (I) are compared, for the same brain 705 
areas (combined data from cortex, striatum and hippocampus). x- and y-axes: log2-fold-706 
changes of the gene expression between two sets of microglia (the sets being compared are 707 
indicated in the axis labels). R: Spearman correlation. 708 
 709 
 710 
  711 
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Supplementary Table 1. Marmosets analyzed with snRNA-seq in this study. Colonies: NEPRC 712 
- New England Primate Research Colony; CLEA - Central Institute for Experimental Animals, 713 
Japan; Company A: marmosets obtained from a non-clinical contract research organization. 714 

ID Tissue Sex Age No. birth siblings 
(sex of sibling(s)) Colony Single-cell 

platform 

CJ001 Brain F Neonate 2 (M, M) NEPRC Drop-seq 

CJ006 Brain M Neonate 2 (F, unknown) CLEA 10X 

CJ007 Brain F Neonate 2 (M, unknown) CLEA 10X 

CJ022 Brain F 2 yrs 8 mos 1 (M) NEPRC Drop-seq, 10X 

CJ023 Brain F 2 yrs 2 (F, M) NEPRC Drop-seq 

CJ025 Brain M 2 yrs 1 (M) NEPRC Drop-seq 

CJ026 Brain 

M 2 yrs 8 mos 1 (F) NEPRC 

Drop-seq 

CJ026 Blood 10X 

CJ026 Liver 10X 

CJ026 Kidney 10X 

CJ027 Brain 
M 2 years 1 (M) CompanyA 

10X 

CJ027 Blood 10X 

CJ028 Brain 
F 2 years 2 (M, F) NEPRC 

10X 

CJ028 Blood 10X 

CJ029 Brain M 2 years 1 (M) CLEA 10X 

CJ102 Brain F 6 mos 1 (M) CompanyA Drop-seq, 10X 

 715 
  716 
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Supplementary Table 2.  Number of microglia and macrophage cells identified in brain datasets 717 
and number of nuclei profiled in blood, liver and kidney.  718 

ID Tissue Microglia Macrophage Other Cell 
Types 

Total 
nuclei 

Percent 
Microglia 

Percent 
Macrophage 

CJ001 Brain 1,063 16 89,599 90,678 1.17% 0.02% 

CJ006 Brain 632 259 165,272 166,163 0.38% 0.16% 

CJ007 Brain 1,155 139 105,407 106,701 1.08% 0.13% 

CJ022 Brain 3,659 228 217,312 221,199 1.65% 0.10% 

CJ023 Brain 581 38 79692 80,311 0.72% 0.05% 

CJ025 Brain 1,366 131 210628 212,125 0.64% 0.06% 

CJ026 Brain 693 26 62743 63,462 1.09% 0.04% 

CJ027 Brain 8,398 167 342,419 350,984 2.39% 0.05% 

CJ028 Brain 18,185 172 478,765 497,333 3.66% 0.03% 

CJ029 Brain 11,874 285 320,000 332,159 3.57% 0.09% 

CJ102 Brain 1,124 43 56,602 57,769 1.95% 0.07% 

        

CJ026 Blood NA NA 1,741 1,741 NA NA 

CJ026 Liver NA NA 10,877 10,877 NA NA 

CJ026 Kidney NA NA 9,262 9,262 NA NA 

CJ027 Blood NA NA 2,529 2,529 NA NA 

CJ028 Blood NA NA 10,042 10,042 NA NA 

 719 
 720 
 721 
  722 
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Supplementary Table 3. Comparison of chimerism between CJ028’s two birth siblings, in blood 723 
and in brain myeloid cells (microglia and macrophage).  P-values are from a two-sided test of 724 
proportions between chimerism fractions of sibling 1 and sibling 2 using the prop.test function in 725 
R.  726 
Cell type Total 

nuclei 
Sibling 1 
nuclei 

Sibling 2 
nuclei 

Sibling 1 
Fraction 

Sibling 2 
Fraction 

Sibling 1 + 
Sibling 2 
Fraction 

P-value 

microglia and 
macrophage 

19701 6922 2689 0.35 0.14 0.49 <2.2x10-16 

microglia only 19447 6873 2621 0.35 0.13 0.49 <2.2x10-16 

macrophage only 254 49 68 0.20 0.27 0.46 5.8x10-2 

blood 10042 1758 6739 0.18 0.67 0.85 <2.2x10-16 

 727 
 728 
 729 
Supplementary Table 4. Summary of context versus genetic effects analysis, with two brain 730 
regions of an animal as two contexts.  The analysis described in Fig. 5D-F was repeated across 731 
all animals and brain regions with at least 60 cells that are available for analysis in each context, 732 
and the summary of the correlations are tabulated here.  The correlations are plotted in 733 
Supplementary Fig. 5.  Abbreviations; STR: striatum; Thal: thalamus; Hippo: hippocampus; Hyp: 734 
hypothalamus; BF: basal forebrain. 735 

Host 
ID 

Sibling 
ID 

Brain 
Region1 

Brain 
Region2 

Genetic Effects 
Spearman Correlation 

Context Effects 
Spearman Correlation 

CJ022 CJ106 Cortex Thal 0.1 0.73 

CJ025 CJ104 Cortex STR 0.03 0.2 

CJ027 CJ140 Cortex Thal 0.13 0.64 

CJ027 CJ140 Cortex STR 0.14 0.69 

CJ027 CJ140 Cortex Hippo 0.08 0.46 

CJ027 CJ140 Cortex Hyp 0.03 0.68 

CJ027 CJ140 Thal Hippo 0.04 0.56 

CJ027 CJ140 Thal Hyp 0.09 0.66 

CJ027 CJ140 STR Hippo 0.08 0.43 

CJ027 CJ140 STR Hyp 0.08 0.59 

CJ027 CJ140 Hippo Hyp 0.04 0.51 

CJ028 CJ141 Cortex Thal 0.1 0.66 

CJ028 CJ142 Cortex Thal 0.03 0.55 

CJ141 CJ142 Cortex Thal 0.07 0.59 

CJ028 CJ141 Cortex STR 0.13 0.68 

CJ028 CJ142 Cortex STR 0.1 0.58 

CJ141 CJ142 Cortex STR 0.09 0.61 

CJ028 CJ141 Cortex Hippo 0.06 0.39 
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CJ028 CJ142 Cortex Hippo 0 0.33 

CJ141 CJ142 Cortex Hippo 0.04 0.38 

CJ028 CJ141 Cortex BF 0.13 0.73 

CJ028 CJ142 Cortex BF 0.07 0.6 

CJ141 CJ142 Cortex BF 0.09 0.6 

CJ028 CJ141 Cortex Hyp 0.06 0.78 

CJ028 CJ142 Cortex Hyp 0.07 0.72 

CJ141 CJ142 Cortex Hyp 0.08 0.75 

CJ028 CJ141 Cortex Amygdala 0.14 0.65 

CJ028 CJ142 Cortex Amygdala 0.1 0.53 

CJ141 CJ142 Cortex Amygdala 0.12 0.57 

CJ028 CJ141 STR Hippo 0.06 0.63 

CJ028 CJ142 STR Hippo 0.01 0.56 

CJ141 CJ142 STR Hippo 0.03 0.61 

CJ028 CJ141 STR BF 0.14 0.63 

CJ028 CJ142 STR BF 0.06 0.5 

CJ141 CJ142 STR BF 0.05 0.52 

CJ028 CJ141 Hyp Amygdala 0.14 0.68 

CJ028 CJ142 Hyp Amygdala 0.21 0.65 

CJ141 CJ142 Hyp Amygdala 0.07 0.68 

CJ029 CJ143 Cortex Thal 0.09 0.61 

CJ029 CJ143 Cortex STR 0.06 0.5 

CJ029 CJ143 Cortex Hippo 0.05 0.62 

CJ029 CJ143 Cortex BF 0.09 0.79 

CJ029 CJ143 Cortex Hyp 0.07 0.78 

CJ029 CJ143 Cortex Amygdala 0.07 0.32 

CJ029 CJ143 Thal STR 0.09 0.48 

CJ029 CJ143 Thal Hippo 0.06 0.71 

CJ029 CJ143 Thal BF 0.14 0.75 

CJ029 CJ143 Thal Hyp 0.13 0.8 

CJ029 CJ143 Thal Amygdala 0.05 0.52 

CJ029 CJ143 Hippo BF 0.06 0.77 

CJ029 CJ143 Hippo Hyp 0.03 0.78 

CJ102 CJ103 Cortex STR 0.07 0.32 

 736 
 737 
 738 
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Supplementary Table 5. Clustering parameters used to identify microglia and macrophage cell 740 
types, and thresholds for identifying host-sibling doublets. The final number of microglia and 741 
macrophages after the second round of clustering are in Supplementary Table 2. A cell is 742 
assigned as a doublet if the Dropulation tool DetectDoublets assigned the highest likelihood 743 
for the cell as a doublet and if the log10 of the best likelihood minus the log10 of the second-744 
best likelihood (lrt_test_stat) is greater than the doublet detection threshold (last column). 745 

Marmo
set ID Tissue  Resolution 

parameter 
Nearest 

neighbor 
parameter 

UMI threshold (min 
log-UMI per cell) 

Doublet Detection 
Threshold 

(lrt_test_stat) 

CJ001 Brain 0.8 10 1.2 0.0 

CJ006 Brain 0.5 10 1.2 5.0 

CJ007 Brain 0.5 20 1.2 10.0 

CJ022 Brain Drop-seq 0.5 20 1.2 2.0 

CJ022 Brain 10X 0.5 20 1.5 2.0 

CJ023 Brain 0.5 20 1.2 3.0 

CJ025 Brain 0.5 20 1.0 0.5 

CJ026 Brain 0.5 20 1.0 2.0 

CJ026 Blood 0.5 20 1.4 4.0 

CJ026 Liver 0.5 20 1.9 8.0 

CJ026 Kidney 0.5 20 1.9 8.0 

CJ027 Brain Cortex A 0.5 20 1.5 20.0 

CJ027 Brain Cortex B 0.5 20 1.5 20.0 

CJ027 Brain others 0.5 20 1.5 20.0 

CJ027 Blood 0.5 20 1.5 1.0 

CJ028 Brain Cortex A 0.5 20 1.5 25.0 

CJ028 Brain Cortex B 0.8 10 1.5 25.0 

CJ028 Brain others 0.5 20 1.5 25.0 

CJ028 Blood 0.5 20 1.5 1.0 

CJ029 Brain Cortex 0.5 20 1.5 20.0 

CJ029 Brain others 0.5 20 1.5 20.0 

CJ102 Brain, Drop-seq 0.8 10 1.2 3.0 

CJ102 Brain, 10X 0.5 20 1.2 5.0 

 746 
 747 
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Supplementary Table 6. Whole genome sequencing datasets used in (1) donor-of-origin 749 
assignment from snRNA-seq (Dropulation), and (2) estimating chimerism from blood whole 750 
genome sequencing (Census-seq). 751 

ID Tissue/DNA source Sequencing 
coverage 

CJ001  Fibroblast culture 36.4X 

CJ119 (CJ001’s sibling1) Fibroblast culture 39.7X 

CJ120 (CJ001’s sibling2) Fibroblast culture 36.7X 

CJ006 (CJ007’s sibling) Fibroblast culture 45.9X 

CJ007 (CJ006’s sibling) Fibroblast culture 55.8X 

CJ022 Fibroblast culture 38.4X 

CJ106 (CJ022’s sibling) Buccal swab 36.0X 

CJ023 Fibroblast culture 34.9X 

CJ131 (CJ023’s sibling1) Fibroblast culture 39.5X 

CJ116 (CJ023’s sibling2) Fibroblast culture 28.3X 

CJ025 Fibroblast culture 72.7X 

CJ104 (CJ025’s sibling) Buccal swab 58.0X 

CJ026 Fibroblast culture 74.1X 

CJ105 (CJ026’s sibling) Buccal swab 43.7X 

CJ027 Fibroblast culture 47.5X 

CJ027 Blood 46.9X 

CJ140 (CJ027’s sibling) Fibroblast culture 40.2X 

CJ028 Fibroblast culture 44.6X 

CJ028 Blood 52.6X 

CJ141 (CJ028’s sibling1) Fibroblast culture 43.6X 

CJ142 (CJ028’s sibling2) Fibroblast culture 41.2X 

CJ029 Fibroblast culture 49.2X 

CJ143 (CJ029’s sibling) Fibroblast culture 40.8X 

CJ102 Brain 32.4X 

CJ103 (CJ102’s sibling) Buccal swab 38.5X 

 752 
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 753 
Supplementary Figure 1. Microglia and brain macrophages can be identified in all 754 
animals.  Expression of microglia and macrophage markers in microglia (left sub-panels), 755 
macrophages (middle sub-panels) and all other cell types in the brain (right sub-panels; 756 
neurons, glia (astrocytes, oligodendrocytes, polydendrocytes, ependymal cells), and endothelial 757 
cells of each animal. Marmosets CJ022 and CJ102 were profiled using two technologies (DS: 758 
Drop-seq, 10X: 10X Chromium). y-axis:  unique molecular identifier (UMI, a measure of 759 
transcript abundance) of each gene across cells, summed and normalized to 100,000 760 
transcripts.  Microglia markers: TREM2, LAPTM5, C3; macrophage markers: F13A1, MSTN, 761 
LYVE1. 762 
 763 
 764 

.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 October 17, 2023. ; https://doi.org/10.1101/2023.10.16.562516doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.16.562516
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

30 

 765 
Supplementary Figure 2.  Donor-of-origin assignments from brain snRNA-seq reveals 766 
only microglia and macrophages are chimeric.  (A-L) Donor of origin (Dropulation) 767 
assignments of each nucleus from brain snRNA-seq of 10 animals.  Marmosets CJ022 and 768 
CJ102 were profiled using two technologies (DS: Drop-seq, 10X: 10X Chromium). For each 769 
marmoset, the snRNA-seq data are grouped into microglia, macrophage, and all other cell types 770 
(others: neurons, astrocytes, oligodendrocytes, polydendrocytes, ependymal cells, endothelial 771 
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cells). x-axis: number of UMI that contains SNPs for which the host and sibling’s genomes differ, 772 
in log scale; y-axis: inferred likelihood that the cell has host genome minus likelihood that the 773 
cell has sibling genome (log10).  Nuclei with positive y-values are assigned to the host and 774 
those on the negative y-axes are assigned to the sibling. 775 
 776 
  777 
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 778 
Supplementary Figure 3.  Summary of microglia (A) and macrophage (B) chimerism 779 
across animals. y-axis: fraction of twin cells. Vertical bars: binomial confidence interval (95%). 780 
P-values: test of heterogeneity across animals.   781 
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782 
Supplementary Figure 4.  Comparison of gene expression between microglia with 783 
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different genomes in each host animal’s brain. Each point represents a gene; its location on 784 
the plot represents the level of expression of that gene among microglia with two different 785 
genomes in the same animal.  x- and y-axes: normalized gene expression levels (number of 786 
transcripts per 100,000 transcripts). Fold-change and P-values were calculated using edgeR 787 
and differentially expressed genes (black dots) were defined as: FDR Q-value<0.05 and fold-788 
change>1.5 or less than 1/1.5 and the gene must be expressed in at least 10% of one of the 789 
microglia sets. 790 

 791 
 792 

 793 
 794 

 795 
  796 
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 797 

 798 
Supplementary Figure 5. Summary of genetic versus context effects. This is a plot of the 799 
correlation values from Supplementary Table 5.  Abbreviations; STR: striatum; Thal: thalamus; 800 
Hippo: hippocampus; Hyp: hypothalamus; BF: basal forebrain801 
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802 
Supplementary Figure 6.  Doublet detection using host and sibling genotypes.  The axes 803 
are the same as in Supplementary Fig. 2, and each dot is a nucleus. Here, nuclei that were 804 
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identified as doublets and discarded in analyses were indicated (black dots).  Marmosets CJ022 805 
and CJ102 were profiled using two technologies (DS: Drop-seq, 10X: 10X Chromium). 806 
 807 
 808 
 809 
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810 
Supplementary Figure 7.  Second round clustering of microglia to discard mis-classified 811 
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cells.  (A-M) Gene expression comparison between host and sibling cells. Red dots: nuclei 812 
identified as microglia from first-round of clustering, black dots: nuclei that were retained after 813 
second-round clustering. For triplets, only the first sibling is included in the plots. Pearson 814 
correlation as calculated for each set (before and after second round clustering) and shows an 815 
improvement in correlation after discarding mis-classified cells. Marmosets CJ022 and CJ102 816 
were profiled using two technologies (Drop-seq and 10X Chromium).  (N) Summary (box plot) of 817 
fraction of microglia cells discarded during second round of clustering, for host and birth sibling.   818 
 819 
 820 
 821 
  822 
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 823 

 824 

 825 
Supplementary Figure 8. Analysis of genotyping and chimerism if the genotypes of the 826 
sibling are contaminated by the hosts’ DNA. (A)-(F) Sensitivity and false positives in 827 

.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 October 17, 2023. ; https://doi.org/10.1101/2023.10.16.562516doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.16.562516
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

41 

genotyping; HomRef: homozygous reference, HomAlt: homozygous alternate allele, Het: 828 
heterozygous. (G)-(L) Sensitivity and false positives in donor-of-origin assignment. (M)-(Q) 829 
Microglia chimerism estimates when sibling WGS are contaminated by the hosts’ DNA, for 5 830 
brain regions; red horizontal line: chimerism estimates when there’s no error in sibling 831 
genotypes. (R)-(U) Macrophage chimerism estimates when sibling WGS are contaminated by 832 
hosts’ DNA; red horizontal line: chimerism estimates when there’s no error in sibling genotypes. 833 
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