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Sample size

Data exclusions

The scRNA-seq and scATAC-seq short reads and count matrices data generated in this study have been deposited in the Gene Expression Omnibus (GEO) database
under accession codes GSE182135 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182135] (scRNA atlas), GSE182136 [https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE182136] (scRNA knockout experiment) and GSE182134 [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182134] (scATAC
atlas).

The motif data used in the scATAC analysis is available in the Cis-BP version 2.00 database for Mus musculus [http://cisbp.ccbr.utoronto.ca/bulk.php]. The
conservation scores used in the scATAC analysis are available in the PhastCon score database for the Euarchontoglires clade [http://hgdownload.cse.ucsc.edu/
goldenpath/mm10/phastCons60way/mm10.60way.phastCons60wayEuarchontoGlire.bw]

No statistical methods were used to predetermine sample size. Sample sizes were deemed appropriate because all cell types of a given
timepoint were represented in each replicate. Each sample consists of dissected pharyngeal tissue from at least 2 litters, except scRNA E12.5
replicate 2, scATAC E12.5 replicates 1 and 2, and scRNA Foxn1 KO replicate 2 and Foxn1 het replicate 2, each of which was produced from a
single litter. From each litter, we pooled the maximum number of embryos of the desired genotype (Pax9VENUS and/or Foxn1nu). All samples
consisted of pooled dissected pharyngeal endoderm tissue from multiple embryos, except for scRNA Foxn1 KO replicate 1, which was
produced from a single embryo. Approximately 20,000 cells were sorted from each single-cell sample, and all cells were processed through
the 10X Chromium Controller to achieve a final library consisting of >3,000 single cell transcriptomes (before data cleaning).

Size by individual sample:

scRNA Pax9VENUS E9.5 replicate 1 - 27 embryos (7 litters)

scRNA Pax9VENUS E9.5 replicate 2 - 21 embryos (5 litters)

scRNA Pax9VENUS E10.5 replicate 1 - 15 embryos (3 litters)

scRNA Pax9VENUS E10.5 replicate 2 - 14 embryos (2 litters)

scRNA Pax9VENUS E10.5 replicate 3 - 12 embryos (5 litters)

scRNA Pax9VENUS E11.5 replicate 1 - 6 embryos (2 litters)

scRNA Pax9VENUS E11.5 replicate 2 - 12 embryos (3 litters)

scRNA Pax9VENUS E11.5 replicate 3 - 16 embryos (4 litters)

scRNA Pax9VENUS E12.5 replicate 1 - 9 embryos (3 litters)

scRNA Pax9VENUS E12.5 replicate 2 - 4 embryos (1 litter)

scATAC Pax9VENUS E11.5 replicate 1 - 32 embryos (9 litters)

scATAC Pax9VENUS E11.5 replicate 2 - 16 embryos (5 litters)

scATAC Pax9VENUS E12.5 replicate 1 - 4 embryos (1 litter)

scATAC Pax9VENUS E12.5 replicate 2 - 4 embryos (1 litter)

scRNA Foxn1 Het E12.5 replicate 1 - 3 embryos (2 litters)

scRNA Foxn1 Het E12.5 replicate 2 - 2 embryos (1 litter)

scRNA Foxn1 KO E12.5 replicate 1 - 3 embryos, littermates to het control (2 litters)

scRNA Foxn1 KO E12.5 replicate 2 - 1 embryo, littermates to het control (1 litter)

For the scRNA atlas, from the 57,850 cells across 10 samples, cells were processed according to the standard single cell analysis workflow and
clustered into groups of similar cell types. Clusters were removed based on the following criteria: Cluster 33 (459 cells) due to high Neurod1
and low Pax9; Cluster 41 (79 cells) due to high Pax3, and low Pax9 and Epcam; Cluster 36 (381 cells) due to high Esam and Pdgfra, moderate
Dlx5, and low Pax9 and Epcam; Cluster 38 (247 cells) due to high Pax3 and low Pax9 and Epcam; Cluster 39 (231 cells) due to high Rxrg, Dlx5,
and Sox10, and low Pax9; Any cell with over 7% mitochondrial UMIs (2,122 cells); Any cell with under 1% mitochondrial UMIs (270 cells); Any
cell with log normalized Hbb-bt expression over 1 (17 cells); leaving 54,044 cells across samples as follows:

E9.5 replicate 1 = 5,734, E9.5 replicate 2 = 7,611

E10.5 replicate 1 = 4,743, E10.5 replicate 2 = 4,129, E10.5 replicate 3 = 4,248

E11.5 replicate 1 = 5,385, E11.5 replicate 2 = 3,141, E11.5 replicate 3 = 7,967

E12.5 replicate 1 = 4,885, E12.5 replicate 2 = 6,201

For the scATAC atlas, we used preestablished exclusion criteria on scATAC-seq data. Namely, cells were removed if they had < 3,000 unique
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Randomization
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ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used

Validation

fragments or < 4 TSS enrichment ratio, and the top N cells (N = number of cells squared per 10,000) per sample with high doublet enrichment
were removed. The standard scATAC-seq processing pipeline was followed and cells were clustered and annotated via label transfer based on
scRNA-seq pre-filtered cell cluster annotations. Further, clusters having doublet enrichment more than 1 standard deviation away from the
average median cluster doublet enrichment were removed and clusters with a high percentage of cells mapping to filtered contaminant
scRNAseq populations were removed leaving 10,890 cells across 4 samples as follows:

E11.5 replicate 1 = 3,248, E11.5 replicate 2 = 1,075

E12.5 replicate 1 = 2,813, E12.5 replicate 2 = 3,754

For the scRNA-seq knockout experiment, from the 29,276 cells output by CellRanger, cells were processed according to the standard single
cell analysis workflow and clustered into groups of similar cell types. Clusters were removed based on low depth - 3 clusters comprising 3,362
cells, 1,150 cells and 318 cells; and contaminant populations based on label transfer from the prefiltered scRNAseq atlas comprising 207 cells,
132 cells and 37 cells. Additionally any remaining cell with under 2,000 UMIs was removed (2,121 cells), and any remaining cell classified as a
contaminant was removed (45 cells) leaving 21,904 cells across 4 samples as follows:

E12.5 Foxn1 heterozygous replicate 1 = 6,805, E12.5 Foxn1 heterozygous replicate 2 = 2,258,

E12.5 Foxn1 knockout replicate 1 = 8,070, E12.5 Foxn1 knockout replicate 2 = 4,771

All attempts at replication were successful. Correlation across replicates of the same embryonic timepoint demonstrates reproducible data
(Supplementary Fig. 1), and visualization of individual replicates by dataset shows strong overlap within timepoints/genotypes (Supplementary
Fig. 2, 5, 10). All samples were collected on separate days, except for scRNA E10.5 replicates 1 and 2 and scATAC E12.5 replicates 1 and 2,
which consisted of separate litters isolated on the same day, respectively. Samples of Foxn1 KO and heterozygous tissue were collected the
same day, but replicates were performed on separate days. The single-cell RNA-seq pharyngeal endoderm dataset comprises two replicates at
E9.5, two replicates at E10.5, three replicates at E11.5, and two replicates at E12.5. The single-cell ATAC-seq pharyngeal endoderm dataset is
comprises two replicates at E11.5 and two replicates at E12.5. The Foxn1 experiment single-cell RNA-seq dataset comprises two replicates of
Foxn1 KO embryos and two replicates of Foxn1 heterozygous embryos, both at E12.5. For RNAscope experiments, two or more biological
samples were stained.

All single cell analyses were performed in a randomized manner for each of the three datasets, meaning cells from all samples were
combined, analyzed and allocated into clusters at a resolution which captured different cell types based on differentially expressed (or
accessible in case of scATACseq) markers. Experimental group and sample information was controlled for to overcome batch effects for the
analysis of the scRNA datasets. No such batch correction was performed on the scATACseq dataset. For the Foxn1 knockout experiment,
heterozygous littermates were used as controls.

For the scRNA and scATAC atlas datasets, blinding was not necessary as only one timepoint was collected on a given day. Since embryos of the
same genotype were pooled in the Foxn1 scRNA experiments, genotyping was performed prior to tissue processing and thus the experiment
could not be performed in a blinded manner. All embryos were processed by a single researcher. All scRNA and scATAC sequencing libraries
were prepared and sequenced by a single researcher without blinding. Cell identity, embryonic day, and genotype was blinded during the
scRNA and scATAC seq analysis. For the scRNAseq datasets, investigators were not blinded to experimental groups after processing as this
would preclude grouping of replicates for analysis. For the scATACseq dataset, investigators were blinded to experimental groups even during
the analysis as there was no need to correct for batch effects. Blinding was not required for the in situ hybridization experiments given that all
stains were performed on wild type samples. Blinding was not possible for the FACS and flow cytometry experiments because the genotype of
each animal was determined prior to tissue processing. Genotyping and tissue processing was performed by a single researcher.

Antibody (Source; Catalog number; clone)

PE/Cy7 anti-mouse Epcam (Biolegend; 118216; G8.8)

anti-Epcam (Biolegend; 118202; G8.8)

anti-Pax9 (Santa Cruz Biotechnology; sc-7746; M-18)

APC anti-mouse CD4 (BD Pharmingen; 553051; RM4-5)

PE anti-mouse CD8a (BD Pharmingen; 553033; 53-6.7)

Antibodies were utilized according to the manufacturer's recommended usage.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals

Field-collected samples

Ethics oversight

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
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The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.
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Methodology

Sample preparation

Validation of PE/Cy7 anti-mouse Epcam (Biolegend; 118216; G8.8) and anti-Epcam (Biolegend; 118202; G8.8):

According to the manufacturer, anti-mouse Epcam G8.8 clone reacts to mouse epithelial cells and was demonstrated on TE-71
mouse thymic epithelial cell line by flow cytometry (technical data sheet provided by Biolegend). Epcam expression has been
documented in developing mouse endoderm and derivatives using the anti-Epcam G8.8 clone (PMID: 19097184).

Validation of anti-Pax9 (Santa Cruz Biotechnology; sc-7746; M-18):

According to the manufacturer, the anti-Pax9 M-18 clone reacts with mouse Pax9 (technical data sheet provided by Santa Cruz
Biotechnology).

Validation of APC anti-mouse CD4 (BD Pharmingen; 553051; RM4-5):

According to the manufacturer, the anti-CD4 RM4-5 clone reacts with thymocytes and subpopulations of mature T lymphocytes
(technical data sheet provided by BD Biosceinces). The manufacturer demonstrated specific staining of the anti-CD4 RM4-5 clone on
mouse splenocytes via flow cytometry.

Validation of PE anti-mouse CD8a (BD Pharmingen; 553033; 53-6.7):

According to the manufacturer, the anti-CD8a 53-6.7 clone reacts with thymocytes and a subpopulation of mature T lymphocytes
(technical data sheet provided by BD Biosciences). The manufacturer demonstrated specific staining of the anti-CD8a 53-6.7 clone on
mouse splenocytes via flow cytometry.

All mice were housed in an animal facility adhering to intermediate barrier standards, including sterilization or disinfection of all
supplies and equipment, usage of PPE (gown, gloves, mask, cap, shoe covers), and air shower entry. The temperature of the facility is
maintained between 68-79 Fahrenheit with 30-70% humidity. Mice were exposed to a 12/12 hour light/dark cycle, and were housed
socially with no more than 5 mice per cage. Mice had continuous access to standard chow and water.

Strain (Source; Stock number)

C57BL/6J mice (The Jackson Laboratory; 000664): females between the ages of 6 to 8 weeks used for breeding.

Foxn1nu (The Jackson Laboratory; B6.Cg-Foxn1nu/J; 000819): females between the ages of 6 to 8 weeks and males at least 6 weeks
of age were used for breeding.

Strain (Source publication)

Pax9VENUS (Stem Cell Res. 2013 Nov;11(3):1003-12)

Wild animals were not used in this study.

This study does not include field-collected samples.

All mouse experiments were performed in accordance with protocol #2384 approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Massachusetts Medical School.

Embryos were dissected at timepoints embryonic day (E)9.5, E10.5, E11.5, and E12.5, where the morning of plug detection
was considered E0.5. Dissections were performed in cold RF10-H medium (RPMI 1640 (Gibco; 22400089) supplemented with
2 mM L-glutamine (Gibco; 25030081), 100 IU/mL penicillin and streptomycin (Corning; 352063), and 10% v/v Gibco fetal
bovine serum (Gibco; 10437028)). The pharynx region was mechanically dissected from heterozygous Pax9VENUS embryos
through removal of the head and lower torso from above the heart. Tissue was washed in cold 1X PBS, then dissociated in
0.05% trypsin-EDTA (GIBCO; 25300-120) and DNase (Sigma; DN25-1g) at 37!c for 15-20 minutes with P1000 pipette
trituration every 5 minutes. Trypsin was deactivated with RF10-H medium. Single cell suspensions were filtered through 40
µm cell strainers (Fisher Scientific; 22363547) and centrifuged at 4!c, 300 x g for 5 minutes. Cells were treated with 1X RBC
lysis buffer (eBioscience; 00-4333-57) at 4!c for 3 minutes, then washed with FACS buffer (1X PBX + 2% v/v FBS). Cells were
stained with a PE/Cy7 anti-mouse CD326 EpCAM antibody (Biolegend; 118216; 1:1000) in FACS buffer at 4!c for 20 minutes.
Dead cells were excluded with 7-AAD (BD Biosciences; 51-68981E).

Thymocytes from 5-week-old littermates (Wildtype, Foxn1nu/wt, and Foxn1nu/wtPax9VENUS/wt) were obtained by
mechanical agitation of the thymus. Cells were treated with 1X RBC lysis buffer (eBioscience; 00-4333-57) at 4!c for 3
minutes, then washed with FACS buffer (1X PBX + 2% v/v FBS). Cells were incubated with anti-mouse CD16/32 (Biolegend;
101302) for 10 mins prior to staining with APC anti-mouse CD4 (BD Pharmingen; 553051) and PE anti-mouse CD8a (BD




