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Summary 

Dynamic gene expression programs determine multipotent cell states and fate choices           

during development. Multipotent progenitors for cardiomyocytes and branchiomeric head         

muscles populate the pharyngeal mesoderm of vertebrate embryos, but the mechanisms           

underlying cardiopharyngeal multipotency and heart vs. head muscle fate choices remain           

elusive. The tunicate ​Ciona emerged as a simple chordate model to study cardiopharyngeal             

development with unprecedented spatio-temporal resolution. We analyzed the transcriptome of          

single cardiopharyngeal lineage cells isolated at successive time points encompassing the           

transitions from multipotent progenitors to distinct first and second heart, and pharyngeal            

muscle precursors. We reconstructed the three cardiopharyngeal developmental trajectories,         

and characterized gene expression dynamics and regulatory states underlying each fate choice.            

Experimental perturbations and bulk transcriptome analyses revealed that ongoing FGF/MAPK          

signaling maintains cardiopharyngeal multipotency and promotes the pharyngeal muscle fate,          

whereas signal termination permits the deployment of a full pan-cardiac program and heart fate              

specification. We identified the ​Dach1/2 homolog as a novel evolutionarily conserved           

second-heart-field-specific factor and demonstrate, through lineage tracing and CRISPR/Cas9         

perturbations, that it operates downstream of Tbx1/10 to actively suppress the first heart             

lineage program. This data indicates that the regulatory state of multipotent cardiopharyngeal            

progenitors determines the first vs. second heart lineage choice, and that Tbx1/10 acts as a ​bona                

fide​ regulator of cardiopharyngeal multipotency.   
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Introduction 

Multicellular animals are composed of dozens to hundreds of distinct cell types that execute              

specialized functions. This diversity is generated progressively as early pluripotent cells and            

germ-layer-specific multipotent progenitors divide, and their daughter cells adopt distinct fates.           

These successive multipotent and fate-restricted states are largely defined by comprehensive           

gene and protein expression profiles that determine cellular competence and activities. In            

multicellular settings, extrinsic inputs resulting from cell-cell signaling, adhesion and          

cell-matrix interactions largely influence intrinsic networks governing global expression profiles.          

There are long-standing and widely shared interests in understanding how inherited intrinsic            

determinants and spatio-temporally defined extrinsic inputs coordinately determine the gene          

expression dynamics that underlie cells’ progression through multipotent and fate-restricted          

states in development . 

Recently, advances in single cell technologies, notably single cell RNA sequencing           

(scRNA-seq) have revolutionized our ability to characterize global cell transcriptomes with           

unprecedented spatial and temporal resolution ​(Moris et al., 2016; Tanay and Regev,            

2017)​(Moris et al., 2016; Tanay and Regev, 2017; Trapnell, 2015)​. Whereas previous studies             

relied on microdissection, laser microcapture, or fluorescence activated cell sorting (FACS) to            

physically isolated spatially-defined cell populations, scRNA-seq permits ​a posteriori in silico           

isolation of target cell populations, as long as complex tissues can be dissociated into single cell                

suspensions. Most strikingly, scRNA-seq approaches offer unique opportunities to study          

transcriptome dynamics with high (pseudo)temporal resolution, providing single cells can be           

obtained from successive stages along developmental trajectories of interest. In the past few             

years, scRNA-seq-based analyses have been extensively used to characterized developmental          

transitions in the hematopoietic system ​(Bendall et al., 2014; Moignard et al., 2015)​, during              

muscle differentiation ​(Trapnell et al., 2014)​, in early mesoderm development in the mouse             

(Scialdone et al., 2016)​, and during cardiac organogenesis in the mouse, and ​in vitro              

cardiomyocyte differentiation from human embryonic stem cells ​(DeLaughter et al., 2016; Li et             

al., 2016)​. The latter two studies provided insights into the transition between the earliest              

multipotent progenitors and initial cardiomyocyte differentiation. 

The mammalian four-chambered heart is a complex organ with diverse cell types emerging             

primarily from ​Mesp1​+ mesodermal progenitors in the early embryo ​(Devine et al., 2014;             

Lescroart et al., 2014; Saga et al., 1999)​. Genetic lineage tracing and clonal analyses indicated               

that distinct compartments arise from separate progenitor pools that have been referred to as              
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the first and second heart fields ​(Buckingham et al., 2005; Kelly et al., 2001; Meilhac et al.,                 

2003, 2004; Mosimann et al., 2015; Nevis et al., 2013; Waldo et al., 2001; Zhou et al., 2011)​.                  

Lineage and clonal analyses also supported previous studies proposing that derivatives of the             

second heart field (i.e. the right ventricle and outflow tract) share a common origin with               

branchiomeric head muscles, in the cardiopharyngeal mesoderm of the early embryo ​(Diogo et             

al., 2015a; Gopalakrishnan et al., 2015; Harel et al., 2012; Lescroart et al., 2010, 2014, 2015;                

Mandal et al., 2017; Nathan et al., 2008; Tirosh-Finkel et al., 2006; Tzahor and Evans, 2011)​.                

The cellular and molecular characteristics of multipotent cardiopharyngeal progenitors, and the           

mechanisms underlying the early heart vs. pharyngeal/branchiomeric muscle fate choices          

remain largely elusive, and studies are partially hindered by the complexity of early vertebrate              

embryos ​(Chan et al., 2016; Mandal et al., 2017)​. Single cell approaches thus offer an               

opportunity to uncover the molecular underpinnings of early cardiopharyngeal development. 

ScRNA-seq-based analyses of developmental progression provide insights into        

transcriptome dynamics, although the latter remains convolved with unknown clonal          

relationships between individual cells in vertebrate systems, where exact cell lineages vary            

between embryos and cell fate decisions are probabilistic. Therefore, reconstructed trajectories           

are abstract representations of possible developmental transitions, but not the actual path            

followed by defined successions of clonally related progenitors. Among model organisms, the            

nematode ​Caenorhabditis elegans and ascidians of the genera ​Ciona​, ​Halocynthia ​, ​Phallusia           

and ​Molgula have extensively annotated genomes and develop with fixed and well-documented            

embryonic lineages ​(Brozovic et al., 2016; Hirano and Nishida, 1997; Nishida, 1987; Stolfi et al.,               

2014a; Sulston et al., 1983)​, thus offering opportunities to reconstruct developmental           

trajectories using scRNA-seq datasets with unequivocal clonal relationships between individual          

cells. Single cell analyses comprehensively characterized very early embryonic stages ​(Tintori et            

al., 2016)​, and the L2 larval stage in ​C. elegans ​(Cao, Junyue, Jonathan S. Packer, Vijay Ramani,                 

Darren A. Cusanovich, Chau Huynh, Riza Daza, Xiaojie Qiu, et al., 2017)​, but there are technical                

difficulties in isolated healthy single cells from embryos. By contrast, single cell suspensions can              

be obtained from dissociated ​Ciona embryos throughout development, lineage-specific cell          

populations can be isolated by FACS, and profiled using -omics methods ​(Christiaen et al.,              

2008, 2009; Racioppi et al., 2014; Razy-Krajka et al., 2014)​. Moreover, ​Ciona emerged as an               

innovative chordate model to study conserved aspects of cardiopharyngeal development with           

unprecedented spatio-temporal resolution, and a well-established and invariant lineage ​(Kaplan          

et al., 2015; Wang et al., 2013)​. In 110-cell early gastrula embryos, a single bilateral pair of                 
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blastomeres activate ​Mesp expression and form the only multipotent heart progenitors           

(Davidson et al., 2005; Hirano and Nishida, 1997; Satou et al., 2004)​. Following two divisions,               

two of their grand-daughter cells are induced by FGF/MAPK signaling to activate the conserved              

cardiac determinants, ​Nk4/Nkx2-5 ​, ​Gata4/5/6 and ​Hand ​(Christiaen et al., 2008; Davidson et            

al., 2006)​. These cells, called trunk ventral cells (TVCs), migrate towards the ventral midline              

before dividing twice asymmetrically and along the mediolateral axis to form median first and              

second heart precursors, and lateral pharyngeal muscle precursors (or Atrial siphon muscle            

founder cells, ASMFs; Figure 1A; ​(Stolfi et al., 2010)​). We previously established that the ​Tbx1               

homolog, ​Tbx1/10 ​, is activated in the common multipotent progenitors for the second heart and              

the pharyngeal muscle lineages, which specifically activate the ​Ebf and the universal muscle             

determinant Myogenic regulatory factors (​Mrf​)​(Tolkin and Christiaen, 2016; Wang et al., 2013)​.            

Previous analyses showed that multipotent cardiopharyngeal progenitors exhibit multilineage         

transcriptional priming, whereby fate-specific determinants are transiently co-expressed before         

regulatory cross-antagonisms contribute to segregating the heart and pharyngeal muscle          

programs to their corresponding fate-restricted precursors ​(Kaplan et al., 2015; Razy-Krajka et            

al., 2014; Wang et al., 2013)​. However, the genome-wide extent of multilineage transcriptional             

priming and most initial regulatory events underlying the heart vs. pharyngeal muscle fate             

choices remain elusive. 

 

Here, we combine single cell transcriptomics, genetic and chemical perturbations, and ​in            

vivo lineage tracing to comprehensively profile cardiopharyngeal multipotency and the          

transitions to early fate specification in the three main branches of the cardiopharyngeal lineage:              

the first and second cardiac, and pharyngeal muscle lineages. We found that extensive             

multilineage priming contributes substantially to the cardiopharyngeal multipotent state, and          

ongoing FGF/MAPK signaling prevents further deployment of the heart-specific program in           

multipotent progenitors. Continuous FGF/MAPK signaling in successive generations of         

multipotent and early pharyngeal muscle progenitors maintains a multipotent state and           

eventually promotes ​Ebf activation and commitment to a pharyngeal muscle identity, while            

reinforcing the antagonism with the heart program (see also ​(Razy-Krajka et al., 2017)​). In the               

heart lineages, termination of FGF/MAPK signaling permits further deployment of a           

pan-cardiac program, which is composed of primed and ​de novo​-activated markers, and is             

shared between the first and second heart lineages. Following establishment of a heart-specific             

identity, first heart precursors (FHPs) activate FHP-specific markers and later produce most            
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Mhc2 ​+ cardiomyocytes in juvenile beating hearts. By contrast, second heart precursors activate            

an SHP-specific program marked by the expression of a ​Dachshund/Dach1/2 homolog, which is             

activated by Tbx1/10 upon cessation of MAPK activity, and limits the propensity of SHP              

derivatives to form ​Mhc2 ​+ cardiomyocytes. These results indicate that, although the first and             

second heart lineages share a common pan-cardiac program, they emerge from successive            

generations of multipotent progenitors whose ​Tbx1/10 expression status imparts a different           

potential to distinct heart progenitors ​. 

 

Results 

Single cell transcriptome profiling of cardiopharyngeal progenitors 

To characterize the transcription profiles underlying the transition from multipotent          

cardiopharyngeal progenitors to distinct fate-restricted precursors, we performed scRNA-seq         

using the SMART-Seq2 protocol on cardiopharyngeal-lineage cells FACS-purified from         

synchronously developing embryos and larvae dissociated at successive time points (Figure 1A;            

Methods). After removing rare populations of non-cardiopharyngeal-lineage cells        

(Supplementary Methods), we obtained a total of 848 high-quality single cell transcriptomes,            

with an average of 4,415 expressed genes, from 5 time points covering early cardiopharyngeal              

development (Figures 1A, S1A). We clustered single cell transcriptomes from each time point             

independently, in order to identify the cell of origin according to a well-established lineage              

diagram (Figures 1A-C, S1B). The dataset comprises 27 multipotent progenitors cells (TVCs)            

from 12hpf embryos; 275 multipotent second trunk ventral cells (STVCs) and fate-restricted first             

heart precursors (FHPs) from 14hpf embryos; 114 cells from 16hpf pre-hatching larvae, when the              

population already comprises early atrial siphon muscle founder cells (ASMFs) and second            

heart precursors (SHPs), and FHPs; 144 and 288 cells from 18 hpf and 20hpf, respectively               

(Figures 1A, B; S1).  

We focused our first analysis on the samples isolated from 20hpf larvae, where             

cardiopharyngeal-lineage cells have committed to either an ASM or a heart fate, and explored              

whether our single cell transcriptomes could uncover molecular heterogeneity among          

fate-committed progenitors. We used an unsupervised graph-based clustering strategy,         

implemented in the R package Seurat ​(Satija et al., 2015)​, to separate distinct groups of cells                

corresponding to first and second heart precursors, and atrial siphon muscle (ASM) precursors,             

which we identified using known markers, including ​Ebf​, ​Gata4/5/6 and ​Tbx1/10 ​(Stolfi et al.,              

2010; Wang et al., 2013)​, and visualized individual clusters using t-distributed stochastic            

6 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 16, 2017. ; https://doi.org/10.1101/150235doi: bioRxiv preprint 

https://paperpile.com/c/ro4nLu/0tvEx+K9FX
https://paperpile.com/c/ro4nLu/0tvEx+K9FX
https://paperpile.com/c/ro4nLu/BjI90
https://doi.org/10.1101/150235


 

neighbor embedding (t-SNE) (Figure 1C). Among cells expressing ​Ebf at high levels, we             

identified two known subpopulations, the inner and outer ASM precursors (iASMPs and            

oASMPs) based on differential expression of such markers as ​Wnt2/4/5 and ​Mhc3 (Figure S1B;              

(Razy-Krajka et al., 2014)​. Thus, our scRNA-seq clusters unequivocally identify defined           

fate-restricted precursor cell types isolated from swimming larvae. 

 

Next, we sought to characterize comprehensive lists of marker genes that distinguish the             

first and second heart precursors, and the ASM founder cells. We conducted differential gene              

expression analysis as in ​(Satija et al., 2015) to identify (1) ASM/pharyngeal muscle vs.              

pan-cardiac specific markers and (2) first vs. second heart precursor-specific markers. The            

former analysis stems from previous observations that the heart vs. ASM fate choice is              

phenotypically striking, and coincides with most known differential gene expression in 20hpf            

swimming larvae (Stolfi et al., 2010; Wang et al., 2013; Razy-Krajka et al., 2014). Among the 86                 

top predicted pan-cardiac genes, we identified established cardiac determinants and markers,           

including ​Gata4/5/6 ​, ​Nk4/Nkx2-5 ​, ​Hand and ​Bmp2/4 (Figure 1D, Table S1; Wang et al., 2013;              

Razy-Krajka et al., 2014), as well as novel candidate genes with heart-specific expression, and              

validated 16 of our predicted cardiac genes by fluorescent ​in situ hybridization (FISH) on 20hpf               

swimming larvae (Figures 1E, S1D; Tables S1, S2).  

 

While the pan-cardiac vs. pharyngeal muscle segregation was the most prominent source of             

heterogeneity in the 20hpf data (Figures 1D, S1D), we also observed a second segregation              

between the first and second heart precursor populations, and differential expression analysis            

identified FHP- and SHP-specific markers. In addition to the single known discriminating            

marker ​Tbx1/10 ​, we identified 28 novel FHP-specific (e.g. ​Mmp21​, ​Bmp5/6/7​, and ​Wnt10 ​A) and             

5 SHP-specific candidate markers (e.g. ​Dach ​, ​Matn1/3/4 ​), and verified cell-specific gene           

expression using FISH (Figures 1D-E, S1; Table S2). In summary, our analyses of single cell               

cardiopharyngeal transcriptomes obtained from 20hpf swimming larvae characterized the         

specific molecular programs activated in fate-committed progenitors, including both shared          

(‘pan-cardiac’) and  FHP- vs. SHP-specific signatures of cardiac precursors.  
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Reconstruction of temporal developmental profiles and identification of discrete         

regulatory states 

Having characterized transcription profiles for fate-restricted first and second heart, and           

pharyngeal muscle precursors, we sought to characterize the gene expression dynamics           

establishing these distinct profiles as cells transition through multipotent cardiopharyngeal          

states. Single cell RNA-seq provides unique opportunities to decipher transcriptome dynamics           

by ordering cells on pseudotemporal developmental projection ​(Bendall et al., 2014; Trapnell et             

al., 2014)​. We took advantage of the established TVC lineage tree (Figure 1B; ​(Kaplan et al.,                

2015) to aggregate three subsets of cells, using annotated subpopulations corresponding to            

ASM, FHP and SHP trajectories (Figure 1B, C; S1). We used curated            

cardiopharyngeal-lineage-specific scRNA-seq data for cells isolated from 12hpf, 14hpf, 16hpf,          

18hpf and 20hpf embryos and larvae. This time series encompasses the whole spectrum of              

progenitor subtypes leading to the emergence of distinct cell types from common multipotent             

cardiopharyngeal progenitors (Figure 1A, B). We first used unbiased clustering, to annotate each             

subpopulation as per the established lineage (Figure S1C). Single cells isolated from 12hpf             

embryos formed a homogenous population expressing known TVC markers, including          

Gata4/5/6 ​, Nk4/Nkx2-5 and Bmp2/4 ​(Christiaen et al., 2008; Razy-Krajka et al., 2014; Satou et              

al., 2004)​. The 275 cells isolated from 14hpf embryos comprised 64 ​Tbx1/10 ​-positive STVCs,             

and 211 ​Tbx1/10 ​-negative FHPs, which expressed heart-specific genes (Figure S1C). The 114 cells             

isolated from 16hpf pre-hatching larvae consisted of three cell types: 58 ASMFs that activated              

Ebf​, 31 ​Tbx1/10 ​+ SHPs and 25 ​Tbx1/10 ​- FHPs. The 144 cells from 18hpf consisted of 47 ASMs,                 

46 SHPs and 51 FHPs. Therefore, single cells obtained from 12, 14, 16, 18 and 20hpf samples                 

captured all known subtypes and intermediate states during early cardiopharyngeal          

specification.  

 

We then used trajectory-specific groups of annotated cells and applied diffusion maps, a             

non-linear dimensional reduction technique using cell-type-specific markers ​(Coifman and         

Lafon, 2006)​, to arrange our single cell data into two dimensions. We mapped each single               

cardiopharyngeal progenitor onto their developmental ‘pseudotime’ by fitting principal curves          

(Hastie and Stuetzle, 1989) on this diffusion/distance matrix, and computationally projecting           

each cell onto the principal curve. We repeated this strategy for all lineages, creating three               

unidirectional trajectories representing FHP, SHP, and ASM lineage specification (Figure 2A).           

By analyzing the distribution of cells along pseudotime axes, we observed a “strong”             
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correspondence (average PCC = 0.889) between developmental pseudotime and time point of            

origin: across each trajectory, the intermediate states were correctly ordered with ASM, FHP             

and SHP appearing late on pseudotime axis, while multipotent progenitors of TVC (at 12hpf) or               

STVC (at 14hpf) were ordered earlier on pseudotime axes (Figure 2A, B; S2A). This analysis also                

showed that equivalent cells collected at the same time point mapped to slightly different              

developmental pseudotimes, illustrating a unique strength of scRNA-seq and its potential to            

provide unprecedented insights into the gene expression dynamics underlying fate specification. 

 

We next asked whether our ​in silico trajectories captured known lineage-specific expression            

dynamics of cardiopharyngeal regulators, such as ​Hand-r ​, ​Tbx1/10 and ​Ebf (Figures 2C, S2B).             

Previous studies using FISH on embryos and larvae fixed at successive time points indicated              

that ​Hand-r is highly expressed in the TVCs, selectively maintained in the STVCs and ASMFs,               

and progressively eliminated from FHPs and SHPs following asymmetric divisions ​(Razy-Krajka           

et al., 2014)​. Accordingly, and in spite of biological and technical variability, ​Hand-r expression              

appeared steadily maintained along the ASM trajectory, whereas its expression declines sharply            

in the first and second heart precursor trajectories, albeit with a delay in the latter due to its                  

STVC-specific expression (Figure 2C; ​(Razy-Krajka et al., 2014)​). Similarly, analyses of ​Tbx1/10            

and ​Ebf expression dynamics along the SHP and ASM developmental trajectories captured their             

STVC- and ASMF-specific upregulation, respectively, whereas these genes were never expressed           

in the FHP trajectory (Figure S2B; ​(Razy-Krajka et al., 2014; Wang et al., 2013​). These and                

further analyses of known cardiac determinants, ​Nk4/Nkx2-5 ​, ​Gata4/5/6 and ​Hand (Figure           

S2B), indicate that our ​in silico trajectories faithfully captured the molecular dynamics            

underlying fate specification across all three lineages.  

 

In an attempt to visualize how cell-type-specific global expression profiles are established            

dynamically, we clustered ASM and pan-cardiac, FHP- and SHP- markers based on their             

changing expression levels along each cardiopharyngeal trajectory and generated a heatmap           

plotting the relative gene expression values (Figure 2D shows smoothed pseudotemporal           

profiles; see Figure S2C for a heatmap of the raw values). At first sight, the heatmap illustrates                 

both the diversity of gene expression dynamics leading to cell-type-specific expression, as well as              

emerging broad patterns. For example, both first and second heart precursors ultimately express             

pan-cardiac genes at high levels, but these tend to become upregulated earlier along the FHP               

trajectory than the SHP trajectory. This mirrors a pattern previously observed for the             
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cardiac-specific waves of ​Gata4/5/6 expression (Wang et al., 2013), and suggests that the             

pan-cardiac program is activated independently in the first and second heart precursors,            

following divisions of the multipotent cardiopharyngeal progenitors. This convergence suggests          

that similar regulatory mechanisms control pan-cardiac gene expression in the first and second             

cardiac lineages (see below). 

In addition, we observed that some ASM-specific markers were downregulated along cardiac            

trajectories, whereas some cardiac markers were down-regulated along the ASM trajectory           

(Figure 2D). This is the expected dynamics for “primed” marker genes, which are already              

expressed in multipotent progenitors and become restricted to their corresponding          

fate-restricted precursors following cell divisions ​(Graf and Enver, 2009; Nimmo et al., 2015)​.             

We previously reported this phenomenon for the ASM markers, ​Hand-r ​, ​Ets1/2​, and ​Rhod/f             

and the heart markers ​Hand ​, ​Gata4/5/6 and ​Bmp2/4 ​(Razy-Krajka et al., 2014)​. Multilineage             

transcriptional priming is a hallmark of cardiopharyngeal progenitors multipotency, we thus           

aimed to characterize it globally; to this aim, we determined whether cell-type-specific markers             

were already expressed in multipotent cardiopharyngeal progenitors, the TVCs in 12hpf           

embryos. We used conservative expression cutoffs to classify cell-type-specific marker genes as            

“primed” (expressed in >50% of multipotent progenitor cells), or expressed “ ​de novo​” in             

fate-restricted precursors (expressed in <25% of the multipotent cells). We classified genes that             

we could not confidently assign to any of the other two categories as             

“ambiguous/undetermined”, and excluded them from subsequent analyses. Applying these         

criteria to the dataset obtained from 18 and 20hpf cardiopharyngeal-lineage cells, we            

unequivocally classified 76% (3,982/5,208), 78% (87/111) and 88% (151/176) of the total            

transcriptome, pan-cardiac- and ASM- markers as primed or expressed ​de novo in            

fate-restricted progenitors, respectively (Figure 2E). Remarkably, “primed” genes represented         

48% (73/151) and 68% (59/87) of the ASM- and pan-cardiac-specific markers, respectively,            

indicating that lineage-specific maintenance of primed genes is a major determinant of            

cell-type-specific transcriptomes in the cardiopharyngeal lineage. However, these values are          

significantly lower than for the whole transcriptome, since 88% (3,504/3,982) of the            

late-expressed genes were already active in the multipotent cardiopharyngeal progenitors          

(Figure 2E). Conversely, whereas only 12% (478/3,982) of the late transcriptome are activated             

de novo in fate-restricted precursors, ​de novo​-expressed genes represent 52% (78/151) and 32%             

(28/87) of the ASM- and pan-cardiac-specific gene sets. This indicates that cell-type-specific            

gene ​de novo activation contributes significantly more to the deployment of ASM- vs.             
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pan-cardiac-specific programs than expected by chance (Fisher’s exact test, ​P​= 4.2 x 10​-7 and              

P​=2.8 x 10​-34​ for the pan-cardiac- and ASM-specific gene sets, respectively; Figure 2E). 

 

While developmental trajectories are built on the premise of a continuous process marked by              

gradual changes in gene expression levels, these changes occur preferentially in defined            

‘pseudotime’ windows for multiple genes (Figures 2D, S2C). Abrupt transitions are consistent            

with switch-like biological discontinuities, such as cell divisions (e.g. ​(Razy-Krajka et al., 2017)​.             

Therefore, to augment our interpretation of the dataset, we explored the possibility that each              

trajectory could be represented as a stepwise progression through a series of defined regulatory              

states. This approach allows us to recapitulate the developmental continuum, while also            

identifying the most important developmental transitions, potentially occurring within a single           

cell cycle ​(Moris et al., 2016)​. We first determined the cell-to-cell cross-correlation structures             

along each lineage-specific pseudotime axis using dynamically expressed genes, we then           

subdivided the pseudotime space into discrete states through constrained hierarchical clustering           

(Grimm, 1987)​. In this way, we identified five states in the ASM trajectory and four states in                 

each of the FHP and SHP trajectories, altogether comprising a total of 10 discrete regulatory               

states (TVC, STVC, FHP1, -2, and -3, SHP1 and -2, ASM1, -2, and -3; Figure 2F). In general,                  

early regulatory states coincided well with cell identities defined initially by clustering on             

time-specific samples, but the analysis revealed the existence of further structure in the data.              

Smooth trajectories characterize the ‘pseudotemporal’ dynamics of any gene, while regulatory           

states describe key developmental transitions emerging from coordinated expression changes          

across many genes. For each of the three trajectories, we first explored the successive regulatory               

states leading to lineage commitment, and subsequently analyzed the underlying gene           

expression dynamics, in an attempt to identify genetic determinants of cell fate specification. 
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Ebf is a key determinant of ASM regulatory states 

To further explore how cells progress through successive regulatory states, we first focused             

on the ASM trajectory, for which the key regulators Hand-r, Tbx1/10 and Ebf have been               

identified and characterized ​(Razy-Krajka et al., 2014, 2017; Stolfi et al., 2010; Tolkin and              

Christiaen, 2016; Wang et al., 2013)​. The first two regulatory states corresponded squarely to              

two successive generations of multipotent cardiopharyngeal progenitors, the TVCs and STVCs           

(Figures 2F, S2D). Defined asymmetric cell divisions thus provide the biological basis for the              

first transitions. By contrast, transitions to the later regulatory states were independent of             

asymmetrical divisions and have only been partially described, although we surmise that they             

coincide with progressive ASM fate specification and commitment (Figure 2B,F, S2D ;            

(Razy-Krajka et al., 2014, 2017)​.  

 

As described above, specific pseudotemporal patterns matched known expression dynamics,          

with ​Tbx1/10 and ​Ebf expressions increasing sharply at the TVC-to-STVC and STVC-to-ASM1            

transitions, respectively (Figures 3A, S2B). Among the cells isolated from 16hpf embryos, where             

ASMF are unequivocally identified as large lateral cells within the cardiopharyngeal mesoderm,            

a small number of ​Ebf​+ ASM cells surprisingly clustered together with STVCs (Figure 2F, S2D).               

This suggests that, despite having upregulated a key determinant of pharyngeal muscle fate             

specification, these early ASMFs had not yet induced the full transcription program for ASM              

commitment, and were otherwise globally similar to their mother STVCs.  

To test this possibility, we used both our newly defined ASM markers and a list of 159                 

ASM-specific candidate Ebf target genes obtained by microarray analyses of gain- and            

loss-of-function perturbations of Ebf (logFC>1, p-value<0.05; ​(Razy-Krajka et al., 2014)​, and we            

leveraged their pseudotemporal profiles on the ASM trajectory to calculate an inferred induction             

time (‘turn-on’ point) for each gene (Supplementary Methods; Figures 3A,B,D, S3). As expected,             

we observed that the onset of ​Ebf expression along the ASM trajectory preceded that of most of                 

its ASM-specific candidate target genes, including ​Myogenic regulatory factor (​Mrf​) and           

Myosin heavy chain 3 (Mhc3) (Figure 3A, B, D, S3). Notably, candidate Ebf target genes were                

predominantly activated at either of two distinct pseudotime points, which coincided with the             

last two ASM transitions (Figure 3B, C, S3A). This suggests that the major ASM1-to-ASM2 and               

ASM2-to-ASM3 transitions are defined, at least in part, by the activation of candidate Ebf target               

genes. While these observations are fully consistent with a key role for Ebf in ASM specification,                
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we did observe a small subset of genes whose expression was activated during the STVC-ASM1               

transition (Figure 3B, S3B), and therefore may be driven by other regulators such as Tbx1. 

 

We then used our published microarray (MA) data obtained following Ebf perturbations in             

the cardiopharyngeal lineage ​(Razy-Krajka et al., 2014)​, in order to further evaluate the extent              

of Ebf influence on the ASM transcriptome. Out of 11,082 genes for which we could directly                

compare scRNA-seq and MA data, 151 were annotated as ASM-specific candidates by            

scRNA-seq. This ASM candidate population was significantly enriched in genes predicted to be             

positively regulated by Ebf (42 genes, 26 % of ASM markers, a 19-fold enrichment, ​P​= 2.2 x                 

10​-43​; hypergeometric test; Figures 3C, H, S3E-F). These genes were either upregulated by             

over-expression of a full length wild-type Ebf cDNA and/or inhibited by misexpression of a              

dominant repressor form of Ebf (Figures 3C, H, S3E-F; ​(Razy-Krajka et al., 2014)​). Taken              

together, these analyses support the notion that Ebf controls the pharyngeal muscle program by              

activating a quarter or more of the ASM-specific genes. 

 

We next asked whether Ebf also contributes to the negative regulation of pan-cardiac genes,              

the majority of which are primed in the multipotent progenitors, and subsequently            

downregulated in the ASM trajectory. While the expression patterns of these genes was             

generally anti-correlated with Ebf (Figure S3G), we observed distinct inactivation dynamics           

within the ‘primed’ cardiac program (Figure 3E-F). For example, ​Hand was gradually            

down-regulated, with an inferred ‘turn-off’ point in the ASM2 state, while ​Nk4/Nkx2-5 and             

Gata4/5/6 were more rapidly downregulated in the STVC state (Figure 3E). This demonstrates             

that, similar to ​de novo​-expressed genes, distinct inhibition dynamics for pan-cardiac genes also             

contribute to successive transitions in regulatory states (Figures 3F, S3C). Whereas Ebf is             

unlikely to downregulate pan-cardiac genes prior to its onset, later down-regulation of primed             

genes and inhibition of ​de novo pan-cardiac gene activation may require Ebf. Consistent with              

the latter possibilities, pan-cardiac markers tended to be inhibited by over-expression of an Ebf              

cDNA and/or upregulated by misexpression of a dominant repressor form of Ebf as shown in               

our published MA data(Figure 3G, H, S3H-I; ​(Razy-Krajka et al., 2014)​). 

  

In summary, combining pseudotime and regulatory states analyses with perturbation data           

indicated that, along the ASM trajectory, the earliest cells to engage on a pharyngeal muscle               

specification path activate the key determinant Ebf, prior to deploying a later Ebf-dependent             
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ASM-specific transcriptional program. Similarly, cells engaged on the ASM differentiation path           

begin to downregulate some of the primed pan-cardiac markers prior to the onset of ​Ebf               

expression, indicating that, whereas Ebf is in fact necessary to inhibit the heart-specific program              

in the ASM (Figure 3M-O; ​(Razy-Krajka et al., 2014; Stolfi et al., 2010, 2014b)​), other regulatory                

inputs, such as Tbx1/10 ​(Wang et al., 2013)​, must act before and/or in parallel to Ebf in order to                   

prevent deployment of the pan-cardiac program in the pharyngeal muscles.  

 

De novo​ pan-cardiac gene activation drives early heart specification  

Next, we sought to investigate the gene expression dynamics underlying early cardiac            

specification. To this aim, we applied diffusion map and cross-correlation analyses to order cells              

and identify successive regulatory states along the first and second heart lineages (Figure 2).              

The FHP and SHP pseudotime spaces each segregated into 4 discrete states (Figure 2F, S2D). In                

both trajectories, the first state principally comprised first generation multipotent          

cardiopharyngeal progenitors, the TVCs, and in the SHF trajectory, the second state consisted of              

second generation multipotent cardiopharyngeal progenitors, the STVCs. These observations are          

consistent with the established lineage tree, and indicate that -as is the case for the ASMs-                

asymmetric cell divisions condition transitions between multipotent states and the initiation of            

heart fate specification.  

In order to study the gene expression dynamics underlying the transitions through            

successive cardiac regulatory states, we first focused on the pan-cardiac, and first- and second-              

heart-precursor-specific markers defined above (Table S1). Since each category was further           

parsed into “primed” vs. “ ​de novo​-expressed” (Figure 2), we suspected that the activation timing              

of ​de novo​-expressed heart markers could explain major transitions along the cardiac            

trajectories. For instance, the primed pan-cardiac markers ​Nk4/Nkx2-5 and ​Gata4/5/6          

remained expressed at high levels throughout the FHP trajectory, albeit with a transient             

downregulation in the early FHP1 state, as was previously documented for ​Gata4/5/6 (Figure             

4A; ​Wang et al., 2013​), while the onset of the pan-cardiac marker ​Slit and FHP-specific marker                

Mmp21 ​expression coincides with later transitions to the FHP2 and FHP3 states (Figure 4A-E,              

S4A). We observed similar patterns globally -- pan-cardiac markers tended to be induced earlier              

in the trajectory compared to FHP-specific markers, almost all of which were activated in the               

final FHP3 state. This demonstrates that FHP identity is established during a step-wise process,              

commencing with the induction of a pan-cardiac program, followed by a gene program which              

establishes an FHP-specific fate. 
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Next, we compared the pseudotemporal dynamics of the FHP and SHP fate specification. By              

definition, de novo ‘pan-cardiac’ genes must be induced along both trajectories. Accordingly, we             

observed a striking agreement between the ordered activation pattern of individual genes along             

each trajectory (Figure 4D), indicating a remarkably conserved developmental program.          

However, the onset of each gene was consistently delayed in the SHP trajectory, starting with               

the STVC-SHP1 transition, as these progenitors are born ~2h later than FHPs (Figures 2D, 4C,               

S4A). Therefore, the ​de novo pan-cardiac program is a tightly regulated and deployed in highly               

reproducible cascade, whose onset is induced independently at the birth of FHPs from TVCs,              

and at the birth of SHPs from STVCs. 

 

To further analyze gene expression changes underlying transitions between regulatory states           

along the FHP trajectory, we analyzed the inactivation dynamics of primed ASM genes, and              

found that these genes, as well as TVC-specific genes that were not maintained in the ASM,                

were downregulated as early as the TVC-to-FHP1 transition (Figures 4G, S4B). To identify gene              

expression profiles underlying successive regulatory states, we performed a principal component           

analysis focused on cells assigned to the FHP trajectory and genes categorized as “TVC-specific”,              

primed ASM markers, primed pan-cardiac markers, ​de novo​-expressed pan-cardiac markers,          

and FHP-specific genes (Figure 4H, Table S1). PC1 correlated strongly with pseudotime            

(PCC=0.96; Figure 4H), allowing us to use the PC1 loading of each gene to calculate a                

contribution score for each gene category (Figure 4I). This analysis indicated that the TVC state               

is primarily determined by combined TVC-specific genes, and primed cardiac and ASM markers             

as expected. The TVC-to-FHP1 transition is marked by a sharp decline in the contribution of               

TVC-specific genes, accompanied by concomitant down-regulation of primed ASM genes,          

upregulation of primed pan-cardiac genes, and activation of ​de novo​-expressed pan-cardiac           

genes. In this regard, the FHP1 state may be considered a “transition state” between a               

multipotent TVC state, and the FHP2 state, which is defined by the virtual absence of               

TVC-specific and primed ASM-specific transcripts, and high levels of both primed and ​de             

novo​-expressed pan-cardiac markers. The FHP2 state may thus constitute an organ-level           

(heart)-specific program, whereas activation of cell-type/lineage-specific genes underlie the         

FHP2-to-FHP3 transition, and their expression helps define the FHP-specific state, FHP3.  

These data suggest that early heart specification relies on the sustained expression of primed              

cardiac determinants, the down-regulation of primed ASM and candidate multipotency genes,           
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and the initial activation of ​de novo​-expressed pan-cardiac genes, which define an initial             

heart-specific regulatory state that later changes primarily activating an FHP-specific program.  

 

Termination of FGF/MAPK signaling permits further deployment of the         

heart-specific program.  

The previous analyses open the possibility that defined regulatory mechanisms coordinate           

the birth of FHPs, following asymmetric cell divisions, with the downregulation of            

TVC-expressed genes and the onset of ​de novo​-expressed pan-cardiac genes. We recently found             

that the FGF/MAPK signaling pathway is active in the multipotent cardiopharyngeal progenitors            

(TVCs and STVCs), and in the early pharyngeal muscle precursors (ASMF), where it promotes              

the expression and successive activation of ​Hand-r ​, ​Tbx1/10 ​, and ​Ebf ​(Razy-Krajka et al., 2017)​.              

By contrast, FGF/MAPK signaling does not persist in first and second heart precursors following              

asymmetric cell divisions. To test whether differential FGF/MAPK signaling ​f ​unctions as a            

molecular switch regulating the segregation of early ASM- and heart-specific transcriptional           

programs, we performed bulk RNA sequencing of FACS-purified cardiopharyngeal lineage cells           

isolated from embryos and larvae expressing either a dominant negative form the fibroblast             

growth factor receptor (dnFGFR), or a constitutively active form of M-Ras (caM-Ras), the sole              

Ras homolog in ​Ciona ​(Keduka et al., 2009)​, under the control of TVC-specific enhancers              

(Razy-Krajka et al., 2017)​. We then integrated the bulk RNA-seq and scRNA-seq datasets to test               

how pan-cardiac- and ASM-specific transcription programs respond to perturbations of          

FGF/MAPK signaling (Figure 4J-K, S4). We first focused on samples obtained from 18 and              

20hpf larvae, and confirmed that, as was observed using FISH to monitor ​Ebf expression              

(Razy-Krajka et al., 2017)​, FGF/MAPK signaling opposed pan-cardiac gene expression, while           

promoting ASM-specific genes (Figure 4J-K). Taken together, these results demonstrate that           

differential FGF/MAPK signaling in the cardiopharyngeal mesoderm acts as a molecular switch            

that regulates the deployment of global ‘pan-cardiac’ and ‘pharyngeal muscle’ programs. 

 

We found that ​Nk4/Nk2-5 ​, ​Gata4/5/6 ​, ​Hand and other primed pan-cardiac markers were            

inhibited by FGF/MAPK activity in 20hpf larvae (Figure 4J-K), which constitutes a possible             

conundrum since FGF/MAPK signaling is also active in the multipotent cardiopharyngeal           

progenitors ​(Razy-Krajka et al., 2017)​. To test whether the sensitivity of pan-cardiac genes to              

perturbations of FGF/MAPK signaling changed over time and/or whether genes are primed or             

expressed ​de novo in fate-restricted heart precursors, we repeated the bulk RNA-seq analyses             
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following dnFGFR or caM-Ras misexpression with cells isolated from 12, and 15 embryos and              

pre-hatching larvae. Remarkably, whereas both primed and ​de novo​-expressed pan-cardiac          

genes were sensitive to perturbations of FGF/MAPK signaling at 20hpf, only the ​de             

novo​-expressed genes were upregulated upon dnFGFR misexpression at 12 and 15hpf (Figure            

4K). By contrast, primed pan-cardiac genes were generally not affected at these early time              

points, suggesting that their early expression is independent of FGF/MAPK signaling.           

Remarkably, similar analysis conducted using STVC- and FHP-specific markers, as defined by            

differential gene expression in our scRNA-seq data (Table S1), demonstrated that FGF/MAPK            

signaling inhibits FHP-specific gene expression, which is characterized by an abundance of ​de             

novo expression heart genes (Figure S4C-D). Taken together, these analyses indicated that FHP-             

and SHP-specific inhibition of FGF/MAPK signaling permits the activation of ​de           

novo​-expressed pan-cardiac genes, and subsequent heart fate specification. 

 

By contrast with the above effects on primed pan-cardiac genes, and consistent with the role               

for FGF/MAPK signaling in promoting ​Hand-r and ​Tbx1/10 expression in the TVCs and STVCs              

(Davidson et al., 2006; Razy-Krajka et al., 2017)​, inhibition of FGF/MAPK signaling reduced the              

expression of primed ASM- and STVC-specific genes at 12 and 15hpf (Figures 4J, K, S4C, D;                

(Razy-Krajka et al., 2017)​. This data indicates that ongoing FGF/MAPK signaling in            

cardiopharyngeal progenitors promotes multipotency both by maintaining the primed         

pharyngeal muscle program and by inhibiting further deployment of the heart-specific program. 

  

Heart cell-type specification: SHP vs. FHP fates 

Besides the predominant roles of pan-cardiac gene expression in defining successive           

regulatory states within the first and second heart lineages, we identified FHP- and SHP-specific              

transcription programs (Figures 2D, 4D, 5A; Table S1). 

To further explore the regulatory mechanisms govern heart cell-type specification, we mined            

the SHP trajectory, which is poorly characterized in ​Ciona and offers the potential to provide               

insights into the development and evolution of the vertebrate second heart field, since the              

ascidian and vertebrate SHFs share specific regulatory inputs from Nk4/Nkx2-5 and Tbx1/10            

orthologs ​(Chen et al., 2009; Diogo et al., 2015; Grifone and Kelly, 2007; Liao et al., 2008; Nevis                  

et al., 2013; Prall et al., 2007; Wang et al., 2013; Zhang et al., 2014)​.  

A small number of genes were exclusively upregulated in the SHPs (Figures 1D, 2D, 5A;               

Table S1). Among these SHP-specific genes, the ​dachshund homolog ​Dach ​, was the only one to               
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encode a known transcription regulator ​(Chen et al., 1997; Davis et al., 1999, 2001; Heanue et                

al., 2002)​, which was upregulated as cells transitioned to an SHP-specific regulatory state             

(Figure 5B). Therefore, as was the case for ​Ebf in the ASM trajectory, the pseudotemporal               

dynamics of ​Dach​ expression is consistent with a role in specifying SHP identity. 

  

Dach1 and -2 have not been formally implicated in second heart field (SHF) development in               

mammals. However, ​Dach homologs are part of a conserved regulatory network, termed “the             

retinal network” ​(Kumar, 2009)​, which comprises homologs of Six, EyA and Pax family             

transcription factors, and studies have uncovered a role for ​Six and ​EyA genes in the mouse SHF                 

(Guo et al., 2011; Zhou et al., 2017)​. To investigate the function of ​Ciona ​Dach in SHP fate                  

specification, we employed lineage-specific CRISPR/Cas9-mediated loss-of-function assays       

(Gandhi et al., 2017; Stolfi et al., 2014b)​. We reasoned that Dach could contribute to preventing                

SHP from acquired either an ASM and/or an FHP identity. To distinguish between these              

possibilities, we analyzed larvae expressing Cas9 and either control or ​Dach ​-specific sgRNAs by             

assaying the expression of ​Ebf and ​Mmp21​, which specifically mark the ASMFs and FHPs,              

respectively (Figures 1C, E, S5A ; ​(Stolfi et al., 2010)​). In either control or ​Dach CRISPR larvae,                 

Ebf expression was specifically restricted to the lateral-most ASMFs, indicating that ​Dach is             

neither required for ​Ebf activation, nor for its exclusion from the SHPs (Figure S5A). By               

contrast, whereas ​Mmp21 transcripts were observed only in the FHPs of 22hpf control larvae              

(Figure 5C,D), its expression domain expanded to include both FHPs and SHPs in larvae              

expressing the ​Dach ​-specific sgRNAs (Figure 5C,D). This data indicates that Dach function is             

required in the SHPs to prevent ectopic activation of the FHP-specific marker ​Mmp21​.  

Next, we sought to test whether ​Dach expression is sufficient to impose an SHP-like fate to                

cardiopharyngeal-lineage cells. We used a CRISPR-resistant form of the ​Dach cDNA           

(​Dach ​PAMmut​), which we misexpressed using the TVC-specific ​FoxF enhancer ​(Beh et al., 2007)​.             

Co-expressing Dach​PAMmut with Cas9 and ​Dach ​-specific sgRNAs was sufficient to restrict ​Mmp21            

expression to the FHPs, indicating that the observed effects of ​Dach sgRNAs are specifically due               

to a loss of ​Dach function in the cardiopharyngeal lineage. However, neither the rescue              

condition, nor ​Dach misexpression alone abolished ​Mmp21 expression in the FHPs (Figure            

5C,D), indicating that ​Dach is necessary but not sufficient to inhibit FHP-specific gene             

expression in the cardiopharyngeal lineage. Taken together, these analyses revealed an           

SHP-specific function for the ​Ciona Dach homolog in controlling a first- vs.            

second-heart-field-specific identity. 
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The first and second cardiac lineages share a common set of pan-cardiac transcripts, but              

differ by defined gene activities, thus opening the possibility that each lineage forms distinct cell               

types during heart development. For instance, although the beating ​Ciona heart is demonstrably             

simpler than its vertebrate counterpart, the single-compartment U-shaped adult heart is           

encased in a pericardial squamous epithelium, it contains two pacemakers at either ends of the               

tube, an epithelial row of undifferentiated cells, the contractile wall is composed of             

myoepithelial cells, and endothelial cells are missing altogether ​(Anderson and Christiaen, 2016;            

Davidson, 2007)​. In 2 to 3 day old post-metamorphic juveniles, the heart has not yet acquired its                 

characteristic shape, but it already beats peristaltically, and double labeling with a            

B7.5-lineage-specific ​Mesp>nls::lacZ reporter and the cardiac-specific ​myosin heavy chain 2          

(​Mhc2 ​) marker showed that a β-galactosidase+; ​Mhc2 ​- pericardium already encases ​Mhc2 ​+           

cardiomyocytes (Stolfi et al., 2010; Wang et al 2013). To test whether the first and second heart                 

lineages contribute to forming different cells and/or regions of the beating juvenile heart, we              

performed lineage tracing using a nuclear form of the photoconvertible fluorescent reporter            

Kaede, which we expressed in the B7.5 lineage using the ​Mesp>nls::kaede::nls construct            

(Razy-Krajka et al., 2014)​. We photoconverted Kaede proteins specifically in the median FHPs of              

16hpf larvae (Figure 5E.II), and raised them through metamorphosis. We imaged whole hearts             

at successive times points, and segmented and color-coded individual nuclei, which allowed us             

to distinguish FHP- from SHP-derivatives in differentiating hearts (Figures 5E). In ~65hpf            

juveniles, the heart typically consisted of 32 to 39 cells per half, arranged in a conical shape with                  

the apex pointing towards the base of the juveniles (Figure 5E.IV). We observed that the FHP-                

and SHP-derived cells remained within largely separate domains, which mixed only to a small              

extent (Figure 5E). Specifically, FHP-derived cells occupied the more basal domain, near the             

apex, whereas SHP-derived cells form the more distal base of this conical heart.  

We next asked whether FHP- and SHP-derived cells contributed equally to the population of              

Mhc2 ​+ cardiomyocytes in juvenile hearts. We coelectroporated the B7.5 lineage marker           

Mesp>nls::LacZ with a construct containing three copies of a minimal STVC-specific enhancer            

from the ​Tbx1/10 locus (​3XT12​; ​(Tolkin and Christiaen, 2016)​; Racioppi et al., in preparation) to               

express an histone H2B::mCherry fusion and label SHP-derived cells in juvenile hearts stained             

for ​Mhc2 expression. In these juvenile hearts, most ​Mhc2 ​+ cells were located near the              

FHP-derived apex of the conical heart, and few ​Mhc2 ​+ cells coexpressed ​3xT12 ​-driven            

H2B::mCherry, which is consistent with a predominantly FHP origin (Figure 5F, S5B). By             
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segmenting dual β-galactosidase- and H2B::mCherry-labeled, SHP-derived cells and assaying         

colocalization with ​Mhc2 staining, we determined that only ~17% of SHP-derived cells express             

Mhc2 in control juveniles (Figure 5F,G; S5B). This result indicates that distinct cardiac             

progenitors from the first and second heart fields produce spatially and qualitatively different             

parts of the ascidian beating heart, instead of converging on a common pan-cardiac progenitor              

type (Figure 5F,G; S5B).  

Since SHPs specifically activate ​Dach ​, which is necessary to inhibit expression of the FHP              

marker ​Mmp21​, we reasoned that Dach function could also limit the proportion of SHP-derived              

cells that acquire an ​Mhc2 ​+ cardiomyocyte identity. To test this possibility, we grew larvae              

expressing control or ​Dach CRISPR/Cas9 constructs alongside the ​Mesp>nls::LacZ and          

3xT12>H2B::mCherry reporters, and quantified the proportions of ​Mhc2 ​+ SHP-derived cells,          

which we found to increase from 17% in controls to 46% upon loss of ​Dach function. These                 

results demonstrate that Dach inhibits the expression of ​Mmp21 in early SHPs, and limits the               

potential of SHP derivatives to form ​Mhc2 ​+ cardiomyocytes during organogenesis and           

differentiation. Taken together, these experiments indicate that the earliest signs of FHP- vs.             

SHP-specific transcriptional divergence correspond to the establishment of distinct cardiac          

progenitor identities, which contribute to the formation of different cell types in separate             

domains of the juvenile heart.  

 

Tbx1/10 acts as a dual regulator of cardiopharyngeal fates upstream of ​Dach 

Dach was activated specifically in the SHPs and appeared necessary but not sufficient to              

inhibit the FHP-specific gene expression and later differentiation of ​Mhc2 ​+ cardiomyocytes. We            

thus reasoned that SHP-specific regulatory inputs govern ​Dach expression and the inhibition of             

the FHP program. SHPs emerge from ​Tbx1/10 ​+ multipotent progenitors, the STVCs, and            

transiently maintain ​Tbx1/10 expression (Figures S2B, 5A; ​Wang et al., 2013​). As mentioned             

above, ​Tbx1 function is required for proper development of SHF-derivatives in vertebrates,            

which prompted us to test whether Tbx1/10 regulates ​Dach expression and later SHP-specific             

features.  

We first used established sgRNA-expressing constructs to inhibit Tbx1/10 function by           

CRISPR/Cas9-mediated mutagenesis and assayed ​Mmp21 expression in swimming larvae, and          

Mhc2 expression in metamorphosing juveniles (Figure 5; ​(Gandhi et al., 2017; Tolkin and             

Christiaen, 2016)​). Loss of Tbx1/10 function largely mimicked Dach inhibition while causing            

more pronounced phenotypes, with ectopic ​Mmp21 activation in cells at the intermediate            
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mediolateral position normally occupied by SHPs (Figure 5C,D), and the proportion of            

SHP-derived ​Mhc2 ​+ cells increased to 75% in the Tbx1/10 CRISPR “background”, compared to             

17% in controls and 46% upon Dach inhibition (Figure 5F, G). These results indicate that               

Tbx1/10 ​, which is specifically activated in the second multipotent cardiopharyngeal progenitors           

that produce the SHPs and ASMFs, but not the FHPs (Figure 1A; ​Wang et al., 2013​), is necessary                  

to oppose deployment of the FHP-specific program in the second heart lineage. 

These results led us to test whether Tbx1/10 regulates ​Dach expression, as part of its role in                 

promoting the SHP-specific program. We used CRISPR/Cas9 to inhibit Tbx1/10 function and            

assayed ​Dach expression in 18hpf larvae. Since ​Dach is also expressed in adjacent             

non-cardiopharyngeal tissues that obscured SHP-specific expression, we used nuclear and          

membrane markers to segment cells, and counted fluorescent dots, which provided an            

approximation of transcripts abundance in individual cells (Figure 6). These analyses revealed a             

marked downregulation of ​Dach expression in the SHPs following Tbx1/10 inhibition, which is             

consistent with a key role for Tbx1/10 in regulating ​Dach activation specifically in the second               

heart lineage (Figure 6A). 

We previously showed that Tbx1/10 is necessary to activate ​Ebf and promote the pharyngeal              

muscle program in the lateral-most ASMFs ​(Wang et al., 2013)​, in a manner similar to Tbx1                

function in branchiomeric myogenesis in vertebrates ​(Kelly et al., 2004; Kong et al., 2014)​. Since               

SHPs inhibit FGF/MAPK signaling, which remains active in the ASMFs and is required for ​Ebf               

activation in parallel to Tbx1/10 ​(Razy-Krajka et al., 2017)​, we reasoned that inhibition of              

FGF/MAPK may be necessary for SHP-specific activation of ​Dach by Tbx1/10. We first used the               

Mek inhibitor U0126 to block MAPK signaling prior to the division of STVCs, before after the                

onset of endogenous ​Tbx1/10 expression, and assayed ​Dach expression in 18hpf larvae. We             

observed conspicuous ectopic activation in the lateral-most STVC-derived cells that normally           

form the ​Ebf​+ ASMFs (Figure 6B). Since this treatment also inhibits ​Ebf expression             

(Razy-Krajka et al., 2017)​, inhibition FGF/MAPK signaling in Tbx1/10+ cardiopharyngeal          

derivatives appears sufficient to activate ​Dach​ expression and promote the SHP identity. 

To further test whether a Tbx1/10+, MAPK- logic governs ​Dach expression in the             

cardiopharyngeal mesoderm, we used gain- and loss-of-function assays by over-expressing a           

Tbx1/10 cDNA using the TVC-specific ​FoxF enhancer, in combination with U0126-mediated           

Mek inhibition. Since ​FoxF>Tbx1/10 causes precoce misexpression in the first generation of            

multipotent progenitors, we analyzed ​Dach expression in individual cardiopharyngeal cells          

following the first asymmetric division, in 14hpf pre-hatching larvae. Remarkably, only the            
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combined misexpression of ​Tbx1/10 and inhibition of MAPK signaling caused substantial           

upregulation of ​Dach in both the small median and large lateral lateral cells that normally               

correspond to the ​Dach​-negative FHPs and STVCs, respectively (Figure 6C, D).  

In summary, we showed that the combination of ​Tbx1/10 expression in the second             

multipotent progenitors (STVCs), with FGF/MAPK inhibition suffice to specify a second heart            

lineage progenitor identity, in part by upregulating the novel SHF regulator ​Dach ​. The latter              

contributes to opposing the alternative first heart lineage program, marked in part by early              

Mmp21 expression and a higher propensity to produce ​Mhc2 ​+ cardiomyocytes in beating            

juvenile hearts. 

 

Conserved expression of a ​Dach ​homolog in the mouse SHF  

Finally, we asked whether ​Dach homologs mark second heart field derivatives in the mouse.              

Recent single cell RNA-seq analysis of early mesodermal lineages identified a population of             

pharyngeal mesoderm marked by high levels of ​Tbx1 expression, and remarkably similar levels             

of ​Dach1 expression (Figure 7A; ​(Scialdone et al., 2016)​). To complement these observations, we              

perform multicolor immunohistochemical staining using an anti-Dach1 antibody, and assayed          

co-expression with the cardiac and second heart field markers Nkx2.5 and Islet1 between             

embryonic day (E) 7.5 and E9.5 (Figure 7B, C; S6). At E7.5, Dach1 is broadly expressed in the                  

pharyngeal mesoderm, where it colocalizes with Islet1, and with nascent Nkx2.5 in a subset of               

cells (Figure 7B). Dach1 remains broadly expressed at E8.5 (Figure S6), but by E9.5, its               

expression becomes restricted to a defined population of outflow tract cells, which also express              

Islet1, and is coexpressed with Islet1 in second heart field cells in the dorsal pericardial wall.                

Notably, by this stage, Dach1 expression was excluded from the Nkx2.5+ ventricle and absent              

from the Islet1+ skeletal muscle progenitor cells in the core mesoderm of the first and second                

pharyngeal arches (Figure 7C), in a manner reminiscent of ​Dach exclusion from the ASMFs in               

Ciona (Figure 1E). The latter pattern indicates that, like Islet1, Dach1 expression is specifically              

maintained in the second heart field and distal outflow tract, but excluded from other              

cardiopharyngeal mesoderm derivatives. These observations suggest that expression of ​Dach          

homologs in second heart field progenitor cell is thus conserved in chordates, although the gene               

expression dynamics leading to SHF-specific expression may differ since ​Dach is specifically            

upregulated in the ​Ciona SHP, whereas Dach1 appears to be broadly expressed at E7.5 and               

progressively restricted to the mouse SHF by E9.5. 
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Discussion 

Here, we have presented an extensive analysis of the transcriptome dynamics underlying            

multipotency and early fate specification in the cardiopharyngeal mesoderm of a simple            

chordate. By profiling the transcriptome of single cardiopharyngeal lineage cells isolated from            

embryos and larvae dissociated at defined time points, we unequivocally recovered cell identities             

and globally characterized cell-specific gene expression. We showed that the pharyngeal muscle            

vs. pan-cardiac split accounts from most differential gene expression between cell types. We also              

uncovered subsets of first- and second-heart-precursor-specific transcripts. Because        

cardiopharyngeal development proceeds according to a fixed and known lineage in ​Ciona​, our             

time series dataset allowed us to reconstruct the three main developmental trajectories whereby             

multipotent cardiopharyngeal progenitors (the TVCs) produce either first or second heart           

precursors, or atrial siphon muscle (ASM) precursors. This specificity of the ​Ciona model             

highlights the advantage of reconstructing developmental trajectories using a known and fixed            

lineage. This prevents unknown clonal relationships between individual cells to convolve the            

analysis of global gene expression changes. Indeed, most trajectory reconstructions using           

complex vertebrate systems produce abstract models that do not necessarily represent the actual             

developmental path that each individual progenitor follows in the embryo ​(Moris et al., 2016)​.              

By contrast, we can confidently ascertain that the progeny of every cardiopharyngeal progenitor             

in every ​Ciona embryo follows either one of the three trajectories that we modeled to produce                

first or second heart precursors, or pharyngeal muscle founder cells. 

 

Based on unequivocal clonal relationships between cells, we characterized the transcriptome           

dynamics along each trajectory. We showed that multilineage transcriptional priming affects           

large proportions of cell-type-specific markers, although ​de novo ​gene activation accounts for            

greater fractions of cell-type-specific transcriptomes than expected by chance, highlighting the           

importance of both transcriptional control and post-transcriptional regulation in the heart vs.            

pharyngeal muscle fate choice.  

Our analyses of transcriptome dynamics, and the impact of defined regulators (Ebf,            

FGF/MAPK signaling, Tbx1/10 and Dach) operating at distinct times and places, lead us to              

propose a provisional mechanistic model to explain the transition from multipotent           

cardiopharyngeal progenitors to distinct first and second heart precursors, and pharyngeal           

muscle precursors. First, following Mesp- and FGF/MAPK-dependent induction ​(Beh et al.,           
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2007; Christiaen et al., 2008; Davidson et al., 2005, 2006; Satou et al., 2004; Woznica et al.,                 

2012)​, the multipotent cardiopharyngeal progenitors, the TVCs, maintain detectable levels of           

FGF/MAPK signaling, which is required for the maintenance of TVC-specific and primed ASM             

programs (Figure 7D; ​(Razy-Krajka et al., 2017)​). The TVC-specific program contributes to            

regulating cell behavior, including collective cell migration and oriented asymmetric cell           

divisions ​(Christiaen et al., 2008)​, and possibly also specific aspects of cardiopharyngeal            

multipotency. By contrast, past the initial induction, the primed pan-cardiac program no longer             

requires FGF/MAPK signaling. Instead, continuous FGF/MAPK signaling prevents the         

precocious activation of ​de novo pan-cardiac markers. The molecular mechanisms for this            

MAPK-mediated inhibition of cardiac fate specification remain elusive, although they may be            

conserved with vertebrates (​(Hutson et al., 2010; Marques et al., 2008; Tirosh-Finkel et al.,              

2010; van Wijk et al., 2009)​; see discussion in ​(Razy-Krajka et al., 2017)​). We propose that                

seemingly conflicting reports on the role of FGF/MAPK signaling in early cardiac specification             

in vertebrates can be reconciled simply by considering that FGF/MAPK inputs are necessary to              

induce multipotent cardiac progenitors ​(Abu-Issa et al., 2002; Barron et al., 2000; Brand, 2003;              

Reifers et al., 2000; Zaffran and Frasch, 2002)​, whereas termination of FGF/MAPK signaling is              

required for subsequent commitment to a heart fate and differentiation ​(Hutson et al., 2010;              

Marques et al., 2008; Tirosh-Finkel et al., 2010; Watanabe et al., 2012; van Wijk et al., 2009)​, in                  

a manner analogous to the different sequential requirements for canonical Wnt signaling during             

cardiogenesis ​(Tzahor, 2007)​. 

 

The first oriented and asymmetric division of multipotent progenitors gives birth to small             

median first heart precursors, the FHPs, and large lateral second multipotent progenitors, the             

STVCs. Unknown mechanisms cause FGF/MAPK to be maintained only in the large lateral             

STVCs where, together with the primed ASM regulator Hand-r, it contributes to activating             

Tbx1/10 expression ​(Razy-Krajka et al., 2017)​. Whereas ongoing FGF/MAPK signaling also           

continues to prevent activation of ​de novo pan-cardiac markers, the newly activated Tbx1/10+             

STVC program presumably antagonizes both the TVC-specific program, and certain aspects of            

the primed pan-cardiac program (Figure 7D, e.g. Tbx1/10 inhibits ​Gata4/5/6 expression, ​(Wang            

et al., 2013)​. In the newborn FHPs, termination of FGF/MAPK signaling impedes the             

maintenance of TVC-specific and primed ASM gene expression, while permitting ​de novo            

expression of pan-cardiac marker genes, which we surmise are activated by the primed and              
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universally conserved pan-cardiac regulators Nk4/Nkx2-5, Gata4/5/6 and Hand (e.g. ​(Ang et           

al., 2016; Luna-Zurita et al., 2016; Tsuchihashi et al., 2011)​. 

Following the second oriented asymmetric division of STVCs, FGF/MAPK signaling is           

further restricted to the lateral large pharyngeal muscle progenitors (the ASMFs) where,            

together with Hand-r and Tbx1/10, it activates ​Ebf expression ​(Razy-Krajka et al., 2017)​.             

Whereas ongoing FGF/MAPK signaling presumably continues to inhibit the deployment of the            

cardiac program in the ASMFs, ​Ebf expression rises sharply, becomes auto-regulative, and            

reinforces the antagonism with the heart program, thus promoting commitment to a pharyngeal             

muscle identity upstream of ​Mrf ​(Razy-Krajka et al., 2014, 2017; Stolfi et al., 2010; Tolkin and                

Christiaen, 2016)​. ​Ebf homologs have been implicated in branchiomeric muscle development in            

chicken ​(El-Magd et al., 2014a, 2014b) and ​Xenopus ​(Green and Vetter, 2011) embryos,             

suggesting that their roles in branchiomeric myogenesis are conserved in chordates. 

 

As is the case in the first heart lineage, termination of FGF/MAPK signaling in the SHPs                

promotes the activation of ​de novo ​pan-cardiac markers, presumably also downstream of            

primed pan-cardiac regulators, albeit with a delay compared to the FHPs (Figures 2D, 4D). In               

the latter, deployment of the cardiac program leads to (1) upregulation of primed pan-cardiac              

markers, possibly as a result of positive feedbacks, (2) elimination of primed pharyngeal muscle              

markers, and (3) activation of FHP-specific markers, such as ​Mmp21​, presumably downstream            

of a general pan-cardiac program, itself driven by both primed and ​de novo​-activated regulators. 

In the second heart lineage, deployment of the pan-cardiac program does not lead to the               

activation of FHP-specific markers. Instead, SHPs deploy an alternative cardiac          

cell-type-/lineage-specific program, marked by the expression of ​Dach ​. This         

Dachshund/Dach1/2 homolog is necessary to inhibit the expression of FHP-specific markers,           

and limit the propensity of SHP-derived heart cells to form ​Mhc2 ​+ cardiomyocytes in beating              

juvenile hearts (Figures 5, 7D). We hypothesize that, together with downregulation of            

FGF/MAPK signaling, activation of the SHP-specific program requires inputs from primed           

pan-cardiac regulators, in addition to regulatory inputs from the STVC-specific determinant           

Tbx1/10 (Figures 6, 7D). Since Tbx1/10 also promotes the activation of the pharyngeal muscle              

determinants Ebf and Mrf ​(Tolkin and Christiaen, 2016; Wang et al., 2013)​, it emerges as a ​bona                 

fide regulator of cardiopharyngeal multipotency, and one could regard the ​Tbx1/10 ​+ STVC            

regulatory state as a hallmark of multipotent cardiopharyngeal progenitors.  
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In vertebrates, Tbx1 homologs also play dual roles in branchiomeric myogenesis and second             

heart field development ​(Chen et al., 2009; Kelly and Papaioannou, 2007; Kelly et al., 2004;               

Kong et al., 2014; Liao et al., 2008; Vitelli et al., 2002; Zhang et al., 2006)​). We showed that                   

mouse Dach1 is co-expressed with Isl1 at E9.5 in in the distal outflow tract and second heart                 

field cells in the dorsal pericardial wall. However, the dynamics leading to SHF-specific             

expression differs from that observed in ​Ciona​, inasmuch as Dach1 is broadly expressed in the               

cardiopharyngeal mesoderm et E7.5 and E8.5, before being downregulated in both the            

differentiating ventricles and branchiomeric mesodermal core (Figure 7). Therefore, whereas          

Tbx1 could in principle contribute to Dach1 expression, we must invoke other mechanisms             

accounting for its early widespread expression and selective maintenance in the SHF. Notably,             

together with ​Pax ​, ​Six and ​Eya family genes, ​Dach homologs form a conserved “retinal network”               

(Davis and Rebay, 2017; Kumar, 2009)​. In the mouse, ​Six and ​Eya homologs have been               

implicated in early SHF development ​(Guo et al., 2011; Zhou et al., 2017)​, opening the possibility                

that conserved elements of the retinal network contribute to SHF-specific gene expression. 

 

In summary, we have used single cell RNA-seq in a highly tractable model for early               

cardiopharyngeal development, and characterized the transcriptome features and dynamics         

underlying cardiopharyngeal multipotency and early fate specification. We characterized         

essential features of cardiopharyngeal multipotency, such as the extent of multilineage           

transcriptional priming, the roles of regulatory inputs from FGF/MAPK signaling and Ebf in the              

early heart vs. pharyngeal muscle fate choice. We show that first and second lineages of fate                

restricted heart progenitors activate a shared pan-cardiac program upon inhibition of MAPK            

signaling, but differ by small subsets of lineage-specific genes. We show that the second heart               

lineage specifically activates a ​Dach1/2 homolog downstream of Tbx1/10, which inhibits the            

first-heart-lineage-specific program. These results indicate that, by analogy with neuronal and           

muscle fate diversification by temporal patterning in ​Drosophila ​(Dubois et al., 2016; Isshiki et              

al., 2001; Li et al., 2013)​, the first and second heart precursors share a common cardiac identity                 

but differ because they emerge from successive multipotent progenitors before and after the             

onset of ​Tbx1/10 ​ expression, respectively.  
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Figure 1.  Single cell RNA-seq and clustering identifies cardiopharyngeal 
progenitor subtypes and novel cell-type-specific markers. ​(A) Schematic 
representation of early cardiopharyngeal development in ​Ciona robusta​ and sampling stages for 
scRNA-seq.  Abbreviations: st., stage according to ​(Hotta et al., 2007)​; hpf, hours 
post-fertilization; TVC, trunk ventral cell; STVC, second trunk ventral cell; FHP, first heart 
precursor; ASMF, atrial siphon muscle founder cells; SHP, second heart precursor; iASMP, 
inner atrial siphon muscle precursor; oASMP, outer atrial siphon muscle precursor, according to 
(Razy-Krajka et al., 2014)​; QC, quality control. Dotted line: midline, cardiopharyngeal lineage 
cells are shown for only one side of the animals. (B) Established TVC lineage tree illustrating 
early cardiopharyngeal specification events. Known cell-type-specific marker genes are indicated 
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on corresponding branches.  Abbreviations as in (A); LoM, longitudinal muscles. (C) The 
t-distributed Stochastic Neighbor Embedding (t-SNE) plots of 20 hpf scRNA-seq data depicts 
separation of distinct progenitor subtypes: FHP (red), SHP (orange), iASM (blue) and 
oASM(dark blue) cell clusters are shown. Indicated marker gene expression levels color-coded 
and shown on corresponding clusters. (D) Expression heatmap of 20 hpf single cell 
transcriptomes showing top predicted differentially expressed marker genes across different cell 
types. Blue names: previously known ASM and heart markers, red names: newly discovered 
markers. (E) Violin plots and FISH validations of newly identified cell-type-specific markers. 
Solid arrowheads, ASM; open arrowheads, SHPs; arrows, FHPs; M, midline (dotted line). Scale 
bar = 20µm. 
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Figure 2. Pseudotemporal reconstruction of cardiopharyngeal developmental 
trajectories. ​(A) 2D diffusion maps single cell transcriptomes for three developmental 
trajectories. Black lines indicate principal curves and light gray contours indicate single cell 
density distribution along principal curve. Color codes correspond to assigned cell identities 
following clustering at each time point. Hpf, hours post-fertilization. (B) Cartoon showing three 
unidirectional cardiopharyngeal progenitor trajectories. (C) ​Hand-related/Hand-r​ expression 
on three trajectories. The purple lines show smoothed expression profiles. Y-axis: log ​2​(FPKM). 
X-axis, normalized pseudotime point along the principal curve (shown in (A)). Colors codes as in 
(A). (D) Heatmap of smoothed temporal expression pattern of indicated cell type specific 
marker genes on three different trajectories. Expressions are grouped by k-means clustering. (E) 
Pie-charts showing the proportion of primed vs. ​de novo​ genes in three categories: Whole 
transcriptome, ASM Markers and Pan-cardiac Markers. (F) Cross-correlation heatmaps showing 
potential regulatory states along three trajectories. The left side dendrograms indicate the 
results of constrained hierarchical clustering. The top bars indicate the sample of origin for each 
cell ordered along the pseudotime axes. Color codes for top bars as in (A). 
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Figure 3. Gene expression dynamics and transcriptional regulation of ASM fate 
specification. ​(A) Pseudotemporal expression profiles of indicated genes along the ASM 
trajectory. X-axis: normalized pseudotime as defined in Figure 2A. Red dashed lines indicate the 
transitions between predicted regulatory states, indicated and color-coded below, and purple 
dashed lines indicate calculated activation pseudotime. Dots colors refer to the sample of origin 
as indicated below and in Figure 2A. (B) Heatmap of smoothed pseudotemporal expression 
profiles showing successive activation candidate ​de novo​ ASM genes. The white vertical lines 
mark transitions between indicated regulatory states along the ASM trajectory. Colored bars on 
the left indicate the regulatory state of calculate activation pseudotime, showing that most ASM 
candidates turn on in the ASM1 (light blue) and ASM2 (navy blue) states. (C) Violin plots 
showing the log fold change of all candidate ASM-specific genes in response to defined Ebf 
perturbations, a dominant-negative (dn-Ebf) and Ebf precocious and misexpression (Ebf-OE) 
as described in ​(Razy-Krajka et al., 2014)​. (D) Heatmap of smoothed pseudotemporal expression 
profiles for candidate ASM-specific Ebf target genes defined in ​(Razy-Krajka et al., 2014)​, and 
showing two main activation waves of activation in regulatory states ASM2 and ASM3 (left 
colored bars). The white vertical lines mark transitions between indicated regulatory states. (E) 
Gene plots showing the progressive depletion of the indicated primed pan-cardiac genes along 
the ASM trajectory. Red dashed lines indicate transitions between indicated regulatory states 
and purple dashed lines indicate predicted inactivation pseudotime. (F) Heatmap of smoothed 
pseudotemporal expression profiles showing progressive depletion of primed pan-cardiac genes 
along the ASM trajectory, with calculated pseudotime of inactivation mapped onto discrete 
regulatory states indicated on the left colored bars. (G) Violin plots showing the log fold changes 
of pan-cardiac genes corresponding to Ebf perturbation. (H) Chord diagram showing mutual 
enrichment of ASM vs. Cardiac genes among candidate target genes activated or inhibited by 
Ebf, respectively. Note that Ebf is predicted to downregulate a few ASM candidate genes, which 
are primed and quickly downregulated after the onset of Ebf (e.g. ​Hand-r​, ​(Razy-Krajka et al., 
2014)​. 
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Figure 4. Gene expression dynamics underlying heart fate specification. ​(A) 
Pseudotemporal expression plots showing the activation of the representative pan-cardiac genes 
on FHP trajectory. The black dashed lines and color bars indicate the regulatory states and the 
purple dashed lines indicate predicted induction time. (B) Heatmap of smoothed gene 
expression showing the successive activations of ​de novo​-expressed pan-cardiac genes. White 
vertical lines indicate transitions between indicated regulatory states on FHP trajectory. 
Left-side color bar indicates relative expression level. (C) Density plots showing the number of 
de novo ​pan-cardiac genes with calculated activation pseudotime in binned pseudotime 
windows along FHP (right) and SHP (left) trajectories. The black dashed lines indicate the 
regulatory states. (D) Activation pseudotimes for ​de novo​-expressed pan-cardiac genes along the 
FHP and SHP pseudotime axes. Note the conserved order (high Pearson’s Correlation 
Coefficient, PCC) in which genes turn on in two independent trajectories, which only share the 
TVC state. (E) Density plots showing the number of ​de novo ​pan-cardiac and FHP-specific genes 
with calculated activation pseudotime in binned pseudotime windows along FHP trajectory. 
FHP-specific genes tend to be activated later than pan-cardiac markers. (F) Pseudotemporal 
expression plots showing the depletion of the representative primed ASM genes on FHP 
trajectory. The black dashed lines indicate the regulatory states and the purple dashed lines 
indicate predicted inactivation time. (G) Heatmap of smoothed gene expression showing 
progressive depletion of primed ASM genes on FHP trajectory. White vertical lines indicate 
predicted regulatory states on FHP trajectory. (H) Principal component analysis showing that 
PC1 correlates strongly with pseudotime. (I) Average PC1-loading scores per indicated gene 
category, mapped onto the FHP trajectory. (J) Heatmap showing log fold changes of primed/​de 
novo​ ASM and pan-cardiac genes in dnFGFR vs. LacZ and caM-Ras vs. LacZ pairwise 
comparisons from FACS-purified samples obtained from 12, 15, 18 and 20 hpf larvae (hpf: hours 
post-fertilization). (K) Violin plots showing log fold changes as in indicated conditions and time 
points relative to LacZ controls, and parsed by primed or ​de novo​-expressed, pan-cardiac or 
ASM genes. 
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Figure 5. ​Dach ​ promotes early SHP specification by inhibiting FHP-specific gene 
expression.  
(A)Heatmap of smoothed gene expression showing Tbx1/10 activation and SHP-specific genes 
on the SHP trajectory. White vertical lines indicate predicted SHP regulatory states. Dach is the 
only known transcription regulator identified as SHP-specific. (B) Gene plots showing Dach 
temporal expression pattern on the SHP trajectory. Black dashed lines indicate transitions 
between SHP regulatory states and the purple dashed line indicates predicted induction time. 
(C) Dach and Tbx1/10 are required to prevent expression of the FHP specific gene ​Mmp21​ in the 
SHPs. Conditions indicated on top-right corner of each panel. Mmp21 mRNAs are visualized by 
whole mount fluorescent ​in situ​ hybridization (green signal). Nuclei of TVC-derived cells 
progeny are marked by Mesp>nls::LacZ and revealed by anti beta-galactosidase antibody (red). 
Mesp driven hCD4::mCherry accumulates in the cell membrane and revealed by anti mCherry 
antibody (red). Open arrowheads, ASMPs; solid arrowheads, SHPs; arrows. Dotted line: ventral 
midline. Anterior to the left. Scale bar, 10 μm.  (D) Proportions of larvae showing indicated 
phenotypes, as illustarted in (C) for indiacted experimental conditions. Wt, wild-type, indicates 
normal ​Mmp21​ expression restricted to the FHPs. Dach​PAMmut ​, Dach cDNA with wobble base 
mutation in the PAMs top render the rescue construct resistant to CRISPR. *, The Dach​PAMmut 
control was electroporated with a neutral ​FoxF>Venus​ construct. (E) Photoconversion and 
lineage tracing of TVC progeny. Nucleus of live B7.5 lineage cells are labelled with ​Mesp> 
nls::Kaede::nls ​ (green). Nuclear Kaede photoconverted from green (I) to red (II) specifically in 
the FHPs in a 16hpf larva. The same animal is shown at successive time points (indicated as 
hours post-fertilization, hpf). I’ to IV’ show segmented nuclei. Dotted line: midline. (F) ​Dach​ and 
Tbx1/10 ​ is required to limit the proportion of SHP-derived cells forming ​Mhc2​+ cardiomyocytes 
in juveniles. Grey: ​Mhc2 ​ mRNA visualized by ​in situ​ hybridization. SHP-derived cells are 
labelled with ​3XT12>H2B::mCherry​ (green), B7.5 lineage cells are labelled with 
Mesp>nls::LacZ ​ (red). (G) Corresponding boxplots with the proportions of ​Mhc2​+ cells among 
the 3xT12>H2B::mCherry+ SHP-derived cells in juvenile hearts. Scale bar, 10µm 
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Figure 6. Tbx1/10 and MAPK inhibition promote ​Dach ​ activation in the second 
heart lineage. ​(A) Tbx1/10 is required for ​Dach ​ expression in SHP. Dach expression is 
visualized by ​in situ​ hybridization. Nuclei of B7.5 lineage cells are labelled by ​Mesp>nls::LacZ 
and revealed with an anti beta-galactosidase antibody (red). Mesp driven hCD4::mCherry 
accumulates at the cell membrane as revealed by anti mCherry antibody (red). Solid 
arrowheads, ASMFs, open arrowheads, SHPs; arrows, FHPs. Anterior to the left, stages 
indicated in hpf. Scale bar, 10 μm. Upper panels show raw confocal data, and lower panels show 
segmented FISH signal superimposed onto cell outlines. The green dots reveal the signal from 
Dach ​ ​in situ​ hybridization. (i) and (i’), endogenous expression of Dach in SHPs in CRISPR​Control ​. 
(ii) and (ii’), endogenous ​Dach ​expression is inhibited upon CRISPR/Cas9-mediated loss of 
Tbx1/10. Experiment performed in biological replicates. For each replicate, confocal stacks were 
acquired for 10 larvae in each condition. None of the 20 Tbx1/10 CRISPR larvae showed ​Dach 
expression in SHPs. (B) FGF/MAPK signaling negatively regulates ​Dach​ expression in Tbx1/10+ 
ASMFs. Representative Imaris processed confocal stacks showing ​Dach​ expression in 18.5hpf 
larvae, following 3.5 hours treatments with DMSO (control) or U0126 (MEK inhibitor) as 
indicated. Blocking MEK activity causes ectopic ​Dach​ expression in the ASMFs (solid 
arrowheads), in additions to its endogenous expression in the SHPs (open arrowheads). 
Experiments were performed in biological replicates, and confocal stacks acquired for 10 
animals in each condition. All U0126 treated larvae showed ectopic ​Dach​ expression in ASMFs. 
(C) Overexpression of Tbx1/10 and blocking of FGF/MAPK induce precocious expression of 
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Dach ​ in all of B7.5 lineage cells at 14hpf. Imaris-processed images showing ​Dach​ expression in 
the TVC-derived cells of 14hpf embryos. Open arrows: STVCs, arrows: FHPs; dotted line: 
midline (m).  (D) Corresponding violin plots representing the counts of ​Dach​+ dots per cell. Red 
dots indicate the mean value in each condition. Vertical red lines indicate mean +/- SD. *** 
p<0.05; ** p<0.1. (Student’s t-test) 
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Figure 7. Dach1 expression in the mouse and summary model. ​(A) t-SNE plots of 
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mouse scRNA-seq data after ​(Scialdone et al., 2016)​, with expression pattern of ​Tbx1​ and ​Dach1 ​. 
Cluster identities are as determined in the original publication, with the pharyngeal mesoderm 
shown in green. (B) Expression patterns of Dach1, Islet1 and Nkx2.5 proteins in E7.5 embryos as 
indicated. Bottom panels are close-up views of the region boxed with a dotted line. Arrows: head 
folds, Open arrowheads: double Dach1+, Islet1+ pharyngeal mesoderm cells, solid arrowhead: 
nascent Nkx2.5 expression in a Dach1+, Islet1+ cell. (C) Expression patterns of Dach1, Islet1 and 
Nkx2.5 proteins in E9.5 embryos. Arrows: Islet1+ head muscle progenitor cells in the 
mesodermal core of the first (PA1, top) and second (PA2, bottom) pharyngeal arches, showing 
absence of Dach1 and Nkx2.5 expression. Open arrowhead: Dach1+, Islet1+, Nkx2-5- second 
heart field cells in the dorsal pericardial wall, solid arrowhead: Triple Nkx2.5+, Dach1+, Islet1+ 
second heart field-derived cells in the outflow tract (OFT). Note the Nkx2.5+, Dach1-, Islet1- 
cells in the ventricle (V). (D) Summary model showing the maintenance and progressive 
restriction of FGF/MAPK signaling in the multipotent progenitors (TVCs, trunk ventral cells, 
and STVCs, second trunk ventral cells) and atrial siphon muscle founder cells (ASMFs). 
Inhibition of MAPK activity permits the deployment of ​de novo​-expressed pan-cardiac genes in 
both cardiac lineages (FHP, first heart precursors, and SHP, second heart precursors). FHPs 
specifically activate genes like ​Mmp21​, and later produce most ​Mhc2​+ cardiomyocytes, whereas 
SHPs descend from ​Tbx1/10​+ multipotent progenitors, and thus activate ​Dach​, which 
contributes to inhibiting the FHP-specific program. See discussion and ​(Razy-Krajka et al., 
2017)​ for details. 
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Figure S1 

(A) Number of genes detected by scRNA-seq in samples obtained from larvae dissociated at 
different time points  (12, 14, 16, 18, 20 hpf). 

(B) Violin plots showing expression of known oASMP markers in 20hpf scRNA-seq dataset. 
(C) t-SNE plots showing clusters of individual transcriptomes from 14, 16, and 18hpf 

samples (left), and violin plots showing expression of key marker genes in defined 
clusters. See lineage tree Figure 1A for cell identities. (t-SNE is not shown for 12 hpf data 
because it only contains homogeneous TVC cells). 

(D) Violin plots and FISH validation for indicated predicted pan-cardiac genes. 
(E) Violin plots and FISH validation for indicated predicted FHP and SHP specific genes. 
(F) Violin plots and FISH validation for indicated predicted early FHP and STVC genes from 

14hpf scRNA-seq data. 
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Figure S2 

(A) Distribution of defined cell types along the ASM, FHP and SHP trajectories. This shows a 
good agreement between the time series and developmental progression (see main text 
for details). 
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(B) Pseudotemporal expression profiles of indicated known marker genes along the ASM, 
FHP and SHP trajectories. Y-axes: expression in log FPKM. Lines indicate the smoothed 
expression as plotted on the main heatmap in Figure 2C. 

(C) Raw scaled expression heatmap corresponding to Figure 2C. 
(D) Bar plots showing relative cell type composition for each regulatory states identified on 

ASM, FHP and SHP trajectories. Note that numbers of 16ASM cells clustering with the 
‘STVC’ state in the ASM trajectory, and indicating that these cells retain most STVC 
characteristics and have not yet activated the ASM-specific program (see text for details). 
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Figure S3 

(A) Histogram with density lines showing predicted activation pseudotime of candidate Ebf 
target genes with corresponding ASM regulatory states (black dashed lines). Purple lines 
indicate predicted Ebf, Mrf and Mhc3 induction time respectively. 
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(B) Histogram with density lines showing predicted induction time of ​de novo​ ASM genes 
with corresponding ASM regulatory states (black dashed lines). 

(C) Histogram with density lines showing predicted inactivation pseudotime of primed 
cardiac genes with corresponding ASM regulatory states (black dashed lines). 

(D) Correlation between candidate ASM markers and Ebf. Genes are ranked with negative to 
positive correlation from top to bottom. 

(E) Heatmaps showing log fold changes of ASM and pan cardiac genes in Ebf 
over-expression (OE) vs. dominant negative Ebf (dn-Ebf), Ebf OE vs. LacZ (control) and 
dn-Ebf vs. LacZ conditions. 

(F) Corresponding Venn diagram showing the mutual enrichment in candidate ASM genes 
and candidate targets activated by Ebf. 

(G) Anti-correlation between Ebf expression and primed pan-cardiac markers along the ASM 
trajectory. Genes ranked with low to high correlation from top to bottom.  

(H)Corresponding Venn diagram showing the mutual enrichment in candidate pan-cardiac 
genes and candidate targets inhibited by Ebf.  
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Figure S4 

(A) Histogram with density lines showing predicted activation pseudotime of ​de novo 
cardiac genes along the FHP trajectory, with corresponding regulatory states (black 
dashed lines). 

(B) Histogram with density lines showing predicted inactivation pseudotime of primed ASM 
genes with corresponding FHP regulatory states (black dashed lines). 

(C) Heatmap showing log fold changes of early FHP and STVC genes from 14 hpf scRNA-seq 
data in dnFGFR vs LacZ and caM-Ras vs LacZ conditions (12, 15, 18, 20 hpf). 

(D) Violin plots showing log fold changes for defined categories of genes (FHP and STVC              
markers identified in the 14hpf scRNA-seq data), as in Figure 4K. 
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Figure S5 

(A) Ebf​ expression specifically in the ASMPs at 22hpf is not altered by perturbations of Dach 
function. Top panels: controls, bottom panels: CRISPR/Cas9-mediated loss-of-function 
(left) and FoxF TVC enhancer-driven misexpression. Numbers indicate observed/total 
scored. Solid arrowheads: ASMPs, open arrowheads: SHPs, dotted line: midline (m). 

(B) Raw confocal data (left) and segmented image (right) showing Mhc2 expression (grey) 
primarily in FHP-derived cells marked by the B7.5 lineage marker Mesp>nls::LacZ (red), 
but not by the STVC-specific marker 3xT12>H2B::mCherry (green), which marks the 
SHP-derived cells. Scale bar, 10µm.  
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Figure S6 

Dach1, Isl1 and Nkx2-5 protein expression detected by immunofluorescence in E8.5 mouse 

embryos at distinct levels in the pharyngeal mesoderm and developing heart. Note the broad 

Dach1 expression, which overlaps with Isl1 in second heart field cells in the dorsal pericardial 

wall. 
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