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Introduction 

Gene editing has established a precise and programmable paradigm for animal genetic 

improvement, shifting breeding strategies from stochastic selection toward gene-centered, 

directional optimization. In poultry production, economically and biologically critical traits, 

such as growth rate, feed efficiency, and disease resistance, are typically governed by 

complex, multigenic networks, many components of which remain functionally 

uncharacterized. Although gene editing is a powerful tool for functional genomics, 

conventional knockout approaches are limited by low throughput, long experimental cycles, 

and confounding non-cell-autonomous effects. These challenges are further exacerbated in 

avian systems, where gene editing is constrained by low editing efficiency, poor chimera 

stability, and the extreme sensitivity of chicken primordial germ cells (PGCs) during in vitro 

manipulation. 

 To overcome these limitations, we developed the Inducible Gene-Perturbation Model of 

Chicken (IGPMC), a transgenic platform that enables one-time, inducible expression of 

pooled sgRNAs, such that each cell stochastically expresses a single guide RNA. This design 

permits parallelized single-gene knockout within chimeric animals, enabling rapid in vivo 

functional screening and the construction of a tissue-resolved “mini Perturb-Atlas” for 

dissecting growth-associated genetic interaction networks. Importantly, because stochastic 

editing occurs within the germline, IGPMC also facilitates efficient derivation of 

conventional single gene-edited chicken lines. Together, IGPMC provides a scalable and 

high-efficiency framework that overcomes longstanding technical barriers in avian functional 

genomics and accelerates elite poultry germplasm innovation. 

 

Materials & Methods 
Based on prior studies and integrative multi-omics analyses, 30 candidate genes associated 

with growth-related traits were selected for functional interrogation. A pooled gRNA library 

targeting these genes was introduced into PGCs using the PiggyBac transposon system. 

Inducible control of gRNA expression was achieved through a Cre-LoxP based 

recombination strategy coupled with chemical induction. Following the establishment and 

validation of stably integrated PGC lines, transgenic chickens harboring the inducible gene-

editing cassette were generated via embryonic microinjection and ex vivo PGC culture. Upon 

chemical induction, stochastic genome editing was initiated, resulting in chimeric chickens 

exhibiting heterogeneous, single-cell resolved gene perturbation profiles. 

To quantify editing outcomes and associate genetic perturbations with phenotypic 

consequences, gRNA representation and dynamics were monitored by high-throughput 

sequencing. These data were integrated with phenotypic measurements and transcriptomic 

profiling to establish gene-phenotype relationships, ultimately enabling the construction of a 

functional gene perturbation atlas for chicken growth traits. 
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In Vitro validation of the Cre-LoxP system. The reporter template initially expresses only 

EGFP; mCherry expression is triggered only after Cre-mediated recombination removes the 

EGFP and the transcriptional stop cassette. The reporter plasmid and Cre expression vector 

were co-transfected into 293T and chicken DF1 cells, followed by fluorescence-activated cell 

sorting (FACS) analysis after 72 hours. This assay confirmed that Lox71/TC9 possesses high 

recombinase activity and undergoes only a single recombination event, ensuring its suitability 

for the IGPMC system. 

Assessment of modified U6 promoter activity. The SSA-RFP reporter system exhibits high 

stringency, with no RFP background expression in the unedited state; fluorescence activation 

is strictly dependent on the cleavage activity of the Cas9/sgRNA complex. To assess 

promoter efficiency, the reporter plasmid was co-transfected into 293T and DF1 cells with 

sg-Cas9 expression vectors driven by various Modified U6 promoters. FACS analysis 3 days 

post-transfection demonstrated that the sequence modifications within the Modified U6 

promoter had no significant impact on its transcriptional activity, confirming the universality 

and high efficiency of the modified vector across different species. 

Results 

This study has completed the construction of all components and the assembly of the  

IGPMC system. Key achievements include the optimization of primordial germ cell (PGC) 

isolation, cultivation, and high-efficiency transfection methods, leading to the successful 

establishment of PGCs lines (Fig. 1F). Furthermore, specific sgRNAs were designed for 30 

target genes, and their efficacy was validated in DF1 cells to construct tandem expression 

vectors. Finally, the single-recombination characteristic of the Cre-LoxP system was verified 

in DF1 cells, ensuring that each cell expresses only a single sgRNA upon induction. 

 

Conceptual design of the IGPMC system. The core of the Inducible Gene-Perturbation 

Model of Chicken (IGPMC) is a transgenic cassette composed of four functional modules 

(Fig. 1A): 1.PiggyBac Inverted Terminal Repeats (ITRs): Flanking the transgene to mediate 

random integration. 2.Modified U6 Promoter (TATA-Lox71): A dual-function element 

capable of Cre-mediated recombination while utilizing an embedded TATA box to drive 

gRNA transcription. 3.Tandem gRNA Array: The primary gRNA (g0) is positioned at 

"Position 0" (P0) immediately downstream of the U6 promoter, followed by a series of 

gRNAs (g1, g2, g3...). Each gRNA is followed by a transcriptional terminator (poly-T) and 

separated by a bifunctional LoxP mutant site (TATA-LoxTC9). 4.Constitutive Cas9 

Expression: Co-expression of Cas9 enables gene editing from a single transgenic insertion 

and allows for functional verification at the P0 site. In the default state, only g0 is expressed. 

Upon Cre-mediated recombination between Lox71 and any LoxTC9 site, the expression of 

downstream gRNAs is induced. Crucially, the system ensures that each cell expresses only 

one specific gRNA (Fig. 1A). In the presence of Cas9, all targeted genes can be knocked out 

across the population, but each individual cell sustains only a single-gene knockout, enabling 

the mapping of a "Perturb-Atlas" across various tissues. Additionally, since editing occurs in 

both somatic and germline cells, traditional single-gene knockout lines can be rapidly and 

cost-effectively derived through simple breeding (Liu B et al., 2022). 

 

Functional validation of IGPMC using Cre–LoxP and SSA reporter systems. Through 

systematic mutagenesis of LoxP elements, the LoxTC9 mutant was identified for its ability to 

undergo highly efficient heterotypic recombination with Lox71. The resulting double-mutant 

site is severely disabled, effectively preventing secondary recombination events (Ventura et 

al., 2004；Liu B et al., 2022). To experimentally validate this behavior, we constructed a 
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fluorescent reporter in which Lox71/TC9 recombination triggers an irreversible switch from 

EGFP to mCherry expression (Fig. 1B). DF1 cell assays revealed a clear and robust transition 

from green to red fluorescence following Cre expression (Fig. 1C), confirming efficient, 

unidirectional recombination and long-term cassette stability.To assess whether LoxP 

integration compromises U6 promoter activity, we performed functional validation of the 

Modified U6 promoter. Given that U6 activity is highly sensitive to the spacing surrounding 

the TATA box, the Lox71 site was precisely engineered into the internal structure of the 

promoter (Liu B et al., 2022). Using the SSA-RFP reporter system for quantitative functional 

analysis (Fig. 1D), we demonstrated that this sequence embedding did not impair core 

promoter activity (Fig. 1E). Collectively, these results confirm that the modified U6 promoter 

preserves its native transcriptional strength while fully supporting Cre-mediated 

recombination. 

 

Discussion 

In this study, we establish a high-throughput in vivo functional genomics platform for poultry 

by integrating CRISPR-Cas9 mediated genome editing with a tightly controlled Cre-LoxP 

regulatory architecture. The resulting IGPMC system is specifically optimized for small-

scale, in situ CRISPR screening in chickens and offers several conceptual and technical 

advantages over conventional viral-based approaches, including improved genomic stability, 

predictable editing outcomes, and reduced experimental complexity. Notably, IGPMC 

enables the rapid and cost-effective derivation of conventional single-gene edited chicken 

lines through standard breeding, providing a direct path from preliminary screening to 

mechanistic validation. These lines further support systematic, whole-body phenotypic 

analyses that are difficult to achieve using transient or mosaic editing strategies. 

In its current implementation, IGPMC focuses on candidate genes associated with growth-

related traits; however, the platform is inherently extensible. Future iterations may broaden 

target gene categories, increase sgRNA library complexity, and incorporate tandem or 

combinatorial sgRNA architectures to interrogate higher-order genetic interactions. 

Collectively, the IGPMC system presented here enables the parallel functional evaluation of 

31 genes across multiple tissues, supporting the precise dissection of growth-associated 

genetic networks. More broadly, IGPMC provides a scalable experimental framework and 

foundational dataset for high-throughput avian functional genomics, with direct implications 

for poultry genetic improvement and elite germplasm innovation. 
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Figure 1. Design and validation of the IGPMC system. A. Schematic overview of the 

IGPMC, illustrating the transgenic cassette architecture and Cre-inducible, single-sgRNA 

expression logic. B. Design of the Cre-LoxP recombination system using heterotypic Lox71 

and LoxTC9 sites to ensure unidirectional, single recombination events. C. Flow cytometry 

analysis of HEK293T and chicken DF1 cells showing Cre-mediated EGFP-to-mCherry 

reporter switching, indicating efficient and irreversible recombination. D. The design of SSA 

Systems to assess the function of the modified U6 promoter. E. Flow cytometry-based 

functional validation of the modified U6 promoter demonstrating preserved transcriptional 

activity following LoxP integration. F. Representative images of established PGC lines 


