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Fig. S1. Schematics of FRaeppli activation approaches. (A) Overview of the FRaeppli 

construct. Starting from the left: 5xUAS can control expression of the selected FP, as well as the 

FRaeppli-inbuilt PhiC31 integrase. The following attB site can recombine with one of the four attP 

sites upstream of each FP. A STOP cassette flanked by two lox2272 sites prevents uncontrolled 

expression of the phiC31 integrase gene, downstream of the UAS. Next, cmlc2:mTurquoise 

serves as genetic marker for the FRaeppli transgene and separates further the attB from attP 

sites, thereby ensuring a minimal bias of transgene selection. The phiC31 integrase gene is 

expressed after Cre-mediated excision of the STOP cassette. Lastly, the four FP genes, each 

equipped with an upstream attP site and a 3’ STOP codon, are arranged 
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in a regular fashion and conclude with a single polyadenylation signal. (B) 2-step activation of 

FRaeppli colour selection: (i) Cre removal of the STOP cassette primes the FRaeppli 

cassette for recombination. Gal4 binding to the 5xUAS activates the expression of phiC31 

integrase gene, which (ii) can in turn recombine attB with one of the attP sites, self-excising 

the fragment in between, including the phiC31 integrase gene itself. (C) The addition of and 

exogenous source of PhiC31 integrase circumvents the need for Cre-medicated cassette 

excision and triggers attB-attP recombination in a one-step action. (D) Following colour 

selection, Gal4/UAS initiates the expression of the closest FP. Each FP gene ends with a 

stop codon, preventing expression of the remaining FPs, distal to the first one. 
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Fig. S2. Characteristics of fraeppli-caax and fraeppli-nls lines. (A-C) representative 
images of three independent fraeppli-caax lines activated by cre mRNA injection (A) or heat-
shock-driven cre expression (B,C; N=1-3, n=2-13). (D) Quantification of cluster abundance in 
the three independent transgenic fraeppli-caax lines shown in A-C. fraeppli-caaxcph4 exhibits 
the highest recombination efficiency, leading to the presence of >10 clusters per field of view 
in 37.5% of embryos. Transgenic lines fraeppli-caaxcph6 and fraeppli-caaxcph5 give rise to 
sparser labelling. Number of quantified embryos per condition is indicated in each column 
(N=1). (E) Quantification of cluster abundance in fraeppli-nls; hsp70l:phiC31; 
fabp10a:kalTA4 embryos for three independent fraeppli-nls lines. Recombination was 
induced by heat-shock at 4 dpf, and analysis at 5 dpf shows slightly higher label density in 
fraeppli-nlscph1 and fraeppli-nlscph3. Data are mean +s.d. (N=2, n≥23). (F) Quantification of 
colour selection frequency in fraeppli-caaxcph4 livers Data are mean ±s.d (N=4; n=14). (G-H) 
Widespread FRAeppli expression in tissues throughout the embryo, following injections with 
phiC31 (G; N=2, n=5) or heat-shock-induced recombination at 3 dpf (H; N=2, n=4). Note that 
at 52 hpf there is no apparent tissue bias, and all colours are expressed (related to Fig 2 H-
I). (I) Close-up of the head region of a 5 dpf larvae, showing expression of FRaeppli in 
various tissues driven by a ubiquitous driver (related to Fig 2J; N=2, n=9). 
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Fig. S3. PhiC31integrase recombines all four FRaeppli colours synchronously. (A-C) 
HCR staining showing phiC31 integrase mRNA expression in hsp70l:phiC31 embryos 2 and 
6 hours after heat-shock induction (A,C), compared to controls without heat-shock (B). 
Maximum intensity projections of confocal z-stacks of the trunk region. As expected, the 
HCR signal is nuclear at 2 hours and more cytoplasmic after 6 hours, since the mRNA 
molecules have already been exported from the nucleus (N=3, n=90). (D) TagBFP 
fluorescence can be detected prior to the other FPs in fraeppli-caax;hsp70l:gal4 embryos 
injected with phiC31 integrase mRNA. Live imaging shows tagBFP signal already at 22 hpf 
(N=2, n=7). (E) Schematic representations of the genomic fraeppli-caax construct before and 
after PhiC31 Integrase-mediated recombination. (F) PCR on genomic DNA from 10 and 24 
hpf fraeppli-caaxcph4 single embryos activated by phiC31 integrase mRNA injection (n=16). 
(F’) Primers ‘a’ amplify a common region of the FRaeppli construct, indicating the presence 
of the integrated transgene. Primer combinations ‘b’ and ‘c’ amplify only specific recombined 
forms of the FRaeppli transgene, when TagBFP (F’’) or mTFP1 (F’’’) assume the first 
position after the promoter (schematic in E). Recombination for both colours is already 
detectable at 10 hpf detectable in all FRaeppli transgenic embryos. (G) PCR quantification of 
the recombined fraeppli-caax locus for all four colours, using the primer combinations 
indicated in (E). Recombination was triggered at 24 hpf by heat-shock-driven Gal4 
expression, triggering inbuilt phiC31 integrase expression. 24 hours later (at 48 hpf), 
recombination for all colours was detected in 9/10 analysed embryos at variable degrees 
without bias, indicating synchronous and random colour-recombination (N=2, n=16). (H) 
Ventral view of an early embryo showing the timing of colour appearance in fraeppli-nlscph1, 
following injections with phiC31. Two heat-shocks at 4 and 7 hpf were performed to 
maximize Gal4 expression. TagBFP- and mTFP1-positive cells are visible already at 9 hpf, 
when the timelapse started, followed by mOrange- (11 hpf) and mKate2-positive cells (15 
hpf). Imaging and channel intensity parameters are maintained throughout the timepoints, 
displaying the incremental levels of each fluorescent protein in time. The relative timing of 
colour appearance varied slightly in different embryos, although the colour order remained 
the same (N=1, n=3). Colour abundance across embryos of a second similar experiment 
revealed that 60% of embryos display all four colours at 26 hpf (N=2; n=10) in fraeppli-
nlscph1. In the fraeppli-caaxcph4 line colour appearance takes longer, with 27% and 9% of 
embryos showing 3 or 4 fluorescent proteins at 26 hpf, respectively, likely due to the 
dispersal of the fluorescent proteins in the membranes of the entire cell in addition to the 
high auto-fluorescence of the early embryonic tissues (N=2; n=11). 
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Fig. S4. Imaging configurations for spectral and sequential acquisition. (A) Sequential and 
spectral FRaeppli acquisition settings for the microscope set-ups used in this study. (B) Schematic 
showing the inverse behaviour of imaging speed and post-processing time when applying spectral 
and sequential imaging modes. (C) Spectral acquisition with 2-photon excitation using two 
wavelengths is sufficient to excite all four FPs expressed in the liver at 4 dpf from fraeppli-
nls;prox1a:kalTA4 injected with cre mRNA (N=3, n=10). (D) Sequential and (E) spectral acquisition 
followed by unmixing using hyperspectral phasor analysis show comparable detection outcomes for 
all FPs in liver sections from adult fraeppli-nls;prox1a:kalTA4 zebrafish. Embryonic cre mRNA 
injection triggered FRaeppli recombination (n=3). 
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Fig. S5. Advanced labelling approaches for FRaeppli with spectrally-distinct markers 
for visualizing tissue context. (A,B) Maximum intensity projections of sequentially 
acquired liver tissue from fraeppli-nls;prox1a:kalTA4 adults cleared using the SeeDB2 
protocol (A; N=1), and fraeppli-caax;prox1a:kalTA4 5 dpf larvae (B). Beyond FRaeppli, 
tissue was stained for Actin (Phalloidin-488, green) and the nucleus (TO-PRO, red) to 
visualize tissue architecture at the cellular and subcellular level. Embryonic cre mRNA 
injection triggered FRaeppli recombination (N=2, n=8). 
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Table S1 

Caviglia, Unterweger et al. 
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Movie 1. Maturation dynamics of phiC31-sfGFP-NLS. Time-series of hsp70l:phiC31-

sfGFP-nls, which can be detected from around 2 hours after heat-shock and the expression 

peaks at 6 hours. Without heat-shock transgene expression is undetectable (N=2, n=4). 
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Movie 2. FRaeppli-NLS labelling of adult tissues. Endogenous FRaeppli-NLS 

fluorescence is well preserved with SeeDB2 clearing and detectable beyond 120 µm, while 

the fluorescent signal disappears after only 30 µm of depth without clearing (n=2). 
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Movie 3. Stepwise analysis of canalicular topologies in 5 dpf zebrafish livers. FRaeppli-

CAAX combined with a-Mdr1 staining (Alexa 488) undergoes sequential segmentation and 

topological analysis of hepatocyte canaliculi in larvae (see also Supplementary Methods), 

including examples of distinct canalicular topologies. 

Development: doi:10.1242/dev.199615: Supplementary information

D
ev

el
o

pm
en

t •
 S

up
pl

em
en

ta
ry

 in
fo

rm
at

io
n

http://movie.biologists.com/video/10.1242/dev.199615/video-3


Movie 4. Time-lapse of dynamic liver cell rearrangement in a 72 hpf fraeppli-caax 
embryo. A Tag-BFP cell (arrow at the beginning of the movie) loses contact with its clonal 
neighbour and moves 2-3 cell diameter away. Simultaneous labelling of cells in different 
colours allows studying cell movements in the cellular context (N=3, n=10). 
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