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The T-box containing family member, TBX5, has been shown to play important functional roles in the pectoral appendages of a variety of vertebrate species. While a single TBX5 gene exists in all tetrapods studied to date, the zebrafish genome retains two paralogues, designated as tbx5a and tbx5b, resulting from a whole genome duplication in the teleost lineage. Zebrafish deficient in tbx5a lack pectoral fin buds, whereas zebrafish deficient in tbx5b exhibit misshapen pectoral fins, showing that both paralogues function in fin development. The mesenchymal cells of the limb/fin bud are derived from the Lateral Plate Mesoderm (LPM). Previous fate mapping work in zebrafish has shown that wildtype (wt) fin field cells are initially located adjacent to somites (s)1-4. The wt fin field cells migrate in opposing diagonal directions placing the limb bud between s2-3 and lateral to the main body. To better characterize tbx5 paralogue functions in zebrafish, time-lapse analyses of the migrations of fin bud precursors under conditions of tbx5a knock-down, tbx5b knock-down and double-knock-down were performed. Our data suggest that zebrafish tbx5a and tbx5b have functionally separated migration direction vectors, that when combined recapitulate the migration of the wt fin field. We and others have shown that loss of Tbx5a function abolishes an fgf24 signaling cue resulting in fin field cells failing to converge in an Antero-Posterior (AP) direction and migrating only in a mediolateral (ML) direction. We show here that loss of Tbx5b function affects initial ML directed movements so that fin field cells fail to migrate laterally but continue to converge along the AP axis. Furthermore, fin field cells in the double Tbx5a/Tbx5b knock-down zebrafish do not engage in directed migrations along either the ML or AP axis. Therefore, these two paralogues may be acting to instruct separate vectors of fin field migration in order to direct proper fin bud formation.

Introduction

Tbx5 function during limb development

In humans, single copy mutations in TBX5 are associated with Holt-Oram syndrome (HOS) which can lead to forearm defects including phocomelia, at a rate of 0.7 in 100,000 live births [START_REF] Adam | Evolution of mouse T-box genes by tandem duplication and cluster dispersion[END_REF][START_REF] Li | Holt-Oram syndrome is caused by mutations in TBX5, a member of the Brachyury (T) gene family[END_REF][START_REF] Basson | Mutations in human TBX5 [corrected] cause limb and cardiac malformation in Holt-Oram syndrome[END_REF][START_REF] Barisic | Holt Oram syndrome: a registry-based study in Europe[END_REF]. Along with cardiac defects, HOS patients can also display a range of forelimb defects from minor thumb malfomations to truncation of the entire arm. HOS patients with defects between these extremes display a characteristic bias towards malformations or absence of anterior forelimb elements [START_REF] Adam | Evolution of mouse T-box genes by tandem duplication and cluster dispersion[END_REF].

Tbx5 was identified as a T-box gene expressed specifically in the forelimb (Agulnik et al., 1996). These studies led to the hypothesis that limb specific T-box genes, including Tbx4 and Tbx5, could be functioning as identity genes. Supporting this hypothesis, ectopic expression of TBX5 in the hindlimb in chick is sufficient to convert the identity of the hindlimb to grow feathers (i.e. appear more wing-like) [START_REF] Rodríguez-Esteban | The T-box genes Tbx4 and Tbx5 regulate limb outgrowth and identity[END_REF][START_REF] Takeuchi | Tbx5 and Tbx4 genes determine the wing/leg identity of limb buds[END_REF]. Later studies in chick found that ectopic TBX5 could induce formation of a limb bud in a region of the lateral plate mesoderm (LPM) outside of the limb field, suggesting that TBX5 is also involved in induction of the limb bud.

In tetrapods, the cells in the limb field that express TBX5 contribute to the limb [START_REF] Chapman | Expression of the T-box family genes, Tbx1-Tbx5, during early mouse development[END_REF][START_REF] Gibson-Brown | Expression of T-box genes Tbx2-Tbx5 during chick organogenesis[END_REF]. The precise dynamics of how these cells contribute to the limb is unknown, as there is no data tracking the initial cellular dynamics of these cells prior to limb bud formation. However, in chick, labeled LPM cells adjacent to somites 17 and 18 will enter the wing bud (located adjacent to somites [18][19][20][21][22] once it has formed, showing that cells from the surrounding LPM can migrate into the limb bud [START_REF] Wyngaarden | Oriented cell motility and division underlie early limb bud morphogenesis[END_REF].

The role of the tbx5 paralogues during zebrafish pectoral fin bud development

In zebrafish, fate mapping has shown that the pectoral fin field is located adjacent to somites 1-4 in the lateral plate mesoderm (LPM) [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Detailed analysis of the cellular dynamics of the fin field has shown that these cells migrate to form the fin bud [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Starting at 18 hours post fertilization (hpf), the pectoral fin field cells migrate laterally away from the midline while also converging along the anterior-posterior axis (AP) to form a fin bud located at somite 2/3. Previous cell tracking analyses show that the anterior fin field cells must migrate a greater distance than the more posterior cells, and therefore migrate with an increased speed and in a more persistent manner [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. During this migration, the cells of the fin field generally maintain their nearest neighbor relationships [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF].

Due to the whole-genome duplication in teleosts, TBX5 has two paralogues in zebrafish: tbx5a and tbx5b. Loss of either paralogue has differing effects on the fin: zebrafish embryos injected with a morpholino designed against the tbx5a sequence (hereafter referred to as Tbx5a knock-down embryos) and tbx5a -/-mutant embryos do not form pectoral fins, while both Tbx5b knock-down and tbx5b -/-mutant embryos form fins that are small and misshapen (Figure 1) (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Boyle Anderson | A transcriptomics analysis of the Tbx5 paralogues in zebrafish[END_REF][START_REF] Garrity | The heartstrings mutation in zebrafish causes heart/fin Tbx5 deficiency syndrome[END_REF]Parrie et al., 2013a;[START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF]. Previously reported cell tracking data has found that in Tbx5a knock-down embryos, the cells of the fin field do not converge along the AP axis while migration away from the midline is not affected, as the Tbx5a knock-down cells continue to migrate laterally past the position where wt cells would normally converge to form a fin bud [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF].

The AP convergence of pectoral fin field cells is controlled by Tbx5a regulation of Fgf24 expression in a subset of cells of the fin field [START_REF] Fischer | The zebrafish fgf24 mutant identifies an additional level of Fgf signaling involved in vertebrate forelimb initiation[END_REF][START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. In Fgf24-knock-down embryos, the cells of the limb field fail to converge and instead migrate laterally past the site where a fin bud would normally form. Furthermore, ectopic application of FGF protein through microbead implantation can partially rescue the convergence defects of Tbx5a-and Fgf24 knock-down embryos [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. This suggests that Fgf24 is the convergence cue responsible for the AP convergence of the cells in the fin field [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF].

In contrast to Tbx5a knock-down and mutant embryos which fail to form a pectoral fin (Figure 1b') knock-down of Tbx5b and mutation of the tbx5b gene results in misshapen fins (Figure 1b"). Both Parrie et al. and Pi-Roig et al. suggest that the primary cause of the fin phenotype of Tbx5b knock-down embryos is a delay in fin bud formation, citing both the delayed transition of fgf24 from the mesenchyme to the epithelium and the delay in apical fold (AF) specification indicated by expression patterns of bmp4 (Parrie et al., 2013b;[START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF]. However, it is unknown how loss of zebrafish Tbx5b affects the Apical Ectodermal Ridge (AER) or the Zone of Polarizing activity (ZPA), two signaling centers involved in regulating proximal-distal and AP patterning of the fin bud, respectively [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF][START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF].

In this paper, we analyze the cellular dynamics of the cells of the fin field in Tbx5b knockdown embryos and compare these data to previously published data on the effects of loss of Tbx5a on the cellular dynamics of the fin field. In Tbx5b knock-down embryos, the fin field cells converge along the AP axis, although the convergence movements are decreased compared to wt embryos. Notably, Tbx5b knock-down embryos also display a significant defect in migration along a novel dimension -unlike in both wt and Tbx5a knock-down embryos, the fin field cells of the Tbx5b knock-down embryos do not initially migrate laterally away from the midline. This suggests that in zebrafish, the two tbx5 paralogues may be working in combination to produce the full dynamics of wt fin development. Further supporting this, embryos deficient in both paralogues of Tbx5 display a general loss of directed migration with an increased randomness of migration, suggesting that both paralogues are required for directed migration of the cells in the fin field.

Methods

Zebrafish maintenance, single-cell embryo injections, and in situ hybridization Zebrafish adults and embryos were raised and maintained in standard laboratory conditions [START_REF] Westerfield | The Zebrafish Book[END_REF] and approved by the University of Chicago Institutional Animal Care and Use Committee. In situ hybridizations were performed as described by [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF]. Probe sequences used in this paper referenced as follows: for tbx5a [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF]; dlx2a [START_REF] Akimenko | Combinatorial Expression of Three Zebrafish Genes Related to Distal-Less: Part of a Homeobox Gene Code for the Head[END_REF]; bmp4 [START_REF] Nikaido | Conservation of BMP signaling in zebrafish mesoderm patterning[END_REF]; fgf24 [START_REF] Draper | Zebrafish fgf24 functions with fgf8 to promote posterior mesodermal development[END_REF]; and shha [START_REF] Krauss | A functionally conserved homolog of the Drosophila segment polarity gene he is expressed in tissues with polarizing activity in zebrafish embryos[END_REF]. Morpholino injections were performed as described by [START_REF] Nasevicius | Effective targeted gene "knockdown" in zebrafish[END_REF]. Amounts used as follows: 3.7 ng of Tbx5a morpholino (5'-CCTGTACGATGTCTACCGTGAGGC-3') (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF] and/or 5 ng of Tbx5b translation blocking morpholino (5'-GGATTCGCCATATTCCCGTCTGAGT-3') [START_REF] Parrie | Zebrafish tbx5 paralogs demonstrate independent essential requirements in cardiac and pectoral fin development[END_REF] or control morpholino obtained from Gene Tools (Oregon) was injected per embryo. In this paper, zebrafish embryos injected with morpholinos and displaying a specific phenotype are referred to as 'knock-down' embryos; for example, embryos injected with a morpholino designed to the tbx5b gene sequence are designated as "Tbx5b knockdown" embryos. Embryos injected simultaneously with morpholinos directed to both tbx5a and tbx5b are referred to as "double knock-down" embryos. Both tbx5a knock-down and tbx5b knock-down embryos have been shown to phenocopy their respective homozygous mutants [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Garrity | The heartstrings mutation in zebrafish causes heart/fin Tbx5 deficiency syndrome[END_REF][START_REF] Boyle Anderson | A transcriptomics analysis of the Tbx5 paralogues in zebrafish[END_REF]. For cell polarity studies, 100 ng/μL of Xcentrin::Cherry and 20 ng/μL of H2B:CFP RNA were injected per embryo. Transgenic lines used include Tg(h2afx:h2afv-mCherry)mw3 [START_REF] Mcmahon | Lmx1b is essential for survival of periocular mesenchymal cells and influences Fgf-mediated retinal patterning in zebrafish[END_REF], Et(hand2:GFP)ch2 [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF] and Tg(tbx5a::GFP) [START_REF] Ocaña | A right-handed signalling pathway drives heart looping in vertebrates[END_REF].

Imaging and cell tracking

Whole mount in situ imaging was performed on a Zeiss Axioplan microscope and photographed using a Nikon D5000 digital camera. For cell tracking, live, dechorionated Et(hand2:GFP)ch2; Tg(h2afx:h2afv-mCherry)mw3 embryos were mounted in 0.8% low melting temperature agarose in E3 media with 0.16% tricaine in a glass bottomed dish as described in [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. A heated stage at 28 °C was used for time-lapse movies using a 20x objective on a Zeiss Laser Scanning Microscope 710. Live imaging for individual time-lapse movies was performed for a minimum of 6 hours. Embryos were imaged at intervals of 8 minutes starting at 18 hours post fertilization. Cell tracking was performed using the Manual Tracking plugin on FIJI. Embryo registration and cell tracking analysis was performed using the R package CellTrackingEBA (https://github.com/ erinboyleanderson/CellTrackingEBA) and custom R scripts. Eight (8) embryos were imaged per condition. Between 40 and 70 cells were tracked between somites 1-5 per embryo. Cell movement data collected on AP position and ML position were normalized to a reference track created by averaging the positions of 3 designated notochord cells per embryo over time. The following metrics were calculated from the original parameters: Average Speed, Average Track Length, AP displacement, AP scatter, AP compaction, ML displacement, ML scatter, ML compaction, persistence, and mean square displacement.

Results

Tbx5b knock-down embryos form a fin bud Both Parrie et al. and Pi-Roig et al. report that Tbx5b knock-down embryos display small and delayed fin buds as well as later defects in fin development (Parrie et al., 2013b;Pi-Roig et al., 2014, Figure 1b"). Parrie et al. report that some markers in the early fin bud are normal, such as hand2 expression, while other markers of fin development, such as versican a, are defective (Parrie et al., 2013a). Likewise, Pi-Roig et al. report that the Fgf signaling cascade involved in fin patterning is still present in Tbx5b knock-down fin buds, although there are some delays and misregulations, notably that fgf24 remains expressed for longer in the fin mesenchyme of Tbx5b knock-down embryos than in wt embryos [START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF]. However, the effect of loss of Tbx5b on the ZPA and the AER, two key signaling centers, has not been previously reported.

Shha signaling from the ZPA is essential for the AP patterning of the fin [START_REF] Riddle | Sonic hedgehog mediates the polarizing activity of the ZPA[END_REF]. shha expression is present in the posterior mesenchyme of the fin buds of wt siblings at 32 hpf (arrow, Figure 2a). At 32 hpf, the fin buds of both the Tbx5b knock-downs and the tbx5b -/-mutants are notably smaller, however shha expression is still present in the posterior region of the fin bud (arrows, Figure 2a′,a″). Expression of shha appears to be proportional with the reduced size of the fin bud, suggesting that the ZPA is appropriately established in the fin buds of both Tbx5b knock-downs and tbx5b -/-mutants.

The AER is necessary for outgrowth and proximal-distal patterning of the fin bud [START_REF] Saunders | The proximo-distal sequence of origin of the parts of the chick wing and the role of the ectoderm[END_REF]. dlx2a is expressed in the AER of developing fin buds, but lost in Tbx5a knock-down embryos (D. [START_REF] Ahn | BMPR-IA signaling is required for the formation of the apical ectodermal ridge and dorsal-ventral patterning of the limb[END_REF]. At 32 hpf, dlx2a expression is present in the overlying ectoderm of the fin bud of wt siblings (arrows, Figure 2b). This expression is maintained in the ectoderm of the smaller fin buds of both tbx5b -/-mutants and Tbx5b knock-down embryos (Figure 2b′,b″), suggesting that the AER may be present in both the tbx5b -/mutants and Tbx5b knock-down embryos.

bmp4 is initially expressed in the mesenchyme and essential for formation of the AER, and is also essential for later development of the AF (Apical Fold) [START_REF] Pignatti | To BMP or not to BMP during vertebrate limb bud development[END_REF]. At 48 hpf, bmp4 is expressed throughout the mesenchyme of the wt fin with the highest concentrations at the periphery of the fin, closest to the overlying ectoderm and the AF (arrows, Figure 2c). The fin bud is much smaller and appears delayed in both the tbx5b -/mutant and the Tbx5b knock-down embryos at this time. The expression of bmp4 is present at higher relative levels throughout the entire mesenchyme of the fin buds of both tbx5b -/mutants and Tbx5b knock-down embryos, although it is still expressed at higher levels at the periphery (arrows) than in the center of the fin bud (Figure 2c′, c″). Consistent with Parrie et al.'s interpretation of bmp4 expression, these data suggest that AF specification is delayed in both tbx5b -/-mutants and Tbx5b knock-down embryos.

The cells of the fin field migrate in Tbx5b knock-down embryos

The gene tbx5a has been found to be expressed in the LPM in the cells that will form the mesenchymal core of the pectoral fin bud [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF] and observation of this expression pattern provides information on the location of fin field cells at a given time. In wt embryos at 16 hpf, the precursor cells of the fin field, as marked by tbx5a, are present in two bilateral stripes (Figure 3a). At 18 hpf, tbx5a expression is separated between the anterior lateral plate mesoderm (LPM) cells and the posterior LPM fin field cells (Figure 3b, limits indicated with arrowheads). At later stages, the tbx5a expression is present in a smaller domain of the embryo, and at 20.5 hpf, the AP extent of this domain is beginning to decrease while the ML extent of this domain is increasing (Figure 3c). At 22 hpf, a circular expression domain is detectable at the site of the future fin bud (Figure 3d).

In Tbx5a knock-down embryos, tbx5a-expressing cells are present in bilateral stripes at 16 and 18 hpf (Figure 3a′-b′). However, in 22 hpf embryos, tbx5a expression is present in a broad region across the embryo, rather than concentrated at the site of the future fin bud (Figure 3d′) (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF]. At 25 hpf, tbx5a-positive cells are scattered across a broad region of the yolk (Figure 3e′) as these cells fail to converge to form a fin bud and consequently migrate past the normal position of the pectoral fin [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. As these images suggest, these embryos do not form fin buds (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Garrity | The heartstrings mutation in zebrafish causes heart/fin Tbx5 deficiency syndrome[END_REF].

Examination of tbx5a expression in Tbx5b knock-down embryos reveals a different pattern than either wt or Tbx5a knock-down embryos. At both 16 and 18 hpf, tbx5a expression in Tbx5b knock-down embryos appears similar to wt with expression primarily in two bilateral stripes (Figure 3a″,b″). However, at 22 hpf, the pattern of tbx5a expression in the Tbx5b knock-down embryos is different than in wt embryos at the same stage, (compare Figures 3d and3d'') such that the expression is more similar to earlier expression patterns in wt embryos (Figure 3b-c) than the disc-shaped expression pattern at the future site of the fin bud in wt (Figure 3d). Consistent with the fact that Tbx5b knock-down embryos eventually form fin buds (Parrie et al., 2013a;[START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF], by 25 hpf expression of tbx5a is localized to a disc pattern at the site of the future fin bud (Figure 3e′'). However, this expression domain is smaller in Tbx5b knock-down embryos compared to wildtype. In embryos simultaneously injected with morpholinos designed to both tbx5a and tbx5b genes, hereafter referred to in this report as 'double knock-down' embryos, the expression of tbx5a remains a similar width from 18 hpf to 25 hpf (Figure 3a'''-e''').

Analysis of the cellular dynamics of Tbx5b knock-down embryos

To compare the migration dynamics of the fin field in Tbx5b knock-down embryos to wt and Tbx5a knock-down embryos, we analyzed newly acquired data from Tbx5b knockdown embryos as well as previously published data sets on wt and Tbx5a knock-down embryos originally reported in [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. For these studies, doubly transgenic Et(hand2:GFP)ch2; Tg(h2afx:h2afv-mCherry)mw3 embryos were used as described in [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Et (hand2:GFP)ch2 marks the cells of the LPM while Tg(h2afx:h2afv-mCherry)mw3 is a nuclear marker used for cell tracking [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Embryos were imaged at 8 minute intervals for 6 hours starting at 18 hpf, the time at which migration begins in the fin field [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF].

In wt embryos, the cells of the fin field are located between somites 1 and 4, a region that is also marked by tbx5a expression [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. At 18 hpf, the GFP+ cells are present as two stripes on either side of the midline (Figure 4a). As migration initiates, these cells move away from the dorsal midline in a ML direction and converge along the AP axis (Figure 4a′). By 23 hpf, a cluster of cells has formed that will become the mesenchymal core of the future fin bud (Figure 4a″) [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. The overall movements of these cells can also be visualized in Figure 4a‴, which displays the tracks of 60 cells overlaid on the mCherry nuclear expressing channel. These tracks illustrate the movement of the cells both away from the midline and along the AP axis.

At 18 hpf, the fin field cells of Tbx5a knock-down embryos are distributed similarly to wt embryos (Figure 4b). However, at 21 hpf, the LPM cells in Tbx5a knock-down embryos continue migrating laterally without displaying any AP convergence movements, unlike same-stage wt embryos (Figure 4b′). By 23 hpf, the Tbx5a knock-down cells have continued to migrate in the ML direction and eventually migrate past the usual position of the fin bud without forming a condensation of cells (Figure 4b″). The loss of AP convergence can be visualized in Figure 4b‴, where the parallel tracks indicate migration along only the ML axis while the cells maintain their relative AP positions.

In Tbx5b knock-down embryos, the fin field cells do not initially migrate in the ML direction and appear to undergo less AP convergence compared to wt embryos. At 18 hpf, the fin field cells are organized in a stripe along the ML axis (Figure 4c). By 21 hpf, these cells as a group condense along the AP axis (Figure 4c′) and by 23 hpf, they have formed a defined cluster of cells (Figure 4c″). However the Tbx5b knock-down cells do not appear to make appreciable migration movements in the ML direction during the time visualized, unlike both wt and Tbx5a knock-down embryos (Figure 4c‴).

In order to characterize the different fin bud phenotypes exhibited in Tbx5-knock-down embryos, we analyzed LPM cell migration dynamics in wt, Tbx5a knock-down and Tbx5b knock-down embryos. A reduced speed of cell migration could affect fin bud formation in Tbx5b knock-down embryos if it caused fewer cells to reach the area of fin bud formation. In Mao et al., both wt and Tbx5a knock-down LPM cells display the same mean speed of migration (Figure 5a). However, the mean speed of Tbx5b knock-down cells is significantly higher than wt cells (350 nm/min in wt versus 374 nm/minute in Tbx5b knock-down, p=0.0082), suggesting that a reduced speed of migration is not responsible for the smaller size of the fin bud in Tbx5b knock-down embryos. Tbx5b knock-down cells also display a small but significant (p=3.3x10 -8 ) increase in overall track length compared to wt cells (Figure 5b). This is consistent with the increased speed observed in Tbx5b knock-down cells as cells moving with an increased speed are likely to move over a greater distance in the same amount of time.

Tbx5b knock-down LPM cells display a reduced AP convergence

In Tbx5a knock-down embryos, the fin bud fails to form due to a complete loss of AP convergence [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. In order to determine if the small fin bud in Tbx5b knockdown embryos could be due to a reduction of AP convergence movements, we performed cell tracking analyses of fin field cells using the previously described Et(hand2:GFP)ch2; Tg(h2afx:h2afv-mCherry)mw3 embryos. AP convergence can be characterized via use of a spaghetti plot, as in Figure 4e-h, which summarizes the AP trajectories over time. Each red line is the average AP position over time of all cells that begin their migration adjacent to somite 1 for each embryo. Similar lines are also plotted in yellow for cells adjacent to somite 2, green for cells adjacent to somite 3 and blue for cells adjacent to somite 4. The black lines are the average AP position for all embryos adjacent to the respective somite. By plotting the movements of the LPM cells relative to the center of mass of the fin bud precursor pool, the plots illustrate that in the wt embryos, tracks from somite areas 1-4 converge along the AP axis as time progresses (Figure 4e, dashed circles). In Tbx5a knock-down embryos, the trajectories displayed by the spaghetti plots reveal no convergence of the cells of the fin field. The parallel trajectories of the fin field indicate that average position of cells adjacent to somites 1-4 remains constant from 18 hpf to 23 hpf in Tbx5a knock-down embryos. The AP extent of the fin field (indicated with the dotted circle) is roughly the same size at both 18 hpf and 23 hpf (Figure 4f). This is consistent with previous interpretation of these data suggesting that AP convergence is lost in Tbx5a knock-down embryos. In Tbx5b knock-down embryos, the spaghetti plots reveal that convergence behaviors still occur. The trajectories, most notably for those cells adjacent to somites 1 and 4, display reduced but measurable convergence movements. The average width of the fin field (dotted circles, Figure 4g) is less at 23 hpf than at 18 hpf, therefore AP convergence occurs, although it appears that the overall level of convergence is less than in wt embryos.

The amount of convergence depicted in these spaghetti plots can be quantified by calculating the compaction factor, found by taking the difference of the mean AP location of cells from somite 1 and cells in somite 4. This value is normalized by dividing by the difference at start of the time lapse analysis. A value of 1 indicates no change in the convergence of cells from somite 1 and 4, while a value less than 1 indicates that cells from somite 1 are closer to cells from somite 4 than at the start of the tracking. The compaction factor for wt embryos decreases over time, consistent with the previously reported AP convergence movements [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF], with a final compaction factor of 0.73 (Figure 5f). Tbx5a knock-down embryos have a compaction factor of around 1 throughout the recorded time period, consistent with the findings that these cells do not converge during this migration, with a final value of 1.02 (Figure 5f). Tbx5b knock-down embryos exhibit a decrease in the compaction factor over time, suggesting that these cells converge along the AP axis, with a final compaction factor of 0.88 at 23 hpf (Figure 5f) However, when compared to wt embryos, the overall compaction is reduced (difference of 0.15) in Tbx5b knock-down embryos. One possible cause for the reduction in compaction could be that Tbx5b knockdown embryos merely display a delay in convergence. However, if Tbx5b knock-down cells are tracked for an additional 20 time points, the compaction factor does not decrease after 23 hpf, suggesting that this decreased AP convergence is not only due to a delay in convergence (Figure 5f). This suggests that a decreased overall convergence of fin field LPM cells may play a role in the small fin bud phenotype displayed in Tbx5b knock-down embryos.

Another measure of convergence is 'scatter', which measures the standard deviation of all cell positions in the fin field and compares it to the starting value. A scatter value of 1 indicates that the cells remain the same distance apart over time, while a decreasing value indicates that the cells are getting closer together. While compaction factor measures the overall changes in the fin field by relying on the average position of cells adjacent to only somite 1 and somite 4, scatter accounts for the position of all the cells within the fin field. Consistent with interpretations from Mao et al., wt embryos have a decreasing scatter value over time while Tbx5a knock-down embryos have a scatter value that increases slightly over time [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF] (Figure 5e). For Tbx5b knock-down embryos, scatter also decreases over time and there is no significant difference in the final scatter value of wt and Tbx5b knock-down embryos (Figure 5e, p=0.06). This is consistent with the previous data showing that Tbx5b knock-down cells still display convergence of the fin field.

The decrease in AP convergence in Tbx5b knock-down embryos compared to wt could be due to a change in the AP displacement of the cells of the fin field. The cells of wt embryos exhibit increasing AP displacement overtime, with a final displacement of 37.83 μm during a period of 320 minutes (Figure 5d). The Tbx5a knock-down embryos exhibit a lower AP displacement over time (12.40 μm) (Figure 5d). The Tbx5b knock-down embryos exhibit a final AP displacement of 21.06 μm, approximately half of the total displacement of wt embryos along the AP axis (Figure 5d).

In Figure 5m, the final AP displacement for each cell is plotted against its initial position on the AP axis. As previously found in Mao et al. in wt embryos, all LPM cells along the length of the somite 1-4 area, have positive displacement values along the AP axis with the greatest values exhibited by the more anterior regions next to somite 1 and somite 2. In the Tbx5a knock-down embryos, the AP displacement values for the fin field cells is very close to zero across the entire AP axis. In Tbx5b knock-down embryos, most cells display positive displacement values and similar to wt embryos, the most anterior groups next to somite 1 and somite 2 display the highest levels of AP displacement. However, despite still displaying an anterior bias, the loss of AP displacement when compared to wt is greater among the anterior cells than the more posterior cells, with a difference in displacement of 27.5 μm between wt and Tbx5b knock-down cells for cells adjacent to somite 1 compared to a difference of 11.7 μm for cells adjacent to somite 4 (Figure 5m).

The gene tbx5a affects AP convergence by regulating expression of fgf24. In order to determine if fgf24 is responsible for the reduced convergence seen in Tbx5b knock-down embryos, fgf24 expression was compared in wt, Tbx5a knock-down and Tbx5b knock-down embryos. At 21 hpf, fgf24 is expressed in a subset of cells in the wt fin field (Figure 2d) [START_REF] Fischer | The zebrafish fgf24 mutant identifies an additional level of Fgf signaling involved in vertebrate forelimb initiation[END_REF][START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Consistent with previously reported data, Tbx5a knock-down embryos lack fgf24 in the fin field (Figure 2d'). Tbx5b knock-down embryos display expression of fgf24 in the fin field, although expression appears to be reduced compared to wt embryos (Figure 2d'').

Tbx5b knock-down embryos contribute fewer LPM cells to the definitive fin bud

Could the decreased convergence contribute to the small fin bud such that not all cells of the fin field are able to contribute to the fin bud in Tbx5b knock-down embryos? In order to identify the cells of the fin field, a Tg(tbx5a::GFP) line was used, which marks all Tbx5a+ cells with GFP [START_REF] Ocaña | A right-handed signalling pathway drives heart looping in vertebrates[END_REF]. At 30 hpf, the fin field domain is spatially distinct from the heart forming domain of Tbx5a-expression and a morphologically-distinct fin bud is present in wt embryos; however, not all Tbx5a+ cells are contributing to the fin bud (Figure 6a, fin bud outlined in red). Likewise, in Tbx5b knock-down embryos, a fin bud is present and there are also cells located outside of the fin bud (Figure 6b, fin bud outlined in red). To estimate the differences in size between the fin field and fin bud of wt and Tbx5b knock-down embryos, the area of Tbx5a/GFP+ cells was measured in 8 embryos of each genotype. The boundaries of the fin bud were identified by visualizing the fin bud in three dimensions, after which the area was estimated using the maximum intensity projection. While this method may underestimate the number of cells within the three-dimensional fin bud, the cells located outside of the fin bud are present as only a single layer of cells, so the measure of area was used as a proxy for a numerical estimate of these cells. There is no significant difference between the total area covered by Tbx5a/GFP+ cells between wt and Tbx5b knock-down embryos (Figure 6c). However, consistent with the differences in overall size of the fins, the area of fin buds in Tbx5b knock-down embryos displays a significant (p<0.01) decrease in area compared to wt embryos (Figure 6d). The area containing LPM cells that are not localized within the fin bud is significantly increased (p<0.05) in Tbx5b knock-down embryos compared to wt embryos (Figure 6e). This suggests that the small fins in Tbx5b knock-down embryos may indeed be smaller because a greater proportion of the cells of the fin field fail to make it into the fin bud.

Because cells of the fin field display different amounts of displacement depending on their location on the AP axis (Figure 5m) [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF], the initial position of a cell could determine if a cell will contribute to the fin bud in a Tbx5b knock-down embryo. In order to test this hypothesis, the Tbx5a/GFP+ domain was divided into three regions: cells anterior to the fin bud, cells adjacent to the fin bud and cells posterior to the fin bud. Cells adjacent to the fin bud are cells that are not within the fin bud but are located neither anterior nor posterior to the fin bud. The surface area of cells anterior to the fin bud was significantly (p<0.05) larger than wt (Figure 6f), while there was no significant difference in area between cells adjacent or posterior to the fin bud (Figure 6g-h), suggesting that cells from the anterior regions of the fin field are less able to contribute to the fin bud in Tbx5b knock-down embryos than either cells from posterior regions of the fin field or the anterior regions of wt cells.

Tbx5b knock-down cells fail to migrate along the ML axis

Observation of the time-lapse images from Tbx5b knock-down embryos suggested that these embryos display defects in the ML migration process (Figure 4c-c'''). To differentiate the cells along the ML axis, the trajectories were divided into quartiles based on the ML extent of the GFP-positive cells of each individual Et (hand2::GFP)ch2 embryo. Each colored line in Figure 4i-l represents the average ML position of all cells in that quartile over time per embryo, and the black line represents the average ML position for all embryos over time in each quartile. Both wt and Tbx5a knock-down embryos display a consistent ML migration across all groups, which is visualized by the slope of both the colored and the black line (Figure 4i-j). However, Tbx5b knock-down cells display a marked difference in behavior along the ML axis, with essentially no overall change in the starting versus final position along the ML axis (Figure 4k). The slopes of both the black and the colored lines are flat, suggesting that the average position of all cells in a given quartile neither moves away from nor towards the midline.

Measuring the ML displacement for the fin field cells also suggests a lack of ML migration in Tbx5b knock-down embryos. Figure 5g calculates displacement along the ML axis; both wt and Tbx5a knock-down embryos display similar rates of displacement during the first 5 hours of migration. However, Tbx5b knock-down embryos exhibit no net displacement along the ML axis over time (Figure 5g). These data imply that ML migration is severely impaired in Tbx5b knock-down embryos, unlike Tbx5a knock-down embryos.

The compaction factor along the ML axis measures the relative distance between cells in the most medial and most lateral quartile over time. There is no significant difference between the final compaction factor of wt and Tbx5b knock-down embryos (Figure 5i, p=0.37). Likewise, there are no significant differences between any genotype when measuring ML scatter (Figure 5h). Unlike AP displacement, ML displacement does not vary along the ML axis (Figure 5g). Combined, these data suggest that unlike AP movements which differ based upon the initial location of a cell, the ML migration occurs at a consistent rate throughout the fin field.

Double knock-down embryos display a stronger decrease in directional migration and a trend towards more random migration

If Tbx5a and Tbx5b act separately to regulate the AP and ML directions of fin field migration, respectively, then loss of both paralogues should result in cells of the fin field failing to migrate along both the AP and ML axes in an additive fashion. However, another possibility is that Tbx5a and Tbx5b have redundant functions that will be revealed when both paralogues are lost. in situ hybridizations were performed to analyze the size and shape of the fin field via tbx5a expression at time points throughout fin field migration. If migration is primarily controlled by Tbx5a and Tbx5b across the different axes, tbx5a expression marking the fin field should not change over time in double knock-down embryos. Consistent with this hypothesis, examination of the cells of the fin field via tbx5a expression reveals expression in two bilateral stripes at 16 hpf, which remains unchanged through 25 hpf (Figure 3a'''-e''').

In order to more fully understand how the tbx5 paralogues act in combination, cells of the fin field in double knock-down embryos were time-lapse imaged in the ET (hand2::GFP)ch2; Tg (h2afv:h2afv-mCherry)mw3 line and their cell movements analyzed as described above [START_REF] Mcmahon | Lmx1b is essential for survival of periocular mesenchymal cells and influences Fgf-mediated retinal patterning in zebrafish[END_REF]. In double knock-down embryos, the cells of the fin field do not make extensive net migration movements in either the ML or AP directions, and the size and shape of the prospective fin field remains relatively constant throughout the course of the movie (Figure 4d-d'''). Additionally, the fin field appears to contain fewer cells in double knock-down embryos. To confirm this observation, the LPM nuclei located between somites 1-4 were counted at 18 hpf, which revealed that there are significantly fewer nuclei present in double knock-down embryos compared to either wt or single knock-down embryos (Figure 5c, p=0.0000015). This is especially notable because loss of a single paralogue does not produce any significant change in the number of nuclei in this region (Figure 5c) compared to wt.

The double knock-down embryos exhibit less overall movement than either wt or single knock-down embryos. Notably, the average speed over all time points for double knockdown cells is significantly less than the speed of wt cells (difference of 0.30 μm/min, p<2.2e-16, Figure 5a). There is also a corresponding decrease in the overall track length of the cells tracked in the double knock-down embryos (97.512 μm versus 112.118 μm, p<2.2e-16, Figure 5b).

The trajectories of the double knock-down cells along the AP axis display a greatly reduced level of AP displacement compared to either wt or Tbx5a knock-down embryos (Figure 5d), illustrating that in double knock-down embryos, cells do not move as far from their starting points along the AP axis. Likewise, the double knock-down embryos do not exhibit the same decline in AP scatter as seen in wt embryos (Figure 5e). Furthermore, the AP compaction is also decreased (Figure 5f) as reflected in the final AP compaction factor of 0.929. Similar to Tbx5a knock-down embryos, double knock-down embryos lack any expression of fgf24 (Figure 2d'''). Combined, this evidence suggests that double knock-down embryos display a general loss of the AP convergence movements seen in wt embryos, similar to what is observed in Tbx5a knock-down embryos.

When comparing the ML movement of the double knock-down embryos to wt or single knock-down embryos, double knock-down cells behave similarly to Tbx5b knock-down cells. Notably the ML spaghetti plots illustrate that, similar to the Tbx5b knock-down embryos, the double knock-down embryos do not exhibit a concerted ML migration away from the midline over time, as depicted by the flat slopes (Figure 4l). Neither the ML compaction factor (Figure 5i) nor the ML scatter (Figure 5h) is significantly different when compared to wt (p=0.35, 0.99, respectively). Furthermore, the ML displacement measurements of double knock-down embryos are more similar to that of the Tbx5b knockdown embryos than that of either the Tbx5a knock-down or wt embryos, signifying a lack of displacement along the ML axis (Figure 5g). Overall, these data suggest that double knock-down embryos display a general loss of combined ML migration movements, similar to the behavior of Tbx5b knock-down embryos along this axis. Double knock-down embryos display a general defect in directional migration, as seen by loss of migration movements along both the AP and ML axes. Three separate measures were used to analyze the amount of directional migration behavior present in double knock-down embryos: an overall measure of ballistic movement of the fin field cells (the alpha value), a measure of persistence, and a measurement of the overall angles of migration.

The slope of the log-log plot of mean square displacement versus time, called the alpha value, is a measure of the degree of ballistic versus random movement. An alpha value of 2 represents perfectly ballistic movement while an alpha value of 1 represents perfectly random movement. As shown in Figure 5k-l, the alpha value for wt cells is 1.72, which is closer to ballistic movement than to random movement. However, both Tbx5a-and Tbx5b knock-down cells have a decreased alpha value, of 1.51 and 1.35, respectively, thereby suggesting a decreased tendency towards ballistic movement. The alpha value for the double knock-down embryos is 1.11, which is closer to a value of 1 and random migration than the alpha value of either wt or single knock-down embryos (Figure 5 k-l).

Another measure of the directedness of migration is persistence, which is the ratio of displacement to track length. A higher persistence value corresponds to a more directed migration movement. The Tbx5a knock-down embryos display a decreased persistence compared to wt (Figure 5j). However, Tbx5b knock-down embryos, in blue, display an even greater decrease in persistence than Tbx5a knock-down embryos, which is the same pattern as seen in comparing alpha values (Figure 5l). Double knock-down embryos display the same rates of persistence as Tbx5b knock-down embryos (Figure 5j).

The third measure of directional migration analyzed was the angle of migration of a cell, which is measured by taking the angle of a cell's displacement trajectory. Figure 7a-d displays the overall angles of migrating LPM fin field cells grouped by adjacent somite. As previously published, when wt cells in the fin field converge, they do so topologically, with cells lateral to somite one migrating a different distance and angle than cells lateral to somite four [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Therefore measuring the angle of migration reveals information about the regulation of directional migration in the fin field. The migration angle was measured by calculating the displacement of each track relative to the ML axis, which is arbitrarily set to 0 in Figure 7a-d. The graphs are oriented such that the AP axis is the X-axis and the ML axis is the Y-axis. Cells that migrate posteriorly will have positive migration angles and cells that migrate anteriorly will have negative migration angles.

In wt embryos, the more anterior cells migrate with a positive angle, while the more posterior cells tend to migrate with a negative angle. The cells of the AP axis are divided based on the somite that cell is adjacent to at 18 hpf; cells within a somite group display similar angles of migration. Overlaying all 4 cell groups displays progression in angles of displacement from somites 1 to 4, as the tracks move along the AP axis (Figure 7a). In Tbx5a knock-down embryos, all LPM cells adjacent to somites 1-4 are migrating laterally in the same direction, appearing on the rose diagram with most tracks having a displacement angle close to 0, or pointing laterally (Figure 7b). This is consistent with the previously shown data indicating that Tbx5a knock-down cells migrate parallel across the ML axis.

When the angles of migration of cells in Tbx5b knock-down embryos are examined, there are several new trends. First, unlike either wt or Tbx5a knock-down embryos, a large proportion of Tbx5b knock-down cells are migrating both laterally and medially. These movements may be responsible for the net absence of ML displacement in the Tbx5b knock-down cells. However, the general AP directions of migration are still preserved in the four groups. Cells adjacent to somite 1 are still migrating with a primarily positive angle, while cells in somites 3 and 4 are still migrating with a primarily negative angle (Figure 7c).

For double knock-down embryos, the angles of migration appear to be more uniformly distributed than Tbx5b knock-down embryos (Figure 7d). For all cells adjacent to somites 1 to 4, the angles of migration appear to be relatively uniform around the plot, suggesting an increased tendency towards random migration in these embryos (Figure 7d). Overall, these data suggest that while the double knock-down fin field cells still retain the capability for movement, they display a decreased ability to migrate in a directional manner along either axis.

It is unclear what cellular and molecular processes mediate the directional migration of fin field cells. Previous studies have used centrosome positioning as a reliable marker for cell-orientation and polarity, as the centrosome is located at the leading edge of cells undergoing migration [START_REF] Borovina | Vangl2 directs the posterior tilting and asymmetric localization of motile primary cilia[END_REF]. Therefore, the angle of the centrosome relative to the nucleus in wt embryos was measured, with Xcentrin::RFP RNA used to locate the centrosome. At both 18 and 22 hpf, there was no bias in the angles of centrosome migration, either within individual somite groups or across the fin field as a whole (Figure 7e-f). This suggests that although directional migration is occurring, the mechanisms regulating the LPM fin field cells may be different than the mechanisms regulating traditional polarized cells migration seen in fibroblast or neural crest migration [START_REF] Barker | Centrosome positioning in non-dividing cells[END_REF].

Discussion

Decreased convergence along the AP axis may contribute to a small fin bud in Tbx5b knock-down embryos

Due to a whole genome duplication event in the teleost lineage [START_REF] Amores | Zebrafish hox clusters and vertebrate genome evolution[END_REF][START_REF] Amores | Zebrafish hox clusters and vertebrate genome evolution[END_REF][START_REF] Hurley | Consequences of hoxb1 duplication in teleost fish[END_REF] zebrafish possess two paralogous copies, tbx5a and tbx5b, of the single ancestral Tbx5 gene [START_REF] Albalat | Identification and characterisation of the developmental expression pattern of tbx5b, a novel tbx5 gene in zebrafish[END_REF]. In this work, we have characterized the role of zebrafish tbx5b during limb bud formation by comparing the migration dynamics of LPM cells in Tbx5b knock-down embryos to previously published, but contemporaneously re-analyzed data on wt and Tbx5a knock-down embryos [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. We also analyze the migration parameters displayed in double Tbx5a/Tbx5b knock-down embryos.

Whereas Tbx5a knock-down zebrafish lack fin buds and pectoral fins, Tbx5b knock-down zebrafish form small, misshapen pectoral fins (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF][START_REF] Albalat | Identification and characterisation of the developmental expression pattern of tbx5b, a novel tbx5 gene in zebrafish[END_REF][START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF]. We show that Tbx5b knock-down fin buds retain early signaling centers, with a small but intact AER and ZPA (Figure 2). However, at all stages, the fin buds are smaller than wt and we hypothesize that this is due to fewer LPM cells coming to reside within the initial mesenchymal core of the early fin bud (Figure 6). To understand the role tbx5b plays prior to fin formation, we examined the underlying dynamics of cell migration in the fin field of Tbx5b knock-down embryos.

The small fin bud of Tbx5b knock-down embryos results from defects in the direction of migration rather than defects in the ability of the cells to migrate. In Tbx5b knock-down embryos, the cells of the fin field fail to fully converge along the AP axis when forming a fin bud. Tbx5b knock-down embryos display a final AP compaction factor that is approximately half that of wt. This is not a delayed convergence, as extending the cell tracking analyses for another 20 time points (until 25 hpf) reveals that the compaction factor plateaus at 23 hpf (Figure 5f). This is also not due to defects in the ability of the cells to migrate, as LPM cells in Tbx5b knock-down embryos migrate with an increased speed when compared to wt (Figure 5a). While the compaction factor calculates the extent of the fin field over time, the scatter value calculates the space between individual cells. Similar to compaction factor, the final scatter value in Tbx5b knock-down embryos is approximately half of the final wt scatter values, further indicating that the fin field of Tbx5b knock-down embryos partially converges along the AP axis over time.

Furthermore, the small fin bud does not appear to be due to a decrease in the number of the fin field cells of Tbx5b knock-down embryos. There is no significant difference in the number of cells located in this region between wt and Tbx5b knock-down embryos (Figure 5c). Additionally, the cells adjacent to somites 1-4 still appear to converge suggesting they continue to behave as fin field cells (Figure 4g). How could Tbx5b be regulating AP convergence in the fin field? As previously reported [START_REF] Fischer | The zebrafish fgf24 mutant identifies an additional level of Fgf signaling involved in vertebrate forelimb initiation[END_REF][START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF] the fin field cells are dependent upon a Fgf24 signal in the mesenchyme for the AP convergence movements to occur; knock down or loss of Fgf24 either directly or as a consequence of Tbx5a-knock-down leads to the failure of LPM cells to converge and instead these cells migrate laterally past the site of the fin bud [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Mao and collaborators hypothesized that partial knock-down of Tbx5a led to a decrease in Fgf signaling, particularly in the expression of the Tbx5a dependent target gene fgf24 resulting in smaller fin buds. At 21 hpf, during the stages of fin field migration, expression of fgf24 is present in the fin field of Tbx5b knock-down embryos, although expression is reduced compared to wt embryos (Figure 2d'') which could be responsible for a reduction in AP convergence of the fin field. This would indicate that although Tbx5b is not necessary for fgf24 expression, it may be involved in regulating the levels of expression.

Tbx5b knock-down embryos display a bias along the AP axis with regards to many measurements, such as displacement, even when the overall values are reduced with respect to wt. However, even in Tbx5b knock-down embryos, the anterior cells adjacent to somite 1 have a greater displacement than the more posterior cells adjacent to somite 4 (Figure 5m). Similar to wt embryos, these anterior cells are also migrating with a greater speed than more posterior cells. However, the anterior cells are the most affected by loss of Tbx5b, displaying the greatest loss in displacement in Tbx5b knock-down embryos compared to wt embryos (Figure 5m). Furthermore, Tbx5b knock-down embryos have a greater proportion of fin field LPM cells outside of the fin bud proper at 32 hpf compared to wt, particularly along the anterior border of the fin bud (Figure 6). This suggests that the smaller fin bud is a result of a failure of LPM cells to contribute to the fin bud mesenchymal core, most notably at the anterior region of the fin field. Furthermore, anterior cells exhibit a greater decrease in displacement (Figure 5m) consistent with measurements reported in Figure 6; allowing the conclusion that in Tbx5b knock-down embryos, more anterior LPM cells may fail to enter into the fin bud relative to posterior fin field cells. Notably, Holt-Oram Syndrome patients display an anterior bias in forelimb defects and partial knockdowns of Tbx5a function in zebrafish embryos lead to the preferential mis-migration of anterior fin field cells (D. [START_REF] Ahn | T-box gene tbx5 is essential for formation of the pectoral limb bud[END_REF]. As the migration of LPM fin field cells has been reported to be topological along the AP axis, the loss of anterior LPM cells from the fin buds may result in the preferential loss of anterior fin structures in the small misshapen fins displayed by Tbx5b knock-down and tbx5b -/-zebrafish [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]; Figure 1).

Tbx5b is necessary for migration of the cells of the fin field along the ML axis

We found that in addition to Tbx5b knock-down leading to a decrease in convergence along the AP axis, Tbx5b knock-down embryos also display an absence of initial displacement along the ML axis in fin field cells. This result was surprising as it shows that ML migration of the LPM cells is not a default pathway but under specific genetic control. We note that other LPM cells, notably those that will form the peritoneum and the second heart field, likewise migrate in a ML direction during development. In both tbx5a -/-mutants and Tbx5a knock-down embryos, AP convergence of the fin field cells fails to occur; however these same precursors exhibit a robust ML movement that is similar in migration dynamics to that of wt embryos. Our data displaying the loss of ML migration in Tbx5b knock-down embryos suggest that Tbx5b may either be playing a direct role in the ability of fin field cells to initiate migration in the ML direction or alternatively perhaps in the regulation of a signaling molecule that is used as a directional cue.

Further detailed studies of the cellular contacts made by the LPM cells to overlying epithelial cells and/or the yolk syncytial layer (YSL) layer are needed in order to better understand their migration. There is currently little known about possible signaling or migration cues over the lateral body wall of the mid-somitogenesis zebrafish embryo except for Fgf24 expression. Previously, we had performed an RNA-sequencing study designed to characterize expression changes throughout Tbx5b knock-down embryos. That work identified several differentially regulated genes in both the YSL and in the somites (Boyle Anderson and Ho, 2018), two tissues in which tbx5b does not appear to be directly expressed. We are currently following up these studies to determine if the YSL substrate may be a source of a migration cue or if the somites may alternatively be a source of either a repulsive or permissive cue for fin field LPM cells to migrate in the ML direction.

In wt embryos, there is a small population of LPM cells within the fin field region which migrates medially. Some of these cells contribute to tissues at the midline rather than to the pectoral fin [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. Figure 7c shows that in Tbx5b knock-down embryos, this population of medially migrating LPM cells has increased. One concern that may arise from this change of migration direction of these cells is that the size of the fin field has decreased in Tbx5b knock-down embryos. However, there is no significant difference in the number of cells located in the region adjacent to somites 1-4 when comparing wt and Tbx5b knock-down embryos. Furthermore, the cells adjacent to somites 1-4 still appear to converge (Figure 4g,5f). Combined, this suggests that the size of the fin field is not decreased in Tbx5b knock-down embryos.

Gene duplication and subfunctionalization

As described in [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF], fin field cells in wt embryos both converge along the AP axis and migrate away from the dorsal midline along the ML axis resulting in the formation of the fin bud. The knock-down of Tbx5a function abrogates AP convergent movements in the fin field while the cells retain the ability to migrate along the ML axis. Previous authors have shown that the signaling molecule Fgf24 is downstream of Tbx5a while functional studies have shown that Fgf24 appears to be the cue for AP convergence movements in the fin field cells [START_REF] Fischer | The zebrafish fgf24 mutant identifies an additional level of Fgf signaling involved in vertebrate forelimb initiation[END_REF][START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF]. In the absence of either Tbx5a or Fgf24 function, the fin field cells fail to converge in the AP direction but continue to migrate in the ML direction past the normal position of the fin bud [START_REF] Mao | Asymmetric cell convergence-driven zebrafish fin bud initiation and pre-pattern requires Tbx5a control of a mesenchymal Fgf signal[END_REF].

The knock-down of Tbx5b affects the ability of fin field cells to migrate away from the dorsal midline along the ML axis (Figure 4k) during the period of our time-lapse analyses, but cells still converge, albeit less than wt, along the AP axis (Figure 4g). In both the tbx5b -/mutants and Tbx5b knock-down embryos, Fgf24 is expressed in the LPM mesenchyme at the proper time of development to function as a convergence cue for the Tbx5b knockdown fin field cells.

As tbx5a and tbx5b are likely a result of the whole genome duplication event in teleosts, this research addresses how genes may persist after a duplication event resulting in the retention of paralogous sister genes from a single ancestral gene. One likely result of gene duplication is subfunctionalization, a process in which one or both paralogues accumulate mutations which can lead to the distribution of the original suite of functions displayed by the single parent gene amongst the two sister genes [START_REF] Amores | Zebrafish hox clusters and vertebrate genome evolution[END_REF][START_REF] Innan | The evolution of gene duplications: classifying and distinguishing between models[END_REF]. Under subfunctionalization, paralogous genes may continue to share some common functions, but have divided others in a complementary fashion.

One way that subfunctionalization may manifest is through changes in the spatial or temporal expression of a gene, for example by mutation of cis-regulatory regions such that each duplicated gene is expressed in only a subset of the ancestral expression patterns of the original gene. However, both duplicated genes may also be retained through subfunctionalization of polypeptide coding regions, such that functional protein domains may now be partitioned between the two paralogs [START_REF] Amores | Zebrafish hox clusters and vertebrate genome evolution[END_REF]. There are several examples of subfunctionalized genes in the zebrafish, most notably in the Hox cluster, such as in the hoxb5 and hoxb1 paralogs [START_REF] Bruce | Additional hox clusters in the zebrafish: divergent expression patterns belie equivalent activities of duplicate hoxB5 genes[END_REF][START_REF] Mcclintock | Knockdown of duplicated zebrafish hoxbl genes reveals distinct roles in hindbrain patterning and a novel mechanism of duplicate gene retention[END_REF]. Similar to the situation found in the Hox paralogs, [START_REF] Parrie | Zebrafish tbx5 paralogs demonstrate independent essential requirements in cardiac and pectoral fin development[END_REF] reported that zebrafish tbx5a and tbx5b display a high level of amino acid sequence conservation in the DNA binding domain (T-box) at 86.5%, yet relatively low levels of sequence conservation at 55.2% within the remaining coding sequences. While the onset of expression of tbx5a and tbx5b differs in various tissues of the zebrafish embryo, including the fin, we also note that levels of expression vary dramatically between tbx5a and tbx5b within the fin field, with some authors reporting no expression of tbx5b in the pectoral fin bud [START_REF] Albalat | Identification and characterisation of the developmental expression pattern of tbx5b, a novel tbx5 gene in zebrafish[END_REF], while others report low levels of expression in the resulting pectoral fin [START_REF] Parrie | Zebrafish tbx5 paralogs demonstrate independent essential requirements in cardiac and pectoral fin development[END_REF]. Regardless of the limits of the detection methods used, there are demonstrable differences in both the timing and the levels of expression of tbx5a and tbx5b within the fin bud. Based upon the differing fin phenotypes displayed by Tbx5a and Tbx5b knock-down embryos, Pi-Roig and colleagues suggested that the tbx5 paralogs may have been subfunctionalized in the fin, with Tbx5a acting primarily in early fin development and Tbx5b playing a larger role in late fin development [START_REF] Pi-Roig | Distinct tissue-specific requirements for the zebrafish tbx5 genes during heart, retina and pectoral fin development[END_REF]. In contrast, the data we show here demonstrate that Tbx5b plays an important role in the proper formation of the early fin bud, at a similar developmental stage to that of Tbx5a.

In this study, we have shown that Tbx5a and Tbx5b mediate different migration parameters of the early fin field LPM cells. We hypothesize that the two paralogous zebrafish genes may have subfunctionalized different components of the migration pathway mechanisms such that the two vectors of AP and ML movements have been distributed amongst Tbx5a and Tbx5b respectively. Given the differences in resulting amino acid sequences between the two sister genes, it would be reasonable to hypothesize that specific functional protein domains may have been lost through mutations within the coding regions of tbx5a and tbx5b.

The process of subfunctionalization under the duplication-degeneration-complementation model [START_REF] Amores | Zebrafish hox clusters and vertebrate genome evolution[END_REF] would dictate that some of these functional losses occurred in a complementary manner such that both copies are necessarily retained in order to recapitulate the essential suite of protein functions in the pre-duplicate parent gene. Nevertheless, once fixed in the genome via DDC processes, one or both copies could also potentially have been freed to take on new functional roles through neofunctionalization [START_REF] Ohno | Evolution by gene duplication[END_REF]. However, to make more definitive interpretations about sub-versus neo-functionalization, it would be necessary to reconstruct the likely migration trajectories of LPM cells in the ancestral organism that possessed a single TBX5 gene. While the tetrapod condition may in fact retain the ancestral state, the trajectories of individual cell migrations are not yet well documented in either chick or mouse beyond the important demonstration that LPM cells do in fact migrate at late stages into the limb bud region [START_REF] Wyngaarden | Oriented cell motility and division underlie early limb bud morphogenesis[END_REF].

As transcription factors, changes to coding regions of the genes could affect interactions with co-factors such as shuttling proteins [START_REF] Camarata | LMP4 regulates Tbx5 protein subcellular localization and activity[END_REF], with downstream binding sites, or even with other T-box gene partners, to potentially affect separate downstream gene regulatory networks. As noted above, in a previous study from our lab, comparative RNA-sequencing analyses between Tbx5a knock-down, Tbx5b knock-down, and wt whole embryos during the stages of fin field migration identified 18 genes with differential expression between tbx5a and tbx5b knock-down embryos in both LPM and non-LPM tissues [START_REF] Boyle Anderson | A transcriptomics analysis of the Tbx5 paralogues in zebrafish[END_REF]. Further study of these potential target genes could contribute to a better understanding of how tbx5a and tbx5b functionally evolved post-duplication to mediate control of two separate directional aspects of cell migration, namely in the AP and ML pathways.

Embryos lacking both paralogues of tbx5 may give insight into the role of Tbx5 in tetrapods

If Tbx5a and Tbx5b have indeed subfunctionalized, then the shared and individual functions of the two paralogues should closely resemble the complete suite of essential functions of the ancestral parent gene. As tetrapods exhibit the ancestral condition of a single Tbx5 gene, characterization of the phenotypes displayed by zebrafish embryos that are doubly deficient for both Tbx5a and Tbx5b may shed light on the mechanisms leading to the loss of limb phenotype in knock-out mice and possibly on the limb defects observed in Holt-Oram syndrome patients in which early cell migration studies are more difficult to perform.

Our studies show that double knock-down embryos exhibit defects in directional migration along both the AP and ML axes. Double knock-down cells still retain the ability to move, albeit at a slightly reduced overall speed compared to wt. However, their movements are more random as indicated by both changes in the alpha value and persistence measurements (Figure 5j-l). Cell tracking data also illustrates that groups of cells from all regions of the fin field will migrate in variously distributed directions, with cells from each somite group having migration angles pointing both towards and away from the midline and anterior and posterior (Figure 7d). The end result of these randomized movements is the lack of any net group movement of the fin field cells away from their initial starting positions to eventually form an operational fin bud.

Overall, this work leads us to hypothesize a possible role for tetrapod Tbx5 during formation of the limb bud. First, because the double knock-down zebrafish embryos have fewer tbx5a expressing fin field cells, Figure 5c (p=0.0000015), Tbx5-deficient tetrapod embryos may likewise have fewer specified limb bud precursors. Secondly, due to loss of directed migration movements of the remaining fin field cells in double knock-down zebrafish embryos, Tbx5-deficient tetrapod embryos may likewise exhibit early limb field migration defects. It had been proposed that the loss of Tbx5 function in tetrapods may be due to a failure of an epithelial to mesenchymal transition (EMT) [START_REF] Gros | Vertebrate limb bud formation is initiated by localized epithelialto-mesenchymal transition[END_REF]. The subfunctionalization of separable migration vectors between zebrafish tbx5a and tbx5b genes, and especially the failure of the double knock-down zebrafish cells to make directional migrations (Figure 7a-d), suggests that the forelimb bud in tetrapods, which retain the ancestral single Tbx5 gene configuration, may form through a process where AP convergence and ML migration cues are both regulated by the single Tbx5 gene. Therefore, in Tbx5-deficient mice, it could be that rather than a failure of EMT, the mesenchymal cells in the limb field are still capable of movements but incapable of performing persistent directional net migrations. We emphasize that this hypothesis is not necessarily exclusive of EMT also failing to occur in this process. Work in the zebrafish has shown that an Fgf signal is important for AP convergence, while the identification of a possible ML signal(s) is still an ongoing issue. We propose that the correct formation of a pectoral fin or forelimb could be dependent upon discrete downstream migration signals mediated separately by two T-box genes in teleost fish but perhaps by one in tetrapods. Tbx5b knock-down embryos. (e) There is a significant difference (p<0.05) in the area containing GFP+ expressing cells outside of the fin bud between wt and Tbx5b knock-down embryos. (f) There is a significant difference (p<0.05) in the area of GFP+ cells located rostrally to the fin bud between wt and Tbx5b knock-down embryos. There is no significant difference between wt and Tbx5b knock-downs in the area of GFP+ expressing cells located either (g) adjacent to or (h) posterior to the fin bud. 
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  Paralogous tbx5a & tbx5b genes in zebrafish function during pectoral fin formation • tbx5a knock-down results in loss of antero-posterior migration in fin precursor cells • tbx5b knock-down results in loss of medio-lateral migration in fin precursor cells • Double knockdown results in net loss of AP & ML directed migration in fin precursors • This may represent a case of sub-functionalization of directed migration pathways

Figure 1 :

 1 Figure 1: Tbx5 knock-down embryos display heart and pectoral fin defects. (a-a''') Arrowheads point to position of heart. Views are lateral with anterior to the left. Scale bar=250μm. (a) Normal wt heart development. (a') Tbx5a-knock-down embryos display edema and defects in heart looping. (a'') Tbx5b-knock-down embryos display edema and defects in heart looping. (a''') Double knock-down embryos have linear hearts and edema, (b-b''') Arrowheads point to normal position of pectoral fins. Views are from dorsal aspect with anterior to the top. Scale bar=100μm. (b) Wt embryo showing both fins at 3 days post-fertilization (dpf). (b') Tbx5a knock-down embryos lack pectoral fins, (b'') Tbx5b knock-down embryos display small, misshapen fins. (b''') Tbx5a/Tbx5b double knock-down embryos do not form pectoral fins. Panels a, a'', b and b'' reproduced from Boyle Anderson and Ho (2018).

Figure 2 :

 2 Figure 2: Tbx5b mutants and knock-downs express early fin bud signaling molecules. (a-c'') Lateral views with anterior to the left. Scale bars=10 μm. (a-a'') shha (arrows) is expressed in the posterior mesenchyme of the fin bud at 32 hours post fertilization (hpf) in wt embryos (a), tbx5b mutant (a'), and Tbx5b knock-down (a'') embryos. (b-b'') dlx2a (arrows) is expressed in the AER of the fin bud at 32 hpf in the wt (b), tbx5b mutant (b') and Tbx5b knock-down (b'') embryos, (c-c'') bmp4 (arrows) is expressed in the wt fin at 48 hpf (c). tbx5b mutant (c') and Tbx5b knock-down (c'') embryos, (d-d''') Arrows indicate the normal location of fgf24 expression in the fin field at 21 hpf. Embryos are shown in a dorsal view with anterior to the top. Scale bar =100μm. (d) fgf24 is expressed in the fin field of wildtype embryos. (d') fgf24 is absent from the fin field of Tbx5a knock-down embryos. (d'') fgf24 expression is decreased in the fin field of Tbx5b knock-down embryos. (d''') fgf24 expression is absent in double knock-down embryos.

Figure 3 :

 3 Figure 3: Fin field expression of tbx5a is altered in knock-downs.Embryos are shown in a dorsal view with anterior to the top. Embryos are at 16 hpf (a, a', a'', a'''), 18 hpf(b, b', b'', b'''), 20.5 hpf (c, c', c'', c'''), 22 hpf (d, d', d'', d'''), and 25 hpf (e, e', e'', e'''). Control embryos are either uninjected wt (a) or wt injected with a control morpholino (b-e), and show a condensing in the shape of the pectoral fin field tbx5a expression to a circular shape over time. (a'-e') Tbx5a knock-down embryos display a lack of condensing of pectoral tbx5a expression over time, leading to wider, more scattered expression pattern. (a''-e'') Tbx5b knock-downs display a delay in the condensing of pectoral fin bud tbx5a expression over time to a disc pattern. (a'''-e''') Double knockdowns display a relatively constant expression pattern of tbx5a over time. Arrowheads in a-a''' indicate the extent of continuous tbx5a expression before the separation of the fin field region from more anterior LPM. Arrowheads in b-e''' indicate the extent of tbx5a expression in the fin field. Width of yolk approximately equals 500μm.

Figure 4 :

 4 Figure 4: Cell tracking analyses showing loss of ML cell movements in Tbx5a, Tbx5b and double knock-downs. Red arrows depict the general overall movement of the fin field cells. (a-a"') The cells of the wt fin field both converge along the AP axis and migrate along the ML axis to condense at the site of the limb bud. (b-b"') Tbx5a knock-down cells migrate laterally but do not converge along the AP axis. (c-c"') Tbx5b knock-down cells converge along the AP axis but do not migrate laterally. (d-d"') double-knock-down cells appear to neither migrate laterally nor converge along the AP axis. (a"', b"', c"', d"') shows the tracks overlaid over the nuclei at the final frame tracked for each respective movie (see supplemental figure for enlargement of these panels). All stills from time-lapse movies show the LPM fin field oriented with anterior to the left and dorsal towards top. (e-h) Spaghetti plots depict the mean AP position of LPM cells adjacent to somite 1-4. Each colored line represents the mean relative AP position of cells for each embryo, shown on x-axis plotted relative to time on the y-axis with red representing cells adjacent to somite 1, yellow representing cells adjacent to somite 2, green representing cells adjacent to somite 3, and blue representing cells adjacent to somite 4. Bold black lines represent composite averages across all embryos from each group. Dotted circles denote average AP extent of limb-field domains at 18 hpf (top) and 23 hpf (bottom) to highlight convergence movements. (i-l) Spaghetti plots show the mean ML position for cells divided into 4 equal quartiles. Each colored line represents the mean ML position for each embryo, with red representing cells in the first quartile,

Figure 5 :

 5 Figure 5: Cell tracking statistics show that knock-down cells are still able to migrate but lose aspects of directed movement. For graphs a-k, the 'genotype' key at bottom right shows that black represents wt data, red represents Tbx5a knock-down data, blue represents Tbx5b knock-down data and purple represents double knock-down data. The 'somite' key at bottom right refers to panel m. Error bars represent standard error. (a) Boxplots depicting average speed of each time cell at each time point per embryos (b) Boxplots depicting average track length per genotype. (c) Boxplots depicting the average number of cells in the fin field. (d) AP displacement over time, displacement is in μm. (e) Scatter along the AP axis over time. (f)

Figure 6 :

 6 Figure 6: Tbx5b knock-down, anterior fin field cells fail to migrate into the fin bud.

  (a-b) Maximal intensity projections of representative fin buds at 30 hpf of Tg(Tbx5a::GFP) embryos. The fin bud is outlined in red. Anterior is to the left, the dorsal midline is up. Representative images are shown for both (a) uninjected and (b) Tbx5b knock-down embryos. (c-h) Measurements of the area of GFP+ expressing cells. For both conditions, n=8 embryos/16 limb buds. (c) There is no significant difference in the total area of GFP+ expressing cells between wt and Tbx5b knock-down embryos. (d) There is a significant (p<0.01) difference in the area of GFP+ expressing cells in the fin bud between wt and

Figure 7 :

 7 Figure 7: Cellular movements are randomized in Tbx5b and double knock-down embryos. The rose diagrams in a-d represent the angle of migration with respect to the ML axis. Angles are divided along the AP axis, with cells adjacent to somite 1 in red, cells adjacent to somite 2 in yellow, cells adjacent to somite 3 in green and cells adjacent to somite 4 in blue. (a) Wildtype embryos show a directed migration, with different angles of migration for somites 1-4. (b) Tbx5a knock-down embryos display equivalent angles of migration across the AP axis. (c) Tbx5b knock-down embryos show wt-like angles of migration along the AP axis, but randomized ML movements. (d) Double knock-down embryos display both AP and
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